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PREFACE

This volume of the Contemporary Endocrinology series focuses on type 1 diabetes
mellitus, an entity whose incidence is increasing worldwide, particularly in children
aged less than five. Affected individuals carry a life-long burden of dependence on daily
insulin administration that provides imperfect metabolic control with significant acute
consequences of hypoglycemia and more insidious micro- and macrovascular compli-
cations linked to chronic hyperglycemia. Despite intensive research, the disease remains
enigmatic. Although evidence for an autoimmune basis is compelling, not all cases of
type 1 diabetes have autoimmune markers, and not all autoimmune forms have the same
genetic basis. Nevertheless, as recently demonstrated in the parenteral arm of the Dia-
betes Prevention Trial-1 (DPT-1), a combination of immune markers and consistently
diminished first-phase insulin response to glucose can reliably predict the likelihood of
developing clinical diabetes. However, current intervention with parenteral insulin is not
effective in preventing progression at this stage. A reliably effective intervention would
spur population-wide surveys for at-risk individuals, now a practical possibility. Cure by
transplantation of the pancreas or islets is showing great promise as better means become
available to modulate immunity and prevent rejection.

In parallel with these wide-ranging and fundamental basic and clinical investigations,
there is an ongoing transfer of technological innovations in designer insulins, insulin
delivery systems, and the monitoring of glucose. These innovations permit refinement
in managing diabetes mellitus under various circumstances, all aimed at improving the
quality of life and preventing or delaying vascular complications.

The aim of Type 1 Diabetes: Etiology and Treatment is to fuse these contemporary
investigational and practical issues and make them available to those involved in the
research and practice of type 1 diabetes. This volume is not intended to be a comprehen-
sive or exhaustive treatise on the subject of diabetes. As in many such endeavors, the
pace of discovery often exceeds the ability to incorporate the latest knowledge into
printed text. Nevertheless, we believe that this volume presents contemporary informa-
tion on contemporary issues by recognized authorities in the field. We hope it stimulates
thought and action in the research and care of patients with type 1 diabetes mellitus.

Mark A. Sperling, MD
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INTRODUCTION

Epidemiology is defined as “the study of the distribution and determinants of health-
related states and events in populations, and the applications of this study to the control
of health problems” (1). Epidemiology is the scientific basis of public health. One
might wonder why we should even consider epidemiology for disorders such as type 1
diabetes, as remarkable advances have occurred in basic research during the past few
decades. However, epidemiology has proven to be the mainstay of prevention for infec-
tious and chronic diseases in the United States and across the world during the past
century. To cite an example, life expectancy has increased by approx 25 yr since 1950
(2). The vast majority of this increase (24 of the 25 yr) has been the result of public
health applications of epidemiologic research (3). We believe that the same will hold
true for type 1 diabetes.

Epidemiology will continue as the core science for public health during the new mil-
lennium, in combination with advances in genetics, immunology, and the environmen-
tal sciences. Should it become possible to modify potential etiologic determinants of
type 1 diabetes or implement new interventions (e.g., dietary modifications, islet cell
transplants, gene therapy, etc.), epidemiologic data based on these and other character-
istics will be essential for assessing the efficacy and economic impact of implementing
such strategies. A discussion of these issues, which serve as a model for other multifac-
torial diseases, forms the basis of this chapter.
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INCIDENCE OF TYPE 1 DIABETES BY PERSON, PLACE, AND TIME

A typical first step for studying the epidemiology of any disorder is the evaluation of
geographic and temporal variations in disease incidence. These investigations require
the development of a standardized epidemiologic approach, for reasons similar to those
that justify the utilization of laboratory standards. To compare results among laborato-
ries, one needs to employ comparable and standardized methodologies. Thus, a stan-
dardized epidemiologic protocol was developed to permit accurate comparisons of the
incidence of type 1 diabetes worldwide. This began in 1983 at an important meeting
held in Philadelphia, PA by the Juvenile Diabetes Foundation (4). At that time, the first
standardized protocol for the development of incidence registries for type 1 diabetes
was outlined. Since then, this protocol has been used by essentially all of the registries
for type 1 diabetes in the world and has permitted direct comparisons of standardized
data regarding the epidemiology of the disease.

Once a standardized protocol was available, the next step was to establish a philoso-
phy of data sharing. Data sharing is rare among most scientists in diabetes, but it has
become the norm among diabetes epidemiologists. These collaborations began with
early studies conducted by the Diabetes Epidemiology Research International (DERI)
Group. In the mid-1980s, all researchers who had existing data participated in DERI by
comparing the epidemiology of type 1 diabetes from their registries. Over 20 registries
worldwide participated. This effort resulted in one of the largest global collaborations
ever seen in medical research. Although the initial findings were extremely interesting,
it became evident by the late 1980s that there were broad gaps in our knowledge about
the distribution of type 1 diabetes in children worldwide (5).

By 1990, two international groups working on the epidemiology of type 1 diabetes had
been developed. The first was the EURODIAB Project (6), which represented standard-
ized type 1 diabetes incidence registries in Europe. The second was the World Health
Organization (WHO) Multinational Project for Childhood Diabetes, also known as Dia-
betes Mondiale, or the DiaMond Project (7). The DiaMond Project included type 1 dia-
betes incidence registries from all continents. Because of these two important projects, the
descriptive epidemiology of type 1 diabetes has been mapped for most of the world, and
we now know more about the international variation in the incidence of type 1 diabetes
than practically any other chronic disease. Within a short 15-yr time period, the epidemi-
ology of type 1 diabetes rose from a “black hole” of ignorance to one of the best charac-
terized chronic diseases worldwide because of this remarkable global cooperation. Here,
we describe some of these results and their implications for disease prevention.

Geographic Variation in Incidence
The variation in the incidence of type 1 diabetes worldwide is greater than that

observed for any other chronic disease in children. Currently, there are incidence data
from more than 60 countries around the world. As illustrated by Fig. 1, the global vari-
ation in risk is enormous. A child in Helsinki, Finland is almost 400 times more likely
to develop diabetes than a child in Sichuan, China (8). To put this in perspective, con-
sider the following example. If children in the United States had the same risk of devel-
oping type 1 diabetes as children in China, then instead of 13,000 newly diagnosed
children each year, there would be only 56. In other words, over 99% of the annual new
cases of type 1 diabetes in the United States would be avoided.
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Interestingly, the other epidemiologic features of type 1 diabetes are remarkably simi-
lar across populations, despite the enormous variation in disease risk (9). Incidence rates
among males and females do not differ significantly, and the peak age at onset for both
sexes occurs near the time of puberty. Thus, compared to all other risk factors, including
human leukocyte antigen (HLA) haplotypes, viral infections, or the presence of autoanti-
bodies, the place where a child lives is the most potent determinant of type 1 diabetes
risk, excluding genetic/racial differences. If we knew what was causing the geographic
patterns of type 1 diabetes, we would be well on our way to preventing the disease.

Not unexpectedly, the epidemiology of type 1 diabetes is the result of both genetic
and environmental processes. Most of the low-incidence populations are Asian (i.e.,
Japanese, Chinese). The genetic characteristics of these groups are somewhat different
than those for Caucasians, African-Americans, and Hispanics. Moreover, much is
known about the genetic determinants of type 1 diabetes, and these are discussed in the
next section. Here, we focus on the evidence for an environmental etiology. Epidemio-
logic data, including studies of temporal trends and migrants, provide very strong sup-
port for an environmental role in the development of the disease.

Temporal Trends in Incidence
Temporal trends in chronic disease incidence rates are almost certainly environmen-

tally induced. If one observes a 50% increase in the incidence of a disorder over 20 yr,
it is most likely the result of changes in the environment because the gene pool cannot
change that rapidly. Type 1 diabetes is a very dynamic disease. Throughout Europe,
there has been an approx 3% rise in disease incidence since the mid-1960s, making
type 1 diabetes an important and very costly disorder (10). In the United States, the
temporal trends are less clear, primarily because of the lack of monitoring. The longest
ongoing type 1 diabetes registry is from Allegheny County, Pennsylvania, the region
surrounding the city of Pittsburgh (11); a rapid increase in disease incidence has been
observed since 1965. This trend was most apparent during the 1990s. These results

Chapter 1 / Epidemiology of Type 1 Diabetes 5

Fig. 1. Type 1 diabetes incidence rates per 100,000/yr worldwide. Note: PRC, People’s Republic of
China; JPN, Japan; DEN, Denmark; UK, United Kingdom; US, United States; NOR, Norway; SCOT,
Scotland; SWD, Sweden; CAN, Canada; FIN, Finland.



clearly demonstrate that the incidence of type 1 diabetes is rising, bringing with it a
large public health problem. Moreover, these findings indicate that something in our
environment is changing to trigger a disease response.

Perhaps an even more interesting pattern is the epidemic nature of type 1 diabetes.
Epidemics, which are rarely observed for chronic diseases, have been reported for type
1 diabetes. The first epidemic that appeared was in midwest Poland in 1984 (12). Then,
the epidemic moved east. During 1985–1986, similar trends were observed in Latvia,
Lithuania, and Estonia (13). If one examined the descriptive epidemiology of type 1
diabetes without knowing that it was a chronic disease, it would appear to be an infec-
tious disorder.

In the 1980s, we reviewed all of the available temporal trend data for type 1 diabetes
(14). The results were striking. More than 30% of the population-based registries
worldwide exhibited epidemic trends. Most remarkable was a global pandemic of
childhood diabetes that occurred between 1983 and 1984 in geographically distant
populations, including Hokkaido, Japan, Auckland, New Zealand, and Poznan, Poland.
Thus, epidemics of type 1 diabetes were not only focal, but they also were global.

Figure 2 presents a classic epidemic pattern from the US Virgin Islands, where the
incidence of type 1 diabetes rose almost fourfold during a 1-yr period of time (15).
Before the epidemic, the incidence of type 1 diabetes among these African-American
children was similar to the rates observed in low-incidence populations. Then sud-
denly, the incidence rose to that of one of the highest rates in the world, for reasons
which are not known. The following year, the incidence returned to the baseline rate.
Epidemics have received little attention because they appear in retrospect. However,
the locations of epidemics are likely the best places to evaluate the environmental etiol-
ogy of type 1 diabetes.

Migrant Studies of Type 1 Diabetes
Migrant studies are one of the purest designs for examining the contribution of the

environment to chronic diseases. Migrant studies are based on groups of individuals
that move from a source population to a host population. The magnitude and speed at
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which the disease incidence patterns among migrants become similar to those observed
for the host population provide insight regarding potential environmental risk factors
for the disease. Migrant studies have been very beneficial for studying the etiology of
chronic disorders, such as cardiovascular disease and breast cancer.

The most dramatic effect of migration on type 1 diabetes incidence rates has been
observed among the Chinese. There is an approximate fourfold difference in the inci-
dence of type 1 diabetes among Chinese children living in the People’s Republic of
China, Taiwan, Singapore, and Hong Kong (see Fig. 3) (6). This variation may even be
greater if data for Chinese migrants to the United States, the United Kingdom, or Aus-
tralia were available. Similar, but less dramatic, patterns were reported for Jewish and
French children living in Israel and France, respectively, compared to those who
migrated to Canada (16). Interestingly, Japanese children do not appear to have been
affected by migration; rates in host and source populations are similar. Thus, barring
this example, temporal trend and migration data suggest that, at a minimum, 75% of all
newly diagnosed type 1 diabetes cases might be prevented by modifying the environ-
mental risk factors for the disease. If the factors contributing to the migratory effects
for type 1 diabetes could be identified, the development of disease prevention strategies
would be greatly facilitated.

There is now a critical need to integrate the findings of basic research into epidemio-
logic research. A primary reason for this is that the missions of both basic science and
epidemiology are the prevention of disease. Prevention is defined by Last as “a reduc-
tion in the incidence of a disease” (1). We also need to have epidemiologists develop
systems for monitoring disorders such as type 1 diabetes. Without these approaches,
we will never know whether any attempts at prevention are successful. What is even
more important is that we will never know whether purported prevention strategies are
doing harm.

RISK FACTORS FOR TYPE 1 DIABETES

The data just described clearly indicate that environmental factors are involved in
the etiology of type 1 diabetes. With the exception of a possible role for viruses and
infant nutrition, the specific environmental determinants that initiate or precipitate the
onset of type 1 diabetes remain unclear. Type 1 diabetes is also, in large part, geneti-
cally determined (17). Evidence of a genetic component for type 1 diabetes has been
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provided by studies showing a significantly increased risk for first-degree relatives of
affected individuals (18,19). In addition, twin studies have revealed stronger disease
concordance rates among monozygotic than dizygotic twins, although rates among
monozygotic twins are less than 50% (20). In terms of specific genetic markers, type 1
diabetes is determined primarily by genes in the HLA region of chromosome 6. How-
ever, recent genome screens have identified at least 15 additional loci that may also
contribute to disease risk (see Table 1) (21–24). Here, we describe our current knowl-
edge about the major genetic and environmental risk factors for type 1 diabetes.

Genetic Susceptibility (see also Chapter 2)
HLA REGION

The HLA region of chromosome 6 (6p21.3) encompasses approx 3500 kb of DNA,
and contains at least 150 genes (25). It is the primary region of susceptibility for type 1
diabetes, as well as other autoimmune disorders. Recent genomewide screens have
defined the class II subregion, particularly the HLA-DR and DQ loci, as insulin-depen-
dent diabetes mellitus 1 (IDDM1). However, these results do not exclude a potential
contribution for other genes in the HLA region (e.g., class I genes).

When evaluated as haplotypes, DQA1*0501–DQB1*0201 and DQA1*0301–DQB1*
0302 confer the highest risk for type 1 diabetes in most Caucasian populations. DQA1*
0501–DQB1*0201 is in linkage disequilibrium with DRB1*03, and DQA1*0301–
DQB1*0302 is in linkage disequilibrium with DRB1*04. Specific DRB1*04 alleles
also appear to modify the risk associated with the DQA1*0301–DQB1*0302 haplo-
type. Other reported high risk haplotypes for type 1 diabetes include DRB1*07–
DQA1*0301–DQB1*0201 among African-Americans (26), DRB1*09–DQA1*
0301–DQB1*0303 among Japanese (27), and DRB1*04–DQA1*0301–DQB1*0401
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Table 1
Susceptibility Loci for Type 1 Diabetes

Name Location Candidate genes or markers

IDDM1 6p21.3 HLA
IDDM2 11p15.5 INS-VNTR
IDDM3 15q26 D15S107
IDDM4 11q13.3 ICE, CD3, MDU1, ZFM1, RT6, LRP5, FADD,

FGF3, D11S1917
IDDM5 6q15 ESR, MnSOD
IDDM6 18q21–q21 D18S487, D18S64
IDDM7 2q31–33 D2S152
IDDM8 6q25–27 D6S281, D6S264, D6S446
IDDM9 3q21–25 D3S1303
IDDM10 10p11–q11 D10S193, D10S208
IDDM11 14q24–q31 D14S67
IDDM12 2q33 CTLA-4, CD28
IDDM13 2q34 D2S137–D2S164, IGFBP2, IGFBP5
IDDM14 Unknown Unknown
IDDM15 6q21 D6S283, D6S434, D6S1580

Source: Data from refs. 21–24.



among Chinese (28). The DRB1*15–DQA1*0102–DQB1*0602 is protective and asso-
ciated with a reduced risk for type 1 diabetes in most populations.

Because of the geographic differences in the incidence of type 1 diabetes, as well as
population variation in the frequency of DR-DQ haplotypes, the WHO DiaMond Pro-
ject began a standardized international case-control molecular epidemiology study of
type 1 diabetes in 1990 (29). More than 20 participating centers were involved in this
collaboration. Cases were selected from DiaMond incidence registries, and nondiabetic
controls were identified from corresponding populations at risk. This approach permit-
ted the estimation of relative risks, absolute risks, and population attributable fractions
for individuals with two, one, and zero high-risk HLA-DQ haplotypes for each area. As
illustrated in Table 2, relative-risk estimates revealed statistically significant dose-
response relationships in all populations studied (25). These data indicate that world-
wide, susceptibility for type 1 diabetes is determined, in part, by high-risk HLA-DQ
haplotypes (30).

Although these data present useful information in terms of the strength of genetic
associations, cumulative incidence rates for specific haplotype combinations can be
more meaningful from a clinical and public health perspective (25). These rates reflect
the absolute risk of developing type 1 diabetes given two, one, or zero high-risk haplo-
types. As illustrated in Table 2, Caucasians from moderate–high-incidence countries,
such as Finland, the United States, and New Zealand, with two “susceptible” haplo-
types had cumulative type 1 diabetes incidence rates that approached those typically
observed for first-degree relatives (i.e., approx 5% through age 30 yr). However, corre-
sponding estimates for the low-incidence populations, such as Korea, Japan, and
China, were much less striking (0.1%). Thus, HLA-DQ haplotypes appear to be better
predictive markers for type 1 diabetes in Caucasian than Asian populations.

Using these data, population attributable fractions (PAFs) can also be estimated. PAFs
provide important information regarding the potential public health implications for
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Table 2
Estimated Relative Risks, Absolute Risks, and Population Attributable Fractions 

for Individuals with Two, One, or Zero Susceptible Haplotypes 
from the WHO DiaMond Molecular Epidemiology Project

Attributable 
Relative risk by Absolute riska by fraction by no. 

no. of susceptible no. of susceptible of susceptible 
haplotypes haplotypes haplotypes

Population 2 1 0 2 1 0 2 1 or 0

Caucasian 15.9* 4.0 1.0 2.6% 0.2% 0.7% 36.2% 66.6%
African-American 44.8* 7.3 1.0 3.1% 0.1% 0.5% 43.5% 74.9%
Asian 10.7* 3.6 1.0 0.2% 0.02% 0.1% 18.8% 53.3%

Note: Caucasian population from Jefferson County, AL and Allegheny County, PA. African-American
population from Jefferson County, AL and Allegheny County, PA. Asian population from Hokkaido, Japan
and Seoul, Korea.

* p < 0.001, test for trend.
a Absolute risks are expressed as % through age 30 yr.
Source: ref. 23.



disease-prevention strategies. They reflect the proportion of disease incidence that can be
attributed to specific risk factors. In this context, they estimate the proportion of cases
that could be prevented by modifying the environment for “susceptible” individuals. As
shown in Table 2, PAFs were lower for Asian compared to Caucasian or African-American
groups (25). This indicates that disease interventions in “susceptible” individuals would
likely have greater impact among Caucasians or African-Americans than Asians. How-
ever, even among the latter groups, no more than half of the disease would be prevented,
assuming a successful intervention in all “susceptible” individuals.

Insulin Gene Polymorphisms
In Caucasians, it has been demonstrated that the insulin gene region (INS), located

on chromosome 11p15.5, contains the second major susceptibility locus for type 1 dia-
betes (i.e., IDDM2) (31,32). Positive associations have been observed with a nontran-
scribed minisatellite (variable number of tandem repeats [VNTR]) region in the 5′
flanking region. There are two common alleles. The shorter class I allele predisposes to
type 1 diabetes, whereas the longer class III allele appears to be protective. The biolog-
ical plausibility of these associations may relate to the expression of insulin mRNA in
the thymus (32). Class III alleles appear to generate higher levels of insulin mRNA
than class I alleles. Such differences could contribute to a better immune tolerance for
class III positive individuals by increasing the likelihood of negative selection for
autoreactive T-cell clones.

The effect of the insulin gene also appears to vary by ethnicity. Undlien et al. found
that class I alleles were significantly associated with type 1 diabetes in Caucasians.
However, they only reached borderline significance in Tanzanian blacks and were not
associated with the disease in Japanese (33). However, other studies found a significant
positive association between INS class I alleles and type 1 diabetes in the Japanese
(34). Methodological differences, such as heterogeneous case and control groups and
variations in allele frequencies in the general populations, may be responsible for the
inconsistencies in the literature. There also may be an interaction between the insulin
gene and the HLA-DR, DQ loci, which varies by ethnicity (35,36). This may also con-
tribute to the geographic patterns of type 1 diabetes.

Beta Cell Autoantibodies
Evidence that type 1 diabetes is an autoimmune disorder is based on the presence of

lymphocytic infiltrates of the pancreas at the onset of the diseases (37), as well as the
occurrence of autoantibodies to islet cell antigens (ICAs), tyrosine phosphatase IA-2
(IA-2), glutamic acid decarboxylase (GAD), and insulin autoantibodies (IAA) (38,39).
The presence of these autoantibodies indicates that tissue damage has likely been initi-
ated by other etiologic agents. Thus, they represent important preclinical markers
rather than risk factors for the disease.

Numerous studies have reported high prevalence rates for ICAs (65–100%) and
GAD autoantibodies (60–68%) among Caucasian children at disease onset (38,39).
Data from Allegheny County, PA have also revealed that Caucasian children with type
1 diabetes are significantly more likely to have β-cell autoantibodies at disease onset
than affected African-American children (45% vs 30%, p < 0.05) (40). This may reflect
etiologic differences because some African-American children are able to discontinue
daily insulin injections after stabilization of their metabolic control.
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Although most type 1 diabetes cases have β-cell autoantibodies at disease onset,
they decrease in prevalence over time. In addition, they are rarely observed among
first-degree relatives (2–5%) or in the general population (approx 1%) (41–43). More-
over, not all autoantibody positive individuals develop the disease. However, first-
degree relatives who are positive for multiple autoantibodies appear to be at very high
risk for developing type 1 diabetes. Some clinical studies have estimated the positive
predictive values associated with two and three autoantibodies at 65% and >90%,
respectively (43,44). It has been suggested that β-cell autoantibodies are as predictive
in the general population as they are in high-risk families (45). However, most studies
have found them to be better markers among first-degree relatives (41,42). This has
important implications regarding potential disease interventions, which will be dis-
cussed in greater detail later in this chapter.

Data from our research group have also shown that HLA-DQ haplotypes modify
type 1 diabetes risk in the absence of β-cell autoantibodies (46). Among our first-
degree relatives who were negative for autoantibodies to GAD, IA-2, and ICA, 32% of
those who carried two high-risk HLA-DQ haplotypes developed the disease after 12.5
yr of follow-up. These results emphasize the importance of both genetic and autoanti-
body markers in estimating type 1 diabetes risk.

Viruses
Many epidemiologic investigations have supported the involvement of viruses in the

etiology of type 1 diabetes (47,48). They are thought to act as initiators, accelerators, or
precipitators of the disease. They may function by direct or indirect mechanisms. How-
ever, it is not clear whether they are necessary (or sufficient) to cause type 1 diabetes.

The viruses that have received the most attention include the enteroviruses, espe-
cially Coxsackie virus B (CVB). Sequence homology between a highly conserved non-
structural CVB4 protein (P2C) and GAD has been reported (49). In addition, several
investigations indicated that antibodies to P2C and GAD crossreacted (50,51). How-
ever, other studies failed to confirm these results (52) or observed P2C antibodies
among healthy GAD-negative controls (53). T-Cell proliferation studies have also been
conflicting (54–56). Moreover, two reports (55,57) noted that reactivity was strongest
in subjects with DR4, which contrasts with other investigations showing that the CVB
associations with type 1 diabetes occurred among individuals with DR3 (58,59).
Because CVB infections are frequent during childhood and are known to have systemic
effects on the pancreas, they are likely to remain considered as important risk factors
for type 1 diabetes.

Other viruses have also been associated with type 1 diabetes. Finnish investigators
observed an increase in the incidence of diabetes 2–4 yr after a mumps epidemic (60).
Studies of cytomegaloviruses (CMVs) have shown an increased prevalence of inte-
grated viral genome in DNA extracted from lymphocytes when comparing cases with
type 1 diabetes to controls without the disease (61). CMV antibody studies, however,
have been inconsistent (62,63), suggesting that persistent, rather than acute, CMV
infections during childhood may increase type 1 diabetes risk. In addition, rotaviruses,
which are common causes of childhood gastroenteritis, contain peptide sequences sim-
ilar to T-cell epitopes in IA-2 and GAD (64). A recent prospective study showed that
high-risk children who developed β-cell autoantibodies or type 1 diabetes were signifi-
cantly more likely to show serological evidence of rotavirus infections than those who
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did not develop diabetes autoimmunity (65). These data suggest that infections with
rotavirus may also trigger β-cell autoimmunity in genetically susceptible children.

Epidemiologic studies have revealed that the time of exposure to viruses may be
important. Approximately 10–20% of children with congenital rubella syndrome
(CRS), particularly those who carry high-risk HLA alleles, develop autoimmune type 1
diabetes (66). Recently, T-cell-stimulation studies revealed that rubella virus peptides
with binding motifs for HLA-DR3/DR4 were recognized by clones specific to GAD in
type 1 diabetics, particularly those with CRS (67). These data provide additional evi-
dence for the importance of early exposures in the etiology of the disease.

Other investigations have shown that enteroviral infections in utero increase the risk of
developing the disease (68,69). Most recently, a prospective study of infants at high genetic
risk revealed that enterovirus infections were more common among those who developed
β-cell autoimmunity than those who remained antibody negative (70). In more than half of
the infants, the infections occurred 6 mo prior to the appearance of autoantibodies. These
data indicate that enteroviral infections during pregnancy or in early infancy may be related
to the development of diabetes autoimmunity in susceptible infants.

Human endogenous retroviruses (HERVs) received considerable attention after a
study provided evidence for the involvement of a superantigen in the etiology of type 1
diabetes (71). Superantigens can be products of bacteria, viruses, or endogenous retro-
viral genes and function by stimulating T-cell families rather than specific clones. One
investigator reported that human endogenous retrovirus K (IDDMK1,222) RNA was
present in 10 other type 1 diabetic cases, but not in controls (72). Other investigators
failed to replicate these findings and observed IDDMK1,222 sequences and expression
among both type 1 diabetic and non diabetic individuals (73,74). However, one group
reported HLA-DQA1*0301-DQB1*0302 haplotypes carrying HERV-K long-terminal
repeat (LTR3) sequences were preferentially transmitted to type 1 diabetics than those
without the LTR3 (75). In contrast, the absence of LTR3 in HLA-DQA1*0201-
DQB1*0501 haplotypes conferred increased risk of the disease. The authors hypothe-
sized that these sequences may affect transcription or tissue-specific regulation of
DQB1 and, therefore, influence disease risk.

Infant Nutrition
Another hypothesis that has received considerable attention in recent years relates to

early exposure to cow’s milk protein and the subsequent development of type 1 dia-
betes (76–79). Experimental studies in rodents revealed that the frequency of type 1
diabetes could be modified by altering the cow’s milk protein composition of dietary
chows (80). This led investigators to speculate about the role of diet in the etiology of
type 1 diabetes in humans.

The first epidemiologic observation of such a relationship was by Borch-Johnsen et
al., who found that diabetic children were breast-fed for shorter periods of time than
healthy siblings or children from the general population (81). The authors postulated
that lack of immunologic protection from insufficient breast-feeding may lead to type 1
diabetes later during childhood. It was also hypothesized that the protective effect of
breast feeding may indirectly reflect early exposure to dietary proteins.

Numerous case-control studies subsequently investigated this issue. Results of a
meta-analysis revealed a weak positive association between exposure to cow’s milk at
an early age (< 3 mo) and type 1 diabetes (odds ratio = 1.4; 95% confidence interval =
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1.2–1.6) (82). These data were supported by investigations that showed associations
with elevated levels of antibodies to cow’s milk peptides among cases compared to
controls (83,84). However, T-cell proliferation studies in response to cow’s milk anti-
gens have been negative or lacked specificity for type 1 diabetes (85,86). Concern has
also been raised by short-term natural history studies that showed no association
between infant feeding patterns and the development of β-cell autoimmunity (87,88).
Moreover, consumption of milk or other dietary proteins later in childhood appears to
increase risk of developing the disease (89). Thus, the contribution of the infant diet to
the development of type 1 diabetes is far from clear.

Because of recent data showing that GAD-reactive lymphocytes express the gut-
specific α4β7 homing receptor (90), investigators have proposed a unifying hypothe-
sis that focuses on the gut immune system (91–93). It has been hypothesized that the
protective effect of breast-feeding against the development of type 1 diabetes may
be, in part, the result of its role in gut maturation. Breast milk contains growth fac-
tors, cytokines, and other substances necessary for the maturation of the intestinal
mucosa. Breast-feeding also protects against enteric infections during infancy, and
promotes proper colonization of the gut. In contrast, early exposure to dietary anti-
gens, such as cow’s milk peptides, may contribute to the loss of tolerance to self-
antigens through molecular mimicry. In addition, cow’s milk contains bovine
insulin, which differs from human insulin by three amino acids (94). Oral exposure
to cow’s milk formulas appears to induce the formation of antibodies that crossre-
acts with human insulin. It also increases cellular responses to bovine insulin in
high-risk infants, which is evident at age 3 mo (95). Thus, immune response to
dietary bovine insulin may be another early environmental trigger of diabetes
autoimmunity. Interesting, enteroviral infections can also interfere with gut
immunoregulation, which may explain the epidemiologic associations between viral
infections and type 1 diabetes.

The lack of specificity for a particular antigen suggests that type 1 diabetes may
involve a general defect in the gut immune system (91–93). Enhanced immune
response to early dietary and/or viral exposures may reflect a failure to induce immune
tolerance in the gut. Such effects are likely to be mediated by genetic predisposition.
Higher levels of antibodies to cow’s milk proteins (96) and GAD (97) have been asso-
ciated with DQB1*0201, which also increases susceptibility to celiac disease (98).
Moreover, the relative risk associated with early introduction of cow’s milk (99) and
milk consumption in childhood (91) appears to be stronger among individuals with
high-risk DQB1 susceptibility alleles than those with low-risk genotypes. These results
emphasize the need to match cases and controls by HLA haplotypes in epidemiologic
studies of type 1 diabetes.

FINANCIAL AND SOCIAL IMPACT OF TYPE 1 DIABETES

The burdens of type 1 diabetes provide the rationale for current discussions regard-
ing disease prevention. These burdens include medical, social, psychological, and
financial elements. Several studies on costs have noted a large financial burden related
to diabetes (100), and the most current estimate in the United States places the annual
medical and social costs of diabetes at $97 billion (101). Estimates focused solely on
type 1 diabetes appear less frequently in the literature. Reports from England and
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Wales (102), Israel (103), and Spain (104) note meaningful expenses in type 1 diabetes
both in the short-term and on a lifetime basis.

Studies that describe the economic costs of diabetes often consider the direct or med-
ical costs of the disease and, less frequently, the indirect costs of diabetes. Examples of
indirect costs include the value assigned to morbidity, disability, and premature mortality
associated with type 1 diabetes. From an economic perspective, the most important med-
ical costs in type 1 diabetes include those related to the daily management of the disease
and those related to the treatment of late-stage complications. The annual costs of treat-
ment for type 1 diabetes have been shown to range between $1500 per person for standard
(twice a day) insulin regimens, to $3000 for intensive regimens (multiple daily injec-
tions), and nearly $6000 for insulin pump protocols (105). Out-of-pocket health care costs
for families with type 1 diabetic children in the United States exceed $1000 per year
(106). The onset of complications generally leads to a marked increase in the use of hos-
pital and outpatient services (107). The treatment of complications in England and Wales
in 1992 accounted for one-half of the total medical costs of type 1 diabetes (102).

Estimating the economic value of the social costs of type 1 diabetes is often difficult.
Several arguments exist over the most appropriate method to value human life. Several
studies, though, note higher rates of disability and work-related absenteeism in persons
with type 1 diabetes, particularly in those with late-stage complications (108–111).
Together with higher rates of mortality, preliminary indications are that these indirect
costs are larger than the direct costs of type 1 diabetes.

The impact of diabetes may also be felt in ways that are less easily quantifiable. The
presence of type 1 diabetes, for example, is known to influence the insurance and
employment experiences of affected individuals. Health, life, and sometimes automo-
bile insurance are generally more difficult to obtain for a person with type 1 diabetes
(106,112,113). Individuals may also face discrimination in the job application process
(106,114) and often face limitations in the types of jobs available to them. Employment
in commercial driving, for example, is limited out of concern for hypoglycemia (115).

Recent evidence suggests that the economic impact of type 1 diabetes does not
affect all individuals equally. Financial barriers exist to appropriate implementation of
diabetes management protocols. Individuals with inadequate health insurance cover-
age, for example, have been shown to test blood sugar levels less frequently (106,116)
and have poorer levels of glycemic control (117). Out-of-pocket health care costs are
also proportionately greater in the poor (112).

EPIDEMIOLOGY AND THE PREVENTION OF TYPE 1 DIABETES

Intervention Trials
Because of the tremendous burden of type 1 diabetes, the rationale for seeking preven-

tion programs is fairly straightforward. Currently, several large clinical trials have begun
to evaluate a variety of primary (i.e., the Trial to Reduce Type 1 Diabetes in the Geneti-
cally At-Risk [TRIGR] (118)) and secondary interventions (i.e., the European Nicoti-
namide Diabetes Intervention Trial [ENDIT] (119), the Diabetes Prevention Trial-1
[DPT-1] (120)) in family members of affected individuals (see Table 3). Eligible relatives
are identified by either genetic screening for high-risk HLA-DQ alleles (i.e., TRIGR) or
autoantibody screening for β-cell antibodies (i.e., DPT-1, ENDIT). Those who carry
disease susceptibility genes or are autoantibody positive are eligible for randomization.
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Several of these studies are now closed to recruitment (119,120). Although these trials are
based on first-degree relatives, about 90% of individuals who develop type 1 diabetes
have a negative family history of the disease. For interventions to have a public health
impact, they must be based on the general population. Unfortunately, the genetic and
autoantibody screening strategies used in families of affected individuals are not as effec-
tive in the general population (41,42). However, one primary prevention trial based on
genetic screening in the general population has recently been initiated [i.e., Diabetes Pre-
diction and Prevention Project (DIPP) (121)].

Although the potential therapies being offered to eligible high-risk individuals are
controversial and others may be associated with acute or long-term complications, pos-
itive preliminary results are now appearing in the literature (122–124). Thus, there is a
critical need to reconsider, from an epidemiologic perspective, the risks and benefits of
genetic/autoantibody screening and possible participation in prevention trials for type 1
diabetes. It is also necessary to develop thoughtful approaches for translating the find-
ings from epidemiology into public health practice. This begins with public education,
continues with an assessment of the efficacy of the intervention, and includes an evalu-
ation of the effectiveness of the program.

Education and Screening
The final report of the Task Force on Genetic Testing recently noted that “a knowl-

edge base on genetics and genetic testing should be developed for the general public.
Without a sound knowledge base, informed decisions are impossible and claims of
autonomy and informed consent are suspect” (125). Because genetic screening for type
1 diabetes is currently being performed, it is essential that we begin to address this
issue in epidemiology.
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Table 3
Type 1 Diabetes Prevention Trials in Progress

Studya Intervention Target group Screening

TRIGR (118) Nutramigen (Mead First degree relatives, newborns HLA-DQ
Johnson) 

ENDIT (120) Nicotinamide First degree relatives, 5–40 yr ICA
DPT-1 (119) Parenteral and oral First degree relatives, 5–40 yr ICA

insulin 
DIPP (121) Nasal insulin General population, newborns HLA-DQ

aTRIGR, Trial to Reduce Type 1 Diabetes in the Genetically At-Risk; ENDIT, European Nicotinamide
Diabetes Intervention Trial; DPT-1, Diabetes Prevention Trial-1; DIPP, Diabetes Prediction and Prevention
Project.

Note: HLA-DQ Screening
TRIGR, Positive for DQB1*0302 and/or *0201; negative for DQB1*0602/3 or *0301.
ENDIT, no genetic screening.
DPT-1, done for ICA+ individuals only; negative DQA1*0102-DQB1*0602.
DIPP, DQB1*02/*0302 or DQB1*0302/X (X = allele other than *02, *0301, or *0602).

ICA Screening
TRIGR, no ICA screening, β-cell autoantibodies are endpoints.
ENDIT, ICA titrs > 20 JDF units on two occasions.
DPT-1, ICA titrs > 20 JDF units; if positive, continue with additional screening tests.
DIPP, no ICA screening, β-cell autoantibodies are endpoints.



Translation involves the utilization of epidemiologic data for public health practice
and the development of appropriate policy recommendations. For type 1 diabetes, data
collected from population-based epidemiologic studies, such as the WHO DiaMond
Molecular Epidemiology Project, provide an excellent foundation for translation. We
currently know that for individuals with two HLA-DQ susceptibility haplotypes, the
cumulative risk of type 1 diabetes in the general Caucasian population is approxi-
mately 5% (25). However, it may range from 0.1% to >90%, depending on one’s risk
factor profile, which includes age, ethnic, familial, genetic, environmental, and autoim-
mune determinants. Population-based epidemiologic studies that have investigated
these potential determinants are able to generate risk-factor-specific rates. These data
can be used to “individualize” risk estimates for those who carry (or do not carry) par-
ticular susceptibility genes and have had (or have not had) specific exposures or life
experiences. The availability of this information to investigators and potential partici-
pants in current type 1 diabetes intervention trials would facilitate education and coun-
seling, before and after genetic/autoantibody screening. In this manner, individuals
would be able to make more informed decisions about the risks and benefits of genetic
and autoantibody screening and participation in intervention trials.

Economic and Social Issues
The real value of the effect of any prevention program is not just its ability to pre-

vent type 1 diabetes but also its impact on a range of economic, public health, and eth-
ical issues. Concerns that merit strenuous debate include not just the efficacy of a
particular prevention program but also its efficiency, equity, and protection of human
subjects. At the moment, with yet incomplete data regarding the efficacy of prevention,
several alternatives are being discussed: Screening in high-risk populations or screen-
ing in the community? Screening with genetic or immunologic or metabolic markers?
Treatment with immunologic vaccines or dietary supplements? Each alternative poses
different questions regarding the implementation and effect of the prevention program.
Several investigators recognize the need to assess the relative costs and benefits (or
efficiency) of the programs. It is not clear, though, that equity, accessibility, or privacy
issues are included in the requested evaluations. These are the hidden risks that under-
lie any subsequent program. The privacy of screening data is of noted importance in
type 1 diabetes. We have highlighted that persons and families living with type 1 dia-
betes face meaningful insurance and employment issues. Disregarding this impact is
short-sighted.

Equity issues remain one of the most important considerations for determining the
success of any intervention program. The data showing the economic influences on the
use of diabetes care raise questions about the availability of health care to all. Will dia-
betes prevention even be available to those who could benefit from it, or will we have
another situation of “boutique medicine” (of benefit to a selected few)? There are seri-
ous concerns regarding the viability of prevention programs in type 1 diabetes in the
whole population and a noted need for more information to more completely evaluate
their impact.

Several potential risks of prevention programs are not yet fully understood. Reports
in other diseases note a psychological stress or anxiety impact related to screening
itself and to false positives in screening tests in particular. At this point, we do not ade-
quately know what impact this may have in screening for type 1 diabetes. What are the
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ramifications of being falsely told that your son or daughter is very likely to develop
diabetes? How will it affect the lifestyle decisions in these families?

Other considerations relate to the desire for information and perceptions of risk. For
example, some family members or individuals from the general population actively
solicit information regarding their type 1 diabetes risk. However, others prefer not to
know their likelihood of developing the disease. This is an extremely important ethical
issue because there is currently no cure for diabetes. In addition, the interventions
being tested are not appropriated for all individuals at risk. A wide variety of factors
may influence one’s perception of risk (126,127).

Thus, education programs must be developed with considerable input from those for
whom they are targeted. Participation from lay organizations and health departments
would be invaluable. Possible strategies for the development of education programs
include focus groups and personal interviews conducted in accordance with existing
behavioral models, such as the Expanded Health Belief Model (128). Once created,
these programs must be made widely available. Self-education packets could be dis-
tributed to potential participants in the intervention trials. In addition, an interactive
website could be developed. This could not only increase knowledge of type 1 diabetes
risk but also improve perception and awareness of the risk and benefits of potential
therapies that may become available in the near future.

SUMMARY

Epidemiology will continue to play a central role in preventing chronic diseases in the
new millennium. It is the only field that can be used to evaluate the risks and benefits of
prevention programs on a population basis. At present, we are extremely close to being
able to apply the results of current clinical trials for the prevention of type 1 diabetes. How-
ever, the scientific and medical communities have not, as yet, begun to prepare for this
important step. There are many unanswered questions regarding actual risk of disease, per-
ceptions of risk, ethics, confidentiality, potential complications, costs, and insurance or
employment discrimination based on genetic and autoantibody testing and the various
approaches to intervention. We are in the position to be able to begin to address these issues
based on current epidemiologic research. The translation of epidemiologic research, from
the laboratory to the community, will help prepare individuals in our community to meet
these challenges for type 1 diabetes and other chronic diseases in the years to come.
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INTRODUCTION

Type 1 diabetes mellitus (T1DM) is an autoimmune disease arising through a com-
plex interaction of both genetic and environmental factors. Similar to the majority of
autoimmune diseases, T1DM is characterized by both humoral and cellular immuno-
logical abnormalities, which precede the clinical onset of the disease process (1,2). In
T1DM, the presence of multiple antibodies to islet autoantigens can serve as a surro-
gate marker of disease in primary intervention strategies among first-degree relatives
(3–5). As a general rule, in the bulk of chronic autoimmune disorders, antibody labora-
tory testing in addition to genetic typing can facilitate decision-making for disease
management based on the identification of disease activity (6).

Familial clustering is indicated by the observation that the overall risk for develop-
ing T1DM in North American Caucasian siblings, parents, and offspring of individuals
with T1DM ranges from 1% to 15% (7–13), as compared to less than 1% for individu-
als without T1DM relatives and 1.2/1000 of the general population (14) (see Table 1).
It is noteworthy that an increased risk of T1DM seems to be present also in first-degree
relatives of individuals with non-insulin-dependent diabetes mellitus (15–20). How-
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ever, over 80% of cases of T1DM occur in individuals with no apparent family history
of the disease. In the remaining 20%, this disease aggregates in families.

Specific human leukocyte antigen (HLA) haplotypes account for susceptibility to
both T1DM and to a subtype of type 2 diabetes (21–24). The latter finding is supported
by the occurrence of β-cell humoral autoimmunity in 10–33% of Caucasian adult-onset
diabetic patients not treated with insulin (15–18,25). Therefore, a subset of patients
with type 2 diabetes manifests similar genetic susceptibility and immunologic abnor-
malities to those characteristic of classical T1DM. Because of the peculiar characteris-
tics of this subgroup of type 2 diabetes, the term “latent autoimmune diabetes in
adults” (LADA) has been coined.

Studies conducted in the United States and Scandinavia have shown that offspring of
parents with T1DM have a higher risk to progress to T1DM if the father, rather than the
mother, is affected by the disease (13,26–30). In fact, the risk is increased to about 1/40
in offspring of fathers with T1DM and to 1/66 in offspring of type 1 diabetic mothers
(31). A number of explanations have been proposed for this finding, including genomic
imprinting of genes involved in the susceptibility to T1DM, leading to an increase in
spontaneous abortion by T1DM mothers of fetuses that might develop T1DM (7,12),
maternal environmental factors that allow the fetus to remain tolerant to islet autoanti-
gens (7), or a preferential paternal transmission of HLA diabetogenic alleles (32).

Not only genetic but also environmental factors may contribute to determine the risk
of progression to the clinical stage of the disease. A discordance rate of greater than
50% between monozygotic twins indicates a potential involvement of environmental
factors on disease development (33,34). This aspect of the disease is supported by the
observed tendency to develop T1DM after exposure to viral agents. Viral antigens may,
in fact, play a role in the generation of β-cell autoimmunity (35–40). These observa-
tions are supported by the increasing seasonal incidence of T1DM in many Western
countries (41,42) and that enteroviruses may be involved in the autoimmune pathogen-
esis of T1DM (36,43,44).

WHAT ARE THE GENES?

Although it has been suggested that multiple genes play a role in disease susceptibil-
ity, there is strong evidence that at least two chromosomal regions are closely associated
with and linked to T1DM: the HLA region on chromosome 6p21 (IDDM1), and the
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Table 1
Empiric Risk of Type 1 Diabetes

Empiric risk

First-degree relatives of T1DM probands* 5–7%a

Individuals without relatives with T1DM* <1%
Children of affected father** ~6%
Children of affected mother** ~2%

Note: Estimates are for North American Caucasian (*) and Scandi-
navian (**) populations. T1DM, type 1 diabetes mellitus.

a 1–15% range depending on the populations.
Source: ref. 12.



insulin gene region on chromosome 11p15 (IDDM2). The contribution of these two loci
to familial inheritance is approx 42% for IDDM1 and 10% for IDDM2. As a result of
genomewide searches, many other putative loci have been proposed to be related with
T1DM. These loci, along with some potential candidate genes, are listed in Table 2. The
fact that, in humans, the highest risk-conferring locus linked to the disease is the HLA
cluster, and, in particular, HLA genes encoding specific class II alleles, strongly indi-
cates an important role of the immune cells in both the development and the activation of
the autoimmune response leading to disease onset (51,52). Interestingly, the same HLA
locus seems to have the same susceptibility influence in a mouse model of T1DM, the
nonobese diabetic (NOD) mouse (53) (see Table 3). The immune-mediated processes of
β-cell destruction are mainly T-cell dependent and chronic in the NOD mouse (54), the
Bio-Breeding (BB) rat (55), and, more than likely, in humans (51) (see Table 3). Com-
parative mapping of human and NOD mouse insulin-dependent diabetes (Idd) genes and
phenotype/functions controlled by Idd loci are shown in Tables 3 and 4.
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Table 2
Summary of Human IDDM Susceptibility Loci

Chromosome Locus Linkage status (according to ref. 45)

6p21 IDDM1; HLA-DQB Confirmed
11p15.5 IDDM2; INS 5′ VNTR Confirmed
15q26 IDDM3; IGF1R Suggestive (p < 0.001, MLS > 2.2)d

11q13 IDDM4; FGF3 Confirmed (p < 2.2 × 10–5, MLS > 3.6)
6q25 IDDM5; ESR1 Confirmed (p < 2.2 × 10–5, MLS > 3.6)
18q21 IDDM6
2q31 IDDM7; IL-1, HOXD8 Suggestive (p < 0.001, MLS > 2.2)
6q27 IDDM8; IGF2R Confirmed (p < 2.2 × 10–5, MLS > 3.6)
3q21-q25 IDDM9
10p11.21-q11.2 IDDM10
14q24.3 IDDM11 Significant (p < 2.2 × 10–5, MLS > 3.6)
2q33 IDDM12; CTLA-4
2q34 IDDM13; IGFBP2, IGFBP5
6p21 IDDM15 (distinct from HLA)
10q25a IDDM17 Significant (NPL: p < 0.002)
7p Not assigned; GCK, IGFBP1,

IGFBP3
Xq Not assigned
Xpb Not assigned Significant (p = 2.7 × 10–4; MLS > 3.6)
1qc Not assigned Suggestive (MLS = 3.31)

Note: The IDDM nomenclature is assigned to a locus after linkage has been formally demonstrated,
replicated, and confirmed in at least three different datasets. Where functional candidate genes are flanked
by or very close to susceptibility markers, they are indicated.

a The evidence for linkage increased substantially (p = 0.00004) with the higher density of markers and
the inclusion of data for additional affected relatives and all unaffected siblings (46); NPL, nonparametric
linkage.

b In major histocompatibility complex (MHC) human leukocyte antigen (HLA)-DR3 positive patients (47).
c This locus (48) colocalizes with loci for systemic lupus erythematosus (SLE) (49) and ankylosing

spondylitis (50).
d MLS, maximum logarithm of odds score.



THE HLA COMPLEX

The short arm of human chromosome 6 (6p21) accommodates an approximate 3.5-
megabase genetic segment containing a group of immune response genes termed the
major histocompatibility complex (MHC) (see Fig. 1). The principal genes located
within the MHC code for human leukocyte antigens, or HLA, two molecular classes of
cell surface glycoproteins differing in structure, function, and tissue distribution (see
Table 5 and Fig. 1).

The class I HLA molecule exists as a heterodimer, consisting of a polymorphic 44-
kDa MHC-encoded α-chain or heavy chain in noncovalent association with β2-
microglobulin, a 12-kDa protein encoded by a nonpolymorphic gene on chromosome
15. The class I molecule is anchored to the cell membrane only by the heavy chain.
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Table 3
Comparative Mapping of Human (IDDM) and Murine (Idd) Genes

Marker/ Potential NOD 
Human locus (Chr) candidate “Idd” homolog (Chr) Marker

IDDM1 (6p21) HLA “Idd1” (17) H2g7
IDDM2 (11p15.5) INS/VNTR ? NOD.DR-2 (Chr.7 ?Ins2

region from C57L)
IDDM3 (15q26) D15S107 “Idd2” (9) Cyp19
IDDM4 (11q13) FGF3 None yet identified

(distal 7)
IDDM5 (6q25) ESR None yet identified

(proximal 10)
IDDM6 (18q) D18S64 ?”Idd5” (1) Bcl2
IDDM7 (2q31–33) D2S326 ?”Idd5” (1) I11r/Stat1
IDDM8 (6q25–27) D6S264 None yet identified

(proximal 10 or 17)
IDDM9 (3q21–q25) D3S1303 None yet identified

(middle 6)
IDDM10 (10p11.2–q11.2) GAD2 None yet identified

(proximal 2)
IDDM11 (14q24.3–q31) D14S67 None yet identified

(middle 12)
IDDM12 (2q31-33) ?”Idd5.1” (1) Ctla4
IDDM13 (2q34) IGFBP-2,5 ? “Idd5.2” (1) Slc11a1

(Nramp)
GCK (7p) GCK None yet identified

(proximal 11)
IDDM15 (6q21) D6S283 ? “Idd14” (13) D13Mit61
IDDM16? (1p36.1–p35) NHE1 ? “Idd11” (4) Slc9a1 

(Nhe1)

Note: “Idd5” nomenclature placed in quotation marks because there are multiple “Idd” loci on mouse
Chr 1.

Source: Modified from ref. 194. Genes and cellular requirements for autoimmune diabetes susceptibil-
ity in NOD mice. In: von Herrath H, ed. Molecular Pathology of Insulin Dependent Diabetes Mellitus.
Karger, New York, 2001, pp. 31–67.



This chain contains 338 amino acids and, beginning from the amino terminus, is func-
tionally divided into three regions: an extracellular hydrophilic region (amino acid
residues 1–281), a transmembrane hydrophobic region (amino acid residues 282–306),
and an intracytoplasmic hydrophilic region (amino acid residues 307–338). The extra-
cellular region is further subdivided into three domains, designated α1, α2, and α3, each
of approx 90 amino acid residues (see Fig. 2). The α1 and α2 domains comprise the
peptide- or antigen-binding region of the molecule.

Class II HLA molecules consist of two glycoprotein chains, α-chain of approx 34
kDa and a β-chain of approx 29 kDa, both encoded within the MHC. As with the
class I heavy chain, each class II chain can be divided into three regions (extracellu-
lar, transmembrane, and intracytoplasmic), but, in contrast, both class II chains span
the cell membrane. Each extracellular region of the class II α- and β-chains has been
further divided into two domains of approx 90 amino acid residues each, termed α1,
α2 and β1, β2 respectively. The α1 and β1 domains form the peptide-binding region
of class II HLA molecules (see Fig. 3). Also of note, the class II α2 and β2 domains,
class I α3 domain, and β2-microglobulin all show homology to the constant region of
immunoglobulins and are therefore classified as members of the immunoglobulin
superfamily.

The genes that encode class I MHC are located at the HLA-A, B, and C loci,
whereas class II molecules are encoded by the DR, DQ, and DP genes (see Fig. 1).
Other genes in this cluster include TAP (56,57) and LMP (low-molecular-weight pro-
teins), both involved in antigen processing (58). A third region of the MHC, denoted as
class III, codes instead for several molecules having a variety of functions, namely
complement components (C4A, C4B, factor B, and C2), tumor necrosis factor (TNF-α
and TNF-β) and the 21-hydroxylase genes (CYP21P and CYP21) (see Fig. 1).

Whereas class I MHC molecules are expressed in virtually all nucleated cells, class
II molecule expression is restricted to B-lymphocytes, dendritic cells, macrophages,
and activated T-lymphocytes. Both class I and class II antigens are involved in the pre-
sentation of antigen to T-cells. Cytotoxic T-cells (CD8+) mainly recognize antigen in
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Table 4
Phenotypes/Functions Controlled by Idd Loci

Locus or 
provisional 
designation Chr (region) Phenotype/function

MHC/Idd1 17 (entire H2 haplotype) Insulitis, T1DM, diabetogenic T-cell repertoire 
selection, strong TH1 responses to islet antigens

Idd2 9 (Thy1) Time of T1DM onset (T-cell activation?)
Idd3 3 (Il2) Insulitis, T1DM
Idd5a 1 (Il1r1-Vil) Insulitis, T1DM
Idd5b 1 (Bcl2) Peri-insulitis, sialitis, T-cell resistance to apoptosis,

hypergammaglobulinemia
Idd10 3 (Tshb) Bone marrow-derived macrophage developmental 

and functional defects, T1DM
Idd11 11 (Acrb-Scya-Mpo) T-cell proliferative unresponsiveness





the context of class I, whereas helper/inducer cells (CD4+) usually recognize antigen in
the context of the class II molecules.

Many immunologically mediated diseases, including certain endocrine syndromes,
are genetically associated with specific HLA molecules and several hypotheses have
been suggested to explain HLA-disease associations (59,60). Four of these general
hypotheses apply to diseases associated with both class I and class II molecules. First,
the antigen-binding cleft of a specific HLA molecule can accept antigenic peptides that
other molecules cannot accept. These peptides can be either exogenous (e.g., a viral
particle) or endogenous (e.g., an autoantigen). Those peptides that can be processed by
the antigen-presenting cell (APC) are ultimately responsible for the generation of an
immune response directed against the antigenic peptide. If this is a self peptide, an anti-
self (e.g., autoimmune) reaction will be activated. The second hypothesis suggests that
α- and β-chains of the T-cell receptor (TCR) are the target of foreign molecules capable
of potently stimulating T-cells by binding the TCR outside the HLA–peptide–TCR
complex. Because the TCR carrying a certain β-chain is recognized by specific proteins
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Fig. 1. The HLA complex present on human chromosome 6, can be subdivided into three regions.
The genes present in each region encode class I, class III, and class II molecules, respectively. The
class II region, which is closest to the centromere of the chromosome, is conventionally subdivided
into three additional subregions. Among the genes contained in each subregion are some that encode
functional molecules (in black), genes that are not functioning (i.e., pseudogenes) (in white), or genes
that encode proteins not yet characterized (also in white). Although DQA1 and DQB1 genes encode
for the α- and β-chains of a functional HLA-DQ molecule (like DPA1 and DPB1 genes for the chains
of a functional HLA-DP molecule), the DRA1 gene encodes for a nonpolymorphic α-chain able to
pair with the products of each of the functional DRB genes. In the example, a DR3-positive haplotype
of an individual is shown. The DRB1 gene encodes for the DR3 allele, DRB2 is a pseudogene, and
DRB3 encodes for the so-called DR52 molecule, which is always found associated with DR3. The
DRB9 gene has not been well studied yet but seems to be able to encode for a nonfunctionally stable
protein chain. Transporter associated with antigen processing (TAP) 1 and 2 genes are cytoplasmic
transporters of antigenic peptides, whereas LMP 2 and 7 are genes encoding proteasome subunits.
Both of these molecules are involved in the antigenic peptide transport from the cytoplasm to the cell
surface. Tumor necrosis factor (TNF)-α and TNF-β genes, located between class I and class III
regions, are also indicated. The 21-hydroxylase locus encompassing CYP21P and CYP21 genes is
simply indicated as “21”. (Modified from ref. 192.)

Table 5
Comparison Between Class I and Class II Molecules

Class I Class II

Molecules HLA-A, B, C HLA-DR, DQ, DP
Structure 44,000-MW ~34,000-MW α-chain

heavy chain 12,000-MW β2-microglobulin ~29,000-MW β-chain
Tissue distribution Virtually on every nucleated cell Restricted to B-cells,

macrophages, activated T-cells
Function Bind and present antigenic Bind and present antigenic

peptides to CD8+ T-cells peptides to CD4+ cells
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Fig. 2. Secondary structure of HLA class I and class II molecules in comparison. As is the case for
immunoglobulins, peptidic sequences that show similarities and are present more than once in the
same polypeptidic chain are called “domains.” α1, α2, and α3 constitute the domains of the class I α-
chain, whereas β1 and β2 are the domains of the class II β-chain as α1 and α2 are the domains charac-
teristic of the class II α-chain. Both class I and class II molecules are composed of noncovalently
bound and somewhat different α- and β-chains. These heterodimers form, at their most external end,
a peptide-combining site composed of the α1 and α2 domains for class I and α1 and β1 domains for
class II molecules. The nonpolymorphic β2-microglobulin completes the structure of class I mole-
cules. (Modified from ref. 193.)

Fig. 3. The two outermost domains of HLA class I and class II molecules fold together to form their
antigen-combining sites in which the processed antigenic peptide can find appropriate lodging.
The polymorphic regions of the HLA molecule seen from the top, present on the floor, and on the
α-helices of its groove, are indicated in different nuances of color from gray to black. The antigenic
peptides found in HLA class I molecule grooves are normally nine amino acids long, whereas the
antigenic peptides most frequently found associated with HLA class II molecules are longer than nine
amino acids and can vary considerably in size. The position of the amino acid 52 of the α-chain and
that of the β-chain in position 57 are indicated. (Modified from ref. 22.)



that are products of bacterial or viral invaders (e.g., superantigens) in the context of a
particular HLA molecule, these superantigens may trigger the generation of an immune
response directed against self antigens, by nonspecifically activating autoreactive T-cell
clones. The third hypothesis postulates that a TAP gene product, which normally trans-
ports antigenic peptides from the cytoplasm to the endoplasmic reticulum, is defective
and, therefore, this predisposes to disease susceptibility. As a result of a defective TAP
gene product, few peptides become available for binding to class I molecules, leading to
a low surface density of class I–peptide complexes and to a high surface density of
empty class I molecules. A high density of empty surface class I molecules may bind
peptides to which they would otherwise not be exposed intracellularly—for instance,
viral or bacterial peptides. These newly formed class I–exogenous peptide complexes
may account for an induction of an immune response that can be responsible for dis-
ease. The fourth hypothesis, termed “molecular mimicry,” implies that a foreign antigen
such as a viral or bacterial antigen shares similarities with a self molecule, and because
of this similarity, the immune response is turned against self target tissues, causing an
autoimmune response.

Alleles at multiple loci on a single chromosome are usually inherited in combination
as a unit. This combination of multiple genes inherited together is termed “haplotype.”
Because each individual inherits one set of chromosomes from each parent, each indi-
vidual has two haplotypes for a given physical genetic interval. HLA genes are codom-
inant and follow a simple Mendelian form of transmission in families (see Fig. 4).
Therefore, as a consequence of HLA codominance, both alleles (one on each chromo-
some) are expressed from a given HLA locus. There is a 25% chance that two siblings
share both haplotypes and are immunologically compatible, a 50% chance that they
will share only one haplotype, and a 25% chance that they share no haplotype and,
thus, are HLA different.

Certain combinations of HLA alleles are found with a frequency greater than
expected and, consequently, they are not randomly distributed within the general popu-
lation. This phenomenon is known as linkage disequilibrium and it is quantified by the
difference (∆) between the observed and the expected frequencies of a certain allele.
One example is given by the HLA-A*0101 and the HLA-B*0801 alleles, which are
found in Caucasian populations with frequencies of 0.161 and 0.104, respectively.
Thus, the expected frequency of the HLA-A*0101, HLA-B*0801 haplotype should be
0.161 × 0.104 = 0.0167, but the frequency of this haplotype is instead 0.0592, which is
almost four times the expected frequency (∆ = 0.0592 – 0.0167 = 0.0425).

The observation of linkage disequilibrium and extended haplotype inheritance is
still a subject of discussion regarding the reason for its existence. One hypothesis that
could explain linkage disequilibrium is that some haplotypes are preferentially pro-
tected from genetic recombination and, therefore, are preserved (ancestral haplotypes)
(61,62). The mechanism underlying preservation of HLA haplotypes is not clear, but
inhibition of crossing over during gametic meiosis may, in part, explain the cause of
gene haplotype associations. Another hypothesis to explain the phenomenon of linkage
disequilibrium is that certain haplotypes are preferentially reconstituted by recombina-
tion, even though this hypothesis may not completely explain the phenomenon (63). A
third, evolution-based “Darwinian” hypothesis holds that certain HLA haplotypes con-
fer a certain advantage and are favored by natural selection (64).
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HLA GENES AND T1DM

Many factors play a role in determining the risk of progression to T1DM. These
include family history of diabetes, genotype (e.g., HLA haplotype), age, environmental
factors, the residual insulin secretory capacity, the presence of cytoplasmic islet cell
antibodies (ICAs), and antibodies to characterized islet autoantigens (65,66). The pres-
ence or absence of the others may modify the prognostic significance of any of these
risk factors (67).

T1DM and corresponding animal models of the disease such as the NOD mouse
(54) have a strong association with specific alleles of the MHC (53). Alleles encoding
the class II antigens DQ and DR account for the principal HLA-linked susceptibility to
disease (22,33,34,68). This notion is supported by transracial studies that have consis-
tently shown the influence of HLA genotypes in the risk of developing T1DM (69), by
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Fig. 4. The study of the segregation of HLA alleles through a family is based on the determination of
the HLA phenotypes on at least the two parents and a child or on three HLA-different members of the
same family. Segregation analysis allows the definition of the four haplotypes (normally called a, b, c,
and d) present in the family and, consequently, the definition of individuals heterozygous or homozy-
gous at certain loci (e.g., sibling 1 is homozygous at C, DR, and DP loci, both alleles are white; but
heterozygous at A, B, and DQ loci, 1 white and 1 black allele), together with the recognition of indi-
viduals who share one haplotype only (e.g., siblings 1 and 2 are haploidentical because they share the
“a” haplotype), or two haplotypes (e.g., siblings 2 and 6 are HLA identical because they share the “a”
and the “d” haplotypes), or none (e.g., siblings 2 and 3, or 1 and 4 are HLA different). Although it is
considered a very rare event, it is possible to find individuals, represented here by sibling 5, in which
a crossing over between class I and class II gene regions, involving the paternal and maternal haplo-
types of the father of this family, cause the “a–b” recombination flagged here with an asterisk (b*).
(Modified from ref. 193.)



conservation of a MHC class II effect between human and murine autoimmune dia-
betes (70) and by studies in MHC transgenic mice (71).

As indicated by case-control studies, significant differences in polymorphic HLA
marker frequencies between affected and nonaffected individuals suggest that a chro-
mosomal region defined by markers on chromosome 6 is involved in the disease. In
genetically and clinically heterogeneous diseases such as T1DM, between 70–95% of
affected individuals in different populations carry a specific HLA susceptibility allele
(IDDM1 locus) (72–74). IDDM1 represents the major T1DM-related susceptibility
locus and susceptibility to T1DM is mostly conferred by alleles of the DQ region
located within the HLA complex. Diabetogenic alleles are not fully penetrant, so that
not every individual who inherits the gene has the disease.

The association between the HLA region and T1DM susceptibility was first docu-
mented in case-control studies in the mid-1970s (75,76), when it was observed that the
HLA B8, B15, and B18 were increased in frequency in patients as compared to a non-
diabetic control population. Subsequently, serological typing for class II HLA loci
revealed a more significant association between HLA-DR and T1DM (72,77,78).
Approximately 95% of patients with T1DM in most populations had DR3 and/or DR4,
and individuals with heterozygosity for DR3/4 appeared to be the most susceptible to
progression to T1DM. In contrast, expression of the HLA-DR2 allele was initially con-
sidered to be associated with protection from T1DM.

The advent of the polymerase chain reaction (PCR) techniques (79–81) has provided
researchers with more rapid means of arriving at T1DM susceptibility estimates than
those provided by serological techniques. PCR amplification of individuals’ HLA alleles
in a variety of racial and ethnic groups have revealed that the presence of a specific
human DQβ-chain variant encoding a neutral amino acid (alanine, valine, or serine)
other than aspartic acid at position 57 (non-Asp-57) is strongly associated with T1DM
(21,82). In contrast, a negatively charged aspartic acid at position 57 of the DQβ chain
(Asp-57) appears to confer “resistance” to T1DM progression (21,22,82). This associa-
tion is much stronger than the association between HLA-DR3 and DR4 and the presence
of the disease (see Tables 6 and 7). Studies aimed at investigating the contribution of the
DQα-chain to T1DM susceptibility or resistance were initially performed by a group
from France. They conducted molecular typing in 50 unrelated T1DM patients and 75
randomly selected volunteers using PCR and specific oligonucleotide probes. Their
results not only confirmed the importance of DQβ non-Asp-57 in disease susceptibility
but also implicated a role for the Arg-52 amino acid residue of the DQα-chain in the
pathogenesis of type 1 diabetes (83). It should be mentioned that the discovery of these
two disease-associated HLA polymorphisms represents a refinement of the IDDM rela-
tive risk assessments for the HLA-DR3 and HLA-DR4 disease associations. Because of
linkage disequilibrium, the class II HLA-extended haplotypes inherited with the HLA-
DR3 and the HLA-DR4 alleles include DQα alleles with the Arg-52 associated with
non-Asp-57 DQβ alleles. The refinement of the DR locus data lies in the fact that the
genetically linked DQ associations with T1DM are much stronger than the associations
with HLA-DR3 and DR4. A DQ molecule composed of an Arg-52 α-chain and a non-
Asp57 β-chain, can then be defined as a “diabetogenic” heterodimer.

Because T1DM is an autoimmune disease with a long preclinical course (1), the identi-
fication of individuals prior to the onset of the disease process provides a real opportunity
for predictive testing and for therapeutic intervention. The relative risk for T1DM using
both genetic and antibody markers has been calculated in a study of 151 first-degree rela-
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tives of probands from the Children’s Hospital/Allegheny County registry (84). In this
prospective study, using a multivariate model, an enhanced relative risk for T1DM was
estimated for having 4 HLA-DQ diabetogenic heterodimers as compared to one or two het-
erodimers, independently of the islet cell antibody status. Therefore, the greater the poten-
tial to generate HLA diabetogenic heterodimers, the higher the likelihood of developing
diabetes is during a prospective follow-up in first-degree relatives of diabetic patients. This
observation was proposed in several case-control studies (83,85). The frequencies of dia-
betogenic heterodimers were analyzed in a population of the Madrid area in 102 individu-
als with T1DM and compared with those of 87 randomly selected nondiabetic control
subjects from the general population. These findings provide evidence that a quantitative
effect promoted by DQα Arg 52 and DQβ non-Asp 57 alleles may account for an
enhanced susceptibility to T1DM. In other words, the genetic predisposition to T1DM
increases as the number of susceptibility alleles in a given individual increases. These data
support the molecular hypothesis proposed by Khalil et al. in which the expression of the
heterodimers DQα Arg 52 along with DQβ non-Asp 57 at the cell surface increases the
diabetogenic effect (83,86,87). Susceptibility dose effect increases with the number of het-
erodimers that can be formed. Highest risk was determined for subjects with four diabeto-
genic heterodimers (odds ratio [OR] 41; 95% confidence interval [CI]: 17–96) (87).
Simultaneous expression of four different diabetogenic heterodimers explains the very
high risk of Caucasian DR3/4 (84), although HLA-DQA1*0301/DQB*0302 and -DQA1
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Table 6
Genetic Risk Estimates for HLA Class II in T1DM

High-risk genotypes Risk in an individual with this genotype

DQB1*0302 (DQ3.2) 1 in 60
DQ3.2/DQ2 (DR3) 1 in 25
DQB1*0302 + family history of IDDM 1 in 10
DQ3.2/DQ2 (DR3) + family history of IDDM 1 in 4

Source: Adapted from ref. 195.

Table 7
Effect of HLA Alleles on T1DM Susceptibility

DQ alleles Effect Associated DR

B1*0302, A1*0301 Susceptible DR4
B1*0201, A1*0501 Susceptible DR3
B1*0501, A1*0101 Susceptible DR1
B1*0201, A1*0301 Susceptible (African-Americans) DR7
B1*0502, A1*0102 Susceptible (Sardinians) DR2 (DR16)
B1*0303, A1*0301 Susceptible (Japanese) DR4
B1*0303, A1*0301 Susceptible (Japanese) DR9
B1*0602, A1*0102 Protective DR2 (DR15)
B1*0301, A1*0501 Protective DR5
B1*0600, ? Neutral DR6
B1*0201, A1*0201 Neutral DR7
B1*0303, A1*0301 Neutral DR4
B1*0301, A1*0301 Neutral DR4



0501/DQB*0201 heterodimers appear to have the strongest association with diabetes in the
context of the high-risk HLA-DR4 and DR3 haplotypes (21,82,88–92,95) (see Table 4).

At our institution, a prospective study in first-degree relatives of type 1 diabetic
probands has been in progress since 1979 and has served as the foundation for investi-
gating the etiology and prediction of T1DM (93). To date, we have longitudinally fol-
lowed 6177 first-degree relatives of T1DM patients, 82 of whom developed the disease.
ICA testing was performed in all relatives as first screening for islet cell autoimmunity. A
hospital-based registry, which identifies all children (≥ 17 yr of age) who were diagnosed
at our children’s hospital or seen within 1 yr of diagnosis since January 1, 1950, was uti-
lized to identify study subjects (93). A subgroup of 500 of 6711 nondiabetic first-degree
relatives of diabetic probands from this registry was evaluated to measure ICA, autoanti-
bodies to GAD65, IA-2, and insulin and to evaluate HLA-DQ genotyping. The demo-
graphics of these 500 relatives evaluated in the present analyses were not statistically
different from those of all relatives included in the registry with regard to age (median
30.5 vs 30 yr, respectively), percentage of affected parents (53% vs 50%, respectively),
percentage of affected siblings (47% vs 50%, respectively), and race (percentage of
blacks: 4% vs 5%, respectively). Therefore, the subgroup evaluated is likely representa-
tive of the whole population of first-degree relatives of the registry. Males and females
were nearly equally represented in this subgroup of relatives, with 56% being female. In
addition, these demographic criteria in seronegative individuals were not statistically dif-
ferent from those of seropositive relatives. Diabetes was diagnosed according to standard
National Diabetes Data Group criteria (94). A survival analysis of the above-mentioned
subset of relatives indicated a markedly increased cumulative risk for T1DM in those
first-degree relatives who carry two HLA-DQ high-risk haplotypes as compared to rela-
tives who have no or one HLA-DQ high-risk haplotypes (see Fig. 5). Moreover, in
seronegative relatives who developed what is termed “idiopathic” type 1 diabetes
according to the current classification (96), which is based on autoantibody testing alone,
the presence of 2 HLA-DQ high-risk haplotypes conferred an increased cumulative risk
of developing insulin requirement of 27% at 12.5 yr of follow-up, compared to a risk of
6% for nondiabetic relatives who were antibody negative and had no or one HLA-DQ
high-risk haplotype (log rank p = 0.01) (97). These conclusions are particularly impor-
tant in light of the criteria for classification of diabetes and design of future diabetes-pre-
vention trials that include autoantibody assessment alone to enroll high-risk subjects.
Our data strongly indicate that the classification of diabetes should be revised.

There is still controversy as to whether DR molecules are also important in T1DM
susceptibility (68). Whereas some investigators have argued that DR alleles are not
the primary factors in conferring T1DM susceptibility (98) because they are in link-
age disequilibrium with DQ alleles (99,100), others believe that the DR locus play a
role in T1DM susceptibility independently from DQ alleles (86,92,101–104). At least
three studies have shown an independent effect of the DRB1 alleles in T1DM
(23,66,92,101,105–111). In Oriental populations (Chinese and Japanese), susceptibil-
ity appears to be conferred by the DRB1*0405 haplotype, whereas DRB1*0403 and
DRB1*0406 confer protection in Japanese (106,112), Sardinians (101) and Spaniards
(113). However, the DRB1*0405 haplotype seems to confer strong susceptibility and
DRB1*0403 or DRB1*0406 protection in all ethnic groups (66). The protection con-
ferred by DRB1*0403 and DRB1*0406 might overcome the strong susceptibility
effect of DQ*0301/*0302. A study by a Belgian group described that DRB1*0403
protects against T1DM in the high-risk DR3/4 heterozygotes (114).
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The HLA class II DPB1 locus (see Fig. 1) may also influence susceptibility to T1DM.
Analysis of 269 multiplex families from the Human Biological Data Interchange suggest
that HLA-DPB1*0301 and HLA-DPB1*0202 alleles are predisposing for T1DM,
whereas HLA-DPB1*0402 appears protective (115). Interestingly, the effect of the class
II locus DPB1 appears to be more apparent in patients with this genotype than in patients
carrying the highest-risk DR3/DR4-DQB1*0302 genotype (115).
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Fig. 5. Cumulative risk of developing insulin-requiring diabetes for different years of follow-up
among 500 relatives by number of high HLA-DQ high-risk haplotypes (2 vs 0 or 1) 95% [confidence
intervals] (DQA1*0501-DQB1*0201 and DQA1*0301-DQB1*0302). The number of HLA-DQ
high-risk haplotypes was assigned as 0, 1, or 2. First-degree relatives of type 1 diabetic probands
were initially evaluated by autoantibody screening at the Children’s Hospital of Pittsburgh, as previ-
ously reported (84,95). For the present study, 74 prediabetics (who developed overt diabetes in a
prospective follow-up) before the onset of T1DM were analyzed and compared with 426 relatives
who did not develop diabetes over time. The genetic susceptibility to TIDM increases as the number
of HLA-DQ high-risk haploytpes increases.

Cumulative Cumulative Cumulative Cumlative 
Number of HLA-DQ IDDM risk of diabetes risk of diabetes risk of diabetes risk of diabetes 
high-risk haplotypes cases within 5 yr within 8 yr within 10 yr within 12.5 yr

0 143 11 7 [4–10] 8 [5–11] 0 [7–13] 11 [7–15]
1 272 39 8 [6–10] 14 [11–17] 17 [14–20] 22 [19–25]
2 85 23 11 [7–15] 35 [28–42] 40 [33–47] 43 [35–51]



The prevalence of HLA-DR2 is decreased (116,117) in patients with T1DM, and the
DQA1*0102/DQB1*0502/DRB1*1601 haplotype accounts for the most part of dis-
ease susceptibility in DR2-associated cases of T1DM (118–123). Therefore, the origi-
nally described effect of the DR2 allele in conferring resistance to diabetes is
considered to be neutral rather than protective, whereas the real protective effect is pro-
vided by the DQ alleles, generally found in linkage disequilibrium with DR2. The
effects of HLA alleles on T1DM susceptibility are summarized in Table 6.

HLA COMPLEX AND MECHANISMS OF SUSCEPTIBILITY TO 
OR PROTECTION FROM T1DM

Amino acid polymorphism at position 57 the HLA-DQβ-chain could influence the
interaction between the class II molecule on the antigen-presenting cell, the peptide
antigen, and the TCR of the helper T-cell. Consequently, this influences the control of
the specificity of the immune response to foreign and/or self antigens (see Fig. 6) (22).
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Fig. 6. The human TCR β-chain locus on chromosome 7 encompasses 75 different variable seg-
ments, each with its own leader sequence (Vβ1–Vβn and L1–Ln). These are associated with two gene
clusters, one composed of one diversity segment (Dβ1), six joining segments (Jβ11 … 6), and one con-
stant segment (Cβ1) encoding the β1-chain, and the other with the Dβ2/Dβ21 … 6/Cβ2 segment encod-
ing the β2 chain. Two somatic recombination events take place to generate the version of the
rearranged DNA that is eventually transcribed. The D-J joining event occurs first, followed by the V-
D-J event. The rearranged DNA is then transcribed into the primary RNA transcript. This transcript is
converted into messenger RNA (mRNA) through an RNA splicing event. The TCR β-chain protein
will be made after translation, processing, and glycosylation. The leader sequence is removed once
the TCR β-chain is in place on the cell membrane. (Modified from ref. 51.)



However, other residues in the DQβ-chain as well as the DQα-chain (124–126) also
appear to be involved in the susceptibility to T1DM. As discussed earlier, genetic sus-
ceptibility to autoimmune diabetes is strongly conferred by DQ DQA1*0501-
DQB1*0201 and DQA1*0301-DQB1*0302 haplotypes. This concept is strengthened
by recently published results obtained in vivo providing experimental evidence for the
contribution of HLA-DQ molecules to autoimmune-related diabetes development.
Using a unique “humanized” animal model of diabetes, the replacement of human
HLA-DQ6 for human HLA-DQ8 molecules completely prevented the disease (127).

The importance of class II molecules in playing a role in the pathogenesis of T1DM
is also indicated by studies in a transgenic NOD mouse model, in which the expression
of an I-A (the equivalent to the human class II DQB1 locus) β-chain transgene carrying
Asp 57 instead of Ser 57 protects these mice from developing diabetes (128,129).
Moreover, expression of Pro56 instead of the normal His56 in the I-A α-chain has the
same effect (130). Finally, expression of certain I-E (the equivalent of the human HLA-
DR locus) transgenes appears to confer resistance to the disease (130,131). Of note, the
treatment of NOD mice with a monoclonal antibody reacting with the murine class II
molecule, also prevents the progression to overt diabetes (132). These findings
obtained in an animal model of T1DM certainly support the role of both HLA-DQ and
HLA-DR in human T1DM.

The mechanisms by which the class II genes can influence susceptibility to, or pro-
tection from, T1DM are still the subject of discussion. Brown et al. (133,134) have
characterized the structure of the crystallized HLA class II molecule. One hypothesis
is that effective antigen-binding depends on the conformation of the antigen-binding
site on the DQ dimer. The two critical residues, DQα 52 and DQβ 57 are located at
opposite ends of the α-helices that form the antigen-binding site of the DQ molecule
(see Fig. 3). It has been postulated that a substitution of an amino acid residue at
these positions of the DQ molecule leads to conformational changes of the antigen-
binding site and, consequently, to a modification of the affinity of the class II mole-
cule for the “diabetogenic” peptide(s) (22). In support for this hypothesis, it is known
that in the DR molecule Asp-57 is involved in hydrogen- and salt-bonding with the
antigenic peptide and the Arg-76 position of the α-chain, respectively (130,131). The-
oretically, modifications in the DRα Arg-76 residue would also alter the antigen-
binding site. This is physiologically difficult to observe since the DRα-chain is not
polymorphic.

It is noteworthy that studies of the regulatory regions of the genes encoding DQα-
and DQβ-chains have shown that the level of transcription of these genes may also
influence antigen binding. An increased level of production of a certain class II α-chain
may increase the availability for dimerization in trans with the β-chain of the other
haplotype (135,136). Although the actual ratio of cis-encoded vs trans-encoded DQ
heterodimers at the cell surface remains to be determined experimentally, it is possible
that moderate differences in chain production translate into large functional differences
with respect to antigen presentation and T-cell activation (22). Studies by Demotz et al.
(137) suggest that relatively few class II heterodimers need to be present at the surface
of an antigen-presenting cell to efficiently crosslink the TCR and initiate a T-cell
response. On this basis, it is easily understandable why the study of IDDM1 must
acknowledge the role of the T-cell and, more specifically, the role of particular TCRs in
mediating disease.
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T-CELL RECEPTOR CHARACTERISTICS 
AND SUSCEPTIBILITY TO T1DM

The TCR on a given peripheral T-cell is composed of separately encoded α- and β-
chains that are disulfide linked. These dimers must form a molecular complex with the
multichain CD3 complex to become functionally active at the cell surface. During the
entire life of an individual, T-cells undergo a maturation process that occurs primarily
in the thymus. During this process, precursor stem cells, initially from the fetal liver
and then from bone marrow, enter the thymic anlage, where they are induced to
rearrange their germline TCRα and TCRβ genes (see Fig. 6) (138). TCR gene
rearrangements are essentially random, and most are nonproductive as a result of out-
of-frame joints; however, these unsuccessful rearrangements are requisite for the
expression of generally a single functional α/β TCR at the cell surface. Furthermore,
the essentially random nature of these rearrangements among a large number of vari-
able segments ensures an extremely large (1010–1015) repertoire of distinct antigen
specificities present at the surface of the unselected thymocyte pool. Once a T-cell
expresses a functional TCR at the cell surface, it is subject to either positive or negative
selection events in the thymus (139,140). Both positive selection and negative selection
depend on interactions among the TCR, MHC molecule, and antigenic self peptide.
Positive selection occurs as thymic stromal cells bearing MHC molecules (containing
self-peptide fragments) engage TCR molecules on the developing thymocytes and
direct their continued maturation into functionally mature T-cells. T-cells with “use-
less” receptors (i.e., those that cannot bind with sufficient affinity to the MHC mole-
cule) are not driven to mature and expand, and they eventually die. Negative selection
refers to the poorly understood set of events that specifically eliminates or alternatively
“anergizes” potentially autoreactive cells, thereby inducing “tolerance” to self (i.e.,
self-tolerance). During negative selection, factors such as affinity for self-antigen and
antigen load likely influence the final outcome of cell death or clonal anergy. Thus, the
peripheral T-cell repertoire of each person (including each individual of two monozy-
gotic twins) is unique (141) and is a consequence of both the random generation of
TCRs in the initial unselected thymocyte pool as well as of thymic positive and nega-
tive selection events.

Autoimmunity is thought to result from an imbalance between the two functionally
opposite processes, tolerance induction and immune responsiveness, each dependent
on the presence of class I and class II molecules with appropriate structures (dictated
by the genes encoding them) that are able to present critical antigenic peptides. In
genetically susceptible individuals, certain class II molecules may ineffectively present
self peptides, thereby leading to inadequate negative selection of T-cell populations
that could later become activated to manifest an autoimmune response. Nepom and
Kwok explain the molecular basis of HLA-DQ associations with T1DM exactly on this
basis (142). Paradoxically, some self peptides that normally negatively select T-cells
are likely to lead to positive selection when the MHC molecule is, for example, the
HLA-DQ3.2.

The HLA-DQ3.2 molecule is encoded by DQA1*0301 and DQB1*0302 genes, which
are generally present on the most strongly T1DM-associated haplotype also encompass-
ing HLA-DR4. Because of a characteristic structural motif for peptide binding, the HLA-
DQ3.2 can be considered an intrinsically “unstable” MHC class II molecule. If in a
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DQ3.2-positive individual, the T-cells that are negatively selected in the thymus are only
those that recognize DQ3.2–peptide complexes in a “stable” high-affinity configuration,
the result can easily be the release from the thymus of mature T-cells able to establish a
potentially autoimmune repertoire in the periphery. Figure 7 illustrates these concepts.

Small structural changes, then, may result in large functional changes in the antigen-
presenting capabilities of the class II molecules. One might conceive that the cells from
a person who is heterozygous for both DQα and DQβ would contain all four chain
combinations on their surface. Competition for binding the processed antigen could
take place, with effective antigen binding dictated by the conformation of the antigen-
binding site on each DQ dimer. As previously described, changes at either amino acid
DQα-52 or DQβ-57, located at opposite ends of the α-helices that form the antigen-
binding groove (see Fig. 3), could alter the configuration of the groove. Changes at
both positions would likely inflict a great conformational effect on the molecule’s
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Fig. 7. Both positive and negative thymic selections contribute to form the repertoire of mature T-
cells in the periphery from the precursors, or immature T-cells, originated in the bone marrow. Indi-
viduals carrying HLA-DQ alleles associated with resistance to the disease, like HLA-DQ*0602, will
be able to negatively select in the thymus all the T-cells with an high affinity for peptides of the self
(black dots), so that no autoreactive T-cells will be present in their peripheral blood and the chances to
develop diabetes will be reduced. Individuals who have, instead, susceptibility alleles with low affin-
ity for peptides of the self (e.g., HLA-DQ*03020) will negatively select less efficiently autoreactive
T-cell clones that will then be present, even if in a relatively small number, among the peripheral T-
cells. (Modified from ref. 142.)



antigen-presentation capability. Such conformational differences may be partially
responsible for the observed hierarchy in the degree of susceptibility within the group
of non-Asp-57 alleles and for the differences in the degree of protection afforded by
each allele within the group of Asp-57 alleles. For example, the protective effect of the
Asp-57 DQB1*0502 allele prevails over that of certain susceptible alleles, such as non-
Asp-57 DQB1*0501. Conversely, the susceptible allele non-Asp-57 DQB1*0302 dom-
inates over the protective effect of Asp-57 DQB1*0301.

Competition for antigen binding would also be influenced by the relative abundance
of each form of heterodimer at the cell surface, which, in turn, is likely influenced by
several factors: First, certain DQα- and DQβ-chains appear to be under structural con-
straints that limit the formation of dimers between them. For example, α-chains of the
DQA1*0301 or DQA1*0501 alleles does not couple efficiently with the β-chain of
the DQB1*0501 allele. Thus, persons who are heterozygous for these alleles would not
be expected to readily form significant numbers of “hybrid” molecules between trans-
encoded genes. Second, studies of the promoter regions of these genes suggest that the
levels of transcription of the DQα- and DQβ-chain genes may differ among allelic
variants (136,143). These studies imply that a chain encoded by one gene may be syn-
thesized in larger amounts than a chain encoded by the other allele, thereby increasing
the probability of its participating in trans dimerization (64).

Positive- and negative-selection events can also explain genetic resistance to T1DM.
In many populations, the frequency of the DQB1*0602 allele is rarely found among
patients with IDDM (144,145). This suggests that this allele may play a protective role
in the disease process. During thymic development, an unidentified diabetogenic pep-
tide can preferentially bind to the DQB1*0602 molecule, and because of the relatively
higher affinity and/or avidity it has with this than with other DQ molecules, it will form
HLA-DQ molecule–antigenic peptide–TCR complexes more efficiently than other
molecules. This could lead to negative selection and depletion of potentially self-pep-
tide-reactive T-cells. Individuals with a typical DQB*0602 allele can then delete these
potentially dangerous T-cells during thymic maturation and, therefore, are protected
from developing diabetes (see Fig. 7). At present, carrying a “protective” DQB*0602
allele is considered as a criterion of exclusion for enrolling first-degree relatives of dia-
betic patients in clinical trials, such as the Diabetes Prevention Trial 1 (DPT-1), which
is being carried out in the United States. This trial has been designed to prevent the pro-
gression to the clinical onset of T1DM in individuals considered at high risk for devel-
oping the disease (146). However, this does not mean that carrying the DQB1*0602
allele confers 100% protection from developing the disease (147,148). Our results sug-
gest that prediabetics carrying the HLA haplotype DQA1*0102, DQB1*0602 have the
tendency to be antibody negative for all islet autoantigens (97). Seven percent of predi-
abetics in this study carried the HLA haplotype DQB1*0602, which confirms previous
observations that the protective effect associated with DQB1*0602 is not absolute
(147,148). We found that 40% of prediabetics carrying the HLA haplotype
DQA1*0102, DQB1*0602 were African-American.

THE INSULIN GENE REGION (IDDM2)

Investigation of the insulin gene (INS) region on chromosome 11p15 as a premier
candidate for genetic association with T1DM began in the early 1980s (see Fig. 8)
(149–151). Insulin’s central role in metabolism and blood glucose homeostasis and
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its unique distinction as the only known β-cell-specific antigen made it a likely front-
runner to account for an inherited susceptibility to diabetes. However, early studies of
the human insulin gene and its relation with T1DM, T2DM, and abnormal glucose
regulation were inconclusive, presumably because of the relatively small sample sizes
analyzed (149–151). In 1991, Julier et al. provided evidence of genetic linkage for the
insulin gene (IDDM2) with T1DM in a collection of multiplex families from France,
the United States, and North Africa (152). Subsequently, the investigations of Bain et
al. have confirmed the evidence of linkage between IDDM2 and type 1 diabetes
(153). Importantly, Bain et al. demonstrated linkage for IDDM2 independent of the
influence of HLA alleles (i.e., IDDM1) and the parental source of the IDDM2 suscep-
tibility allele.

Detailed sequence analysis of the insulin gene region identified a polymorphic
locus, which consists of a VNTR, present within the 5′ regulatory region (promoter)
adjacent to the coding sequence of the insulin gene. Each repeat element consists of a
14- to 15-bp DNA segment having the consensus nucleotide sequence A(C/T)
AGGGGT(G/C)C(T/C/G)(G/A/T) (G/T/A)G(G/C/T) (see Fig. 8). The number of
repeats within sequenced alleles ranges from 26 to >200, with 3 classes of alleles iden-
tified on the basis of overall size: class I, class II and class III. Class I INS VNTR alle-
les consist of 26–63 repeats, averaging 570 bp in length, and are associated with IDDM
susceptibility. Class III alleles consist of 140–200 or more repeats and are considered
to be protective from diabetes. In size, class III alleles are the largest variants, averag-
ing over 2.2 kb in length. Finally, class II alleles (1.2 kb average length) are too rare in
the populations studied to draw any conclusion about their association with IDDM sus-
ceptibility (154).

Detailed analyses of the insulin region indicate the presence of a number of addi-
tional polymorphism outside the VNTR region that are in strong linkage disequilibrium
with the VNTR itself, which then appears to be the primary association with T1DM
susceptibility. Bennet et al. reported that a 698-VNTR class I subtype is negatively
associated with disease susceptibility, in contrast to other class I alleles that confer sus-
ceptibility to disease (154–156).
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Fig. 8. The variable number of tandem repeats (VNTR) in the 5′ region of the insulin gene was
grouped into three classes. The first with approx 40 repeats is called class I and the one with approx
160 repeats is class III; the number of repeats characteristic of class II genomes has not yet been for-
mally determined. (Modified from ref. 51.)



BIOLOGICAL SIGNIFICANCE OF THE VNTR REGION

A number of studies have suggested that the INS VNTR may have a biological role
in the genetic regulation of insulin expression (70,157,158). The proximity of this
polymorphism to the INS transcriptional start site (<400 bp upstream) makes this an
attractive hypothesis. Furthermore, an association between VNTR polymorphisms and
human disease is not unprecedented. It has been suggested that the human HRAS1
gene, which encodes the H-ras protooncogene and is associated with a genetic suscep-
tibility to certain cancers, is under the allelic effects of a VNTR polymorphism that lies
downstream of the gene (159–161). Expansions of nucleotide triplet repeat minisatel-
lites have also been implicated in numerous progressive neurological diseases such as
myotonic dystrophy (162). In vitro evidence suggests that these genetic elements may
exert a regulatory effect by strengthening nucleosome formation, thereby altering local
chromatin structure and, consequently, decreasing the efficiency of transcription from
nearby genes (162).

Nevertheless, the exact functional role of the INS variable number tandem repeat
(VNTR) is still a subject of discussion (163) and debate in view of conflicting reports as
to whether class I VNTR-containing promoter constructs induce are greater (154,157) or
lesser (158) insulin gene expression in vitro. In two early reports (154,157), it was
asserted that class I-associated insulin expression (associated with diabetes susceptibil-
ity) was enhanced as compared with class III insulin gene expression, which is notably
considered to be associated with protection from T1DM. In contrast, Kennedy et al.
(158) have shown that class III VNTR reporter gene constructs had three time higher
reporter gene expression than class I VNTR. Nonetheless, the results from Owerbach
and Gabbay (70) do not support those of Kennedy et al. (158). These controversial
results raise the concept that methodological differences in conducting the experiments
may account for some of these discrepancies. Presently, it remains to be determined how
the variant insulin gene expression may influence T1DM susceptibility.

THE SEARCH FOR NOVEL NON-MHC SUSCEPTIBILITY GENES

Recent genomewide searches for T1DM susceptibility provided preliminary evi-
dence for the existence of at least 18 loci associated with T1DM (164). Because of the
large number of markers tested, many of these putative regions suggestive of T1DM
susceptibility linkage may have occurred by chance. Saturating the putative locus with
many more informative markers is a must to demonstrate or rule out the existence of
significant linkage. Further complicating the issue of suggestive linkage from
genomewide scans is the broad range of selection criteria used for inclusion of families
in the various datasets. Variations in the age of onset of T1DM can make the detection
of linkage difficult. Confounding matters even more is the interaction of the various
disease susceptibility loci that is the hallmark of polygenic diseases like T1DM, in that
this interaction (additive, multiplicative, or epistatic) adds an additional level of diffi-
culty in determining the significance of a logarithm of odds (LOD) score. Once sugges-
tive linkage to a region has been determined, other powerful association-based tests
that take advantage of linkage disequilibrium between a marker and the actual suscep-
tibility alleles can be used to formally implicate a locus and a particular allele with sus-
ceptibility (70).
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The initial genome scan by Davies et al. (164) suggested the existence of 18 suscepti-
bility loci. To date, suggestive linkage to 16 of those 18 susceptibility loci (164) (termed
IDDM, followed by a number) does not necessarily imply the importance of that locus to
susceptibility. The demonstration of significant linkage to some of these sites has been
replicated in independent datasets, in some cases implicating a candidate gene. Linkage
to other loci originally detected in the scan by Davies et al. awaits replication. It is
important to note that some of the loci that showed suggestive, albeit weak, linkage in
the scan by Davies et al. (164) could not be confirmed in other populations. This indi-
cates the importance of replication in other datasets as well as the selection of a dense set
of markers to cover as much of the genome as possible. Recent studies have revealed the
genetic interaction of certain of these loci and their mode of interaction. For example,
IDDM1 (which is the class II HLA locus) and IDDM2 (which is the VNTR upstream of
the INS promoter) interact epistatically (i.e., the genes are functionally related, either in a
biochemical or a physiological pathway), whereas IDDM1 and IDDM4 may act indepen-
dently (165). In addition, IDDM4 and IDDM5 appear to have a greater frequency of
shared alleles, identical-by-descent subgroups of datasets, which have HLA-DR3 in
common. The linkage of IDDM7 is stronger in subgroups lacking HLA-DR3 and,
finally, IDDM7 appears to show stronger evidence of linkage in subgroups homozygous
for class I VNTR alleles at IDDM2 (70). All of these results will most likely depend on
the nature of the population under study as there are already-established differences
among populations in T1DM susceptibility at particular loci. The relative risk of haplo-
types at IDDM2 is dependent on the presence of HLA-DR4 in a French population (152)
but not in American, Belgian, Finnish, or British datasets (166).

There is continuous debate, however, as to what criteria should be used when
attempting to map non-HLA loci. Historically, in a monogenic disease, the generally
accepted standard for significant linkage is considered to be a LOD score greater than 3
(p < 10–4). Thomson (167,168) suggested a statistical level of p = 0.001 in considering
presumable linkage in genomewide searches, followed by confirmation of the results in
other populations to confirm linkage. Lander and Kruglyak (45), however, proposed
more stringent criteria of a LOD score of 2.2, indicating suggestive linkage (p < 7 ×
10–4) and a LOD score of 3.6 (p < 2 × 10–5) to achieve significant linkage. Even with a
LOD score of 3.6, there is still a possibility of a false-positive rate of 5% in
genomewide scans. Moreover, Lander and Kruglyak propose that further replication
studies in different populations are necessary in order to verify significant linkage. Very
few of the loci indicated in Table 2 will stand the criteria of Lander and Kruglyak for
significant linkage. To circumvent this, some investigators propose that the HLA exerts
a very powerful effect on overall susceptibility and, as a consequence, some loci will
be missed although they may play some role in other biochemical or physiological
pathways involved in susceptibility. Indeed, one means by which some loci were found
has been to stratify based on the number of HLA alleles shared in sib-pair-based map-
ping approaches. This method was used to describe IDDM13 (169). Another approach
stratifies based on the presence or absence of autoantibodies (170). To date, there has
not been any rigorous statistical analysis on the validity of these stratifications, and
although they may be justified, the recent failure to find linkage at all described loci
except IDDM1, IDDM2, IDDM5, and IDDM8 in more than 500 sib-pairs using strin-
gent criteria (Polychronakos, personal communication) may, in part, be explained by
the application of such stratifications.
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Finally, the last approach was to evaluate empirical power and efficiency of mapping
complex disorders, such as autoimmune diabetes, studying large multiplex families from
genetically and culturally homogeneous populations, such as a Bedouin family from
Israel (46). The extended pedigree of this multiplex Bedouin family included 248 indi-
viduals, along with 19 affected individuals in 3 generations. Results from genome scans
for linkage indicate a predominant peak by nonparametric linkage (NPL) analysis that is
seen for the long arm of chromosome 10 (10q25, IDDM17), with the maximum NPL
occurring at D10S1237 (p < 0.002) (see Fig. 9). A high-resolution map of the candidate
region on 10q was constructed using the Centre d’Etude du Polymorphisme Humain
(CEPH) genotyping database and the Massachusetts Institute of Technology (MIT)
physical mapping database to identify polymorphic markers and yeast artificial chromo-
some (YAC) clones (46). With the higher density of markers, the evidence of linkage
increased substantially (p = 0.00004) (46). Furthermore, preliminary evidence indicates
that the high-risk haplotype of IDDM17 in the Bedouin Arab family may be present in as
many as 5% of US families (Eisenbarth, personal communication).

In sum, genomewide searches are considered only an initial stage in discovering
novel susceptibility genes in type 1 diabetes and in other polygenic diseases. First,
linkage must be proven, which is not an easy task. Second, a large number of families
from independent populations are required to confirm linkage and understanding the
interactions of putative susceptibility genes.
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Fig. 9. Results of an initial genomewide (309 markers) multipoint NPL analysis using GENE-
HUNTER (171). The maximum NPL value (0.002) corresponds to marker D10S1237 at chromosome
10q25. The evidence for linkage to this region was strengthened with the analysis of additional
microsatellites and additional family members. (From ref. 46.)



A PATTERN IS ARISING: COLOCALIZATION 
OF AUTOIMMUNE DISEASE LOCI

Recently, it has been described that the position of provisional loci found in T1DM
colocalize or overlap with loci found in different autoimmune/inflammatory diseases
(48,172). This is consistent with the hypothesis that, like the MHC, some of these pro-
visional loci may involve common susceptibility genes or biochemical pathways that
are central to normal immune function. Concannon et al. (148) identified a novel locus
for T1DM (MLS=3.31) (Table 2) at human chromosome 1q at marker D1S1617. This
locus colocalizes with loci for systemic lupus erythematosus (SLE) (49) and ankylos-
ing spondylitis (50). In human SLE, this locus is linked to high serum levels of
antichromatin antibody, and in mouse SLE. This locus is linked to both anti-chromatin
and anti-DNA antibody production (173,174). This colocalization of suggestive genetic
linkage for three autoimmune diseases suggests that genes at this locus may be
involved in a pathway that might affect the quantitative regulation of antibody levels
and that this may ultimately contribute to the development of the disease phenotype.
Therefore, particular as yet undiscovered genes or pathways may contribute to immune
dysregulation, a phenomenon detected in many different autoimmune diseases, possi-
bly prior to the onset of overt clinical symptoms (175).

Ten centimorgans is the approximate limit of resolution of a typical first-stage
genomewide scan. For example, IDDM2 found at 1lpl5.5 (164) is located at the exact
position as loci for SLEk (176), ankylosing spondylitis (50), asthma (177), and multi-
ple sclerosis (178). All four disease loci have been defined by the same polymorphic
marker, D11S922, at the 0.323-cM position on human chromosome 11 (179). A candi-
date gene at 1lpl5.5 is the insulin gene itself. VNTR polymorphisms in the 5′ end of the
insulin gene have been associated and linked to IDDM (180). One interpretation of this
genetic linkage to insulin as a candidate gene is that there might be an involvement of
an imprinted gene (157,181–183), which may be under the same transcriptional effects
of the VNTR as is the insulin gene. Colocalization of multiple autoimmune diseases at
this location suggests that whatever the exact gene found at IDDM2 (180), it may play
a broader role in autoimmune development.

Although this general pattern of locus colocalization appears not to be found in
human nonautoimmune disease (172), it is possible that a pattern of colocalization of
autoimmune disease may be the result of common biological pathways shared among
related autoimmune/inflammatory abnormalities in coexisting human autoimmune dis-
orders (172).

CONCLUDING REMARKS

In T1DM, the application of genomewide scans has identified over 18 putative loci
of statistical significance, but, for now, only linkage to HLA loci seems incontestable.
Albeit much excitement has recently been generated by the results of genomewide
scans, for many polygenic disorders, including T1DM, careful and rigorous replica-
tion as well as association studies in many populations must be conducted before any
attempts are made by positional cloning or the candidate gene approach to identify
potentially elusive sequence variations that could influence genetic susceptibility.
One example of controversy in this field is a publication of studies with opposing
results (48,184,185).
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It is noteworthy acknowledging that familial association of different autoimmune
diseases in the same pedigree (172), association of different autoimmune disorders
including T1DM in the same individual (186,187), and common clinical parameters of
different autoimmune diseases (6,188) might share similar pathophysiologic mecha-
nisms leading to autoimmunity. Colocalization and overlapping of candidate loci in
autoimmune disease, such as T1DM, imply that common biological pathways may be
involved in the immunopathogenesis of at least a subgroup of autoimmune diabetes
and other clinically diversified autoimmune disorders. The latter example may resem-
ble what occurs as a result of mutations of the autoimmune regulator gene (AIRE)
(189–191), which forms the basis for genetic dysregulation in autoimmune polyen-
docrine syndrome type 1 (APS-I), a non-MHC-linked disorder that is also associated
with autoimmune impairment of pancreatic β-cells.
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PREDICTION OF TYPE 1A DIABETES

Introduction
At present, the prediction of type 1 diabetes is not a major clinical issue outside of

trials for diabetes prevention. Patients, especially children, usually present acutely with
diabetes with a dramatic history of polyuria, polydipsia, and weight loss. Despite what
in retrospect is almost always a clear-cut clinical history of diabetes, a significant num-
ber of children have a delay in diagnosis, which increases the risk of severe metabolic
decompensation with diabetic ketoacidosis (DKA), cerebral edema, and death. In Col-
orado for instance, with a population of four million, approx 1 child dies at the onset of
type 1 diabetes every 2 yr. Overall in the United States, DKA occurs in 25–50% of
children with new-onset diabetes, and symptomatic cerebral edema occurs in approx
1% of DKA episodes. Of those patients with clinically apparent cerebral edema,
between 40% and 90% die (1).

In an attempt to identify risk factors for cerebral edema, a multicenter study evalu-
ated several laboratory value parameters on hospital admission and different therapeu-
tic regimens. It revealed that hypocarbia and treatment with bicarbonate were the two
independent variables that placed patients at highest risk for cerebral edema (1). Per-
haps the greatest risk factor for poor outcomes, however, is the misdiagnosis or delay in
diagnosis once the child is seen by a health care provider. Therefore, for acutely ill
children, one should have a very low threshold for obtaining a urine and finger-stick
glucose, two simple rapid tests that can rule out diabetes.
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Despite the usual acute dramatic presentation of diabetes, there is now considerable
evidence that type 1 diabetes (particularly the common immune form of type 1 diabetes
termed type 1A diabetes) is a chronic autoimmune disorder (2,3). In studies of relatives
of patients with type 1A diabetes and recent studies of children from the general popu-
lation, anti-islet autoantibodies usually precede the development of diabetes by years
(4–9). There may be some children with acute development of autoimmunity and rapid
progression to diabetes, but discovering such children in prospective studies will
require considerable effort, as it appears that they are rare. There are a number of
reports of acute development of type 1 diabetes ascribed to acute viral infections (10).
It is likely that these reports may represent viral infections occurring in individuals
who expressed anti-islet autoantibodies years prior to the acute infection. A recent
report from Japan described several individuals with likely a form of type 1B diabetes,
who, despite marked hyperglycemia, had normal HbA1c levels, suggesting a truly
acute development of diabetes (11). These individuals also had elevated pancreatic
serum enzymes and pancreatitis but not islet inflammation. In the United States, with a
much higher incidence of type 1 diabetes compared to Japan, it is rare to find individu-
als presenting with diabetes with normal HbA1c and it is likely that the great majority
have had hyperglycemia for months prior to diagnosis.

Stages in the Development of Type 1A Diabetes
One can divide the development of type 1A diabetes into a series of stages, begin-

ning with genetic susceptibility and ending with essentially complete destruction of all
islet β-cells (see Fig. 1). At the end of the process, individuals are truly insulin depen-
dent, but during earlier phases of the disease, glucose metabolism is normal, becomes
impaired, and even at the onset of diabetes, a significant amount of insulin is produced.
The amount of insulin produced endogenously is determined by measuring C-peptide,
the peptide cleaved from proinsulin, because C-peptide is not contained within the
exogenous insulin used for therapy. Some individuals will produce C-peptide for more
than 5 yr after the onset of type 1A diabetes, but the great majority become C-peptide
negative (usually defined as less than 1–2 pmol/L of C-peptide following standard meal
stimulation) within several years. Overall, children have a more rapid course of loss of
C-peptide. Between 5% and 20% of adults thought to have type 2 diabetes have a
slowly progressive form of type 1A diabetes (12,13). These adults produce significant
C-peptide for several years after diabetes onset and can be treated with oral hypo-
glycemic agents. One term for such adults is LADA, or latent autoimmune diabetes of
adults (14,15). These adults usually express anti-islet autoantibodies and this has led to
their recent recognition.

Although Fig. 1 aids in conceptualizing the development of type 1 diabetes, the dis-
ease process, in fact, is more complex, and both genetic and environmental factors may
act to modify disease progression during any of the stages (3).

Genetic Risk
CLINICAL

Approximately 1/300 children in the United Sates develop type 1A diabetes through-
out their life, with a reported incidence of approx 15/100,000. Finland has the highest
incidence, approaching 50/100,000 (16), and Japan has one of the lowest (approx
1/100,000 in children). The incidence appears to be increasing worldwide and recent
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data from Colorado suggest that the incidence has increased to 25/100,000 (17,18). The
etiology of the increasing incidence is not defined, but it suggests environmental change
(either decreasing protective factors or increasing “triggering” factors). First-degree rela-
tives of patients with type 1A diabetes have a risk of approx 5%, including siblings, off-
spring, and parents. The risk of type 1A diabetes of an offspring of a mother with
diabetes is less than for a father with type 1A diabetes (19), and siblings appear to have a
risk for early childhood anti-islet autoimmunity and diabetes approximately twice that of
offspring (20). Dizygotic twins have a risk similar to siblings, and monozygotic twins
have a “lifetime” risk of approx 50% (21). As illustrated in Fig. 2, initially discordant
monozygotic twins of patients with type 1A diabetes can progress to diabetes decades
after the onset of diabetes in their proband twin. In addition, there appears to be genetic
heterogeneity in eventual concordance, with twin mates whose twin developed diabetes
after age 25 having a relatively low risk of progression to diabetes (21). Despite the high
risk to relatives, it must be realized that between 85% and 90% of children developing
type 1A diabetes do not have a relative with the disease.

In addition to a family history of diabetes predicting an increased risk, diabetes is
also associated with other autoimmune diseases. Two of the most dramatic syndromes
associated with diabetes begin in neonates or very young children, and mutations
underlying autoimmunity have been defined. These syndromes are termed “autoim-
mune polyendocrine syndrome type I” (APS-1) (22) and “X-linked polyendocrinopa-
thy, immune dysfunction, and diarrhea” (XPID) (23). Approximately 18% of patients
with the autosomal mutations of the autoimmune regulator (AIRE) gene underlying the
APS-I syndrome develop type 1A diabetes, in addition to their mucocutaneous candidi-
asis, Addison’s disease, and/or hypoparathyroidism (24). The XPID syndrome presents
with fatal overwhelming neonatal autoimmune disease, and it is suggested that such
children might benefit from bone marrow transplantation (23).

Much more common associations with type 1A diabetes include celiac disease
(25–27), thyroid autoimmunity, Addison’s disease (often as part of APS-II) (28),
myasthenia gravis, and pernicious anemia. For example, 1/20 children with type 1A
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Fig. 1. Hypothetical stages in the development of type 1A diabetes. IDDM, insulin-dependent dia-
betes mellitus. (Modified from ref. 2.)



diabetes have celiac disease. Approximately 1/10 express antitransglutaminase autoan-
tibodies, and half of these (thus, 1/20) have celiac disease on biopsy (27,29). Most of
these children are asymptomatic. In addition, relatives of patients with type 1A dia-
betes also have an increased frequency of nondiagnosed celiac disease (27). Thyroid
autoimmunity is usually screened for with determination of thyroid-stimulating hor-
mone (TSH) levels. Addison’s disease probably occurs in approx 1/200 individuals
with type 1A diabetes compared to 1/20,000 in the general population. The presence
of 21-hydroxylase autoantibodies suggests the need for prospective evaluation of
adrenal function (28,30).

LABORATORY-DEFINED GENETIC RISK

At present, the best-defined genetic markers for common forms of type 1A diabetes
are alleles of genes within the major histocompatibility complex (MHC) on the sixth
chromosome (31–33). There are more than 100 genes within the complex, but the genes
providing prognostic information are predominantly DRβ, DQα, and DQβ. Each allele
of each of these genes is now defined at the nucleotide level and is given a specific num-
ber (e.g., DRB1*0301). The first two numbers usually refer to older serologic typing and
the last two numbers specify a specific sequence. The genes of the complex are in close
genetic proximity. Thus, they are linked when inherited (because crossing over between
genes within a family is rare) and are in linkage dysequilibrium (alleles of different
genes are nonrandomly associated with each other on the same chromosome in the pop-
ulation). Therefore, one can define alleles of a single gene, a group of alleles of different
genes on the same chromosome (a haplotype), or, what is most important in determining

58 Part I / Etiology

Fig. 2. Progression to diabetes of initially discordant monozygotic twins of patients with type 1A
diabetes, subdivided by the age of diabetes onset of the proband twin. (From ref. 21.)



diabetes risk, the genotype of an individual (namely all of the alleles on an individual’s
two sixth chromosomes). For example, an individual with the two DQ haplotypes,
DQA1*0501, DQB1*0201 (DR3 associated) and DQA1*0301, DQB1*0302 (DR4 asso-
ciated) have the highest risk for type 1 diabetes. As each allele codes for a specific mole-
cule and all the combinations of these molecules are possible, such individuals will have
four different DQ molecules (DQA*0501/DQB1*0201, DQA1*0301 DQB1*0302) on
the surface of their antigen-presenting cells, as expected, but also DQA1*0501/
DQB1*0302 and DQA1*0301/DQB1*0201. Individuals of African descent have a hap-
lotype with DQA1*0301/DQB1*0201 on the same chromosome and, as expected, it
confers high risk. In addition to risk, some human leukocyte antigen (HLA) DQ mole-
cules are associated with protection from type 1A diabetes. The DQA1*0102/
DQB1*0602 haplotype is present in approx 20% of most populations but in less than 1%
of children developing type 1A diabetes (34). Protection appears to be dominant over
susceptibility (35). Patients with DQA1*0102/DQB1*0602 and diabetes may have
unusual variants of diabetes (e.g., type 2 diabetes in children) or may be currently unex-
plained exceptions. Another remarkably protective DQ haplotype is DQA1*0201/
DQB1*0303, but this haplotype is relatively uncommon.

DR alleles also influence diabetes risk. DRB1*1401 is reported to provide dominant
protection similar to DQA1*0102/DQB1*0602, although, again, it is relatively uncom-
mon (36). The DR4 allele, DRB1*0403, when associated with DQA1*0301/
DQB1*0302 decreases the risk associated with the DQB1*0302. There is no simple
“rule” for diabetes risk, and Table 1 summarizes a series of haplotype-associated risks.
The observation that aspartic acid at position 57 of the DQ molecule is associated with
protection from type 1A diabetes has too many exceptions to be useful (e.g.,
DQA1*0401/DQB1*0402 and DQA1*0301/DQB1*0401 are both high risk).

At present, the genetic risk associated with HLA alleles is primarily utilized in
research studies. A few centers in Europe, the United States, and Canada have begun
epidemiologic studies in which thousands of children are HLA typed at birth, the risk
of diabetes (and often celiac disease) is determined, and individuals are followed for
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Table 1
Diabetes Risk by HLA DQ and DR Haplotypes

DRB1 DQA1 DQB1

High risk 0401 (0405,0402) (DR4) 0301 0302
0301 (DR3) 0501 0201
0801 0401 0402

Moderate risk 0401 (0405,0402) 0301 0301
0401 (0405,0402) 0301 0303
0403 0301 0302
0101 0101 0501
1601 0102 0502

Low risk 1101 0501 0301
Protective 1501 (DR2) 0102 0602

0701 0201 0303
1401 0101 0503



the development of anti-islet autoantibodies and diabetes (37,38). A child with the
highest-risk HLA genotype for type 1 diabetes from the general population has a risk
of approx 5% of developing diabetes and will comprise approx 40% of all children
developing type 1A diabetes. In contrast, a child with the same HLA DR and DQ alle-
les who is the offspring of a patient with type 1A diabetes has a risk of approx 20%
(39), and a sibling has a risk exceeding 40% of activating anti-islet autoimmunity. This
extremely high risk for relatives explains the participation of relatives in most of the
trials for the prevention of diabetes.

Alleles of genes within the MHC appear to account for approximately half of the
familial aggregation of type 1A diabetes. It is likely that such DR and DQ alleles direct
autoimmunity to certain target organs. For instance, although DQA1*0102/
DQB1*0602 protects from type 1A diabetes, it is associated with high risk for multiple
sclerosis. A major effort is underway to identify additional genetic risk factors. It is
clear that variation of a nucleotide tandem repeat sequence 5′ of the insulin gene con-
tributes to diabetes risk (40–42). The group of alleles with the largest number of
repeats provides protection from diabetes, and these alleles appear to account for a lit-
tle less than 10% of the familial aggregation in Western countries. Of note, the tandem
repeat associated with diabetes protection is associated with greater thymic insulin
messenger RNA (43).

Autoantibody Expression/T-Cell Assays
More than 90% of children presenting with type 1A diabetes express one of three

anti-islet autoantibodies (autoantibodies reacting with insulin [IAA], an islet enzyme
termed glutamic acid decarboxylase 65 [GAD65], or a molecule of unknown function
termed ICA512 [or IA-2]) (4). These autoantibodies are typically present years prior to
the development of diabetes. A relatively simple rule relates most of our current knowl-
edge for prediction of diabetes, namely expression of two or more of the above autoan-
tibodies is associated with a high risk of progression to diabetes (see Fig. 3) (4,44,45).
Expression of a single anti-islet autoantibody is associated with a risk of approx 20%,
whereas most individuals (but not all) expressing multiple anti-islet autoantibodies
progress to diabetes over the next 5–10 yr. Insulin autoantibodies appear to be unique
in that they are usually the first autoantibody to appear in the youngest children devel-
oping type 1A diabetes (46), and a high level of the autoantibody correlates with a
more rapid progression to diabetes. For adults developing type 1A diabetes, GAD65
autoantibodies provide the highest sensitivity.

Although autoantibody testing has rapidly improved, the technology is relatively
young, and when being applied to individuals, there are important caveats, as listed in
Table 2. We currently do not utilize the cytoplasmic islet cell autoantibody test in that it
has proven difficult to standardize, and when such antibodies are present in the absence
of what are termed “biochemical” autoantibodies, diabetes risk is low. Insulin antibodies
are induced by insulin therapy, even with human insulin; thus, several weeks postinsulin
therapy, one may be measuring induced antibodies. Autoantibodies are not always static
and they disappear in a few children who progress to diabetes prior to the onset of dia-
betes. One should not rely upon a single determination of autoantibodies. The presence
of antibodies at more than one time-point has a much greater clinical relevance.

Although we have concentrated on autoantibodies, it is likely that (comparable to ani-
mal models of type 1A diabetes) the T-lymphocytes destroy islet β-cells (47,48), and
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autoantibodies are of marginal pathogenic significance in humans. Their lack of patho-
genesis is suggested by the absence of diabetes in infants born to mothers expressing
anti-islet autoantibodies. At present, assays for autoreactive T-lymphocytes are in their
infancy, and a recent T-cell workshop suggested that proliferation assays were not suffi-
cient to distinguish autoreactive T-cells associated with diabetes (49). Two new tech-
niques that are being applied offer some optimism, namely quantitation of individual
T-cells producing cytokines (enzyme-linked immuno spot [ELISPOT]) (50) and analysis
of T-cells with MHC complexed with peptides (termed “tetramer analysis”) (51,52).

Metabolic Progression
The great majority of individuals developing type 1A diabetes lose the ability to

secrete insulin following intravenous glucose months to years prior to the onset of dia-
betes (53–59). The test is usually performed with the infusion of 0.5 g/kg of glucose
over several minutes, with determination of fasting insulin and insulin at 1 and 3 min
after glucose infusion. The Islet Cell Antibody Register User Study (ICARUS) testing
has been widely adopted (59).
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Fig. 3. “Combinatorial” prediction of type 1 diabetes. (From ref. 4.)

Table 2
Caveats of Autoantibody Testing

• Cytoplasmic islet cell antigen (ICA) assay is difficult to standardize.
• Radio-binding assays rather than enzyme-linked immunosorbent assay (ELISA) should be

utilized.
• Laboratories differ in sensitivity and specificity: specificity should be set at >99%.
• Insulin antibodies develop after insulin therapy.
• Transient antibodies may occur and appear to have little prognostic significance.
• Young prediabetic children have high frequency of IAA, whereas prediabetic adults have a

high frequency of GAD65.



Loss of first-phase insulin secretion upon intravenous glucose tolerance testing
(IVGTT) can precede abnormalities of glucose tolerance. For any given expression of
anti-islet autoantibodies, loss of first-phase insulin secretion is associated with an ear-
lier progression to overt diabetes. The test itself has a number of caveats. In very young
children, a first-test effect has been observed, with almost absent first-phase secretion
(60). Children younger than 8 yr have lower first-phase secretion compared to
teenagers and adults, and percentiles by age groups have been calculated. Finally, the
diagnosis of type 1A diabetes relies upon fasting glucose or glucose on an oral glucose
tolerance test, and individuals can have both type 1A and insulin resistance usually
associated with type 2 diabetes.

PREVENTION OF TYPE 1A DIABETES

Introduction
In general, the prevention of a disease process requires that certain underlying criteria

be met. First, there must be an accurate means of identifying subjects at risk for develop-
ing the disease (or an extremely safe intervention such as vaccination) and, second, there
must be some intervention that can modulate the disease process. Prediction of type 1
diabetes was discussed in the previous section, and the latter is the focus of this subse-
quent section. The prevention of type 1 diabetes can theoretically be implemented with
three different strategies: a primary, secondary, or tertiary approach. The primary preven-
tion strategy involves initiation of an intervention before the onset of autoimmunity. This
involves the identification of modulating or precipitating factors in the disease process
and intervening in subjects at genetic risk that have no evidence of β-cell damage. The
secondary prevention strategy would delay or suppress continued β-cell destruction in
subjects with evidence of autoimmunity, but who are still euglycemic. The tertiary pre-
vention strategy would focus on subjects after the onset of clinical diabetes. The goals of
this last strategy would be to induce a prolonged remission, allow for potential β-cell
regeneration, and/or preserve residual β-cell function in the hopes of delaying the com-
plication triad of retinopathy, nephropathy, or neuropathy (61,62).

Primary Prevention
To date, there is only one primary prevention trial, the Trial to Reduce IDDM in the

Genetically at Risk (TRIGR) from Finland (38). The hypothesis of TRIGR is that
avoidance of cow’s milk protein in the first 6–8 mo of life can prevent subsequent dia-
betes. The premise was based on early epidemiologic data from Norway and Sweden
that reported that the duration of breast-feeding was inversely proportional to the risk
of developing diabetes (63). Other Finnish studies of sibling pairs revealed that the sib-
lings with diabetes had higher levels of cow’s milk protein antibodies than their age-
and HLA-matched sibling pair, and they hypothesized that high levels of IgG anti-
bovine serum albumin (BSA) were an independent risk factor for the development of
type 1 diabetes, serving as an environmental trigger (64–66). Diet experiments in the
nonobese diabetic (NOD) mouse using a casein hydrolysate formula (which contains
no large proteins or BSA) were promising, revealing a marked decreased incidence of
autoimmune diabetes in the test diet cohort (67). The hypothesized mechanism is that
antibodies to BSA crossreact (via molecular mimicry) with a β-cell membrane protein
(p69), which is also induced in islet cells by interferon (IFN)-γ. Gut permeability to
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cow’s milk protein early in life could allow for immune sensitization, and a subsequent
viral infection producing IFN-γ would induce an increase in p69 expression and expose
the β-cells to transient immune-mediated destruction (63). The TRIGR study has
enrolled infants that have both a first-degree relative with diabetes and a high-risk HLA
type to be randomized into either a casein hydrolysate formula or a cow’s milk-based
formula, with the primary end points being age of diabetes onset and incidence of dia-
betes by age 10 yr. The results of this trial are still pending.

Some studies, however, have found no association of cow’s milk exposure and β-cell
autoimmunity, the precursor to clinical type 1 diabetes. The Diabetes Autoimmunity
Study in the Young (DAISY) from Denver, Colorado screened 253 children with a first-
degree relative with type 1 diabetes for evidence of β-cell autoimmunity, defined as ele-
vated levels of insulin, GAD, or ICA512 (IA-2) autoantibodies. There was no
association between the early exposure of cow’s milk protein or other dietary protein
(cereal, fruit, vegetable, or meat) and the development of β-cell autoimmunity (68).
These results were later independently confirmed with the Australian BabyDIAB trial of
317 infants with a first-degree relative with type 1 diabetes and the German BabyDIAB
trial. The study prospectively examined infants from birth to 29 mo of age for the effect
of both breast-feeding and the introduction of cow’s milk protein on the development of
β-cell autoimmunity. Analyses were performed on cohorts based on the number of
autoantibodies that they developed: none, one transiently detected, one permanently
detected, or greater than two autoantibodies detected. There were no significant differ-
ences in these cohorts in terms of duration of breast-feeding or introduction of cow’s
milk protein, thereby leading to the investigators’ conclusion that there is no association
between cow’s milk protein and the development of islet autoimmunity (69).

In addition to early infant diet, other environment risk determinants have been impli-
cated in the potential pathogenesis of type 1 diabetes, including enteroviral infections
and vaccine administration. These determinants may serve as immune triggers or dis-
ease modulators, but, to date, no large trials are focusing on these agents for primary
intervention studies (70–75). At present, only congenital rubella infection is clearly
associated with risk for type 1A diabetes (76–78).

Secondary Prevention
Several trials have adopted the secondary prevention approach to delay or prevent

the continued β-cell destruction in subjects that are currently euglycemic. In general,
two separate agents are being studied in these trials: nicotinamide and insulin.

NICOTINAMIDE

The rationale for using nicotinamide in intervention trials is based on animal models
(both the NOD mouse and the Bio-Breeding [BB] rat) that nicotinamide prolongs remis-
sion, preserves β-cell function, and may prevent immune-mediated diabetes (79,80). Its
suitability for human trials has been tested, and nicotinamide was found not to alter
insulin secretion or glucose kinetics (81). The proposed mechanism of nicotinamide is
the suppression of the poly(ADP-ribose)polymerase (PARP) enzyme, which both con-
trols early steps of apoptosis and is involved in MHC class II gene expression (82,83).

An early German nicotinamide intervention trial, Deutsche Nicotinamide Interven-
tion Study (DENIS), was terminated in 1997, because it was unlikely to have the statis-
tical power specified in the hypothesis to detect an 80% reduction in the incidence of
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type 1 diabetes from 30% to 6%, with a power of 90%. The negative results of the
study, however, cannot exclude the possibility of a weaker (less than 80%) risk reduc-
tion (84). A controversial population-based study of several thousand New Zealand
school children revealed a 56% protective effect of nicotinamide after an average fol-
low-up of 7.1 yr, but the lack of randomization and unorthodox study design place the
relevance of these results in question (85).

Currently, the European Nicotinamide Diabetes Intervention Trial (ENDIT) is test-
ing whether it is possible to decrease the incidence of type 1 diabetes by 40% (i.e.,
from 35% down to 20%) over 5 yr in ICA-positive (≥20 JDF units) first-degree rela-
tives. It is a large (over 500 subjects) international, multicenter, randomized, double-
blind control trial using a slow-release nicotinamide preparation. Results reported
orally in 2002 were negative. A potential concern about the ENDIT study is the rela-
tionship between the serum peak concentration and the biologically effective concen-
tration, because it has been estimated that the current dosing will lead to only a 50%
inhibition of PARP activity (61,79).

INSULIN

The second agent used in intervention trials is insulin. For several years, it has been
shown in animal models (BB rat and NOD mouse) that subcutaneous insulin is effective
in preventing insulitis and delaying the onset of diabetes (86–88). There is a strong cor-
relation between the titer of IAA and the development of diabetes, particularly among
younger children. Normally, insulin is not present on the surface of β-cells, but following
injury or intense β-cell activity, it may be presented as an antigen on the β-cells, leading
to immune-mediated destruction. Therefore, administration of exogenous insulin may
lead to “β-cell rest” and protection of the islet cells (89). A pilot study from Boston,
Massuchusetts in 1993 followed high-risk individuals, with the treatment cohort receiv-
ing low-dose subcutaneous daily insulin with 5-d courses of intravenous insulin every 9
mo for 2.3–3.3 yr. Of those declining treatment, all (7/7) developed diabetes, whereas of
the treatment group, only 1/5 developed diabetes, a statistically significant difference
(90). The large-scale, multicenter intervention study, the Diabetes Prevention Trial-1
(DPT-1), was initiated in 1994. The DPT-1 has two arms, based on estimated risk of
developing type 1 diabetes in the subsequent 5 yr. Estimations of risk are based on ICA
titers, first-phase insulin response, and the lack of a known protective HLA allele. The
high-risk group (>50% risk) receives low-dose parenteral insulin injections twice daily
and an annual 4-d insulin infusion. They are matched to an untreated, but closely moni-
tored, group. The second arm includes the intermediate risk group (25–50% risk). They
receive daily oral insulin vs placebo in a double-blind study design. To date, over 90,000
relatives have been screened, with 339 in the high-risk arm and more than 300 in the
intermediate-risk arm. In the design of the trial, low-doses of insulin were intentionally
chosen to minimize the risk of hypoglycemia. A potential criticism of the DPT-1, how-
ever, is that these insulin doses may not be enough for the immune-modulating protec-
tive effect as observed in the animal models. Results of the parenteral portion of the trial
presented by Dr. Skyler at the American Diabetes Association meeting in 2001 indicate
that parenteral insulin did not slow progression to diabetes. The predictors utilized, how-
ever, well-identified progressors to type 1 diabetes, and an ancillary study of biochemical
autoantibodies suggests the importance of GAD65 and ICA512 autoantibodies for the
design of future prevention trials. The results of the oral insulin trial should be available
in 2 yr.
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Tertiary Prevention
The goal of tertiary prevention strategies is to induce a prolonged remission, allow

for potential β-cell regeneration, and/or preserve residual β-cell function, after the clin-
ical onset of insulin deficiency. Trials using this approach have been largely unsuccess-
ful. Early studies of immunosuppressive agents (such as cyclosporin) revealed that
while administered, they prevented further loss of C-peptide secretion, resulting in
improved metabolic function. Upon discontinuation, however, the protective effect
diminished (91–94). Given the rather severe toxicity profile of these agents (particu-
larly renal toxicity), the high risk-to-benefit ratio has currently made immunosuppres-
sive therapy not an option for diabetes prevention. A meta-analysis of nicotinamide
used in conjunction with insulin for the treatment of individuals with new-onset type 1
diabetes has shown preservation of residual β-cell function (95), although other studies
have failed to show promising results (96,97). For the moment, intervention trials for
nicotinamide are largely focusing on secondary prevention.

A large number of new agents successfully preventing type 1A diabetes in animal
models are entering clinical trials. As reviewed by Atkinson and Leiter (98), more than
100 different therapies prevent type 1 diabetes in the NOD mouse model and it is likely
that disease prevention may be too “easy” in this model. The BB rat model is more
demanding, but suffers from the presence of a T-cell lymphopenia autosomal recessive
mutation that is likely to limit successful immunomodulation. Nevertheless, the exis-
tence of these models has stimulated development of agents for type 1A diabetes pre-
vention. Probably the most exciting pathway goes under the rubric of “immunologic
vaccination.” Antigens or peptides of autoantigens can be administered to the NOD
mouse and prevent the development of diabetes. The three major molecules studied
have been insulin, GAD, and a heat-shock protein. Biotechnology companies are
bringing all three molecules to clinical trials, usually in new-onset diabetes patients,
where the goal is the preservation of C-peptide. We have been particularly interested in
insulin and a peptide of insulin, namely amino acids 9–23 of the insulin B chain. When
Daniel and Wegmann (99) administered this peptide to NOD mice, 90% of the diabetes
could be prevented with a single injection. An altered peptide ligand of this peptide
(replacing 2 of the 15 amino acids with alanine) has been developed and is in clinical
trials. Not only do NOD mice have T-cells reacting with this peptide, but a recent
report indicates similar reactivity in humans. In general, administration of such pep-
tides for prevention of diabetes is thought to be associated with generation of T-lym-
phocytes (e.g., Th2) that respond to the peptide but produce protective cytokines that
block the T-cell destruction of β-cells (100).

CONCLUSION

It is now possible to predict type 1A diabetes in humans with reasonable accuracy.
In fact, the Immunology of Diabetes Society has issued a position statement outlining
recommendations on the prediction of type 1A diabetes (9). Prevention of diabetes is
possible in animal models, and a major effort is underway to carry these observations
from the “bench” into the clinic in order to make prevention in humans a reality. The
National Institutes of Health is about to establish a trial network to pioneer trials of
preventive therapies, and this effort will be critically dependent on multicenter collabo-
ration and support by physicians through the United States and Canada; currently over
20 centers are proposed for the network. With our limited knowledge at this time, one
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cannot be sure of the exact time line for diabetes prevention, but with the continued
research efforts and new trials underway, the time line is likely shortening day by day.
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INTRODUCTION

The development of type 1 diabetes is closely related to the disappearance of β-cells
from the islets of Langerhans. Loss of β-cells was already documented in the beginning
of the last century when patients died from diabetes prior to the discovery of insulin.
As pointed out by Gepts (1), authors also described inflammatory cells in the islets of
Langerhans, but it was not until the post-insulin-discovery era that the inflammatory
lesion was referred to as insulitis (2). The rediscovery of insulitis combined with rigor-
ous morphometric analyses of β-cell loss by Gepts (1) was crucial to emerging views
that, in fact, insulin-dependent diabetes mellitus was an autoimmune disease. Further
analyses by Gepts and LaCompte (3) suggested that the islet inflammatory lesion in
patients with short duration had surprising features of chronic rather than acute inflam-
matory appearance. Later, quantitative analyses showed that the loss of β-cells were
substantial not only in the pancreas of long-term but also in patients with short-term
diabetes (4,5). Loss of β-cells may be rapid, to the extent that immune markers such as
autoantibodies to islet cell antigens have not yet formed or slow as exemplified by
numerous individuals reported to be islet cell autoantibody positive for more than a
decade before their clinical onset of type 1 diabetes (6). Further studies are needed
before we fully understand and are able to stage the pathogenesis of type 1 diabetes as
reflected by autoimmune destruction of pancreatic β-cells. The autoimmune process
may begin when pancreatic β-cell autoantigens are no longer recognized by the
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immune system as self but rather as non-self (Fig. 1). During this process of emerging
autoimmunity, it may be possible to detect autoantibodies and perhaps autoreactive
lymphocytes as potentially useful indicators of β-cell autoimmunity.

It is often suggested that β-cell destruction is attributed directly to an autoimmune
process in most patients who develop type 1 diabetes. Although there are alternative
mechanisms, it is noteworthy that more than 90% of type 1 diabetes patients at the time of
clinical diagnosis have autoantibodies against one or several β-cell-specific autoantigens
(7,8). It is similarly remarkable that almost 90% of children developing type 1 diabetes
are positive for the human leukocyte antigen (HLA) haplotypes DQA1*0301-B1*0302,
DQA1*0501-B1*02, or both (7,9)]. The strong association with distinct HLA class II fac-
tors also supports the notion that type 1 diabetes is an autoimmune disease and supports
the concept that autoreactivity with several autoantigens such as glutamic acid decarboxy-
lase (GAD65), IA-2, and insulin will be important to both cell-mediated and humoral
immune abnormalities. Why are autoantibodies (Ab) such as GAD 65Ab, IA-2Ab, and
insulin autoantibodies (IAAs) produced in type 1 diabetes? The immune response to these
and other candidate β-cell autoantigens is likely to be initiated by antigen-presenting cells
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Fig. 1. Immunological aspects of β cell loss in type 1 diabetes. MHC, major histocompatibility com-
plex. (Reproduced with permission from ref. 150.)



(Fig. 1). The recognition of the antigens as non-self needs to be clarified and it remains to
be determined whether thymic selection or the homology to an exogenous antigen is
important to initiate an immune response to the autoantigen (10). It cannot be excluded
that a peptide of an exogenous antigen may bind to HLA class II molecules, resulting in
an antigenic shift to an autoantigen. Misrecognition of the trimolecular complex of HLA
and peptide may stimulate helper T-cells that assist B-lymphocytes to make autoantibod-
ies, which, in turn, crossreact with an autoantigen.

What is the initial antigen? This question has been difficult to answer in humans.
Numerous studies in the spontaneously diabetic (nonobese diabetic [NOD]) mouse
have attempted to identify autoantigens recognized prior to insulitis and diabetes
(11,12). These investigations suggested that GAD65 was an early target and that the
reactivity of both T-cells and antibodies were spreading to other antigens during the
course of the disease. A recent report (13) using antisense oligonucleotide of GAD65
prevented the development of diabetes in the NOD mouse. These and other authors
therefore suggested that GAD65 is a major autoantigen in NOD diabetes. They also
suggested that an initial immune response to GAD65 is associated with insulitis and β-
cell destruction in this animal. Several other reports indicate that autoantibodies may
be formed as an immune reaction secondary to the destruction of pancreatic β-cells.

An important aspect of islet inflammation is to identify which cell from the immune
system appears first in the islet to initiate or perhaps maintain an immune response
directed against the β-cells. This question may be moot if it can be demonstrated that
β-cell destruction is a primary event and that the initial immune response occurs in the
lymph nodes draining the pancreas. Regardless of the location, the initial presentation
of an antigen will most likely be carried out by an antigen-presenting cell (APC), such
as a macrophage or dendritic cell. Although a popularized hypotheses for some time
(14), data could not be generated to support the hypothesis that β-cells are their own
APCs. Rather, studies of human (5,15) and animal pancreas (16) suggest that
macrophages engulfing β-cell granules may have been the source of major histocom-
patibility complex (MHC) class II antigen and islet-hormone-positive cells.

When an exogenous virus invades and replicates in the islet cells, macrophages appear
and are most likely involved in the phagocytosis of damaged and lysed cells.
Macrophages and dendritic cells are detectable, often before lymphocyte-dominated
insulitis, in human (5,17,18), NOD mouse (19), and Bio-Breeding (BB) rat (20–23) pan-
creas. In humans, HLA class II molecules bind peptides generated by antigen processing
and the peptide is finally presented in a trimolecular complex on the cell surface. The tri-
molecular complex is recognized by the T-cell receptor (TCR) on CD4+ T-cells at the
same time as the macrophage or dendritic cell produces cytokines such as interleukin
(IL)-12. This cytokine stimulates CD4+ T-cells to primarily produce IL-2 and interferon
(IFN)-γ, which are referred to as Th1 cytokines. CD4+ T-cells of the Th1 type tend to sup-
port cell-mediated immune reactions. The APCs may also induce CD4+ T-cells to pro-
duce IL-4 and IL-10. These cytokines are referred to as Th2 cytokines because they are
important in promoting humoral immune responses. The cytokines released by Th1 cells
may activate cytotoxic T-cells (CD8+) as well as macrophages. Activated macrophages
may release free radicals and cytokines such as IL-1, tumor necrosis factor (TNF)-α and
IFN-γ, which may in themselves have direct deleterious effects on the β-cells.

Cytotoxic CD8+ T-cells are activated with help from CD4+ helper T-cells. CD8+
cytotoxic T-cell TCRs recognize peptides presented on HLA class I molecules on the
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target cells, including β-cells. This is important because endogenous autoantigen pep-
tides such as those generated from GAD65 are readily presented on HLA class I mole-
cules. A cytotoxic CD8+ T-cell is, therefore, able to deliver a killer signal to the target
β-cell with remarkable precision. It is important to note in this regard that the antigen
recognized by the immune system does not have to be expressed on the β-cell surface.
A CD8+ T-cell with a TCR that recognizes a GAD65 peptide presented by an HLA
class I molecule on the β-cell surface is sufficient for killing.

The autoantibody response is also dependent on help from CD4+ T-cells. CD4+ T-
cells express CD40 ligand (CD154), which recognize the CD40 receptor on the B-lym-
phocyte surface to stimulate antibody production. The autoimmune response in type 1
diabetes is, therefore, similar to most other organ-specific autoimmune disorders in that
both T-cells and autoantibody-producing B-cells are involved in the immune abnormal-
ities associated with, as well as predicting, the disease (24). The molecular biology of
β-cell destruction is therefore both diverse and complicated and the detailed mecha-
nisms are yet poorly understood. The immune abnormalities may, in fact, involve phe-
nomena associated with both the innate as well as the aquired immune system. At the
time of clinical diagnosis of type 1 diabetes, about 80% of the β-cells have been specif-
ically destroyed. We will briefly review the many pathways that may contribute to this
specific end point that is causing lifelong dependence of daily insulin injections. The
readers are also referred to several recent reviews on the etiology and pathogenesis of
type 1 diabetes (8,25–27).

ISLET CELL AUTOANTIGENS

GAD
There are two isoforms of GAD (GAD65 and GAD67) and these are encoded by dif-

ferent genes (see Table 1). GAD65 is encoded by a gene on chromosome 10, and
GAD67 by a gene on chromosome 2 (28,29). The GAD65 molecule consists of 585
amino acids, whereas GAD67 consists of 594 amino acids. There is about 65% overall
amino acid homology between the two GAD isoforms, with greatest diversity at the N-
terminus. GAD65 is expressed mostly in the brain and in islet cells, although expression
in other tissues has also been reported. GAD67 is expressed mostly in the brain, but
some expression in non-β islet cells, testes, and ovary is also evident. GAD65 is more
predominant in the pancreatic β-cells in humans, whereas GAD67, but not GAD65,
seems to be more highly expressed in mouse pancreatic islets. The claim that GAD65 is
an initiating antigen in NOD mouse diabetes (11,12) is inconsistent with the difficulty to
clearly demonstrate that mouse β-cells are expressing GAD65 (30). In contrast to the
NOD mouse and BB rat diabetes, GAD65Ab detected in standardized radioligand bind-
ing assays (24,31,32) are readily detected in type 1 diabetes both before and at the clini-
cal onset of type 1 diabetes. The GAD65 autoantibodies appear heterogeneous and it is
of interest that some GAD65Abs predict type 1 diabetes better than others.

Two major regions in the middle and C-terminal parts of the GAD65 molecule appear
to be involved in forming the autoantibody binding sites (33–35). The C-terminal end of
amino acids from position 451 to 570 is important, as well as the amino acids in the mid-
dle of the sequence (amino acids from about 240 to 360). The C-terminal and middle
part of GAD65 form a conformational autoantibody epitope that seems to be highly pre-
dictive of type 1 diabetes (35). Autoantibody binding to GAD65 does not appear to be
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dependent on the region between amino acids 361 and 436, which contains the pyridoxal
phosphate-binding site that defines the active site of the GAD enzyme. This observation
is consistent with reports that GAD65Ab in patients with type 1 diabetes does not affect
GAD enzyme activity. A small proportion (10–20%) of type 1 diabetes sera contain anti-
bodies reactive with GAD67, but this is believed to be the result of crossreactivity of a
subpopulation of GAD65Ab that reacts with both GAD isoforms (36). Prediction of type
1 diabetes may be improved by analyzing the epitope specificity of GAD65 autoantibod-
ies (35,37,38). Further improvement of the positive predictive value may come from the
analysis of autoantibody subtypes and isotypes (39,40).

Human islets seem predominantly to express GAD65 and, interestingly, the expres-
sion is primarily restricted to the β-cells. GAD67 is also expressed at a much reduced
level in the β-cells, but is detectable in the non-β-cell population. In rat cells, GAD65
is also predominantly in the β-cells, but is detected in α-cells as well (41). Taken
together, it is possible, at least in humans, that GAD65 may be able to direct an
immune response to the pancreatic β-cells. Because GAD65 is expressed intracellu-
larly and not on the cell surface, it is likely that a β-cell-specific immune attack will be
carried out by CD8+ cytotoxic T-cells (CTL), rather than by GAD65 autoantibodies.
Class I-restricted and either GAD65- (42) or insulin (43)-specific CTLs have been
described in type 1 diabetes. It is critical to determine the role of GAD65 in the cell-
mediated immune response to the β-cells and the subsequent autoantibody response
that is currently used to predict type 1 diabetes.

IA-2
IA-2 is a single-chain protein consisting of 979 amino acids with a molecular weight

of about 106 kDa (see Table 1). The antigen has a short transmembrane section almost
in the middle of the sequence (amino acids 577–600). The IA-2 antigen is expressed in
secretory granules not only in β-cells but also in other endocrine cells (44,45). An IA-2
isoform, IA-2 β or phogrin, has also been described (46); however, most IA-2Ab-posi-
tive subjects react with IA-2 and measurements of phogrin antibodies do not markedly
increase prediction of type 1 diabetes (47). IA-2Ab are more frequently detected in
young patients (under 15 yr of age) with shorter disease duration. It has been suggested
that the appearance of IA-2Ab is a marker of ensuing type 1 diabetes (48,49). The
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Table 1
Major Autoantigens in Type 1 Diabetes

GAD 65 IA-2 Insulin

Amino acid length 585 974 51
Molecular weight (Da) 65,000 106,000 6,000
Cell type Neuroendocrine Neuroendocrine Pancreatic islets
Intracellular location Secretory vesicles Secretory vesicles Secretory vesicles
Function Converts glutamic Enzymatically inactive Insulin receptor 

acid to gamma- member of protein ligand
aminobutyric acid tyrosine phosphatase
(GABA): inhibitory (PTP) family
neurotransmitter



autoantibody epitopes associated with risk for type 1 diabetes are located between the
transmembrane sequence and the C-terminus (47) peptides and epitope mapping. T-cell
lines have been derived from diabetic patients representing amino acids 831–850 and
841–860 of IA-2 (50). The overlapping portion may represent an immunodominant
region of the molecule. Another study reported a nearby dominant epitope, VIVMLT-
PLVEDGVKQC (amino acids 805–820), which elicited the highest T-cell responses in
all at-risk relatives (51). This epitope has 56% identity and 100% similarity over nine
amino acids with a sequence in VP7, a major immunogenic protein of human rotavirus.
Both the IA-2 and the virus peptide bound to HLA DRB1*0401. This dominant IA-2
epitope peptide also had 45–75% identity and 64–88% similarity over 8–14 amino
acids to sequences in Dengue, cytomegalovirus, measles, hepatitis C, canine distemper
viruses, and the bacterium Haemophilus influenzae. Three other IA-2 epitope peptides
were 71–100% similar over 7–12 amino acids to herpes-, rhino-, hanta-, and fla-
viviruses. Two others were 80–82% similar over 10–11 amino acids to sequences in
milk, wheat, and bean proteins. These detailed studies are important to test whether
activation of CD4+ T-cells can be mediated by rotavirus and other viruses, as well as
dietary proteins. Activation may either provoke or worsen β-cell autoimmunity through
molecular mimicry with IA-2 and thereby increase the risk for type 1 diabetes (52).

Cytotoxic CD8+ T-lymphocytes (CTL) were detected against the IA-2 amino acid
797–805 peptide and restricted by HLA-A2 (53). Although IA-2 peptide-specific CTL
were detected in patients, as well as in nonaffected controls, the data suggest that it is
now possible to generate IA-2-specific T-cells for further studies of the role of this
autoantigen in the process of β-cell destruction in type 1 diabetes. It will be of particular
importance to identify CTLs as able to kill human β-cells, and the question would be one
of how many of these cells can reproducibly be found in the peripheral blood. Future
directions may include the identification of such cells not only in blood samples from
susceptible individuals but perhaps also in the pancreas, using high-resolution imaging
techniques. IA-2 peptide-dependent and HLA class I-restricted CD8+ CTLs may be of
particular importance to β-cell destruction because in some first-degree relatives to type
1 diabetes subjects, AI-2Ab seem to mark a rapid onset of type 1 diabetes (54).

Insulin
Insulin or proinsulin is a truly islet-cell-specific autoantigen. The insulin gene on

human chromosome 11 is predominantly expressed in the pancreatic β-cell (see
Table 1). However, studies in humans indicate that the insulin gene may also be
expressed in the thymus with possible implications for induction of immune tolerance
(55,56). IAAs were first described in 1983 (57), and although recent standardization
workshops have yet to identify a reliable and reproducible assay system (31), most data
suggest that IAAs are primarly associated with type 1 diabetes in children (58–62). The
IAAs appear to react with a conformation-dependent epitope (63), perhaps explaining
the failure to detect disease-associated IAAs by enzyme-linked immunosorbent assay
(ELISA) or similar tests (64). An improved IAA assay was recently reported (65) and
IAAs combined with either GAD65Ab, IA-2Ab, or both, predict type 1 diabetes in
first-degree relatives (66,67) and in the general population (68). Because only some
insulin is expressed on the β-cell surface (69), it is unclear to what extent conforma-
tion-dependent IAAs observed in children with new onset type 1 diabetes (70) could
contribute to the mechanism of β-cell killing.
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Although it has been notoriously difficult to generate CD4+ or CD8+ T-cells
restricted by insulin peptides and type 1 diabetes-associated HLA (71), recent studies
in mice expressing human class II molecules show promising results toward the isola-
tion of insulin-specific T-cell clones (72,73). Furthermore, using X-ray crystallography,
the three-dimensional structure of DQ8 complexed with an immunodominant peptide
from insulin has been determined (74). It was suggested that the similarity of the DQ8,
DQ2, and I-A(g7) peptide-binding pockets indicates that diabetes may be caused by
the same antigen-presentation event(s) in humans and NOD mice.

Diabetes may be generated in mice following manipulation to break tolerance com-
bined with immunization with the insulin B9-23 peptide (75). Similar mechanisms
need to be studied in humans to determine the possible importance of an anti-insulin
immune response in β-cell destruction. The role of insulin in CTL killing of β-cells
requires the expression of insulin peptides on HLA class I molecules. It is well known
that HLA class I is expressed on the surface of β-cells (76) and that insulitis is associ-
ated with an increased expression of these molecules (77,78). Novel techniques such as
HLA tetramers (79) may prove useful in identifying T-cells that have TCRs recogniz-
ing specific insulin peptides on either CD4+ or CD8+ T-cells. It will be important to
identify HLA class I-restricted and insulin peptide-dependent CTLs that are able to kill
human β-cells and uncover the possible role of such cells in β-cell destruction.

Other Antigens
A number of other proteins have been reported to be related to autoimmune dia-

betes. These candidate autoantigens have been reviewed elsewhere (7,80). Using
recombinant antigens labeled by in vitro transcription/translation (81) in the radioli-
gand assay proved useful for GAD65Ab (81,82). However, subsequently standardized
(31,32) assays have indicated that autoantibodies against these autoantigens do not
show significant diagnostic sensitivity, specificity, and predictive value for type 1 dia-
betes (83). The possible role in β-cell destruction of islet cell candidate autoantigens
such as 69 kDa (ICA69) (84), carboxypeptidase H (85), ganglioside GM2-1 (86), imo-
gen 38 (87), peripherin (88), heat-shock proteins (89), CD38 (90), glima 38 (91), and
yet to be isolated autoantigens and peptides that are reported to stimulate T-cell prolif-
eration in vitro (87,92,93) remains to be determined. Although the appearance of
autoantibodies to these autoantigens does not seem to contribute to type 1 diabetes risk,
it cannot be excluded that these and other autoantigens may contribute to CTL-medi-
ated β-cell destruction. There is a lack of knowledge on the importance of heterogene-
ity in type 1 diabetes, which is exemplified by the fact that HLA association is much
dependent on age (94–96) and ethnic background (97).

HETEROGENEITY OF HUMAN TYPE 1 DIABETES

Diabetes mellitus is classified based on clinical criteria into type 1 and type 2 dia-
betes (98). Recently, a growing number of monogenic diabetes disorders have been
identified (98). Type 1 diabetes develops acutely. Ketoacidosis and coma develop
unless insulin is administered. Type 2 diabetes develops mostly as a result of insulin
resistance associated with obesity and β-cell dysfunction and occurs insidiously, and
most patients are successfully controlled by diet, exercise, or oral hypoglycemic
agents. It is well known that recommendations for diabetes classification do not apply
to all ethnic groups (98). The heterogeneity of autoimmune diabetes development is
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illustrated in Fig. 2. Diabetes will appear as a function of loss of β-cell mass and loss of
β-cell function. Different clinical phenotypes may develop, dependent on the combina-
tion of loss of β-cell mass and loss of function. Loss of function is envisaged when the
islets of Langerhans are infiltrated by macrophages that are releasing cytokines that
inhibit β-cell function but do not kill the cells. A different severity of inflammation
may lead to variable degree of β-cell inhibition and resulting hyperglycemia. In addi-
tion, the degree of insulin resistance is also critical (99). Some subjects may encounter
a severe loss of β-cells but, despite this, may not develop diabetes because of their high
insulin sensitivity (100). The relationship between insulin resistance and β-cell func-
tion is illustrated in Fig. 3. Other subjects may develop diabetes at modest β-cell loss
because they are highly insulin resistant. Therefore, it is not surprising that type 1 dia-
betes or autoimmune diabetes is associated with a large number of different pheno-
types, as illustrated next.

In addition to the typical autoimmune type 1 diabetes patients, there are patients
with insidious onset and insulin dependency who are classified with slowly progressive
type 1 diabetes (101,102). There are no diagnostic criteria established for these patients.
Other patients classified with type 2 diabetes may, in fact, have latent autoimmune
diabetes in adult (LADA) (for a recent review, see ref. 103), also referred to as slowly
progressive insulin-dependent diabetes mellitus [or SPIDDM (102)] or type 1,5 dia-
betes (104) because they have islet cell antibodies (ICAs) or GAD65Ab. It is noted that
the overall autoantibody frequency in type 2 patients varies between 6% and 10%
(105). However, the positive predictive value that a GAD65Ab positive type 2 diabetes
patient will be treated with insulin within 5 yr is 100% (106,107). The corresponding
prevalence of GAD65Ab among other ethnic groups has been reported to be 7.5%
among Japanese (108), 12% among Caucasians in Scandinavia (109), and 10% in the
United Kingdom (105), but only 2.8% in northern Italy (110) or 3–4% in Korean type 2
patients (111). The degree of β-cell destruction and insulitis in these patients remains
to be clarified. To complicate the heterogeneity of autoimmune diabetes even further, it
has also been found that patients with diabetes may develop GAD65 autoantibodies
after the clinical diagnosis (112). It is speculated that the progressive β-cell loss in
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Fig. 2. Development of diabetes (DM) is illustrated to be a function of insulin release/mass and β-
cell mass. Diabetes may develop if all islets are removed or if the β-cell function is completely inhib-
ited. Different diabetes phenotypes may be dependent of a combination of the two parameters. This
illustration was created by Dr. Daniel L. Cook.



these patients is slow and that the presence of GAD65Ab marks a slow, but progres-
sive, immune-mediated β-cell killing.

In contrast to these patients masquerading as type 2 diabetic patients, an acute onset
of type 1 diabetes is also reported (113). These patients have lower glycosylated hemo-
globin values, diminished urinary excretion of C peptide, a more severe metabolic dis-
order with ketoacidosis, as well as higher serum pancreatic enzyme concentrations,
compared to type 1 patients with a less dramatic onset. GAD65, IA-2, and IAAs were
negative, but immunohistologic studies of pancreatic biopsy specimens from three
patients revealed T-lymphocyte-predominant infiltrates in the exocrine pancreas but no
insulitis. Some patients with idiopathic type 1 diabetes have an apparent nonautoim-
mune disease characterized by the absence of insulitis and of diabetes-related antibod-
ies, a remarkably abrupt onset, and high serum pancreatic enzyme concentrations.
Diabetes may, therefore, develop in association with a spectrum of variable β-cell loss
and sometimes the marker is present without symptoms of diabetes.
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Fig. 3. Relationship between insulin sensitivity and β-cell function quantified as the first-phase
insulin response (AIRglucose) in 93 (55 males and 38 females) apparently healthy, nondiabetic sub-
jects under the age of 45 yr. The cohort demonstrates a broad range of insulin sensitivity and β-cell
function. The solid line depicts the best-fit relationship (50th percentile) and the broken lines repre-
sent the 5th, 25th, 75th, and 95th percentiles. The relationship is best described by a hyperbolic func-
tion so that any change in insulin sensitivity is balanced by a reciprocal and proportionate change in
β-cell function. Patients at risk for developing type 1 diabetes may vary in clinical onset, dependent
on the combination of insulin sensitivity and residual β-cell function. (Copyright © 1993 American
Diabetes Association. From Diabetes, Vol. 42, 1993; 1663–1672. Reprinted with permission from the
American Diabetes Association.)



In first-degree relatives of patients with type 1 diabetes who have antibodies to islet
antigens, such as insulin, GAD65, or IA-2, the risk of diabetes increases with the num-
ber of antibodies (24,66). However, diabetes does not develop in all antibody-positive
relatives. In long-term prospective studies, many such relatives have remained normo-
glycemic despite the presence of both ICAs and a reduced ability to secrete insulin (6).
The overall frequency of first-degree relatives who have one or several islet cell autoan-
tibodies is 5–8%; however, few from all of these subjects go on to develop type 1 dia-
betes. It is unclear to what extent autoantibody-positive subjects have lost β-cells and
to what extent they have insulitis.

Novel autoantibody screening methods permit screening the general population for
islet cell autoantibodies to predict disease (24). Screening of newborn children and fol-
low-up of children at risk for type 1 diabetes confirm that islet cell autoantibodies pre-
dict disease (34,114–116). The possible correlation between the antibody markers and
degree of β-cell destruction remains to be determined. Although there seems to be a
considerable risk for infants to develop type 1 diabetes if they are positive for more
than one antibody, the situation in adults appears to be different. In screening subjects
who had been subjected to a health survey, GAD65Ab were found more often among
subjects with impaired glucose tolerance or undiagnosed diabetes (117). In addition, in
two independent observations, GAD65Ab-positive subjects had an increased body
mass index (BMI) compared to matched autoantibody negative subjects (117,118).
These data suggest that similar to type 2 diabetes, the metabolic burden of obesity and
insulin resistance could precipitate postpubertal clinical onset in subjects with slowly
progressive autoimmune diabetes. It is still unclear how much β-cell destruction as
well as regeneration is present in such individuals because none had developed dia-
betes at follow-up 9 yr later (119).

In conclusion, the type 1 diabetes phenotype is highly heterogeneous. The symp-
toms at the time of clinical onset vary with age and ethnicity. Acute-onset type 1 dia-
betes with a minimum of immune-related phenomena may occur at any age and may be
associated with exocrine dysfunction. The majority of patients develop type 1 diabetes
in association with one or several islet autoantibodies that predict the disease. Slow
progressive type 1 diabetes is most often characterized by autoimmunity against the
pancreatic islet β-cells. The experience in analyzing type 2 diabetes patients for islet
cell autoantibodies has demonstrated that GAD65Ab is the best predictive marker for
loss of residual β-cell function and development of insulin dependency. The inconstant
type 1 diabetes phenotype at the time of clinical diagnosis may be the result of different
degrees of insulitis in combination with variable insulin sensitivity.

CLINICAL STUDIES: INSULITIS

Type 1 diabetes mellitus is characterized by infiltration of the islets of Langerhans by
mononuclear cells (1). The phenotype of mononuclear cells accumulating in pancreatic
islets in type 1 diabetes is variable (18,26,120,121). The number of pancreatic specimens
obtained at onset is very limited, as are studies by biopsies (121). Taken together, mono-
cytes/macrophages are identified among other mononuclear cell types in islet infiltrates.
V beta 8-positive T-cells were identified in one study (120), but T-cells expressing other
V beta T-cell receptors were also reported. The vascular endothelium of the islets and
many small vessels near the islets showed expression of the intercellular adhesion mole-
cule-1. Other studies have reported the presence of both T- and B-lymphocytes and
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deposits of immunoglobulin (14), suggesting that close to the time of clinical diagnosis,
the insulitis observed is chronic rather than acute. Several hypotheses have been sug-
gested to explain the loss of β-cells. The majority of these hypotheses are difficult to test
in humans. Therefore, inference is most often made from studies in laboratory animals.
As a combination of animal and human insulitis, there are a number of mechanisms for
potential β-cell death that are worth considering.

Apoptosis as a Mechanism of β-Cell Death
Apoptosis or programmed cell death is an integral part of tissue homeostasis and

apoptotic cells are rapidly cleared from tissues by scavenger macrophages or by imma-
ture dendritic cells to prevent inappropriate inflammatory responses. Apoptosis refers
to the morphological features of programmed cell death, which is a normal process
contributing to tissue turnover during development and in the adult. Traditionally,
apoptosis is not expected to be associated with a subsequent immune response. Cells
that undergo apoptosis are characterized by shrinkage, nuclear condensation, mem-
brane blebbing, and membrane changes that eventually lead to phagocytosis of the
affected cell. The possible role of apoptosis in type 1 diabetes pathogenesis has
recently been reviewed (122,123). The following signaling pathways have been
implied in apoptosis: the Fas system, stress-activated protein kinases, serine/threonine
kinases, the Ras signaling pathway, protein kinase C, calcium signaling pathways,
ceramide, cAMP, and free radicals. There are two gene families that are particularly
important in the control of apoptosis: the genes encoding the IL-1β-converting enzyme
(ICE) family of cystein proteases (caspases) and those related to the proto-oncogene
bcl-2. The inducible form of nitric oxide synthase is induced by IL-1β or IL-1β com-
bined with IFN-γ in isolated human islets (123,124). Consequently, nitric oxide (NO) is
formed. NO contributes to both β-cell necrosis and to apoptosis. Most data suggest that
the main mode of cell death induced by cytokines in human β-cells is apoptosis.
Rodent islet cells appear more sensitive to cytokine-induced apoptosis and necrosis.
The antioxidant defense mechanisms may be more developed in human islets, and both
glucose oxidation and ATP production seem to be maintained. It has been proposed
that the apoptotic program after the death signal delivered by cytokines is maintained
in human islets. Unfortunately, only in vitro observations support the possible role of
any one of these pathways of apoptosis in islet cell function. Although the role of apop-
totic signals after human islet isolation have identified inhibition of the stress-activated
protein kinase pathways as important to islet cell survival following islet isolation for
transplantation (125), it remains to be clarified if apoptosis is increased in human
insulitis. It is critical that pancreatic specimens from humans at risk or at the time of
clinical diagnosis (126) are carefully evaluated for markers of apoptosis, necrosis, or
both, because it cannot be excluded that drugs in the future might be targeted toward
pathways of apoptosis.

Death by Marcophages, T-Cells, or B-Cells
Insulitis is associated with the specific killing of β-cells. The β-cell specificity in

type 1 diabetes-related cell killing is remarkable because glucagon, somatostatin, and
pancreatic polypeptide (PP) cells appear unaffected by the autoimmune attack (4,5).
Insulitis may be less frequent in older patients, occurring in 6 out of 12 patients with
clinical onset between 14 and 21 yr and in 1 out of 6 patients with clinical onset
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between 21 and 30 yr (127,128). The presence of damaged or degenerated β-cells can
attract and activate macrophages whose secreting products can affect healthy surround-
ing β-cells (129). In one patient with acute onset, there where virtually no islets with
infiltrating lymphocytes but numerous islets were infiltrated by macrophages (5). Com-
plete loss of β-cells preferentially seems to occur in patients with clinical onset under
the age of 7 and the depletion was completed within the first year of clinical disease
(for a review of the literature, see ref. 5). Other features observed in the pancreas of
patients who died close to the clinical onset include that insulitis primarily occurs in
islets containing insulin-positive cells (127). This is interpreted as a sign for T-cell
migration to β-cell-specific antigens. Immunostaining of biopsied pancreatic islets
from patients with type 1 diabetes reveals that most of the infiltrating lymphocytes are
CD8+ T-cells and a few are CD4+ helper T-cells (121,130). However, in pancreas with
insulitis, not all islets with β-cells are infiltrated by lymphocytes; in fact, only a minor-
ity of their islets showed signs of insulitis. Patients at an older age at onset showed
fewer islets with lymphocytic infiltration. In patients with clinical onset over the age of
21 yr, insulitis has been reported as a rare phenomenon (26). The descriptive analysis
of pancreatic islets at the time of clinical diagnosis of type 1 diabetes does not explain
the mechanisms by which β-cells are killed and we have not learned much since the
rediscovery of insulitis by Gepts in 1965 (1).

In How Many Ways Can the β-Cells Get Killed?
KILLING BY VIRUS

Since Yoon et al. (131) isolated coxsackie B4 virus from the pancreas of a patient
with type 1 diabetes, various viruses have been studied to examine their diabetogenic
potential and to what extent viruses represent an environmental factor that contributes
to the disease. The viral infection seems to be able to indirectly activate autoreactive
T-cells that, in turn, can generate initial pancreatic tissue damage. Damaged β-cells
release previously ignored self antigens that may activate an autoimmune process,
rapidly promoting the generation of insulitis and, eventually, overt diabetes by
immune-mediated β-cell killing. Viral infections could trigger type 1 diabetes through
several mechanisms; for example, (1) sequence similarities between islet-cell GAD65
and coxsackie virus could cause immune attack against coxsackie virus to also target
the beta cells, (2) enteroviral infections could sustain autoimmunity until a final “hit”
results in β-cell destruction following lysis of the cells, (3) acute or chronic enteroviral
infections of peri-insular tissue could lead to β-cell destruction from an abundance of
free radicals (132), or (4) rapid replication of virus in β-cells may cause β-cell lysis,
clearance of debris by lymphatic drainage to pancreatic lymph nodes where antigen
presentation takes place, resulting in an autoimmune reaction to beta cell antigens
(133). The relationship between coxsackie B virus infection and GAD65 autoimmunity
has recently received the most attention. The sequence homology of an amino acid
peptide between human GAD65 and the coxsackie virus p2-C protein provides the sup-
port of specific molecular mimicry (10,134). IA-2 is another molecular target of pan-
creatic islet autoimmunity in immune-mediated type 1 diabetes. The epitope spanning
805–820 amino acid was found to have 56% identity and 100% similarity over 9 amino
acid with a sequence in VP7, a major immunogenic protein of human rotavirus (51,52).
The role of virus antigen molecular mimicry in disease association and in the genera-
tion of insulitis remains to be clarified. It is also not clarified whether infection by
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one of the many viruses implicated in type 1 diabetes initiates or enhances the disease
process.

KILLING BY T-CELLS

Antigen-specific T-cell activation results in the differentiation of naive CD4+ Th
cells into Th1 and Th2 clones based on their pattern of cytokine production and effec-
tor functions. Th1 cells produce IL-2 and IFN-γ and promote cell-mediated responses
and delayed-type hypersensitivity reactions. Th2 cells produce IL-4, IL-5, IL-10, and
IL-13 and stimulate humoral immunity. It is speculated that the progression of type 1
diabetes from insulitis to overt diabetes may be controlled by Th1 rather than Th2 cells
because human islets are primarily infiltrated by CD8+ T-cells. It has, therefore, been
suggested that Th1 cytokines promote, whereas Th2 cytokines protect from the onset
and progression of type 1 diabetes. However, this appear to be a serious oversimplifica-
tion because in some cases Th2 cells and their cytokines may accelerate β-cell destruc-
tion. Although nothing is known in humans, the Th2-induced component of anti-β-cell
immunity appeared to be mediated by local production of IL-10, but not IL-4, and
accelerated the autoimmune destruction of β islets (135). Th2 cytokines, in particular
IL-10, may promote necrosis through occlusion of the microvasculature, thereby
reducing the viability of the larger islets. Th2 cytokines promote peri-insulitis and
frank insulitis by enhancing major histocompatibility complex class II expression,
thereby stimulating the accumulation of macrophages and B-cells (136).

It is evident that Th1 cells are not the sole mediators of islet β-cell destruction, that
Th2 cells are not inhibitory or benign, as was previously suggested, because they are
capable of inducing islet β-cell destruction, and that both Th1 and Th2 cytokines appear
to cooperate in driving β-cell destruction. Th1-driven attacks are more rapid and aggres-
sive and are sustained for a longer time period. This suggested that Th2-mediated attacks
are responsible for an early phase of type 1 diabetes, whereas Th1-driven responses are
responsible for the persistent and sustained attacks. Th1 lesions comprised focally con-
fined insulitis consisting primarily of CD8+ and CD4+ T-cells, and islet β-cells die by
apoptosis, thereby sparing surrounding exocrine tissue. In contrast, Th2 lesions were
more dispersed and consisted primarily of macrophages, with a notable scarcity of T-
cells and β-cells die by necrosis. Also, there is an accumulation of fibroblasts and the
generation of extensive extracellular matrix and adipose tissue in Th2 lesions, which
subsequently leads to tissue necrosis (137). The above represents speculations primarly
based on animal studies. Studies in humans are required to dissect the mechanisms by
which T-cells may kill β-cells. It is hypothesized that future immunotherapy must take
into consideration the delicate balance between Th1 and Th2 cells during distinct phases
of insulitis and type 1 diabetes development.

KILLING BY MEDIATORS

Mediators of β-cell destruction include factors secreted from CD8 T-cell granules
(e.g., perforin and granzymes), T-cell surface molecules (e.g., Fas-L, TNF, and other
TNF family members), as well as secreted cytokines (e.g., TNF, IFN-γ). All of these
mediators are known to induce DNA fragmentation and the morphological changes of
apoptosis through complex signaling cascades that involve the activation of cystein pro-
teases or caspases (138). It was investigated whether or not the Fas-FasL system was
involved in insulitis. Pancreas biopsy specimens showed insulitis in 6/13 of recent-onset
patients. In these six patients, Fas was expressed in both the islets and infiltrating cells
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but not in either cell type in the seven other patients without insulitis. Double immuno-
staining revealed that FasL-positive cells was primarily CD8+ but could also be found on
macrophages and CD4+ cells. It was speculated that Fas on β-cells may interact with
FasL on infiltrating cells to trigger apoptotic β-cell death in inflamed islets (139).

PRECLINICAL STUDIES

Animal Studies
The availability of BB rats and NOD mice has greatly enhanced our understanding

of the possible pathogenic mechanisms involved in immune-mediated type 1 diabetes.
The human immune response is, however, different from that of the rodents and pre-
clinical trials may not always be applicable to humans. For example, macrophages play
an essential role in initiating animal insulitis: They are the first infiltrating cells and an
immune intervention directed against macrophages prevent diabetes development. Sev-
eral inflammatory mediators produced by macrophages may cause islet β-cell destruc-
tion in murine insulin-dependent diabetes, but as indicated earlier, human β-cells
appear more resistant to cytokine-induced apoptosis or necrosis.

The balance of subsets of CD4+ T-cells, including T-helper 1 (Th1) and T-helper 2
(Th2), is also speculated to be involved in β-cell killing. More mRNA for Th1
cytokines and less for Th2 cytokines are produced by lymphocytes infiltrating the pan-
creatic islets in female NOD mice that are diabetes-prone, whereas more mRNA for
Th2 cytokines and less for Th1 cytokines in male NOD mice as produced. Oral admin-
istration of insulin, in particular the immunodominant B chain, was associated with
progressive reduction in β-cell destruction in NOD mice concomitant with decreased
expression of Th1 cytokines and a corresponding increase in Th2 cytokine expression
(138). Apoptosis was most frequent in the insulin-negative islet area comprised of
mononuclear cell infiltrate and was localized to CD8+ T-cells. The rarity of detectable
apoptotic β-cells in spontaneous prediabetic mice with pronounced insulitis and
reduced insulin-positive islet areas most likely reflects the rapid clearance of apoptotic
β-cells (138). It was reported that β-cell apoptosis was present at 3 wk of age before
the appearance of T-cells in NOD islets and it also has been observed before the
appearance of insulitis in transgenic mouse models of accelerated diabetes (140).

CD4+ T-cells that are responsive to GAD and are diabetogenic in NOD mice (141)
as well as GAD65 peptide restricted CD8+ T-cells have been isolated in mice (142) and
also found in humans (42). GAD has a region of similarity to the coxsackie virus P-2C
protein. T-cells in humans that may respond in a viral infection could crossreact with
this endogenous autoantigen (143). It was shown that infection with coxsackie B4 virus
accelerated mouse diabetes (144). It was suggested that diabetes following viral infec-
tion in the TCR-transgenic mice occurs more in response to bystander activation of
inflammatory cells than by molecular mimicry.

Several transgenic models have been developed in NOD mice in order to attempt to
further clarify the role of GAD in diabetes. Mutation of GAD was used because it was
not presumed to affect immunoreactivity and previous attempts to generate transgenic
mice had failed. This was thought perhaps to be the result of toxicity of widespread
expression of functional GAD. Another transgenic model expressed GAD65 on the
RIP-7 promotor, such that the GAD65 was expressed at high levels in the pancreatic
islets (145). Two lines were generated, one of which expressing higher levels of
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GAD65 was protected from diabetes. In another model, an antisense construct was
used to prevent the expression of both GAD65 and GAD67. In these mice, the sponta-
neous development of diabetes was also inhibited (13). It is unclear whether the protec-
tion from diabetes is solely the result of the immunologic effects of suppression of
GAD65 and GAD67.

Within the islets of NOD mice, there are CD4+ T-cells that recognize insulin (146).
The immunodominant peptide consists of amino acids 9–23 of the B chain, and when
cloned, these cells are capable of causing diabetes on adoptive transfer (147). In ana-
lyzing pathogenic CD8+ T-cells in the NOD mice, highly diabetogenic CD8+ T-cell
clones were found to recognize a peptide consisting of amino acids 15–23 of the B
chain of insulin (148). Thus, the insulin B chain is an important target for both patho-
genic CD4+ and CD8+ T-cells as well as insulin autoantibodies (62) in the NOD mice.

In Vitro Studies
Apoptotic cells can induce immune responses. In vitro culture of apoptotic cells

with dendritic cells resulted in the presentation of antigen and stimulation of both
MHC class I-restricted CD8+ T-cells and MHC class II-restricted CD4+ T-cells.
Macrophages were also able to present antigen from apoptotic cells and activate CD8+
T-cells. Incubation of apoptotic cells with peritoneal macrophages resulted in greater
secretion of proinflammatory (Th1) cytokines when compared with incubation with
nonapoptotic cells (149). Other studies have shown that dual labeling of terminal dUTP
nick end-labeling (TUNEL)-positive cells and either β-cells or infiltrating T-cells
revealed that a minority of apoptotic cells were β-cells and the majority were infiltrat-
ing cells (138). In vitro systems may, therefore, not fully reflect insulitis and the β-cell
killing that takes place in vivo. The numerous studies on isolated islets exposed to
TNF-α, IL-1β, and oxygen radicals, especially nitric oxide, are reviewed elsewhere
(122,123,142). Although of theoretical interest and important to understand mecha-
nisms of cell death, in general, and β-cell, in particular, the reality is that our under-
standing of human β-cell killing of importance to type 1 diabetes is rudimentary.

CONCLUSIONS

The molecular mechanisms of β-cell killing associated with the development of
human type 1 diabetes are largely unknown. The islets of Langerhans are often but not
always infiltrated with immune system cells, primarily CD8+ T-cells, CD4+ T-cells,
and macrophages at the time of clinical onset. Insulitis may be more severe and more
common in the young at age at onset. Little is known about cell infiltration in subjects
at risk for developing type 1 diabetes, such as being positive for GAD65, IA-2, or
insulin autoantibodies. There is a major gap in knowledge about whether the molecular
mechanism of β-cell destruction involves β-cell autoantigen-specific CD8+ T-cells,
CD4+ T-cell, or macrophage-induced cytokine-mediated apoptosis or necrosis or a
combination of these factors. The exquisite β-cell specificity may be best explained by
cell-mediated, perhaps even antibody-mediated cytotoxicity directed against β-cell
specific antigens such as GAD65, IA-2, or insulin. Numerous preclinical and in vitro
investigations support a possible role of these mechanism, but the major lack of studies
in humans hampers progress toward clinical trials to prevent or inhibit β-cell destruc-
tion associated with the development of type 1 diabetes.
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INTRODUCTION

Two fundamentally different autoimmune polyendocrine syndromes (APSs) are
generally recognized, and type 1 diabetes mellitus is common in both (see Table 1).
APS type 1 (APS-1) or autoimmune polyendocrinopathy–candidiasis–ectodermal dys-
trophy (APECED) is an autosomal recessive disease. It can often be diagnosed by clin-
ical criteria (presence of mucocutaneous candidiasis and/or hypoparathyroidism, which
do not occur in APS-2) or by DNA analysis. The definition of APS type 2 has varied.
One common definition of APS-2 sets the presence of adrenocortical insufficiency (AI)
as a criterion (1–3), and the combination of AI with autoimmune thyroid disease
(AITD) or type 1 diabetes mellitus has also been called the Schmidt or Carpenter syn-
drome. With that limitation of APS-2, combinations of AITD with components other
than AI are called APS3. Remaining combinations, like type 1 diabetes with myasthe-
nia gravis or sarcoidosis, have been named APS4. However, there is no solid basis for
such separations other than of APS-1 from the rest. Thus, according to the widest defi-
nition, which we subscribe to, various combinations of at least one autoimmune
endocrine disease with at least one other autoimmune disorder (endocrine or nonen-
docrine) are collectively called APS-2 (4). Obviously, APS-2 thus defined is much
more common than the Schmidt syndrome. It includes all combinations of type 1 dia-
betes mellitus with any other autoimmune disease, save combinations including
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hypoparathyroidism and/or mucocutaneous candidiasis. The component endocrine dis-
orders are not known to be different in pathogenesis, pathology, or clinical picture
when occurring as components of an APS compared with when occurring alone. Ther-
apy is an exception, as changes in the sufficiency of one hormone (e.g., appearance of
deficiency or institution of substitution for it) may affect the sufficiency, endogenous or
by replacement, of another hormone (vide infra).

When an endocrine disease appears in a previously endocrinologically healthy subject,
it is usually not possible to predict whether an APS is to develop. As an exception, nonen-
docrine autoimmune components such as alopecia and vitiligo, or, in APECED, ectoder-
mal hallmarks (vide infra), may be present before the first endocrine component and may
allow recognition of the syndrome at appearance of the first endocrine component.

IMMUNOLOGY

Most of the autoimmune endocrine disorders appear initially as infiltration of the
gland by lymphocytes and macrophages. This may lead to destruction and atrophy of
the gland with deficiency of its hormone. Sometimes, it halts or even reverses at a stage
of relative hypofunction. This has been documented for thyroiditis (5) and adrenalitis
(6), and may be true for insulitis (7,8). The destructive process is presumed to be T-cell
mediated. Commonly, antibodies to certain antigens of the gland appear in blood, most
frequently antibodies against intracellular enzymes. The role of such autoantibodies
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Table 1
Comparison of Types 1 and 2 of Autoimmune Polyendocrine Syndrome (APS)

APS-I APS-II

Inheritance Recessive autoimmune regulator Polygenic
(AIRE) gene in chromosome 
21q22.3

Appearance Infancy to adulthood; Childhood to adulthood;
highest in childhood highest in early adulthood

Mucocutaneous candidiasis Eventually most patients, even all None
Hypoparathyroidism Eventually most patients None
Adrenocortical insufficiency Eventually most patients <50%
Type 1 diabetes mellitus Common ≈50%
Graves’ disease None or very rare Common
Hashimoto’s thyroiditis None Common
Hypothyroidism Common Common
Gonadal failure Eventually most females; Less common

eventually common in males
Keratopathy Common None
B12 vitamin malabsorption Common Rare
Hepatitis Common Rare
Steatorrhea Common Celiac disease occurs
Alopecia Common Common
Vitiligo Common Common

Note: Because new component diseases tend to develop with age, exact prevalence figures for disease com-
ponents give definite information only when given for specific age groups.



remains unclear, but they are important as diagnostic messengers from an autoimmune
process and appear commonly before clinical hormone deficiency.

Exceptions to this uncertainty of antibody role are some antibodies against mem-
brane receptors, like the α-chain of the acetylcholine receptor in myasthenia gravis and
the thyrotropin receptor in AITD. Antibodies to thyrotropin receptor can act as either
agonists causing Graves’ hyperthyroidism or blockers causing hypothyroidism. The net
effect depends on their relative activities. Other important thyroid autoantigens are
microsomal thyroid peroxidase and thyroglobulin. Thyroid autoimmunity, defined by
the presence of any thyroid antibody, is much more common than clinical AITD and
does not always herald the development of hypothyroidism. Part of this difference may
be a result of the slowness of the destructive process. Agents inhibiting thyroid hor-
mone synthesis, such as lithium and amiodarone, may turn subclinical hypothyroidism
into manifest disease.

The most common antiadrenocortical antibodies are directed against 21-hydroxylase
(P450c21). Although positivity for them does not always predict AI, AI is almost
always preceded by their appearance in blood. Anti-P450c21 antibodies are equivalent
to antiadrenal antibodies demonstrated by indirect immunofluorescence (9,10). Of the
other enzymes of adrenal steroid hormone synthesis, cholesterol side-chain cleavage
enzyme (P450scc), 3-β hydroxysteroid dehydrogenase (3β HSD) and 17-α-hydroxy-
lase (P450c17) are also present in the ovarian granulosa and theca cells and the testicu-
lar Leydig cells (11–16). Circulating antibodies against them predict the development
of premature ovarian failure (17). Sera positive by immunofluorescence against those
steroid-producing cells contain antibodies specific for P450scc, P450c17, and/or
(rarely) 3β HSD (15).

Diabetes-related autoantibodies are discussed elsewhere in this book. No antipara-
thyroid autoantibodies are recognized. Autoantibodies against the calcium sensing
receptor have been reported in hypoparathyroidism (18), but this finding has not been
confirmed. They were not found in a large series of Finnish patients with hypoparathy-
roidism of APECED (Spiegel and Perheentupa, unpublished).

Patients with parietal cell atrophy or autoimmune vitamin B12 malabsorption (perni-
cious anemia) have autoantibodies against the intrinsic factor or the gastric H+/K+-
ATPase. The latter is the specific antigen for the parietal cell antibody detected by
indirect immunofluorescence (19,20). In the chronic autoimmune hepatitis of APS-1,
P450 1A2 may be a specific hepatic autoantigen (22–23).

In alopecia, immunoreactivity has been observed against differentiating ker-
atinocytes in hair follicles (24). Antibodies against tyrosine hydroxylase correlated
with the presence of alopecia in patients with APS-1 (25–26), and antibodies against
transcription factors SOX9 and SOX10 correlated with the presence of vitiligo in vari-
ous patients (27). Antibodies against tryptophan hydroxylase of intestinal mucosa cor-
relate with intestinal dysfunction in patients with APS-1 (28).

APS-1, AUTOIMMUNE POLYENDOCRINOPATHY–CANDIDIASIS–
ECTODERMAL DYSTROPHY

There are two known autosomal recessive autoimmune diseases: autoimmune lym-
phoproliferation syndrome (29) and APECED, which is the more common one. The
clinical hallmarks of APECED are mucocutaneous candidiasis and hypoparathy-
roidism, but neither of these is always present (see Table 2). Although rare, APECED
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seems to occur in most populations. Three populations have an exceptionally high
prevalence: Iranian Jews (estimated at 1 : 9,000) (30), the Sardinians (1 : 14,000) (31),
and the Finns (1 : 25,000).

Genetics
APECED is an autosomal recessive disease caused by mutations in the autoimmune

regulator (AIRE) gene on chromosome 21q22.3 (43,46). AIRE contains 14 exons. It is
mainly expressed in subsets of epithelial and monocyte lineage cells in thymus medulla,
in rare cells in lymph node paracortex and medulla, spleen, and fetal liver, and in very
few blood leukocytes. These all are antigen-presenting cells. Wider expression is dis-
puted, but it has been reported also in the respiratory system, central nervous system,
endocrine glands, urinary system, and genitals (32). Human and mouse AIRE promoters
include conserved sites for several transcription factors, which are thymus-specific or
important in hematopoesis (33).

The Aire protein consists of 545 amino acids. At its amino terminal is a highly con-
served ASS domain necessary for subnuclear targeting and dimerization, which
appears to be essential for its transcription activating action (34). Sp100, AIRE-1,
NucP41/75, and DEAF-1/suppressin (SAND) domain is needed for DNA binding; two
plant homeodomain type Zn fingers presumably serve protein–protein interaction, and
two nuclear localization signals and four LXXLL motifs act in nuclear receptor bind-
ing. Human and mouse Aire proteins are 71% identical (33,35). They exist in nucleo-
plasmic granules and, occasionally, along the cytoplasmic microtubular cytoskeleton
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Table 2
Prevalences (%) of the Common Components of APECED at Various Ages, Estimateda

from Finnish Series of 89 Patients

Age (yr)

Component 1 2 5 10 15 20 30 40

Hypoparathyroidism 0 6 33 64 78 84 85 86
Addison’s disease 0 0 8 39 63 71 77 79
Diabetes mellitus 0 0 2 3 6 10 14 23
Hypothyroidism 0 0 0.6 1.5 2.4 5 11 18
Ovarian atrophyb 39 57 64 72
Male hypogonadism 9 18 26
Pernicious anemiac 0 0 0 2 10 17 20 31
Hepatitisd 1 2 4 11 15 17 17 17
Candidiasis 24 41 63 79 93 95 100
Keratopathye 0 4 9 16 21 22 22 22
Alopecia 0 0 4 15 29 34 40 40
Vitiligo 0.5 1 2 8 15 19 22 26

a Estimated from the observed incidence rates at the age intervals, assuming that all the patients live
until the age of 40 yr.

b Primary amenorrhea in 52%, secondary in 48%.
c Includes patients without clinical disease but with circulating antibodies against parietal cells and/or

intrinsic factor receptor in (2 of 21).
d Includes three patients who died of fulminant hepatitis.
e Six (32%) of the patients developed blindness (5) or severely impaired vision (1).
Source: Unpublished data from J. Perheentupa.



(36,37). The protein is an activator of gene transcription (38), but its exact physiologi-
cal role is unknown. It may be involved in the determination of thymic stromal organi-
zation and, thus, in the induction of self-tolerance (39,40).

To date, some 35 mutations of AIRE have been described in patients with APECED,
most of them in four mutational hotspots (34,41–45). Many are either missense muta-
tions in the ASS region, presumably preventing the dimerization, or nonsense muta-
tions leading to truncation of the protein. The internationally most common mutation,
C889T, covers almost 90% of the Finnish APECED genes (46). It leads to a deletion of
both Zn fingers and most of the SAND domain. The second most common mutation
(34,46), predominant in the United States (41) and the United Kingdom (44), is a 13
nucleotide deletion, which leads to a protein lacking the C-terminal third. The predom-
inant Sardinian mutant protein (31) consists only of the N-terminal fourth. All of the
reported Iranian Jewish patients are homozygous for a missense mutation in a single
nucleotide, which disrupts the dimerization domain (34). In approx 10% of the AIRE
genes of clinically ascertained patients, identification of a mutation has failed (34).
These may be mutations of the promoter region or the introns.

Determinants of the wide variability of the APECED phenotype (vide infra) are mostly
unknown. The Iranian Jewish patients have been reported to have much less candidiasis
and adrenocortical insufficiency than other patients (30), which could depend on their
unique mutation. Otherwise, only the prevalence of candidiasis seems to depend on the
nature of the mutation (34a). The HLA appears to be a determinant of the prevalence of
Addison’s disease, alopecia, and diabetes; there are no gender-specific differences (34a).

Clinical Picture
APECED is a multicomponent disease (see Table 2) with a widely variable clinical

picture (2,47–50). Its most common components are mucocutaneous candidiasis,
hypoparathyroidism, and adrenocortical insufficiency, but more than 10 other compo-
nents may occur. The following description is mainly based on our experience with 89
Finnish patients (45 males and 44 females) (Perheentupa J, unpublished).

ENDOCRINE COMPONENTS

Hypoparathyroidism appeared from the second year to the fifth decade, with peak
incidence at 2–11 yr. Its prevalence gradually reaches 86% (see Table 2). It remained
the only endocrinopathy in 20% of our patients at the age 20 yr and in 18% at 30 yr.
Adrenocortical insufficiency appeared from the fourth year to the fifth decade, with
peak incidence at 4–12 yr. Its prevalence reaches 79% (see Table 2). It remained the
only endocrinopathy in 8% of our patients at the age of 20 yr and 11% at 30 yr. Defi-
ciencies of cortisol and aldosterone could appear even 5 yr apart. Diabetes mellitus
appeared at the age of 4–58 yr, with the highest incidences in the second, fourth, and
fifth decades (for details, see a subsequent subsection). Hypogonadism develops even-
tually in more than two-thirds of female patients and in one-third of males. It was the
result of autoimmune gonadal atrophy in all except one male patient, who had
gonadotropin deficiency. Male infertility resulting from antisperm antibodies is also on
record (51). Hypothyroidism rises eventually to the incidence of 18%. Pernicious ane-
mia developed in 21 patients by 6.1–48 yr of age, with peak incidence at around 15 yr.
Its prevalence appears to reach one-third by the age of 40 yr.

Other pituitary hormone deficiencies also occur, mostly singly. Growth hormone
deficiency developed in four (4%) of our patients (in one patient together with ACTH
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deficiency), and several others are on record (45,49,52). Three patients have been reported
with central diabetes insipidus (49,53) and two patients with ACTH deficiency (54).

OTHER AUTOIMMUNE COMPONENTS

Alopecia developed in 29 (33%) of our patients by the age of 2.5–30 yr, being the
first or part of the initial manifestation in two. It was universal in 24 patients (27%).
Vitiligo of a highly variable extent appeared in 19 patients (21%) by the age of 1.7–47
yr. In a few patients, the spots have faded, but in most, they grew with time.

Gastrointestinal disorders are common. Autoimmune hepatitis is the most dangerous
of all the common components of APECED (47,55). It developed at the ages of 0.7–16.8
in 14 patients. Of them, three died of fulminant hepatitis within 2 mo, despite intensive
therapy. Six other patients had clearly elevated serum levels of alanine aminotransferase
that subsided without immunosuppressive medication. Cholelithiasis may occur (56).

Keratopathy of the eyes may be a serious problem, which calls for intensive local
medication with glucocorticoid and, often, antimicrobials. Of our patients, 19 (21%)
developed keratopathy at the ages of 1.0–16 yr. Five of them became blind, and a sixth
has only 30% of normal visual acuity. The early symptoms are intense photophobia,
blepharospasm, and lacrimation. In nine (10%) patients, keratopathy was the first or
part of the initial manifestation of APECED or the first after oral candidiasis. Other less
common eye manifestations include recurring irodocyclitis, optic atrophy, retinal
detachment, and severe dry eye (57).

Sjögren’s syndrome was reported in 12% of a series of 41 patients and scleroderma
in 1 patient (49). One of our patients (patient Sf, see Fig. 1) died of complications of
rapidly advancing rheumatoid arthritis. Eight (9%) of our pediatric patients, as well as
one reported previously (49), experienced a flashing rash over several months, which
often was associated with peaks of fever. Several cases of autoimmune hemolytic ane-
mia are on the record (49), including one of ours. Patients with acquired splenic atro-
phy have been reported (49,56,58). Interstitial nephritis developed in six (7%) of our
patients; two of them needed kidney transplantation.

NONAUTOIMMUNE COMPONENTS

Candidiasis involves the mouth first, appearing in the mildest cases as intermittent
soreness of mouth corners (angular cheilosis). It tends to remain unnoticed; hence, the
prevalence figures at early ages are probably erroneously low. More severe forms
include an acute inflammation of most of the oral mucosa, hyperplastic chronic can-
didiasis with thick white coating of the tongue, and atrophic disease with scant coat-
ings and a scarred thin mucosa with leukoplakia-like areas (59). This chronic condition
is carcinogenic; four of our patients developed epithelial carcinoma of the oral mucosa
at the age of 27–45 yr and three of them died of it. Hence, candidiasis should be care-
fully followed and suppressed by good dental care and oral hygiene and local and sys-
temic antimycotics. Candidal esophagitis is painful and may cause strictures, and
intestinal mucosal candidiasis may manifest as abdominal pain, meteorism, and diar-
rhea. The infection may spread to the skin of the face and hands and to the nails. Can-
didal vulvovaginitis often develops in postpubertal female patients. The peak incidence
of candidiasis is over the first year of life. In some patients, it appears late, and in our
series, the prevalence of 100%, intermittent cases included, was not reached until in the
fifth decade of life (see Table 2).
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Ectodermal dystrophy’s most frequent component is enamel hypoplasia of perma-
nent teeth (59,60), which affects three-fourths of our patients (47). Pitted nail dystro-
phy is present in half of the patients and tympanic membrane calcium salt deposits in a
third of the patients.

Fourteen of our patients (16%) had prolonged periods of watery or fatty diarrhea. Spe-
cific diagnosis was reached only in a few of them. Most of the patients with watery diar-
rhea had hypoparathyroidism and they experienced periods of diarrhea and
hypocalcemia. Of note, one patient’s intractable diarrhea and therapy-resistant hypocal-
cemia responded to high-dose intravenous methylprednisolone and maintenance oral
methotrexate (61). Atrophy of the exocrine pancreas with diabetes developed in another
patient (patient Nf, see Fig. 1). Two other such cases are on record (45,62); in one of
them, fat excretion responded to immunosuppressive medication (45). The chronic diar-
rhea of a 12-yr-old patient of ours was caused by defective bile acid reabsorption and
controlled with cholestyramine therapy. Intestinal lymphangiectasia was reported as a
cause of diarrhea in one patient (63).

INDIVIDUAL VARIATION

The clinical picture also varies very widely in aspects other than age at appearance
of the individual disease components. In our series, the total number of component dis-
eases varies from 2 to 10 (median 4), and the number of endocrine components from 1
to 5 (median 2). The classic triad of candidiasis, hypoparathyroidism, and adrenal
insufficiency was present in 50% of the patients at the age of 20 yr and in 55% at 30 yr.
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Fig. 1. Disease histories of six Finnish female (f) and six male (m) patients with APECED, illustrat-
ing the wide variation of the clinical course. The lines start at birth, and end at death (+) or arrowhead
indicating age at latest follow-up. The age at the appearance of the component disease is indicated by
symbols for the component diseases: A, adrenocortical insufficiency, Ac, cortisol deficiency, Aa,
aldosterone deficiency; C, cornea—keratopathy; Ca, oral carcinoma; D, diabetes mellitus; E, exocrine
pancreatic insufficiency; G, pernicious anemia ; H, hair—alopecia; I, intestine—steatorrhea; L,
liver—hepatitis; o, oral candidiasis; P, parathyroid—hypoparathyroidism; R, rheumatoid arthritis; T,
thyroid—hypothyroidism; V, vasculitis; or for hypogonadism.



The frequency is lower (40%) at 40 yr because of exclusion of some patients because
of death.

The components to appear first or as part of the initial clinical picture were candidiasis
in 54%, hypoparathyroidism in 31%, adrenal insufficiency in 6%, keratopathy in 7%,
chronic diarrhea in 7%, alopecia in 2%, flashing rash with fever in 2%, hepatitis in 1%,
and vitiligo in 1%. Of the endocrinopathies, the first one was hypoparathyroidism alone
in 64%, then adrenal insufficiency alone in 27%, hypoparathyroidism and adrenal insuf-
ficiency together in 6%, growth hormone deficiency in 1%, and hypothyroidism in 1%.

Diagnostics
The criterion of firm clinical diagnosis of APECED is the presence of at least two of

the following: chronic or recurring mucocutaneous candidiasis, hypoparathyroidism,
and adrenocortical insufficiency (or antiadrenal or 21-hydroxylase autoantibodies). If a
sibling fulfills this criterion, one of any of the autoimmune or clear ectodermal compo-
nents of APECED suffices for the diagnosis. The two-of-the-three criteria became ful-
filled within the first 5 yr of life in only 22% of our patients, in the next 5-yr period in
another 45%, in the second decade of life in 22%, in the third in 4.5%, and only later in
2%. It was not fulfilled by the time of his death from consequences of APECED at the
age of 45 yr in one patient; his diagnosis depended on his sister’s diagnosis (patient Em,
see Fig. 1). Thus, the criterion gives no false-positive diagnoses, but false-negatives are
common, especially at a young age. Hence, for appropriate clinical diagnostics, knowl-
edge of the other disease components should be utilized. When a person under the age
of 50 yr has developed a disease that belongs to the components of APECED, the
patient should be checked for the ectodermal, oral, and ophthalmic components. If two
components of APECED are present without any other definite explanation, the patient
should be followed for development of further components or a search for AIRE muta-
tions should be considered. Mutation diagnosis is available from several specialized
laboratories internationally. The relatively large number of mutations and the fact that
many others remain unrecognized cause problems in the mutation approach to the
diagnosis. Hence, APECED cannot be excluded. Even in Finland, routine search is
only available for the three most common mutations.

Patients with the diagnosis of APECED should receive written information about the
possibility and symptoms of further disease components with instructions on where to
turn in case they appear. Later, it is necessary to check repeatedly that the patient has
adopted this information. The patient should be followed at least one or two times
annually for signs of new components and thorough anamnestic details and physical
examination including search for oral candidiasis, search for antibodies, and determi-
nation of serum levels of calcium, inorganic phosphate, sodium, potassium, alanine
aminotransferase, corticotropin, thyrotropin and gonadotropins, plasma renin activity,
and blood glycohemoglobin, as appropriate in the patient’s situation of the disease.

Diabetes in Association with APECED
The prevalence of type 1 diabetes in our Finnish patients with APECED is 18% (see

Table 2), in contrast to 0.5% in the background population. Lower frequencies of 2–4%
have been reported for patients from the United States and Italy (2,49), but the differ-
ence could be merely the result of patient selection (e.g., with respect to age). Of our
16 patients with diabetes, 14 were clinically considered to have type 1 diabetes. The
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two others are discussed. The age at diagnosis of type 1 diabetes was 4–45 yr (median:
19.4), 6 of the 14 patients were above 20 yr. The male-to-female ratio was 1.3 : 1 and
there was no obvious association between the presence of type 1 diabetes and any of
the other disease components.

Patient Nf (Figs. 1 and 2) developed persistent watery diarrhea at 27 yr of age and lost
7 kg (lowest body mass index: 17.39 kg/m2). A low fecal elastase 1 (8 µg/g) and high
fatty acid excretion (159 mmol/d) confirmed the diagnosis of severe exocrine pancreatic
insufficiency. Her bowel function normalized with enzyme supplementation. Four years
later, she was diagnosed with diabetes, and treatment was initiated with multiple daily
insulin injections. She was negative for GAD antibodies (GADab) from age 6 to 25 yr,
but had a marginally positive sample at 32 yr, 1 yr after the diagnosis of diabetes; anti-
bodies to islet cell antigens (ICAs), IA2 (IA2ab), and insulin (IAAs) were negative. The
etiology of the pancreatic insufficiency is unclear; two patients with APECED and
exocrine pancreatic insufficiency preceding diabetes have been described, one of them
ICA positive (46,62).

Patient Rm, with an unusually late appearance of APECED (Figs. 1 and 2), became
hypertensive at the age of 40–50 yr. His HbA1c level was constantly >6% at 59 yr and
7% a year later; his body mass index was normal (24.7 kg/m2). However, he was well
controlled with diet treatment (HbA1c: 7.2%; fasting serum glucose: 5.3 mmol/L; C-
peptide: 0.64 nmol/L) until his sudden death at the age of 63 yr. The cause of death is
unclear, but he had had syncopes during his last year and had received a pacemaker for
sick sinus syndrome. He was negative for GADab, ICA, IA2ab, and IAA. Clinically,
this patient had type 2 diabetes.

Of our patients with APECED and diabetes, 73% were positive for GADab, 55% for
ICA, and 36% for IA2ab and IAA before or at the time of diagnosis of diabetes (7,64).
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Fig. 2. The first-phase insulin response (sum of 1- and 3-min insulin concentration) to intravenous
glucose tolerance test in APECED patients, who developed diabetes during the follow-up (prediabetic
patients), and in GADab-positive and GADab-negative patients still nondiabetic at the last visit. Nf,
Rm, and Pf refer to case reports in the text as well as Fig. 1. The x-axis depicts time before or after the
diagnosis of diabetes (DM) at time 0. The vertical and horizontal bars depict the mean and 95% con-
fidence intervals for the nondiabetic groups.



These figures are compatible with what has been published for classical type 1 diabetes
in this age group. Surprisingly, GADab, especially, also occurred frequently in the non-
diabetic patients with APECED, of whom 41% had GADab and 28% ICA in 1995 (7).
However, 5 yr later, two of the antibody-positive subjects had developed diabetes and the
frequency of “false-positive” antibodies had fallen to 36% for GADab, 23% for ICA,
and 4% for IA2ab (64). Evidently, the presence of GADab is associated with the devel-
opment of diabetes, although not in all cases (see Fig. 3). Subclinical insulitis, which
might not progress to clinical diabetes in all cases, is very difficult to investigate. Both
the fasting C-peptide concentration (0.5 ± 0.24 vs 1.03 ± 0.49 nmol/L) and the first-
phase insulin response to intravenous glucose (75.6 ± 37.9 vs 166.4 ± 112.7 mU/L) were
lower for GADab+ than the GADab– group (7) in our nondiabetic patients. Although
two of these patients, who since developed diabetes, had very low first-phase insulin
response to an intravenous glucose test during a few years before the diagnosis of dia-
betes, some of the nondiabetic individuals, irrespective of antibody status, also have sim-
ilarly low insulin responses (see Fig. 2). The puzzling fact that they have not developed
diabetes or that some of the diabetic patients had very low insulin response for years
before developing diabetes is most likely explained with extreme insulin sensitivity.

Patient Pf (Figs. 1 and 2) had very low first-phase insulin response to intravenous glu-
cose for several years before the diagnosis of type 1 diabetes at the age of 36 yr. At that
time, she was nonsymptomatic and had a low body mass index of 17.2 kg/m2. Her fast-
ing blood glucose was 7.7 mmol/L. One month later, her fasting blood glucose levels
were greater than 10 mmol/L, HbA1c was 9.1%, and fasting C-peptide was 0.32 nmol/L.
She was initially on lispro insulin at meals, and 2 yr later commenced on neutral prota-
mine Hagedorn (NPH) insulin twice daily. She was strongly positive for GADab since
13 yr of age and for ICA since 19 yr, but she was negative for IAA and IA2ab.

Although the GADab-positive patients have a lower median first-phase insulin
response, their difference from the GADab-negative patients is not statistically significant,
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Fig. 3. The frequency of APECED patients without diabetes according to age and whether they had
GADab.



in contrast to Tuomi et al. (7), after the exclusion of the patients who later developed
diabetes. The groups may be too small and heterogeneous (for age, body mass index,
insulin sensitivity) for adequate comparison, or the intravenous glucose test may be too
insensitive to reveal small differences in insulin secretion. In a sensitive test for maxi-
mal insulin secretory capacity (i.e., stimulation with both supranormal glucose concen-
tration and arginine), nondiabetic GADab+ patients with autoimmune thyroiditis had
lower maximal insulin response than GADab– matched patients with thyroiditis (8).
With the same test, GADab+ type 2 diabetic patients had a reduced maximal insulin
secretory capacity compared with GADab– patients shortly after diagnosis, when there
was no difference in either the glycemic control or the fasting C-peptide levels between
the groups (65). These data support the association between GADab positivity and sub-
clinical β-cell insufficiency. However, a third possibility is that there really is no differ-
ence between the GADab-positive and GADab-negative patients with APECED, except
shortly before the diabetic stage. Of note, the insulin secretions in APECED patients
have not been compared with non-APECED control subjects. Thus, pancreatic autoim-
mune processes different from those commonly seen in type 1 diabetes that lead to rela-
tive insulin deficiency could be operative in most patients with APECED. Patient Nf is a
possible example.

The human leukocyte antigen (HLA) genes do not seem to determine the develop-
ment of diabetes in APECED. The DRB1, DQA1, and DQB1 risk genotypes, which
generally confer susceptibility to type 1 diabetes, were not associated with type 1 dia-
betes in the Finnish patients with APECED (7). However, the protective HLA-haplo-
type DR15-DQA1*0102-DQB1*0602 may protect from diabetes even in APECED, as
none of the diabetic patients, in contrast to 27% of the nondiabetic patients, had this
haplotype (one-tailed p = 0.047) (34a,64).

APS-2

All combinations of adrenocortical insufficiency, thyroid disease (Graves’ disease,
goitrous or atrophic thyroiditis), type 1 diabetes, celiac disease, hypogonadism, perni-
cious anemia (vitamin B12 malabsorption), vitiligo, alopecia, myasthenia gravis, and the
collagen vascular diseases, which include at least one of the said endocrine diseases but
exclude hypoparathyroidism and mucocutaneous candidiasis, are collectively called APS
type 2. The co-occurrence of these diseases is presumably the result of a common
genetic background. No exact incidence or prevalence figures are available, and they
would probably vary with the population concerned. APS-2 is more common than APS-
1, with a general prevalence of at least 1 per 10,000. Females are affected two to four
times more often than men. The highest incidence of the components is in the third to the
fifth decade of life, but a substantial number of patients develop the first component dis-
ease, usually type 1 diabetes, already in the first and second decade (see Fig. 4).

Common Genetic Basis for Type 1 Diabetes 
and Other Autoimmune Diseases?

The familial clustering of different autoimmune diseases suggests that the same suscep-
tibility gene variants are either causative or permissive for the development of these dis-
eases. The genetics of type 1 diabetes is reviewed elsewhere in this book. This review
includes only those genetic associations that have been reported to be shared between type
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1 diabetes and the other disease components. All autoimmune diseases, except APECED
and the autoimmune lymphoproliferation syndrome, are considered to be polygenic and
multifactorial in origin, and a causal role has not been proven for any candidate gene.

Genes coding for HLAs are associated with most known autoimmune diseases.
Because of the strong linkage disequilibrium in the short arm of chromosome 6, it has
not been possible to pinpoint a single gene in this gene-rich segment as the real culprit.
It is also possible that the region harbors more than one gene of interest. The heterozy-
gous genotype DRB1*0404, DQA1*0301, DQB1*0302 with DRB1*0301, DQA1*0501,
DQB1*0201 seems to give a major risk for type 1 diabetes and adrenal insufficiency. It
seems that of all DR4 alleles associated with diabetes, only DRB1*0404 increases the
risk for adrenal insufficiency (4). DR3 and especially the associated DQA1*0501,
DQB1*02 are also associated with celiac disease, Graves’ disease, Hashimoto’s thy-
roiditis, myasthenia gravis, and Sjogren’s syndrome. On the other hand, DR2-
DQA1*0102,DQB1*0602 protects, even in the presence of antibodies, from adrenal
insufficiency and type 1 diabetes (4,67–70).

Interestingly, type 1 diabetes, Graves’ thyrotoxicosis, adrenal insufficiency, celiac
disease and primary biliary cirrhosis have all also been associated with certain variants
of the gene on chromosome 2q33 coding for the cytotoxic T-lymphocyte (cell surface)
antigen-4 (CTLA-4) (71–73). This molecule is a key negative regulator of T-cell func-
tion. Hashimoto’s thyroiditis (HT) is also associated with both HLA genes and
CTLA4, but the associations are less clear (70). A third locus (IDDM6), associated
with type 1 diabetes, Graves’ disease, rheumatoid arthritis, and systemic lupus erythe-
matosus, lies in the long arm of chromosome 18 (74).

Clinical Picture
The disease combinations within the definition of APS-2 change with the age of the

patient population. Also, the population’s genetic background may modify the clinical
phenotype of this polygenic disease. Exact information about the clinical picture and
course is meager. Only a recent report from Germany (66) is based on our present defi-
nition of APS-2 and gives some longitudinal data.
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Fig. 4. Age at manifestation of type 1 diabetes, adrenocortical insufficiency, and autoimmune thyroid
disease in a series of 151 patients with autoimmune polyendocrine syndrome type 2. (From ref. 66,
with permission.)



Diabetes appears to be the most prevalent of the single-component diseases (see
Table 3). Graves’ and Hashimoto’s diseases are equally common, and the joint preva-
lence of thyroid disease exceeds the prevalence of diabetes. Diabetes was significantly
more common in males and thyroid disease in females. The mean age of manifestation
was 27 yr for diabetes and between 36 and 40 yr for the other components (see Fig. 4).
Diabetes was also the first component to appear in 48% of the individual patients, fol-
lowed by 19% for Graves’ disease, 17% for Hashimoto’s disease, and 15% for adreno-
cortical insufficiency. Only diabetes showed a gender difference with respect to the
order of appearance; it was the first in 65% of the males, in contrast to 43% of the
females.

Of combinations of the component diseases, diabetes with thyroid disease was the
most common, occurring in 33%. The second, diabetes with adrenal insufficiency,
made up 15%, followed by diabetes with vitiligo (10%), thyroid disease with vitiligo
(10%), and diabetes with adrenal insufficiency (3%). The combination of diabetes,
adrenal insufficiency and thyroid disease, traditionally called the Schmidt or Carpenter
syndrome, accounted for only 3%.

AUTOIMMUNE THYROID DISEASE (AITD) IN PATIENTS WITH TYPE 1 DIABETES

Hypothyroid or hyperthyroid AITD has been observed in 10–24% of patients with
type 1 diabetes (75–78). Also, postpartum thyroiditis may occur in 22% of diabetic
mothers compared with 5% of nondiabetic mothers (79). In the majority of cases, the
diagnosis of diabetes precedes that of hypothyroidism and either succeeds or coincides
with hyperthyroidism (80). Thus, the prevalence of AITD depends on the age of the
diabetic patient group at the time of study. Accordingly, 4.8% of juvenile-onset patients
studied before age 18 (77) and 15% of those studied at a mean age of 42 yr (76) had
HT. Graves’ disease has been reported in 9.3% of patients with type 1 diabetes (76).
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Table 3
Prevalence (%) of the Main Component Diseases 

in a Series of 151 Patients (114 Females) 
of All Ages with APS-2

Component disease Prevalence

Autoimmune thyroid disease, total 66
Graves’ disease 33
Hashimoto’s thyroiditis 33
Type 1 diabetes mellitus 61
Adrenocortical insufficiency 19
Hypogonadism 5
Pernicious anemia 5
Vitiligo 20
Alopecia 6

Note: These include all patients with diagnosis of APS-2
among the total of 15,000 patients seen at the Endocrine Clinic,
University Hospital Mainz over the years 1992–1996. No age-
specific figures are available of patients diagnosed according to
the present criteria.

Source: ref. 66, with permission.



In addition, between 5% and 25% of type 1 diabetic patients without clinical thyroid
disease have antibodies to thyroid microsomal antigens (TMAb) or thyroid peroxidase
(TPOAb) (75–79,81–86). In addition to differences in the antibody assays, the large vari-
ation in antibody frequencies reflects differences in patient selection and whether thyroid
function was actually studied or not. In three population-based studies of newly diag-
nosed patients with type 1 diabetes, TMAb or TPOAb were found in 5–8% of Swedish
patients under 35 yr at diagnosis, and in 10–11% of Finnish and Australian patients
under 15 yr at diagnosis (82–85). Antibody positivity was more common in Caucasoid
than in African-American patients (81). Thyroid antibodies occur more frequently in
women than in men, both in patients with diabetes and in nondiabetic subjects (81,87).
Of note, the prevalence of both hypothyroidism and thyrogastric antibodies in the back-
ground population increases with age, and increased thyrotropin levels (>5 µU/L) were
found in 13.6% of women and 5.7% of men over 60 yr (81,88). TMAb were observed in
6.3% of 18- to 24-yr-old women compared with 9.2% of those aged 65–74 yr; the
respective figures for men were 0.9% and 2.3% (87). It seems that young diabetic
patients have these antibodies as frequently as the background geriatric population.

The predictive value of thyroid antibody positivity for the development of AITD
during one’s lifetime is not known. However, in a large series studied in the United
States, 38% of TMSAb+ patients developed hypothyroidism after the diagnosis of
type 1 diabetes and two to four additional patients per year have developed hypothy-
roidism during the follow-up (80,81). Although patients with type 1 diabetes diag-
nosed at an older age more often have thyrogastric antibodies than those diagnosed
before age 15, seroconversion to positive after the development of diabetes is
uncommon (81).

PERNICIOUS ANEMIA IN PATIENTS WITH TYPE 1 DIABETES

Pernicious anemia (PA) is considered to occur frequently in association with type 1
diabetes, but epidemiologic studies, including clinical characterization of patients,
are few. Of 200 patients with insulin-dependent diabetes, 4% had PA defined by an
abnormal Schilling test and decreased serum cobalamin concentration; in addition,
3% had latent PA with abnormal Schilling test but normal cobalamin concentration.
Twenty-seven percent of all patients, including all patients with clinical or latent PA,
had antibodies to parietal cells (89). The increased frequency of antibodies to parietal
cells (PCA) or to H+K+-ATPase among type 1 diabetic patients has been confirmed in
several studies. In general, gastric antibodies are found in 3–27% of patients
(75,81–84,86,89), with higher frequencies in patients diagnosed with type 1 diabetes
at an older age than in those diagnosed before age 15 (81–83). Seroconversion to pos-
itive after the development of diabetes is considered to be uncommon (81). An
increased prevalence of PCA in females than in males has been reported in some
studies (81) but not in others (86), and there seems to be no difference between Cau-
casians and African-Americans in the United States (81). The prevalence of gastric
antibodies increases with age in both diabetic (81) and nondiabetic subjects, and the
prevalence in the general population reaches 9.6% in the eighth decade (20). Of 54
PCA-positive patients, 14 (26%) had latent or clinical PA (89), which compares well
with a Belgian study showing hypergastrinemia in 27% of PCA-positive type 1 dia-
betic patients compared with 7% of PCA-negative patients. Clinical PA was found in
10.5% compared with 0.5%, respectively (86).
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CELIAC DISEASE IN PATIENTS WITH TYPE 1 DIABETES

The prevalence of celiac disease (CD) in the general population is estimated at about
0.3%. As CD is often symptomless (silent CD), its recognized prevalence depends on
how actively antibody tests or small-bowel biopsies are carried out, as well as the
extent of exposure to gluten (90). CD is considered to be rare in the absence of IgA
antibodies (or IgG in case of patients with IgA deficiency) to gliadin (AGA), reticulin
(ARA), endomysium (EMA), or the specific antigen tissue transglutaminase (tTGA)
(91). However, the true diagnostic value of these antibodies for silent CD is unknown,
as small-bowel biopsies have not been performed in large unselected patient cohorts.

Celiac disease is 4–20 times more prevalent in patients with type 1 diabetes
(1.3–6%) (92–100) than in the general population. As explained here, the true preva-
lence could be even higher. However, no CD was found in the absence of AGA in the
only reported study that included biopsies of all newly diagnosed patients without pre-
selection (for) by antibody positivity (92). The prevalence of CD-associated antibodies
varies between 2.6% and 11.6% among patients with type 1 diabetes who are not on a
gluten-free diet (75,92,94–102). High antibody levels are considered to be more spe-
cific for CD (98).

ADRENAL INSUFFICIENCY IN PATIENTS WITH TYPE 1 DIABETES

Although rare, adrenal insufficiency (AI) is about 50 times more common in patients
with type 1 diabetes (0.12–0.5%) than in the general population (93–117 per million)
(103,104). Antibodies to adrenal cortex (AA) or 21-hydroxylase (21-OHA) are present
in 0.2–2.3% of type 1 diabetic patients (7,67,84,86,105–108). In a study on 8840 adult
patients with organ-specific autoimmune disease, 50% of patients with AA progressed
to impaired adrenal function (decreased response to intravenous ACTH) (107). It is not
clear whether the predictive value of the antibodies is associated with the age of the
subject. Fewer adult (36%) than juvenile (90%) patients developed impaired adrenal
function, but no distinction was made between APS-1 and APS-2 (106,107). In most
cases, the diagnosis of IDDM preceded that of AI (66,109); the latency time from the
AA-positive test may be as long as 7 yr (107).

DEVELOPMENT OF TYPE 1 DIABETES IN PATIENTS

WITH OTHER AUTOIMMUNE DISEASES

Islet cell antigens were originally discovered in patients with miscellaneous organ-
specific autoimmune disorders (110) and later demonstrated in 6% of patients with
clinical or serologic evidence of endocrine autoimmunity. Since then, ICAs have been
observed in 14%, GADab in 14–21%, and IA2ab in 4% of patients with APS-2
(111,112). The predictive value of these antibodies for diabetes is unclear in APS-2.
Most studies have pooled patients with different clinical combinations of auto-
immune diseases together with antibody-positive patients without clinical evidence of
endocrine dysfunction. However, only 14% of 186 ICA+ subjects with clinical and/or
serological evidence of endocrine autoimmunity developed type 1 diabetes during a
mean follow-up of 4.8 ± 3.2 yr (113,114). Another study found 3.6% of 3042 patients
with 1 or more autoimmune diseases to be ICA+; 40% of those persistently ICA+
compared with 2.7% of ICA– patients developed diabetes during a mean follow-up of
1.7 yr (115).
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ICAs and GADab in patients with APS or Stiff–Man syndrome (SMS) have been
suggested to have different specificity than antibodies from patients with type 1 dia-
betes only (116–119) and to be less predictive for diabetes. Also, only sera from
patients with APS-1 or SMS inhibited the enzymatic activity of GAD (120), and anti-
bodies to GAD67 in addition to GAD65ab are present mainly in patients with APS
(7,111). However, all of these findings could reflect the fact that polyendocrine patients
often have higher concentrations of GADab, which augments the detection of minor
antibody reactivities (i.e., those to linear and aminoterminal epitopes, GAD67, or those
affecting enzymatic activity) (7,121,122).

Among adult Swedish patients with Graves’ disease, 4.3% had type 1 diabetes (123).
There are no such prevalence data on HT. ICAs and GADab occur in 1.4–2.5% and
1.8–13%, respectively, of patients with AITD (123–126). The predictive value of dia-
betes-related antibody positivity is unclear. During a 2-yr follow-up, 2 of 16 (12.5%)
GADab+ and 9 of 431 (2.0%) GADab– Swedish patients with HT developed diabetes (8).

Of patients with CD, 0.8–8.4% have type 1 diabetes (127–129). The prevalence of dia-
betes may be associated with age at onset of CD: In a large study on Italian patients, 0.8%
of those under 2 yr compared with 6.6% of those over 10 yr had diabetes (125). ICAs were
found in 6.6% and GADab in 3% of CD patients before initiation of a gluten-free diet.
Interestingly, all seroconverted to antibody negative on diet (129). Of Australian patients
with PA, 1.6–4% had type 1 diabetes (89,130), whereas no data exist on the presence of
diabetes-related autoantibodies in this patient group. Of Danish patients with autoimmune
adrenal insufficiency, 18% had type 1 diabetes (109), but in northern Italy and Norway, this
prevalence was only 1.2–3% (131,132). In addition, 5.6–8.5% of the nondiabetic patients
have diabetes-related antibodies (131–133), but their predictive value is not known.

WHO SHOULD BE SCREENED?
Ideally, all patients diagnosed with type 1 diabetes should be screened for thyroid,

celiac, adrenal, and gastric antibodies at the time of diagnosis. The subjects positive for
any antibody should then be tested for the function of the respective gland (thyroid hor-
mone levels and thyroid-stimulating hormone, gastroscopy, ACTH test and plasma
renin concentration, serum cobalamin). Antibody testing is obviously dependent on the
availability of the test and its cost. However, at least all patients with a tendency toward
hypoglycemia, diarrhea, or weight loss should be tested for thyroid function, CD, and
adrenal insufficiency. Also, all patients with anemia or neuropathy should be tested for
cobalamin concentration.

To screen for the development of diabetes, once-a-year blood glucose testing is
probably sufficient for patients with any single autoimmune endocrine disease as well
as for patients with vitiligo and alopecia. For patients with two or more autoimmune
components, screening for GADab might help in selecting those patients at risk for dia-
betes. They should be given information about symptoms of the condition and then
receive regular follow-up.

EFFECT OF CO-OCCURRING DISEASES ON 
GLYCEMIC CONTROL AND TREATMENT OF DIABETES

Hyperthyroidism leads to insulin resistance and increased insulin doses to control
hyperglycemia. This should be taken into account when thyrostatic therapy is com-
menced for a diabetic patient, and the insulin doses should be adequately reduced to
avoid hypoglycemia when euthyroidism is reached. On the other hand, hypothyroidism
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in a diabetic patient is often diagnosed after an increased frequency of hypoglycemia.
Treatment of hypothyroidism will lead to an increased demand for insulin. Hypocorti-
solism can cause hypoglycemia both in diabetic and nondiabetic subjects. Patients
with type 1 diabetes are particularly sensitive to changes in cortisone levels and usu-
ally need hydrocortisone substitution divided in at least three daily doses or supple-
mentation with a longer-acting preparation (e.g., prednisone) to avoid nocturnal
hypoglycemia. Untreated CD can lead to malabsorption and hypoglycemia. Correction
of hypothyroidism may provoke an Addisonian crisis in patients with subclinical
adrenal insufficiency.
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INTRODUCTION

All vertebrates use insulin-producing pancreatic β-cells to achieve fuel homeostasis
(1). These cells are able to measure the nutrient levels of the blood on a moment-to-
moment basis and secrete insulin at rates that are exactly appropriate for the mainte-
nance of optimal fuel levels. Therefore, the levels of circulating nutrients such as
glucose, fatty acids, and amino acids are precisely controlled in mammals during fast-
ing and feeding alike. The role of the pancreatic β-cells in fuel homeostasis is thus
analogous to that of the thermostat in heating and cooling systems (2,3).

The feedback loop of fuel homeostasis is completed by the insulin receptors in liver,
muscle, and adipose tissue that control fuel removal from the blood and, of course, by
the regulated parameters of glucose, amino acids, and fatty acids. In humans in the rest-
ing conditions, these nutrient levels are approx 5 mM for glucose, approx 3.5 mM for the
physiological mixture of 20 amino acids, and approx 0.3 mM for fatty acids. These levels
refer to the postabsorptive situation, 8–12 h after a mixed meal containing carbohydrates,
fats, and proteins. It is the role of the β-cell to maintain glucose levels at a “set point” of
around 5 mM. The level of a regulated parameter (e.g., glucose) that triggers a regulatory
function, in this case the activation of insulin secretion, is defined as threshold. The

115

From: Contemporary Endocrinology: Type 1 Diabetes: Etiology and Treatment
Edited by: M. A. Sperling © Humana Press Inc., Totowa, NJ

6 The Metabolic Basis 
of Insulin Secretion

Nicolai M. Doliba, PhD, DSci

and Franz M. Matschinsky, MD

CONTENTS

INTRODUCTION

GENERAL PRINCIPLES OF NUTRIENT SENSING

THE GLUCOSE SENSING SYSTEM: A BASIC MODEL

EXPERIMENTAL ILLUSTRATION OF THE BASIC MODEL

FATTY ACIDS AS INSULIN SECRETAGOGUES

AMINO ACIDS AS INSULIN SECRETAGOGUES

MITOCHONDRIA AS METABOLIC SIGNAL GENERATORS

OF FUEL-STIMULATED β-CELLS

NEURAL AND ENDOCRINE REGULATION OF INSULIN RELEASE

OUTLOOK

REFERENCES



threshold for glucose-stimulated insulin secretion coincides physiologically with the set
point of around 5 mM. The glucose threshold is a very important parameter of β-cell
physiology, because most other β-cell fuel secretagogues and neuroendocrine agents
may modify the glucose threshold for stimulation of hormone secretion.

The amount of insulin secreted by β-cells is markedly influenced by the insulin
responsiveness of the major target tissues of the hormone: muscle, adipocytes, and
liver. In insulin-resistant states such as obesity or in the early stages of non-insulin-
dependent diabetes mellitus (NIDDM), a compensatory increase in insulin secretion is
observed. This compensatory response can involve both an increase in islet β-cell mass
and a lowering of the threshold for glucose-stimulated insulin secretion. The latter
change results in higher rates of insulin secretion at glucose concentrations lower than
the normal stimulatory threshold. Increased β-cell mass and lowered glucose threshold
may then increase the basal level of insulin in the blood (i.e., the insulin levels at fast-
ing glucose levels).

It is the purpose of this chapter to present an outline of the current understanding of
the biochemical and molecular mechanisms involved in nutrient-stimulated insulin
secretion. The present chapter contains a concise version of our previous reviews on
this topic, including some verbatim excerpts (2–6). Some illustrative primary experi-
mental data are also presented.

GENERAL PRINCIPLES OF NUTRIENT SENSING

The biochemical engineering of the pancreatic β-cells uniquely equips them to oper-
ate as the body’s fuelstat. They respond to a representative sampling of small
monomeric fuel molecules such as glucose or fatty acids, rather than to large polymeric
macromolecules such as glycogen or triglycerides. All of the relevant nutrients are
stimulators of insulin secretion; inhibitory nutrient molecules do not seem to exist,
although several hormones such as somatostatin or catecholamines can serve an
inhibitory role. The group of physiological nutrients includes monosaccharides such as
glucose, several L-amino acids such as glutamine, alanine, or leucine, long-chain fatty
acids such as palmitate or oleate, or ketone bodies such as β-hydroxybutryate or ace-
toacetate. It is noteworthy that most blood-borne metabolic intermediates or end prod-
ucts do not function as physiological β-cell stimulants or inhibitors. This includes
acetone, lactate, pyruvate, glycerol, citrate, urea, uric acid, and ammonia.

In metabolic stimulus sensing as exemplified by the islet β-cell, intermediary metab-
olism integrates the input from multiple fuel molecules to generate specific intermedi-
ates known as coupling factors that link fuel metabolism with hormone secretion. In
addition, other ligands, often peptide hormones, bind to specific receptors to trigger a
cascade of events that lead to a desired metabolic or biochemical response, as exempli-
fied by glucagon-stimulated activation of catabolic processes via generation of the sec-
ond-messenger cAMP. In the islet β-cell, both types of signaling systems are operative
and converge to influence distal aspects of the signaling process. For example, glucose-
stimulated insulin secretion is potentiated by glucagonlike peptide-1, which binds to a
receptor related to the glucagon receptor, and by neurotransmitters such as acetyl-
choline, which transduce their signals via muscarinic receptors (6). Interestingly, these
receptor-mediated signaling ligands are ineffective as insulin secretagogues in the
absence of a significant threshold rate of glucose metabolism.
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In view of the primacy of glucose as a β-cell secretagogue, it will come as no sur-
prise that our understanding of stimulus/secretion coupling events for glucose are
much more advanced than for other metabolic fuels. The following section will, there-
fore, focus on biochemical and molecular factors that translate increases in circulating
glucose concentrations into increases in insulin secretion. We will, however, also
attempt to summarize what is known about β-cell responses to fuels other than glucose,
with particular emphasis on amino acids and fatty acids.

THE GLUCOSE SENSING SYSTEM: A BASIC MODEL

Blood glucose is the most effective physiological fuel stimulus of insulin secretion
(3). When the level of blood glucose increases, hormone secretion is enhanced with a
characteristic dependency on the blood glucose level. A consensus minimal model
delineating the manifold roles of glucose in insulin secretion by the β-cell has been
developed. Those mechanisms are summarized schematically in Fig. 1, modified from
a previous review (4).

Glucose stimulates insulin secretion by entry into β-cells and further metabolism that
generates coupling factors rather than by binding to cell surface receptors. Entry of glu-
cose into the β-cell is achieved by Na+-independent facilitated glucose transporters with a
capacity markedly higher than the β-cell glycolytic rate. The Na+-independent glucose
transporters constitute a gene family known as glucose transporter (GLUTs 1–5) (7).
GLUT-2 has a Km for glucose and capacity for glucose transport higher than other mem-
bers of the family and is the isoform that is primarily expressed in rodent islets under
basal conditions (8,9). Human islets also express GLUT-2, but at lower levels than rodent
islets (10,11). Human islets, at least after isolation from cadaver pancreata, also express
significant levels of the low-Km glucose transporters GLUT-1 and GLUT-3, whereas these
transporters are either low or absent in normal rodent islets in vivo (10). This suggests that
the capacity of transmembraneous transport is more important for β-cell function than the
molecular and kinetic characteristics. Upon entry of glucose into β-cells, the sugar is
metabolized (phosphorylated to glucose-6-P by glucokinase) to serve as a stimulus of
insulin secretion, and glucokinase is the pacemaker of glycolysis and the glucose-induced
respiratory response of the β-cell. Glucokinase, also known as hexokinase IV, contributes
more than 90% of the glucose-phosphorylating capacity in this cell type. Glucokinase is a
member of a gene family (the hexokinases) and differs from other members in several
functional aspects. Glucokinase explains the hexose specificity (glucose>mannose>fruc-
tose as pathway substrates) and the anomeric discrimination (α-anomers of glucose and
mannose are preferred). Glucokinase has an S0.5 for glucose of about 8 mM, sigmoidal
substrate dependency (indicated by a Hill coefficient of 1.7), and, unlike hexokinases I
and II, is not allosterically inhibited by the product of its reaction, glucose-6-P (12,13). Its
Km for its other substrate, Mg ATP2–, is about 0.4 mM, meaning that the enzyme operates
at near saturation in β-cells, where adenosine triphosphate (ATP) levels average approx
2.5 mM. Glucose transport capacity exceeds glucokinase (in rodent islets cells) by about
100-fold, which is consistent with the pacemaker role of this enzyme as a glucose sensor
system. However, glucose transport of β-cells was shown to be greatly reduced in animals
with diabetes mellitus of different etiology (14). The glucokinase glucose sensor para-
digm has received a strong boost from the discovery of glucokinase mutations in patients
with the maturity-onset diabetes of the young (MODY)-2 syndrome (15). Close to 150
such mutations have been discovered. Thus, β-cells are equipped with specialized
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Fig. 1. Metabolic signaling in pancreatic β-cells. Four aspects of stimulus secretion coupling in pan-
creatic β-cells are highlighted. Panel A depicts the role of adenine nucleotides as metabolic coupling
factors in glucose-stimulated insulin release. Three sites for energy generation are highlighted: Site 1
is at the lower part of the glycolytic pathway generating two ATP net for every glucose molecule; site
2 is related to the transfer of cytosolic reducing equivalents to mitochondria via hydrogen shuttles;
and site 3 refers to ATP generation by the citric acid cycle. Electron transport and oxidative phospho-
rylation are quantitatively more pre-eminent for total ATP production of the cell. A critical role of
glycolytic and hydrogen shuttle-dependent ATP for glucose-induced insulin release is, however, pos-
sible. The potassium channel and different steps in exocytosis are the targets of this signaling chain.
Panel B addresses the putative role of lipid-related metabolic coupling factors. Citrate and, secondar-
ily, malonyl-CoA are such examples of mitochondrial coupling factors. Acetyl-CoA carboxylase may
be controlled by 5′AMP-dependent proteinkinase, a critical sensor of the cellular P-potential. Protein
kinase C and processes in exocytosis are hypothetical targets of this signaling pathway. Panel C illus-
trates the role of transdeamination in amino acid (AA) metabolism of β-cells. AA enter the β-cells
and are funneled into intermediary metabolism through transdeamination involving transaminases
(TAs) and glutamate dehydrogenase (GDH). Leucine serves as unique allosteric activator of GDH.
Leucine is also catabolized to acetyl-CoA and may serve as proxy for a protein load. (Figure contin-
ues on next two pages.)
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proteins that mediate glucose transport and phosphorylation, and these proteins have
kinetic features that could allow them to regulate glucose metabolism in response to
changes in the external glucose concentration.

Importantly, the capacity of β-cells for glucose phosphorylation is, by far, the lowest
of all enzymatic steps of glycolysis (12). At physiological glucose concentrations, most
of the glucose-6-P produced in the glucokinase reaction efficiently flows into glycolysis,
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Fig. 1. (continued) Panel D illustrates the complexities of neuroendocrine regulation and drug actions
in fuel-stimulated insulin release. Neural and endocrine factors may act by modifying rather than by
initiating intracellular signaling pathways involved in substrate-controlled insulin release. Glucose
activates the adenylate cyclase-protein kinase A (AC-PKA), phospholipase C-protein kinase C (PLC-
PKC) and PKCaCM signaling pathways, all depending on cytosolic Ca2+ levels. The effect of glucose
on cytosolic Ca2+ is thus critical for the understanding of this interconnected activation process. For
example, the glucose-induced rise of cAMP is Ca2+ dependent, as is the glucose-induced elevation of
DAG and IP3. Acetycholine and glucagon-like peptide (GLP-1) are striking examples. They greatly
augment the cAMP, IP3 and DAG responses but are not able to initiate insulin release in the absence of
fuel, most importantly glucose, because the substrate increase of the P-potential is an absolute require-
ment for initiation of secretion. The following abbreviations are used: AC, adenylate cyclase; AMP-
PK, 5′AMP-dependent protein kinase; Ca2+/PKC, protein kinase C; CPT-I, carnitine palmityl-CoA
transferase type I; DAG, diacylglyceride; ∆ψ, cell membrane potential; ∆p, mitochondrial proton
motive force, a function of ∆pH and ∆ψ across the mitochondrial membrane; DHAP, dihydroxyace-
tone-phosphate; 1,3 DPGA, 1,3 glycerate bisphosphate; F1,6P2, fructose 1,6-bisphosphate; FFA, free
fatty acids; GAP, glyceraldehyde-3-phosphate; Gi, Gq, and Gs, trimeric G-proteins; GK, glucokinase;
Glut-2, glucose transporter type 2; G6P, glucose-6-phosphate; GOP, α-glycero-phosphate; IP3, inositol
triphosphate; OAA, oxalacetate; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase complex;
PKCaCM, calcium/calmodulin-dependent protein kinase; PL, phospholipids; SUR, sulfonyl urea
receptor; TG, triglycerides. (Updated version of Fig. 1 of ref. 4.)



with little storage in the form of glycogen or entry into the pentose monophosphate
shunt. Normal β-cells appear to lack classical glucose-6-phosphatase (G-6-Pase)
(16,17). They also do not contain a prominent enzymatic apparatus for glycogen metab-
olism. P-Fructokinase is the next potential regulatory step, as is universally true for gly-
colysis. Fructose-2,6-P2 appears to be quantitatively unimportant as a P-fructokinase
activator. Fructose-6-phosphate as the substrate and fructose-1,6-P2 as the product of
the enzyme are powerful allosteric activators of P-fructokinase, overriding feedback
inhibition by ATP and other intermediates. The glycolytic intermediate pool from fruc-
tose-1,6-P2 to P-enolpyruvate is in equilibrium, and pyruvate is generated at a rate
determined by fructose-1,6-P2, P-enolpyruvate, and ADP levels. Its rate of production
keeps pace with glucose phosphorylation.

An important coupling factor produced by glucose metabolism in the β-cells is ATP
(see Fig. 1A). ATP can be produced by three different mechanisms in the β-cells. First,
it is considered that a large fraction of the NADH produced in the glyceraldehyde phos-
phate dehydrogenase reaction can be transferred to the mitochondria for entry into the
electron-transport chain via the α-glycero-P and aspartate/malate shuttles. In keeping
with this idea, the activity level of the mitochondrial glycero-P dehydrogenase is
higher in islets than in most other cell types in which it has been measured (with brown
fat an exception) (18). Second, ATP is generated in the phosphoglycerate kinase and
pyruvate kinase reactions of glycolysis. Finally, ATP can be produced in mitochondria
from oxidation of pyruvate. Electron transport from NADH or reduced flavin adenine
dinucleotide (FADH2) to cytochrome-c appears to be in equilibrium, and the level of
cytochrome-c, in turn, determines the actual rate of cytochrome-c oxidase (19). Elec-
tron transport is coupled to proton pumping across the mitochondrial membrane, and
the proton motive force thus generated (∆pH and ∆ψ) results in ATP synthesis (20,21).
Complex V, or the F0F1 ATPase, thus plays a central role in metabolic coupling. Metab-
olism of each glucose molecule in the glycolytic stretch increases ATP generation by
six to eight molecules (including glycolytic ATP and depending on the relative contri-
bution of the shuttles). Less than half of pyruvate generated from glucose is then oxi-
dized to CO2 and H2O (12). Further, a very small fraction of pyruvate is reduced to
lactate in β-cells, as a result of relatively low levels of lactate dehydrogenase
(18,22,23) and, as it seems, more importantly, reflecting the high capacity of cytosolic
glycero-P dehydrogenase to regenerate NAD+. Thus, a significant fraction of the pyru-
vate may leave the cell as such or in the form of alanine or, alternatively, could serve an
anaplerotic function, allowing the production of cytosolic byproducts of mitochondrial
metabolism such as malonyl CoA (24–26). Pyruvate carboxylation to oxalacetate by
mitochondrial pyruvate carboxylase is a critical first step in this process. The enhanced
provision of glycolytic NADH and of pyruvate leads to an increase in β-cell respiration
of 30–50% in response to stimulatory glucose levels (22). Thus, a critical feature of the
minimal model is that the rate of β-cell glucose metabolism is precisely governed by
the external glucose concentration and so is the rate of ATP production.

Another intriguing and important issue that will be dealt with is the relevance of the
interplay among glucose, lipid, and amino acid metabolism in the regulation of insulin
secretion. The long-chain acyl-CoA hypothesis of stimulus–secretion coupling holds that
part of the signal for insulin secretion that is generated by glucose catabolism is the pro-
duction of cytosolic malonyl-CoA, which is derived from citrate produced in the tricar-
boxylic acid (TCA) cycle (3,24,26–29). Malonyl-CoA, in addition to being the proximal

Chapter 6 / The Metabolic Basis of Insulin Secretion 121



precursor of fatty acid biosynthesis, is an important regulatory molecule. An increase in
its levels causes inhibition of the mitochondrial enzyme carnitine palmitoyltransferase I
(CPT-I), which regulates entry of long-chain acyl-CoAs into the mitochondria for oxida-
tion (30). Thus, increases in malonyl-CoA secondary to increased glucose metabolism
cause diversion of long-chain acetyl-CoA (LC-CoA) from oxidation to esterification
pathways, and it has been proposed that increases in the levels of cytosolic LC-CoA
esters are a signal transduction intermediate in glucose-stimulated insulin secretion
(28,29,31). Feasible sites at which increased LC-CoA could influence insulin secretion
include conversion to bioactive metabolites such as diacylglycerol or inositol trisphos-
phate (IP3), contribution to plasma membrane or secretory granule membrane lipid
turnover, or direct acylation of proteins involved in secretory granule trafficking.

As the glucose level rises and metabolism increases, there is a concomitant increase of
the phosphate potential (ATP/ADP × Pi) of the β-cell that signals glucose abundance. The
increased ATP/ADP × Pi stimulates insulin secretion by influencing two distinct
processes. First, the conductance of adenine nucleotide-sensitive K+ channels (KATP chan-
nels) is regulated by the cytosolic ATP and ADP levels, with ATP4– serving as an inhibitor
and MgADP– as an activator of the channel (32–36). Thus, as the ATP/ADP × Pi is
increased, the open-state probability of these channels is decreased and the plasma mem-
brane of the β-cell becomes depolarized. Membrane depolarization opens voltage-sensi-
tive Ca2+ channels with a critical threshold of about –50 mV, which causes the cytosolic
Ca2+ to rise (36). The threshold potential of voltage-sensitive Ca2+ channels is the most
plausible regulatory feature or factor that governs the sharply defined threshold of the β-
cell for glucose-stimulated insulin secretion. This glucose-regulated mechanism for
increasing cellular Ca2+ levels is modified by the effects of potentiators of glucose that act
via generation of cAMP or activation of phospholipases C (as summarized in Fig. 1C).

The increased phosphate potential also stimulates insulin secretion by enhancing the
efficacy of critical steps of exocytosis. This became clear from experiments of Henquin
and co-workers who incubated islets with diazoxide and 30 mM K+ to render KATP chan-
nels insensitive to regulation by cellular adenine nucleotides (37). Under these condi-
tions, glucose was still capable of stimulating insulin secretion, albeit not as effectively
as in islets with normally functioning channels. The interpretation of these results is that
the P-potential directly influences exocytosis of insulin containing secretory granules,
possibly at the level of providing energy for the movement of granules to the cell surface,
fusion with the plasma membrane, and extrusion of the granular content.

Biochemical events that mediate insulin secretion distal to the glucose-induced
increases in the phosphate potential and intracellular Ca2+ are not well understood.
Potentially relevant is the activation of two types of protein kinase: protein kinase C
(PKC) and Ca2+–calmodulin-dependent protein kinase (PKCaCM), during exposure of
islets to stimulatory glucose. In fresh rat islets, there is strong evidence that glucose
causes translocation of PKC and resultant phosphorylation of one of its substrates,
myristoylated alanine-rich C kinase substrate (MARCKS) (38,39). The activation of
PKC is secondary to enhanced glycolytic flux and to the concomitant increases in intra-
cellular Ca2+, because mannoheptulose, an inhibitor of glucose phosphorylation, or
nitrendipine, an inhibitor of voltage-gated Ca2+ channels, blocks the response. MAR-
CKS is a calmodulin-binding protein, and its phosphorylation by PKC reduces its affin-
ity for its binding partner. This, in concert with the large increase in intracellular Ca2+

induced by glucose, likely serves to activate PKCaCM. In vitro studies have demon-
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strated that phosphorylation of several proteins in islet cell extracts occurs in a Ca2+-
and calmodulin-dependent fashion. Although it has been speculated that the role of
PKCaCM or other Ca2+–calmodulin-regulated kinases such as myosin light-chain
kinase may be to phosphorylate cytoskeletal or secretory granule proteins, thereby
effecting movement of granules within cells and exocytosis, definitive evidence for
such a process and detailed mechanistic explanations are lacking.

The basic model of glucose-stimulated insulin secretion may thus be summarized as
follows. An increase in circulating glucose concentration is “sensed” by the β-cell via a
proportional increase in metabolic rate. Both glucose transport and glucokinase partici-
pate in this translation of glucose concentration into insulin secretion via the regulation of
the entry of glucose into glycolysis, with a dominant role being played by glucokinase, as
discussed. The activation of glycolysis increases the phosphate potential (ATP/ADP + Pi)
by the generation of ATP at three sites: (1) the distal portion of glycolysis, (2) shuttling of
reducing equivalents into the mitochondria and activation of the electron-transport chain
and oxidative phosphorylation, and (3) pyruvate oxidation. The increase in ATP/(ADP +
Pi) causes inhibition of KATP channels, because ATP4– is an inhibitor and MgADP– is an
activator, resulting in membrane depolarization and Ca2+ influx. The rise in intracellular
Ca2+ triggers insulin secretion by the combination of the mechanisms discussed earlier or
possibly by as yet undiscovered pathways. Involvement of the cAMP-PKA pathway is
particularly important. Marked potentiation of nutrient stimulation of insulin secretion is
also achieved by activation of β-cell neurotransmitter and hormone receptors, but as it
seems only in the presence of glucose. Potentiation of substrate-induced insulin release by
vagal acetylcholine and enteric hormones such as glucagon-like peptide (GLP-1) and glu-
cose-dependent insulinotropic polypeptide (GIP) are physiological events associated with
ingestion, digestion, and absorption of a meal and must, therefore, be considered to fully
appreciate regulation of insulin secretion in whole animals. The mechanisms by which
nutrient and hormonal effectors interact with the basic glucose stimulatory processes as
outlined in Fig. 1 are discussed in later sections of the chapter and experimental data that
support this model are presented in the following section.

EXPERIMENTAL ILLUSTRATIONS OF THE BASIC MODEL

As has been reviewed in an earlier section, stimulus secretion coupling in pancreatic
β-cells stimulated by glucose and amino acids (AA) is mediated by metabolic coupling
factors that are generated by energized mitochondria of the secretory cells. To assess
the mechanisms by which different nutrients stimulate insulin release from pancreatic
β-cells, we employed nuclear magnetic resonance (NMR) technology, respirometry and
biochemical analysis to study the metabolic events that occurred in continuously super-
fused rodent islets and mouse β-HC9 cells during hormone release. Islets were layered
between cytodex beads suitable for perifusion in bulk. Figure 2 presents the dynamics
of insulin and glucagon release (A) and O2 consumption (B) in response to stimulation
with glucose and amino acids. Oxygen consumption increased as anticipated with
increasing levels of glucose and insulin release increased approx 12-fold to 20-fold
when glucose reached maximal level of 30 mM. High glucose suppressed and amino
acids increased glucagon release. The experiment illustrates the physiologically impor-
tant point that islets do not sustain continued increase insulin release when stimulated
with an amino acid mixture (AAM) alone. However, the AAM maintains a significant
insulin release in the presence of low (3 mM) or high (30 mM) glucose. It is noteworthy
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Fig. 2. Secretory and metabolic responses of isolated pancreatic islets. Panels A and B show insulin,
glucagon release and O2 consumption upon stimulation with glucose and amino acids. Cultured rat
islets (4–5 d at 10 mM glucose) were layered between cytodex beads, resulting in a 1 × 2-cm colum-
nar arrangement allowing perifusion at a rate of approx 2 mL/min. Clark oxygen electrodes were used
to measure the arteriovenous (AV) difference of O2 to calculate the respiratory rate. Samples from
outflow were collected every 2 min to measure insulin and glucagon content. The conditions were
changed as indicated in the panels.



that 3 and 30 mM glucose in the presence of AAM increased VO2 even further. The
uncoupler of respiration and oxidative phosphorylation carbonyl cyanide p-(trifluoro-
methoxy)phenylhydrazone (FCCP) (5 µM) blocked insulin release, as expected, but sur-
prisingly did not affect glucagon release. This puzzling finding needs to be explored.
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Fig. 3. Simultaneous measurement of cAMP and insulin release (A) and oxygen consumption (B) in
perifused rat islets. The cAMP was measured by radioimmunoassay (41) using the Biotrak cAMP[125I]
assay system from Amersham Pharmacia Biotech. Oxygen consumption was recorded polarographi-
cally with a Clark electrodes.



Oxygen consumption was markedly increased after addition of FCCP, indicating the
strong coupling between islet respiration and oxidative phosphorylation. These data
demonstrate the critical role of energy metabolism in fuel-stimulated insulin release.

As amply documented in the literature, cAMP serves as a potentiator of the secretory
process and may actually play a permissive role in nutrient-induced insulin release.
Specifically, cAMP modifies the operation of voltage-dependent calcium channels and
promotes Ca2+ influx in a clonal pancreatic β-cell line (HIT T-15) (40). The involvement
of cAMP is illustrated in Fig. 3, which presents results of the continuous measurement of
cAMP, insulin release (see Fig. 3A) and oxygen consumption (see Fig. 3B) of perifused
islets during nutrient-stimulated insulin release. Cyclic-AMP release was significantly
elevated only during perifusion with Dulbecco’s modified Eagle’s medium (DMEM),
which contains high amino acid levels. However, it is remarkable that a 12-fold increase
in cAMP release and a twofold increase in oxygen consumption were not sufficient to
cause a more than marginal increase of insulin release from perifused islets. Further
addition of 25 mM glucose produced a burst of insulin and cAMP release with oscilla-
tory changes and a further increase in islet oxygen consumption. This demonstrates that
many biochemical requirements (i.e., an increase P-potential, availability of potentiators
like cAMP, and factors yet to be discovered) have to be met for initiation and mainte-
nance of insulin exocytosis. Aminoxyacetate (AOA), an inhibitor of transaminases,
markedly decreased insulin and cAMP release caused by the powerful combined action
of DMEM and 25 mM glucose in perifused islets, suggesting a critical need for transam-
ination reactions (e.g., in the malate/aspartate shuttle) for fuel-based stimulus-secretion
coupling in pancreatic β-cells. The detailed biochemical study of pancreatic islets is lim-
ited because of scarcity of material and cellular heterogeneity of pancreatic islets. There-
fore, large batches of tumor-derived cultured pancreatic βHC9-cells were used for
respiratory and NMR studies. In this case, cells were incorporated in agarose beads, to
maintain them in a stable environment and prevent them from escaping from the superfu-
sion system. A glucose concentration as low as 0.5 mM when introduced into a fuel-free
medium caused an increase in oxygen consumption (see Fig. 4). Further stepwise incre-
ments of glucose concentration elevated respiration. In contrast, insulin release was
unchanged until the glucose concentration reached a threshold of about 4.5 mM, illus-
trating a critical feature of β-cell biology. The respiratory response was reversible upon
glucose removal from the perfusate. Hutton and Malaisse (42) had shown with isolated
islets that the minimal concentration at which glucose evoked respiratory changes was
approx 3 mM, which corresponded closely to the threshold for increased insulin biosyn-
thesis, 86Rb net uptake, or 45Ca net uptake, but was about 2 mM lower than that required
to stimulate insulin release. The studies on βHC9 cells indicate that glucose at very low
concentrations provoked an immediate increase in islets respiration. The difference may
be partly the result of the tumorous nature of the βHC9 cells. The discrepancy needs to
be resolved by carefully re-examining this issue with modern methods.

In order to investigate β-cell bioenergetics in depth, noninvasive NMR technology
was used in studies of phosphorus metabolism, which became feasible with large
batches of agarose embedded βHC9 cells. Figure 5 presents selected 31P-NMR spectra
of superfused βHC9 cells with low (3 mM) and high (30 mM) glucose alone and in the
presence of AAM. Each spectrum clearly displays the resonances of Pi, PCr, and ATP
(γ, α and β) peaks. Continuous monitoring (every 5 min) of phosphorus metabolites
(see Fig. 6A) and insulin release (see Fig. 6B) demonstrates that increasing the glucose
concentration from 3 to 30 mM leads to a marked increase in phosphorylation potential
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as evidenced by increased PCr and decreased Pi peak areas (see Fig. 6). It is remark-
able that the ATP level as indicated by the β-peak of the nucleotide remains constant.
At the same time, insulin release increased 15- to 20-fold. After removal of secreta-
gogues, the PCr decreased and Pi increased and, again, the ATP level remained
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Fig. 4. Oxygen consumption (A) and insulin release (B) in perifused βHC9 cells exposed to stepwise
increases in perfusate glucose. Tumor-derived cultured pancreatic βHC9-cells were used. Cells were
incorporated in agarose beads 800–1000 µm in diameter. O2 consumption was measured polaro-
graphically.
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Fig. 5. 31P-NMR spectra of superfused βHC9 cells during exposure to low (3 mM) and high (30 mM)
glucose concentration in nutrient-free medium and in the presence of a physiological mixture of amino
acids. Cultured cells were supplemented with 25 mM creatine 48 h before the experiment to augment
the P-creatine peak, a sensitive indicator of the P-potential. Beads containing cells were placed in a 10-
mm-diameter glass NMR tube and maintained in place by a filter. Each NMR sample contained approx
1.5 mL of the beads (approx 20 mg of cell protein). The 31P-NMR measurements were performed with
an Avance DMX-400 Spectrometer at 162 MHz. Each exposure lasted 30 min and each 31P-NMR
spectrum (acquired in 5-min periods [5000 transients]) represents the last spectrum of each interven-
tion. Peak assignments are indicated as follows: MDP = methylene diphosphonate standard; Pi = inor-
ganic phosphate; PCr = phosphocreatine; ATP = adenosine triphosphate (γ, α, β).



unchanged. Exposure of βHC9 cells to 3.5 mM of an AAM led to marked increase in
phosphorylation potential (P-potential) as evidenced by increased PCr and decreased Pi
peak areas of 31P-NMR spectra of superfused βHC9 cells. High glucose (30 mM) in the
presence of AAM further increased the P-potential of βHC9 cells. Insulin release was
elevated during stimulation with AAM and increased further with additional low glu-
cose. High glucose decreased insulin release slightly, possibly as a result of the inhibi-
tion of glutamate dehydrogenase, an essential step for amino acid metabolism. It seems
likely that inhibition of the ATP-sensitive K+ channels and thus depolarization of the β-
cell membrane during glucose-stimulated insulin release is the result of changes in free
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Fig. 6. 31P-NMR allows the continuous measurement of changes in phosphorylation potential during
insulin release. Superfused βHC9 cells are monitored during exposure to high glucose and physiolog-
ical concentrations of amino acids. 31P-NMR spectra were acquired consecutively in 5-min periods.



ADP rather than free ATP, as demonstrated in these experiments. The effective level of
ATP that inhibits the channel in patch-clamping studies was found to vary with half-
maximal inhibition occurring at concentrations between 15 and 200 µM (43). Because
free ATP concentrations in the β-cell are in the millimolar range, two explanations have
been advanced to explain why the ATP-sensitive K+ channels are not closed at the
ambient concentrations of ATP found in the β-cell: ADP3– may compete with ATP4– for
binding to the channels, and increases in the Ki of ATP or MgADP– may serve as an
activator per se. The latter explanation is more plausible.

To better understand the role of β-cell mitochondria in stimulus–secretion coupling,
direct studies of isolated mitochondria of βHC9 and βTC3 cells were initiated using
noninvasive 31P- and 13C-NMR spectroscopy. As an example, Fig. 7 presents 31P-NMR
spectra of superfused mitochondria from βTC3 (see Fig. 7A) and βHC9 (see Fig. 7B)
cells oxidizing pyruvate plus malate in the presence of 0.6 mM ADP. This method
allows a clear resolution of free ATP (γ and β) and ADP (β) signals. Isolated β-cell
mitochondria embedded in agarose beads are remarkably stable (no decrease in ATP
production is seen for more than 7 h). During this time, they may be subjected to vari-
ous interventions illustrating the unique potential of the approach.

FATTY ACIDS AS INSULIN SECRETAGOGUES

Fatty acids trigger secretion of insulin in a glucose-dependent manner (3,44). Fatty
acids serve as an important endogenous fuel of islet tissue incubated with low glucose
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Fig. 7. 31P-NMR spectra of superfused mitochondria from βTC3 (A) and βHC9 (B) cells. Mitochon-
dria were incorporated into agarose beads (i.e., 7 mg mitochondrial protein per experiment). Mito-
chondria were continuously superfused with oxygenated buffer containing pyruvate (0.5 mM) plus
malate (0.5 mM) and 0.6 mM ADP. Peak assignments are indicated as follows: AMP, adenosine
monophosphate; Pi, inorganic phosphate; PCr, phosphocreatine; ATP, adenosine triphosphate (α, β);
ADP, adenosine diphosphate (α, β).



or in the absence of glucose. The possibility has been considered that a high level of
fatty acids may inhibit the glucokinase glucose sensor because acyl-CoA, the first
metabolite in fatty acid catabolism, is a very potent inhibitor of this enzyme (3). How-
ever, this inhibition is competitive with glucose and is therefore significant only when
glucose levels are less than 5 mM. It is also not clear whether free levels of acyl-CoA are
ever high enough for a fuel effect to take place. If the glucose level is high (approx 7.5
mM), as seen after a mixed meal, fatty acids can stimulate insulin release. On the other
hand, fatty acid oxidation is effectively blocked by high glucose (i.e., by about 75%).
This is probably the result of the accumulation of malonyl-CoA (28,29,45). The
increase in malonyl-CoA, acting via its capacity to inhibit CPT-I (30), results in inhibi-
tion of fatty acid oxidation, increased de novo lipid synthesis, and a rise in diacylglyc-
erol content. Vara and Tamirit-Rodriquez (46,47) noted that the insulin secretagogues
glucose and leucine share the ability to divert fatty acids from the oxidation pathway
into esterification products. Note, however, oral superphysiological levels of leucine
are needed. It has been also shown that the starvation-induced blunting of glucose-
stimulated insulin secretion (GSIS) in perifused rat islets and in the perfused rat pancreas
(48–50) could be largely offset by addition of 2-bromostearate (2-BrS), an inhibitor of
CPT-I. Thus, alterations of the transferase activity or significant changes of its malonyl-
CoA sensitivity could greatly modify this regulatory switch. Because it is hypothesized
that increases in the levels of malonyl-CoA and cytosolic LC-CoA esters are signal
transduction intermediates in glucose-stimulated insulin secretion and may serve as crit-
ical factors in β-cell function, such a change could be physiologically or pathologically
relevant. This concept has come to be known as the “long-chain acyl-CoA hypothesis”
(24,28,29). Possible sites at which increased LC-CoA could influence insulin secretion
include conversion to bioactive metabolites such as diacylglycerol or inositol trisphos-
phate (IP3), contribution to plasma membrane or secretory granule membrane lipid
turnover, or direct acylation of proteins involved in secretory granule trafficking.
Although the proposed mechanisms are plausible, direct evidence for any of these
actions of lipids on insulin secretion has not been provided to date.

Consistent with an important role of β-cell lipids in glucose sensing, lowering of circu-
lating fatty acids via administration of nicotinic acid or adenovirus-induced hyperleptine-
mia completely abrogates insulin secretion in response to glucose, amino acids, or
sulfonylureas (51,52). These experimental manipulations may lower lipid stores in β-
cells, but full secretory function can be restored by provision of fatty acids to the pancreas
of such animals. However, in contrast to the positive acute effects of lipids on islet func-
tion, long-term exposure to hyperlipidemic conditions results in a condition that has been
characterized as “lipotoxicity,” wherein lipid overstorage is thought to lead to the syn-
drome of β-cell dysfunction associated with insulin-resistant and diabetic states, including
β-cell hyperplasia, basal hyperinsulinemia, and loss of glucose responsiveness (53).
Exposure of islets to palmitic acid for 1 h reduced glucose-stimulated proinsulin biosyn-
thesis in a dose-dependent manner (54). Sprague–Dawley rats fed a diet with 40% fat for
3 wk were glucose intolerant, and in vitro insulin secretion at high glucose was only
increased 8.5-fold over basal, compared with 28-fold in control rats (55). Decreased
insulin release was associated with a twofold increase of islet uncoupling protein-2
mRNA (UCP-2) expression. UCP-2 catalyzes a mitochondrial inner-membrane H+ leak
that bypasses ATP synthase, thereby reducing cellular ATP content (55). It is extrapolated
that UPC-2 induction may deenergize β-cell mitochondria, an effect yet to be proven.
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A new study using molecular and pharmacological tools suggests that the LC-CoA
hypothesis may require re-evaluation (56). Recombinant adenovirus containing the
cDNA-encoding malonyl-CoA decarboxylase (AdCMV-MCD), an enzyme that decar-
boxylates malonyl CoA to acetyl-CoA, was employed in this approach. Treatment of
INS-1 cells with AdCMV-MCD prevented the normal glucose-induced rise in malonyl-
CoA levels, such that its concentration in AdCMV-MCD-treated cells at 20 mM glucose
was lower than control cells at 3 mM glucose. That the normal link between glucose
and lipid metabolism had been significantly disrupted by this approach was shown by
the fact that in the presence of 20 mM glucose, AdCMV-MCD-treated cells were less
effective at suppressing [1- 14C] palmitate oxidation, and incorporated 43% less labeled
palmitate and 50% less labeled glucose into cellular lipids than controls. In spite of the
large metabolic changes caused by expression of malonyl-CoA decarboxylase (MCD),
insulin secretion in response to glucose was unaltered relative to controls. On the other
hand, treatment of INS-1 cells or fresh rat islets of Langerhans with triacsin C, an
inhibitor of LC-CoA synthetase caused potent attenuation of palmitate oxidation and
glucose or palmitate incorporation into cellular lipids in both INS-1 cells and fresh rat
islets, but had no effect on glucose-stimulated insulin secretion in either group. Thus,
neither overexpression of MCD nor treatment with triacsin C had any effect on the rate
of glucose usage in the β-cell preparations. Based on these data, the authors concluded
that there is no direct correlation between the extent to which lipids are directed toward
oxidative or esterification pathways and insulin secretion. However, there is evidence
that whereas triacsin C is almost completely effective in blocking triglyceride and phos-
pholipid synthesis from glycerol, incorporation of oleate or arachidonate into phospho-
lipids was less impaired (56). Similarly, it has been observed that triacsin C inhibits
conversion of [1-14C] palmitate into triglycerides by more than 90%, whereas incorpo-
ration of the same substrate into phospholipids is reduced by 50% (56). Thus, although
the effects of MCD expression or triacsin C treatment on lipid fluxes in the cited studies
were large, they were not complete, and it remains possible that the residual flux of sub-
strate into specific esterification or biosynthetic pathways is sufficient for the mainte-
nance of glucose responsiveness. Note also that complete depletion of islet triglycerides
by experimental hyperleptinemia results in abrogation of fuel-mediated insulin secre-
tion in rats (57), apparently indicating that at least a minimal pool of lipids must be pre-
sent in β-cells in order for normal fuel sensing to take place.

Based on these results, the following modification of the LC-CoA hypothesis was
suggested (4). Because the normal link between glucose and lipid metabolism can be
markedly disrupted with no effect on glucose usage or insulin secretion, attention is
refocused on a coupling factor produced as an immediate byproduct of the glycolytic
and mitochondrial pathways. The data are consistent with the tenants of the basic
model highlighted in Fig. 1A, in which a primary signal is the glucose-driven increase
in ATP to ADP ratio, leading to inhibition of ATP-sensitive K+ channels and influx of
extracellular Ca2+. The abrogation of glucose-stimulated insulin secretion by lipid
depletion may then be explained by the absence of essential modulators of secretory
granule trafficking and/or exocytosis. Examples of distal sites at which lipids may be
acting include generation of signaling molecules such as diacylglycerol or IP3, or via
contribution to secretory granule or plasma membrane turnover. That lipids are acting
at a distal rather than a proximal site is supported by the finding that lipid-depleted
islets not only fail to respond to glucose but also show no response to arginine, leucine,
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or the sulfonylurea glibenclamide (58). The mechanism by which fatty acids exert
these important modulatory effects on insulin secretion remains to be established.
Finally, it should be underlined that the data do not discount the possibility that the
malonyl CoA/CPT-I metabolic signaling network may play important roles in long-
term processes related to insulin secretion (i.e., β-cell growth, apoptosis, regulation of
important metabolic genes, and toxic effects related to chronic exposure of β-cells to
high concentrations of fatty acids, a phenomenon termed “lipotoxicity”) (24–27,53).

Recent data by Sugden et al. (59) suggest that the pyruvate dehydrogenase complex
(PDC) may occupy a pivotal position in coordinate fuel utilization governing the con-
tribution of glucose and fatty acids as metabolic fuels. Active PDC permits glucose
oxidation and allows the formation of mitochondrially derived intermediates (e.g., mal-
onyl-CoA and citrate) that reflect fuel abundance. Fatty acids oxidation suppresses the
PDC activity. PDC inactivation by phosphorylation is catalyzed by pyruvate dehydro-
genase kinases (PDKs 1–4). The hypothesis was developed (59) that PDK4 is a “lipid
status”-responsive PDK isoform facilitating fatty acids oxidation and signaling through
citrate formation. Thus, substrate interactions at the level of gene transcription may
extend glucose–fatty acids interactions over a longer time period.

AMINO ACID AS INSULIN SECRETAGOGUES

The amino acids that are derived from the protein meals, infusion of physiological
amino acid mixtures, or certain individual amino acids have been shown to stimulate
insulin release in humans (60,61). Amino acids are glucose-dependent secretory stimuli.
Unlike glucose, they cannot by themselves cause insulin secretion from normal β-cells
(3). These nutrients can only act as insulin secretagogues when the level of glucose is
higher than 4–5 mM (61–64). This makes physiological sense, because it allows them
to be mobilized from muscle and adipose tissue during starvation, when blood glucose
levels are low. In this circumstance, insulin secretion ceases and glucose levels are then
maintained by hepatic gluconeogenesis, which produces glucose from specific amino
acids and lipid-derived glycerol. The changes of blood sugar levels markedly influence
the responsiveness of the β-cells to individual amino acids. For example, hypoglycemia
reduces insulin release to amino acid mixtures and most individual amino acids. How-
ever, chronic hypoglycemia in man greatly sensitizes the pancreatic β-cell to leucine
when administered in high pharmacological dosages (61). A plausible explanation
for these results is that amino acids are potent fuel stimulants of β-cells that activate
metabolic signaling pathways, fundamentally similar to those discussed earlier for
glucose but with characteristics that are special and unique for individual members of
this nutrient class. Amino acids can be assumed to be transported into the β-cell by several
transporters that are well characterized in other tissues and probably present in β-cells.
Most of them are then likely to be transaminated by a family of pyridoxal-P-dependent
enzymes that transfer the amino group to α-ketoglutarate to form glutamate (65). The car-
bon skeletons of the amino acids are converted to pyruvate, acetyl-CoA, α-ketoglutarate,
succinyl-CoA, fumarate, and oxaloacetate and provide substrates for the citric acid
cycle. Glutamate serves as the predominant final product of the transamination reac-
tions and is oxidatively deaminated by glutamate dehydrogenase. This process is
termed transdeamination. Studies with the isolated perfused rat pancreas and with iso-
lated perifused rat islets have supported this view and have demonstrated, in addition,
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that physiological amino acid mixtures and even pharmacological concentrations of
individual amino acids require the presence of permissive levels of glucose (i.e.,
2.5–5.0 mM) to be effective β-cell stimulants (64). However, in view of the in vivo
findings in man, it should not be surprising that leucine is an exception (66,67). When
the isolated perfused pancreas or isolated islets are fuel deprived, most importantly
when they are maintained in the absence of glucose, even if only for a period of 2 h or
less, they are highly responsive to leucine at supraphysiological levels (10–20 mM).
The findings with leucine as a secretagogue both in man and in a variety of experimen-
tal systems using rodent islet tissue were explained by a twofold action of leucine on
β-cell metabolism and, consequently, insulin release (68–75). First, leucine may enter
β-cell intermediary metabolism by the classical process of transamination and may
thus act similar to other metabolic substrate stimuli. In this process, α-ketoglutarate
serves as the predominant acceptor of the amino group to form glutamate, and the other
product, α-ketoisocaproate (KIC), is thought to be oxidized by branched chain
α-ketoacid dehydrogenase (BCKDH) to yield acetoacetate and acetyl-CoA. To complete
the process of transdeamination, the product glutamate is reoxidized to α-ketoglutarate.
Further catabolism of α-ketoglutarate results in the generation of GTP potentially impor-
tant for signal transduction. Acetoacetate and actyl-CoA metabolism may result in the
production of additional reducing equivalents and energy production. Second, leucine is
also an effective allosteric activator of glutamate dehydrogenase (GDH), which gener-
ates α-ketoglutarate, NH3 and NAD(P)H. Leucine thus accelerates its own breakdown
by removing glutamate and generating α-ketoglutarate.

In the normal pancreatic β-cell, the critical reaction of transdeamination, catalyzed
by GDH, appears to be very strongly inhibited so that oxidation of glutamate is rela-
tively slow. Thus, little ATP and malonyl-CoA would be generated from amino acids,
explaining the lack of the response when amino acids are present in the absence of glu-
cose. The activity of the GDH is tightly controlled by the energy potential of the cell
(76). It is strongly inhibited by GTP, which is a downstream product and is probably in
equilibrium with the phosphate potential ATP/(ADP × Pi). It is also activated by ADP,
such that the GTP/ADP ratio of the mitochondria is a critical determinant of the
enzyme’s rate (77). The stimulation of insulin release by amino acids in the presence of
glucose may be the result of enhanced production of pyruvate, α-ketoglutarate, and
oxalacetate that would result from even a small increase in glucose metabolism. These
metabolites can act as acceptors for the transamination reaction and should, therefore,
enhance the degradation of amino acids, allowing them to potentiate the stimulatory
effect of glucose.

It is difficult to quantify the relative contributions of these two actions of leucine for
the stimulation of insulin secretion. However, activation of GDH by the amino acid is
probably sufficient to stimulate the β-cells, given a permissively high glutamate supply.
This conclusion is based on the stimulatory effect of the nonmetabolized leucine ana-
log 2-amino-bicyclo-norbonane carboxylic acid (BCH) (69,70), which shares with
leucine the GDH activating capacity and, therefore, its ability to stimulate insulin
release. These results show that enhanced metabolism of the mitochondrial substrate
glutamate is sufficient to cause insulin secretion.

We speculate here that the enzyme is very strongly inhibited at basal conditions but
that it may be activated by at least two distinct pathways. First, GDH may be sensitized
to its activator by β-cell fuel depletion, because of hypoglycemia, for example, as seen
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in insulinoma cases. As discussed earlier, patients with an insulinoma are leucine
hypersensitive. It can be surmised that the GTP/ADP ratio of β-cells is low in this situ-
ation and that less leucine is required to overcome the block. The other pathway may
be operative following a protein meal. Protein feeding results in elevated serum levels
of the branched-chain amino acids and of glutamine and alanine, whereas neither the
blood sugar nor the other amino acids change substantially (61,62). Glutamine, con-
verted by β-cell glutaminase to glutamate, could increase the substrate level for GDH,
whereas the branched-chain amino acids leucine, isoleucine, and valine could activate
GDH and also serve as substrates for transamination, thus diverting and lowering
α-ketoglutarate (a known inhibitor of GDH) (78).

The precision of this control mechanism is illustrated by a recently discovered syn-
drome of familial hyperinsulinemia associated with mild hyperammonemia (79,80).
Patients with this syndrome present with fasting hypoglycemia characterized by inap-
propriately low β-hydroxybutyrate and free fatty acid levels and an unexpectedly large
glycemic response to an injection of glucagon. The patients also have moderately ele-
vated plasma ammonia levels unaffected by protein feeding or restriction. Treatment
with diazoxide, which opens KATP channels and prevents insulin secretion, reliably
improves the hypoglycemia. The underlying defect was speculated to involve a site that
is common to the regulation of amino acid metabolism of both pancreatic β-cells and
hepatocytes and was subsequently shown to be the result of mutations of GDH that
interfere with the inhibition of the enzyme by GTP (80). The syndrome is thus best
described as persistent GDH-linked hyperinsulinemic hypoglycemia in infancy (PHHI-
GDH). The findings in these patients suggest that the β-cell GDH needs to be main-
tained in a low-activity state and that a high GTP/ADP ratio may accomplish that. It
appears that the activation of β-cell GDH by lowering of blood glucose or by fuel
depletion in general results physiologically in precisely adjusted flux in the glutaminol-
ysis pathway, allowing the maintenance of critical levels of citric-acid-cycle intermedi-
ates and of a functionally appropriate resting phosphate potential, but avoiding a
catabolic avalanche that would result in generation of inappropriately high levels of
ATP or other coupling factors that might be generated by mitochondria. The actual rate
of this basal flux in glutaminolysis remains to be determined. Hypersensitivity of the
β-cell to pharmacological dosages of leucine as observed in hypoglycemia of other-
wise normal individuals is interpreted as a manifestation of physiological deinhibition
of the enzyme in fuel-depleted states, when glutamine may be an important substrate
for subsistance metabolism of the cell.

Glutaminolysis in β-cells proceeds by several steps (81,82). Glutamine enters the
cell via Na+-dependent and Na+-independent transport across the cell membrane,
enters the mitochondria by a carrier system, and is then deaminated by glutaminase to
glutamate. Glutamate serves as substrate for several enzymes: aminotransferases for
various α-ketoacids, glutamate decarboxylase, which produces γ-aminobutyrate, and
GDH, which was discussed earlier. In view of the kinetic characteristics of the enzyme
GDH (77), the results with its nonmetabolized activator BCH (69) and based on the
findings in the PHHI-GDH syndrome (79,80), we suggest that GDH is the rate-control-
ling step for the glutaminolysis pathway in the pancreatic β-cell. It is further concluded
that the activity of the enzyme is governed primarily by the energy status of the cell,
dependent, most importantly, on the ambient glucose level and the activity of the glu-
cose sensor glucokinase. It is concluded that it serves as an important anaplerotic step
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to maintain critical levels of citric-acid-cycle intermediates in the β-cell. This proposed
role for GDH contrasts starkly with the situation in the liver where glutaminase is
thought to be rate limiting (83).

Metabolism of leucine, isoleucine, and valine was also studied intensively. Impetus
for such studies came, in part, from the finding that the corresponding α-ketoacids are
potent stimulators of insulin release even in the absence of glucose (61,66,67,84,85).
The interpretation of results obtained with these α-ketoacids is made difficult because
transamination reactions may channel alanine (converted to pyruvate) or glutamate
(converted to α-ketoglutarate) into the active metabolite pool. Furthermore, the
branched-chain amino acids that are generated by transamination may stimulate GDH,
as discussed earlier, and contribute indirectly to the generation of coupling factors from
glutamate. The quantification of the relative contribution of these multiple auxiliary
pathways has not been accomplished to date.

Even though leucine metabolism of β-cells is complex attempts have been made to
identify critical enzymes that comprise and regulate relevant pathways (86–88). The
design of such studies was influenced by observations showing that prior exposure of
islet tissue to high glucose desensitized β-cells to stimulation by leucine in the absence
of glucose. This contrasts markedly with the effect that pretreatment of islets with high
glucose has on a subsequent glucose stimulation, which is greatly potentiated. In an
attempt to find a molecular explanation for the phenomenon, MacDonald’s laboratory
discovered that high glucose markedly depressed the expression of the E1α-subunit of
the BCKDH, contrasting with the induction of pyruvate dehydrogenase and pyruvate
carboxylase (87). This led the investigators to the view that BCKDH determines
leucine sensitivity of β-cells. The above studies are flawed by the omission of critical
control experiments. For example, it was not determined whether insulin release as a
result of KIC was impaired following high-glucose preincubation, as would be
expected if reduced BCKDH is a critical event in the desensitization mechanism. Oth-
ers found no evidence for reduced sensitivity to KIC in islets cultured for 6 d at the
moderately high-glucose levels (88). MacDonald and collaborators (87) discounted the
potential regulatory role of GDH in the desensitization process, because the activity of
the enzyme measured in islet cell extracts was not affected by prior glucose treatment.
Such a conclusion does not consider the potential for short-term allosteric regulation of
GDH by potential activators and inhibitors (e.g., ADP and GTP, respectively).

MITOCHONDRIA AS METABOLIC SIGNAL 
GENERATORS OF FUEL-STIMULATED β-CELLS

The importance of oxidative metabolism in the stimulus–secretion coupling of
insulin release is illustrated by the finding that nutrient secretagogues increase islet res-
piration (42,89), and that agents that interfere with mitochondrial electron transport or
oxidative phosphorylation are potent inhibitors of insulin release (90). However, pyru-
vate, the end product of aerobic glycolysis, fails to stimulate insulin secretion (91,92).
Studies with an inhibitor of pyruvate transport into mitochondria or an inhibitor of the
TCA cycle suggest that metabolism of glucose-derived pyruvate in mitochondria or in
the TCA cycle is not well correlated with glucose-induced insulin secretion (93).
Therefore, it was argued that NADH generated by the glycolytic enzyme glyceraldehy-
des 3-phosphate dehydrogenase (GAPDH) and then transferred into mitochondria for
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oxidative metabolism and ATP production through various NADH shuttles (e.g., the
glycerol phosphate shuttle and the malate–aspartate shuttle) might be sufficient to initi-
ate insulin release when glucose is elevated (94,95). There seemed to be no critical role
for pyruvate oxidation in metabolic coupling when glucose is the stimulus. However,
this scenario must be reconciled with the fact that certain fuels that are exclusive mito-
chondrial substratets (e.g., glutamine plus branched-chain amino acids or their nonme-
tabolized analog BCH) cause insulin release in the total absence of glucose. Thus,
mitochondrially generated metabolic coupling factors are sufficient to initiate insulin
release and are as effective as glucose under defined conditions. A plausible minimal
model for fuel-stimulated insulin release, including that resulting from glucose, must
incorporate the mitochondrial component of signal generation as essential. However,
the distinction can be made that in the case of glucose stimulation of the β-cell, the
major mitochondrial contribution comes from H+ shuttles rather than from oxidation of
glucose-derived pyruvate. It is also important to note that mitochondrial activation may
generate unidentified mitochondrial factors, distinct from ATP, that directly trigger
insulin exocytosis, as discussed by Wollheim and colleagues in recent publications
(96–98). This group screened molecules derived from mitochondrial metabolism for
their secretagogue activity in permeabilized β-cells and suggested glutamate as a can-
didate for the putative messenger, a proposal requiring much additional scrutiny. These
authors also address a critical role of Ca2+ for activating mitochondrial dehydrogenases
(96,97). The calcium indicator, aequorin, was introduced into β-cell mitochondria by a
targeted expression system and was used to monitor the intramitochondrial Ca2+ levels
in intact islet cells exposed to glucose or methylpyruvate but also to succinate or
α-glycero-P following permeabilization of the cell membrane. The data suggested that
energizing the mitochondria by various fuels enhances Ca2+ uptake, which could then
lead to activation of mitochondrial dehydrogenases, an event that may be essential for
the generation of metabolic coupling factors. The intramitochondrial enzymes pyruvate
dehydrogenase (PDH), 2-oxoglutarate (2-OG) dehydrogenase, and NAD-linked isoci-
trate dehydrogenase are all Ca2+ sensitive (24). PDH is converted from its inactive
phosphorylated form into its active dephosphorylated form when islets are stimulated
with glucose or high extracellular Ca2+ (99), in keeping with the Ca2+ sensitivity of
PDH-P phosphatase (100). Furthermore, islets mitochondria contain a high activity of
the flavin-linked α-glycerophosphate (α-GP) dehydrogenase, which is also activated
by Ca2+ (101). Therefore, it has been suggested that the increased respiration seen in
glucose-stimulated islets is a consequence of stimulation of these dehydrogenases by
the elevated Ca2+, a mechanism designed to cover the rising energy demand of secre-
tion (99,100). However, it is a striking observation made by many that glucose and
other fuel secretagogues stimulate respiration of islet tissue and that this stimulation of
respiration is independent of extracellular Ca2+ (102). Lack of extracellular Ca2+ does,
however, reduce the oxidation of glucose to CO2 and H2O (102). This result is consis-
tent with the view that the enhancement of respiration by high glucose is the result of a
mass action effect, in part explained by highly efficient hydrogen shuttles, but that pre-
cise regulation of intermediary metabolism and generation of metabolic coupling fac-
tors from glucose is subject to fine control by mitochondrial Ca2+ levels (3).

Eto et al. (103) have shown that inhibition of both shuttles (the glycerol phosphate
shuttle and the malate–aspartate shuttle) was associated with the suppression of
glucose-induced increases in NAD(P)H autofluorescence, mitochondrial membrane
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potential, and mitochondrial ATP content to 25–30% of the normal state, and insulin
secretion was abolished. Abolition of the NADH shuttle system resulted in ~50%
reduction of the TCA cycle activity, so contribution of the TCA cycle and NADH
shuttle system to mitochondrial ATP production may be approximately equal in the
physiological state. Based on these data, the authors propose a plausible model for
glucose-induced insulin secretion: Glucose stimulation of β-cells can both produce
NADH in the cytosol and provide pyruvate for the TCA cycle. Cytosolic NADH can
be transferred into mitochondria through the NADH shuttles, and, concomitantly, it
leads to an increase in [Ca2+]m because of an altered mitochondrial membrane poten-
tial, thereby activating pyruvate oxidation in the TCA cycle. The NADH shuttles thus
would contribute to critical quantities of ATP generation to trigger insulin secretion.
When NADH shuttles are halted, the activity of the TCA cycle is also decreased by
approx 50%, at least in part because of concurrent inhibition of Ca2+ entry into mito-
chondria. The resultant severe decrease in mitochondrial ATP synthesis to approx
25% of the normal state no longer maintains glucose-induced insulin secretion. Thus,
defects in the generation of mitochondrial metabolic signals through the NADH shut-
tles might contribute to the impairment of glucose-induced insulin secretion of
NIDDM.

The importance of the mitochondrial contribution in fuel-stimulated insulin release
is highlighted by recent reports about diabetes syndromes that develop as a result of
mitochondrial lesions. Mutations of the mitochondrial genome may become manifest
as impaired β-cells function both in man (104,105) and in a rat model of diabetes mel-
litus (106,107).

The forgoing discussion demonstrates that mitochondrial involvement in fuel-stimu-
lated insulin release remains a critical and fruitful area of future research.

NEURAL AND ENDOCRINE REGULATION OF INSULIN RELEASE

Neural and endocrine factors have been shown to greatly affect fuel-induced insulin
release (6). Acetylcholine, the neurotransmitter of the vagus, strongly potentiates glu-
cose-stimulated insulin release, but it is not effective in the absence of glucose. In con-
trast, the catecholamines, adrenaline and noradrenaline, block stimulated insulin
release. Muscarinic and α-adrenergic receptors mediate these effects of the parasympa-
thetic and sympathetic nervous systems. The secretory response of β-cells to fuel stim-
ulation is also markedly enhanced by the gut hormone GLP-1 (108), a member of the
glucagon family, which is released into the portal circulation when a meal is digested.
The physiological importance of GLP-1 is strikingly demonstrated by comparing the
stimulatory efficacies of equivalent glucose loads given orally (which induce GLP-1)
or intravenously (which do not). Ingested glucose is significantly more effective. Sev-
eral investigators have suggested that priming by enteric hormones (GLP-1) and/or
neural stimulation (vagal acetylcholine) are absolutely necessary for fuels, particularly
glucose, to be effective stimuli, suggesting that β-cells are not intrinsically competent
as fuel-sensor cells (108).

At least two sets of observations contradict this concept, however. First, a significant
fraction of isolated single β-cells studied electrophysiologicaly, optically, and by other
approaches show characteristic electrical, ionic, and secretory responses when stimu-
lated with glucose in the absence of neuroendocrine factors, clearly demonstrating their
competency (109,110). Second, various cultured β-cell lines respond to fuels, including
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glucose, amino acids and fatty acids, without prior priming by neurotransmitters and
hormones. Therefore, it remains reasonable to take the position that β-cells are able to
respond to glucose directly, that it is glucose that enables β-cells to respond to other
fuels, and that the role of transmitters of the autonomic nervous system and enteric hor-
mones is to potentiate or curb the action of fuel molecules, depending on the momentary
need of the organism. Much effort is currently devoted to assess the therapeutic potential
of GLP-1 and related compounds for the long-term treatment of type 2 diabetes (111).

OUTLOOK

Substrate control of insulin secretion defines the pancreatic β-cell as unique, con-
trasting it with most other secretory cells that are primarily controlled by neuroen-
docrine factors. Much progress has been made in the last three decades to characterize
the metabolic pathways that are involved. Information on glucose metabolism is most
extensive and most advanced. Clearly defined pathological syndromes have recently
been discovered in man that are caused by genetic defects in critical pathways of β-cell
fuel metabolism, including permanent neonatal diabetes mellitus (PNDM-GK),
MODY-2, and PHHI-GK (permanent hyperinsulinemic hypoglycemia in infancy), all
caused by mutations of the glucokinase gene. PHHI-GDH (caused by mutations of
GDH) and sulfonylurea receptor (SUR-1)/KIR-6.2-related hyperinsulinemic hypo-
glycemia (caused by mutations of the sulfonylurea receptor or the inward rectifying
K-channel complex of β-cells) are equally instructive about the metabolic basis of
insulin release. Molecular genetic approaches have been successfully applied to criti-
cally test prevailing hypotheses in this area (e.g., the role of glucose transporters, the
glucokinase glucose sensor hypothesis, the role of glutamate dehydrogenase as pace-
maker of glutaminolysis, the critical role of adenine nucleotides as modifiers of ion
channels, and the significance of lipid-related molecules as metabolic coupling fac-
tors). A wide range of biophysical and physiological chemical approaches are being
applied with increasing success to the question of substrate controlled insulin release
(e.g., Ca2+ imaging, or 31P- and 13C-NMR in dynamic studies exploring matrix embed-
ded cultured β-cells, as illustrated by selected samples [Figs. 2–6]). Vigorous attempts
are being made to develop pharmacological agents that might modify critical metabolic
pathways of β-cells and thus influence insulin secretion. Glucokinase is a striking
example: A class of very potent GK-activator drugs has been discovered (112–114).
Those compounds increase the affinity of glucose for GK and increase the catalytic rate
of enzyme. This enhances glucose stimulation of insulin release in the β-cell and glu-
cose disposal in the liver. The drugs are very effective orally in the animal model of
type 2 diabetes and have considerable promise for application in man. Molecular bio-
engineering approaches take advantage of the wealth of fundamental knowledge about
substrate-controlled insulin release in attempts to develop implantable cell-based
devices that may aid or replace impaired β-cells in diabetes (115). It is safe to predict
much progress in this area of pre-eminent medical relevance in the years to come.
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INTRODUCTION

Hypoglycemia is the limiting factor in the glycemic management of diabetes because
it generally precludes maintenance of euglycemia. Improving glycemic control while
minimizing hypoglycemia in type 1 diabetes mellitus (T1DM) and advanced type 2 dia-
betes (T2DM) involves both application of the principles of aggressive therapy—patient
education and empowerment, frequent self-monitoring of blood glucose, flexible insulin
regimens, individualized glycemic goals, and ongoing professional guidance and sup-
port—and implementation of hypoglycemia risk reduction. Iatrogenic hypoglycemia is
the result of the interplay of therapeutic insulin excess and compromised physiological
and behavioral defenses against falling plasma glucose concentrations in T1DM and
advanced T2DM. Relative or absolute insulin excess occurs when insulin doses are
excessive, ill-timed, or of the wrong type, when exogenous glucose delivery, endogenous
glucose production, or insulin clearance are decreased or when insulin-independent glu-
cose utilization or sensitivity to insulin are increased. However, these conventional risk
factors explain only a minority of episodes of severe hypoglycemia. More potent risk
factors include absolute insulin deficiency, a history of severe hypoglycemia, and aggres-
sive therapy per se as evidenced by lower glycemic goals, lower hemoglobin A1C levels,
or both. These are clinical surrogates of compromised glucose counterregulation, the clini-
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cal syndromes of defective glucose counterregulation (the result of absent decrements in
insulin and absent increments in glucagon with attenuated increments in epinephrine),
and hypoglycemia unawareness (the result of reduced autonomic [sympathochromaffin]
activation causing reduced warning symptoms of developing hypoglycemia). The uni-
fying concept of hypoglycemia-associated autonomic failure in T1DM posits that (1)
periods of relative or absolute therapeutic insulin excess in the setting of absent
glucagon responses lead to episodes of hypoglycemia, (2) these episodes, in turn, cause
reduced autonomic (including adrenomedullary) responses to falling glucose concen-
trations on subsequent occasions, and (3) these reduced autonomic responses result in
both reduced symptoms of developing hypoglycemia (i.e., hypoglycemia unaware-
ness) and—because epinephrine responses are reduced in the setting of absent
glucagon responses—impaired physiological defenses against developing hypo-
glycemia (i.e., defective glucose counterregulation). Thus, a vicious cycle of recurrent
hypoglycemia is created and perpetuated. Hypoglycemia risk reduction includes, first,
addressing the issue of hypoglycemia—the patient’s awareness of and concerns about
it, and its frequency, severity, timing and clinical settings—in every patient contact.
Then, it requires application of the principles of aggressive therapy, consideration of
both the conventional risk factors and those indicative of compromised glucose coun-
terregulation, and appropriate regimen adjustments, including a 2- to 3-wk period of
scrupulous avoidance of hypoglycemia in patients with hypoglycemia-associated auto-
nomic failure. With this approach, the goals of improving glycemic control and mini-
mizing hypoglycemia are not incompatible.

HYPOGLYCEMIA IN DIABETES: THE CLINICAL CONTEXT

Glycemic control is a fundamentally important component of the comprehensive
management of diabetes mellitus because it prevents or delays the long-term specific
complications of diabetes (retinopathy, nephropathy, and neuropathy) and may reduce its
atherosclerotic complications (1–3). However, iatrogenic hypoglycemia is the limiting
factor (4,5) in the glycemic management of both T1DM (1,2,6–8) and T2DM (3,9) both
conceptually and in practice. Were it not for the potentially devastating effects of hypo-
glycemia, particularly on the brain, glycemic control would be rather easy to achieve.
Administration of enough insulin (or any effective medication) to lower plasma glucose
concentrations to or below the nondiabetic range would eliminate the symptoms of
hyperglycemia, prevent diabetic ketoacidosis and the nonketotic hyperosmolar syn-
drome, almost assuredly prevent retinopathy, nephropathy, and neuropathy, and likely
reduce atherosclerotic risk. However, the devastating effects of hypoglycemia are real
and the glycemic management of diabetes is therefore complex.

Because of the barrier of iatrogenic hypoglycemia, euglycemia, even near eug-
lycemia, cannot be achieved and maintained safely in most patients with T1DM (1,2)
and many with T2DM (3). As a result, retinopathy, nephropathy, and neuropathy
develop or progress in some patients with T1DM (1,2) or T2DM (3) despite aggressive
attempts to achieve glycemic control. Indeed, the inability to maintain euglycemia con-
sistently over time may well explain the limited impact of aggressive glycemic therapy
on the atherosclerotic complications of diabetes (1–3).

In T1DM, aggressive attempts to achieve glycemic control increase the risk of
severe, at least temporarily disabling, iatrogenic hypoglycemia (i.e., that requiring the
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assistance of another individual) more than threefold. That was documented in both of
the controlled clinical trials with sample sizes large enough to demonstrate beneficial
effects of intensive therapy on the long-term complications of diabetes, the Diabetes
Control and Complications Trial (DCCT) (1,6,7), and the Stockholm Diabetes Inter-
vention Study (2,8). It was confirmed in a meta-analysis that also included 12 smaller
controlled clinical trials of intensive therapy (10). However, it is possible to reduce the
risk of hypoglycemia during aggressive therapy of T1DM. For example, the sixfold
increased risk of severe hypoglycemia during intensive therapy in the feasibility phase
of the DCCT (6) was reduced by half in the full-scale trial (1,7).

The impact of iatrogenic hypoglycemia on the lives of people with diabetes should
not be underestimated. Because of the interplay of therapeutic insulin excess and
compromised physiological and behavioral defenses against falling plasma glucose
concentrations, as discussed later in this chapter, people with T1DM are at ongoing
risk for episodes of hypoglycemia (3). Those attempting to achieve glycemic control
suffer untold numbers of episodes of asymptomatic hypoglycemia—plasma glucose
levels may be lower than 50 mg/dL (2.8 mmol/L) as much as 10% of the time—and
an average of two episodes of symptomatic hypoglycemia per week. They suffer an
episode of severe, at least temporarily disabling, hypoglycemia, often with seizure or
coma, every year or two on average. Although seemingly complete recovery from
even severe hypoglycemia is the rule, permanent neurological deficits can result. It
has been estimated that 2–4% of deaths of people with T1DM are caused by hypo-
glycemia (3,11). In addition, hypoglycemia can cause recurrent or even persistent
psychosocial morbidity. The reality of hypoglycemia, the rational fear of hypo-
glycemia, or both, can be a barrier to glycemic control. Iatrogenic hypoglycemia is
generally less frequent in T2DM (3). However, it occurs during treatment with sul-
fonylureas or other insulin secretagogues (and has been reported in patients treated
with metformin) or with insulin. The frequency of hypoglycemia approaches that in
T1DM in those who reach the insulin-deficient end of the spectrum of T2DM (9).
Indeed, in one series, the frequency of severe hypoglycemia was similar in patients
with T2DM and T1DM matched for duration of insulin therapy (12). It is notable that
the United Kingdom Prospective Diabetes Study investigators concluded that, over
time, hypoglycemia becomes limiting in the treatment of T2DM, just as it is in the
treatment of T1DM (9).

Given the now well-established long-term benefits of glycemic control and the short-
term potentially devastating effects of iatrogenic hypoglycemia, it is clear that the goals
of both reducing mean glycemia and minimizing hypoglycemia are important for people
with diabetes. Minimizing the risk of hypoglycemia in T1DM involves both application
of the principles of aggressive therapy—patient education and empowerment, frequent
self-monitoring of blood glucose, flexible insulin regimens, individualized glycemic
goals, and ongoing professional guidance and support—and implementation of hypo-
glycemia risk reduction. As discussed later in this chapter, hypoglycemia risk reduction
requires consideration of the roles of both therapeutic insulin excess and compromised
physiological and behavioral defenses against developing hypoglycemia. This clinical
approach will be developed in the context of the physiology of glucose counterregula-
tion—the mechanisms that normally prevent or rapidly correct hypoglycemia—and its
pathophysiology in T1DM as it relates to a comprehensive view of the clinical risk fac-
tors for iatrogenic hypoglycemia.
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PHYSIOLOGICAL PREVENTION OR 
CORRECTION OF HYPOGLYCEMIA

Systemic Glucose Balance
Glucose is an obligate metabolic fuel for the brain under physiological conditions

(4). (The brain can utilize other circulating substrates, including ketones such as β-
hydroxybutyrate, but the blood levels of these seldom rise high enough for them to
enter the brain in quantity and thus partially replace glucose, except during prolonged
fasting.) Because of its unique dependence on glucose oxidation as an energy source
and because it cannot synthesize glucose or store more than a few minute’s supply as
glycogen, the brain requires a continuous supply of glucose from the circulation. At
normal plasma glucose concentrations the rate of glucose transporter (GLUT-1) medi-
ated blood-to-brain glucose transport down a concentration gradient exceeds that of
brain glucose metabolism. However, when arterial glucose concentrations fall below
the physiological range blood-to-brain glucose transport falls and ultimately becomes
limiting to brain glucose metabolism and thus its functions and even its survival. Given
the immediate survival value of maintenance of the plasma glucose concentration, it is
not surprising that physiological mechanisms that very effectively prevent or rapidly
correct hypoglycemia have evolved.

Rates of endogenous glucose influx into and of glucose efflux out of the circulation
are normally coordinately regulated—largely by the plasma glucose-lowering (regula-
tory) hormone insulin and the plasma glucose-raising (counterregulatory) hormones
glucagon and epinephrine—such that systemic glucose balance is maintained, hypo-
glycemia (as well as hyperglycemia) is prevented, and a continuous supply of glucose
to the brain is assured (4). This is accomplished despite wide variations in the influx of
exogenous glucose (feeding vs fasting) and in the efflux of endogenous glucose (e.g.,
exercise vs rest). Hypoglycemia develops when rates of glucose appearance in the cir-
culation [the sum of exogenous glucose delivery from ingested carbohydrates and reg-
ulated endogenous glucose production from the liver—via both glycogenolysis and
gluconeogenesis—and to a lesser extent from the kidneys—via gluconeogenesis (13)]
fail to keep pace with rates of glucose disappearance from the circulation (the sum of
ongoing brain glucose metabolism and regulated glucose utilization by tissues such as
muscle and fat as well as the liver and kidneys, among others).

Physiology of Glucose Counterregulation
The physiological postabsorptive arterial plasma glucose concentration in healthy

humans is approx 70–110 mg/dL (3.9–6.1 mmol/L). Falling plasma glucose concentra-
tions normally elicit a characteristic series of responses (14–16) (see Fig. 1). Insulin
secretion decreases (favoring increased hepatic [and renal] glucose production and
decreased glucose utilization by tissues other than the brain) as plasma glucose concen-
trations decline within the physiological range. The arterialized venous glycemic
threshold for decreased insulin secretion is approx 80–85 mg/dL (approx 4.4–4.7
mmol/L). Decreased insulin secretion is the first defense against hypoglycemia (3).
The secretion of glucose counterregulatory (plasma glucose raising) hormones—
glucagon and epinephrine as well as cortisol and growth hormone—increases as
plasma glucose concentrations fall just below the physiological range. The arterialized
venous glycemic thresholds for their secretion are approx 65–70 mg/dL (approx
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3.6–3.9 mmol/L). Glucagon stimulates glucose production largely by increasing
hepatic glycogenolysis. Increased glucagon secretion is the second defense against
hypoglycemia (4). Epinephrine stimulates hepatic (and renal) glucose production
largely by mobilizing gluconeogenic substrates from peripheral tissues such as skeletal
muscle and fat. It also limits glucose utilization by these insulin-sensitive tissues.
Albeit demonstrably involved, epinephrine is not normally critical to the prevention or
correction of hypoglycemia. However, epinephrine, the third defense against hypo-
glycemia, becomes critical when glucagon is deficient (4). Thus, decrements in insulin
and increments in glucagon and epinephrine stand high in the hierarchy of redundant
glucose counterregulatory factors. Hypoglycemia develops or progresses when
glucagon and epinephrine are deficient and insulin is present (4).

Cortisol and growth hormone, which support glucose production and limit glucose
utilization after a lag of several hours, are involved in the defense against prolonged
hypoglycemia but are not critical to the correction of even prolonged hypoglycemia or
to the prevention of hypoglycemia after an overnight fast (17). To the extent to which
they are involved, glucose autoregulation, sympathetic neural activation, and effects of
substrates other than glucose (and fatty acids that may mediate part of the glucose-rais-
ing actions of catecholamines) play quantitatively minor roles (4).

The physiology of glucose counterregulation, just summarized, is illustrated in Fig. 2.
Age and gender affect the glucose counterregulatory responses to falling plasma

glucose concentrations. Children have greater epinephrine and neurogenic symptom
responses to hypoglycemia and to falling glucose levels late after glucose ingestion
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Fig. 1. Arterialized venous glycemic thresholds for responses to falling plasma glucose concentra-
tions. Drawn from data in refs. 14 (solid columns), 15 (open columns), and 16 (crosshatched columns).
(Modified from ref. 75, reproduced with permission of the American Diabetes Association.)



than adults (18–20). This appears to be the result of glycemic thresholds for the epi-
nephrine responses at higher plasma glucose concentrations in children (19,20). The
glucagon, growth hormone, and cortisol responses to hypoglycemia are similar in chil-
dren and adults (18,19). In general, men have greater neuroendocrine and metabolic
responses to hypoglycemia than women (21–24). This appears to be the result of
greater sensitivity to a given level of hypoglycemia in men because the glycemic
thresholds are similar in men and women (23,24). The mechanism(s) of these age and
gender differences is not known.

Clinical Manifestations of Hypoglycemia
Glucose concentrations lower than those that activate the glucose counterregulatory

defenses, just summarized, cause symptoms of hypoglycemia and, ultimately, brain
dysfunction (14–16). The arterialized venous glycemic thresholds for symptoms are
approx 50–55 mg/dL (approx 2.8–3.1 mmol/L); those for cognitive impairment are
≤ 50 mg/dL (≤ 2.8 mmol/L).

Neuroglycopenic symptoms (25) such as behavioral changes, confusion, fatigue,
seizure, and loss of consciousness are the direct result of widespread central nervous
system (CNS) neuronal glucose deprivation. If hypoglycemia is prolonged and severe,
this mechanism can cause permanent brain damage and even death. Neurogenic (auto-
nomic) symptoms (25) are the result of the perception of physiological changes caused
by the CNS-mediated autonomic (sympathochromaffin) discharge triggered by glucose
deprivation from glucose-sensitive neurons in the brain (and perhaps in other sites,
including the portal vein). They include both adrenergic (adrenomedullary epineph-
rine-mediated and sympathetic neural or adrenomedullary norepinephrine-mediated)
symptoms such as palpitations, tremor and anxiety, and cholinergic (sympathetic
neural acetylcholine-mediated) symptoms such as sweating, hunger, and paresthesias.
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Dynamic Glycemic Thresholds
In healthy subjects, the glycemic thresholds for responses to falling arterial glucose

concentrations—decreased insulin secretion, increased counterregulatory hormone
secretion, symptoms, and cognitive dysfunction—are remarkably reproducible from
laboratory to laboratory (14–16). Nonetheless, these thresholds are dynamic, not static.
They shift to higher plasma glucose concentrations in people with poorly-controlled
diabetes (26,27), who often have symptoms of hypoglycemia at higher than normal
glucose levels, and to lower plasma glucose concentrations in people who suffer recur-
rent hypoglycemia such as those with well-controlled diabetes (27) or with an insuli-
noma (28), who often tolerate subnormal glucose levels without symptoms.

CLINICAL RISK FACTORS FOR HYPOGLYCEMIA 
AND THE PATHOPHYSIOLOGY OF GLUCOSE

COUNTERREGULATION IN DIABETES

Conventional Risk Factors: Insulin Excess
The conventional risk factors for iatrogenic hypoglycemia in T1DM (4) are based on

the premise that relative or absolute therapeutic insulin excess, which must occur from
time to time because of the gross pharmacokinetic imperfections of all current insulin
replacement regimens, is the sole determinant of risk.

Relative or absolute therapeutic insulin excess occurs when (1) insulin doses are
excessive, ill-timed, or of the wrong type, (2) the influx of exogenous glucose is
decreased (such as during the overnight fast or following missed meals or snacks), (3)
insulin-independent glucose utilization is increased (such as during exercise), (4)
endogenous glucose production is decreased (such as following alcohol ingestion or
administration of other drugs and with loss of renal parenchyma), (5) sensitivity to
insulin is increased (such as following exercise, in the middle of the night, with
glycemic control, with increased fitness, weight loss, or both, or with administration of
certain drugs), and (6) insulin clearance is decreased (such as in renal failure).

These are the issues that people with diabetes and their health care providers deal
with routinely as they attempt to minimize iatrogenic hypoglycemia. However, it
became clear early in the DCCT that these conventional risk factors explain only a
minority of episodes of severe iatrogenic hypoglycemia (6). Indeed, in a multivariate
model, none was found to be significant statistically. Clearly, we must look beyond
these risk factors if we are to understand the majority of episodes of severe hypo-
glycemia in T1DM.

Comprehensive Risk Factors: Interplay of Insulin Excess 
and Compromised Glucose Counterregulation

Iatrogenic hypoglycemia in T1DM is more appropriately viewed as the result of the
interplay of relative or absolute therapeutic insulin excess (the conventional risk fac-
tors) and compromised glucose counterregulation. Three clinically well-documented
risk factors for iatrogenic hypoglycemia in T1DM are (1) absolute insulin deficiency
(i.e., C-peptide negativity) (7,29,30), (2) a history of severe hypoglycemia (7,30), and
(3) aggressive glycemic therapy per se, as evidenced by lower glycemic goals or lower
hemoglobin A1C levels (7,30). [Obviously, iatrogenic hypoglycemia occurs in people
with diabetes who are not C-peptide negative, have no history of severe hypoglycemia,
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and are not practicing aggressive glycemic therapy. Nonetheless, these are associated
with a substantially increased risk of hypoglycemia (7,29,30).] These three risk factors
are clinical surrogates of compromised physiological and behavioral defenses against
falling plasma glucose concentrations—the clinical syndromes of defective glucose
counterregulation and of hypoglycemia unawareness and the pathophysiological con-
cept of hypoglycemia-associated autonomic failure.

PATHOPHYSIOLOGY

As the person with T1DM becomes absolutely insulin deficient over the first few
months or years of clinical T1DM, circulating insulin levels—then simply the passive
result of absorption of exogenous insulin—do not fall as plasma glucose levels decline.
The first defense against hypoglycemia is lost.

Over the same time frame, the glucagon response to hypoglycemia is lost in T1DM
(31,32). This is a selective defect; the glucagon responses to other stimuli are largely, if
not entirely, intact. Its mechanism is unknown, but it is tightly linked to, and potentially
attributable to, absolute insulin deficiency (29). Thus, the clinical hypoglycemia risk
factor of C-peptide negativity (7,29,30) indicates that the first defense against hypo-
glycemia—decreased insulin secretion—is lost and predicts accurately that the second
defense against hypoglycemia—increased glucagon secretion—is lost. Therefore,
patients with established (i.e., C-peptide negative) T1DM are largely dependent on the
third defense against hypoglycemia—increased epinephrine secretion.

The epinephrine response to hypoglycemia is attenuated in many patients with
T1DM (32–35), particularly those with the other clinical risk factors for hypoglycemia
such as a history of severe hypoglycemia or aggressive glycemic therapy per se, as evi-
denced by lower glycemic goals, lower hemoglobin A1C levels, or both. The former
indicates and the latter implies recurrent episodes of prior hypoglycemia. In contrast to
the absent glucagon response, the attenuated epinephrine response represents a thresh-
old shift; an epinephrine response can be elicited, but lower plasma glucose concentra-
tions are required (27,35). This threshold shift to lower plasma glucose concentrations
is largely the result of recent antecedent iatrogenic hypoglycemia. Recent antecedent
hypoglycemia reduces autonomic (including adrenomedullary epinephrine) and symp-
tomatic, among other, responses to a given level of subsequent hypoglycemia in nondi-
abetic individuals (36–40) and in patients with T1DM (35,41,42). It shifts the glycemic
thresholds for the responses to lower plasma glucose concentrations. As a result, it also
impairs glycemic defense against hyperinsulinemia and developing hypoglycemia in
T1DM (35). In addition to this functional threshold shift, there may well be an anatom-
ical component (i.e., loss of adrenomedullary chromaffin cells) to the reduced epineph-
rine response in patients with classical diabetic autonomic neuropathy (43,44).

DEFECTIVE GLUCOSE COUNTERREGULATION

The development of an attenuated epinephrine response to falling glucose levels—
loss of the third defense against hypoglycemia—is a critical pathophysiological event.
Patients with T1DM who have combined deficiencies of their glucagon and epineph-
rine responses have been shown in prospective studies to suffer severe hypoglycemia at
rates 25-fold (45) or more (46) higher than those with absent glucagon but intact epi-
nephrine responses during aggressive glycemic therapy. They have the clinical syn-
drome of defective glucose counterregulation.
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HYPOGLYCEMIA UNAWARENESS

By reducing the autonomic, specifically the sympathochromaffin, responses to sub-
sequent hypoglycemia, recent antecedent iatrogenic hypoglycemia also causes loss of
the warning, largely if not exclusively neurogenic, symptoms of developing hypo-
glycemia (35,41,42) that previously allowed the patient to recognize that glucose levels
were falling and prompted the appropriate behavioral response (e.g., ingestion of food)
to abort the episode. Thus, the first manifestation of a hypoglycemic episode is neuro-
glycopenia, and it is often too late for the patient to recognize and self-treat the
episode. This is the clinical syndrome of hypoglycemia unawareness. It, too, has been
shown in a prospective study to be associated with a high frequency of severe iatro-
genic hypoglycemia (47).

HYPOGLYCEMIA-ASSOCIATED AUTONOMIC FAILURE

The concept of hypoglycemia-associated autonomic failure in T1DM, a functional
disorder distinct from the fixed autonomic failure of classical diabetic autonomic neu-
ropathy, was formulated (48) and then verified experimentally (35,49–52) to unify the
pathogenesis of the clinical syndromes of defective glucose counterregulation and
hypoglycemia unawareness.

The concept of hypoglycemia-associated autonomic failure in T1DM (see Fig. 3)
posits that (1) periods of relative or absolute therapeutic insulin excess in the setting of
absent glucagon responses lead to episodes of hypoglycemia, (2) these episodes, in
turn, cause reduced autonomic (including adrenomedullary epinephrine) responses to
falling glucose concentrations on subsequent occasions, and (3) these reduced auto-
nomic responses result in both reduced symptoms of, and therefore the behavioral
response to, developing hypoglycemia (i.e., hypoglycemia unawareness) and—because
epinephrine responses are reduced in the setting of absent glucagon responses—
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Fig. 3. The concept of hypoglycemia-associated autonomic failure in type 1 diabetes. (Reproduced
with permission of the American Diabetes Association from ref. 48.)



impaired physiological defenses against developing hypoglycemia (i.e., defective glu-
cose counterregulation). Thus, a vicious cycle of recurrent hypoglycemia is created and
perpetuated.

Perhaps the most compelling support for the concept of hypoglycemia-associated
autonomic failure in T1DM is the finding, in three independent laboratories (52–54),
that hypoglycemia unawareness and, at least in part, the reduced epinephrine compo-
nent of defective glucose counterregulation are reversible after as little as 2 wk of
scrupulous avoidance of iatrogenic hypoglycemia. This involves a shift of glycemic
thresholds for autonomic and symptomatic responses back toward higher plasma glu-
cose concentrations.

The basic mechanism(s) of hypoglycemia-associated autonomic failure remains to
be determined. There is evidence that it is mediated by the cortisol response to previous
hypoglycemia (55,56). Evidence, obtained with the Kety–Schmidt technique, that it
involves increased brain glucose uptake during hypoglycemia, has been reported
(57,58). However, evidence that recent antecedent hypoglycemia does not increase
blood-to-brain glucose transport or cerebral glucose metabolism, measured with
[1-11C]glucose and positron-emission tomography, has been presented (59). The latter
data do not exclude regional increments in blood-to-brain glucose transport. Alterna-
tively, the alteration may lie beyond the blood-brain barrier.

Consistent with the concept of hypoglycemia-associated autonomic failure in
T1DM, recent antecedent hypoglycemia also shifts glycemic thresholds for hypo-
glycemic cognitive dysfunction to lower plasma glucose concentrations (49–51) and
impairs detection of hypoglycemia in the clinical setting (50) in patients with T1DM.
In addition to shifting the thresholds for adrenomedullary (plasma epinephrine) and
parasympathetic (plasma pancreatic polypeptide) responses to lower plasma glucose
concentrations, recent antecedent hypoglycemia has been reported to reduce the sym-
pathetic neural response to subsequent hypoglycemia (35,40,56) although the latter has
been questioned (60).

There is also evidence that reduced sensitivity to catecholamines, measured as a
reduced heart rate response to the β-adrenergic agonist isoproterenol, contributes to the
pathogenesis of hypoglycemia unawareness in T1DM (61–64). Hypoglycemia has
been reported to reduce β-adrenergic sensitivity, tested about 10 h later, in T1DM (but
not in nondiabetic individuals) (63). Thus, it is conceivable that both reduced activation
of the sympathochromaffin system and reduced sensitivity to released catecholamines
might play a role in the pathogenesis of hypoglycemia unawareness and defective glu-
cose counterregulation induced by recent antecedent iatrogenic hypoglycemia. Fritsche
et al. (64) reported a patient with a 55-yr history of T1DM whose hypoglycemia
unawareness was reversed following a period of scrupulous avoidance of hypo-
glycemia. That reversal was associated with increased sensitivity of the cardiac
chronotropic response to isoproterenol. Although the epinephrine response to hypo-
glycemia was surprisingly robust, albeit subnormal, prior to reversal, the epinephrine
response following reversal was not reported. Thus, the extent to which reversal of
hypoglycemia unawareness was the result of enhanced sympathochromaffin secretory
responses, enhanced sensitivity to those responses, or both is unknown.

The extent to which these pathophysiological concepts, developed in T1DM, apply
to patients with T2DM remains to be assessed in detail. However, they may well apply
to those approaching the insulin-deficient end of the spectrum of T2DM because
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hypoglycemia becomes limiting to glycemic control in such patients (9). Indeed, in
one series, the frequency of severe hypoglycemia was found to be similar in patients
with T2DM and T1DM matched for duration of insulin therapy (12). This issue is
complicated by the fact that some patients with apparent T2DM may actually have
late-onset T1DM (65). Nonetheless, patients with advanced T2DM have recently
been reported to have reduced glucagon responses to hypoglycemia (66), a key fea-
ture of defective glucose counterregulation in T1DM. Such patients also have reduced
epinephrine and neurogenic symptom responses following recent antecedent hypo-
glycemia (66), key features of hypoglycemia unawareness, and defective glucose
counterregulation in T1DM.

The concept of hypoglycemia-associated autonomic failure in T1DM is illustrated in
Fig. 3 and the comprehensive risk factors for iatrogenic hypoglycemia in T1DM,
viewed in the context of the interplay of therapeutic insulin excess and compromised
glucose counterregulation, are outlined in Table 1.

HYPOGLYCEMIA RISK REDUCTION IN DIABETES

Current Approaches
Clearly, every effort must be made to minimize the risk of iatrogenic hypoglycemia

and eliminate the risk of severe hypoglycemia while pursuing the greatest degree of
glycemic control that can be achieved safely in an individual person with diabetes.
Hypoglycemia risk reduction involves (1) addressing the issue of hypoglycemia in
every patient contact, (2) applying the principles of aggressive glycemic therapy, and
(3) considering each of the comprehensive risk factors for hypoglycemia.
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Table 1
Comprehensive Risk Factors for Hypoglycemia in Diabetes

Premise: Iatrogenic hypoglycemia in type 1 diabetes is the result of the interplay of therapeutic
insulin excess and compromised glucose counterregulation.

1. Absolute or relative therapeutic insulin excess (the conventional risk factors)
• Insulin doses excessive, ill-timed, wrong type
• Decreased food intake
• Increased glucose utilization (e.g., exercise)
• Decreased glucose production (e.g., alcohol)
• Increased sensitivity to insulin (e.g., after exercise, during the night, glycemic control,

weight loss)
• Decreased insulin clearance (e.g., renal failure)

2. Compromised glucose counterregulation
• Absolute insulin deficiency (C-peptide negativity)

β-cell destruction: No ↓ in insulin in response to ↓ glucose
Unknown: No ↑ in glucagon in response to ↓ glucose

• History of severe hypoglycemia or aggressive therapy per se (lower glucose goals, lower
HbA1C)

Episodes of hypoglycemia: Attenuated autonomic (including ↑ epinephrine) activation 
and symptoms in response to ↓ glucose (defective glucose
counterregulation and hypoglycemia unawareness)



In addition to questioning the patient about episodes of symptomatic and biochemi-
cal hypoglycemia and looking for low values in the self-monitoring of blood glucose
(SMBG) log, it is important to assess the patient’s awareness of hypoglycemia. A his-
tory of hypoglycemia unawareness identifies that clinical syndrome (and also implies
defective glucose counterregulation). It is also important to determine the extent to
which the patient is concerned about the reality or the possibility of hypoglycemia.
Fear of hypoglycemia can be a barrier to glycemic control. If episodes of hypo-
glycemia are identified, their frequency, severity, timing, and clinical contexts need to
be determined.

Once the problem of iatrogenic hypoglycemia is recognized, it is appropriate to
review the treatment plan with respect to the principles of aggressive glycemic therapy.
These include (1) patient education and empowerment, (2) frequent SMBG, (3) flexible
insulin (or other drug) regimens, (4) rational, individualized glycemic goals, and (5)
ongoing professional guidance and support. Particularly in T1DM, but also in
advanced T2DM, glycemic control is achieved safely by a well-informed, thoughtful
person with diabetes who must make judgments about the management of his or her
diabetes several times each day. The patient must be given the resources to make those
judgments.

In the context of these therapeutic principles, hypoglycemia risk reduction requires
consideration of both the conventional risk factors that lead to episodes of absolute or
relative insulin excess—insulin (or other drug) dose, timing, and type, patterns of food
ingestion and of exercise, interactions with alcohol or other drugs, and altered sensitiv-
ity to or clearance of insulin—and the risk factors for compromised glucose counter-
regulation that impair physiological and behavioral defenses against developing
hypoglycemia (see Table 1). The underlying principle is that iatrogenic hypoglycemia
is the result of the interplay of insulin excess and compromised glucose counterregula-
tion rather than insulin excess alone.

As discussed earlier in this chapter, the clinical surrogates of risk attributable to
compromised glucose counterregulation, include absolute deficiency—which may be
apparent from a history of ketosis-prone diabetes requiring insulin therapy from diag-
nosis, although it is now recognized that absolute insulin deficiency can sometimes
develop more gradually in late onset T1DM (65) or advanced T2DM (66)—and a his-
tory of recurrent hypoglycemia or, absent that, aggressive glycemic therapy per se as
evidenced by lower glycemic goals, lower hemoglobin A1C levels, or both. It is possi-
ble to test for defective glucose counterregulation, with an insulin infusion test (45,46),
but that is generally neither practical nor useful given the now recognized dynamic
nature of hypoglycemia unawareness and the reduced epinephrine component of defec-
tive glucose counterregulation discussed earlier in this chapter. On the other hand, a
diagnosis of partial or complete hypoglycemia unawareness can be made from the his-
tory. Clinical hypoglycemia unawareness (which also suggests defective glucose coun-
terregulation) implies recurrent antecedent iatrogenic hypoglycemia, whether that has
or has not been documented. If such hypoglycemia is not apparent to the patient or to
his or her family or in the SMBG log, it is probably occurring during the night. Indeed,
hypoglycemia—including severe hypoglycemia—occurs most commonly during the
night in people with T1DM (1,6,7). That is typically the longest interdigestive period
and time between SMBG and the time of maximal sensitivity to insulin (67). In addi-
tion, sleep limits recognition of warning symptoms of developing hypoglycemia and
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thus the appropriate behavioral response and has been found to further reduce the epi-
nephrine response to hypoglycemia (68) and, thus, to further compromise physiologi-
cal defense against developing hypoglycemia.

In addition to regimen adjustments, approaches to the problem of nocturnal hypo-
glycemia include use of newer insulin analogs and bedtime treatments. Substitution of
a preprandial rapid-acting insulin analog (e.g., lispro or aspart) for short-acting (regu-
lar) insulin during the day reduces the frequency of nocturnal hypoglycemia (69). Sub-
stitution of a long-acting insulin analog (e.g., glargine) for neutral protamine Hagedorn
(NPH) or ultralente insulin at bedtime may also reduce the frequency of nocturnal
hypoglycemia (70). Bedtime treatments intended to reduce nocturnal hypoglycemia
include bedtime snacks, although the efficacy of these is largely limited to the first half
of the night (71). Experimental approaches include bedtime administration of uncooked
cornstarch (72,73), the glucagon-releasing amino acid alanine (71), or the epinephrine-
simulating β2-adrenergic agonist terbutaline (71).

Obviously, with a history of recurrent hypoglycemia, one should determine when it
occurs and adjust the treatment regimen appropriately. With a basal-bolus insulin regi-
men, morning-fasting hypoglycemia implicates the long- or intermediate-acting basal
insulin, daytime hypoglycemia implicates the rapid- or short-acting insulin, and night-
time hypoglycemia may implicate either, all in the context of the other risk factors for
insulin excess. A history of severe iatrogenic hypoglycemia—that requiring the assis-
tance of another individual—is a clinical red flag. Unless it was the result of an easily
remediable factor, such as a missed meal after insulin administration or vigorous exer-
cise without the appropriate regimen adjustment, a substantive change in the regimen
must be made. If it is not, the risk of recurrent severe hypoglycemia is unacceptably
high (7,30).

In a patient with hypoglycemia unawareness, a 2- to 3-wk period of scrupulous
avoidance of iatrogenic hypoglycemia is advisable and can be assessed by the return of
awareness of hypoglycemia. This has been accomplished without (53–54) or with min-
imal (52) compromise of glycemic control, but that required substantial involvement of
health professionals. In practice, it can involve acceptance of somewhat higher glucose
levels over the short term. However, with return of symptoms of developing hypo-
glycemia, empirical approaches to better glycemic control can be tried.

Bolli (74) has reviewed his views of practical approaches to achieving glycemic
control while minimizing hypoglycemia in T1DM. That is also discussed later in this
book (Chapters 10 and 18).

Future Approaches
Hypoglycemia is a fact of life for people with T1DM (and some with T2DM) who

attempt to achieve near euglycemia (1–4,6–10,30). Because of the pharmacokinetic
imperfections of all current insulin replacement regimens, it is not practical to both
maintain euglycemia and eliminate episodes of asymptomatic and even symptomatic
hypoglycemia in T1DM. That awaits the ultimate goal of the prevention and cure of
diabetes, or, in the shorter term, development of clinical strategies for perfect insulin
replacement (e.g., transplantation of insulin-secreting cells or development of a
closed-loop insulin replacement system), or for near-perfect insulin replacement cou-
pled with measures that prevent, correct, or compensate for compromised glucose
counterregulation (5).
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INTRODUCTION

Diabetes mellitus is the name given to a heterogeneous group of disorders character-
ized by intolerance to glucose. The most common form of childhood onset diabetes
(type 1) has an autoimmune basis, but there are many syndromes in which diabetes
mellitus is a component (see Table 1). Although individually rare, collectively they
make up about 5% of children seen in diabetes clinics. Some, like Wolfram syndrome,
are associated with insulin deficiency; others, like Rabson–Mendenhall syndrome, are
associated with insulin resistance. The importance of these syndromes for children lies
in the recognition of treatable complications, and for their parents, the possibility of
genetic testing in future pregnancies. The scientific importance is enormous, as they
demonstrate a wide variety of different mechanisms by which glucose metabolism can
be disrupted and may contribute to the genetic heterogeneity of the more common type 1
and type 2 diabetes. This is because some of the clinic population, who are not troubled
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by the other features of these disorders, may be heterozygotes for various recessive
syndromes. This review will discuss several diabetic syndromes for which there have
been significant recent advances in our understanding. Many of these disorders are
inherited, so the review inevitably has a genetic bias.

MATURITY-ONSET DIABETES OF THE YOUNG

Maturity-onset diabetes of the young (MODY) is an early-onset inherited form of
diabetes, caused by defects in β-cell function. It was first described in a large family
with autosomal dominant inheritance (1), and, subsequently, different genetically
defined subgroups have been identified (2). Mildly elevated hyperglycemia may be
asymptomatic and patients may be identified during intercurrent illness or on screening
during pregnancy (3). The criteria for diagnosis (2) are as follows:

• Early-onset non-insulin-dependent diabetes. At least one family member diagnosed under
25 yr; non-insulin dependent if 5 yr after diagnosis the person is not on insulin or, if
treated with insulin, has significant circulating C-peptide.

• Autosomal dominant inheritance. At least two and, ideally, three generations are affected
with diabetes.

Maturity-onset diabetes of the young is thought to account for 1–2% of patients in
adult type 2 diabetes clinics. The proportion in pediatric diabetes clinics is unknown,
but it is probably much more common than the other single-gene defects described in
this chapter. In a young person presenting with diabetes, the differential is usually
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Table 1
Inherited Diabetic Syndromes

Maturity Onset Diabetes of the Young (MODY)
MODY 1,2,3,4,5

“Mitochondrial” diabetes
Diabetes and deafness resulting from “3243” mutation
Kearn–Sayre syndrome
Pearson’s syndrome

Neonatal diabetes
Transient neonatal diabetes
Permanent neonatal diabetes

Insulin-deficient syndromes
Wolcott–Rallison
Wolfram–DIDMOAD
Thiamine-responsive diabetes (TRMA)

Syndromes of insulin resistance
Rabson–Mendenhall
Leprechaunism

Syndromes of uncertain insulin status
Bardet–Biedl (probable insulin resistance)
Alstrom (probable insulin resistance)
Prader–Willi

DIDMOAD, diabetes insipidus, diabetes mellitus, optic
atrophy, and deafness; TRMA, thiamin-responsive megaloblas-
tic anemia.



between type 1 diabetes, MODY, and early-onset type 2 diabetes (see Table 2). In type
1 diabetes, parents are not likely to be affected; in MODY, one parent will be affected;
in early-onset type 2 diabetes, both parents are likely to have type 2 diabetes or
impaired glucose tolerance. The typical young person with MODY may have an insulin
requirement less than 0.5 U/kg/d.

Over the past 8 yr, the genetic basis of MODY has been unraveled, and at least five
subtypes are now recognized (see Table 3). The genes described so far are glucokinase
(MODY2), identified in 1992 (4), the transcription factors hepatocyte nuclear factor-1α
(HNF-1α) (MODY3) and HNF4α (MODY1), identified in 1996 (5,6), insulin promoter
factor (IPF-1) (MODY4) identified in 1997 (7), and HNF-1β (MODY5) (8). Defects in
glucokinase are thought to account for about 10% of patients with MODY, HNF-1α
about 65%, HNF-4α about 5%, and others about 20% of patients with MODY (9).

The most frequently identified genetic abnormality in MODY (MODY3) is a defec-
tive transcription factor HNF-1α. HNF-1α is a transcription factor that alters the
expression of many other genes in many different tissues, including the liver, kidney,
and pancreas. The mutations in this transcription factor result in a progressive loss of
β-cell function either as a result of altered β-cell metabolism or abnormal β-cell devel-
opment (2). Patients with this form of MODY may have normal glucose tolerance in
childhood, but develop symptomatic diabetes in adolescence or early adulthood. The
mean age of diagnosis is 22 yr, but this may be many years after the development of
diabetes. Initially, young patients with HNF-1α mutations may show normal or mini-
mally elevated fasting blood glucose, but frank diabetes on the 2-h value of an oral glu-
cose tolerance test. Significant retinopathy causing loss of sight or requiring laser
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Table 2
Comparison of MODY, Type 1 Diabetes, and Type 2 Diabetes

MODY Type 1 diabetes Type 2 diabetes

β-cell dysfunction β-cell failure β-cell dysfunction and
insulin resistance

Prevalence in children Prevalence 0.17% in US Prevalence 0.1–5.1% in US
unknown residents 0–19 yr studies

Not usually obese Less than 24% overweight Up to 85% overweight at
at diagnosis diagnosis

Autosomal dominant 5% have family history of 75–100% have family
family history diabetes history in first- or second-

degree relative
Diet/oral hypoglycemic More than 95% require insulin 17–37% on insulin

agents/insulin
Equal sex ratio Equal sex ratio F>M
Onset from birth Peak age of onset 10–14 yr Peak age of onset 12–14 yr

(glucokinase), diagnosis
late teens or pregnancy.
HNF-1α onset teens/young
adult

ICA and GAD negative 70–80% ICA positive ICA negative
85–98% GAD positive May be GAD positive

No HLA association 95% HLA-DR3/4 HLA association unknown

Note: ICA, islet cell antibody; GAD, glutamic acid decarboxylase antibody; HLA, human leukocyte
antigen.



therapy is present in 14% of these patients (2), and nephropathy is also reported. Young
people with HNF-1α mutations are usually very sensitive to sulfonylureas and, indeed,
may develop hypoglycemia on anything but the smallest doses. Treatment require-
ments are likely to increase as patients get older, because of the progressive deteriora-
tion in their glucose intolerance seen with HNF-1α mutations.

Mutations in the glucokinase gene are the second most common cause of MODY. The
glucokinase gene encodes the enzyme glucokinase, which catalyzes the phosphorylation
of glucose to glucose-6-phosphate. This is the rate-limiting step in β-cell metabolism
leading to the secretion of insulin. Glucokinase has a low affinity for its substrate glucose
and is not inhibited by its product glucose-6-phosphate. A glucokinase gene mutation
reduces the enzyme’s activity, causing an inappropriately low insulin secretion for a
given glucose level and, hence, resulting in hyperglycemia. Over 80 mutations have been
described in the glucokinase gene, clustering in exons 5, 6, 7, and 8, which code for the
glucose-binding site of the enzyme (10). This defect in β-cell sensing of glucose causes
fasting glucose homeostasis to be reset about 2 mmol/L higher than normal. Despite this,
β-cells do respond to a glucose load, so that ketoacidosis is rare. These patients have an
elevated fasting blood glucose from birth (6–8 mmol/L). Mild deterioration in glucose
tolerance occurs with age, but fasting glucose rarely exceeds 10 mmol/L. Children are
rarely symptomatic and may only be diagnosed coincidentally while investigating inter-
current illness. Most young people do not need any treatment; the only exception to this
is during pregnancy, when most women are treated with insulin. Microvascular compli-
cations are rare; it is not known whether patients are at risk from macrovascular compli-
cations, but they do have normal fasting lipids (11).

About 5% of MODY patients have mutations in HNF-4α (MODY1). Mutations
were found in a large family with MODY that was linked to chromosome 20q (12).
HNF-1α and HNF-4α interact to regulate the expression of many genes in widespread
tissues, including the liver, kidney, and pancreas. Again, there is a defective insulin
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Table 3
Subgroups of MODY

MODY 1 MODY 2 MODY 3 MODY 4 MODY 5

HNF-4α Glucokinase HNF-1α IPF-1 HNF-1β
Prevalence 5% 15% 70% <1% 2%
Progressive Mild stable Progressive Progressive Progressive

glucose hyperglycemia glucose glucose glucose
intolerance intolerance intolerance intolerance

Onset 12–35 yr Birth 12–28 yr 14–40 yr 12–28 yr
Microvascular Complications Microvascular Microvascular Microvascular

complications rare complications complications complications;
renal
dysfunction,
including renal
cysts

Progressive Treatment in Progressive Progressive Progressive
requirement pregnancy requirement requirement requirement
for treatment for treatment for treatment for treatment



secretory response to an oral glucose load. This is a rare cause of MODY, and patients
experience a progressive deterioration in glycemic control, with a risk of microvascular
and macrovascular complications similar to MODY 3 and type 1 diabetes. Patients
progress from normoglycemia to diabetes between 10 and 30 yr of age. As with HNF-
1α mutations, some patients respond well to dietary measures and sulfonylureas.

An IPF-1 gene also known as PDX1 has been shown to be the cause of MODY in a
single family (MODY4) (7). IPF-1 is important in the regulation of insulin secretion
and pancreas development. It has been implicated in a child with pancreatic agenesis
associated with a homozygous frame-shift mutation (13). The mean age of onset of dia-
betes of heterozygotes was 35 yr (range: 17–68) with only one of the eight diabetic
members diagnosed under the age of 25 yr.

The transcription factors HNF-1α and HNF-4α are members of a complex transcrip-
tional regulatory network that includes other homeodomain proteins. Another member
of this transcription factor family, HNF-1β, was screened for mutations in MODY fam-
ilies, and a nonsense mutation was found in one family (MODY5) (8). This is a rela-
tively rare cause of MODY, with only six families published to date. These families are
characterized by early-onset diabetes, which is similar to HNF-1α, and by renal abnor-
malities, which usually precede the diabetes, including renal cysts, proteinuria, and
end-stage renal failure. Three different histologies have been described to date:
oligomeganephronia, cystic renal dysplasia, and glomerulocystic disease.

MITOCHONDRIAL DIABETES

Patients with mitochondrial DNA (mtDNA) disease may have a clinical syndrome
that involves mitochondrial dysfunction that is easy to identify. As an example, patients
with mitochondrial encephalopathy with lactic acidosis and stroke-like episodes
(MELAS) present in childhood with short stature and develop bilateral deafness in
their teens, and then diabetes, seizures, stroke-like episodes, and an encephalopathy in
their third or fourth decade (14). Other patients have a constellation of clinical features
that are highly suggestive of mitochondrial disease, but do not fall neatly into a specific
syndrome category. An example is a history of migraine and diabetes. Finally, mito-
chondrial diseases may have a non-neurological presentation, such as diabetes alone.
Between 0.5% and 1% of adult diabetic patients are thought to harbor a causative
mtDNA mutation (15).

Mitochondria are the intracellular organelles responsible for the generation of
energy by the process of oxidative phosphorylation (OXPHOS). The human mtDNA is
a 16,565-nucleotide double-stranded closed circular molecule that encodes 13 genes of
OXPHOS, together with the structural ribosomal RNAs and transfer RNAs needed for
their expression (16). Mitochondrial diseases may result from either mutations of
mtDNA or nuclear DNA, as genes from both genomes are needed to encode subunits
of OXPHOS.

The most common cause of diabetes resulting from mitochondrial disorders is a
point mutation at nucleotide pair 3243. The mutation has been described in families
with a mild form of type 2 diabetes mellitus of adult onset and sensorineural deafness
(17–19). The diabetes associated with np3243 is usually diagnosed in the third to fifth
decades of life, but it may present between the late teens and mid-eighties. Hyper-
glycemia is often mild and controlled by diet at diagnosis, but it tends to be progres-
sive. The underlying pathogenesis is thought to be β-cell failure, with evidence of
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reduced insulin secretion in the presence of normal insulin sensitivity (20). The same
mitochondrial mutation may result in the less common, but severe, MELAS phenotype,
as described earlier.

Deletions of mtDNA are generally clinically severe, of childhood onset, and, fortu-
nately, less common. An example is Kearns–Sayre syndrome (21). This is a sporadic
multisystem disorder with progressive external ophthalmoplegia, retinal dystrophy, and
at least one of the following: heart block, cerebellar ataxia, and raised cerebrospinal
fluid (CSF) protein levels. Diabetes mellitus is a frequent finding, presenting in infancy
and requiring treatment with insulin. The syndrome has been associated with the “com-
mon” mitochondrial deletion, of about 7 kb, but more recently, it has been shown that
other rearrangements can cause this phenotype—in particular, duplications of mtDNA
(22). The same “common” mitochondrial deletion has been reported in another syn-
drome of sideroblastic anemia, exocrine pancreatic dysfunction, and lactic acidosis
(Pearson syndrome) (23). This is a rare disorder associated with onset of diabetes in
early infancy; affected children do not usually survive beyond the first decade. One
patient has been reported who progressed from Pearson syndrome in infancy to
Kearns–Sayre syndrome in adulthood (24).

The investigation of a child with suspected mitochondrial disease is complex; blood
tests such as lactate are nonspecific. Magnetic resonance imaging (MRI) is helpful with
neurological symptoms and may show cerebral and cerebellar atrophy. A muscle
biopsy may reveal subsarcolemmal accumulations of mitochondria (“ragged red
fibers”), and on histochemistry there may be cytochrome-c oxidase (COX, complex
IV)-deficient fibers. Respiratory chain complex assays may also show a deficiency.

The underlying mechanism of diabetes in mitochondrial disorders is thought to be
reduced insulin secretion (decreased first-phase insulin response, reduction in urinary C-
peptide). Insulin secretion in response to postprandial glucose elevation depends on a
sequence of metabolic events, including the uptake of glucose through the GLUT-2
transporter, phoshorylation of glucose by glucokinase, production of NADH and pyru-
vate by glycolysis, and stimulation of mitochondrial OXPHOS. As a result of OXPHOS
stimulation, the ATP level rises, leading to closure of ATP-dependent potassium chan-
nels. The resulting depolarization of the membrane potential is followed by the opening
of calcium channels, allowing an increased intracellular calcium level, which triggers
insulin secretion. Thus, reduced ATP availability in the β-cells may compromise the
whole pathway for insulin secretion in response to elevated glucose (25).

NEONATAL DIABETES

Neonatal diabetes has been defined as hyperglycemia occurring within the first 6 wk
of life in term infants (26). A recent UK survey established an incidence of 1/400,000
live births, similar to a German study (27). These infants present with intrauterine
growth retardation, failure to gain weight adequately, and development of hyper-
glycemia, dehydration, and minimal ketosis. Endogenous insulin levels are usually low
or undetectable, and exogenous insulin is usually required for a mean duration of 3 mo.
Transient neonatal diabetes (TND) resolves by 18 mo of age, but type 2 diabetes may
recur in early adulthood (28,29). In the UK survey, 11 infants had TND, and the
median age of resolution was 3 mo (range: 1–8 mo). There were two infants with per-
manent neonatal diabetes who were still diabetic at 4 and 6 yr of age, respectively.
TND is distinct from classic type 1 diabetes, as patients do not have the common
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human leukocyte antigen (HLA) susceptibility haplotypes, and there is no evidence of
autoimmunity. It is probable that transient and permanent neonatal diabetes have sepa-
rate etiologies.

Two unrelated patients were initially described with TND and paternal isodisomy of
chromosome 6 (30). In uniparental disomy (UPD), both copies of genetic material are
inherited from one parent. Isodisomy refers to the inheritance of two identical copies of
a single parental chromosome. Uniparental isodisomy may be involved in disease
pathogenesis in two ways. First, it can unmask a rare recessive disorder in the child of a
carrier parent, the child, in effect, being functionally homozygous. Second, the inheri-
tance of gene(s) from only one parent (UPD) can lead to disordered expression if that
gene is imprinted. Imprinted genes are those in which expression depends on parental
origin. Although UPD may not be the mechanism of all cases of TND, it is possible
that an imprinted gene on chromosome 6 is central to the development and maturation
of early fetal and neonatal pancreatic β-cell function and that overexpression of a
gene(s) in the region of 6q21-23 may be responsible for TND. The gene has to be
paternally expressed to cause TND, with no expression of the maternally inherited
allele. Within the critical region of duplication on 6q, a differentially methylated CpG
island was found that was methylated only on the maternally inherited chromosome 6
homolog (31). All patients with paternal UPD of chromosome 6 showed a complete
lack of methylation at this site.

Very recently, a cohort of 30 affected children have been reported who have been
investigated for aberrations in chromosome 6 (32). These patients could be divided into
four groups. Group 1 had paternal UPD of chromosome 6 (11 children); group 2 had a
duplication involving chromosome band 6q24, which was paternal in origin where
tested (10 children); group 3 was 1 patient with a loss of methylation at a CpG island
within the TND critical region; group 4 had no identifiable rearrangement of chromo-
some 6 (7 children). There were no significant clinical differences among the four
groups. In group 2, two relatives of the TND patients who presented with type 2 dia-
betes and no early history of TND had inherited an identical duplication. It is not
known whether imprinting abnormalities at 6q24 are involved in the more common
type 1 and type 2 diabetes.

There has been no evidence of UPD in permanent neonatal diabetes. A number of
disorders of pancreatic organogenesis have been implicated, including isolated absence
of islet cells, pancreatic hypoplasia, and agenesis (33,34), as well as Wolcott–Rallison
syndrome. Recently, a child with pancreatic agenesis was described with a homozy-
gous mutation of IPF-1 (13). Heterozygosity for an IPF-1 mutation is recognized as a
cause of MODY (MODY4).

WOLCOTT–RALLISON SYNDROME

Multiple epiphyseal dysplasia associated with permanent neonatal diabetes in three
siblings was originally described in 1972 (35). Children with this syndrome classically
present with neonatal or early infancy onset, permanent insulin-requiring diabetes mel-
litus. There may or may not be an increased tendency to fractures of the long bones,
and children walk with a waddling, lordotic gait, with genu valgum. Radiological
investigations show epiphyseal dysplasia, with symmetrically small epiphyses, irregu-
lar in outline and poorly calcified. Other abnormalities include short stature, ectoder-
mal dysplasia, and brown mottling of the teeth near the gums. Multisystemic
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manifestations include renal and hepatic dysfunction, mental retardation, and cardiac
abnormalities. Of the 12 or so reported children in the literature, none survived beyond
the teenage years; causes of death included renal and hepatic dysfunction. In one report
of postmortem findings in a 4-yr-old (36), there was severe pancreatic hypoplasia, with
a reduction in pancreatic β-cells. In addition to Wolcott–Rallison syndrome, this child
had a deletion of chromosome 15q11-12 in 65% of her cells. The disorder is inherited
as an autosomal recessive trait. Recently, the translation initiation factor EIF2AK3 was
found to be mutated in two unrelated families with this syndrome (37). One family was
of Tunisian origin and the other was from Pakistan; both were consanguineous, and in
both, the mutations segregated with the disease. EIF2AK3 has a role in the regulation
of protein translation and is highly expressed in pancreatic islet cells; presumably, it
functions in maintaining the integrity of pancreatic β-cells. An EIF2AK3-related pro-
tein, PKR, has a role in the control of cell growth and apoptosis, raising the possibility
that EIF2AK3 has a similar function that may be relevant to the characteristic pancreas
β-cell destruction seen in these patients.

WOLFRAM SYNDROME

Wolfram syndrome is the inherited association of childhood-onset diabetes mellitus
and optic atrophy (38). As other complications were identified, the acronym DID-
MOAD was coined (diabetes insipidus, diabetes mellitus optic atrophy, and deafness).
This is a progressive, neurodegenerative disorder and many patients also develop uri-
nary tract atony, ataxia, peripheral neuropathy, and psychiatric illness. We previously
characterized the natural history of this condition in a UK nationwide series of 45
patients (39) (see Fig. 1). Diabetes mellitus presented at a median age of 6 yr, followed
by optic atrophy at 11 yr. Optic atrophy is progressive, leading to vision of 6/60 or less
in the better eye in a median of 8 yr (40). Cranial diabetes insipidus occurred in 33
patients (73%), with sensorineural deafness (28, 62%) in the second decade; renal tract
abnormalities (incontinence, neuropathic bladder [26, 58%]) presented in the third
decade, followed by neurological complications (cerebellar ataxia, myoclonus [28,
62%]) in the fourth decade. There is a significant risk of psychiatric illness (incipient
dementia, short- term memory loss, endogenous depression, mixed affective disorder)
and suicide (41). Other complications included gonadal atrophy and gastrointestinal
dysmotility. The median age at death was 30 yr (range: 25–49), commonly caused by
central respiratory failure with brainstem atrophy. The underlying pancreatic pathology
is a selective loss of β-cells (42).

In Wolfram patients with diabetes insipidus, there is loss of vasopressin neurons in
the supraoptic nucleus, with a defect in vasopressin precursor processing (43). We esti-
mated the prevalence as 1/500,000 children in the United Kingdom, with a carrier fre-
quency of 1 in 354. The prevalence has been estimated as 1/100,000 in a North
American population, based on the 1/175 occurrence of optic atrophy in a juvenile dia-
betes clinic (44).

The absence of affected parents and a high proportion of consanguinity suggested
autosomal recessive inheritance, and genetic linkage studies linked Wolfram syndrome
to the short arm of chromosome 4 (45,46). A Wolfram syndrome gene has been posi-
tionally cloned (WFS1) (47) and identified by a candidate gene approach (Wolframin)
(48). It consists of 8 exons, encoding a polypeptide of 890 amino acids, predicted to
have 9 transmembrane domains. The function is as yet unknown but is likely to be
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involved in pancreatic β-cell and neuronal cell survival. Northern analysis with human
adult tissues shows WFS1 expression in the heart, brain, placenta, lung, liver, skeletal
muscle, kidney, and pancreas (47). High expression was found in pancreatic islets com-
pared with the exocrine pancreas. In a mutation analysis of 30 patients from 19 British
families, we identified 24 mutations in the WFS1 gene in 18 of the families (49). Most
patients were compound heterozygotes for two mutations, and there was no common
founder mutation. There was no obvious correlation between observed mutations and
disease severity. Most of the mutations produced truncation and subsequent loss of, or
mutations in, the carboxy tail of the protein.

A high prevalence of diabetes has been noted in relatives of patients with Wolfram
syndrome patients (44), suggesting that heterozygote carriers may contribute to the
genetic heterogeneity of diabetes in the general population. A genetic association study
of 185 type 1 diabetes patients and 380 control subjects revealed the R456H missense
mutation was significantly increased in the type 1 diabetes group compared to the con-
trol group (p = 0.0005) (50). The patients with this missense mutation had an increased
frequency of type 1 diabetes-resistant HLA-DRB1 alleles and reduced frequency of
GAD antibodies, suggesting that WFS1 may have a role in the development of com-
mon type 1 diabetes on a nonautoimmune genetic basis.

A second locus has been mapped to chromosome 4q22-24 after linkage analysis of
four consanguineous Jordanian families (51). These patients had a different clinical pic-
ture, with the absence of diabetes insipidus and the presence of upper gastrointestinal
ulceration and bleeding. There has been a report of “mitochondrial Wolfram syndrome”
in a Spanish family, with all of the most common Wolfram complications resulting from
deletions in the mitochondrial genome (52). It is possible that mitochondrial function is
disrupted because of mutations in a nuclear gene or that mutations in a nuclear gene
deleteriously interact with the mitochondrial genome. However, an investigation of the
UK cohort of 50 patients found no evidence supporting a role for mtDNA in Wolfram
syndrome, no abnormal mitochondrial function, and no mtDNA mutations (53).

The minimum ascertainment criteria for the diagnosis of Wolfram syndrome are the
co-occurrence of childhood-onset (<15 yr) diabetes and progressive optic atrophy.
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phy; DI, diabetes insipidus; D, deafness; Renal, neuropathic bladder; Neuro, ataxia, myoclonus, and
so forth.



These criteria give a positive predictive value for Wolfram syndrome of 83% and a neg-
ative predictive value of 1%, based on the characterization of 45 patients (39). The
addition of further clinical features such as deafness does not increase the predictive
value for Wolfram syndrome. Using these criteria, screening for Wolfram syndrome
mutations will identify at least one mutation in WFS1 in 90% of patients and two muta-
tions in 78% (54). Exclusion of a WFS1 mutation in unaffected siblings may offer reas-
surance. However, the diagnosis of Wolfram syndrome remains essentially clinical,
with mutation analysis used only to confirm the diagnosis.

THIAMIN-RESPONSIVE MEGALOBLASTIC ANEMIA SYNDROME

Thiamin-responsive megaloblastic anemia syndrome is also known as Roger’s syn-
drome, after the first description in an 11-year-old girl (55). The cardinal clinical mani-
festations of the syndrome are megaloblastic anemia, diabetes mellitus, and
sensorineural deafness, all of which may respond in varying degrees to the administra-
tion of thiamin (vitamin B1), 25 mg/d. The diabetes, which appears in childhood, is
non-type-1 and nonautoimmune in nature; in some cases, the insulin requirement is
reduced during thiamin therapy (56,57). In addition to the cardinal findings for which
the syndrome is named, some patients show cardiac arrythmias (58–60), as well as
abnormalities of the retina and the optic nerve, including optic atrophy (59,61). The
anemia may be variable and may present with a microcytic picture on blood film,
evolving to a macrocytic film with increased iron stores and ringed sideroblasts on
bone marrow aspirate.

The pathophysiology of this syndrome is unclear, but reduced activity of thiamin-
dependent enzymes has been demonstrated in two patients, corrected in one by titrating
with increasing concentrations of thiamin pyrophosphate (62). Thiamin is thought to be
taken up by cells via two mechanisms: an active process by a specific carrier and a pas-
sive diffusion process (61). Once inside the cell, thiamin is phosphorylated to its meta-
bolically active form, thiamin pyrophosphate (TPP). It then acts as a cofactor for
several enzymes, including oxoglutarate dehydrogenase (OGDH) and pyruvate dehy-
drogenase (PDH). In thiamin-responsive diabetes, there may be defective TPP metabo-
lism or a defect in TPP transport to its metabolically active sites.

The consanguinity of many of the families and the absence of affected parents sug-
gested autosomal recessive inheritance. This was confirmed by a homozygosity map-
ping strategy where the gene was localized to chromosome 1p (63) and narrowed to a
4-cM region (64). Recently, the vitamin transporter SLC19A2 has been identified as
mutated in families with this syndrome (65–67). The gene encodes a transmembrane
protein (THTR-1), which functions as a high-affinity thiamine transporter (66). The
gene consists of six exons; exons 2 and 5 are highly conserved across species, and exon
2 contains a large extracellular loop, which may be responsible for recognition of thi-
amine. This is consistent with the fact that most mutations are found in exon 2 (68).
Exon 5 contains a G-protein receptor consensus sequence, which suggests that this
intracellular region may interact with other proteins inside the cell. Because THTR-1
function is predicted to be absent in patients with this syndrome, presumably there
must be a secondary transport process that acts to allow sufficient thiamin uptake to
prevent the metabolic condition of severe thiamine deficiency. THTR-1 must have a
critical role in glucose homeostasis.
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SYNDROMES OF INSULIN RESISTANCE

Insulin resistance is an important feature of type 2 diabetes, and failure of insulin
action in the peripheral insulin sensitive tissues, skeletal muscle, and adipose tissue is a
major part of disease pathogenesis. Rare inherited syndromes of extreme insulin resis-
tance have been vital in identifying genes involved in the insulin signaling pathway.
One of these, Rabson–Mendenhall syndrome, consists of pineal hyperplasia, facial
dysmorphism, phallic enlargement in males, short stature, acanthosis nigricans, and
premature dentition. Diabetes mellitus presents between 3 and 7 yr of age, with death
from ketoacidosis in the second decade. The diabetes is highly insulin resistant. Sur-
vivors develop later widespread microvascular disease (69). The syndrome is caused by
insulin-receptor mutations leading to defective binding capacity (70). A model of treat-
ment for this condition has been described, using monoclonal antibodies acting as a
substitute for the normal ligand, thereby activating the defective receptor (71). It is
interesting that another inherited syndrome, leprechaunism (Donohue syndrome) is
also associated with insulin-receptor mutations. This syndrome is characterized by
intrauterine growth retardation and presentation in infancy with pachydermia, hypertri-
chosis, acanthosis nigricans, reduced subcutaneous fat stores, and coarse facies (72).
There is extreme hyperinsulinism, insulin resistance, and, paradoxically, often fasting
hypoglycemia. Insulin binding to receptors is severely decreased. The diabetes is diffi-
cult to treat and may be complicated by renal disease similar to diabetic nephropathy
(73). Over 50 insulin-receptor mutations have been described, the vast majority in
association with these extreme insulin-resistance syndromes. These mutations either
abolish insulin receptor binding, disrupt the tyrosine kinase activity of the receptor, or
interfere with the synthesis and expression of the receptor (74). It is probable that lep-
rechaunism, Rabson–Mendenhall syndrome, and type A insulin resistance (nonobese,
nondysmorphic, severely insulin-resistant females with hirsutism, acanthosis nigricans,
and menstrual disturbance) represent points on a continuum of increasingly severe
receptor dysfunction, rather than completely distinct syndromes (71). Mutations in the
insulin receptor do not make a major contribution to the insulin resistance seen in more
common disorders such as type 2 diabetes. Interest is now being focused on peroxi-
some proliferator-activated-receptor gamma (PPARγ), a nuclear receptor that is the tar-
get of thiazolidinedione drugs. Dominant negative mutations have been described in
three individuals with diabetes mellitus as a result of severe insulin resistance and
hypertension (75).

BARDET–BIEDL SYNDROME

Bardet–Biedl syndrome (BBS) is an autosomal recessive condition characterized by
rod-cone dystrophy (atypical retinitis pigmentosa), postaxial polydactyly, central obe-
sity, mental retardation, hypogonadism, and renal dysfunction. Other features, not
always present, include hepatic fibrosis, diabetes mellitus, reproductive abnormalities,
endocrinological disturbances, short stature, developmental delay, and speech deficits.
BBS is distinguished from the much rarer Laurence–Moon syndrome, in which retinal
pigmentary degeneration, mental retardation, and hypogonadism occur in conjunction
with progressive spastic paraparesis and distal muscle weakness, but without poly-
dactyly (76). BBS was first described in 1920 (77), and the cardinal manifestations
were described as retinal pigmentary dystrophy (retinitis pigmentosa), postaxial poly-
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dactyly, central obesity, mental retardation, and hypogenitalism (78). The prevalence of
BBS is about 1 in 125,000, and criteria for diagnosis have been published (79). In this
large survey of 109 BBS patients in the United Kingdom and their families, the average
age at diagnosis was 9 yr, although parents first noticed abnormalities in their children
at a mean age of 3 yr. Obesity only began to develop at around 2–3 yr, and retinal
degeneration did not become apparent until a mean age of 8.5 yr. Only seven patients
(6%) had non-insulin-dependent diabetes mellitus. However, only a minority of
patients surveyed had undergone a fasting glucose measurement or glucose tolerance
test, so the prevalence of diabetes may be much higher. Diabetes presented in adult-
hood and was thought to be the result of insulin resistance.

Recently, genetic heterogeneity has been confirmed with the finding of five gene loci,
on chromosomes 11 (BBS1) (80), 16 (BBS2) (81), 3 (BBS3) (82) 15 (BBS4) (83), and 2
(BBS5) (84), each associated with a similar phenotype. Recently, Bardet–Biedl families
from Newfoundland who had genetic linkage excluded from the known loci were found
to be linked to markers on chromosome 2q31 (BBS6) (85). Mutations were identified in
a chaperonin-like gene, McKusick–Kaufman syndrome (MKKS). Most were frame-shift
mutations that were likely to result in a severely truncated, nonfunctional protein. The
MKKS protein shows similarity to type II chaperonins, which are responsible for folding
a wide range of proteins. Spatial conformation is likely to be critical to this molecule and
disruptions may reduce the efficiency or abolish the ability to fold target peptides. Pre-
sumably there are other BBS genes that encode proteins that interact with MKKS to
form a multimeric chaperone unit. Molecules that require MKKS for correct folding may
also be candidates for different aspects of the BBS phenotype.

ALSTROM SYNDROME

This syndrome was first described in 1959, when two of Alstrom’s original patients died
from renal failure (86). The characteristic features of this syndrome appear to be pigmen-
tary retinal degeneration, sensorineural hearing loss, childhood obesity, non-insulin-depen-
dent diabetes mellitus, hyperlipidaemia, and chronic nephropathy. Features occasionally
observed include acanthosis nigricans, hypogonadism, hypothyroidism, alopecia, short
stature, and cardiomyopathy. A large kindred including eight affected patients has been
described (87). Hyperinsulinemia and hypertriglyceridemia with normal cholesterol levels
were observed in most affected individuals tested. Non-insulin-dependent diabetes and
growth retardation appeared to be age-related manifestations that occurred postadoles-
cence. Younger affected children were not overtly hyperglycaemic and were normal or
above average height for age.

A homozygosity mapping strategy has been used to link a disease-causing gene to chro-
mosome 2p (88). The same group has found a candidate mouse gene (tub) responsible for
the phenotype tubby mouse (89). These mice also suffer a strikingly similar phenotype to
Alstrom patients. The authors postulate that the phenotypic features of tubby mice may be
the result of cellular apoptosis triggered by expression of the mutated tub gene.

PRADER–WILLI SYNDROME

Prader–Willi syndrome (PWS) is a complex, multisystem disorder first described in
1956 (90). It is diagnosed in about 1 in 10,000–15,000 people (91), occurring in all
sexes and races. Many of the manifestations are related to functional hypothalamic
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deficiency, and the clinical appearance in infancy differs markedly from that in child-
hood and adulthood (92). The major features associated with PWS are decreased fetal
activity, neonatal hypotonia and feeding difficulties, hyperphagia with obesity, and psy-
chomotor and mental retardation. Characteristic features include narrow bifrontal
diameter, almond-shaped palpebral fissures, narrow nasal bridge, and down-turned
mouth with a thin upper lip. The children also have a characteristic body habitus,
including sloping shoulders, heavy midsection, and genu valgum. Obesity is the major
cause of morbidity and mortality in PWS. Diabetes may result from excessive obesity,
as may cardiopulmonary compromise, hypertension, thrombophlebitis, chronic leg
edema, and obstructive sleep apnea. Diabetes mellitus has been reported in as many as
7–20% of PWS patients, with age of onset usually in the teens. Consequently, the diag-
nosis has usually been made before diabetes develops. The diabetes was assumed to be
the same as that occurring in obese individuals without PWS. However, in a case-con-
trol study, individuals with PWS did not show the predicted insulin resistance that is
seen in obese children without the syndrome (93). There was a suggestion that PWS
children actually have normal or increased insulin sensitivity.

Prader–Willi syndrome is caused by the absence of normally active paternally inherited
genes at chromosome 15(q11-q13); the maternally inherited genes are normally inactive
owing to genetic imprinting. About 75% of patients have a 4-Mb deletion of the paternally
contributed chromosome 15q. Most of the remaining patients have maternal uniparental
disomy for chromosome 15. Presumably, there is an imprinting center within this dele-
tion. Methylation is one mechanism by which genomic imprinting can occur, and methy-
lation has been shown for several genes identified within the PWS region (94).

SUMMARY

The main cause of diabetes in children is type 1 diabetes, which has an autoimmune
basis and is insulin deficient. Type 2 diabetes is increasing in children, probably result-
ing from increasing obesity, and is associated with insulin resistance. Non-type-1, or
non-type 2, diabetes account for up to 5% of children in pediatric diabetes clinics and
are principally genetic, thus relatively stable in numbers over time. These children pre-
sent difficult management problems and may have associated nonendocrine disorders.
MODY is almost certainly the most common inherited diabetes disorder caused by a
single-gene defect and is probably underdiagnosed. Other disorders such as Wolfram
are multisystemic and have devastating consequences for the physical, educational, and
emotional outlook of the child. These inherited diabetes syndromes are often misdiag-
nosed as type 1 diabetes initially, but present complex management problems. Collec-
tively, they are important in revealing pathways of insulin metabolism, normal and
abnormal. They are also candidate genes for contributing to the genetic heterogeneity
of common type 1 and type 2 diabetes. As the causative genes are being identified, they
are enabling us to offer genetic testing to siblings of affected children, mutational
analysis to correlate the clinical pattern to the genotype, and novel therapeutic
approaches that may have implications for the wider diabetic community.
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II TREATMENT OF TYPE 1 DIABETES





INTRODUCTION

Diabetic ketoacidosis (DKA) is a potentially life-threatening medical emergency
that reflects a state of metabolic decompensation in patients with insulin-dependent
diabetes mellitus (IDDM) (1–6). It should be distinguished from nonketotic hyper-
glycemic–hyperosmolar syndrome with which it shares some similarities in pathophys-
iology and treatment (1). At least 25% of patients with new-onset diabetes mellitus
type 1, especially children, will present in ketoacidosis (2); infections and silent or
overt myocardial infarction may trigger decompensation to DKA (1–6). However, the
most common cause for DKA in patients with established diabetes is inadvertent or
deliberate omission of insulin (7). In this chapter, we provide an overview of the patho-
genesis and management of DKA and describe in greater detail some of the unique fea-
tures of DKA in children.

DEFINITION

Diabetic ketoacidosis is characterized by hyperglycemia, ketonemia with total
ketones (β-hydroxybutyrate and acetoacetate) in serum exceeding 3 mM, and acidosis
with blood pH lower than 7.3 or a serum bicarbonate lower than 15 meq/L (1–7). A
blood glucose concentration over 300 mg/dL is usually present in DKA. However,
hyperglycemia is not a sine qua non for its diagnosis because DKA can occur with
blood glucose less than 300 mg/dL and, rarely, even with normal blood glucose con-
centrations if, for example, vomiting with resulting reduced carbohydrate assimilation
ensues while insulin administration is continued (8). Ketonemia is usually diagnosed
by demonstrating a positive sodium nitroprusside reaction (Acetest, Ketostix, Chem-
strips UGK) with 1 : 2 dilution of serum or undiluted urine. Acidosis in DKA is pre-
dominantly the result of the accumulation of ketoacids and is thus characterized by an
increased anion gap (9). Other mechanisms contributing to acidosis include lactic aci-
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dosis from tissue hypoperfusion and hyperchloremic acidosis, particularly during ther-
apy with intravenous fluids (9–10). The spectrum of acidosis encountered in DKA usu-
ally extends from pure ketoacidosis to a mixture of keto, lactic, and hyperchloremic
acidosis (1–4,9,10). However, a patient may present with predominant hyperchloremic
acidosis and, hence, normal anion gap (9). Some suggest that patients with pure hyper-
chloremic acidosis may experience a slower recovery from their metabolic decompen-
sation (9). It should also be emphasized that the degree of acidosis bears no relation to
the degree of hyperglycemia.

In addition to nonketotic hyperglycemic hyperosmolar coma, DKA should be distin-
guished from lactic acidosis, another metabolic condition that may be confused with
DKA, which is characterized by blood lactate values (> 7 mM) rarely encountered in
DKA (9,10).

BIOCHEMICAL PATHOPHYSIOLOGY

Actions of Insulin and Glucagon
The cardinal hormonal alteration that triggers the metabolic decompensation of

DKA is insulin deficiency accompanied by an excess of glucagon and the stress hor-
mones epinephrine, norepinephrine, cortisol, and growth hormone (2,3,6). Insulin
stimulates anabolic processes in liver, muscle, and adipose tissues and thereby per-
mits glucose utilization and storage of the energy as glycogen, protein, and fat (see
Table 1). Concurrent with these anabolic actions, insulin inhibits catabolic processes
such as glycogenolysis, gluconeogenesis, proteolysis, lipolysis, and ketogenesis.
Insulin deficiency curtails glucose utilization by insulin-sensitive tissues, disinhibits
lipolysis in adipose tissue, and enhances protein breakdown in muscle. Glucagon act-
ing unopposed by insulin causes increased glycogenolysis, gluconeogenesis, and
ketogenesis.

Although insulin and glucagon may be considered as the primary hormones respon-
sible for the development of DKA, increased levels of the stress hormones epineph-
rine, norepinephrine, cortisol, and growth hormone play critical auxiliary roles.
Epinephrine and norepinephrine activate glycogenolysis, gluconeogenesis, and lipoly-
sis and inhibit insulin release by the pancreas. Cortisol elevates blood glucose concen-
tration by decreasing glucose utilization in muscle and by stimulating gluconeogenesis.
Growth hormone increases lipolysis and impairs insulin’s action on muscle. The cata-
bolic and metabolic effects of each of these counterregulatory hormones are accentu-
ated during insulin deficiency (2,3,6). Under experimental conditions, the
hyperglycemic effect of all of these counterregulatory hormones infused together is
greater than the sum of the effects of the individual hormones; that is, the effects are
synergistic and not merely additive. Even in normal persons, high concentrations of
these counterregulatory hormones can induce hyperglycemia and ketonemia, a phe-
nomenon that may explain the rapid development of DKA during stress induced by
infection, vomiting, trauma, and infarction (in patients with IDDM) (1). Acute psycho-
logical stress induced by anger and rage may also precipitate DKA in some patients
(2,11). Indeed, there is consensus that although insulin deficiency per se is a prerequi-
site for the development of DKA, the complete features of metabolic decompensation
characteristic of DKA are the result of the elevated levels and actions of the stress
counterregulatory hormones (1–7).
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Ketogenesis
The keto acids relevant to DKA are β-hydroxybutyric acid and acetoacetic acid

(2,3,6). The primary mode of keto acid generation is from free fatty acids (FFAs).
Released from triglycerides in adipose tissue, FFAs are transported to the liver, where
they are converted to acyl-CoA derivatives in the cytosol of hepatocytes. These acyl-
CoA derivatives enter the mitochondria as carnitine esters via a process catalyzed by
carnitine acyl transferase I (CAT I) (see Fig. 1). In the mitochondria, acyl-CoA is
regenerated and subsequently oxidized to acetyl-CoA. Acetyl-CoA condenses with
acetoacetyl-CoA to form β-hydroxy-β-methylglutaryl-CoA (HMGCoA), which then
splits to form acetoacetate and acetyl-CoA. Acetoacetate is converted to β-hydroxybu-
tyrate in the presence of NADH. The net metabolic effect of ketone formation is the
accumulation of keto anions and the formation of three hydrogen ions for every triglyc-
eride molecule metabolized to ketones (3).

Low insulin and elevated glucagon concentrations facilitate the release of FFA from
adipose stores; the opposite hormonal milieu of elevated insulin and low glucagon con-
centrations inhibits keto acid production. In the whole animal, keto acid generation is,
to the greatest extent, regulated by the substrate, (i.e., FFA availability) (3). The rate of
accumulation of keto acids is dependent on the ability of the tricarboxylic acid (TCA)
cycle to utilize acetyl-CoA and the rate at which acetyl-CoA is generated. Evidence
indicates that overproduction of acetyl-CoA and not reduced TCA cycle activity is the
major mechanism for the increase in keto acids in DKA (3).

Acetone is a neutral compound with no effect on blood pH; it is formed by the
nonenzymatic decarboxylation of acetoacetate. Acetone is metabolically of little
importance, but it provides an important bedside clinical clue to the diagnosis of DKA
because of its characteristic odor and excretion via expired air and urine. In the normal
fasting state, the ratio of serum β-hydroxybutyrate to acetoacetate is of the order of 3 :
1. The rate of interconversion of acetoacetate and β-hydroxybutyrate depends on the
cellular redox state (see Fig. 2). A reduced redox state, as encountered in DKA, favors
the formation of β-hydroxybutyrate, whereas an increase in the redox state associated
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Table 1
Major Metabolic Events During the Fed and Fasted States

Tissue High-insulin (fed) state Low-insulin (fasted) state

Liver Glucose uptake Glucose production
Glycogen synthesis Glycogenolysis
Lipogenesis Absent lipogenesis
Absent ketogenesis Ketogenesis
Absent gluconeogenesis Gluconeogenesis

Muscle Glucose uptake Absent glucose uptake
Glucose oxidation Fatty acid α ketone oxidation
Glycogen synthesis Glycogenolysis
Protein synthesis Proteolysis and amino acid release

Adipose tissue Glucose uptake Absent glucose uptake
Lipid synthesis Lipolysis and fatty acid release
Triglyceride uptake Absent triglyceride uptake

Source: From ref. 2.
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Fig. 1. Fatty acid oxidation system in the liver. The inner mitochondrial membrane is impermeable to
long-chain fatty acyl-CoA but permeable to fatty acylcarnitine. Formation of the carnitine ester is cat-
alyzed by carnitine palmitoyltransferase I (CPT I), the rate-limiting step in the sequence. This
enzyme is inhibited by malony-CoA. The transesterification reaction is reversed inside mitochondria
by CPT II. the majority of fatty acid molecules entering the mitochondria are converted to ketones,
only a small amount of the acetyl-CoA generated being oxidized in the tricarboxylic acid cycle.
(From Unger RH, Foster DW. Diabetes mellitus. In: Wilson JD, Foster DW, eds., Williams Textbook
of Endocrinology, 7th ed. WB Saunders, Philadelphia, 1985.)

Fig. 2. Generation of ketone bodies. Simplified schema of the formation of the major ketone bodies:
acetoacetate (AA). β-hydroxybutyrate (BHOB), and acetone. Note the preferential formation of
BHOB from AA with acidosis and, conversely, the dissociation of BHOB to AA when acidosis
resolves. The nitroprusside reaction commonly used to detect ketone bodies reacts strongly with AA,
weakly with acetone, and not at all with BHOB. See text for significance.



with recovery from DKA favors the conversion of β-hydroxybutyric acid to acetoacetic
acid. Thus, in severe DKA the ratio of β-hydroxybutyric acid to acetoacetic acid is usu-
ally about 7 : 1 and may even increase to 15 : 1 (1–6). The nitroprusside reaction used
in the semiquantitative and qualitative tests (Acetest, Ketostix, Chemstrips UGK) for
ketonemia and ketonuria does not measure β-hydroxybutyric acid, reacts weakly with
acetone, and predominantly measures acetoacetic acid. About 80% of the color reac-
tion in the nitroprusside test is a result of acetoacetate, and acetoacetate comprises only
one-third to one-fifteenth of the total ketone bodies in the circulation during DKA (2).
Thus, the usual bedside tests for ketones provide a gross underestimation of the total
ketone body concentration. This laboratory artifact has important implications for the
management of patients with DKA. First, the absence of a positive nitroprusside reac-
tion does not necessarily imply the absence of ketoacidosis. Conversely, the persistence
or even an increase in the color reaction of the nitroprusside test should not be assumed
to be the result of a deteriorating metabolic response to treatment. This is because with
improvement in the metabolic status of the patient, the concomitant increase in the cel-
lular redox state results in the conversion of the “unmeasured” β-hydroxybutyric acid
to “measured” acetoacetate and an apparent worsening of the ketonemic state. False-
positive reactions for ketones with the nitroprusside reaction, although rare, can occur
as a result of the presence of drugs such as captopril in the urine (2,3).

Lactic Acidosis
Lactate is formed primarily as the end product of anaerobic metabolism of glucose

(10). Lactate can be synthesized by virtually every tissue in the body, although, under
basal conditions, the daily lactate generation of 15–20 mmol/kg is predominantly
derived from muscle, skin, erythrocytes, brain, and the gastrointestinal tract (10).
Under basal conditions, the daily rate of lactate production is balanced by a matching
degree of utilization. Lactate can be converted back to glucose by the gluconeogenic
enzymes pyruvate carboxykinase and phosphoenolpyruvate carboxykinase (see Fig. 3).
Under basal conditions, the liver accounts for approximately two-thirds and the kid-
neys one-third of lactate consumption. Lactic acidosis caused by hypoxia results from
an overproduction of lactate by skeletal muscle and the gastrointestinal tract, with a
concomitant reduction in the capacity for lactate utilization by the liver and kidney.
Although DKA per se does not result in an increase in blood lactic acid concentrations,
severe DKA may be complicated by tissue hypoxia, which results in lactic acidosis.

Fluid and Electrolyte Losses
Fluid and electrolyte abnormalities are virtually universal in patients with DKA,

and, if unrecognized or mismanaged, contribute significantly to the morbidity and mor-
tality of DKA (1–6). Fluid and electrolyte losses in DKA vary so that the extent of
these losses is unpredictable in any given patient. However, estimates of losses that
form the basis of the initial management of DKA have been formulated (see Table 2). It
is emphasized that these recommendations are only guidelines, that each patient should
be closely monitored, and that the response to the initial therapy dictates any subse-
quent changes.

Water and electrolyte losses from the extracellular compartment occur via osmotic
diuresis brought about by hyperglycemia, via the respiratory tract because of hyperventi-
lation as a result of metabolic acidosis and via the gastrointestinal tract because of vom-
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iting. In DKA, there is an osmotically driven shift of water from the intracellular to the
extracellular compartment. This phenomenon results in a clinical underestimation of the
extent of dehydration and is responsible for the unusual laboratory finding of hypona-
tremia despite dehydration and hyperosmolarity. It is estimated that for every 3 mM
increase in glucose, there will be a 1 mM fall in plasma sodium concentration. Spurious
hyponatremia may also result from lipemic plasma because sodium is distributed only in
water, but the volume of the sample taken into account for the calculation of sodium con-
centration includes the space occupied by lipids and other solids. This artifact can be
avoided if special electrodes are used for the estimation of serum or plasma sodium con-
centration. Serum potassium levels in DKA are variable but tend to be at the upper limits
of normal in the majority of patients at initial presentation. However, even when serum
potassium is normal, there is almost always depletion of total-body potassium stores.
Several factors contribute to these alterations of potassium balance. Serum potassium
tends to be elevated because insulin deficiency per se will reduce the Na+/K+-ATPase
activity with a decrease in sodium–potassium exchange across the cell membrane. In
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Fig. 3. Key metabolic pathways of intermediary metabolism. Disruption of the elements of these path-
ways may be pathogenetic in the development of hypoglycemia. Not shown is the hormonal control of
these pathways: 1, glucose-6-phosphatase; 2, glucokinase; 3, amylo-1,6-glucosidase; 4, phosphory-
lase; 5, phosphoglucomutase; 6, glycogen synthetase; 7, galactokinase; 8, galactose-1-phosphate
uridyl transferase; 9, uridine diphosphogalactose-4-epimerase; 10, phosphofructokinase; 11, fructose-
1,6-diphosphatase; 12, fructose-1,6-diphosphate aldolase; 13, fructokinase; 14, fructose-1-phosphate
aldolase; 15, phosphoenolypyruvate carboxykinase; 16, pyruvate carboxylase. [From Pagliara AS, et
al. Hypoglycemia in infancy and childhood. J Pediatr 82:365 (Pt 1), 558, (Pt 2), 1973.]



addition, acidosis will cause a movement of intracellular potassium to the extracellu-
lar–intravascular compartment in exchange for hydrogen ions moving into the cell along
a concentration gradient. Hyperglycemia per se and impairment of renal function also
tend to keep the serum potassium levels elevated. The potassium entering the intravascu-
lar compartment is then lost in part via osmotic diuresis and vomiting and in part via the
actions of aldosterone, elevated in response to volume depletion.

Initiation of therapy may result in a rapid decrease in serum potassium levels with
disastrous consequences if adequate potassium supplementation is not instituted, mak-
ing hypokalemia one of the avoidable causes of fatality in DKA. Correction of acido-
sis, restoration of intravascular volume, administration of insulin, and improvement in
renal function all tend to decrease extracellular concentration of potassium. In addition,
if bicarbonate is provided, the hypokalemic effects of the above-mentioned factors are
compounded (12). It is estimated that about one-quarter to one-half of the potassium
administered during fluid replacement therapy is lost in the urine. Patients with urinary
losses greatly exceeding these estimates (potassium sink) have been described; such
patients are at a serious risk of hypokalemia. Hence, potassium supplements should be
provided early in the course of therapy; contrary to the usual practice of avoiding
potassium infusion in patients with renal failure, patients with DKA and compromised
renal function may need careful potassium supplementation because insulin therapy
will promote cellular uptake of extracellular potassium and favor the development of
hypokalemia. These considerations about potassium balance in DKA emphasize the
need for frequent and meticulous monitoring of serum potassium concentrations, with
adjustments in the therapeutic regimen tailored to each individual patient’s response
rather than reliance on a “standard” protocol (1–6,12,13).

Disturbances in phosphorus homeostasis must also be considered during the man-
agement of patients with DKA. Because DKA is a catabolic state, it is accompanied by
a shift of intracellular phosphate into the extracellular compartment, with subsequent
loss via urine, leading to depletion of total-body phosphorus. As in the case of potas-
sium, serum phosphate concentrations do not provide an accurate estimate of the total-
body phosphate stores. Also, as with potassium, institution of insulin and fluid
replacement therapy results in a shift of extracellular phosphate into the intracellular
compartment and, therefore, frequently leads to a hypophosphatemic state (1–4,13,14).
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Table 2
Fluid and Electrolyte Maintenance and Losses in Diabetic Ketoacidosis

Element Maintenance requirementsa Lossesb

Water 1500 mL/m2 100 mg/kg (range: 60–100)
Sodium 45 meq/m2 6 meq/kg (range: 5–13)
Potassium 35 meq/m2 5 meq/kg (range: 4–6)
Chloride 30 meq/m2 4 meq/kg (range: 3–9)
Phosphate 10 meq/m2 3 meq/kg (range: 2–5)

a Maintenance is epxressed in surface area to permit uniformity because fluid require-
ments change as weight increases.

b Losses are expressed per unit of body weight because the losses remain relatively
constant as a function of total body weight.

Source: From ref. 2.



Hypophosphatemia impairs insulin action and will result in a decrease in synthesis of
ATP and other energy intermediates. Phosphate deficiency will also result in a deple-
tion of 2,3-diphosphoglycerate (2,3-DPG). Depletion of 2,3-DPG leads to a shift in the
oxygen–hemoglobin dissociation curve to the left; that is, it increases the affinity of
hemoglobin for oxygen and hence decreases the amount of oxygen released to the tis-
sues. Concurrent acidosis shifts the oxygen–hemoglobin dissociation curve to the right
(Bohr effect) so that the effect of 2,3-DPG deficiency is offset by DKA. However, after
institution of treatment, the amelioration of the acidotic state may unmask the deleteri-
ous effect of hypophosphatemia on tissue oxygen supply. Inclusion of phosphate in the
therapeutic regimen is therefore recommended and has been shown to lead to the nor-
malization of 2,3-DPG levels within 24 h, whereas without phosphate supplementa-
tion, this process may take 3–4 d (13). Phosphate is recommended and usually
provided as potassium phosphate. This form of replacement confers an additional
advantage in that it facilitates a reduction in the amount of chloride administered as
potassium chloride to replace potassium losses and thus helps to avoid the development
of hyperchloremic acidosis. Despite these theoretical reasons for phosphate supple-
mentation, clinical studies have, by and large, failed to substantiate an unequivocal
advantage of phosphate therapy in terms of either decreased morbidity and mortality or
shortened recovery time (14). Hence, the decision to administer phosphate must be
made on an individual basis and not as a routine measure, especially as there exists a
danger of precipitating hyperphosphatemia and hypocalcemia (14,15).

Precipitating Factors
The cardinal feature of DKA is a deficiency of insulin action brought about by an

absolute or relative lack of insulin (1,7,16). In newly diagnosed patients or when insulin
therapy has been omitted, an absolute lack of insulin is responsible for the development of
DKA (7,16). In contrast, during acute illness, stress, most commonly the result of an
infection, causes DKA to result from a relative deficiency of insulin, with insulin’s action
opposed by the surge in the counterregulatory hormones, glucagon, catecholamines, corti-
sol, and growth hormone (1–4). Acute and severe emotional stress may be an important
precipitating factor for DKA in children (6,11). In most instances, emotional factors such
as parental discord, peer pressure at school, and adolescent adjustment problems may
serve to worsen an already disturbed metabolic state (6,7). In rare instances, these factors
may appear to be the sole precipitating cause for DKA. However, the most common pre-
cipitating change in patients with established diabetes is deliberate or inadvertent omis-
sion of insulin (7). Deliberate omission of insulin resulting in recurrent episodes of
ketoacidosis may be pathognomonic for an intolerable home environment and may signal
the patient’s plea to be removed from this situation. The use of steroids or other drugs that
antagonize insulin action may also precipitate DKA in a patient taking insulin. Examples
include “bursts” of steroids in patients with asthma, with cystic fibrosis-related diabetes,
and after solid organ transplantation, where imminent rejection is treated by a combina-
tion of agents that inhibit insulin secretion such as cyclosporin or tacrolimus along with
steroids that, together, can bring about diabetes and DKA (2).

Clinical Features
Polyuria, polydipsia, and weight loss are nearly always present historically in a

patient with DKA. Metabolic acidosis initiates hyperventilation to compensate for aci-
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dosis by respiratory alkalosis. This is the typical Kussmaul respiration: deep, sighing,
and rapid. However, in severe acidemia, respiration may be depressed, with an absence
of Kussmaul breathing. In very young children, especially those below the age of 1 yr,
the rapidity of development of DKA may blur these symptoms, and the patient may
present in coma without the parents noticing the classical triad of symptoms. The
degree of cerebral obtundation is related to the degree of hyperosmolarity and may
vary from drowsiness to deep coma (3–6).

Vomiting is both a precipitating factor and a symptom of DKA. Acute abdominal
pain is not uncommon in DKA and may simulate acute appendicitis or pancreatitis.
Elevation in nonspecific serum amylase can occur in DKA, but without pancreatitis,
serum lipase is normal (17). In most cases, the abdominal pain, if not surgical in origin,
resolves within a few hours of fluid and insulin treatment. Hence, it is recommended
that a decision to intervene surgically be made only after an adequate trial of fluid and
insulin therapy for DKA. However, appendicitis and other causes of a surgical
abdomen must be carefully evaluated, including the possibility of bowel infarction
from vascular obstruction in long-standing diabetes. Although, infection is the most
common precipitating factor for DKA, the presence of an elevated white cell count
with polymorphonuclear leukocytosis need not necessarily indicate acute infection;
these findings may exist in DKA per se as part of an acute stress response. The pres-
ence of fever should be taken as an indicator of infection and excluded by clinical
examination and appropriate laboratory tests.

The classical patient with DKA is characterized by dehydration, acidosis with
hyperventilation, with varying degrees of cerebral obtundation, and peripheral circula-
tory compromise. Again, the most common precipitating factors following initial pre-
sentation are omission of insulin, infection, and, in adults, typical or atypical
myocardial infarction (1,7).

Laboratory Findings
Laboratory investigations in the management of DKA are required for three pur-

poses: (1) diagnosis of DKA, to include blood glucose, blood acid–base status, and
documentation of ketonemia; (2) identification of precipitating and complicating fac-
tors, to include complete blood count, serum electrolytes, renal function, chest X-ray,
ECG, urine culture, and blood culture, if necessary; (3) monitoring the effect of the
therapeutic regimen, to include serum electrolytes, glucose, phosphate, magnesium,
calcium, ECG, acid–base status, and serum and urine ketones. Other investigations
such as a cranial computed tomography (CT) scan or abdominal ultrasound may be
indicated, depending on whether the evolution of cerebral edema or an acute surgical
abdomen is being considered (18).

Treatment
The goals of treatment are (1) correction of the metabolic disturbances, particularly

hyperglycemia, ketonemia, and acidosis, (2) treatment of precipitating factors, (3) pre-
vention and early identification of complications resulting from the therapy for DKA,
and (4) prevention of recurrence.

Although there are broad guidelines and principles that should be adhered to in man-
aging DKA, it cannot be overemphasized that the management must be individualized,
depending on the patient’s initial condition and response to therapy. Children younger
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than 2 yr of age or those with an arterial pH of less than 7.0, blood glucose greater than
1000 mg/dL, or altered mentation are best managed in an intensive care unit or an equiv-
alent setting, where close monitoring of metabolic changes and meticulous supervision
of therapy can be provided by experienced personnel. A flowsheet detailing the composi-
tion of intravenously administered fluid, oral fluid intake, fluid output, timing and dose
of insulin administered, electrolyte and acid–base status, and clinical parameters (pulse,
respiration, blood pressure, and conscious state) should be maintained; such a flowsheet
is essential in monitoring the patient’s progress. Bladder catheterization may be needed;
urine bag collection or condom drainage usually provide an adequately accurate estimate
of urine output in children. Repeated measurements of glucose, acid–base status, and
serum electrolytes are obtained at 2-h intervals for the initial 8 h, at 4-h intervals for the
next 16 h, and then every 6–12 h until acidosis is completely resolved and the patient is
fully conscious and able to tolerate an adequate oral fluid intake without vomiting.

The varying requirements with age and the relatively small volumes involved in the
computation of fluid and electrolyte requirements of a child with DKA dictate that these
be more carefully calculated than those of a typical adult. The maintenance fluid require-
ment of a child changes as the child grows but is constant when expressed per unit of
surface area; it is not constant when expressed per unit of body weight. In general, 1500
mL/m2 is accepted as maintenance fluid requirement. By contrast, dehydration is
expressed as a percentage of body weight; that is, 10% dehydration implies a loss of
10% of the body weight as water (see Table 3). Because different patients have different
body weights, it is imperative to relate dehydration to an individual’s weight. At presen-
tation, clinical assessment usually underestimates the degree of dehydration. For practi-
cal purposes, it can generally be assumed that patients in DKA are initially at least 10%
dehydrated. The total fluid to be administered is the sum of maintenance and estimated
deficit plus ongoing losses. Table 4 outlines an example of a replacement procedure in a
child of 30 kg and 1.0 m2 in surface area. Clearly, this example can be modified to suit
the weight and surface area of any individual patient in DKA but must take into consid-
eration associated conditions such as cardiac or renal impairment. Replacement is
extended over 36–48 h in order to reduce the likelihood of too rapid a drop in plasma
osmolality, a factor implicated by some as predisposing to cerebral edema (19–25).
However, it is not proven that medical treatment can cause or prevent cerebral edema in
children with DKA (26–28). To reduce the potential for developing cerebral edema, the
initial replacement fluid is generally recommended to consist of normal saline (0.9%) so
that a gradual decrease in plasma osmolality is achieved. Potassium therapy is initiated
in the second hour. Some of the potassium is given as the phosphate in order to provide
phosphate repletion and to reduce the provision of excess chloride.

Fluid and electrolyte therapy alone often result in significant clinical and biochemical
improvement (13). Hydration alone benefits patients by restoring intravascular volume,
decreasing blood concentrations of counterregulatory hormones, and improving insulin
sensitivity of the tissues. It is recommended that insulin therapy be deferred until the sec-
ond hour of fluid therapy, especially in established diabetics who may have received their
dose of insulin within hours of presenting in ketoacidosis. However, insulin is absolutely
essential to restore acid–base balance and resolve ketoacidosis (2,3,7). The preferred
method of insulin delivery is the continuous low-dose intravenous infusion, as outlined
in Table 5. Glucose concentrations often reach levels of 200–300 mg/dL before acidosis
is completely resolved. Therefore, it is important to continue insulin administration at
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the standard rate of 0.1 U/kg/h, (or occasionally 0.05 U/kg/h,) while adding 5% or even
10% glucose to the infusate in order to maintain glucose concentrations between 200 and
300 mg/dL until bicarbonate levels exceed 15 meq/L. Glucose contributes substantially
to plasma osmolality, so the reason for maintaining glucose concentration in the range of
200–300 mg/dL is to prevent too rapid a fall in plasma osmolality, a factor implicated by
some as predisposing to cerebral edema (20–26).
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Table 3
Fluid and Electrolyte Losses Based on Assumed 10% Dehydration 

in a Child with Diabetic Ketoacidosisa

Approximate Approximate 
accumulated losses requirements for Working

Fluid and electrolyte with 10% dehydration maintenance (36 h) total (36 h)

Water (mL) 3000 2250 5500
Sodium (meq) 180 65 250
Potassium (meq) 150 50 200
Chloride (meq) 120 45 165
Phosphate (meq) 90 15 100

a Weight 30 kg; surface area, 1 m2.
Source: From ref. 2.

Table 4
Replacement Procedure for a Child (30 kg, 1 m2) with Diabetic Ketoacidosis (10% Dehydration)

Fluid Phosphate 
Approximate duration composition Sodium Potassium Chloride (meq)

Hour 1 (500 mL/h) 500 mL of 0.9% NaCI 75 — 75 —
(normal saline)

Hour 2 (500 mL/h) 500 mL of 0.45% NaCI 35 20 55 —
(0.5 normal saline) plus
20 meq of KCI

Hour 3–12 (200 mL/h 2000 mL of 0.45% saline 150 60 150 40
for 10 h) with 30 meq/L of

potassium phosphate
Subtotal (initial 12 h) 3000 mL 260 80 280 40
Next 24 h (100 mL/h) 0.2 Normal saline in 75 100 75 60

5% glucose with 40 
meq/L of potassium 
as the phosphate

Total over 36 h 5400 mL 335 180 355 100

Bicarbonate therapy
For pH ≥ 7.10, no therapy necessary.
For pH between 7.00 and 7.10, 40 meq/m2 of bicarbonate over 2 h, then re-evaluate.
For pH < 7.00, 80 meq/m2 of bicarbonate over 2 h, then re-evaluate.
New diabetics < 2 yr of age with DKA and 10% dehydration or any diabetic with pH < 7.00

should be managed in an ICU or equivalent setting.

Note: All replacement values should be halved if dehydration is estimated to be 5%. Maintenance
requirements remain the same.



The decision to switch from intravenous insulin therapy to subcutaneous administra-
tion of insulin is based on a stable cardiopulmonary status with normal peripheral per-
fusion and a blood glucose concentration near 300 mg/dL. Intravenous fluids and
intravenous or subcutaneous insulin should be continued until the metabolic acidosis is
corrected and the patient is able to tolerate food intake. Subcutaneous insulin therapy is
initiated with regular (short acting) insulin given in a dose of 0.2–0.4 U/kg, with the
subsequent dose being adjusted every 4–6 h, depending on the response as judged by
the blood glucose levels and ketonuria.

Bicarbonate administration is not routinely recommended (2,12). The role of bicar-
bonate therapy in the management of DKA remains unclear. Severe acidemia (pH < 7) is
considered detrimental because of its negative inotropic effect, direct peripheral
vasodilatory effect resulting in hypotension, depression of cerebral function, and antago-
nism of insulin’s action. However, the provision of insulin and fluids generally corrects
ketoacidosis and elevates the blood pH so that in most patients with DKA, a satisfactory
outcome is achieved without the use of bicarbonate. We do not support the use of bicar-
bonate in patients with arterial pH greater than 7.0, because of the potential drawbacks to
the use of bicarbonate for DKA (2,6). Among these drawbacks is hypokalemia, an effect
caused by alkolosis shifting potassium intracellularly so that potassium replacement
should be carefully adjusted to meet this additional requirement. Other established side
effects of bicarbonate therapy include impaired tissue oxygenation with leftward shift of
the oxyhemoglobin dissociation curve, rebound alkalosis, sodium overload, and a para-
doxical fall in cerebrospinal fluid pH while systemic acidosis is being corrected. This
occurs because HCO3 associates with H+ to form H2CO3 and this dissociates to H2O and
CO2; whereas CO2 diffuses freely across the blood-brain barrier, HCO3 diffuses poorly.
Although there is no definite evidence for its efficacy even when the arterial pH is 7.0 or
less, some authorities recommend that when the pH is 7.0 or below, 40–80 meq/m2 (1–2
meq/kg of sodium bicarbonate) be infused over 2 h, followed by reassessment of the
clinical status of the patient. Bicarbonate should never be given as a bolus except during
cardiopulmonary resuscitation.

Complications
With appropriate therapy, complications of DKA itself are uncommon, but the over-

riding concern is the precipitating event itself. Precipitating or associated factors for
DKA such as myocardial infarction, adult respiratory distress syndrome, mucormycosis,
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Table 5
Continuous Low-Dose Intravenous Insulin Therapy for Diabetic Ketoacidosis

Priming dose: 0.1 U/kg regular insulin, intravenously.
Continuous intravenous infusion: 0.1 U/kg/h regular insulin beginning with second hour.
Directions for making insulin infusion: Add 50 U regular insulin (0.5 mL of U 100 insulin, i.e.,

100 U/mL, therefore, 0.5 mL of U 100 = 50 U) to 49.5 mL of physiological saline solution
(0.9% = normal saline).

Initially infuse at a rate of 0.1 U/kg/h (for 30-kg patient, infuse at a rate of 3.0 mL/h 
[i.e., 3 U/h]) using a separate infusion pump.

When the blood glucose concentration approaches 300 mg/dL and acidosis is resolved,
discontinue the insulin infusion and start insulin therapy by subcutaneous injections of
0.2 to 0.4 U/kg at 6-h intervals; if acidosis persists, as glucose approaches 300 mg/dL,
add glucose (D5 or D10) to insulin infusion.



rhabdomyolysis, emphysematous cholecystitis, or malignant otitis externa should be
considered in adults but are not usually a consideration in childhood (1,29). Iatrogenic
management complications include hypoglycemia, hypocalcemia from too vigorous a
use of phosphate, and hypokalemia from inadequate potassium replacement (1,4,6,15).

In children, the major complication of concern during treatment for DKA is cerebral
edema and related intracerebral complications (20–28,30–32). This complication of
DKA remains a serious problem in children, who are at a disproportionately higher risk
for developing clinical cerebral edema as compared to adults with DKA. Clinically rel-
evant cerebral edema is estimated to occur in 0.7–1.0% of episodes of diabetic ketoaci-
dosis in children (26–28). The etiology of this potentially devastating sequence of
events remains incompletely understood (26–28). It is both practically and ethically
difficult to conduct well-designed prospective studies because of the relatively small
number of patients with this complication seen by any given physician or center. Thus,
most of the data collated to date regarding this problem have been derived from retro-
spective studies amalgamating the experience of different physicians and treatment
centers, the most recent of which identified approx 60 episodes of cerebral edema over
15 yr from a multicenter survey (27).

Clinically, cerebral edema develops in patients, usually with new-onset diabetes,
several hours after the institution of therapy when clinical and biochemical indices sug-
gest improvement. Manifestations of cerebral edema include symptoms and signs of
raised intracranial pressure such as headache, deterioration in consciousness, bradycar-
dia, papilledema, development of fixed dilated pupils, and, occasionally, polyuria (sec-
ondary to diabetes insipidus), which may be misdiagnosed as osmotic diuresis
resulting from hyperglycemia. CT scanning has revealed that subclinical cerebral
edema is common in children being treated for DKA (18).

Magnetic resonance imaging (MRI) and CT scanning have additionally indicated
that at least some of these children have cerebral thrombosis and infarction in addition
to cerebral edema (26,31). In adults, monitoring by indwelling intrathecal catheters
indicates that there is a rise in cerebrospinal fluid pressure in all patients during fluid
and insulin therapy for DKA (26). In children, subclinical cerebral edema may be pre-
sent in the majority, as suggested by narrowing of the cerebral ventricles detected by
CT scanning during treatment and restoration to normal ventricular size after recovery
(18). The cause of this syndrome is believed by some to be a rapid correction of
osmotic disequilibrium between brain cells and extracellular fluid brought about by
hypotonic fluids and by a precipitous lowering of the blood glucose concentration
(20–29). This hypothesis is based on the tenet that in response to the hyperosmolar
state of hyperglycemia, brain cells generate “idiogenic osmoles,” which increase the
intracellular osmotic pressure, thereby maintaining the intracellular water content of
these cells (19). With institution of treatment, there is a decrease in the plasma osmo-
lality as a result of hydration and lowering of the plasma glucose concentration. In this
milieu, if idiogenic moles dissipate at a rate slower than the rate at which the plasma
osmolality is being lowered, then cerebral edema may be precipitated because the
brain cells are hyperosmolar with respect to the extracellular compartment (20–28).
Experiments in animals, such as the rat, have suggested taurine as one of the idio-
genic osmoles that accumulates in DKA (19,23). Other mechanisms and factors
implicated in the pathogenesis of cerebral edema in DKA include a direct effect of
insulin on the influx of Na+ , K+ , and water into brain cells, activation of the plasma
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membrane Na+–H+ exchanger because of acidosis with movement of Na+ into the cells
(32), inappropriate secretion of antidiuretic hormone, administration of bicarbonate,
and cerebral hypoxia resulting in toxic activation of the N-methyl-D-aspartate (NMDA)
receptor (28). Proof of a dominant role for any single one of these factors is tenuous
because none of these mechanisms provides a satisfactory explanation for all of the
salient epidemiological features of this complication. In the recent comprehensive sur-
vey of cerebral edema in children (27,28), the factors that conferred increased risk
were low partial pressure of arterial carbon dioxide and high serum urea nitrogen at
presentation and treatment with bicarbonate (27,33). All of these risk factors may
reflect more severe metabolic decompensation and longer antecedent duration of meta-
bolic disturbance before intervention. Thus, at the present time, there is no clear expla-
nation for the unique susceptibility of infants and children and the relative lack of this
complication in adults with DKA. Also, this complication is rare in the syndrome of
nonketotic hyperosmolar coma where the initial hyperosmolarity is considerably
greater than that usually encountered in DKA (1). The observation that there is a pre-
ponderance of children with new-onset IDDM with this complication compared to
children with established IDDM may, again, reflect severity and duration, because the
diagnosis of diabetes mellitus has not been considered or recognized until DKA super-
venes (27,28). Thus, the only way to avoid cerebral edema is to avoid DKA. One rea-
son why a majority have subclinical brain swelling, whereas only a few (approx 1%)
manifest clinically apparent cerebral edema, may relate to the intracranial pressure-vol-
ume curve, which demonstrates a steep exponential rise in intracranial pressure beyond
a critical volume of cerebral mass (34). For these reasons, it is prudent to anticipate the
possibility of clinical cerebral edema in all children treated for DKA and to avoid DKA
by heightening awareness of diabetes as a potential diagnosis in unexplained weight
loss or other vague symptoms (2,27,28). Some authorities believe that the risks can be
reduced by limiting the rate of fluid administration to 4.0 L/m2/d or less and avoiding
the excessive use of bicarbonate (20–25). It has also been suggested that fluid resusci-
tation in DKA should extend over 48 h and that crystalloid solutions with an average
Na+ concentration of 125 meq/L be utilized so that serum Na+ levels increase as serum
glucose levels decrease; hence, serum osmolality will remain relatively constant, and
fluid shifts across the blood-brain barrier will be minimized (25). We consider that in
the absence of evidence to the contrary, it is advisable to moderate the rate of fluid
administration and restrict the amount of free water provided during the initial phases
of the rehydration protocol. As soon as intracranial hypertension is clinically sus-
pected, measures should be taken to reduce brain swelling by the use of mannitol at
10–20 g/m2/iv (0.25–1.0 g/kg iv) repeated at 2- to 4-h intervals if necessary, reducing
the rate of fluid administration, and instituting hyperventilation therapy. Retrospective
studies suggest that these measures, instituted promptly, are lifesaving and may avoid
neurological sequelae (30–31). Heroic measures such as cerebral decompression via
craniotomy are usually desperate measures. Once clinically obvious, cerebral edema is
associated with a mortality of about 70% and only 7–14% of these patients escape per-
manent impairment of neurological function (31).

In summary, DKA is a medical emergency that dictates prompt and careful manage-
ment, including close clinical and laboratory monitoring. Complications of DKA are
uncommon in patients diagnosed promptly and managed appropriately. In adults, an
underlying or precipitating event such as infection or infarction must be considered and
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managed. In children, prudent and prompt management usually results in excellent out-
come and prognosis. Recurrent DKA reflects mostly deliberate omission of insulin,
especially in adolescents and may be a plea for psychosocial intervention.
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PRINCIPLES OF INSULIN TREATMENT

Since insulin was first administered on January 11, 1922 (1), treatment of patients
with type 1 diabetes has attempted to restore the metabolic abnormalities associated
with autoimmune β-cell destruction and insulin deficiency. The ensuing decades have
seen many advances in our understanding of insulin physiology, pharmacokinetics, and
therapeutics, and the resultant development of purified insulin, recombinant human
insulin, and insulin analogs. However, complete metabolic normalization with exoge-
nous insulin therapy in such patients remains infrequent. The Diabetes Control and
Complications Trial (DCCT) established conclusively that this inadequate metabolic
control results in the long-term microvascular complications of diabetes (2). To mini-
mize these complications, insulin-treatment regimens must mimic the complex secre-
tion of insulin by the β-cells of the healthy pancreas. This task, however, remains a
challenging goal (3).

Normal Insulin Physiology
The healthy pancreas secretes insulin into the portal system in response to daily

variations in nutrient intake and energy expenditure. Polonsky et al. carefully charac-
terized the normal 24-h insulin secretion of healthy subjects (4). They found that daily
insulin secretion was pulsatile and could be divided into two components: a constant
basal secretion rate and marked increases in insulin secretion following meals (Fig. 1).
The basal component of insulin release, which comprises approximately 40% of the
total 24-h insulin secretion, limits glucose release from the liver and free fatty acid
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release from adipose tissue. Following ingestion of a mixed meal, insulin secretion
abruptly increases up to fivefold and then gradually falls back to the basal rate over the
next 4 h before the subsequent meal. These insulin pulses, which limit postprandial
excursions in plasma glucose concentration by inhibiting hepatic glucose production
and increasing glucose uptake and storage, are triggered in response to various secreta-
gogues from the diet, including glucose and amino acids.

Exercise and energy expenditure decrease insulin secretion. As glucose uptake and
metabolism are increased with exercise, the β-cells maintain euglycemia by reducing the
basal insulin secretion, thereby allowing increased glucose release from the liver (5).

TYPES OF INJECTABLE INSULINS

A multitude of sources and types of insulin have been used clinically. The original
insulin extracted by Banting, Best, Collip, and MacLeod was derived from a dog pan-
creas (1). Insulins from cattle and swine of increasing purity soon became the principal
source of injectable insulin. These have been replaced by recombinant human insulins
developed in the 1980s. Furthermore, advances were made by changing the crystal
structure and the media in which insulin was suspended, resulting in altered pharmaco-
kinetics of insulin absorption from subcutaneous tissue (6). More recently, molecular
analogs to insulin with tailored pharmacokinetics have been developed (see Table 1).

Human Insulins
The first biosynthetic insulin became commercially available in the 1980s (7). Regu-

lar recombinant human insulin is an identical polypeptide to endogenous insulin. How-
ever, in solution, regular insulin tends to form hexamers that must dissociate into dimers
and then monomers before being absorbed from the subcutaneous tissue injection site
into the systemic circulation (8). This delay modifies the pharmacologic parameters of
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Fig. 1. Mean 24-h profiles of insulin secretion rates in normal subjects. Arrows indicate meals. Basal
insulin comprises about 40% of total daily secretion, while abrupt pulses of insulin secretion up to
five times basal levels follow ingestion of mixed meals. (Adapted from ref. 4.)



regular insulin: The onset of biological action is about 30 min after injection, the peak
effect is after 2–5 h, and the duration of action up to 8 h.

The duration of insulin activity can be lengthened by changing its suspension, creating
the basal insulins. Neutral protamine Hagedorn (NPH) insulin is formed by complexing
the insulin with protamine, whereas the lente series is formed by crystallizing insulin with
zinc and acetate. These insulins are poorly absorbed from subcutaneous tissue, prolonging
their onset, peak, and duration of action. However, as indicated in Table 1, these insulins
show significant interpatient and intrapatient variability in their pharmacokinetics.

Premixed insulins, made up of defined proportions of meal and basal insulins, are
valuable in the treatment of type 2 diabetes, but are generally not appropriate for use in
type 1 diabetes.

Since its introduction, insulin has been life sustaining for patients with type 1 dia-
betes, and thus is often available without prescription. Although it is relativly inexpen-
sive in the developed world, in many developing countries with limited health care
resources, it is not routinely available (9). Indeed, children with type 1 diabetes in sub-
Saharan Africa often do not live longer than 1 yr (10).

Animal Insulins
Beef and pork insulins, extracts from the pancreases of cows and pigs, were the only

preparations commercially available for most of the history of insulin therapy. They differ
from endogenous human insulin by one and three amino acids, respectively. Although
they are well absorbed after subcutaneous injection, the amino acid changes slow their
absorption slightly compared with recombinant human insulins (11). Additionally, nonhu-
man insulins are more likely to result in anti-insulin antibody formation (12). These
antibodies affect the activity and absorption characteristics of insulin, making its pharma-
cologic effects more unpredictable. Furthermore, production of animal insulins is depen-
dent on a supply of bovine and porcine pancreases, whereas human insulins are produced
synthetically. Because recombinant human insulin is produced more economically than
animal insulin and has captured the larger share of the insulin market, some pharmaceuti-
cal companies have stopped making animal insulins altogether.
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Table 1
Pharmacokinetics of Human Insulins and 

Recently Developed Insulin Analog 
for Treatment of Type 1 Diabetes

Action (h)

Insulin Onset Peak Duration

Meal insulins
Regular 0.5 2–5 6–8
Lispro 0.25 0.25 2–4
Aspart 0.25 0.75 2–5

Basal insulins
NPH 2–3 5–7 13–16
Lente 2–3 7–12 Up to 18
Ultralente 3–4 8–10 Up to 20
Glargine 2 – 24



Insulin Analogs
Regular insulin is not truly “rapid acting,” as its slow dissociation from hexamers to

monomers when injected subcutaneously results in nonphysiologic plasma profiles,
even if administered 0.5 h before a meal, as recommended. The delayed absorption
results in early postprandial hyperglycemia, with an increased risk of subsequent hypo-
glycemia several hours after the meal. To address this problem, meal insulin analogs
have been developed with amino acid substitutions that change the structure of the
molecule and accelerate its absorption after subcutaneous injection (13).

The protein structure of human insulinlike growth factor 1 (IGF-1) is similar to that
of human insulin. One of the differences between these two molecules is that the 28th
and 29th amino acids in the B-chain of insulin, proline and lysine, are reversed in IGF-1.
The observation that IGF-1 has reduced multimer formation led to the development of
insulin lispro, with an amino acid sequence identical to insulin except for reversal of
these two amino acids: lysine–proline (14). The resulting conformational change
reduces dimer formation of lispro by a factor of 300 compared to regular human insulin
while maintaining identical biological activity at the insulin receptor. The pharmacoki-
netics of lispro exhibit a more rapid onset of action, rapid time to peak activity, higher
peak of activity, and shorter duration of action. Patients may, therefore, inject lispro
insulin immediately before eating. It became the first commercially available synthetic
insulin analog, released in 1996.

Numerous studies have documented the effectiveness of lispro in controlling early
and late postprandial hyperglycemia (15). It reduces the risk of severe and nocturnal
hypoglycemia compared with regular human insulin (16,17). Additionally, the pharma-
cokinetics of lispro remain constant despite escalating doses, whereas the peak and
duration of activity of regular insulin are prolonged with larger doses (18). However,
improvement in glycosylated hemoglobin values with lispro treatment has not been
consistently documented.

Another rapidly acting insulin analog in clinical practice is insulin aspart. Aspartic
acid replaces proline at the B28 position of the molecule. Its negative charge causes
repulsion from other aspart molecules, so they remain as monomers and dimers in
solution (19). The pharmacokinetic profile of aspart reveals more rapid onset, peak,
and duration of activity compared with subcutaneously injected regular insulin (20).
Randomized double-blinded trials have demonstrated that aspart provides better post-
prandial glucose control (21,22) and fewer episodes of hypoglycemia (16,23) than reg-
ular human insulin.

Insulin analogs are also used to provide more physiologic basal insulin action than
the traditional basal insulins. For example, lispro complexed with protamine, neutral
protamine lispro, has been formulated as a basal insulin. Its pharmacokinetics are simi-
lar to NPH insulin and the clinical responses in controlling overnight glycemia are the
same (24). Glargine is an insulin analog with prolonged peakless activity and has sev-
eral molecular modifications compared with regular human insulin. Two arginine mol-
ecules are added to the C-terminus of the B-chain, making the molecule soluble at a
more acidic pH, and an acid-sensitive asparagine molecule in the A-chain is replaced
with a more stable glycine molecule (25). These changes cause glargine to form a
microprecipitate in the neutral pH of the subcutaneous tissue, resulting in long-lasting
and smooth insulin absorption. Unlike NPH, it does not have a peak action; rather, after
increasing for 4 h after injection, its activity remains at a plateau for many hours (26).
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In clinical trials, glargine has been demonstrated to give better fasting glucose control
(27,28) and less nocturnal hypoglycemia than NPH (29).

The development of a series of insulin analogs with improved pharmacokinetic pro-
files can be expected in the next few years, improving our ability to replace insulin
more physiologically.

INSULIN REGIMENS

The purpose of insulin treatment in a patient with newly diagnosed type 1 diabetes
is to reverse and correct the symptoms of hyperglycemia and ketosis caused by insulin
deficiency. In addition, insulin resistance can be caused by hyperglycemia itself and
restoring euglycemia pharmacologically may improve insulin sensitivity sufficiently
to allow the residual insulin secretion from the remaining β-cells to prevent ketosis.
This early period of pancreatic functional recovery is termed the “honeymoon phase.”
However, even these β-cells will eventually fail, and long-term insulin replacement
therapy will be required. Other short-term goals of therapy include restoration of
lost lean body mass, and improvement of exercise capacity and the patient’s sense of
well-being.

The long-term treatment of choice for type 1 diabetes is an intensive management
program, which requires four components:

• Regular self-monitoring of blood glucose throughout the day to evaluate the efficacy of
the treatment program.

• An intensive insulin regimen that reproduces normal pancreatic insulin secretion as
closely as possible. It must provide basal insulin replacement, along with boluses of
insulin in response to meals.

• A motivated and skilled patient who must be willing to monitor glucose control and learn
how to respond to and adjust the insulin regimen and the other components of the inten-
sive therapy.

• A dedicated interdisciplinary team to support the patient and his or her family.

The goal of such an intensive program is to keep blood glucose concentrations as
close to the normal range as possible without excessive hypoglycemia. The DCCT
established in 1993 that the complications of diabetes are reduced with intensive treat-
ment. For example, the intensive-treatment group of the study had a relative risk
reduction of 76% for developing retinopathy and of 54% for progression of retinopa-
thy compared to conventional therapy (2). The relative risk of proteinuria was reduced
by 54% and of neuropathy by 60% (2). Macrovascular disease may have also been
diminished with improved glucose control, although these findings were not conclu-
sive. The relative risk reduction for macrovascular events of 41% was not statistically
significant (30).

Insulin therapy is initiated on an inpatient basis if the presenting feature of diabetes
is ketoacidosis. Indeed, intravenous insulin administration is often required initially.
Likewise, initiation of therapy in children may require inpatient management.

As previously stated, daily physiologic insulin secretion by the healthy pancreas is
divided equally into basal secretion and episodic pulse secretion in response to meals.
Unfortunately, our ability to reproduce this physiologic pattern of insulin release with
subcutaneously injected insulin remains imperfect, despite increasing understanding of
insulin action and dose adjustment (3).
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Intensive Insulin Regimens
The insulin regimens that best accomplish the goals of an intensive management

program are multiple daily injections (MDI) of insulin and continuous subcutaneous
insulin infusion (CSII).

Four injections of insulin per day are required in MDI regimens. Meal insulins are
given in three boluses per day to emulate physiologic insulin pulses with meals, con-
trolling postprandial hyperglycemia. Rapidly acting insulin analogs are the meal
insulin of choice because of their superior pharmacokinetic characteristics.

In the healthy pancreas, basal insulin secretion controls hepatic glucose release and
provides insulin replacement interprandially. This action is particularly important in
dietary practices with a long time between meals. Basal insulin replacement is accom-
plished with a fourth insulin injection of NPH, lente, ultralente, or glargine at bedtime.
However, this single bedtime dose may not be adequate to cover daytime basal require-
ments, particularly for patients using very rapidly acting analogs as their meal insulin.
Indeed, up to one-quarter of such patients receiving a single injection of NPH or ultra-
lente at bedtime will have unacceptable glucose control before dinner (31); these
patients require extra basal insulin to be given before their breakfast, too.

The CSII regimens most closely mimic physiologic insulin secretion and were
shown to improve glucose control more effectively than MDI (32). A small pump
attached to or kept under clothing delivers insulin continuously via a cannula into the
subcutaneous tissue. Patients program the pump to deliver a basal rate of insulin.
Then, prior to eating, patients can administer a bolus of insulin to counter postprandial
hyperglycemia. Lispro used in CSII provides improved control and lower rates of
hypoglycemia compared to regular insulin (33,34). Aspart has been shown to be as
efficacious as lispro in CSII (35).

CSII therapy gives patients maximum flexibility over the timing of meals. Because the
basal insulin infusion continues at all times, a meal can be delayed or even skipped with-
out consequence; in MDI regimens, bolus injections must be given every few hours as the
insulin activity from the previous dose ends. However, CSII also has some limitations.
Undetected pump malfunction may result in interruption in the delivery of insulin, placing
the patient at risk for hyperglycemia and ketoacidosis. In some patients, cellulitis or a sub-
cutaneous abscess may develop at the insertion site of the cannula; this risk can be
reduced by changing the cannula location every 2 d. Finally, the pump and the supplies
required for its operation are expensive, limiting the widespread use of CSII therapy.

STARTING INSULIN DOSES FOR INTENSIVE REGIMENS

The typical starting daily dose of insulin is 0.5 U/kg of body weight, although most
patients with type 1 diabetes eventually need about 0.6–0.7 U/kg. However, the total
daily dose may be substantially changed in certain circumstances. In pregnancy, doses
decrease in the first trimester, but then may increase substantially during the second
and third trimesters. This effect is further described in Chapter 19. During adolescence,
circulating growth hormone counteracts insulin activity, and daily doses up to 1.5 U/kg
body wt may be needed. In contrast, young children may be treated with smaller
amounts of insulin to reduce the risk of hypoglycemic reactions.

Of the total daily insulin dose, approx 40% is delivered as basal insulin. In MDI regi-
mens, this is administered as a dose of one of the basal insulins at bedtime, whereas in CSII
treatment, it is administered continuously divided over 24 h. Usual basal rates for CSII vary

204 Part II / Treatment of Type 1 Diabetes



between 0.6 and 1.2 U/h. The remaining insulin is divided as insulin boluses before each
meal; usually, less insulin is required before lunch than before breakfast or dinner (Fig. 2).
To further improve glucose control, patients may also administer small doses of a rapidly
acting insulin before snacks at any time of day. Because of its delayed onset of action, if
regular insulin is used as the meal insulin in MDI, it must be given about 30 min prior to
eating, whereas lispro and aspart can be given immediately before or even after eating.
Rapidly acting analogs are the preferred meal insulin for intensive regimens.

DOSE ADJUSTMENT

Although these calculated doses are good estimates of the amount of insulin needed
before each meal, the actual amount given should be adjusted based on three variables:

• Preprandial glucose. Patients must self-monitor their blood glucose level before each
meal. If the preprandial glucose concentration is higher than a predetermined target, a
higher dose of insulin is required. In practice, the insulin dose given is adjusted, based on
a variable insulin dose schedule (Fig. 3). Trends or patterns recognized in the self-moni-
tored glucose results over time are analyzed to determine if changes in the basic dose
schedule are required. Care must be taken to ensure that adjustments in response to habit-
ually abnormal glucose determinations are made to the appropriate insulin. For example,
if predinner blood glucose concentrations are consistently elevated, the dose schedule for
meal insulin given before lunch needs to be increased. If fasting glucose levels are regu-
larly low, the overnight basal insulin dose should be decreased.

• Anticipated carbohydrate intake. Patients are taught “carbohydrate counting,” in which the
carbohydrate content of a meal can be estimated by measuring the quantity of food or eval-
uating portion size and dividing it into its various groups, including starches, fruits, and
milk products. Once they determine their individual insulin requirements per gram of car-
bohydrate intake for a given meal, patients may further modify the dose of insulin given in
anticipation of a change in carbohydrate intake, just as a functioning pancreas secretes
more insulin in response to a high-carbohydrate meal than a low-carbohydrate meal. Most
individuals require an additional 1 U of insulin per extra 10 g of carbohydrate with meals.
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• Physical activity. Patients must also modify their insulin doses in anticipation of moderate
to intense exercise. When using MDI treatment, the bolus insulin dose given before the meal
prior to the exercise may have to be reduced by 50%. This varies with individuals, and
patients are encouraged to use self-monitoring of blood glucose to determine their individ-
ual responses to a given exercise. Those using CSII regimens can also adjust their basal
insulin infusion rate in response to exercise. Patients must also be alert for the delayed hypo-
glycemic effects of exercise, which may occur up to 24 h after completion of the activity.
Adjustment in basal insulin requirements as well as other meal boluses may be required.

A further adjustment available with CSII therapy occurs for some patients in whom
the release of the counterregulatory hormone growth hormone in the early waking
hours (0500–0800) can lead to early morning hyperglycemia, the “dawn phenomenon.”
Insulin infusion pumps can be preprogrammed to increase the basal insulin infusion
rate during these hours to counteract this problem.

“Split–Mixed” Insulin Therapy
Studies such as the DCCT have shown that intensive insulin therapy reduces a

patient’s risk of developing the long-term complications of type 1 diabetes. Unfortu-
nately, many patients are unable or unwilling to comply with the dosing regimens and
frequent monitoring required for intensive therapy. For such patients, a treatment regi-
men using “split–mixed” insulin doses may be required. These regimens require two
daily injections of a mixture of meal insulin with basal insulin.

For many patients, the basal insulin injected as part of the dose before dinner peaks
in the night, causing nocturnal hypoglycemia and compensatory early morning hyper-
glycemia. A solution for such patients is to divide the predinner insulin dose, giving the
meal component before dinner and the basal component at bedtime. The three-times-
daily insulin injection regimen is a hybrid between “split–mixed” therapy and MDI
therapy and is also attractive for patients for whom insulin administration before lunch
may be inconvenient.

STARTING DOSES

As with intensive subcutaneous insulin therapy, the starting total daily dose of insulin
should be 0.5 U/kg body wt, although most patients ultimately require 0.6–0.7 U/kg.
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The dose given before breakfast replaces the physiologic insulin pulses after breakfast
and lunch and the basal insulin secretion during the day. Similarly, the dose before din-
ner replaces the dinner bolus and the overnight basal rate. A starting algorithm for each
component of the “split–mixed” regimen is detailed in Fig. 4. This therapy is clearly
inferior to MDI and CSII and does not approximate physiologic insulin secretion.
Specific deficiencies of the regimen are the absence of an insulin bolus for lunch, the
potential for the basal insulin injected before dinner to peak in the middle of the night
and the risk of nocturnal hypoglycemia, and the reduction of versatility to modify
therapy from day to day. “Split–mixed” therapy provides suboptimal insulin replacement
and should be used as a last resort.

DOSE ADJUSTMENT

In addition to generating a nonphysiologic insulin profile, “split–mixed” therapy
also affords the patient less flexibility in dose adjustment in response to the quantity
and timing of meals and exercise. Changes to insulin dosing may need to be anticipated
hours in advance of the event, as only two injections per day are given. Large changes
in the basal component of each dose risk provoking hypoglycemia or hyperglycemia;
for example, increasing the prebreakfast NPH in anticipation of a high-carbohydrate
breakfast may result in hypoglycemia before lunch. An alternate solution is to keep the
timing and carbohydrate content of meals constant from day to day so that dose adjust-
ment is not required.

Risks of Insulin Therapy
Insulin is a life-sustaining medication for patients with type 1 diabetes. However, it

does have important risks of which patients must be informed. Many of these risks
increase as glycemic targets approach physiologic levels and the hemoglobin A1c is
near normal.

The most feared complication of insulin treatment is hypoglycemia, because it can
be potentially life threatening. Hypoglycemia results when too much insulin is given
relative to the baseline glucose level, the carbohydrate intake, and the patient’s level of
activity. The DCCT established that the risk of hypoglycemia was directly proportional
to the intensity of glucose control (2). Patients in the intensively treated arm of the
study experienced a threefold frequency of severe hypoglycemia compared to the
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conventionally treated arm (36). However, increased hypoglycemia with intensive ther-
apy is not due to the regimen per se, but rather to the glycemic target selected for these
patients. Excessive hypoglycemia is best managed by raising the premeal and bedtime
glycemic targets. Hypoglycemia is discussed in further detail in Chapter 18.

The other major risk of insulin therapy is weight gain. Insulin promotes fat storage
in adipocytes and protein synthesis in muscles. It participates in many other growth and
anabolic pathways. In addition, patients who experience improved control with inten-
sive therapy eliminate glucosuria, go into positive caloric balance, and provoke further
weight gain. In the DCCT, patients treated with intensive insulin therapy had a substan-
tially higher incidence of obesity than those given conventional therapy (36).

PRACTICAL ASPECTS OF INSULIN ADMINISTRATION

Regardless of the specific treatment regimen, insulin is currently primarily adminis-
tered by subcutaneous injection. The most commonly used sites are the abdomen, ante-
rior thigh, dorsal arm and buttock—using other areas with less subcutaneous fat may
result in intramuscular injection of insulin, which is more painful and results in more
rapid systemic absorption (37). Abdominal injections are preferred, using the entire
abdominal surface. It has a larger area than other sites, and absorption is rapid and the
most consistent. For example, insulin injected into a limb that is subsequently exer-
cised is more rapidly absorbed compared to absorption from the same site without
exercise, primarily because of increased blood flow (38). Rotating injection sites within
the same anatomic area reduces the risk of lipohypertrophy at the injection sites while
maintaining stable absorption patterns from day to day. Other factors that affect
absorption are temperature, focal massage, and injection depth (39).

Syringes
Insulin is most commonly injected using disposable plastic syringes. It is supplied in

multiple-use vials with a concentration of 100 U/mL. Suspended insulins, such as NPH
or lente, must be mixed before being drawn up, to ensure uniformity of the injected
material. Air roughly equivalent in volume to the insulin to be removed is injected into
the vial, and then the insulin is drawn up into the syringe. If basal and meal insulins are
being mixed in the same syringe, the meal insulin is drawn before the suspended basal
insulin. The insulin is then injected into the subcutaneous fat.

Pens and Cartridges
An alternative to syringes is the pen-and-cartridge system of insulin administration. The

insulin is supplied in small 1.5- or 3-mL cartridges that are placed into a delivery device, or
pen. The patient dials up the amount of insulin to be administered, attaches a needle to the
pen, and inserts it into the subcutaneous fat. A plunger is depressed and the insulin dose is
delivered. Disposable pens, with the insulin already loaded, are also available.

Insulin pens allow more accurate dosing (40) and make insulin administration easier
(41), particularly in public places. They are ideal for patients with visual or motor
impairments for whom drawing up insulin is difficult. However, pens do not allow mix-
ing of insulins, so patients taking different types of insulin simultaneously must inject
themselves separately for each. Pens are particularly valuable for MDI regimens and
are quickly becoming the method of choice for delivering insulin.

208 Part II / Treatment of Type 1 Diabetes



Novel Routes of Insulin Delivery
Research is ongoing to find alternative routes of insulin delivery (42). Although oral

administration of insulin would be convenient and improve patient compliance, most
formulations have been limited by enzymatic destruction of insulin in the digestive sys-
tem. More recent work has encapsulated insulin into synthetic microscopic beads,
which allow slow insulin release once they are absorbed systemically (43). The
bioavailability of intranasal insulin is rendered unpredictable by even minor changes in
the nasal mucosa from infections or irritation (42). However, absorption across the
alveoli appears more consistent, and large-scale clinical trials of inhaled insulin are
underway (44).

Pancreas transplantation is offered in many centers, usually following or simultane-
ously with renal transplantation. Islet cell transplantation has been evaluated as a less
morbid alternative, but, as yet, only one center reports long-term success (45). These
procedures are discussed in detail in Chapters 29 and 30.

MONITORING GLUCOSE CONTROL

A fundamental component of any insulin treatment regimen for type 1 diabetes is
monitoring of glucose control. Rapid home measurement of glucose levels allows
immediate assessment of control. Glycosylated hemoglobin levels reflect intermediate-
term glucose control over several months. Long-term glucose control is reflected by the
development of the microvascular and macrovascular complications of diabetes.

Self-Monitoring of Blood Glucose
The most powerful monitoring tool is capillary blood glucose monitoring (46). A

small lancet pricks a patient’s fingertip to obtain a small drop of blood that is placed on
a testing strip. With electrochemical methods, the glucose concentration of this drop
can be determined in 5 to 30 s.

Patients with type 1 diabetes are encouraged to monitor blood glucose frequently.
By determining glucose levels before a meal, patients can decide whether their insulin
dose needs adjustment to counteract an already high glucose level. In addition, by
recording each value in a “log book,” patients can quickly develop a profile of their
overall glucose control at various times of day and so can make informed changes to
their insulin regimen. Many meters have memory features or accompanying computer
software to chart values and identify glucose control trends.

For patients using intensive therapy, monitoring is recommended before each meal
and at bedtime. In addition, glucose monitoring in the postprandial period, usually 2 h
after eating, can often guide adjustments to meal insulin doses and improve overall
control. This is particularly valuable for patients with on-target premeal glucose levels
but inappropriately elevated hemoglobin A1c. Measurements taken in the early hours
of the morning can help detect nocturnal hypoglycemia resulting from inappropriately
high evening basal insulin doses. Some patients are unable or unwilling to monitor so
frequently; these patients should be encouraged either to perform frequent monitoring
for short intervals, or to monitor episodically at varying times of day, thereby creating a
profile of glucose control over several days.

Newer methods of glucose monitoring being investigated include monitors that mea-
sure subcutaneous glucose concentrations every 5 min as a reflection of blood glucose

Chapter 10 / Insulin Regimens for Type 1 Diabetes 209



concentrations (47). These devices have the potential to provide a continuous profile of
glucose levels throughout the day, which will presumably allow for much finer adjust-
ment of intensive insulin therapies.

Glycosylated Hemoglobin
The impaired glucose metabolism of patients with diabetes results in higher than

normal concentrations of glucose in the circulation. Glucose is a reactive carbohydrate
that becomes nonenzymatically irreversibly bound to other proteins in the blood,
including hemoglobin A. These glycosylated electrophoretically fast hemoglobins are
named hemoglobin A1a, A1b, and A1c; however, most clinical laboratories only mea-
sure A1c. The proportion of hemoglobin molecules that are hemoglobin A1c reflects
the overall glucose control over the preceding 3–4 mo and can, therefore, be used to
evaluate a patient’s treatment regimen if measured regularly (48). However, only capil-
lary blood glucose monitoring can determine exactly when, during the day, glucose
control is poor and which insulin doses have to be modified.

Falsely low hemoglobin A1c may be seen in patients with hemoglobinopathies,
which limit the ability of hemoglobin to be glycosylated. In pregnancy, increased red
blood cell turnover results in a low hemoglobin A1c that may not reflect glucose con-
trol. Hemoglobin A1c measurements may be falsely elevated in patients with hemo-
globin F or with carbamylated or acetaldehyde-bound hemoglobins. Finally, if
hemoglobin A1c levels are higher than expected based on the glucose control
recorded in a capillary monitoring “log book,” meter error or log book falsification
must be suspected.

In addition to accurately reflecting intermediate-term glucose control, hemoglobin
A1c levels are known to be highly correlated with the long-term development of
microvascular disease. The DCCT showed that for every 10% reduction of hemoglobin
A1c, the risk of developing each of retinopathy, proteinuria or neuropathy was reduced
by 30–45% (2,49). Therefore, patients with type 1 diabetes should strive for hemoglo-
bin A1c levels as near normal as possible (Table 2).

ADJUSTING TREATMENT DURING ILLNESS OR SURGERY

Only half of the total daily secretion of insulin by the healthy pancreas controls the
glycemic response to meals; the other half is the 24-h basal requirement. Therefore,
patients with type 1 diabetes who stop eating must continue to administer insulin to
meet basal requirements. Without it, free fatty acid release from adipose tissue will be
unsuppressed, leading to hepatic ketone production and diabetic ketoacidosis. Indeed,
the physiologic stress associated with the illness or surgery that caused the patient to
stop eating also stimulates the release of counterregulatory hormones that antagonize
insulin action and may cause hyperglycemia despite decreased caloric intake.

When not eating, patients are instructed to monitor their blood glucose concentra-
tion every 4 h. If blood glucose levels are high, extra insulin is given to counteract
them; if they are low, insulin doses are reduced by around 50%, but never stopped alto-
gether. Patients are encouraged to drink sugar-rich fluids to maintain their carbohydrate
intake, but if unable to tolerate even this diet, intravenous dextrose may be required.

Patients should also be wary of the development of ketoacidosis when ill. Excess
counterregulatory hormones released in response to an illness can promote ketogenesis,
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even when exogenous insulin is continued. Traditionally, patients check for the devel-
opment of ketoacidosis using “dipsticks” that change color when placed in urine con-
taining ketones. However, a newly developed capillary blood monitor that also
measures concentrations of β-hydroxybutyrate may aid in preventing and managing
ketoacidosis (51).

A similar approach may be used for patients who are having minor surgical proce-
dures. Although usual insulin doses can accompany the usual diet on the day before
surgery, patients will usually not be eating for several hours preoperatively. On the
morning of surgery, half the patient’s usual basal insulin dose is given without bolus
insulin to control ketosis. Intravenous dextrose maintains the blood sugar level. Postop-
eratively, patients may resume usual insulin dosing based on the anticipated carbohy-
drate content of the meal they will eat.

If patients are going to be without oral intake for a prolonged time, such as during
and after major surgery, insulin should be delivered intravenously to control glucose
levels and ketone formation. Regular insulin is administered along with a dextrose
solution to ensure some ongoing carbohydrate source. Because patients are not eating
and therefore do not require the bolus component of their usual therapy and because
systemic absorption of insulin from subcutaneous tissue is not complete, the amount of
insulin infused intravenously over 24 h is approximately half the total daily dose of all
subcutaneous insulins. Monitoring of blood glucose must be performed regularly to
ensure that the glucose concentration is maintained at a safe level, and the infusion rate
is modified accordingly. Urine or blood ketones should be checked regularly if the glu-
cose level is high. Because the half-life of intravenous insulin is only a few minutes,
patients will become acutely insulin deficient and risk developing ketoacidosis if the
intravenous infusion is interrupted for any reason. Similarly, once the patient begins
eating, the infusion must be continued for at least 1 h after the first subcutaneous insulin
dose is given, to ensure that the action of the subcutaneous dose has started before the
infusion is stopped.
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INTRODUCTION

The Diabetes Control and Complications Trial (DCCT) was organized in 1982 in
order to address definitively the question of whether the long-term complications of
type 1 diabetes were directly related to hyperglycemia and whether the risks of these
complications could be significantly reduced by lowering blood glucose levels to near
normal. The question was of great scientific and public health importance. It was also a
question of special clinical poignancy: First because a peak in the incidence of type 1
diabetes occurs peripubertally around ages 11–13 yr (1), a period heralding profound
physical and emotional change; catastrophic late complications often followed after
15–25 yr of established disease (2,3), and life expectancy was previously shortened to
an average age of death of 49 (4), and second, because attempts to maintain normal
glycemia require highly disciplined regimens which limit flexible lifestyles for chil-
dren and adolescents as well as adults and can be intrusive into family life.

A retrospective and prospective body of observational cohort studies and fragmen-
tary evidence from several small randomized clinical trials conducted in the 1970s (5)
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provided preliminary evidence to adherents of “tight metabolic control” because of
their belief that this form of treatment would prevent the dire long-term consequences
of type 1 (and type 2) diabetes. This belief was buttressed by key animal experiments
(6) and, increasingly, by new descriptions of mechanisms that could link hyper-
glycemia to diabetic retinopathy, nephropathy, and neuropathy (7–11). On the other
hand, the lack of clear proof that tight metabolic control did have long-term benefits
persuaded some clinicians to favor looser metabolic control with less rigid blood glu-
cose goals that were thought more readily achievable and, therefore, less likely to
detract so much from the quality of life of children and adolescents.

The initiation of the DCCT was also stimulated by the development of self blood
glucose monitoring, the resurrection of multiple daily insulin injection (MDI) pro-
grams with each dose of regular insulin guided by premeal blood glucose values, the
introduction of external continuous subcutaneous insulin infusion (CSII) therapy, and
the development of glycated hemoglobin tests [referred to generically in this chapter as
HbA1c with a nondiabetic range of 4.05–6.05 (12)], which permitted accurate assess-
ments of the average level of blood glucose over the preceding 4- to 12-wk periods of
time. In addition, quantitative methods for measuring retinopathy, early nephropathy,
and neuropathy had been developed (13). Thus, all of the necessary components were
in place to launch the DCCT.

In the planning phase of the DCCT, there was considerable discussion whether to
include children or even adolescents in the trial. The safety of regimens aimed at nor-
mal glycemia was unproven in these patients. Their ability to complete a complex set
of measurements repeatedly and their long-term adherence to a research protocol were
questioned. Most importantly, their ability to maintain or even achieve near-normal
average levels of blood glucose was subject to considerable doubt. Fortunately, as it
turned out, the importance of testing the glucose hypothesis in nonadults won out over
the concerns, and a cohort of adolescent subjects aged 13–15 yr was recruited. This
permitted the conclusions of the DCCT regarding the efficacy and safety of “tight
metabolic control” with intensive treatment to be applied with confidence to this criti-
cally important group of patients.

SUMMARY OF THE OVERALL DCCT RESULTS

The DCCT ended the controversy as to whether the degree of metabolic control of
type 1 diabetes influences the development of long-term complications (14). The
DCCT was a prospective randomized trial that compared the effects of intensive treat-
ment (IT) with those of conventional treatment (CT) on retinopathy, nephropathy, and
neuropathy in subjects with type 1 diabetes. IT was aimed at producing normoglycemia
(preprandial blood glucose levels of 70–120 mg/dL, HbA1c < 6.0%) and consisted of
MDI (three to four daily daily injections) or CSII, frequent self blood glucose monitor-
ing, monthly clinic visits, and frequent telephone contact with the treatment team. CT
was aimed at producing clinical well-being, defined as freedom from symptoms of
hyperglycemia and from inordinate hypoglycemia and consisted of no more than two
insulin injections per day, urine or blood glucose monitoring, and routine quarterly vis-
its to the clinic. A total of 1441 subjects aged 13–39 yr were studied; 726 were in a pri-
mary prevention cohort with diabetes duration 1–5 yr, no retinopathy by 7 field stereo
fundus photographs, and urinary albumin excretion rate (AER) < 40 mg/24 h; 715
comprised a secondary intervention cohort with diabetes duration 1–15 yr, minimal to
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mild nonproliferative retinopathy, and AER < 200 mg/24 h. The mean baseline HbA1c
was 8.8% in the primary cohort and 9.0% in the secondary cohort. Each cohort was
separately randomized to IT and CT, and adolescents were included in all four of the
treatment groups thus formed.

The trial was ended by the Data Safety and Quality Committee after a mean follow-
up time of 6.5 yr (14). The results showed that intensive treatment of type 1 diabetes
reduces the risk of retinopathy (15,16), nephropathy (17), and neuropathy (18,19) by
39–63% when compared with conventional treatment. These risk reductions were evi-
dent in both the primary prevention cohort and the secondary intervention cohort of
patients. The benefits of IT relative to CT did not become evident until approx 3 yr had
elapsed (14), but the risk reductions became progressively greater as the earliest ran-
domized patients were followed for up to 9 yr of treatment. The lower rates of compli-
cations in IT patients were associated with median HbA1c levels of 7.2% (1.20 times
upper limit of normal [ULN]) as opposed to 8.9% (1.48 times ULN) in the CT patients
(14). The difference of 1.7% in median HbA1c corresponded to a difference in mean
daytime blood glucose levels of 76 mg/dL (231–155 mg/dL) (14). These lower, but still
above normal, levels of glycemia in the IT group were accompanied by a threefold
greater risk of severe hypoglycemic episodes and by an increase in weight gain (14,20).

This chapter will discuss the pertinence of the DCCT results to the present manage-
ment of type 1 diabetes in adults and especially in children and adolescents. The
younger age group will be emphasized when the available data allow, because their
specific results have received less broad dissemination and application of these results
to younger patients may be more controversial and difficult. However, some caveats are
in order first. The DCCT subjects were not a random population based sample of type 1
diabetes, and few minority patients (i.e., of African or other racial/ethnic backgrounds)
were studied. Treatment teams in each DCCT clinic were professionally diverse, con-
sisting of physicians, nurses, dietitians, mental health professionals, and social workers
with ample support (21). All diabetes care and supplies were free to the patients with
the generous support of the National Institute of Diabetes, Digestive and Kidney Dis-
eases (NIDDK) and with supplementary assistance from industry. A constantly rein-
forced research goal, frequent telephone and clinic contacts, and numerous varied
adherence activities all led to strong bonding between the DCCT personnel and the
research patients. This accounted for remarkable compliance with assigned treatment
in both treatment groups and a 99% participation in final follow-up measurements (14).

BENEFITS OF INTENSIVE TREATMENT IN ADOLESCENTS

The DCCT a priori analytical plan included a stratified analysis of the main out-
comes by adolescent status at baseline and these results have been published separately
(22). One hundred ninety-five (13.5%) of the 1441 DCCT subjects were classified as
adolescent; 125 were in the primary prevention cohort and 70 were in the secondary
intervention cohort. They were 13–17 yr of age and at least Tanner stage 2 on entry
(41% were age 13–14, 47% were age 15–16, and 12% were age 17). Of primary cohort
adolescents with diabetes duration 1–5 yr, 37% had sustecal stimulated C-peptide lev-
els > 0.2 mmol/L but < 0.5 mmol/mL, whereas none of the adolescents with duration
> 5 yr had levels > 0.2. In the primary cohort, duration of diabetes was 38 mo (of
which, 32 mo were considered postpubertal). In the secondary cohort, these durations
were 93 mo and 48 mo, respectively. Insulin doses averaged 0.90 U/kg in the primary
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cohort and 1.04 U/Kg in the secondary cohort. Mean baseline HbA1c was 9.2% in the
primary cohort and 10.0% in the secondary cohort. Seventy-four percent of the sec-
ondary cohort had only microaneurysms on their baseline fundus photographs and their
mean AER was 28 mg/24 h.

Over an average DCCT follow-up time of 7.4 yr in the adolescents, the mean HbA1c
in the intensive group was 8.1%, compared to 9.8% in the conventional group (22).
These values were each 0.8% higher than those maintained in the respective DCCT
adult groups (22). Every 3 mo, a seven-sample capillary blood glucose profile (3 premeal
and 11/2 h postmeal and bedtime) was obtained. The mean values of all these blood glu-
coses were 177 mg/dL in the intensive group and 260 mg/dL in the conventional group.
These values were each about 25 mg/dL higher than those recorded in the whole
DCCT cohort. Of note, the total daily insulin dose required for IT did not differ signif-
icantly from that required for CT during the first year of treatment (1.03 vs 0.97 U/kg)
when the HbA1c nadir of 7.6% was reached with IT; nor did these doses differ from the
pre-DCCT doses. Thus, the key to maintaining a lower-level HbA1c with IT was more
physiological distribution and better coordination of insulin with caloric intake and
exercise throughout the day.

Figures 1 and 2 show the cumulative incidence of progression of retinopathy, defined
conservatively as a sustained three-step worsening on the retinopathy scale, in the ado-
lescent primary and secondary cohorts. IT reduced the progression significantly in each
cohort (53%, p < 0.048, 70%, p < 0.01, respectively. Figure 3 demonstrates that intensive
treatment also reduced the cumulative incidence of microalbuminuria in the secondary
cohort (55%, p < 0.042). Table 1 presents the absolute rates of retinopathy and nephropa-
thy as events per 100 patient-years and the risk reductions produced by IT (22). There
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Fig. 1. Cumulative incidence of adolescent DCCT primary prevention subjects whose retinopathy
progressed from none at baseline three or more steps on the Early Treatment Diabetic Retinopathy
Study (ETDRS) scale and was sustained on a second photograph taken 6 mo later. Solid line: inten-
sive treatment; dashed line: conventional treatment. (From ref. 22.)



was a 61% reduction in retinopathy risk in the combined cohort (p < 0.02) and a 55%
reduction in risk of developing microalbuminuria in the secondary cohort (p < 0.05).
Seven adolescents developed confirmed clinical neuropathy during conventional treat-
ment vs three during intensive treatment (numbers too small to yield statistical
significance). However, median and peroneal motor and sensory peripheral nerve
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Fig. 2. Cumulative incidence of adolescent DCCT secondary intervention subjects whose retinopa-
thy progressed from its baseline level three or more steps on the ETDRS scale and was sustained on a
second photograph taken 6 mo later. Solid line: intensive treatment; dashed line: conventional treat-
ment. (From ref. 22.)

Fig. 3. Cumulative incidence of microalbuminuria in adolescent secondary intervention DCCT sub-
jects who had none at baseline. Solid line: intensive treatment; dashed line: conventional treatment.
(From ref. 22.)



conduction velocities all decreased during CT, whereas they remained the same or
increased during IT (p < 0.04 to < 0.001) (22). In summary, IT of adolescents consis-
tently reduced the risks of retinopathy, nephropathy, and neuropathy compared to CT,
just as it did in the DCCT adults (14,22).

These benefits were associated with an absolute reduction in HbA1c of about 2%
and a reduction in mean blood glucose of 83 mg/dL. Thus, a straightforward conclu-
sion from these data is that adolescents, like adults, should be encouraged to adopt and
practice IT of their diabetes, aimed at normal glycemia.

ADVERSE EFFECTS OF IT IN ADOLESCENTS

The benefits of IT, however, need to be balanced against the major observed adverse
effects: hypoglycemia and weight gain. Hypoglycemia is of special concern because
the plasma glucose level at which adrenergic warning signs appear tends to fall with IT
(23,24). In addition, the brain requires glucose as an oxidative substrate during each
hypoglycemic episode (25). For these reasons, lapses into impaired judgment, confu-
sion, coma, and convulsions become more frequent (23). A predilection for events to
occur during sleep poses an additional danger (26,27).

The event rate for severe hypoglycemia (defined as requiring treatment by another
person) was 86 per 100 patient-years in the adolescents treated intensively compared to
57 per 100 patient-years in the adults so treated (22). For hypoglycemic events result-
ing in coma or seizure, these respective rates were 27 and 14 per 100 patient-years,
respectively (22). The relative risks of severe hypoglycemic events with IT vs CT were
2.9 in adolescents and 3.3 in adults. Eighty-two percent of intensively treated vs 45%
of conventionally treated adolescents had at least one severe hypoglycemic event dur-
ing the course of the DCCT. The comparable percentages for hypoglycemic
coma/seizure were 63% and 25%, respectively. Some adolescents suffered multiple
events. The overall risk of severe hypoglycemia increases as HbA1c falls (14), an
important point in selecting HbA1c targets for children and adolescents with type 1
diabetes. However, this inverse relationship does not entirely explain the increase in
hypoglycemia associated with IT (28).
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Table 1
Rates of Retinopathy and Nephropathy (Events/100 Patient-Years) 

and Risk Reductions Produced by IT and CT

Primary prevention cohort Secondary intervention cohort

Risk Risk 
Complications CT IT reduction, (%) CT IT reduction, (%)

Retinopathya

Any 23 18 30 — — —
≥ 3-Step progression 6.2 3.2 53b 7.4 2.9 70b

Nephropathy
Urinary 7.1 5.8 10 12.7 6.6 55b

albumin > 40 mg/24 h
a Sustained on at least two fundus photographs 6 mo apart.
b p < 0.05.



Despite these high frequencies of severe hypoglycemia, there was no measurable dif-
ference of quality of life or in neuropsychological function test scores between the two
treatment groups in the whole DCCT cohort, nor between subjects who did or did not
suffer hypoglycemia, nor between those who had multiple events and those who did not
(29). Although these results and other reports (30) provide some reassurance of safety,
long-term delayed central nervous system consequences of severe hypoglycemia cannot
be ruled out until extended follow-up studies of the cohort are completed.

With regard to weight gain also, the adolescent cohort mirrored results in the whole
DCCT cohort. Within the first 5 yr, the intensively treated adolescent females and males
gained 4.0 kg and 3.2 kg, respectively—more weight than their conventionally treated
counterparts (22). Because growth in height was the same in the two treatment groups, the
body mass index (BMI) increased approx 2 more units with intensive than with conven-
tional treatment in both genders. In the whole DCCT cohort, the risk of becoming over-
weight was almost twofold greater with IT (31). In the first year of IT, weight gain was
positively correlated with the entry HbA1c level and with the subsequent decrease in
HbA1c, suggesting that much of the early weight gain could be accounted for by improved
glycemic control (31). Intensively treated adolescents who experienced severe hypo-
glycemia also gained more weight than those subjects who did not have such events (22).

There may be important health implications for those DCCT patients who gained the
most weight on IT. When the weight gain was stratified by quartiles, those patients in the
highest quartile of weight gain had higher BMI and waist–hip ratios, higher triglyc-
erides, low-density lipoprotein (LDL) cholesterol and apolipoprotein B levels with
increases in the dense LDL fractions, lower high-density lipoprotein (HDL) cholesterol
and lipoprotein A1 levels, and higher blood pressure than those in the lowest quartile of
weight gain (32). Another study has shown that this atherogenic dyslipidemic tendency
was also more likely seen in DCCT subjects with elevated urinary AER (33), another
risk factor for cardiovascular disease. Moreover, IT, although it reduced total and LDL
cholesterol levels and triglycerides levels, did not significantly decrease cardiovascular
event rates in the whole DCCT cohort (34). Placed together, these observations have
been interpreted to indicate that IT may be unveiling an inherent but latent insulin resis-
tance syndrome, with its attendant risk of cardiovascular complications (32), indepen-
dent from the patients’ type 1 diabetes. Although this suggestion is speculative at present,
extended follow-up studies and appropriate future genotyping of the DCCT subjects who
gained the most weight on intensive treatment (including those who were adolescent at
entry into the DCCT) should confirm or deny this hypothesis.

In adolescents, the rigors of IT did not interfere with education (a mean of 14 yr at
DCCT closeout in both treatment groups) or marrying (19 vs 22 marriages) (35), both
important developmental achievements. The comparable figures for the adults on IT
and adults on CT were 15 and 15 yr of education and 195 and 197 marriages (35). One
adolescent in the IT group died of a motor vehicle accident unrelated to hypoglycemia,
and one adolescent in the CT group committed suicide (35). By comparison, there were
six deaths of adults on IT and three adults died while on CT, with one fatal motor vehi-
cle accident in each group possibly caused by hypoglycemia (14).

FACTORS INFLUENCING THE RISK OF COMPLICATIONS

Although the most important accomplishment of the DCCT was the clear-cut
demonstration that IT was superior to CT by reducing the risks of microvascular and
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neuropathic complications, the wealth of collected data permitted further analyses
leading to a better understanding of the factors influencing these risks. Despite the fact
that these analyses were performed with data from the whole DCCT cohort, there is no
reason to believe that they do not apply to the adolescents, who were too few in number
to analyze similarly as a separate group.

The most immediate question raised by the DCCT results was whether IT worked by
lowering blood glucose. To explore this issue, the risk of retinopathy progression (sus-
tained three-step worsening on the Early Treatment of Diabetic Retinopathy Study scale)
was analyzed as a function of the mean HbA1c prior to the event or nonevent (36). Fig-
ure 4 shows the result of this modeling and demonstrates clearly an exponential relation-
ship within each treatment group. For each 10% decrease in HbA1c (i.e., 10.0 → 9.0, 9.0
→ 8.1, 8.0 → 7.2, 7.0 → 6.3), the risk of retinopathy progression was reduced 45% in
the CT group and 43% in the IT group. These nearly identical risk relationships in the
two groups support the premise that the difference in outcomes between the two groups
was related to the difference in mean levels of glycemia between them. Similar results
were obtained when development of microaneurysms in the primary cohort, microalbu-
minuria, and neuropathy were modeled against HbA1c in like manner (36).

Others have reported that there is a glycemic threshold around 8.0% HbA1c, below
which no further risk of microalbuminuria (37) or retinopathy (38) is demonstrable.
Because of the therapeutic importance such a threshold would have, the DCCT
research group reanalyzed their data with models explicitly designed to reveal a thresh-
old, if one existed (39). No threshold could be demonstrated with this largest prospec-
tively collected set of complications data. Thus, to completely prevent retinopathy,
nephropathy, and neuropathy, complete normalization of blood glucose will almost
certainly be required.

However, it must also be appreciated that because of the exponential nature of the
relationship, the absolute risk of retinopathy decreases less for any proportional decre-
ment in HbA1c as one approaches the nondiabetic HbA1c range (36). For example, a
decrease in HbA1c from 11.0% to 9.9%, a 10% decrease, reduces the absolute risk of
retinopathy progression by 7.23 events per 100 patient-years (12.69 to 4.46); by con-
trast, a decrease in HbA1c from 7.0% to 6.3% (also a 10% decrease) reduces the
absolute risk of retinopathy by 0.67 events per 100 patient years (1.17 to 0.50). Given
the huge numbers of patients with type 1 diabetes worldwide (to say nothing of those
with type 2 diabetes), this even smaller decrease in total numbers of retinopathy events
is not inconsequential to society and to public health. Nonetheless, how much benefit
the preadolescent, adolescent, or adult patient gains in striving for normal glycemia
must be balanced against how much extra risk that individual patient incurs, especially
for severe hypoglycemia.

Time of exposure also increases the risk of retinopathy associated with any level of
hyperglycemia (36). This is shown in Fig. 5 using data from the conventional treatment
group. Exposure to a mean HbA1c of 11% for less than 3 yr yields the same rate of
retinopathy as exposure to a HbA1c of 8% for 9 yr. The message is clear: The less time
we allow a patient to be exposed to high levels of blood glucose, the better; the sooner
we can safely start each patient on IT, the better. The latter point is illustrated by still
other data from the whole DCCT cohort. The reduction in risk of retinopathy with IT
versus CT was related to the duration of type 1 diabetes prior to entering the study (16).
For durations of 1, 5, 10, and 15 yr, the respective reductions in risk, using intensive
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treatment, were 92%, 77%, 64%, and 53%. Starting IT after 1 yr of type 1 diabetes was
therefore almost twice as effective as starting it after 15 yr duration.

A related benefit of beginning IT is the preservation of C-peptide (i.e., insulin)
secretion. Over half (855) of the DCCT cohort had type 1 diabetes duration of 1–5 yr at
entry to the trial (40). Of these, 303 (35%) were C-peptide responders as defined ear-
lier. One hundred thirty-eight (45%) of these C-peptide responders were assigned to IT
and 165 (55%) to CT. Those responders randomly assigned to CT rapidly lost their
responsiveness (on average after 2–3 yr) (40). By contrast, those responders randomly
assigned to IT had extended responsiveness and higher mean C-peptide levels for 5 yr.
The risk of completely losing β-cell function over the course of the DCCT was reduced
57% by IT compared to CT (40).

Substantial benefits accrued to those IT patients who retained significant β-cell
function. HbA1c was significantly lower at DCCT baseline (8.3% vs 9.4%) (41) and
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Fig. 4. Absolute risk of sustained retinopathy progression as a function of the mean HbA1c up to the
time of the event in conventional group (A) and intensive group (B) of the entire DCCT cohort using
a Poisson regression model. The risk gradients are not significantly different between the two treat-
ment groups. (From ref. 36 © 1995 American Diabetes Association.)



remained so for the first 4 yr of the DCCT (40). The average difference was 0.4% lower
in C-peptide responders. This benefit was lost after 2 yr of CT. The adjusted relative
risks for progression of retinopathy and for development of microalbuminuria over the
entire course of the DCCT for IT C-peptide responders vs nonresponders were 0.50 (95%
confidence interval [CI]: 0.28–0.88) and 0.73 (95% CI: 0.36–1.46), respectively (40).
Moreover, the relative risk of suffering hypoglycemic coma or seizure was 0.38 (95%
CI: 0.25–0.59). None of these benefits accrued to the CT C-peptide responders who lost
their β-cell function more quickly. All of these observations emphasize and support the
importance of beginning IT as early as safely possible in the course of type 1 diabetes.

The adverse hyperglycemic effects on the eyes and kidneys exhibit a carryover
effect manifested by a kind of “metabolic memory” displayed by these target organs.
The entry level of HbA1c was itself a significant, positive risk factor for subsequent
progression of retinopathy, particularly in the CT group (36). This was explained only
partly by the fact that the entry-level HbA1c predicted the mean HbA1c during the
trial. The prior duration of type 1 diabetes was also a significant positive risk factor for
progression of retinopathy. These effects of prior glycemic exposure (HbA1c × time)
were vividly illustrated by the time-course of response to intensive treatment. Not until
3–4 yr of DCCT treatment did the reduced risk of retinopathy with IT become evident
in the whole DCCT cohort (14) or in the adolescent group specifically (Figs. 1 and 2).
Again, this observation speaks for early initiation of intensive therapy.

Of the DCCT cohort, 95% are participating in an extended follow-up study called
Epidemiology of Diabetes Interventions and Complications (EDIC). The effects of
prior DCCT IT vs CT have been analyzed 4 yr after the closeout of the DCCT (42).
Within 1 yr, HbA1c in the former IT group rose about 1%, whereas HbA1c in the for-
mer CT group fell about 1%. During the entire 4 yr of EDIC, median HbA1c levels in
the whole cohort of former intensively treated and conventionally treated subjects were
7.9% and 8.2%, respectively (42). Despite this virtual equalization of glycemic control
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Fig. 5. Absolute risk of sustained retinopathy progression as a function of follow-up time and
HbA1c. Note that the rate of retinopathy at any particular time-point is greater at higher HbA1c lev-
els. Conversely, at lower HbA1c levels, it takes a longer time to reach any given rate of retinopathy.
Both factors combine to increase the total glycemic exposure and thereby increase the rate of devel-
opment of retinopathy. (From ref. 36 © 1995 American Diabetes Association.)



for the ensuing 4 yr, the previous intensively treated patients continued to exhibit the
advantages of their former therapy. The risk of a sustained three-step progression of
retinopathy, from DCCT baseline, was reduced 75% after 4 yr of EDIC compared to
76% at DCCT closeout (42). Even more important, the risks of clinically significant
macular edema (CSME) and of requiring retinal photocoagulation for either CSME or
proliferative retinopathy were reduced 46–56% in IT patients compared to former CT
patients at DCCT closeout and still 52–58% after 4 yr of EDIC (42). When the progres-
sion of retinopathy from the retinopathy status at DCCT closeout over the subsequent 4
yr of EDIC was specifically analyzed (Fig. 6), this risk was reduced 60–83% for vari-
ous outcomes (42). Parallel results were observed when development of microalbumin-
uria or progression to macroalbuminuria (AER > 300 mg/d) was analyzed (42). All of
these continued differences in later outcomes resulted from an average of 6.5 yr of
prior IT versus CT and were strongly statistically significant.

The same trends were seen when the former DCCT adolescents on IT and CT were
analyzed as a separate group (43). However, the statistical significance of the continuing
differences in various outcomes was weaker or marginal because of the much smaller
numbers of subjects and events. Most of the DCCT adolescents—now young adults in
EDIC—stated that they were still practicing IT. The mean HbA1c levels in the former IT
and CT subjects were 8.4% and 8.5%, respectively. The risks of a three-step progression
from DCCT baseline and of new proliferative diabetic retinopathy were further reduced
67% (p = 0.03), and 85% (p = 0.06), respectively. None of the former IT patients, com-
pared to 5.6% of the former CT patients, have, thus far, required photocoagulation ther-
apy during the 4 yr of EDIC. It was found that 9.9% of the former CT group vs 1.3% of
the former IT group progressed to AER > 300 mg/d (p = 0.08). Thus, any significant
period of intensive treatment, such as 6.5 yr, casts a beneficial glow for at least 4 yr
thereafter, even if the HbA1c rises modestly. This is analogous to the adverse shadow
cast by the first 3–4 yr of CT at the beginning of the DCCT (Fig. 1) (14,22). Naturally,
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Fig. 6. Cumulative incidence of further progression of retinopathy from the end of the DCCT
throughout the initial 4 post-DCCT (EDIC) years. Note the continued reduction in risk of retinopathy
in the former intensive treatment group compared to the former conventional treatment group even
after the DCCT had ended. (From ref. 42 © 2000 Massachusetts Medical Society. All rights
reserved.)



this observation is not to be taken as an argument for using IT for limited periods of time.
The sum total of all these DCCT–EDIC observations of glycemic exposure supports the
biological view that there is a momentum factor in retinopathy and nephropathy con-
tributed to by the combination of glycemic level and time. The process of tissue damage
builds up slowly, but in an accelerated fashion at higher HbA1c levels (Fig. 5), it deceler-
ates slowly at lower HbA1c levels (Fig. 2), but also resumes its progression slowly after
a period of time at lower HbA1c levels (Fig. 6). The clinical lesson of the DCCT is that
intensive treatment with the preservation of β cell function should begin early and be
sustained for as long as possible.

Genetic and Tissue Factors Affecting Complications
Late in its course, the DCCT also conducted a family study looking for familial clus-

tering of retinopathy or nephropathy (44). Two hundred forty-one first-degree relatives
of 217 DCCT probands were studied, measuring their HbA1c level, determining their
duration of diabetes, and assessing retinopathy and nephropathy status. First-degree
relatives of DCCT probands with severe nonproliferative diabetic retinopathy, clini-
cally significant macular edema, or having undergone photocoagulation were more
likely to exhibit these signs of severe retinopathy than were first-degree relatives of
DCCT probands without such severe retinopathy (44). The risk ratio was 3.1 (p < .05).
Moreover, first-degree relatives of DCCT probands with microalbuminuria were more
likely to have microalbuminuria, macroalbuminuria, or end-stage renal disease than
first-degree relatives of DCCT probands who did not have microalbuminuria. The risk
ratio was 5.6 (p < .001). These observations suggest that involvement of genetic factors
is increasing the risk of complications. These risk ratios persisted even when adjusted
for HbA1c levels (44).

In an ancillary study, 216 DCCT subjects volunteered to have a skin biopsy per-
formed near the end of the trial (45). The collagen was extracted from the skin and the
levels of glycated collagen (furosine) and of the advanced glycation end products, pen-
tosidine and carboxymethyllysine, were measured. In addition, the acid and pepsin
solubility of the collagen was determined, as indicators of its elasticity. When all of
these parameters were combined into a single panel reflecting collagen abnormalities
that result from hyperglycemia, the degree of retinopathy, nephropathy, and neuropa-
thy of the patients was correlated with their panels of collagen abnormalities. These
collagen abnormalities explained as much as 51% of the variance in the complications,
a contribution similar to or greater than that of the HbA1c level itself in some cases.
The association of the complications with the collagen abnormalities was also inde-
pendent of HbA1c levels (45).

Taken together, the above observations suggest the existence of genetic factors that
could increase or decrease the susceptibility of tissue to hyperglycemic damage. When it
becomes possible to easily and accurately determine each individual patient’s vulnerability
to diabetic complications, it will also be possible to determine each individual’s relative
need for intensive treatment of hyperglycemia. This, in turn, will enable us to focus our
resources on those patients who absolutely require intensive treatment of type 1 diabetes
and spare those patients, who may not require equally rigorous treatment in order to avoid
long-term complications, from its burdens and hazards. Nonetheless, normoglycemia
should be a goal for all patients, if it can be achieved without the hazards of hypoglycemia,
the health and social burdens of obesity, and serious disruption of lifestyle.
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APPLICATION OF DCCT RESULTS IN THE COMMUNITY

How well can the DCCT results be extended to typical type 1 patients in typical dia-
betes care settings? Following the conclusion of the DCCT, both treatment groups were
informed of the results of the trial and of the benefits and risks of intensive treatment.
The intensive-treatment group was encouraged to continue that regimen, whereas the
conventional-treatment group was strongly advised to adopt intensive treatment by
learning to implement it before the DCCT clinics ceased managing their diabetes.

During the first two post-DCCT years, 95% of the former intensive-treatment group
and 70% of the former conventional-treatment group reported practicing intensive
treatment (46). During these 2 yr, the median HbA1c of the former intensive group rose
to 7.9% and that of the former conventional group fell to 8.1% (46). Only 46% of
intensive-treatment subjects and 36% of conventional-treatment subjects reported mon-
itoring blood glucose four or more times per day (47).

The best overall results with intensive treatment has been reported by an Italian
group. One hundred twenty-four patients were started on intensive treatment at the
time of diagnosis of type 1 during the period from 1981 to 1994; 112 patients remained
on intensive treatment during those years (24). The mean HbA1c was 7.2% (1.31 × ULN,
with a range of 0.82–2.27). The patients, followed as outpatients every 2–3 mo, were
recently offered free consultation 24 h/d by cellular telephone. This degree of commit-
ment to achieving superior metabolic results might be very difficult for most practition-
ers to offer to more than a few patients.

More “real-life” results are seen in a cross-sectional analysis of over 3000 type 1
diabetic patients selected randomly at 31 diabetes centers in 16 European countries
(48). The mean HbA1c in approximate DCCT equivalents was 8.4%, varying among
the centers from a low of 7.2% to a high of 11.8%. These results were reported after a
HbA1c<7.0% had already been a consensus goal of treatment for several years in
Europe (49).

Given the reductions in retinopathy, nephropathy, and neuropathy in the DCCT ado-
lescents randomized to intensive treatment, how well is such treatment being imple-
mented in children and adolescents? A review of the published experience indicates the
results are mixed. In a population-based sample of over 600 children and adolescents in
western Australia, the mean HbA1c was 9.1% (1.47 × ULN); the mean HbA1c was
8.9% in children < 6 yr of age compared to 9.3% in those age 12–18 (50). Except for a
few of the older patients, the majority was injecting insulin only twice a day.

In a Belgian public university hospital, one pediatric diabetologist and nurse
reported a mean HbA1c of 6.6% (1.20 × ULN) in a consecutive unselected group of
144 type 1 diabetic children and adolescents. Of these patients, 90% administered only
two daily injections of insulin, but they performed self blood glucose monitoring an
average of three to four times a day (51). This unusually good compliance with moni-
toring and the excellent HbA1c results may be partly explained by the fact that the
families of these children paid for very little of this care.

In a 1992 report from France, 205 adolescent type 1 diabetic patients were ran-
domly assigned to remain on 2 injections or be switched to 3 injections of insulin per
day (52). The group taking three injections decreased HbA1c from 9.8% (1.46 ×
ULN) to 9.3%, whereas the group taking two injections increased HbA1c from 9.5%
to 9.8%. The small difference in final outcome of 0.5% was statistically significant. A
larger difference of 1.4% was observed in patients whose HbA1c was > 11.2% at
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entry. Neither group experienced a change in the rate of hypoglycemia and the three-
injection regimen was as acceptable to the patients and the families as the two-injec-
tion regimen.

In 1995, a cross-sectional nationwide study was conducted in 2579 children with
type 1 diabetes receiving care in 206 treatment centers in France (53). Most of the chil-
dren were still injecting insulin twice daily but reporting an average of almost three self
blood glucose measurements daily. The mean HbA1c of the entire cohort was 9.0%
(1.48 × ULN). Of these children, one-third had a HbA1c < 8.0%, a value similar to the
median HbA1c in the DCCT intensively treated adolescents; however, almost one-sixth
still had a HbA1c > 11.0%, much higher than the median HbA1c of the conventionally
treated adolescents in the DCCT. Despite the less than optimal degree of glycemic con-
trol, the rate of severe hypoglycemia was 45 per 100 person-years.

Two years after the appearance of the DCCT results, a survey conducted in 1995 in
22 pediatric diabetic centers (15 in Europe, 4 in the United Kingdom, and 1 each in
Japan, the United States, and Canada) reported HbA1c levels in 2873 children and ado-
lescents (54,55). In approximate DCCT equivalence, mean HbA1c was 8.3% (8.0% in
those < 11 yr of age and 8.6% in those age 12–18). The HbA1c level in the teenagers
was closer to that of the adolescents on IT in the DCCT (8.1%) than to the HbA1c of
the DCCT adolescents on CT (9.8%). There was much disparity in the results; the
mean HbA1c ranged from 7.3% to 9.9% among the centers, with an upward skew in
the distribution. About one-third of the pediatric patients was injecting insulin three or
more times daily and about one-third of this group had HbA1c levels below 7.7%.
There was no correlation between the daily number of injections and HbA1c level. A
lower HbA1c level was seen in patients whose daily dose contained a higher fraction of
short-acting insulin. The event rate of severe hypoglycemia was 22 per 100 patient-
years (54), about that of the DCCT conventionally treated adolescents.

In one of the DCCT sites with a reference HbA1c laboratory, the mean HbA1c in the
pediatric diabetic clinic has been tracked yearly from 1983 to 1999 (Fig. 7) (56).
Patients over 18 yr of age and with < 1 yr diabetes duration were excluded. The mean
age and duration remained steady over the years as patients entered and exited the
clinic, although the overall number of patients increased. Prior to the DCCT results,
HbA1c was stable at 8.6% from 1983 to 1990, decreased slightly to 8.4% from 1990 to
1993, and then dropped more sharply to 7.9% in the post-DCCT 1993–1999 interval.

Another DCCT site has reported a research cohort study comparing 25 adolescents who
chose CSII to 50 who chose MDI for intensive therapy in 1995–1998 (57). After 6 mo, the
mean HbA1c fell from 8.8% to 8.1% (nondiabetic range: 4.3–6.3%) in the MDI group
and from 8.4% to 7.7% in the CSII group; the decrements in HbA1c were equal at
0.7%. However, by 12 mo, the mean HbA1c has risen slightly to 8.3% in the MDI
group, whereas it declined further to 7.5% in the CSII group. The latter value was quite
similar to that achieved by the DCCT adolescent intensively treated subjects at 12 mo.
The CSII group used less total insulin dose than the MDI group (1.05 vs 1.49 U/kg/d)
and had a lower incidence of severe hypoglycemia (76 vs 134 events per 100 patient-
years) and manifestations of coma or seizure (24 vs 46 events/per 100 patient-years).
Both groups reported improvement in a variety of psychosocial outcomes measured,
including quality of life, depression, and diabetes self-efficacy. CSII users found coping
with diabetes less difficult than did MDI users. Although these early results are encour-
aging, the CSII group was self-selected. It also remains to be seen how long beyond 12
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mo that the HbA1c can be kept down and whether similar results can be achieved outside
of research centers and without the availability of research-grade resources.

SUMMARY

The DCCT has shown incontrovertibly that intensive treatment of type 1 diabetes
significantly reduces the long-term incidence of retinopathy, nephropathy, and neu-
ropathy in type 1 diabetic patients, including adolescents 13 yr of age and older. Inten-
sive treatment is more effective when begun early, at a time when it may help maintain
some residual endogenous insulin secretion. The efficacy and safety of intensive treat-
ment in children less than 13 yr of age remains unproven.

Moreover, there is still debate as to whether control of diabetes during the prepuber-
tal years affects the risk of complications (58–61) and there remains concern about the
long-range effects of hypoglycemia suffered by children (62–64). The ability to trans-
late the now proven benefits of intensive treatment into daily adult and pediatric prac-
tice remains limited. Recent reports suggest that glycemic control in adolescents can be
improved to near DCCT intensive treatment adolescent levels with relative safety when
adequate resources are utilized in specialty centers. The development of point of care
HbA1c instruments (65) and synthetic insulin analogs that better mimic basal insulin
secretion (66,67) or mealtime bursts of insulin release (68,69) portend more efficacious
and possibly safer intensive treatment. Ultimately, the promise of the DCCT that dia-
betic complications can be prevented in all type 1 diabetic patients most likely will be
fulfilled by islet transplantation (70).
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INTRODUCTION

Insulin replacement in diabetes aims to mimic nondiabetic insulin delivery patterns:
a constant basal level throughout the entire day, with boosts at mealtimes, and feedback
control of blood glucose concentrations via the glucose sensor of the β-cell. With
insulin injections, this is accomplished or attempted by the use of long-acting insulin
formulations for the basal supply and short-acting insulin for meals, with capillary
blood glucose self-monitoring for dose adjustment and feedback control. In the last 25
yr or so, there have been attempts to obtain near-normoglycemia in diabetes by an
alternative strategy: simulating physiological insulin administration using various
electromechanical infusion systems.

Insulin infusion is described as “open loop” when the delivery rate is preset, with
prandial boosts activated by the patient or physician. The most widely used form of
this in clinical practice is continuous subcutaneous insulin infusion (CSII), now com-
monly known as “insulin pump therapy.” “Closed-loop” insulin delivery systems use
a glucose sensor to measure blood or interstitial fluid glucose concentrations and
automatically alter the insulin infusion rate to maintain euglycemia. This feedback-
control technology is also known as an “artificial endocrine pancreas.” Most open-
loop pumps are worn externally on the body; implanted open-loop pumps are still
largely experimental.
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OPEN-LOOP SYSTEMS

CSII
In the 1970s, several workers showed that strict blood glucose control can be

achieved in type 1 and 2 diabetes using variable-rate continuous intravenous insulin
infusion over a few days (1–5). Although this can be extended to several months in
selected ambulatory subjects (6), the risks of septicemia and thrombosis exclude
intravenous insulin infusion as a long-term therapeutic approach. At this time, we
were exploring new ways of achieving prolonged near-normoglycemia in type 1 dia-
betes, specifically to test the links between diabetic control and microvascular com-
plications, and CSII was proposed as a way of realizing this goal (7). It was hoped
that infusing the insulin subcutaneously, rather than intravenously, would be a safer,
more practicable long-term treatment. It was immediately apparent that much
improved blood glucose and intermediary metabolite control was obtainable in com-
parison with conventional injection regimens (7–9), quickly confirmed by many
groups (10–13).

CSII uses a portable, battery-driven pump to infuse insulin at a variety of rates via a
fine and flexible delivery cannula that terminates in an implanted needle. The usual
infusion site is the abdomen. Pumps from the two main manufacturers at present (Min-
iMed-Medtronic and Disetronic) are syringe drivers, where a motor-driven leadscrew
advances an actuator and depresses the plunger of a small syringe. Other technologies
such as clockwork pumps and rotary peristaltic pumps have been abandoned. The
basal and bolus rates are set electronically on modern pumps by keys or buttons, and
basal rates can be preprogrammed to come into operation at set times in the day
(e.g., an increased nocturnal rate in the hours before breakfast) (see the following sub-
section). Alarm systems usually include those for cannula blockage, low-battery state,
and empty syringe.

STARTING PATIENTS ON CSII
Until recently, buffered short-acting (regular) insulin has been used for CSII, but the

pump insulin of choice is probably now a monomeric insulin such as lispro (Humalog,
Eli Lilly) (14–17). Insulin aspart (NovoRapid, Novo Nordisk) seems to be an effective
alternative monomeric insulin (18), but there is less experience with it for CSII.

A typical initial infusion strategy (Fig. 1) is to administer, via the pump, 80% of the
daily insulin dose on injections, half as the basal rate (average about 13 mU/kg/h or
0.9 U/h for adults) and half divided among the three main meals. Prandial boosts are
given on average 30 min before the meal when using regular insulin and with the meal
when using monomeric insulin. The basal rate is adjusted for the individual patient by
using the fasting (prebreakfast) blood glucose concentration and the 0300 h value. The
mealtime insulin dose is adjusted using blood glucose values after meals. The usual
ratio of prandial : basal insulin is 45 : 55%.

In many patients receiving insulin injections, the blood glucose levels increase sig-
nificantly between about 0300 and 0800 h; this is known as the “dawn phenomenon”
(19) and is the result of a decrease in insulin sensitivity caused by nocturnal surges of
growth hormone (20,21), combined with a waning of insulin action as insulin levels
decline from the previous evening’s delayed-action insulin injection. This cause of
poor control can be countered in CSII patients by an appropriate choice of nocturnal
basal rate (22) or by setting the pump to automatically deliver an increased predawn
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insulin rate (23). Similarly, low glucose values at about 0300 h can be avoided by
reducing the basal rate from midnight to 0300 h. Target blood glucose concentrations
should be about 4–6 mmol/L (72–108 mg/dL) in the fasting state and <10 mmol/L
(<180 mg/dL) after meals, and various algorithms have been published for adjusting
insulin dosages on CSII according to blood glucose values (24).

One of the most important aspects of starting pump therapy is a comprehensive edu-
cation program. This should include explaining the principles of CSII and dosage
adjustments, re-education about blood glucose self-monitoring, instructions for sport
and exercise, action in case of hypoglycemia and hyperglycemia, intercurrent illness,
ketonuria, pump malfunction, and infusion-site infection. Patients also should be sup-
plied with insulin and syringes for emergency use. Moderate exercise, for example, can
be performed without causing hypoglycemia by reducing the basal infusion rate by
one-half for the duration of the exercise if this occurs more than 4 h after a meal or
reducing the prandial insulin by one-half if exercise occurs shortly after a meal. Blood
glucose monitoring after exercise is essential.

THE METABOLIC EFFECTIVENESS OF CSII
There is no dispute that in most patients glycemic control is excellent on CSII. This

was well shown in several randomized controlled studies testing the effect on diabetic
microangiopathy of pump-induced strict control vs the glycemic control of conven-
tional (nonoptimized) insulin injection therapy [e.g., early studies (in the 1980s) from
the six-center Kroc Collaborative Group in the United States, Canada, and the United
Kingdom (25), the Steno Hospital Study in Copenhagen, Denmark (26), and the Åker
Hospital Study in Oslo, Norway (27)]. In the large Diabetes Control and Complica-
tions Trial (DCCT) in North America, which was reported in 1993 (28), 34% of the
intensively treated patients used CSII on a long-term basis (59% at some time). The
glycated hemoglobin in the pump vs the nonoptimized injection-treated subjects was
6.8% vs 8.7–9.2%.

In the post-DCCT era, the main point of contention has been the performance of
CSII compared to modern, optimized injection regimens or multiple-injection therapy
(MIT). The advent of insulin pens, with their convenience and encouragement to use
multiple injections, and vastly improved diabetes education of recent years might have
enabled patients to match the strict control of CSII with ordinary injections. In 10 ran-
domized, controlled trials of CSII vs MIT (often with relatively small numbers of sub-
jects), glycated hemoglobin percentage was significantly lower in 6 (29–34) and
similar in 4 of the studies (27,35–37). A recent trial compared CSII using insulin lispro
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Fig. 1. An insulin infusion strategy for starting patients on continuous subcutaneous insulin infusion.



with optimized injection therapy using lispro and isophane (34) and concluded that
pump therapy achieved the better control. Nonrandomized trials have generally
involved larger numbers of patients and compared glycemic control on CSII to control
in the same or other subjects on MIT. In several studies, control has been better on
insulin pump therapy (38–42) and similar in others (43,44). In the DCCT (39), the 124
subjects who were randomly allocated to intensive therapy and chose CSII for more
than 90% of the time had a glycated hemoglobin that was 0.2–0.4% lower (p <0.001)
compared to those on MIT.

The use of monomeric insulin as the pump insulin now offers further opportunities
to improve control with CSII. A number of randomized crossover trials of lispro vs reg-
ular human insulin (14–17) have shown lowered glycated hemoglobin and blood glu-
cose levels, particularly after meals, with either no change in hypoglycemia or some
reduction (14).

It can be concluded that, in most patients, CSII is an effective form of intensive
insulin therapy, in which the mean blood glucose level is similar to or slightly better
than optimized injection therapy.

POTENTIAL COMPLICATIONS OF CSII
The DCCT might have given the impression that insulin pump therapy increases the

frequency of severe hypoglycemia, as the rate was found to be 2.8 times greater than
during conventional injection treatment (40) (0.54 vs 0.19 episodes per patient-year,
CSII vs injections). However, this is a much higher rate of hypoglycemia than many
other studies that have demonstrated comparable degrees of glycemic control on the
pump [e.g., 0.1 (38), 0.22–0.39 (44), 0.24 (42), and 0.13 (45) episodes per patient-
year]. Perhaps this reflected inexperience of pump and/or intensive therapy at some
centers. In general, severe hypoglycemia is markedly less frequent on CSII, even when
compared with nonoptimized injection regimens (45), where the higher overall control
would be expected to produce the lesser degrees of hypoglycemia.

Two recent studies emphasize the effectiveness of CSII in reducing hypoglycemia.
Bode et al. (44) switched 55 type 1 diabetic subjects from MIT to CSII and found that
although the glycated hemoglobin was similar on the two treatments (7.7% vs 7.4%, MIT
vs CSII), the frequency of hypoglycemia was reduced by 84% in the first year and 81% in
the second year of pump treatment (Fig. 2). Boland et al. (42) reported on 25 adolescents
who chose CSII, as opposed to 50 who were treated by MIT. By 12 mo, pump patients
were better controlled (glycated hemoglobin 8.3% vs 7.5%, p = 0.003, MIT vs CSII), and
the rate of severe hypoglycemia was reduced nearly 50% in the pump group.

Some early reports showed that the frequency of diabetic ketoacidosis is increased on
pump therapy compared to injections (46–48). However, as doctors and patients gain
experience with CSII, the frequency of CSII decreases (46). There are many remediable
factors that increase the likelihood of loss of control and ketoacidosis in pump patients,
including poor knowledge of the correct techniques, use of unbuffered insulin, which can
clog the delivery cannula (49,50), and poor choice of patients (such as poorly motivated
subjects, some ketoacidosis-prone brittle diabetic subjects, or patients who cannot or will
not perform regular blood glucose monitoring). The first insulin pumps were also much
less reliable than modern devices, lacked alarm features, and were subject to breakdown.
Nevertheless, the CSII patient is at potential risk of ketoacidosis during illness or if the
pump malfunctions because there is a much smaller depot of subcutaneous insulin at any
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one time than with injection therapy, and deliberate cessation of the pump shows that
ketosis develops fairly quickly (51). With meticulous education and training and proper
choice of patients, the ketoacidosis rate is the same as on injections.

Infection at the site of infusion, sometimes with abscess, is more common than with
injections; the organisms reported include Staphylococcus aureus, S. epidermidis, and
Mycobacterium fortuitum (52–54). It is possible that infection may be more common
with certain insulin preservatives such as m-cresol (53), but the risk can be substantially
reduced by limiting the cannula use to 2 d, no reuse of cannulae, washing hands, clean-
ing the implantation site, and covering the implanted needle with a sterile dressing.

SPECIAL GROUPS: PREGNANCY, CHILDREN, AND BRITTLE DIABETES

Excellent control can be achieved with an insulin pump in most pregnant diabetic
subjects (55–58), but there is no evidence that the control is superior to MIT (58). In
the individual pregnant patient who fails to achieve strict control with MIT, a trial of
CSII may be indicated.

Variable results have been reported for CSII in children. In highly motivated and
well-supervised subjects, control can be comparable to that in adults (59). On the other
hand, some have reported less impressive control and high discontinuation rates
(60,61). In selecting children and young people for CSII, it is recommended that con-
sideration be given to the patient’s age, developmental and cognitive skills, and degree
of supervision by adults (62). The preschool child and those under about 8 yr are gen-
erally not capable of undertaking pump therapy; by age 10–12 yr, some type 1 diabetic
children will be able to use CSII with some degree of independence. The mean age for
starting pump therapy in one series of 83 pediatric patients was 13.6 yr (62).

The type of “brittle” diabetes that most often occurs in adolescence or young adult-
hood and is characterized by frequent admissions to the hospital with ketoacidosis,
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Fig. 2. Reduction in the frequency of severe hypoglycemia during CSII treatment. MIT, multiple
insulin injections. (Adapted from ref. 44 with permission of the American Diabetes Association.)



apparent insulin resistance and severely disrupted lifestyle is, unfortunately, usually
not helped by CSII (63,64). Many of these subjects are suspected of deliberate interfer-
ence with their treatment (65), and the pump offers further opportunities for malefac-
tion, such as inverting batteries, diluting pump insulin, and obstruction or dislodging
the delivery cannula. There are some notable exceptions of ketoacidosis-prone patients
who have improved on CSII (66), but it is wise not to persist when an initial trial of an
insulin pump is unsuccessful.

CLINICAL INDICATIONS FOR CSII
There is very variable use of CSII in different countries, with for example, an esti-

mated 130,000 subjects on pump therapy in the United States, but only a few hundred
in the United Kingdom. Countries where there is the largest takeup are generally those
where CSII is recognized as an acceptable treatment mode for type 1 diabetes when
prescribed and supervised by the physician and where there is reimbursement of pump
costs by health insurance companies or national health schemes. For countries where
there is only sporadic agreement by health authorities to fund pump therapy, it is help-
ful to recommend specific clinical indications, namely

• When a 2- to 3-mo trial of one or more intensive insulin injection regimens has failed to
achieve good metabolic control because of frequent hypoglycemia or a marked dawn phe-
nomenon, a trial of CSII is indicated.

• There may be a small number of individuals who have unacceptably poor control on
MIT, short of hypoglycemia, who also would benefit from CSII. These might be preg-
nant diabetic subjects, for example, although pregnancy itself is not a general indication
for CSII.

• Patients who simply prefer CSII as their form of intensive insulin therapy should proba-
bly be offered this treatment if funding is in place (private funds, agreement from insur-
ance company, etc.), if there is supervision from a center knowledgeable about CSII, and
if the patient meets the prerequisites for safe pump therapy (see Table 1).

Implantable Insulin Pumps
Insulin pumps that are totally implanted in the body and infuse insulin intravenously

(iv) or intraperitoneally (ip) have been under development for some 20 yr (67–69).
However, unlike external pumps, they have yet to enter routine clinical practice, lim-
ited in large part by the relative invasiveness, cost, and occurrence of various complica-
tions. The advantages of implanted pumps include the pump being out of site and
protected, the complete freedom from injection or insertion of a cannula needle, and
easy insulin delivery to great veins or the peritoneal cavity. Intravenous infusion
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Table 1
Patient Prerequisites for Continuous Subcutaneous 

Insulin Infusion (CSII)

• Willing to use CSII
• Motivated to improve glycemic control
• History of compliance with conventional injection therapy
• Able to perform CSII procedures
• Able to perform frequent blood glucose self monitoring
• No significant psychological problems



bypasses the vagaries of subcutaneous absorption while insulin is rapidly absorbed
from the peritoneal cavity, much of it entering the portal bloodstream and being thus
directed to the liver (70). This may avoid peripheral hyperinsulinemia seen with most
insulin regimens and the theoretical risk of accelerated atherosclerosis.

The three pumps that have undergone trial in recent years are the Infusaid, Min-
iMed and Siemens Promedos pumps, which have been used in several hundreds of
diabetic subjects. There are no large-scale, long-term randomized trials of implanted
pump therapy versus MIT in type 1 diabetes. However, one of the most informative
studies randomly allocated 21 type 1 subjects to an implanted pump (iv or ip) or
intensive subcutaneous insulin by CSII or MIT for 6 mo (71). Overall control was
similar (glycated hemoglobin 7.5% vs 7.8%, MIT/CSII vs implanted), but the stan-
dard deviation of blood glucose (a measure of glycemic fluctuations) was less during
implanted pump therapy.

Large numbers of type 1 subjects have been treated by the EVADIAC (Evaluation
dans le Diabete du Traitement par Implants Actifs) group of French centers (72,73): In
224 type 1 diabetic patients, glycated hemoglobin percentage was less during
implanted pump therapy for 1–40 mo than during previous CSII/MIT (6.8% vs 7.4%, p
<0.001), as was the frequency of hypoglycemia (2.5 vs 15.2 episodes per 100 patient-
years). Similar results were reported by the US/Italian Implantable Insulin Pump Trial
Study Group (74,75), in which control was slightly better on implanted pump com-
pared to MIT/CSII (7.3% vs 7.9%, p <0.05) and severe hypoglycemia was reduced
from 33 to 4 episodes per 100 patient-years.

In a randomised controlled trial of 59 type 2 diabetic subjects treated by implantable
pump and 62 by MIT, the glycated hemoglobin was similar (7.3% vs 7.5%, pump vs
MIT), but, again, the standard deviation of blood glucose and (mild) hypoglycemia
were less during pump therapy (76).

At present, the high frequency of complications during implanted pump therapy
(77–79) is a substantial hindrance to further clinical evaluation. A major problem is
underdelivery caused by aggregation of insulin in the pump or catheter blockage
caused by fibrin clots or omental encapsulation. Pump pocket problems include
hematoma, skin erosion, local infection, abdominal pain, and pump migration. Electri-
cal and mechanical pump failures occur occasionally.

A few cases of brittle diabetes characterized by extreme resistance to subcutaneous
insulin, but usually more normal sensitivity to intravenous insulin, have been improved
by implantable insulin pump therapy, although the reasons for this are not clear
(80,81). The success of direct infusion ip or iv hints at bypassing a subcutaneous bar-
rier. However, as with many of the brittle diabetic patients of this type tried on CSII,
deliberate malefaction is suspected and many think it possible that the inaccessible
implanted pump simply offers less opportunity for tampering (82).

GLUCOSE SENSORS

The most investigated glucose sensors are implanted needle-type amperometric
(current measuring) enzyme electrodes (83–90). In these devices, an enzyme—usually
glucose oxidase—is immobilized at the tip of a charged platinum or carbon electrode.
Either the hydrogen peroxide produced or oxygen consumed in the oxidation of glu-
cose can be detected electrochemically:
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glucose oxidase

Glucose + oxygen → hydrogen peroxide + gluconic acid,

+700 mV
H2O2 → O2 + 2H+ + 2e–,

–700 mV
O2 + 4e– + 4H+ → 2H2O.

An alternative type of amperometric glucose sensor uses a small molecular-weight
“mediator”—ferrocene is one example—to shuttle electrons between the enzyme and
the underlying electrode, thereby bypassing oxygen as the final electron acceptor
(87,88). This technology was originally developed to be less sensitive to varying oxy-
gen tension in the in vivo environment but is now used mostly for one-shot in vitro
home blood glucose monitors (e.g., MediSense), rather than implanted sensors.

Enyzme electrodes were first described in the 1960s (91) and have been intensively
investigated over the last 20 yr for continuous in vivo glucose sensing in diabetes. Many
consider that the most appropriate implantation site is the subcutaneous tissue where
there is good evidence that changes in interstitial fluid glucose levels measured by sen-
sors follow closely glycemic changes (83,87–90). Subcutaneous sensors have been
implanted in animals and man for up to a week or so (89). The main difficulties in trans-
lating this technology to routine patient management have been the unpredictable drift in
in vivo responses and the apparently low glucose readings obtained from the subcuta-
neous tissue (92), when independent methods suggest that plasma and tissue glucose are
very similar (93,94). This means that careful in vivo calibration of sensors is required. It
is unclear why subcutaneous responses with the sensor are suppressed; possibly coating
of the sensors with protein or electroactive substances are responsible.

The first implantable enzyme electrode to be commercialized (the Medtronic
MiniMed’s Continuous Glucose Monitoring System [CGMS]™) has received regula-
tory approval and has entered clinical practice. The sensor is worn for up to 3 d and
readings are made every 10 s and averaged over 5 min. Data from the pager-sized
monitor are downloaded to a computer to produce a graphical display and summary
report of glucose trends (95,96).

Because difficulties have been experienced over the last decade or so with the testing of
implanted sensors, probably the result of bioincompatibility, alternative approaches have
been devised to sample interstitial fluid. Microdialysis, for example, is based on the
implantation into the subcutaneous tissue of a fine, hollow dialysis fiber that is perfused
with isotonic fluid (94,97,98). Glucose diffuses into the fiber and is transported to the out-
side of the body for measurement of glucose concentration by a sensor. The external sen-
sor allows easy recalibration, if necessary, and there is generally a good correlation
between perfusate-derived glucose readings and plasma glucose in many studies (97,98).

Reverse iontophoresis is a further technique for extraction of interstitial glucose and
has led to a recently approved commercial device (GlucoWatch® Biographer, Cygnus
Inc) (99–101). A small current is passed between two skin-surface electrodes and glu-
cose is carried to the surface with the electro-osmotic flow of water. At the skin surface,
the fluid is absorbed by a hydrogel patch containing glucose oxidase and the glucose
concentration is measured with an electrochemical sensor (Fig. 3). The extraction and
assay cycle takes 20 min, so three readings per hour can be taken. Sensors for tempera-
ture and sweating are incorporated, as these are confounding variables. The measure-
ments need to be calibrated after a 3-h run-in period against a single blood glucose
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sample measured by conventional means such as finger-prick blood sample and reagent
strip. There is generally good tracking of the blood glucose by the GlucoWatch®,
although with an approx 18 min delay (100,101) (see Fig. 3).

The clinical use of both the Medtronic MiniMed and the Cygnus glucose sensing
devices is, of course, yet to be explored in detail. We suspect that they will have advan-
tages in detecting episodes of hypoglycemia and hyperglycemia that are not apparent
from intermittent blood testing, thus allowing better adjustment of insulin dosages.
With alarms for excursions outside preset limits, patients will have warning of actual or
impending dangerous glycemic excursions, especially valuable for those without warn-
ing symptoms of hypoglycemia.

The ultimate patient-acceptable glucose sensor is thought by many to be a totally non-
invasive technology either by exterior interrogation of a permanently implanted sensor or
by analysis of radiation from the body. A number of groups are experimenting with glu-
cose-sensitive molecules labeled with fluorescent probes that can be excited and emit
light in the near-infrared region of the spectrum (102,103). Because near-infrared light
(about 600- to 1300-nm wavelength) passes through several centimeters of tissue, fluo-
rescent sensors could be implanted or tattooed into the skin for exterior measurement.

Intrinsic glucose absorption peaks in the near-infrared spectroscopic region are
small, but readings can be made by transmission or reflection through tissues such as
the finger tip and oral mucosa (104–106). With complex multivariate calibration, rea-
sonably good correlation between spectroscopic and reference laboratory glucose con-
centrations can be shown (104), but, at present, the precision is not good enough for
clinical use (107). It is likely that there are unpredictable spectral variations that are not
the result of glucose changes, possibly alterations in temperature, light scattering,
blood flow, tissue hydration, and other (nonglucose) metabolites that have absorption
in a similar part of the near-infrared region.

Alternative, potentially noninvasive glucose sensing technologies include light
scattering (108) and photoacoustic spectroscopy (109), but these are at an early stage
of development.
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CLOSING THE LOOP

The first “artificial pancreas” was probably a device made by Kadish in the 1960s
(110), in which an autoanalyzer measured glucose levels in blood pumped from a
peripheral vein and a simple servo-mechanism controlled insulin-, glucose-, or
glucagon-containing syringe pumps. The first computer-controlled devices were
reported by Albisser et al. (111) in Canada and Pfeiffer et al. (112) in Germany in 1974,
again withdrawing blood from a vein and pumping it to an on-line glucose analyzer,
with intravenous infusion of insulin according to preset algorithms. This type of artifi-
cial pancreas was a moderately large, bedside apparatus, commercialized as the Biosta-
tor. It was used for many short-term research studies such as investigating the effect of
euglycemia on intermediary metabolite levels (113) and the potency and absorption
kinetics of various insulin preparations (114). Studies of the management of diabetes
during childbirth (115), ketoacidosis (116), and surgery (117) were also reported, as
was its use to determine subcutaneous insulin dosages in poorly controlled diabetic
patients (118).

However, the Biostator was perhaps too large and complex to sustain research or
clinical interest. Closed-loop insulin delivery systems using needle-type glucose sen-
sors were subsequently described in studies in animals and man (119,120) but have not
yet been extensively exploited.

CONCLUSIONS

As we enter the 21st century, technology is advancing at an impressive pace. After
many years of development, certain types of glucose sensors will soon be part of rou-
tine clinical practice; insulin pumps already are. Totally noninvasive glucose sensing is
not yet a practical reality, but research in this field is extremely active. It seems unlikely
that the stringent demands for safety will allow a completely automatic closed-loop
insulin delivery system for routine use in the near future, but at least for many diabetic
people this remains the eventual, most important goal of technology research in dia-
betes care.
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THE IMPACT OF DIABETES
It has long been recognized that treating and controlling diabetes is difficult. Dia-

betes is not an illness where a pill, an injection, or a particular diet is a cure. At best,
there is hope to control it well. Optimal treatment demands dedication, motivation,
energy, and knowledge. The best possible glycemic control can only be a result of dili-
gence and commitment on the part of persons with diabetes, their family, and their
health care providers. Diabetes and its treatment permeate daily living. A person with
type 1 diabetes who is responsible in self-care must do the following:

• Consider food eaten and how it will affect blood glucose
• Exercise while balancing food and medication accordingly
• Take multiple daily injections of insulin or manage an insulin pump
• Perform multiple finger sticks to determine blood glucose and, hence, how much insulin

to take
• Consider that there may be hypoglycemia or hyperglycemia whenever symptoms are felt
• Follow a reasonable schedule and plan of meals and exercise
• Maintain a log of records and events
• Visit a health care provider regularly
• Contemplate the possibility of developing serious complications
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Dealing with these issues on a daily basis can be a psychological burden for anyone.
There are also enormous costs, especially for the uninsured or underinsured, compro-
mising access to medical care and supplies, which are vital in supporting the rigors of
care. Thus, it is common for those with diabetes and/or close members of their families
to have guilt, sorrow, and depression (1,2).

PSYCHOSOCIAL AND BEHAVIORAL CONSIDERATIONS

Persons with diabetes who cope well seem to find a balance as they fit diabetes into
their daily living, rather than forcing life to revolve around diabetes. When the cares of
diabetes take over and regulate the activities of daily living, an unhealthy imbalance
has occurred. Although clinicians promote adherence to care, there can be a subtle
expectation that a person with type 1 diabetes will not be able to adhere strictly to the
diabetes regimen.

When those with diabetes have been unable to do the required tasks, their health
care providers sometimes have labeled them as noncompliant or nonadherent. Diabetes
literature has used the terms compliance and noncompliance to refer to patients’ suc-
cess in following their prescribed regimen. This is the historical model of the physician
speaking and the patient doing as told, suggesting acquiescence or giving in to others.
Experience teaches that education improves knowledge about diabetes and dietary con-
cepts; yet, education does not necessarily improve adherence. Data from the Diabetes
Control and Complications Trial (DCCT) indicate that few people will maintain regi-
mens that do not fit their lifestyle, culture, and health care beliefs (3).

Unfortunately, there has also been a tendency to treat adherence and metabolic control
as interchangeable constructs. Health care providers have been known to assess patients’
compliance and measure therapeutic success based solely on biological measures, such
as HbA1c levels. The literature has not only failed to document a direct relationship
between adherence and metabolic control (4–6), but even when patients have followed
their program reasonably, often there is far less than perfect control. Health care
providers must take into consideration the numerous factors that influence or inhibit an
individual’s behaviors in maintaining good health. Also, measures of an individual’s
health should never be limited to metabolic ones. Psychosocial outcomes, such as quality
of life, are equally, if not more, important in assessing a person’s well-being.

It must also be recognized that adherence is not always consistent across all aspects
of the diabetes regimen. Some people might always take their medication as prescribed,
yet have more difficulty with dietary requirements. Others might follow their meal plan
carefully but be slow to do monitoring. Still others might do the monitoring but fail to
record insulin doses.

It has been reported that family support is associated with regimen adherence and
that family conflict is associated with negative adherence (7). When people function
poorly, they usually have poor access to support and suffer a lack of resources, making
it difficult for existing competencies to operate. One major and consistent discovery of
social support research is that informal support from personal network members has
powerful stress-buffering and health-promoting influences. When people know that
others are interested and involved in their care, they are more likely to take care of
themselves.

Thus, there has been recognition that many factors affect success in following a pre-
scribed regimen. Diabetes impacts family life, work, and play. There can be relational,
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physical, and emotional changes. Vision, sexuality, energy, security, and a host of other
aspects of everyday life are touched by the treatment regimen. Those with organized
lives and structured schedules might do quite well in coping with their tasks. Others with
more chaotic lifestyles or social and emotional barriers might become frustrated and
unable to do what is required. At times, the relentless effort motivates the temptation to
give up. Certainly, no mentally balanced person wants to be sick, experience complica-
tions, or face early mortality. Yet, many do not follow recommended management plans.
Barriers primarily evolve from family dynamics, health beliefs, level of motivation, com-
plexity of the requests, degree of support, coping skills, and current habits.

Although depression is not a complication of diabetes, it frequently is a consequence
of the illness. The prevalence of depression in adults varies. Levels of diagnosable
depression among those with diabetes are approximately three times the estimated
prevalence in the population at large (8). Depression also might be more severe in peo-
ple with diabetes and has especially adverse effects. Difficulty evolves in treatment
when clinical depression contributes to poor self-care, worsened glycemia, and deep-
ened depression (9).

Therefore, it is incumbent upon health care professionals to recognize the symptoms of
clinical depression and treat it promptly. Although it remains unrecognized and untreated
in a majority of cases, depression is responsive to psychotherapy (10). It is important that
health professionals do not attach to medical outcomes a patient’s ability to adhere to the
care plan. They must learn where the barriers to adherence exist and develop strategies to
improve adherence by overcoming them.

THEORETICAL MODELS AND DIABETES EDUCATION

Theoretical models are used in diabetes education to provide structure in support of
the concepts of education and research. The model is comprised of concepts that are
integrated into a meaningful configuration (11). There are a variety of theoretical mod-
els that consider broad concepts, as well as fine points of behavior.

Recently, the empowerment model has emerged, a model which has shifted the
responsibility for diabetes care, putting the patient in the “driver’s seat,” with the health
care team, family, and friends serving and acting as guides, supporters, and facilitators.
Empowerment involves the discovery and development of patients’ inherent capacity to
be responsible for their own life. People are empowered when they have sufficient
knowledge to make rational decisions, sufficient control and resources to implement
those decisions, and sufficient experience to evaluate effectiveness (12).

The Health Belief Model has become popular by helping us gain an understanding
of a patient’s health-related choices. It is hypothesized that adherence to medical
advice depends on holding a particular set of beliefs. The beliefs that have been speci-
fied in the Health Belief Model include the following: a motive to comply; recognition
that one has the disease and is susceptible to serious sequelae; that compliance would
be beneficial in reducing problems; one has the ability to follow health recommenda-
tions; and the benefits of care outweigh the cost (13).

The concept of self-efficacy has also served in identifying strategies to enhance dia-
betes self-care. The Self-Efficacy Model is used to learn more about patients’ convic-
tions and beliefs in their ability to carry out recommendations for care (14). Patients
might well believe in the recommended health plan but may not follow it, because it is
perceived as being too difficult.
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The Transtheoretical Model focuses on stages of behavioral change (15). The central
hypothesis is that not all individuals are prepared to take action to change their behav-
ior at any given time. Stages included in this readiness model include precontempla-
tion, contemplation, preparation, action, and maintenance. This model offers a new
behavioral approach in helping diabetes educators identify where a patient is in the
learning process and developing complementary interventions.

Although diabetes educators have been urged to use theoretical constructs as frame-
works for developing educational plans, behavioral research related to diabetes has had
little conceptual rigor. Educators and behavioral scientists need to embrace and study
the considerable complexity that surrounds diabetes self-management education. With
the demands of evidenced-based research in the development of treatment strategies,
guidelines, and, ultimately, reimbursement, rigorous evaluation is critical.

Diabetes Self-Management Education
The process whereby people with chronic diseases, such as diabetes, learn to take

care of their disorders has traditionally been termed “patient education.” However, this
designation has changed and is currently termed “self-management training,” “self-
management education,” or “patient education” (16). Diabetes self-management edu-
cation (DSME) is the cornerstone of treatment for all people with diabetes.

The goal of self-management education is to provide patients with the knowledge,
skills, and motivation to manage their diabetes successfully on a daily basis. To meet
this goal, diabetes education must include the following:

• Teaching patients and their families new information
• Training them in various skills and treatment procedures
• Assisting them in devising methods to incorporate diabetes into their lifestyle
• Helping them reconcile their quality of life so they can be motivated to manage the disease

Currently, DSME is acknowledged as the most fully developed of all of the fields of
patient education (17). In order to recognize the importance of quality diabetes educa-
tion services and to promote diabetes education, the International Diabetes Federation
(IDF), the Canadian Diabetes Association (CDA), and the American Diabetes Associa-
tion (ADA) have adopted standards for diabetes education (18–20).

Because diabetes education is provided by a diverse group of health and lay profes-
sionals around the world with varying degrees of training and education, development
of uniform standards that can apply to all corners of the world becomes difficult. In
response to this problem, the IDF standards include two stages: basic and optimal.
Basic and optimal standards according to the Consultative Section on Education of the
IDF are defined in Table 1. This staged format allows for quality improvement but does
not set a task that cannot be achieved in areas with limited resources.

Both the ADA and the IDF have also adopted processes for recognizing quality dia-
betes education programs based on their standards. In the United States, the recogni-
tion efforts based on the standards (listed in Table 2) are resulting in an increase in
reimbursement practices by both federal and state laws.

Diabetes nutrition education has also gained acceptance and recognition. Medical
nutrition therapy (MNT) defined in the ADA Nutritional Recommendations for Persons
with Diabetes underscores the importance of individualized nutrition education (21).
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The four-step model used for both DSME and MNT is based on the teaching–learn-
ing process. In providing either DSME and/or MNT, the educational process should
always include the following:

• A thorough patient assessment
• Development of an individualized plan that includes goal setting
• An intervention that includes provision of appropriate educational tools and strategies for

implementing the plan
• Continuous follow-up, monitoring, and evaluation of patient progress with regard to cog-

nitive, medical, and behavioral outcomes

The Diabetes Educator
The DCCT substantiated the commitment to education, the value of a multidiscipli-

nary team, and the expanded role of nurses and dietitians. Since the DCCT report in
1993 (22), the roles and responsibilities of diabetes educators have changed greatly.
The study validated the need for dietitians and nurses to increase their involvement in
patient management in order to achieve optimal glucose control (23,24). Investigators
in the study realized that intensive management was far more than increased frequency
of monitoring or additional injections of insulin. It required careful follow-up to moni-
tor progress toward individualized goals and support to reinforce management skills.
Such complexities extend beyond the scope of sole practitioners whose training may be
limited to medical management. In order to achieve metabolic outcomes with intensive
therapy, health care professionals skilled in the teaching–learning process and behav-
ioral strategies were needed. Inclusion of these individuals and adoption of this model
is relatively new to diabetes, and as it evolves, it will require shifts in how diabetes
providers view their roles and relationships both with patients and each other (25).

Diabetes educators have been recognized as essential providers of diabetes care in
the United States and are gaining recognition throughout the world. A diabetes educator
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Table 1
Stages of Diabetes Education

Basic (technical level)
The basic standards of education describe the minimum level of education service required
to meet the needs of the people with diabetes. Basic education is technical in nature. Its
practitioners work under supervision and use appropriate resources and consultation to meet
client needs. Practitioners may be either lay people or health professionals. “Basic”
standards may represent the most desirable level of education available in the local context
of resources, staffing, or culture. In other localities, “basic” standards may define a first step
in the evolution of diabetes education services toward the professional level.

Optimal (professional level)
The enhanced standards of diabetes education define a standard of excellence to which the
professional educator should adhere. Professional educators are capable of independent
practice, conducted without supervision and in collaboration with the other members of the
multidisciplinary team. In addition to minimal transfer of knowledge and skill, as defined by
the basic standards, practice at the enhanced level includes decision-making and 
problem-solving, both as an activity of the provider and as skills passed on to the client.

Source: ref. 19.



is a health care professional who has mastered a core of knowledge and skill in the bio-
logical and social sciences, communication, counseling, and education and who has
experience in the care of patients with diabetes. The role of the diabetes educator can
be assumed by various health care professionals, including, but not limited to, nurses,
physicians, dietitians, social workers, podiatrists, exercise physiologists, and pharma-
cists. In order to assure high professional standards and to identify for the patient com-
petencies and quality education, the American Association of Diabetes Educators
(AADE) (26) and the Australian Diabetes Educator Association have established
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Table 2
National Standards for Diabetes Self-Management Education (DSME)

Standard 1. The DSME entity will have documentation of its organizational structure, mission
statement, and goals and will recognize and support quality DSME as an integral component
of diabetes care.

Standard 2. The DSME entity will determine its target population, assess educational needs,
and identify the resources necessary to meet the self-management educational needs of the
target population(s).

Standard 3. An established system (committee, governing board, advisory body) involving pro-
fessional staff and other stakeholders will participate annually in a planning and review
process that includes data analysis and outcome measurements and addresses community
concerns.

Standard 4. The DSME entity will designate a coordinator with academic and/or experiential
preparation in program management and the care of individuals with chronic disease. The
coordinator will oversee the planning, implementation, and evaluation of the DSME entity.

Standard 5. DSME will involve the interaction of the individual with diabetes with a multifac-
eted education instructional team, which may include a behaviorist, exercise physiologist,
ophthalmologist, optometrist, pharmacist, physician, podiatrist, registered dietitian, regis-
tered nurse, other health care professionals, and paraprofessionals. DSME instructors are
collectively qualified to teach the content areas. The instructional team must consist of at
least a registered dietitian and a registered nurse. Instructional staff must be Certified Dia-
betes Educators (CDEs) or have recent didactic and experiential preparation in education
and diabetes management.

Standard 6. The DSME instructors will obtain regular continuing education in the areas of dia-
betes management, behavioral interventions, teaching and learning skills, and counseling
skills.

Standard 7. A written curriculum, with criteria for successful learning outcomes, shall be
available. Assessed needs of the individual will determine which content areas listed below
are delivered.

Standard 8. An individualized assessment, development of an educational plan, and periodic
reassessment between participant and instructor(s) will direct the selection of appropriate
educational materials and interventions.

Standard 9. There shall be documentation of the individual’s assessment, education plan, inter-
vention, evaluation, and follow-up in the permanent confidential education record. Docu-
mentation also will provide evidence of collaboration among instructional staff, providers,
and referral sources.

Standard 10. The DSME entity will utilize a continuous quality improvement process to evalu-
ate the effectiveness of the education experience provided and determine opportunities for
improvement.

Source: ref. 16.



standards and scopes of practice for diabetes educators (27). The AADE Standards of
Practice for Diabetes Educators are presented in Table 3.

The Scope of Practice provides definitions of diabetes education while providing
statements of beliefs regarding the educational process. The primary focus for the dia-
betes educator is the patients and their families. The content of the educational experi-
ence should include the following topics:

• Pathophysiology of diabetes
• Nutrition
• Pharmacologic interventions
• Exercise
• Self-monitoring
• Prevention and management of the acute and chronic complications
• Psychosocial adjustment
• Problem-solving skills
• Stress management
• Use of the health care delivery system

The Scope of Practice and Standards of Practice provide a framework for health care
professionals who teach people with diabetes. In recent years, the scope of practice for
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Table 3
Standards of Practice for Diabetes Educators

Standard I. Assessment. The diabetes educator should conduct a thorough, individualized
needs assessment.

Standard II. Use of resources. The diabetes educator should strive to create an educational
setting conducive to learning with adequate resources to facilitate the learning process.

Standard III. Planning. The written educational plan should be developed from information
obtained on the needs assessment and based on the components of the educational process.
The plan is coordinated with other members of the team.

Standard IV. Implementation. The diabetes educator should provide individualized education
based on a progression from basic survival skills to advanced information for self-management.

Standard V. Documentation. The diabetes educator should completely and accurately docu-
ment the educational experience.

Standard VI. Evaluation and outcome. The diabetes educator should participate in an annual
review of the quality and outcome of the education process.

Standard VII. Multidisciplinary collaboration. The diabetes educator should collaborate
with the multidisciplinary team of health care professionals and integrate their knowledge
and skills to provide a comprehensive educational experience.

Standard VIII. Professional development. The diabetes educator should assume responsibil-
ity for professional development and pursue continuing education to acquire current knowl-
edge and skills.

Standard IX. Professional accountability. The diabetes educator should accept responsibility
for self-assessment of performance and peer review to assure the delivery of high-quality
diabetes education.

Standard X. Ethics. The diabetes educator should respect and uphold the basic human rights
of all persons.

Source: The 1999 Scope of Practice for Diabetes Educators and the Standards of Practice for Diabetes
Educators. American Association of Diabetes Educators. Diabetes Educ 2000;26:53–59.



diabetes has expanded to involve advanced practice roles that may have been previously
considered to be medical management. In order to meet the needs of all individuals who
require diabetes education in the prevention and treatment of the disease, diabetes educa-
tors will need to be recognized and accepted by a variety of disciplines. In order to
assure that the educational process is effective, those providing this service must be
trained in the proper steps of delivery, as well as the use of behavioral strategies.

BEHAVIORAL STRATEGIES

All of these efforts are an attempt to raise the quality of standard care for people
with diabetes. Since 1990 there has been a large focused effort to employ both diabetes
education and behavioral strategy in order to improve outcomes. Increased follow-up
care and comprehensive curricula are part of the trend. A meta-analysis by Roter (28)
revealed that a combined educational/behavioral focus is more effective than a single-
focus intervention and that larger programs produced weaker effects. The behavioral
strategies include skill building, practice activities, behavioral modeling, contracting,
rewards, and mail/phone reminders. The goal of diabetes education is to transfer
knowledge and produce behavioral change, which includes initiating new behaviors
and modifying old ones (29). Patient education necessarily promotes the avoidance of
rigidity and poor self-care by fostering sound judgments and wise decisions in diabetes
management.

Since the discovery of insulin in the early 1920s, it has been widely recognized that
education is a cornerstone in the treatment of diabetes (30). Knowledge alone, how-
ever, is insufficient (31). The basic premise of a behavioral approach is that behavior is
controlled by antecedents. The operative conditioning of stimulus response of the Skin-
ner rats is basic to behavioral interventions. Building on this theory are four principles
of behavioral intervention, better known as behavior modification techniques:

• Behavior is monitored at regular intervals.
• Goals are set for behavior change.
• Physical and social environment are altered.
• Behavior change is reinforced.

These techniques have potential for incorporation into the therapeutic alliance if the
person is motivated to change habits. Behavior modification includes extended and fre-
quent intervention and follow-up.

Few educators use one approach to the exclusion of others (32). Educators base their
approaches on their own values and understanding of the purposes and methods of
patient education, as well as the needs of the patient. The patient will have varying
needs and tolerance for autonomous decision-making in their diabetes self-care. There-
fore, educational strategies must of necessity be flexible.

In this era of measuring outcomes, educators must also be vigilant in evaluating
strategies and patient outcomes with the understanding that knowledge improvement is
relevant only to the degree that it leads to other kinds of changes, such as improvement
in self-care behavior, glycemic control, and quality of life. Therefore, imparting and
assessing knowledge serve only as a fundamental and necessary first step in promoting
positive medical, behavioral, and psychosocial outcomes (33). Biological factors are
important only to the extent that they predict (or are associated with) an impact on key
patient behaviors and long-term outcomes such as physical and social functioning,
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hospitalization, and mortality. Behavior, not physiology, should be the primary out-
come for health education and should be evaluated on a continuum (34).

DIABETES EDUCATION FOR CHILDREN AND ADOLESCENTS

The burdens of diabetes management present medical, cognitive, behavioral and psy-
chosocial challenges for the child and family. Diabetes care requires families to learn and
carry out complex treatment regimens. Children with diabetes and their parents must
acquire a cognitive understanding of diabetes and learn self-management skills that
include monitoring blood glucose levels, recognizing and treating hypoglycemia and
hyperglycemia, and food and exercise regulation, along with insulin administration. In
the case of a child, education for diabetes management is necessary for both the child
and the parent(s) and/or caregiver(s) and special considerations are necessary.

An individualized assessment of the child’s maturity level, developmental stage,
family and social supports, eating habits, and school and sports schedules is critical.
The assessment should also be sensitive to cultural, cognitive, socioeconomic, and
environmental determinants in developing a realistic, comprehensive, individualized
teaching plan. After a careful assessment, the educator may find that some children and
families will be able to master complicated management routines, whereas others may
only be able to handle basic skills. The components of basic and advanced levels of
education are listed in Table 4.

It is important to provide education for the child on a continuum with age-appropri-
ate teaching methods and tools. Creative, innovative methods are necessary in order to
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Table 4
Childhood and Adolescent Diabetes Mellitus Educational Checklist

At diagnosis: survival education
• How to administer and store insulin
• How to monitor blood glucose and urine ketones
• Recognizing and treating hypoglycemia
• Who and when to call
• Beginning meal planning

Within 1–2 mo of diagnosis: in-depth assessment and review
• The cause of diabetes
• Properties of insulin and how to make adjustments
• Use of blood glucose monitoring data
• Meal planning
• Adjusting for exercise
• Sick day guidelines
• Diabetic ketoacidosis (DKA) prevention/treatment
• Hypoglycemia identification, recognition, prevention, and treatment

Yearly: in-depth assessment and re-education
• Age appropriate education, including all of the above should include peer pressure, alco-

hol, sexual education, smoking prevention, eating disorders, including bulimia/anorexia
and obesity, family adjustment, travel, diabetes-associated complications assessment, and
ongoing barriers to control.

Source: Adapted from Brink SJ, New England Diabetes and Endocrinology Center (NEDEC) and Brink
S, Moltz K. The message of the DCCT for children and adolescents. Diabetes Spectrum 1997;10:259–267.



engage the child in the educational process. For example, use of role-play, stories, dia-
betes camping programs, computer programs, and support groups have been shown to
be effective methods for diabetes education interventions. Setting behavioral goals that
are realistic, age appropriate, shared among the child, family and health care provider,
and planned to achieve success are important when implementing the educational
process. Whenever possible, the diabetes educational process should include mecha-
nisms to measure the success of the goals and outcomes.

BEHAVIORAL AND PSYCHOSOCIAL CONSIDERATIONS 
IN CHILDREN WITH DIABETES

Illness in childhood has physical, psychological, and emotional implications for
both the child and the family. The burdens of diabetes management present medical,
cognitive, behavioral, and psychosocial challenges. Diabetes care requires families to
learn and carry out complicated treatment regimens. Adhering to these regimens is also
very difficult (35). Along with learning these skills, parents must encourage adherence
and even do the tasks when necessary. The way in which a family deals with these
responsibilities of care can determine the effectiveness with which diabetes is managed
at home (36). It has been reported that the two most important psychosocial issues con-
cerning families of youngsters with diabetes are how the responsibilities of diabetes
management are defined and supported within the family and when responsibilities are
transferred from parent to child.

Recently, recommendations about appropriate ages at which responsibilities should
be transferred to children with diabetes have shifted significantly as a result of perti-
nent studies. Transference of responsibilities is no longer based on chronological age
but on cognitive maturity (37). Rather than encouraging total independence, health care
providers are recommending a sharing of responsibilities between the child and the
parent, even through adolescence (38–40).

Parents, often perceiving the ill child as vulnerable, become overprotective, compli-
cating roles in providing diabetes care. The demands of care affect the lifestyle of the
child and the family. When integration of these regimens into pre-existing family rou-
tines is necessary, family functioning can be challenged. Along with burdensome treat-
ment tasks, children often experience emotional distress. There is a sense of loss of
health, wholeness and perfection, belief of a harmony in life, and complete freedom of
choice. The safety and predictability of normal life are replaced with a sense of vulner-
ability, need for control, and blame of self, parents, and others (40).

Emotional stress for the parents is related to the loss of a child’s health, guilt, and the
uncertainty of short-term problems and long-term complications associated with the
disease. These components can be seen both in the child’s and parents’ perception of
their quality of life. Emotionally stressed families must develop positive coping skills
to become successful in managing the disease and, therefore, need access to support
from health care providers, other family members, and community resources (41).

The diagnosis and long-term management of diabetes presents a formidable chal-
lenge to the child and family. Treatment of chronic illness must include collaboration
with the child’s family to minimize adverse psychological effects while ensuring psy-
chosocial management (42). Therefore, when providing diabetes education to children
and their families, cognitive, behavioral, and psychosocial aspects need to be considered
when developing and implementing the educational plan.
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SUMMARY

The importance of social and emotional impacts upon those with diabetes and their
families is critical. This is every bit as much a part of treatment as medication itself. The
challenges of daily life with diabetes can be devastating. Health care professionals must
assist persons with diabetes and their families in learning diabetes management skills, as
well as helping them translate knowledge into daily practices based on sound judgment
and understanding of the issues involved. Although children and adolescents with dia-
betes have special needs, the task of translating knowledge into behavior is similar.

Theoretical models provide a framework for assisting the learning and translation
process. They promote patient learning and self-management skills in an optimal way.
Standardization of educational programs and national and international standards for
diabetes educators are efforts to elevate the quality of care. Still, an individualized
approach that addresses personal barriers to adherence and provides motivation to
overcome obstacles results is the most successful intervention.
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INTRODUCTION

The goal of medical nutrition therapy (MNT) for individuals with type 1 diabetes is
to modify food intake to prevent diabetes-related acute and chronic complications
while achieving and maintaining an optimal quality of life. The goal of MNT for health
care professionals is to facilitate the person with type 1 diabetes and their families in
doing so, while considering each person as an individual with cultural and personal
food and lifestyle preferences. Nutrient intake should be modified to attain metabolic
outcomes that have been defined by the American Diabetes Association (ADA) (1):

• Near-normal blood glucose levels
• Optimal serum lipid parameters
• Optimal blood pressure levels

Additional goals of MNT in persons with type 1 diabetes include (2) the following:

• Promoting overall health and well-being
• Modifying nutrient intake and lifestyle to prevent and treat complications such as

nephropathy, neuropathy, obesity, and cardiovascular disease (CVD) risk
• Providing for adequate growth and development in youth
• Providing for successful pregnancy outcomes

The challenge of MNT in diabetes is that the person with diabetes is responsible for
99% of the day-to-day management of the disease. As health care professionals, we
provide the knowledge and skill to make the necessary nutrition modifications; how-
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ever, we must recognize that the person with diabetes ultimately makes the choice of
what to eat, how much to eat, and when. Because type 1 diabetes spans the life cycle
from infancy to old age, dietary and behavior modification principles and strategies are
unique to each stage.

NUTRITIONAL FACTORS AFFECTING BLOOD GLUCOSE CONTROL

Blood glucose control, as measured by HbA1c, reflects the combined effect of fast-
ing blood glucose levels, postprandial blood glucose excursions, and mean blood glu-
cose values throughout the day. Nutrition interventions affect both fasting and
postprandial values. Fasting blood glucose is determined by hepatic glucose production
through the night and influenced by degree of insulin resistance and available insulin.
Because individuals with type 1 diabetes produce little or no insulin, the amount and
type of insulin provided during nighttime hours will determine fasting glucose levels.
Previous days physical activity enhances insulin sensitivity, increases muscle glucose
uptake, and, subsequently, may result in nighttime hypoglycemia. In turn, bedtime food
intake in excess of insulin coverage can increase nighttime blood glucose levels.

In contrast, the postprandial blood glucose period, defined as up to 6 h after a meal,
is predominantly the result of food intake, particularly carbohydrate absorption and the
availability of insulin to cover the carbohydrate load (3). Glucagon secretion and its
interaction with available insulin will influence postprandial response through effects
on liver and peripheral glucose metabolism. Carbohydrate and protein consumption
influence both glucagon and insulin secretion.

Amount of Carbohydrate
Individuals with normal glucose tolerance experience a dose-related rise in post-

prandial blood glucose up to 60–75 g of carbohydrate consumed (4). Consuming more
carbohydrate does not increase blood glucose beyond 140 mg/dL primarily because
insulin secretion keeps up with entry of glucose into the blood. In type 1 diabetes, in
which insulin secretion is absent or very low, the larger the dose of carbohydrate, the
greater the blood glucose response. Studies in individuals with type 1 diabetes show a
strong relationship between the premeal short- or rapid-acting insulin dose and the
postprandial blood glucose response based on total carbohydrate content of the meal
(5,6). Thus, for individuals with type 1 diabetes, learning to calculate and adjust insulin
dose to total carbohydrate intake is the primary nutritional strategy used to optimize
glycemic control. The optimal amount of carbohydrate to consume in the diet differs
with each individual and should be based on preference. Carbohydrate foods such as
fruits, vegetables, whole grains, and cereals provide necessary vitamins, minerals,
fiber, and phytonutrients such as lycopene and anthoxanthines—all considered essen-
tial to a healthy diet. As a result, the ADA recommends 60–70% of total caloric intake
be derived from a combination of carbohydrate and monounsaturated fat (see Table 1);
in other words, approx 50% of the diet should come from carbohydrates (2). Decreas-
ing the carbohydrate intake to a level less than 40% in an effort to attenuate postpran-
dial blood glucose levels results in a diet that can be too high in fat and protein.

Type of Carbohydrate
Despite the strong relationship between total carbohydrate intake and insulin require-

ment, postprandial blood glucose response to a mixed meal is not always predictable. In
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a classic study illustrating this point, subjects with type 1 diabetes experienced a larger
and longer postprandial blood glucose response when consuming a pizza meal despite
equivalent amounts of carbohydrate, protein, and fat, as a standard meal (7). It is now
well accepted that the magnitude and nature of the postprandial blood glucose rise is
proportional to the rate of digestion and absorption of carbohydrate in the meal. Several
factors can influence the rate of digestion and absorption to a carbohydrate challenge,
including premeal blood glucose values. Hyperglycemia before eating slows gastric
emptying and results in a more prolonged glycemic response (8), whereas hypoglycemia
speeds emptying and results in a faster, higher, and earlier peak response (9). The pres-
ence of some organic acids in foods, such as in sourdough bread or tannic acid in tea and
wine, appears to slow gastric emptying and flatten the blood glucose response (10).

The optimal type of carbohydrate is considered to be one that will yield a relatively
flat postprandial blood glucose response. The Glycemic Index (GI) of foods is a classifi-
cation of carbohydrate-rich foods based on their postprandial blood glucose and insulin
response (11). It is expressed as the percentage of blood glucose rise over 2–3 h from
50 g of carbohydrate from a particular food compared with the blood glucose response to
50 g of glucose. Foods are ranked from a GI of 20 to over 100 (pure glucose).

Research in this area has done much to dispel the myth that sugar or sucrose raises
blood glucose more than starch (12) and provided evidence that carbohydrate foods can
yield variable blood glucose and insulin responses both between and within food
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Table 1
Individualizing Nutrition Interventions in Type 1 Diabetes

Guidelines in stepwise priority Daily implementation

1. USDA Food Guide Pyramid for • 2–3 Servings fruit
overall health • 3–4 Servings vegetables

• Whole grains
• Sugar in context of healthy diet
• Salt in moderation; < 2400 mg/d if hypertensive
• Limit alcohol

1 Drink/d for women
2 Drinks/d for men

2. Carbohydrate counting to reduce • Total carbohydrate goals/meal and snacks
glucose excursions • Design insulin: carbohydrate regimen

• Evaluate individual food glycemic response
• Alternative sweeteners

3. Fat modification to reduce CVD risk • Restrict SFA to ≤ 10% total calories
≤ 7% if LDL > 100 mg/dL

• Restrict PUFA to ≤ 10% calories; fish at least 
twice a week

• Preferred fat is MUFA
• Total fat ≤ 25% of calories for weight loss

4. Vitamin/mineral supplementation Women
Folic acid: 400 µg if child-bearing age
Calcium: to intake of 1000–1200 mg/d

Abbreviations: LDL, low-density lipoprotein; SFA, saturated fatty acid; PUFA, polyunsaturated fatty
acid; MUFA, monounsaturated fatty acid; CVD, cardiovascular disease; USDA, United States Department
of Agriculture.



groups such as fruits, vegetables, and cereal grains (13). Because blood glucose
response of a carbohydrate food is directly related to the rate of glucose digestion and
absorption from the gastrointestinal tract and is not a function of simple or complex
carbohydrate, these terms (i.e., simple and complex) have been discouraged by the
World Health Organization (WHO) (14).

DIGESTIBLE STARCH

The molecular nature of a starch is one factor that alters the rate of digestion. Amy-
lose, comprised of straight chains of glucose molecules, is a form of starch that is
slowly digested and absorbed compared to amylopectin, made up of branched chains.
Both amylose and amylopectin are present in various amounts in all starch-containing
foods. Wheat starch, containing a greater percentage of amylopectin, yields a greater
glucose response than oat starch, which is higher in amylose and viscous fibers. The
ratio of amylopectin to amylose is about 70 : 30 in most starches and accounts for the
rapid blood glucose effect of most starches (15).

Cooking, as with potatoes, and processing, as in grinding apples for applesauce,
soften the starch granule and expose it for easier enzymatic breakdown, raising blood
glucose levels higher and faster (16). This concept supports the principle that starches
should be used in their whole-grain unprocessed form such as whole wheat breads and
whole grain cereals whenever possible.

NONDIGESTIBLE STARCH

Some foods such as raw cornstarch contain naturally existing resistant starches that
are higher in amylose, producing a flatter glycemic response (17). This attribute has
spurred the development of designer foods such as snack bars that contain a combina-
tion of sucrose and raw cornstarch that can be used with the intent to prevent hypo-
glycemia (18). There is no evidence at present that the use of resistant starch has
long-term benefit in type 1 diabetes; however, the clinical value in individuals at high
risk for nighttime hypoglycemia may prove beneficial. Fiber such as that found in
grains, beans, nuts, seeds, fruits, and vegetables is a form of carbohydrate that is indi-
gestible and therefore does not contribute to the postprandial blood glucose rise. Fur-
thermore, viscous soluble fibers found in oats and pectin limit enzyme access to other
digestible carbohydrates in the gut, limiting postprandial glucose levels (19). Early
studies demonstrated a beneficial effect of fiber on glycemic control in type 1 diabetes,
but they were complicated by the poor glycemic control of individuals and the small
number of subjects (20). More recent studies illustrate that large amounts of fiber may
be required to effect long-term glycemic control and the effects are not consistent and
modest at best. A diet containing 50 g of fiber with a GI of 70% resulted in a 24% drop
in mean daily blood glucose concentrations and an HbA1c improvement of 0.5%, after
6 mo in persons with type 1 diabetes, compared to a diet containing 15 g of fiber with
a GI of 90% (21). In contrast, 56 g of fiber did not have an effect in another study in
type 1 diabetes (22).

Compliance with such high-fiber diets has been good in studies dispelling concerns
that a high-fiber intake cannot be consumed through natural foods (21,22). Because the
average American consumes about 13 g of dietary fiber per day, progression to a high-
fiber intake needs to be gradual and requires a good deal of motivation.

Persons with type 1 diabetes who adjust their insulin to carbohydrate intake may
need to take into account if a food contains 5 g of fiber or more per serving and subtract

264 Part II / Treatment of Type 1 Diabetes



the 5 g or more from the total grams of carbohydrate per serving. Benefits of fiber in
diabetes also include optimal overall gastrointestinal function and the low-density
lipoprotein (LDL) cholesterol lowering effect validated in nondiabetic individuals and
recommended in the National Cholesterol Education Program Guidelines (23).

SUGARS AND SUGAR ALTERNATIVES

Sugar or sucrose (glucose + fructose) does not elevate blood glucose to a greater extent
than starch (24). Glucose is rapidly and easily absorbed but represents only one-half of the
sucrose molecule. As fructose passes through the liver after absorption, it is metabolized
and does not immediately or directly contribute to blood glucose elevation. As much as
10–17% of total calories as sugar, consistent with typical US intake, has shown no detri-
mental effect on blood glucose control in type 1 diabetes (2,25). Consumption of sugar-
rich foods is recommended in moderation and in the context of a healthy diet (potentially
one serving daily) while counting gram for gram as a carbohydrate.

Treating hypoglycemia correctly is crucial to effectively managing diabetes.
Although any form of carbohydrate will raise blood glucose, sugar in the form of glu-
cose tablets, candy, soda, juice, or milk is traditionally used. Pure glucose or sucrose in
tablets or a solution elevate blood glucose equally as well when treating hypoglycemia,
providing a response within 10 min and alleviating symptoms within 15 min (26).
Approximately 15- to 20-g portions of these carbohydrates will elevate blood glucose
levels approx 50 mg/dL when hypoglycemia is in the range of 50–70 mg/dL (27). Lev-
els less than this may require 30 g to bring the blood glucose levels back to normal
within 15–30 min. Traditional treatments such as orange juice and milk can require
over 40-g portions of carbohydrate to be as effective (28).

Alternative sweeteners are available for the purpose of reducing calories and carbo-
hydrate intake. Fructose is used as an alternative sweetener and is particularly abundant
in soft drinks and fruit beverages, which accounts for two-thirds of fructose intake in
the United States. Although blood glucose response is slightly flatter, concern has been
raised that in large quantities, fructose (20% of calories) elevates serum cholesterol lev-
els (29). Sugar alcohols, such as sorbitol and mannitol, provide fewer calories (2–3
cal/g) than sucrose, glucose, or fructose and raise blood glucose to a lesser extent (30).
Yet, there are no published studies illustrating a long-term benefit in glycemic control
or body weight to their regular use. Because sugar alcohols have a laxative effect when
consumed in more than 20-g portions or 50 g daily, they should be used with caution in
small children to prevent diarrhea (31).

Non-nutritive sweeteners currently approved as safe by the Food and Drug Administra-
tion are aspartame, saccharine, acesulfame K, and sucralose. Because of their intense
sweetening capacity, they do not contribute calories or carbohydrates to the meal plan and
can be used freely in the diet (2). However, rarely are alternative sweeteners used alone in
a food except in diet drinks and some candies or gelatins. Other sources of carbohydrates
may be present in combination with non-nutritive sweeteners in foods such as ice creams
or desserts, requiring that total carbohydrate content per serving be calculated.

Although research has provided valuable explanations for varying blood glucose
responses to individual foods and mixed meals, the clinical significance of the GI
remains controversial. Indeed, clinical intervention trials in type 1 diabetes have yielded
inconclusive results in that while post-meal blood glucose levels may be lower (32,33),
overall blood glucose control as measured by HbA1c is not improved (22,34). Adding
the GI requirement to total carbohydrate counting adds another level of complexity to an
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already regimented diet. A study in children found that choosing carbohydrate portions
from a list of low-glycemic index foods reduced the HbA1c by 0.3% and improved qual-
ity of life after 12 mo when compared to a carbohydrate-counting exchange-type regi-
men (35). With the advent of rapid-acting insulin analogs, postprandial elevations with
meals can be covered with insulin injections such that the greatest benefit to using low-
GI foods may be between meals and as snacks when insulin concentration is waning.
Nonetheless, consuming whole-grain, high-fiber, unprocessed foods with the potential
for producing a flatter blood glucose response and enhancing general health is recom-
mended as the first step in nutrition therapy for diabetes (see Table 1).

Carbohydrate Counting
Carbohydrate counting is a technique commonly used to quantify the total amount

of carbohydrate consumed at a meal or snack (36). Two basic techniques can be
employed: One counts grams of carbohydrate using food labels and written sources to
provide information on the grams of carbohydrate per serving in a food and the second
uses a modified exchange system where carbohydrate-containing foods are classified in
15-g servings. One “carb” is equivalent to 15 g of carbohydrate. An individual’s usual
carbohydrate intake at meals and snacks can be assessed and used to establish carbohy-
drate goals for each meal and snack (see Table 2). The availability of rapid-acting
insulin provides a means to establish an insulin-to-carbohydrate ratio for each meal.
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Table 2
Recommended Daily Energy Intake

Average energy allowance (kcal)

Category Age (yr) Per kg Per day

Infants 0.0–0.5 108 650
0.5–1.0 98 850

Children 1–3 102 1300
4–6 90 1800
7–10 70 2000

Males 11–14 55 2500
15–18 45 3000
19–24 40 2900
25–50 37 2900
51+ 30 2300

Females 11–14 47 2200
15–18 40 2200
19–24 38 2200
25–50 36 2200
51+ 30 1900

Pregnant 1st trimester +0
2nd trimester +300
3rd trimester +300

Lactating +500

Source: From Food and Nutrition Board, National Research Council. Rec-
ommended Dietary Allowances, 10th ed. National Academy Press, Washington,
DC, 1989.



The ratio is determined by body weight and trial and error (e.g., 1 U insulin : 15 g of
carbohydrate is a good place to start in the average adult). On the other hand, the ratio
for a 7-yr-old child may be 1 : 30. The insulin : carbohydrate ratio can then be adjusted
until postprandial blood glucose goals are achieved.

In the Diabetes Control and Complications Trial (DCCT), reduction in HbA1c was
related to self-reported adherence to the diet regimen (37). Individual dietary compo-
nents identified were adjusting insulin dose to food intake and blood glucose fluctuations
and not deviating from the snack schedule. If an individual chooses to maintain a fixed
dose of insulin at meals from day to day, then the carbohydrate intake must be consistent
or fixed, as well. Deviations of more than 5–10 g could produce deviations in postpran-
dial blood glucose levels. Most individuals, however, should and generally prefer to
learn to adjust their insulin dose to total carbohydrate intake. Adjusting insulin dose to
carbohydrate intake allows for more flexibility in the timing and quantity of food eaten at
meals. If more or less carbohydrates are desired at a meal, the insulin dose can be
adjusted accordingly. Rapid-acting insulin, because of its quick absorption time (5–15
min) is equally effective whether taken immediately before or immediately after a meal
(38). This attribute allows for tremendous flexibility in eating and a subsequent improved
quality of life. For example, a small child could be allowed to eat a meal, and then
observe the carbohydrate consumption and provide the appropriate insulin dose. This has
obvious advantages over predetermining and injecting an insulin dose based on potential
carbohydrate intake only to discover that the child does not wish to eat.

Glycemic Effect of Fat
Fat intake has little direct effect on postprandial glucose levels because the glycerol

moiety of a triglyceride contributes only a small amount of glucose to the circulation.
However, large amounts of dietary fat will delay gastric emptying and peak blood glu-
cose rise (39). Doubling fat intake (65 g) in a standard meal consumed by individuals
with type 1 diabetes shifted the postprandial glucose response curve slightly to the
right, prolonging glucose elevation by approx 20 mg/dL at hours 3–5. A high-fat meal
may require an adjustment in insulin dose that will include either the substitution of
short-acting regular insulin for rapid-acting insulin or injecting rapid-acting insulin
after the meal. Repeated experience and trial and error is the only real way to develop
such a guideline. If the fat content of meals is fairly consistent from day to day, meal
insulin requirements should not be affected.

Total dietary fat intake in type 1 diabetes should be driven by serum lipid and body
weight goals. As a rule, general guidelines for lowering cholesterol, total fat, and satu-
rated fat are sufficient to maintain a healthy fat intake unless LDL cholesterol is ele-
vated. However, individuals in the DCCT gained weight as glycemic control improved.
This well-accepted phenomenon results from reduced glucosuria, improved metabo-
lism, and, potentially, an enhanced ability to eat ad libitum with flexible insulin dosing
schedules. Although adjusting insulin to carbohydrate intake can improve blood glu-
cose control, total calories, and, particularly, fat calories associated with sweets can
increase and need to be considered if weight is to remain stable.

Glycemic Effect of Protein
Protein is absorbed as amino acids and transported directly into the portal blood sys-

tem. Some amino acids are metabolized immediately in the liver but most enter the
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plasma as free amino acids and are transported to muscle and other tissue. Protein is
not converted immediately into glucose and, as a result, does not immediately raise
postprandial blood glucose levels. Consuming as much as 9 oz of protein in a mixed
meal elevated postprandial blood glucose levels only slightly at 3–5 h after eating in
persons with type 1 diabetes when compared to a standard meal with 3–4 oz of protein
(39). Plasma glucagon levels appear to be stimulated by protein consumption in type 1
diabetes and mirror the delayed glucose elevation (40). Thus, increased hepatic glucose
output, secondary to elevations in glucagon, during the latter half of the postprandial
period appear responsible for the effect of protein when consumed along with carbo-
hydrates. This attribute has led to the assumption that protein is required at every meal
and in bedtime snacks to prolong the blood glucose response and prevent nighttime
hypoglycemia. Little evidence exists to support or refute this practice. Adding 2 oz of
turkey protein to an evening carbohydrate snack (15 g) in a crossover study resulted in
slightly fewer hypoglycemic episodes and an insignificant rise in fasting blood glucose
the following day (41). Adding protein to carbohydrates when treating hypoglycemia
does not appear to provide benefit. One study in type 1 diabetes illustrated that 15 g of
carbohydrate with or without 1 oz of turkey produced identical blood glucose eleva-
tions over 180 min when treating hypoglycemia (42).

PROTEIN AND RENAL FUNCTION

Persons with type 1 diabetes may attempt to substitute protein for carbohydrates to
attenuate postprandial glucose response. A large cross-sectional study in type 1 dia-
betes found that protein intakes greater than 20% of total energy intake were associated
with higher albumin excretions than <20% dietary protein (43). Concern over the role
protein intake plays in renal function suggests that consuming more than 20% protein
in the diet is unwise. Furthermore, it is difficult to control total fat and saturated fat
intake on a high-protein diet because saturated fat and cholesterol predominate in ani-
mal foods. Average protein consumption for most individuals is approx 10–20% of
total calories, which coincides with recommended intake in diabetes (2). Attempts to
reduce albuminuria with protein restriction have shown that even small reductions in
protein intake reduce the rate of decline of glomerular filtration rate and albuminuria in
persons with type 1 diabetes (44). Most studies find that it is not feasible to reduce
intake to less than 0.7 g/kg body weight. The United States Department of Agriculture
(USDA) Food Guide Pyramid recommendation of 150–210 g of animal protein per day
(5–7 oz—with 1 oz approximately equal to 30 g) is adequate for most individuals with
diabetes. This level can be reduced to 0.8–1.0 g/kg once microalbuminuria is present
and 0.8 g/kg in overt nephropathy.

NUTRIENTS AND CARDIOVASCULAR RISK FACTORS

With the advent of the DCCT and a focus on intensive blood glucose control, the
glycemic effect of the diet has been the central focus in the nutritional management of
diabetes. Clearly, optimizing blood glucose levels is paramount to preventing the
microvascular and macrovascular complications of diabetes, yet the risk of cardiovas-
cular disease in diabetes is great. Elevated triglycerides, low high-density lipoprotein
(HDL), and elevated LDL levels are common in untreated type 1 diabetes but normal-
ize with intensive glucose control. Normal LDL concentrations generally characterize
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treated type 1 diabetes; however, the DCCT demonstrated that intensive control can
improve atherogenic risk by producing a shift in LDL particle size from small, dense to
fewer large buoyant particles (45).

Individuals with type 1 diabetes respond to lipid lowering as well as persons without
diabetes; therefore, the National Cholesterol Education Program (NCEP) and ADA
nutrition guidelines for altering dietary fat intake seem prudent (see Table 1). Dietary
fat, however, is not the only nutrient impacting cardiovascular risk. Dietary fiber has
shown a slight correlation with serum cholesterol levels and reduced cardiovascular
disease risk in type 1 diabetes, although the effect was confounded by a lower fat
intake in the populations consuming more fiber (46). Furthermore, the authors could
not rule out other mechanisms of protection such as concomitant increases in antioxi-
dants or factors influencing hemostasis or blood pressure.

Dietary Fat
Dietary fatty acids can have either a positive or negative effect on lipid levels. Few

studies have been performed in type 1 diabetes; therefore, any effects of dietary fat
must be extrapolated from studies in the general population. Saturated fat (SFA) and
cholesterol intakes are the principal determinants of serum cholesterol. Trans fatty
acids, produced during partial hydrogenation of unsaturated fat, are considered meta-
bolically equivalent to saturated fats (i.e., raising serum cholesterol levels) (47). The ADA
and NCEP recommend that the combination of SFA and trans fatty acids not exceed
10% of calories. Replacing SFA with polyunsaturated fat (PUFA) of the omega-6
variety (safflower, corn, soy oils) reduces total and LDL cholesterol but may have little
effect on serum triglycerides or HDL cholesterol (48); nor are there epidemiological
data to suggest that omega-6 PUFAs have a direct effect on reducing cardiovascular
risk in individuals with or without diabetes. In contrast, omega-3 fatty acids, a form of
PUFA found in cold-water fish oils, offer risk-reducing benefits by lowering triglyc-
erides and decreasing thrombogenic factors (49,50). Two to three 4-oz servings of fish
each week is recommended to provide beneficial effects.

Studies in the general population support that substituting monounsaturated fat
(MUFA) for SFA is equally as effective as a substituting carbohydrate for lowering
total LDL levels (51). An additional benefit of a slightly higher MUFA intake is that
HDL levels are consistently maintained and not reduced, as they are on a low-fat/high-
carbohydrate diet (52). For this reason, substituting MUFA is often preferred over sub-
stituting with carbohydrate in type 2 diabetes. Although it is tempting to imply benefits
in type 1 diabetes when insulin is replaced physiologically and control is optimal, there
are no studies specifically examining the effect of MUFAs in type 1 diabetes. MUFA is
at the heart of the Mediterranean diet promoted by some as preferable to PUFAs.
Because there is no negative effect to increasing MUFA consumption within the nor-
mal range of fat intake, these fats can be encouraged. Cultural differences and food
preferences may make this easier in some individuals than others.

Fat Replacers
Fat replacers or substitutes derived from modified proteins or carbohydrates were

introduced into the market to assist in efforts to decrease total fat intake. Although this
is theoretically possible, few studies have documented a health benefit. Most have been
behavioral studies identifying that total fat, saturated fat, and dietary cholesterol intake
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can be reduced with the use of these products (53). However, little change in energy
intake or body weight has been reported. Persons with diabetes using large amounts of
carbohydrate-based fat substitutes (salad dressings) must consider that fat has been
replaced by carbohydrates and count the carbohydrates if amounts are above 5 g per
serving.

Alcohol
Alcohol need not be restricted in individuals with type 1 diabetes as long as it is lim-

ited to no more than one daily serving for women and two for men. Alcohol in these
amounts has little effect on glycemic control but does potentiate the glucose-lowering
effect of insulin by reducing hepatic glucose production. Because patients with type 1
diabetes take insulin, they should take care to consume alcohol with food to prevent
hypoglycemia. Moderate alcohol consumption has been associated with reduced car-
diovascular disease risk in the general population, suggesting that alcohol may, in fact,
be beneficial to some individuals at high risk (54).

Micronutrients
Vitamins, minerals, and other compounds known as phytochemicals play a crucial

role in metabolism, acting as coenzymes and cofactors in such diabetes-related meta-
bolic pathways as carbohydrate, lipid, and homocysteine metabolism. Some of these
same compounds act as antioxidants, controlling oxidative damage from free radicals
produced during metabolism. The study of these vitamins and minerals and recommen-
dations for consumption have gone beyond early concerns for diseases of deficiency to
how these compounds influence the development and progression of chronic disease
and genetic pathways.

MINERALS

Minerals such as calcium, potassium, and magnesium are involved in intracellular
messaging systems, including insulin signaling. Serum magnesium levels have been
found to be low in poorly controlled diabetes and low levels are associated with hyper-
tension, cardiac arrhythmias, congestive heart failure, and insulin resistance. Magne-
sium deficiency is thought to be secondary to chronic glycosuria, but this is not a
consistent finding. Magnesium can be easily acquired from natural foods, yet supple-
mentation has been found useful, albeit in studies of individuals with type 2 diabetes
(55). Persons at high risk for magnesium deficiency (ketoacidosis, pregnancy, ethanol
abuse) should be assessed for low serum levels and may benefit from supplementation
until the hypomagnesemia is resolved (55).

Chromium is known to be a potent potentiator of insulin activity by enhancing sensi-
tivity in myocytes and activating insulin receptor kinase. Although most of the studies
with chromium supplementation are conducted in type 2 diabetes, studies in type 1 dia-
betes show a beneficial effect of 200 µg chromium on reducing insulin dose by as
much as 30% (56). Total cholesterol and LDL cholesterol levels have been shown to
improve with supplementation in insulin-resistant individuals; however, more research
in humans is needed. No single food source is plentiful in chromium, yet deficiencies
are rare with adequate intakes of 20–30 µg/d. Serious side effects from supplementa-
tion up to 1000 µg/d have not been identified (57). A prudent clinical approach is to
evaluate improvements in insulin activity, requirements, or serum lipid levels.
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The daily recommended calcium intake of 1000–1500 mg in women is based on the
desire to prevent osteoporosis (2). These values are valid during pregnancy as well,
because maternal hormones increase calcium absorption and utilization. Type 1 dia-
betes that is poorly controlled may or may not increase requirements for calcium.

VITAMINS AND ANTIOXIDANTS

Because women with type 1 diabetes are at increased risk of neural tube defects and
can be of child-bearing age, it is important that they consume 400 µg of folic acid from
a supplement, in addition to natural foods, to reduce the risk of neural tube defects
(58). Folate or folic acid (synthetic form) is involved in the formation of methionine
from homocysteine. A folate deficiency results in hyperhomocysteinemia—a risk fac-
tor for atherosclerotic vascular disease (59). Although the mechanism for how hyper-
homocysteinemia increases cardiovacular risk is not known, it can be corrected with
supplementation up to 400 µg (59). Studies performed in the general population and in
persons with type 2 diabetes have not used cardiovascular events as end points; further-
more, studies in type 1 diabetes are lacking, making it very unclear if there is any true
benefit to supplementation with intent to reduce cardiovascular disease.

Diabetes and the resulting hyperglycemia is considered to be a highly oxidative
state. Glucose can combine with oxygen to produce free radicals capable of causing
damage to lipids and proteins. Furthermore, sorbitol and fructose produced in non-
insulin-dependent tissues such as the eyes, kidneys, and nerves result in free-radical
formation. As a result, several studies are examining the effect of specific antioxi-
dants, such as vitamin E, on the development of the chronic complications of dia-
betes, including cardiovascular disease. Data are lacking to make any clinical
suggestions in others such as selenium and alpha-lipoic acid. Randomized clinical tri-
als with vitamin E have been performed in type 1 diabetes. Retinal blood flow and
creatinine clearance improved with 1800 IU vitamin E per day for 4 mo (60). Supple-
mentation with 400 IU/d for 8 wk did not reduce oxidized LDL (61); however, C-
reactive protein levels have been decreased with 800 IU/d (62). In contrast, the Heart
Outcomes Prevention Evaluation (HOPE) study, a large randomized placebo-con-
trolled trial, found no beneficial effect on cardiovascular outcomes or mortality in
people with diabetes consuming 400 IU vitamin E/d for 4.5 yr (63). Supplementation
longer than 5 yr or earlier in the disease process needs to be evaluated prior to coming
to any conclusions. No significant side effects from as high as 3200 IU/d of vitamin E
have been observed.

Studies using supplementation of individual micronutrients and phytochemicals are
far from conclusive but hold promise for the future. Interestingly, the consumption of
these nutrients in real foods continues to yield the most consistent health results, sug-
gesting that dietary patterns are very important. Shifting the balance of nutrients may,
indeed, shift metabolism in a direction that could have more negative than positive
effects. The Dietary Approaches to Stop Hypertension (DASH) study examined three
dietary patterns on blood pressure when body weight, physical activity, and sodium
intake were held constant (64). The diet highest in fruits, vegetables, and low-fat dairy
products in conjunction with the lowest total fat, SFA, and cholesterol intake produced
the most consistent blood-pressure-lowering effect in both normal and hypertensive
individuals. Sodium restriction in a subset of subjects was beneficial primarily in sub-
jects who were hypertensive, female, and African-American.
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CALORIC INTAKE

Energy intake is generally episodic, varying in carbohydrate, protein, and fat intake
from meal to meal and day to day. Daily caloric or energy requirement is determined
by daily energy expenditure. This is represented by the sum of calories required to
meet the needs for resting metabolic rate (RMR), the thermic effect of food (TEF), and
the thermic effect of physical activity or exercise (TEE). Resting metabolic rate com-
prises 60–75% of daily caloric needs and is dependent on age, gender, body composi-
tion, and genetics. An approximate 2–3% drop in RMR occurs for every decade,
accounting for the greater caloric needs per kilogram body weight in infants, children,
and adolescents. Men have a higher RMR and require more calories than women
because of their larger size and greater muscle mass. The TEF (i.e., the amount of calo-
ries required to absorb, metabolize, and store nutrients) is fairly stable at 10% of daily
need. Physical activity, however, varies considerably from individual to individual and
from day to day and can influence caloric needs in the range of 150–3000 kcal/d. A
very active athletic 16-yr-old could require up to 6000 kcal each day, whereas his/her
sedentary counterpart may need less than the recommended caloric level, which is
based on light to moderate physical activity (see Table 2).

Estimating caloric requirements is not easy or precise, yet guidelines have been rec-
ommended based on WHO calculations and modified for US populations (see Table 2).
These should be used only as guidelines and are subject to variability resulting from
genetic and ethnic differences as well as concurrent medical conditions. The recom-
mendations for adults, for example, are the same for all individuals over 51 yr of age
despite the fact that a 51-yr-old is very different than an 85-yr-old, with or without a
medical condition such as heart failure.

A dietary assessment to evaluate usual intake can be combined with the caloric rec-
ommendations to arrive at a personalized meal plan. The meal plan is then evaluated by
monitoring desired outcomes in terms of blood sugar and lipid levels but also growth and
body weight. Infants and small children may need specific caloric prescriptions to
achieve normal growth and development, however, in general, most individuals with
type 1 diabetes inherently adjust their food intake to meet energy needs. As a result, car-
bohydrate may be the only nutrient requiring modification and monitoring. For example,
a carbohydrate-counting plan outlining specific carbohydrate goals may be accompanied
by general guidelines for reducing SFA and consuming moderate amounts of protein.

The increasing incidence of obesity in children and adults in the United States, cou-
pled with the definite tendency to experience weight gain with intensive glucose man-
agement, may require greater attention to caloric intake. An analysis of weight gain in
DCCT subjects identified that, on average, adult subjects achieving a mean HbA1c of
7.2% gained 4.8 kg more during a 6-yr follow-up than their conventionally controlled
counterparts (65). The rate of increase was greatest in the first year of intensive therapy
and slowed thereafter and only age was consistently associated with major weight gain.
Despite the benefits of improved glycemic control, care should be taken to reduce
weight gain and maintain a healthy weight because the physical and health conse-
quences of excessive weight gain remain to be quantified. Caloric requirements can be
influenced by factors that are specific to stages in the life span of an individual (see
Table 3), and although it is not known how these may be altered by diabetes, they
should be considered when evaluating caloric needs.
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SUMMARY

Nutritional management of type 1 diabetes is dictated by prioritizing interventions
that yield optimal metabolic outcomes and enhanced quality of life. The USDA Food
Guide Pyramid continues to be the basis for a healthy diet providing vitamins, miner-
als, phytonutients, and fiber. Blood glucose control is best achieved with careful atten-
tion to adequately covering carbohydrate intake with insulin, generally utilizing
carbohydrate-counting techniques. Although individuals with well-controlled type 1
diabetes generally have normal serum lipid levels, a low-fat and low-cholesterol diet
substituting MUFAs or carbohydrates for SFA is prudent and beneficial. Protein intake
should be moderate and include fish on a regular basis.
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III SPECIAL MANAGEMENT ISSUES

IN TYPE 1 DIABETES





INTRODUCTION

Diabetes in a child less than 5 yr old is characterized by unstable glycemic control,
frequent and asymptomatic hypoglycemia, and greater risk of severe hypoglycemia.
Management of diabetes in young children is complicated by special age-related prob-
lems, including difficulties in administering and adjusting small doses of insulin and
unpredictable behavior pattern or day-to-day variations in diet and physical activities.
The inability of the young child to detect and communicate the symptoms of hypo-
glycemia could lead to delay in the treatment and contribute to the high risk of severe
hypoglycemic episodes at this age. Evidence for neurocognitive and intellectual dys-
function subsequent to recurrent or severe hypoglycemia in early childhood explains
the attitude of pediatricians to be prudent and not to attempt too strict metabolic con-
trol in children less than 5 yr of age. A multidisciplinary approach by a specialized
team available for frequent contacts and that gives children and parents an adapted
continuing education and support is necessary. In case of severe hypoglycemia despite
a well-conducted conventional therapy, a more physiological way of insulin treatment,
such as continuous subcutaneous insulin infusion (CSII) has been shown to be well-
tolerated by young children and allows achievement of good metabolic control without
severe hypoglycemia under the supervision of a specialized team.
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CHARACTERISTICS OF TYPE 1 DIABETES IN YOUNG CHILDREN

Epidemiology
Diabetes is less frequent in preschool children than in older ages. In a large survey in

Europe, age-specific incidence was compared among 3 age groups in more than 3000
cases during 1989–1990 (1). Eighteen percent of the cases were observed in children
younger than 4 yr, 34% between 5 and 9 yr, and 48% in children aged 10–14 yr. Simi-
lar results have been obtained in North America (2).

The incidence of insulin-dependent diabetes mellitus (IDDM) in childhood has
increased in several countries from which the epidemiological data have been collected
over an adequate period of time (2,3). This rise in incidence has been observed in all
age groups. Pediatricians are particularly concerned by the rising incidence in children
aged under 5. In England, for example, the reported incidence in preschool children
increased form 4.2 to 9.9/100,000 per year between 1973–1974 and 1988 (4). In
another study performed in the same country, this trend continued with an annual
increase of 4% in the same age group from 1985–1996 (5). The EURODIAB collabo-
rative group established a prospective, geographically defined register of new cases in
1988 (6). During the period 1989–1994, the annual rate of increase in incidence was
3.6%. This increase was observed in all countries, but as shown in Fig. 1, there was an
impressive heterogeneity in the trend of incidence between age groups. The rate of
annual increase varied from 6.5% for the preschool children to 3.2% for 5- to 9-yr-olds
and 2.6% for 10- to 14-yr-olds. This rapid change in incidence favors a major role for
an as yet undefined environmental factor that triggers this disease.

Etiology and Immunogenetics
There is no evidence that the etiology of IDDM before age 5 is different from the

disease observed later in childhood. There are, however, some subtle differences in
immunogenetic markers. Young children are more often positive for diabetes-related
autoantibodies. This has been clearly shown by Komulainen et al. (7) in Finland when
the islet cell autoantibody (ICA), insulin autoantibody (IAA), antibodies against GAD
(GADA), and IA-2 antibodies were detected in a large population of 800 children with
IDDM at diagnosis. The percentage of children who tested positive for all four antibod-
ies were 53.1% in the very young children less than 2 yr, 42.0% in the age group
between 2.0 and 4.9 yr, and 26.9% in the oldest group. Moreover the titers of antibod-
ies were also different among the age groups, the youngest children having the highest
serum level of IAA and ICA.

Some subtle differences in the HLA-DQ B genotypes have also been described in
this population. For example, children before the age of 2 yr carried the high-risk geno-
type DQB1*02/*0302 more often than the older children (7).

Altogether these differences are minor and do not suggest that the etiology of IDDM
observed at this very young age is different from that seen in older children.

Clinical Presentation of Type 1 Diabetes
Young children presented more frequently with diabetic ketoacidosis (DKA) at diag-

nosis than older children (8–10). The more severe metabolic deterioration at diagnosis
of diabetes in children than in adults is probably related to a faster process of β-cell
destruction (10). Furthermore, the process of β-cell destruction may be faster in early
childhood than later in childhood. This suggestion was supported by the findings of
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Fig. 1. Trends in childhood diabetes incidence in Europe during 1989–1994 by age group and sex.
(From ref. 6, with permission of the Lancet Ltd.)



two recent studies (7,11). The last study showed that serum C-peptide concentrations at
the time of diagnosis were significantly lower in very young children less than 2 yr old
in comparison with children 2–4.9 and 5–15 yr old. At the same time, HbA1c was
highest in children diagnosed after 5 yr of age, indicating a longer duration of the pre-
ceding period of hyperglycemia. In very young children, the severe clinical condition
at diagnosis could also be explained by a delay in diagnosis of diabetes because of the
difficulties for parents and physicians in identifing diabetes symptoms. Acute infec-
tions, more frequently observed at this age, may also mask the symptoms and con-
tribute to delay in the diagnosis of diabetes (7).

The remission rate is lower in young children than in older ones (12). Komulainen et
al. (7) showed that at 6 mo of follow-up, none of the children diagnosed before the age
of 2 yr but 27% of the children aged 2–4.9 yr and 37% of those diagnosed after 5 yr of
age (p < 0.001) were in partial remission. At the same time of follow-up, younger chil-
dren also presented with significantly higher HbA1c levels, which were partly
explained by their decrease in endogenous insulin secretion.

Blood Glucose Control
HIGH RISK OF HYPOGLYCEMIA

A major characteristic of metabolic control in type 1 preschool children is the unsta-
ble glycemic control with its accompanying risk of severe hypoglycemia. An interna-
tional cross-sectional study of around 3000 children and adolescents has shown that the
highest rate of severe hypoglycemia (60 episodes), resulting in unconsciousness or
seizures, was observed in the younger children, aged less than 5 yr compared to the older
children (10–20 episodes per 100 patients-years) (13). In this study, the only variables
with a significant effect on the incidence of severe hypoglycemia were age, which led
to a decrease of 8.4% per year, and HbA1c, which led to a decrease by 21% for each
increase of HbA1c by 1%. Nocturnal hypoglycemia events are also more frequent in
young children than in older, as reported in two recent studies (14,15). Thus, the fre-
quency of nocturnal hypoglycemia was twice as high in children aged under 5 yr than in
children aged 5–9 yr, respectively: 57% vs 28% (14). These studies showed that young
age was a major risk factor of nocturnal hypoglycemia and that this risk decreased with
age. Furthermore, the lack of symptoms of nocturnal hypoglycemia was demonstrated in
two-thirds of the children aged under 5 yr. Our study showed that in a large number of
diabetic children (15,16), the closer one monitors, the more frequent were the episodes
of nocturnal hypoglycemia: 23% when testing blood glucose (BG) at midnight vs 47%
when BG levels were measured hourly. This study also found that nocturnal hypo-
glycemia was frequently asymptomatic and of long duration (3–9 h in 30% of the cases),
a finding confirmed in a smaller group of children studied at home (17). Unawareness of
hypoglycemia also does exist in children and is associated with a higher rate of severe
hypoglycemia in younger than in older children (18). Finally, all studies identified an
alarming prevalence of unpredictable asymptomatic nocturnal hypoglycemia in young
children, even under conventional insulin therapy.

CAUSES OF GLYCEMIC CONTROL INSTABILITY/HYPOGLYCEMIA

Although factors related to the unpredictability of behaviors in the young child are
of importance for their glycemic instability (see the subsection Specific Difficulties of
Management) the reasons for the greater vulnerability of the young child to more
severe and more frequent episodes of nocturnal hypoglycemia remain to be defined
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(19). However, tolerance to fasting has been demonstrated to be lower in normal young
children than in older ones (20). Furthermore, few studies have been performed in dia-
betic children to explore their counterregulation during hypoglycemia. Those studies
have shown contradictory results resulting from different methods (21–23). Recently, a
study (24) has been designed in order to understand reasons why nocturnal hypo-
glycemia is frequent, profound, prolonged, and asymptomatic in diabetic children
(14,15,17) even in patients with a good awareness of hypoglycemia during waking
hours. This study showed that although those nocturnal hypoglycemic episodes may be
precipitated by overinsulinization during the early part of the night, their prolonged
nature may result from defective nocturnal counterregulation. The authors concluded
that these data provide strong evidence that intensification of insulin therapy may be
especially hazardous in this age group.

Figure 2A shows the instability of blood glucose control in a 4-yr-old diabetic child
and Table 1 summarizes the multiple factors potentially related to the instability of
glycemic control and frequency of hypoglycemia in young children with type 1 diabetes.

NEUROPSYCHOLOGICAL CONSEQUENCES OF HYPOGLYCEMIA

In young children, severe and recurrent hypoglycemias are of major concern
because they may impair normal brain development. When tested during adolescence,
patients who presented with early-onset diabetes and/or a history of severe hypo-
glycemia showed global or selective neuropsychological dysfunction such as impair-
ment of visual–spatial skills, psychomotor efficiency, attention, or memory (28–32). As
early as 2 yr after disease onset, evidence exists for mild neuropsychological dysfunc-
tion (33). Onset of diabetes early in life (before 5 yr of age) predicted negative changes
in neuropsychological performances over the first 2 yr of the disease (34). Recent data
suggest that school-aged children treated with intensive therapy had a threefold
increase in the rate of severe hypoglycemia than conventionally treated children and
may have an increased risk for memory problems (35). Thus, until we know more
about long-term outcome, neuropsychological impairments subsequent to severe hypo-
glycemia episodes must be taken into account when formulating specific objectives of
metabolic control and therapeutic strategies for young children.

Specific Difficulties of Management
IDENTIFICATION AND TREATMENT OF HYPOGLYCEMIA

Young children are highly dependent on their parents or caregivers. They cannot
self-regulate or communicate the need for assistance in case of hypoglycemia. Ross et
al. found that the symptoms of hypoglycemia in type 1 diabetic patients vary with age
(36). They showed that behavioral symptoms are a valuable index of hypoglycemia in
the younger age group and must be included in the initial education of parents and
adult caregivers. This problem of recognition and treatment of hypoglycemia is a cause
of major stress for parents when their child is not under their own supervision.

DAILY LIFE

Parents of infants and young children report frequent difficulties managing diabetes
in their daily life, such as the necessity to wake up their child at a regular time in the
morning to inject the insulin dose, the difficulty of respecting a delay between injection
of regular insulin and the following meal, and hyperglycemia in the afternoon when the
child sleeps after lunch. The major difficulties are caused by day-to-day variations in
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Fig. 2. Home blood glucose monitoring during 5 consecutive days under conventional therapy (A) compared to continuous subcutaneous insulin infusion
(CSII) therapy (B) in a 4-yr-old diabetic boy. This figure illustrates the blood glucose instability observed in young diabetic children and the dramatic effect of
CSII treatment on the blood glucose stability.
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food intake. The lack of appetite or food refusals are particularly stressful for parents
of the young diabetic child because they dread the occurrence of severe hypoglycemia.
Physical activity is unpredictable and varied among seasons. The impact of physical
exercise at this age may be very important for glycemic control. Close supervision by
educated adults is needed in order to give appropriate additional snacks.

Acute intercurrent infectious illnesses are common in young children and could cause
considerable deterioration in metabolic control. Sick-day management must be under the
tight supervision of parents, with the help of a specialized team, in order to prevent both
the risk of severe hypoglycemia and the risk of DKA.

Fear of insulin injections is frequent at this age. Some parents of young diabetic chil-
dren describe true “battles” at each injection that considerably affect the relationship
between parents and child. Health care providers must keep in mind that at this age, the
child views an injection as an attack against his or her body (37). It should be noted that
pain has recently been reduced in children by using ultrashort needles (5 mm), which
make the injection easier and less stressful, as reported by the parents (38).

SMALL DOSES OF INSULIN

The insulin dose changes are limited to a 0.5-U change when using pens. The precision
of those changes with insulin syringes is highly questionable. It must, however, be noted
that half-unit variations may represent an important percentage for a given dosage in
young children. Furthermore, the inaccuracy of small-insulin-dose administration has
been demonstrated, which consistently led to an overadministration of insulin (26). To
reduce variability in administered insulin, it is recommended that one parent or caretaker
delivers the morning dose, and the other the evening dose. It is therefore possible that
variations in small-dose delivery in young children contribute to blood glucose variability.
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Table 1
Factors Related to Instability of Diabetes in Young Type 1 Diabetic Children

Metabolic and hormonal factors
Low residual insulin secretion (7,11)
Low fasting tolerance in normal young children (defect of gluconeogenesis) (20)
Defective nocturnal counterregulation (24)
Impaired awareness of hypoglycemia (18)

Child behaviors
Lack of recognition of symptoms of hypoglycemia
Inability to communicate the symptoms of hypoglycemia
Unpredictability of meal intake
Unpredictability of physical activities

Parent behaviors
Fear of hypoglycemia (25)
Parents’ adherence to diabetes regimen

Insulin therapy
Unphysiologic hyperinsulinemia (conventional therapy)
Inaccuracy of low doses of insulin (26)
Inadequacy of insulin dose changes
Intramuscular injections (27)

Note: References are given in parentheses.



AGE-RELATED PSYCHOSOCIAL DIFFICULTIES

Diabetes at this age can considerably affect the family members—parents and sib-
lings—and family functioning. Very little data on psychosocial problems/adjustment in
this age group are available in the literature, which focused on school-aged children
and adolescents. There is a real need for study cohorts of young children at diagnosis
of diabetes. When studying our data in a cohort of 165 children and adolescents, we did
not find any relation between the young age at diagnosis and family functioning (Fam-
ily Adaptability and Cohesion Scales [FACES] III scale) (39) or psychological prob-
lems (Achenbach scale) (40). However, we have found consequences on socioeconomic
condition of the family: The mothers had more frequently left their employment or
reduced their work time after the diagnosis of diabetes when children were aged <6 yr
at diagnosis compared to older children (41). In this cohort, no difference in the divorce
rate by age at diagnosis was observed.

Fear of hypoglycemia is common in parents of diabetic children, especially if they
had experienced a seizure or loss of consciousness, and may lead them to maintain ele-
vated blood glucose values to avoid hypoglycemia. This behavior is more frequent in
parents of young children than in parents of older children (25).

Long-Term Complications
Because of the long duration of diabetes, young children are at higher risk of devel-

oping long-term diabetic complications later in their life. However, a question of
importance for this specific age group remains controversial in the literature: Did the
years before puberty contribute less to the development of microvascular complications
than postpubertal duration of diabetes (42)? Donaghue et al. (43) indicated that
microvascular complications do occur in the prepubertal years, but a subanalysis in
children under the age of 5 suggested that diabetes in children under the age of 5 does
not contribute to microvascular disease.

TREATMENT OBJECTIVES

Theoretically, the treatment objectives are the same as in older diabetic children. How-
ever, achieving those goals, such as good control without an increased risk of severe or
frequent hypoglycemia by currently available means, remains a challenge in young chil-
dren, in whom it has been described as “the Scylla and Charybdis” of glucose control
(19). The patient consistently “navigates” between the high risk of severe hypoglycemia
and its neurocognitive effects, on one hand, and the risks of short- or long-term hyper-
glycemia, on the other hand. That is why in children less than 5 yr of age, strict metabolic
control is not desirable, if attempting it is associated with frequent documented hypo-
glycemia. In most of the young children, it seems difficult for the physician to obtain
HbA1c values below 8% without an increase risk of hypoglycemia (16). However, in our
experience, a more physiological way of insulin treatment such as CSII is both well toler-
ated by young children and permits achievment of good metabolic control without severe
hypoglycemia, when managed under the supervision of a specialized team.

TREATMENT MEANS AND STRATEGY

Management of Ketoacidosis
Young age (<5 yr) is a risk factor for cerebral edema, the major complication of

DKA. Management of DKA in young children must be very prudent and take into
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account all factors that could minimize the risk of this dreadful complication by avoid-
ing hyperhydration (<4 L/m2/24 h) and hyponatremia and by obtaining a slow decrease
in blood glucose level and in plasma osmolarity (44).

Insulin Treatment
CONVENTIONAL INSULIN THERAPY

In most preschool children, the usual treatment consists of two to three injections
per day of mixed short- and intermediate-acting insulins. It must be noted that the
superiority of multiple injections has not been demonstrated in children (13). There-
fore, treatment should be tailored to the individual child’s needs, which must be evalu-
ated by a competent multidisciplinary team (45).

In young children, frequent blood glucose monitoring (BGM) is critical in order to
navigate within acceptable targets of glycemic control by minimizing the risk of severe or
frequent hypoglycemia. Usually five to six BGMs per day and two urine tests per day for
urine glucose and ketone bodies are performed by parents or caregivers. Measurement of
blood glucose level at the “parents’ bedtime” must be encouraged in order to detect
asymptomatic hypoglycemia or to give a snack when BG is below a specified level (15).
Nocturnal hypoglycemia should be suspected in children under conventional therapy with
frequent fasting BG values below 120 mg/dL (15). It must be noted that systematic carbo-
hydrate intake at supper did not consistently prevent nocturnal hypoglycemia (14).

Needle length has to be carefully considered in young children, as their role in the
risk of hypoglycemia has been shown. Alternating intramuscular and subcutaneous
injections can occur from one day to another and from one injection site to another,
leading to variations in glucose control and increased risk of hypoglycemia. By using
ultrasonography to visualize the injection site, we demonstrated that short needles sig-
nificantly reduce the risk of intramuscular insulin injection in children (27).

SHORT-ACTING INSULIN ANALOGS

Despite progress in the last decade, subcutaneous insulin therapy in children remains
unphysiological. The so-called short-acting insulin, when compared with physiological
insulin release, is characterized by a late or delayed peak and by too long a duration of
action. Recently, the development of short-acting analogs such as lispro (Humalog®,
Lilly) has been found to be safe in children and adolescents, to improve their postpran-
dial blood glucose levels and to reduce the risk of nocturnal hypoglycemia (27,46,47). A
randomized crossover study comparing Humalog to regular insulin in preschool and
school-aged diabetic children under conventional insulin therapy has demonstrated that
postprandial administration of insulin lispro can accomplish glucose control comparable
to preprandial human regular insulin (48). This therapeutic option is very useful in man-
agement of diabetes in young children, allowing the parents to better adjust insulin
administration according to their child’s food intake (e.g., in sick-day management).

INSULIN PUMP THERAPY

The best way to avoid hypoglycemia is to use insulin replacement regimen that mini-
mizes the unphysiologic hyperinsulinemia, especially during the night. In our experience,
the only present therapeutic method of achieving and maintaining good glucose control
without frequent or severe hypoglycemia in young children is to use CSII therapy. CSII is
a feasible and well-tolerated method of insulin therapy in young children (49,50). In a
previous study (50), we have compared conventional insulin therapy to CSII in two
groups of diabetic children aged below 6 yr (respectively n = 17, age = 5.1 yr vs n = 10,
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age = 3.7 yr) during a mean treatment period of 2 yr. Mean insulin doses and HbA1c lev-
els measured at 3, 6, 12, 18, and 24 mo did not differ significantly between the two
groups. The most impressive results were related to the frequency of severe hypoglycemia
in those very young diabetic children (see Table 2). In the group treated with twice-daily
injections, the number of severe hypoglycemia episodes was 10, compared to none in the
group under pump therapy. It must be noted that this result was obtained without an
increase of HbA1c levels, which remained at 8% (see Fig. 3). The disappearance of severe
hypoglycemia was shown when examining the subgroup of children who were treated
first by conventional therapy (11 episodes) and thereafter by CSII (0 episodes) (see Table
2). Parents of children treated with the pump were very satisfied (9/10) mainly because of
a more flexible lifestyle for their children and themselves and because of a major reduc-
tion of their anxiety (disappearance of severe hypoglycemia). Advantages of pump ther-
apy in young children are summarized in Table 3 and shown in Fig. 2B.

Limits of pump therapy are well known. The risk of DKA as a result of obstruction
of catheters must be prevented by specific education of the parents; skin tolerance has
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Table 2
Comparison of the Frequency of Severe Hypoglycemia in Diabetic 

Children Aged Less than 6 Years Treated by Conventional and 
Continuous Subcutaneous Insulin Infusion (CSII) Therapy

CSII therapy

Conventional 
Before CSII During CSII insulin therapy

No. of children 6 10 17
No. of severe episodes of

hypoglycemia (SH) 11* 0 10*
No. of children with SH 3 0 6*

* p < 0.05.
Source: ref. 50.

Fig. 3. Comparison of mean HbA1c levels in two groups of young diabetic children treated with con-
ventional therapy (•, n=17) and with CSII (◆, n = 10) during a 24-mo follow-up. (From ref. 50.)



considerably improved by using Teflon catheters, which are also very convenient,
allowing the disconnection for bath or swimming. Education of parents and supervi-
sion by a specialized pediatric diabetes team are the keys of the success of this treat-
ment. Under these conditions, CSII can be recommended in young diabetic children in
case of failure of a well-conducted trial of conventional insulin therapy (severe hypo-
glycemia despite intensification of education and use of lispro analogs). Recently, the
use of lispro analogs in pump therapy has brought further progress in terms of comfort
in daily life and metabolic effects in adults, as well as in young children (51,52).

Diet
The diet recommendations for diabetic children aim at ensuring normal growth and

optimal nutrition, achieving good glycemic control by coordination among insulin
treatment, diet, and exercise, reducing risk factors for long-term complications and pre-
serving the psychosocial dimension of meals. Little is know about dietary intake of
young diabetic children. The recommendations for dietary intake in children with
IDDM were well met in two groups of around 30 young diabetic children aged less
than 6 yr at diagnosis (53,54). However, protein intake was slightly higher than recom-
mended in the Finish study, as well as in our inquiry in France (unpublished data). The
recommended diet for diabetic child would also be beneficial for other members of the
family. Similar food choices among family members would help the child with dia-
betes to adopt long-term good nutritional habits.

Education and Psychosocial Support
As glycemic control is very unstable in young children, expertise in insulin manage-

ment is required from their parents. In young children, predictions of the insulin doses
are challenging. Certain factors influencing the variability of blood glucose control are
unpredictable, such as meal size or change in physical activities, whereas other factors
can be managed, such as injection technique and time of injection. A specialized multi-
disciplinary pediatric diabetes team including a pediatric diabetologist, dietician, nurse
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Table 3
Advantages of Insulin Pump Therapy in Young Children 

by Comparison with Conventional Therapy

More physiological regimen
Adjustment of each premeal insulin dose (boluses)
Nocturnal basal rate

More accurate
Accuracy of low doses
Adequacy of insulin dose changes (e.g., 0.1 U or 0.2 U)

More comfortable
Children: injection every 3 d vs twice a day
Parents: less anxiety (reduction of hypoglycemia)
Children and parents: flexibility of the treatment (timing of meals, sleeping)

Easier management
Common infectious illnesses
Episodes of hyperglycemia with ketonuria
Food refusals



educator, psychologist, and social worker is needed to give adequate and continuing
counseling and education to parents and caregivers of young children. Frequent con-
tacts between the family and the pediatric team is a key to achieve good metabolic con-
trol without acute complications. A 24-h telephone hotline will help to minimize acute
metabolic complications or hospitalizations. It must be noted that the expertise in the
management of young diabetic children requires a sufficient number of patients in
order to give age-group-adapted education and support for parents and children. Edu-
cation must continue throughout childhood and adolescence, with guidance adapted to
cognitive and psycho-affective levels of the family members. This enables a gradual
transfer of some responsibilities of care to the child. Adapted education may also be
given to the young children by using appropriate pedagogic tools. Our team con-
tributed to the development and multicenter evaluation of an educational game specifi-
cally dedicated to the recognition and communication of symptoms of hypoglycemia in
preschool diabetic children (Hypopuzzle®).

Group discussions among parents of preschool children facilitate concrete solutions
of individual specific daily difficulties and provide psychological support. Parents are
encouraged to join regional Diabetic Patients Association.

FUTURE PERSPECTIVES FOR YOUNG 
CHILDREN WITH TYPE 1 DIABETES

Frequent daily BGM is necessary in young children because hypoglycemic
episodes, especially nocturnal ones, are asymptomatic and difficult to detect, predict,
and prevent. Nocturnal glucose sensors detecting hypoglycemia with an alarm are
urgently needed for young diabetic children. These techniques seem to be close to
becoming clinically applicable. The ultimate resolution of the difficult problems in
managing diabetes in a preschool child will require closed-loop devices or cure via
islet transplantation in the future.

CONCLUSION

The incidence of IDDM in children is increasing and this increase is particularly
evident in very young children. This is of major concern for health professionals
because treatment at this age is difficult. More than in any other age group, appropriate
management requires the resources and utilization of a multidisciplinary diabetes team.
Whether modern technology will help these children in the future remains to be deter-
mined and evaluated. Although there is concern about the risk of long-term vascular
complications from hyperglycemia, hypoglycemia is also a major concern, as is the
psychological vulnerability of the young child. All of these factors should be carefully
considered in formulating a treatment protocol and therapeutic targets.
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INTRODUCTION

Results of the Diabetes Control and Complications Trial (DCCT) indicate that most
patients with type 1 diabetes should receive intensive treatments aimed at lowering
glucose and glycosylated hemoglobin levels as close to normal as possible and as soon
as possible in order to prevent and delay the development of microvascular complica-
tions of the disease (1–3). Among the pediatric age groups, the preadolescent child
with type 1 diabetes is an ideal candidate for such therapy. Compared to infants and
toddlers, preadolescents eat more predictably, can recognize and report hypoglycemic
symptoms, are less vulnerable to the potential adverse effects of hypoglycemia on cog-
nitive development (4), and can actively participate in their own treatment. Compared
to adolescents, preadolescents are much more insulin sensitive (5), are less conflicted
by dependence/independence struggles, and, consequently, are more responsive to
parental guidance of treatment. Moreover, maladaptive adolescent behaviors around
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drugs, alcohol, and sexual activity have not yet emerged as important lifestyle issues in
most preadolescents.

GOALS OF TREATMENT

The traditional goals of the treatment of preadolescent children with diabetes were to
use insulin, diet, and exercise to minimize symptoms of hypoglycemia and hyper-
glycemia and promote normal growth and development and to use intensive education
and psychosocial support to maximize independence and self-management in order to
reduce the adverse psychosocial effects of this chronic disease (6). Since the results of
the DCCT were published, additional primary aims of therapy are to lower blood glu-
cose and glycosylated hemoglobin values to as close to normal as possible. In preadoles-
cents, achievement of such stringent treatment goals is best accomplished with a
multidisciplinary team of clinicians to provide ongoing education and support of aggres-
sive self-management efforts on the part of parents and patients. Matching the treatment
to the patient (rather than vice versa) by taking a flexible and varied approach to insulin
replacement, diet and exercise are critically important.

It is recognized that intensive treatment places extra burdens on patients and families
and that practical considerations such as acceptability of and compliance to the treat-
ment regimens must be balanced appropriately in order to obtain all of these aims of
therapy. Nevertheless, recent data suggest that an intensive approach to diabetes educa-
tion and aggressive self-management by patients and families may reduce rather than
increase the adverse psychosocial effects of this chronic illness (7).

INSULIN REPLACEMENT

Initiation of insulin treatment can be accomplished either in the inpatient or out-
patient setting. Many youngsters require hospital admission because of vomiting,
dehydration and/or moderate to severe ketoacidosis. In preteens who are not ill at
presentation, admission to the hospital may also provide the child and parent with a
safe and supportive environment in which to adjust to the shock of the diagnosis.
Outpatient management in a comprehensive day treatment program staffed by indi-
viduals knowledgeable in the care of children with diabetes can also provide a sup-
portive environment to initiate therapy (8) and such programs are becoming more
widely available.

Once so simple, the choice of types of insulin and insulin regiments has become
much more complicated. To the standard human regular, neutral protamine Hagedorn
(NPH), lente, and ultralente insulins have been added new insulin analogs. Lispro and
aspart insulin are produced by amino acid substitutions near the C-terminal end of the
β-chain. These substitutions do not affect the biologic actions of insulin but result in
more rapid absorption than regular insulin following subcutaneous injection. The
sharper peak and shorter duration of these insulins vs regular insulin may be of particu-
lar advantage in teenagers who require large premeal bolus doses of rapid-action
insulin. Glargine is the first soluble long-acting insulin. Soluble in the acid pH in which
it is packaged, this insulin precipitates in the neutral pH of the extracellular fluid of the
subcutaneous tissue. There are fixed mixtures of both human insulin and human insulin
analogs, and inhaled insulin preparations are currently under study (9). A sampling of
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the variety of conventional and unconventional insulin regimens that can be employed
is given in Table 1.

Although many clinicians start insulin treatment with three or more daily injec-
tions, we begin most newly diagnosed preadolescent children on two injections of
insulin per day using mixtures of human lente and lispro insulins. Each dose is given
as two-thirds lente and one-third lispro insulin. The rationale for using two rather
than three or more injections at onset of diabetes is that with aggressive control of
blood levels, most children enter a “honeymoon” or partial remission period after a
few weeks of therapy. This remission period is a result of increased insulin secretion
by residual β-cells and improved insulin sensitivity with normalization of blood glu-
cose levels (10). To achieve these effects, we start each patient on a total daily dose
of at least 1 U/kg body weight per day. Even more important, each component of the
insulin regimen is adjusted on the basis of fingerstick blood glucose levels measured
at least four times a day. The goal is to obtain premeal blood glucose values within
the normal range and this is achieved via daily telephone contacts with the family
for at least the first 3 wk of treatment. The DCCT data indicate that strict control of
diabetes also serves to prolong the period of residual β-cell function in patients with
type 1 diabetes (11).

During the “honeymoon,” insulin requirements rapidly decrease. Commonly, the
doses of rapid-acting insulin are sharply reduced or discontinued during this time;
many children are well managed with two injections of intermediate-acting insulin
and some may not even require an evening injection. In the absence of symptomatic
hypoglycemia, however, we try not to lower the total daily dose of insulin below
0.20–0.25 U/kg body weight per day, as these are doses currently being safely
employed even in prediabetic children in the Diabetes Prevention Trial-1 (DPT-1)
study (12).

A major reason why the two daily injections regimen is effective during the honey-
moon phase is that endogenous insulin secretion provides much of the overnight basal
insulin requirements, leading to normal fasting blood glucose values. Thus, increased
and more labile prebreakfast glucose levels often herald the loss of the relatively small
amount of residual endogenous insulin secretion that is required for overnight glucose
control. When residual β-cell function wanes, problems with the two-injection regimen
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Table 1
Conventional and Unconventional Insulin Regimens

Doses Breakfast Lunch/afternoon snack Dinner Bedtime

Two R + I R + I
R + I + L R + I + L
I + L I + L

Three R + I ± L R I + R
R + I R R + I ± L

Four R R R I ± R

Note: R, rapid acting (regular, lispro, aspart) insulin; I, intermediate acting (NPH, lente) insulin; L,
long-acting (ultralente, glargine).



become apparent. One problem is that the peak of the predinner intermediate-acting
insulin may coincide with the time of minimal insulin requirements (i.e., midnight to
4 AM). Subsequently, insulin levels fall off when basal requirements are increasing (i.e.,
4 AM to 8 AM). Increasing the presupper dose of intermediate-acting insulin to lower
fasting glucose values often leads to hypoglycemia in the middle of the night without
correcting hyperglycemia before breakfast. Patients are especially vulnerable to hypo-
glycemia in the middle of the night because the normal plasma epinephrine response to
low blood glucose levels is markedly blunted during deep sleep (13). Another problem
with the conventional two-injection regimen is high presupper glucose levels, despite
normal or low prelunch and mid-afternoon values. This is, in part, the result of eating
an afternoon snack when the effects of the prebreakfast dose of intermediate acting
insulin are waning.

One way to deal with these problems without increasing the number of injections is
to add ultralente insulin to the prebreakfast and presupper mixtures of lispro and lente.
With this combination in the morning, lispro covers breakfast, lente covers lunch, and
ultralente covers the late afternoon period. With the presupper dose, lispro covers sup-
per, lente covers the bedtime snack and part of the overnight period, and ultralente
helps limit the prebreakfast rise in plasma glucose. However, when strict control cannot
be achieved with two daily injections, we do not hesitate to switch to a regimen involv-
ing three or more daily injections. A common approach to the problem in the overnight
period is to use a three-injection regimen; lispro and lente at breakfast, lispro only at
dinner, and lente at bedtime. In youngsters who go to bed early, we recommend that the
parents give the third shot at their bedtime (i.e., 10:00 PM to 11:00 PM). Lispro can also
be added to the bedtime dose, especially if glucose levels are elevated. For patients
with elevated presupper glucose levels, a prelunch dose of regular or a preafternoon
snack dose of lispro can be added. Such extra doses of insulin can be facilitated by the
use of insulin pens, which are small, light, and easy to use. Only a small number of our
preadolescent patients are using a regimen of four or more injections of rapid-acting
insulin before meals and intermediate insulin at bedtime.

Over the past few years, there has been a rediscovery of the effectiveness of insulin
pump therapy in the management of young patients with diabetes (14). Indeed, we are
much more likely to turn to this method of insulin replacement rather than more fre-
quent injections in preadolescents who are coming out of their honeymoon phase of
diabetes. As illustrated in Fig. 1, the ability to achieve strict diabetes control with pump
therapy in preadolescents with diabetes is quite remarkable.

With insulin pump treatment, small amounts of rapid-acting insulin are infused as
a basal rate and larger bolus doses are given at each meal or snack. Although it is not
yet labeled by the Food and Drug Administration (FDA) for use in pumps, lispro
insulin appears to have advantages over regular insulin in pump therapy (15). The
pumps are battery powered and about the size of a beeper. The “basal” rate can be
programmed to change each hour of the day, but it is unusual to need more than five
or six basal rates. Varying the basal rate can be particularly helpful in regulating
overnight blood glucose levels, as it can be lowered for the early part of the night to
prevent hypoglycemia and increased in the hours before dawn to keep glucose from
rising. However, younger children seem to need a higher basal rate during the night,
perhaps because of earlier nocturnal peaks of growth hormone in this age group.
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Bolus doses are given before meals based on glucose level, exercise, and food intake.
Pump treatment can be especially useful in youngsters who are picky eaters. In this
setting, part of the usual premeal bolus can be given prior to the meal and the rest
given at the end of the meal, depending on the actual amount of carbohydrate intake.
Indeed, most children and parents are encouraged to use carbohydrate counting (see
the Diet section) as a means to adjust premeal bolus doses. Pump therapy also
enhances flexibility in children with variable exercise and meal routines.

The pump employs a reservoir (syringe) to hold the insulin and the infusion set,
which consists of tubing with a small plastic catheter at the end. The insertion site can
be the abdomen or hip area, except in the young child in whom there may not be suffi-
cient subcutaneous tissue in the abdomen. Our patients are encouraged to change their
catheters every other day. Because only a rapid-acting insulin is used in this pump, the
child and parent must understand that the insulin infusion should not be discontinued
for more than 4 h at a time.

Although there have been many failed attempts at finding alternatives to insulin
injections (16), use of aerosolized preparations for inhaled insulin delivery is currently
under active investigation. Preliminary studies in adults have been promising enough
(9) that phase III studies are already underway in preadolescents as well as adolescents
with type 1 diabetes. As with pump therapy, inhaled insulin allows the patients to take
premeal boluses of insulin with each meal and snack without having to take extra
insulin injections. However, one or more injections of intermediate or long-acting
insulin are still needed for basal insulin replacement.

MONITORING GLUCOSE CONTROL

Insulin replacement in children is a special challenge because insulin require-
ments increase as weight and calorie intake increase and as residual endogenous
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Fig. 1. Most recent mean HbA1c levels through 11/1/2002 in children 6–12 yr of age enrolled in the
Yale Children’s Diabetes Clinic. CSII, continuous subcutaneous insulin infusion.



secretion declines. Regular self-monitoring of blood glucose (SMBG) allows the
family and clinicians to keep up with the child’s steadily increasing insulin needs.
We request that blood glucose levels be checked at least four times per day (before
each meal and at bedtime) and most families with children in the preadolescent age
group comply with this request. The most important component of SMBG is the
interpretation of the results. The parent or child must be taught what the target value
is and what the relationship is among diet, exercise, and insulin. If the parent and/or
child grasp these concepts, they will make accurate adjustments aimed at achieving
target goals. If they are unable to make accurate adjustments, they should be given
guidelines of when to call the diabetes service for help. Day-to-day adjustments in
the doses of rapid-acting insulin can be made based on the premeal blood glucose
value, amount of carbohydrate in the meal, and the amount of anticipated exercise.
In addition, patients and parents should be taught to look for repetitive patterns of
hypoglycemia or hyperglycemia, in order to make ongoing changes in their usual
insulin doses. To facilitate identification of trends, families are encouraged to main-
tain either a handwritten or computer-generated record of each glucose value in a
spreadsheet format.

Self-monitoring of blood glucose is subject to a variety of problems, especially mak-
ing up false numbers (17). These issues must be addressed with the child and family.
They must understand the reason for the tests and that they are only used to make
proper adjustments to keep them healthy. Elevated glucose levels are not an indication
of worsening of diabetes or that they have been cheating on their diet. Instead, we
emphasize that the tests are being done primarily to determine when they have out-
grown their current dose of insulin.

Even when performed correctly, four blood tests daily give only a limited glimpse of
wide fluctuations in blood glucose that occur during a 24-h period in children with dia-
betes. Consequently, the recent introduction of continuous glucose monitoring systems
has the potential to be the most important advance in assessing diabetes control in the
past 20 yr. In intensively treated children and adolescents with type 1 diabetes, prelim-
inary results in a relatively small number of children suggest that continuous glucose
monitoring will provide a wealth of data regarding postprandial glycemic excursions
and asymptomatic nocturnal hypoglycemia that were unavailable from capillary blood
glucose measurements (18). The wealth of data generated by the continuous glucose
monitoring system is illustrated in Fig. 2. We anticipate that these technological break-
throughs will have a great impact on diabetes management over the next few years.
Continuous monitoring of nocturnal glucose levels is likely to be particularly useful in
programming overnight basal rates in pump-treated patients.

GLYCOSYLATED HEMOGLOBIN

A variety of methods are available for assaying glycosylated hemoglobin. The most
widely accepted is the HbA1c method. A simple method that can be performed in the
office in 6 min (Bayer DCA 2000) offers the opportunity to make immediate changes
in the insulin regimen while the patient is being seen. The goal of treatment is to
achieve HbA1c levels as close to normal as possible. Based on DCCT results (2), our
general goal of therapy is to try to keep all patients under 8.0%. HbA1c levels are
determined at least every 3 mo.
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DIET

Diet guidance for children with diabetes is best provided by a nutritionist who is an
integral part of the treatment team and comfortable working with children. In addition
to helping achieve optimal glucose levels and normal growth and development, nutri-
tional management of diabetes is aimed at reducing the risk for other diseases such as
obesity, high blood cholesterol, or high blood pressure. Underlying all of these is the
establishment of sound eating patterns that include balanced, nutritious foods and con-
sistent timing of food intake (19).

The American Diabetes Association dietary guidelines are used for dietary counsel-
ing. In addition to incorporating sound nutritional principles concerning the fat, fiber,
and carbohydrate content, the importance of consistency in meal size and regularity in
the timing of meals is emphasized. The prohibition of simple sugar in the diet has been
de-emphasized, but it should still comprise no more than 10% of total carbohydrate
intake. The success of the nutritional program may ultimately depend on the degree to
which the meal planning is individualized and tailored to well-established eating pat-
terns in the family. Moreover, flexibility can be enhanced if blood glucose monitoring
results are used to evaluate the impact of change in dietary intake. As with other aspects

Fig. 2. The 24-h MiniMed Continuous Glucose Monitoring System results in an 11-yr-old with
type 1 diabetes on insulin pump therapy who wore the sensor for 3 d on 3 successive months.
Trackings demonstrate excellent glycemic control without hypoglycemia and is consistent with her
HbA1c level of 5.8% (normal < 6.3%). Event markers are entered into the monitor by the patient to
indicate time of insulin dose (▼), meal (•), hypoglycemic symptoms (*), and fingerstick blood glu-
cose level (◆◆). A small adjustment was made in the premeal insulin-to-carbohydrate ratio based on
these readings.



of the treatment regimen, we preach consistency and teach how to adjust for deviations
from the prescribed diet.

Carbohydrate counting is an increasingly popular way to increase flexibility in food
intake that is commonly used by patients using insulin pumps or multiple daily injec-
tions. The amount of insulin that is needed for each gram or serving of carbohydrate is
used to calculate the amount of regular or lispro to be taken, depending on the amount
of carbohydrate in the meal. With instructions on how to use nutritional labels on food
packages, even children can become expert at counting carbohydrates. An even simpler
method is to vary the dose of regular or lispro by 1 or 2 U if it is a small, regular, or
large meal. Some foods, like pizza, which cause a prolonged increase in blood glucose
levels, may require an increase in the amount of intermediate-acting insulin or a tempo-
rary change in overnight basal rates in pump-treated patients.

EXERCISE

Regular exercise and active participation in organized sports have positive implica-
tions concerning the psychosocial and physical well-being of our patients. Parents and
patients should be advised that different types of exercise may have different effects on
blood glucose levels. For example, sports that involve short bursts of intensive exercise
may increase rather than decrease blood glucose levels (20). On the other hand, long-
distance running and other prolonged activities are more likely to lower blood glucose
levels. Parents also need to be warned that a long bout of exercise during the day may
lead to hypoglycemia while the child is sleeping during the night, which may require a
reduction in the dose of intermediate or long-acting insulin.

OUTPATIENT CARE

Children and adolescents with type 1 diabetes should be routinely cared for by a
diabetes center that uses a multidisciplinary team knowledgeable about and experi-
enced in the management of young patients. This team should ideally consist of
pediatric diabetologists, diabetes nurse specialists, nutritionists, and social workers
or psychologists.

In newly diagnosed patients, the first few weeks are critically important in the
process of teaching self-management skills to the parent and child. In this age group,
the parent is usually in daily contact with the diabetes clinical nurse specialist. Glucose
levels, adjustment to diabetes, diet, and exercise are reviewed. The timing of the phone
calls should be prearranged and ideally made to the same clinician. After making the
insulin adjustment for the day, the rationale should be explained to the parent. Usually
within 3 wk, the parents are feeling more confident and many are ready to attempt to
make their own adjustments.

Once stabilized, regular follow-up visits on a two- to three-monthly basis are recom-
mended for most patients (21). The main purpose of these visits is to ensure that the
patient is achieving primary treatment goals. In addition to serial measurements of
height and weight, particular attention should be paid to monitoring of blood pressure
and examinations of the optic fundus, thyroid, and subcutaneous injection sites. Rou-
tine outpatient visits provide an opportunity to review glucose monitoring, to adjust the
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treatment regimen, and to assess child and family adjustment. Follow-up advice and
support should be given by the nutritionist, diabetes nurse specialist, and psychologist
or social worker. Use of the telephone, fax, or e-mail should be encouraged for adjust-
ments in the treatment regimen between office visits.

HYPOGLYCEMIA

Severe hypoglycemia is a common problem in patients striving for strict glycemic
control with intensive-treatment regimens. In the DCCT, the risk of severe hypo-
glycemia was threefold higher in intensively treated than in conventionally treated
patients, and being an adolescent was an independent risk factor for a severe hypo-
glycemic event, as mentioned earlier (2). The majority of severe hypoglycemic events
occur overnight, in part, because of sleep-induced defects in counterregulatory hor-
mone responses to hypoglycemia (13). The failure of hypoglycemia to elicit an epi-
nephrine response to hypoglycemia during deep sleep is shown in Fig. 3.

Monitoring glucose is critical in order to detect asymptomatic hypoglycemia, espe-
cially in the young child with diabetes. The older child is usually aware of symptoms
such as weakness, shakiness, hunger, or a headache and is encouraged to treat these
symptoms as soon as they occur. The older child who can accurately recognize symp-
toms is taught to immediately treat with 15 g of carbohydrate (e.g., three to four glu-
cose tablets, 4 oz of juice, or 15 g of a glucose gel) without waiting to check a glucose
level. Each episode should be assessed in order to make proper adjustments if a cause
can be identified. Every family should have a glucagon emergency kit at home in order
to treat severe hypoglycemia.
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Fig. 3. The effect of deep sleep on plasma epinephrine responses during a hypoglycemic clamp study
in which plasma glucose was lowered from 90 to 50 mg/dL in adolescents with type 1 diabetes melli-
tus. In contrast to the vigorous epinephrine responses observed when the youngsters were awake dur-
ing the night or day, the rise in plasma epinephrine was virtually abolished during sleep. (*p < 0.01 vs
awake studies). (Data from ref. 13).



SICK-DAY RULES

Children with intercurrent illnesses, such as infections or vomiting, should be
closely monitored for elevations in blood glucose levels and ketonuria. On sick days,
blood glucose levels should be checked every 2 h and the urine should be checked for
ketones with every void. Supplemental doses of short-acting insulin (0.1–0.3 U/kg)
should be given every 2–4 h for elevations in glucose and ketones. Because of its more
rapid absorption, lispro will lower plasma glucose faster than regular insulin (22). If
the morning dose has not been given and the child has a modestly elevated glucose
level (150–250 mg/dL), small doses of NPH can be given to avoid a too rapid fall in
plasma glucose levels. This works especially well in young children whose glucose
levels fall quickly with rapid-acting insulin. Adequate fluid intake is essential to pre-
vent dehydration. Fluids such as flat soda, clear soups, popsicles, and gelatin water are
recommended to provide some electrolyte and carbohydrate replacement. If vomiting
is persistent and ketones remain moderate or high after several supplemental insulin
doses, arrangements should be made for parenteral hydration and evaluation in the
emergency department.

Children receiving ultralente insulin seem to be prone to the development of hypo-
glycemia and ketonuria during episodes of gastroenteritis. If the child is unable to
retain oral carbohydrate, then small doses of glucagon (i.e., 0.1–0.2 mg), given subcu-
taneously every 2–4 h, can be used to maintain normal blood glucose levels.

BEHAVIORAL AND PSYCHOSOCIAL ASPECTS OF TREATMENT

Between the ages of 7 and 11, the child is better able to think, learn, remember,
listen, and communicate compared to younger children (23). Cognitive processes are
becoming more logical and less egocentric. They are learning concrete cognitive
operations—they now understand rules and follow them closely. They are able to
deal with symbols and begin to master classifications. As children deal with the
challenges of school, they begin to turn their attention away from the home environ-
ment, and the peer group becomes more important. Each of these skills may affect
the adaptation to diabetes.

In general, the majority of children will do well, but diabetes may serve as a risk
factor for the development of psychosocial difficulties in a relatively small percent-
age of children, often estimated at approx 10–20% (24). In most studies of overall
adjustment, however, children with diabetes were found to score within the normal
range or similarly to age- and gender-matched controls in such areas as behavior (25),
temperament (26), and self-competence and self-esteem (27,28). In those who do
demonstrate psychosocial difficulties in the school-age years, children tend to be
more depressed, withdrawn, and quiet, and their metabolic control may also be com-
promised (27).

The psychosocial impact of the new diagnosis of diabetes in school-aged children
has been fairly well characterized (28). Mild depression and anxiety are commonly
reported by school-aged children during the first few months of diabetes, but these
symptoms usually resolve within 6 mo after diagnosis (28). It is not uncommon, how-
ever, to have a recurrence of depressive symptoms during the second or third years of
diabetes duration, which may coincide with the end of the honeymoon period (27). The
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realization that the disease will not go away and that it is getting harder to manage may
adversely affect the youngster’s sense of well-being. Such problems are important clin-
ically because preadolescents with adjustment problems are more likely to use avoid-
ance behaviors regarding self-care of their diabetes (29).

Another factor associated with regimen adherence is the involvement of the family.
Earlier approaches to diabetes management advocated early transition of care responsi-
bilities to children with diabetes. In 1987, Fonagy et al. (30) studied factors associated
with poorer metabolic control and found that a child’s early and independent participa-
tion in the diabetes regimen was significantly associated with poorer control. Thus,
although school-age children with diabetes can begin to assume some of the tasks of
daily diabetes management, they will still need significant assistance from their fami-
lies for management decisions (31). Current recommendations for care emphasize
shared care responsibilities between parents and children.

It is important to recognize that the diagnosis of diabetes can have adverse effects on
parents and on family functioning. Although concerns may be transient (32,33), it is
not uncommon for parents of school-aged children to be concerned about their abilities
to cope with the burdens of therapy. Clinicians need to be aware of these concerns and
provide appropriate support and counseling. It is also important to note that such
parental distress may be associated with the child’s adjustment (34).

School-age children with diabetes can begin to assume some of the daily diabetes
management tasks, such as insulin injections and blood glucose testing. However,
they will still need significant assistance from their families for management deci-
sions. It is important to encourage school-aged children to attend school regularly
and to participate in school activities and sports to facilitate the development of nor-
mal peer relationships. Children with diabetes often feel that they are different from
their peers because of the diabetes and may be at risk for difficulties with social
competence (35).
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INTRODUCTION

Adolescence is a challenging and complex stage in human development, involving
major physical, hormonal, emotional, and psychological changes, which affect both the
young person involved and members of his or her family. The burden of having to deal
with a chronic disease such as diabetes at this time of life adds further to the potential
for instability and turmoil. Diabetes is almost always insulin dependent or type 1 at this
age, although type 2 is now increasingly recognized in adolescence, particularly in
African and native American and similar racial groups (1).

Diabetes affects most aspects of adolescence, including the physiologic processes of
growth and puberty, and the emotional and social transitions into adulthood. Conversely,
the various physiological, psychological, and behavioral changes of adolescence have
significant impact on diabetes and its management. These include the effects of rapid
growth and sexual development with their associated hormonal changes, the various
behaviors associated with the growing independence from parents and associated poten-
tial conflicts, and experimentation with alcohol and drugs and other rebellious behaviors.
Diabetes in the adolescent also has a number of comorbidities, both organic and psy-
chosocial, some peculiar to this stage of development. It is also the period when the vas-
cular complications of diabetes have their genesis and may first appear.
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The management of diabetes in the adolescent is thus highly challenging, requiring
awareness of, and attention to, all of these components of the adolescent and his or her
diabetes. This requires a multidisciplinary approach, involving a pediatric diabetolo-
gist, nurse-educator, dietician, social worker, psychologist, youth workers, peer group
support, and others. In this chapter, we will review the current knowledge and under-
standing of diabetes in adolescence, dealing with both the underlying mechanisms and
dynamics, as well as practical approaches to management.

GROWTH, PUBERTY, AND DIABETES: 
INSULIN DEFICIENCY AND RESISTANCE

Physical growth and development is a major feature distinguishing the child and
adolescent from the mature adult. The major pathologic cause of impaired growth and
maturation is inadequate nutritional supply to growing tissues, providing the basis of
growth failure in most chronic diseases of childhood (2). Diabetes may be considered
an example of cellular malnutrition, whereby relative insulin deficiency leads to subop-
timal or, frankly, inadequate nutrient supply to the tissues. Whereas, in childhood, the
gross effect is impaired linear growth, in adolescence, an added effect is delayed or
slowed pubertal development, similar to that seen in eating disorders (3). The degree of
impaired growth and pubertal development relates to the inadequacy of diabetic control
over time, the most extreme example being Mauriac’s syndrome, the triad of growth
failure, hepatomegaly, and obesity, first described in the 1930s (4). There have been
many subsequent reports of delayed growth and puberty in adolescents with poorly
controlled diabetes (3,5–7).

The interaction among growth, puberty, and diabetes is complex, with studies reach-
ing differing conclusions, both about the events themselves and about the mechanisms
involved. If diabetes is diagnosed before puberty, linear growth prior to diagnosis has
been variously described as being reduced, increased, or unchanged (8–11). Following
diagnosis, linear growth prior to puberty may be impaired, especially if diabetic control
is poor (5,11,12). This inverse relationship between growth and poor diabetic control is
more marked during puberty, such that the pubertal growth spurt may be impaired as
well as the onset of puberty and menarche being delayed (6,7,13–17). Following
menarche, menstrual dysfunction is more common, including secondary amenorrhoea
and irregular cycles, as well as polycystic ovary syndrome (15,18). Improved diabetic
control, involving more adequate insulinization, often leads to restoration of linear
growth (19) and restoration of regular menstrual cycles (18).

A contrasting but frequent observation, particularly among adolescent girls with dia-
betes, is a tendency for excessive weight gain (20,21), which may be related to a com-
bination of overinsulinization and dietary excess, especially involving fat and
carbohydrates. Eating disorders are certainly more common among adolescent girls
with diabetes (22), but estrogen–regulated fat deposition may play a role.

Another important but easily overlooked cause of adolescent growth failure or
delayed puberty in adolescents with diabetes is hypothyroidism resulting from
Hashimoto’s thyroiditis. Although only a small proportion of affected children, mostly
girls, develop hypothyroidism, up to 10% of children and adolescents with diabetes
develop a goiter and antithyroid antibodies (23). Similarly, celiac disease affects up to
5% of diabetic children and adolescents, often only presenting with growth failure or
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nonspecific gastrointestinal symptoms, and diagnosed by screening for endomysial and
antigliadin antibodies (24,25).

The pubertal growth spurt is induced by sex hormones in both boys and girls, lead-
ing to increased amplitude of growth hormone (GH) pulses, and a rise in circulating
insulinlike growth factor-1 (IGF-1) (26). Both the sex hormones and GH contribute to
insulin resistance (27) and worsening glycemic control (28), such that insulin require-
ments rise during puberty from less than 1 U/kg/d to over 1.5 U/kg/d (29). Insulin also
plays an important anabolic role during puberty. Failure to adequately increase insulin
doses during this period has adverse effects on diabetic control, leading to the impair-
ment of growth and pubertal development, as described earlier. Clearly, there are other
well-recognized factors interfering with diabetic control during adolescence, including
poor compliance with diet and insulin regimens and emotional and social stresses.
However, inadequate insulin dosage during this period of increased insulin resistance
and rapid growth is often overlooked as a cause of poor diabetic control, marked by ris-
ing glycosylated hemoglobin levels, leading to impaired growth (14,17).

The GH/IGF axis, which plays a central role in the growth acceleration of puberty,
can be significantly disordered in the diabetic adolescent with poor diabetic control,
contributing to both growth impairment and greater insulin resistance (30). Circulating
GH is significantly elevated in adolescents with diabetes and is thought to contribute to
both increased insulin resistance and the “dawn phenomenon” of rising early morning
blood glucose (30). There is also a dissociation of GH and IGF-1 levels, so that in con-
trast to GH, IGF-1 levels are depressed in diabetic adolescents with poor control. This
hepatic insensitivity to GH is thought to result from reduced expression of the GH
receptor in the liver and is reflected by low circulating GH-binding protein (BP), repre-
senting the extracellular domain of the GH receptor (31). GH receptor expression is
regulated by insulin, so that adequate insulinization reverses the apparent GH resis-
tance and low IGF-1, providing a mechanism for restoration of linear growth (31,32).
The other important components of the IGF system are the IGFBPs, which regulate
IGF availability for its receptors. GH regulates the major carrier of circulating IGF-1,
IGFBP-3; it may be suppressed in poorly controlled diabetic adolescents, further
accounting for low circulating IGF-1 (33). In contrast, IGFBP-1, which shows diurnal
variation, is negatively regulated by insulin, so that it is markedly elevated when dia-
betic control is poor at times of inadequate insulinization, such as prior to the morning
insulin injection (33,34). IGFBP-1 is thought to function as a “counterregulatory” hor-
mone, rapidly binding free IGF-1, which has insulinlike effects when it is in excess.
Persistently elevated IGFBP-1 levels would therefore further reduce IGF-1 availability,
thus contributing to growth failure.

PSYCHOSOCIAL ISSUES

Adolescence is an often untidy, poorly defined rite of passage characterized by
exploratory, iconoclastic, sexual, and risk-taking behavior. Underpinning the apparent
turmoil of adolescence is a fundamental paradox—the need to identify self while con-
forming to a peer group (35,36). This process has been described as a task of establish-
ing a balance between intimacy and autonomy (37). Although this paradox continues to
some extent throughout adult life, it is during adolescence that it is most intense. Reso-
lution is potentially hampered by conflict with parents, social and academic pressures,
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and the pubertally induced evanescent nature of “self.” Sexual, cognitive, and physical
maturation fundamentally change one’s sense of identity throughout this period, ren-
dering ephemeral the adolescent’s point of relativity with the rest of the world. It is not
surprising that, during this period, psychopathology is more likely to occur than at any
other age during life. The prevalence of eating disorders, depression, suicide, and
schizophrenia during adolescence are witness to this (37).

Psychosocial and Physical Developmental Tasks Faced 
by the Adolescent with Diabetes

The psychosocial and physical developmental tasks of adolescence can be summa-
rized as the development of an intact, independent psyche (including sexual identity),
the establishment of good peer relationships, the evolution of abstract thought
processes, and the completion of physical growth and reproductive capability. Adoles-
cents encounter and resolve these challenges not in an orderly sequential manner, but
in a simultaneous and often random fashion. Accusations of adolescents “behaving out
of character,” “thinking with their hormones,” or “justifying the inexcusable” are fre-
quently made by those responsible for their care. Behaviors that give rise to such accu-
sations are a direct consequence of the concomitant nature of the emotional, cognitive,
and physical changes that occur during this period. Adolescent actions can also be
impulsive and seemingly without regard to consequence. None more so than physical
risk-taking and recreational drug use. The former of these (more often seen in males)
may result in significant injury or, more tragically, deaths associated with distinctly
adolescent activities such as “train-surfing,” “car joy-riding,” or graffiti writing in haz-
ardous environments (38,39). Recreational drug use is correspondingly often impul-
sive. Physical morbidity, psychopathology, and mortality may arise in this context
through accidental overdose, ingestion of unknown and multiple agents, infection, and
the combination of an altered sensorium with risk-laden activity. When emerging sex-
ual interest is added to this mix, unwanted teenage pregnancy and sexually transmitted
disease often ensue.

Chronic disease, such as diabetes, during adolescence mitigates against untroubled
passage through this period. The additional specific tasks faced by an adolescent with
diabetes are as follows: the shift of responsibility for disease control from caregiver to
self; the maintenance of good metabolic control in the face of the endocrine vagaries of
puberty; the incorporation of an increasingly less regimented lifestyle into their diabetes
control; and the maintenance of an active, “normal” lifestyle. Diabetic adolescents also
encounter the reality of the risks of diabetes-related complications with the clinical
advent of regular complication screening.

Impact of Diabetes on Behavior, Cognition, and Quality of Life
In many respects, diabetes can act as an obstruction to adolescent passage. Diabetes

is a potent touchstone for areas of potential conflict with parents and caregivers (such
as the locus of control issues) (40,41). Diabetes may also increase the risk and likeli-
hood of risk-taking behaviors (42) and may interfere with conformity to a peer group
(43). In some cases, diabetes also impedes physical and sexual maturation (44). Poorly
controlled diabetes is associated with subtle neuropsychological deficits that can
impact on academic achievement and ultimately reduce career options and lifestyle
choices (45,46). There is evidence that the deterioration seen in both psychological
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well-being and metabolic control during adolescence are linked, with noncompliance
with the treatment regimen acting as a mediating variable (47,48). It is not surprising,
therefore, that the convergence of diabetes and adolescence is frequently associated
with conflict and a subsequent deterioration in diabetic control (49–51). In a retrospec-
tive, longitudinal study of 118 adolescent 18-yr-olds with type 1 diabetes, studied at
three-monthly intervals between 8 and 18 yr, we found a significant deterioration in
metabolic control throughout the period of adolescence (52). This deterioration was
most marked for females. Quality of life may also deteriorate during this time (53).
Using the Child Health Questionnaire (CHQ), we surveyed 71 adolescents (12–18 yr of
age). The CHQ is a parent/self-report tool that quantifies disease impact upon general
health, psychosocial health, and family cohesion. Parents reported that for adolescents
aged 12–18 yr, general health was markedly lower, parental impact (in terms of time
and emotion) was high, and family activities mean scores were moderately lower. Ado-
lescents with diabetes, unlike younger children, were reported by their parents as hav-
ing poorer emotional and behavioral outcomes and poorer self-esteem outcomes than
the nondiabetic adolescents. Interestingly, although parents reported a significantly
lower quality of life for their adolescent offspring, the adolescents with diabetes rated
themselves similar to adolescents without diabetes. This may be the result of adoles-
cents with diabetes genuinely perceiving their health to be similar to that of their peers.
Alternatively, even when health concerns are present, this form of adolescent self-
report may not be the ideal way of describing their impact. Finally, adolescents may
not wish to report themselves to be different.

Support Strategies
Clinical strategies aimed at improving diabetic control throughout adolescence have

focused largely upon psychosocial support rather than clinical care. There is some evi-
dence, however, that diabetic control is unlikely to improve from late childhood to late
adolescence, and we have advocated that diabetic control needs to be optimal prior to
the advent of adolescence (52). Furthermore, research in our clinic has supported the
notion that early adjustment to insulin-dependent diabetes mellitus (IDDM) is predic-
tive of longer-term outcome, with early psychological difficulties leading to ongoing
maladjustment, reduced treatment compliance, and poorer health outcome (45). Early
intervention is best done through identifying and addressing latent family and interper-
sonal issues that may be contributory to subsequent deterioration of an adolescent’s
psyche and their diabetes control. Such issues include parenting skills, communica-
tion, social skills, cognitive ability, self-esteem, and incipient psychopathology. Early
identification of children “at risk” of moving along the trajectory of psychological
maladjustment → reduced treatment compliance → poor metabolic control is
required. Such research is imperative because, in our experience, it is much more diffi-
cult to address issues such as these once an “adolescent crisis” has precipitated itself.
In the absence of this research and once adolescence has ensued, the most effective
strategies appear to be orientated around peer-support models (54). Positive role mod-
eling, diabetes camps, buddy systems, and peer counseling are approaches that are
gaining increasing usage within diabetes clinics that deal with adolescents (54,55).
Techniques that foster resiliency life skills are also garnering interest from clinicians
who deal with adolescents and chronic disease, although specific diabetes research in
this field is lacking.
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ADHERENCE

Compliance with medical advice and adherence to a treatment regimen tend to
diminish during adolescence as teenagers adjust their priorities toward the competing
demands of their social life and an erratic lifestyle (56–59). They may increasingly
resent parental supervision of their diabetes care and, in so doing, resent the imposition
and constraints of their diabetes treatment.

The extent that this may impact on health and diabetes control will vary from one
child to another and may be manifest as an increased risk of severe hypoglycemia, dete-
riorating HbA1c levels, and episodes of ketoacidosis. A reluctance to do more than a
minimum of blood glucose tests, erratic meals, and missed insulin doses are common
(60) and may all contribute to this. The adolescent may feel that the less attention that is
paid to diabetes management, the less intrusive it is on their life. Parental anxiety and
threats or discipline tend to make matters worse, as the adolescent is already well aware
of the long-term consequences of poor control, is abundantly reminded of parental con-
cerns, and resents interference in their task of maintaining the complex balance of keep-
ing healthy and growing up in conformity with their social environment.

There are a number of risk factors associated with poor adherence, particularly emo-
tional disturbance and including family dysfunction (61–64), poor school performance,
and difficult peer relationships. The relationship between depression and diabetes con-
trol is less clear. Emotional disturbance has been linked previously with overzealous
attention to diabetes care (65), but it might be expected that psychiatric illness, espe-
cially depression, would reduce motivation to comply with good care. A recent study
has found that depression is important to psychological adaptation and metabolic con-
trol in children with diabetes mellitus (66). Poor adherence has been linked with
“learned helplessness” (67). The question of the relationship between psychiatric ill-
ness and diabetic adherence and control is unresolved (68).

Education about diabetes and its management had been widely advocated as the
answer to poor adherence. Unfortunately, there is little evidence to suggest a relation-
ship between knowledge and health behavior (69); health beliefs and attitudes and con-
flicting priorities are major determinants in influencing adherence (70).

Perhaps the most helpful thing for a health care professional to do is to maintain a com-
fortable and mutually respectful relationship with an adolescent who is having trouble
adhering to a diabetic regimen, providing family support, and encouraging attempts and
small gains that the adolescent makes as he or she proceeds toward adult responsibility.

DRUGS

Adolescents with diabetes live in the same social environment and are subject to the
same risks as their nondiabetic teenaged peers. Thus, the risk of drug use in adolescents
with diabetes will reflect the common use of drugs in the community.

The effects of drugs, both the perceived advantages and the harmful effects, will be
those that any young person will experience. The added risk related to diabetes will
depend on four factors.

Interaction Between Drug Effects and Body Metabolism
Adolescents are liable to binge drink, with occasional bouts of heavy drinking with

friends and at parties (71). Their capacity to consume large amounts of alcohol, together
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with the lack of responsibility for their own health and safety that may accompany intoxi-
cation, may impact acutely on those with diabetes. Alcohol, in excess and in the absence of
accompanying carbohydrate in some form, may lead to hypoglycemia through impaired
release of hepatic glucose (72,73). As many young adolescents do have alcohol and those
with diabetes may choose to use a sugar-free mix, this is a potential risk. It is likely to be
compounded by omitting normal diet at a party or when out drinking with friends.

A more common adverse sequel to a bout of drinking for a young diabetic, however,
is ketoacidosis, precipitated by omission of an insulin injection and vomiting as a result
of intoxication and associated with dehydration (74).

Acute use of amphetamines, particularly the analog 3,4-methylenedioxymetham-
phetamine (MDMA, “Ecstasy”), before an all-night dance party is also likely to lead to
hypoglycemia if followed by sustained levels of high physical activity (75). There is
also a risk of dehydration, which, if combined with missed insulin doses, may precipi-
tate ketoacidosis. Methamphetamine (“Speed,” “Ice,” “Crank”) leads to loss of
appetite (76), and chronic abuse of the drug can lead to long periods of missed meals
and weight loss, impulsivity (77) with missed insulin doses, and deteriorating meta-
bolic control.

Effects of Drugs on Motivation to Maintain Diabetes Control
Occasional use of drugs may have little or no lasting effect on behavior in most

young people. Continuing use of cannabis, however, is associated with loss of moti-
vation (78,79). This is likely to be most noticeable on school and sporting achieve-
ment, but will be reflected in other aspects of a young person’s life, including health
care. Thus, the heavy or daily user of cannabis is likely to neglect any active respon-
sibility in maintaining good glycaemic control—failing to do blood tests or adjust
insulin.

Cannabis use is likely to lead to erratic eating, with increased snacking while intoxi-
cated and subsequent loss of appetite when coming down from the effect (80). Most
regular users of cannabis have poor nutrition and poor weight gain. A further risk to
diabetes health is the physical inactivity associated with chronic abuse. This is not only
because of the sedative effect of tetrahydrocannabinol (THC) but also to the loss of
motivation to become fit or to participate in sports.

Heroin use, particularly if there is addiction, will override all aspects of health—par-
ticularly good nutrition and active care of diabetes. Acquiring the money to buy the
drug and the effects of the drug itself will inevitably take precedence over the needs for
good glycaemic control.

Confusion Between Hypoglycemia and Intoxication
Intoxication in young people, whether from alcohol or drugs, is so common in many

societies that people not knowing the youth with diabetes (and even those that do) may
assume that he or she is intoxicated if they are showing dysfunctional behavior or
diminished consciousness. This is particularly a risk if the young person has had some
alcohol or is thought to use hallucinogenic or sedative drugs such as cannabis or LSD.
Friends or family may let them “sleep it off,” endangering them further if, in fact, they
are hypoglycemic.

This risk further reinforces the advice to young diabetics that they should inform
their friends about their diabetes and what to do if they may be hypoglycemic.
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Added Risk Factors from Drugs with Respect to Microvascular 
or Macrovascular Disease

Most young people who decide to smoke cigarets or marijuana are only marginally
influenced in their decision to do so by the knowledge of their harmful effects. Smok-
ing, in particular, has been well established as being associated with an increased risk
of macrovascular disease, in general (81), and diabetic nephropathy, in particular (82).
The contributory role of smoking to diabetic retinopathy remains controversial
(83–86). Diabetic youth need to know the additional risk factor smoking provides to
the long- term complications of diabetes and should have the opportunity to freely dis-
cuss these issues.

SPECIAL REQUIREMENTS FOR EDUCATION

All families with a child with diabetes need to have the basic information to manage
their diabetes and to cope with any emergency or unusual situation. This information is
provided through the process of education and often by highly trained diabetes educa-
tors. There are particular problems with relying on the provision of knowledge to ado-
lescents, however, as knowledge does not relate well to health behavior at this age. A
further problem is that education may have been given to the family when diabetes was
first diagnosed, and if this was some years previously, it is probable that the adolescent
has little memory of any formal teaching at that time and little inclination to learn now.

Most adolescents learn in a social environment. Adolescents may learn best
through peer influence, both in taking responsibility and in acquiring knowledge
(87,88). Ideally, there should be a variety of opportunities for learning at this age,
expanding the normal formal diabetes education at the clinic to include opportunities
for teenagers to meet together to discuss problems and experience. In our institution,
there are several peer-based support networks for adolescents with diabetes. These
range from evening programs (“Me and My Diabetes”), to chronic illness support
networks (“ChIPS” [Chronic Illness Peer Support]) and social groups (“The Injec-
tors”) (54). Diabetes camps are also especially appropriate for adolescents, providing
the opportunity to learn from their own and from each other’s mistakes and to develop
more positive attitudes toward diabetes care (89,90). Unfortunately, only a proportion
of adolescents are willing or able to attend camp, and often those who would most
benefit are those who choose not to go (91). The same is probably true for other vol-
untary peer-group programs.

There have been studies, both in diabetes and in other chronic illness, that have
shown the value of group programs that involve families, including both parents, in
parallel with adolescent peer groups (87,88). These may be particularly helpful if
directed to bringing about change in attitudes toward self-care and responsible diabetes
control. The involvement of parents may help ensure that their teenage children actu-
ally attend, as well as helping parents develop a different role in the care of a young
person seeking some degree of autonomy.

Perhaps the most helpful strategy for most adolescents, however, is to ensure that
information is provided when they are most accessible and most likely to want it. This
may be after some emergency or illness that perhaps could have been averted by spe-
cific strategies or decisions about diabetes management. It is helpful to avoid judgmen-
tal response to mistakes, but, rather, use them for learning.

314 Part III / Special Management Issues in Type 1 Diabetes



Teenagers may not pay much attention when they come with their mother to a clinic
visit or doctor’s appointment, but they may ask questions if given a chance and then is
the time to respond. Sometimes an adolescent will ask a question at the end of a con-
sultation when there is little time to spend answering it, yet there may not be another
opportunity.

TRANSITION TO ADULT CARE

The Process of Transition and the Eventual Transfer to Adult Care
In due course, the adolescent with diabetes who has been cared for in a pediatric

environment, whether privately by a pediatric endocrinologist or in a pediatric clinic,
must transfer care to an adult environment. The question of when and how will depend
on a number of factors, including the perceived readiness of the young person, the
availability of appropriate adult services, and the general policy of a hospital or clinic
service. Most studies have suggested that from an adolescent’s point of view, it is better
to make the change at the end of adolescence when the young person has achieved
some degree of autonomy and self-reliance (92).

The act of transfer then becomes the logical end point of a process of transition that
allows the young person to take responsibility for their care and for parents to relin-
quish their overriding role in their care. It may reasonably be seen as the pediatric
physician’s and pediatric nurse’s task, in the later teenage years, to engage the family in
this transition process and thus facilitate transfer.

This transition from the concept of parent dependence to autonomy, although proba-
bly never complete while the young person still lives at home and is financially and
physically dependent, relates to all aspects of family interaction. It depends on the style
of family functioning and the ability of the child’s mother to trust her teenager and the
extent it is reasonable for her to do so. The role of the physician is to facilitate that
process and to encourage the young person to take responsibility.

The first step is increasingly to direct the consultation to the teenager. This may
be by directing discussion and advice directly to the adolescent rather than the par-
ent, which tends to occur during childhood. Parents, who regard themselves as prin-
cipal carers, may feel threatened by this and express this by saying that their child
will not tell the doctor about problems and difficulties, especially those of noncom-
pliance. Thus, at this stage of transition, the needs of parents to relinquish control
may be paramount.

Eventually, the adolescent should be able to consult with his/her doctor alone. This
will prepare both them and their parents for an adult service, where parental involve-
ment would usually be seen as inappropriate.

BARRIERS TO SUCCESSFUL TRANSFER

The pediatric endocrinologist is responsible for ensuring that the transfer is
achieved. It may be helpful to recognize that there may be barriers to this being made
successfully. These include the firm bond that may have developed between pediatric
physician or service and the adolescent, which both the doctor and the teenager may
find difficult to break, especially if this comes at a time when the adolescent is also
moving away from home.
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An adult service and an adult endocrinologist may seem less friendly than a pedi-
atric setting. The pediatric approach may have allowed development of a warm rela-
tionship in which to give advice and care. The adult approach may be to offer advice
and leave it to the patient, with little patience on behalf of the doctor if the advice is not
followed. An adult diabetes clinic will usually serve an older population, mainly with
NIDDM and many with obvious complications of diabetes. In many cases, there will
be a large patient load and less consultation time for the young adult to develop a trust-
ing relationship with his or her doctor. The adolescent should be prepared for this.

An ideal situation, which occurs in some centers, is for an adult service to provide a
young adults’ clinic to serve the younger adult-age group. Not only will the approach
be closer in concept to a pediatric one, but the young diabetic may have the chance to
have a more age-appropriate introduction to the process of adult responsibility.

The adverse result of not making appropriate or effective transfer to adult care is the
risk that the young adult may be lost to ongoing specialist care, especially if he or she
does not feel comfortable with the adult environment.

CONCLUSION

The psychosocial mores of adolescence are frequently forgotten or repressed by
those who have passed through it. As a consequence, “mistakes of history” are often
repeated by adult caregivers of adolescents. Clinicians may be expert in their field of
clinical medicine, however, the temporal, transient and ephemeral nature of adoles-
cence mitigates against expertise in the “experience” of adolescence per se. Therefore,
as clinicians that care for adolescents with chronic disease, our role should be not to
analyze and comprehend, but to be guiding and supportive. The goal of adulthood will
arrive with or without our input, and the most we can hope to achieve is disease control
within the context of an emerging and mature partnership.
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INTRODUCTION

Although the introduction of insulin therapy was life-saving for patients with type 1
diabetes, problems of iatrogenic hypoglycemia were noticeable from the outset. In an
article from 1923, describing the early experiences of using the new pancreatic extract,
Banting et al. reports (1):

In giving a dose (of insulin), therefore, to render the patient sugar-free it some-
times happens that the blood sugar falls well below the normal level, and this
sudden hypoglycemia is accompanied by a characteristic train of symptoms.

Episodes of hypoglycemia continue to be a daily threat to all patients with type 1
diabetes mellitus and can lead to a significant reduction in quality of life.

PREVALENCE

Hypoglycemia is usually classified in one of two ways. Biochemical hypoglycemia
is defined as a value falling below a predetermined blood glucose concentration (2) and
depends on a blood sample being taken and assayed. The defining blood glucose con-
centration is controversial. Field used a venous plasma glucose concentration of 2.8
mmmol/L (1 mmol/L = 18 mg/dL) or less to define hypoglycemia and Marks used 2.2
mmol/L for people under 60 yr of age, but these concentrations were chosen to be
unequivocally abnormal, in order to define patients with spontaneous pathological
hypoglycemia as might occur with an insulin- or IGF (insulinlike growth factor)-
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secreting tumor (3,4). In diabetes, glucose concentrations associated with physiologi-
cal responses may be more appropriately used to define hypoglycemia. This may be as
high as the glucose concentration at which endogenous insulin secretion starts to fall,
but, by consensus, it is usually taken as a plasma glucose of ≤3.5 mmol/L. Sympto-
matic hypoglycemia is defined by patient description and is based on the reporting of
symptoms, which are assessed according to an established hypoglycemia symptom
hierarchy (e.g., see ref. 5). Symptomatic hypoglycemia is often further subdivided
based on the severity of symptoms into mild (self-recognized and self-treated, without
significant disruption to normal activity) or severe. Some classifications include a
“moderate” class, in which the hypoglycemia and its treatment are less than severe but
cause significant disruption of normal activity, but this is very subjective and often this
class is not included. Definitions of severe hypoglycemia vary from an episode leading
to mild alterations in central nervous system function to an episode involving coma
and/or convulsions. In adults, the need for assistance from another person is a prerequi-
site and some definitions require the administration of parenteral therapy, but in pedi-
atrics, this may not be so useful an indication of severity, as young children may
require help to treat hypoglycemia of a minor degree.

A classification based purely on symptomatology will exclude episodes that go unno-
ticed, particularly those occurring during sleep, and does not demand confirmation of the
presence of hypoglycemia with a documented low blood glucose concentration.

Given the difficulties of definition, it is not surprising that studies examining the
prevalence of hypoglycemia have found widely varying rates. This is compounded by
the fact that hypoglycemia is notoriously underreported, as episodes, particularly mild
ones, are quickly forgotten. As a result, most studies have concentrated on reporting of
severe episodes only, although these can also be overlooked.

Estimates of prevalence of severe hypoglycemia, occurring either during the day or
during the night, vary from 18.7 to 280 episodes per 100 patient-years in studies of
adults (6–9) and from 3.6 to 85.7 episodes per 100 patient-years in children (10–13).
This includes all definitions of severe hypoglycemia. In studies of nocturnal hypo-
glycemia, biochemical definitions are always used, but these have varied from 2.0 to
3.0 mmol/L in adult studies and from 3.0 to 3.9 mmol/L in pediatric studies. The preva-
lence of nocturnal hypoglycemia has varied from 10% to 55% in both adult (14–17)
and pediatric reports (18–22).

GLUCOSE HOMEOSTASIS

Plasma glucose concentrations are normally maintained within a narrow range
reflecting a balance between glucose production and glucose utilization. Postprandi-
ally, glucose is derived from carbohydrate sources in the diet, whereas in the fasting
state, glucose is released from the liver, initially through glycogenolysis and, with
more prolonged fasting, through gluconeogenesis. The kidney may also contribute to
overall endogenous glucose production during the postabsorptive state. The kidney has
been shown to release glucose in response to both hypoglycemia (23) and cate-
cholamines (24), as well as being insulin sensitive (25). In the anhepatic phase of
surgery for liver transplantation, the kidney is the only source of sustained glucose pro-
duction (26). However, its overall contribution to endogenous glucose production in
health is still not clear.
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The mechanisms of glucose homeostasis are controlled by a complex interaction of
hormonal and metabolic regulatory processes that act to maintain a constant supply of
circulating glucose, vital for the brain, which can neither store nor synthesize much of
this substrate. Insulin is an essential hormone in the maintenance of this glucose bal-
ance. Portal venous insulin stimulates glycogen synthesis and suppresses gluconeogen-
esis, with the effect of decreasing hepatic glucose output. Insulin also has effects on
peripheral tissues, with an increase in glucose uptake by adipose tissue and muscle.
Decreased hepatic glucose production and an increase in peripheral glucose uptake
results in a net decrease in circulating glucose concentrations. One of the earliest
responses to a fall in circulating glucose concentration is the curtailment of pancreatic
insulin secretion. The inability of the insulin-treated diabetic individual to do this mod-
ulating of insulin concentration is the main cause of hypoglycemia in the treatment of
type 1 diabetes.

Normally, the effects of insulin are balanced by counterregulatory hormones that
oppose the action of insulin and hence prevent a significant fall in glucose. The most
important of these hormones is glucagon, which is released from the α-cells of the pan-
creas immediately when glucose falls below a threshold of 3.6–3.8 mmol/L. Glucagon
acts primarily to restore glucose concentrations by increasing glycogenolysis and glu-
coneogenesis. The mechanism of control of glucagon secretion is still debated (27).
Three potential mechanisms may act individually, or in concert. There may be direct
effects of glucopenia and hyperinsulinemia or an indirect stimulatory effect via activa-
tion of the sympathetic and parasympathetic nervous systems (27). The evidence sug-
gests a major role for falling insulin concentrations within the pancreas in the α-cell
response to acute hypoglycemia. Thus, C-peptide-negative diabetic patients have
defective glucagon responses specifically to hypoglycemia (28)—the second major
cause of hypoglycemia in children with type 1 diabetes (29).

Release of catecholamines from the adrenal medulla during hypoglycemia is probably
under neural control (30). Catecholamines increase hepatic glucose output by a direct
effect on the liver and by stimulating lipolysis, providing a substrate for gluconeogenesis
(31). Norepinephrine, released through stimulation of the parasympathetic nervous sys-
tem, can stimulate hepatic glycogenolysis but has a more potent effect on lipolysis (32).
Peripheral glucose uptake is diminished through a direct effect of catecholamines on
muscle and adipose tissue (33) but also through the provision of alternative substrate in
the form of nonesterified fatty acids, glycerol, and ketones. Defects in this third defense
against hypoglycemia occur in significant numbers of diabetic patients, further increas-
ing their risk of severe episodes, with loss of cognitive function (34)

Growth hormone (GH) and cortisol are also important but work over a much longer
time scale. The control of GH secretion during hypoglycemia is incompletely under-
stood, but is probably mediated by secretion of GH releasing hormone (GHRH) from
the hypothalamus, which, in turn, stimulates GH release from pituitary somatotrophs—
with a 30- to 60-min time lag (35). Reductions in somatostatin and activation of the
autonomic nervous system may also play a role (36–39). GH promotes hepatic glucose
production and provides substrates for gluconeogenesis by stimulating lipolysis and
ketogenesis (40–42).

Adrenocorticotrophic hormone (ACTH) is released from the hypothalamus in
response to hypoglycemia by a complex activation of stimulatory and inhibitory path-
ways (35). The plasma ACTH concentration peaks approx 45 min after the hypoglycemic
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nadir (43) and stimulates a rise in plasma cortisol within 30 min, with a peak response
achieved after 60–90 min (44). Nevertheless, the effects of cortisol on glucose metabo-
lism generally take several hours to become evident (45). Cortisol augments glucose
production during protracted hypoglycemia by stimulating gluconeogenesis (46). It
also decreases peripheral glucose utilization and increases plasma free fatty acid and
ketone concentrations (46).

Glucagon is the most important hormone during hypoglycemia (see Fig. 1). Epi-
nephrine is less important in the hierarchy of hormones, but it becomes crucial for
effective glucoregulation in the presence of deficient glucagon release (47). GH and
cortisol become more important if hypoglycemia is prolonged (46,48).

There are few studies of glucose counterregulation in the pediatric literature
(49–54). These studies have confirmed that glucagon responses during hypoglycemia
are also lost in children with diabetes soon after diagnosis. This was even the case in a
study of very young children, aged 18–57 mo, who had the shortest duration of dia-
betes (50). Epinephrine responses have been found to be more variable, although the
majority suggest that children have exaggerated epinephrine responses during hypo-
glycemia and this has been postulated as a reason for the glycemic lability that can be
observed during childhood (49,53) (see Fig. 2). Although this exaggerated response is
likely to be associated with initiation of responses at a higher glucose level during
hypoglycemia than in adults (53), the main cause of elevated and exaggerated
responses to acute hypoglycemia is likely to be poor glycemic control, with counter-
regulatory systems accustomed to a higher blood glucose, in general, and therefore
responding to “hypoglycemia” at relatively high glucose levels. More recently, adoles-
cents were found to have blunted epinephrine responses during hypoglycemia (54).
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Fig. 1. Schematic representation of counterregulatory responses in healthy diabetic people (left),
people with type 1 diabetes and good awareness of hypoglycemia (center), and those with hypogly-
caemia unawareness (right). Sympathetic nervous system (SNS) represents sympathetic activation.



The reason for the discrepant results compared to the earlier studies may be the result
of differences in the techniques of inducing experimental hypoglycemia.

CLINICAL FEATURES

The classical symptoms of hypoglycemia, as seen in adults, are classified into two dis-
tinct stages. As glucose concentration falls, a neurohumoral response is provoked that acts
both to restore glucose concentrations to normal and to alert the individual to the falling
glucose (see previous section). This response is partly responsible for the classical auto-
nomic symptoms of hypoglycemia (5). These symptoms warn the individual that the glu-
cose concentration is low and that appropriate action should be taken: in experimentally
induced, controlled hypoglycemia, neurohumoral responses usually occur in healthy men
at an arterialized plasma glucose of 3.6 mmol/L (55) and are more vigorous than in
women (56). If glucose concentrations fall further, neuroglycopenia results, usually at a
glucose concentration of about 2.8 mmol/L, and it is at this stage that the individual is less
likely to be able to manage the episode of hypoglycemia themselves and will require out-
side assistance. If action is not taken at this stage and glucose concentration falls further,
coma or convulsion can ensue. In experimentally induced hypoglycemia, it has been
shown that, at any given glucose concentration, the onset of the different components of
the responses also occurs in a temporal hierarchy, with immediate onset and resolution of
symptoms, delayed onset and quick recovery of catecholamine responses, and immediate
onset but delayed recovery of congitive dysfunction (57).

Symptoms of hypoglycemia in childhood may be different. They have been shown
not to cosegregate into autonomic and neuroglycopenic categories, and behavioral
symptoms are more prominent than those reported in adults (58). The most common
presenting symptoms are neuroglycopenic or nonspecific behavioral indicators and
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Fig. 2. Mean (± SEM) plasma epinephrine concentrations during sequential euglycemic–hypo-
glycemic clamp study in 16 children and 11 adults with insulin-dependent diabetes (A) and in 14 chil-
dren and eight adults without diabetes (B). (Reproduced with permission from ref. 49.)



appear to be different in different age groups of children. Those children less than 6 yr
of age are likely to have fewer autonomic symptoms than adolescents (see Table 1)
(59). Because young children are less able to express themselves, signs of hypo-
glycemia, observed by parents and carers, assume much greater importance than in
adults. Other reasons for the discrepancies between children and adults are unclear.

RISK FACTORS

Insulin
Plasma concentrations of insulin in healthy individuals fluctuate from minute to

minute, depending on food and exercise. Insulin administration, which fails to mimic
the normal pattern of insulin secretion, will predispose to hypoglycemia. In normal
physiology, portal concentrations of insulin are up to twofold greater than peripheral
concentrations. Exogenous insulin replacement occurs via the peripheral subcutaneous
tissues, leading to peripheral hyperinsulinaemia and low portal concentrations of
insulin, which do not fluctuate in response to changes in circulating glucose concentra-
tions. This mismatch of insulin delivery and insulin requirements is particularly evident
in adolescents whose insulin requirements can be as high as 1.5–2 U/kg/d, reflecting
the insulin resistance during this period of rapid growth and development (60,61). The
need for large doses of insulin, coupled with the imperfections of exogenous insulins in
terms of pharmacodynamics and route of administration, can result in an increased risk
of intermittent hypoglycemia even when glycemic control is poor (11).

Diet
Although little work has been done looking at the effect of diet on rates of hypo-

glycemia, a number of studies examining the frequency of hypoglycemia have cited
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Table 1
Symptoms and Signs of Hypoglycemia in Children

Neuroglycopenic and autonomic Behavioral

Reported by the children
Weakness Headache
Trembling Argumentative
Dizziness Aggressive
Poor concentration Irritability
Hunger Naughty
Sweating
Confusion
Blurred vision
Slurred speech Nausea
Double vision Nightmares

Observed by parents
As above plus

Pallor
Sleepiness
Convulsions

Source: ref. 58, with permission.



missed meals as a significant risk factor for the occurrence of severe hypoglycemia
(59,62,63). The question in reverse, as to whether dietary modifications can decrease
the likelihood of hypoglycemia, has been addressed and will be discussed later. It is
worth noting that in one study of 139 children with type 1 diabetes, 44% of hypo-
glycemic episodes were thought to be attributable to a missed meal or snack (64).

The effect of alcohol on glycemic control varies between individuals. The oxidation
of ethanol by the liver leads to an increase in NADH : NAD ratio, which impairs gluco-
neogenesis. In the early postabsorptive state, glucose concentrations are maintained by
glycogen breakdown in the liver, but as the fast becomes prolonged, gluconeogenesis
becomes more important. Individuals with type 1 diabetes are at risk of hypoglycemia
for over 12 h following alcohol ingestion, which is, in part, the result of problems of
gluconeogenesis, but cannot be entirely explained by this. Furthermore, alcohol inges-
tion can cause cognitive deficits, which can lead to mistakes regarding insulin adminis-
tration and food consumption as well as decreased awareness of hypoglycemia (65).

Exercise
Day-to-day differences in level of activity are likely to account for a large proportion

of the intraindividual variance in glucose concentrations, particularly in children. The
increased need for metabolic fuel in the exercising muscle is met partly by an increase in
the uptake and utilization of glucose (66,67). In addition to the acute effects of exercise
to increase muscle glucose uptake, the period after exercise is characterized by elevated
rates of basal and insulin-stimulated glucose uptake as depleted muscle glycogen is
replaced (68). The degree of glycogen depletion resulting from the antecedent exercise is
an important factor in determining the rate and duration of the increase in muscle glu-
cose uptake after exercise (69), during which time the muscle is also more sensitive to
the actions of insulin (70). The precise mechanism for this increased sensitivity is
unclear, but hypoglycemia can occur up to 24 h after vigorous or prolonged exercise.

As early as 1926, it was found that exercise could potentiate the hypoglycemic effect
of insulin in patients with type 1 diabetes (71). However, there appears to be no sys-
tematic study of the role of exercise in the development of hypoglycemia, particularly
nocturnal episodes. Only a few studies, examining the frequency and predisposing fac-
tors for hypoglycemia, have shown unplanned exercise to be an important contributory
factor in childhood (59,62,64).

Sleep
The night is a particularly problematic time for people with type 1 diabetes, even

those with poor glycemic control (14). In the Diabetes Control and Complications Trial
(DCCT), over 50 % of severe episodes of hypoglycemia occurred during sleep in both
the intensively treated and conventionally treated cohorts (6). Nocturnal hypoglycemia
is discussed in detail later.

Age and Duration of Diabetes
Young children are more at risk of severe hypoglycemia, particularly those aged less

than 5 yr, possibly as a result of differences in symptomatic awareness (59). Duration
of diabetes has also been associated with increased risk of severe hypoglycemia, as has
the absence of C-peptide secretion (29). The former may relate to loss of the counter-
regulatory response and the latter to a higher requirement of insulin.
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Hypoglycemia Unawareness
In diabetes, the best defense against a severe episode of hypoglycemia is the early sub-

jective recognition of a low glucose concentration, prior to the onset of neuroglycopenia
with so much congitive impairment that the individual is incapable of reacting in an
appropriate way. For people with long-duration diabetes and for those aiming for tight
glycemic control (see following subsection), hypoglycemia unawareness can become a
clinical problem, as the inability to detect falling glucose concentrations is blunted or even
lost. This predisposes the individual to unpredictable episodes of hypoglycemia that can
be severe. Diabetic patients reporting themselves as unaware or only partially aware of
their own hypoglycemia are three times more likely to experience severe hypoglycemic
episodes (9) and patients with a history of recurrent severe hypoglycemia demonstrate
defective counterregulation when challenged with intravenous insulin infusions in a labo-
ratory setting (34). The etiology of hypoglycemia unawareness is uncertain. However,
there is a growing body of evidence to implicate hypoglycemia itself as a cause of
reduced awareness of subsequent episodes. It has been shown experimentally that even
one episode of hypoglycemia can blunt counterregulatory hormone responses to subse-
quent hypoglycemia in individuals both with and without type 1 diabetes. The degree of
hypoglycemia in these experimental studies needed to induce defective responses to a
subsequent hypoglycemic challenge is not great and includes 2 h of exposure to arterial-
ized plasma glucose concentrations of 2.8 mmol/L (72,73). Minor defects in counterregu-
latory hormone responses to subsequent hypoglycemia have been seen with exposure to
2 h at 3.9 mmol/L in healthy adult volunteers (74). Under these conditions, release of
counterregulatory hormones is diminished and occurs at lower glucose concentrations
than in individuals not exposed to such antecedent hypoglycemia. Normally, autonomic
symptoms occur at a glucose concentration of around 3.2 mmol/L and impaired congitive
performance at around 2.8 mmol/L. In the hypoglycemia-unaware individual or the indi-
vidual exposed to antecedent hypoglycemia, the arterialized plasma glucose concentra-
tion triggering symptomatic responses can be lowered to as little as 2.1 mmol/L with a
less dramatic effect on the reduction in glucose concentration required for significant
impairment of cognitive performance (75–77). If the sympatho-adrenal response is not
triggered until a lower concentration of glucose, significant cortical neuroglycopenia can
ensue before the individual becomes aware of the feeling of a low glucose.

Most compelling as evidence that defective responses to hypoglycemia are induced
and sustained by antedent exposure to low blood glucose concentrations are the data
showing restoration of symptomatic and counterregulatory hormonal responses to
acute hypoglycemia by avoidance of exposure to blood glucose concentrations of less
than 3 mmol/L on home glucose monitoring (76,77).

There is also evidence that patients with recurrent severe hypoglycemia may be less
sensitive to adrenergic stimulation than normal (78,79). This, too, may be reversible by
scrupulous avoidance of hypoglycemia (80).

The mechanisms whereby hypoglycemia begets subsequent hypoglycemia unre-
sponsiveness are not clear. The cortisol responses to the initial hypoglycemia have been
implicated (81) and there are suggestions that changes in brain glucose metabolism
may occur in response to hypoglycemia exposure (82).

Intensive Insulin Therapy
Intensification of insulin therapy commonly leads to a significant increase in the risk

of severe hypoglycemia. In the intensively treated cohort of the DCCT, the risk of a
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first episode of severe hypoglycemia, defined as an episode requiring another person’s
assistance, increased by 27% for a 10% lowering in monthly HbA1c value (6). This
risk was almost twofold greater in the adolescents taking part in the DCCT, despite the
fact that they did not achieve the same degree of tight glycemic control as their adult
counterparts (11). It is likely that most intensifications of insulin therapy for diabetes
increase the frequency of exposure to mild hypoglycemia in daily life (83) and that this
may create hypoglycemia unawareness as described earlier in the chapter, with its
attendent increased risk of severe hypoglycemia.

Young children seem to be at particular risk of severe hypoglycemia, which
increases with intensification of insulin treatment (12,13,63). In a study examining the
effect of an improvement in mean HbA1c over a 4-yr period, rates of severe hypo-
glycemia increased dramatically. This effect was most obvious in those children less
than 6 yr of age in whom there was a fourfold increase in severe hypoglycemia in the
fourth year of the study (13). Nevertheless, conventional therapy also carries high risk
of hypoglycemia in children, perhaps especially at night.

NOCTURNAL HYPOGLYCEMIA

Nocturnal hypoglycemia may be considered as the submerged part of the iceberg that
constitutes hypoglycemia in insulin therapy. In a study of nocturnal glucose control in
young children, episodes of hypoglycemia were observed in 45% of patients studied.
The median glucose nadir was 1.9 mmol/L (range: 1.1–3.3) and the median duration of
hypoglycemia was 270 min (range: 30–630) (22). There are a number of risk factors for
hypoglycemia that are specific to the night. First, the overnight period represents the
longest time without food and glucose concentrations are maintained by mobilization of
liver glycogen stores and, subsequently, through gluconeogenesis. Adults with diabetes
studied during the course of a day during which three mixed meals were ingested were
shown to synthesize only one-third of the amount of glycogen that was synthesized by
nondiabetic controls (84). This may be, in part, the result of an imbalance in the portal
glucagon : insulin ratio, as rates of hepatic glycogen synthesis could be enhanced almost
to those of nondiabetic subjects by increasing portal insulin during a hyperinsulinaemic
hyperglycaemic clamp (85). It is possible that because mobilization of hepatic glycogen
is the main mechanism of preventing hypoglycemia, decreased hepatic glycogen stores
might be an important predisposing factor for the development of severe hypoglycemia
in patients with type 1 diabetes, particularly overnight.

Second, the problems of mimicking background insulin requirements are exacer-
bated during the night. Insulin requirements vary from a nadir between 2400 and 0300
to a peak between 0400 and 0800. This so-called “dawn phenomenon” is the result of
decreases in intrahepatic and extrahepatic insulin sensitivity, probably as a result of
overnight GH secretion (86) and is particularly marked during adolescence. Current
insulin replacement regimens lead to overinsulinization in the early part of the night,
leading to the risk of hypoglycemia at this time. Then, in the early hours of the morn-
ing, insulin concentrations are waning at a time when insulin resistance is at its greatest
(see Fig. 3). This may be a particular problem with conventional, nonintensified twice-
daily insulin injection therapy, with the evening intermediate-acting insulin given at the
time of the evening meal. In adults, delaying the evening injection of the intermediate-
acting insulin to bedtime has recently been shown to benefit fasting glucose concentra-
tion and reduce risk of nocturnal hypoglycemia (88).
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Third, the main defense against a severe episode of hypoglycemia is the adequate
early subjective recognition of falling glucose concentrations. The great majority of
episodes of nocturnal hypoglycemia, even when mild, are asymptomatic (22). The pre-
cise reason for this lack of awareness is unclear, as even those with good awareness of
hypoglycemia during the day will sleep through hypoglycemia at night. However, there
was strong evidence for reduced counterregulatory hormone responses during these
spontaneous nocturnal hypoglycemic episodes. Epinephrine responses were blunted
and there were no significant increments in either glucagon or cortisol concentrations
(87). A few studies have looked for differences between daytime and nighttime coun-
terregulation. No differences were found in early studies, but the stage of sleep during
which hypoglycemia was induced was not considered (89). A study examining coun-
terregulatory hormone responses during hypoglycemia induced during slow wave sleep
(SWS) in a group of adolescents demonstrated that peak epinephrine responses were
significantly lower when hypoglycemia was induced during SWS than when the sub-
jects were awake either during the day or during the night (90). The possibility that
counterregulation may be entrained to the sleep stage, reflecting altered cerebral
metabolism at different times of the night, deserves further evaluation.

A possible explanation is that cerebral metabolism may be protected during different
stages of sleep. Studies of normal sleep in adults have shown that during SWS, cerebral
glucose metabolism is decreased, and during rapid eye movement sleep (REM), it is sim-
ilar to, or even greater, than that seen when the individual is awake (91,92). Therefore,
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Fig. 3. Glucose (●) and insulin (●●) profiles of 16 children taking part in a study of overnight hypo-
glycemia who had one night of hypoglycaemia and one night without hypoglycaemia for comparison.
Data are from the nonhypoglycemic night. Text boxes highlight time of “nadir” and “peak” in insulin
resistance overnight. [Data from children taking part in a study of overnight hypoglycemia performed
by one of the authors (87).]



hypoglycemia occurring during SWS may cause less metabolic stress than hypoglycemia
occurring at any other time.

Finally, lifestyle can influence nighttime hypoglycemia. In young children,
unplanned exercise during the day may lead to delayed hypoglycemia overnight
(59,62). In adolescents and adults, alcohol will play an important role in the risk of
nocturnal hypoglycemia.

CONSEQUENCES OF HYPOGLYCEMIA

In 1923, Banting et al. reported that “up to the present time no serious mishap has
occurred as a result of these hypoglycemic reactions, but while this is so it is felt that
hypoglycemia constitutes a real source of danger” (1). Subsequently, much information
has been gathered regarding the potential consequences of severe hypoglycaemia, as
outlined next.

Defective Counterregulation
As described earlier, impaired hormonal responses to a decrease in blood glucose

have been found to occur in adults with type 1 diabetes and manifest as either a dimin-
ished hormonal response and/or an altered glucose threshold for hormone release;
these defects can be induced by exposure to antecedent hypoglycemia (73) and
reversed by its elimination (76,77). Defects in counterregulation have been found to
occur after only one night of hypoglycemia (93). This leads to delayed glucose recov-
ery, which can result in an increased risk of severe episodes of hypoglycemia resulting
in coma or convulsions (94).

Cognitive Function
There have been increasing concerns that recurrent hypoglycemia could affect cogni-

tive function. Glucose has a dual role for normal brain function: as the major metabolic
fuel and as a precursor of essential macromolecules during the rapid phase of brain
growth (95). There is no doubt that profound and prolonged hypoglycemia can cause cat-
astrophic cerebral damage as occurs in young children from a variety of causes (96).
Patients with type 1 diabetes may be at even greater risk, as the hyperinsulinemia that
accompanies hypoglycemia also inhibits mobilization of alternative substrates for metab-
olism, a situation analogous to the hyperinsulinemia/hypoglycemia syndrome of infancy.

Subacute Effects of Hypoglycemia
COGNTIVE EFFECTS AND MOOD

Most research of the acute effects of hypoglycemia on cognitive performance has
been performed in adults both with and without diabetes. A variety of neuropsycholog-
ical tests have been used to assess cognition in these acute situations and there has been
considerable variation among study results, depending on glucose nadir achieved and
tests employed. The limitation of all of these studies is the difficulty in interpreting
psychological test results. Although decrements may be demonstrated, the meaning of
these in terms of brain processes is not unequivocal, and it is not clear to what extent
they represent abilities that are important in everyday functioning (97).

There is a distinct hierarchy of glycemic thresholds with cerebral dysfunction occur-
ring at a lower glucose threshold than either release of counterregulatory hormones or
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symptom generation (98). Studies have shown that cognitive function consistently
deteriorates at a glucose concentration of about 2.8 mmol/L in adults both with and
without type 1 diabetes (99–101) but it can occur at a higher glucose concentration,
which may indicate that some tests are more sensitive than others in the detection of
cognitive dysfunction provoked during hypoglycemia (99,102). Simple motor tasks are
relatively unaffected by even marked experimental hypoglycemia (99,103). The func-
tions of attention and vigilance seem to be more susceptible and can be assessed by
study of reaction times. Reaction times were prolonged in both diabetic and nondia-
betic individuals at a blood glucose of 2.8–3.2 mmol/L (75,104). In a study comparing
responses during hypoglycemia between older, 60–70 yr, and younger men, reaction
time deteriorated at a higher glucose, 3.0 vs 2.6 mmol/L, and to a greater degree (55).

In addition, the impairment can be multimodal. Simple psychomotor function may
be preserved, but more complex tasks may be detrimentally affected (103,105). Sub-
jects may lose volitional control during hypoglycemia, which may magnify any other
cognitive impairment that is present (102). Deterioration of cognitive performance at a
given glucose concentration may precede generation of symptoms in time (57),
although in a gradual fall of blood glucose concentrations, this effect is likely to be
overridden by the fact that symptoms are generated at lesser degrees of hypoglycemia.
Recovery of cognitive impairment following hypoglycemia may be delayed for up to
1 h (57,106,107). This is important when considering the performance of tasks involv-
ing complex skills, such as driving, after apparent recovery from hypoglycemia. In
adults, there are concerns that recurrent severe hypoglycemia, from which apparent
complete recovery occurs at the time, may have a cumulative effect particularly on
memory, but whether this is because memory is poorly formed during a hypoglycemic
episode or because of structural damage to memory circuits caused by hypoglycemia is
not known.

Although it is difficult to extrapolate from experimental changes in neuropsycholog-
ical assessment to performance of the day-to-day routines, it is probable that normal
functioning will be impaired. Children, who spend the majority of their day at school
assimilating information, could be seriously compromised if they regularly experi-
enced episodes of hypoglycemia during class time. There is some evidence that sug-
gests that children may be particularly susceptible to even mild episodes of
hypoglycemia: Studies examining p300 evoked potentials and electroencephalogram
(EEG) changes have found a deterioration in children at a higher glucose concentration
than that found in adults (108,109).

The effect of nocturnal hypoglycemia on cognitive function has been little studied.
Neuropsychological performance could be affected by a direct effect of hypoglycemia
itself but also by disturbing sleep; a wide range of adverse effects on cognition, mood,
and behavior have been reported in both adults and children in relation to reduced dura-
tion of sleep, impaired quality of sleep, and timing of the sleep disturbance in relation
to the sleep–wake cycle (110,111). The few studies of nocturnal hypoglycemia in
adults and adolescents with type 1 diabetes have shown no deleterious effect on overall
sleep physiology (112–114). Studies of cognitive function following a night of hypo-
glycemia have found no significant deterioration in either children or adults
(22,115,116). However, detrimental effects on mood the following day have been
observed (22,116). The potential effects of lowered mood on subsequent neurocogni-
tive performance remain to be evaluated.
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HYPOGLYCEMIC HEMIPLEGIA

This is a rare complication of acute hypoglycemia in which the patient recovers
from the hypoglycemia with a hemiparesis that may last for several hours, usually less
than 24. In children, the syndrome is slightly different than in adults, occurring with
equal frequency on the right and left sides, and where neuroimaging has been per-
formed, it is rare to find any abnormality. There is no evidence of severe sequalae
(117). Anecdotally, lesser degrees of neurological dysfunction may persist in the hours
after recovery from profound hypoglycemia, presumably similar to the well-described
postictal state.

PERMANENT EFFECTS OF HYPOGLYCEMIA

The long-term risk of recurrent severe episodes of hypoglycemia, involving coma or
convulsions, on the development of permanent cognitive impairment remains contro-
versial. Increased cortical atrophy was found in a small group of type 1 diabetic
patients with recurrent hypoglycemia compared with a group without such a history
(118) and there have been concerns that adults experiencing more than five episodes of
severe hypoglycemia are in danger of permanent cognitive dysfunction (119), but this
has remained controversial. Langan and colleagues found increased deterioration in
measures of current IQ vs “premorbid” IQ, as measured by reading skills in diabetic
patients with more exposure to severe hypoglycemia (120); another group later found
the association only in patients with neuropathy and complications more related to
chronic hyperglycemia (121). Sachon et al. found performance on some cognitive tasks
to be less effective in diabetes per se, rather than just in association with severe hypo-
glycemia, whereas others were less well performed only in the patients with severe
hypoglycemia (122). Reassuringly, neither the DCCT nor the earlier Stockholm studies
found untoward neuropsychological effects of recurrent severe hypoglycemia in their
cohort of patients on intensified therapy, despite their higher incidence of severe hypo-
glycemia (123,124). There were concerns that because neither group lacked severe
hypoglycemia and the follow-up was only a median of 6.5 yr, small changes that might
have become clinically more significant over time may have been missed. However,
analysis has found no difference in cognitive performance in the DCCT patients who
had less than one, one to four, or more than four episodes of severe hypoglycemia at 7
yr of follow-up (125).

There continue to be concerns about young children with type 1 diabetes, particu-
larly those diagnosed less than 5 yr of age in whom defects in tests of cognitive func-
tion have consistently been found (126–131). In one small study, intensified insulin
therapy was associated with a three-fold increase in severe hypoglycemia and the chil-
dren on that therapy showed a selective relative memory defect, although the diabetic
children on conventional therapy shared impaired performance of a motor task (132). It
is likely that the developing brain is more susceptible to damage during episodes of
metabolic derangement. Deficiencies have been found in a number of cognitive
domains but especially those that are more likely to be those originating in the frontal
lobe. Not all of these studies have found a link with prior episodes of severe hypo-
glycemia, although more recent investigations have shown links between hypo-
glycemia and cognitive impairment. Of more concern was the finding of a correlation
between visuospatial problems and episodes of asymptomatic (biochemical) hypo-
glycemia (127). In one of the few longitudinal studies, Northam and her colleagues
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have assessed neuropsychological performance in a group of children with newly
diagnosed diabetes (130). They were aged from 3 to 14 yr of age and were examined at
3 mo and 2 yr following diagnosis. The results were compared with those from a group
of age- and sex-matched “community” controls. Performance scores in a number of
cognitive domains were found to be similar in the two groups at baseline but, by 2 yr,
children with diabetes had poorer information processing speed, poorer acquisition of
new knowledge, and poorer conceptual reasoning abilities. These defects were again
more prominent in those with early-onset disease but not restricted to these children.
They were related to a prior history of severe hypoglycemia but also with a persis-
tently raised HbA1c over the 2 study years, suggesting that chronic hyperglycemia
may also affect cognitive function (130). There are two possible confounding factors:
One is that in many studies, reduced cognitive impairment is associated not just with
early-onset diabetes but also with severe hypoglycemia complicated by seizure (129),
and in a further study from the same group, earlier seizures were the most significant
association (131).

DEAD IN BED

It has been well established that adolescents and young adults are at a small but sig-
nificant risk of sudden unexpected death, the so-called “dead-in-bed” syndrome. A
recent study from the United Kingdom examining the cause of death in people with
type 1 diabetes dying before the age of 20 yr, has suggested that “dead in bed”
accounted for up to 11% of all diabetes-related deaths and is restricted to the adoles-
cent age group (133). A similar study from Sweden found that “dead in bed” could
account for 25% of deaths in young people with type 1 diabetes (134). The precise
mechanism is not known, but a ventricular arrhythmia has been postulated as a possible
cause in view of the suddenness and unpredictability of the circumstances.

A number of studies have suggested that subclinical autonomic neuropathy may be
common even in young people with type 1 diabetes. Heart rate variability has been
shown to be decreased in young children with type 1 diabetes and there is a significant
negative correlation with age with pubertal subjects being most at risk (135,136). This
suggests an imbalance between sympathetic and parasympathetic tone, with an
increase in sympathetic activity that has been found to be a predictor for increased
mortality in patients following myocardial infarction (137). As sympathetic predomi-
nance increases, the QT interval increases. The QT interval also increases during hypo-
glycemia, either as a direct effect on the myocardium or possibly the result of
catecholamines released during counterregulation (138). Thus, it is conceivable that a
fatal ventricular arrhythmia can occur during an episode of nocturnal hypoglycemia in
a susceptible individual, such as an adolescent. Why the syndrome appears to occur
only at night needs to be clarified.

FEAR OF HYPOGLYCEMIA

There is no doubt that patients worry about the prospect of a severe episode of hypo-
glycemia (139). It has also been shown that parents of children and spouses of adults
with type 1 diabetes also worry about hypoglycemia (140–142). Although there is little
evidence that this leads to hypoglycemia-avoiding behavior, such as relaxing glycemic
control or increasing snacks, the adverse effects on quality of life should not be under-
estimated (139).
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PREVENTION

There is a tendency to associate severe hypoglycemia with intensified insulin ther-
apy, but it must be remembered that the studies documenting frequent nocturnal hypo-
glycaemia, especially, were conducted in children on conventional therapy. However,
there is little doubt that in children and adolescents with diabetes, lower HbA1c and/or
current methods of applying intensfied control increase the risk significantly
(64,132,143). The question arises as to whether hypoglycemia, both during the day and
at night, can be avoided without compromising overall glycemic control?

Avoidance of Daytime Hypoglycemia
Good hypoglycemia awareness is the best defense against a severe episode of hypo-

glycemia. Hypoglycemia awareness can be recovered by strict avoidance of hypo-
glycemia (77). Intensive patient education can lead to improved self-management
behavior and, thus, it is likely that some episodes of hypoglycemia may be avoided by
a rigorous educational approach (144). One group was able to reduce HbA1c concen-
trations with a positive decrement in episodic severe hypoglycemia by virtue of a struc-
tured intensive teaching program, focusing on patient insulin adjustment (145).

Regular snacking between meals may be necessary to reduce hypoglycemic excur-
sions after meals, while allowing sufficient prandial insulin to be given to control the
immediate postprandial blood glucose concentrations and maintain a near-normal
HbA1c (146). There is also some early evidence to indicate that replacement of basal
insulin by twice-daily isophane insulin may be beneficial, at least in adults, perhaps by
reducing the dependency on the meal insulin boluses to provide background between
meals. There is some evidence that replacing insulin by continuous subcutaneous
insulin infusion (CSII) rather than intermittent injection therapy may reduce rates of
hypoglycemia for a given HbA1c, but the evidence is clouded by patient self-selection
for CSII therapy (147) or general diabetes re-education at the time of starting the new
therapy (148).

Recently, successful islet cell transplants have been performed in a small number of
patients with extremely problematic hypoglycemia with complete palliation (149).
Long-term results of these studies will be eagerly awaited.

Avoidance of Nocturnal Hypoglycemia
Most of the studies investigating hypoglycemia prevention have focused on noctur-

nal hypoglycemia. There have been a number of studies examining the effect of dietary
intervention on the prevalence of nocturnal hypoglycemia. Most of these studies have
involved the manipulation of the bedtime snack with uncooked cornstarch being used
to provide part of the carbohydrate load. The beneficial effects have been variable.
Some studies found a decrease in the rate of nocturnal hypoglycemia, but these studies
only looked at one or two glucose concentrations overnight (150,151) or relied on self-
reporting of overnight hypoglycemia (152). Other studies have found cornstarch to be
less useful, although glucose concentrations did fall more slowly following a corn-
starch snack (22,153). In one of these studies, hypoglycemia was avoided at the
expense of hyperglycemia (22). The role of dietary fiber has also been examined with
no beneficial effects on rates of hypoglycemia found (154). One study has found that
α-glucosidase inhibitors given to patients with type 1 diabetes do have a beneficial
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effect on decreasing the frequency of nocturnal hypoglycemia, but there do not appear
to have been any further studies (155). Attention to reduced evening intermediate-act-
ing insulins after unusual duration or intensity of exercise is critical.

Probably the best approach to the avoidance of nocturnal hypoglycemia is insulin
manipulation. Splitting the evening dose of insulin such that soluble insulin is given
with the evening meal and intermediate-acting insulin before bedtime may decrease the
frequency of nocturnal hypoglycemia. In this way, the peak action of isophane insulin
is delayed until after the time of maximum insulin sensitivity overnight, between mid-
night and 3 AM. The use of subcutaneous insulin infusion both continuously and just
for the overnight period have also been found to be beneficial for both adults and chil-
dren, presumably by replacing insulin in a more physiological way (147,156,157). The
new analog insulins have also been shown to be of some benefit. Rapid-acting insulins
can decrease nocturnal hypoglycemia, possibly by causing less overinsulinization in
the early part of the night, but often at the expense of hyperglycemia in the earlier part
of the night (158–160). The novel long-acting insulins, which have a peakless action
profile over 24 h, may also be of use, but there is less published work in this area at the
time of writing and none in children (161).

CONCLUSION

There are many unresolved questions regarding the etiology, sequelae, and preven-
tion of this common acute complication of the treatment of type 1 diabetes. Definitions
of good glycemic control that do not include a statement about absence of problematic
hypoglycemia are incomplete and inadequate. The benefits of long-term good glycemic
control cannot be gainsaid, but further progress in the application of intensified dia-
betes therapy needs to be made before it can be safely applied to all patients with type
1 diabetes. Avoidance of severe hypoglycemia remains an important goal for all
patients, and perhaps especially for those under 6 yr of age.
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INTRODUCTION

Few diabetic women lived to childbearing age before the advent of insulin in
1922. Until then, less than 100 pregnancies were reported in diabetic women and
most likely these women had type 2 and not type 1 diabetes. Even with this assump-
tion, these cases of diabetes and pregnancy were associated with a greater than 90%
infant mortality rate and a 30% maternal mortality rate (1,2). As late as 1980, physi-
cians were still counseling diabetic women to avoid pregnancy (3). This philosophy
was justified because of the poor obstetric history in 30–50% of diabetic women.
Improved infant mortality rates finally occurred after 1980, when treatment strate-
gies stressed better control of maternal plasma glucose levels and once self-blood
glucose monitoring and hemoglobin A1c became available to enable better meta-
bolic control in persons with diabetes (3). As the pathophysiology of pregnancy
complicated by diabetes has been elucidated and as management programs have
achieved and maintained near normoglycemia throughout pregnancy complicated by
type 1 diabetes, perinatal mortality rates have become comparable to those of the
general population (4).
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EFFECT OF HYPERGLYCEMIA ON THE FETUS AND THE MOTHER

Fetal Complications Secondary to Maternal Hyperglycemia
If the mother has hyperglycemia, the fetus will be exposed to either sustained hyper-

glycemia or intermittent periods of hyperglycemia. Both situations prematurely stimulate
fetal insulin secretion. The Pedersen hypothesis links maternal hyperglycemia-induced
fetal hyperinsulinemia to morbidity of the infant (2). Fetal hyperinsulinemia may cause
increased fetal body fat (macrosomia) and, therefore, a difficult delivery, or cause inhi-
bition of pulmonary maturation of surfactant and, therefore, respiratory distress of the
neonate. The fetus may also have decreased serum potassium levels caused by the ele-
vated insulin and glucose levels and may, therefore, have cardiac arrhythmias. Neona-
tal hypoglycemia may cause permanent neurological damage. The maternal
postprandial glucose level has been shown to be the most important variable to impact
the subsequent risk of neonatal macrosomia (5). When the postprandial glucose levels
are maintained below 120 mg/dL 1 h after beginning the meal, the risk of macrosomia
is minimized (5).

There is an increased prevalence of congenital anomalies and spontaneous abortions
in diabetic women who are in poor glycemic control during the period of fetal organo-
genesis, which is nearly complete by 7 wk postconception. A woman may not even
know she is pregnant at this time. It is for this reason that prepregnancy counseling and
planning is essential in diabetic women of childbearing age. Because organogenesis is
complete so early on, if a woman presents to her health care team and announces that
she has missed her period by only a few days, there is still a chance to prevent cardiac
anomalies by swiftly normalizing the glucose levels. However, potential neural tube
defects are probably already established by the time the menstrual period is missed.

Glycosylated hemoglobin (HbA1c) values provide the best assessment of the degree
of chronic glycemic control, reflecting the average blood glucose concentration during
the preceding 6–8 wk. As a result, measurement of HbA1c can, in early pregnancy,
estimate the level of glycemic control during the period of fetal organogenesis. There
are two important observations in this regard: (1) HbA1c values early in pregnancy are
correlated with the rates of spontaneous abortion and major congenital malformations,
and (2) normalizing blood glucose concentrations before and early in pregnancy can
reduce the risks of spontaneous abortion and congenital malformations nearly to that of
the general population (6–12).

One report compared 110 women who were already 6–30 wk pregnant at the time of
referral, with 84 women recruited before conception and then put on a daily glucose
monitoring regimen (13). The mean blood glucose concentration was between 60 and
140 mg/dL (3.3 and 7.8 mmol/L) in 50% of the latter women. The incidence of anom-
alies was 1.2% in the women recruited before conception vs 10.9% in those first seen
during pregnancy. Very similar findings were noted in another study: 1.4% vs 10.4%
incidence of congenital abnormalities (14). Major congenital malformations, which
either require surgical correction or significantly affect the health of the child, are more
common in infants of poorly controlled diabetic mothers (15).

The increased rate of spontaneous abortion in poorly controlled diabetic women is
thought to be secondary to hyperglycemia, maternal vascular disease, including
uteroplacental insufficiency, and, possibly, immunologic factors (7,16). In addition,
animal studies suggest that hyperglycemia regulates the expression of an apoptosis
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(programmed cell death) regulatory gene as early as the preimplantation blastocyst
stage, resulting in increased DNA fragmentation (17). These findings emphasize the
importance of glycemic control at the earliest stages of conception.

Ideally, a diabetic woman would plan her pregnancy so that there is time to create an
individualized algorithm of care. When a diabetic woman presents in her first few
weeks of pregnancy, there is no time for individualization, and rather rigid protocols
must be urgently instituted to provide optimal control within 24–48 h and maintain
control thereafter.

Maternal Complications
Women with type 1 diabetes mellitus have a relatively high risk of developing dia-

betic complications before pregnancy because the onset of the disease occurred at a
young age (18). Complications include retinopathy, nephropathy, hypertension,
impaired thyroid function, neuropathy, and atherosclerosis, in rare cases. In addition,
hyperglycemia in the mother may lead to maternal complications, such as polyhydram-
nios, urinary tract infections, candidal vaginitis, recurrent spontaneous abortions, and
infertility. Because these concomitant diseases affect growth and development of the
fetus, it is all the more important to treat and control them. They can be minimized and
prevented by tight glycemic control, maintaining HbA1c measurements under 5% in
pregnant women. HbA1c values are generally lower in pregnancy because of active
hemopoiesis and hemodilution from an expanded blood volume.

RETINOPATHY

Retinopathy, the growth and deterioration of blood vessels in the retina, leads to
impaired vision and blindness. This disease is caused by poor blood circulation in the
eye and the interplay of hypoxia with endothelial growth factors as a consequence of
continually high blood glucose levels. Although pregnancy is not known to cause
retinopathy, it can exacerbate pre-existing disease in the mother (19). The study con-
ducted by Merimee et al. (20) in ateliotic dwarfs who lack growth hormone (GH)
indicated that the lack of GH may prevent diabetic retinopathy. The investigators did
not observe any retinopathy in their study group of patients completely lacking GH.
Human chorionic somatomammotropin (HCS), present in high concentrations during
pregnancy, is known to have GH-like qualities and may also contribute to the acceler-
ation of neovascularization noted in pregnant women (21). Therefore, careful oph-
thalmic evaluation and monitoring is necessary before and during pregnancy to
screen for any changes in the retina. After screening, proper treatment includes laser
therapy for proliferative diabetic retinopathy as well as improving overall glycemic
control. Because rapid return to optimal control can itself lead to progression of
worsening in retinopathic changes in pregnant women (22–25), it is imperative that
an ophthalmologist examine the patient to be able to initiate laser therapy if retinopathy
progresses (18).

NEPHROPATHY AND HYPERTENSION

Nephropathy and hypertension, common complications of poorly controlled dia-
betes, can be aggravated during pregnancy. Although the primary cause of nephropathy
is a glomerular lesion, atherosclerosis, papillary necrosis, and urinary tract infections
can also play contributing roles. Diabetic nephropathy during the first half of pregnancy
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is defined as consistent proteinuria over 300 mg/24 h without the presence of a urinary
tract infection. Creatinine clearance should be considered in prepregnancy counseling,
because levels lower than 50 mL/min indicate that hypertension may develop during preg-
nancy (26). A creatinine clearance greater than 50 mL/min (normal: 120–170 mL/min),
however, should pose no problems to the pregnancy as long as the mother keeps her blood
glucose levels (see Table 1) and blood pressure (less than 120/80 mm Hg) in the normal
ranges. In some cases, it is necessary to delay treatment of maternal nephropathy until
after delivery in order to maintain normalcy in fetal development. The growing child may
not be receiving sufficient amounts of nitrogen if the mother presents with low blood pro-
tein levels and proteinuria. Appropriate courses of action may include a high-protein diet
for the mother or even intravenous protein supplementation in extreme cases. Although
this high-protein supplementation may worsen renal disease in the mother, this treatment
is justified in order to improve the protein status of the maternal–fetal interface.

Hypertension is associated with diabetic nephropathy and is dangerous in a pregnant
woman to both her and the developing fetus. Hypertension should be well under con-
trol before considering pregnancy. Common antihypertensive agents such as
angiotensin-converting enzyme inhibitors (ACE inhibitors), as well as other medica-
tions increasing insulin resistance, should be avoided during pregnancy, as they incur
danger to the fetus. ACE inhibitors can, however, be used to treat proteinuria before the
pregnancy and discontinued before conception without any negative effects (27).
Although the best treatment for hypertension is bed rest and restriction of sodium
intake to under 4 g/d, other medications such as α-methyldopa and hydralazine may be
used if the blood pressure rises above 130/90 mm Hg (28). In addition, α-adrenergic
receptor blockers and calcium channel blockers may also be used.

THYROID DISEASE

Thyroid disease is autoimmune disease colinked with diabetes. Physiological stress
from pregnancy brings out the tendency toward thyroid disease in diabetic women.
Hypothyroidism may lead to gestational hypertension, which, in turn, causes increased
incidence of pre-eclampsia and low birth weight (29). Controlling maternal hypothy-
roidism should be a concern during pregnancy. A study by Haddow and colleagues (30)
indicates that hypothyroidism in the mother can impair the intellectual development of
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Table 1
Important Tests for Monitoring Concomitant Diseases and Glucose 

During Pregnancies Complicated by Type 1 Diabetes

Test Frequency

Eye examination Prior to conception and then once each trimester
Kidney function Prior to conception and once each trimester
Thyroid function Prior to conception and once each trimester
HbA1c Prior to conception and once a month
Self-blood glucose monitoring Premeals and 1-h postmeals

Target: capillary whole blood glucose:
Premeal < 90 mg/dL
Postmeal < 120 mg/dL

Blood pressure and weight Prior to conception and at each visit



the child. Therefore, we recommend periodical examinations to ensure normal thyroid
function (see Table 1).

Hyperthyroidism is accompanied by an overall increase in metabolic activity. This
hypermetabolic state becomes especially dangerous during pregnancy, because the
mother cannot provide sufficient nourishment for both her child and herself. Fetal
malnourishment resulting from hyperthyroidism increases the risk of fetal mortality and
reduced birth weight (31). Hyperthyroidism also increases insulin requirements and
makes blood glucose control extremely difficult. Antithyroid drugs (ATDs) are the pre-
ferred treatment in pregnant women, as opposed to radiation or surgery (32). Furthermore,
use of propylthiouracil (PTU) is recommended over methimazole and carbimazole. Com-
bined therapy of ATDs and levothyroxine is discouraged, as it will lead to hypothyroidism
and goiter in the fetus (32), because ATDs cross the placenta, whereas thyroxine crosses
the placenta poorly, or not at all, remaining bound to the increased thyroxine-binding
globulin produced in response to placental estrogen production (33). Perhaps the most
dangerous result, however, is the mother’s increased level of IgG thyrotropin receptor
antibodies (TRAb) that cross the placenta and affect fetal thyroid function in the same
way that they affect maternal function (i.e., to stimulate synthesis and secretion of thyroid
hormones) (33). PTU, which crosses the placenta, provides both suppression of thyroid
function and mild immunosuppression and, hence, is suitable for both mother and fetus.
Physicians must monitor the thyroid function in pregnant women with diabetes very
closely throughout the duration of the pregnancy, testing at least once each trimester
(see Table 1). Because the use of prenatal vitamin pills is so standardized, the iodine con-
tent consumed may induce thyroid disease, regardless of the mother’s preconception
nutritional status. Physicians should be mindful of this possibility when caring for preg-
nant diabetic women, another indication for monitoring maternal thyroid function.

NEUROPATHY AND ATHEROSCLEROSIS

Pregnant women often experience increased swelling around the wrists and ankles
because of the salt and water-retaining tendency of pregnancy-related hormones. Cases
of carpal or tarsal tunnel syndrome can aggravate pre-existing background neuropathy
into painful overt neuropathy in the hands and feet. Behavioral modification, such as
sleeping with the hands and wrists curled to improve circulation and elevating the
affected areas at night to drain fluids, can ameliorate the condition. If this proves inef-
fective, it may be necessary to surgically cut the carpal or tarsal sheaths.

Atherosclerosis is a complication of diabetes that rarely affects diabetic women in
their childbearing years because its manifestation occurs 10–15 yr after diabetes onset.
If nephropathy and hypertension are present in prepregnancy counseling and testing,
however, the physician should assess cardiac function with an exercise stress test. If
atherosclerotic heart disease is evident, pregnancy is not advised and, if attempted,
could prove fatal to both mother and child (34).

INFECTION

Special considerations in pregnancy include urinary tract infections, which are
reported in as many as 20% of diabetic pregnancies (35). Infection may lead to exag-
gerated hyperglycemia, which should be normalized to protect the fetus. The woman
with diabetes is also subject to the adverse effects of maternal infection with herpes,
toxoplasmosis, syphilis, and other infections associated with fetal morbidity and mortality.
Antibiotic therapy should be used sparingly, because the fetal serum levels could be
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significant. Antibiotics usually considered safe in pregnancy include penicillin and ery-
thromycin. Tetracycline and sulfa drugs should be avoided because of their effects on
tooth coloration and bilirubin metabolism, respectively.

RISK CLASSIFICATION BASED ON MATERNAL GLUCOSE LEVELS
AND MATERNAL VASCULAR COMPLICATIONS

Classifications of pregestational diabetes have been formulated to help the physician
predict the outcome of pregnancy for both the mother and child. The White classifica-
tion categorized diabetic women based on the mode of therapy, duration, age at onset
of diabetes, and the degree of vascular compromise of each patient at the beginning of
the pregnancy (1). This classification led to confusion, because the “B” determination
was given to both the pregnancy-related diabetes (gestational diabetes), which necessi-
tated insulin, and to the pregestational woman with fewer than 10 yr of insulin therapy.
However, as the evidence mounts that maternal normoglycemia is necessary at the time
of conception, during fetal organogenesis, and throughout gestation, newer classifica-
tions place more emphasis on maternal plasma glucose concentrations. Such a classifi-
cation should include a statement about the control of the patient, with the category of
either pregestational or gestational. Criteria for “good diabetic control” should be
plasma glucose levels equal to nondiabetic pregnant women. This should include fast-
ing blood glucose concentration of 55–65 mg/dL, average blood glucose level of 84
mg/dL, and 1-h postprandial blood glucose value of less than 120 mg/dL (5). Table 2
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Table 2
Classification of Risk Associated with Type 1 Diabetes During Pregnancy

Based on Glycemic Control, Vascular Disease, and Type of Disease

Condition Risk classification

Optimal glucose controla

No vascular disease Low
Vascular disease

Retinopathy Minimal
Neuropathy Minimal
Nephropathy Moderate
ASCVDc High

Less than optimal glucose controlb

No vascular disease High
Vascular disease

Retinopathy High
Neuropathy High
Nephropathy High
ASCVD High
a Optimal glucose control is defined as fasting blood glucose (BG) concentra-

tion of 55–65 mg/dL, average BG level of 84 mg/dL, and 1-h postprandial BG
value of <120 mg/dL (5).

b Less than optimal glucose control status is diagnosed when patient fails to
achieve optimal control.

c ASCVD, atherosclerotic cardiovascular disease.



suggests a classification of type 1 diabetes and pregnancy based on both maternal glu-
cose and maternal vascular status.

PATHOPHYSIOLOGY

Diabetogenic Pregnancy Hormones
The natural tendency of normal pregnancy hormones is to sustain elevated postpran-

dial blood glucose levels to provide nourishment to the fetus. Table 3 outlines the
sequential rise of these hormones. The first of these hormones, human chorionic
gonadotropin (hCG), does not, itself, possess diabetogenic properties. It does, however,
maintain the corpus luteum, which produces progesterone, a hormone with powerful
anti-insulin properties. Estradiol has weaker diabetogenic traits. Its full effect is diffi-
cult to determine because it is released almost simultaneously with the very potent
progesterone. The major diabetogenic hormones of the placenta are hCS, previously
referred to as human placental lactogen (hPL), and progesterone. Also, serum maternal
cortisol levels (both bound and free) are increased. At the elevated levels seen during
gestation, prolactin also has a diabetogenic effect (36).

In addition to the increasing anti-insulin hormones of pregnancy, there is also
increased degradation of insulin in pregnancy caused by placental enzymes comparable
to liver insulinases. The placenta also has membrane-associated insulin-degrading activ-
ity (37). Concomitant with the hormonally induced insulin resistance and increased
insulin degradation, the rate of disposal of insulin slows. The normal pancreas can adapt
to these factors by increasing the insulin secretory capacity up to fourfold. If the pan-
creas fails to respond adequately to these alterations, gestational diabetes develops.

Insulin Requirements
Women with type 1 diabetes must increase their insulin dosage to compensate for

these diabetogenic forces of normal pregnancy. Table 3 shows that insulin requirements
increase until wk 32, at which time they stabilize until the end of term. The exact pat-
tern of insulin dosage requirement, however, is still controversial. Many observers have
detected a decline in insulin requirement in late first trimester of diabetic pregnancies
(38). Others have shown no changes (39,40) or an increase (41–43).

Jovanovic et al. (43) have described the insulin requirements during pregnancy of a
population of well-controlled type 1 diabetic women. They reported the first-trimester
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Table 3
Diabetogenic Pregnancy-Related Hormones

Hormone Onset (in wk) Peak (in wk) Diabetogenica

Human chorionic gonadotropin (hCG) 2.3 10 0
17-Hydroxy-progesterone (17-OHP) 2.3 8 3
Estradiol (E2) 3.3 26 1
Prolactin (PRL) 5 10 2
Human chorionic somatomammotropin (hCS) 6.5 26 4
Cortisol 7 26 5
Progesterone (P4) 9.2 32 3

a Arbitrary scale indicating relative effect on insulin requirements (1 being low, 5 being high).



insulin requirement to be 0.7 U/kg/d, and 0.8 U/kg/d by the second trimester. By term,
the insulin requirement is 0.9–1.0 U/kg/d. The investigators also found that the anti-
insulin antibody titer does not affect the insulin requirement or the ability to achieve
normoglycemia (44). In another report (45), they showed that the mean insulin require-
ment during pregnancy was significantly (p < 0.05) lower in a group of diabetic women
who received human insulin compared to animal insulin.

TREATMENT OF DIABETES DURING PREGNANCY

Insulin Therapy
The normal pancreas secretes 50% of the insulin as mealtime “boluses.” This deliv-

ery may be mimicked by four injections a day of combinations of neutral protamine
Hagedorn (NPH) and regular insulin (see Table 4); however, it is possible to decrease
the number of injections to three a day if the patient is willing to time her lunch to coin-
cide with the preprogrammed insulin mid-day peak. The total daily dose of insulin is
based on the gestational week and the woman’s current pregnant body weight. After the
initial insulin calculation, the dose is adjusted for each woman until all the blood glu-
cose levels before and after each meal are normal. Six or more glucose measurements
each day may be required to optimize therapy (see Table 1).

The titration of insulin needs to blood glucose levels is based on frequent monitoring
and ensures a smooth increase of insulin as the pregnancy progresses to a higher
insulin requirement of up to 1.0 U/kg/24 h at term. Twin gestations will cause an
approximate doubling of the insulin requirement throughout pregnancy. The outpatient
visits should be frequent enough to provide the needed consultation, guidance, and
emotional support to facilitate compliance. Moreover, tests and therapy should be
appropriate for gestational age (see Table 1). The health care delivery team should put
forth an extra effort during pregnancy. Each patient should have telephone access to the
team on a 24-h basis for questions concerning therapy, and visits should be frequent
(i.e., 2 wk apart). A blood sample to measure glycosylated hemoglobin (hemoglobin
A1c), drawn at monthly intervals, helps to confirm that the home blood glucose diary
reflects the real maternal blood glucose control. Memory chips in current glucose
meters also facilitate documentation of the accuracy of home glucose measurements.
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Table 4
Initial Calculation of Insulin Therapy

Fraction of total insulin dosea

Time NPH Regular

Prebreakfast 5/18 2/9
Prelunch 1/6
Predinner 1/6
Bedtime 1/6

a Total insulin = 0.7 U times present pregnant weight
in kilograms for wk 1–18; 0.8 U times present pregnant
weight in kilograms for wk 18–26; 0.9 U times present
pregnant weight in kilograms for wk 26–36; 1.0 U times
present pregnant weight in kilograms for wk 36–40.



Rationale for the Use of Human Insulin During Pregnancy
Maternal anti-insulin antibodies may contribute to hyperinsulinemia in utero and

thus potentiate the metabolic aberrations in the fetus. Although insulin does not cross
the placenta, antibodies to insulin do cross the placenta and may bind fetal insulin; this
necessitates the increased production of free insulin to reestablish normoglycemia.
Thus, the anti-insulin antibodies may potentiate the effect of maternal hyperglycemia
to produce fetal hyperinsulinemia. Human and highly purified insulins are significantly
less immunogenic than mixed beef–pork insulins (45). Human insulin treatment has
been reported to achieve improved pregnancy and infant outcome compared to using
highly purified animal insulins (45). Recently, the insulin analog lispro (which has the
amino acid sequence in the β-chain reversed at position B28, B29) has been reported to
be more efficacious than human regular insulin to normalize the blood glucose levels in
gestational diabetic women. This insulin rapidly lowered the postprandial glucose
levels, resulting in lower glycosylated hemoglobin levels, with fewer hypoglycemic
episodes, without increasing the anti-insulin antibody levels (45). Although the safety
and efficacy of insulin lispro in the treatment of type 1 and type 2 diabetic women
throughout pregnancy is yet not reported, the following discussion helps the clinician
decide if the newer insulin’s benefit outweighs any risks.

Insulin Lispro Use During Pregnancy
POSSIBLE EFFECTS ON THE FETUS

Diamond and Kormas first questioned the safety of using insulin lispro during preg-
nancy in a letter to The New England Journal of Medicine in 1997 (46). They reported
on two patients who used insulin lispro during pregnancies and deliveries. One of these
pregnancies was terminated at 20 wk gestation and the second pregnancy resulted in a
seemingly healthy infant after elective cesarean delivery, but who subsequently died
unexpectedly 3 wk later. Both infants were discovered to have congenital abnormali-
ties, which led the authors to question whether insulin lispro might have teritogenic
effects on the fetus, in which case it should not be used during pregnancy. The report
causes concerns about insulin lispro use during pregnancy, yet it does not provide con-
clusive evidence that insulin lispro is responsible for the malformations of the infants
mentioned earlier. In fact, there is sufficient reason to doubt that insulin lispro is to
blame in the above-described cases, as these isolated case reports were not part of a
study and there was no control group. Therefore, the findings should stimulate the con-
duction of clinical trials testing the safety of insulin lispro during pregnancy, not as evi-
dence that it is unsafe.

Despite the opinion of the authors that poor glycemic control was not responsible
for the abnormalities of the infants in the above-described cases, there is insufficient
evidence to support this claim. The letter reports that HbA1c levels were determined
every 3 mo and that both women had values less than 7% at each test. However, an
HbA1c of 7% may be associated with an increased risk of fetal malformations.
Because organogenesis is complete within the first 7 wk of pregnancy (12) and women
tend to improve their glycemic control as the pregnancy progresses, an HbA1c mea-
sured at 3 mo of pregnancy is a poor reflection of the mother’s blood glucose levels at
conception and during the critical first organogenic weeks of pregnancy.

The report also indicates that both women maintained a mean blood glucose level of
less than 108 mg/dL. A pregnant woman’s target blood glucose should be less than 90
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fasting and less than 120 postprandial (47). If the women measured their fasting blood
glucose only, the reported mean is obviously too high. If postprandial measurements
were also taken into account, the mean is still too high, although less so. According to
our classification table (Table 2), these women would be categorized as being at high
risk for fetal malformations.

Throughout pregnancy, the second mother was being treated for hypertension, and if
the malformations were the result of a medication, perhaps it is unfair to single out
insulin lispro. In spite of the medication history, the malformations reported are more
indicative of poor glycemic control. Situs inversus, one of the abnormalities in the first
infant, occurs almost exclusively in children of mothers with diabetes (48).

During the initial clinical trials testing insulin lispro, pregnant women were
excluded. However, some participants became pregnant unexpectedly during the trials
and 19 infants were born by these mothers who were using insulin lispro. Of these
births, one child had a right dysplastic kidney, but the other 18 were healthy (49).

Jovanovic and associates (50) designed a controlled, randomized study in order to
compare the immunologic effects of insulin lispro vs regular human insulin when used
during gestational diabetes. A group of 42 women with gestational diabetes was randomly
divided into 2 groups based on the type of insulin they would use during the study. The
two groups showed similar results of rates of cesarean deliveries and length of pregnancy
at delivery, and all of the infants born in both groups were healthy. When compared to the
regular human insulin group, the insulin lispro group did not show a larger increase of
lispro-specific antibodies or insulin-specific antibodies. Umbilical cord blood was ana-
lyzed for traces of insulin lispro, but none was found. This is true for the women who
received their last dose of lispro hours prior to delivery and for the four women who
received lispro during delivery. This outcome suggests that insulin lispro does not cross
the placenta. Although these findings emanate from studies in gestational diabetes, there
is no reasonable basis that a study done with pregnant type 1 women would generate dif-
ferent results. Insulin aspart and insulin glargine have not been studied in a large clinical
trial in pregnancies complicated by type 1 diabetes.

Possible Effects of Lispro on the Mother
The safety of insulin lispro use in pregnant women was brought to the forefront

again in 1999 (51). Three instances were reported in which pregnant diabetic women
with no previously detected background of diabetic retinopathy quickly developed pro-
liferative diabetic retinopathy while using insulin lispro. Although the authors
acknowledge that further research needs to be conducted in a controlled study, the
report questioned whether insulin lispro could have some action that makes it responsi-
ble for the onset of retinopathy in the above cases. It should be noted, however, that all
three women had at least three pre-existing risk factors for retinopathy development
regardless of the type of insulin they used: pregnancy, “significant accelerated reduc-
tion of HbA1c,” and diabetes duration of greater than 6 yr (52). In addition, although
the interaction between insulin lispro and the growth promoting factor IGF-1 is not
fully understood (51), it is not probable that different insulin types behave differently
in this regard (53). A report on 16 pregnant women with type 1 and type 2 diabetes who
used insulin lispro and 21 who used regular insulin showed that in both groups com-
bined, none of the 6 women with retinopathy at the beginning of pregnancy had further
deterioration of the retina, and the other women had no signs of retinopathy at any time
during or surrounding pregnancy (53). There were no new cases of progression of
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retinopathy in either group. Thus, there is insufficient evidence to identify insulin lispro
as responsible for retinal deterioration.

Dietary Prescription and Monitoring
The goal of dietary management for the type 1 diabetic woman is to maintain nor-

moglycemia (54). Moreover, in the type 1 diabetic woman, the food and the insulin
must match. The diet shown in Table 5 demonstrates a frequent small-feedings sched-
ule designed to avoid postprandial hyperglycemia and preprandial starvation ketosis, as
well as to promote an average weight gain of 12.5 kg in accord with the Committee on
Maternal Nutrition (55). In the obese type 1 diabetic woman (>120% of ideal body
weight), fewer calories per kilogram of total pregnant weight are needed to prevent
ketosis yet provide sufficient nutrition for the fetus and mother (about 24 kcal/kg/24 h).
Recently, it has been reported that when overfeeding of the pregnant woman com-
pletely suppresses ketone production, there is an increased risk of macrosomia (56).

Glycosylated Hemoglobin Determinations
Glycosylated hemoglobin levels are not sensitive enough to detect minor elevations

of glucose and cannot be used as a screening tool for gestational diabetes; however, the
glycosylated hemoglobin levels can be used as a monitor of “control” (6,54). Monthly
determinations (see Table 1) can reinforce the patient’s records and are useful when the
patient sees her own trends compared with her starting glycosylated hemoglobin level.
Treatment decisions should be based solely on the self-monitored glucose levels, com-
plemented by double-checking of this value with a laboratory standard.

The best way to use glycosylated hemoglobin in pregnancy is to create “pregnancy
norms.” Because the mean plasma glucose level is about 20% lower in pregnancy, the gly-
cosylated hemoglobin levels in normal pregnancy are about 20% lower than nonpregnant
levels. Achieving a glycosylated hemoglobin within 6 standard deviations above the mean
of nondiabetic women decreases the rates of retinopathy progression (57), spontaneous
abortion, and birth defects to near that of the general population (9–11,57). Therefore,
optimal therapy demands that normoglycemia be achieved before conception, because
most of fetal organogenesis is complete by the seventh or eighth week of gestation (12).

TIMING OF DELIVERY

When pregnancy is complicated by hyperglycemia, the risk of stillbirth increases as
term approaches (58). In an attempt to decrease these losses, obstetricians have delivered
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Table 5
Diet Calculation for Women 80% to 120% of Ideal Body Weight

Time Meal Fraction (kcal/24 h) % of daily carbohydrate allowed

8:00 AM Breakfast 2/18 10
10:30 AM Snack 1/18 5
12:00 noon Lunch 5/18 30
3:00 PM Snack 2/18 10
5:00 PM Dinner 5/18 30
8:00 PM Snack 2/18 5
11:00 PM Snack 1/18 10



such pregnancies electively between 35 and 38 wk of gestation. However, this approach
may have caused significant neonatal morbidity because of prematurity and hyaline
membrane disease (59).

Neonatal morbidity can be markedly reduced if delivery is delayed until pulmonary
maturity is documented (59). Eighty percent of preterm infants have some form of
morbidity, compared with 40% of term infants (60). Therefore, watchful waiting is
warranted after the 36th wk of gestation and should be continued as long as maternal
normoglycemia is maintained and as long as the fetus remains stable, as documented
by antepartum heart rate testing every 2–3 d and daily fetal movement records.
Because programs of normoglycemia are relatively new and because tools for fetal sur-
veillance are improving rapidly, a protocol for optimal fetal surveillance remains to be
worked out. At least two sonograms are useful during pregnancy (at 22 and 32 wk) to
document gestational age and to diagnose defects (61).

In pregnancies in which glucose control has been less than optimal, the lecithin/sphin-
gomyelin (L/S) ratio of the amniotic fluid should be assessed at 36 or 37 wk of gestation;
patients with documented good control do not need early delivery, and there is no need
for an amniocentesis (58). The presence of phosphatidylglycerol in the fluid indicates
pulmonary maturity (59,62). The fetus with documented pulmonary maturity and poor
results on fetal surveillance protocols should be delivered immediately. In the pregnancy
in which glucose control is documented to be normal by six daily blood glucose self-
determinations and monthly normal glycosylated hemoglobin tests, the woman should
be allowed to go to term, as long as the fetal surveillance tests are normal.

INSULIN AND GLUCOSE TREATMENT DURING LABOR

With improvement in antenatal care, intrapartum events play an increasingly crucial
role in the outcome of pregnancy (60,63). The artificial β-cell may be used to maintain
normoglycemia during labor and delivery, but normoglycemia can be maintained easily
by subcutaneous injections (62,64). Before active labor, insulin is required and glucose
infusion is not necessary to maintain a blood glucose level of 70–90 mg/dL. With the
onset of active labor, insulin requirements decrease, often to zero, and glucose require-
ments are relatively consistent at 2.55 mg/kg/min. From these data, a protocol for sup-
plying the glucose needs of labor has been developed.

In cases of the onset of active spontaneous labor, insulin is withheld and an intra-
venous dextrose infusion is begun at a rate of 2.55 mg/kg/min. If labor is latent, normal
saline is usually sufficient to maintain normoglycemia until active labor begins, at
which time, dextrose is infused at 2.55 mg/kg/min. Blood glucose is then monitored
hourly, and if it is below 60 mg/dL, the infusion rate is doubled for the subsequent
hour. If the blood glucose rises to more than 120 mg/dL, 2–4 U of regular insulin are
given subcutaneously each hour until the blood glucose level is 70–90 mg/dL and is
titrated to the target infusion rate of 2.55 mg/kg/min as active labor is achieved. In the
case of an elective cesarean section, the bedtime dose of NPH insulin is repeated at
8 AM on the day of surgery and every 8 h if the surgery is delayed. A dextrose infusion
may be started if the plasma glucose level falls below 60 mg/dL.

POSTPARTUM

Maternal insulin requirements usually drop precipitously postpartum and these require-
ments may be decreased for 48–96 h postpartum. Insulin requirements should be recalcu-
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lated at 0.6 U/kg based on the postpartum weight and should be started when the 1-h post-
prandial plasma glucose value is above 150 mg/dL or the fasting glucose level is greater
than 100 mg/dL. The postpartum caloric requirements are 25 kcal/kg/d, based on postpar-
tum weight. For women who wish to breast feed, the calculation is 27 kcal/kg/d and insulin
requirements are 0.6 U/kg/d. The insulin requirement during the night drops dramatically
during lactation, owing to the glucose siphoning into the breast milk. Thus, the majority of
the insulin requirement is needed during the daytime to cover the increased caloric needs of
breast-feeding. Normoglycemia should especially be prescribed for nursing diabetic
women, because hyperglycemia elevates milk glucose levels (65).

NEONATAL CARE

If blood glucose concentration is normalized throughout pregnancy in a woman with
diabetes, there is no evidence that excess attention need be paid to her offspring. How-
ever, if normal blood glucose level has not been documented throughout pregnancy, it
is wise to monitor the neonate in an intensive care situation for at least 24 h postpar-
tum. The blood glucose level should be monitored hourly for 6 h. If the neonate shows
no signs of respiratory distress, hypocalcemia, or hyperbilirubinemia at 24 h after
delivery, discharge to the normal nursery can be safely performed (53).

CONCLUSION

With the advent of tools and techniques to maintain normoglycemia before, during,
and between all pregnancies complicated by diabetes, infants of diabetic mothers now
have the same chances of good health as those infants born to the nondiabetic woman.
Animal and human studies clearly implicate glucose as the teratogen. In the Boston
experience, hyperglycemia in the first trimester was associated with a 23% incidence of
major malformations; in the East German experience, the malformation rate associated
with a first-trimester elevated glycohemoglobin was 15.8% (7,8). In this study, when
the glucose was normalized before conception, the malformation rate dropped to 1.6%.
These studies and others emphasize the need for preconceptional programs to achieve
and maintain normoglycemia (66,67).

The morbidity and subsequent development of the infant of the diabetic mother is
associated with hyperglycemia (68). Neonatal macrosomia, hyperinsulinemia, and
hypoglycemia improve after maternal glucose is normalized. The authors’ series of 53
infants born to 52 type 1 diabetic women who maintained normoglycemia yielded 53
normal infants (69). Therefore, the goal for all pregnancies complicated by diabetes is
to achieve and maintain normoglycemia.
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Advances in the treatment of type 1 diabetes (T1DM) have allowed people with this
disease to live longer. Aggressive treatment of complications and the widespread use of
renal transplantation and coronary artery bypass grafting have substantially improved
quality of life. Consequently, the number of people with T1DM who require elective
and emergency surgery has increased.

Surgery and anesthesia affect glucose homeostasis in a variety of ways. Surgery
leads to catabolism with hyperglycemia, a decrease in insulin action, and an increased
risk of ketoacidosis. It is associated with an increased risk of infection and a period of
starvation. The effects of these processes on glucose concentration can be dramatic if
not compensated for by an increase in insulin secretion, as is indeed the case in T1DM.

Management of the surgical patient with T1DM is therefore complex and needs to
take into account the nature and severity of the surgical intervention, as well as the
presence of diabetic complications or other concurrent illnesses present in the patient
undergoing the procedure. Preoperative stabilization of glucose concentrations is ideal
but is not possible in emergency surgery and is becoming less practical in an environ-
ment of cost containment with increasing emphasis on shorter hospital stays.

Therefore, the goals of perioperative management of a person with T1DM is to min-
imize the risk of ketoacidosis, severe hyperglycemia, or hypoglycemia as well as to
facilitate wound healing without prolonging hospitalization.
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METABOLIC CONSEQUENCES OF SURGERY IN TYPE 1 DIABETES

Surgery and, to a lesser extent, general anesthesia represent major stress with the
release of adrenocorticotropic hormone (ACTH), cortisol, growth hormone, cate-
cholamines, and glucagon. The magnitude of these counterregulatory responses is
related to the severity of surgery (1–3) and the presence of complications such as sepsis.

In normal subjects, anabolism and catabolism are balanced by a complex interplay
between the catabolic “stress” hormones and insulin, the major anabolic hormone.
Despite adequate anesthesia, surgery alters carbohydrate metabolism, increases lipolysis,
and causes catabolism of tissue protein (4,5). In T1DM endogenous insulin secretion is
minimal or absent and, therefore, surgical stress in the presence of a relative or absolute
insulin deficiency can lead to unopposed catabolism and, potentially, ketoacidosis.

The loss of body nitrogen after surgery is considered to be a normal response to stress,
with nitrogen losses being  in proportion to the degree of trauma. Protein turnover as
measured by 14C-leucine flux before and after uncomplicated abdominal surgery consis-
tently demonstrates a decreased flux after operation that is primarily the result of a
decrease in protein synthesis with an unchanged rate of protein breakdown (5–7).

Hyperglycemia attributed to the concomitant hypersecretion of catecholamines,
glucagon, and cortisol has even been described in nondiabetic humans during periods
of severe surgical or medical stress (8–10). Routine abdominal surgery such as hys-
terectomy raises plasma epinephrine and norepinephrine concentrations threefold (11).
Elevation of these individual hormones does not cause marked alterations in fasting
plasma glucose concentrations in normal subjects. However, a simultaneous infusion of
all three hormones at concentrations that reproduce circulating levels occurring in
major illness causes marked hyperglycemia in healthy volunteers (12).

Increases in plasma epinephrine concentrations correlate with severity of stress
(13,14) and can rise to concentrations that produce peripheral lipolysis, elevated
plasma glucose and lactate, as well as inhibit insulin secretion in normal subjects
(15,16). During surgery in otherwise healthy patients, cortisol and growth hormone are
also significantly elevated. Together with a decrease in insulin levels, this can result in
mild hyperglycemia in the perioperative period (17).

Epinephrine infusion produces a transient increase in endogenous glucose produc-
tion (EGP) together with decreased peripheral glucose uptake. Epinephrine is an
important hormonal signal for muscle glycogen mobilization and stimulates lipolysis
(18). Infusion of glucagon and epinephrine simultaneously has an additive, albeit tran-
sient, effect on EGP, but a sustained, additive, and negative effect on peripheral glucose
uptake. When epinephrine, cortisol, and glucagon are infused together, there is a sus-
tained and marked increase in EGP, with a concomitant decrease in peripheral glucose
uptake (12).

The decrease in insulin secretion produced by surgery in healthy humans is not
accompanied by a parallel fall in glucagon concentrations. This leads to a fall in the
insulin : glucagon ratio, which further favors hepatic glycogenolysis and gluconeogen-
esis. Plasma ACTH concentrations and, consequently, cortisol concentrations rise after
patients are initially reversed from anesthesia, but these hormone concentrations gradu-
ally decrease during the recovery period to within the normal range by the morning of
the first postoperative day (19). Although epidural anesthesia is associated with a
decreased hyperglycemic response to surgery (20), this cannot be attributed to
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increased insulin secretion as compared with general anesthesia but rather to less coun-
terregulatory stress hormone secretion (21).

Surgery is associated with insulin resistance that persists for 2–3 wk after uncompli-
cated abdominal surgery (22). However, postoperative insulin resistance can be over-
come provided sufficient insulin is infused to maintain euglycemia (23). Perioperative
infusion of insulin and glucose maintains normal insulin sensitivity after uncomplicated
abdominal surgery (24). Surgery causes a decrease in insulin-stimulated translocation
of glucose transporter (GLUT)-4 in skeletal muscle as well as defective nonoxidative
glucose disposal at the level of glycogen synthesis (25). Interestingly, preoperative oral
or intravenous administration of carbohydrate reduces postoperative peripheral insulin
resistance (26,27). This is associated with increased postoperative glucose oxidation
and decreased fatty acid oxidation (28). Lipolysis can adversely affect insulin action by
increasing the availability of nonesterified fatty acids (NEFAs) for participation in the
glucose–fatty acid cycle. Plasma NEFAs are significantly elevated by surgical stress;
administration of insulin does not suppress NEFA concentrations to the degree seen in
unoperated subjects.

In rats undergoing laparotomy under ether anesthesia, neither glucose uptake nor
lactate output is significantly increased compared to unoperated controls (29).
Although subsequent glucose administration causes hyperglycemia in the surgically
stressed rat, hepatic glucose output suppresses to an equal degree as in the control
unstressed animals. Surgical stress is associated with increased blood lactate concen-
trations and decreased peripheral glucose uptake. Pyruvate dehydrogenase (PDH)
activity is markedly decreased by laparotomy and is not restored by the administration
of glucose alone, but it is restored by the concurrent administration of glucose plus
insulin. Inhibition of peripheral lipolysis by the addition of 5-methylpyrazole-3-car-
boxylic acid restores the response of PDH activity to insulin administration, suggesting
a role of NEFA in the pathogenesis of decreased insulin action after surgery (29).

EVALUATION OF PATIENTS WITH TYPE 1 DIABETES 
PRIOR TO SURGERY

The assessment of patients with T1DM prior to surgery centers on the preoperative
optimization of glycemic control as well as identification and treatment of diabetic
complications that may affect the surgical management as well as its successful out-
come. The previous practice of routine preoperative admission is no longer tenable in
current health care practice. However, outpatient assessment is not necessarily a poorer
substitute.

The history provides essential information such as the presence of complications,
duration of diabetes, adherence to treatment, and hypoglycemia unawareness. A com-
plete and accurate drug history will allow the physician to rationalize management and
decide which drugs need to be discontinued during hospitalization and which drugs
may affect operative risk or mask the symptoms of hypoglycemia. Additional therapy
such as β-blockade may be indicated perioperatively.

The goals of glycemic control at this time are to provide reasonable control of blood
glucose and therefore prevent unrestrained catabolism and ketoacidosis while avoiding
hypoglycemia, which may have disastrous consequences in the unconscious patient. Most
patients with T1DM now use intensive insulin therapy with multiple daily injections
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(MDI) or continuous subcutaneous infusion. Inspection of the patient’s diabetic record (and
glycosylated hemoglobin) allows assessment of the adequacy of insulin replacement in the
fasting, nonexercising state and the frequency with which fasting blood glucose is in an
acceptable range. Frequent glucose monitoring is especially important at this time.

Attention to the systems affected by diabetes is essential, most notably the circulatory
and autonomic nervous systems. Autonomic neuropathy is associated with sudden death
(30) in the perioperative setting as well as a greater need of intraoperative pressors (31)
to maintain blood pressure. The presence of cardiac dysautonomia is associated with
impaired cardiovascular responses to hypotension and anesthesia induction (32).

Patients with T1DM are at increased risk of hypothyroidism and adrenal insuffi-
ciency, in isolation or as part of a polyglandular autoimmune endocrinopathy (33–35).
Recognition of either condition is important prior to operation.

Cardiac risk management prior to surgery is a controversial subject, especially in
T1DM, where cardiovascular disease may be silent or present in an atypical manner. How-
ever, surgical risk can be stratified using established risk factors (36,37) to identify patients
at high risk of perioperative cardiac events. Patients thus identified could subsequently
undergo specific investigation as indicated. However, there is little consensus regarding the
approach to adopt when severe, correctable coronary artery disease is identified.

Decreased cardiac morbidity can be achieved by prophylactic coronary artery
bypass grafting (CABG), a procedure associated with significant morbidity and mortal-
ity (38–40). There are little data regarding the value of percutaneous transluminal coro-
nary angioplasty (PTCA) in this setting (41) and the long-term results of PTCA in
patients with diabetes are disappointing (42,43). Perioperative β-blockade significantly
decreases the risk of cardiovascular events in high-risk patients (44,45) and may be the
ideal intervention prior to elective surgery in the patient with T1DM at moderate to
high risk of perioperative cardiovascular events.

MANAGEMENT OF PATIENTS WITH TYPE 1 DIABETES 
DURING SURGERY

Optimal management of diabetes during surgery requires reliable, frequent blood
glucose monitoring as well as timely and appropriate insulin replacement to maintain
blood glucose in an acceptable range while avoiding ketoacidosis. The actual regimen
adopted depends on the nature of the surgical procedure, expected duration of fasting,
as well as the pre-existing insulin regimen. For example, for a patient using an MDI
program who is due to undergo cataract extraction, diabetes could be managed by con-
tinuing long-acting insulin preparations while omitting the shorter-acting preparations
taken with meals. (see Table 1).

On the other hand, more complex strategies are necessary for operations requiring
prolonged anesthesia and subsequent delay in oral intake. Ideally, care of patients with
T1DM undergoing surgery should be supervised by a team with expertise in the man-
agement of T1DM (46).

A “no insulin – no glucose” regimen enjoyed some currency because of the demon-
stration of minimal loss of glucose control in T1DM treated with this regimen (47).
However, although starvation may decrease blood glucose, ketone concentrations rise
rapidly, as do NEFAs and other indices of catabolism (48).

The introduction of continuous intravenous insulin therapy for the treatment of dia-
betic ketoacidosis (49) led to its application for the treatment of T1DM during surgery
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and other diabetic emergencies (50–52). Taitelman et al. demonstrated improved
glycemic control with continuous intravenous insulin infusion, together with glucose
over conventional subcutaneous administration of neutral protein Hagedorn (NPH)
insulin (52). Similarly, adoption of continuous intravenous insulin infusion for patients
with T1DM undergoing renal transplant provided effective glycemic control as com-
pared to patients treated with subcutaneous insulin (53). In the operative setting, absorp-
tion of insulin from subcutaneous tissues is likely to be slow, erratic, and unpredictable,
secondary to the poor perfusion of these regions in the patient undergoing surgery (54).

The closed-loop “artificial β-cell” or Biostator™ is able to monitor blood glucose
continuously and adjust insulin and/or glucose delivery to maintain blood glucose
within preset limits. It has been used with some success in patients undergoing CABG
(55,56). However, the Biostator is expensive, complex, and labor intensive. It utilizes a
double-lumen peripheral-venous sampling line, which is prone to disruption during
procedures, leading to submaximal insulin delivery. Furthermore, conventional open-
loop insulin delivery is associated with better intraoperative glycemic control in
patients with T1DM (57).

Simultaneous infusion of glucose, potassium, and insulin (GKI) has been advocated
because of its simplicity and (theoretically) a decreased risk of hyperglycemia or hypo-
glycemia as compared to separate-line systems (46,48,58,59). However, infusion of
glucose and insulin in a fixed ratio does not allow flexibility in dose adjustment in
patients who are hyperglycemic or have high insulin requirements preoperatively.
Patients with underlying renal disease or who are receiving an angiotensin-converting
enzyme inhibitor are at risk of hypercalemia when receiving intravenous potassium.
Prolonged GKI infusion may cause dilutional hyponatremia requiring concomitant
infusion of 0.9% saline in these situations.

Separate continuous insulin and glucose infusions are now the standard of therapy,
coupled with frequent (hourly or two-hourly) monitoring of plasma glucose (see Table 2).
Infusions are adjusted to allow adequate insulin infusion rates (preventing unrestrained
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Table 1
Management of Type 1 Diabetes Mellitus in the Patient Undergoing Elective Surgery

Minor surgery Major surgery

Laboratory Complete blood count + Glyco-Hb Complete blood count + Glyco-Hb
investigation Na+, K+, and creatinine Na+, K+, and creatinine

APTT/INR if indicated APTT/INR if indicated
EKG/lipid profile indicated

Glycemic Establish intravenous access Establish intravenous access
management Glucose monitoring as indicated Glucose monitoring as indicated

Omit short-acting insulin preparations Antibiotic prophylaxis as 
appropriate

Use basal insulin provided by Use basal insulin replacement 
long-acting insulin or CSII provided by long-acting insulin

or CSII or intravenous insulin
infusion if indicated

Potassium replacement

APTT/INR, activated partial thromboplastin time/international normalized ratio; CSII, continuous
subcutaneous insulin infusion.



tissue catabolism and ketoacidosis) while maintaining plasma glucose in the 100- to
200-mg/dL (5.5–11.1 mmol/L) range.

Insulin infusion can be kept relatively constant once a proper “basal” rate has been
determined by serial measurements of glucose concentrations. Subcutaneous injections
of small doses of rapidly acting insulin can then be utilized to fine-tune glucose con-
centrations. Another approach is to continue long-acting insulin such as Ultralente™
while omitting short-acting insulin that is generally used with meal ingestion. Simi-
larly, in the patients who receive two injections of NPH or Lente™ insulin, the dose
can be reduced by approx 50% to create pseudobasal insulin coverage with regular
insulin being given at regular intervals to maintain blood glucose in a (predetermined)
goal range. The rationale for such programs is to ensure that adequate basal insulin
concentrations are present at all times. If glucose concentrations rise or fall, then basal
insulin coverage needs to be increased or decreased.

The principles of intravenous fluid management in the patient with T1DM are iden-
tical to those in the nondiabetic patient. Care must be taken to ensure adequate potas-
sium replacement and to avoid lactate-containing intravenous fluids, as these could
potentially raise blood glucose by conversion of lactate (60).

A significant proportion of patients undergoing open-heart surgery have diabetes
mellitus. The management of diabetes in this setting is complicated by the difficulties
in achieving and maintaining reasonable glycemic control. These arise because of the
severe degree of insulin resistance that occurs in this setting as well as the use of glu-
cose containing “priming” solutions at induction of cardiac bypass (61–65). A high
intraoperative glucose load produces marked hyperglycemia during the hypothermic
phase of CABG in nondiabetic humans (66).

The insulin resistance during CABG has been attributed to the severe degree of
trauma, the induction of hypothermia, as well as the effects of inotropes on glucose
metabolism. Insulin requirements change rapidly and dramatically during open-heart
surgery and are highest in the immediate postoperative period (57,66). Intravenous
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Table 2
Insulin Infusion Algorithm Utilized in the Management 
of Patients with Type 1 Diabetes Undergoing Surgery

Blood or plasma 
glucose (mg/dL) iv infusion rate (mL/h) Insulin infusion rate (U/h)

>400 8 8
351–400 6 6
301–350 4 4
250–300 3 3
200–249 2.5 2.5
150–199 2 2
120–149 1.5 1.5
100–119 1 1
70–99 0 0
<70 0 0

Note: The insulin administered consists of a standard solution of insulin (250 U of regular
insulin in 250 mL of 0.45% sodium chloride) delivered by means of an infusion pump.



insulin and frequent glucose monitoring are required in this setting to prevent uncon-
trolled hyperglycemia. Therapy with GKI is not appropriate in this setting.

Sternal wound infections and sternal dehiscence are more common in patients with
diabetes. Dehiscence is more likely to occur in patients with diabetes who have under-
gone bilateral internal mammary artery bypass grafting (67,68). Optimal glycemic con-
trol at the time of surgery should decrease the risk of sternal infection (69,70).

MANAGEMENT OF PATIENTS WITH TYPE 1 DIABETES DURING
EMERGENCY SURGERY

Patients with T1DM require emergency surgery with the same frequency as does the
general population. Most surgery can be postponed long enough to optimize metabolic
status prior to surgery, but this may not always be possible.

Rarely, ketoacidosis may present with abdominal pain that disappears with appropri-
ate treatment (71–73). Conversely, a silent intra-abdominal catastrophe may present
with metabolic decompensation and should be considered in the differential diagnosis
of unexplained ketoacidosis. A common error in the management of a patient with
T1DM who is nauseated and has poor oral intake is to completely withhold insulin
therapy. The adoption of MDI programs and increased patient and physician education
should decrease the frequency with which this error is made.

Although there is no time for an extensive evaluation of the patient with T1DM prior
to emergency surgery, a complete physical examination and history are essential. The
insulin regimen followed by the patient is important in determining the subsequent man-
agement of the patient. Intravenous delivery of insulin will have to account for subcuta-
neous injection of insulin in the hours prior to the procedure (see Tables 3 and 4).

Appropriate laboratory investigation should include electrolytes, urea, and creatinine as
well as measurement of plasma β-hydroxybutyrate and an assessment of acid–base status.
An elevated serum amylase is commonly present in ketoacidosis and does not necessarily
imply the presence of pancreatitis (74,75). Infection and sepsis are potentially serious
complications in people with T1DM and require careful evaluation. Early and appropriate
intravenous antibiotic therapy may be life-saving in these settings (see Table 4).
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Table 3
Management of Type 1 Diabetes in the Patient Undergoing Unplanned Minor Surgery

Laboratory investigation
Complete blood count + Glyco-Hb
Na+, K+, and creatinine
APTT/INR if indicated
EKG if indicated

Glycemic management
Establish intravenous access
Establish last time of administration and nature of insulin administered
Glucose monitoring as indicated
Omit short-acting insulin preparations
Use basal insulin replacement provided by long-acting insulin or CSII or intravenous insulin 

infusion if indicated

APTT/INR, activated partial thromboplastin time/international normalized ratio; CSII, continuous sub-
cutaneous insulin infusion.



CONCLUSION

The management of patients with T1DM during surgery requires careful attention to
detail and continuous monitoring by a multidisciplinary team experienced in the care
of patients with T1DM. With appropriate insulin replacement as well as careful moni-
toring to avoid hyperglycemia or hypoglycemia, there is no reason why outcomes in
patients with T1DM undergoing surgery should be any different from unselected
patients undergoing identical surgical procedures.
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IV LONG-TERM COMPLICATIONS

OF TYPE 1 DIABETES





INTRODUCTION

Type 1 diabetes is, by far, the most common serious metabolic disorder in children.
Type 1 diabetes is characterized by hyperglycemia, an absolute lack of insulin, and the
development of diabetes-specific microvascular pathology in the retina, renal glomeru-
lus, peripheral nerve, and macrovascular changes in the arteries. As a consequence of
this microvascular pathology, diabetes is now the leading cause of new blindness in
people age 20–74 yr and the leading cause of end-stage renal disease. Patients with dia-
betes are the fastest growing group of recipients for renal dialysis and transplantation.
The life expectancy for patients with diabetic end-stage renal failure is only 3 or 4 yr.
Over 60% of patients with diabetes are affected by neuropathy, which includes distal
symmetrical polyneuropathy, mononeuropathies, and a variety of autonomic neu-
ropathies causing erectile dysfunction, urinary incontinence, gastroparesis, and noctur-
nal diarrhea. Accelerated lower extremity arterial disease in conjunction with
neuropathy makes diabetes account for 50% of all nontraumatic amputations in the
United States. The risk for developing cardiovascular complications is increased
twofold to sixfold in subjects with diabetes (1). Life expectancy is about 7–10 yr
shorter than for people without diabetes (2).

Epidemiological studies show a strong relationship between glycemia and diabetic
complications in type 1 diabetes (3). There is a continuous, although not linear, rela-
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tionship between level of glycemia and the risk of development and progression of
complications (4,5). This chapter integrates the vast amount of data about specific
mechanisms by which hyperglycemia may damage diabetic blood vessels into a coher-
ent, unified perspective. After discussing each known major mechanism of hyper-
glycemia-induced vascular damage, recent data are presented showing that these
different pathogenic mechanisms all reflect a single hyperglycemia-induced process.
The chapter concludes with a brief consideration of the prospects for mechanism-based
pharmacologic intervention.

SHARED PATHOPHYSIOLOGIC FEATURES 
OF DIABETIC COMPLICATIONS

In the retina, glomerulus, vasa nervorum, and artery, diabetes-specific vascular dis-
ease is characterized by similar pathophysiologic features.

Requirement for Intracellular Hyperglycemia
Clinical and animal model data indicate that chronic hyperglycemia is the central ini-

tiating factor for all types of diabetic microvascular disease. Duration and magnitude of
hyperglycemia are both strongly correlated with the extent and rate of progression of
diabetic microvascular disease. In the Diabetes Control and Complications Trial
(DCCT), for example, type 1 diabetic patients whose intensive insulin therapy resulted in
HbA1c levels 2% lower than those receiving conventional insulin therapy had a 76%
lower incidence of retinopathy, a 54% lower incidence of nephropathy, and a 60% reduc-
tion in neuropathy (3). Similarly, several studies have shown that glycohemoglobin A1 is
an independent risk factor for cardiovascular disease (6,7) in type 1 diabetes. Intimal-
medial thickness (IMT) of the carotid artery, which is strongly correlated with coronary
heart disease (CHD), was demonstrated to be increased in type 1 diabetes (8,9).

Although all cells in a person with diabetes are exposed to elevated levels of plasma
glucose, hyperglycemic damage is limited to those cell types, such as endothelial cells,
that develop intracellular hyperglycemia. Endothelial cells develop intracellular hyper-
glycemia because, unlike most other cells, they are unable to downregulate glucose
transport when exposed to extracellular hyperglycemia. As illustrated in Fig. 1, vascu-
lar smooth muscle cells, which are not damaged by hyperglycemia, show an inverse
relationship between extracellular glucose concentration and subsequent rate of glu-
cose transport measured as 2-deoxyglucose uptake (Fig. 1A). In contrast, vascular
endothelial cells show no significant change in subsequent rate of glucose transport
after exposure to elevated glucose concentrations (Fig. 1B) (10). That intracellular
hyperglycemia is necessary and sufficient for the development of diabetic pathology is
demonstrated by the fact that overexpression of the glucose transporter (GLUT)-1 glu-
cose transporter in mesangial cells cultured in a normal glucose milieu mimics the dia-
betic phenotype, inducing the same increases in collagen type IV, collagen type I, and
fibronectin gene expression as diabetic hyperglycemia (11).

Abnormal Endothelial Cell Function
Early in the course of diabetes, before structural changes are evident, hyperglycemia

causes abnormalities in blood flow and vascular permeability in the retina, glomerulus,
peripheral nerve vasa nervorum (12,13), and arterial endothelium (14). The increase in
blood flow and intracapillary pressure is thought to reflect hyperglycemia-induced
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decreased nitric oxide production on the efferent side of capillary beds and, possibly,
an increased sensitivity to angiotensin II. As a consequence of increased intracapillary
pressure and endothelial cell dysfunction, retinal capillaries exhibit increased leakage
of fluorescein and glomerular capillaries have an elevated albumin excretion rate.
Comparable changes occur in the vasa vasorum of the peripheral nerve and arterial
endothelium (15). Early in the course of diabetes, increased permeability is reversible,
but as time progresses, it becomes irreversible.

Increased Vessel Wall Protein Accumulation
The common pathophysiologic feature of diabetic microvascular disease is progres-

sive narrowing and eventual occlusion of vascular lumina, which results in inadequate
perfusion and function of the affected tissues. Early hyperglycemia-induced microvas-
cular hypertension and increased vascular permeability contribute to irreversible
microvessel occlusion by three processes. The first is an abnormal leakage of periodic
acid–Schiff (PAS)-positive, carbohydrate-containing plasma proteins, which are
deposited in the capillary wall and may stimulate perivascular cells such as pericytes
and mesangial cells to elaborate growth factors and extracellular matrix. The second is
extravasation of growth factors such as transforming growth factor-β1 (TGF-β1), which
directly stimulate overproduction of extracellular matrix components (16). The third
pathologic process is hypertension-induced stimulation of pathologic gene expression
by endothelial cells and supporting cells, which include growth factors, growth factor
receptors, extracellular matrix components, and adhesion molecules that can activate
circulating leukocytes (17). The observation that unilateral reduction in the severity of
diabetic microvascular disease occurs on the side with ophthalmic or renal artery
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Fig. 1. Lack of downregulation of glucose transport in cells affected by diabetic complications. (A)
2-deoxyglucose uptake in vascular smooth muscle cells pre-exposed to either 1.2, 5.5, or 22 mM glu-
cose; (B) 2-deoxyglucose uptake in vascular endothelial cells pre-exposed to either 1.2, 5.5, or 22
mM glucose (Reproduced with permission from ref. 10.)



stenosis is consistent with this concept (18,19). Similar changes may account for inti-
mal-medial thickening in diabetic arteries.

Features of Diabetic Macrovascular Disease
Unlike microvascular disease, which occurs only in patients with diabetes,

macrovascular disease resembles that in subjects without diabetes. However, subjects
with diabetes have more rapidly progressive and extensive cardiovascular disease, with
a greater incidence of multivessel disease and a greater number of diseased vessel seg-
ments than nondiabetic persons (20). In both subjects with and without diabetes, ather-
osclerosis begins with endothelial dysfunction that results from injury caused by many
factors, including hyperglycemia (21). Endothelial injury increases the adhesiveness of
the endothelium with respect to leukocytes and platelets, as well as its permeability to
lipoproteins and other plasma constituents. A number of studies have shown that ele-
vated glucose levels and/or glucose-derived advanced glycation end products (AGEs)
induce the expression of monocyte chemotactic protein 1 (MCP-1) (22) and adhesion
molecules such as intercellular adhesion molecule-1 (ICAM-1) and vascular-cell adhe-
sion molecule-1 (VCAM-1) in vascular cells (23–28). These specific molecules induce
the adherence, migration, and accumulation of monocytes and T-cells on the endothe-
lium and stimulate the infiltration of these cells into the subendothelial space. After
infiltration, monocytes become macrophages and form foam cells. Progression beyond
the first step of atherogenesis is associated with subsequent migration, lipid accumula-
tion, and foam-cell formation of smooth muscle cells. The persistence of these changes
causes more advanced, complex, lesions of atherosclerosis. These lesions are covered
by a fibrous cap, which forms as a result of increased activity of platelet-derived
growth factor, TGF-β , interleukin-1 (IL-1), tumor necrosis factor-α (TNF-α), osteo-
pontin, and matrix metalloproteinases (MMPs). Rupture of this fibrous cap by MMPs
and consequent thrombosis may lead to the acute coronary syndrome (29–31). Hyper-
glycemia and/or hyperglycemia-induced AGEs have been shown to induce TGF-β
(32,33), IL-1 (34,35), TNF-α (36,37), osteopontin (38), and MMP9 (39).

MECHANISMS OF HYPERGLYCEMIA-INDUCED DAMAGE

Four major hypotheses about how hyperglycemia causes diabetic complications
have generated a large amount of data, as well as several clinical trials based on spe-
cific inhibitors of these mechanisms. Until quite recently, there was no unifying
hypothesis linking these four mechanisms.

Increased Polyol Pathway Flux
Aldose reductase is a cytosolic, monomeric oxidoreductase that catalyzes the NADPH-

dependent reduction of a wide variety of carbonyl compounds, including glucose. Aldose
reductase has a low affinity (high Km) for glucose, and at the normal glucose concentra-
tions found in nondiabetics, the metabolism of glucose by this pathway constitutes a very
small percentage of total glucose utilization. However, in a hyperglycemic environment,
increased intracellular glucose concentration (and possibly oxidant stress-induced aldose
reductase activation) results in increased enzymatic conversion to the polyalcohol sor-
bitol. In the polyol pathway, sorbitol is oxidized to fructose by the enzyme sorbitol dehy-
drogenase (SDH), with NAD+ reduced to NADH (see Fig. 2).
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It has been proposed that reduction of glucose to sorbitol by NADPH consumes the
cofactor NADPH. Because NADPH is required for regenerating reduced glutathione
(GSH), this could induce or exacerbate intracellular oxidative stress. Less of the
reduced GSH has, in fact, been found in the lens of transgenic mice that overexpress
aldose reductase, and this is the most likely mechanism by which increased flux
through the polyol pathway has deleterious consequences (41).

Increased Intracellular AGE Formation
Advanced glycation and products are found in increased amounts in extracellular

structures of diabetic retinal vessels (42–44) and renal glomeruli (45–47). These AGEs
were originally thought to arise from nonenzymatic reactions between extracellular
proteins and glucose. However, the rate of AGE formation from glucose is orders of
magnitude slower than the rate of AGE formation from glucose-derived dicarbonyl pre-
cursors generated intracellularly, and it now seems likely that intracellular hyper-
glycemia is the primary initiating event in the formation of both intracellular and
extracellular AGEs (48). AGEs can arise from intracellular autoxidation of glucose to
glyoxal (49), decomposition of the Amadori product to 3-deoxyglucosone (perhaps
accelerated by an amadoriase), and fragmentation of glyceraldehyde-3-phosphate to
methylglyoxal (50) (see Fig. 3). These reactive intracellular dicarbonyls react with
amino groups of intracellular and extracellular proteins to form AGEs. Methylglyoxal
and glyoxal are detoxified by the glyoxalase system (50).

Intracellular production of AGE precursors damages target cells by three general
mechanisms. First, intracellular proteins modified by AGEs have altered function. Sec-
ond, extracellular matrix components modified by AGE precursors interact abnormally
with other matrix components and with matrix receptors (integrins) on cells. Third,

Chapter 21 / Biochemistry and Molecular Biology of Diabetic Complications 379

Fig. 2. Aldose reductase function and the polyol pathway. Aldose reductase reduces reactive oxygen
species (ROS)-generated toxic aldehydes to inactive alcohols, and glucose to sorbitol, using NADPH
as a cofactor. Sorbitol dehydrogenase oxidizes sorbitol to fructose using NAD+ as a cofactor (see the
text for details). Aldose reductase may be activated by ROS-induced reduction of nitric oxide modifi-
cation of a cysteine residue in the enzyme’s active site. (Adapted from ref. 40.)



plasma proteins modified by AGE precursors bind to AGE receptors on cells such as
macrophages, inducing receptor-mediated reactive oxygen species production. This
AGE receptor ligation activates the pleiotrophic transcription factor NF-κB, causing
pathologic changes in gene expression (51).

In endothelial cells, intracellular AGE formation occurs very quickly. Proteins
involved in macromolecular endocytosis are modified by AGEs because the 2.2-fold
increase in endocytosis induced by hyperglycemia is also prevented by overexpression
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Fig. 3. Intracellular advanced glycation endproduct (AGE) formation. Potential pathways leading to the
formation of AGEs inside cells (see the text for details). (Reproduced with permission from ref. 49.)



of the methylglyoxal-detoxifying glyoxalase I (52). Glyoxalase-I overexpression also
completely prevents the fourfold hyperglycemia-induced increase in Muller cell
expression of angiopoietin-2, a factor that has been implicated in both pericyte loss and
capillary regression (53–55).

Intracellular AGEs leak out of cells and alter the functional properties of several
important matrix molecules. Collagen was the first matrix protein used to demonstrate
that glucose-derived AGEs form covalent, intermolecular bonds. In vitro AGE forma-
tion on intact glomerular basement membrane increases its permeability to albumin in
a manner that resembles the abnormal permeability of diabetic nephropathy (56,57).
AGE formation on extracellular matrix not only interferes with matrix–matrix interac-
tions, it also interferes with matrix–cell interactions. For example, AGE modification
of type IV collagen’s cell-binding domains decrease endothelial cell adhesion (58), and
AGE modification of a six-amino-acid growth-promoting sequence in the A-chain of
the laminin molecule markedly reduces neurite outgrowth (59). AGE modification of
vitronectin reduced cell attachment-promoting activity (60).

Specific receptors for AGEs were first identified on monocytes and macrophages. Two
AGE-binding proteins isolated from rat liver are both present on monocyte/macrophages.
Antisera to either the 60-kDa or 90-kDa protein, recently identified as OST-48 and
80K-H, respectively (61), block AGE binding (62). AGE protein binding to this receptor
stimulates macrophage production of IL-1, insulin-like growth factor-1 (IGF-1), TNF-α,
TGF-β, macrophage colony-stimulating factor and, granulocyte/macrophage colony-
stimulating factor at levels that have been shown to increase glomerular synthesis of
type IV collagen and to stimulate proliferation and chemotaxis of both arterial smooth
muscle cells and macrophages (33–35,63–68). The macrophage scavenger receptor
type II and galectin-3 have also been shown to recognize AGEs (69–72).

Vascular endothelial cells also express AGE-specific receptors (RAGEs). A 35-kDa
and a 46-kDa AGE-binding protein have been purified to homogeneity from endothe-
lial cells (73–75).

In endothelial cells, AGE binding to its receptor induces changes in gene expression
that include alterations in thrombomodulin, tissue factor, and VCAM-1 (25–28). These
changes induce procoagulatory changes in the endothelial surface and increase the
adhesion of inflammatory cells to the vessel wall. In addition, endothelial AGE-receptor-
binding appears to mediate, in part, the hyperpermeability induced by diabetes, proba-
bly through the induction of vascular endothelial growth factor (VEGF) (76–78).

Activation of Protein Kinase C
Protein kinase Cs (PKCs) are a family of at least 11 isoforms, 9 of which are acti-

vated by the lipid second-messenger diacylglycerol (DAG). Intracellular hyper-
glycemia increases DAG content in cultured microvascular cells and in the retina and
renal glomeruli of diabetic animals (79–81). Intracellular hyperglycemia appears to
increase DAG content primarily by increasing its de novo synthesis from the glycolytic
intermediate glyceraldehyde-3-phosphate via reduction to glycerol-3-phosphate and
stepwise acylation (80,82). Increased de novo synthesis of DAG activates PKC both in
cultured vascular cells (80,83–85) and in the retina and glomeruli of diabetic animals
(80,81,83). Increased DAG primarily activates the β and δ isoforms of PKC, but
increases in other isoforms have also been found, such as PKC-α and PKC-ε isoforms
in the retina (81) and PKC-α and -δ in the glomerulus (86,87) of diabetic rats.
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In early experimental diabetes, activation of PKC-β isoforms has been shown to
mediate retinal and renal blood flow abnormalities (88), perhaps by depressing nitric
oxide production and/or increasing endothelin-1 activity (see Fig. 4). Abnormal activa-
tion of PKC has been implicated in the decreased glomerular production of nitric oxide
induced by experimental diabetes (89) and in the decreased smooth muscle cell nitric
oxide production induced by hyperglycemia (90). PKC activation also inhibits insulin-
stimulated expression of endothelial nitric oxide synthase (eNOS) mRNA in cultured
endothelial cells (91). Hyperglycemia increases endothelin-1-stimulated mitogen-acti-
vated protein kinase (MAPK) activity in glomerular mesangial cells by activating PKC
isoforms (92). The increased endothelial cell permeability induced by high glucose in
cultured cells is mediated by activation of PKC-α, however (15). Activation of PKC by
elevated glucose also induces expression of the permeability-enhancing factor VEGF
in smooth muscle cells (93).

In addition to affecting hyperglycemia-induced abnormalities of blood flow and per-
meability, activation of PKC contributes to increased microvascular matrix protein
accumulation by inducing expression of TGF-β1 , fibronectin, and α1(IV) collagen in
both cultured mesangial cells (94,95) and in glomeruli of diabetic rats (86). This effect
appears to be mediated through PKC’s inhibition of nitric oxide production (96).
Hyperglycemia-induced expression of laminin C1 in cultured mesangial cells is inde-
pendent of PKC activation, however (97). Hyperglycemia-induced activation of PKC
has also been implicated in the overexpression of the fibrinolytic inhibitor plasminogen
activator inhibitor-1 (98), and in the activation of the pleiotrophic transcription factor
NF-κB in cultured endothelial cells and vascular smooth muscle cells (99,100).

Increased Hexosamine Pathway Flux
A fourth hypothesis about how hyperglycemia causes diabetic complications has

recently been formulated (101,102), in which glucose is shunted into the hex-
osamine pathway (see Fig. 5). In this pathway, fructose-6-phosphate is diverted from

382 Part IV / Long-Term Complications of Type 1 Diabetes

Fig. 4. Potential consequences of hyperglycemia-induced PKC activation. Hyperglycemia increases
DAG content, which activates PKC, primarily the β and δ isoforms. Activated PKC has a number of
pathogenic consequences that are described in the text. DAG, diacylglycerol; PKC, protein kinase C.
(From ref. 86.)



glycolysis to provide substrates for reactions that require urine diphosphate (UDP)-
N-acetylglucosamine, such as proteoglycan synthesis and the formation of O-linked
glycoproteins. Inhibition of the rate-limiting enzyme in the conversion of glucose to
glucosamine, glutamine : fructose-6-phosphate amidotransferase (GFAT), blocks
hyperglycemia-induced increases in the transcription of TGF-α (101), TGF-β1 (102), and
plasminogen activator inhibitor-1 (PAI-1), by preventing O-linked N-acetylglucosamine
(O-GlcNAc) modification of the transcriptional factor Sp1. This pathway has previ-
ously been shown to play an important role in hyperglycemia-induced and fat-induced
insulin resistance (103–105).

In addition to transcription factors, many other nuclear and cytoplasmic proteins are
dynamically modified by O-GlcNAc moieties and may exhibit reciprocal modification by
phosphorylation in a manner analogous to Sp1 (106). Thus, activation of the hexosamine
pathway by hyperglycemia may result in many changes in both gene expression and in
protein function that, together, contribute to the pathogenesis of diabetic complications.

DIFFERENT PATHOGENIC MECHANISMS REFLECT A SINGLE
HYPERGLYCEMIA-INDUCED PROCESS

Although specific inhibitors of aldose reductase activity, AGE formation, and PKC
activation each ameliorate various diabetes-induced abnormalities in animal models,
there has been no apparent common element linking the four mechanisms of hyper-
glycemia-induced damage discussed in the preceding section (88,107–110). This issue
has now been resolved by the recent discovery that each of the four different patho-
genic mechanisms reflects a single hyperglycemia-induced process: overproduction of
superoxide by the mitochondrial electron transport chain (111,112).

Hyperglycemia increases reactive oxygen species (ROS) production inside cultured
bovine aortic endothelial cells (113). To understand how this occurs, a brief overview
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Fig. 5. Hyperglycemia increases hexosamine pathway flux. In this pathway, increased O-linked Glc-
NAc moieties on the transcription factor Sp1 increase its transactivating function and thus increase
transcription of complications-associated genes (Reproduced with permission from ref. 103.)



of glucose metabolism is helpful. Intracellular glucose oxidation begins with glycoly-
sis in the cytoplasm, which generates NADH and pyruvate. Cytoplasmic NADH can
donate reducing equivalents to the mitochondrial electron-transport chain via two shut-
tle systems, or it can reduce pyruvate to lactate, which exits the cell to provide sub-
strate for hepatic gluconeogenesis. Pyruvate can also be transported into the
mitochondria, where it is oxidized by the tricarboxylic acid (TCA) cycle to produce
CO2, H2O, four molecules of NADH, and one molecule of FADH2. Mitochondrial
NADH and FADH2 provide energy for ATP production via oxidative phosphorylation
by the electron-transport chain.

Electron flow through the mitochondrial electron-transport chain is carried out by four
inner-membrane-associated enzyme complexes, plus cytochrome-c and the mobile car-
rier ubiquinone (114). NADH derived from both cytosolic glucose oxidation and mito-
chondrial TCA cycle activity donates electrons to NADH : ubiquinone oxidoreductase
(complex I). Complex I ultimately transfers its electrons to ubiquinone. Ubiquinone can
also be reduced by electrons donated from several FADH2-containing dehydrogenases,
including succinate : ubiquinone oxidoreductase (complex II) and glycerol-3-phosphate
dehydrogenase. Electrons from reduced ubiquinone are then transferred to ubiquinol :
cytochrome-c oxidoreductase (complex III) by the ubisemiquinone radical-generating
Q cycle (115). Electron transport then proceeds through cytochrome-c, cytochrome-c
oxidase (complex IV), and, finally, molecular oxygen.

Electron transfer through complexes I, III, and IV generates a proton gradient that
drives ATP synthase (complex V). When the electrochemical potential difference gen-
erated by this proton gradient is high, the life of superoxide-generating electron-trans-
port intermediates such as ubisemiquinone is prolonged. There appears to be a
threshold value above which superoxide production is markedly increased (116).
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Fig. 6. Effect of agents that alter mitochondrial metabolism on hyperglycemia-induced ROS forma-
tion in bovine aortic endothelial cells. Cells were incubated in 5 mM glucose, 30 mM glucose alone,
and 30 mM glucose plus either rotenone, thenoyltrifluoroacetone (TTFA), carbonyl cyanide m-
chlorophenylhydrazone (CCCP), antisense, uncoupling protein-1 (UCP-1), or manganese superoxide
dismutase (Mn-SOD) hemagglutinating virus of Japan (HVJ)-liposomes, and ROS were quantitated.
(Reproduced with permission from ref. 111.)



Using inhibitors of both the shuttle that transfers cytosolic NADH into mitochondria
and the transporter that transfers cytolsolic pyruvate into the mitochondria, the TCA
cycle was shown to the source of hyperglycemia-induced ROS in endothelial cells.
Overexpression of uncoupling protein-1 (UCP-1), a specific protein uncoupler of
oxidative phosphorylation capable of collapsing the proton electrochemical gradient
(117), prevented the effect of hyperglycemia (see Fig. 6). Antisense cDNA in the same
gene transfer vector did not (see Fig. 6). These results demonstrate that hyperglycemia-
induced intracellular ROS are produced by the proton electrochemical gradient gener-
ated by the mitochondrial electron-transport chain. Overexpression of manganese
superoxide dismutase, the mitochondrial form of this antioxidant enzyme (118), also
prevented the effect of hyperglycemia (see Fig. 6). This result demonstrates that super-
oxide is the reactive oxygen radical produced by this mechanism.

The effect of hyperglycemia-induced mitochondrial superoxide overproduction
on polyol pathway flux was evalulated after first determining that sorbitol in these
cells was exclusively derived from aldose reductase activity. Sorbitol levels were
2.6-fold higher than baseline (5 mM glucose) when endothelial cells were incubated
in 30 mM glucose (see Fig. 7). Hyperglycemia-induced sorbitol accumulation was
completely prevented by UCP-1 and manganese superoxide dismutase (Mn-SOD)
(see Fig. 7), indicating that mitochondrial superoxide overproduction stimulates
aldose reductase activity.

Next, the effect of hyperglycemia-induced mitochondrial superoxide overproduc-
tion on intracellular AGE formation was determined. In bovine aortic endothelial
cells, hyperglycemia increases intracellular AGEs primarily, if not exclusively, by
increasing the formation of AGE-forming methylglyoxal (52). Therefore, the effect of
UCP-1 and Mn-SOD on hyperglycemia-induced formation of intracellular methylglyoxal-
derived AGEs was examined (see Fig. 8). Each of these agents completely prevented
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Fig. 7. Effect of agents that alter mitochondrial metabolism on hyperglycemia-induced sorbitol accu-
mulation. Cells were incubated in 5 mM glucose, 30 mM glucose alone, and 30 mM glucose plus
either TTFA, UCP-1, or Mn-SOD HVJ-liposomes, as indicated. (Reproduced with permission from
ref. 111.)



hyperglycemia-induced formation of intracellular AGEs (see Fig. 8), indicating that
mitochondrial superoxide initiates intracellular AGE formation.

The effect of UCP-1 and Mn-SOD on hyperglycemia-induced activation of PKC
was also evaluated (see Fig. 9). Each of these agents completely inhibited PKC activation,
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Fig. 8. Effect of agents that alter mitochondrial metabolism on hyperglycemia-induced intracellular
AGE formation. Cells were incubated in 5 mM glucose, 30 mM glucose alone, and 30 mM glucose
plus either TTFA, UCP-1, or Mn-SOD HVJ-liposomes, as indicated. (Reproduced with permission
from ref. 111.)

Fig. 9. Effect of agents that alter mitochondrial metabolism on hyperglycemia-induced PKC activa-
tion. Cells were incubated in 5 mM glucose, 30 mM glucose alone, and 30 mM glucose plus either
TTFA, CCCP, UCP-1, or Mn-SOD HVJ-liposomes, as indicated, and PKC activity was determined in
the membrane fraction. (Reproduced with permission from ref. 111.)



suggesting that mitochondrial superoxide overproduction initiates the hyperglycemia-
induced de novo synthesis of diacylglycerol that activates PKC (119).

Finally, the effect of hyperglycemia-induced mitochondrial superoxide overproduc-
tion on the hexosamine pathway was determined (112). Hyperglycemia induced an
increase in hexosamine pathway activity that was completely prevented by UCP-1,
Mn-SOD, and azaserine, an inhibitor of the rate-limiting enzyme in the hexosamine
pathway (see Fig. 10).

Hyperglycemia-induced activation of the redox-sensitive pleiotrophic transcription
factor NF-κB was also prevented by inhibition of mitochondrial superoxide overpro-
duction (111).

FUTURE DRUGS TARGETS

The recent discovery that each of the four different pathogenic mechansisms dis-
cussed in this chapter reflects a single hyperglycemia-induced process (111,112) sug-
gests that interrupting the overproduction of superoxide by the mitochondrial
electron-transport chain would normalize polyol pathway flux, AGE formation, PKC
activation, and hexosamine pathway flux, as well as a number of other hyperglycemia-
induced mechanisms that remain to be discovered.

Novel compounds that act as superoxide dismutase/catalase mimetics already exist
(120,121), and these compounds have been shown to normalize hyperglycemia-
induced mitochondrial superoxide overproduction (112). Compounds that directly pre-
vent hyperglycemia-induced mitochondrial superoxide overproduction may also hold
promise. Drugs that normalize superoxide-induced triose phosphate accumulation are
another logical therapeutic strategy. These and the other agents described in this sec-
tion may have unique clinical efficacy in preventing the development and progression
of diabetic complications.
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Fig. 10. Effect of agents that alter mitochondrial metabolism on hyperglycemia-induced hexosamine
pathway activity. Cells were incubated in 5 mM glucose, 30 mM glucose alone, and 30 mM glucose plus
either TTFA, CCCP, manganese(III) tetrakis(4-benzoic acid) porphyrin (TBAP), or azaserine as indi-
cated, and UDP-GlcNAc concentration was determined. (Reproduced with permission from ref. 112.)
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EPIDEMIOLOGY

Diabetes accounts for 10% of blindness of all ages and an astonishing 20% of new
blindness between the ages of 45 and 74 yr within the United States (1). Considering
the millions of people with undiagnosed diabetes and the increasing rate of develop-
ment of type 2 diabetes in developed countries (2,3), diabetic eye disease is a major
public health problem. Unless new and more effective treatments are developed, it will
continue to exact a huge toll on affected individuals during their most productive years
at tremendous personal and societal cost. Furthermore, as the life span of people with
diabetes increases, the visual disability arising from diabetes will have greater and
greater impact on our society.

Around 10–15% of the total diabetic population have type 1 diabetes (defined as dia-
betes diagnosis at or before age 30) (2). Diabetic retinopathy is seen in 13% of these
patients with duration of disease less than 5 yr. This figure increases to 90% with dis-
ease duration of 10–15 yr. Proliferative diabetic retinopathy (PDR), which is defined
by the presence of retinal neovascularization, is present in around 25% of those indi-
viduals with a duration of disease of 15 yr, whereas the prevalence of diabetic macular
edema in type 1 diabetes is approx 20%.

Diabetes affects multiple ocular tissues, but it is its effect on the retina that has
greatest significance because it is the source of almost all visual loss resulting from
diabetes. Diabetic retinopathy is an insidious condition. Even patients with minimal or
no symptoms can have severe sight-threatening disease. There are treatments that can
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be beneficial if provided at the appropriate stage of the disease; therefore, it is critical
for diabetics to have regular eye examinations.

DIABETIC EYE DISEASE

Vision loss in diabetes mellitus is usually the result of diabetic retinopathy. A com-
plication of severe diabetic retinopathy is neovascular glaucoma, which can lead to a
blind painful eye if not treated expeditiously. Other less common causes of vision loss
in diabetes are cataracts and, occasionally, keratopathy (corneal disease). Corneal dis-
ease stems from basement membrane thickening that makes the corneal epithelium
less adherent, susceptible to injury, and slower to heal than the nondiabetic cornea.
Diabetic papillopathy (swelling of the optic nerve) is an uncommon cause of vision
loss that is usually transient, but sometimes permanent. Cranial nerve palsies are
uncommon causes of diplopia (double vision) that occur more commonly in diabetics
than nondiabetics.

DIABETIC RETINOPATHY

Pathophysiology
Hyperglycemia is the basic cause of diabetic retinopathy (4,5). One possible rea-

son for the susceptibility of the retina to hyperglycemia is that, opposed to many tis-
sues in which the entry of glucose is controlled by insulin, glucose enters the retina
by facilitated diffusion. Therefore, high serum glucose translates into high levels of
glucose in the retina. There are several theories as to how high glucose causes dam-
age to the retina, manifested primarily by damage to retinal blood vessels, but none of
these have been sufficiently supported to gain prominence over the others. One theory
suggests that excess glucose is metabolized by aldose reductase to sorbitol, and
because sorbitol does not diffuse out of cells, it accumulates and causes damage (6).
Levels of sorbitol sufficient to cause hyperosmostic damage have been demonstrated
in the lenses, but not the retinas of diabetic animals. It has been suggested that high
sorbitol levels may decrease myoinositol levels, resulting in damage to cell mem-
branes. Another theory is that high glucose results in nonenzymatic glycosylation of
proteins that results in cellular dysfunction (7). High glucose also results in selective
activation of the β isoform of protein kinase C (PKC), which has also been suggested
to cause cellular dysfunction (8). Although it is clear that these changes occur, it is
not yet clear whether they are causally related to subsequent structural changes or
whether they are epiphenomena.

Most theories have assumed that retinal vascular cells, particularly pericytes, are
preferentially susceptible to the damaging effects of high glucose, because pericyte
dropout is a well-recognized pathologic feature. However, it has recently been demon-
strated that apoptosis of retinal neurons and glia occurs early in diabetes, raising the
possibility that this may somehow contribute to subsequent vascular damage (9). Other
early changes are increases in retinal blood flow and vascular permeability (10,11), but,
as with other early changes, it is not certain whether they play any role in the clinically
significant changes that occur years later.

Evidence of damage to retinal vessels appears many years after the onset of hyper-
gylcemia and is seen clinically by the presence of hemorrhages, microaneurysms,
nerve fiber layer infarcts, venous beading, and intraretinal microvascular abnormalities
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(IRMA). A diabetic who has some or all of these features is said to have background
diabetic retinopathy (BDR) or nonproliferative diabetic retinopathy (NPDR) (12).
Leakiness of retinal vessels results in edema, which when located in the macula is
referred to as diabetic macular edema (DME), a major cause of decreased vision (13).
Occlusion of blood vessels results in retinal ischemia. If the perifoveal capillaries
become occluded, permanent visual loss can occur from ischemic damage to the mac-
ula (ischemic maculopathy). Recently, leukocytic plugging has been implicated in cap-
illary occlusion in diabetes (14).

The occurrence of large areas of capillary occlusion heralds the onset of PDR. Reti-
nal ischemia occurs in other retinovascular diseases other than diabetic retinopathy,
including branch vein occlusion, central vein occlusion, retinopathy of prematurity,
and several others. These diseases are collectively called ischemic retinopathies. Reti-
nal ischemia causes increased levels of hypoxia-inducible factor-1 (HIF-1) in the retina
(15) and increased expression of genes that contain a HIF-1-binding site in their pro-
moter region, including vascular endothelial growth factor (VEGF) and VEGF recep-
tor-1 (16–18). Increased VEGF signaling plays a central role in the development of
retinal neovascularization (for review, see ref. 19). Retinal neovascularization grows
through the internal limiting membrane (ILM) of the retina onto the surface of the
retina and into the vitreous. The new blood vessels leak and bleed resulting in vitreous
hemorrhage. Glial cells and retinal pigmented epithelial (RPE) cells migrate onto the
retinal surface and surround the neovascularization, forming sheets and bands of scar
tissue. Contraction of the vitreous and scar tissue pulls on the retina, resulting in trac-
tion retinal detachment, and if the macula is involved, there is severe loss of vision.
Unless the retina is surgically reattached in a timely fashion, the eye becomes perma-
nently blind.

Genetic Component
Severe diabetic retinopathy tends to run in families (20) and there is concordance

among identical twins indicating that diabetic retinopathy has a genetic component.
Several candidate gene or case-control studies have reported that there are genetic vari-
ations that are associated with an increased (21–25) or decreased (26) risk of diabetic
retinopathy. This suggests that diabetic retinopathy is a genetically complex trait,
meaning that there are genetic variations that increase susceptibility and others that
provide a protective effect. This is very complicated, because type 1 diabetes itself is a
genetically complex trait (27,28). Therefore, diabetic retinopathy is a complex genetic
trait occurring in the setting of a systemic disease that is a complex genetic trait.
Regardless of the complexity, the identification of the genetic variations that impact on
features of diabetic retinopathy can provide new insights into the molecular mecha-
nisms involved and provide the basis for new strategies for treatment.

Risk Factors for Diabetic Retinopathy
GLYCEMIC CONTROL

The association between blood glucose control and the complications of diabetes,
including retinopathy, have been well documented in several observational studies
(29–31). These observations led investigators to speculate that a reduction in blood glu-
cose might cause a corresponding reduction in the risk of progression of retinopathy,
which led to the initiation of the Diabetes Control and Complication Trial (DCCT)
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(5,32). In the DCCT, patients with type 1 diabetes were randomly assigned to either con-
ventional or intensive insulin therapy. The trial demonstrated that subjects receiving the
intensive regimen had a statistically significant reduction in the development and pro-
gression of diabetic retinopathy. In patients without retinopathy who received intensive
treatment, the 3-yr risk of developing retinopathy was reduced by 75% when compared
to the conventional group. Tight glycemic control was also shown to be beneficial in sub-
jects with pre-existing retinopathy, in whom there was a 50% reduction in the rate of pro-
gression of retinopathy compared to controls. There was a 35–40% reduction in the risk
of progression of retinopathy for every 10% decrease in HbA1C (e.g., from 10% to 9%).
Intensive insulin treatment was also found to reduce the incidence of both nephropathy
and neuropathy. It follows that both physicians and patients should closely follow the
HbA1C level, because it provides a measure of recent glycemic control and, thereby, the
risk of progression of retinopathy and other diabetic complications.

Although tight glycemic control is very important, development of other comple-
mentary approaches for prophylaxis are needed, because over the 9-yr course of the
DCCT, the onset of retinopathy was delayed, but not prevented. Also, patients with pre-
existent retinopathy frequently show transient accelerated progression of retinopathy
when first converted from conventional to intensive management of blood glucose
(5,33). Also, tight control has its down side as well, because there was a twofold to
threefold increase in severe hypoglycemia in the intensively managed group compared
to the conventionally managed group.

HYPERTENSION

The most meaningful data analyzing the effect of blood pressure control on the pro-
gression of NPDR comes from the United Kingdom Prospective Diabetes Study
(UKPDS) (34). It demonstrated that intensive control of blood pressure is associated
with a 37% decrease in risk of progression of retinopathy and other microvascular
complications. Although this study was carried out exclusively in subjects with type 2
diabetes, it is reasonable to extrapolate its findings to patients with type 1 diabetes. In
another part of the study, β-blockers were found to be equally beneficial as
angiotensin-converting enzyme (ACE) inhibitors, calling into question the previous
suggestion that ACE inhibitors have a beneficial effect in type 1 diabetes that is inde-
pendent of their effect on blood pressure (35).

ELEVATED SERUM CHOLESTEROL/TRIGLYCERIDES

Several studies have suggested that elevated serum lipids increase the risk of
vision loss from diabetic retinopathy (36–38). The Early Treatment Diabetic
Retinopathy Study (ETDRS) and the Wisconsin Epidemiologic Study of Diabetic
Retinopathy (WESDR) found that elevated levels of cholesterol were associated
with increased severity of hard exudates, which was a significant risk factor for
moderate vision loss independent of macular edema. The presence of hard exudate
was the strongest risk factor for the development of submacular fibrosis, an impor-
tant cause of permanent vision loss. The ETDRS also found that elevated serum
triglycerides is associated with a greater risk of developing high-risk PDR (39).
Thus, it is imperative for ophthalmologists and diabetes specialists to carefully fol-
low the patient’s lipid profile and treat when necessary, to decrease the risk of visual
morbidity as well as cardiovascular disease.
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Other potential risk factors for progression of retinopathy include diabetic
nephropathy, neuropathy, cardiovascular autonomic neuropathy, anemia, and decreas-
ing hematocrit (39–42).

Clinical Features of Diabetic Retinopathy
Retinal hemorrhages are a common feature of diabetic retinopathy and vary in their

appearance based on their location within the retina. The superficial capillary bed is
located in the nerve fiber layer and hemorrhages from superficial capillaries have a
flame-shaped appearance as the blood spreads between nerve fibers that run parallel to
the retinal surface. Hemorrhages occurring from the deep capillary beds, where the
arrangement of cells is perpendicular and more compact, tend to be circular and called
dot (small) or blot (larger) hemorrhages depending on their size (see Fig. 1). Loss of
pericytes results in microaneursyms, small outpouchings of vessel walls that leak
plasma into the surrounding retina, causing retinal edema. When the edema spreads
into the macula, the center portion of the retina that is responsible for our best vision, it
is referred to as macular edema. Macular edema is the most prevalent cause of visual
loss in diabetics. As edema fluid diffuses away from the major sources of leakage, it is
resorbed by more normal areas of the capillary bed. Poorly soluble serum lipoproteins
frequently precipitate near sites of resorption, resulting in hard exudates (see Fig. 2).

Pericyte loss is initially followed by endothelial cell proliferation, which, along with
leukostasis, may result in occlusion of capillaries. When capillary occlusion becomes
widespread, there is retinal ischemia, which is often recognized clinically by its effects
on adjacent larger vessels, including venous dilation, beading, reduplication, and loop
formation (see Fig. 3). IRMAs (Figs. 3 and 4) probably represent new vessel formation
that is within the retina; it is only when new vessels penetrate the internal limiting
membrane and grow along the surface of the retina into the vitreous cavity that they are
recognized as neovascularization (see Figs. 3 and 4). A cotton-wool spot (or soft exu-
date) is thought to develop as a result of obstruction of a retinal arteriole. The resultant
focal hypoxia leads to blockage of axoplasmic flow in the nerve fiber layer that is clin-
ically recognizable as a cotton-wool spot (see Fig. 4).

Neovascularization occurs at the border of the perfused and nonperfused retina. Some
outflow of fluid from the eye occurs at the optic nerve, and when retinal ischemia
becomes severe enough, vasoproliferative factors may become concentrated at the optic
nerve, resulting in neovascularization at the disk (NVD) (see Fig. 5). Neovascularization
that occurs elsewhere in the retina is called neovascularization elsewhere or NVE (see
Figs. 3 and 4). Because NVD tends to be associated with more severe retinal ischemia
than comparable sized areas of NVE, NVD is associated with a greater risk of visual
loss. When retinal ischemia is extremely severe, vasoproliferative factors may become
concentrated at the anterior outflow channels of the eye, resulting in neovascularization
on the trabecular meshwork and the iris that make up the anterior chamber angle. This is
referred to as neovascularization of the iris (NVI) or rubeosis. Blockage of outflow
through the trabecular meshwork by new vessels results in neovascular glaucoma.

Vitreous hemorrhages seen in PDR arise secondary to NVD and/or NVE and occur
anterior to the retina, in the vitreous cavity. They can be either diffuse, as a result of
bleeding into the vitreous humor, or bow shaped, an appearance that arises from the
accumulation of blood in the potential space between the retina and vitreous (see Fig. 6).
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Fig. 3 Fig. 4

Fig. 5 Fig. 6



This latter type of hemorrhage is also referred to as preretinal or retrohyaloid hemor-
rhages to emphasize its location in relation to the retina and vitreous. Unsophisticated
observers may not distinguish between the types of hemorrhage, but they should be
encouraged to do so because the location and configuration of hemorrhages has clini-
cal significance.

Landmark Clinical Trials Addressing the 
Management of Diabetic Retinopathy

THE DIABETIC RETINOPATHY STUDY

Numerous anecdotal reports throughout the 1960s suggested that photocoagulation
provided some benefit in patients with PDR. To determine if this was the case and to
better define the indications, side effects, long-term results, and complications of pho-
tocoagulation, a clinical trial, the Diabetic Retinopathy Study (DRS), was commenced
in 1971. The DRS demonstrated that scatter laser photocoagulation (panretinal photo-
coagulation, [PRP]) significantly reduced the risk of severe visual loss from PDR (43).

THE EARLY TREATMENT DIABETIC RETINOPATHY STUDY

Although the DRS clearly demonstrated the beneficial effect of PRP in PDR, it did
not address the questions of timing or extent of treatment nor did it clarify if photoco-
agulation benefited other aspects of the disease, such as macular edema. The ETDRS
was designed to determine if it is preferable to perform PRP prior to the onset of neo-
vascularization or after neovascularization had begun (44). It was also designed to
determine if focal laser photocoagulation for diabetic macular edema was beneficial
(13). Focal laser photocoagulation entails direct laser treatment to leakage sites to try
to decrease leakage and improve edema. When the leakage sites were difficult to define
and/or there was diffuse leakage from the vascular bed, this was referred to as diffuse
diabetic macular edema and a grid of a laser was placed. The ETDRS used the term
“clinically significant macular edema” or CSME to describe any one of three situa-
tions: (1) retinal thickening at or within 500 µm from the center of the macula, (2) hard
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Fig. 1. Standard photograph 2B demonstrating dot and blot hemorrhages and microaneurysms.
(Courtesy of the Early Treatment Diabetic Retinopathy Study [ETDRS] Research Group.)

Fig. 2. Standard photograph 4 demonstrating severe hard exudates. Associated macular edema, if
present, can only be appreciated either by fundus biomicroscopy or with stereophotography (Cour-
tesy of the Early Treatment Diabetic Retinopathy Study [ETDRS] Research Group.)

Fig. 3. Standard photograph 6B demonstrating severe venous beading, IRMAs, and neovascular-
ization elsewhere (NVE). (Courtesy of the Early Treatment Diabetic Retinopathy Study [ETDRS]
Research Group.)

Fig. 4. Standard photograph 5 demonstrating hard exudates, soft exudates (cotton-wool spots),
IRMAs, and NVE. (Courtesy of the Early Treatment Diabetic Retinopathy Study [ETDRS]
Research Group.)

Fig. 5. Standard photograph 10A defining the lower limit of moderate neovascularization of the disk
(NVD). (Courtesy of the Early Treatment Diabetic Retinopathy Study [ETDRS] Research Group.)

Fig. 6. Standard photograph 13 demonstrating preretinal hemorrhage. (Courtesy of the Early Treat-
ment Diabetic Retinopathy Study [ETDRS] Research Group.)



exudates at or within 500 µm of the center of the macula if there is thickening of adja-
cent retina, or (3) an area of retinal thickening at least one disk area in size, part of
which must be within one disk diameter of the center of the macula. When all eyes with
diabetic macular edema were considered and irrespective of whether the edema was
“clinically significant,” immediate focal, or grid treatment reduced the incidence of
moderate visual loss (loss of 15 or more letters on an ETDRS visual acuity chart) by
approx 50% at all time-points (13). On the other hand, PRP was found not to be effec-
tive in managing macular edema. In some cases, PRP may accelerate the progression
of macular edema.

The ETDRS also demonstrated that early panretinal photocoagulation in eyes with
severe nonproliferative diabetic retinopathy (NPDR) did not significantly alter the end
point of severe visual loss (visual acuity less than 5/200 at two consecutive follow-up
visits) and deferral of laser treatment until such time as high-risk PDR develops is
therefore recommended, provided careful follow-up can be maintained (44).

THE DIABETIC RETINOPATHY VITRECTOMY STUDY

The Diabetic Retinopathy Vitrectomy Study (DRVS) was designed to answer the
question, Is it is better to perform vitreous surgery immediately when a patient presents
with a severe vitreous hemorrhage because of PDR, or should surgery be deferred to
allow the hemorrhage to clear spontaneously? The results provided guidelines for the
most appropriate time to perform vitrectomy surgery in type 1 and 2 diabetics with vit-
reous hemorrhage and in patients with severe PDR with moderate or no vitreous hem-
orrhage. In eyes with severe vitreous hemorrhage causing a significant reduction in
vision, early vitrectomy was beneficial in type 1, but not type 2 diabetics (45,46). The
reason for this seems to be that type 1 diabetics with severe vitreous hemorrhage tend
to have severe neovascularization, whereas most type 2 diabetics do not. In eyes with
severe neovascularization and clear media, immediate vitrectomy was beneficial in
both type 1 and type 2 diabetics (47). Severe neovascularization carries a poor progno-
sis that is in part mitigated by early vitrectomy (48).

Classification of Diabetic Retinopathy: Definitions and Clinical Significance
Diabetic retinopathy is classified as NPDR and PDR. Within these broad categories

further subcategories or levels of retinopathy exist (see Table 1). These levels were
defined by the ETDRS. The significance of this classification is that it allows the physi-
cian to correlate the level of retinopathy directly with the risk of progression to more
severe retinopathy and, hence, the need for possible laser photocoagulation at a future
date (see Table 1), as demonstrated by the findings of the ETDRS (see below). This
system is therefore preferred to the older system, which broadly classified retinopathy
into background and proliferative, but addressed neither the risk of progression nor the
likelihood of future treatment. Accurate diagnosis of the level of retinopathy is there-
fore crucial because the risk of progression to PDR and, hence, any treatment depends
on the specific NPDR level.

Grading of Diabetic Retinopathy and Implications for Clinical Practice
Current treatment recommendations for diabetic retinopathy are based on the results

of the DRS and the ETDRS. Provided that careful follow-up can be maintained, the
ETDRS recommended that patients with mild or moderate NPDR generally do not
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require scatter laser photocoagulation and can be safely followed at 6- to 12-monthly
intervals (44). Intercurrent illness or pregnancy will require shorter follow-up as deter-
mined by the examining ophthalmologist. However, those patients who are approach-
ing high-risk characteristics should be considered for laser, whereas treatment in
patients with high-risk disease should not be delayed—findings that were in agreement
with the DRS.

Although the ETDRS did not address the issue of timing of laser treatment of macular
edema, a definite benefit was demonstrated when immediate treatment was instituted par-
ticularly when the edema was “clinically significant.” Because the principal benefit of
focal photocoagulation was to reduce the risk of further visual loss and not actually to
improve vision, treatment of clinically significant macular edema (CSME) should be con-
sidered even when vision is 20/20. Eyes that are approaching high-risk disease and that
also have CSME should undergo immediate treatment for edema in anticipation of possi-
ble future panretinal treatment if progression to high-risk disease occurs. Ideally, this
should be performed 6–8 wk before the institution of scatter (panretinal) laser treatment,
because of the potential deleterious effect of a panretinal laser on diabetic macular edema.
On the other hand, delaying scatter treatment to treat edema in high-risk patients is not
advised, because of the risk of severe visual loss. When both eyes are approaching high-
risk disease, it is not unreasonable to consider initiation of scatter treatment in one eye,
particularly as it may not be possible to optimize treatment if both eyes progress to high-
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Table 1
ETDRS Levels of Retinopathy

Mild NPDR—At least one microaneurysm, but not as severe as moderate NPDR.
The presence of mild NPDR has a 5% risk of progression to PDR within 12 mo and a 15%
risk of progression to high-risk PDR within 5 yr.

Moderate NPDR—Extensive intraretinal hemorrhages and/or microaneurysms, and or cotton 
wool spots, venous beading, or IRMA) present, but not as extensive as severe NPDR.
There is a 12–27% risk of progression to PDR at 12 mo with the risk of progression to high-

risk proliferative disease being 33% within 5 yr.
Severe NPDR—Severe intraretinal hemorrhages and microaneurysms in all four quadrants; 

venous beading present in two or more quadrants; or IRMA present in at least one quadrant
(“4–2–1” rule).
These eyes have a 52% risk of progressing to PDR within 1 yr and a 60% risk
of high-risk PDR within 5 yr.

Very severe NPDR—If any 2 of the features of severe NPDR are present, then the retinopathy 
is classified as been very severe NPDR.
These patients have a 75% risk of PDR within 12 mo.

Early PDR (non-high-risk PDR)—NVD less than a third of the disk area without preretinal or 
vitreous hemorrhage or NVE less that or equal to a half of the disk area without preretinal or
vitreous hemorrhage.
These eyes have a 75% risk of becoming high risk within 5 yr.

High-risk PDR—NVD greater or equal to a third of the disk area, or NVD with vitreous or 
preretinal hemorrhage or NVE greater or equal to a half of the disk area with associated pre-
retinal or vitreous hemorrhage.

NPDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; IRMA, intrareti-
nal microvascular abnormalitites; NVD, neovascularization at the disk; NVE, neovascularization else-
where.



risk disease at the same time. Finally, immediate scatter photocoagulation should be done
when iris neovascularization is present, regardless of the grade of retinopathy. This is to
try and prevent the potentially disastrous complication of neovascualar glaucoma.

The Role of Fluorescein Angiography in the 
Management of Diabetic Retinopathy

Fluorescein angiography is an important test that assists greatly in the management
of diabetic retinopathy. Fluorescence occurs when blue light (wavelength of 465–490
nm) is used to excite sodium fluorescein to emit yellow–green light (520–530 nm). Flu-
orescein angiography is performed by injecting 25% sodium fluorescein intravenously
and performing rapid sequence photography with the appropriate filters in place.
Despite its low molecular weight, fluorescein does not normally diffuse out of the reti-
nal blood vessels or across the RPE, because of the blood–retinal barrier. Because the
retina is part of the central nervous system, it does not contain fenestrated capillaries
like vascular beds elsewhere in the body. However, during some disease states, such as
diabetic retinopathy, the blood–retinal barrier, made up of tight junctions between the
retinal endothelial cells and RPE cells, can become incompetent and leak fluorescein
molecules into the retina. In diabetic retinopathy, breakdown of the blood–retinal bar-
rier can cause retinal edema that can involve the macula to cause vision loss.

Fluorescein angiography can also demonstrate other lesions of the diabetic fundus,
such as capillary nonperfusion and neovascularization. Prior to treatment of CSME
with laser photocoagulation, fluorescein angiography is performed to differentiate
microaneurysms from small intraretinal hemorrhages and/or diffuse vascular leakage
from focal leakage. Alternatively, it may demonstrate that macular edema is secondary
to ischemia and, therefore, not amenable to laser treatment. Laser photocoagulation for
CSME consists of “direct” treatment of microaneurysms (focal laser) or “grid” (place-
ment of regularly spaced burns that do not target any particular lesion, but rather treat
an area of diffuse leakage). In reality, almost all treatment of CSME consists of a com-
bination of both focal and grid lasers.

Fluorescein angiography is not required to diagnose or classify PDR, but if per-
formed, it will demonstrate leakage of fluorescein because new vessels are fenestrated.
Laser treatment for retinal neovascularization consists of “scatter” or panretinal photo-
coagulation. The small spots of laser light are absorbed and converted to heat energy,
creating small burns that are placed or “scattered” throughout the retina, except within
the macular region, to prevent destruction of photoreceptors responsible for central
vision. The treatment is not applied directly to the neovascularization, but regression of
neovascularization often occurs because the scatter pattern of laser increases oxygena-
tion of the retina and decreases the production of VEGF (49).

OTHER CLINICALLY RELEVANT OCULAR 
COMPLICATIONS OF TYPE 1 DIABETES

The ravages of diabetes mellitus on the retina are long recognized by physicians and
patients alike because of the effects on vision. However, all ocular structures are sus-
ceptible to the deleterious effects of the disease. Fortunately, many of these changes
remain subclinical, whereas others, although not necessarily sight threatening, can
have significant morbidity associated with them.
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Mononeuropathies of the Extraocular Muscles
Palsies involving the third (oculomotor), fourth (superior oblique), and sixth

(abducens/lateral rectus) cranial nerves occur not uncommonly in diabetes. However,
despite this definite association, one must always bear in mind the potential for other
pathology, including possible life-threatening disease (50). Palsies of the third and
sixth nerves are more commonly the result of diabetes than fourth-nerve palsies, so the
latter should never be attributed to diabetes without a thorough investigation for other
causes (51,52). Histopathologically, diabetic mononeuropathies show occlusions of
capillaries surrounding the nerves, resulting in small infarctions.

Paresis of the extraocular muscles gives rise to diplopia. However, third-nerve palsy
is usually accompanied by ptosis, which is usually the presenting complaint. The ptotic
lid may occlude the involved eye and prevent the symptomatic distress of diplopia. It is
commonly stated that pupillary involvement in an oculomotor nerve palsy indicates
aneurysm of the posterior communicating artery until proven otherwise, but pupillary
involvement can occur in diabetic third-nerve palsies and although pain can also be a
feature in diabetes, it is more likely to be seen in aneurysmal third-nerve palsies (53).

Diabetic patients with a sixth-nerve palsy usually present with painless horizontal
diplopia. However, before attributing the palsy to diabetes, other more sinister causes
must be ruled out. Fourth-nerve palsies result in weakness of the superior oblique mus-
cle, causing vertical or oblique diplopia, or sometimes a combination of both. In both
fourth- and sixth-nerve palsies, patients can assume a characteristic head posture, mov-
ing their head to a position that reduces the need for the eye to move in the direction of
the affected muscle.

As a general rule, in the absence of any other signs, these palsies are managed con-
servatively, as many will resolve entirely over 2–3 mo. However, an increase in severity
of symptoms or the appearance of new symptoms should alert the physician to consider
alternative diagnoses and appropriate investigations should be performed. In any event,
baseline neuroimaging is reasonable, particularly when there is a third-nerve palsy.

Cataract
Age-related cataracts occur earlier, more frequently, and progress more rapidly in

patients with diabetes (54). Fortunately, present microsurgical techniques for cataract
removal and prosthetic intraocular lens replacement are very successful and usually
result in restoration of vision. However, there is some evidence that cataract surgery
may be associated with acceleration of retinopathy. It is imperative that retinopathy be
stable before surgery, and vigilance is warranted in the postoperative period to watch
for worsening of retinopathy and instituting treatment if needed. In some instances
cataracts can make examination of the retina difficult and must be removed to facilitate
management of diabetic retinopathy.

Neovascular Glaucoma
Growth of NVI or rubeosis iridis occurs in less than 10% of diabetic eyes, but occurs

in 40–60% of eyes with PDR (55). NVI is dangerous, because the new vessels tend to
grow over the trabecular meshwork, the outflow channel of the eye, resulting in
intractable glaucoma. The presence of NVI, regardless of retinal status, requires prompt
scatter laser photocoagulation to induce regression of these abnormal blood vessels
(56,57). It is postulated that scatter laser treatment decreases the release of factors from
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an ischemic retina that diffuse anteriorly to stimulate NVI. If intraocular pressure is
already elevated, antiglaucoma medication is also commenced, but, ultimately, surgery
may be required to lower intraocular pressure.

Keratopathy
Although infrequent, patients with diabetes can develop corneal problems. The dia-

betic cornea is known to have reduced corneal sensation (58). This loss of sensation
can predispose to the development of corneal abrasions or even neurotropic ulceration
formation (59). Those patients who develop ocular surface disorders may have delayed
wound healing and this, coupled with the increased predisposition for infection in the
diabetic patient, requires that they be followed closely. Because of the potential for ker-
atopathy, diabetes is a relative contraindication for contact lens wear.

Changes in Refraction
Fluctuations in blood glucose levels can alter refraction by several diopters. Elevation

of blood glucose causes osmotic swelling of the crystalline lens, which induces a myopic
shift, with distant objects becoming blurred. Indeed, such fluctuations are common
symptoms in recent-onset diabetes and are sometimes the presenting symptom (60).

CONCLUSION

There are no cures for the ocular complications of diabetes mellitus, but provided
careful and regular follow-up can be maintained by retinal specialists, most patients’
retinopathy can be adequately managed with laser treatment based on guidelines
derived from exemplary clinical trials. The key to successful treatment is based on the
ability to grade retinopathy for which there are explicit guidelines for treatment and
follow-up. When laser photocoagulation fails, vitreoretinal microsurgery offers the dia-
betic patient an opportunity of restoring vision in situations that previously would have
inevitably led to blindness.

The deleterious effects of poor glycemic control, hypertension, hyperlipidemia, and
hypercholesterolemia on the progression of diabetic retinopathy have been proven. It is
imperative for ophthalmologists to work closely with internists and diabetologists to
maximize glycemic control and minimize other risk factors. Effective communication
between the members of a multidisciplinary health care team is the optimum way of
combating the complications of diabetes.
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INTRODUCTION

Diabetic nephropathy is a serious and costly microvascular complication of both
type 1 and type 2 diabetes. It has been a subject of study for over two centuries.
Richard Bright (1789–1858) is often credited for the observation that albuminuria
reflects serious diabetic renal involvement (1,2). Elliott P. Joslin (1869–1962), one of
the first diabetologists stated, “the renal complications of diabetes have been unimpor-
tant in the past, but with the prolongation of life which modern treatment is bringing
about they will deserve attention” (3). This statement, made 5 yr before the introduc-
tion of insulin in 1917 has, unfortunately, been proven correct because more than one-
third of patients entering maintenance dialysis today suffer from diabetic nephropathy.
It is the most common cause of end-stage renal disease (ESRD) in the United States
and the Western world. Approximately a third of type 1 diabetic patients will develop
kidney disease over their lifetime and it is often associated with premature death from
cardiovascular disease. Indeed, the development of albuminuria alone in diabetes sig-
nificantly increases the risk of macrovascular complications and mortality (4–7). The
economic cost of diabetic nephropathy is, thus, substantial and exceeded $2 billion in
the United States in 1991 (8).

DEFINITIONS AND STAGES

Historically, diabetic nephropathy has been categorized into five stages, as shown in
Table 1 (9,10):
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Stage I: This is the onset of diabetic kidney disease that is characterized by renal hypertrophy
and increased glomerular filtration rate (GFR > 100 mL/min per surface area). These
changes are not clinically appreciable and may be reversible with good control of glycemia.

Stage II: This stage marks the beginning of the renal morphologic changes (e.g., mesangial
expansion and increases in glomerular and tubular basement membrane thickness) (10).
In this stage, the urinary albumin excretion (UAE) remains normal, but the GFR is still
elevated.

Stage III: This stage, which typically develops about 10 yr or more after the onset of dia-
betes, is characterized by elevated UAE. The UAE is usually in the range of 20–200
µg/min (or 30–300 mg/24 h) and is referred to as microalbuminuria (normal range: 2–8
µg/min). The dipstick for urinary protein remains negative, but systemic hypertension
may be seen. Microalbuminuria may, however, decrease with angiotensin-converting
enzyme (ACE) inhibitor therapy and/or improved glycemic control (11–14). The UAE
generally increases at a rate of approx 20% per year if there is no intervention (15).

Stage IV: This is the stage of overt nephropathy. The UAE is > 200 µg/min (>300 mg/24 h)
and is referred to as macroalbuminuria. The urinary dipstick tests positive for protein.
The GFR in this stage may first decrease into the “normal” reference range (70–100
mL/min per surface area), because of hyperfiltration seen in early diabetic nephropathy.
However, without treatment, the GFR usually falls at a rate of approx 10 mL/min/yr and
this stage progresses to uremia (GFR <20 mL/min per surface area) in 5–10 yr (16).
Renal involvement may be irreversible at this stage.

Stage V: This is the stage of ESRD and usually develops 20–30 yr after the onset of dia-
betes. Uremic symptoms and minimal residual renal function usually requiring either
dialysis or renal transplantation characterize this stage.

Urinary Albumin Excretion
Based on the above classification, UAE is usually the main clinically employed

determinant of the stage and progression of diabetic nephropathy. As accurate serial
24-h collections of urine can be difficult to obtain, the ratio of the urinary albumin to
urinary creatinine in the first morning voided specimen is also used as an index of
UAE. An albumin-to-creatinine ratio (both values in milligrams) in the range
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Table 1
Stages of Diabetic Nephropathy

UAE 
Stage (µg/min) GFR Pathology Reversible Time framea

I <20 Increased Early renal hypertrophy Yes Present at diagnosis
II <20 Increased Increased mesangial volume Yes Seen after 2–3 yr
III 20–200 Increased Increased mesangial matrix, ? Seen after 7–10 yr

TBM thickening,
sclerosis

IV >200 Normal or low Progressive sclerosis ? Seen after 15–18 yr
V Variable Renal failure Fibrosis, sclerosis No Seen after 20–30 yr

Abbreviations: UAE, urinary albumin excretion; GFR, glomerular filtration rate; TBM, tubular base-
ment membrane.

a Time frame indicates the typical onset of a particular stage after the diagnosis of diabetes. There can
be a significant variability and overlap in the time-course.



0.03–0.3 falls in the microalbuminuria range. A timed overnight urine collection can
also be used instead of a 24-h collection. The reference ranges remain the same (in
µg/min), as stated earlier, irrespective of the duration of collection. Although widely
used, albuminuria is not a completely reliable index of renal histology in diabetic
nephropathy. Thus, some diabetic patients may demonstrate significant glomerular
mesangial matrix expansion, a hallmark of diabetic nephropathy, in the absence of
albuminuria (10,16,17). On the other hand, albuminuria may be reversibly affected by
many factors, including glycemic control, hypertension, exercise, congestive heart
failure, adequacy of urinary collection, and urinary tract infections (15,16). Despite
these caveats, UAE assessment retains a key role in the long-term evaluation of dia-
betic patients because microalbuminuria is a strong predictor of progression to overt
nephropathy and other complications, including mortality (6,7). Hence, tests for the
assessment of UAE are currently recommended annually in postpubertal patients who
have 5 or more years of diabetes and in all patients with onset of type 1 diabetes after
18 yr of age (18).

PATHOLOGY

Pierre François-Olivier Rayer (1793–1867), a French physician known for his seminal
textbook on nephrology, probably provided the first description of diabetic glomerular
hypertrophy (2). However, diabetic nephropathy encompasses discrete structural alter-
ations, including renal hypertrophy, thickening of basement membranes, and progressive
expansion of extracellular matrix components (19–25). Morphometric studies on kid-
neys from patients with type 1 diabetes have shown that glomerular hypertrophy is
among the earliest pathological alterations (19–22). The glomerular hypertrophy is
mainly consequent to the two major early lesions (i.e., increased mesangial volume and
increased thickness of the glomerular basement membrane) (20,21). However, these
changes do not always correlate with the stages of albuminuria. Indeed, some patients
with normal UAE may have the morphologic changes of diabetes, whereas some with
increased UAE may have normal morphology (16,17). Hence, a renal biopsy is the only
definitive way to diagnose and stage diabetic nephropathy, but it is seldom used in clini-
cal practice because of its invasive nature. Hypertrophy of renal tubular epithelium and
tubular basement membrane (TBM)  thickening also occur early in the course of diabetic
renal involvement and are most likely the precursors of the later irreversible changes of
tubular atrophy and interstitial fibrosis (23,24). Advancing diabetic glomerulopathy is
commonly characterized by glomerulosclerosis, which may be diffuse or exhibit a dis-
tinctive nodular form (see Fig. 1) as first described by Kimmelstiel and Wilson in 1936
(25). These morphological changes were originally described in type 1 diabetes, but sim-
ilar changes are also seen in type 2 diabetes (26,27).

Pathogenesis of Diabetic Nephropathy
Diabetic nephropathy is a complex disease with multiple factors operating in concert

to produce the characteristic histopathologic changes (see Table 2). Metabolic, hemo-
dynamic, growth factors and genetic factors conspire in the pathogenesis of renal
injury in diabetes. Some of these well-studied factors have been discussed in the chap-
ter on molecular biology of complications. Those most pertinent to the pathogenesis of
diabetic nephropathy are summarized below.
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HYPERGLYCEMIA AND METABOLIC FACTORS

A central role for hyperglycemia in the pathogenesis of nephropathy and other
microvascular complications has been unequivocally established in human diabetes by
several well-conducted studies, including the results of the Diabetes Control and Com-
plication Trial study (DCCT) and the United Kingdom Prospective Diabetes Study
(UKPDS) (28,29). In addition, normal kidneys from nondiabetic donors can develop
all of the lesions of diabetic nephropathy when transplanted into diabetics (30). Several
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Fig. 1. Diffuse (A) and nodular (B) forms of glomerulosclerosis in patients with advanced diabetic
nephropathy.



in vitro studies have also supported direct effects of high concentrations of glucose on
various renal cell lines in culture. Thus, high glucose concentrations have been shown
to modulate the growth of mesangial cells and stimulate proximal tubular hypertrophy
(31,32). High glucose also increases the production and decreases the degradation of
extracellular matrix proteins in mesangial, endothelial, and epithelial cells (19,31–34).
A reduction in heparan sulfate proteoglycans and alteration in the sulfation pattern is
seen in glomerular mesangial and epithelial cells cultured in high glucose concentra-
tions and may contribute to changes in charge and size permselectivity of the glomeru-
lar basement membrane in diabetes (35,36). Renal cell injury seen in response to high
extracellular glucose concentration is likely the result of intracellular glucose accumu-
lation and metabolism in cells where glucose transport is largely noninsulin dependent.
Thus, rat mesangial cells that overexpress one of the human glucose transporter
(GLUT-1) demonstrate increased matrix protein synthesis at physiologic concentra-
tions of extracellular glucose (37). The potential metabolic mechanisms by which high
glucose damages renal cells have been a focus for intense study and span a large num-
ber of interconnected pathways. The major proposed mechanisms are summarized in
Table 2. These include activation of the protein kinase C (PKC) system via increased
de novo synthesis of diacylglycerol (38,39), increased activity of the polyol pathway
and pentose phosphate shunt (40), stimulation of cytokine (41) and eicosanoid produc-
tion (42–44), increased oxidative and carbonyl stress (45–47), and increased formation
of early Amadori glucose adducts (48) and advanced glycation end products (AGEs)
(49–51). The formation of AGEs and the early Amadori-glucose adducts in proteins
such as serum albumin have been shown to stimulate renal expression of various
growth factors, including transforming growth factor-β (TGF-β), which are important
mediators of diabetic nephropathy (52–54). Of note, in addition to hyperglycemia, a
number of factors implicated in the pathogenesis of glomerular injury in diabetes have
been shown to increase TGF-β production in cultured mesangial cell at least in part by
activation of PKC (see Fig. 2). These include angiotensin II, thromboxane, platelet-
derived growth factors, and mechanical stretch, as discussed later.

Nitric Oxide. Alterations in the production, stability, and cellular actions of nitric
oxide (NO) have been implicated in the pathogenesis of diabetic nephropathy, in part
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Table 2
Mechanisms Implicated in Hyperglycemia-Induced Renal Cell Injury 

and Mesangial Matrix Expansion

• Activation of PKC and mitogen-activated protein kinase
• Increased formation of Amadori glucose adducts
• Increased formation of glucose-derived advanced glycation end products
• Increased glucose flux through the aldose reductase pathway
• Increased glucose flux through the hexosamine pathway
• Increased production of thromboxane and other eicosanoids
• Increased oxidative and carbonyl stress
• Increased renal cell production of prosclerotic growth factors (TGF-β, PDGF-B, IGF-1,

HGF), vasoactive substances (Ang II, ET-1), and chemokines (IL-8, MCP-1)

Abbreviations: PKC, protein kinase C; TGF-β, transforming growth factor-β; PDGF-B, platelet-derived
growth factor-B; IGF-1, insulin-like growth factor-1; HGF, hepatocyte growth factor; Ang II, angiotensin II;
ET-1, endothelin-1; IL-8, interleukin-8; MCP-1, monocyte chemotactic peptide-1.



through the interaction of NO with reactive oxygen species. There is evidence that NO
production may be increased early in diabetes and may contribute to the stage of
glomerular hyperfiltration characteristic of this disorder (55,56). However, there is also
evidence for impairment of NO-mediated cellular actions in diabetes (55). The latter
may reflect inactivation of NO by increased production of superoxide and other reac-
tive oxygen species in the diabetic state (55). The reaction of NO with superoxide
reduces NO half-life and prevents several cellular actions of NO that may protect
glomeruli from injury in diabetes. In this regard, NO prevents increases in PKC activ-
ity, TGF-β production, laminin promoter activity, and matrix protein synthesis induced
by culture of glomerular mesangial cells with a high concentration of glucose (57,58).
Antioxidants have analogous inhibitory effects on these glucose responses in mesan-
gial cells (59). Also, cyclic GMP (cGMP) responses to NO are impaired in glomeruli
from diabetic rats (60,61). In human diabetics, NO-dependent vasodilatory responses
to cholinergic stimuli are impaired (56). These responses are restored by administration
of antioxidants, consistent with enhanced quenching of NO by reactive oxygen species
in this disorder (62). In addition to blocking cellular actions of NO, the direct reaction
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Fig. 2. Proposed metablic pathways and the central role of TGF-β in the pathogenesis of extracellu-
lar matrix expansion and renal cellular changes seen in diabetes. DAG, diacylglycerol; PDGF,
platelet-derived growth factor; ANG II, angiotensin II; AGE, advanced glycation end products; PKC,
protein kinase; C, MAPK, mitogen-activated protein kinase; IGF-1, insulin-like growth factor-1;
TGF-β, transforming growth factor-β.



of NO with superoxide leads to formation of peroxynitrite, a strong oxidant with reac-
tivity similar to the hydroxyl radical (63). Peroxynitrate mediates tyrosine nitration,
which can alter the function of numerous key cellular enzymes and structural proteins
(63). Recent studies have reported increased nitrotyrosine in placenta (64) and renal
cortex (65) from diabetic rats. Thus, increased production of superoxide and other
reactive oxygen species in diabetes may not only block important cellular actions of
NO through quenching but also lead to formation of a strong oxidant, peroxynitrate.

Oxidant Stress. Increased mitochondrial generation of superoxide induced by
high glucose in endothelial and other cells has recently been proposed as the key cellu-
lar metabolic response that fosters the formation of advanced glycation end products
and also leads to activation of PKC, the polyol pathway, and the hexosamine pathway
with resultant enhanced glycosylation of the transcription factor Sp1 (66,67). All these
metabolic responses can lead to increased cellular production of TGF-β and, thus, to
mesangial matrix expansion and cellular hypertrophy (see Fig. 2). Overexpression of
mitochondrial Mn2+ superoxide dismutase (SOD) in cultured vascular endothelial cells
has been shown to attenuate activation of PKC, the hexosamine and polyol pathways,
and the formation of advanced glycation end products in response to high glucose. In
cultured mesangial cells, overexpression of either Mn2+-SOD or cytoplasmic
Cu2+/Zn2+-SOD prevents increases in collagen synthesis induced by high glucose (68).
Moreover, diabetic transgenic mice that overexpress Cu2+/Zn2+-SOD are protected
from early renal injury (68). These and other observations support a role for reactive
oxygen species in the pathogenesis of renal cell injury in diabetes.

Pathogenetic Relevance of Metabolic Alterations. In vivo studies of experimen-
tal diabetes have supported the pathogenetic relevance of these proposed mechanisms
of renal cell injury in diabetes. Thus, specific inhibition of the PKC-β isoform (69),
inhibitors of the formation or actions of glycation products (51,53,54,70,71), adminis-
tration of anti-TGF-β antibodies (72,73), inhibitors of thromboxane synthesis
(42,43,74), or treatment with various antioxidants (75–77) each attenuate renal injury
in experimental diabetes, possibly by interfering with the aforementioned renal cellular
metabolic responses to high glucose.

HEMODYNAMIC CHANGES

Early diabetic nephropathy (stages I and II) is associated with glomerular hyperfil-
tration, which is mediated by increased glomerular hydraulic pressure and perfusion
(78–80). Glomerular hypertension associated with hyperfiltration is thought to precede
albuminuria and subsequent glomerulosclerosis (80,81). The glomerular hemodynamic
alterations and hypertrophic responses are also intricately connected (80–82).
Glomerular hypertrophy leads to an increase in the overall filtration surface area, and
the resultant increase in the ultrafiltration coefficient furthers enhances glomerular
hyperfiltration (80,81). An increase in the diameter of the glomerular capillary is also
seen early in the course of diabetes and it may confer a mechanical disadvantage (82).
According to the La Place law (tension = transmural pressure × vessel radius),
increased capillary diameter increases wall tension, which may add another injurious
component to the diabetic renal hypertrophy (82). Several mechanisms have been pro-
posed for glomerular hypertension-induced vascular injury. These include direct pres-
sure injury to the mesangium and/or the endothelium and increased wall tension,
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leading to altered capillary wall structure and function. Also, shear stress and mechani-
cal strain may trigger release of various growth factors (82–84). For example, it has
been demonstrated (see Fig. 2) that mechanical stimulation (stretching) of mesangial
cells triggers metabolic responses that can contribute to renal injury (83–86). These
include activation of the PKC system and increases in TGF-β and extracellular matrix
protein synthesis (87–89). In addition, there is evidence that renal effects of high glu-
cose and mechanical stretch may be additive (82).

RENAL CELL GROWTH AND PROSCLEROTIC FACTORS

As outlined earlier, in humans the development of irreversible renal changes of
glomerulosclerosis and tubulointerstitial fibrosis in diabetes mellitus are preceded by the
early hypertrophic processes in the glomerular and tubular compartments (21–24). In
studies of structural–functional relationships in type 1 diabetes, a close correlation was
seen between mesangial expansion and other clinical parameters of progressive
nephropathy (i.e., albuminuria, hypertension, and renal failure) (90). Although glomeru-
lar events have been extensively studied, the importance of tubulointerstitial compart-
ment in diabetic nephropathy and its contribution to the onset and progression of renal
failure is also recognized. As the tubulointerstitium comprises the major bulk of the kid-
ney (91,92), tubular hypertrophy is probably the single largest contributor to renal hyper-
trophy of diabetes mellitus (92,93). Various mechanisms that are operative in diabetic
milieu (i.e., high glucose, nonenzymatic glycation products, and glomerular hyperten-
sion) can stimulate the synthesis and release of a number of growth factors, cytokines,
chemokines, and vasoactive agents (19,40,52,54,92). These factors are thought to stimu-
late either proliferation or hypertrophy of various renal cells, as well as increase extracel-
lular matrix production (92–94). Some of the implicated growth factors and their role in
etiopathogenesis of diabetic nephropathy are discussed here (see Table 2)

Transforming Growth Factor-β. A large number of studies, mostly over the past
decade, have identified the key role of TGF-β in the development of lesions character-
istic of diabetes mellitus (see Fig. 2) (95–101). The actions of TGF-β are mainly medi-
ated through its effects on cellular hypertrophy and increased production of
extracellular matrix proteins (33,95–98). Increased renal TGF-β expression in diabetes
has been demonstrated both in vitro studies and in vivo in experimental diabetes as
well as humans (95–100). Mesangial cells cultured in high glucose produce more TGF-
β than cells grown in normal glucose (33,102), an effect possibly mediated through
intracellular glucosamine production (67,103). Similar observations have also been
made for cultured renal tubular epithelial cells grown in high-glucose medium
(32,102,104). In addition to the direct actions of hyperglycemia, additional mecha-
nisms are thought to be mediated through TGF-β. The nonenzymatically generated
AGEs (52) and the early Amadori-glucose adducts in serum albumin (53) can also
stimulate renal expression of TGF-β (54). Also, Amadori glucose adducts in albumin
increases TGF-β type II receptor mRNA and protein expression in mesangial cell cul-
tures (54). As mentioned earlier, increased glomerular capillary pressure, seen in early
diabetic nephropathy, can also stimulate TGF-β production (85,87,105). In fact, several
vasoactive factors such as angiotensin II (106–108), endothelin-1 (109), and thrombox-
ane (44,110) may exert part of their prosclerotic effects through the secondary induction
of TGF-β. Also, neutralization studies using specific anti-TGF-β antibodies, both in
vivo and in vitro, have shown attenuation of renal hypertrophy and the accumulation of
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extracellular matrix proteins seen in diabetic nephropathy (31,72,73). Thus, hyper-
glycemia and a number of other mechanisms associated with diabetic milieu increase
the renal levels of TGF-β and also upregulate its signaling receptors, which are thought
to be key events in the genesis of diabetic renal damage.

Insulin-Like Growth Factor-1. Insulin-like growth factor-1 (IGF-1) is a mitogen
for cultured mesangial cells and proximal tubular cells and is also likely involved in
diabetic renal hypertrophy (111–116). Renal IGF-1 mRNA and protein level is elevated
during the early renal hypertrophy in experimental diabetes (114,115). The plasma
IGF-1 and growth hormone levels are, however, not elevated (115). In addition, the
expression of mRNA and concentration of IGF-1 receptors kidney are both increased
in experimentally induced diabetes (116,117). Long-term treatment of diabetic rats
with the octreotide, a somatostatin analog that antagonizes growth hormone release and
lowers tissue IGF-1 levels, reduces renal hypertrophy (118). IGF-1 is, thus, important
in the genesis and maintenance of renal hypertrophy seen in diabetes, but it is probably
not the key factor for its induction. IGF-1 most likely acts as a cofactor in modulating
renal tubular growth in the diabetic proteinuric state because serum-derived IGF-1 has
been shown to leak from the glomerular filtrate into the peritubular fluid (119). Further
studies are needed to clarify the complex role of the growth hormone, IGF-1, and IGF-
1-binding proteins axis on diabetic renal hypertrophy.

Angiotensin II. The vasoactive peptide angiotensin II (Ang II) has, in addition to
its hemodynamic properties, potent direct effects on several renal cell types
(106–108,120,121). It can stimulate cellular hypertrophy and/or proliferation as well as
increase the synthesis of extracellular matrix proteins (120–123). The intrarenal
renin–angiotensin system has been shown to be upregulated in diabetic nephropathy
and it is very likely that hyperglycemia and the locally synthesized Ang II exert addi-
tive hypertrophic and prosclerotic effects (122–125). Ang II is thought to mediate its
effects through TGF-β (106) and is involved in downregulation of proteolytic activity,
thus favoring extracellular matrix accumulation (126,127). Furthermore, growing cells
may release vasoactive factors, which may impair blood flow to subordinate vascular
beds and contribute to ischemic/fibrotic changes seen in diabetic nephropathy (120).
Finally, both ACE inhibitors and AT-1-receptor blockers can partially inhibit renal
hypertrophy (128,129). Thus, Ang II appears to be a key component and a mediator of
the pathologic changes that characterize diabetic nephropathy.

Platelet-Derived Growth Factor-B. The role of platelet-derived growth factor-B
(PDGF-B) as a modulator of cellular events has also been investigated in diabetic
nephropathy. Increased expression of PDGF-B is associated with mesangial cell prolif-
eration with subsequent induction of TGF-β (130,131). TGF-β, in turn, has antiprolif-
erative actions and stimulates cellular hypertrophy as well as extracellular matrix
production. Upregulation of PDGF-B-chain mRNA and its receptor has also been
reported in glomeruli from diabetic rats, as well as in mesangial cells cultured in high-
glucose medium (132). PDGF-B may, thus, mediate its actions through TGF-β synthe-
sis in diabetic nephropathy (131,133).

Hepatocyte Growth Factor Hepatocyte growth factor (HGF) is a strong mitogen
of cultured renal tubular cells (134) and is a chief mediator of regenerative growth in
both liver and kidney subsequent to injury. HGF and its tyrosine kinase receptor, which
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is a product of the c-met oncogene, are both upregulated in the kidneys of diabetic rats
(134). An increase of c-met protein in tubular cells has been shown by immunohisto-
chemistry and high-glucose medium, in vitro, to induce HGF in cultured proximal
tubular (134). Thus, HGF and its receptor may also be important mediators of renal
growth seen in diabetes, but their roles need to be further elucidated.

Endothelins. Analogous to Ang II, endothelin-1 is a vasoconstrictor and appears
to be involved in pathogenesis of diabetic nephropathy. Glomerular expression of
endothelin-1 (ET-1) mRNA is increased in streptozotocin (STZ)-diabetic rats (109) and
urinary excretion of ET-1 is increased in diabetic Bio-Breeding (BB) rats compared to
controls (135). Also, plasma ET levels are higher in diabetics, especially those with
retinopathy, when compared to nondiabetics (136,137). Finally, the ET receptor antag-
onist FR139317 attenuates hyperfiltration, albuminuria, and glomerular expression of
TGF-β and matrix proteins in STZ-diabetic rats (109).

Thromboxane. Urinary excretion of thromboxane-B2 (TXB) is increased in
newly diagnosed type 1 diabetes (138) and the STZ-diabetic rat (139), probably in part
because of increased glomerular cell production of TX and/or that of infiltrating
platelets (140). In cultured mesangial cells, TX analogs activate PKC and increase
TGF-β and matrix protein synthesis (141). Inhibitors of TX synthesis or TX-receptor
blockers attenuate albuminuria and mesangial matrix expansion in experimental dia-
betes (42,43,74,75,142). Of note, prostaglandin E2 (PGE2) has effects on TGF-β and
matrix protein synthesis in cultured mesangial cells opposite to those of TX, and sup-
presses these parameters (42). Thus, the balance of vasoconstrictor vs vasodilatory
eicosanoids produced in the kidney in diabetes may be one determinate of renal TGF-β
and matrix protein production (143).

Chemokines. Various chemokines have been implicated in the pathogenesis of
glomerular hypertrophy seen in diabetes. An increased production of chemokines and
infiltration of monocytes/macrophages into the glomerulus has been demonstrated in
early diabetes (41). The release of various growth factors and cytokines from these
infiltrating cells (i.e., interleukin-8 and monocyte chemotactic peptide-1) may con-
tribute to the histologic changes seen in diabetes (41,144).

Genetic Factors in the Development of Diabetic Nephropathy
There appears to be a genetic susceptibility to the development of nephropathy in dia-

betes (see Table 3). It has been observed that some persons with diabetes progress rapidly
to develop nephropathy, whereas in others, normal or near-normal renal function is main-
tained even after 30 or more years of diabetes. In fact, about 65% of patients with type 1
diabetes will not develop nephropathy, despite suboptimal glycemic control (145,146).
Hence, it appears that genetic factors are important in the genesis of diabetic nephropathy
(145–148). The DCCT studies showed that although a tight control of hyperglycemia can
reduce the incidence of nephropathy, it did not completely eliminate this complication
(149). The genetic risk of developing nephropathy contrasts sharply with diabetic
retinopathy, where the prevalence rates increase linearly with duration of diabetes (150).
There are several family-based studies that further allude to the genetic risk of nephropa-
thy. In families with two or more type 1 diabetic siblings, the development of nephropathy
in one was associated with a fourfold risk of nephropathy in the other sibling compared
with a sibling of a diabetic without nephropathy (151,152). This risk has been confirmed
in a more recent study in which, if the proband had nephropathy, the cumulative risk of
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nephropathy to diabetic siblings was 72%. This risk fell to 25%, a staggering 47% differ-
ence, when the proband did not have nephropathy (148). Analysis of the DCCT data has
also shown similar findings (149). In several studies, there appears to be a correlation
between risk of developing nephropathy and familial occurrence of hypertension and car-
diovascular disease. Parents of patients with type 1 diabetes with nephropathy have been
found to have higher arterial blood pressures than parents of patients without nephropathy
(153–155). The EURODIAB study also showed that the blood pressure is higher in the
type 1 diabetes patients with parental hypertension (156). Also, parents of proteinuric
type 1 diabetic patients die at an earlier age, have higher arterial blood pressure, have
higher incidence of cardiovascular disease, and have more hyperlipidemia and insulin
resistance than parents of normoalbuminuric patients (157,158). All of these observations
suggest a genetic predisposition to diabetic nephropathy and, possibly, a link to hyperten-
sion. In view of the accumulating evidence that there is a genetic risk of developing
nephropathy, which appears to be inherited separately from the risk of developing dia-
betes, a considerable effort is being made to identify such factors (158–160).

There are main strategies for identifying susceptibility genes (i.e., linkage analysis
and population-association [case-control] studies). Although linkage analysis has
recently been used to identify a nephropathy susceptibility gene locus in type 2 dia-
betes, mostly association studies have been reported for genes associated with
nephropathy in type 1 diabetics (158,159). Such studies usually involve the comparison
of allele and genotype frequencies at candidate gene loci in individuals with diabetic
nephropathy and in controls. Although several studies, which have generated numerous
statistically significant associations, have been published, the results many times have
been inconclusive, contradictory, or require further confirmation.
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Table 3
Genetic Factors in Diabetic Nephropathy

Population studies
• 35% Incidence of nephropathy in insulin-dependent diabetes mellitus

(IDDM) irrespective of glycemic control
• Concordance with nephropathy risk in siblings
• Concordance with familial risk of hypertension and cardiovascular disease
• Discordance between retinopathy and nephropathy risk

Candidate gene studies
• Renin angiotensin system genes

Angiotensin converting enzyme (ACE)
Angiotensinogen
Angiotensin II type 1 receptor (AT-1)

• Nitric oxide synthase
• Transforming growth factor-β (TGF-β) gene
• Aldose reductase
• Heparan sulfate
• Insulin gene
• Apolipoprotein E

In vitro cell behavior
• Cellular proliferation and senescence
• Sodium–hydrogen exchanger (NHE) activity



CANDIDATE GENE STUDIES IN DIABETIC NEPHROPATHY

Early studies looked into the association of diabetic nephropathy with the major his-
tocompatibility complex on chromosome-6-encoding human leukocyte antigens
(HLA). Although HLA association has been demonstrated for microvascular disease
(160) and twins with the DR3/4 genotype show concordance for retinopathy (161), one
large study (n = 675) found no association of HLA markers with diabetic nephropathy
(162). After the initial HLA-association studies, several candidate genes have been
investigated for their association with diabetic nephropathy.

Renin–Angiotensin System Genes. The renin–angiotensin (RAS) genes are the
most extensively investigated candidate genes in this regard. Elevations in prorenin,
renin, angiotensin-converting enzyme (ACE), and Ang II levels have been observed in
diabetic nephropathy (163). Genes encoding these factors have been associated with
hypertension and cardiovascular disease, both of which, as mentioned earlier, are com-
mon in patients with diabetic nephropathy and their parents. However, studies, to date,
of the association of polymorphisms of ACE, angiotensinogen, and Ang II type I recep-
tor (AT-1) genes have been inconclusive (164–168). The ACE alleles may, however,
have a role in the natural history of diabetic nephropathy, with ACE II genotype pre-
dicting a greater renoprotective response to ACE inhibitor therapy (169,170). The
patients with ACE II genotype were found to have a 51% reduction in UAE after 2 yr of
lisinopril therapy compared with a 15% reduction in the ID group and only a 8% reduc-
tion in the DD group (170). This altered response to the ACE inhibitor based on the
genotype has also been observed in nondiabetic renal disease (171,172).

Other Candidate Genes. Other major candidate genes that have been studied include
nitric oxide synthase (NOS), TGF-β, aldose reductase, heparan sulfate, the insulin gene
region, and apolipoprotein E. As discussed earlier, NO plays an important role in the patho-
genesis of microvascular complications of diabetes. Recently, a polymorphism in one of
the inducible form of human NOS gene (NOS2) promoter (CCTTT repeat polymorphism)
has been associated with lowered risk of type 1 diabetic nephropathy (173). Also, a poly-
morphism in the endothelial constitutive NOS gene (ecNOS4a allele) has been associated
with increased risk of nephropathy in type 2 diabetes (174). Similarly, TGF-β is a key
mediator of diabetic nephropathy and its association has been reported with mutations in
TGF-β gene (175). Aldose reductase is an important enzyme in the polyol pathway and is
thought to be a key mediator of diabetic microangiopathic complications. Polymorphism
of this gene has been reported to have no association with nephropathy in type 1 diabetes,
but the findings need replication (176,177). Heparan sulfate is a major component of the
glomerular basement membrane, in diabetic nephropathy (35,36,178). An association of a
heparan sulfate core protein (heparan sulfate proteoglycan 2 [HSPG2]) gene polymor-
phism with nephropathy has been reported (179). Apolipoprotein E (ApoE) is a protein
constituent of lipoproteins, and a subtle variation of ApoE can result in increased athero-
genicity due to changes in lipid profile. The ApoE gene polymorphism is triallelic and the
E2 allele has been associated with nephropathy (180). The results on these various candi-
date genes require further confirmation and replication by other groups. The insulin gene
region, a known susceptibility locus for diabetes (insulin-dependent diabetes mellitus
[IDDM2]), has been implicated in premature atherosclerosis and has been examined as a
candidate for diabetic nephropathy, but the results have been negative (162).

Sodium–Hydrogen Exchanger. In addition to candidate gene studies, attempts
have also been made to associate in vitro cell behavior and phenotype with the risk of
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diabetic nephropathy. These studies have included analysis of cellular proliferation,
senescence, and various physiological mechanisms in a variety of cell types, including
red blood cells, cultured skin fibrobalsts, and immortalized lymphocytes (181–185).
Among these various approaches, the studies on sodium–hydrogen exchanger (NHE)
have been most convincing and have been replicated by different group of workers.
The NHE is an integral plasma membrane protein that catalyzes the exchange of extra-
cellular sodium for intracellular hydrogen and regulates various events such as intracel-
lular pH, cellular proliferation, and volume (183). NHE has five isoforms and NHE1 is
the most widely expressed and the most studied, isoform (183–185). Increased NHE
activity has been demonstrated in cultured skin fibroblasts (184), immortalized lym-
phoblasts (185), and erythrocytes (186) of type 1 diabetic patients with nephropathy.
Also, a close concordance for NHE activity was reported in cultured skin fibroblasts of
type 1 diabetic siblings with similar renal involvement (187). The NHE can also be
activated by extracellular matrix molecules (183). As the increased NHE activity per-
sists in culture after several passages of the cells, these findings may be genetically
determined and may reflect a genetic predisposition to accumulate more matrix
(182,183,188,189). Although the association of increased NHE activity and diabetic
nephropathy has been reproduced by several workers, the measurement of NHE activ-
ity is an arduous task. Hence, more reliable and reproducible markers of genetic risk of
diabetic nephropathy are needed. The recent advances in the human genome project
and whole-genome approaches to identification of such markers may provide addi-
tional answers in the near future.

Diabetic nephropathy, thus, has complex and multifactorial etiology and is most
likely affected by a number of environmental and genetic interactions. The search for
genetic markers of diabetic nephropathy is a difficult but important task for several
reasons. Identification of such genetic markers can define individuals who are predis-
posed to nephropathy early in the course of the diabetes who could then be very care-
fully followed and possibly treated with stricter glycemic control or newer options, as
discussed next. Also, identification of the responsible gene(s) may provide important
insights into the pathogenesis and possibly new therapeutic approaches to this disor-
der (159).

TREATMENT AND PREVENTION OF DIABETIC NEPHROPATHY

Diabetic nephropathy is the most common cause of ESRD in the Western world and
is responsible for almost a third of all the patients with ESRD in the United States.
Approximately 20–30% of diabetic patients will develop kidney disease over their life-
time. However, possibly as a result of improvements in glycemic control and blood
pressure therapy, the incidence of diabetic nephropathy seems to be declining
(145–147). Therapies to prevent or delay the progression of diabetic nephropathy are
thus critical and the various strategies effective at various stages are discussed below.

Prevention of Diabetic Nephropathy: General Considerations
GLYCEMIC CONTROL

Because the causative event in diabetic nephropathy is hyperglycemia, the ideal pre-
ventive approach would be achievement of normal or near-normal glycemia. Both the
DCCT and UKPDS studies clearly showed that intensive blood glucose control
reduces the risk of development of nephropathy (28,29). Although such results are
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intuitive, the intensive insulin therapy used in the DCCT (28) was associated with a
fourfold increase in the incidence of severe hypoglycemic episodes (defined as coma
or need for medical assistance) and an average gain of 4.6 kg in weight after 5 yr of
intensive therapy. However, despite these concerns in the DCCT study, a 33% reduc-
tion in the development of nephropathy occurred in type 1 diabetics. Also, both the
DCCT Research Group and the UKPDS concluded that there was not a minimal
glycemic threshold above normal for the development of the microvascular complica-
tions of diabetes and, thus, recommended that patients attempt to achieve as tight glu-
cose control as possible (28,29,190).

ANGIOTENSIN-CONVERTING ENZYME INHIBITION AND BLOOD PRESSURE CONTROL

Hypertension plays an important role in the pathogenesis and progression of dia-
betic nephropathy. Hence, it is not surprising that therapies aimed at controlling blood
pressure have had a positive impact on delaying progression of the disease, and ACE
inhibition has been the most extensively investigated such therapy. A meta-analysis of
ACE inhibitor therapy vs placebo (116 vs 119 “normotensive” patients with albumin-
uria) showed a 63% reduction in the progression of nephropathy (8 vs 25 patients)
(191). Similar results were shown in patients with type 2 diabetes (192). In a prospec-
tive, double-blind multicenter study in patients with type 1 diabetes with macroalbu-
minuria (UAE > 500 µg/min) and a serum creatinine ≤ 2.5 mg/dL were randomized to
receive either captopril (n = 207) or placebo (n = 202) (193). The serum creatinine dou-
bled in only 25 patients in the captopril group (vs 43 in the placebo group) over a
median follow-up period of 3 yr (p = 0.007). Interestingly, captopril decreased the rate
of doubling of the serum creatinine by almost 50% in patients with more advanced
nephropathy (baseline serum creatinine concentration of ≥ 1.5 mg/dL) but had no sig-
nificant effect on the patients with serum creatinine < 1.5 mg/dL, although it is possible
that a longer follow-up might have shown an effect in this group. Also, other outcomes
such as the serum creatinine and the UAE were improved in the captopril group and
fewer patients had progression to dialysis or transplantation in this group compared to
those in the placebo group (10% vs 15%). The continued progression of the disease in
treated patients in this study, even during a relatively brief follow-up period, suggests
that captopril does not completely prevent the development of renal failure, but slows
the projected rate of decline of GFR in patients with macro albuminuria (193). This
improvement has been projected to be from the untreated rate of 10–14 mL/min per
1.73 m2 per year to a rate of 2–5 mL/min per 1.73 m2 per year while on ACE inhibitor
therapy (193–196). In addition to ACE inhibitors, AT-1 blockers also delay progression
of renal disease in diabetes (197,198). The renoprotective effect of ACE inhibitors and
AT-1 blockers are not adequately explained by their effect on blood pressure (197). The
proposed mechanisms underlying these observations include a reduction of glomerular
hypertension and a direct blockade of renal cellular actions of Ang II (122–125). How-
ever, results of the UKPDS have confirmed earlier observations that reduction in blood
pressure with agents other than ACE inhibitors (diuretics and β-blockers) also will pre-
vent or delay renal injury in diabetes (199).

Protein Restriction, Lipid Control, and Smoking Cessation
A meta-analysis of 5 small studies showed that the relative risk of progression

among 108 dietary-restricted patients was reduced by almost 50% compared with those
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who had a more liberal protein intake in diabetic nephropathy (200). More recent stud-
ies have also confirmed these observations (201). Measures to correct dyslipidemia,
either dietary or pharmacotherapeutic, have also been associated with improved out-
come in diabetic nephropathy (201,202). Smoking cessation may provide an additive
protection from the risk of development of diabetic nephropathy (203,204). Thus,
every attempt should be made to encourage patients with diabetes to stop smoking.

Prevention of Progression at the Microalbuminuria Stage
Microalbuminuria is the most commonly used clinical marker, can be seen into stage

III of diabetic nephropathy, and is usually associated with hyperfiltration (see Table 1).
Several studies suggest that at these early stages, progression of diabetic nephropathy
can be prevented. Improved glycemic control using insulin infusion pumps resulted in
a decrease in the number of patients who progressed from microalbuminuria to albu-
minuria in the Steno studies (205). In that study, the patients with high-range microal-
buminuria (UAE: 100–300 mg/24 h) who were at the greatest risk for progression
when treated with insulin pumps had significantly decreased progression to nephropa-
thy over an 8-yr follow-up compared to conventional insulin treatment (of 9 patients 10
of 10 patients). However, a few studies have failed to document the protective role of
tight glycemic control at this stage of disease. In the DCCT study, intensive insulin
therapy in microalbuminuric patients did not significantly alter the risk of progression
to macroalbuminuria over a mean follow up of 6.5 yr (28,190). Also, in a study con-
ducted in the United Kingdom, 70 type 2 diabetic patients with microalbuminuria
failed to show any effect of improved glycemic control after 5 yr (206). It is possible
that a longer period of follow-up (≥ 10 yr) is required to see the effects of such therapy.
Several studies have now demonstrated that ACE inhibitors can delay the progression
from microalbuminuria to macroalbuminuria (8,9,14). Whether initiation of ACE
inhibitors at the microalbuminuria stage will ultimately prevent the development of
ESRD is not established and would require long-term studies. Nonetheless, based on
the available data, the use of ACE inhibitors in diabetic patients with microalbuminuria
has now become standard and recommended treatment (18).

Prevention of Progression at the Macroalbuminuria Stage
The development of macroalbuminuria (UAE: > 200 µg/min) is seen in stage IV of

diabetic nephropathy. The GFR begins to decline at the rate of 5–10% per year after
macroalbuminuria develops (16). Patients in this stage may be very heterogenous with
respect to the rate of progression of disease and compliance with therapy. The renal
failure may occur in a few months in some, whereas others may have relatively normal
renal function for years. Genetic factors probably play an important role in this pro-
gression. Patients with more rapid progression are also likely to have a higher inci-
dence of smoking as well as noncompliance and these patients may represent a
fundamentally different patient population than those with less advanced kidney dis-
ease. Despite the advanced state of diabetic nephropathy and variability in progres-
sion, blood pressure control is of paramount importance at this stage (191,192). Some
studies of intensive insulin therapy in patients with macroalbuminuria have shown no
significant effect on progression to ESRD. These studies were, however, small, with
relatively short-term follow-up (207,208). Moreover, blood pressure control in these
studies was not optimal. Recent observations have suggested that beneficial effects of
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improved glycemic control on the progression of overt nephropathy may become evi-
dent when combined with stricter control of hypertension (a target blood pressure of
135/80 or less) (207). Similarly, in the UKPDS, attenuation of nephropathy was most
pronounced in the subgroup with tight glycemic and blood pressure control (209).
Tight glycemic control in overt diabetic nephropathy may also benefit other microvas-
cular complications. ACE inhibitors and/or AT-1 blockers are the agents of choice for
blood pressure control in patients with diabetic nephropathy and macroalbuminuria
because these agents clearly retard the progression of renal disease (193,197). Dyslipi-
demia (202) and, as noted earlier, smoking may also contribute to renal injury in dia-
betes. Thus, despite the lack of definite evidence on the role of hyperglycemia in the
progress of overt nephropathy to ESRD, current recommendations are that strict
glycemic control should be part of a comprehensive regimen that includes optimal
blood pressure and lipid control as well as smoking cessation in diabetics with or with-
out overt nephropathy (210,211).

Role of Early Pancreas or Islet Cell Transplantation 
in the Prevention or Reversal of Diabetic Nephropathy

Pancreas transplantation provides essentially euglycemic control in type 1 diabetes
patients. The glycosylated hemoglobin levels usually average 5.5% with almost no
hypoglycemic episodes (212). Conversely, the glycosylated hemoglobin levels
achieved on intensive insulin regimen in the DCCT study were only 7% and two-thirds
of such patients had progression of nephropathy (190). As there appears to be no mini-
mum threshold for glycemia that prevents progression of diabetic nephropathy, the
near-normal glycemic control achievable with pancreas or islet cell transplantation
may be necessary to prevent or reverse diabetic nephropathy.

Indeed, pancreas transplantation has been shown to prevent or reverse the develop-
ment of diabetic nephropathy (212–214). It can also reverse more advanced and estab-
lished diabetic nephropathy in native kidneys, although it took up to 10 yr to see such
effects in one study (214). In this study, eight patients with type 1 diabetes, but without
uremia, who had successful pancreas transplants were followed up for 10 yr. At 5 yr,
the UAE and the glomerular mesangial volume were unchanged, but after 10 yr, both
the UAE and the glomerular mesangial volume had decreased substantially. However,
currently, it is not clear which patients should receive a pancreas transplant to prevent
or reverse diabetic nephropathy. It appears that patients with advanced renal disease but
not ESRD and poor glycemic control might benefit the most with pancreas transplanta-
tion (212). It is possible that kidney biopsies or clinical application of genetic markers
of the nephropathy risk may be required to identify such patients. However, the benefits
of pancreas transplantation must be seriously weighed against the risks of surgery and
immunosuppression. Clearly, more studies are required before a role for isolated pan-
creas transplantation in diabetic nephropathy management is established.

FUTURE MEDICAL THERAPIES

A number of medical interventions have shown promise in experimental animals in
preventing the development or attenuating the progression of diabetic nephropathy.
These include aminoguanidine, an inhibitor of the formation of advanced glycation
products (54,70,71), anti-TGF-β antibodies (72,73), thromboxane inhibitors (42,43,74),
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antioxidants (75,76), and a selective inhibitor of the PKCβ isozyme (69). The efficacy of
these interventions in human diabetic nephropathy remains to be established.

Treatment of Established Diabetic End-Stage Renal Disease
The development of ESRD is a major source of not only morbidity but also mortality

in diabetic patients. Dialysis and renal transplantation are the only effective ways of
treating established ESRD, although patients with diabetes undergoing dialysis have a
lower survival rate compared with nondiabetic patients (215). Kidney transplantation has
been shown to improve patient survival in diabetes and is the treatment of choice for dia-
betic ESRD (216). However, the waiting time for a cadaveric kidney transplant is contin-
uously increasing, with more than 40,000 patients on waiting lists and only 8000 kidneys
available annually in the United States (217). Finally, there is increasing evidence that
simultaneous pancreas kidney (SPK) transplantation may prolong patient survival more
than isolated kidney transplantation in diabetic end-stage nephropathy (212,218,219). In
a study comparing patient survival in recipients of isolated kidney vs SPK transplanta-
tion, the 10-yr patient survival was 37% in diabetic patients with kidney transplant alone
(219). The 10-yr survival rate improved to 60% in SPK transplant patients with a func-
tioning pancreas and was comparable to the rate of 72% seen in nondiabetic patients.
The 10-yr survival rate was, however, only 33% in the SPK patients whose pancreas
failed within the first 2 yr. These results underscore the importance of long-term eug-
lycemia even at the late stages of this diabetic complication. With 1-yr pancreas graft
survival rates of almost 90% at some centers, SPK transplantation is now increasingly
accepted as the treatment of choice for patients with type 1 diabetes and kidney failure
(212,219). However, SPK transplantation is a technically more complex procedure (ver-
sus isolated kidney transplant) and further studies are needed to expand and establish the
criteria for selecting suitable patients for this procedure.

Urinary Tract Infections in Diabetes
A twofold to fourfold higher incidence of bacteriuria has been reported in diabetic

women compared to nondiabetic women, although it is not seen in men (220–222). As
compared with nondiabetic women, diabetic women with bacteriuria are usually
asymptomatic (223). However, asymptomatic bacteriuria can be a predisposing factor
for overt urinary tract infections (UTIs) (224). Also, diabetes predisposes patients with
UTI to more severe infections of the upper urinary tract and to various complications.
The upper tract is involved in up to 80% of UTIs in diabetic patients and, in contrast to
nondiabetic patients, bilateral infection is more common in diabetics (220).

The most common microbe in diabetics with UTI is Escherichia coli. However Kleb-
siella and Proteus sp are more frequently found in diabetic patients than in the control
population (220,221). Also, unusual microbes such as fungi, particularly Candida, staphy-
lococci, and Pasteurella multocida may also be responsible for a small fraction of UTIs
(225–229). There are, possibly, multiple mechanisms underlying the reported higher fre-
quency and severity of UTI in diabetes. Some of the proposed mechanisms include gluco-
suria, which favors bacterial growth, impaired bladder evacuation, increased adherence of
pathogens to uroepithelial cells, and defective neutrophil function (229,230).

A number of potential complications of UTI have been reported in diabetics and
include pyelonephritis (220,221), perinephric abscess (231), emphysematous cystitis
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(232–234), and renal papillary necrosis (235,236). Renal papillary necrosis has been one
of the oldest documented and most recognized such complication (235). It can present
with recurrent UTI, fever, renal colic, hematuria, flank, and/or abdominal pain and the
diagnosis is usually established by retrograde pyelography or ultrasonography (236). The
incidence of papillary necrosis, however, has markedly decreased in the last two decades
and this condition appears to have become a rarity now. This trend of diminishing inci-
dence is possibly related to earlier and more frequent administration of antibiotics (237).
In addition to papillary necrosis, there is also a higher incidence of perinephric abscess in
diabetics with symptomatic UTI. In one series, 36% of patients with this diagnosis had
diabetes (231). E. coli or Proteus sp account for the majority (> 75%) of this complica-
tion, whereas Staphylococcus aureus accounts for the remainder of the cases (220).
Symptoms include flank or abdominal, which may be present in less than 25% of cases,
and persistent fever (> 4 d after the initiation of antibiotic therapy) (231). Ultrasonography
or computed tomography are usually diagnostic. Treatment consists of hydration, surgical
drainage, and parenteral antibiotics (220,231). Another potentially life-threatening com-
plication of UTI in diabetics is emphysematous pyelonephritis. It most often presents as
an acute medical emergency, typically in a septic diabetic patient with acute renal failure
(232–234). The diagnosis is made radiologically, usually by plain abdominal radiography
or computed tomography (232,233). The management of this condition has traditionally
been surgical and involves nephrectomy (234,238). However, some recent reports have
described successful treatment with medical intervention (234). Other potential complica-
tions of UTI in diabetic patients are the extrarenal spread of bacterial infection and gener-
alized sepsis. These may manifest as endophthalmitis (239), spondylitis (240), and
iliopsoas abscess, particularly with methicillin-resistant staphylococci (241). Episodes of
UTI may also pose problems after renal transplantation.

Symptomatic upper urinary tract and complicated asymptomatic bacteriuria infec-
tions require systemic antibiotic therapy along with hydration and possible surgical
intervention. A community-acquired symptomatic lower UTI may be managed with
trimethoprim/ sulfamethoxazole, trimethoprim, or gyrase inhibitors. For nosocomially
acquired UTI, sensitivity-directed antibiotic intervention is required. Certain aspects of
management of UTI in diabetics, however, remain controversial. No clear benefits of
prophylactic antibiotic treatment have been demonstrated for treatment in diabetic
patients (242). The treatment of candida infection confined to the bladder is also con-
troversial. Spontaneous resolution of funguria can occur and removal of an indwelling
catheter, if one is present, is recommended as the initial intervention. Invasive can-
diduria can be managed with oral fluconazole or amphotericin B, by either bladder irri-
gation or by systemic administration (243,244). Systemic therapy by oral fluconazole
(for 4 d) or single-dose intravenous amphotericin B has been shown to have improved
cure rates compared to bladder irrigation with amphotericin B alone (245), although
amphotericin B bladder irrigation may be also effective in some patients (244,245).
However, currently fluconazole may be the preferred agent because of its ease of
administration and relative lack of toxicity (221).

SUMMARY

Nephropathy is a serious complication of diabetes and considerable advances have been
made over the past two decades in the understanding of its pathogenesis, especially at the
cellular and molecular level. Hyperglycemia is the key requirement for the development of
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diabetic nephropathy, and interventions aimed at interfering with adverse metabolic
actions of hyperglycemia on renal cells have shown promise in experimental diabetic
nephropathy. There is also evidence that genetic factors play an important role in sus-
ceptibility, progression, and response to therapy of this serious complication. Although
identification of candidate genes for diabetic nephropathy has so far been largely incon-
clusive or contradictory, recent advances in the human genome project and newer
approaches to the study of this complex problem may shed light on the genetic factors
in the near future. The treatment of early stages of nephropathy has significantly
changed over the past decade with the routine use of ACE inhibitors or AT-II receptor
blockers as the standard of care. However, despite improvements in medical therapy for
patients with diabetic nephropathy, increasing numbers of patients with diabetes
develop ESRD each year. In patients with established but not end-stage diabetic
nephropathy, pancreas transplantation may be a viable choice. Recent advances in sur-
gical techniques and immunosuppressive therapy have made kidney transplantation the
therapy of choice for patients with ESRD resulting from diabetes. Simultaneous pan-
creas kidney transplant may, in the near future, acquire a wider role in management of
this complication. Finally, in addition to diabetic nephropathy, patients with long-stand-
ing type 1 diabetes may be at a higher risk of infections of the urinary tract, which
include both asymptomatic bacteruria and pyelonephritis that, at times, can lead to seri-
ous complications.
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INTRODUCTION

Several distinct syndromes affecting the peripheral nervous system occur in diabetic
patients. Diabetes affects sensory and motor nerves in a distal to proximal pattern pro-
ducing diabetic polyneuropathy (DPN). DPN is a common complication of type 1 dia-
betes and represents the most frequently diagnosed DPN in the Western world (1–3).
Diabetes also affects the autonomic nervous system, leading to diabetic autonomic
neuropathy (DAN) (4–6). Nerve roots and the lumbosacral plexus are targets of dia-
betes-mediated injury leading to diabetic polyradiculopathy, also known as diabetic
amyotrophy (5). Diabetes can also impair cranial nerve function, especially cranial
nerves III and IV, as well as multiple individual peripheral nerves, leading to the syn-
drome of diabetic mononeuritis multiplex (5). These various forms of DPN are pre-
sented in Table 1 and are discussed in more detail in a recent review (5). This chapter
will focus on the two most common neuropathic complications, DPN and DAN, with a
short discussion of polyradiculopathy and mononeuropathies. The pathogenesis, diag-
nosis, epidemiology, and treatment of DPN and DAN will be addressed with an empha-
sis, when possible, on type 1 diabetic patients.
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PATHOGENESIS OF DPN AND DAN

Although the exact etiology of DPN and DAN is unknown, the Diabetes Control and
Complications Trial (DCCT) confirmed the long-held concept that DPN and DAN are
the result of sustained hyperglycemia in type 1 patients and not insulin deficiency
and/or autoimmunity alone (7). The mechanisms underlying the metabolic and vascu-
lar changes that occur in complication-prone tissues in the presence of acute and
chronic hyperglycemia are an active area of research. Multiple etiologies have been
proposed to underlie the development of DPN and DAN. These include altered polyol
metabolism, abnormal lipid or amino acid metabolism, protein glycation (i.e., forma-
tion of advanced glycation end productions [AGE]), blunted nitric oxide production,
altered neurotrophism, and autoimmune mechanisms (8). More recently, the idea has
emerged that these alterations in cellular metabolism occur in concert and as a conse-
quence of glucose-mediated oxidative stress (8).

Early after the induction of diabetes, high glucose leads to cellular oxidative stress
and accumulation of reactive oxygen species (ROS). In healthy cells, free-radical scav-
engers detoxify superoxide (O2·–) and hydroxyl (·OH) radicals, preventing mitochondr-
ial and cellular injury and maintaining normal cellular function. Superoxide dismutase
is a key enzyme in cellular detoxification. Superoxide dismutase detoxifies superoxide
(O2·–) into hydrogen peroxide, which is reduced in the mitochondria by glutathionine.
Reduction (detoxification) of hydrogen peroxide generates an oxidized glutathione
disulfide. To regenerate glutathione, glutathione disulfide is reduced by NADPH. In
diabetes, conversion of glucose to sorbitol is linked to the oxidation of NADPH to
NADP+. This leads to depletion of the NADPH needed for regenerating glutathione.
Thus, early after the induction of diabetes, metabolic defects lead to loss of NADPH
that limits the nerve’s ability to scavenge ROS, leading to a vicious cycle of oxidative
stress, mitochondrial dysfunction, nerve ischemia, and damage. Collectively, these
insults allow ROS to injure complication-prone tissues such as nerve. Unchecked, ROS
produce (1) lipid, DNA, and protein peroxidation (9–12), (2) ischemia and reduced
nerve blood flow (13–16), and (3) cellular apoptosis (17,18).
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Table 1
Diabetes Mellitus: Potential Peripheral Nervous System Complications

A. Mononeuropathy or mononeuritis multiplex
1. Isolated cranial or peripheral nerve involvement (e.g., CN III, ulnar, median,

femoral, or peroneal)
2. If confluent, may resemble polyneuropathy

B. Radiculopathy, polyradiculopathy, or plexopathy
1. Thoracic
2. Lumbosacral
3. Diabetic amyotrophy
4. Lumbosacral plexopathy

C. Autonomic neuropathy
D. Polyneuropathy

1. Diffuse sensorimotor
2. Painful sensory

Source: Adapted from Greene DA, Feldman EL, Stevens MJ, Sima AAF, Albers JW,
Pfeifer MA. Diabetic neuropathy. In: Porte D Jr, Sherwin RS, Rifkin H, eds. Ellenberg and
Rifkin’s Diabetes Mellitus, 5th ed. Appleton & Lange, Stamford, CT, 1997, pp. 1009–1076.



These alterations in cellular metabolism result in peripheral nervous system damage
and the signs and symptoms of DPN. In the diabetic rat, measures of oxidative stress
and reduced levels of circulating antioxidants parallel DPN, and blocking oxidative
stress in the diabetic animal prevents the development of DPN. Antioxidants restore
normal blood flow and sciatic and saphenous nerve conduction velocities in streptozo-
tocin (STZ) diabetic rats (9,11–14,16). Treatment with insulin decreases ROS activity
in diabetes and prevents DPN (10–12). Antioxidant therapy may ameliorate DPN and
DAN in man. Lipid peroxidation measured as increased serum lipid peroxides is a
marker of oxidative stress and is well documented in diabetic patients with microvas-
cular complications (19).

Recent interest has emerged about the role of autoimmunity in the development of
DAN complicating type 1 diabetes. Risk factors for the development of DAN include
age, glycemic control, duration of diabetes, and the presence of microvascular and
macrovascular complications. Interestingly, a correlation has been found to hypo-
glycemia (20), hyperinsulinemia, and hyperlipidema (21). Mechanistically, many of
the pathologic pathways implicated in DPN are thought to be important in the develop-
ment of DAN (22). A weak correlation has been found between the presence of autoan-
tibodies against the sympathetic nervous system and scintigraphically detected deficits
of cardiac sympathetic innervation in type 1 diabetic subjects (23). Complement-fixing
autoantibodies to the vagus, sympathetic ganglia, and adrenal medulla have been iden-
tified in up to 30% of type 1 diabetic subjects (24). Others have found that antibodies
against autonomic nervous system antigens are inconsistently found in diabetes and
may be associated with coincidental autoimmunity against other organs (25). In a study
of 64 newly diagnosed, and 142 long-duration type 1 diabetic subjects, and 57 nondia-
betic neuropathic subjects, sympathetic and parasympathetic ganglia autoantibodies
were found much more frequently in diabetic compared to nondiabetic neuropathic
subjects. There was, however, only a trend toward an increased number of sympathetic
ganglia antibodies in long-duration DAN subjects. These data confirm that autonomic
ganglia autoantibodies are common in type 1 diabetes, but their role in the pathogene-
sis of DAN remains uncertain (26).

EPIDEMIOLOGY OF DPN

Approximately half of all patients with diabetes will develop DPN during their life-
time, with a clinical course and severity that correlates with the length of their diabetes
and their level of glycemic control (2,27–33). Although the exact estimates of the fre-
quency of DPN differ among the various studies, this is more likely the result of diag-
nostic criteria and terminology rather than marked differences in the prevalence of
DPN. Although multiple clinical tools are used to diagnose and stage DPN, the specific
required clinical criteria remain a source of investigation (22,34–36). Some studies
may employ symptoms, whereas another study may use strict changes in nerve physi-
ology. Despite these differences in study design, there are several recurring themes that
emerge from the available data; specifically, DPN occurs in both types 1 and 2 dia-
betes, with an average prevalence of 50% and is strongly associated with diabetes dura-
tion and level of glycemic control (4).

Pirart reported a 12% prevalence rate of DPN in a cohort of 4400 newly diagnosed
diabetic outpatients (37). After 25 yr of longitudinal care, over 50% of these patients
had DPN (37). A cross-sectional multicenter study in the United Kingdom of 6487 type
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1 and 2 diabetic patients reported a low prevalence of DPN in young adults (5% in
patients 20–29 yr of age), whereas 44% of older patients, 70–79 yr of age, had neu-
ropathy. This study defined DPN with a nine-point symptom score and a simple clinical
assessment of sensory function in the foot and ankle reflexes (30). A recent study from
Spain reported similar rates of DPN prevalence and severity (38). A screening tool that
assessed pinprick and vibration in the great toe and ankle reflexes (39) was applied to
8757 types 1 and 2 diabetic patients and 32.3% of patients had scores reflective of dia-
betic DPN (27). The extent of DPN was then further quantified in the 2033 affected
patients using a quantitative neurological examination and nerve conduction studies.
The severity of DPN correlated with duration of diabetes and age, with half of the
patients having mild to moderate DPN (27). The Rochester Diabetic Neuropathy Study,
now over 15 yr old, has reported that 54% of insulin-dependent and 45% of non-
insulin-dependent diabetic patients had DPN (29).

There are several studies that report the presence of DPN in either type 1 or type 2
patients, rather than combining the two study populations. At the onset of the DCCT,
39% of 278 healthy type 1 diabetic patients had DPN defined by either an abnormal
examination and/or abnormal nerve electrophysiology (40). In the Pittsburgh Epidemiol-
ogy of Diabetes Complications Study, 18% of type 1 patients aged 18–29 yr had DPN.
This prevalence sharply increased 58% in the >30 yr-old group (41). The EURODIAB
complications study confirmed the findings that age, duration of diabetes, and glycemic
control are strongly associated with DPN. In this study, 28% of the 3250 type 1 patients
from 16 European countries had confirmed DPN (31,42). The estimates of DPN in
young children with type 1 diabetes vary widely (43), in part the result of the diagnostic
criteria employed in individual studies (44,45). Using abnormal nerve conduction stud-
ies to define subclinical DPN, individual studies report 29% (46), 57% (47), and 68%
(48) of type 1 diabetic children were neuropathic, with the majority of abnormalities in
the lower limbs (47). The Danish Study Group of Diabetes in Childhood found that 62%
of 339 type 1 diabetic patients had DPN, defined by quantitative loss of vibratory sensa-
tion. These patients had a median age of 21 yr and a 13-yr median duration of diabetes
(49). Similar statistics emerge from three prospective studies of type 2 patients with the
reported prevalence of DPN being 22% after 4 yr of diabetes (50) and 42% and 49%
after 10 (28) and 12 yr (51), of diabetes respectively.

Diabetic polyneuropathy is associated with significant patient morbidity and is the
leading cause of foot infections, ulcers, and nontraumatic limb amputations (52–54).
The national annual direct cost in the United States of diabetic foot ulcers is estimated
to be $5 billion, with a loss of patient productivity contributing an additional indirect
cost of $400 million (55). Between 1995 and 1996, the average Medicare expenditure
for a nondiabetic patient was $5226. In contrast, the cost for a diabetic patient was
$15,309 and 25% of this amount was spent on the treatment of foot ulcers (55). On
average, one out of every six to seven diabetic patients will require an amputation sec-
ondary to DPN (52). Thus, DPN is generally conceded to be an extraordinarily com-
mon complication of diabetes, causing significant morbidity and financial burden.

EPIDEMIOLOGY OF DAN

Like DPN, DAN is a common complication of diabetes. DAN may be categorized as
subclinical or clinical, dependent on whether the clinical manifestations of autonomic
denervation are present. Subclinical autonomic neuropathy does not often occur in iso-
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lation and is usually found in association with DPN. It may only be detected by using
cardiovascular reflex tests, which assess the integrity of complex reflex arcs or by more
direct tests of peripheral sympathetic function.

The prevalence of DAN, however, depends on the diagnostic criteria used together
with the reference population to which it is being compared. If, for example, a single
abnormality in one autonomic reflex test (i.e., beat-to-beat heart rate variability) is used
as the sole criteria, then deficits can be found in many diabetic subjects. If the defini-
tion of DAN is defined by an additional abnormality in a different reflex arc, then,
clearly, the prevalence will be lower. In general, significant abnormalities of cardiovas-
cular reflex testing can be identified in approx 16–20% of diabetic subjects (56–62).
For example, in the EURODIAB complications study and an earlier report (57), abnor-
malities of heart rate variability (HRV) were detected in approx 19% and 25%, respec-
tively, of subjects. Other studies have estimated the prevalence of abnormalities of both
HRV and the Valsalva ratio to be approx 17% (63). In the DCCT, in the primary pre-
vention cohort, the young healthy type 1 diabetics were found to have deficits in beat-
to-beat HRV in less than 2% and in the Valsalva ratio of 6%. In subjects with baseline
complications, this prevalence was increased to approx 6% for both defects (64,65).

However, symptoms of autonomic dysfunction are distinctly rarer (60–62). There is
considerable uncertainty as to whether the development of DAN is more frequent in the
patient with type 1 diabetes. Indeed, young women with type 1 diabetes appear to be
particularly susceptible to the development of aggressive, early-onset autonomic fail-
ure, which may develop in the absence of other chronic complications. This risk
appears to be particularly great if there is an associated history of an eating disorder.
There does not appear to be an equivalent syndrome in patients with type 2 diabetes.

Standardized tests of autonomic function may demonstrate early abnormalities in
parasympathetic cardiac denervation without associated deficits in sympathetic innerva-
tion (66). However, conventional reflex measures utilize indirect methods that typically
detect early abnormalities in parasympathetic integrity, but are relatively insensitive to
sympathetic deficits. In type 2 diabetes, for example, the frequency of parasympathetic
DAN has been reported to be 20% at 5 yr and 65% at 10 yr (67) and sympathetic DAN
7% at 5 yr and 24% at 10 yr. The prevalence of sympathetic deficits has been re-evalu-
ated with the recent introduction of radiolabeled analogs of norepinephrine, which are
actively taken up by the sympathetic nerve terminals of the heart (68–78). These radiola-
beled tracers are not substrates for monoamine oxidase in the cytosol and achieve rapid
equilibrium across both the neuronal axoplasm and vesicular membranes and, therefore,
mark the position of functioning sympathetic nerve terminals. Retention of these tracers
within the sympathetic neuron will be abnormal if several different components of neu-
ronal function have been perturbed by diabetes. For example, alterations of neuronal
type 1 amine uptake or vesicular storage, as well as complete neuronal loss, may both
lead to impaired tracer retention. Quantitative scintigraphic assessment of the pattern of
sympathetic innervation of the human heart is possible with either [131I] metaiodoben-
zylguanidine (MIBG) or [11C] hydroxyephedrine (HED). In cross-sectional studies,
deficits of LV [123I] MIBG and [11C] HED retention have been identified in type 1
(23,79–81) (plus HED) and type 2 (82–86) diabetic subjects with HED (87–90) and
without (70,72,73,75,91,92) abnormalities on cardiovascular reflex testing and have
been reported even in newly diagnosed diabetes (74). In type 1 diabetic subjects, abnor-
malities of [11C] HED retention affecting between 4% and 8% of the left ventricle have
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been identified in 40% of otherwise healthy subjects without deficits on cardiovascular
reflex testing. In the mild DAN subjects, defects were observed only in the distal inferior
wall of the left ventricle, whereas in the severe DAN subjects, defects extended to
involve the distal and proximal anterolateral and inferior walls. The presence of an
abnormal Valsalva ratio or the presence of symptomatic orthostasis (72,75) predicted a
deficit of left ventricular tracer retention of greater than 40%. The ability of the currently
available reflex tests of autonomic function to correctly classify subjects free of DAN
(specificity) was 0.86 and their ability to correctly classify those with DAN (sensitivity)
was 0.67 (75). Deficits of autonomic innervation have been more widely characterized
using MIBG-single photon emission computed tomography (SPECT). This technique
has demonstrated widespread abnormalities of myocardial tracer retention, and, indeed,
deficits have been reported in metabolically compromised newly diagnosed IDDM sub-
jects that are at least partially correctable by intensive insulin therapy (88). Therefore,
these deficits most likely reflect hyperglycemia-induced neuronal dysfunction, which is
sensitive to rapidly improved metabolic control and not more advanced neuronal loss.
Unfortunately, a clinically useful tracer for the quantitative direct assessment of
parasympathetic integrity has not yet been developed and so, currently, the evaluation of
this component of autonomic integrity remains dependent upon HRV assessments.

CLINICAL PRESENTATION OF DPN

Diabetic polyneuropathy can be staged as subclinical (class I) and clinical (class II)
(see Table 2) (93). Patients with subclinical DPN lack clinical signs or symptoms but
have peripheral nerve dysfunction measured by nerve conduction studies and/or quanti-
tative sensory testing. Clinical DPN is present in patients with signs and/or symptoms
and abnormal nerve conduction studies and/or quantitative sensory testing (see Table 2).
DPN is not a single entity; it encompasses several distinct syndromes. Each syndrome
has an individual pattern, but as they frequently coexist in the same patient, it can be
difficult to distinguish distinct syndromes.

The most common subtype of DPN is distal symmetric sensorimotor polyneuropa-
thy, a clinical syndrome with sensory deficits and symptoms that far surpass motor
involvement (36,94). In this chapter, the term DPN is synonymous with this form of
diabetic neuropathy. Sensory loss begins in the most distal portions of the feet and pro-
gresses proximally. Once loss reaches approximately mid-calf, the patient begins to
experience sensory loss in the fingertips. This constitutes the classic “stocking-glove”
distribution of DPN. In the most advanced cases of this type of DPN, vertical bands of
sensory loss occur on the chest as the truncal nerves become affected (4,95).

The specific signs and symptoms a patient experiences depend on the affected
classes of nerve fibers. When large-diameter myelinated sensory nerve fibers are lost, a
patient experiences loss of vibratory and position sense in a distal to proximal gradient.
In severe cases, large myelinated motor fibers are affected, producing a pattern of distal
weakness. Frequently, large-fiber loss is asymptomatic and is detected by a health care-
giver during a foot exam. The depressed vibratory sensation and position sense is
accompanied by diminished or absent Achilles tendon reflexes. In contrast, loss of
small thinly or unmyelinated sensory fibers leads to a loss of pain and thermal sensa-
tion. When this class of fibers is predominantly involved, a patient often experiences
neuropathic pain, dysesthesias, and/or paresthesias (4,15,96). There are patients who
experience a loss of both large and small sensory and motor function and who remain
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relatively asymptomatic. These individuals may present with late complications such
as ulceration or neuroarthropathy (“Charcot’s joints”) of the foot (97). The other dif-
fuse form of clinical diabetic neuropathy is DAN, which is discussed in detail in this
chapter, because of its high occurrence in type 1 patients. DAN often, but not always,
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Table 2
Classification and Staging of Diabetic Neuropathy

Class I: Subclinical Neuropathya

A. Abnormal Electrodiagnostic Tests (EDX)
1. Decreased nerve conduction velocity
2. Decreased amplitude of evoked muscle or nerve action potential

B. Abnormal Quantitative Sensory Testing (QST)
1. Vibratory/tactile
2. Thermal warming/cooling
3. Other

C. Abnormal Autonomic Function Tests (AFT)
1. Diminished sinus arrhythmia (beat-to-beat heart rate variation)
2. Diminished sudomotor function
3. Increased pupillary latency

Class II: Clinical Neuropathy
A. Diffuse Neuropathy

1. Distal symmetric sensorimotor polyneuropathy
a. Primarily small-fiber neuropathy
b. Primarily large-fiber neuropathy
c. Mixed

2. Autonomic neuropathy
a. Abnormal pupillary function
b. Sudomotor dysfunction
c. Genitourinary autonomic neuropathy

(1) Bladder dysfunction
(2) Sexual dysfunction

d. Gastrointestinal autonomic neuropathy
(1) Gastric atony
(2) Gallbladder atony
(3) Diabetic diarrhea
(4) Hypoglycemia unawareness (adrenal medullary neuropathy)

e. Cardiovascular autonomic neuropathy
f. Hypoglycemic unawareness

B. Focal Neuropathy
1. Mononeuropathy
2. Mononeuropathy multiplex
3. Plexopathy
4. Radiculopathy
5. Cranial neuropathy

a Neurological function tests are abnormal, but no neurological symptoms or clinically detectable neu-
rological deficits indicative of a diffuse or focal neuropathy are present. Class I “Subclinical Neuropathy”
is further subdivided into Class Ia if an AFT or QST abnormality is present, Class Ib if EDX or AFT and
QST abnormalities are present, and Class Ic if an EDX and either AFT or QST abnormalities or both are
present.

Source: Adapted from American Diabetes Association. Report and recommendations of the San Anto-
nio conference on diabetic neuropathy. Consensus statement. Diabetes 1988;37:1000–1004.



accompanies DPN and can impair virtually any sympathetic or parasympathetic auto-
nomic function (5,98).

There are focal forms of diabetic neuropathy that correspond to dysfunction in the dis-
tribution of single or multiple peripheral nerves (“mononeuropathy” and “mononeuropa-
thy multiplex”), cranial nerves, regions of the brachial or lumbosacral plexuses
(“plexopathy”), or the nerve roots (“radiculopathy”). Diabetic mononeuropathy multi-
plex, plexopathy, and radiculopathy are primarily disorders of type 2 diabetes and are
rarely seen in type 1 patients. Even in type 2 patients, these focal forms of nerve dys-
function are rare. When they occur, signs and symptoms happen abruptly and are fre-
quently self-limiting (5). “Femoral neuropathy,” which actually represents a lumbar
polyradiculopathy, is a disorder of older type 2 patients. Patients present with unilateral
thigh pain followed by motor weakness and sensory loss at the level of the lumbar plexus
or lumbar roots as well as the femoral nerve (99). Thoracic radiculopathies are also a dis-
order of older type 2 diabetic patients and present as severe bandlike thoracic or abdomi-
nal pain. These individuals are often initially thought to have an acute abdomen.

Mononeuropathies are common in both types 1 and 2 diabetes, especially isolated
nerve entrapment at the wrist (median mononeuropathy), at the elbow (ulnar mononeu-
ropathy), and at the fibular head (peroneal mononeuropathy) (100). These are similar to
the mononeuropathies that occur in nondiabetic patients. Among cranial nerve
mononeuropathies, the third cranial nerve is most frequently involved. Patients experi-
ence unilateral pain, diplopia, and ptosis, whereas pupillary function remains intact in a
syndrome termed “diabetic ophthalmoplegia.” Diabetic ophthalmoplegia can occur in
the absence of DPN; there are reports of bilateral as well as recurrent diabetic ophthal-
moplegia (101).

In summary, distal symmetric polyneuropathy and autonomic neuropathy (DAN)
are common, diffuse, and generally progressive disorders, whereas the focal neu-
ropathies are rare, sudden in onset, often self-limited, and occur primarily in older
patients with diabetes.

CLINICAL PRESENTATION OF DAN

The symptoms of DAN are often very subtle and insidious in onset and may be
unrecognized. Alternatively, because the symptoms of DAN can be so diverse and
reproduce the appearance of many other disease processes, the patient may be sub-
jected to extensive diagnostic evaluation without reward. In common with other forms
of diabetic neuropathy, DAN is essentially a diagnosis of exclusion. The most promi-
nent clinical signs and symptoms of autonomic involvement complicating diabetes
include the gastrointestinal tract system, cardiovascular system, bladder, sex organs,
ocular pupil, sweat glands, and adrenal medullary system. The clinical presentations of
this multiple-organ involvement are discussed in the following sections.

Gastrointestinal Autonomic Neuropathy
The most common presenting symptom of gastrointestinal autonomic neuropathy is

constipation (102). Other gastrointestinal tract problems that may present include gas-
tric atony, gallbladder atony, and “diabetic diarrhea” or incontinence (102). DAN may
also present as esophageal motility disorders such as dysphagia, retrosternal pain, and
“heartburn.” Diabetic diarrhea is characterized by severe nocturnal exacerbations and
may be secondary to intestinal motility abnormalities, sphincter malfunction, bacterial
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overgrowth, pancreatic exocrine insufficiency, and/or bile salt malabsorption. It is char-
acterized by up to 20 bowel movements per day, with stool volumes greater than 300
g/d. Fluid losses from diabetic diarrhea, which may accompany gastric atony, may
result in severe dehydration requiring parenteral fluid therapy. Autonomic neuropathy
of the gallbladder results in a stasis of bile salts that may “spill over” into the intestines
at inappropriate times. Additionally, stasis and cholestrol elevation may predispose to
the development of cholelithiasis.

Delayed gastric emptying rate should be considered in type 1 subjects with unusual
variability in postprandial blood glucose levels that cannot be explained by variable
diet/exercise patterns or insulin dosing. Symptoms may be exacerbated by the use of
rapid-acting insulin analogs, which may result in profound early hypoglycemia. These
insulins may need to be administered 30–45 min after eating to avoid hypoglycemia.
Solid-phase radionuclide gastric emptying studies may be helpful in confirming a diag-
nosis of delayed gastric emptying, but may be normal in the presence of symptoms
(103) and, conversely, abnormal in the absence of symptoms. Diagnosis of delayed
solid-phase gastric emptying requires assessment of the gastric emptying time by
nuclear medicine studies. This involves the ingestion of radiolabeled solid food and
determining the time for 50% of this meal to empty from the stomach. This is the most
sensitive and specific way to diagnose delayed gastric emptying. Nuclear studies can
also measure liquid-phase gastric emptying. An abnormal upper gastrointestinal (GI)
series can also be performed (which measures liquid-phase gastric emptying) and usu-
ally indicates the existence of abnormal solid-phase gastric emptying. However, a nor-
mal liquid-phase gastric emptying does not exclude abnormal solid-phase emptying.
More recently, the [13C]octanoic acid breath test has been shown to be an accurate
measure of delayed gastric emptying in diabetic subjects, which correlates with the
presence of symptoms and DAN and appears not to be affected by the degree of hyper-
glycemia. Magnetic resonance imaging has been used as a means of diagnosing
delayed gastric emptying, which has a high specificity but lower sensitivity compared
to standardized radio-opaque marker techniques (104).

Unfortunately, a close correlation between symptoms and objective assessments of
abnormal gastric emptying does not always occur. For example, only 60% of patients
with symptoms suggestive of delayed gastric emptying have been reported to have
diagnostic solid-phase gastric emptying studies (103). The majority of subjects with
widely fluctuating blood glucose values have abnormal solid-phase gastric emptying
studies but are often free of symptoms of gastric atony. Therefore, symptoms indicative
of gastric atony are insensitive and unreliable predictors of prolonged gastric emptying.
Patients with symptoms consistent with gastroparesis and unstable diabetes should
undergo solid-phase gastric emptying studies.

Genitourinary Autonomic Neuropathy
Involvement of the genitourinary system in DAN may result in syndromes including

cystopathy, retrograde ejaculation, erectile impotence and vaginal atrophy, and dys-
pareunia (105).

Diabetic cystopathy occurs early in the natural history of DAN and often has an
insidious onset and progression with few symptoms. The most common findings are
inability to sense when the bladder is full, increased postvoid residual volume,
decreased contractility of the detrusor that may progress to detrusor areflexia, and
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decreased urinary flow. There is loss of autonomic afferent innervation that results in
infrequent urination. Efferent bladder deficits result in incomplete emptying. These
abnormalities typically result in frequent urinary tract infections and overflow inconti-
nence, with dribbling and poor urinary stream. More than two bladder infections per
year (especially in men) should alert the physician to possible bladder neuropathy and
elicit appropriate diagnostic procedures. A postvoiding residual of greater than 150
cm3 is consistent with the diagnosis of diabetic cystopathy and should be confirmed by
a urological consultation and a cystometrogram. Coexistent urologic conditions (such
as bladder outlet obstruction) may be present and should be excluded.

It has been reported that 50% of diabetic men and 30% of diabetic women have some
degree of sexual dysfunction (106,107). Retrograde ejaculation reflects loss of coordi-
nated internal sphincter closure with external vesicle sphincter relaxation during ejacula-
tion and may become apparent as cloudy urine postcoitally, reflecting the presence of
sperm. Diagnosis of retrograde ejaculation entails documentation of a low sperm count
in the ejaculate. Impotence is commonly reported in DAN patients and usually occurs in
the presence of other systemic manifestations of either somatic or autonomic neuropa-
thy, but an attempt should be made to exclude other causes, including psychogenic,
endocrine, vascular, iatrogenic (secondary to drugs, including antihypertensives, anti-
cholinergics, antidepressants, and narcotics). Hormonal abnormalities should be
screened by serum testosterone and prolactin levels. Nocturnal penile tumescence moni-
toring may be necessary to differentiate organic from psychogenic impotence. A
penile/brachial blood pressure index below normal (<0.70) should initiate an angiogram.

In women, decreased vaginal lubrication may result in vaginal wall atrophy and dys-
pareunia. Diagnosis of female sexual dysfunction requires a directed questioning in
order to elicit a history of dyspareunia, the use of vaginal lubricants, or a combination
of both.

Abnormal Pupillary Function
Diabetes can result in altered balance of the pupillary parasympathetic and sympa-

thetic tone, with relative sparing of the parasympathetic limb, which results in a
smaller than normal pupil at rest (108–111). This tends to make dark adaptation diffi-
cult. No specific therapy is required, but patients should be warned to allow more time
when entering poorly illuminated areas and take extra caution with night driving.

Peripheral Autonomic Denervation
Peripheral autonomic denervation can have many clinical manifestations and con-

tributes to changes to the skin texture, edema, venous prominence, callus formation, loss
of nails, and sweating abnormalities of the feet. Diabetic subjects with neuropathic foot
ulceration have been shown to have greater impairment of power spectral analysis of
heart-rate variation than subjects with neuropathy without a history of foot ulcers,
despite no differences being found for nerve conduction velocities (112). Diabetic auto-
nomic sudomotor dysfunction is commonly manifested by asymptomatic distal anhidro-
sis of the lower extremities that decreases thermal-regulatory capacity (113). This may
produce a symptomatic compensatory increase in truncal and facial sweating. Gustatory
sweating (113) is an abnormal profuse sweating that accompanies the ingestion of cer-
tain foods, particularly cheeses. This abnormality of sudomotor function can be quite
irritating and will often be volunteered by the patient. It is highly specific for DAN.
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Other clinical manifestations of peripheral autonomic denervation include promi-
nent veins in the lower extremities secondary to arteriovenous shunting (114,115).
High peripheral blood flow may play an important role in the development of Charcot
arthropathy (neuroarthropathy) by weakening bones in the foot, thereby predisposing
to fractures. Peripheral edema is also common in patients with DAN and can become
severe and disabling and lead to skin breakdown and sepsis.

Defective Glucose Counterregulation
The autonomic nervous system mediates the counterregulatory response to hypo-

glycemia in the type 1 diabetic patient. This counterregulatory response to hypo-
glycemia is comprised of an increase in hepatic glucose production and decreased
peripheral glucose uptake. Patients with long-standing diabetes with or without auto-
nomic neuropathy may not have typical autonomic warning signs of hypoglycemia,
such as sweating and tachycardia. However, recent studies have not confirmed an etio-
logic association between DAN and hypoglyemia unawareness. Hypoglycemic
unawareness should not be used as a criterion to make the diagnosis of autonomic neu-
ropathy and it may occur in diabetes as a result of improved glycemic control, or recur-
rent hypoglycemia. The normal glucagon response to hypoglycemia deteriorates within
1–5 yr after the diagnosis of type 1 diabetes. The epinephrine response to hypo-
glycemia from the adrenal medulla is delayed (116), a defect that tends to worsen with
increasing duration of type 1 diabetes. It is greatly diminished or totally lost with dia-
betes of 14–31 yr duration. Therefore, absent glucagon together with abnormal epi-
nephrine responses to hypoglycemia greatly diminish glucose counterregulation. In
subjects with type 1 diabetes, perhaps the major risk associated with severe DAN is
severe hypoglycemia (117). This may play a major role in the pathogenesis of sudden
cardiac death associated with DAN. In the EURODIAB IDDM Complications Study,
compared to subjects who had not experienced a severe hypoglycemic episode in the
previous year, subjects who had experienced an episode were older, had a longer dura-
tion of diabetes, had better glycemic control, and had abnormal HRV and postual
orthostasis with an odds ratio of 1.7 after controlling for other factors. Thus, the risk of
severe hypoglycemia appears to be modestly increased in DAN subjects (118). Inter-
estingly, pancreas transplantation improves epinephrine response and normalizes hypo-
glycemia symptom recognition in subjects with DAN (119), implicating a reversible
component in some subjects. Therefore, particular care should be taken in patients with
type 1 diabetes complicated by DAN to avoid hypoglycemia, which may result in the
rather unsatisfying compromise of less strict metabolic control.

Cardiovascular Autonomic Neuropathy
In general, cardiovascular autonomic neuropathy (CAN) can be divided into three

main syndromes: abnormal exercise-induced cardiovascular performance, orthostatic
hypotension, and cardiac denervation syndrome.

ABNORMAL CARDIOVASCULAR EXERCISE PERFORMANCE

Advanced CAN may result in reduced cardiovascular performance during exercise,
which may or may not be noticed by the patient. The cardiovascular response to exer-
cise is impaired in CAN subjects (120) in the absence of coronary artery disease or car-
diomyopathy. The exercise-induced rise in cardiac output is proportional to the resting
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vagal tone as measured by resting beat-to-beat HRV. The DAN subject typically has a
resting tachycardia and increased cardiac perfusion with impaired maximal vasodila-
tory response (75). Decreased exercise capacity needs to be considered when prescrib-
ing exercise regimens.

POSTURAL HYPOTENSION

Postural hypotension produces weakness, dizziness, visual impairment, and syncope
that are at times difficult to distinguish from hypoglycemia or vertigo. Orthostasis
results from a combination of both central and peripheral cardiovascular sympathetic
denervation and is defined as a fall in systolic blood pressure in excess of 30 mm Hg. It
results in part from a failure of vasoconstriction in both splanchnic and peripheral vas-
cular beds. There is a loss of diurnal variation of blood pressure in patients with DAN,
with nocturnal supine hypertension, which may also be evident to a lesser degree in
healthy diabetic patients (121). Patients with a profound disability resulting from pos-
tural hypotension are, fortunately, rare. There can be a great day-to-day variability of
orthostatic symptoms, which may be aggravated by insulin therapy (122) and food
(123). The mechanism of postprandial hypotension in DAN is unclear, but vasodilatory
gut peptides have been implicated. A hematocrit should also be checked because ane-
mia can result from erythropoetin (EPO) deficiency secondary to renal denervation,
which may greatly exacerbate orthostatic symptoms.

CARDIAC DENERVATION SYNDROME

Cardiac denervation at its most extreme results in a fixed heart rate (usually 80–90
beats per minute) that is unresponsive to exercise, stress, or sleep. As mentioned ear-
lier, both parasympathetic and sympathetic activity to the heart declines soon after the
development of diabetes. Perhaps there is an initial imbalance in the rate of decline,
with a rapid development of reduced parasympathetic tone and a relative increase in
sympathetic tone, giving rise to an increase in resting heart rate (at this time, the resting
heart rate may be 110–120 beats per minute). With progression of sympathetic deficits,
the heart rate progressively slows. Eventually, with advanced involvement of both
parasympathetic and sympathetic innervation, a cardiac denervation syndrome exists.
Potential consequences of advanced cardiac denervation include abnormal myocardial
blood flow regulation, cardiovascular instability during anesthesia, and increased sus-
ceptibility to cardiac arrhythmias and sudden death. Afferent autonomic pathways are
also involved in the cardiovascular denervation syndrome, which increases the risk for
painless ischemic heart disease.

Regional cardiac sympathetic hyperactivity is associated with the development of
malignant ventricular arrhythmias, particularly when accompanied by reduced protec-
tive parasympathetic tone and myocardial ischemia (124). The highest mortality rates
are usually observed in subjects with advanced deficits of cardiovascular sympathetic
innervation (58). A recent meta-analysis of diabetic patients concluded that the mortal-
ity of DAN-free subjects over 5.5 yr was approx 5%, and this increased to 27% with
the development of abnormal cardiovascular reflex tests (125). Other studies agree
that 5-yr mortality in subjects with advanced CAN approaches 30% (59). Diabetic
patients have increased mortality after myocardial infarction, which is thought to
reflect increased susceptibility to arrythmogenic triggers such as CAN. Compared to
nondiabetic subjects, patients with type 1 diabetes have a lower incidence of myocar-
dial infarction events in the morning, with an increase observed in the evening. This
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may reflect decreased morning sympathetic activation in diabetic subjects and impaired
evening parasympathetic and fibrinolytic activity (126,127). Considerable interest has
centered upon the role of abnormal myocardial electrical activity in arrythmogenesis,
including, for example, QT prolongation and altered ventricular repolarization (128).
In the EURODIAB Type 1 Complications Study, the prevalence of QT prolongation
was 16% overall [11% in men, 21% in women (129)]. The potential mechanisms
whereby cardiac denervation increases the risks of myocardial instability have begun to
be addressed using scintigraphic techniques. The radiotracer [123I]-MIBG has been
extensively utilized to explore the contribution of the sympathetic nervous system to
enhanced cardiac risk. Decreased inferior and posterior left-ventricular (LV) [123I]-
MIBG retention occurs in subjects with silent (130,131) or symptomatic (131) myocar-
dial ischemia. Abnormal myocardial [123I]-MIBG uptake correlates with altered LV
diastolic filling (79,132) and electrophysiological defects involving the QT interval
(81) and QT dispersion (133). Impaired retention of LV [123I]-MIBG in diabetic sub-
jects is also predictive of sudden death (134).

Studies using the sympathetic tracer C-11 HED have shown that abnormalities of
left-ventricular sympathetic innervation begin distally in the LV, spread circumferen-
tially and proximally involving anterior, inferior, and lateral ventricular walls, reflect-
ing a proximal–distal progression in the severity of neuropathy (72). Interestingly,
despite extensive cardiac denervation, “islands” of proximal myocardial persist that
demonstrate a 30% increase of [11C]-HED retention above the same regions in the
CAN-free subjects (88). Despite this increase of tracer retention, no appreciable
washout of tracer is observed in the proximal segments, consistent with normal
regional tone but regional sympathetic hyperinnervation. Distally, [11C]-HED retention
is decreased in severe CAN by ~approx 30%, and, thus, dramatic gradient of sympa-
thetic innervation is observed in advanced CAN that may enhance electrical and chem-
ical instability (75). Positron-emission tomography (PET) has been used to explore
myocardial blood flow/innervation relationships in type 1 diabetic subjects. Maximal
impairment in vasodilatory capacity is found in the “hyperinnervated” proximal
myocardial segments (68). Other reports have confirmed that DAN is associated with
impaired vasodilation of coronary resistance vessels to sympathetic stimulation that is
related to the severity of the sympathetic nerve dysfunction (135). These regions also
demonstrate paradoxical reductions of myocardial perfusion on sympathetic stimula-
tion (136), suggesting that this region of the heart may be the focus of instability par-
ticularly during exercise, hypoglycemia, or acute myocardial ischemia.

TREATMENT OF DPN

As part of our treatment approach of DPN, we first carefully establish that the neu-
ropathy is the result of diabetes. Table 3 lists the differential diagnoses of sensorimotor
polyneuropathies. Importantly, DPN is a symmetric, sensory greater than motor, slowly
progressive disorder. Generalized neuropathies that present in an asymmetric pattern
with more motor involvement or with an acute course need to be thoroughly investi-
gated by a neurologist.

Once the diagnosis is established, there are three general therapeutic approaches to
the treatment of DPN. Preventive management strategies (e.g., education and hygiene)
are designed to deal with potential risk. Palliative management strategies are designed
to alleviate specific symptoms of DPN (e.g., pain, foot deformities, or ulcers)
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Table 3
Differential Diagnosis of Diabetic Neuropathy

I. Distal Symmetric Polyneuropathy
A. Metabolic

1. Diabetes mellitus
2. Uremia
3. Folic acid/cyanocobalamin deficiency
4. Hypothyroidism
5. Acute intermittent porphyria

B. Toxic
1. Alcohol
2. Heavy metals (lead, mercury, arsenic)
3. Industrial hydrocarbons
4. Various drugs

C. Infectious or Inflammatory
1. Sarcoidosis
2. Leprosy
3. Periarteritis nodosa
4. Other connective-tissue diseases (e.g., systemic lupus erythematosus)

D. Other
1. Dysproteinemias and paraproteinemias
2. Paraneoplastic syndrome
3. Leukemias and lymphomas
4. Amyloidosis
5. Hereditary neuropathies

II. Pains and Paresthesias Without Neurological Deficit
A. Early small-fiber sensory neuropathy
B. Psychophysiologic disorder (e.g., severe depression, hysteria)

III. Autonomic Neuropathy Without Somatic Component
A. Shy–Drager syndrome (progressive autonomic failure)
B. Diabetic neuropathy with mild somatic involvement
C. Riley–Day syndrome
D. Idiopathic orthostatic hypotension

IV. Diffuse Motor Neuropathy Without Sensory Deficit
A. Guillain–Barré syndrome
B. Primary myopathies
C. Myasthenia gravis
D. Heavy-metal toxicity

V. Femoral Neuropathy (sacral plexopathy)
A. Degenerative spinal-disk disease (e.g., Paget’s disease of the spine)
B. Intrinsic spinal-cord-mass lesion
C. Equina cauda lesions
D. Coagulopathies

VI. Cranial Neuropathy
A. Carotid aneurysm
B. Intracranial mass
C. Elevated intracranial pressure

(continued)



(137,138). Definitive therapeutic strategies are targeted against specific pathogenetic
components of DPN (138–140). Currently, glycemic control is the only effective defin-
itive therapy (141). The development of future adjunct therapies to prevent and poten-
tially reverse the neurological damage that underlies the clinical manifestations of
DPN awaits clearer understanding of the responsible pathogenetic mechanisms (142).

Approximately 20% of patients experience painful DPN. We have recently reviewed
our approach to treatment of painful DPN (143). Table 4 lists the agents most commonly
used to ameliorate symptoms in painful DPN. Each agent in Table 4 has been tested in a
double-blind placebo-controlled trial for its efficacy in the treatment of painful DPN. Our
approach is stepwise. If burning and dysesthesias are the prominent complaints, either an
antidepressant such as amitriptyline or an antiepileptic, in particular, gabapentin, is begun
and slowly titrated to maximum tolerated doses. If pain persists, a second agent is added;

Chapter 24 / Diabetic Peripheral and Autonomic Neuropathy 451

Table 3 (continued)

VII. Mononeuropathy Multiplex
A. Vasculidites
B. Amyloidosis
C. Hypothyroidism

D. Acromegaly
E. Coagulopathies

Source: Adapted from Greene DA, Feldman EL, Stevens MJ, Sima AAF, Albers JW, Pfeifer MA. Dia-
betic neuropathy. In: Porte D Jr, Sherwin RS, Rifkin H, eds. Ellenberg and Rifkin’s Diabetes Mellitus, 5th
ed., 1997, pp. 1009–1076.

Table 4
Drugs Used in the Treatment of Painful Diabetic Neuropathy

1. Nonsteroidal Drugs
Ibuprofen 600 mg qid
Sulindac 200 mg bid

2. Antidepressant Drugs
Amitriptyline 50–150 mg at night
Nortriptyline 50–150 mg at night
Imipramine 100 mg qd
Paroxetine 40 mg qd
Trazadone 50–150 mg tid

3. Antiepileptic Drugs
Gabapentin 600–1200 mg tid
Carbamazipine 200 mg qid

4. Others
Ultram 50–100 mg bid
Mexiletine 150–450 mg/qd
Capsacin 0.075% qid
Transcutaneous nerve stimulation

Source: Adapted from Greene DA, Feldman EL, Stevens MJ,
Sima AAF, Albers JW, Pfeifer MA. Diabetic neuropathy. In: Porte D
Jr, Sherwin RS, Rifkin H, eds. Ellenberg and Rifkin’s Diabetes Mel-
litus, 5th ed., 1997, pp. 1009–1076.



for example, if the patient is on an antidepressant, then an antiepileptic is added. Careful
monitoring of side effects, especially excessive drowsiness, is mandatory. If maximal
combination therapy is reached, a third agent is added for those patients still incapacitated
by pain. The choice of this agent depends on the patient’s age; younger patients tolerate
the addition of Ultram, whereas older patients may experience intolerable side effects. A
pain clinic is needed by a small percentage of patients when this stepwise approach fails.

TREATMENT OF DAN

Intensification of metabolic control, which can retard the development or slow the
progression of DAN, should significantly improve the overall prognosis for diabetes.
Improved metabolic control has been reported to slow the progression of HRV deficits
in type 1 diabetic patients in some studies (144–146) but not in others (147,148). As
described earlier, in the DCCT, intensive therapy was able to slow the progression and
development of abnormal autonomic tests (65). More recent studies have confirmed
that strict glycemic control can reverse early deficits of autonomic function in subjects
with type 1 diabetes (78,149). More advanced deficits are more resistant. The variabil-
ity of the reported beneficial effects of good glycemic control on the development or
progression of DAN could reflect a number of factors, including inadequacy of
glycemic control, insufficient study duration, too advanced DAN, or the insensitivity of
the cardiovascular autonomic function tests utilized.

Gastrointestinal Autonomic Neuropathy
TREATMENT OF GASTRIC ATONY

After the diagnosis of gastric atony has been made (usually using a solid-phase gas-
tric emptying study), therapy is directed toward addressing the imbalance of opposing
metabolic influences on the stomach, including defective cholinergic and predominant
dopaminergic tone. The initial approach comprises intensifying diabetes control, which
will facilitate neurogenic stimulation of gastric emptying. The presence of hyper-
glycemia by itself has been shown to delay gastric emptying of liquids and solids in
both diabetic and healthy individuals (150). In general, high-fiber diet should be
avoided in these patients because it can delay gastric emptying. Initial pharmacological
approaches include the use of the dopamine antagonist metoclopramide (10 mg 1–2 h
before meals). This is usually well tolerated but can result in a distressing acute
extrapyramidal reaction or, more chronically, can precipitate hyperprolactinemia and
galactorrhea. Formerly, myenteric acetylcholine release could be potentiated using cis-
apride, but this is now only available for intractable gastroparesis under carefully con-
trolled “research” purposes, because of concerns about precipitating arrythmias
secondary to QTc prolongation in patients with DAN. The dopamine antagonist
domeridone (20 mg qid, 30 min before meals) is also highly effective and is often use-
ful in subjects in whom metoclopramide has failed. However, doperidone is not yet
available in the United States and has to be obtained from Canada (151). Erythromycin
is also used in the therapy of gastroparesis. It can promote gastric emptying in patients
with gastroparesis secondary to autonomic neuropathy (152) via stimulation of motilin
receptors. In general, oral erythromycin (250 mg qid) tends to be rather disappointing,
and it seems to be most effective when used intravenously (3 mg/kg every 8 h) for the
control of acute exacerbations. Bethanechol, a parasympathetic agonist (10–30 mg 1–2
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h before meals) has also been used infrequently. Again, caution should be used because
these drugs in combination may produce extrapyramidal symptoms. Small, frequent,
high-caloric liquid-rich meals may also be used in extreme cases. In patients with
intractable episodes of vomiting necessitating recurrent hospital admissions, which is
often accompanied by considerable weight loss, nourishment may need to be provided
by gastrostomy. Bypass surgery has been used as a last resort and can lead to a dra-
matic remission of symptoms in carefully selected patients.

DIABETIC DIARRHEA

Diabetic diarrhea more commonly complicates type 1 than type 2 diabetes (153). The
therapeutic approach to the management of diabetic diarrhea first involves the exclusion of
other etiologies, such as functional bowel syndrome or sprue. A positive hydrogen breath
test may indicate bacterial overgrowth secondary to intestinal hypomotility. A coarse of
broad-spectrum antibiotics such as tetracycline, ampicillin, or metronidazole may be suc-
cessful in about half the cases if given at the onset of the attack. If no improvement is
observed, then bile salt binders (e.g., cholestyramine) may be tried. Clonidine has also
proved to be useful in some cases. Severe, intractable diarrhea may respond to octreotide
(100 µg tid, sc), but care must be taken because the associated instability of diabetes con-
trol and randomized clinical trials have not yet been performed. When diarrhea is sec-
ondary to aberrant hypermotility, loperamide up to 16 mg/d can be helpful (154).

Genitourinary Autonomic Neuropathy
The management of a neurogenic bladder includes regular urinations, with patients

instructed to empty the bladder every 4 h even in the absence of the sensation of full-
ness, which may be coupled with the Crude maneuver. Other maneuvers to increase the
force of bladder contraction include the parasympathetic agonist bethanechol (10–30
mg three times a day). An α1-blocker, such as doxazosin, can help sphincter. Self-
catheterization may also be required. In more severe or refractory cases, an internal
sphincter resection can enhance bladder emptying. Finally, severe sympathetic efferent
neuropathy may require suprapubic catheterization to prevent urinary retention.

Erectile dysfunction (ED) has many potential etiologies (including concurrent med-
ical therapy) and so a careful initial evaluation is important in order to provide a targeted
therapeutic approach. The presence of ED should alert the physician to perform a search
for other modifiable cardiovascular risk factors, as cardiovascular events are reported to
be increased in these subjects (155). Patients with psychogenic impotence should ini-
tially receive appropriate counseling before any other therapeutic maneuvers are under-
taken (156). Testosterone supplementation should be provided if free-testosterone levels
are inadequate. Atherosclerosis with resulting low penile blood flow may require a vas-
cular surgery consultation. In males, therapy can include 50 mg or 100 mg sildenafil
(157), a selective inhibitor of cyclic guanosine monophosphate-specific phosphodi-
esterase type 5 that is effective in about 50–60% of subjects [and must not be given with
organic nitrates because hypotension and fatal cardiovascular events can occur (158)].
The dose may need to be reduced in patients with renal failure and hepatic dysfunction.
The duration of the drug effect is approx 4 h. Other alternatives include the alprostadil
urethral suppository MUSE (125–1000 µg), yohimbine, an α2-adrenergic blocker (5.4
mg tid), use of a suction apparatus, and various prosthetic devices such as semirigid,
malleable, inflatable, and self-contained. Thirty milligrams of papaverine plus 1 mg of
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phentolamine or prostaglandin E (alprostadil, 20 µg) will result in an increase of blood
flow into the penis, resulting in tumescence and rigidity. A constricting band must then
be applied to the base of the penis, which must be immediately removed after inter-
course. Sustained erections in excess of 2 h may require immediate medical therapy with
epinephrine to avoid priapism. Retrograde ejaculation, a cause of infertility, has been
successfully treated with an antihistamine (159). Treatment for female sexual dysfunc-
tion involves recognition, vaginal lubricants, and estrogen creams (160).

Gustatory Sweating
Gustatory sweating can occasionally be the patient’s most disabling symptom and a

cause of a great deal of social embarrassment. The most effective therapeutic approach
is 0.1 mg bid clonidine. Other treatments such as oxybutynin at 5 mg qd may be an
alternative, but is probably less successful. Other anticholinergic drugs have been used
successfully, but may be less well tolerated than the condition itself.

Orthostatic Hypotension
The first step in the management of orthostatic hypotension is the discontinuation,

where possible, of long-acting hypotensive agents that may be contributing to the prob-
lem. Occasionally, the patient can be switched to a shorter-acting agent (captopril, e.g.)
and the timing of the dose altered in order to minimize daytime orthostatic changes.
Other non-neuropathic etiologies such as volume depletion, adrenal insufficiency, ane-
mia, and hypothyroidism should be addressed. Typical initial approaches to the problem
include elevating the head of the bed by 30° during the night, instructing the patient to
make changes in posture slowly—”stand-in-stages”— and use of body stockings (which
have to be at least waist high). The latter often do not meet with much success, however,
because of the fact that much of the fluid pooling is not in the lower extremities, but in
the splanchnic circulation. Plasma volume expanders such as a high-salt diet or fludro-
cortisone (up to 0.4 mg/d), which also increases catecholamine sensitivity (161), can be
used. The sympathomimetic agent midodrine is useful in the treatment of orthostatic
hypotension in nondiabetic patients in doses up to 40 mg/d (162). However, midodrine
may be less effective in subjects with severe neuropathy. Care has to be taken, because of
the risk of increasing nocturnal supine hypertension. Atrial tachypacing has also been
advocated in severe cases, but, in our experience, it may not be helpful. Erythropoetin
(5000 U/wk) has been shown to improve orthostasis (163) and improve quality of life,
particularly in patients who exhibit anemia of autonomic failure, and may work, in part,
by directly modulating small-nerve-fiber function in addition to ameliorating the anemia.

Cardiorespiratory Arrest
Type 1 patients with DAN may be particularly susceptible to abnormal ventilatory

responses to hypoxia and hypercapnea and obstructive sleep apnea (164,165). This may
increase the risk of nocturnal hypoxia and respiratory arrests. Nocturnal sleep studies are
important in these subjects, as is a trial of continuous positive airway pressure (166).

SUMMARY

In summary, DPN and DAN represent common, disabling complications of types 1
and 2 diabetes. This chapter has discussed the basic pathogenesis, signs, and symptoms
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of DPN and DAN, along with known symptomatic treatment. An increased understand-
ing of pathogenesis will lead to improved therapies in the future.
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INTRODUCTION

Diabetes is present in 16 million Americans. Half of all lower extremity amputations
in this country occur in this patient group (1). In most cases, the amputation is needed
when a foot ulcer does not heal. The incidence of diabetic foot ulcers is 1–4%, whereas
the prevalence is 5–10% (2,3). A patient with diabetes has a 15% risk for developing a
foot ulcer during his/her lifetime. Six to ten percent of hospitalizations in patients with
diabetes are for treatment of foot ulcers; these admissions are about one-quarter of the
hospital days in this group of patients.

Lower extremity wounds occur because of neuropathy and/or peripheral vascular
disease. Independent risk factors for foot ulcers include long duration of diabetes, poor
glycemic control, foot deformity, prior ulcer, and prior amputation, in addition to neu-
ropathy and peripheral vascular disease (4). A person with diabetes has a 10 times
greater risk of amputation than a person without diabetes (5). Good control of glucose,
diabetes education, and use of diabetic footwear can reduce the amputation rate. There
are 50,000–60,000 amputations in the United States each year. The cost of caring for
this problem is difficult to determine, but it is billions of dollars and is a significant
economic burden on the health care system.

ETIOLOGY

Lower extremity ulcers occur as a result of neuropathy, atherosclerotic peripheral vas-
cular disease, or both (6). Sixty to seventy percent of diabetic patients with foot ulcers
have neuropathy as the cause of the wound, 15–20% percent have peripheral vascular
occlusive disease, and 15–20% have both. The neuropathy is motor, sensory, and auto-
nomic. It occurs because of prolonged periods of glucose elevation. It is much more
common in diabetic patients with foot ulcers. The motor neuropathy leads to atrophy of
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the muscles of the lower leg. Normally, innervation of the small intrinsic muscles of the
foot keep the bones and tendons in proper alignment. Without the correct alignment, the
toes are pulled up and do not touch the ground when walking. This is known as a claw
deformity. The change in the position of the toes shifts the metatarsal heads toward the
plantar surface. This is a common site of ulceration in diabetic patients, especially the
areas beneath the first and fifth metatarsal heads. As the disease progresses, there is col-
lapse of the midfoot with loss of the plantar arch. This, in turn, results in further defor-
mity of the foot, and, ultimately, a rocker-bottom deformity. The sensory neuropathy
causes the foot to be insensate with loss of protective sensory function.

A foot ulcer commonly begins as a minor wound, usually traumatic in origin. The
abnormal shape of the foot leads to the development of pressure points that cannot be
felt by the patient. The patient continues to walk on his/her foot until an ulcer occurs.
Improperly fitting shoes are a common cause of foot ulcer. Wounds also occur from
trauma and foreign bodies from walking barefoot, improper nail trimming, and burns
from hot bath water. The autonomic neuropathy results in decreased sweating with
cracking of the skin. The cracks become portals of entry for bacteria, resulting in infec-
tion. The autonomic neuropathy also leads to opening of arteriovenous shunts, which
redirect blood flow away from the nutrient capillaries of the skin (7).

Diabetic patients also develop foot wounds because of peripheral vascular disease.
The accepted risk factors for atherosclerosis include diabetes, smoking, hyperlipi-
demia, and hypertension. Diabetes is a risk factor for atherosclerosis; however, the ath-
erosclerotic process is the same in patients whether or not they have diabetes (8). There
are some differences, however. Diabetic patients develop atherosclerosis at a younger
age and the disease progresses more rapidly in diabetic patients. The pattern of occlu-
sion is also different.

The atherosclerosis in these patients is commonly in the tibial arteries. Patients often
have a palpable popliteal pulse but none in the foot. It was once thought that diabetic
patients had so-called “small-vessel disease,” with occlusion of very small arteries, but
that is not true. Minor trauma leads to wounds that do not heal. These wounds com-
monly become infected. When treated with antibiotics, the treatment may be ineffec-
tive, as there is inadequate blood supply to carry the antibiotics to the foot to the site of
infection. Uncontrolled infection and gangrene then necessitate amputation. Obviously,
it is better to prevent wounds with good foot care (see Table 1).

Most wounds of the foot in patients with diabetes occur in the forefoot. Wounds on the
plantar surface commonly are caused by inadequate protection while walking. On the other
hand, wounds on the dorsum of the foot commonly occur from rubbing on an improperly
fitting shoe. It is of interest to note that the distribution of forefoot ulcers is equal on the
dorsal and plantar surface of the foot. Because ulcers on the dorsum of the foot almost
always occur because of rubbing from a poorly fitting shoe in a patient with sensory neu-
ropathy, half of forefoot ulcers could be prevented by properly fitting footwear.

There are a number of other factors associated with ulceration. These patients have
limited joint mobility. Limited motion in the metatarsal phalyngeal joint is associated
with ulceration. Increased pressure is placed on the toe of a patient while walking if
he/she has reduced range of motion in dorsiflexion at the metatarsal phalyngeal joint.
Excessive callus over bony prominences is associated with elevated plantar pressure.
The increased pressure may then serve to stimulate further callus formation. Removal
of the callus may then reduce the likelihood of ulceration.
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The combination of neuropathy, atherosclerotic arterial occlusive disease, and infec-
tion can lead to gangrene and necessitate amputation. Three independent predictors of
foot ulceration have been identified. These include absence of the Achilles’ tendon
reflex, inability to sense the 5.07 (10 g) Semmes–Weinstein monofilment, and a transcu-
taneous oxygen tension (TcPO2) of less than 30 mm Hg (6). In many cases, ulceration
leads to amputation. The risk factors associated with amputation include age, duration of
diabetes, race, poor glycemic control, poor foot care, and inadequate patient education
(Table 2).

ASSESSMENT

Treatment of a diabetic foot ulcer begins with assessment of neuropathy and arterial
occlusive disease by history and physical examination. There may be a history suggest-
ing generalized atherosclerosis. These patients often have coronary artery disease and
cerebrovascular disease, as well as peripheral vascular disease. Many patients have a
history of claudication (9). Some have had a prior amputation. A detailed evaluation of
pulses will determine the degree and location of atherosclerotic occlusion. An easily
palpable pulse is, in general, good evidence of adequate arterial circulation. If pulses
are not easily palpated, the patient should be evaluated in the noninvasive peripheral
vascular laboratory (10). Ankle pressure should be measured using a hand-held
Doppler device. A ratio of pressure at the ankle to pressure in the arm in the brachial
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Table 1
Good Foot Care

1. Inspect foot daily for cuts, blisters, and abrasions.
2. Bathe feet carefully and dry between toes. Do not use extremely hot water.
3. Do not soak feet.
4. Use antifungal powder on feet as needed.
5. Use moisturizing cream on dry skin.
6. Have nails trimmed properly.
7. Wear properly fitting shoes. Patients often need custom shoes with fitted inserts.
8. Do not walk barefoot.
9. Seek professional help for all wounds.

10. Do not use a heating pad or hot water bottle if feet are cold.

Table 2
Risk Factors Associated with Amputation

1. Age
2. Gender
3. Race
4. Duration of diabetes
5. Poor glycemic control
6. Atherosclerosis of lower extremities
7. Neuropathy with loss of protective sensation and foot deformity
8. Limited joint mobility
9. Smoking



artery allows calculation of an ankle/brachial index (ABI). A normal ABI is 0.9–1.1.
Patients with claudication commonly have an ABI of less than 0.7. Rest pain from
inadequate arterial blood supply is found in patients with an ABI of less than 0.4. Tis-
sue loss occurs most commonly when the ABI is less than 0.3.

One may be mislead, however, when calculating the ABI in a patient with diabetes.
Diabetic patients commonly have very calcified and, thus, hardened arteries. When
inflating a blood pressure cuff to measure the pressure needed to occlude arterial flow,
some of the squeeze of the cuff is used to overcome the stiffness of the arterial wall, thus
suggesting an arterial blood pressure that is falsely elevated. If one relies only on ABI to
determine the adequacy of arterial blood pressure, he/she may not recognize ischemia.
Of course, a low pressure is strong evidence of arterial occlusive disease. If the pressure
is high, then arterial waveforms derived by Doppler or pulse-volume recording may still
suggest arterial occlusion. A normal waveform is triphasic (see Fig. 1). With hemody-
namically significant narrowing, it becomes biphasic, then monophasic with severe
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Fig. 1. Three waveforms from the vascular lab. 



occlusive disease. A normal or elevated ABI with a dampened waveform is good evi-
dence of calcified arteries, falsely elevated pressures, and ischemia. Toe pressures may
be measured as well. The digital arteries are less likely to be calcified; thus, toe pressures
may be a better indicator of arterial disease. However, many laboratories are not
equipped with cuffs small enough to measure toe pressures (11).

TcPO2 measurements in the noninvasive peripheral vascular laboratory may be
quite helpful. TcPO2 is a measurement of skin perfusion. TcPO2 is measured with an
electrode placed on the skin. The skin is then heated to 44°C to allow maximum
vasodilitation. The TcPO2 is about 80% of an arterial pO2 determined by direct arterial
sampling. A normal TcPO2 is defined as 55 mm Hg or greater. It has been determined
that a TcPO2 of 30 mm Hg or greater is needed for wound healing. Even if the patient
has arterial occlusive disease, collateral arterial blood flow with a TcPO2 of 30 mm Hg
or greater may be adequate for healing. There are no risks or complications from
TcPO2 measurement. A low TcPO2 suggests inadequate oxygenation of the tissues and
further evaluation with angiography may be warranted. Although this test is not reim-
bursed by third-party payers in some states, it may be cost-effective to measure TcPO2,
as it may direct the management of the patient.

Patients with ulcers secondary to ischemia will heal only with improved arterial
inflow (12). Although angioplasty has low risk, it is often not appropriate in these
patients, as most patients with ischemic ulceration have severe disease, too extensive
for angioplasty. Most have tandem lesions. The atherosclerotic occlusive disease is
most severe in the tibial arteries. Bypass to the foot using the saphenous vein has
proven to be successful and durable with patency rates of 80% or greater at 3 yr.
Hyberbaric oxygen therapy (HBO) does not appear to play a significant role in the
management of these patients.

Infection plays a major role in this disease. In general, the signs of inflammation
including erythema, induration, warmth, tenderness, and pain with motion are present, if
there is infection. Although these patients have an insensate foot, they may have pain
when infection is present. An X-ray of the foot may be helpful in determining if
osteomyelitis is present. It must be remembered, however, that changes of osteomyelitis
on X-ray do not occur until it has been present for 3 wk. It is helpful to probe the wound
with a sterile cotton-tipped applicator. If one can probe to the bone, osteomyelitis may be
present in as many as 85% of cases. If one probes to the bone, debridement of the wound
is indicated, with the surgeon prepared to resect the infected bone, if found.

TREATMENT

Proper debridement is an important component in the treatment of diabetic foot
ulcers. Debridement has been shown to improve the healing of diabetic foot ulcers (13).
Wounds debrided aggressively appear to heal better. The initial debridement should
include callus, necrotic tissue, pale granulation tissue, and infected bone. These should
also be removed at any follow-up visit. Debridement allows an accurate assessment of
the extent and depth of the ulcer and whether there is infection in the bone. It provides
complete drainage of pus and removes the tissues with the highest bacterial counts per
gram. Debridement also helps to determine if there is involvement of a tendon or joint.
Sharp debridement with a knife is the most effective method to remove necrotic tissue. It
can often be performed in an office setting, as these patients commonly have sensory
neuropathy. There may be pain, bleeding, and transient bacteremia.
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Debridement can be performed in other ways. Erymatic debriding agents will
remove necrotic tissue; however, they must be applied daily over a period of time to
remove all necrotic tissue. Also, bacterial counts increase in the devitalized tissue,
increasing the risk of infection. It is difficult to remove large amounts of necrotic debris
using these agents. Saline-moistened gauze placed on a wound and allowed to dry will
mechanically debride a wound, but this may be associated with pain and bleeding.
There is also the possibility that some newly formed epithelium will be damaged by
this technique. Occlusive dressings placed on uninfected wounds will provide some
measure of autolytic debridement.

Debridement is quite important in the management of diabetic foot wounds, in that
undrained pockets of pus may be recognized during debridement. Fibroblasts, the fun-
damental cell of wound healing, become senescent in the chronic wound. Removal of
these cells at the time of debridement with replacement by young fibroblasts may stim-
ulate the healing process. The bleeding caused by debridement attracts platelets into the
wound to control hemorrhage. These same platelets release growth factors from their α
granules to trigger the healing cascade. Debridement also allows tissue sampling for
culture. All diabetic foot ulcers contain bacteria. The wounds are in “bacterial balance.”
Infected wounds have greater than 105 bacteria per gram of tissue and will not heal
unless the bacterial count is reduced. Debridement mechanically removes the tissues
most heavily laden with bacteria. Routine swabbing of dry surface wounds is of very
limited benefit in determining the bacteria responsible for infection with cellulitis. Cul-
ture of organisms on the surface of a wound does not correlate with cultures of pus or
tissue taken from the deepest level of debridement.

In general, patients with diabetes have multiple flora in their wounds. Wounds present
for less than 1 mo have Gram-positive micro-organisms. Wounds present for more than 1
mo have Gram-negative enteric organisms. Twenty-five percent of diabetic wounds have
anaerobic bacteria.

The choice of proper antibiotics for infected diabetic ulcers depends on an under-
standing of the bacteria likely to be present in the wounds (14). In new wounds with
Gram-positive bacteria, the micro-organisms are most commonly staphylococcus or
streptococcus. Appropriate antibiotics include cephalexin, amoxicillin/clavulanate, or
clindamycin. In older wounds with Gram-negative organisms and anaerobic bacteria,
broad-spectrum antibiotics may be more appropriate. Milder infections can be treated
with a lactam/lactamase inhibitor combination such as ampicillin/sulbactam, orpiperi-
cillin/tazobactam, or clindamycin with a fluoroquinolone. Severe infections may
require imipenem/cilastatin or the combination of vancomycin, azetreonam, and
metronidazole. Antibiotic therapy should be adjusted based on culture and sensitivity
of the micro-organisms identified.

Therapeutic shoes are critical in preventing ulceration in patients with diabetic neu-
ropathy or peripheral vascular disease. Once a patient has healed an ulcer, diabetic
footwear can lower the chance of recurrent ulceration. The abnormal shape of the foot
leads to areas of high pressure on the plantar surface. A molded shoe with a custom
molded insert will reduce areas of high pressure on the plantar surface as well as the
lateral aspects of the foot. For those patients with a claw toe deformity, an extra depth
shoe may prevent ulceration on the dorsum of the foot. Custom fit shoes prevent ulcer-
ation and may also decrease callus development.
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A patient with an ulcer can reduce weight-bearing by using crutches, a walker, or
wheelchair. If the ulcer is on the forefoot, the patient can also use a half-shoe designed
to avoid bearing weight only on the heel. Excessive callus formation, undermining of
the epithelial margins of the ulcer, and clefts within the granulation tissue are signs that
the patient is walking on his/her foot without adequate protection.

If there is lower extremity edema, one should elevate his/her leg, at least to the level of
the heart. There is probably no benefit to leg elevation if no edema is present. Patients with
arterial occlusive disease may complain of pain with leg elevation. These patients need the
benefit of gravity to perfuse their lower extremity. They often sleep in a chair or recliner or
keep their leg off the side of the bed. This is often a clue to the presence of ischemia.

Ulcer Care
Despite the fact that diabetic ulcers are quite common, there are still no universally

accepted standards of care. There is no consensus on wound care, creams and salves, or
dressings. Most experts in wound care will, however, agree on some issues. The foot,
including the wound, should be washed with mild soap and water. Harsh agents such as
undiluted alcohol, peroxide, iodine solutions, vinegar, or bleach probably play no role
in wound care. Washing with soap and water will remove bacteria and necrotic debris.
Soaking has no benefit. It can cause maceration of the tissues and lead to worsening
infection. The sensory neuropathy can allow a burn to occur if the water is too hot or
harsh chemicals are used. Whirlpool therapy is probably also of limited benefit. It will
only provide superficial debridement and, when prolonged, also leads to maceration.
Whirlpool therapy does not stimulate development of circulation. A whirlpool can be
contaminated with bacteria, especially Pseudomonas.

A dressing serves to keep the wound moist while healing occurs. Saline-moistened
gauze is an acceptable dressing but must be changed twice a day. Hydrogels have an
osmolarity similar to saline but are less likely to dry out and need to be changed only
every other day. Topical antibiotic salves keep the wound moist while keeping the bac-
terial colony count low. They do not penetrate a wound to a significant degree and thus
cannot be used as the sole treatment of an infected wound.

Total contact casting (TCC) has been used to treat diabetic neurotrophic foot ulcers
(15). TCC promotes healing of these wounds by reducing pressure and shear stress on
the foot. By using TCC, pressure over an ulcer is reduced by spreading the force on the
foot over a large area, thus lowering pressure per unit area (16). Peak plantar pressures
can be reduced 40–80% using TCC. TCC increases the percentage of ulcers which heal
and shortens the time to complete healing.

Total contact casting is most appropriate in treating partial or full thickness ulcers
secondary to sensory neuropathy. It should not be used in the face of infection or gan-
grene. There are risks to using TCC. Rubbing by the cast may cause new ulcers to
form. This is especially true in patients who also have peripheral arterial occlusive dis-
ease. Therefore, a lowered ABI of less than 0.4 and perhaps less than 0.7 is considered
to be a contraindication to TCC. It cannot be used in patients with significant edema, as
the cast will not fit properly once the swelling has resolved. Patients may remain ambu-
latory while in a cast, once the cast has dried. The cast protects the foot from further
trauma. The cast does impair patient mobility and may not be appropriate for a patient
who is at increased risk for falling. The cast needs to be changed every 1–2 wk, thus
eliminating the need for daily dressing changes.
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The cast must be applied by a technician trained in this procedure. A small thin
dressing is placed over the ulcer. Antifungal powder is placed between the toes. The
toes and bony prominances are protected with felt and foam padding. The foot is
placed in the neutral position with a 90° angle at the ankle. A layer of plaster is applied
first and molded to the foot. This is reinforced with a second stronger acrylic layer. The
patient must be monitored carefully for signs of infection, and if found, the cast must
be removed.

Total contact casting is now considered by some to be the gold standard for healing
diabetic neurotrophic foot ulcers. Although it is less costly than some other forms of
therapy, there are still a limited number of health care providers trained in the use of
this technique.

Most wounds heal with good care. If the wound does not heal by 50% in area within
a month or so of treatment, one should look for underlying infection, unrecognized
ischemia, or inadequate off-loading. If none of these are present, then newer therapeu-
tic modalities should be considered. Modern wound healing involves manipulation of
the cellular environment. For example, it is recognized that fibroblasts in a chronic
wound have less ability to replicate or produce proteins than fibroblasts from the same
patient found elsewhere in the body. The replacement of senescent fibroblasts may be
one of the benefits of debriding a chronic wound.

The cellular environment is under the control of growth factors. These are polypep-
tides that control the growth, differentiation, and function of cells (17). They are pre-
sent in most tissues of the body. They are found in the platelets and released by the
platelets as they come into the wound to control hemorrhage. Within 48 h, they are
released by the macrophage and continue to influence the wound environment until
healing has occurred. Growth factors have been harvested from platelets, a product
known as a “platelet releasate” (18). At this time, there is not universal agreement on
the benefit of a topically applied platelet releasate in wound healing. There is no
approved platelet releasate. Isolated growth factors have also been used to heal diabetic
ulcers. Platelet-derived growth factor (PDGF) has been shown to be of benefit in treat-
ing diabetic neurotrophic foot ulcers in several randomized prospective blinded trials
(19–21). Known as REGRANEX, it is currently approved for healing refractory dia-
betic foot ulcers.

There has been great interest in living-skin equivalents. These are living cells, cul-
tured from human donors. Epidermal cells have been grown over a dermis of bovine
collagen and dermal fibroblasts. Fibroblasts have also been grown over a bioabsorbable
mesh. These skin equivalents may help wounds to heal by producing cytokines and
matrix proteins. These growth factors and other proteins then influence wound healing.
The cells of the living-skin equivalent probably do not survive long term, but stimulate
healing by the patient’s own cells. It may be that these skin equivalents may be of ben-
efit in healing diabetic foot ulcers. It is hoped that these living cells can be transfected
with human genes known to promote wound healing. Their exact role in wound healing
remains yet to be defined.

In summary, foot problems in diabetic patients are a leading cause of amputation.
This is a huge economic burden on the health care system. Although there are newer
therapies to heal leg ulcers, it is much better to prevent these wounds with good foot
care. This should be emphasized in diabetic patients with peripheral neuropathy and
peripheral vascular disease. If a wound does develop, it is likely to heal if the blood
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supply is adequate, there is no infection, the glucose is under good control, pressure-
relief footwear is used, and the wound is kept moist.
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INTRODUCTION

Since the discovery and commercialization of insulin, heart and kidney diseases
have replaced ketotic coma as the major cause of death in type 1 diabetes. In this chap-
ter, we will review the epidemiology, the biochemical mechanisms, and the prevention
of atherosclerosis in type 1 diabetes.

There are few published data examining the etiology of macrovascular disease in
type 1 diabetes. Krolewski et al. (1) examined the risk of coronary heart disease in
three cohorts of type 1 diabetic subjects: (1) those diagnosed in 1939 (n = 65), (2) those
diagnosed in 1949 (n = 84), and (3) those diagnosed in 1959 (n = 143). The study cor-
related mortality from heart disease in these patients with regard to age, age of onset of
diabetes, and presence of nephropathy. Mortality rates in diabetic subjects were com-
pared to rates in matched cohorts drawn from the Framingham database (2). By Janu-
ary 1981, 80 patients from the original cohort had died, 204 were alive, and 8 were
untraceable. Thirty-five percent (n = 28) of the deaths were attributable to coronary
artery disease (CAD) and 11% (n = 9) were sudden deaths not clearly attributable to
CAD. As shown in Fig. 1, the risk of CAD increased with patient age. In the same fig-
ure, there is a striking difference between the subjects with type 1 diabetes (3) and the
Framingham cohort. In both cohorts, there are no CAD deaths prior to the age of 30.
However, by age 55, about one-third of the men and women in the Joslin cohort had
died of CAD, compared with 8% of men and 4% of women in the Framingham cohort.
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This amounts to a 4.2-fold increase in CAD mortality in men and an 8.4 increase in
women. It is noteworthy that the presence of type 1 diabetes completely eliminated the
gender difference in the risk of CAD between men and women, so that the protective
effect of being a premenopausal female was not evident in type 1 diabetic patients.

Krolewski also showed clearly that CAD mortality was not related to age of onset of
diabetes. Subjects diagnosed with diabetes prior to the age of 10 yr had CAD mortality
rates similar to those diagnosed at age 15–20 yr. This suggests that type 1 diabetes clearly
accelerates the progression of atherosclerotic disease. Although there appears to be no
increase in CAD associated with the prepubertal duration of diabetes, there is markedly
increased CAD risk associated with nephropathy, which, in turn, is strongly associated
with the duration of diabetes. In a follow-up period of 20–40 yr, patients with overt
nephropathy had 15 times the risk of fatal CAD compared to those without nephropathy.

Tuomilehto et al. (4,5) compiled similar data from the Finnish registry of subjects
with type 1 diabetes. They were able to capture not only deaths but also all hospitaliza-
tions for CAD and stroke using International Classification of Diseases (ICD) codes.
Their patient population was younger than the Joslin population. Subjects were diag-
nosed with type 1 diabetes before the age of 18 and were newly diagnosed between
January 1965 and December 1979. As in the Joslin data, they found an increase in the
prevalence of CAD with increasing age. Diabetic subjects with nephropathy had a 10.3
risk ratio (RR) of CAD compared to those without. It is of note that although both stud-
ies show that type 1 diabetic subjects without nephropathy had a lower risk of CAD
than those with nephropathy, the risk in the type 1 diabetic without nephropathy is still
significantly higher than that of the general population. Compared to the general
Finnish population, patients with type 1 diabetes without nephropathy had a 3.8-fold
(female) to 4.5-fold (male) increase in cardiovascular risk, including stroke and CAD.
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Fig. 1. Cumulative mortality resulting from coronary artery disease up to age 55 yr in patients with
insulin-dependent diabetes mellitus (IDDM) and in the population of the Framingham Heart Study
(14,20). Unpublished data courtesy of Adrienne Cupples, PhD. Krolewski AS, Kosinki EJ, Warren
JH, et al. Magnitude and determinants of coronary artery disease in juvenile-onset, insulin-dependent
diabetes mellitus. Am J Cardiol 1987; 59:750–755.



Other large epidemiological studies, although not exclusively focused on diabetes,
have also yielded interesting data. For example, the Nurses Health Survey studied 226
nurses with type 1 diabetes (6). They had nearly twice the incidence of atherosclerosis
than the 1483 nurses with type 2 diabetes and 12.2-fold greater CAD risk than the non-
diabetic population.

ANGIOGRAPHIC AND AUTOPSY DATA

Angiographic and autopsy evidence shows that compared to nondiabetic controls,
subjects with type 1 diabetes have more diffuse coronary lesions and more severe
stenosis (7). Valsania (8) compared the coronary angiograms from 32 type 1 diabetic
subjects to those of 31 age-, gender-, and symptom-matched nondiabetics. Subjects
were presumed to have type 1 diabetes based on age of onset prior to 30 yr of age.
Severe (>70% narrowing of lumen) multivessel disease was more common in the dia-
betic than the control subjects. Moreover, diabetic subjects tended to have multiple
lesions within a given vessel. In those with left coronary lesions, 37% of the diabetic
subjects had proximal, as well as distal, stenosis of >70% compared to only 10% of
control subjects. For the right coronary artery, proximal and distal narrowing was
found in 44% of diabetic and 33% of control subjects. This study did not match for
hypertension and hypercholesterolemia in the two groups, but based on a multiple
logistic regression analysis that took these factors into account, the relative odds of
>70% stenosis in two or more vessels was 26.2 times greater in the diabetic than the
control subjects. In contrast, hypercholesterolemia, hypertension, and smoking
increased the risk of >70% stenosis, far less than type 1 diabetes per se.

PATHOGENESIS AND TREATMENT OF THE MACROVASCULAR
COMPLICATIONS OF TYPE 1 DIABETES

Because hyperglycemia is the obvious biochemical hallmark and diagnostic crite-
rion for type 1 diabetes, it is often assumed that hyperglycemia plays a primary causal
role in the macrovascular complications of diabetes. Although epidemiological studies
such as the Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR) (9) of
Klein and colleagues clearly implicate the duration and severity of hyperglycemia as
associated with CAD risk, causation has not been clearly established thus far in any
interventional trial with type 1 or even type 2 diabetes. The Diabetes Control and Com-
plications Trial (DCCT) (10) studied 1441 type 1 patients with diabetes randomized to
an intensive treatment vs a conventional treatment program. Intensive treatment
reduced HbA1c levels to a mean on treatment value of 7.2% over the 6-yr trial. Con-
ventional therapy resulted in an HbA1c of 9.1%. Although this treatment benefit
reduced microvascular complications by 50–60%, no significant benefit was seen for
macrovascular events. Similar disparities were seen in other interventional trials per-
formed in patients with type 2 diabetes. Both the United Kingdom Prospective Dia-
betes Study (UKPDS) (11) and the Kumamoto trials (12) showed substantial
reductions in microvascular complications with intensive treatment. In general, eye and
kidney complications were reduced 30–35% per 1% reduction of HbA1c. However,
there were no significant treatment benefits seen with macrovascular complications. It
is, therefore, clear that we must look beyond glycemic control alone if we are to impact
favorably the excess atherosclerosis of patients with type 1, as well as type 2 diabetes.
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Unlike patients with type 2 diabetes who have, if anything, a superabundance of
CAD risk factors, patients with type 1 diabetes have a scarcity of traditional CAD risk
factors. Lipid profiles are generally normal or even quite good with high levels of high-
density lipoprotein (HDL) cholesterol when glucose is well controlled. Triglycerides
and low-density lipoprotein (LDL) cholesterol are rarely elevated unless the diabetes is
poorly controlled (13). Alterations of LDL particle size distribution are common in
type 2 diabetes, in which small dense phenotype B LDL particles of increased athero-
genic potential predominate as the consequence of insulin resistance (14). This shift in
LDL particle size is rarely seen in type 1 diabetes. However, as in type 2 diabetes, gly-
cation of apolipoproteins with an increased potential for lipid oxidation is noted in type
1 diabetes. This undoubtedly contributes in part to the excess atherosclerosis of poorly
controlled type 1 diabetes (15). Oxidized LDL is, therefore, a prime candidate for ther-
apeutic intervention. In type 2 diabetes, bulk LDL reduction with HMG-CoA-reductase
inhibitors reduced coronary events 23–54% in three different secondary prevention tri-
als (Scandinavian Simvastin Survival Study [4S]; Cholesterol and Current Events
[CARE]; the Long-term Intervention with Pravastatin in Ischemic Disease [LIPID]
Study Group) (16–18). Although uninvestigated in type 1 diabetes, the presumption is
very strong that aggressive LDL reduction to levels below 100 mg/dL should be benefi-
cial in type 1 diabetes as well as type 2 diabetes and, therefore, should be an important
focus for therapeutic intervention, if necessary. In context of these considerations,
HMG-CoA-reductase inhibitor therapy is often indicated in patients with type 1 dia-
betes. On the other hand, fibric acid derivatives are rarely indicated, because disorders
of triglyceride-rich lipoproteins and HDL cholesterol metabolism are generally well
managed by intensification of diabetes control. Hypertriglyceridemia and/or low HLD
cholesterol levels result from poorly controlled diabetes and not from an underlying
insulin-resistant state. Improved glycemic control, reduced carbohydrate intake, and
reduction or elimination of alcohol should eliminate such a dyslipidemia. Secondary
causes such as overt nephropathy and hypothyroidism also must be excluded (19).

THE ROLE OF ADVANCED GLYCOSYLATION END PRODUCTS

Despite the absence of a clear, convincing demonstration of a causal relationship
between hyperglycemia and atherosclerosis, as would be provided by a successful
interventional trial, there are much epidemiological data and in vitro experimentation
to suggest such a linkage. Protein glycation is a clear mechanism by which hyper-
glycemia may give rise to diabetic complications (20).

Accumulation of lipids and lipoproteins in the arterial wall leading to the formation
of fatty streaks is an important step in the formation of advanced atherosclerotic
lesions. It has been widely speculated that oxidative modification of LDL in vivo
results in a reduced affinity for the LDL receptors and enhanced uptake of the modified
lipoprotein by scavenger receptors on macrophages and vascular smooth muscle cells
(21). Glycation of LDL is a physiologically relevant modification (22). Vascular
endothelium expresses receptors for advanced glycation end products (AGEs) and it is
likely that AGE LDL can be transcytosed by the endothelium and can lead directly to
the accumulation of AGEs in the vessel wall. In addition, it has been shown that intra-
cellular accumulation of AGEs may promote phenotypic conversion of smooth muscle
cells and foam-cell formation within the atherosclerotic plaque (21,23). AGE adducts
residing in vessel walls are known to interfere with endothelial nitric oxide synthase
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(NOS) and the vasodilatory action of (NO). AGEs react chemically directly with NO to
inactivate it and block NO-mediated vasodilatation. AGE-infused nondiabetic animals
show diabeticlike disruption of vasorelaxation or vasodilation processes. Accumulation
of AGEs on collagen causes stiffening of the collagen fibers as the result of AGE
crosslinking, thereby affecting arterial and cardiac mechanical properties even without
clinical CAD (24).

Endothelial dysfunction leading to enhanced procoagulant activity may result from
exposure of endothelial cells to AGEs in vitro. Furthermore, vascular endothelial cells
react to AGEs by causing downregulation of the anticoagulant thrombomodulin and
promotion of transendothelial migration by monocytes (25). Vlassara et al.(26)
reported an accelerated atherogenic potential in AGE-infused rabbits, characterized by
a significant increase in expression of vascular cell adhesion molecule-1 (VCAM-1)
and intracellular adhesion molecule-1 (ICAM-1) on the endothelial surface of the rab-
bit aorta. These AGE-induced changes were markedly accelerated in animals placed on
a cholesterol-rich diet.

Taken together, it is apparent that AGEs can cause significant dysfunctional changes
to the macrovascular endothelium in ways that can potentiate vessel wall atherogenesis,
hypertension, or prothrombotic events (27). For these reasons, scrupulous glycemic con-
trol is important in type 1 diabetes. Clearly, elimination of hyperglycemia will minimize
the microvascular complications of type 1 diabetes and may possible improve the risk of
macrovascular complications. It should also be noted that albuminuria is quantitatively
the greatest single risk factor for atherosclerosis in type 1 diabetes. Whether this reflects
a causal relationship or a linkage to other factors such as hypertension, which is an inde-
pendent risk factor for both microvascular and macrovascular disease, is unknown (28).

ENDOTHELIAL DYSFUNCTION

Endothelial dysfunction is present in both type 1 and type 2 diabetes with normal uri-
nary albumin excretion, suggesting that such dysfunction is a feature of the diabetic state
per se (29). Endothelial dysfunction is generalized in microalbuminuric type 1 diabetes
patients, in that it affects many aspects of endothelial function such as the regulation of
vascular resistance, vascular permeability, coagulation, and fibrinolysis (30,31). Recent
studies have suggested a primary disturbance of endothelium-dependent vascular dila-
tion as a causative mechanism of early atherogenesis in type 1 diabetes (32,33). This
may reflect a possible deficit in the bioactivity of endothelium-derived relaxing factor
(EDRF) or NO. Such dysfunction may evolve over time and reflect both the duration and
severity of the diabetic state. However, several findings are in conflict with this hypothe-
sis. Early in uncomplicated type 1 diabetes, there is near-normal microvascular dilation
and an increase in microvascular blood flow, both in human and animal models (34).
Studies in humans using the response to intra-arterial infusion of cholinergic agents as
an estimate of NO-mediated endothelial-dependent vasodilation and the response to
nitroprusside as a measure of endothelial-independent vasodilation have produced con-
flicting results in diabetes. These studies are limited by the small number of subjects
investigated and have generally failed to exclude microalbuminuric patients as well as
patients with new type 1 disease (32,33,35). These studies investigated endothelial-
dependent vasodilation in resistance vessels but not in conduit vessels, which are the
type of vessel most prone to develop atherosclerotic lesions; endothelial dysfunction in
the brachial artery parallels that seen in the coronary artery (36).
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Arterial compliance is an important property of the vascular system that provides the
smooth, continuous flow of blood to the periphery while maintaining optimal systolic
blood pressure. Reduced arterial compliance, reflecting functional or structural alter-
ations in the vascular wall, is associated with increased systolic and decreased diastolic
blood pressure (36). It is a major determinant of an increased pulsatile pressure, which
has implications for cardiovascular disease that are distinct from those of an elevated
mean arterial pressure (36). Specifically, vascular stiffening may result in systolic
hypertension, ventricular hypertrophy, diastolic dysfunction, and secondary coronary
artery disease. Increased pulse pressure may modulate the sensitivity of the endothelial
cells to shear stress, which, in turn, accelerates atherosclerosis. These conditions are
common in the advanced stages of type 1 diabetes (37).

Berry et al. (38) compared 25 individuals with uncomplicated type 1 diabetes (mean
age of 22 ± 4 yr and mean duration of disease 8 ± 4.6 yr) with 30 healthy controls
matched for age, sex, body mass index (BMI), lipid, and blood pressure variables. He
found arterial compliance to be reduced by 29% in type 1 diabetic patients (p < 0.05).
Giannattasio et al. (39). also showed arterial compliance to be reduced in young
patients with type 1 diabetes (p < 0.01) before the development of overt microvascular
or macrovascular disease. Lambert et al. (40) investigated 24-h ambulatory blood pres-
sure profiles and arterial distensibility in 32 normoalbuminuric type 1 diabetic patients
(diabetes duration ≤ 7 yr) and 32 healthy control subjects on diets containing 50 mmol
and 200 mmol sodium per day. They noted increases in daytime diastolic blood pres-
sure on the high-sodium diets; these were significantly higher in the diabetic patients
than in control subjects (p < 0.05). On a high-sodium regimen, femoral artery distensi-
bility was significantly decreased in the diabetic patients compared with the control
subjects (p < 0.05). Intervention with angiotensin-converting enzyme inhibition in the
diabetic patients on high sodium diets decreased daytime diastolic blood pressure and
increased femoral artery distensibility mostly because of decreasing blood pressure.

The increased sodium sensitivity of the blood pressure in uncomplicated type 1 dia-
betes is supported by several observations. First, proximal tubular reabsorption of
sodium, total-body exchangeable sodium, and extracellular fluid volume are increased
in type 1 diabetes (41–43). Type 1 patients are usually hyperinsulinemic. Second, in
animal studies, sodium sensitivity has been shown to play a major role in the response
of the blood pressure to insulin (44). A blunted nocturnal decline in arterial blood pres-
sure has been demonstrated in type 1 diabetes (45–47). Such findings are associated
with left-ventricular hypertrophy, enhanced cardiovascular and renal complications,
and retinopathy (48). Poor glycemic control has been shown to be associated with lack
of physiological decline in nocturnal blood pressure in adolescents and young adults
with type 1 diabetes (49). On the other hand, glycemic improvement even over a short
period of time (days) may improve the nocturnal blood pressure variation close to nor-
mal. This may be the result of, at least in part, to an attenuated insulin stimulation of
sympathetic activity (50).

THE ROLE OF THE SYMPATHETIC NERVOUS SYSTEM

Insulin, in addition to its metabolic effects, exerts potent effects on vascular tone
(51). It can also increase the sympathetic nervous system activity, which, by virtue of
vasoconstriction, could reduce vascular compliance. Autonomic neuropathy may also
contribute to the increased sudden death and excess cardiovascular mortality in type 1
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diabetes. Its presence is associated with silent ischemia, QT-interval lengthening (52)
and dispersion (difference between the maximum and minimum value of the QTc inter-
val in different leads of the electrocardiogram [ECG] recording), cardiorespiratory
arrest, poor outcome of myocardial infarction and increased mortality (53). Heart-rate
variability (HRV) correlates significantly with long-term metabolic control and arterial
stiffness (carotid artery) (54,55). Strict glycemic control slows and may partially
reverse diabetic cardiac autonomic neuropathy (56).

Cardiac sympathetic dysinnervation (CSD) is the result of chronic hyperglycemia
and perhaps irreversible neuronal abnormalities (57,58). Substantial metabolic
improvement, however, partially restores cardiac sympathetic innervation, indicating
the presence of a reversible component of CSD in these patients (59,60). Aronson et al.
have shown a loss of the nocturnal predominance of parasympathetic activity in type 1
diabetics (61). This may also predispose to the development of diastolic dysfunction,
hypertension, increased aortic stiffness, and increased risk of sudden cardiac death in
type 1 diabetes (62,63). In addition to the burden of autonomic nervous dysfunction
(AND) on the heart, coronary heart disease remains the most common cause of prema-
ture death in type 1 diabetics. There is also evidence of existence of specific heart dis-
ease of diabetes in type 1 diabetes (64). Di Bello et al. did find altered behavior in
myocardial tissue reflectivity to ultrasound in type 1 diabetics. This pattern may be
used as a very early index of a diabetic cardiomyopathy (65).

Endothelial dysfunction can be improved by angiotensin-converting enzyme (ACE)
inhibitor therapy, particularly with agents impacting tissue ACE activity. Thus, in the
Heart Outcomes Prevention Evaluation (HOPE) study with predominantly type 2 dia-
betes patients, ramipril reduced CAD recurrence and CAD mortality (66). Such therapy
should be considered for all type 1 diabetic patients, even without evidence of microal-
buminuria. In particular, small increases in systolic or diastolic pressures (5–10 mm Hg)
should be treated aggressively even if pressure is still within the generally accepted nor-
mal range. In all cases, blood pressure should be reduced below 130/80 mm Hg (67,68).
If albuminuria is present to any extent, treatment with ACE inhibitors and secondary
agents should aim to normalize albumin excretion regardless of attained blood pressure.
Even mild orthostasis should be tolerated in an effort to eliminate microalbuminuria.

Endothelial dysfunction is also associated with a prothrombotic state resulting from
increased plasminogen activator inhibitor 1 (PAI-1) secretion and a shift in the
prostaglandin/prostacyclin balance toward thrombosis. Abnormal platelet aggregation
and shortened platelet survival is also well known in type 1 diabetes. Patients with dia-
betes have increased intravascular thrombosis and a twofold increase in sudden death

Chapter 26 / Atherosclerosis in Type 1 Diabetes 479

Table 1
Chemoprevention of Atherosclerosis in Type 1 Diabetes

Reverse endothelial dysfunction with ACE inhibition
Normalize blood pressure if necessary
Reduce the prothrombotic state with ASA and ADP receptor antagonist if necessary
Normalize glycemic control
Treat residual hyperlipidemia

ACE, angiotensin-converting enzyme; ASA, acetyl salicylic acid; ADP, adenosine
diphosphate.



(69). Aspirin therapy in the predominantly type 1 diabetic patients of the Early Treat-
ment of Diabetic Retinopathy Study (ETDRS) reduced fatal and nonfatal myocardial
infarction by approx 20% (70). Confirmation of this observation was seen by the
Antiplatelet Trialists Collaboration (71). Thus, in the absence of contraindications,
aspirin therapy (81–325 mg/d) is a mainstay of a successful coronary prevention pro-
gram in patients with type 1 diabetes. The appearance of a vascular event despite
aspirin chemoprevention is an indication for more intense antiplatelet treatments such
as the addition (not substitution) of the ADP receptor antagonist clopidegrel (72).

As we have seen, there is yet no known single mechanism accounting for the
increased atherosclerosis of type 1 diabetes. No single treatment has been shown to
eliminate this complication. However, it is abundantly clear that aggressive treatment
of all traditional risk factors for atherosclerosis such as hypertension, hyperlipidemia,
endothelial dysfunction, and the prothrombotic state may go far toward reducing the
atherosclerotic burden on the diabetic patient.
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INTRODUCTION

In this chapter on the cutaneous complications of diabetes mellitus, we include a broad
range of clinical entities. Several of the disorders such as acanthosis nigricans (AN) and
candidal infections are more familiar to nondermatologists, whereas others are rarely dis-
cussed except in dermatologic texts. Examples of the latter include disseminated granu-
loma annulare and bullous diabeticorum. Our goal is to provide descriptions of these
disease entities that are sufficiently practical so as to lead to their clinical recognition and
appropriate management. Several of the entities may be more common in patients with
type 2 diabetes mellitus, but also may occur in patients with type 1 diabetes.

SCLEREDEMA

Although patients with this disorder develop induration (hardening) of the skin, scle-
redema should not be confused with the distinctly different disease, scleroderma. The
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basic abnormality in scleredema is an increased deposition of glycosaminoglycans
(mucin)—in particular, hyaluronic acid—within the dermis. The upper back is the most
common site of involvement, followed by the neck, upper arms, and upper chest. Occa-
sionally, there is facial involvement and, rarely, cardiac or esophageal involvement.
Given the often subtle changes in the appearance of the skin, the diagnosis may be
missed unless the skin is palpated. Then, the induration of the skin becomes obvious.

Visual clues to the diagnosis include prominent openings of the hair follicles and
diffuse erythema. The former can give the skin an appearance that resembles the peel
of an orange, hence the term peau d’orange (see Fig. 1). The diffuse erythema is most
commonly observed on the upper back and, on occasion, it is misdiagnosed as treat-
ment-resistant cellulitis. Although patients may notice a tightening of the skin, more
frequently they comment on decreased mobility of the neck. The onset, however, is
usually insidious. By physical examination, there is decreased range of motion, espe-
cially dorsal extension of the neck.

The diagnosis of scleredema is based on the above-outlined clinical features as well
as the histologic finding of increased deposits of mucin within the dermis. The disorder
is then further subdivided based on the presence or absence of diabetes mellitus. In 1
study of 33 patients with scleredema, those with diabetes usually had the late-onset, but
insulin-requiring, form and were difficult to control (1). Of the group of patients with-
out diabetes, some will be found to have a monoclonal gammopathy (2) or a preceding
streptococcal infection.

An improvement of scleredema has been reported following better diabetic control via
insulin, intravenous administration of prostaglandin E1, high-dose penicillin, psoralens
plus ultraviolet A (PUVA), electron beam therapy, intralesional corticosteroids, and oral
tocopherol acetate plus hyaluronidase (3–5). However, these therapeutic interventions are
based primarily on case reports and small series of patients enrolled in open clinical trials.
Based on personal experience, our initial therapeutic intervention in symptomatic patients
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Fig. 1. Peau d’orange appearance of the upper back in a patient with scleroderma. The areas of
involvement are firm to palpation.



is a 12-wk course of PUVA therapy. More specific treatments for scleredema should
emerge once the underlying pathophysiology of the disease is better understood.

WAXY SKIN AND STIFF JOINTS (CHEIROARTHROPATHY)

In the dermatologic literature, the descriptive term “waxy skin and stiff joints”
appears more commonly than the term “cheiroarthropathy.” The most common site of
cutaneous involvement is the hands and, like scleredema, it can sometimes be confused
with scleroderma. Clinically, the skin on the dorsal surface of the hands is waxy in
appearance and somewhat taut (6). A simple screening test is to ask the patient to bring
his or her hands together with the palmar surfaces apposed as if one were about to pray.
Patients with cheiroarthropathy will be unable to extend their fingers to the degree
required for the interphalangeal joints to approximate one another (7). In other words,
there will be a gap between the palmar surfaces of the fingers; this is sometimes
referred to as the “prayer sign.” However, a more precise assessment of joint involve-
ment can be accomplished via passive extension (8).

In a study of 309 patients (ages 1–28 yr) with insulin-dependent diabetes, 30% were
found to have limited mobility of small and large joints (7). Thickened waxy skin that
could not be tented was noted on the dorsae of the hands in one-third of the patients
with limited joint mobility, but only in those whose joint involvement was judged to be
either moderate or severe. Of note, a life-table analysis demonstrated that after 16 yr of
diabetes, there was an 83% risk of developing microvascular complications if joint
involvement were present, but only a 25% risk if it were absent. Presumably, the
cheiroarthropathy is a reflection of more widespread abnormalities in connective tissue
metabolism including an increase in the glycosylation or crosslinking of collagen (6).
Thus, this complication mirrors overall metabolic control and is associated with high
values of HbA1c. Although cheiroarthropathy may be seen in poorly controlled adoles-
cents, its incidence in this age group has declined as methods of metabolic control have
improved (see Table 1) (9).

In biopsy specimens from the wrist of three diabetic patients with waxy skin, a
marked increase in the thickness of the dermis was noted, as was an accumulation of
connective tissue in the lower dermis (7). By high-resolution ultrasonography, an
increase in the thickness of the skin of the hands was confirmed in patients with clini-
cally waxy skin (10). In one brief report, three of four patients were noted to have
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Table 1
Prevalence of Limited Joint Mobility (LJM) in Children 7–18 yr Old 

with Type 1 Diabetes and Percent of Those Children with Mild or Moderate/Severe LJM

Prevalence of LJM Severity of LJM

Year No LJM LJM p-Valuea Mild Moderate/severe p-Valuea

1976–1978 357 (69%) 158 (31%) 103 (65%) 55 (35%)
(n = 515)

1998 290 (93%) 22 (7%) <0.001 20 (91%) 2 (9%) 0.0253
(n = 312)
a Exact χ2.
Source: ref. 9, with permission of the publisher.



undergone a reduction in skin thickness over a period of 3 mo following the initiation
of insulin therapy via a portable-pump infusion (11). Given the correlation between the
incidence of cheiroarthropathy and diabetic control, the primary therapy remains atten-
tion to metabolic control in order to prevent its occurrence, although genetic predispo-
sition may contribute.

DIABETIC DERMOPATHY

Diabetic dermopathy is characterized by hyperpigmented macules (<1 cm) and
patches (>1 cm) on the extensor surfaces of the distal lower extremities (i.e., the shins).
Less commonly, similar lesions are found on the lateral foot and distal thigh (12). Sec-
ondary findings include superficial white scale as well as atrophy; in some patients,
there may be preceding erythema. Additional names for this disorder include “shin
spots” (13) and “pigmented pretibial patches” (14).

Although the exact cause of diabetic dermopathy is not known, a leading theory is
that it is an abnormal reaction to trauma. In 1 study, 16 of 19 patients with diabetes and
dermopathy developed atrophic circumscribed skin lesions at the sites of experimen-
tally induced thermal trauma whereas none of the 25 controls and only 1 of the 16 dia-
betic patients without dermopathy developed similar lesions (15). The possibility has
been raised that this abnormal response to trauma is a reflection of an underlying
microangiopathy. For example, an increased frequency of retinopathy (39.1%) was
observed in a series of 23 patients with diabetic dermopathy when compared to a group
of 77 diabetics without dermopathy (incidence of retinopathy = 6.9%) (16). In a more
recent study of 173 patients with diabetes, 69 of whom had dermopathy, an increased
incidence of retinopathy, nephropathy, and neuropathy was observed in those with dia-
betic dermopathy (17).

Diabetic dermopathy is observed in up to 50% of patients with diabetes, both insulin
dependent and non-insulin dependent (13,16), with a M : F ratio of 2 : 1. As a result,
these hyperpigmented macules are the most common cutaneous finding in diabetes.
With such a high incidence, it should come as no surprise that diabetic dermopathy is
not as specific a clinical finding as entities such as waxy skin and stiff joints. To date,
the only treatment for diabetic dermopathy is avoidance of trauma.

ULCERATIONS OF THE LOWER EXTREMITIES

In the general population, the most common cause of lower extremity ulcers is
venous hypertension, and patients with diabetes, especially as they age, certainly can
develop venous hypertension. Venous ulcers are often located above the medial or lat-
eral malleolus and are usually painless. Clues to the diagnosis are frequently found in
the surrounding skin and include edema, varicosities, stasis dermatitis, a yellow-brown
discoloration due to hemosiderin, and induration of the skin as a result of lipoder-
matosclerosis. However, in comparison to the general population, individuals with dia-
betes are more prone to the development of ulcers resulting from atherosclerosis and
microangiopathy, peripheral neuropathy (mal perforans), necrobiosis lipoidica diabeti-
corum (NLD), calciphylaxis, and soft tissue infections.

In comparison to venous ulcers, arterial ulcers involve the toes and distal foot more
frequently; they also favor the anterior tibial surface. Arterial ulcers are usually painful,
especially at night, are often accompanied by claudication, and tend to have a “dry”
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base. Clues to the diagnosis are found in the surrounding skin and include pallor, dry
skin (xerosis), brittle nails, a decrease in the density of hair, and a shiny appearance to
the skin (18). An examination for pallor with elevation and hyperemia with dependency
can be performed, but an actual assessment of blood flow is essential. Following palpa-
tion of peripheral pulses, the ankle/brachial pressure index can be measured by
Doppler, both at rest and following exercise. Radiographic studies are then performed
to confirm the presence of surgically correctable disease. Therapeutic interventions
include cessation of smoking, angioplasty, endarterectomy, and revascularization via
bypass surgery.

Cholesterol emboli also can give rise to lower extremity ulcerations and represent
yet another consequence of atherosclerosis. The resulting ischemia of the skin is
reflected in angulated areas of blue to violet gray discoloration. Ulcerations as a
result of calciphylaxis have a similar clinical appearance, and livedo reticularis (a
blue to violet netlike pattern due to sluggish blood flow within the superficial venous
plexus) often accompanies both entities. In patients with diabetes, the most common
cause of calciphylaxis is secondary hyperparathyroidism in the setting of chronic
renal failure.

The plantar surface of the foot is a very unusual location for an ulcer, and as a result,
the possibility of a cutaneous malignancy such as a squamous cell carcinoma (e.g.,
epithelioma cuniculatum) or amelanotic melanoma is often entertained. However, in
the presence of a peripheral neuropathy, the most likely diagnosis is a neuropathic
ulcer or mal perforans. These ulcers are usually at the sites of greatest pressure and
shearing forces (e.g., the metatarsal heads and heels). Clinically, there is often a thick
keratotic rim surrounding the ulcer, and in order to heal a neuropathic ulcer, there must
be a reduction in pressure via the use of orthotics, debridement, and exclusion of
underlying osteomyelitis. Topical application of platelet-derived growth factor can also
be added to the therapeutic regimen.

NECROBIOSIS LIPOIDICA DIABETICORUM

NLD is a reflection of the degenerative changes observed in the dermis histologi-
cally and the yellow color of mature lesions (presumably caused by the granulomatous
inflammation in the dermis allowing the visualization of subcutaneous fat). An esti-
mated 0.3% of patients with diabetes develop NLD and the lesions most commonly
(approx 85%) appear on the extensor surfaces of the distal lower extremities (i.e., the
shins) (12) (see Fig. 2). Additional locations include the distal upper extremities and
the face and scalp. Initially, the lesions are red–brown in color and then over time
acquire a yellow color centrally. In mature lesions, there is associated epidermal atro-
phy and deep dermal/subcutaneous blood vessels are easily visualized.

There is some disagreement as to the proportion of patients with NLD who have
frank diabetes. The range that is usually cited is 40–65%, based primarily on clinical
series from the 1950s and 1960s (19). In a more recent retrospective study of consecu-
tive patients seen over a period of 25 yr, only 7 (11%) of 65 patients with classic
biopsy-proven NLD had diabetes mellitus at presentation (20). However, the lesions
are not pathognomic, as the diagnosis of NLD can predate the onset of diabetes and
additional patients with NLD have equivocal glucose tolerance tests as well as family
histories of diabetes. In patients with type 1 and 2 diabetes, the presumed underlying
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etiology, as in the case of diabetic dermopathy, is microangiopathy. A higher incidence
of both diabetic nephropathy and retinopathy was observed in children and adolescents
with NLD in comparison to those without NLD, suggesting an association with poor
metabolic control (21). Histologically, granulomatous inflammation surrounds degen-
erated collagen and elastin (necrobiosis).

Clinical improvement of NLD lesions has been reported following the use of topi-
cal corticosteroids (including class I) with or without occlusion, intralesional corti-
costeroids, oral clofazamine, oral pentoxifylline, and oral acetylsalicylic acid (ASA)
plus dipyridamole (22–26). The reported therapeutic success of topical and intrale-
sional corticosteroids as well as clofazamine and pentoxifylline is based on case
reports and small series of patients. Clinical trials involving antithrombotic agents
were based in part on the presence of microangiopathy and the observation that
platelets in diabetics may have an increased tendency to aggregate. However, a dou-
ble-blind, placebo-controlled trial of ASA plus dipyridamole in 14 patients with NLD
failed to demonstrate any differences between the treatment and control groups (27).
Similar negative findings were observed in a randomized, double-blind 6-mo trial of
low-dose ASA (28).

Up to one-third of patients with NLD of the lower extremities can develop ulcerations
within the lesions. In addition to the above-outlined therapies, single or small series of
patients with ulcerative NLD have been treated with topical granulocyte–macrophage
colony-stimulating factor (GM-CSF), tretinoin or collagen, hyperbaric oxygen, oral
nicotinamide, oral corticosteroids, and oral cyclosporine (29–35). Treatment of the
ulcers also includes local care and elevation of the legs (24). Glucose levels in patients
receiving nicotinamide should be monitored because the dosage of insulin may need to
be adjusted. The use of potent immunosuppressives is reserved for those individuals with
significant morbidity.
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Fig. 2. Plaque of necrobiosis lipoidica diabeticorum on the shin; note the atrophy and easily visual-
ized superficial blood vessels.



DISSEMINATED GRANULOMA ANNULARE

Granuloma annulare (GA) is an idiopathic disorder that occurs in both children and
adults. The individual lesions are pink to skin-colored papules and they often coalesce to
form rings and arcs, hence the term annulare. In the classic form of the disease, lesions
are found predominantly on the distal extremities. One theory advanced to explain the
distribution of GA is that it represents an unusual granulomatous reaction to trauma or
arthropod bites. Occasionally, a patient will have generalized or widespread lesions of
GA (see Fig. 3) and this is the form of GA associated with diabetes mellitus. In 1 series
of 100 patients with generalized GA, 21% were shown to have diabetes (36).

Treatment of GA overlaps significantly with that of NLD (as outlined earlier). For
example, initial therapy, especially for localized disease, consists of topical cortico-
steroids (including class I) with or without occlusion and intralesional corticosteroids
(24). For the generalized form of GA, systemic therapies are often required, as topical
agents and intralesional injections can prove impractical. When the lesions are inflam-
matory, high-dose oral niacinamide (500 mg tid) is usually our initial treatment of
choice (37). If this medication fails and the patient is still concerned about the appear-
ance of the cutaneous eruption, oral PUVA can be prescribed (38). There are also scat-
tered reports of the use of oral retinoids, dapsone, clofazamine, antimalarials,
pentoxifylline, and cyclosporine for the treatment of widespread GA (23,24).
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Fig. 3. Generalized granuloma annulare with multiple annular and arciform lesions composed of
coalescent papules.



XANTHOMAS

Of the major forms of cutaneous xanthomas—planar, tendinous, tuberous, and erup-
tive—it is the latter one that serves as a cutaneous manifestation of the hyper-
triglyceridemia that can complicate poorly controlled diabetes mellitus. Eruptive
xanthomas are usually 3–7 mm in diameter and have a central yellow hue and a periph-
eral erythematous rim (see Fig. 4). The most common locations for eruptive xanthomas
are the extensor surfaces of the extremities, in particular, the elbows and the knees, and
the buttocks. The yellow color is a reflection of the accumulation of lipids with
macrophages in the dermis, and if the clinical diagnosis is in question, a biopsy speci-
men can be obtained. Rapid resolution of eruptive xanthomas follows the return of
metabolic control, as the hypertriglyceridemia is the result of the effect of hypoinsu-
linemia on lipid metabolism, especially the activity of lipoprotein lipase.

ACANTHOSIS NIGRICANS

Clinical descriptions of acanthosis nigricans (AN) usually emphasize its velvety tex-
ture and relative hyperpigmentation. However, these characteristic findings are not the
result of increased melanin production or thickening (acanthosis) of the epidermis, as is
sometimes assumed. Rather, they are a reflection of an increased folding of the superfi-
cial layers of the skin leading to an accordionlike configuration that is best appreciated
by gently stretching the skin. Recognition of this phenomenon aids in the identification
of AN in unusual locations and provides some insight into suggested treatment options.

The most common locations for AN are the flexural surfaces of the body—in particu-
lar, the neck and axillae (see Fig. 5). However, AN can involve extensor surfaces, espe-
cially the skin overlying the elbows, knees, and the small joints of the hands and feet.
Although the diagnosis of AN always prompts a mental review of associated systemic
diseases or syndromes, the most common underlying disease is obesity, with its associ-
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Fig. 4. Eruptive xanthomas on the lower thighs and knees in a patient with poorly controlled diabetes
and hypertriglyceridemia. The papules are discrete and firm to palpation.



ated insulin resistance and hyperinsulinemia. Some dermatologists prefer to refer to the
form of AN associated with obesity as “pseudo-AN,” but given the overlap in underlying
pathophysiology between this form of the disease and AN associated with diabetes, use
of the term “pseudo” may be unnecessary. Although AN is a hallmark of insulin resis-
tance with hyperinsulinemia and, hence, is typically seen in type 2 diabetes, it may occur
in the obese patient with type 1 diabetes or atypical diabetes mellitus.

Insulin resistance with AN is characteristic of Kahn’s type A syndrome, which is the
result of defects in the insulin receptor or downstream targets and Kahn’s type B syn-
drome, which is the result of circulating anti-insulin receptor antibodies (39). In the
type B syndrome, cutaneous manifestations of other autoimmune disorders such as
lupus erythematosus and Sjogren’s syndrome may be present. Clinical signs of hyper-
androgenemia (e.g., hirsutism, acne vulgaris, and androgenetic alopecia) can be seen in
prepubertal and postpubertal women with insulin resistance, explained in part by
insulin–ovary interactions and often referred to as the HAIR-AN syndrome (HyperAn-
drogenism; Insulin Resistance; Acanthosis Nigricans).

One explanation proposed for the epidermal hyperplasia seen in AN is binding of
excess amounts of circulating insulin to insulinlike growth factor receptors on ker-
atinocytes and fibroblasts (40). Therapies for AN include weight loss and topical agents
such as urea, tretinoin, and α-glycolic acids (24,41). For widespread and severe cases
of AN, there are scattered case reports of the use of oral retinoids (42). However, the
side effects of oral retinoids, which include hypertriglyceridemia and fetal abnormali-
ties, must be balanced against their use, especially in light of the observation that AN
reappears soon after discontinuation of the medication.

BULLOUS DIABETICORUM

Bland bullae that lack a traumatic, inflammatory, or infectious etiology can arise
spontaneously in the skin of patients with diabetes mellitus (43). The most common
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Fig. 5. Velvety hyperpigmentation in the axilla of a patient with acanthosis nigricans.



location for these bullae is the distal lower extremity, although they have been
described on the hands and forearms (44); the lesions can be up to 8 cm in diameter
and are subepidermal or intraepidermal in location. The majority, but not all, of the
patients have evidence of peripheral neuropathy (44). In contrast to the water-like con-
tents of friction bullae, the fluid within diabetic bullae is said to be more viscous and
“stringy.”

To decrease symptoms resulting from pressure and stretching of the skin, the con-
tents of the bulla can be drained. However, it is important to avoid the temptation to
remove the blister roof; the detached epidermis should be left in place to serve as a nat-
ural barrier or “bandaid.” Topical antibiotics such as mupirocin can be applied and the
surrounding skin should be observed for signs of soft tissue infection. Otherwise, there
are no specific treatments.

ACQUIRED PERFORATING DERMATOSIS

The perforating disorders are a group of cutaneous diseases that share a common
phenomenon—the outward elimination of dermal contents via “claws” formed by
downgrowths of the epidermis. Clinically, actual plugs of degenerated collagen and
elastin (admixed with keratin) are seen perforating through the epidermis to the surface
of the skin. The primary systemic disease associated with perforating disorders is
chronic renal failure (CRF)—in particular, CRF resulting from diabetes mellitus. Occa-
sionally, patients will have just diabetes in the absence of renal failure. In individuals
with no underlying illness, specific names such as perforating folliculitis, Kyrle’s dis-
ease, and reactive perforating collagenosis are usually applied (45). Because there is
often clinical overlap, especially in diabetics with CRF, the term “acquired perforating
dermatosis” is commonly used (46).

At least 10% of patients with diabetic nephropathy on maintenance hemodialysis
will have evidence of acquired perforating dermatosis (47). The lower extremity is the
most common site of involvement, and individual lesions are red–brown to skin-col-
ored, dome-shaped papules and nodules with central keratotic cores (see Fig. 6). Some-
times, the patient will have manually removed these plugs and a history of such activity
can serve as clue to the diagnosis. A common complaint in patients with renal failure-
associated perforating disease is pruritus, and vigorous scratching has been proposed
as an inciting event in the formation of lesions. The differential diagnosis includes
prurigo simplex and prurigo nodularis, entities that reflect simple picking and rubbing,
but, centrally, one sees a hemorrhagic crust in these lesions and not a keratotic plug.
Often, histologic examination of a representative lesion is necessary to confirm the
diagnosis.

In the treatment of acquired perforating dermatosis, an attempt is always made to reduce
pruritus through the use of topical antipruritics (e.g., pramoxine, corticosteroid lotions) and
oral antihistamines. However, this is not a particularly easy task. Individual lesions can be
injected with triamcinolone or they can be destroyed via curettage or cryosurgery. There
have been case reports where a reduction in the number of lesions was observed following
the use of keratolytics (45), topical tretinoin (48), or ultraviolet B (UVB) phototherapy
(49), and, more recently, transcutaneous electrical nerve stimulation was advocated as
effective in reducing the associated pruritus (50). However, the vast array of treatment
modalities is merely a reflection of the lack of a consistently effective therapy.
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INFECTIONS

Patients with diabetes mellitus tend to have more extensive or serious bacterial
infections of the skin and soft tissues, in particular infections resulting from Staphylo-
coccus aureus, Streptococcus spp., and Gram-negative bacilli. Recurrent furunculosis
or folliculitis as a result of S. aureus should prompt a search for nasal carriage either in
the patient or a family member. A 1-wk course of intranasal mupirocin can be used to
treat the nasal carriers. In addition to Gram-negative cellulitis (51) and malignant otitis
externa secondary to Pseudomonas aeruginosa, patients with diabetes are at risk for
the development of necrotizing fasciitis (52,53). Early diagnosis of necrotizing fasciitis
does require a high index of suspicion.

Although textbooks often emphasize the more dramatic association of diabetes with
mucormycosis of the face and sinuses (54), the most common fungal infection is cuta-
neous candidiasis (see Fig. 7). Clinically, candidal infections can present as perleche,
thrush, intertrigo, balanitis, vulvovaginitis, and chronic paronychia with nail plate
involvement.

DRUG REACTIONS TO INSULIN

Rarely, injections of insulin result in generalized systemic reactions such as urticaria,
angioedema, and serum sickness-like illnesses. More commonly, reactions to insulin are
localized to the sites of injection. The risk of a systemic reaction to insulin is related to the
source and purification of the insulin, with bovine insulin having the highest incidence, and
human insulin the lowest (55). In addition, the systemic reaction may be caused by another
component of the insulin preparation, such as protamine. Treatment options for individuals
receiving human insulin include desensitization and use of the insulin analog lispro.
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Fig. 6. Dome-shaped papules with central keratotic cores in a patient with acquired perforating der-
matosis and diabetic nephropathy.



There are two major types of localized reactions to subcutaneous injections of
insulin: allergic and lipodystrophic. The latter group is then subdivided into either lipo-
hypertrophy or lipoatrophy (16). Localized allergic reactions are characterized by pru-
ritus in addition to erythema and induration; less often, the skin changes are those of
dermatitis. These reactions may be immediate or delayed. As with systemic reactions,
the “allergen” may be a component of the insulin preparation (e.g., zinc, protamine, or
diluent) rather than the insulin itself. An even more elusive cause of allergic reactions is
the presence of small quantities of natural latex rubber antigens in insulin injection
materials (56,57). Finally, sterile abscesses can occur at the sites of injections.

Localized areas of lipoatrophy as a result of subcutaneous injections of insulin are
fairly easy to recognize. The frequency of this side effect has decreased as the use of
monocomponent and human insulin has increased. In fact, treatment of localized lipo-
atrophy consists of switching to human insulin, injection of human insulin into the sites
of lipoatrophy (beginning at the periphery and progressing toward the center), and rota-
tion of sites over a 30-d cycle (24). In patients already receiving human insulin, the use
of a jet injector may prove beneficial (58).

In contrast to lipoatrophy, lipohypertrophy results in an elevation or thickening of
the skin (see Fig. 8) rather than an indentation due to loss of subcutaneous tissue. The
clinical appearance is not the only problem, for the presence of lipohypertrophy can
lead to delayed absorption of insulin. Unfortunately, the incidence of this side effect
has not been decreasing. Other than rotation of injection sites, treatment options are
rather limited. Recently, however, there have been reports of clinical improvement fol-
lowing liposuction (59) and use of the insulin analog lispro (60). Finally, continuous
subcutaneous insulin infusions are associated with the reactions just outlined as well as
a second set of cutaneous side effects ranging from bacterial infections at the injection
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Fig. 7. Widespread cutaneous candidiasis in a patient with diabetes mellitus who had recently com-
pleted a course of broad-spectrum antibiotics.



site to contact dermatitis from components of the infusion system (e.g., components of
the glue used in the infusion pump sets) (61).

CONCLUDING REMARKS

There is a wide spectrum of cutaneous manifestations of diabetes mellitus, from
NLD to insulin-induced lipohypertrophy. Some of these diseases are reflections of
hyperglycemia (e.g., cheiroarthropathy); others are related to the long-term conse-
quences of microangiopathy, macroangiopathy and neuropathy (e.g., ischemic ulcers
and neuropathic ulcers). Improvements in metabolic control as well as the purity of
insulin and its delivery have resulted in a significant reduction in the frequency of a few
of these dermatologic complications, but much remains to be learned about genetic
susceptibility, underlying pathophysiology, and more specific treatments.
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INTRODUCTION

An increased propensity to infections in patients with diabetes has been well known.
However, contrary to common belief, this association is not supported by strong evi-
dence. A critical re-evaluation of this association has received somewhat increased
attention lately. Some infections clearly occur uniquely and, indeed, almost exclusively
in the diabetic population. Others are more common, and still others have a different
and more aggressive clinical course in the diabetic host. There is well-established data
that improved glycemic control decreases morbidity and mortality associated with sev-
eral infections in patients with diabetes. However, some studies have failed to prove a
clearly causal relationship between hyperglycemia and infections (1).

MECHANISMS OF IMMUNITY IN DIABETES

Several factors affecting the immune system may increase the susceptibility to infec-
tions in patients with diabetes mellitus. White blood cell abnormalities have been
demonstrated in the form of impaired adherence, chemotaxis, phagocytosis, and micro-
bicidal function (2,3). The intracellular killing of organisms by leukocytes is mediated
by release of toxic free radicals, superoxides, and hydrogen peroxide. This phenome-
non is referred to as the “respiratory burst” and is defective in patients with diabetes
mellitus (4). Polymorphonuclear function is further affected by a state of persistent
low-level activation by advanced glycation end products (AGEs). This hyperexcited
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state leads to spontaneous activation of the respiratory burst and release of myeloper-
oxidase, elastase, and other neutrophil granule components that (1) may lead to a
“burnt-out” or tolerant polymorphonuclear cell that responds less vigorously when
stimulated by an infectious pathogen and (2) may initiate pathologic processes leading
to vascular injury (5). Studies have demonstrated an improvement in phagocytic func-
tion with enhanced glycemic control (6). Complement-mediated functions may also be
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Table 1
Infections in Diabetes: Predisposing Factors

Primary Factors
• Phagocytic dysfunction
• Myeloperoxidase deficiency
• Complement pathway defects
• Cytokine (IL-1, TNF) mediated

Secondary Factors
• Use of intravascular access lines
• Indwelling urinary catheters
• Antibiotic misuse/resistance
• Frequent hospitalization
• Neuropathy
• Gastroparesis, reflux, and aspiration
• Total parenteral nutrition

Table 2
Classification of Infections in Diabetes

A. Common Infections with Increased Incidence in Diabetic Patients
1. Urinary tract infections
2. Respiratory tract infections
3. Soft tissue infections

B. Infections Predominantly Occurring in Diabetic Patients
1. Malignant otitis externa
2. Rhinocerebral mucormycosis
3. Necrotizing fasciitis
4. Fournier’s gangrene
5. Emphysematous infections

• Emphysematous cholecystitis
• Emphysematous pyelonephritis, pyelitis, and cystitis

6. Infections in diabetic foot

C. Micro-organisims Strongly Associated with Infections in Patients with Diabetes
1. Candida species
2. Group B streptococcus
3. Klebsiella species
4. Hepatitis C

D. Infections Resulting from Iatrogenic Causes
1. Insulin injection
2. Penile implants
3. Dialysis



affected by hyperglycemia (7). Stress-related hyperglycemia also causes release of
cytokines that affect carbohydrate metabolism (8). However, humoral immunity and
response to vaccines appears to be normal.

Other than the primary mechanisms described, secondary causes predisposing dia-
betic patients to infections include frequent hospitalization, delayed wound healing,
and loss of skin integrity as a result of ischemia and chronic renal failure (see Table 1).

A clinically helpful classification of infections in patients with diabetes is presented
in Table 2. Table 3 summarizes clinical features and diagnosis of selected infections in
patients with diabetes.

COMMON INFECTIONS OCCURRING IN PATIENTS WITH DIABETES

These infections, although occurring commonly in the normal host, are more severe
and associated with an increased complication rate in patients with diabetes.

Urinary Tract Infection
Urinary tract infection (UTI) is commonly encountered in patients with diabetes (9).

However, studies have failed to demonstrate significant differences in epidemiological,
clinical, and microbiological features of UTI in patients with or without diabetes except
for a relative difficulty in eradicating infection in the former group (10). Asymptomatic
bacteruria occurs with a higher frequency; one study demonstrated a 26% incidence in
diabetic women compared to 6% in controls (11). Whether this increase is the result of
an increased use of urinary catheters in these women or to diabetes itself has been
debated (12). Other possible reasons for the increased incidence includes the presence of
diabetic neuropathy, which affects the sympathetic and parasympathetic afferent fibers,
causing decreased reflex detrusor activity. Impaired bladder sensations result in bladder
distension, increased residual urine volume, vesicoureteral reflux, and recurrent upper
UTI (1,13). Coexisting vaginitis, cystocoele, and rectocoele may also predispose to UTI.

Escherichia coli is the most common etiologic bacterial pathogen, other organisms
being Klebsiella pneumoniae and Proteus mirabilis. Pseudomonas aeruginosa should
be suspected if there is history of recent instrumentation or hospitalization. Candiduria
is not uncommonly encountered and may signify contamination of the urine specimen,
benign saprophytic colonization of the catheter, and lower UTI, or may be indicative of
true invasive infection of the upper and/or lower urinary tract (14).

Uncomplicated UTI may be asymptomatic. Lower-tract infection presents as
dysuria, frequency, or urgency. UTI involvement maybe up to fivefold more frequent in
diabetic than in nondiabetic patients. Further, bilateral kidney involvement is more fre-
quent (15). Clinical features are otherwise similar to those in nondiabetic patients,
ranging from mild flank pain to fever with chills, vomiting, and costo-vertebral angle
tenderness. Prominent systemic features and a palpable renal mass should raise suspi-
cion of perinephric abscess. A poor response to antibiotics may be caused by complica-
tions, which may include papillary necrosis or perinephric abscess. Symptoms of
papillary necrosis include flank and abdominal pain accompanied by fever. In one pub-
lished series of patients with perinephric abscess, 36% had underlying diabetes (16).
Although localized clinical findings such as flank or abdominal mass are highly sug-
gestive, they are present in only one-fourth of cases. One study noted that fever persist-
ing for more than 4 d after initiating antibiotic therapy was the most useful factor in
differentiating perinephric abscess from uncomplicated pyelonephritis (17).
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Urine culture should be done before initiation and after completion of antimicrobial
therapy to document infection and bacteriologic cure. Blood culture is indicated in a
toxic patient. Leukocytosis and pyuria are usually present. Plain abdominal radiograph
is useful to rule out obstructive uropathy and emphysematous infection. Ultrasonogra-
phy is a more sensitive, safe, and inexpensive technique for initial screening. Ultra-
sound or computed tomography (CT) scan confirm the diagnosis of renal abscess,
mass, presence of air in the urinary tract, and extent of perinephric spread of infection.
The diagnosis of papillary necrosis is made by retrograde pyelography.

Uncomplicated UTI may be treated with fluoroquinolones, doxycycline trimetho-
prim-sulfamethoxazole, nitrofurantoin, ampicillin, or amoxycillin. Trimethoprim-sul-
famethoxazole potentiates the hypoglycemic effect of oral antihyperglycemic agents
and must be used with caution. Complicated infections require hospitalization and
therapy with parenteral antibiotics. Intravenous therapy is continued until fever
resolves followed by oral antibiotics to complete at least 2 wk of treatment. Bacterio-
logic cure needs to be confirmed by culture. Whereas fungal infection of the upper tract
clearly requires systemic antifungal therapy with amphotericin B or fluconazole, the
appropriate treatment of candida infection confined to the bladder remains controver-
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Table 3
Clinical Features and Diagnosis of Selected Infections in Patients with Diabetes

Clinical Diagnostic 
Infection features procedure Organisms

Urinary tract Increased urinary Urine culture E. coli, proteus species
Acute bacterial frequency, dysuria,

cystitis suprapubic pain
Acute Fever, flank pain Urine culture E. coli, proteus species

pyelonephritis
Emphysematous Fever, flank pain, poor Radiography or E. coli, other Gram-

pyelonephritis response to antibiotics CT scan negative bacilli
Perinephric abscess Fever, flank pain, poor Ultrasonography E. coli, other Gram-

response to antibiotics or CT scanning negative bacilli
Respiratory tract Cough, fever Chest radiography S. pneumoniae, S. 

Community- aureus, H. influenzae,
acquired atypical pathogens,
pneumonia Gram-negative bacilli

Invasive otitis Ear pain, otorrhea, Clinical examina- P. aeruginosa
externa hearing loss, cellulitis tion, MRI

Rhinocerebral Facial or ocular pain, Clinical examina- Mucor and Rhizopus
mucormycosis fever or lethargy, tion, MRI, patho- species

black nasal eschar logical findings
Necrotizing Local pain, redness, Radiography, Gram-negative bacilli,

fasciitis crepitus, bullous CT scan anaerobes, and group 
skin lesions A streptococci

Emphysematous Fever, right-upper- Radiography Gram-negative bacilli,
cholecystitis quadrant pain anaerobes

Foot infections Ulcers, cellulitis, Plain radiograph, Gram-positive cocci,
ischemia, cultures, probe anaerobes, and Gram-
osteomyelitis to bone test negative bacilli



sial (18). Distinguishing such infection from colonization is clinically difficult. The
presence of symptoms or pyuria suggests infection. Funguria resolves in many cases
without therapy. Removal of an indwelling catheter, if present, is recommended as ini-
tial intervention. Treatment options include bladder irrigation with amphotericin (19), a
single intravenous dose of amphotericin (20), or oral fluconazole (21). Fluconazole is
preferred because of its ease of administration and relative safety

Respiratory Tract Infections
Whether diabetes constitutes an independent risk factor for an increased incidence

or severity of common upper or lower respiratory tract infections is not clear. The over-
all incidence of community-acquired pneumonia may not be higher in patients with
diabetes than in the normal host (22). The odds ratio for death associated with diabetes
was only 1.3 (95% confidence interval, 1.1–1.5) in one large meta-analysis of commu-
nity-acquired pneumonia (23). However, the incidence of bacteremia, delayed resolu-
tion, and recurrence may, indeed, be higher. Further, infection caused by certain
specific micro-organisms clearly occurs with an increased frequency in diabetes. These
include St. aureus, Gram-negative bacteria, Mycobacterium tuberculosis, and Mucor.
Another group of infections, although not necessarily occurring more frequently, are
associated with increased morbidity and mortality in patients with diabetes. These
include infections caused by streptococci, legionella and influenza (24).

Patients with diabetes who develop pneumococcal pneumonia are at an increased
risk of bacteremia as well as a higher mortality (25,26). Pneumococcal vaccine
response rates are similar to nondiabetic hosts. During epidemics of influenza, there is
an increased mortality and an increased incidence of bacterial pneumonia and ketoaci-
dosis in patients with diabetes. The increased incidence of nasal colonization with St.
aureus in diabetics combined with reduced pulmonary ciliary clearance in patients
with influenza leads to an increased incidence of staphylococcal pneumonia. Influenza
and pneumococcal vaccines are therefore recommended for all diabetic patients.

Up to 30% of diabetic patients are nasal carriers of St. aureus compared to 11% of
healthy individuals (27) and this is a major pathogen in both community-acquired and
nosocomial pneumonias. Gram-negative bacteria are acquired by aspiration, hematoge-
nous spread, or contaminated equipment. The concomitant use of histamine (H2)
blockers increases the potential for colonization in hospitalized individuals. Individuals
with diabetes have an increased incidence of tuberculosis and more advanced disease at
the time of diagnosis. This is especially true among patients on chronic hemodialysis.
Aspergillus species, Coccidioides immitis, and Cryptococcus neoformans can cause
primary pneumonia in the diabetic host.

Cough and fever are the usual initial complaints in diabetic patients with pneumonia.
Diabetic ketoacidosis may be the initial manifestation. Complications of pneumonia
include pleural effusion, empyema, lung necrosis, metastatic infections, and bacteremia.

Investigations include complete hemogram, blood glucose, serum electrolytes, renal
function tests, and arterial blood gas analysis to assess the acid–base status. Sputum
should be Gram-stained, cultured, and checked for acid-fast bacilli and fungi. A routine
chest radiograph may be normal initially or may show segmental, lobar, or bilateral
pulmonary infiltrates. Pulmonary tuberculosis may have an atypical radiographic pre-
sentation with higher incidence of lower-lobe disease, cavitation, pleural effusion, and
multilobe involvement.
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Table 4
Treatment of Selected Infections in Patients with Diabetes

Preferred Alternative Other 
Infection drugsa drugsa treatment

Urinary tract— Trimethoprim- Fluoroquinolones (e.g.,
acute bacterial sulfamethoxazole, Ciprofloxacin 250 mg,
cystitis double strength, twice daily, or ofloxacin 

1 pill twice daily 200 mg, twice daily
Fungal cystitis Fluconazole, 200 mg, Amphotericin B bladder Removal of 

orally on d 1, then irrigation (50 mg/L of urinary 
100 mg/d for 4 d sterile water at 40 mL/h catheter

for 24–48 h), or single 
dose of amphotericin B,
0.3 mg/kg

Acute Fluoroquinolones Ampicillin, 2 g intravenously Early surgical 
pyelonephritis (e.g., ciprofloxacin every 6 h, plus gentamycin intervention 

400 mg, intravenously 5 mg/kg every 24 h, or if emphyse-
every 12 h, or ceftriaxone, 2 g, intravenously matous 
ofloxacin 400 mg, per day, or piperacillin, 3 g pyelonephritis
every 12 h) intravenously every 6 h

Perinephric abscess Nafcillin, 2 g Cefazolin, 2 g, intravenously Surgical 
(associated with intravenously every every 8 h, or vancomycin, drainage
staphylococcal 4 h 15 mg/kg intravenously 
bacteremia) every 6 h

Community- Macrolide (e.g., Doxycycline, 100 mg, twice 
acquired erythromycin, 500 daily
pneumonia mg, orally every 6 h,
(outpatient or azithromycin,
management) 500 mg, orally on d 1,

then 250 mg/d on 
d 2–5)

Community- Cefuroxime, 0.75 g, Levofloxacin, 500 mg, intra-
acquired intravenously every venously every 24 h, or 
pneumonia 6 h, or ceftriaxone, doxycycline, 100 mg,
(hospitalized 1–2 g, intravenously intravenously every 12 h
patient) per day; consider 

adding erythromycin,
0.5–1.0 g, intravenously 
every 6 h (or 
azithromycin, 500 mg,
intravenously per day,
or doxycycline,
100 mg, intravenously 
every 12 h)

Invasive Ciprofloxacin, 400 mg, Ceftazidime, 2 g, intravenously Surgical 
otitis externa intravenously every every 8 h, or imipenem, debridement

12 h, and topical 500 mg, intravenously 
antipseudomonal or every 6 h
acetic acid drops

Rhinocerebral Amphotericin B, target Surgical 
mucormycosis dose, 1.0–1.5 debridement; 

mg/kg/d; total dose, aggressive 
2.5–3.0 g management of

ketoacidosis (if
present)

(continued)



Empiric antimicrobial agents for community-acquired pneumonia include macrolides,
β-lactam agents, and newer quinilones (see Table 4 ). Aminoglycosides are used with
caution in view of renal dysfunction in diabetic patients and the potential for ototoxic-
ity. Antimicrobial drug regimens for the treatment of tuberculosis are similar to those
used in nondiabetic patients; pyridoxine is an important adjunct to reduce the fre-
quency of isoniazid induced neuropathy.

Soft Tissue Infections
It is well recognized that both bacterial and fungal deep soft tissue infections occur

with increased frequency in the diabetic population. Pyomyositis refers to infection of
muscle without infection of contiguous tissue. This infection by St. aureus occurs in
muscles that have recently undergone trauma, often a minor strain or light blunt injury
leading to hematoma formation. Pyogenic organisms reach the site hematogenously
and lead to abscess formation. Clinical features include fever, pain, and swelling with
pockets of pus formation. Computed tomography (CT) scan or magnetic resonance
imaging (MRI) define the location and extent of disease involvement. Empiric antibi-
otic therapy directed toward St. aureus and CT-guided or open incision and drainage is
required.

Cutaneous mucormycosis caused by organisms of the Mucoraceae family incuding
Rhizopus, Mucor, and Absidia genera leads to infection that may be mild or result in
gangrene. Biopsy shows invasion of skin by hyphal elements. Treatment involves sur-
gical debridement and intravenous amphotericin B.

Specific soft tissue infections are discussed later in the chapter.
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Table 4 (continued)

Preferred Alternative Other 
Infection drugsa drugsa treatment

Necrotizing Penicillin G, 24 Ceftriaxone, 2 g, intravenously Prompt surgical 
fasciitis million U intra- every 24 h, plus clindamycin, debridement

venously per day, 900 mg, intravenously every 
plus clindamycin, 8 h
900 mg, intravenously 
every 8 h, and 
gentamycin, 5 mg/kg,
intravenously per day

Emphysematous Ampicillin-sulbactam, Ampicillin, 2 g, intravenously Emergency 
cholecystitis 3 g intravenously every 6 h, plus gentamycin, cholecystec-

every 6 h 5 mg/kg every 24 h, plus tomy 
clindamycin, 900 mg, intra- required
venously every 8 h (or 
metronidazole, loading dose 
of 15 mg/kg, intravenously,
followed by 7.5 mg/kg,
intravenously every 6 h), or 
ceftriaxone, 2 g intravenously 
every 24 h plus clindamycin 
(or metronidazole)

a All doses are for normal renal and hepatic function. 



INFECTIONS OCCURRING PREDOMINANTLY 
IN PATIENTS WITH DIABETES

Malignant Otitis Externa/Invasive Otitis Externa
This potentially life-threatening condition occurs in elderly diabetic patients and

involves the external auditory canal and skull. Pseudomonas aeruginosa is the most
common etiologic agent. However, it has also been described secondary to colonization
of the external ear canal by Aspergillus species (28).

Presenting clinical features include ear discharge, severe pain, and hearing impair-
ment, often in the absence of fever. Examination of the auditory canal shows edema,
intense cellulitis, and polypoid granulation tissue. Cranial osteomyelitis and intracra-
nial spread of infection may occur (29). There may be involvement of the facial nerve.

Gram’s stain, culture, and biopsy of debrided necrotic tissue distinguishes this con-
dition from uncomplicated noninvasive otitis externa. MRI is useful in defining soft tis-
sue and bone involvement. Some studies have reported utility of gallium-67
single-photon emission tomography in the clinical management and follow up of
malignant otitis externa (30).

Early referral to an otolaryngologist can be life-saving. Treatment involves repeated
surgical debridement of necrotic tissue. Systemic therapy consists of antipseudomonal
antibiotics, including quinolones, imipenem, or cephalosporins with antipseudomonal
coverage. Adjunctive topical therapy includes antibiotics or acetic acid drops. Duration
of therapy is often 4–6 wk or longer. Failure to respond to above therapy should raise
suspicion of colonization with Aspergillus species.

Rhinocerebral Mucormycosis
Almost 50% of cases of rhinocerebral mucormycosis occur in patients with diabetes

(31). Fungi of the Rhizopus and Mucor species are the most common etiologic agents
of this clinical entity. These fungi are ubiquitous saprophytic organisms, not uncom-
monly infecting the immunocompromised host (32). Ketoacidosis temporarily disrupts
host defense mechanisms, thereby permitting growth of Rhizopus oryzae. Such growth
is inhibited by correcting acidosis (33). These fungi have a predilection to invade blood
vessels, causing infarction and necrosis.

Five clinical forms of mucormycosis are described: rhinocerebral, pulmonary, gas-
trointestinal, primary cutaneous, and disseminated, of which rhinocerebral has the
highest frequency and mortality (32). Disease onset may be with nasal stuffiness, epis-
taxis, and facial or ocular pain. A unique physical finding is a characteristic black
necrotic eschar on the nasal turbinates or palate (34). Later, proptosis and chemosis
may occur. This may be accompanied by fever and varying degrees of obtundation.
Ophthalmoplegia may be present. Complications include cavernous sinus thrombosis
with multiple cranial nerve palsies, visual loss, brain abscesses, and carotid artery or
jugular vein thrombosis with associated neurological deficits.

Swab cultures from the eschar site are usually inadequate for diagnosis, as the organ-
ism is invasive and not often superficial (35). Punch biopsy of the lesion followed by
fungal stains and culture confirm the diagnosis. Histologic examination reveals broad,
nonseptate, haphazardly branching hyphae invading tissue. Blood culture has a low
yield. CT or MRI scans of the head reveal air-fluid levels in the sinuses as well as
involvement of the deep tissues of the nose, cavernous sinus, and central nervous system.
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Aggressive surgical debridement and drainage of infected sinuses along with sys-
temic amphotericin B and tight glycemic control is crucial (14). Liposomal ampho-
tericin B has been used (36,37).

Necrotizing Fasciitis (Meleney’s Synergistic Gangrene,
Acute Dermal Gangrene, Necrotizing Erysipelas)

This is an uncommon soft tissue infection that spreads along fascial planes with rel-
ative initial sparing of skin and underlying muscle. As the infection progresses, necro-
sis of the overlying skin occurs as a result of thrombosis of cutaneous vessels.

Bacteriologically, two types of infection are described. Type I infection is caused by
a combination of at least one anaerobe and one or more facultative anaerobes such as
streptococci or enterobacteriaceae. Type II infection is caused by group A β-hemolytic
streptococci alone or in combination with staphylococci (38). Recently, Howard et al.
have described necrotizing fasciitis on exposure of nonintact skin to salt-water-borne
halophilic marine vibrios (39). Tissue damage and systemic toxicity are as a result of
release of endogenous cytokines and bacterial toxins.

The most common sites for infection include the abdominal wall, perineum, and
extremities. Visceral metastatic abscesses may form in various viscera. The source of
introduction of the pathogen may be unknown or may follow surgery (40), minor
trauma, or hematogenous spread from a distant site. Most cases involving the vulva
occur in obese diabetic patients and often begin as Bartholin’s gland duct abscess or a
vulvar abscess (41,42).

Severe local pain with relative paucity of local signs of inflammation characterize
early disease (43). Fever and systemic toxicity may be marked. An erythematous,
swollen, tender, hot area of cellulitis spreads along unseen fascial planes to involve
contiguous areas away from the original site of involvement.

Thrombosis leads to serous and subsequently hemorrhagic bullae, gangrene, ulcera-
tion, and “dishwater pus” because of liquefactive necrosis. Lymphadenitis and lymphan-
gitis are rare. Crepitance is palpable in approximately half of the cases. Destruction of
subcutaneous nerves leads to anesthesia.

Early diagnosis is aided by a high index of suspicion and the ability to pass a probe
unimpeded along normally adherent fascial planes (44). The necrotic center of the lesion
is preferred for obtaining both aerobic and anaerobic cultures and Gram’s stain in contrast
to the leading edge of the lesion in cellulitis. Plain radiographs, ultrasonography, CT scan,
and MRI may aid the diagnosis by detecting soft tissue gas and define extent of disease.

Surgical intervention forms the cornerstone of therapy. Early and adequate surgical
debridement and fasciotomy play a key role in reducing mortality. Antibiotics are very
important adjunctive therapy. The choice of antibiotics include penicillin or
cephalosporins in combination with an aminoglycoside and anaerobic coverage with
either clindamycin or metronidazole. Following initial empiric therapy, continued
antibiotic therapy can be tailored according to culture and susceptibility results.

Fournier’s Gangrene
This is a syndrome of synergistic, polymicrobial, necrotizing fasciitis of the per-

ineum, scrotum, and penis. The prevalence of coexisting diabetes ranges from 32% to
60% (45,46). Other predisposing factors include alcoholism, steroid use, cancer
chemotherapy, and acquired imnunodeficiency syndrome (AIDS) (47).
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Various aerobic and anaerobic bacteria causing coinfection include E. coli, Bacteroides,
staphylococci, Proteus species, streptococci, Pseudomonas species, and enterococci.
Clostridium perfringens is present in more than 90% of cases with myonecrosis (48).

Clinically, this condition begins with a prodromal phase of malaise and scrotal dis-
comfort that progresses to frank scrotal pain and clinical toxicity. Cutaneous manifes-
tations include blistering, induration, bronzing, necrosis, and ulceration. In later stages,
scrotal swelling, foul-smelling discharge, and crepitance develop. Pain may decrease
with the onset of gangrene (49). Rarely, Fournier’s gangrene may be the initial clinical
presentation of diabetes (50).

Diagnosis is mainly clinical. Plain films of the abdomen may reveal subcutaneous
gas prior to crepitance being appreciated. Proctoscopy may show the source of infec-
tion as well as the extent of anal and rectal involvement. A retrograde urethrogram will
define the necessity for suprapubic diversion in the case of massive urinary extravasa-
tion. Ultrasound findings may include normal testes, a thickened scrotal wall, and sub-
cutaneous gas. Specialized techniques like CT and MRI can identify the underlying
treatable cause and extent of involvement.

Fournier’s gangrene is a surgical emergency. Extensive unroofing is necessary. Uri-
nary or fecal diversion and laparotomy may be required. Typically, the bladder, rectum,
and testes will be spared from necrosis because of their separate, nonperineal blood
supply. Rarely, orchiectomy may be necessary (50). The choice of antibiotics is similar
to that for necrotizing fasciitis. Supportive care includes volume expanders, blood,
clotting factors, and sufficient supplemental calories. Hemodialysis may be required in
a few cases (49). Although controversial, hyperbaric oxygen therapy has given excel-
lent results in some cases (46,51).

Mortality rates for Fournier’s gangrene are high. Advanced age, extensive disease,
deranged renal functions, sepsis, and shock are factors that predict a poor clinical outcome.

Emphysematous Cholecystitis
Emphysematous cholecystitis is a rare variant of acute cholecystitis caused by

ischemia of the gallbladder wall and infection with gas-producing organisms. Approxi-
mately 35–55% of cases have underlying diabetes mellitus (52–54). It is thought to
result from acalculous cystic duct obstruction, with inflammatory edema eventually
causing cystic artery occlusion. Colonization by gas-forming organisms causes coagu-
lative necrosis of the mucosa, venous congestion, gangrene, and eventually, gallbladder
perforation. Gallstones are present in only 50% of patients with emphysematous chole-
cystitis. Bacteria most frequently cultured include anaerobes, such as Clostridium
species, and aerobes, such as E. coli.

Although clinically similar to acute cholecystitis, some differences are notable. This
condition has a male predominance, gangrene of the gallbladder and perforation are
more frequent, and the overall mortality is substantially higher (15% vs less than 4%)
than in patients with acute cholecystitis. The clinical manifestations may be otherwise
indistinguishable from acute cholecystitis. Patients may present with biliary colic,
anorexia, nausea, vomiting, and fever with chills. Toxicity is marked and jaundice may
develop in the late stages because of obstruction of bile ducts. The gallbladder may be
palpable in one-quarter to one-half of patients. Murphy’s sign (characteristic tender-
ness on palpation of the right upper quadrant) may be absent in some cases because of
underlying diabetic neuropathy. Crepitus on palpation is an omnious sign. Gangrene,
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localized perforation sealed by the omentum, abscess formation, or generalized peri-
tonitis are dreaded complications.

Plain X-ray is diagnostic. Gas appears 1–2 d after onset of symptoms in the lumen
or within the gallbladder wall as a distinctive gaseous ring. CT scan is more sensitive
and shows similar findings. Ultrasound reveals high-level echoes outlining the gall-
bladder wall.

Initiation of appropriate antibiotics and early cholecystectomy is crucial. Laparo-
scopic cholecystectomy has been described as safe and feasible (55).

Emphysematous Pyelonephritis and Cystitis
Emphysematous pyelonephritis is a rare necrotizing infection of the renal

parenchyma and perirenal tissue that is characterized by gas formation in the intrarenal
and perirenal spaces. The most common causative bacterial pathogen causing this
infection is E. coli. Hyperglycemia and ishemic necrosis of renal parenchyma as a
result of microangiopathy produce an ideal substrate for growth of microrganisms.
Escherichia coli, Proteus mirabilis, and Klebsiella pneumoniae ferment glucose, lac-
tate, and products from necrotic tissue to carbon dioxide, hydrogen, nitrogen and
unknown gases, resulting in the accumulation of gas in tissue (56,57). Over 90% of
cases occur in diabetic patients (58) and may accompany ureteral obstruction. Papillary
necrosis can complicate it in about 21% of cases (59).

The symptoms are suggestive of acute pyelonephritis and include chills and fever,
flank pain, nausea and vomiting, dysuria, lethargy, and altered sensorium. Spread of
infection to perirenal space produces a crepitus (60,61). Contralateral flank pain may
occur. This reflects an atypical “mirror pain” secondary to a renal or ureteric calculus
(62). Bilateral involvement may occur infrequently.

The failure of fever to resolve after 3–4 d of treatment of UTI should raise the possi-
bility of this infection. Laboratory investigations reveal leucocytosis, hyperglycemia,
azotemia, and pyuria. Screening abdominal films demonstrate air in the renal
parenchyma in 85% of cases (63). Ultrasound reveals similar findings. Intravenous pro-
grams may show obstruction but can be hazardous in view of deranged renal function.
CT scanning is the diagnostic test of choice. Type I emphysematous pyelonephritis refers
to renal necrosis with a total absence of fluid content on CT scan or the presence of a
mottled, streaky gas pattern on radiograph, or CT scan with lung window display. This
has a poor prognosis. Type II emphysematous pyelonephritis is characterized by the
presence of renal or perirenal fluid and a bubbly, loculated gas pattern, or the presence of
gas in the collecting system and has a better outcome. Other poor prognostic factors
include a serum creatinine of greater than 1.4 mg/dL and thrombocytopenia (64).

Initial treatment, in addition to actively controlling hyperglycemia, consists of
appropriate intravenous antibiotics and vigorous hydration. Nephrectomy has been
considered standard surgical treatment. However, a more conservative approach with
antibiotics, insulin, and drainage of the affected kidney has been described (65).

Other Emphysematous Infections
Emphysematous pyelitis is distinguished from emphysematous pyelonephritis in

that gas is localized to the renal collecting system, X-ray reveals gas following the out-
line of the renal pelvis, intravenous antibiotics and relieving obstruction are sufficient
therapy, and overall mortality is lower (66).
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Emphysematous cystitis is a rare disease. Characteristic features include pneuma-
turia or hematuria. It is associated with vesicocolic or vesicovaginal fistula. X-Ray
abdomen shows air in the bladder wall, intramural air bubbles, or air-fluid level in the
lumen. Antibiotics and relief of bladder outlet obstruction are therapeutic.

Renal Papillary Necrosis
Necrosis and sloughing of the renal papillae is five times more prevalent in diabetic

than nondiabetic patients and can lead to acute or slowly progressive renal failure. The
patient has fever and persistent flank pain despite being on antibiotics. Other noninfec-
tious causes like analgesic abuse, obstruction, and sickle cell disease have to be ruled
out. Voided medullary tissue may be present on urinalysis. Although ultrasound or CT
scan may be done, retrograde pyelogram is diagnostic. A “ring sign” is present when a
separated papilla is surrounded by contrast medium (67). This may show characteristic
calcification (68). Parenteral antibiotics, drainage to relieve obstruction, and dialysis
support, if required, are the mainstay of treatment.

MICRO-ORGANISMS STRONGLY ASSOCIATED 
WITH INFECTIONS IN PATIENTS WITH DIABETES

Patients with diabetes sem to be at a disproportionately high risk for infections with
certain micro-organisms. The prevalence of diabetes was reported to be 27.5% in one
study of nonpreganant adults with group B streptococcal bacteremia (69). Several
series report an incidence of underlying diabetes of up to 30–60% in patients with a
variety of Klebsiella infections such as bacteremia, liver abscess, thyroid abscess, and
endophthalmitis (70–73). Among enteric pathogens, Campylobacter and Salmonella
enteritidis have been reported with increased frequency in patients with diabetes
(74,75). There is a strong association of diabetes with chronic hepatitis C virus (HCV)
(76). Additionally, patients with HCV-related cirrhosis have an increased incidence of
diabetes compared to patients with cirrhosis resulting from other causes (77,78).
Although an increased incidence of staphylococcal infections has been noted in dia-
betic patients, a careful recent review did not confirm this association (79).

The association of candidal infection and diabetes has been well known. Candidiasis
in patients with diabetes is generally localized. Intertrigenous candidiasis involves
moist skin folds of inframammary, axillary, inguinal and intergluteal areas, and webs of
fingers and toes in obese individuals. It produces characteristic beefy red plaques sur-
rounded by satellite pustules or papules. Candida vulvovaginitis is common in women
with diabetes (14). Oropharyngeal candidiasis is a well-documented complication of
uncontrolled diabetes mellitus.

Although the overall incidence of AIDS in patients with diabetes may not be higher than
in the general population, metabolic adverse effects of drug therapy in AIDS may result in
hyperglycemia. Pentamidine therapy in the treatment of Pneumocystis carinii pneumonia
affects glucose homeostasis and may result in hypoglycemia or hyperglycemia with clini-
cal diabetes. Use of protease inhibitors (PIs) for supression of HIV-1 replication has been
associated with hyperglycemia, insulin resistance, and new-onset diabetes (80,81).

INFECTIONS RESULTING FROM IATROGENIC CAUSES

Infection occurring from self-injection of insulin is quite uncommon. In one study,
no injection site infection was demonstrated despite a lack of “traditional practices,”

512 Part IV / Long-Term Complications of Type 1 Diabetes



such as cleaning the vial and skin or even washing hands before injection (82). More
recently, it has been demonstrated that it is therapeutically effective to administer
insulin through clothing. Further, such practice is not associated with an increased inci-
dence of infection However, it is not uncommon to develop needle-site abscesses in
patients on subcutaneous insulin infusion (SII) (83).

Diabetic patients constitute a significant minority of individuals undergoing penile
implants. Several studies have failed to demonstrate an increase in rate of infection is noted
in the diabetic host (84). Similarly, although underlying diabetes is a common problem in
patients with end-stage renal disease on dialysis therapy, infection rates in patients on con-
tinuous ambulatory peritoneal dialysis (CAPD) are comparable to nondiabetic subjects
(85). This is also true for patients receiving chronic intermittent peritoneal dialysis (86).

OTHER ISSUES RELATING TO INFECTION AND DIABETES

Current guidelines from the Centers for Diseases Control (CDC) recommend that all
diabetic patients receive influenza and pneumococcal vaccination. Despite these rec-
ommendations, a recent review by the CDC and the Council of State and Territorial
Epidemiologists (CSTE) suggested that only 52% of diabetic patients reported receiv-
ing the influenza vaccination in the past 12 mo and only 33.2% recalled receiving
pneumococcal vaccination at all. When prescribing antibiotics in the diabetic patient,
particular caution is warranted to avoid nephrotoxicity as well as the potential for eye
toxicity. Also, when administering oral antibiotics, the effects of gastropathy on oral
absorption should be considered. Maintenance of good hygiene, particularly in the con-
text of foot care, is crucial in patients with diabetes.
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INTRODUCTION

Pancreas transplantation is viewed by many as a last resort for diabetic patients
undergoing great difficulty controlling their glucose levels despite intensive medical
management, which usually involves a trial of continuous subcutaneous insulin infu-
sion through a portable pump. Relegation of pancreas transplantation to the position of
last resort arguably results in its not being considered as often as it should be. Even in
the 21st century, when we know the success rate for pancreas transplantation is compa-
rable to those for other organs, this procedure is not considered as often as is transplan-
tation of the liver, kidney, lung, and heart. The reason that is usually given is that
diabetes mellitus is not as life threatening as diseases that culminate in transplantation
of the other organs. This therapeutic formulation is a debatable one, given the severity
of secondary complications that diabetic patients encounter.

The purpose of this chapter is to examine the benefits of pancreas transplantation in
the context of the challenge to tightly control glycemia in all diabetic patients. The
chapter will recapitulate the history of pancreas transplantation, consider problems
with the immunosuppressive drugs required to maintain the allograft, examine graft
and the patient survival rates, consider the beneficial effects on glycemic control and
chronic complications, and assess the overall risks of this procedure.
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THE NEED TO TIGHTLY CONTROL GLYCEMIA

Until 1993, the need to intensively control glucose levels in patients with diabetes
mellitus was frequently debated. In that year, however, publication of the results of the
Diabetes Control and Complications Trial (DCCT) settled the argument (1): 1441
patients with insulin-dependent diabetes mellitus were randomly assigned to intensive
therapy, administered either with an external insulin pump or by multiple daily insulin
injections, or to conventional therapy. The amount of insulin given in the intensively
managed group was determined by frequent blood glucose monitoring. The patients
assigned to conventional therapy were treated with one or two daily insulin injections.
Patients were followed for an average of 7 yr with close attention to the appearance and
progression of secondary complications. Intensive therapy reduced the adjusted mean
risk for the development of retinopathy by 76% compared to conventional therapy.
Intensive therapy also slowed the progression of existing retinopathy by 54%. Intensive
therapy reduced the occurrence of microalbuminuria by 39%, albuminuria by 54%, and
clinical neuropathy by 60%. The chief adverse affect associated with intensive therapy
was an increase in severe hypoglycemia. Thus, this trial put to rest any doubts that tight
control of glucose levels in type 1 diabetic patients would result in a lessening of the
secondary complications of the disease.

The most difficult issue surrounding intensive therapy is the danger of unanticipated
hypoglycemia. As with hyperglycemia and secondary complications, hypoglycemia
and symptom unawareness are also associated with increased morbidity and mortality.
Consequently, the insulin-treated patient is often faced with a difficult choice of less
meticulous maintenance of glycemia and hemoglobin A1c levels in order to diminish
the incidence of hypoglycemic reactions.

The normal defense mechanisms against hypoglycemia consist primarily of
glucagon release from α-cells of the pancreatic islet followed shortly afterward by epi-
nephrine release from the adrenal medulla (2). Cortisol and growth hormone secretion
serve more chronic, long-term protective roles. Glucagon released into the portal circu-
lation travels quickly to hepatocytes to induce glycogenolysis, which releases glucose
into the systemic circulation via the hepatic vein. Glucagon is normally secreted when
circulating glucose levels reach 50–60 mg/dL. Soon thereafter, epinephrine is secreted
and also stimulates glycogenolysis. In the early stages of diabetes mellitus, patients
retain the ability to release glucagon and epinephrine during hypoglycemia. However,
within several years, the glucagon response begins to diminish and is then lost in most
patients (3). Eventually, the epinephrine response is also compromised although not
usually not totally absent (4). The most serious aspect of this clinical scenario is that
patients with recurrent hypoglycemia lose their ability to fully sense low circulating
glucose levels in the 50- to 60-mg/dL range (see Chapter 7). The normal complement
of symptoms include warmth, palpitations, hunger, and sweating. If severe, hypo-
glycemia can cause visual blurring, sleepiness, obtundation, confusion, and even death.
Early in the disease, the diabetic patient quickly learns to depend on these signals to
take corrective action to restore the glucose level to normal. With time, however, recur-
rent hypoglycemia gradually reduces the threshold for symptoms so they do not begin
until the patient encounters glucose levels much lower than 50–60 mg/dL. Conse-
quently, diabetic patients often encounter seriously low glucose levels—often as low as
25–35 mg/dL—without experiencing any symptoms.

518 Part IV / Long-Term Complications of Type 1 Diabetes



It is now appreciated that avoidance of recurrent hypoglycemia relieves the diabetic
patient of many of these problems (5–7). Careful loosening of insulin-based manage-
ment and avoidance of hypoglycemia allows a return of full symptom awareness and
thereby lessens the risk for serious hypoglycemic episodes. However, this is frustrating
for the diabetic patient who, by loosening glycemic control, is placed at a higher risk
for the complications of chronic hyperglycemia. Hence, the ideal regimen would avoid
both hyperglycemia and hypoglycemia.

HISTORY OF PANCREAS TRANSPLANTATION

The first pancreas transplantations in patients with type 1 diabetes were reported in
1966 (8). Two patients with long-standing diabetes and end-stage renal disease underwent
simultaneous pancreas and kidney transplantation. One patient had an extended period of
insulin independence, but the other did not. Over the next decade, other pancreas trans-
plantations were attempted, but these were met with limited success. Less than 10% of
early transplant patients achieved and maintained insulin independence and normal
glycemia. Only a small fraction were insulin independent 1 yr after transplantation.

Significant improvements in surgical technique, treatment of acute rejection, and
management of immunosuppression and infection began in the late 1970s. More expe-
rience was gained in this procedure and success rates improved. This history has led to
the current American Diabetes Association recommendations that (1) pancreas trans-
plantation should be considered in patients scheduled to have a kidney transplantation
because of end-stage diabetic renal disease and (2) pancreas transplantation alone
should be considered without kidney transplantation if patients encounter frequent
acute and severe metabolic complications, such as hypoglycemia, that require medical
attention, despite rigorous attempts at insulin-based management to control glucose
levels (9).

PANCREAS TRANSPLANTATION: THE OPERATIVE PROCEDURE 
AND THE NEED FOR IMMUNOSUPPRESSIVE DRUGS

The usual source of a transplanted pancreas is a patient who has recently died (i.e., a
cadaveric organ donation). Uncommonly, a segment (usually the distal half) of a pan-
creas that is donated by a living family member is used. The whole or segment of pan-
creas is transplanted into the pelvis of the recipient and iliac vessels of the recipient are
used for arterial supply and venous drainage. However, this causes hyperinsulinemia
because these vessels deliver insulin from the allograft directly into the systemic circula-
tion, thereby bypassing the normal first-pass hepatic metabolism of the hormone before
it reaches the systemic circulation (10). More recently, attempts are being made to surgi-
cally construct portal venous drainage for pancreas grafts because of concerns about
adverse consequences of hyperinsulinemia on blood pressure and atherosclerosis.

Usually, the transplanted pancreas is still attached to a small portion of the donor
duodenum that contains the exit of the pancreatic duct. In one variation of the proce-
dure, the duodenal segment and pancreatic duct outlet is oversewn onto the urinary
bladder. An alternative approach is to use a portion of the small bowel rather than the
bladder for drainage of the duodenal segment. Either approach allows the exocrine
enzymes, such as amylase and lipase, to be safely excreted outside the body. Advan-
tages of bladder drainage include the use of urinary amylase to monitor for rejection
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and the avoidance of small-bowel complications such as obstruction and infection.
Advantages of enteric drainage include the avoidance of urinary infections, acidosis
(resulting from loss of bicarbonate), hematuria, and reflex pancreatitis. In all varia-
tions, the native pancreas is left untouched so that it continues to deliver normal
exocrine secretions for the recipient’s small intestine.

Since the advent of pancreas transplantation, multiple immunosuppression regimens
have been designed. Currently, the most conventional approach includes antibody
induction with either a monoclonal or a polyclonal agent directed against T-cells.
Long-term maintenance is provided by triple-drug therapy with a calcineurin inhibitor
(cyclosporine or tacrolimus), an antimetabolite (usually mycophenolate mofetil), and
corticosteroids. Most recently, attempts are being made to eliminate corticosteroids
from chronic immunosuppressive maintenance because of their adverse effects on bone
metabolism, susceptibility to infections, and cosmesis.

SURVIVAL OF GRAFTS AND PATIENTS

When the procedure of pancreas transplantation was originally devised, the organ
and patient survival rates were very poor. The poor patient survival rates may have
been more a reflection of the severity of diabetes in the patients in whom transplanta-
tion was attempted than the operative procedure itself. Since 1966, however, organ sur-
vival rate has improved dramatically. Between the years 1994 and 1997, the patient
survival rate was greater than 93% at 1 and 3 yr posttransplant (see Fig. 1) whether the
pancreas was transplanted alone (PTA), simultaneously with a kidney (SPK), or after a
kidney has been transplanted previously (PAK) (11). The majority of deaths was the
result of cardiovascular disease and usually occurred more than 3 mo after discharge
from the hospital. By comparison, the mortality rate 1 yr after the much less invasive
procedure of pancreatic islet transplantation was 5% (12). Consequently, it seems
likely that the mortality rate associated with pancreas transplantation is more related to
cardiovascular complications of chronic diabetes than to the operative procedure of
transplantation itself.

Organ survival rates vary with the type of procedure. Between 1994 and 1997, these
rates were 82% for SPK, 71% for PAK, and 62% for PTA (see Fig. 1) 1 yr after pancreas
transplantation (11). Three years after transplantation, these rates were 79%, 64%, and
52%, respectively. The lower survival for PTA is thought to be related to the fact that
detection of pancreas rejection is made easier when the procedure is SPK or PAK
because the serum creatinine increments during kidney rejection serve as sentinels for
pancreas rejection. When a pancreas alone is transplanted with urinary bladder drainage
of exocrine secretions, the less sensitive indices of decreasing urinary amylase, increas-
ing serum amylase, and increasing blood glucose levels are felt to be late signals for
rejections. If enteric rather than urinary bladder drainage has been used for PTA, only the
sign of rising blood glucose is available. Rejection episodes occur commonly within
days of, or years after, successful transplantation. Threatened rejection is treated by hos-
pitalizing the patient and intensively accelerating immunosuppression. Usually, threat-
ened rejection is treated successfully so that the patient maintains the graft. When
rejection is suspected, cystoscopic transduodenal (in the case of urinary bladder drainage
of the graft) or transcutaneous biopsy with ultrasound guidance is used to confirm the
diagnosis or the rejection. Although the possibility of recurrent autoimmune attack is
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considered, that seems unlikely to be a cause of recurrent diabetes because the patient
receives immunosuppressive drugs that are known to suppress primary autoimmune
function and because the transplanted organ is from a non-self source.

BENEFICIAL EFFECTS ON GLYCEMIC CONTROL

As opposed to exogenous insulin-based therapy, successful pancreas transplantation
reliably restores endogenous insulin secretion and uniquely maintains glucose levels in
the normal range without significant hypoglycemia for many years. Many investigators
have detailed the beneficial effects of pancreas transplantation on insulin secretion and
carbohydrate metabolism. In a study of 96 pancreas-transplanted patients, fasting plasma
glucose, hemoglobin A1c, glucose-induced insulin secretion, and arginine-induced
glucagon secretion were maintained at normal levels for up to 5 yr (13). The degree of
normalization of hemoglobin A1c levels is better with pancreas transplantation than with
the intensive insulin-based management used in the DCCT (see Fig. 2). In a more recent
study of 16 patients who had successfully undergone a pancreas transplant 10–18 yr ear-
lier, all recipients had normal levels of fasting blood glucose, intravenous glucose toler-
ance, and hemoglobin A1c level (14). Fifteen of the 16 patients stated that their quality
of life had improved after transplantation. This study established that concerns over
long-term deterioration, as distinct from rejection, of pancreatic grafts should not be a
major obstacle when deciding whether or not to recommend pancreas transplantation.
These positive clinical outcomes of transplanted pancreases are impressive in their own
right, but all the more so considering that the recipients are treated with immunosuppres-
sive drugs that by themselves diminish β-cell function. Steroid treatment is a well-
known cause of peripheral insulin resistance, which, in turn, places more secretory
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Fig. 1. Patient and pancreas graft survival 1 and 3 yr posttransplantation. (International Pancreas
Transplant Registry; data from ref. 11.)



demands on the islet. In addition, glucocorticoids, calcineurin inhibitors, and mycophe-
nolate mofetil also directly inhibit insulin secretion (15–22).

As mentioned earlier, patients who have had type 1 diabetes for many years typically
have sluggish to absent counterregulatory hormonal responses and glucose recovery during

522 Part IV / Long-Term Complications of Type 1 Diabetes

Fig. 2. Comparison of hemoglobin A1c levels following successful pancreas transplantation to hemo-
globin A1c levels obtained during standard and intensive therapy in the Diabetes Control and Complica-
tions Trial (DCCT). Solid line at 6% represents upper limit of normal. (Data from refs. 1 and 13.)

Fig. 3. Glucagon responses during hypoglycemia induced by an insulin infusion (stepped hypo-
glycemic clamp). Glucagon responses in type 1 diabetic patients are absent, whereas after successful
pancreas transplantation (PTx), glucagon responses are normal. (Data from ref. 23.)



insulin-induced hypoglycemia. In recent studies, patients were subjected to progressive
levels of mild hypoglycemia provided by exogenous insulin infusion. Compared to patients
who did not receive a pancreas transplant, transplanted patients had normal glucagon
secretion (23) (see Fig. 3) and symptom awareness (24) (see Fig. 4) and partially intact epi-
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Fig. 4. Degree of symtomotology during stepped hypoglycemic clamps in nondiabetic kidney trans-
plant recipients, type 1 diabetic pancreas transplant recipients, control subjects, and type 1 diabetic
subjects. In contrast to the diminished symptom awareness of the type 1 diabetic group, diabetic
patients undergoing successful pancreas transplantation have normal symptom awareness. IDDM,
insulin-dependent diabetes mellitus. (Data from ref. 24.)

Fig. 5. Epinephrine responses during a hypoglycemic clamp in nondiabetic kidney transplant recipi-
ents, type 1 diabetic pancreas transplant recipients, and patients with type 1 diabetes mellitus. Secre-
tion of epinephrine during the hypoglycemic clamp improves in successful recipients of pancreas
transplantation, but does not return to normal levels. IDDM, insulin-dependent diabetes mellitus.
(Data from ref. 24.) 



nephrine response (24) (see Fig. 5) during hypoglycemia. Studies such as these have estab-
lished that successful transplantation provides better control of glycemia than exogenous
insulin treatment without running the risk of recurrent, serious hypoglycemia, and conse-
quent diminished counterregulatory hormone secretion and symptom awareness.

BENEFICIAL EFFECTS ON CHRONIC COMPLICATIONS 
OF DIABETES

Although many studies have addressed the effects of pancreas transplantation on the
secondary complications of chronic diabetes mellitus, no randomized studies and only few
prospective studies assessing the effects of pancreas transplantation secondary to compli-
cations of diabetes have been reported. Instead, historic controls or case-controlled experi-
mental designs have been used. Much attention has been paid to the effects of pancreas
transplantation on diabetic nephropathy, diabetic neuropathy, and diabetic retinopathy.
Studies on renal structure and function have shown that morphologic changes in donated
kidneys of patients undergoing simultaneous kidney and pancreas transplantation have
reduced rates of mesangial expansion and reduced thickening of glomerular basement
membranes compared to patients undergoing kidney transplantation alone (25). In both
transplant groups, however, glomerular filtration is compromised because of the use of
cyclosporine as an immunosuppressive agent. Most impressively, a recent report of eight
patients followed for 10 yr after pancreas transplantation demonstrated reversal of estab-
lished lesions of diabetic nephropathy. Significant reductions were observed in the thick-
ness of the glomerular basement membrane and the mesangial fractional volume (26).

The effects of pancreas transplantation on diabetic neuropathy have also been evalu-
ated in detail (27–33). These studies have revealed improved measures of motor and
sensory nerve function in recipients of successful pancreas transplants. Stabilization or
improvement in autonomic nerve function has also been reported. The caveat is, once
again, that these results do not come from randomized trials and only infrequently from
case-controlled trials. Most recently, motor and sensory nerve conduction velocities
were found to be less abnormal in pancreas transplant recipients than nontransplanted
patients in studies conducted 10 yr post-pancreas-transplantation (33). Most impres-
sively, the 5-yr life expectancy in diabetic patients with autonomic insufficiency who
successfully maintained a pancreas transplant was significantly increased (from 50% to
90%) compared to matched patients with autonomic insufficiency who did not have a
successful pancreas transplant (32).

Studies of diabetic retinopathy have yet to conclusively demonstrate a significant
benefit of pancreas transplantation. An early study (34) compared retinal examination
data obtained from patients undergoing successful pancreas transplantation to data
from a group of patients undergoing failed pancreas transplantation. Measures of
retinopathy continued to progress in both groups during the first 3 yr posttransplanta-
tion. By the fifth year, there was no further progression in the patients with functioning
pancreas grafts, but this difference was not statistically significant. Similar results of no
improvement in the first 5 yr after pancreas transplantation have been reported by other
investigators (35,36). It is unfortunate that these studies have not been conducted
beyond 5 yr, as have the studies of kidney and nerve function. In this regard, it is
important to recall that many patients who have undergone pancreas transplantation
have severe retinopathy and, as with the DCCT, as many as 10 yr may be required to
show significant differences between treatment groups.
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BENEFICIAL EFFECTS ON QUALITY OF LIFE

Successful pancreas transplantation clearly improves the quality of life of diabetic
patients (37–39). This procedure eliminates the need for exogenous insulin treatment,
frequent daily blood glucose measurements, and extensive dietary restriction. In these
studies, recipients of successful pancreas transplants have been compared with type 1
diabetic subjects undergoing kidney transplantation or subjects who have failed pan-
creas transplantation. Regardless of the comparison group, subjects undergoing suc-
cessful pancreas transplantation have consistently reported higher measures of quality
of life. Over 90% of patients stated that management of immunosuppression after
transplantation was preferable to the management of exogenous insulin treatment.
These studies have added significant momentum to the recommendation that patients
scheduled for kidney transplantation for renal failure should be considered for simulta-
neous pancreas transplantation (9). The usual benefits reported from these studies
include return to employment and successful pregnancies (34). However, an important
factor to bear in mind when interpreting these reports is that most diabetic patients who
receive pancreas transplants have had serious difficulty in avoiding extremely high and
low blood glucose levels. Clearly, the worse the quality of life before transplantation,
the more likely it will improve after successful surgery. Consequently, a critical crite-
rion that must be used in deciding whether or not to transplant a pancreas in diabetic
patients is the degree to which they can or cannot maintain metabolic stability with
exogenous insulin-based management.

RISKS OF PANCREAS TRANSPLANTATION

There are significant risks associated with pancreas transplantation (40). These
include the clinical complications caused by the surgery and the immunosuppressive
drugs, as well as death. Problems such as intra-abdominal infections and abscesses,
vascular graft thrombosis, and anastomotic and duodenal stump leakage requiring rela-
parotomy have been reported to occur in approx 30% of patients. Complications
caused by the immunosuppressive drugs include viral and bacterial infections and
malignancy (particularly lymphoma and skin tumors). The risk of malignancy is less
than 1% and appears to be no worse for pancreas transplant recipients than for recipi-
ents of other organs. Other specific drug-related complications include osteoporosis
and insulin resistance secondary to the use of corticosteroids as well as decreased renal
and pancreatic β-cell function associated with cyclosporine and tacrolimus.

Very little has been published about the relative cost and benefits of pancreas trans-
plantation compared to insulin-based management. One study concluded that simulta-
neous pancreas–kidney transplantation, when adjusted for quality of life, is more
cost-effective for diabetic patients with end-stage renal disease than kidney-alone
transplantation or hemodialysis (41).

SUMMARY

Over the past quarter century, pancreas transplantation has achieved placement on
the list of successful organ transplants. This procedure should be reserved for diabetic
patients who are experiencing unacceptable complications despite intensive medical
treatment, especially recurrent hypoglycemia and symptom unawareness. An exception
is made for patients with renal failure destined to receive a kidney transplant. These
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individuals should be considered for simultaneous pancreas and kidney transplantation.
The benefits of successful pancreas transplantation include normalization of glycemia,
avoidance of exogenous insulin treatment, restoration of counterregulartory responses
to hypoglycemia, stabilization of diabetic neuropathy, and stabilization of diabetic
nephropathy with the possibility of reversal of nephropathy. The risks inherent in pan-
creas transplantation and chronic immunosuppression include the immediate postoper-
ative surgical complications as well as osteoporosis and tumors. Yet, despite these risks
of pancreas transplantation, all reported studies have documented an improved quality
of life for recipients. Consequently, this form of treatment should be considered for
selected patients who are unable to achieve acceptable glycemic control despite inten-
sive medical management.
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INTRODUCTION

Historical Perspective
A renewal of interest for the transplantation of islets of Langerhans as a means to

cure diabetes is currently being observed, as clinical studies are undertaken at an
expanding number of transplant centers throughout the world. This accelerated activity
is the result of several significant advances achieved at the turn of the millenium. The
improved clinical results in terms of graft survival were highlighted by the recent
report by the Edmonton group of a series of seven consecutive recipients of allogeneic
islet grafts who achieved insulin independence (1). Another remarkable observation
was the demonstration of long-term islet graft survival in nonhuman primates receiving
T-cell signaling monoclonal antibody monotherapy alone (2,3). These sentinel obser-
vations led to the notion that diabetes might be reversible by islet cell transplantation
earlier in the clinical course, before complications ensue, but without the hazards asso-
ciated with long-term conventional immunosuppression. The enthusiasm thus gener-
ated is best illustrated by the high priority accorded to the field of islet transplantation
by the recently established Immune Tolerance Network, a collaborative effort sup-
ported by major funding organizations such as the Juvenile Diabetes Research Founda-
tion International (JDRF) and the National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK) of the United States with the mandate to advance the clini-
cal application of effective tolerogenic therapies (4).
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The recent successes in both preclinical and clinical islet transplantation are the
product of long, painstaking, and often frustrating attempts to overcome numerous,
seemingly immutable biologic barriers. The first “islet transplantation” procedure in a
human diabetic patient was performed in 1893, in a 15-yr-old boy, who survived only
3 d after receiving chopped fragments of a sheep pancreas in the abdominal subcuta-
neous tissue (5). Although Langerhans had discovered these unique clusters of cells in
the pancreas 24 yr previously, it was not known that they played such a critical role in
glucose homeostasis. It remained controversial whether the pancreas produced a
“sugar-destroying substance” or not, and 30 yr of work by numerous investigators in
the field would pass before the discovery that the islets of Langerhans were associated
with the newly discovered hormone, insulin (6).

With the availability of insulin to diabetic patients in 1922, a cure for diabetes
seemed to be at hand and interest for islet transplantation was lost for awhile. It is
ironic that insulin therapy saved the lives of patients destined to die because of ketoaci-
dosis, only to permit the natural history of insulin-dependent diabetes with develop-
ment of the devastating macrovascular and microvascular complications of the disease
to be uncovered (7). The rebirth of islet transplantation was heralded in 1967 by the
description of a new method of islet isolation in rodents using collagenase digestion of
the pancreas after ductal distension (8). This was soon followed by the first reports of
successful transplantation of isolated islets in diabetic rodents, with improved results
when islets were implanted into the liver by infusion into the portal vein, which is still
the preferred site of implantation in clinical islet transplantation today (9,10). Isolation
of human islets was the next step (11) and led to the first transplantation of isolated and
purified human islets in a diabetic patient in 1974 at the University of Minnesota (12).
Results of the first allogeneic islet transplant procedures in humans were dismal, with
no patient achieving insulin independence and only few instances of transient graft
function as evidenced by measurable serum C-peptide being recorded. The automated
method for islet isolation became available in 1988 (13) and proved a major advance in
the primitive science of cell separation. This technical advance provided the opportu-
nity for large numbers of human islets to be isolated and transplanted. Soon thereafter,
first reports of insulin independence in recipients of islets isolated from a single donor
appeared (14,15).

Rationale for Islet Transplantation
The Diabetes Control and Complications Trial (DCCT) was a landmark for the

demonstration that tight control of blood glucose levels could significantly delay the
occurrence of the long-term complications of type 1 diabetes (16) and represented a
fruitful long-term financial investment in terms of health care costs (17). The results of
the DCCT were obtained by intensive insulin therapy, a therapeutic modality that does
not sustain normal blood glucose levels throughout the day, is cumbersome, and is
accompanied by an increased frequency of severe hypoglycemic episodes (18). The
DCCT results and the observation that pancreas transplantation could reverse lesions of
diabetic nephropathy (19) did, however, document the absolute requirement of strict
metabolic control while reinforcing the notion that successful endocrine tissue replace-
ment might be the only procedure to consistently achieve a physiological control of
glycemia. Indeed, islets function for a lifetime, producing and releasing insulin in
response to an intrinsic “glucose sensor” that defines an exquisite threshold sensitivity
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to increases or decreases in glucose levels (20). Currently, whole-organ pancreas trans-
plantation is an islet-replacing procedure that can lead to sustained euglycemia and
insulin independence in a vast majority of recipients, with graft survival rates as high
as 78% at 5 yr (21). In addition, pancreas transplantation was calculated to be a highly
cost-effective therapeutic strategy for type 1 diabetic patients (22). However, despite
significant progress, pancreas transplantation is still associated with perioperative mor-
tality and significant morbidity, which still leads to early relaparotomy in almost 20%
of patients (23,24).

In striking contrast, islet cell transplantation can be performed as a percutaneous
minimally invasive procedure, in which islets are infused into the liver via the portal
vein (25,26). In addition, the islet transplantation modality could circumvent the organ
shortage that prevents most diabetic patients eligible for pancreas transplantation from
actually receiving a graft. Islet cell availability could become unlimited, when strate-
gies such as the use of xenogeneic islets, engineered β-cell lines, and in vitro or in vivo
islet expansion reach the stage of clinical applicability (27–31). Further, islet transplan-
tation offers the possibility of maintaining the graft without chronic immunosuppres-
sion when the induction of donor-specific tolerance (27,32) or immunoisolation
emerge as clinical strategies (33,34).

ISLET ISOLATION AND PURIFICATION

Islet Isolation
The pancreas contains approximately one million islets of Langerhans (35), which

comprise 1% of the total mass of the gland. Thus, obtaining an islet preparation of 50
to 90% purity implies the achievement of a 50- to 90-fold enrichment during the isola-
tion procedure. Liberation of endocrine from surrounding exocrine tissue to produce
intact islets with a sufficient number, purity, and viability for transplantation was first
made possible in rodent models in the late 1960s. Moskalewski was the first to use col-
lagenase digestion to disrupt guinea pig pancreata (36). Lacy and Kostianowsky
improved this technique by intraductal distention of the pancreas in order to disrupt the
exocrine tissue and facilitate the collagenase digestion process (8). Although applicable
to rodent islets, the procedure could not be scaled up for islet isolation from larger
mammals, until Horaguchi and Merell combined the two methods in a dog model (37).
This new method involved distension of the pancreas directly with the collagenase
solution to initiate the digestion process and became the basis of islet isolation proto-
cols in all large mammals, including the human (13,38–42). However, a considerable
mechanical component, involving forced passage of the tissue through needles of
decreasing gauge or use of a tissue macerator, was necessary to complement the enzy-
matic digestion. The physical insult sustained by the islets during such procedures
made it generally impossible to obtain sufficient yields of endocrine tissue for trans-
plantation. The automated method of islet isolation, in which the pancreas, fully
immersed in a chamber in order to reduce the mechanical stress on the islet tissue,
undergoes a continuous enzymatic digestion (13), has resulted in a marked increase in
the yields and reproducibility of islet isolation. This method, applicable to all mammal
species studied (2,3,13,42–46), led to the multiplication of clinical islet transplant pro-
cedures (47) and to the first reported cases of insulin independence after allotransplan-
tation of islets isolated from a single donor (14,15,48).
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The necessity of applying the same standards of quality to the pancreas procurement
procedure for islet isolation as for whole-organ transplantation can never be overempha-
sized. Indeed, the procurement team was shown to be a significant factor for the success
of an islet isolation procedure in terms of yield, purity, and viability (49,50). A number
of donor factors have been shown to negatively affect the outcome of the isolation proce-
dure and include young donor age (<18 yr), low body mass index, medical history, high
doses of vasopressors, and duration of cardiac arrest (49,50). A key parameter for a suc-
cessful islet isolation is certainly the duration of cold storage prior to the procedure. In
addition to better yields and in vitro function, a pancreatic cold ischemia time < 8 h was
the only donor parameter identified by the International Islet Transplant Registry (ITR)
as a significant determinant of insulin independence in the recipient (47,49,50).

Commercially available collagenases are enzyme mixtures including metalloen-
zymes able to hydrolyze the collagen triple helix. Crude collagenase (clostridiopepti-
dase) preparations, produced in Clostridium histolyticum cultures, were characterized
by extreme batch-to-batch variability in terms of collagenolytic activity and high endo-
toxin contamination (51,52). Considerable progress was made to identify the critical
components of the collagenase blends for optimal digestion and liberation of islets and
to improve the enzyme mixtures in terms of endotoxin contents, variability, and selec-
tivity for the exocrine tissue. These efforts led to the development of Liberase (Roche-
Boehringer-Mannheim, Indianapolis, IN), a new standardized blend of highly purified
enzymes, namely collagenase isoforms I and II from C. histolyticum and thermolysin
from Bacillus thermoproteolyticus. The formulation of these components was selected
to specifically optimize human islet isolation and was shown to significantly improve
isolation yields as compared to traditional collagenase blends (52–57). Endotoxin con-
tamination of the reagents necessary for isolation was a major concern, as a large body
of evidence suggested that it played a significant role in primary nonfunction of islet
grafts (57–60). Thus, the near-total absence of endotoxin demonstrated in Liberase
(51,57) was an important advance. On the other hand, although initial results suggested
that the need for the prescreening of enzyme lots had been eliminated, there remains
uncertainty about the absence of batch-to-batch variability in the enzyme contents of
the mixture.

Islet Purification
Purification addresses the need to physically separate the islets from the surrounding

nonendocrine—acinar, vascular, ductal, and lymphoid—tissue. Because there is a
marked difference in density between endocrine and exocrine tissues, separation by
density gradient centrifugation has evolved as the preferred method of purification.
Purification is usually conducted on Eurocollins–Ficoll density gradients, in which the
islets are centrifuged for a time sufficient to allow them to reach their gradient of equal
density (61). Problems pertaining to the large volumes of pancreatic digest when deal-
ing with human or large mammal tissue were solved by the development of a semiauto-
mated method of islet purification, utilizing a COBE 2991 computerized cell separator
(62,63). The method was introduced in 1989 and was a notable addition to the auto-
mated isolation method for the recovery of greater numbers of purer islets. It undoubt-
edly played an additional role in the rapid increase in the number of clinical islet
transplantation reported in the early 1980s (14,15,47,48). The use of the COBE 2991
cell separator allowed low-temperature centrifugation of large volumes of tissue under
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controlled conditions in a minimal time frame, thus leading to reduced processing
times, and minimal handling and risks of contamination (62–65).

The optimal degree of purity for islet transplantation remains a controversial issue.
Islets contaminated with exocrine tissue carry a higher immunogenic burden that can
impair their engraftment (66,67) and ductal tissue is a significant contributor to the
cytokine-induced generation of nitric oxide and free radicals to which β-cells are
exquisitely sensitive (68–70). In addition, lower purity implies a higher total volume of
tissue to be transplanted, which raises concerns about the risks of portal hypertension,
portal vein thrombosis, or even intravascular coagulation, as reported after intraportal
infusion of large volumes of islet preparations in early cases of autotransplantation
after pancreatectomy (71,72). On the other hand, impure preparations have been
infused into the portal vein with the rationale that enrichment of the islet preparation
results in a substantial loss of functional endocrine tissue during the purification
process (73). Additionally, the presence of acinar or ductal contamination may be
advantageous, considering the potential for β-cell neogenesis from pluripotent pancre-
atic stem cells located in the pancreatic ducts (31,74–76). There is a growing body of
evidence to suggest that islet–extracellular matrix interactions are critical for the sur-
vival and the functional and structural maintenance of the islets and that their absence
may trigger islet cell apoptosis (30,77,78). A solution combining the advantages of
both the highly purified and nonpurified approaches resides in the preparation, by
incomplete dissociation and purification, of islets surrounded by a layer of acinar tissue
forming a mantle around the islet. In addition to the maintenance of islet–matrix inter-
actions and to the hypothesized regeneration potential, this mantle may also confer
physical protection to the islets from the graft microenvironment and enhance their sur-
vival ability (79). Islets are usually cultured short term (12–48 h) at low temperature
(21–24°C) prior to transplantation, in order to eliminate cells damaged during the iso-
lation process and, thus, minimize nonspecific inflammatory phenomena at the site of
implant. Longer periods of culture seemed to confer an immunological advantage
because resident passenger leukocytes were deleted (80–83), but concerns about loss of
tissue and decrease of function during long-term islet culture obviate the use of this
approach (84,85). The presence of heterologous proteins, notably fetal bovine serum,
in culture media is another reason for limiting the duration of culture. Heterologous
proteins have been shown to reduce function and survival in vitro as compared to cul-
ture in autologous serum (86,87), and attempts at culturing the islets in serum-free
media have resulted in improved outcomes (85,88,89). Additionally, the carryover of
xenogeneic proteins, originating the from bovine serum, might significantly increase
the immunogenicity of the islets. These considerations have been the rationale for the
elimination of bovine serum from the isolation reagents and the immediate islet trans-
plantation without culture in the Edmonton protocol (1).

ISLET TRANSPLANTATION

Transplantation Technique
Islet graft implantation in the liver, in which the islets are infused through the portal

vein, was one of the few factors demonstrated to be associated with the achievement of
insulin independence by the ITR (47). Other sites of implantation that have been used
include the peritoneal cavity, epiploic flaps, and the spleen. Numerous advantages are
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associated with the choice of the liver: It is easily and safely accessible via percuta-
neous transhepatic catheterization of the portal vein (90,91); it is considered to be an
immunologically privileged site (92); islets within the portal spaces are located
upstream from the hepatic veins and thus limit systemic hyperinsulinization; and func-
tioning islets have been demonstrated to survive in the liver for several years after
transplantation (15,79,93,94). We have, in fact, observed intact islets containing well-
granulated β-cells in the liver of an insulin-independent patient who died of recurrent
malignancy 5 yr after abdominal exenteration (including total pancreatectomy) and
combined liver/islet transplantation (79).

Implantation of the islet preparation is done via a minimally invasive procedure,
requiring interventional radiology technology. The portal vein is reached by a transhep-
atic percutaneous approach under angiographic guidance (91). Alternatively, for simul-
taneous islet–kidney transplantation, the portal system is usually accessed by
catheterization of a colonic vein after completion of the kidney transplantation. The
morbidity and mortality associated with intraportal islet infusion are minimal. Among
215 recipients of an islet allograft reported to the ITR (47) from 1990 through 1996,
only one patient has died as a direct consequence of the procedure. This patient suf-
fered an injury to the hepatic artery during percutaneous transhepatic catheterization of
the portal vein, which provoked a fatal intra-abdominal hemorrhage (26). Four non-
lethal complications have been reported: perforation of the gallbladder requiring
laparoscopic cholecystectomy; tear of the splenic capsule requiring splenectomy; bac-
teremia resulting from infusion of a contaminated islet preparation; and portal vein
thrombosis in a simultaneous liver–islet transplant procedure (26).

Results of Clinical Islet Transplantation:
the International Islet Transplantation Registry

Through December 1998, a total of 405 islet allografts have been performed world-
wide, including 306 since 1990, a relative increase in numbers related to the introduc-
tion of the automated method of islet isolation (47). Cumulative 1-yr patient and graft
survival of 96% and 35%, respectively, were obtained in the 200 C-peptide negative,
type 1 diabetic patients transplanted from 1990 through 1997. The persistence of graft
function can be assessed by measurable levels of basal serum C-peptide, at a threshold
of 0.5 ng/mL. The observation that 32% of recipients lose graft function within 1 mo of
transplantation (and 46% within 3 mo) indicates that primary nonfunction is a major
cause of islet graft loss (47). In fact, we have shown that if early graft loss was
excluded from the analysis of islet allograft survival (e.g., considering only grafts that
maintain function for at least 1 mo posttransplant) after a state-of-the art islet trans-
plant procedure, the results demonstrate an approx 80% 1-yr graft survival rate (95).
Although the evidence of measurable C-peptide in the serum indicates unequivocal
survival of the islet graft, insulin independence has, unfortunately, represented an
uncommon fate following human islet allotransplantation. However, it must be empha-
sized that islet graft function in the absence of insulin independence is still associated
with markedly improved glucose counter regulation and hypoglycemia awareness
(96,97). Analysis of parameters reported to the ITR has identified four features associ-
ated with persisting graft function at 1 yr and insulin independence for more than 7 d.
The four criteria that now form the basis for state-of-the-art islet allotransplantation are
(1) transplantation of an islet mass ≥ 6000 IEq/kg body weight; (2) cold ischemia time
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of the pancreas ≤ 8 h; (3) immunosuppression induction with antilymphocyte or
antithymocyte globulins, or anti-interleukin (IL)-2R monoclonal antibodies, as
opposed to OKT3 or none; (4) liver as the site of islet graft implantation. A signifi-
cantly beneficial effect is especially obtained when all four criteria are fulfilled.

Obstacles to Success of Islet Allotransplantation
Islet grafts are exposed to a number of adverse conditions, some of which are shared

with all types of transplant, and some of which are unique to the islets alone. The com-
bined effects of these factors determines an imbalance between engrafted islet mass
and metabolic demand, which explains why islet allografts do so poorly in comparison
to islet autografts, on the one hand, and to whole-organ pancreatic allografts, on the
other hand (26).

Poor engraftment is the first of these obstacles. The number of islets infused in a
transplant procedure is far from matching the number of islets composing a normal
endocrine pancreas (the recommended threshold of 6000 IEq/kg represents 420,000
IEq in a 70-kg patient, i.e., less than half the one million islets of a human pancreas).
Islets are an essentially avascular graft, which renders them particularly prone to
hypoxia, at least during the time elapsing before neovessels revascularize the transplant
(98,99). As already pointed out, a vast majority of islets are lost early after transplanta-
tion. The nonspecific events leading to early graft loss are collectively termed “primary
nonfunction” and are not related to classic rejection immune phenomena. Rather, they
result from poor intrinsic quality of the islet preparation or from interaction of the islets
with inflammatory elements of the hepatic microenvironment in which they are
implanted, a situation that does not occur in whole-organ pancreatic transplantation.
The isolation process itself is chronologically the first cause of islet loss. As already
noted, the endotoxin contents of the various reagents necessary for the procedure is
thought to be a major determinant of islet cell injury (51,57–60). Apoptotic cell death
was demonstrated to be responsible for significant β-cell loss as an immediate result of
isolation (100). Direct islet damage provoked by cytokines released by activated
Kuppfer cells and sinusoidal endothelial cells, and mediated by nitric oxide and oxy-
gen free radicals, as a result of islet implantation has been clearly demonstrated, and
treatment with macrophage-depleting drugs has been shown to improve early graft sur-
vival (101–104). In addition to immediate damage, new evidence suggests that the non-
specific inflammatory insult to the islets might also amplify the immune response.
Briefly, macrophagic activation induces upregulation of major histocompatibility com-
pany (MHC) molecules expression, which can markedly enhance antigen presentation
to host T-lymphocytes, resulting in an increased incidence of immune graft loss to
acute and chronic rejection (105,106).

A second set of problems arises from the high metabolic demand imposed on the
islet graft, as a consequence of several factors. Because a significant number of trans-
planted islets are lost to the noxious inflammatory stimuli described earlier, the
engrafted islet mass is, most of the time, only marginal for its insulin-release workload.
Implanted islets must overcome a state of insulin resistance, as indicated by higher
absolute value of hepatic glucose production during euglycemic hyperinsulinemia in
nonfunctioning grafts (107). Finally, islet transplantation currently necessitates con-
ventional immunosuppression, based on the association of several drugs comprising
calcineurin inhibitors (cyclosporin A [CsA] or tacrolimus) and steroids. All three drugs
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have long been known to have a diabetogenic effect, partially resulting from direct islet
toxicity, which further increases the metabolic load on the islets (108–112).

Finally, islet grafts are prone to destruction by recurrence of autoimmunity in addition
to allorejection. There has not been a clear indication so far that islets are more suscepti-
ble to allorejection than whole-pancreas transplants. However, as discussed earlier, there
is growing evidence that ischemia–reperfusion injury, similar to the early inflammatory
events peculiar to the islet transplant situation, may upregulate specific immune mecha-
nisms. Recurrence of islet-directed autoimmunity has been clearly demonstrated by
recurrence of insulitis in recipients of segmental pancreatic grafts from an identical twin.
However, the process was not observed when such recipients received full-dose
immunosuppression and is rarely observed in recipients of pancreatic allografts (113).
Although, immune rejection and recurrence of autoimmunity are exceedingly difficult to
distinguish, there is strong evidence that the latter is a significant mechanism of islet
graft loss despite adequate conventional immunosuppression. Recurrence of autoimmu-
nity was described in spontaneously diabetic Bio-Breeding (BB) rats transplanted with
syngeneic intraportal islets, but not whole pancreas, despite CsA immunosuppression
(114). Evidence of insulitis and selective β-cell destruction was also reported after islet
transplantation in a forearm muscular site in an immunosuppressed type 1 diabetic
patient (115). Also, a significantly lower 1-yr graft survival was demonstrated in recipi-
ents positive for anti-GAD65 or anti-islet-cell autoantibodies (116).

Clinical Trials of Human Islet Allotransplantation
The demonstration that prolonged insulin independence could be achieved after

transplantation of allogeneic islets was made in 1990, with the Pittsburgh trial report-
ing nine patients who underwent upper abdominal exenteration, including pancreato-
duodenectomy, for malignancy and received a combined liver–islet transplant. Six
patients who survived the extensive surgery became insulin independent (48), a consis-
tency of results that was previously only achieved with islet autotransplantation
(26,47). This unusual success rate could be attributed to the absence of autoimmunity,
but the common identity of islets and liver from a same donor led to the intriguing
notion that the islet survival was facilitated by a modification of antigen-driven immu-
nity in a syngeneic environment. In addition, the islets were transplanted immediately
after isolation and the recipients were treated with a FK506-based, steroid-free
immunosuppression.

Our experience in Miami with islet allotransplantation in type 1 diabetic patients has
demonstrated that long-term islet function could also be achieved in the presence of
autoimmunity. Six of eight patients demonstrated graft function for more than 60 d,
including two patients in whom C-peptide secretion was demonstrated for over 9 yr,
and two patients were euglycemic and insulin independent for over 1 mo (97,117).
Although all recipients had elevated levels of HbA1c despite intensive insulin therapy
and recurrent episodes of moderate to severe hypoglycemia prior to transplantation,
insulin requirements and HbA1c levels were significantly reduced in all six patients
with evidence of graft function. In addition, neither patient with long-term graft func-
tion has experienced hypoglycemic episodes.

Remarkable results have been reported by the Giessen group, who implemented new
strategies aimed at promoting islet engraftment and transplant survival. The Giessen
protocol included, in addition to fulfillment of the four criteria defined by the ITR,
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strategies based on observations made in experimental animal models, namely the use
of endotoxin-free reagents, the use of antioxidant agents (nicotinamide), and the
administration of intravenous insulin starting 2–3 d prior to transplant in order to
diminish metabolic demand on the graft. With this protocol, insulin independence has
been achieved in approx 30% of transplanted patients (118,119). In a recent report
from the Geneva group, who implemented peritransplant management along the same
lines, graft function for 3 mo to 5 yr was demonstrated in all of 13 consecutive type 1
diabetic recipients of islet allografts (120).

The report in early 2000 by the Edmonton group of a consecutive series of seven out
of seven type 1 diabetic recipients of islet allografts with persistent insulin indepen-
dence was received as a new level of achievement by the islet transplantation commu-
nity (1). These remarkable results were achieved in recipients of solitary islet grafts, in
the absence of severe nephropathy or a need for simultaneous kidney transplantation.
The Edmonton protocol uniquely combined several strategies designed to address,
specifically, the various obstacles encountered in the isolation, transplantation,
immunosuppression sequence. First, as in the Pittsburgh trial, cold ischemia time was
kept at a minimum prior to isolation, and islet transplantation was conducted shortly
after isolation without prolonged in vitro culture. Emphasis was put on utilizing state-
of-the-art equipment (automated methods of isolation and purification, endotoxin-free
reagents) and on obtaining high-quality, pure islet preparations. Second, the lack of
pretransplant in vitro culture allowed replacement of heterologous proteins (i.e., fetal
bovine serum) with human serum albumin during the isolation procedure. Third, in
order to overcome the marginal mass of the first graft, all patients received a second
islet transplant, within a few weeks of the initial procedure, in an effort to achieve a
total transplanted islet mass of at least 10,000 IEq/kg. Finally, an improved immuno-
suppressive protocol was used, consisting of low-dose tacrolimus, sirolimus
(rapamycin), and anti-IL-2-receptor monoclonal antibody (daclizumab) induction. The
synergism of sirolimus and calcineurin inhibitors allows one to substantially reduce
their dosage and, thus, islet toxicity, without increasing the occurrence of acute rejec-
tion episodes (121,122). In spite of in vitro evidence that sirolimus and tacrolimus bind
to the same cytosolic receptor (FKBP-12), suggesting that competition for this protein
would prevent synergism (123), in vivo observations in animal models have shown
strong potentiation of the efficacy of both drugs (124,125). The tacrolimus–sirolimus
association has, in fact, shown to be extremely potent in terms of the prevention of
acute rejection in a series of recipients of liver, pancreas, and kidney transplants (126).

The results of the Edmonton protocol are remarkable: Seven of seven patients were
able to discontinue insulin and remain so with a median follow-up of 11.9 mo; a com-
pelling improvement of blood glucose control has been achieved, as demonstrated by
marked reduction of mean amplitude of glycemic excursions and HbA1c levels; none
of the patients have experienced hypoglycemic episodes; and oral glucose tolerance
tests (GTT) are either normal or impaired, no patient fulfilling the criteria for a diagno-
sis of diabetes by the standards of the American Diabetes Association (ADA) (127).

In spite of the need for two donors per recipient in human transplant clinical studies,
the Edmonton immunosuppression protocol was a considerable achievement that cat-
alyzed the funding of 10 islet transplant centers worldwide, to expand these clinical trials
and investigate and develop new strategies for islet graft survival and immunological tol-
erance induction.
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NEW STRATEGIES TOWARD TOLERANCE INDUCTION

Costimulatory Blockade
The development of therapeutic strategies that would result in donor-specific toler-

ance, thus obviating the need for lifelong generalized immunosuppression, is the key
subject for research as we move forward. The availability of such tolerizing protocols
would be particularly interesting in islet transplantation, as it would allow large-scale
transplantation of diabetic patients before the occurrence of complications.

One strategy extensively explored is the blockade of costimulatory signals of T-cell
activation. In order to obtain T-cell activation, proliferation and effector function upon
cognate interaction with a specific antigen presented in an MHC context, three sets of
signals must be delivered (128): The first signal results from the binding of the anti-
gen/MHC complex to the T-cell receptor; the second signal is delivered through the
engagement of costimulatory molecules on the T-cell surface by their ligand expressed
on the antigen-presenting cell (APC); the third signal occurs by the binding of IL-2 and
other T-cell growth factors (IL-4, IL-7, IL-9, and IL-15) to their receptor, to drive T-cell
clonal expansion and functional maturation (Figs. 1 and 2).

Many efforts have focused on costimulatory blockade, because it was demonstrated
that delivery of signal 1 in the absence of signal 2 could lead to T-cell clonal anergy
and thus could be a way of inducing donor-specific tolerance (129–131). Interestingly,
costimulatory blockade was shown to prevent or delay the occurrence of autoimmunity
in various animal models (132–135), enhancing the appeal of this strategy for its appli-
cation to islet transplantation.

The first costimulatory pathway ongoing intensive study was the engagement of the
CD28 molecule on the T-cell surface by either member of the B7 family, B7.1 and
B7.2, also termed CD80 and CD86, expressed on APCs. (Fig. 2A, B). Ligation of
CD28 leads to T-cell activation, but also to the upregulation of CTLA4 (CD152),
another ligand of the B7 pair that delivers inhibitory signals, counteracting the effects
of B28 stimulation (136–138). Targeting CD28 can be achieved utilizing anti-B7 anti-
bodies or the agent CTLA4-Ig, a soluble molecule obtained from the fusion of CTLA4
with a human immunoglobulin tail. CTLA4-Ig binds avidly to the B7 molecules, pre-
venting their binding to CD28, but also to CTLA4, and thus results in blockade of this
signaling pathway (138). Rodent studies involving CD28-blocking agents demon-
strated an ability to prevent allograft or xenograft rejection, including in a xenogeneic
islet model (139,140), but similar efforts in nonhuman primate models led to less
encouraging results. CTLA4Ig treatment resulted in only limited kidney or islet allo-
graft survival in monkeys (141,142). This could be related to the notion that CTLA4
inhibitory signals are required to optimally induce allograft tolerance (143).

CD40–CD154 is another major costimulatory pathway, and blockade, by targeting the
CD154 molecule expressed on the surface of T-cells with monoclonal antibodies (MAb),
has been effective in various models of heart, kidney, aorta, bone marrow, and skin trans-
plantation (144). The interest for anti-CD154 therapy in islet transplantation has been
enhanced by its ability to delay the initiation of insulitis and diabetes in nonobese dia-
betic (NOD) mice (134) and to prevent release of nonspecific inflammatory mediators
(145,146), a phenomenon involved in early islet graft loss. Long-term graft survival
(>100 d) was obtained in both allogeneic and xenogeneic islet transplantation models of
chemically induced diabetes in rodents. These results were obtained when the mAb was
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administered together with donor-specific splenocytes, but anti-CD154 treatment alone
also had some effect in prolongation of graft survival (147–149). In contrast, indefinite
islet graft survival could not be achieved when allogeneic islets were transplanted into
spontaneously diabetic autoimmune NOD mice (150).

In parallel, a humanized murine anti-human CD154 was developed and tested in
nonhuman primate models (see Fig. 2B). Indefinite kidney graft survival was achieved
in rhesus monkeys with a combination of CTLA4Ig and anti-CD154 MAb (142) and
with anti-CD154 MAb monotherapy as well, with absence of rejection >10 mo after
treatment was discontinued (151). This body of data suggested that anti-CD154 treat-
ment could be especially effective in supporting islet allograft survival and led us to
test the reagent in rigorous models of pancreatectomy-induced diabetic nonhuman pri-
mates. Seven of seven pancreatectomized baboons receiving islet allografts under the
cover of humanized anti-CD154 MAb monotherapy achieved durable insulin indepen-
dence. When rejection was encountered, a rise of postprandial blood glucose was the
first sign and this could be readily reversed with anti-CD154 rescue therapy. Anti-
CD154 therapy needed to be administered on a monthly basis in order to sustain islet
graft survival, but a progressive reduction in the islet secretory capacity was observed.
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Fig. 1. (A) Generation of a T-cell response is initiated by the engagement of the T-cell receptor
(TCR) by MHC + peptide. The delivery of “signal 1” involves a phosphorylation cascade in which
the CD45 molecule and the various chains of the CD3 complex play activating and regulatory roles.
(B) Blockade or alteration of signal 1 can be achieved using anti-CD45RB MAb or FcγR-nonbinding
anti-CD3 MAb. Binding of the CD3 ε-chain by the anti-CD3 immunotoxin leads to transient but pro-
found T-cell depletion after internalization. APC, antigen-presenting cell.



The only significant side effect was an unexpected decrease in the CD4+ population in
the peripheral blood (2). However, in the rhesus monkey, the same schedule of human-
ized anti-CD154 MAb monotherapy (induction therapy plus monthly maintenance) led
to indefinite insulin independence (>125 to >476 d) in six of six pancreatectomized
rhesus monkeys. In contrast to the studies in baboons, continued improvement in graft
function, as determined by intravenous GTTs, was observed, no significant side effects
were encountered, and donor-specific hyporesponsiveness was demonstrated in mixed
lymphocyte cultures (3).

Although it was acknowledged that the pancreatectomized monkey was not a perfect
model of human autoimmune type 1 diabetes, these results demonstrated that blockade
of the CD40/CD154 pathway could result in successful engraftment, long-term mainte-
nance of function, and preservation of islet secretory mass. This was, in fact, so encour-
aging that a clinical trial of immunosuppressive monotherapy with the humanized
anti-CD154 MAb was launched in 1999 for type 1 diabetic recipients of solitary islet
grafts. Unfortunately, reports of unusual rates of thromboembolic complications in
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Fig. 2. (A) Generation of a T-cell response requires the delivery of costimulatory signals in addition to
signal 1. Such signals are provided through the interaction of CD40 with CD154 (CD40L), CD80/86
(B7.1/2) with CD28, and ICAM-1 with LFA-1. CD80/86 can also bind CD152 (CTLA-4) to provide
downregulatory signals. (B) Costimulatory blockade can be achieved using CTLA-4-Ig, a soluble form
of CTLA-4 that binds to the CD80/86 molecules, or with anti-CD154 or anti-LFA-1 MAbs.



other clinical trials of the MAb temporarily halted all clinical studies with this promis-
ing preparation (152,153). Another target for costimulatory blockade could be the
LFA-1 adhesion molecule. In addition to its APC–to–T-cell adhesion function, engage-
ment of LFA-1 by its ligand ICAM-1 enhances T-cell activation by delivering costimu-
latory signals (154). Blockade of this pathway by anti-LFA-1 MAbs has been used in
rodent models and was shown to induce long-term allograft acceptance, with a state of
in vivo donor-specific unresponsiveness that could be adoptively transferred (155,156).
Anti-LFA-1 treatment of the recipient was also able to prolong islet xenograft survival,
but addition of anti-ICAM-1 MAb directed against the donor species molecule was
necessary to obtain significant prolongation (157,158).

Blockade of Signal 1
Blockade of the first signal of T-cell activation can be obtained by treatment with

anti-CD45RB MAbs. CD45 (also known as leukocyte common antigen) is a transmem-
brane protein tyrosine phosphatase critically involved in the coupling of signals from
the T-cell receptor (TCR) to the proximal signaling apparatus (see Fig. 1A, B). Engage-
ment of the TCR by the MHC/peptide complex triggers activation of protein tyrosine
kinases, which leads to phosphorylation of chains of the CD3/TCR complex, and, in
turn, of critical downstream signaling intermediates. CD45 plays a critical role in T-cell
activation by regulating reversible dephosphorylation of regulatory tyrosine residues.
The CD45 molecule exists in multiple isoforms obtained by alternative splicing of
three exons termed A, B, and C. In mice, T-cells can be roughly divided in two popula-
tions with regard to their level of expression of exon B. CD45RBHi CD4 T-cells prefer-
entially secrete IL-2, whereas CD45RBLo CD4 T-cells preferentially secrete IL-4.
Treatment with anti-CD45RB MAb induces a shift from the CD45RBHi to the IL-4-
secreting CD45RBLo phenotype, which, in turn, is responsible for the upregulation of
CTLA4 (CD152), which delivers inhibitory signals for T-cell activation on ligation
(159,160). Treatment with anti-CD45RB MAb was shown to prevent the development
of autoimmunity in experimental allergic encephalomyelitis (161), and a role in the
protection from diabetes of NOD mice was recognized for T-cells bearing the
CD45RBLo phenotype (162). In addition, indefinite survival of kidney allografts and,
remarkably, reversal of kidney rejection when treatment was delayed until rejection
occurred were reported in anti-CD45RB-treated mice (163). These protective charac-
teristics on allorejection and autoimmunity made this antibody a good candidate for
studies of islet transplantation. Indeed, indefinite islet allograft survival was achieved
in 60% of chemically diabetic mice after a short induction course of the antibody
(164,165). Clearly, these data need to be confirmed in preclinical models or in rodent
models of autoimmune diabetes, but they might represent another promising strategy
for tolerance induction in islet transplantation.

Another target for the blockade of signal 1 is the CD3 molecular complex (see Fig. 1
A, B). OKT3 (muromonab), a murine anti-human CD3 MAb, has been used in clinical
organ transplantation since the early 1980s, both as induction and as antirejection ther-
apy. This drug is a highly effective immunosuppressant, but its broad use has been lim-
ited by two major drawbacks: the severe and potentially lethal “cytokine release
syndrome” caused by the crosslinking of antibody-bound TCRs by FcγR-expressing
cells of the monocyte–macrophage lineage, and the human–anti-mouse humoral
response elicited by the immunogenicity of the antibody (166). These considerations
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led to the development of a chimeric FcγR-nonbinding anti-CD3 MAb, obtained by
combining the F(ab′)2 region of a hamster–anti-mouse CD3 with a mouse Fcγ3 portion
with very low affinity for the FcγR. This MAb was first shown to have similar immuno-
suppressive properties as the native antibody, but prolongation of skin graft survival
was observed without eliciting a cytokine storm or a humoral response against the
MAb (167). Further studies demonstrated that the chimeric MAb delivered incomplete
TCR signals, characterized by altered phosphorylation patterns of the CD3/TCR com-
plex and resulting in unresponsiveness of Th1 clones and a T-cell response skewed
toward a Th2 phenotype (168,169). This observation has important implications for
islet transplantation because it is thought that enhanced Th2 activity at the expense of
the Th1 subset may play a significant role in the maintenance of tolerance both to
alloantigens and autoantigens (170,171). In this regard, long-term remission has been
achieved in overtly diabetic NOD mice by short-term treatment with anti CD3 MAb,
both with the whole molecule or with noncrosslinking F(ab′)2 fragments (172,173).
Humanized, FcγR-nonbinding OKT3 antibodies were recently developed and charac-
terized (174). One of these MAbs has a γ1-chain and two point mutations in the CH2
region, which markedly reduces the affinity for the FcγR. It has been successfully
tested in a phase I trial of treatment of acute renal allograft rejection without significant
side effects (175). Immunosuppressive protocols including this antibody are currently
being tested in clinical trials of islet transplantation. The CD3 complex can also be tar-
geted with an anti-CD3-immunotoxin (see Fig. 1B) obtained by coupling an anti-CD3
MAb to a mutant diphteria toxin. Upon binding and internalization, this compound
induces a transient but profound T-cell depletion, designed to “reset” the immune system
so that T-cell clones re-emerging after a transplant would see the graft as self (176). Tol-
erance to kidney allografts (177) and significant delay in the progress of experimental
autoimmune encephalitis (178) were achieved by the immunotoxin in nonhuman primate
models. A short-term (4 d) immunosuppressive regimen of anti-CD3 immunotoxin,
cyclosporin, and steroids induced long-term survival of xenogeneic islet grafts and sus-
tained euglycemia in monkeys with naturally occurring diabetes (179).

Blockade of Signal 3
There has been much attention directed recently to apoptosis of alloresponsive

T-cells as a prerequisite for the induction of peripheral tolerance (180,181). Addition of
a rapamycin treatment for 14 d to a costimulatory blocking induction regimen of anti-
CD154 MAb and CTLA4-Ig resulted in indefinite survival of heart and skin grafts in
mice, whereas the addition of CSA antagonized the effects of costimulatory blockade.
The explanation for these seemingly contradictory effects of immunosuppressive
agents lies in the fact that both cyclosporin A and rapamycin inhibit the proliferative
component of IL-2 signaling, but only rapamycin allows the antigen-driven, IL-2-
dependent, activation-induced cell death (AICD) phenomenon to occur. Enhanced skin
graft tolerance in rapamycin-treated animals correlated with massive apoptosis of
alloreactive T-cells (182). Administration of the same regimen to mice transgenic for
Bcl-xL, an antiapoptotic gene, sharply reduced tolerance induction (180).

T-Cell growth factor deprivation is another form of T-cell apoptosis, distinct from
AICD. Targeting T-cell growth factors during clonal expansion of activated T-cells is
seen as an efficient way of inducing alloreactive T-cell apoptosis and, thus, peripheral
tolerance. Anti-IL-2 receptor α-chain (CD25) MAbs, such as daclizumab and basilix-
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imab, have been efficient in preventing acute rejection episodes in clinical trials, but are
unable to block other growth factors (183). The fact that all receptors for T-cell growth
factor (IL-2, IL-4, IL-7, IL-9, and IL-15) share a common γc-chain was exploited in a
murine model, in which anti-γc-chain MAbs were administered to islet transplant
recipients. This led to induction of T-cell apoptosis and indefinite allogeneic islet graft
survival (184). T-cell apoptosis and stable tolerance are linked by the activation of
immunoregulatory mechanisms. Apoptotic lymphocytes release anti-inflammatory and
inhibitory cytokines (IL-10 and transforming growth factor-β [TGF-β]) as they die.
Further, phagocytosis by macrophages of apoptotic T-cells carrying their specific anti-
gen leads to presentation of the antigen in a tolerogenic form. Thus, tolerance induced
by T-cell apoptosis is stable, because deletion is followed by active regulatory path-
ways induced by the inhibitory properties of the apoptotic cell (181). These observa-
tions present some seemingly extraordinary opportunities to exploit in tolerance-inducing
protocols for clinical trials.

Donor Hematopoietic Cells
Bone marrow infusions into cytoablated recipients to induce a state of mixed

chimerism is another well-established approach for the induction of donor-specific tol-
erance in many animal species, but it is not practical for application in the human
(185). However, the observation that long-term human transplant recipients who had
discontinued their immunosuppressive treatment and had not rejected their graft also
displayed multilineage hematopoietic microchimerism provided a rationale for contin-
uing to explore the mixed chimerism approach (186). Because bone marrow cell
engraftment was demonstrated to be feasible without myeloablative conditioning, pro-
vided large numbers of marrow cells were infused (187), this approach has been exten-
sively explored. Recently, Sykes and her colleagues published a series of articles
reporting the achievement of mixed chimerism without myeloablation utilizing costim-
ulatory blockade with anti-CD154 and CTLA4Ig (188,189). Remarkably, the adminis-
tration of a single dose of each agent after fully MHC-mismatched bone marrow
infusion in mice resulted in long-term multilineage macrochimerism and donor-spe-
cific tolerance, with skin graft acceptance for > 145 d (190). The quantities of bone
marrow cells necessary to achieve this state of tolerance-inducing chimerism are too
high for the technique to be simply transferred to preclinical testing, but the approach
of combining bone marrow infusion and costimulatory blockade appears, nonetheless,
to be extremely promising. Other studies, in which anti-CD154 and CTLA4Ig were
administered in combination with donor-specific transfusion (DST), have achieved per-
manent engraftment of allogeneic islets and skin but have also identified that the timing
of administration of costimulatory blocking agents could be critical for tolerance
induction (143). In effect, CTLA4Ig may counteract the tolerogenic potential of anti-
CD154 and DST, because of simultaneous blockade of the stimulatory CD28 and the
inhibitory CTLA4 signaling pathways (143).

Hematopoietic stem cell transplantation is also able to augment donor cell
microchimerism (191) that may have a causal role in decreasing the occurrence of
rejection episodes and promoting allograft survival. The dogma stating that cytoabla-
tion or cytoreduction was mandatory for the engraftment of donor bone marrow cells
was challenged by the observation that chimerism and indefinite islet allograft survival
could be obtained in rats by multiple bone marrow infusions, in the absence of irradia-

Chapter 30 / Islet Transplantation 543



tion (192). Trials of donor bone marrow infusion to recipients of liver, kidney, pan-
creas, and multivisceral transplants in the absence of cytoablative conditioning have
been initiated at the University of Miami. Preliminary analysis showed improved
patient and graft survival in liver transplant recipients (193) and the establishment of
sustained microchimerism, correlating with lower incidence of acute rejection episodes
and progression toward chronic rejection (194). Occurrence of graft host disease
(GVHD) was reported with an incidence of 2–8%, depending on timing and schedule
of bone marrow administration (195).

In addition to the tolerance to alloantigens, hematopoietic stem cell transplantation
(HSCT) is emerging as a feasible and efficient therapeutic modality for severe autoim-
mune diseases. The concept that the natural course of autoimmune disease might be
altered by cytoablation and reconstitution with autologous stem cells has been tested in
numerous animal models and is gaining increasing support (196). A multicenter,
prospective phase I/II trial of 74 patients with severe autoimmune disease treated by
autologous HSCT after various conditioning protocols reported a favorable response in
at least 65% of patients, but the 1-yr procedure-related mortality of 9% still needs to be
reduced before this approach can be applied in indolent autoimmune disease processes
(197). In lethally irradiated NOD mice, autoimmune insulitis can be prevented by
reconstitution with allogeneic bone marrow (198), and even reversed when combined
with pancreatic tissue (199). More interestingly, mixed chimerism obtained by allo-
geneic bone marrow transplantation into sublethally irradiated NOD mice is also able
to prevent diabetes and reverse insulitis (200). A minimum of 5–15% chimerism may
be required to prevent the onset of diabetes in autoimmune-prone NOD mice (201).
Protection from recurrence of autoimmunity in allogeneic islet transplant recipients
was obtained in spontaneously diabetic BB rats by cotransplanting donor peripheral
lymph node cells that contained an immunoregulatory T-cell subset with a direct pro-
tective action (202). Otherwise, protection from islet graft loss to allorejection and
recurrence of autoimmunity in diabetic NOD mice reconstituted with hematopoietic
cells has necessitated lethal or sublethal irradiation and full hematopoietic chimerism
(203,204). Addition of anti-CD154 MAb in these models has, however, resulted in
complete protection from GVHD (204).

These accumulating experiences represent the rationale for upcoming trials of islet
and stem cell cotransplantation to patients who do not yet have diabetic complications.
The premise, in these efforts, is that CD34+ enrichment of the donor bone marrow
would result in elimination of T-cells responsible for GVHD. The concurrent adminis-
tration of costimulatory blocking agents could play a role in facilitating bone marrow
cell (BMC) engraftment and preventing GVHD. It is hoped that the establishment of a
higher persisting state of chimerism would contribute to a state of functional tolerance
to alloantigens and autoantigens and thus allow early weaning of the immunosuppres-
sive regimen of islet cell transplant recipients. This is a particularly important objective
for patients who receive islet transplants earlier in the clinical course of their disease
before complications ensue.

CONCLUSION

Exciting opportunities for the reversal of type 1 diabetes have again resurfaced, as a
product of the basic understanding of initiation signal(s) and signal transmission in
immune recognition pathways. The existence of multiple steps in the immune effector
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pathways offer enormous possibilities for therapeutic interventions directed at the
achievement of immunological tolerance.

These data indicate that an increasing list of costimulatory molecules could be tar-
geted in the design of such tolerogenic protocols. It is likely from the experiences to
date that such protocols will involve combined blockade of different costimulatory
pathways, sequential blockade of signals 1, 2, and 3, or a combination of costimulatory
blockade with other strategies.

The excitement generated by the achievements that have unfolded over the past few
years has resulted in a renewed but cautious optimism in islet transplantation for the
treatment of patients with type 1 diabetes.
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INTRODUCTION

β-Cell replacement is considered the optimal treatment for type 1 diabetes. Such a
therapy may allow restoration of the tight regulation of blood glucose levels, avoid the
daily burden to the patient of monitoring and regulating blood glucose, and prevent dia-
betes complications. β-Cells are uniquely equipped not only with the capacity to synthe-
size insulin but also with a complex sensing apparatus that integrates a large variety of
signals in the continuous adjustment of insulin secretion to changing physiological
needs. Ectopic insulin gene expression in non-β-cells may evade the autoimmunity
directed against β-cells; however, reconstruction of regulated insulin secretion in non-β-
cells is a much more difficult task. The optimal substitute for β-cells destroyed by
autoimmunity in type 1 diabetes is therefore a sufficient number of functional β-cells. In
principle, such cells could be obtained through β-cell regeneration in the patient or
through transplantation from a foreign source of β-cells. Either way, cell therapy for type
1 diabetes faces two major obstacles: obtaining sufficient numbers of differentiated β-
cells and protecting them from recurring autoimmunity without continuous immunosup-
pression. Genetic manipulations may help overcome both of these hurdles.

β-CELL REGENERATION

The understanding of islet development and maintenance may allow stimulation of
islet renewal in patients with type 1 diabetes. The bulk of evidence suggests that the
embryonic pancreas emerges by budding from the endodermal epithelium (1). This
process depends on expression of the homeodomain transcription factor Pdx1 and
repression of sonic hedgehog signaling, induced by adjacent regions of the notochord
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(2). Subsequent branching of the initial buds depends on unknown factors secreted by
mesenchymal cells. The endocrine and exocrine cells likely develop from a common
progenitor cell in this branched endoderm, which later becomes the ductal epithelium
of the mature pancreas (2). Studies of experimental models of pancreas injury (3–5)
revealed that the ductal epithelium serves as a source of cells capable of islet neogene-
sis in the adult and may constitute the pancreatic stem cells, from which normal
renewal of islets occurs throughout life. Indeed, recent reports have demonstrated the
capacity of duct cells to differentiate into β-cells in tissue culture (6,7). It is unclear to
what extent β-cell regeneration occurs in type 1 diabetes. The “honeymoon period”
observed in the course of the disease may result from a wave of islet regeneration. A
better understanding of the extracellular and intracellular factors involved in islet neo-
genesis from duct cells may allow stimulation of this process in vivo.

Another potential source of cells which could be induced to develop into β-cells in
vivo is represented by stem cells committed to the development of tissues other than
the pancreas. Recent reports have demonstrated a remarkable plasticity in a number of
stem cell types, which could be induced to transdifferentiate into a variety of other tis-
sues (8,9). The ability to induce expression of β-cell genes, including insulin, in mouse
liver cells in vivo using Pdx1 adenovirus vectors (10), may represent transdifferentia-
tion of a liver progenitor cell.

If β-cell regeneration can be induced in vivo, newly-formed β-cells are likely to be
targeted by the autoimmune mechanisms that destroy the original islet β-cells. There-
fore, developing ways to prevent recurring autoimmunity (see last section) should be
an integral part of any β-cell regeneration strategy. In addition, targeting of genes or
proteins to specific cell types in vivo remains a difficult task. Thus, it appears more fea-
sible at present to pursue β-cell expansion from progenitor cells in vitro for the purpose
of transplantation.

β-CELL EXPANSION IN VITRO

Given the present inability to induce significant β-cell regeneration, allogeneic islet
transplantation would represent the next best solution. Although clinical results in the
past years have been disappointing, a recent report of islet allograft survival in type 1
diabetic patients, achieved with a novel immunosuppression protocol (11), has raised
new hopes for the feasibility of this treatment. However, the prospects for allogeneic
islet transplantation are limited by the availability of cadaveric donors and the need to
use islets from more than one pancreas for each transplant. Xenogeneic islet transplan-
tation has been considered; however, it raises far greater immunological and physiolog-
ical difficulties and remains controversial because of the risk of introducing new
animal pathogens into the human population (12).

The cell supply barrier to β-cell transplantation could be alleviated by β-cell expansion
in tissue culture. Data from rodents suggest that pure β-cells can replace the function of
intact islets (13). The pancreas of type 1 diabetes patients is likely to contain sufficient
numbers of α, δ, and PP cells, which could interact with β-cells transplanted outside the
pancreas through endocrine feedback loops, rather than through cell-to-cell contacts.

Generation of β-Cells from Precursor Cells
Two main approaches have been taken to generate an abundant source of β-cells:

expansion of mature β-cells and maturation of precursor cells. In both approaches, the
main trade-off is between growth potential and functional performance. Differentiated
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β-cells from mature islets function well but are postmitotic and do not replicate much
on their own. To expand them, one needs to stimulate their replication using elements
that regulate the cell cycle, such as oncogenes. The experimental evidence suggests
that induction of proliferation leads to varying degrees of dedifferentiation (see
below). In contrast, a variety of precursor cells are relatively easy to expand in tissue
culture. Their spontaneous proliferative potential varies: Embryonic stem (ES) cells
can grow virtually indefinitely, as a result of expression of telomerase; tissue stem
cells have a more restricted growth potential, and it may help to extend it by immortal-
izing them, for example by expression of telomerase. However, such cells have multi-
ple fates to choose from, and the challenge is to find ways to direct all of them into the
desired pathway. Recent reports have shown that precursor cells, such as mouse ES
cells (14) and both murine and human pancreatic duct cells (6,7), can spontaneously
differentiate at low rates in tissue culture into mature β-cells. The availability of
human ES cell lines (15) raises the possibility that human β-cells could be generated in
tissue culture from ES cells. With the maturation of techniques for nuclear transfer
from somatic cells into oocytes (16), it is possible, in principle, to generate autologous
ES cell lines. However, in the case of type 1 diabetes, this would not necessarily repre-
sent an advantage over allogeneic ES cells, as the autoimmune response is directed
against the autologous cells.

Most probably, the closer in the lineage a precursor cell is to mature β-cells, the fewer
steps will be needed to turn it into a β-cell. On the other hand, it is possible that short-
cuts could be found, using master switch genes or exogenous inductive factors, that will
not require passage through all the intermediate stages of natural development. It is
likely that the proliferative capacity of precursor cells will decrease in inverse proportion
to their degree of differentiation. The strategy for generating β-cells from precursor cells
in culture would likely involve a massive expansion of undifferentiated precursor cells,
followed by induction of differentiation into β-cells. An important aspect of this strategy
is ensuring that differentiation into β-cells is accompanied by restriction of proliferation,
to prevent unregulated cell growth following transplantation.

Expansion of Mature β-Cells
Propagation of mature islet β-cells in culture is difficult. Most of adult islet cells are

postmitotic. They do not divide either in vivo or in culture, and when explanted from
their tissue context, they are stressed and tend to senesce and die. Although some
growth factors can induce limited replication of fetal or neonatal rodent islets (17), the
natural growth and survival factors of β-cells, which could enable significant β-cell
mass expansion in culture, remain largely unknown. Fetal islets have a larger prolifera-
tive capacity; however, they remain poorly differentiated with respect to insulin pro-
duction and secretion (18,19).

To generate continuous rodent β-cell lines, several groups have employed onco-
genes, in particular, the SV40 large T-antigen (Tag), to bypass senescence and inacti-
vate the gatekeepers to the entrance into the cell cycle and DNA replication, such as the
retinoblastoma protein, which acts at the checkpoint between the G1 and S phases (see
ref. 20 for a recent review). Rodent β-cell lines transformed by Tag maintain low levels
of insulin production and secretion. However, their secretory response to glucose is
often abnormal, and they tend to lose their limited differentiation during propagation in
culture (20). Apparently, cell transformation interferes with certain differentiated func-
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tions of β-cells. In addition, the transformed cells replicate without control and are thus
not suitable for transplantation.

To overcome these drawbacks, we introduced the concept of reversible cell immortal-
ization as a way to regulate β-cell mass and function in tissue culture and following trans-
plantation in vivo. This was achieved by using elements of the bacterial tetracycline (tet)
operon to control oncogene expression in transgenic mice (13). The transformed β-cells
were found to completely depend on the continuous expression of Tag for their prolifera-
tion, and the shut off of Tag expression induced growth arrest. One cell line, denoted
βTC-tet, was studied in detail (21). These cells produced high amounts of insulin and
secreted it in response to physiological glucose concentrations. The phenotype of the pro-
liferating cells was stable for over 60 passages in tissue culture. The βTC-tet cells were
able to restore euglycemia in syngeneic streptozotocin (STZ)-diabetic mice (13). Treat-
ment of the mice with tet prevented abnormal cell expansion, and the cells remained fully
functional in vivo for months in the growth-arrested state. They were capable of resuming
replication if the tet block was removed. Insulin secretion in vivo was shown to be regu-
lated by hyperglycemia in hyperglycemic clamp studies (21). Thus, these cells satisfy the
requirements from β-cell lines in terms of insulin biosynthesis and regulated secretion,
stability, and regulation of proliferation. In addition, our data indicate that growth arrest
improves βTC-tet cell function, compared with that of proliferating cells. Insulin biosyn-
thesis is stimulated at the transcriptional and posttranslational levels, resulting in a sev-
eral-fold increase in insulin mRNA and protein contents (21,22). Artifacts of cell
transformation, such as induction of hexokinase activity at passages >60, are reversed by
growth arrest (21). By employing the tet-on regulatory system (23), β-cell lines may be
generated that can maintain euglycemia in recipients without the need for continuous tet
treatment for maintaining growth arrest following transplantation.

In contrast to the success in deriving rodent β-cell lines, induction of β-cell prolifer-
ation has been less successful with human islets. Human β-cells tend to dedifferentiate
when forced to replicate and essentially lose insulin expression (18,19). Application of
the conditional transformation approach to human islets may help address this diffi-
culty. In addition, human cell replication is limited by telomere length, which is much
shorter compared with those of mice, and by the fact that most human cell types, unlike
most somatic mouse cells, do not express telomerase (24). Expression of telomerase in
human β-cells may help extend their life span in culture, as has been shown for other
human cell types (25). Efficient gene transfer into human islet cells in culture will be
facilitated by the recent development of lentivirus vectors, which allow infection of
nonreplicating cells with high efficiency, and stable integration of the introduced genes
into the genome of infected cells (26).

The concerns regarding the use of transformed cells in humans may be addressed by
enclosing them in a physical barrier through cell encapsulation (see the following section),
by eliminating the oncogenes from the cells when the desired cell mass is achieved using
approaches such as the Cre-loxP-mediated DNA recombination (27) and by introducing
suicide mechanisms into the engineered cells, such as the herpes simplex thymidine kinase
gene, which will allow cell elimination in case of escape from the encapsulation device.

β-CELL PROTECTION FROM RECURRING AUTOIMMUNITY

Once sufficient numbers of differentiated β-cells for transplantation become avail-
able, they will need to be protected from recurring autoimmunity, as well as from graft
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rejection. Although improved immunosuppression protocols are being developed (11),
the risks of lifelong immunosuppression are probably not justified by the potential
improvements in insulin delivery, when compared to insulin administration. Cell
encapsulation in semipermeable membrane devices may provide partial protection. The
pore size of these membranes can be designed to exclude immune effector cells and
large molecules, such as immunoglobulins and components of the complement system,
while allowing free passage of small molecules, such as nutrients and insulin. How-
ever, in spite of successful protection of xenograft islets in experimental animals
(28–30), as well as survival of allogeneic insulinoma cells in a mouse model of autoim-
mune diabetes (the nonobese diabetic [NOD] mouse) (31), β-cell encapsulation still
needs to overcome a number of fundamental problems. β-Cells are highly active meta-
bolically and require an excellent supply of oxygen for survival and function. In addi-
tion, the cells need to have a good access to insulin secretagogues to allow a continuous
adjustment of the amount of secreted insulin. These requirements limit the thickness of
the cell layer that can be encapsulated, which may lead to a prohibitively large device.
At present, most of the devices described rely on diffusion, which requires only minor
surgery for implantation and allows easy retrievability (32). Vascularized devices may
improve nutrient access to the cells; however, they are likely to involve invasive
surgery. Another limitation of encapsulation membranes is their permeability to small
cytotoxic molecules, such as cytokines and free radicals, which are released by
immune effector cells and are thought to constitute the central mechanism by which
autoimmunity causes apoptotic β-cell death (33). β-Cells are particularly sensitive to
these agents because they express relatively low levels of antioxidant enzymes (34).
Genetic engineering of β-cells with genes that can increase their resistance to immune
effector mechanisms may improve their protection within encapsulation devices.

In principle, two types of genes can be used: those encoding proteins that act inside
the β-cell to increase its resistance and those encoding secreted proteins that are small
enough to pass through the membrane and affect the function of immune effector cells
outside the device. A number of antioxidant proteins have been shown to protect β-cell
lines exposed to cytokines in culture, as well as reduce the incidence of diabetes in
NOD mice. These include the antioxidant enzymes copper/zinc superoxide dismutase
(SOD) (35), manganese SOD (36), and catalase (37), and the protein thioredoxin (38).
The antiapoptotic proteins Bcl-2 (39–42) and A20 (43) have also shown promising
effects in protecting cultured β-cells from cytokines and oxidative stress, although Bcl-
2 failed to prevent diabetes in NOD mice (44).

Viruses constitute a rich source of immunomodulatory genes (45). The immune sys-
tem targets virus-infected cells with cellular and humoral immune responses, leading to
cell death by necrosis or apoptosis, in order to stop the spread of a viral infection.
Viruses must escape immune surveillance to successfully replicate in their host. Most
viruses encode immunomodulatory proteins, which are among the first viral proteins to
be expressed in infected cells. Among them are genes that inhibit antigen presentation,
regulate cytokine activity, and prevent apoptosis. They provide the virus with a window
of time in which it can replicate undisturbed. We have been studying the early region 3
(E3) genes of adenovirus as a tool for increasing β-cell resistance to immune effector
molecules. These genes encode several proteins that downregulate class I major histo-
compatibility complex (MHC)-mediated antigen presentation on the cell surface and
provide protection from apoptosis induced by tumor necrosis factor-α and by Fas (46).
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Expression of the E3 genes under control of the insulin promoter in β-cells in trans-
genic mice allowed islet transplantation into allogeneic mouse strains (47). When these
mice were bred with rat insulin promoter–lymphocytic choriomeningitis virus (RIP-
LCMV) transgenic mice, a model of virus-induced autoimmune diabetes, the double-
transgenic animals were protected from the disease (48). These results suggest that E3
genes may be used to protect transplanted β-cells.

The balance between effector and suppressor T-cells is modulated by a complex
array of cytokines that is not fully characterized. Expression of certain cytokines in β-
cells may shift the local balance between these subsets of T-lymphocytes toward a sup-
pressive phenotype. NOD mice expressing the suppressive cytokine interleukin-4
(IL-4) were protected from diabetes (49,50). When islets from NOD/severe-combined
immunodeficient mice were transduced with lentivirus vector encoding IL-4 and trans-
planted into syngeneic hosts together with NOD splenocytes, both the transplant and
endogenous islets were protected from immune destruction (51). Paracrine protection
of β-cells was obtained by expression of transforming growth factor (TGF)-β1 in islet
α-cells in NOD mice, which prevented the development of both spontaneous and
cyclophosphamide-induced diabetes (52). In contrast, expression of TGF-β1 in β-cells
failed to inhibit autoimmunity in the RIP-LCMV model (53). Expression of another
cytokine, IL-10, also led to conflicting results (54), causing both a delay in the onset
and a reduction in the incidence of diabetes when administered into adult NOD mice
and an accelerated disease when transgenically expressed in β-cells, perhaps reflecting
differences between local and systemic effects of the cytokine. Mammalian IL-10 may
possess both immunosuppressive and immunostimulatory properties. A viral homolog
of IL-10 (vIL-10) encoded by the Epstein–Barr virus (55) lacks the immunostimulatory
capacity and thus may be more promising in induction of T-cell suppression (56).
Nonetheless, these results suggest that additional studies are needed to obtain a com-
plete picture of the complex cytokine network, before these proteins can be safely and
effectively applied to achieve local immunosuppression.

Some of the immunomodulatory and antiapoptotic agents considered for engineer-
ing β-cells for transplantation may also be effective in prevention of type 1 diabetes, if
targeted by viral vectors to islets in people at risk of developing the disease. However,
this prospect depends on accurate diagnosis of prediabetes by improving existing
genetic and serological markers as well as the development of safe and efficient ways
for gene targeting to islets in vivo.
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INTRODUCTION

Pancreatic islet allotransplantation has been attempted for several decades (see
Chapter 30), but only recently has met with success. Work from the Rajotte group in
Edmonton has now shown that pancreatic β-cell transplantation is possible and that
adequate pharmacologic immunosuppression can be attained to permit long-term islet
transplant survival (1,2). Unfortunately, the balance between the numbers of diabetics
and numbers of islets available for transplantation is such that available quantities of
islets can service only minuscule numbers of patients with diabetes. For example, in
the United States, there are approx 16 million diabetics, including approx 1.5 million
type 1 diabetics. In contrast, the total numbers of pancreata available for transplant
annually in the United States number in the hundreds to thousands. Moreover, the num-
bers of pancreata required to transplant a single diabetic ranges between two and four
(1,2). These considerations, together with recent advances in human and rodent embry-
onic stem cell research and pancreatic ductal stem cell research, have highlighted the
need to identify factors that can induce β-cells or their precursors to replicate. In this
review chapter, we will describe the growth factors that have been documented to date
to have potential as agents that could be used to augment islet mass. Because long-term
in vivo efficacy is important when considering therapy with islet growth factors, we
will give particular emphasis to growth factors that have been demonstrated to be effec-
tive in vivo over the very long term in transgenic animals.

561

From: Contemporary Endocrinology: Type 1 Diabetes: Etiology and Treatment
Edited by: M. A. Sperling © Humana Press Inc., Totowa, NJ

32 Islet Growth Factors

Rupangi C. Vasavada, PhD, 
Adolfo Garcia-Ocaña, PhD, 
Karen K. Takane, PhD, Ana Cebrian, PhD,
Juan Carlos Lopez-Talavera, MD, PhD, 
and Andrew F. Stewart, MD

CONTENTS

INTRODUCTION

MOLECULAR CONTROL OF REPLICATION IN THE β-CELL

β-CELL GROWTH FACTORS

SUMMARY

REFERENCES



β-Cell mass can be regulated in several fashions. One mechanism is the develop-
ment of new islets, so called “islet neogenesis”. This occurs via the differentiation of
islet cell precursors from pancreatic stem cells. In the adult, these are believed to reside
in the large, medium, and very small branches of the pancreatic duct. At present, there
is no definite histochemical or molecular marker for these cells, although it has been
suggested that the neuropeptide marker “nestin” may be an excellent marker (3,4). In
this process, β-cells differentiate in the ductular wall to express insulin, divide, and bud
out into the pancreatic exocrine parenchyma to form new islets.

A second mechanism is the induction of proliferation of existing β-cells. There has
been some resisitance to the idea that β-cells can proliferate over the years (5), but it is
now very clear that they can. For example, β-cells can be demonstrated to proliferate in
vitro and in vivo in response to glucose, pregnancy, high-fat feeding, obesity and induc-
tion of insulin resistance (6–8). The rate of basal β-cell replication is very slow, in the
range of 2–3% of β-cells per day (6–8), and when “accelerated” in the above-described
conditions, only 4–6% per day replicate (9,10). In comparison to rapidly replicating tis-
sues such as bone marrow cells, intestinal epithelial cells, keratinocytes, and malignant
tumor cells, these proliferative rates are very slow. This slow rate of replication, together
with the small numbers of β-cells in the pancreas and the difficulty of obtaining pure β-
cell populations has made the study of β-cell replication difficult.

A third and final mechanism of enhancing β-cell mass is through the regulation of β-
cell life span or survival. It is now clear that accelerating β-cell death plays an impor-
tant part in the reduction of β-cell mass in conditions such as sustained fasting,
hypoglycemia in rodent models of insulinoma, and in the immediate postpartum period
in maternal rodents (and presumably humans) to reverse the upregulation of β-cell
mass associated with pregnancy and insulin resistance (11,12). Similarly, cell death
plays an important role in the modeling and remodeling of the islet in the neonatal
period in some rodent models (6,7,11,12). Of course, accelerated, cell- and cytokine-
mediated cell death is a central feature of β-cell death in type 1 diabetes (13; see Chap-
ter 4). Finally, reducing the rate of cell death has been demonstrated to be effective in
upregulating islet mass and function in some animal models such as the rat insulin pro-
moter (RIP)–parathyroid hormone-related protein (PTHrP) mouse described in more
detail on p. 566.

MOLECULAR CONTROL OF REPLICATION IN THE β-CELL

Thus, total islet mass reflects components of the three above-described processes.
With regard to β-cell proliferation or replication, surprisingly little is known. This
reflects (1) the long-standing dogma that β-cells could not replicate; (2) the difficulty
described earlier in obtaining large quantities of pure β-cells for careful biochemical
and molecular study; and (3) the extremely slow rate of normal β-cell replication. On
the other hand, a surprising amount of information, when culled from the literature and
examined in the aggregate, point to the G1–S checkpoint of the cell cycle and the cor-
responding gatekeeper molecule, Rb (for retinoblastoma), as critical sites of regulation
of β-cell replication.

The retinoblastoma protein Rb, plays a critical role in inducing and maintaining
growth arrest at the G1–S checkpoint in the cell cycle of all cells (14,15). Under basal
conditions of growth arrest, Rb serves as a transcriptional repressor of the E2F family
of generalized transcription factors that are believed to be central in the G1–S transi-
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tion (14,15). Understandably, therefore, loss of Rb results in activation of the cell cycle
in many cell types, and homozygous loss at this locus in humans is associated with
familial retinoblastoma. Homozygous loss of Rb in knockout mice is lethal early in
embryonic life. Hemizygous Rb loss in mice is associated with an increase in the fre-
quency of pituitary and thyroid tumors (14,15). Phosphorylation of Rb by the cyclin
D1–cdk4 complex causes dissociation of Rb from the E2F family of generalized tran-
scriptional activators, thereby allowing progression of the cell cycle in essentially all
cell types. Upregulation of the activity of the cyclin D1–cdk4 complex may result from
upregulation of either of these proteins or an increase of their enzymatic activity.

Cyclin D1 and cdk4 activity are, in turn, regulated in a negative fashion through
transcriptional repression by a family of proteins that include p16 (also known as
Ink4a) and p27 (also known as Kip1) as well as by p21 (also known as Cip1) (14). p21
is, in turn, transcriptionally activated by p53, which is maintained at steady-state levels
by an association with a protein named mdm2, a chaperone protein that targets exces-
sive accumulation of p53 for ubiquitinization and proteasomal degradation (14). As
with the other proteins described, imbalance of any of these proteins is associated with
inappropriate proliferation or inappropriate growth arrest in virtually every cell type.
With this background, what is the evidence that this pathway is relevant to islet prolif-
eration? A recent series of publications, together with an older literature on T-antigen,
make it inescapably clear that this pathway is likely to be central to the control of β-cell
proliferation.

First, the very first β-cell-targeted transgenic mouse, prepared by Hanahan,
employed the rat insulin II promoter to target the SV40 T-antigen to β-cells (16). T-
antigen interacts with both p53 as well as well Rb, inactivating both. Not surprisingly,
these RIP–TAg mice developed islet hyperplasia followed by frank β-cell malignancies
(16, 17). Over the years, Hanahan and Efrat have prepared a variety of rodent cell lines,
such as the βTC3 cell line, based on the constitutive or regulatable delivery of TAg to
β-cells (16–18). On the positive side, RIP–TAg mice display accelerated β-cell prolif-
eration, increases in islet mass, and insulin-mediated hypoglycemia. On the negative
side, these mice develop lethal malignant insulinomas. In the current context, they
illustrate that freeing β-cells from Rb- and p53-mediated growth arrest leads to β-cell
tumors and, therefore, indicates that this is a key cell cycle checkpoint in β-cells, as in
so many other cell types. Of course, these results are predictable and convey no sense
of β-cell specificity for the p53–Rb pathway: TAg overexpression causes tumors in
many different tissues.

The apparent specificity of this pathway in β-cells begins to be highlighted by the
observation that mice that are homozygously null for p53 and also heterozygously null
for Rb (Rb-null homozygotes are nonviable) develop a very restricted profile of onco-
genesis: They develop soft tissue sarcomas and lymphomas and pituitary, thyroid,
pineal, and islet tumors (19,20). Although most of the tumors are also present in either
singly mutant p53 or Rb mutant mice, islet tumors are present only in mice doubly
mutant for Rb and p53 (19,20). These findings make it very clear that p53 and Rb are
critical regulators of β-cell replication and that their combined absence has a surpris-
ingly tissue-specific effect on β-cells.

Further evidence for a critical, cell-type specific role of this pathway in β-cell repli-
cation is provided by the work of Barbacid and Tsutsui and their collaborators (21,22).
These two groups of investigators created mice that lacked cdk4. The investigators
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expected to find a generalized reduction in cell proliferation rates. To their surprise,
they found that null homozygosity for cdk4 yielded a very restricted phenotype. These
mice displayed abnormalities in only three tissues: the ovary, the testis, and the β-cell.
The animals displayed β-cell dropout and developed diabetes and ketoacidosis. These
findings indicate marked specificity for, and lack of redundancy in, the actions of the
cdk4–cyclin D pathway in the control of the cell cycle in β-cells.

The Barbacid group took these observations further, creating a knock-in mouse in
which the normal cdk4 was replaced by a constitutively active form of cdk4 (21). This
constitutively active cdk4 employed its own promoter and was presumably expressed
in all tissues. The surprise again was that these mice, with generalized expression of a
constitutively active cdk4, demonstrated significant abnormalities in only one tissue:
the β-cell. The β-cell abnormality was marked islet hyperplasia (unaccompanied by
hypoglycemia). These observations make the very clear point that the cdk4–cyclin
D1–p53–Rb pathway is, indeed, very specifically involved in the regulation of the cell
cycle in β-cells.

One final observation provides additional evidence of the key role of this pathway in
the control of β-cell replication. Arnold and his group have reported recently on a series
of 64 human pancreatic endocrine tumors in which they sought abnormalities in the
p53–Rb–cdk4–cyclin D1 pathway (23). Interestingly, 43% of the 64 tumors demon-
strated upregulation of cyclin D1 at the protein, mRNA, and histochemical level, and this
applied to the insulinoma subset as well: Eight of 22 insulinomas also displayed upregu-
lation of cyclin D1. The cellular mechanisms responsible for the upregulation did not
appear to include structural alterations in the cyclin D1 gene, but rather likely resulted
from abnormal transcriptional or posttranscriptional regulation of cyclin D1 in islet
tumors. This degree of association of a single oncogene with a single tumor type is
unusual outside the setting of heritable tumors and again points a very specific finger at
the central importance of this pathway in the control of the cell cycle in β-cells.

It is important to point out that these observations in no way exclude other cell cycle
checkpoints or cell cycle regulatory molecules in β-cell proliferation. Of course, other
cyclins and cyclin-dependent kinases and their upstream regulatory molecules are
obviously essential to the completion of the cell cycle in β-cells. However, they make
the point that this is likely a particularly important control mechanism in the β-cell and
strongly suggest that it is an important avenue to explore in any study of the regulation
of the cell cycle in the β-cell.

β-CELL GROWTH FACTORS

Hepatocyte Growth Factor
Hepatocyte growth factor (HGF) was identified in the regenerating liver and plays a

role in recovery from hepatic injury or resection (24–26). A mesenchyme-derived fac-
tor, HGF is synthesized and secreted as an inactive single-chain precursor and requires
activation by proteolytic enzymes. The resulting disulfide- linked heterodimeric glyco-
protein is composed of a 69-kDa α-subunit containing four kringle domains and a 34-
kDa β-subunit with an inactive serine protease-like motif (27–30). Recently, it has been
demonstrated that HGF is a pleiotropic factor capable of promoting cell growth (mito-
genesis), cell motility (motogenesis), and organ development (morphogenesis) in a
wide variety of cells and tissue types (31,32). Northern blot studies have also revealed
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the presence of several HGF transcripts in total RNA from different tissues (33,34).
Some of the variants encoded by these transcripts display different activities compared
to the full-length form of the molecule.

HGF binds with high affinity to its specific membrane-spanning tyrosine kinase
receptor encoded by the proto-oncogene, c-met (32,35,36). Like HGF, the receptor is
widely distributed, and the pancreatic β-cell is one of the sites of expression. In mouse
embryos lacking either HGF or the c-met receptor, placenta, liver, and skeletal muscle
in the limb and diaphragm are developmentally impaired, resulting in early intrauterine
death (37,38). HGF signals via mitogen-activated protein (MAP) kinase and PI3 kinase
pathways in many tissues, including the liver and kidney. Its signaling mechanisms in
the islet have been less well studied, but there is evidence for signaling via the PI3
kinase pathway in the β-cell (39).

HGF and c-met mRNA are coexpressed during the early development of the pancreas,
then decline to a lower level during puberty and adult life (40–42). HGF immunoreactiv-
ity has been localized in rabbit exocrine pancreas and in rat, mouse, and human islets
(43–45). HGF-activating proteases have also been detected in the exocrine and endocrine
rat and human pancreas (46,47). Additionally, c-met receptor protein has been colocal-
ized to insulin-containing cells in the islet (42) as well as the apical membrane of ductal
cells (48) by confocal immunofluorecent studies. The fetal lethality that occurs in mice
lacking HGF or c-met has been an impediment in defining the exact role of these mole-
cules in pancreatic development, but in vitro studies suggest that HGF may be essential
in fetal mesenchyme-induced pancreatic β-cell growth (42). In addition, HGF is able to
increase the expression of Reg (regenerating gene) (see p. 570), a protein implicated in
pancreatic regeneration (49). In combination with activin A, HGF is able to convert pan-
creatic acinar AR42J cells into insulin-producing cells (50). HGF and c-met expression
seems to be upregulated in the regenerating pancreas after acute pancreatitis (51,52). All
of this indirect evidence suggests that HGF could have an important role in pancreatic
development, and conditional pancreatic knockouts of HGF or its receptor would be use-
ful in helping to better define this role.

Many studies have shown that HGF is a mitogenic and an insulinotropic agent for
fetal and adult islet cells in vitro (53,54). On the other hand, Lefebvre and collaborators
have suggested that HGF is able to stimulate the proliferation of human adult pancreatic
ductal cells, but not of the underlying β-cells (5). To determine if localized overexpres-
sion of HGF in the islet would result in an increase in islet mass and function in vivo, we
developed transgenic mice overexpressing HGF in the islet under the control of the rat
insulin II promoter (RIP) (9). Interestingly, RIP–HGF mice show a dramatic increase in
islet mass, because of an increase in both islet size and number. The principal mecha-
nism responsible for the increase in islet size is a dramatic twofold to threefold augmen-
tation of β-cell proliferation in these transgenic mice. Proliferation definitely occurs
within β-cells, as evidenced by labeling of β-cells with the cell division marker, bromod-
eoxyuridine (BrdU) (9). Associated with this increase in islet mass, RIP–HGF mice have
lower blood glucose levels than their normal littermates under fasting and nonfasting
conditions, as well as inappropriate hyperinsulinemia (9). Overexpression of HGF in the
islet was accompanied by an increase in the levels of insulin mRNA and insulin peptide
content in the islet. Studies of the molecular mechanisms responsible for these effects are
underway. RIP–HGF mice have also been shown to be more resistant to the development
of STZ-induced diabetes than their normal littermates (9).
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A recent study has demonstrated that a daily intraperitoneal injection of HGF ame-
liorates hyperglycemia in STZ-induced diabetic mice receiving a marginal mass of
intrahepatic islet grafts (55). The authors suggest that the beneficial effects of HGF
may be caused by the prevention of apoptotic cell death of β-cells in the islet grafts.

All these results suggest that HGF is an excellent candidate for future strategies aimed
at treating diabetes mellitus. One of these strategies could be the delivery of HGF to iso-
lated islets to enhance their mass and function. These islets would then be transplanted
into patients with diabetes. We have recently demonstrated using adenovirus-encoding
HGF cDNA that this growth factor can be delivered into isolated human islets and causes
a dramatic increase in islet cell proliferation (56). These results give strong support to the
hypothesis that this factor, delivered by gene transfer to transplanted islets at the time of
transplant, may very well enhance the quantity, function, and survival of transplanted
human islets.

Parathyroid Hormone-Related Protein
As will become clear, parathyroid hormone related protein (PTHrP) is not, in formal

terms, a growth factor for the β-cell in the sense that it stimulates β-cell proliferation.
However, it is clearly a growth factor in many other cell types and is included here for
completeness. PTHrP was initially identified as the factor responsible for the majority
of cases of the common paraneoplastic syndrome humoral hypercalcemia of malig-
nancy (57,58). PTHrP undergoes extensive posttranslational processing to generate a
family of daughter peptides. Extensive reviews of this process are available (59,60).
PTHrP gene expression has subsequently been detected in almost every normal tissue
and organ of the body, and the pancreatic islet is no exception (60). Within the islet,
PTHrP is produced in all four cell types (α-, β-, δ- and pancreatic polypeptide cells)
and in the cells of the pancreatic duct (61,62). It does not appear to be produced by the
exocrine cells of the pancreas. A receptor for PTHrP is present on β-cells as well, sug-
gesting that in the islet, as in other tissues, PTHrP may play a paracrine or autocrine
role (61,63).

Disruption of the PTHrP or the PTH receptor genes in mice results in embryonic or
perinatal lethality, which appears to have a skeletal basis (64,65). The islets are still
forming at this time of development, but appear grossly normal in PTHrP- or PTH
receptor-null mice. These observations preclude a clear understanding, to date, of the
normal physiological role of PTHrP within the β-cell. In order to gain some insight
into a possible physiologic role for PTHrP in the pancreatic islet, we prepared trans-
genic mice in which PTHrP was overexpressed in the pancreatic islet using the RIP II
promoter (66,67). These RIP–PTHrP mice display islet cell hyperplasia, significant
hypoglycemia, both under fasting and nonfasting conditions, as well as inappropriate
hyperinsulinemia.

The primary effect of PTHrP overexpression appears not to be developmental, but
postnatal, because transgenic mice at 1 wk of age are normoglycemic and display
normal islet mass despite expression of the PTHrP transgene (67). In contrast, by
8–12 wk of age, islet mass increases approximately twofold (66,67). This continues
through the life of the animals, such that by 1 yr of age, islet mass has increased
approximately threefold to fourfold. Both an increase in the number of β-cells per
islet as well as an increase in total islet number contribute to the enhancement of
islet mass in RIP–PTHrP mice. This increase in islet mass clearly does not result
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from an increase in the proliferation rates of pre-existing β-cells within the islet, as
BrdU incorporation rates are normal in RIP–PTHrP mice in vivo and PTHrP fails to
stimulate β-cell proliferation in vitro (67). Instead, the increased islet mass in
RIP–PTHrP mice appears to result from a decline in the rate of β-cell death in
RIP–PTHrP mice (67). In other cell types such as chondrocytes, neuronal cells, and
prostate carcinoma cells, PTHrP has been shown to have an antiapoptotic or protec-
tive effect against cell death. In line with this, β-cells of the RIP–PTHrP mice have
also shown to be more resistant to the cytotoxic effects of high doses of the diabeto-
genic agent streptozotocin (STZ): RIP–PTHrP transgenic mice remain relatively
euglycemic, unlike their normal littermates, which become severely diabetic follow-
ing STZ injection (67). The molecular mechanisms responsible for this enhanced β-
cell survival are under study.

These findings suggest that PTHrP, like HGF, may have potential in gene therapeutic
strategies designed to increase β-cell mass and function. Specifically, this peptide
could prove to be valuable in islet transplant survival in type 1 diabetes.

Prolactin, Growth Hormone, and Placental Lactogen
Several studies have demonstrated that prolactin (PRL) and growth hormone (GH)

secreted by the pituitary and the closely related placental lactogen (PL) secreted by the
placenta during pregnancy may play an important role in the regulation of pancreatic
islet growth and function. In homologous systems, islet β-cells respond to PRL and PL
via an increase in cell proliferation as well as an enhancement of β-cell function,
through a lowering of the threshold for glucose-stimulated insulin secretion (GSIS)
(68,69). This has been demonstrated in vivo by PRL infusion into rats (69), and in vitro
by exposing islets from several different species to these peptides (70). Among the sev-
eral islet growth factors studied to date, PL and PRL seem to be among the most potent
in their ability to stimulate β-cell proliferation.

Although synthesis of PRL and PL occurs in two very different organs, these pro-
teins are closely related and interact with a common receptor, the PRL receptor, the
long form of which is expressed in β-cells. Binding of PRL or PL to this receptor in
islets stimulates the Jak-2/Stat-5 intracellular signaling pathway (71,72). PRL receptor
activation in the islet results in an upregulation of a number of genes in the glucose
metabolism pathway, including glucokinase, GLUT-2, insulin, as well as a number of
other transcription factors and cell-cycle-related genes (73).

Several studies performed in rats using heterologous human GH that binds PRL and
GH receptors have reached the erroneous conclusion that GH is as potent as PRL or PL
as an islet growth factor. However, studies with homologous GH have demonstrated
that the actions of this hormone in the islet β-cells are very modest when compared to
those induced by PRL-receptor activation (70). This limited effect of GH in the islet
may be the result of a rapid downregulation of its receptor activity (70).

The actions of PRL and GH on the islet are likely primarily surrogate responses to
what is the normal ligand, PL, for the PRL/GH receptor. In vivo, PL has been impli-
cated as the primary factor responsible for the enhanced islet mass and function that
occurs during pregnancy (68). The temporal correlation between the appearance of cir-
culating PL and the onset of changes in islet cell proliferation and insulin secretion
during pregnancy (68,74), as well as the proliferative and insulin secretory effects of
PL on islets in vitro (70), give credence to this argument. However, during late preg-
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nancy, islet proliferation and function return to normal levels despite continued ele-
vated serum PL levels. This reduction in islet mass and function is postulated to be the
result of an increase in the level of progesterone and other steroids during late preg-
nancy, as progesterone has been shown to have an inhibitory effect on PRL-stimulated
islet proliferation and insulin secretion in vitro (75).

To evaluate whether overexpression of PL in the islet could stimulate islet growth
and function in vivo, we generated transgenic mice expressing mouse PL-I cDNA in
β-cells (10). Three different lines of RIP–mPL-1 transgenic mice, expressing PL in the
range of 16 to 200 pg/µg of protein in islets, were generated and all exhibited a similar
phenotype. These mice, like the RIP–HGF and RIP–PTHrP mice, display islet hyper-
plasia, mild hypoglycemia, and inappropriate hyperinsulinemia. The increase in islet
mass seen in the RIP–mPL-1 transgenic mice appears to be largely the result of
enhanced β-cell proliferation, as measured by BrdU labeling in vivo, and also, to a
minor degree, to an increase in individual islet cell size (10). Surprisingly, in contrast to
islets treated with PL in vitro, which secrete higher amounts of insulin at any given glu-
cose concentration, RIP–mPL-1 transgenic islets respond normally to glucose, both in
vivo as assessed by the intraperitoneal glucose tolerance test (IPGTT) (76) and in vitro
in glucose-stimulated insulin secretion perifusion experiments (10).

Thus, PL has a sustained effect on islet function and proliferation in vivo, which fits
nicely with the long-term adaptive changes demanded in pregnancy. Importantly, given
its efficacy in vivo in rodent islets, it may, like HGF and PTHrP, prove to be useful in
gene-transfer strategies for the treatment of diabetes.

GLP-1/Exendin-4
As with the PTHrP gene and those of many other neuroendocrine peptides, the glucagon

gene encodes a number of active peptide hormones, including glucagon, glicentin, and the
glucagonlike peptides (GLPs). GLP-1(7–36), acting through the seven transmembrane-
spanning G-coupled protein GLP-1 receptor on the β-cell, has been shown to be a potent
stimulator of β-cell replication in vitro (77–85). It also stimulates the expression of the crit-
ical islet-specific transcription factor, PDX-1 (80). Similarly, a homologous peptide,
exendin-4, derived from the salivary glands of the gila monster lizard, also binds to the
GLP-1 receptor and stimulates β-cell replication (77). GLP-1(7–36) is susceptible to cleav-
age and inactivation by the serum protease dipeptidyl peptidase IV, and this has limited its
use in in vivo settings (82). In any case, both GLP-1(7–34) and exendin-4 have been shown
in studies to stimulate adenylyl cyclase within β-cells and in some studies to accelerate the
growth and/or recovery of β-cells in subtotal pancreatectomy models (83–85).

Recently, Baggio et al. have described a transgenic mouse model in which exendin-4
was overexpressed using the generic metallothionein promoter (81). Surprisingly,
despite clear evidence of widespread expression in multiple tissues and systemic
increases in circulating concentrations of exendin-4, these mice have no striking phe-
notype relating to the β-cell and glucose homeostasis is essentially normal. This does
not appear to be the result of failure of exendin-4 expression or to secretion of an inac-
tive form of exendin-4. These observations raise the possibility that sustained
responses to GLP-1(7–34) and/or exendin-4 may become desensitized or downregu-
lated with time. Nonetheless, these molecules are interesting and should remain in the
potential armamentarium of islet mass-enhancing factors. Pharmacological small-mol-
ecule analogs of GLP-1 and exendin-4 may also hold promise therapeutically.
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Insulin and Insulin-Like Growth Factors 1 and 2
Insulin may not intuitively seem a growth factor for the pancreatic islet, but it has

recently become clear through the conditional knockout of the insulin receptor in the
β-cell (the β-cell insulin receptor knockout or “βIRKO” mouse), that insulin action is
required for the maintenance of normal islet mass and function (86). βIRKO mice dis-
play reductions in first-phase insulin secretion and associated glucose intolerance. In
addition, they demonstrate a 20–40% reduction in β-cell mass by 4 mo of age. In a
sense, this is rational because insulin is required for the normal growth and mainte-
nance of many different cell types, and the β-cell should be no exception.

Insulin-like growth factor-1 (IGF-1) has been shown to have minor effects, if any, on
isolated pancreatic islets or pancreatic β-cell lines as studied in vitro using tritiated thymi-
dine incorporation (87,88). On the other hand, IGF-2 is expressed at higher levels in the
islet and has been shown in several in vitro and in vivo systems with some regularity to
enhance β-cell proliferation (89). Devedjiain et al have prepared transgenic mice that
overexpress IGF-2 in the β-cell under the control of the RIP-I promoter (90). To their sur-
prise, although the mice developed islet hyperplasia and some degree of accentuated glu-
cose-stimulated insulin secretion from islets in vitro, the mice were not hypoglycemic,
but, in fact, were either glucose intolerant or frankly diabetic. The authors hypothesize
that this is the result of systemic insulin oversecretion inducing insulin resistance. This
seems unlikely, however, as other transgenic models of insulin overproduction, such as
the RIP–HGF mouse, the RIP–PL mouse and the RIP–PTHrP mouse, all of which have
lifelong insulin overproduction, are hypoglycemic, not diabetic (9,10,66). Thus, this phe-
nomenon requires further explanation. Circulating IGF-2 concentrations were elevated in
the RIP–IGF-2 mouse (90), and perhaps this led to insulin resistance in some fashion.

Fibroblast Growth Factors
The fibroblast growth factor (FGF) family of proteins is composed of at least 19

related peptides with actions that include mitogenesis, angiogenesis, and morphogene-
sis in a variety of fetal, neonatal, and adult tissues. FGF-1 (also called acid FGF) and
FGF-2 (also called basic FGF) are present in normal adult human pancreas and are
highly expressed in pancreatic tumors (91). FGF-1 has been detected in α-cells and in
acinar and ductal epithelial cells, and FGF-2 mRNA has been localized in α- and β-
cells and also in ductal cells (92). Both FGFs strongly increase proliferation in isolated
rat islets (92). In addition, FGF-1 is able to increase the insulin content of rat fetal islet-
like structures (93). On the other hand, FGF-2 induces pancreatic epithelial cell prolif-
eration during embryonic life (94) and also increases the formation of islet-like cell
clusters in culture (93). Interestingly, exogenous FGF-7 (also called keratinocyte
growth factor or KGF) is also a potent inducer of islet cell proliferation in vitro (92),
although overexpression of this factor in transgenic mice using the human insulin pro-
moter induces the formation of hepatocytes within islets and intraislet duct cell prolif-
eration (95). This suggests that this factor could induce the differentiation of
uncommitted stem cells present in the pancreas. Recently, Hart and collaborators have
expanded the repertoire of FGFs observed in the islet, demonstrating that the islet also
produces FGF-4, FGF-5, and FGF-10 (96).

Fibroblast growth factors effects are mediated by FGF receptors (FGFRs), four
high-affinity receptors designated FGFR1 through FGFR4. These receptors are abun-
dant and widespread in the developing pancreas (93,94,96). Hart et al. demonstrated,
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using dominant negative FGFR1 under the control of the PDX1 promoter (a duct, islet,
and exocrine pancreas promoter), that FGFR1, but not FGFR2, is required for normal
islet development and function (96). Mice deficient in FGFR1 have a 25% reduction in
β-cell mass and also display other β-cell defects, including reduced prohormone con-
vertase function and GLUT-2 expression (96). These data provide clear evidence that
the FGF family is required for normal attainment of normal β-cell mass in rodents.

Islet Neogenesis-Associated Protein and the Reg Family
From a regenerating islet-derived cDNA library, Okamoto et al. isolated a novel

gene called reg that may be involved in β-cell regeneration following 90% pancreatec-
tomy in the rat (97,98). The reg sequence is identical to that of pancreatic stone protein
(PSP) (99,100), and reg and PSP proteins are derived from the same gene (101). PSP
was originally discovered as an exocrine gene product and shown to comprise up to
10% of the protein in pancreatic exocrine secretion. The reg gene is expressed in regen-
erating islets but not in normal pancreatic islets or insulinomas. More recently, it has
been discovered that reg and reg-related genes constitute a multigene family. Based on
the primary structures of the encoded proteins, the members of this family have been
grouped in three different subclasses: type I, II, and III (102–104). Recently, a reg pro-
tein receptor cDNA has been isolated from a rat islet cDNA library (105). This receptor
appears to be highly homologous with a human multiple exostosislike gene, the func-
tion of which has not yet been clarified.

Administration of recombinant rat reg protein stimulates β-cell replication in vitro,
increases β-cell mass in 90% pancreatectomized rats and also in nonobese diabetic
(NOD) mice, resulting in the amelioration of diabetes in both cases (106,107). How-
ever, the absence of reg I protein in the reg I protein knockout mouse does not seem to
induce any phenotypic abnormality under normal physiological conditions (108). In
addition, transgenic mice overexpressing the reg I gene in islet β-cells using the RIP II,
did not show any enhancement of islet size (109).

Islet neogenesis-associated protein (INGAP), a protein homologous with the type III
reg proteins, was recently cloned by differential display using mRNA from a regenerat-
ing hamster pancreas (110). INGAP is produced in acinar cells but not in the islets, and it
is absent in normal mouse pancreas. The expression of this gene is confined to the first 2
d after the treatment and is not detectable after that time. It has been also observed that
INGAP is mitogenic for primary-cultured epithelial cells of pancreatic ducts, but not for
a hamster insulinoma tumor cell line. Because ductal cell proliferation seems to be pre-
requisite for islet neogenesis, it has been postulated that this protein could be involved in
the islet neogenesis process after partial duct obstruction. Although these results were
exciting when first presented, little recent progress has been made in this area.

Betacellulin
Betacellulin (BTC) is a member of the epidermal growth factor (EGF) family of pro-

teins (111). Like other members of the EGF family, BTC is synthesized as a 177-
amino-acid transmembrane precursor containing 6 conserved cysteine residues. The
80-amino-acid mature peptide was initially identified in conditioned media from a
mouse pancreatic β-cell carcinoma cell line that was mitogenic for Balb/C 3T3 cells
(112). BTC is expressed in the βTC-3 mouse insulinoma cell line, implying a possible
regulatory role of BTC in the proliferation of pancreatic β-cells (113).
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Members of the EGF/BTC family bind to and activate four tyrosine kinase receptors
encoded by the erbB gene family (114). BTC stimulates complex patterns of erbB fam-
ily receptor tyrosine phosphorylation and coupling to cellular signaling pathways that
are distinct from the patterns stimulated by EGF and neuregulin-β (NRG-β) (115).
Thus, BTC exhibits activities that are distinct from those displayed by EGF, which acti-
vates EGF receptor alone, as well as NRG-β, which activates erbB-3 and erbB-4. On
this basis, BTC stimulates a pattern of receptor transmodulation that is qualitatively
distinct from the patterns stimulated by EGF and NRG-β (115).

The mitogenic effect of BTC on the mouse insulinoma cell line INS-1 confirms that
this growth factor is capable of stimulating the proliferation of at least some β-cell
types (116). BTC has also been shown to convert clonal pancreatic exocrine/ductal
cells of the AR42J line into insulin-expressing cells (117). BTC is also required for the
induction of insulin gene expression in clonal α-cells transfected with the pdx-1 gene
(118). Recently, Yamamoto et al. have demonstrated that BTC administered subcuta-
neously to alloxan-treated diabetic mice stimulated β-cell neogenesis from ductular
cells and accelerated islet recovery from alloxan-induced diabetes (119).

Transforming Growth Factor-α and Gastrin
Transforming growth factor-α (TGF-α) is a member of the EGF family and is a lig-

and for the EGF receptor, a tyrosine kinase receptor. TGF-α is synthesized as a 160-
amino-acid transmembrane precursor. The 50-amino-acid mature form is generated by
proteolytic cleavage of a soluble form from a membrane-bound domain. Pro-TGF-α is
able to bind to EGFR on adjacent cells and is biologically active, albeit at a reduced
level. TGF-α overexpression in pancreatic acinar cells of transgenic mice, under the
control of the metallothionein 1 promoter (MT), resulted in proliferation of acinar cells
and fibroblasts, eventually leading to interstitial fibrosis (120,121). There was also a
development of multifocal pseudoductular acinar metaplasia. However, expression of
TGF-α in pancreatic islets was not detected.

Gastrin is synthesized as a preprohormone of 101 amino acids and is rapidly
processed into its mature forms. Gastrin is transiently expressed in the developing pan-
creas. In the neonatal rat, maximal gastrin mRNA expression occurs in the islet prior to
the rise in somatostatin, insulin, and glucagon mRNA levels (122). In transgenic mice
overexpressing preprogastrin in islets under the control of the RIP I, there appeared to
be no change in pancreatic histology, nor was islet mass increased (123).

However, crossing MT–TGF-α mice with RIP I–gastrin mice, thereby overexpress-
ing both transgenes, led to a decrease in ductular proliferation and interstitial fibrosis
(124). Gastrin and TGF-α also acted synergistically to significantly increase the islet
mass in the double transgenics compared to the control animals. Despite the greater
islet mass, these animals displayed no difference in blood glucose levels nor in insulin
mRNA levels. The importance of these events physiologically and therapeutically is
uncertain.

Platelet-Derived Growth Factor
Platelet-derived growth factor (PDGF) is a disulfide-bonded heterodimer composed of

A and B polypeptide chains. The effects of PDGF are mediated by two different trans-
membrane receptors with intrinsic tyrosine kinase activity: A-type and B-type. In the
normal pancreas, PDGF immunoreactivity has been detected in islet cells and the B-type
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receptor is present in acinar cells and, at very low levels, in islet cells (125,126). PDGF
seems to induce very modest proliferative effects in fetal rat islet cells, with no changes
in insulin release (127). Furthermore, the growth response of isolated mouse pancreatic
islet cells transfected with PDGF and/or its receptors seems to be very small (126).

Nerve Growth Factor
Nerve growth factor (NGF) has been demonstrated to be produced, along with its

receptor, TrkA, in the β-cell, and there is some evidence that it may drive neuritelike
outgrowths from β-cells (128,129). However, targeted overexpression of NGF in the
β-cell causes no abnormality in β-cell morphology or function, and immunoneutraliza-
tion of NGF in mice resulted in no β-cell abnormalities (129,130). Thus, there seems
little reason for enthusiasm for NGF as a potential islet growth factor.

SUMMARY

Enormous progress has been made in identifying effective islet growth factors, as
summarized in the chapter. On the other hand, there is equally enormous room for
additional investigation in this arena. For example, what other currently unknown
growth factors are required for normal islet development and which new growth factors
may prove effective therapeutically in enhancing β-cell mass? What is the optimal tar-
get for these growth factors: the mature β-cell/islet? The intraislet β-cell precursor?
The ductal β-cell precursor? Circulating marrow-derived stem cells? Embryonic stem
cells? And how do they work across species: Simply because one finds a certain pheno-
type in a murine knockout or transgenic model, does that imply that the human
homolog of the growth factor in question functions identically in human islets? And
how about their use in porcine and primate islets? And should these growth factors be
used in combination, and if so, what combinations and what ratios? And how should
they be delivered? Systemically, following transplant of islets? Or using gene therapy
strategies at the time of islet isolation? And how will islets engineered or stimulated
using these growth factors hold up in response to immunosuppressant cocktails
employed in islet transplantation schemes? And what about their malignant potential:
Will they lead to the development of insulinomas (as does T-antigen) or other types of
tumors? And, finally, what are the signaling mechanisms and cell-cycle-regulatory
events that transduce the growth factor signals into replication? These questions will
keep islet biologists busy for some time to come. There is reason to be optimistic that
mass- and function-enhanced human islets will be derived from these types of study.
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376, 377
hexosamine pathway flux increase, 382, 383
hyperglycemia role, 376, 438
oxidative stress, 383–387, 438, 439
polyol pathway flux increase, 378, 379
protein kinase C activation, 381, 382
unified theory, 383–387
vessel wall protein accumulation, 377, 378

pregnancy, 349
types, 437

NGF, see Nerve growth factor
NHE, see Sodium-hydrogen exchanger
Nicotinamide, secondary prevention of diabetes,

63, 64
Nitric oxide (NO), diabetic nephropathy role,

413–415, 420
NLD, see Necrobiosis lipoidica diabeticorum
NMR, see Nuclear magnetic resonance
NO, see Nitric oxide

Nuclear magnetic resonance (NMR), phosphorous
metabolism studies of insulin secretion
regulation, 126, 127, 129, 130

Nutrition, see Medical nutrition therapy

O

Open-loop insulin delivery systems, see Continuous
subcutaneous insulin infusion (CSII)

P

p53, β-cell cycle regulation, 563
Pancreas transplantation,

diabetic complication response,
nephropathy, 424, 524
neuropathy, 524
retinopathy, 524

donors, 519
epinephrine responses, 523, 524
glucagon responses, 522, 523
glycemic control, 521–524
graft survival, 520, 521
hemoglobin A1c response, 521, 522
historical perspective, 519
immunosuppression, 520, 524
indications, 525, 526
islet transplantation, see Islet transplantation
multiple organ transplantation, 520
quality of life outcomes, 525
risks, 525
success rates, 517

surgery, 519, 520
Parathyroid hormone-related protein (PTHrP),

β-cell growth factor, 566, 567
PDC, see Pyruvate dehydrogenase complex
PDGF, see Platelet-derived growth factor
Pernicious anemia, diabetes association, 106
Phosphofructokinase, glucose sensing role, 121
Phosphorous, diabetic ketoacidosis levels and

management, 189, 190
PKC, see Protein kinase C
Placental lactogen, β-cell growth factor, 567, 568
Platelet-derived growth factor (PDGF),

β-cell growth factor, 571, 572
diabetic nephropathy role, 417
foot ulcer management, 470

Polymorphonuclear cell, defects in diabetes,
501, 502

Polyol pathway, flux increase in diabetic
complications, 378, 379

Potassium, diabetic ketoacidosis levels and
management, 188, 189

Prader-Willi syndrome (PWS),
clinical features, 174, 175
genetics, 175
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Prediction, diabetes type 1A,

β-cell autoantibodies, 10, 11, 60, 61
genetic risk, see also Genetic susceptibility,

clinical, 56–58
laboratory-defined genetic risk, 58–60

insulin secretion, 61, 62
overview, 55, 56
stages in development, 56

Pregnancy,
continuous subcutaneous insulin infusion, 238
delivery timing, 355, 356
diabetogenic hormones, 351
fetal complications secondary to maternal

hyperglycemia, 346, 347
insulin requirements with diabetes, 351, 352
labor, insulin and glucose treatment, 356
maternal consequences of hyperglycemia,

atherosclerosis, 349
hypertension, 348
hyperthyroidism, 349
hypothyroidism, 348, 349
infection, 349, 350
nephropathy, 347, 348
neuropathy, 349
retinopathy, 347

neonatal care, 357
outcomes with diabetes type 1, 345, 357
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treatment of diabetes,

diet, 355
hemoglobin A1c monitoring, 346, 355
insulin regimens,

dosing, 352
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human insulin use rationale, 353
labor, 356
maternal effects of lispro, 354, 355
postpartum management, 356, 357

Prevention, diabetes type 1A,
goals, 62
primary prevention, 62, 63
secondary prevention,

insulin, 64
nicotinamide, 63, 64

tertiary prevention, 65
Prolactin, β-cell growth factor, 567
Protein kinase C (PKC),

activation in diabetic complications, 381, 382
glucose sensing role, 122
modulation, 386, 387

Protein, see Medical nutrition therapy
PTHrP, see Parathyroid hormone-related protein

Puberty, diabetes impact, 308, 309
PWS, see Prader-Willi syndrome
Pyruvate dehydrogenase complex (PDC), insulin

secretion regulation, 133

R

Rabson-Mendenhall syndrome, insulin
resistance, 173

Rb, see Retinoblastoma protein
Reactive oxygen species (ROS), hyperglycemia

induction and diabetic complications,
383–387

Reg, β-cell growth factor, 570
Renal papillary necrosis, features and

management, 512
Respiratory burst, defects in diabetes, 501
Respiratory tract infection, features and

management, 505, 507
Retinoblastoma protein (Rb), β-cell cycle

regulation, 562, 563
Retinopathy, diabetic,

background diabetic nephropathy, 395
classification, 400, 401
clinical features, 397, 399
epidemiology, 393, 394
genetics, 395
grading, 400–402
management,

Diabetic Retinopathy Study, 399
Diabetic Retinopathy Vitrectomy Study, 400
Early Treatment Diabetic Retinopathy

Study, 39–401
fluorescein angiography, 402

overview of diabetic eye disease, 394
pancreas transplantation patients, 524
pathophysiology,

advanced glycation end-product formation,
379–381

drug target discovery, 387
endothelial cell function abnormalities,

376, 377
growth factors and cell infiltration, 395
hexosamine pathway flux increase, 382, 383
hyperglycemia role, 376
polyol pathway flux increase, 378, 379
protein kinase C activation, 381, 382, 394
unified theory, 383–387
vessel wall protein accumulation,
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pregnancy, 347
risk factors,
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serum lipids, 396, 397
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Rhinocerebral mucormycosis, features and
management, 508, 509

Risk factors, diabetes type 1,
β-cell autoantibodies, 10, 11, 60, 61
cow’s milk and infant feeding, 12, 13
genetic susceptibility, see Genetic susceptibility,

diabetes type 1
viruses, 11, 12

Roger’s syndrome, see Thiamin-responsive
megaloblastic anemia syndrome

ROS, see Reactive oxygen species

S

Scleredema, features, 485–487
Self-care,

adolescent transition to adult care,
barriers, 315, 316
process, 315

children, 258
diabetes self-management education, 252, 253
patient responsibilities, 249

Self-Efficacy Model, patient education, 251
Skin complications, see also Foot ulcer,

acanthosis nigricans, 492, 493
acquired perforating dermatosis, 494
bullous diabeticorum, 493, 494
diabetic dermopathy, 488
disseminated granuloma annulare, 491
infection, 495
insulin reactions, 495–497
necrobiosis lipoidica diabeticorum, 489, 490
prospects for study, 497
scleredema, 485–487
waxy skin and stiff joints, 487, 488
xanthoma, 492

Smoking cessation, diabetic nephropathy
management, 423

Sodium-hydrogen exchanger (NHE), diabetic
nephropathy activity, 420, 421

Split-mixed insulin therapy, see Insulin regimens
Stiff-man syndrome, diabetes association, 108
Surgical diabetic patients,

glucose homeostasis effects of surgery and
anesthesia, 36–363

goals of perioperative management, 361, 368
insulin resistance, 362, 363, 366
intraoperative management,

emergency surgery, 367, 368
glucose, potassium, and insulin infusion,

365
insulin regimens, 211, 364–367

nitrogen loss, 362
preoperative evaluation, 363, 364

T

TCC, see Total contact casting
T-cell,

β-cell destruction, 73, 74, 81–85
β-cell engineering for autoimmunity

protection, 558
IA-2 reactivity, 76
insulin reactivity, 77
tolerance induction for islet transplantation,

CD3 blockade, 541, 542
CD25 blockade, 542, 543
CD45 blockade, 541
CD154 blockade, 538–540, 542
costimulatory blockade, 538–541
hematopoietic stem cell transplantation,

543, 544
LFA-1 blockade, 541

T-cell receptor, selection and diabetes susceptibility,
39–41

TGF-α, see Transforming growth factor-α
TGF-β, see Transforming growth factor-β
Thiamin-responsive megaloblastic anemia

syndrome,
clinical features, 172
genetics, 172
pathophysiology, 172

Thromboxane, diabetic nephropathy role, 418
Total contact casting (TCC), foot ulcer

management, 469, 470
Transforming growth factor-α (TGF-α), β-cell

growth factor, 571
Transforming growth factor-β (TGF-β), diabetic

nephropathy role, 416, 417, 420
Transtheoretical Model, patient education, 252

U

UCP-1, see Uncoupling protein-1
Uncoupling protein-1 (UCP-1), protection against

hyperglycemia effects, 385
Uniparental disomy (UPD), neonatal diabetes, 169
UPD, see Uniparental disomy
Urinary tract infection (UTI),

incidence with diabetes, 503
management, 425, 426, 503–505
pathogens, 503
uncomplicated infection, 503–505

UTI, see Urinary tract infection

V

Vaccination, diabetics, 513
Vitrectomy, diabetic retinopathy management, 400

W

Weight gain, adolescents on intensive therapy, 221
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Wolcott-Rallison syndrome,
clinical features, 169, 170
genetics, 170

Wolfram syndrome,
diabetes association, 171
diagnostic criteria, 171, 172
epidemiology, 170
genetics, 170, 171

natural history, 170

X

Xanthoma, features, 492
X-linked polyendocrinopathy, immune dysfunction,

and diarrhea (XPID), diabetes association, 57
XPID, see X-linked polyendocrinopathy, immune

dysfunction, and diarrhea




