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ABSTRACT

Because obesity rates have increased dramatically over the past 3 decades, type 2 diabetes has become increasingly prevalent as well. Type 2

diabetes is associated with decreased pancreatic b-cell mass and function, resulting in inadequate insulin production. Conversely, in nondiabetic

obesity, an expansion in b-cell mass occurs to provide sufficient insulin and to prevent hyperglycemia. This expansion is at least in part due to

b-cell proliferation. This review focuses on the mechanisms regulating obesity-induced b-cell proliferation in humans and mice. Many factors

have potential roles in the regulation of obesity-driven b-cell proliferation, including nutrients, insulin, incretins, hepatocyte growth factor, and

recently identified liver-derived secreted factors. Much is still unknown about the regulation of b-cell replication, especially in humans. The

extracellular signals that activate proliferative pathways in obesity, the relative importance of each of these pathways, and the extent of cross-talk

between these pathways are important areas of future study. Adv. Nutr. 5: 278–288, 2014.

Introduction
The rates of obesity worldwide continue to climb because of
numerous social, environmental, and perhaps even genetic fac-
tors. In the United States, >35% of adults are obese (1). Along
with obesity has come increasing prevalence of type 2 diabetes.
Notably, however, only 11.3% of adults are estimated to have
diagnosed or undiagnosed diabetes (2). These statistics reveal
that secondary factors other than obesity must be required
for diabetes to develop; the 2 are not inextricably linked. Obe-
sity is associated with peripheral insulin resistance, a hallmark
of the pathophysiology of type 2 diabetes. However, to develop
hyperglycemia there must be a failure to produce sufficient in-
sulin to meet this increased demand. This directs our attention
to the pancreatic b-cell, where insulin is produced in response
to circulating nutrients and other hormonal signals.

Pancreatic b-cells are found within the islets of Langerhans,
small clusters of endocrine cells that make up ~1–2% of
the total pancreatic mass. The islets are composed of multi-
ple cell types, including insulin-producing b-cells, gluca-
gon-producing a-cells, and several other less abundant cell
types producing somatostatin, pancreatic polypeptide, and
ghrelin. The amount of insulin secreted in response to

metabolic demand is dependent on numerous factors, in-
cluding proper sensing of nutrient and hormonal signals,
adequate insulin synthesis and secretion, and the overall
number of functional b-cells. Although all of these factors
are important, this review will focus on the regulation of
b-cell number. The number of b-cells in a pancreas can
be quantified in several ways by using histologic analysis. To-
tal b-cell volume can be estimated by measuring islet b-cell
area on pancreatic sections. This b-cell area can then be cor-
rected for total pancreatic section area, giving a fractional
b-cell area or volume. Alternatively, b-cell area is corrected
for total pancreatic weight, giving an estimate of b-cell
mass. The terms b-cell mass and b-cell volume are used rel-
atively interchangeably in the literature to indicate the overall
number of b-cells in the pancreas. Individual b-cell size and
number can also be measured as a way to distinguish between
b-cell hyperplasia and hypertrophy. Although hypertrophy
and neogenesis can contribute to changes in overall b-cell
mass, this review will focus on the role of b-cell proliferation
as a compensatory response to obesity in mice and humans.

Individuals with type 2 diabetes have decreased b-cell
mass compared with nondiabetic individuals of similar
BMI. In fact, there seems to be a threshold effect whereby
fasting blood glucose becomes elevated if b-cell mass is
less than ~1.1% (3). More than 25 y ago, a study of autopsy
specimens revealed 2 key points about b-cell mass in hu-
mans (4). First, b-cell mass is increased in nondiabetic obe-
sity, and second, there is decreased b-cell mass in both lean
and obese patients diagnosed with type 2 diabetes (Fig. 1).
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These findings have been replicated in more recent autopsy
studies (5–8). Therefore, one can generate the hypothesis
that an ability to increase b-cell mass in obesity is key to pre-
venting type 2 diabetes.

Unfortunately, we have very limited tools to study b-cell
mass dynamics in humans. Because of the small size of the
islet, the lack of good cell surface markers for b-cells, and
the retroperitoneal position of the pancreas, it is not cur-
rently possible to image islet or b-cell mass in living people.
Pancreatic biopsy is also not a reasonable method for 2 rea-
sons. First, there are different islet densities in the various re-
gions of the pancreas, so accurate characterization of b-cell
mass would require multiple specimens throughout the en-
tirety of the organ (9). Second, pancreatic biopsy is an in-
vasive procedure that can lead to pancreatitis, which would
be an unacceptable risk in healthy subjects. Therefore, we
are left with postmortem samples of whole pancreas or
isolated islet tissue to attempt to explain b-cell mass dy-
namics in humans. Because of these limitations, many
have instead examined b-cell mass in rodent models.
b-cell proliferative capacity tends to decrease from rat to
mouse to human [(10–13) and DBD personal observa-
tions]. Therefore, despite significant differences between
mouse and human b-cell proliferation, the mouse is the
more relevant model. In addition, knockout and trans-
genic mice have allowed examination of the relevant path-
ways in b-cell proliferation. Therefore, most of the work
we will discuss is from mouse models.

In rodents, there is a dramatic increase in b-cell mass
with obesity (14). In mice specifically, b-cell mass expansion
occurs in response to diet-induced obesity and genetic

models of obesity. By using mouse models, details such as
the timing of b-cell proliferation, the effects of various nu-
trients, and the requirement for various signaling pathways
can be studied. In the ob/ob model of obesity, a mutation in
the gene encoding the satiety hormone leptin results in sig-
nificant weight gain and hyperglycemia in some mouse
strains (15). In the relatively diabetes-resistant C57Bl/6J
ob/ob mice, there is a 3.6-fold increase in b-cell volume
without an increase in the total number of islets (16). This
suggests that the increase in b-cell volume with obesity is
primarily due to replication of existing b-cells within the is-
let, rather than the formation of new islets. There remains
controversy about whether b-cell neogenesis or b-cell repli-
cation is the predominant mechanism of adaptive b-cell
mass expansion. We will focus on b-cell replication as it
contributes to changes in b-cell mass.

Again, it is challenging to understand what regulates
b-cell mass expansion in obesity in humans. It is clear
that in rodents there is an acute expansion of b-cell mass
with the onset of insulin resistance and obesity. However,
we do not have a complete understanding of when b-cell
mass expansion occurs during the human life span and
how it becomes dysfunctional in individuals with diabetes
due to the limitations of postmortem studies. One hypoth-
esis is that some individuals simply have higher initial b-cell
mass after growth and development, giving them more re-
serve capacity to deal with insulin resistance later in life
(Fig. 2, top panel). In fact, recent studies have shown that
the b-cell mass in children/young adults is highly variable

FIGURE 1 Differences in b-cell volume in human subjects.
With obesity, there is an expansion of b-cells. However,
individuals with type 2 diabetes have overall reduced b-cell
numbers compared with their nondiabetic counterparts. Values
are means 6 SDs, n = 4–7. P values were calculated by using the
Mann-Whitney test. Plotted from tabular data in reference 4 with
permission from publisher S. Karger AG, Basel.

FIGURE 2 Three possible timelines resulting in diminished
b-cell mass in type 2 diabetes at the time of autopsy. In the top
panel, a failure to achieve adequate b-cell mass during
development or early childhood expansion results in decreased
b-cell mass that persists throughout life, increasing susceptibility
to type 2 diabetes. In the middle panel, a failure to expand b-cell
mass in adult life in response to obesity and insulin resistance
results in failure to produce adequate insulin and the
development of type 2 diabetes. In the bottom panel,
compensatory expansion occurs, but then there is increased loss
of b-cells that results in lower b-cell mass when measured at
autopsy. The dotted lines represent the timeline in an individual
with increased susceptibility to diabetes.
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and establishment of adult b-cell mass likely occurs within
the first few years of life (17,18). Alternatively, some individ-
uals may have a failure to initially expand b-cell mass in re-
sponse to obesity and insulin resistance, predisposing them
to eventual development of type 2 diabetes (Fig. 2, middle
panel). These 2 hypotheses linking type 2 diabetes with inad-
equate development or expansion of b-cell mass are sup-
ported by the association of type 2 diabetes with single
nucleotide polymorphisms near a number of cell cycle reg-
ulatory genes in genome-wide association studies (19,20). A
third hypothesis for the reduced b-cell mass in diabetic in-
dividuals is increased rates of b-cell death after the onset of
obesity and hyperglycemia that ultimately reduces b-cell
mass (Fig. 2, bottom panel). In this case, an initial prolifera-
tive expansion of b-cell mass in the prediabetic state would
not be detectable in autopsy studies performed after the on-
set of diabetes. All 3 alternative timelines could be consistent
with currently available autopsy data. It is probable that
development of adequate b-cell mass, compensatory expan-
sion of b-cell mass in response to insulin resistance, and rates
of b-cell death all contribute to the overall determination of
b-cell mass throughout the life span.

Adaptive vs. Basal b-Cell Proliferation
To understand the mechanisms driving increased b-cell pro-
liferation in response to obesity, it is necessary to draw a dis-
tinction between the basal b-cell replication rate and that of
induced, or compensatory, proliferation. In adult mice,

continuous long-term labeling of proliferating cells with
5-bromo-2-deoxyuridine (BrdU)6 showed that, relative to
the total cell population, only ~1 in 1400 mature b-cells rep-
licate per day (21). In adult humans, basal b-cell replication
is even lower, with reported rates ranging from 0% to 0.4%
(5,6,22,23). This extremely low rate of cellular turnover sug-
gests that, at least at baseline, adult b-cells do not have a high
proliferative rate.

In the setting of nondiabetic obesity it appears that at
least part of the expansion in b-cell mass comes from in-
creased proliferation. Conversely, a failure to proliferate
and/or increased apoptosis appear to be hallmarks of type
2 diabetes. This dichotomy can be modeled in the mouse,
where leptin-deficient (ob/ob) C57BL/6 and BTBR (Black
and Tan BRachyury) mice both become obese, but only
the BTBR mice become diabetic (15,24). The C57BL/6
mice display increased b-cell proliferation in response to

FIGURE 3 Multiple pathways can stimulate
b-cell replication in obesity, and there is
overlap of many of the downstream activators.
GLP-1 signals through the GLPR (red arrow) and
leads to increased intracellular cAMP, which
activates PKA. PKA then phosphorylates and
activates the transcription factor CREB. Glucose
metabolism (green arrows) increases cAMP
levels and can activate the same pathway. PKA
also inhibits GSK3-b, which is an activator of
the cell cycle inhibitor p27. Glucose
metabolism (green arrows) results in production
of ATP and membrane depolarization, which
leads to an influx of calcium ions. These
calcium ions activate CAMK4, which then also
phosphorylates and activates CREB. CREB
stimulates transcription of IRS-2, which then provides IRS-2 protein necessary for insulin signaling. Insulin signals through the insulin
receptor to phosphorylate and activate IRS-2 (purple arrow), leading to activation of PI3K and Akt. Akt inhibits GSK3-b. Akt is also
necessary to phosphorylate the inhibitory transcription factor FoxO1 and promote its exclusion from the nucleus. When FoxO1 inhibition
is released, transcription of Pdx1 and other genes promoting cell growth can be expressed. GLP-1 signaling can also transactivate EGFR
(yellow arrow) and lead to activation of PI3K, ultimately signaling through the same pathways. HGF signaling through its receptor c-
Met also stimulates PI3K (orange arrow). Therefore, there is great overlap in the downstream pathways that are involved in signaling in
response to GLP-1, glucose metabolism, insulin, and HGF. The cAMP/PKA, GSK3-b, CREB, and IRS-2/PI3K/Akt/FoxO1 pathways are used by
multiple upstream mitogenic signals (blue arrows). This overlap suggests that perhaps multiple activators must be present to trigger
b-cell proliferation physiologically, but additionally highlights the challenges of interpreting the importance of 1 upstream factor when a
downstream target is manipulated experimentally. CAMK4, calcium/calmodulin-dependent kinase; CREB, cAMP response element
binding protein; EGFR, epithelial growth factor receptor; FoxO1, forkhead box O1; GLP-1, glucagon-like peptide-1; GLPR, glucagon-like
peptide-1 receptor; GSK3-b, glycogen synthase kinase 3-b; HGF, hepatocyte growth factor; IRS-2, insulin receptor substrate 2; Pdx1,
pancreatic and duodenal homeobox 1; PI3K, phosphoinositide-3 kinase; PKA, protein kinase A.

6 Abbreviations used: AMPK, AMP-activated kinase; BrdU, 5-bromo-2-deoxyuridine; BTBR,

Black and Tan Brachyury; CAMK4, calcium/calmodulin-dependent kinase; ChREBP,

carbohydrate response element binding protein; CREB, cAMP response element binding

protein; DPP4, dipeptidyl peptidase 4; EGFR, epithelial growth factor receptor; EP3,

prostaglandin E receptor 3; FoxO1, forkhead box O1; G protein; guanine nucleotide binding

protein; GIP, glucose-dependent insulinotropic polypeptide; GIPR, glucose-dependent

insulinotropic polypeptide receptor; GLP-1, glucagon-like peptide-1; GLPR, glucagon-like

peptide-1 receptor; GLUT2, glucose transporter 2; GPCR, G protein–coupled receptor;

GSK-3b, glycogen synthase kinase 3-b; HGF, hepatocyte growth factor; INS-1, rat insulinoma

cell line; IR, insulin receptor; IRS, insulin receptor substrate; JAK/STAT, janus kinase/signal

transducer and activator of transcription; MIN-6, mouse insulinoma cell line; mTOR,

mammalian target of rapamycin; mTORC1, mammalian target of rapamycin complex 1;

PCNA, proliferating cell nuclear antigen; PI3K, phosphoinositide-3 kinase; PKA, protein

kinase A; PPARg, peroxisome proliferator-activated receptor g; Rgs; regulator of G protein

receptor signaling; ROCK, rho kinase.

280 Linnemann et al.



obesity and can meet the increased demand for insulin,
whereas the BTBR mice cannot. Differential genetic regula-
tion of b-cell replication may explain the strain-specific dif-
ferences in b-cell adaptive proliferation. In fact, differential
expression of several key cell cycle genes important in b-cell
proliferation has been found between these 2 strains
(15,25,26).

In human autopsy studies there is conflicting evidence re-
garding an increase in b-cell proliferation with obesity. This
is likely due to the challenges of studying b-cell dynamics in
autopsy specimens and the different methodologies used to
measure proliferation. Two studies by Butler and colleagues
found no difference in b-cell replication between obese,
lean, and type 2 diabetic individuals, as measured by Ki67
staining (5,8). When proliferating cell nuclear antigen
(PCNA) staining was used as a measure, Hanley et al. (6)
found increased rates of replication in obese nondiabetic in-
dividuals compared with lean nondiabetic persons, along
with decreased rates of proliferation in obese individuals
with type 2 diabetes. However, a more recent study suggests
the opposite, with increased numbers of PCNA-positive
b-cells in specimens from individuals with type 2 diabetes
compared with nondiabetic controls (27). These authors
suggest the possibility of increased cell cycle entry (resulting
in increased PCNA expression) but a failure to progress be-
yond the G1/S transition resulting in cell cycle arrest in islets
of participants with type 2 diabetes. Our own work has
shown that a number of key cell cycle genes are upregulated
in human islets as a function of obesity, including Ki67 and
others beyond the G1/S transition (25). However, at the pro-
tein level, many key cell cycle regulators are predominantly
localized in the cytoplasm of the b-cell and only translocate
to the nucleus under direct mitogenic stimulation (28,29).
The physiologic signals that stimulate nuclear localization
and activation of key cell cycle molecules and initiate
b-cell replication in human islets have not been clearly de-
termined. Therefore, we will discuss some of the signaling
pathways upstream of cell cycle regulation that stimulate
adaptive b-cell proliferation.

Nutrient-Mediated Cell Growth and Replication
Intracellular signaling pathways activated by nutrients are
well known to mediate cell growth and proliferation in
many cell types, from yeast to humans. The mechanisms
that translate nutrient availability to cellular proliferation
have largely been studied in the context of cancer biology.
Due to the expression of glucokinase, a lower affinity hexo-
kinase, and the bidirectional glucose transporter, glucose
transporter 2 (GLUT2), the pancreatic b-cell is uniquely
designed to sense small changes in physiologic glucose
concentrations and ultimately regulate intracellular ATP
concentrations in response to glucose uptake and metabo-
lism (30). The b-cells respond to increasing glucose through
signaling pathways that lead to insulin secretion. However,
these same metabolic and signaling pathways may also reg-
ulate other intracellular processes, including proliferation.
In general, cell growth is inhibited under low-glucose/low-

ATP conditions, primarily driven by increased AMP-activated
kinase (AMPK) activity (31). However, when glucose concen-
trations are normal or high, numerous signaling molecules
important in cell growth, including mammalian target of
rapamycin complex 1 (mTORC1) and protein kinase A (PKA),
are activated (32,33). Therefore, glucose itself is 1 possible
mediator of b-cell replication. However, these same down-
stream signaling molecules can also be activated by numer-
ous other growth factors and hormonal signals. It remains
unclear how or whether nutrients directly mediate b-cell
replication.

High-Fat Diet Studies
A commonly used model of obesity is high-fat-diet feeding.
Mice fed a high-fat diet had evidence of b-cell mass expan-
sion (14). Mice fed high-fat diets also clearly had defects in
b-cell function, despite increasing b-cell mass (14,34). Nu-
merous different types of high-fat diets have been used to
characterize diabetes and glucose intolerance in mouse
strains. As would be expected, the phenotype can be highly
variable depending on the background strain, the macro-
and micronutrient composition of the diet, and the timing
of diet-induced obesity. Moderate-fat feeding (30–45% of to-
tal caloric intake; a 1:3 mixture of saturated and unsaturated
fat from corn oil and coconut oil) in male C57BL/6J 3
DBA/2J hybrid mice for 1 y resulted in a dose-dependent in-
crease in b-cell area due to b-cell hyperplasia. However, at
the end of 1 y there was no detectable difference in b-cell
replication or apoptosis as a function of diet or body weight
(14). Similarly, high-fat feeding (60% of total caloric intake;
fat from lard) in female C57BL/6JBomTac mice resulted in
increased b-cell area and hyperplasia as early as 3 mo, per-
sisting after 1 y of feeding (35). Male C57BL/6J fed a 60%
fat diet for 8–12 wk also had increased b-cell mass, and at
these earlier time points an increase in b-cell proliferation
was evident (36,37). Notably, a recent study reported that
only the splenic region of the pancreas, not the duodenal
or gastric regions, exhibited increased b-cell area and repli-
cation in response to 6 wk of high-fat diet feeding (38).
Therefore, regional differences in b-cell proliferation re-
sponses may exist, leading to sampling error in histologic
studies or confounding effects when using isolated islet
tissue.

The proliferative expansion of b-cells correlates with
body weight gain and degree of insulin resistance in these
high-fat-diet models, suggesting that b-cell replication is
driven by the complex milieu of obesity and insulin resis-
tance, and is not dependent solely on the intake of high
amounts of dietary fat (14,36). In fact, acute infusion of
lipids does not increase b-cell replication in mice, although
this has been seen in rats (11,13). Elevated FFAs actually
appear to inhibit glucose-stimulated b-cell proliferation,
suggesting that the combination of dyslipidemia and hyper-
glycemia would lead to a reduced b-cell replication response
(13). Interestingly, a high-fat diet (60% fat; lard-based) had
a very early impact on b-cell mass and replication, with an
increased amount of cyclin D2 after only 4–7 d of feeding.
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Some metabolic changes and weight gain were already
evident in these short-term studies, although insulin resis-
tance was not clearly present (34). Overall, in mouse
models, high-fat-diet feeding seems to result in early b-cell
replication leading to lasting increases in b-cell mass, but
this effect is dependent on mild hyperglycemia and other
metabolic changes, rather than direct effects of the dietary
components.

Studies of human islets transplanted under the kidney
capsule of immunodeficient mice can provide some insight
into the response of human islets to controlled conditions of
overnutrition. When mice transplanted with human islets
are fed a high-fat diet for 12 wk, the human islet graft ex-
hibited increased b-cell area and increased b:a-cell ratios,
although b-cell proliferation was still exceedingly rare in the
human islets (39). In contrast, when human islets were
transplanted into ob/ob mice for 2 wk, they exhibited in-
creased b-cell proliferation (40). The challenge in interpret-
ing these results is the confounding impact of hypoxia and
other stressors during islet transplantation and the non-
native environment of the kidney capsule. In an ex vivo study
with isolated human islets, there was no change in human
islet diameter or cell number with short-term exposure to
FFAs and elevated glucose concentrations, but cell cycle or
proliferation was not directly measured (41). One could
imagine that ex vivo treatment over just a few days is not suf-
ficient to observe significant changes in b-cell number, but
more subtle changes at the gene or protein level may be de-
tectable to suggest enhanced proliferative capacity. In sum-
mary, there is little evidence to support a direct role of
FFAs in b-cell replication. Instead, it appears that high-fat-
diet feeding induces numerous metabolic changes that ulti-
mately generate the necessary proliferative signals.

Hyperglycemia
Nutrient-mediated cell proliferation is a common growth
mechanism in all cell types. As mentioned above, the
b-cell is highly sensitive to changes in circulating glucose.
Therefore, glucose has been considered as a potential medi-
ator of b-cell hyperplasia. The role of increased carbohy-
drate intake has been examined using high-fructose or
high-sucrose diets, leading to variable levels of obesity and
insulin resistance. These diets are detrimental to islet func-
tion, but no direct measurement of b-cell mass was per-
formed to delineate the role of high-carbohydrate feeding
in b-cell mass dynamics (42,43). In mice, short-term 4-d ex-
posure to mild hyperglycemia through continuous glucose
infusion led to increased b-cell replication, mediated at least
partially by increases in cyclin D2 (44). Similarly, human is-
lets transplanted into immunodeficient mice have increased
b-cell replication rates in response to acute glucose infusion
(45). Ex vivo, however, human islets do not exhibit increased
proliferation in response to high glucose alone, but require
additional inhibition of negative regulators of cell growth
to replicate in response to glucose (12,46).

All of these studies are confounded by the concomitant
increase in insulin secretion that occurs when a b-cell is

exposed to high glucose concentrations. Insulin itself may
act as a mitogenic factor. When b-cells lack the insulin re-
ceptor, and therefore cannot respond to external insulin
stimulation, they exhibit reduced proliferation (47). How-
ever, the response of b-cells lacking the insulin receptor to
glucose-stimulated proliferation was not directly examined
(47). Thus, it remains unclear whether the effect of glucose
on b-cell proliferation is dependent on insulin signaling.

In an attempt to directly understand the role of glucose in
stimulating b-cell replication in vivo, Yuval Dor’s group per-
formed a series of elegant studies that suggest that b-cell glu-
cose metabolism and membrane depolarization are critical
for stimulation of b-cell proliferation. The stimulation of
b-cell replication did not require overt hyperglycemia but
rather was seen under conditions of increased demand for
insulin secretion per b-cell. By using glucokinase activators
or b-cell–specific knockout of glucokinase, these authors
found that glucose metabolism was necessary and stimula-
tory for b-cell replication (48). After the metabolism of glu-
cose results in increased concentrations of intracellular ATP,
closure of the ATP-sensitive potassium channel leads to
b-cell membrane depolarization. These same authors found
that in addition to a requirement for glucokinase activity,
glucose-stimulated b-cell replication is also dependent on
closure of the ATP-sensitive potassium channel and mem-
brane depolarization (48). Importantly, these were all
short-term experiments, with changes in b-cell replication
measured after just 24 h. It remains to be determined how
these pathways affect overall b-cell mass in the setting of
chronic increases in glucose and insulin demand. Intracellu-
lar glucose signaling also seems to be important in the main-
tenance of cyclin D2 expression in the mouse b-cell, perhaps
priming b-cells for replication under conditions of increased
insulin demand (49). Influx of calcium after membrane
depolarization activates calcium/calmodulin-dependent
kinase 4 (CAMK4), which can then phosphorylate and ac-
tivate cAMP response element binding protein (CREB)
(Fig. 3) (50). CREB is able to stimulate proliferation in
the mouse MIN-6 b-cell line (51). Carbohydrate response
element-binding protein (ChREBP) appears to be nec-
essary for glucose-dependent proliferation in dispersed
human b-cells, suggesting that glucose-sensing may also result
in direct transcriptional activity to promote cell proliferation/
replication (52).

Therefore, the role of glucose in b-cell proliferation is
likely a permissive one involving activation of multiple path-
ways. Glucose uptake and metabolism initiate signaling and
transcriptional events that may prime the b-cell to respond
to additional proliferative stimuli.

Mechanisms of Insulin-Induced b-Cell
Proliferation
Increased caloric intake in obese individuals causes an in-
crease in demand for insulin over both the short term (post-
prandial) and long term (due to the development of insulin
resistance and increased fasting blood glucose). Both basal
and postprandial glucose stimulate insulin production and
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release, and the insulin response is amplified by nutrient
availability and/or metabolism (53), as well as the incretins
glucagon-like peptide-1 (GLP-1) and glucose-dependent in-
sulinotropic polypeptide (GIP) (54). In turn, insulin stimu-
lates b-cell mass expansion both directly and indirectly
through complex regulation of multiple signaling pathways.

Insulin indirectly modulates b-cell mass expansion in re-
sponse to obesity via the nuclear hormone receptor peroxi-
some proliferator-activated receptor g (PPARg). In a mouse
model, both insulin and obesity increase PPARg concentra-
tions in multiple tissues (55). Mice with a b-cell–specific
PPARg deletion have reduced b-cell mass expansion when
fed a high-fat diet (56). Likewise, knockout of the PPARg2
isoform in an ob/ob background results in failure to expand
b-cell mass in response to obesity when compared with
wild-type ob/ob littermates (57). Recent work suggests that
this failure might be due to perturbation of an immune re-
sponse that correlates with b-cell mass expansion in ob/ob
islets (58).

b-Cells express all of the known components of the insulin-
signaling pathway. Insulin directly binds to the insulin
receptor (IR) and activates its tyrosine kinase activity. Iso-
lated b-cells lacking the IR exhibit slow growth and de-
creased expression of numerous cell cycle proteins (27).
Activation of the IR in b-cells induces phosphorylation of
1 of 4 known IR substrates (IRS 1–4). Tyrosine phosphory-
lated IRS family members are then able to interact with a va-
riety of downstream signaling partners, most notably
proteins of the phosphoinositide-3 kinase (PI3K) pathway
(Fig. 3). Of the mice deficient for the various IRS family
members, only mice deficient for IRS-2 had defects in
b-cell mass. IRS-2-null mice had significant b-cell hypoplasia
when fed a standard unpurified diet (59,60). Heterozygous
IRS-2 knockout mice also failed to induce compensatory
b-cell proliferationwhen fed a high-fat diet (61). This appears
to be due to increased nuclear localization of the inhibitory
transcription factor forkhead box O1 (FoxO1), and thus in-
sufficient b-cell proliferative response to hyperinsulinemia
(62). Further support for the role of FoxO1 in regulating
insulin-mediated cell cycle signaling is derived from recent
studies also showing increased FoxO1 nuclear localization
in b-cells lacking insulin receptor (27). However, b-cell–
specific FoxO1 knockouts showed no alteration in b-cell
replication, but rather exhibited b-cell dedifferentiation
(63). Release of FoxO1 inhibition may be just 1 component
of insulin-mediated b-cell replication: FoxO1 may not only
inhibit proliferation but help to maintain b-cell–specific
gene expression.

IRS proteins mediate Akt family activation through PI3K
signaling. Once activated, Akt family members promote cell
growth and survival through various pathways, including in-
creased activity of mammalian target of rapamycin (mTOR).
Transgenic overexpression of constitutively active Akt in
mice causes an increase in b-cell mass (64,65). Enhanced
signaling through the Akt pathway is responsible for mas-
sively increased b-cell mass when glycogen synthase kinase
3-b (GSK3-b) is conditionally knocked out in mice fed a

high-fat diet (66). GSK3-b is normally inhibited by insulin,
demonstrating that insulin can promote b-cell proliferative
response through both direct and indirect activation of the
Akt signaling pathway. GSK3-b inactivation also promotes
b-cell proliferation through downregulation of the cell cycle
inhibitor p27 (Fig. 3) (67). Interestingly, p27 knockout mice
have increased islet proliferation when made genetically
obese or when fed a high-fat diet, whereas p27 overexpres-
sion in these scenarios reduces b-cell proliferation (68).

Wnt/b-catenin signaling, when combined with inhibi-
tion of RhoA and Rho-kinase (ROCK), has recently been
shown to stimulate human b-cell proliferation ex vivo
(69). In this unique system, Akt is phosphorylated due to in-
hibition of its inhibitor ROCK and CREB activity is in-
creased leading to increased Irs2 expression. Similarly,
activation of the cAMP/PKA/CREB pathway in human islets
can result in phosphorylation and inactivation of GSK3b
and increased expression of IRS-2. The overall idea is that
multiple signaling pathways must be activated, including in-
sulin/Akt, Wnt/b-catenin, and PKA/CREB to fully stimulate
human b-cell replication with preservation of b-cell func-
tion. Whether these signaling pathways are important in
adaptive human b-cell replication in vivo and how the path-
ways interact with one another under conditions of obesity
and insulin resistance will be challenging to unravel.

Taken together, it is clear that the insulin-induced b-cell
proliferative response to obesity is complex. The combina-
tion of direct and indirect signaling mechanisms and the
overlap in multiple steps in the pathway make therapeutic
targeting of specific molecular pathways difficult. Future
work to target these pathways will require careful consider-
ation of all potential pathways of action to ensure favorable
outcomes.

Incretins and Their Role in b-Cell Proliferation
The incretin hormones, GLP-1 and GIP, are peptide hor-
mones produced by the intestinal enteroendocrine L and
K cells, respectively, in response to the presence of nutrients
in the intestinal lumen or their absorption (54). GLP-1 may
indirectly stimulate b-cell proliferation through its effects
on insulin secretion. However, direct stimulation of b-cell
replication has also been postulated. Although studies in
rats and b-cell lines have demonstrated b-cell replication
in response to incretin treatment, human b-cells fail to pro-
liferate with these stimuli (70,71).

Whether incretin signaling is important in adaptive
b-cell proliferation during obesity remains unknown. Post-
prandial GLP-1 secretion is diminished in obese individuals
and in those with type 2 diabetes (72,73). The data on GIP
concentrations in obesity are conflicting, and there is not
overwhelming evidence to suggest increased circulating or
postprandial concentrations in obese persons (72,74,75).
Upon stimulation with glucose or amino acids, a-cells
within the human and rat islet also secrete small amounts
of GLP-1 (76,77). Whether there is a local, intraislet incretin
signaling pathway that is activated in obesity remains un-
clear. Current therapies for type 2 diabetes target the incretin
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pathway, including GLP-1 receptor (GLPR) agonists and in-
hibitors of the dipeptidyl peptidase 4 (DPP4) enzyme that
rapidly degrades GLP-1 and GIP. Because of the availability
of these medications, much interest remains in understand-
ing the potential of incretin pathways to stimulate b-cell
replication.

GLPR and GIP receptor (GIPR) are Gs protein–coupled
receptors (GPCRs). Upon ligand binding to the GLPR,
and in the presence of glucose, the a-stimulatory subunit
of the G protein (Gas) dissociates from the G protein com-
plex and activates adenylate cyclase, which results in the for-
mation of cAMP (78). cAMP activates PKA, which, in turn,
stimulates the transcription factor CREB. CREB stimulates
proliferation through simultaneous inhibition of the prolif-
eration inhibitor p27 and activation of cyclins A2 and D1
(79). CREB also promotes transcription of IRS-2, promot-
ing signaling through the IRS-2/PI3K/Akt pathway (50).
GLP-1 signaling also results in transactivation of the epithe-
lial growth factor receptor (EGFR). EGFR subsequently ac-
tivates PI3K and its downstream effector Akt. Through this
pathway, GLP-1 signaling inhibits FoxO1 nuclear transloca-
tion (80). Indeed, exendin-4 (a GLPR agonist) failed to stim-
ulate b-cell expansion in transgenic mice expressing a
constitutively nuclear FoxO1 in b-cells (80). These signaling
pathways clearly overlap with glucose and insulin signaling
in the b-cell (Fig. 3).

In a similar fashion, GIP promotes b-cell proliferation
through Gas-mediated activation of PKA. It is less clear if
GIP also promotes proliferation through the PI3K pathway
(81). However, work on GIP’s role in proliferation has
been conducted in neonatal rat islets and not replicated in
adult mouse or human islets. Mice with a dominant negative
mutation in the GIPR, expressed only in the b-cells, exhibit
reduced b-cell mass. However, replication rates in these
mice were not reduced during early life, when replication
was highest in controls (82). Therefore, in mice, GIP signal-
ing is not critical for adult b-cell mass expansion. However,
dominant negative GIPR pigs had reduced b-cell prolifera-
tion resulting in reduced b-cell mass (83). Overall, the
role of GIP in b-cell proliferation remains unclear.

The incretin hormones signal through similar pathways
as glucose and insulin signaling and therefore may augment
other proliferative signals sensed by the b-cell during obe-
sity. There is not yet convincing evidence that the incretins
are stimulatory for human b-cell proliferation, but given
their widespread use as therapeutic agents for type 2 diabe-
tes, this possibility remains intriguing.

Additional Evidence that GPCR Pathways May
Regulate b-Cell Mass Proliferative Expansion in
Obesity
Although the role of incretin signaling through the GLPR
and the GIPR in mouse and human b-cell proliferation re-
mains unclear, there is emerging evidence that GPCRs are
generally important in b-cell mass expansion during obesity.
Rgs16 and Rgs8 are regulators of GPCR signaling and can
identify cell populations in which GPCR signaling is

occurring. Rgs16 and Rgs8 are not expressed in adult islet
tissue, except in the setting of b-cell damage or obesity
(ob/ob model). Specifically, expression was correlated with
elevated glucose and insulin concentrations. This suggests
that GPCR signaling pathways are activated in b-cells with
obesity and may mediate some of the adaptive proliferative
effects of glucose and insulin. Whether these Rgs proteins
themselves are playing a positive or negative role in the pro-
liferative response remains unclear (84).

Recently, the miRNA miR-338-3p was identified as a po-
tential inhibitor of b-cell mass expansion in response to
obesity (85). Islet expression of miR-338-p was lower in
high-fat-diet–fed and genetically obese mice, inversely cor-
relating with b-cell mass expansion. Exogenous activation
of the GLPR in isolated mouse and human islets led to re-
duced miR-338-p expression. Furthermore, inhibition of
miR-338-p in b-cells induced proliferation through activa-
tion of cell cycle genes. This suggests that inhibition of
miR-338-p by GLP1R signaling may be another mechanism
driving the expansion of b-cell mass in obesity (85).

The inhibitory guanine nucleotide binding protein (G
protein), Gaz, is also a potential inhibitor of b-cell prolifer-
ation in obesity (86). This G protein inhibits adenylate cy-
clase, leading to reduced cAMP production in the b-cell.
This inhibitory G protein couples to the EP3-variant of
the E prostanoid receptor (prostaglandin E receptor 3),
which is activated by prostaglandin E2. Gaz knockout
mice fed a high-fat diet had increased rates of b-cell prolif-
eration and increased b-cell mass (86). Therefore, inhibition
of cAMP signaling appears to be an important “brake” on
b-cell proliferation. Release of this “brake” can lead to even
greater b-cell proliferation in response to obesity. These results
suggest that GPCR/cAMP pathways are able to drive b-cell
proliferation, but perhaps cannot do so effectively when under
inhibition by Gaz.

Overall, there are many separate lines of evidence to sug-
gest that GPCR signaling is important in obesity-associated
b-cell proliferation. Exactly which GPCRs and which ago-
nists are the key regulators remains unclear.

Hepatocyte Growth Factor
Hepatocyte growth factor (HGF) is produced in cells of me-
senchymal origin, such as adipocytes, vascular cells, and
monocytes (87). HGF signals through the c-Met receptor,
a tyrosine kinase receptor. c-Met signaling involves many
downstream pathways, including PI3K (Fig. 3). In rat insu-
linoma cells (INS-1), HGF has been shown to stimulate pro-
liferation via janus kinase 2/signal transducer and activator
of transcription 5 (JAK2/STAT5) signaling under low-glucose
conditions, presumably through activation of PI3K (88).
HGF is a candidate factor for the regulation of b-cell rep-
lication during obesity. HGF production by adipocytes is
positively correlated with BMI, and concentrations are ele-
vated in mouse and human obesity (89,90). The increase in
HGF concentrations in high-fat-diet–induced obesity pre-
cedes the expansion of b-cell mass and the increase in
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insulin secretion, suggesting that it may act as an early sig-
nal of obesity/insulin resistance (90).

HGF appears to play a direct role in adaptive b-cell pro-
liferation. Transgenic mice overexpressing HGF in the b-cell
have increased b-cell mass and b-cell proliferation (91).
However, under basal conditions, when b-cell proliferation
is low, signaling through the HGF/c-Met pathway is not
necessary for the maintenance of b-cell mass or glycemic
control (92). The expansion of b-cell mass in response to
diet-induced obesity was absent when rats were treated
with HGF-receptor kinase inhibitor SU11274 (90). This ef-
fect was at least partially caused by reduced b-cell prolifera-
tion. Mice lacking the HGF receptor, c-Met, in the pancreas
also failed to adequately increase proliferation and expand
b-cell mass in response to the insulin-resistant state of preg-
nancy (93). However, the role of HGF/c-Met signaling in
mice and humans under the conditions of obesity has not
been directly assessed. HGF remains a strong candidate for
a circulating signal of obesity that could stimulate adaptive
b-cell proliferation.

Liver-Derived Circulating Factors in Insulin
Resistance
Through studies using the liver-specific knockout of the IR,
it became clear that insulin resistance in the liver results in
increased b-cell replication. In a series of elegant studies,
the Kulkarni group determined that the enhanced b-cell
replication is due to a liver-derived factor found in the sys-
temic circulation (94). This circulating factor derived from
mouse hepatocytes was even able to stimulate human b-cell
replication ex vivo; however, the exact factor was not deter-
mined. A few months later, Yi et al. (95) identified a new pro-
tein, betatrophin, as a circulating factor that promotes b-cell
proliferation in response to insulin resistance. Betatrophin ex-
pression increases in adipose tissue and the liver in states of
obesity and insulin resistance and is secreted into the circu-
lation. When betatrophin is overexpressed in the liver, it
leads to a dramatic increase in proliferation of pancreatic
b-cells. Betatrophin signaling in the b-cell has not yet been de-
termined, and its effects on human b-cell proliferation will need
to be assessed. Theremay still exist other circulating factors from
the liver that can have stimulatory effects on b-cell mass.

The Complexities of Therapeutic Intervention
In conclusion, with increasing rates of obesity, type 2 diabe-
tes has also become increasingly prevalent. However, obesity
and type 2 diabetes are not inextricably linked, and the abil-
ity to expand functional b-cell mass in response to insulin
resistance is crucial in the prevention of diabetes. Under-
standing the extracellular and intracellular signals that regu-
late b-cell proliferation during this adaptive process will
hopefully lead to new therapeutic targets for type 2 diabetes
treatment and prevention.

We have discussed here recent advances in the molecular
pathways controlling obesity-driven pancreatic b-cell prolif-
eration. Multiple pathways converge within the b-cell to
contribute to this compensatory proliferation (Fig. 3). A

common theme that emerges is that rodent studies are not
necessarily directly translatable to humans and there is a dis-
connect that is often complex. A prime example of this is
glucose-mediated b-cell replication, in which additional
metabolic pathways must be inhibited to promote glucose-
driven proliferation in human islets. Likewise, whereas
b-cell proliferation in response to a high-fat diet is readily
observed in rodents, this phenomenon is much more diffi-
cult to measure and study at the molecular level in humans.
Rodent studies and ex vivo human islet studies have, how-
ever, given us clues as to how the b-cell responds to hyper-
glycemia, increased insulin demand/presence, increased
hormone concentrations, and liver-derived factors. Many
of these extracellular signals appear to function through
only a handful of known intracellular pathways mediated
by cAMP or PI3K/Akt modulation of gene expression.

Currently, none of our therapies for type 2 diabetes di-
rectly stimulate b-cell proliferation in human islets. As dis-
cussed here, multiple extracellular signals have been
identified that can activate proliferative pathways in obesity,
but it seems likely that more have yet to be found. Under-
standing the importance and relative contribution of nutri-
ent and hormonal signals will be challenging, given the
complex interplay between glucose, insulin, and other hor-
monal signals in the setting of insulin resistance and obesity.
Furthermore, although identifying common downstream
signaling pathways may elucidate therapeutic targets, a
lack of specificity will likely limit safety and efficacy of
such therapies. We remain challenged by the inability to as-
sess b-cell dynamics in living people. Although great pro-
gress has been made in recognizing the importance of the
pancreatic b-cell in the pathogenesis of type 2 diabetes, on-
going efforts will hopefully reveal more about the specific ef-
fects of obesity on b-cell replication.
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