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Type 2 diabetes occurs due to a relative deficit in β-cell mass or function. Glucagon-like peptide 1 (GLP-1), glucosedependent insulinotropic polypeptide (GIP), cholecystokinin (CCK), and gastrin are gastrointestinal hormones that
are secreted in response to nutrient intake, regulating digestion, insulin secretion, satiety, and β-cell mass. In this
review, we focus upon β-cell mass regulation. β-cell mass expands through β-cell proliferation and islet neogenesis;
β-cell mass is lost via apoptosis. GLP-1 and GIP are well-studied gastrointestinal hormones and influence β-cell
proliferation, apoptosis, and islet neogenesis. CCK regulates β-cell apoptosis and mitogenesis, and gastrin stimulates
islet neogenesis. GLP-1 and GIP bind to G protein-coupled receptors and regulate β-cell mass via multiple signaling
pathways. The protein kinase A pathway is central to this process because it directly regulates proliferative and antiapoptotic genes and transactivates several signaling cascades, including Akt and mitogen-activated protein kinases.
However, the signaling pathways downstream of G protein-coupled CCK receptors that influence β-cell mass remain
unidentified. Gastrointestinal hormones integrate nutrient signals from the gut to the β-cell, regulating insulin
secretion and β-cell mass adaptation.
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Introduction
Glucagon-like peptide 1 (GLP-1) and glucosedependent insulinotropic polypeptide (GIP) are the
two most well-known gut peptides that influence
␤-cell biology. GLP-1 is produced and secreted in
response to fat and glucose from intestinal L-cells,
which are located in the distal ileum and colon.1 GIP
is synthesized and secreted from intestinal K-cells,
which reside in the duodenum and jejunum, also in
response to fat and carbohydrate.1 Both GLP-1 and
GIP promote insulin secretion after meal ingestion
by binding to their G-protein coupled receptors on
the ␤-cell, termed the incretin response.1
Cholecystokinin (CCK) and gastrin are additional gut peptides that control ␤-cell biology. CCK
is produced and secreted by intestinal I-cells in the
duodenum in response to fat and protein.2 CCK
classically binds the CCKA receptor (CCKAR) and
regulates gall bladder contraction and pancreatic exocrine secretion.2 CCK is also a neuropeptide that

binds the CCKB receptor (CCKBR) and regulates
anxiety, satiety, and other behaviors.2 Gastrin is synthesized and secreted from G cells in the gastric
antrum and stimulates gastric acid secretion via the
CCKBR.2 CCK, unlike gastrin, enhances glucosestimulated insulin secretion in mice3 and humans4
via the CCKAR. CCK is not considered a physiological incretin hormone because CCK receptor antagonism does not diminish meal-induced insulin
secretion in humans.5 However, CCK is a potential
therapeutic for type 2 diabetes because exogenous
CCK treatment enhances insulin secretion in patients with type 2 diabetes.6
Loss of ␤-cell mass plays an important role in type
2 diabetes pathogenesis. Despite ␤-cell mass being
highly variable in both non-diabetic and diabetic
human populations,7,8 cadaveric studies demonstrate that ␤-cell mass declines in patients with diabetes.9–12 In fact, a ␤-cell mass threshold exists,
wherein reductions below this point cause hyperglycemia.12 In non-diabetic obese humans, ␤-cell
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mass expands to cope with the larger demand for
insulin evoked by insulin resitance.9,10,13 Expansion of ␤-cell mass occurs through increased ␤-cell
proliferation10 and islet neogenesis.9,10 Obese patients with diabetes have reduced ␤-cell mass due
to increased ␤-cell apoptosis9,10 and reduced ␤-cell
proliferation.10
Gut peptides are excellent candidate regulators of
␤-cell mass expansion because they already are sensors of nutrient intake for the gastrointestinal system, the brain, and the ␤-cell. This review will focus
upon the in vivo data supporting a role for gut peptides in ␤-cell proliferation, apoptosis, and neogenesis. We will further discuss the in vitro mechanisms
by which gut peptides regulate ␤-cell mitogenesis
and survival.
β-cell proliferation

GLP-1 stimulates β-cell proliferation in vivo
GLP-1 is the most studied ␤-cell mitogen. Exogenous GLP-1 treatment stimulates ␤-cell proliferation in many models, including pancreatic injury,
␤-cell ablation, autoimmunity, and obesity-induced
diabetes. However, the role of endogenous GLP-1 in
stimulating ␤-cell proliferation in these models is
less clear.
Exogenous GLP-1 treatment enhances ␤-cell
replication in many animal models. GLP-1 treatment of normoglycemic rats14 and mice15–19
stimulates ␤-cell proliferation. During pancreatic
regeneration, GLP-1 receptor (GLP-1R) agonism
increases ␤-cell replication after partial pancreatectomy20,21 and after caspase 8-mediated ␤-cell ablation.22 In the context of autoimmune attack, GLP1R agonists activate ␤-cell mitogenesis and ameliorate diabetes in non-obese diabetic (NOD) mice23
and BioBreeding (BB) rats.24
GLP-1 treatment stimulates ␤-cell replication in
multiple models of obesity-induced diabetes. Defective leptin action, through either the Leptinob
or Leptin receptordb mutation, leads to severe obesity, insulin resistance, and in some mouse strains,
diabetes. Leptinob/ob mice treated with a GLP-1R
agonist increase islet size and ␤-cell mass.25 Similarly, GLP-1R agonism ameliorates diabetes and increases ␤-cell mitogenesis in Leptindb/db mice26–29
and leptin-deficient Zucker Diabetic Fatty (ZDF)
rats.30
GLP-1 also promotes ␤-cell replication in models
of obesity with intact leptin signaling. The Otsuka
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Long Evans Tokushima Fatty (OLETF) rat is a model
of obesity and diabetes, due to a null Cckar mutation.31 GLP-1 treatment of the OLETF rat stimulates ␤-cell proliferation.32 In a model of high-fat
diet plus streptozotocin treatment to reduce ␤-cell
mass, GLP-1R agonism increases ␤-cell proliferation in rats33 and mice.34 These data demonstrate
that exogenous GLP-1 treatment promotes ␤-cell
replication in models of ␤-cell regeneration and
obesity-induced diabetes.
Endogenous GLP-1 may promote ␤-cell mitogenesis in specific models. Lean, unchallenged GLP-1
receptor (GLP-1R) knockout mice have normal ␤cell mass.35 However, after partial pancreatectomy,
GLP-1R knockout mice have diminished ␤-cell regeneration.36 The latter study did not differentiate
between islet neogenesis and ␤-cell proliferation.
Given that ␤-cell regeneration after partial pancreatectomy in mice mostly occurs through ␤-cell
replication,37 endogenous GLP-1 likely promotes
␤-cell mitogenesis after partial pancreatectomy. In
the context of obesity-induced diabetes, Leptinob/ob
mice that are GLP-1R-deficient have equal ␤-cell
mass as wild-type Leptinob/ob controls.38 This likely
occurs because leptin-resistant and leptin-deficient
animals demonstrate reduced intestinal GLP-1 secretion and plasma GLP-1 concentrations.39 Therefore, obesity creates a relatively GLP-1-deficient
state, where there is insufficient endogenous GLP-1
to expand ␤-cell mass.
In summary, exogenous GLP-1 treatment stimulates ␤-cell proliferation in multiple rodent species
and models of ␤-cell mitogenesis. Reports of human
␤-cell proliferation are sparse. Does GLP-1 promote
human ␤-cell replication? If not, why does GLP-1
not promote human ␤-cell proliferation? The data
to support a role for endogenous GLP-1 signaling in
␤-cell proliferation are less clear. Future studies are
necessary to clarify this issue.

Mechanisms of GLP-1-induced β-cell
replication
The mechanisms of GLP-1-triggered ␤-cell mitogenesis have been rigorously investigated (Fig. 1).
Studies have been performed in vitro in cell lines
and islets, and sparingly in vivo. Due to the multiple
model systems, many signaling pathways have been
identified. In this review, we will present most of the
pathways identified in vitro and describe in vivo corroboration of the data wherever it is available. Since
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Figure 1. Mechanisms of GLP-1-induced ␤-cell replication. GLP-1 stimulates PKA, Akt, MAPK, and PKC- and increases ␤-cell
proliferation. Gray bubbles indicate that in vivo data does not exist to support that particular pathway.

the ␤-cell is poorly mitogenic, it is likely that GLP-1
uses multiple signaling mechanisms to activate cell
division.
GLP-1 stimulates ␤-cell proliferation via cAMPdependent signaling. The GLP-1R couples to the
G␣S subunit, activates adenylyl cyclase (AC), which
increases cAMP production, and activates protein kinase A (PKA).1 In isolated rat islets, GLP-1
stimulates ␤-cell replication with efficacy equal to
forskolin, suggesting the involvement of cAMP.40
Accordingly, PKA inhibition diminishes ␤-cell replication.40 GLP-1 and forskolin increase cyclin D1
expression in INS-1 cells in a manner dependent
upon active PKA.40,41 PKA-dependent phosphorylation of cAMP response element binding protein
(CREB) stimulates cyclin D1 expression through
a CRE site in the cyclin D1 promoter.41 These
data suggest that GLP-1R signaling in rat ␤-cells
stimulates a cAMP→PKA→CREB→cyclin D1 cascade to activate replication. However, in mouse
islets ex vivo and in vivo, GLP-1 does not increase cyclin D1 expression. Exendin-4 (a long-

acting GLP-1R agonist) treatment in mice increases
␤-cell mass and proliferation, correlating with increased islet cyclin A2 and reduced expression of the
cell cycle kinase inhibitor p27kip .18 In these studies,
cyclin D1 and D2 levels were unchanged, in agreement with a separate report.18,42 Enhanced nuclear CREB signaling in mouse islets phenocopies
Exendin-4 treatment.18 These data, in agreement
with results from the rat islet and INS-1 studies,
implicate cAMP→PKA→CREB signaling in GLP1-triggered ␤-cell replication. However, mouse and
rat islets apparently differ in their downstream cell
cycle control of replication in response to GLP-1.
GLP-1 activates phosphoinositide 3-kinase
(PI3K) and Akt signaling, and enhances ␤-cell replication. The stimulation of INS-1 cell proliferation by
GLP-1 is abrogated by inhibtion of PI3K.40,43 PI3Kdependent production of PI-3,4,5-triphosphate recruits phosphoinositide-dependent kinase 1 (Pdk1)
and Akt to the plasma membrane, resulting in
Pdk1-dependent Akt activation.44 Inhibition of
Akt also prevents GLP-1-stimulated INS-1
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proliferation.45 This pathway is supported by
in vivo studies where Akt activation correlates with
increased GLP-1-stimulated ␤-cell proliferation
and delayed diabetes onset in Leptindb/db mice.29
These data suggest that GLP-1 stimulates ␤-cell
proliferation by a PI3K→Akt pathway.
Akt plays diverse roles in the ␤-cell, including
phosphorylation and nuclear exclusion of FoxO1.44
Overexpression of constitutively nuclear FoxO1,
abrogates GLP-1-induced INS-1 proliferation.15
Similarly, ␤-cell-specific overexpression in vivo of
constitutively nuclear FoxO1 renders ␤-cells unresponsive to Exendin-4-induced replication.15 These
data suggest that FoxO1 nuclear exclusion is necessary for GLP-1-triggered ␤-cell mitogenesis.
FoxO1 inhibits forkhead transcription factor A2
(FoxA2) and pancreatic and duodenal homeobox 1
(Pdx-1) expression. Chromatin immunoprecipitation experiments in INS-1 cells demonstrate that
GLP-1 reduces forkhead transcription factor O1
(FoXO1) occupancy on the FoxA2 gene promoter,
an effect ablated by overexpression of constitutively
nuclear FoxO1.15 GLP-1 therefore enhances FoxA2
levels, which subsequently increases Pdx-1 expression, by reducing FoxO1 transcriptional activity.15
In agreement, GLP-1 increases Pdx-1 expression and
DNA binding ability dependent upon PI3K in INS-1
cells.43
A role for Pdx-1 is further supported by in vivo
data. Exendin-4 treatment stimulates ␤-cell proliferation and correlates with increased Pdx-1 expression in rats14,46 and mice.18 Exendin-4 treatment in ␤-cell-specific Pdx-1 knockout mice does
not stimulate ␤-cell proliferation.16 These data are
consistent with a pathway whereby GLP-1 activates
PI3K→Akt→FoxO1→FoxA2→Pdx-1 and stimulates ␤-cell proliferation.
Insulin receptor substrate 2 (IRS-2) links PKA signaling to Akt activation. As discussed above, GLP-1
activates CREB-dependent transcription via PKA.
A critical target gene for CREB in the ␤-cell is IRS2.47 IRS-2 is a substrate for the insulin receptor
(IR) and insulin-like growth factor 1 (IGF-1) receptor (IGF-1R) tyrosine kinases, and is necessary
for islet growth. IRS-2-deficient mice develop diabetes due to reduced ␤-cell mass.48 IRS-2 binds
and activates signaling pathway effectors, including
PI3K, via their Src homology 2 (SH2) domain. GLP1 stimulates CREB-dependent activation of IRS-2
expression, which potentiates IGF-1 mediated acti-
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vation of the PI3K→Akt pathway,17,47 linking PKA
to Akt. The importance of this pathway is demonstrated in IRS-2 deficient mice. Exendin-4 treatment
does not stimulate ␤-cell proliferation in IRS-2 deficient mice.17 This occurs because the absence of IRS2 prevents GLP-1-dependent increases in Pdx-1 expression,17 presumably due to deficient Akt activity
and FoxO1 nuclear exclusion. These data implicate
IRS-2 as the link between PKA and Akt proliferative
signaling evoked by GLP-1.
The epidermal growth factor receptor (EGFR)
also activates PI3K signaling. In INS-1 cells and
rat islets, c-Src or EGFR inhibition ablates GLP1-induced ␤-cell replication.49 It has been hypothesized that the GLP-1R activates the c-Src tyrosine
kinase, which activates an endoprotease, releasing
an endogenous EGF ligand, thus transactivating the
EGFR.49 This hypothesis was confirmed by addition of either a metalloproteinase inhibitor or a
betacellulin (an EGF receptor ligand) neutralizing
antibody. Both prevented INS-1 proliferation in the
presence of GLP-1.49 These results implicate transactivation of the EGFR in GLP-1-induced ␤-cell
proliferation. Interestingly, c-Src or EGFR inhibition also abrogates PI3K activation.49 These data
suggest that like IRS-2, EGFR transactivation recruits and activates PI3K, likely via the SH2 domain,
and stimulates ␤-cell replication.
Atypical protein kinase C isoform  (PKC- )
stimulates ␤-cell proliferation downstream of PI3K.
GLP-1 treatment of INS-1 cells stimulates nuclear
translocation of PKC- .50 Since PKC- is a PDK1
target,51 it is presumably activated by GLP-1 via
a PI3K→PDK1→PKC- pathway. Addition of a
PKC- pseudosubstrate or expression of dominantnegative PKC- ablates GLP-1-dependent INS-1 cell
proliferation.50 These data establish that PKC- is
downstream of GLP-1 during the promotion of
INS-1 proliferation but do not provide insight
into its downstream mechanism. However, atypical PKCs have been implicated in Pdx-1 activation.52 The data suggest a pathway where GLP-1 activates PI3K, which stimulates PKC- →Pdx-1 and
enhances proliferation.
Mitogen-activated protein kinase (MAPK) signaling regulates GLP-1-induced ␤-cell proliferation. GLP-1 stimulates MAPK activation in INS-1,50
MIN-6,17 rat islets,53 and human islets.17,54 Similarly, in vivo GLP-1 treatment increases ␤-cell proliferation and delays diabetes onset in Leptindb/db
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mice, correlating with increased MAPK activity.29
A causal role for MAPK in INS-1 cells is supported
by the observation that MAPK inhibition reduces
INS-1 cell proliferation and cyclin D1 expression.40
In addition, in rat islets, cytokines reduce ␤-cell
proliferation by inhibiting MAPK activity.53 GLP-1
treatment restores MAPK activity and ␤-cell proliferation, an effect that is sensitive to MAPK antagonism.53 These data demonstrate that MAPK
activation, potentially downstream of the EGFR49
or PKA,55 also regulates GLP-1-induced ␤-cell
replication.
The Wnt signaling pathway is activated by GLP-1
and stimulates ␤-cell proliferation. Canonical Wnt
signaling is regulated by the stability of the ␤-catenin
transcription factor.56 In the absence of Wnt ligands, GSK3␤, other proteins, and ␤-catenin form a
destruction complex, where GSK3␤ phosphorylates
␤-catenin, targeting it for ubiquitination and degradation.56 In the presence of Wnt ligands, Wnt binds
to the frizzled receptor, leading to activation of disheveled and inhibition of GSK3␤.56 Inhibition of
GSK3␤ causes accumulation and nuclear translocation of ␤-catenin.56 Nuclear ␤-catenin then combines with other transcription factors, including
TCF7L2, and activates gene transcription.56
GLP-1 treatment of INS-1 cells or mouse islets
increases Wnt target gene expression and enhances
TCF7L2 reporter gene activity.57 This effect was ablated by GLP-1R antagonists,57 suggesting a GLP1R-dependent mechanism. Overexpression of dominant negative TCF7L2 (transcription factor 7like 2) in INS-1 cells or dispersed mouse islets
inhibits Exendin-4-induced ␤-cell proliferation.57
Similarly, ␤-catenin knockdown in INS-1 cells inhibits Exendin-4-triggered replication.57 These results demonstrate that Wnt is necessary for proliferation.
Liu and Habener57 investigated how GLP-1R signaling leads to Wnt pathway activation in INS-1
cells. Using small molecule inhibitors, PKA, Akt,
and MAPK pathways were identified as necessary
for GLP-1-induced Wnt signaling activation.57 Liu
and Habener further showed that PKA phosphorylates ␤-catenin on Ser-675, prevents its ubiquitination and degradation.57 GLP-1 thus activates a
GLP-1R→cAMP→PKA→␤-catenin pathway. Using chromatin immunoprecipitation in INS-1 cells,
both ␤-catenin and TCF7L2 were identified on the
cyclin D1 promoter after Exendin-4 treatment, co-

inciding with a 14-fold increase in cyclin D1 expression.57 The importance of Wnt signaling in ␤-cell
proliferation is supported in vivo by genetic studies,
which both increased and reduced Wnt signaling
in ␤-cells.58 Increased Wnt signaling causes ␤-cell
mass expansion through increased ␤-cell replication, while reduced Wnt signaling results in loss of
␤-cell mass.58 In summary, GLP-1 activates Wnt signaling by stabilizing ␤-catenin via PKA. Increased
␤-catenin and TCF7L2 transcribe cyclin D1 and enhance ␤-cell proliferation.
In summary, the GLP-1R activates two key pathways that trigger ␤-cell mitogenesis (Fig. 1). The
GLP-1R activates PKA signaling and transactivates the EGFR. PKA signaling directly activates
MAPK signaling, Wnt signaling, and PI3K→Akt
via CREB→IRS-2. The EGFR activates MAPK signaling, PI3K→Akt, and PI3K→PKC- . The PKA,
Akt, MAPK, and PKC- pathways activate CREB,
Wnt, and Pdx-1 transcription factors, stimulating
␤-cell replication.

The role of GIP in the stimulation of in vivo
β-cell proliferation is unclear
Unlike GLP-1, GIP has strong effects on adipocyte
biology. GIP receptor (GIPR) knockout mice fed a
high-fat diet are resistant to obesity, insulin resistance, and glucose intolerance.59 Even more strikingly, GIPR knockout mice in the Leptinob/ob background resist obesity, demonstrate improved insulin
sensitivity, and are more glucose tolerant.59 This occurs because GIPR knockout mice expend more energy and use fat as their preferred energy source,
resulting in reduced adiposity.59
The dual role of GIP in adipocytes and ␤-cells has
complicated interpretations of GIP as a ␤-cell mitogen. For example, GIPR antagonist administration
to Leptinob/ob mice improves glucose tolerance, enhances insulin sensitivity, and reduces ␤-cell mass.60
If GIP promotes ␤-cell proliferation during obesity, then GIP inhibition should reduce ␤-cell mass.
However, improvements in glucose tolerance and
insulin sensitivity reduce the insulin demand and
need for expanded ␤-cell mass. Therefore, it is unclear whether the primary effect of GIP antagonism
is on the adipocyte or the ␤-cell.
A few studies implicate GIP in in vivo ␤cell proliferation. Dipeptidyl Peptidase-4 (DPPIV) degrades plasma GIP and GLP-1. DPP-IV inhibitors increase ␤-cell proliferation during ␤-cell
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Figure 2. Mechanisms of GIP-stimulated ␤-cell proliferation. GIP activates PKA, Akt, and MAPK, triggering ␤-cell mitogenesis.
Dotted lines and question marks indicate that the mechanisms connecting the indicated arrows are unidentified.

regeneration,22 in the Leptindb/db mouse,26 and in
high-fat fed mice treated with streptozotocin.34
These studies do not differentiate between GLP-1
and GIP. However, one report demonstrates that
GIP treatment increases islet size and number in the
Leptinob/ob mouse.61 The latter study does not discriminate between ␤-cell proliferation, apoptosis,
or islet neogenesis. In a human patient, elevated
fasting plasma GIP correlates with islet cell hyperplasia.62 Despite the limited in vivo evidence, in vitro
experiments demonstrate that GIP enhances ␤-cell
mitogenesis.40,63–65

Mechanisms of GIP-induced β-cell replication
GIP activates the cAMP→PKA pathway in a
fashion similar to GLP-1 (Fig. 2). GIP binds
to its G protein-coupled receptor1 and activates
G␣S →cAMP→CREB signaling.1,63,65 Inhibition of
PKA prevents GIP-stimulated ␤-cell replication in
INS-1 cells64 and rat islets.40 These data implicate
PKA signaling downstream of the GIPR.
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GIP enhances MAPK signaling and stimulates
␤-cell proliferation. GIP treatment of INS-1 cells
activates the MAPK phosphorylation cascade and
MAPK-dependent transcription.65,66 Inhibition of
MAPK signaling prevents GIP from activating INS-1
cell cycle progression.40,64 McIntosh and colleagues
investigated the mechanisms of GIP-induced MAPK
signaling.66 They reported that cAMP/PKA signaling activates MAPK by influencing Rap1/B-Raf activity.66 Increased Rap1/B-Raf triggers the MAPK
cascade, activating the Mek upstream kinase, leading to Erk activation.66 These data implicate the
MAPK pathway in GIP-mediated INS-1 cellular proliferation and establish crosstalk between PKA and
MAPK pathways in ␤-cell replication.
GIP promotes PI3K→Akt signaling and activates ␤-cell replication. GIP promotes activation of
PI3K→Akt signaling and subsequent FoxO1 and
GSK3␤ phosphorylation.65 In rat islets, inhibition
of PI3K prevents GIP from triggering ␤-cell mitogenesis.40 However, in INS-1 cells, inhibition of PI3K

c 2010 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1212 (2010) 41–58 

Gut peptides and β-cell mass

Lavine & Attie

does not strongly affect GIP-mediated replication.64
These data suggest that GIP→PI3K→Akt signaling
could promote ␤-cell proliferation, but the data is
less convincing than those implicating the PKA and
MAPK pathways.
In summary, GIPR activation activates PKA,
Akt, and MAPK and stimulates ␤-cell proliferation
(Fig. 2). This pathway is quite similar to GLP-1stimulated ␤-cell replication. MAPK activation occurs through PKA, but the pathway of Akt activation
remains unknown. In addition, the transcription
factors downstream of GIPR-dependent signaling
remain unidentified. It is likely that these undetermined pathways and transcription factors are similar to those described for GLP-1.

CCK promotes rat β-cell replication
CCK stimulates rat ␤-cell proliferation in vivo. Administration of CCK-8 after streptozotocin treatment in rats increases fasting plasma insulin, reduces fasting plasma glucose, and expands ␤-cell
mass via proliferation.67 Similarly, in the rat partial
pancreatectomy model, CCK-8 treatment increases
islet cell replication during the regenerative phase.68
The OLETF rat is a model of obesity and diabetes
caused by a null Cckar mutation.31 After partial
pancreatectomy, the OLETF rat demonstrates reduced ␤-cell proliferation.69 These data implicate
CCK→CCKAR signaling in vivo, which promotes
rat ␤-cell proliferation.
CCK enhances rat ␤-cell proliferation ex vivo.
Neonatal rat ␤-cells proliferate in culture after CCK8 treatment.70 Similarly, overexpression of Cck in
isolated rat islets stimulates islet cell proliferation.71
However, overexpression of Cck in mouse and human islets has no effect on replication.71 Recently,
we demonstrated that CCKAR blockade, but not
CCKBR antagonism, prevents CCK-8-stimulated
␤-cell proliferation. In addition, a specific CCKAR
agonist phenocopied CCK-8-activated ␤-cell mitogenesis (J.A.L, unpublished data). These data
demonstrate that CCK→CCKAR signaling stimulates rat ␤-cell proliferation.
Gastrin and β-cell proliferation
The data implicating gastrin in ␤-cell proliferation
are sparse. Proglumide, a CCK and gastrin antagonist, diminishes ␤-cell regeneration after alloxan
treatment in mice.72 Given the limited involvement
of CCK in mouse ␤-cell proliferation, this phenotype could be explained by antagonism of gastrin

action. This data links gastrin to ␤-cell proliferation or islet neogenesis. As will be discussed later,
a role for gastrin in neogenesis is more strongly
supported. In humans, islet hyperplasia and ␤-cell
proliferation have been observed in close proximity
to intrapancreatic gastrinoma tumors.73 However,
despite serum gastrin levels high enough to cause
gastrointestinal symptoms, ␤-cell proliferation was
not observed >1 cm away from the gastrinoma,73
implicating a factor other than gastrin.
Islet neogenesis

Islet neogenesis versus β-cell proliferation
The relative contributions of ␤-cell proliferation
versus islet neogenesis to ␤-cell mass expansion is
highly controversial. Initial studies provided histologic clues for islet neogenesis, leading to speculation about the existence of pluripotent islet stem
cells. However, no unambiguous identifier for islet
neogenesis exists, like ␤-cell BrdU incorporation in
proliferation, making detection of islet neogenesis
challenging.
Genetic methods to trace cell lineage have been
informative, but not definitive. Irreversible ␤-cell
labeling demonstrates that the major source of new
␤-cells during adult life or after partial pancreatectomy is pre-existing ␤-cells,37 implying a ␤-cell
proliferative mechanism. This result was confirmed
in a ␤-cell regeneration model, involving diptheria toxin-induced ␤-cell loss.74 These studies powerfully demonstrate the role of ␤-cell proliferation
during ␤-cell mass regeneration, but they do not directly investigate the contribution of islet neogenesis
to this process.
Inada and colleagues directly addressed the contribution of ductal progenitor cells to islet neogenesis during pancreatic ductal ligation.75 They used
the human carbonic anhydrase II (CAII) promoter
to irreversibly label duct cells.75 Greater than 40%
of ␤-cell mass regeneration after pancreatic duct
ligation was attributable to islet neogenesis from
CAII-positive cells.75 In a similar study, Solar and
colleagues irreversibly labeled duct cells using the
mouse Hnf1␤ promoter.76 Fewer than 5% of ␤-cells
were ductal in origin after pancreatic duct ligation or
alloxan treatment.76 These data suggest that CAIIpositive cells and not Hnf1␤-positive cells contribute to islet neogenesis. A more recent study reported ␣-to-␤-cell transdifferentiation after ␤-cell
ablation.77 Taken together, these studies suggest that
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significantly more plasticity exists in the endocrine
and exocrine pancreas than previously expected. In
addition, the progenitor cell type for islet regeneration could be model- and stimulus-specific.

GLP-1 stimulates islet neogenesis
GLP-1 promotes islet neogenesis in many model
systems. In unstressed rodents, exogenous GLP-1R
agonism stimulates islet neogenesis.14,15 In models
of ␤-cell regeneration, GLP-1R agonist administration increases markers of islet neogenesis in rats
subjected to partial pancreatectomy20,21 or streptozotocin treatment,78 and in diabetic NOD mice.36,79
Similar results have also been obtained in models of
obesity-induced diabetes.27,29,30 These studies provide observational and correlative data linking GLP1 to islet neogenesis.
The data that support islet neogenesis come from
histological observations. GLP-1-induced “small
islets,” “islet-like clusters,” and/or “␤-cell clusters”
have been identified in many studies.14,15,20,21,27,29,30
These very small islets have been associated with acinar14 or duct structures.14,20,21,30,36,78,79 The ductassociated de novo islets are most often associated
with the smallest ducts, termed intercalated ducts.
The many observations of duct-associated ␤-cell
clusters has prompted the hypothesis that GLP-1responsive islet progenitor cells exist within the duct
cell population.
Two studies have challenged this model by
transplanting duct-rich cell populations into diabetic rodents. Intravenous treatment with GLP1 overexpressing primary duct cells of rats made
diabetic with streptozotocin treatment restored glucose homeostasis via graft cell infiltration into
the exocrine and endocrine pancreas.80 Second,
transplantation of low-purity human islet preparations into streptozotocin-induced diabetic NODScid mice (NOD mice without a competent immune system) improved glycemia, increased graft
insulin content, and increased insulin-positive graft
cells during gastrin and GLP-1 combination therapy.81 In addition, the insulin-positive graft cells
were commonly cytokeratin 19 (CK19)-positive.81
These studies suggest that GLP-1-responsive islet
progenitors may exist within the duct cell population, but do not exclude extra-graft effects of GLP-1
treatment.
In vitro differentiation studies demonstrate that
GLP-1 promotes ␤-cell differentiation. Several stud-
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ies show that GLP-1 treatment induces the differentiation of duct cells into insulin-producing
cells,53,82,83 which are capable of secreting insulin
in response to glucose.82,83 In addition, embryonic
stem cell treatment with GLP-1 and other factors
stimulates differentiation of insulin-positive cells
and increases glucose responsiveness.84,85 Furthermore, transplantation of these cells into diabetic
NOD-Scid mice improves glycemic control.84,85
In conclusion, substantial evidence supports
GLP-1-stimulated islet neogenesis. During unstressed conditions, obesity-induced diabetes, or after ␤-cell ablation, GLP-1R agonism increases the
number of small islets and duct-associated ␤-cells.
In culture, GLP-1 can trigger the differentiation of
duct or embryonic stem cells into insulin-producing
cells. Genetic labeling studies are controversial, both
supporting and denying the existence of ductal islet
progenitor cells.75,76 Future studies to identify and
genetically label the islet progenitor cells before
GLP-1 treatment will be necessary to conclude that
GLP-1 causes islet neogenesis.

GIP and islet neogenesis
Three reports suggest that endogenous and exogenous GIP stimulate islet neogenesis. Overexpression of a dominant-negative GIPR in mouse ␤cells causes diabetes due to severely reduced ␤-cell
mass.86 Even as early as 10 days of age, the pancreas
of GIPR dominant-negative mice demonstrates
fewer islets of normal size and fewer ␤-cell clusters,86
suggesting impaired endogenous islet neogenesis.
Similarly, after streptozotocin treatment, GIPR antagonism worsens diabetes and severely reduces ␤cell mass.87 Exogenous GIPR agonists increase islet
number and islet size in Leptinob/ob mice.61 Greater
islet number might be an indication of neogenesis,
but association of new islets with ducts has not been
reported in these studies. GIP addition to differentiation cocktails for embryonic stem cells enhances
differentiation, insulin production, and glucose responsiveness.88 These studies implicate a potential
for GIP in the regulation of islet neogenesis and
warrant further investigation.
Gastrin promotes islet neogenesis
Gastrin signaling stimulates islet neogenesis in
unstressed mice. Pancreatic overexpression of
transforming growth factor ␣ (TGF␣) in mice
causes metaplastic-ductule formation, including
some insulin-positive cells.89 These insulin-positive

c 2010 New York Academy of Sciences.
Ann. N.Y. Acad. Sci. 1212 (2010) 41–58 

Gut peptides and β-cell mass

Lavine & Attie

cells are not sufficient to increase ␤-cell mass.89
␤-cell-specific overexpression of gastrin alone leads
to no demonstrable phenotype.89 However, combined overexpression of gastrin and TGF␣ increases
islet mass and reduces duct mass when compared
to transgenic mice overexpressing TGF␣ only.89
These findings suggest that gastrin promotes the
differentiation of ductule cells into islets. Similarly,
pancreatic overexpression of the CCKBR via the
Elastase promoter increases insulin-positive single cells and cell clusters both adjacent to ducts
and interspersed within the acinar tissue.90 These
changes increase whole pancreas insulin content and
improve glucose tolerance,90 suggesting increased
functional ␤-cell mass.
Gastrin promotes islet neogenesis during islet
regeneration. After pancreatic duct ligation in
rats, gastrin treatment doubles ␤-cell mass by increasing duct-associated single ␤-cells and ␤-cell
clusters without affecting ␤-cell proliferation or
apoptosis.91 Similarly, gastrin and EGF treatment
restores normoglycemia by increasing islet number
and islet mass in alloxan- and streptozotocin-treated
mice.92,93 Histologically, more insulin-positive duct
cells93 and cytokeratin-positive ␤-cells were observed in ducts, small ␤-cell clusters, and islets.92
Insulin and cytokeratin co-staining suggest ductto-islet transdifferentiation. In support of this inference, culture of isolated human islets with gastrin and EGF increases the number of insulin-,
glucagon-, and CK19-positive cells.94 Transplantation of these cultured human islets into diabetic
NOD-Scid mice improves glucose tolerance and increases glucagon-, insulin-, and CK19-positive graft
cells.94 These data suggest, in agreement with those
conducted in alloxan-treated mice, that gastrin and
EGF treatment can stimulate islet neogenesis from
cytokeratin-positive cells.
Gastrin therapy, in combination with an EGF ligand, stimulates islet neogenesis. The data support
a model wherein the EGF ligand increases ductule
mass through acinar transdifferentation or ductule
proliferation. Gastrin therapy, via CCKBR signaling, promotes the differentiation of new ductule
structures into single ␤-cells and eventually, ductassociated islets.

CCK and islet neogenesis
A small number of reports suggest a role for CCK
in islet neogenesis. One report suggests that both

CCK and GLP-1 enhance glucose-stimulated insulin secretion and the number of ␤-cells in fetal
pig islet-cell like clusters.95 These data suggest that
CCK, like GLP-1, stimulates functional maturation
and differentiation of fetal ␤-cells. As discussed previously, in one study, simultaneous CCKAR and
CCKBR antagonism worsens diabetes in alloxantreated mice.72 This study does not differentiate between CCK and gastrin nor their role in islet neogenesis versus ␤-cell proliferation. Since CCK is as
good an agonist for the CCKBR as gastrin, it is likely
that combination treatment of CCK with an EGFlike ligand could promote islet neogenesis.
β-cell apoptosis

GLP-1 promotes β-cell survival in vivo
GLP-1 prevents ␤-cell death in multiple models of
␤-cell loss. In unstressed mice, GLP-1 reduces ␤-cell
apoptosis.16 In streptozotocin-induced ␤-cell toxicity, GLP-1 receptor agonism reduces ␤-cell apoptosis and improves glycemic control,96,97 while GLP1R knockout mice demonstrate increased ␤-cell
apoptosis and worsened diabetes.96 In models of autoimmunity, GLP-1 treatment prevents ␤-cell apoptosis in the NOD mouse23,79 and the BB rat.24 In
models of obesity-induced diabetes, GLP-1 receptor agonism reduces ␤-cell apoptosis and ameliorates diabetes in the Leptindb/db mouse,29,98 the ZDF
rat,30 the OLETF rat,32 and Psammomys obesus.99
These studies provide strong evidence for GLP-1 receptor signaling as an anti-apoptotic therapeutic for
the ␤-cell, and suggest a possible application in islet
transplantation therapy. In streptozotocin-induced
diabetic mice receiving islet transplants, GLP-1R
agonists reduce graft ␤-cell apoptosis.100–102 The
strength of these studies has prompted the use of
GLP-1R agonists in human patients with type 1 diabetes receiving islet transplantations. GLP-1R agonism after islet transplantation reduces both the
number of islets required for and extends the duration of insulin-independence.103–105
Anti-apoptotic mechanisms of GLP-1
GLP-1 can promote ␤-cell survival in many
models of ␤-cell apoptosis. GLP-1 prevents the
cytotoxic effects of cytokines, ER stress, glucolipotoxicity, staurosporine, hydrogen peroxide, and
streptozotocin. In this section, we will focus upon
the signaling pathways downstream of the GLP-1
receptor (Fig. 3).
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Figure 3. Mechanisms whereby GLP-1 protects ␤-cells from apoptosis. GLP-1 increases PKA signaling, which activates Akt and
prevents ␤-cell apoptosis. Gray arrows indicate normal unfolded protein response pathways. Black arrows indicate how GLP-1
influences ER stress.

GLP-1 protects ␤-cells from cytokine-mediated
cell death. In mouse,106,107 rat,96,108 and human109
islet cultures, GLP-1R agonists prevent cytokinemediated ␤-cell apoptosis. Several reports detail the
involvement of both the PKA and the Akt pathways
in this process.
PKA signaling is necessary and sufficient for GLP1 to protect ␤-cells from cytokines. Direct activation
of PKA by forskolin in rat islets mimics the cytoprotective effects of GLP-1.108 Accordingly, dominantnegative CREB overexpression in human islets
prevents GLP-1 from protecting ␤-cells from
cytokine-induced apoptosis.109 Abderrahmani and
colleagues further elucidated the mechanisms
downstream of CREB.110 Islet-brain 1 (IB1) is a
c-Jun N-terminal kinase (JNK) pathway scaffold
protein, where IB1 expression negatively regulates
JNK activation.111 IB1 has been identified as a type
2 diabetes candidate gene112 and its expression is
critical for JNK activity and apoptosis in the ␤cell.113 Ferdaoussi and colleagues showed that GLP1-stimulated PKA activity causes CREB-dependent
IB1 expression via a cis-acting CRE site in the
IB1 promoter.110 Increased IB-1 expression prevents
cytokine-mediated JNK activation and apoptosis.110
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These data suggest a pathway wherein GLP-1 activates CREB-dependent IB1 expression and prevents
JNK activation. A role for PKA signaling in vivo
is supported by the G␣S ␤-cell-specific knockout
mouse114 and the ␤-cell-specific transgenic overexpressing dominant-negative CREB.47 Both of these
mice are deficient in CREB activity and are diabetic
due to reduced ␤-cell mass and increased ␤-cell
apoptosis.47,114
PKA activates the Akt pathway and prevents
cytokine-mediated ␤-cell apoptosis. In human
islets, GLP-1-induced protection from cytokinemediated apoptosis correlates with increased phosphorylated Akt.109 In rat islets and INS-1 cells, inhibition of Akt signaling by antagonist treatment108
or dominant-negative Akt constructs115 abolishes GLP-1-dependent protection from cytokines.
Cornu and colleagues further investigated the mechanisms by which Akt activation prevents cytokinemediated ␤-cell apoptosis.106 GLP-1 receptor signaling induces the expression of the IGF-1R and
the expression and secretion of IGF-2.106 A reduction in IGF-1R signaling through ablation of IGF2 or IGF-1R expression prevents GLP-1-dependent
cytoprotection.106 Recently, Thorens and colleages
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further demonstrated that IGF-1R expression is
PKA-dependent.116 These studies highlight a pathway whereby GLP-1 activates PKA, which induces the expression of IGF-2 and the IGF-1R
and increases Akt-dependent signaling and prevent apoptosis. Similarly, ␤-cell-specific overexpression of a dominant-negative CREB causes diabetes due to reduced ␤-cell mass, correlating
with reduced IRS-2 expression.47 Therefore, PKAdependent signaling increases Akt activation and
promotes ␤-cell survival by increasing IGF-2 expression and secretion, IGF-1R expression, and IRS-2
expression.
GLP-1 protects ␤-cells from ER stress-induced
death by directly modulating the ER stress
pathway via PKA. In the Leptindb/db mouse,
Exendin-4 treatment reduces endoplasmic reticulum (ER) stress and pro-apoptotic CCAAT/enhancing-binding protein homologous protein
(CHOP) expression, increases ␤-cell mass and ameliorates diabetes.98 In isolated rat islets, Exendin-4
protects ␤-cells from ER stress-induced cell death
via PKA activity.98 Drucker and colleagues further
determined the mechanism whereby GLP-1 signaling mediates ER stress and the unfolded protein
response.98 GLP-1R signaling regulates the protein
kinase-like endoplasmic reticulum kinase (PERK)
arm of the unfolded protein response, restoring
translation, and promoting synthesis of proteins involved in the ER stress gene expression program,
which maintain ER homeostasis.98 PKA enhances
activating transcription factor 4 (ATF-4) translation early during ER stress.98 Early upregulation of
ATF-4, promotes growth arrest and DNA-damageinducible 34 (GADD34) expression, which promotes dephosphorylation of eIF2␣, thus increasing
translation of ER stress response genes and decreasing expression of pro-apoptotic CHOP.98 A role for
GLP-1R signaling in modulation of ER stress and
promotion of ␤-cell survival has been confirmed in
other animal models. Exendin-4 treatment reduces
ER stress, decreases ␤-cell apoptosis, and increases
␤-cell mass in both ␤-cell-specific calmodulin overexpression117 and after partial pancreatectomy20
in mice.
GLP-1 protects ␤-cells from many toxic stresses
via PKA and Akt signaling pathways. In human118
and rat islets,108 GLP-1 protects ␤-cells from high
glucose and palmitate-triggered apoptosis. Activation of PKA by forskolin mimics GLP-1-induced

cytoprotection from glucolipotoxicity.108 Inhibition
of Akt by antagonist treatment108 or dominantnegative Akt expression118 ablates GLP-1-mediated
protection from high glucose and palmitate. Similarly, PKA and Akt signaling protect ␤-cells from
staurosporine45,119 and hydrogen peroxide15,120 induced ␤-cell apoptosis.
In summary, GLP-1-dependent prevention of ␤cell apoptosis is directly controlled by PKA signaling (Fig. 3). The PKA pathway directly inhibits the
pro-apoptotic JNK pathway by increasing IB-1 expression. In addition, PKA signaling increases Akt
activation by stimulating IGF-2, IGF-1R, and IRS2 expression and activation. Finally, PKA enhances
ATF-4 translation and ameliorates ER stress during
the unfolded protein response. By regulating these
pathways, GLP-1 protects ␤-cells from cytokines,
glucolipotoxicity, ER stress, staurosporine, and hydrogen peroxide.

GIP prevents β-cell apoptosis in vivo
The role of GIP in reduction of ␤-cell apoptosis in vivo is more clearly defined than its role in
␤-cell proliferation. In models of obesity-induced
diabetes, GIPR agonism reduces ␤-cell apoptosis
and increase ␤-cell mass, ameliorating diabetes in
the Leptinob/ob mouse,61 the ZDF rat,121 and the
Vancouver ZDF rat.121,122 In streptozotocin-treated
mice, GIPR agonist treatment reduces ␤-cell apoptosis,97,121 while GIPR antagonist treatment worsens diabetes.87 These studies demonstrate that exogenous GIP treatment prevents ␤-cell apoptosis
during severe obesity and streptozotocin-induced
diabetes.
Anti-apoptotic mechanisms of GIP
GIP prevents ␤-cell death through multiple signaling pathways (Fig. 4). PKA, Akt, p38 MAPK, and
JNK are all influenced by GIPR-dependent signaling. Crosstalk between all of these pathways likely
mediates the effects of GIP in preventing apoptosis
in severe obesity and streptozotocin toxicity.
GIP protects ␤-cells from ER stress-induced
apoptosis via cAMP-dependent pathways. McIntosh
and colleagues showed that CREB activates Bcl-2
expression via a cis-acting CRE site in the Bcl-2
promoter.123 Inhibition of CREB or Bcl-2 expression prevented GIP-mediated cytoprotection from
ER stress.123 In addition, both GIP and forskolin
phenocopied the effect of GLP-1 in modulating the
unfolded protein response via the PERK pathway,
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Figure 4. Mechanisms whereby GIP prevents ␤-cell apoptosis. GIP stimulates PKA signaling, which activates Akt and inhibits
p38 MAPK and JNK, thereby reducing ␤-cell apoptosis.

ameliorating ER stress, and promoting ␤-cell survival via PKA signaling.98 These studies suggest a
direct role for both PKA and CREB, downstream
of the GIPR, in reducing ER stress-induced ␤-cell
apoptosis.
GIP activates the Akt pathway, reducing ␤-cell
apoptosis. Combined high glucose/free fatty acid
treatment of INS-1 cells and mouse islets stimulates ␤-cell apoptosis by reducing Akt signaling,
increasing nuclear FoxO1, and increasing FoxO1dependent pro-apoptotic Bax expression.122 GIP
treatment increases Akt signaling, preventing nuclear FoxO1 accumulation and reducing Bax expression.122 McIntosh and colleagues further elucidated the mechanism of Akt activation by GIP.119
Akt inhibition, but not PI3K inhibition, ablates GIPmediated protection from staurosporine-induced
INS-1 cell death.119 Furthermore, direct exchange
protein activated by cAMP (EPAC) activation phenocopies GIP, preventing staurosporine-mediated
INS-1 cell death.119 Unlike GLP-1R signaling, pathways by which PKA signaling increases IGF signaling
(via the IGF-1R, IGF-2, and/or IRS-2) are unlikely
to mediate Akt activation downstream of the GIPR
because PI3K is dispensable. These studies suggest
that cAMP activates Akt signaling through EPAC,
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preventing ␤-cell death likely via reducing Bax
expression.
The p38 MAPK and JNK pathways are inhibited
by GIP, preventing ␤-cell apoptosis. GIP-mediated
protection from staurosporine-induced INS-1 cell
death is suppressed by AC, Akt, p38 MAPK, and
JNK inhibition.124 Inhibition of Akt signaling prevents GIP-mediated reduction in active p38 MAPK
and JNK signaling,124 suggesting that GIP activates
Akt and supresses p38 MAPK and JNK activation.
This occurs through Akt-dependent phosphorylation and inhibition of apoptosis signal-regulating
kinase 1 (ASK1).124 Finally, activation of p38 MAPK
and JNK trigger apoptosis by increasing mitochondrial BimEL, Bad, and Bax phosphorylation,
which trigger cytochrome C release and apoptosis.124 These data implicate a pathway whereby GIP
activates Akt, which inactivates ASK1, reducing p38
MAPK and JNK activity. Reduced p38 MAPK and
JNK activity prevent mitochondrial accumulation of
pro-apoptotic Bcl-2 family member proteins. Since
AC is also necessary for this pathway, it is likely
that EPAC regulates Akt activation, as discussed
previously.
In summary, GIP prevents ␤-cell apoptosis by increasing cAMP (Fig. 4). GIPR agonism increases
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AC activity and cAMP production. Cyclic AMP
activates PKA and EPAC. PKA prevents apoptosis
directly by regulating the PERK arm of the unfolded protein response. PKA also increases CREBdependent transcription, increasing Bcl-2 expression. EPAC activates Akt signaling. Akt prevents
apoptosis by phosphorylating FoxO1, preventing
FoxO1 nuclear accumulation, and reducing FoxO1dependent Bax expression. Akt also phosphorylates ASK1, which reduces p38 MAPK and JNK
activity, preventing mitochondrial pro-apoptotic
signaling.

CCK reduces β-cell apoptosis
A few reports exist demonstrating that CCK reduces ␤-cell apoptosis. The OLETF rat becomes diabetic due to reduced ␤-cell mass, resulting from
increased ␤-cell apoptosis.125,126 These studies suggest that signaling through the CCKAR prevents ␤cell apoptosis during obesity. Recently, we reported
that whole-body CCK-deficiency in the Leptinob/ob
background increases hyperglycemia due to relative hypoinsulinemia.127 CCK-deficient obese mice
display reduced ␤-cell mass due to increased ␤cell death.127 Furthermore, exogenous CCK treatment ex vivo or in vitro rescues ␤-cells from
thapsigargin- and cytokine-induced ␤-cell death.127
Taken together, these data suggest that CCK binds
the CCKAR and reduces ␤-cell apoptosis during
obesity.
Gastrin and β-cell apoptosis
We are aware of only one report linking gastrin to the
regulation of ␤-cell apoptosis. Combination treatment of gastrin and GLP-1 reduced ␤-cell apoptosis and restored euglycemia in the NOD mouse.79
Given the sparse data supporting a role for gastrin in ␤-cell apoptosis and the virtual absence of
the CCKBR on the ␤-cell, it is most likely that
GLP-1 was responsible for the prevention of ␤-cell
apoptosis in this study. The combination treatment
of GLP-1 with gastrin likely increased neogenesis
and restored euglycemia in conjunction with GLP1, preventing ␤-cell apoptosis. The role for gastrin
in ␤-cell mass regulation is likely only through islet
neogenesis.
Conclusions and future directions
GLP-1 promotes ␤-cell proliferation, islet neogenesis, and increases ␤-cell survival. The data demonstrating a role for GLP-1 in islet neogenesis are

incomplete because no reliable identifier of islet
neogenesis exists. A key future direction will be
to determine the islet progenitor cell and use genetic lineage tracing techniques to more strongly
demonstrate a role for GLP-1 in islet neogenesis.
The signaling pathways underlying GLP-1-induced
islet neogenesis have not been fully elucidated. However, the cAMP→PKA→CREB pathway is central to ␤-cell proliferation and survival, due to
its direct effects and its ability to influence Akt,
Wnt, PKC- , p38 MAPK, JNK, and MAPK pathways. Most of these signaling networks have been
elucidated in vitro using cell lines. A significant
hurdle will be to determine what are the relative
contributions of each pathway to in vivo ␤-cell
proliferation.
GIP promotes ␤-cell survival in vivo but only promotes ␤-cell proliferation in vitro. The effects of GIP
on adipocyte biology make conclusions about GIP
biology in the islet challenging. An important future
direction will be the development of adipocyte- and
␤-cell-specific GIPR knockout mice to elucidate the
role of GIP in ␤-cell proliferation and islet neogenesis in vivo. Next, determination of the contributions
of each signaling pathway to in vivo ␤-cell proliferation, neogenesis, and survival will be important. Still
to be answered is, what are the overlaps, synergies,
and differences between GLP-1- and GIP-mediated
signaling in the promotion of adaptive ␤-cell mass
expansion?
Gastrin promotes islet neogenesis via the CCKBR.
Like GLP-1, definitive cell lineage tracing experiments to conclusively demonstrate neogenesis will
be an important advance. In addition, the signaling
pathways are not yet fully elucidated and will help
determine the extent of overlap between gastrin and
GLP-1 in the context of islet neogenesis.
CCK, via the CCKAR, promotes ␤-cell survival
in rodents and ␤-cell proliferation in rats only. Although CCK does not stimulate human ␤-cell proliferation, does CCK promote human ␤-cell survival? Since CCK can bind the CCKBR with similar
affinity as gastrin, does CCK promote islet neogenesis? In addition, the signaling pathways that CCK
stimulates in the ␤-cell resulting in proliferation
(in rat islets) and survival (in mice) remain undetermined. It is likely that CCK signals similarly to
GLP-1 and GIP because the CCK receptors are G
protein-coupled and increase cAMP levels.2 Elucidation of these mechanisms could answer why the
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effects of CCK on ␤-cells are species-specific and
could help to design new therapeutics.
Gut peptides regulate ␤-cell mass by affecting
islet neogenesis, ␤-cell proliferation, and apoptosis by centrally regulating the cAMP→PKA→CREB
pathway. In addition, gut peptides stimulate insulin
secretion1,3,4,6 and slow gastric emptying.1 Reduced
gastric motility prolongs nutrient absorption and
reduces appetite, stimulating weight loss. These effects have prompted the use of Byetta (Exenatide)
and Januvia (Sitagliptin, a DPP-IV inhibitor)
as diabetes therapeutics. Their combined effects
upon insulin secretion, gastric motility, and ␤-cell
mass make these drugs powerful anti-diabetogenic
agents. Improved understanding of the pathways
downstream of gut peptide receptors will allow for
design of new therapeutics. Potential new therapeutics include (1) GIP receptor ligands with diminished adipogenic and improved insulinotropic
effects, (2) CCK and gastrin receptor ligands, and
(3) ␤-cell-specific cAMP→PKA→CREB pathway
activators.
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