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ABSTRACT

The early occurrence of b-cell dysfunction has been broadly recognized as a critical determinant of the development and progression
of type 2 diabetes. b-cell dysfunction might be induced by insufficient b-cell mass, by a dysfunction of the b-cells, or both. Whether
or not b-cell dysfunction constitutes a cause of reduced b-cells or vice-versa currently remains unclear. The results of some studies
have measured the loss of b-cells in type 2 diabetic patients at between 22 and 63% by planimetric measurements. Because b-cell
hypertrophy has been noted in type 2 diabetic patients, the loss of b-cell number should prove more profound than what has thus
far been reported. Furthermore, b-cell volumes are reduced even in patients with impaired fasting glucose. Such defects in b-cell
mass are associated with increased apoptosis rather than insufficient replication or neogenesis of b-cells. With these results, although
they still require clarification, the peak b-cell mass might be determined at quite an early stage of life, and then might decline
progressively over time as the result of exposure to harmful environmental influences over one’s lifetime. In this review, we have
summarized the relevant studies regarding b-cell mass in patients with type 2 diabetes, and then presented a review of the various
causes of b-cell loss in adults. (J Diabetes Invest, doi: 10.1111/j.2040-1124.2010.00072.x, 2010)
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INTRODUCTION
Type 2 diabetes is the most common form of diabetes in
humans. In the past few decades, the global incidence and prev-
alence of diabetes has increased dramatically. Additionally, the
number of people with diabetes is expected to exceed 350 mil-
lion individuals in 20251. Even in only one country, China2, the
number of diabetic patients has recently approached 90 million
individuals, and a comparable number of patients also exists in
another Asian countries – namely, India3. The increase in type 2
diabetes in Asia differs from that reported in other regions of
the world; it has evolved over a much shorter time, in a younger
age group and in people with substantially lower body mass
indices (BMI)4. Because the degree of obesity and aging is clo-
sely related to the degree of insulin resistance, insulin secretory
defects might carry out a more important function in the devel-
opment and progression of diabetes in our region.

b-cell dysfunction might be induced by the loss of b-cell
mass, by functional defects in b-cells, or both. Reductions in
b-cell mass and b-cell dysfunction have both been shown in
patients with type 2 diabetes5. Whether or not b-cell dysfunc-
tion is the cause of reduced b-cell mass or vice-versa remains to
be determined. We will focus on the b-cell mass of people with
type 2 diabetes.

A genetic element clearly underlies b-cell dysfunction and
insufficient b-cell mass; however, a number of modifiable factors

are also linked to b-cell deterioration, most notably chronic
hyperglycemia and elevated free fatty acid (FFA) levels. Evidence
has also been found for a link between increased pro-inflamma-
tory cytokines and the impairment of insulin-signaling path-
ways in the b-cells, as well as the potential roles of islet amyloid
deposition and fibrotic islet destruction.

In the present review, we provide an overview of the charac-
teristic features and underlying pathogenesis of b-cell mass
defects in patients with type 2 diabetes mellitus, and then
describe the morphological characteristics of the pancreatic
islets. Finally, we address the pathogenic mechanisms and possi-
ble clinical implications of preventing b-cell mass destruction in
the prevention and delay of the progression of this disease.

b-CELL MASS: FACTS AND UNRESOLVED
QUESTIONS
b-Cell Mass in Diabetic Patients
b-cell mass is determined as the sum of replication, neogenesis
and hypertrophy minus the rate of apoptosis. Normally, obesity,
pregnancy and increases in insulin resistance are the principal
causes of b-cell mass increases, through enhanced replication,
neogenesis and hypertrophy. However, the progression from an
insulin resistance condition to diabetes is inevitably associated
with b-cell dysfunction and reduced b-cell mass5,6. Many previ-
ous studies have reported that b-cell mass in type 2 diabetic sub-
jects tends to be reduced relative to normal subjects. Saito et al.7

reported previously that the total islet number was approxi-
mately 30% lower in subjects with type 2 diabetes relative to the
non-diabetic subjects. In the same year, Westermark and
Wilander8 also noted a 30% reduction in the total islet volumes
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of diabetic subjects. The islet volume of the diabetic patients was
1.01 ± 0.12 cm3 and that of the non-diabetic patients was
1.60 ± 0.16 cm3. In 2002, Sakuraba et al.9 reported a 22–30%
reduction in b-cell volume, as well as a 22% reduction in the
quantity of islets in Japanese type 2 diabetic patients. In 2003,
Butler et al. reported that obese humans with type 2 diabetes
evidenced a 63% deficit in relative b-cell volume relative to non-
diabetic obese subjects, although the relative b-cell volumes were
increased in obese vs lean non-diabetic cases. Lean subjects with
type 2 diabetes also evidenced a 41% deficit in relative b-cell
volumes10. In 2003, we also showed that b-cell mass was
reduced in Korean type 2 diabetes patients. The mean relative
volume of b-cells was reduced by approximately 50% relative to
normal subjects (Figure 1)11. Recently, Rahier et al.12 clearly
showed that b-cell mass decreased by approximately 39%,
occurring similarly in the body and tail of the pancreatic islets
in European subjects with type 2 diabetes. All together, we could

agree that 30–60% of b-cell mass was decreased in patients with
type 2 diabetes mellitus and we also observed unexpected broad
heterogeneity of b-cell mass in each patient in many studies.

Interestingly, a good linear correlation between b-cell mass
and BMI has been reported in normal subjects and type 2 dia-
betic patients, as well by our group11, and such a trend was also
reproduced by another group12. These results suggest appropri-
ate b-cell mass is critically important to maintain a certain
amount of body mass in normal subjects and diabetic patients
as well.

The evidence for b-cell regeneration after various pancreatic
injuries occurring in humans is minimal5, and the accelerated
loss of b-cell by apoptosis in diabetic patients had been
shown10. A 40% deficit in b-cell mass was reported even in
obese humans with impaired fasting glucose13, which implies
that the deficit in the b-cell volume is an early occurrence in
the development of type 2 diabetes and is likely to be of pri-
mary importance rather than simply occurring secondary to
hyperglycemia. With these results, it has been unclear, yet we
could imagine that the peak b-cell mass could be determined
at quite an early stage of life by genetic influences and nutri-
tional status during the intrauterine and/or early postnatal per-
iod and progressively declined over time as a result of harmful
environments during the lifetime.

b-Cell Hypertrophy
Recently, we observed hypertrophy of the b-cells in type 2 dia-
betic subjects (JH Cho, unpublished data). The average b-cell
size was approximately 30% larger in type 2 diabetic patients
compared with normal subjects and the ratio of cytoplasm per
nucleus area was also significantly higher in diabetic subjects. As
we described earlier, b-cell volume was significantly reduced in
type 2 diabetic subjects. Along with this observation, we must
consider the methods of b-cell volume measurements used in
previous studies. The b-cell volume was assessed by the mea-
surement of total b-cell area in islets, where each b-cell size was
not considered. Therefore, the increase in each b-cell size
implies that b-cell number is more reduced even in the same
b-cell volume. Thus, in these cases, not only is the b-cell volume
reduced, but the number of b-cells is also considerably
decreased. For example, if b-cell size increased by 30% on aver-
age, in an individual with reduced b-cell mass by approximately
50%, b-cell number would actually be reduced by more than
60%. Reduced b-cell numbers can lead to more severe compen-
satory loading onto each b-cell, and can finally induce acceler-
ated b-cell loss in people with type 2 diabetes. Actually, Bagust
and Beale14 reported a model of decline in b-cell function com-
bining two phases in which a long, slow, gradual loss of b-cell
function leads to a crisis in metabolic regulation, precipitating a
much more rapid decay phase. Therefore, we propose a hypoth-
esis about morphological alterations in pancreatic islets and how
b-cell loss could be more accelerated. First, factors that increase
insulin resistance, such as obesity, increased calorie intake and
decreased physical activity, could stimulate an increase in b-cell
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Figure 1 | (a) The body mass index (BMI) and b-cell mass were linearly
correlated in control group 1 (r2 = 0.64, P = 0.003) and diabetic patients
(r2 = 0.55, P < 0.05). Remarkably, the mean value of the relative volume
of b-cells in diabetic patients was lower than those of other control
groups (adapted fromYoon et al.). (b) The pattern of distribution of
b-cells (%) among groups whose BMI ranges were between 21 and
25 kg/m2. The mean value of the relative volume of b-cells in diabetic
patients was lower than those of other control groups (adapted from
Yoon et al., Copyright 2003, The Endocrine Society).
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mass through b-cell replication, b-cell neogenesis or b-cell
hypertrophy, maintaining a compensatory phase and normogly-
cemia. However, a sustained increase in insulin demand could
cause b-cell apoptosis through glucose toxicity, lipid toxicity,
chronic inflammation and increased oxidative stress and so on,
leading to an uncompensated phase with reduced b-cell mass
and hyperglycemia. An uncompensated phase could progress to
an accelerating phase with severe b-cell loss over time through
more reduced b-cell mass with increased fibrosis and amyloido-
sis. Furthermore, an increase in a-cell mass could aggravate
hyperglycemia (Figure 2).

b-Cell Proliferation vs Apoptosis
It is also necessary to identify the factors contributing to the
relatively reduced b-cell mass noted in type 2 diabetes
patients. Butler et al. previously determined the frequency of
new islet formation from exocrine ducts (neogenesis), as well
as b-cell replication in islets in order to evaluate the compen-
satory increases in b-cell mass. There were no differences in
the frequency of b-cell replication and new islet formation
between type 2 diabetic and non-diabetic individuals10. In our
preliminary unpublished data, we observed that the contribu-
tion of the b-cell area of single b-cell units, defined as islets
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Figure 2 | Hypothesis for morphological alterations of islets and b-cell reductions in diabetic patients. Factors that increase insulin resistance,
such as obesity, increased calorie intake and decreased physical activity, could stimulate an increase in b-cell mass through b-cell replication, b-cell
neogenesis or b-cell hypertorphy, maintaining a compensatory phase and normoglycemia. However, a sustained increase in insulin demand could
cause b-cell apoptosis through glucose toxicity, lipid toxicity, and chronic inflammation and increased oxidative stress resulting in an uncompensated
phase with reduced b-cell mass and hyperglycemia. Genetic background or intrauterine nutrition could limit b-cell expansion. Pharmacological
agents, such as sulfonylurea, could play a role to increase b-cell apoptosis. An uncompensated phase could progress to an accelerating phase with
severe b-cell loss over time through increased fibrosis and amyloidosis, as well as increased b-cell toxicity as described earlier. Furthermore, an
increase in a-cell mass could aggravate hyperglycemia. Finally, the decline in b-cell mass caused by apoptosis and increased a-cell mass could
aggravate hyperglycemia in diabetic subjects over time.
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composed of less than three cells and recognized as neogenet-
ic loci15,16, to total b-cell area tended to be greater in type 2
diabetic cases (10 ± 6%) compared with non-diabetic subjects
(7 ± 5%), although there was no significant difference. These
results showed that new islet formation, the predominant
input into the b-cell mass in humans and b-cell replication,
which was relatively low in humans, appeared to be normal
or slightly increased even in type 2 diabetic patients. There-
fore, we summarize that the major deficit resulting in a
reduction in b-cell mass was related to increased apoptosis.
Actually, the frequency of b-cell apoptosis was increased by
10-fold in the lean cases and threefold in the obese cases of
type 2 diabetes, relative to their respective non-diabetic control
groups10.

MORPHOLOGICAL ALTERATIONS OF ISLETS IN
PATIENTS WITH TYPE 2 DIABETES
Systemic morphological classification of islets is needed to
understand the fate of islet over one’s lifetime. We could classify
the observed islets into five different types (types 1, 2a, 2b, 3a
and 3b) according to islet size and the b-cell fraction in the islet
(Figure 3). Type 1 consisted of single b-cell units, defined as

islets composed of less than three cells, and were recognized as
neogenetic loci described earlier15,16. Type 2 consisted of small
islets (smaller than 6415 lm2, which is the median size of islets
in normal subjects11). Type 3 consisted of large islets (larger
than 6415 lm2). An ‘a’ signified islets with normal b-cell frac-
tions in the islets (more than 0.64, which was the value for the
75th percentile of the total islets in the control group) and a ‘b’
signified b-cell-depleted islets (<0.64). The five types of islets are
shown in Figure 3. We also measured the islet size and b-cell
areas of all the islets existing in the slide section randomly
selected in five subjects with type 2 diabetes (DM group) and
nine normal subjects (control group). From these results, we cal-
culated the contribution rate of the b-cell area within each islet
type to the total b-cell area. The results are shown in Figure 4.
The contribution of the type 1 b-cell area to the total b-cell area
tended to be higher in the DM group than in the control group
(10.2 ± 6.0% vs 7.19 ± 4.98%, respectively), whereas the contri-
bution of type 2a was lower in the DM group than in the con-
trol group (36.0 ± 3.51% vs 40.0 ± 11.8%, respectively). The
contribution of type 3a was significantly lower in the DM group
than in the control group (13.4 ± 6.7% vs 31.3 ± 14.6%, respec-
tively; P = 0.025), whereas the contribution of type 3b was
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Figure 3 | Islet classification according to islet size and b-cell fraction in the islet: type 1, single b-cell units or scattered b-cells; type 2a, small healthy
islets; type 2b, small b-cell-depleted islets; type 3a, large healthy islets; type 3b, large b-cell-depleted islets.
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significantly higher in the DM group than in the control group
(33.9 ± 4.87% vs 17.3 ± 13.2%, respectively; P = 0.020).

INCREASED a-CELL RATIO AND MASS
Interestingly, in contrast to the changes in b-cell mass, dysregu-
lation of glucagon secretion or the disproportionately increased
number of a-cells relative to b-cells in these individuals can
contribute to hyperglycemia11,17–22. Müller et al.17 showed an
unsuppressed glucagon response to a carbohydrate meal in
type 2 diabetes. Unger et al. identified relative or absolute
hyperglucagonemia in every form of endogeneous hyperglyce-
mia and reported that such a glucagon excess could be a princi-
pal factor in the overproduction of glucose in diabetes8. We
reported that the a-cell mass was clearly increased in type 2 dia-
betic patients relative to the normal subjects. The ratio of a-cell
area to b-cell area was far more profoundly increased in type 2
diabetic patients (Figure 5)11. As a mechanism of increase in
a-cell mass, O’Reilly et al.23 previously observed a-cell neogene-
sis in an animal model. Ellingsgaard et al. reported that a-cell
expansion was regulated by IL-6 in human islets, which is
systemically elevated in obesity and is a predictive factor to
developing type 2 diabetes. IL-6 was associated with a-cell pro-
liferation and the prevention of a-cell apoptosis24. We suggest
a-cell neogenesis or replication also could be developed together
with b-cell neogenesis or replication (Figure 2). However, it is
not fully understood why a-cell mass is increased. It is also

not known why increased a-cell mass is closely associated with
hyperglucagonemia or unsuppressed glucagon response. So
further studies on a-cell mass and dysfunction are needed.

DETERMINANT OF b-CELL MASS
Hypothesis: Thrifty Phenotype
The thrifty phenotype hypothesis proposes that there are epide-
miological associations between poor intrauterine and early
postnatal growth, and the subsequent development of type 2
diabetes25. Since the hypothesis was proposed, many studies
have confirmed the initial epidemiological evidence26,27,
although the strength of the relationships has varied from one
study to another. In considering the downstream effects of poor
intrauterine and early postnatal nutrition, poor development
of pancreatic b-cell mass and/or function were key elements

Type 3b, ‘Large and β-cell depleted’ Type 2b, ‘Small and β-cell depleted’

Type 1, Single β-cell units
Type 2a, ‘Small and Healthy’  Type 3a, ‘Large and Healthy’

3.2%
4.3%
3.1%

36.2%

53.2%

4.2%
2.0%
3.6%

24.4%

65.9%

17.3%

31.3%

4.2%

40.0%

7.2%

33.9%*

13.4%*

6.5%*

36.0%

10.2%

Control DM Control DM

(a) (b)

Figure 4 | (a) Relative number of each islet type in the total islet
number. (b) Relative contribution of the b-cell area within each islet
type to the total b-cell area. *P < 0.05 between the control and
diabetes mellitus (DM) groups.

80
(a)

(b)

70

60

50

40

30

20

10

0

Beta cell

Alpha cell

NANB cell

Control 1 Control 2 DM

Control 1 Control 2 DM

1.2

1

0.8

0.6

0.4

0.2

0

A
/B

 ra
tio

A
re

a 
fra

ct
io

n 
in

 is
le

t (
%

)

‡
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Copyright 2003, The Endocrine Society).
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linking poor early nutrition to later type 2 diabetes. The
hypothesis also proposed that the emergence of pathological
changes after undernutrition in early life was critically depen-
dent on the superimposition of other factors, notably obesity,
aging and physical inactivity. In other words, a b-cell dysfunc-
tion induced by poor nutrition in early life period could not
compensate increased insulin resistance in adult period. Whilst
there is now little doubt that indices of poor early growth are
linked to increased risk of type 2 diabetes, the extent to which
genes or the early environment underlie the relationship
remains controversial.

Genetics
Type 2 diabetes has strong genetic components28,29. A great deal
of progress has been made in our understanding of the genetics
of this disease. In early studies, genetic variants in the peroxi-
some proliferator-activated receptor-c gene (PPARG)30 and the
ATP-sensitive potassium channel Kir6•2 (KCNJ11) were repro-
ducibly associated with type 2 diabetes31. In Asian populations,
the protective effects of the PPARG*A12Ala allele on insulin
resistance and the risk of type 2 diabetes were not consistently
seen32. Polymorphisms in the gene encoding for transcription
factor-7-like protein 2 (TCF7L2) were reported in 2006 to be
associated with type 2 diabetes33. This gene exerts the strongest
effect on type 2 diabetes in Asian populations34. However, dif-
ferent genetic variations in TCF7L2 are associated with type 2
diabetes in Asian populations. Several other genetic variants

have been identified through genome-wide association studies,
which involve the genotyping of hundreds of thousands of sin-
gle-nucleotide polymorphisms on a single array. Ramachandran
et al.35 reported that these variants are associated with type 2
diabetes in different Asian groups, including Chinese, Japanese,
Korean and Indian populations. Two recent Japanese genome-
wide association studies replicated several loci that had been
identified previously in Europeans, and reported variants in the
KCNQ1 gene that were associated with type 2 diabetes in Japa-
nese and other east Asian populations36,37. The majority of
genetic variants that were associated with type 2 diabetes appear
to be related to insulin secretion rather than to insulin resis-
tance, and several of the risk alleles are associated with reduced
b-cell function (Figure 6)38–41. Maturity Onset Diabetes of the
Young (MODY) is a clinically heterogeneous group of disorders
characterized by non-ketotic diabetes mellitus and a group of
monogenic diabetes disorders causing 2–5% of cases of type 2
diabetes42. One of these genes encodes the glycolytic enzyme
glucokinase (associated with MODY 2)43, and the other five
encode transcription factors: hepatocyte nuclear factor (HNF) 4
(associated with MODY 1)44, HNF-1 (MODY 3)45, insulin pro-
moter factor 1 (IPF-1 [MODY 4])46, HNF-1 (MODY 5)47

and neurogenic differentiation factor 1 (NeuroD1), also known
as b-cell E-box transactivator 2 (BETA2 [MODY 6])48. All these
genes are expressed in b-cells, and mutation of any of them
leads to b-cell dysfunction and diabetes mellitus (Figure 6). The
present catalogue of type 2 diabetes risk variants most likely

Glucose

Glucose

ATP-sensitive
K+ channel

Depolarization
Voltage dependent
Ca2+ channel

Insulin

GCK

Glycolysis

↑ATP/ADP WFS1
IGFBP2

Mitochondria
Endoplasmic

reticulum

K+ Ca2+
Triggering

Nucleus
TCF7L2
HNF1αα, 1β, 4α
KCNQ1
CDKAL1
PDX-1
BETA2/NeuroDMtDNA

PGC-1α

Figure 6 | Schematic diagram of the pancreatic b-cell showing the proposed subcellular localization of proteins encoded by diabetes-associated
genes. HNF4a, HNF1a, HNF1b and TCF7L2 encode transcription factors produced in the b-cell and are implicated in pancreatic development. WFS1
encodes wolframin, a protein that regulates calcium transport in the endoplasmic reticulum. CDKAL1 and CDKN2A/B are involved in the cyclin-
dependent kinase pathway, and might thus influence b-cell regeneration.
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accounts for only a small proportion of the genetic basis of
type 2 diabetes. Nevertheless, the identification of these variants
has provided us with valuable insights into the pathogenesis of
type 2 diabetes.

CAUSES OF b-CELL LOSS IN ADULTS
Glucose Toxicity
The results of several studies have shown that the chronic eleva-
tion of blood glucose concentration impairs b-cell function and
insulin sensitivity, a phenomenon referred to as glucotoxicity49.
Several mechanisms have been previously reported to increase
b-cell programmed death. One common and powerful mecha-
nism is the activation of oxidative stress as a result of increased
mitochondrial generation of reactive oxygen species (ROS), a
phenomenon that arises pursuant to excessive glucose metabo-
lism50. The b-cells are quite sensitive to oxidative stress, owing
to very low expression and activity of anti-oxidant enzymes51.
Del Guerra et al.52 have reported that high glucose levels ham-
per glucose-stimulated insulin secretion, activate apoptosis,
induce alterations in mitochondrial morphology and density
volume, and are associated with increased intracellular nitrotyro-
sine content. Even glucose fluctuations, as they might arise in
response to meal ingestion under prediabetic conditions, might
accelerate the loss of functional b-cell mass. Chronic hyperglyce-
mia results in chronic b-cell stimulation and insulin biosynthesis
can induce endoplasmic reticulum (ER) stress53. The ER is
responsible for the synthesis, modification and delivery of pro-
teins to their target sites. These processes might be impaired
under a variety of physiological and pathological conditions,
thereby resulting in ER stress54,55. Marchetti et al.56 recently
reported that the b-cells of type 2 diabetic subjects evidence only
modest signs of ER when pancreatic islets are incubated in the
presence of normal concentrations of glucose. However, expo-
sure to higher glucose levels induced much more profound
increases in ER stress markers relative to control islets. Thus, we
could agree that glucose toxicity is one of the most important
mechanisms of b-cell loss in diabetic patients. However, it is dif-
ficult to explain the b-cell loss observed in the prediabetic stage13.

Lipid Toxicity
Some FFA and lipoproteins might exert a pro-apoptotic effect,
whereas others appear to carry out a protective function. Thus,
long-term exposure to saturated fatty acids, such as palmitate, is
associated with toxic effects, whereas monounsaturated fatty
acids, such as oleate, protect against palmitate- and glucose-
induced b-cell apoptosis57,58. FFA activates b-cell apoptosis in a
caspase-dependent manner and through the downregulation of
Bcl-2 mRNA expression58. Additionally, FFA-induced apoptosis
is linked to the downregulation of Akt phosphorylation. By way
of contrast, Akt activation inhibits the activation of apoptosis
machinery, exerting a restraining effect on Bad, cytochrome c
release and caspase-959. Interestingly, a functional defect in Akt
has been associated with a predisposition toward b-cell apopto-
sis and the development of diabetes in the presence of defective

insulin signaling60. FFA also induce NO synthase expression
and have been shown to cause a fourfold increase in NO pro-
duction. Again, the use of inhibitors of inducible NO synthase
(iNOS) minimizes losses in insulin secretion61. Lipotoxicity is
strictly linked to glucotoxicity and, according to the results
reported by Poitout and Robertson62, the former is unlikely to
occur in the absence of the latter.

Glucolipotoxicity
The idea that neither glucose nor FFA alone cause b-cell toxic-
ity is consistent with the ‘glucolipotoxicity’ hypothesis63. In our
laboratory, the glucolipotoxicity was associated with the gradual
decrease in b-cell viability and increase in b-cell death in a
time-dependent manner. When the islets were exposed to
glucolipotoxicity, the fold increase of glucose-stimulated insulin
secretion was blunted and insulin gene expression was sup-
pressed (Figure 7). Once chronic hyperglycemia is established,
it can affect pancreatic b-cell function and survival64. However,
elevated levels of circulating and intracellular lipids also play an
important role in inducing b-cell dysfunction and decreased
b-cell mass63,65,66. Impaired insulin secretion in vivo coincides
with major alterations in carbohydrate and lipid metabolism in
b-cells64. Therefore, stabilization of metabolic changes induced
by glucolipotoxicity in b-cells represents a potential new avenue
for the treatment of patients with type 2 diabetes mellitus.
Kim et al.67 have reported that PGC-1a inhibits insulin
and BETA2/NeuroD transcription levels and that attenuating
PGC-1a overexpression protects against glucolipotoxicity-induced
b-cell dysfunction. We suggest that PGC-1a plays an important
key role in intracellular fuel regulation, which could herald a new
era in the treatment of patients with type 2 diabetes mellitus by
providing protection from glucolipotoxicity, which is an impor-
tant cause of the development and progression of the disease.

Insulin Resistance in b-Cells
Insulin resistance is a common pathological state that is associ-
ated with many health disorders68. Environmental and physio-
logical stress appears to cause insulin resistance through
heterologous signaling cascades. Many studies have shown a
variety of factors secreted from adipose tissue that inhibit insulin
signaling, FFA, tumor necrosis factor-alpha (TNF-a) and resi-
stin, or factors that promote insulin signaling, adipocyte comple-
ment-related protein of 30 kDa (adiponectin) and leptin69. A
common theme to explain insulin resistance could emerge when
we understand how these diverse signals interface with the insu-
lin signaling cascade. Signaling cascades activated during acute
trauma, or chronic metabolic or inflammatory stress dysregulate
insulin receptor substrate (IRS) proteins through various mecha-
nisms, including proteasome-mediated degradation, phospho-
tyrosine phosphatases and S/T-phosphorylation69,70. Also,
dysregulation of IRS protein signaling could be a common cause
of peripheral insulin resistance71. Furthermore, dysregulation of
IRS2 in b-cells shows a mechanism of pancreatic b-cell failure
that contributes to diabetes69,72. Regardless of the complexity,
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S/T-phosphorylation of IRS1 and IRS2 provides a plausible
framework to understand the loss of compensatory b-cell func-
tion during progressive peripheral insulin resistance.

Amyloid Deposition and Fibrotic Destruction in the Islets of
Diabetic Patients
Islet-amyloid polypeptide (IAPP), also referred to as amylin, is a
normal secretory product of the pancreatic b-cells. A potential
role for IAPP in the development of IR, b-cell dysfunction and
type 2 diabetes has been proposed73, although these studies have
yielded conflicting and inconclusive results74–76. By way of con-
trast with studies in which no association was detected between
amyloid deposits and the duration of type 2 diabetes77, others
have reported an association between deposits and apoptosis,
replacement of b-cell mass and declines in b-cell function78–80.
Some investigators have concluded that up to 90% of patients
with type 2 diabetes harbor amyloid deposits in their islets81

and that the degree of amyloidosis is correlated with the dura-
tion and severity of the disease82. Human amyloid is toxic to
b-cells83 and contributes to losses of b-cell mass84. In an animal
model, islet amyloidosis evidences diffuse distribution through-
out the pancreas, with a progressive diminution in endocrine
mass occurring in tandem with increases in amyloid mass. In
other words, as the amyloid deposits expand, the b-cell mass
shrinks, thus impairing b-cell function and inducing glucose
intolerance85. Although amylin deposition might be the attrac-
tive primary cause of b-cell loss in diabetic patients, all the data
we have so far is not yet clear.

Previously, we proposed that fibrotic islet destruction promi-
nently observed in type 3b of Figure 3 might be one of the
more important pathogenic mechanisms underlying diabetic
patients’ limited b-cell proliferation capacity (Figure 2)86. We
have determined that pancreatic stellate cells (PSC) are involved
in the progression of islet fibrosis in an animal model of type 2
diabetes and, possibly, in humans suffering from type 2 diabetes.
Both high concentrations of glucose and insulin in the islets
contribute to PSC activation and proliferation in diabetic
patients, although the exact mechanisms underlying these effects
remain to be confirmed. The results of both in vitro and in vivo
studies have shown that angiotensin-converting enzyme (ACE)
inhibitor (ACEi) attenuates the islet destruction caused by fibro-
sis, and that this attenuation exerts some beneficial effects on
glucose tolerance by suppressing the activation and proliferation
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Figure 7 | To investigate the effect of glucolipotoxicity on b-cell dys-
function, isolated islets were incubated with or without 0.6 mmol/L free
fatty acid (a mixture of palmitate and oleate) in the presence of a high
concentration of glucose (33.3 mmol/L) for 3 days to induce glucolipo-
toxicity. The glucolipotoxicity was associated with (a) a gradual decrease
in b-cell viability and (b) an increase in b-cell death in a time-dependent
manner. Under normal conditions, the fold-increase of glucose-stimu-
lated insulin secretion is increased. (c) However, when the islets were
exposed to glucolipotoxicity, the fold-increase of glucose-stimulated
insulin secretion was blunted. (d) Insulin gene expression was sup-
pressed in glucolipotoxicity. GAPDH, Glyceraldehyde 3-phosphate
dehydrogenase.
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of PSC87. We suggest that PSC might play an important role in
the pathogenesis of fibrotic islet destruction observed in con-
junction with type 2 diabetes.

Chronic Inflammation as a Cause of b-Cell Loss
Schuster88 recently reported that the ability to store and limit
fatty acid deposition to adipose tissue is a key component in
remaining insulin sensitive, controlling the inflammatory cas-
cade and reducing the risk of developing obesity-related comor-
bidities, such as DM. The pancreatic islet could also be a target
of inflammation. Inflammation in a tissue is classically defined
by tissue damage, impaired function, the presence of increased
numbers of immune cells and/or activation of local tissue
immune cells, and local production of cytokines and chemo-
kines. An accumulating body of evidence also indicates that this
is the case in the human pancreatic islet in type 2 diabetes. The
b-cells of patients with type 2 diabetes express elevated levels of
IL-1b and a variety of chemokines89. Based on tissue histology,
islets from type 2 diabetes patients express increased amounts of
IL-1b90, increased caspase-1 (required for the cleavage of proIL-
1b to active IL-1b)91 and reduced amounts of IL-1Ra (the IL-1
receptor antagonist)92, and are infiltrated with macrophages93,94.
Thus, an islet inflammation might be involved in b-cell com-
pensation for insulin resistance, but if the inflammation were
chronic, b-cell demise would be the expected result.

Sulfonylurea
Glibenclamide and chlorpropamide treatment have been associ-
ated with improvements in glycemic control and lower inci-
dence of microangiopathic complications95. Nonetheless, as
mentioned previously, improvements in glycemic control were
associated with an initial increase of the HOMA-B, an index of
b-cell function, followed by a progressive linear decline96. Losses
of b-cell mass and function have raised concerns regarding the
use of sulfonylureas for the treatment of type 2 diabetes. The
results of some previous animal and cell studies have shown that
these agents might induce b-cell apoptosis. Studies carried out
in isolated human islets suggest that glibenclamide, but not
repaglinide, might activate apoptosis in b-cells97. Nateglinide at
low concentrations was not observed to induce b-cell apoptosis.
The incubation of pancreatic islets and b-cell cells from ob/ob
mice and Wistar rats with glucose and sulfonylureas has also
been show to induce apoptotic b-cell death98. Therefore, the loss
of b-cell function was determined to not be unique to sulfonyl-
ureas, as it occurred at an identical rate in patients treated
with metformin or conventional treatments, thus suggesting that
factors other than treatment might contribute to the process.

DISCUSSION
The impact of a reduction in b-cell mass in terms of the altera-
tions of insulin secretion that characterize type 2 diabetes has
yet to be clearly elucidated. Still, clinical observations and experi-
mental data support a close interrelationship between the two
parameters. Thus, a large proportion of living, related pancreatic

donors who underwent a 50% pancreatectomy ultimately devel-
oped diabetes99. Pharmacological or surgical reduction of b-cell
mass in rodents has been shown to uniformly impair insulin
secretion100. More recently, Matveyenko et al.101 have carefully
analyzed the effects of a 50% pancreatectomy in normal dogs,
and reported that partial pancreatectomy resulted in IFG and
IGT. Partial pancreatic resection was associated with reductions
of both basal and glucose-stimulated insulin secretion. Collec-
tively, these data support a mechanistic role of reduced b-cell
mass in the development of alterations in glucose homeostasis
and progression toward type 2 diabetes. Actually, many authors
have noted reduced b-cell mass in human patients suffering
from type 2 diabetes9–12. Additionally, such reductions in b-cell
mass are strongly associated with increased b-cell apoptosis,
whereas new islet formation rates and b-cell replication remain
relatively normal10. Furthermore, the results of our recent study
regarding b-cell size in humans with type 2 diabetes showed
that the b-cells in these patients were approximately 30% larger
than the b-cells of normal subjects. The ratio of cytoplasmic
area to nuclear area was also far higher in the type 2 diabetic
patients relative to normal controls. Most studies on b-cell mass
in humans with type 2 diabetes have been based on measure-
ments of the total b-cell area in the islets. Thus, considering that
b-cell size itself was also increased, we surmised that the num-
bers of b-cells were even lower in the type 2 diabetic subjects
than had been estimated. Reduced b-cell mass, which includes
decreased b-cell numbers, might exacerbate disease burdens and
aggravate b-cell loss, causing continuous progression of the dis-
ease state. Several genetic factors and acquired factors, such as
glucose toxicity, lipid toxicity, inflammation and exogenous
stimuli, have been shown to cause b-cell defects. Thus, in order
to develop more fundamental treatments for type 2 diabetes,
more advanced approaches focusing on the b-cells themselves
in order to directly prevent damage or restore functional defects
must be developed, along with efforts to minimize or ameliorate
acquired conditions, such as increases in insulin resistance,
glucotoxicity, lipotoxicity and exogeneous factors relevant to
b-cell injury. Additionally, greater efforts must be made in the
future to gain insight into alterations and disruptions of the
microenvironment in the pancreatic islets of type 2 diabetic sub-
jects, and to find ways of improving that environment in order
to minimize such disruptions.
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