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The gastrointestinal tract has a crucial role in the control of energy homeostasis through its role in the diges-
tion, absorption, and assimilation of ingested nutrients. Furthermore, signals from the gastrointestinal tract are 
important regulators of gut motility and satiety, both of which have implications for the long-term control of 
body weight. Among the specialized cell types in the gastrointestinal mucosa, enteroendocrine cells have impor-
tant roles in regulating energy intake and glucose homeostasis through their actions on peripheral target organs, 
including the endocrine pancreas. This article reviews the biological actions of gut hormones regulating glucose 
homeostasis, with an emphasis on mechanisms of action and the emerging therapeutic roles of gut hormones for 
the treatment of type 2 diabetes mellitus.

Introduction
After food ingestion, the digestion and absorption of nutrients 
is associated with increased secretion of multiple gut peptides 
that act on distant target sites to promote the efficient uptake 
and storage of energy. These peptide hormones are synthesized 
by specialized enteroendocrine cells located in the epithelium 
of the stomach, small bowel, and large bowel and are secreted 
at low basal levels in the fasting state. Plasma levels of most gut 
hormones rise briskly within minutes of nutrient intake and fall 
rapidly thereafter, mainly because they are cleared by the kidney 
and are enzymatically inactivated. Gut hormones activate neural 
circuits that communicate with peripheral organs, including the 
liver, muscle tissue, adipose tissue, and islets of Langerhans in 
the pancreas, to coordinate overall energy intake and assimila-
tion (Figure 1). Incretin hormones (gastrointestinal hormones 
such as glucose-dependent insulinotropic polypeptide [GIP] 
and glucagon-like peptide-1 [GLP1] that cause an increase in 
the amount of insulin released from the β cells of the islets) aug-
ment the magnitude of meal-stimulated insulin secretion from 
islet β cells in a glucose-dependent manner (1). Incretin action 
facilitates the uptake of glucose by muscle tissue and the liver 
while simultaneously suppressing glucagon secretion by the α 
cells of the islets, leading to reduced endogenous production of 
glucose from hepatic sources.

More recent studies have defined roles for gut hormones in the 
control of β cell growth and survival. Both GIP and GLP1 increase 
levels of cAMP, leading to expansion of β cell mass and resistance 
to apoptosis in preclinical studies (2). Furthermore, the gut hor-
mones cholecystokinin (CCK) and gastrin activate pathways that 
promote islet neogenesis and improve glucose homeostasis in 
experimental models of type 2 diabetes mellitus (T2DM). The 
pleiotropic actions of gut hormones converging on control of 

glucose homeostasis have fostered multiple efforts focused on 
mimicking gut hormone action for the treatment of T2DM, and 
several of these strategies, principally agonists of the GLP1 recep-
tor (GLP1R) and inhibitors of the peptidase that enzymatically 
inactivates GIP and GLP1, dipeptidyl peptidase-4 (DPP4; also 
known as CD26), have recently been approved for the treatment 
of T2DM (3). Moreover, islet neogenesis therapy, using combina-
tions of peptide hormones and EGF, is also in early clinical trials 
for the treatment of both type 1 diabetes mellitus (T1DM) and 
T2DM. This Review outlines our current understanding of the 
physiology and therapeutic potential of gut hormone action and 
highlights the emerging role of gut hormone–based approaches 
for the treatment of T2DM.

Glucose-dependent insulinotropic polypeptide
Although GIP was originally identified as a 42–amino acid 
peptide that inhibited gastric motility in dogs, it was subse-
quently shown to potentiate glucose-stimulated insulin secre-
tion (4, 5). GIP exerts its actions through the GIP receptor 
(GIPR), a member of the 7–transmembrane domain, heterotri-
meric G protein–coupled glucagon receptor superfamily (6, 7). 
GIPR is widely expressed in the pancreas, stomach, small intes-
tine, adipose tissue, adrenal cortex, lung, pituitary gland, heart, 
testis, vascular endothelium, bone, and brain (6, 8).

The sequence of GIP is highly conserved across species, with over 
90% of the amino acid sequence being identical between human, 
rat, mouse, porcine, and bovine GIP. GIP is expressed predomi-
nantly in the stomach and the K cells of the proximal small intes-
tine. GIP secretion is stimulated by nutrient ingestion and the rate 
of nutrient absorption; fat is a potent stimulus for GIP secretion in 
humans, whereas carbohydrates are more effective secretagogues 
in other species. GIP contains an alanine at position 2 and is a 
substrate for enzymatic inactivation by DPP4, an aminopeptidase 
that cleaves dipeptides from the amino terminus of proteins con-
taining alanine or proline at position 2 (9). Therefore, the half-life 
of biologically active GIP is less than 2 minutes in rats (10, 11) and 
approximately 7 minutes and 5 minutes in healthy individuals and 
patients with T2DM, respectively (11). GIP is cleared through the 
kidney, and plasma levels of GIP are elevated in patients with ure-
mia or chronic renal failure.

Biological actions of GIP. The dominant action of GIP is the 
stimulation of glucose-dependent insulin secretion (Table 1). 
This effect is mediated through elevation of intracellular cAMP 
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concentration and inhibition of ATP-sensitive K+ channels, 
which together induces β cell exocytosis (12). GIP also promotes 
insulin biosynthesis and exhibits growth factor–like activity for 
β cells in vitro through activation of cAMP/protein kinase A–
dependent, MAPK-dependent, and PI3K-dependent pathways 
(13, 14). More recent data indicate that GIP also activates anti-
apoptotic pathways in a forkhead box O1–dependent (FOXO1-
dependent) manner in islet cells in vitro, and continuous GIP 
infusion enhances β cell survival by reducing expression of the 
proapoptotic protein BAX and increasing expression of the anti-
apoptotic protein BCL2 in diabetic rodents in vivo (15).

The biological importance of endogenous GIP for the control 
of glucose homeostasis has been examined with the use of GIP 
antagonists, immunoneutralization of GIP activity, and GIPR-
deficient mice. Diminution or elimination of GIP action using 
all 3 experimental approaches leads to defective insulin secretion 
after oral glucose administration (16–18), consistent with a role 
for GIP as an essential incretin hormone. An additional role for 
GIP, in the control of adipocyte biology, derives from findings 
that GIPR is expressed by adipocytes. Gipr–/– mice have reduced 
fat depots, use fat as a preferred energy substrate, are resistant 
to diet-induced obesity, and have improved insulin sensitivity 
(18, 19). Furthermore, GIPR-deficient ob/ob mice show reduced 
weight gain, improved glucose tolerance, and reduced adipos-
ity relative to GIPR-sufficient ob/ob mice (19). Complementa-
ry evidence of a role for GIP in adipocyte biology and insulin 
action arises from studies using GIPR antagonists (20). Daily 

administration of the GIPR antagonist Pro(3)GIP to ob/ob mice 
reduced weight gain, improved fasting and postprandial glyce-
mic excursion, and enhanced both insulin secretion and insulin 
sensitivity, independent of changes in food consumption and 
body weight. Hence GIP actions on the β cell improve insulin 
secretion, whereas GIP promotes energy storage and reduces 
insulin action via effects on adipocytes. Therefore, it remains 
unclear whether activation or blockade of GIPR signaling would 
be an effective strategy for the treatment of T2DM.

GIP action in human subjects. Circulating levels of basal and 
meal-stimulated GIP are normal in subjects with T2DM. But one 
should note that early studies of the circulating levels of GIP used 
assays that measured total immunoreactive GIP. However, as 
both GIP and GLP1 are rapidly degraded at the amino terminus, 
it is important to use amino-terminal–specific assays to discrim-
inate between biologically active and amino-terminally degrad-
ed forms of GLP1 and GIP in the circulation. GIP is a potent 
incretin in normal humans, but the glucoregulatory actions 
of exogenous GIP are diminished in diabetic subjects (21, 22).  
Although the mechanisms underlying defective GIP action in 
experimental and clinical diabetes remain poorly understood, 
the β cell GIPR undergoes rapid and reversible homologous 
desensitization in vitro (23), and defective GIP action in Zucker 
diabetic fatty rats has been correlated with reduced levels of Gipr 
mRNA in pancreatic islets (24). Whether intermittent bolus 
injections of GIP would be more effective at stimulating insulin 
secretion than continuous GIP infusion in patients with T2DM 

Figure 1
Actions of selected peptides on key tissues important for the control of glucose homeostasis. Both GLP1 and GIP promote insulin biosynthesis, 
insulin secretion, and islet β cell survival. GLP1 exerts additional actions important for regulation of glucose homeostasis, including inhibition 
of glucagon secretion and gastric emptying, and induction of satiety. GIP, but not GLP1, directly engages receptors on adipocytes coupled to 
energy storage. In contrast, CCK and gastrin do not seem to acutely regulate levels of plasma glucose but might be important for stimulating the 
formation of new β cells by stimulating islet neogenesis.
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is a subject of ongoing investigation (25). Similarly, the contri-
bution of endogenous GIP to the therapeutic efficacy of DPP4 
inhibitors remains uncertain. It remains possible that successful 
treatment of diabetes with DPP4 inhibitors or other therapeu-
tic agents might be associated with partial or complete restora-
tion of GIP responsivity, and hence there remains interest in the 
therapeutic potential of endogenous and exogenous GIP for the 
treatment of T2DM.

The proglucagon-derived peptides
Proglucagon-derived peptides (PGDPs) are generated by differential 
posttranslational processing of the precursor proglucagon in the 
pancreas, intestine, and brain. Although glucagon is the principal 
PGDP produced in α cells of the islets, prohormone convertase 1  
(PC1) generates glicentin, oxyntomodulin, GLP1, and GLP2 from 
proglucagon in enteroendocrine L cells. The importance of PC1 
processing of proglucagon in enteroendocrine L cells is illustrated 
by the phenotype of PC1-deficient mice, which exhibit multiple 
defects in prohormone processing, including a lack of substan-
tial amounts of mature bioactive GLP1 and GLP2. Although most 
PGDP-expressing cells are located in the distal bowel and colon, 
there are also cells in the more proximal regions of the small bowel 
that produce both GLP1 and GIP.

Nutrient ingestion potently upregulates intestinal expression 
of the gene encoding proglucagon and the secretion of PGDPs, 
and a high-fiber diet (26), protein hydrolysates, and short-chain 
fatty acids increase levels of mRNA encoding proglucagon in 
enteroendocrine L cells (27, 28). Intestinal injury and resection 
are both associated with elevated circulating levels of PGDPs 

and increased levels of proglucagon  
mRNA in the remnant intes-
tine (29, 30). PGDP secretion by 
enteroendocrine L cells is stimu-
lated by neural signals, peptide 
hormones such as GIP (in rodents 
but not humans), and direct nutri-
ent contact (31).

GLP1.  GLP1 circulates as 2 
equipotent forms, GLP17-37 and 
GLP17-36amide (32–34), but most 
circulating GLP1 in humans is 
GLP17-36amide (35). Plasma levels 
of full-length GLP1 are typically 
within the 5- to 10-pM range in 
the fasting state and increase to 
approximately 50 pM after meal 
ingestion (35, 36). A small, but 
detectable, defect in meal-stimu-
lated GLP1 secretion has been 
observed in subjects with obesity 
or T2DM about 60–120 minutes 
after food consumption (36). 
Clearance of GLP1 has received 
considerable attention because of 
the therapeutic potential of the 
peptide. The half-life of circulat-
ing native bioactive GLP1 is less 
than 2 minutes (37, 38), mostly 
because it is cleared by the kidney 
and degraded by DPP4.

GLP1 exerts multiple physiological actions leading to control 
of energy intake and nutrient assimilation (1) (Table 1). The 
original physiological role described for GLP1 was that of an 
incretin hormone that stimulates insulin secretion in a glucose-
dependent manner (39–41). GLP1 also increases transcription of 
the gene encoding insulin and enhances both the stability of the 
mRNA encoding insulin and biosynthesis of insulin by mecha-
nisms that involve pathways that are both dependent on and 
independent of cAMP and protein kinase A, as well as pathways 
that increase the intracellular concentration of Ca2+ (Table 1). 
GLP1 also improves β cell function by inducing increased expres-
sion of sulfonylurea receptor and inwardly rectifying K+ channel 
(KIR6.2) in β cells. It also prevents the downregulation of mRNA 
encoding KIR6.2 and the downregulation of ATP-sensitive K+ 
channel activity induced by high levels of glucose.

The physiological importance of endogenous GLP1 has been dem-
onstrated using GLP1R antagonists, immunoneutralizing antisera, 
and Glp1r–/– mice. Elimination of GLP1 activity with GLP1-immu-
noneutralizing antisera or the GLP1R antagonist exendin9–39, which 
is a truncated form of the lizard GLP1-related peptide exendin-4, 
results in impaired glucose tolerance, and diminished glucose-stim-
ulated insulin levels in both animals and humans (17, 42–44). Fur-
thermore, basal GLP1 signaling in the fasting state is essential for 
regulation of glucose homeostasis, because infusion of exendin9-39  
increases levels of fasting glucose and glucagon in human subjects, 
demonstrating that even low basal levels of GLP1 exert a tonic inhib-
itory effect on glucagon-secreting α cells (45). Similarly, Glp1r–/–  
mice are glucose intolerant and have defective glucose-stimulated 
insulin secretion and fasting hyperglycemia (46).

Table 1
Summary of GLP1 and GIP actions relevant to glucose control and the treatment of T2DM

	 GLP1	 GIP	
Pancreas
Stimulates glucose-dependent insulin secretion	 +	 +
Increases insulin gene transcription, mRNA stability, and biosynthesis	 +	 +
Inhibits glucagon secretion	 +	 –
Stimulates somatostatin secretion	 +	 –
Enhances β cell response to glucose	 +	 +
Induces β cell neogenesis and proliferation	 +	 +
Inhibits β cell apoptosis	 +	 +
Increases expression of key genes important for differentiated β cell function	 +	 +

Gastrointestinal tract	 	
Inhibits gastric emptying	 +	 –
Inhibits gastric acid secretion	 +	 +

Central nervous system	 	
Inhibits food and water intake	 +	 –
Promotes satiety and weight loss	 +	 –
Enhances memory and neuronal survival	 +	 –
Activates aversive pathways leading to nausea/vomiting	 +	 –

Cardiovascular system	 	
Improves cardiovascular function after ischemia	 +	 –
Reduces the extent of cardiomyocyte death after experimental injury	 +	 –

Adipose tissue	 	
Insulin-like lipogenic actions	 –	 +
Lipid storage	 –	 +

“+” denotes that this action occurs; “–” denotes that this action does not occur.
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The insulinotropic and glucagonostatic effects of GLP1 depend 
on elevated levels of plasma glucose, thereby reducing the likeli-
hood that treatment of diabetic subjects with GLP1R agonists 
would lead to hypoglycemia. In in vitro islet studies, GLP1 con-
fers glucose sensitivity to β cells and improves the number of β 
cells able to respond to glucose. However, GLP1R signaling is 
not essential for β cells to sense glucose in mouse islets (47). The 
demonstration that GLP1 upregulates molecular components of 
the glucose-sensing system in β cells (that is, glucose transport-
ers, ATP-sensitive K+ channels, and glucokinase) might provide a 
partial mechanism for understanding the effects of GLP1 on the 
glucose responsiveness of β cells (48, 49). Furthermore, short-term 
exposure to GLP1R agonists markedly improves glucose-stimulat-
ed insulin secretion in patients with T2DM (50–52).

GLP1 also promotes the proliferation and neogenesis of β 
cells, reduces β cell apoptosis, and increases differentiation of 
exocrine-like cells toward a more differentiated β cell phenotype 
(2, 53–57). Conversely, elimination of mouse GLP1R signaling 
is associated with reduced numbers of large β cell clusters and 
alterations in α cell topography (58). Furthermore, following 
partial pancreatectomy, Glp1r–/– mice exhibit a reduced adaptive 
islet-regenerative response and greater hyperglycemia than lit-
termate controls (59). Glp1r–/– mice are also more sensitive to the 
cytotoxic and diabetogenic actions of streptozotocin (60). The 
signal transduction pathways whereby GLP1 mediates its pro-
liferative effects have not been completely defined but involve 
PI3K, EGFR transactivation, and p38 MAPK and PKCζ (61, 62). 
Furthermore, GLP1 also activates a transcriptional program 
critical for cell survival; and pancreatic and duodenal homeobox 
gene 1 (PDX1), FOXO1, and insulin receptor substrate 2 (IRS2) 
have been identified as essential downstream targets for GLP1R-
dependent cytoprotection in β cells (60, 63, 64). GLP1 also 
reduces the expression of proapoptotic genes, enhances glucose-
stimulated insulin secretion, and prevents apoptosis induced by 
high levels of glucose and/or palmitate in human β cells through 
mechanisms involving AKT (65, 66).

Biological actions of glicentin, oxyntomodulin, and GLP2. Glicen-
tin is a 69–amino acid PGDP that contains the 29–amino acid 
sequence of glucagon flanked by peptide extensions at both the 
amino and the carboxyl terminus. Although secreted together 
with GLP1 and GLP2 from enteroendocrine L cells, glicentin 
has not been shown to regulate glucose homeostasis. Oxynto-
modulin also contains the 29–amino acid sequence of glucagon 
with an additional 8–amino acid carboxy-terminal extension. 
Oxyntomodulin stimulates intestinal glucose uptake (67) and 
insulin secretion (68) and inhibits gastric emptying, food intake, 
and meal-stimulated gastric acid secretion. Oxyntomodulin also 
induces satiety, inhibits food intake, and increases energy expen-
diture in humans (69, 70). Although oxyntomodulin is a weak 
agonist of both GLP1R and the glucagon receptor, the anorectic 
actions of oxyntomodulin are blocked by the GLP1R antagonist 
exendin9-39 (71) and are eliminated in the absence of a functional 
GLP1R (72). Therefore, it seems that many of the pharmacologi-
cal actions of oxyntomodulin represent heterologous activation 
of related PGDP receptors.

GLP2 is a 33–amino acid peptide secreted with GLP1 from 
enteroendocrine cells in a nutrient-dependent manner. GLP2 
rapidly induces hexose transport in jejunal basolateral membrane 
vesicles (73). The main biological consequence of exogenous GLP2 
administration is expansion of the mucosal epithelium in the 

small bowel. The intestinotrophic actions of GLP2 have been dem-
onstrated in rodents with intestinal injury (74, 75) and in humans 
with short bowel syndrome (76–78). Although acute GLP2 admin-
istration increased levels of plasma glucagon, triglycerides, and 
FFAs in the postprandial state (79), there is no evidence that acute 
or chronic GLP2 administration directly regulates insulin secre-
tion or glucose homeostasis in humans (76).

GLP1R agonists and treatment of T2DM
Native bioactive GLP1 rapidly lowers plasma glucose in patients 
with T2DM (80–82), and a 3-week trial of preprandial subcutane-
ous GLP1 injections improved postprandial glycemic control and 
reduced levels of glucagon in the plasma of subjects with T2DM 
(83). Furthermore, the improved β cell function, and lowered fast-
ing and postprandial glucose and hemoglobin A1c (HbA1c) lev-
els observed after continuous subcutaneous GLP1 infusion for 6 
weeks, were associated with modest weight loss and improved insu-
lin sensitivity (50). The first GLP1R agonist approved for the treat-
ment of T2DM was exendin-4, a naturally occurring GLP1-related 
peptide isolated from the venom of the lizard Heloderma suspectum 
(84). Exendin-4 exhibits 53% amino acid identity to mammalian 
GLP1, is a potent GLP1R agonist (85), and is encoded by a gene dis-
tinct from that encoding lizard GLP1 (86). The actions of synthetic 
exendin-4 (exenatide) were examined in a series of phase III clini-
cal trials in which exenatide was given twice daily to patients with 
T2DM who had not achieved satisfactory glucose control when 
taking metformin and/or a sulfonylurea. Exenatide therapy sub-
stantially lowered HbA1c levels in all 3 treatment groups by about 
0.9% (87–89), with 34%–46% of patients achieving a level of HbA1c 
less than 7% (87–89). The main side effect was nausea, although 
that diminished with ongoing therapy. However, patients receiv-
ing concomitant treatment with sulfonylureas also experienced 
increased rates of mild to moderate hypoglycemia. Importantly, 
exenatide therapy resulted in modest amounts of weight loss  
(87–89), with patients continuing on the drug for 82 weeks experi-
encing a mean weight loss of 4 kg (3). Although exendin-4–specific 
antibodies have been detected in 41%–49% of patients treated with 
exenatide (87–89), the antibodies do not correlate with the thera-
peutic response in most subjects (87–89).

Treatment with exenatide has also been compared with treat-
ment with the insulin analogue insulin glargine as adjunctive 
therapy for patients with T2DM not optimally controlled by oral 
agents. Exenatide and insulin glargine produced comparable 
reductions in HbA1c levels of approximately 1.1% after 26 weeks 
of therapy in patients with a mean initial HbA1c level of 8.2%–8.3% 
(90). The incidence of gastrointestinal side effects was substantial-
ly greater in patients treated with exenatide; however, exenatide 
therapy was associated with a mean weight loss of 2.3 kg, whereas 
patients treated with insulin glargine gained approximately 1.8 kg 
(90). A combination of exenatide and thiazolidinedione therapy 
also seems to be effective in reducing HbA1c levels in the presence 
or absence of concomitant metformin therapy.

A number of GLP1R agonists are also in clinical development, 
including liraglutide, a DPP4-resistant analogue of GLP1 that 
binds noncovalently to albumin and is suitable for administra-
tion just once a day because it has a longer half-life than exena-
tide (51, 91). Liraglutide lowered HbA1c levels with no associated 
weight gain in a 12-week monotherapy study (92) and is currently 
in phase III clinical trials. A long-acting release (LAR) form of 
exenatide, designated exenatide LAR, is also under active inves-
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tigation (93). When administered once a week, it showed such 
promising efficacy in a pilot phase II clinical trial that it is cur-
rently being compared with twice-daily doses of exenatide in a 
phase III clinical trial of patients with T2DM. Taken together, the 
available evidence strongly suggests that additional long-acting 
GLP1R agonists with unique pharmacokinetic profiles will prob-
ably be approved for the treatment of T2DM.

Inhibiting DPP4 to enhance levels of GLP1 and GIP
DPP4 is widely expressed in many tissues and cell types and is 
catalytically active in both its cell-associated membrane-bound 
form and its soluble circulating form. DPP4 catalyzes the cleav-
age of GIP and GLP1 to bioinactive GIP3-42 and GLP19-37 or 
GLP19-36amide, respectively. The importance of DPP4 for glucose 
homeostasis is revealed in studies characterizing the phenotype 
of DPP4-deficient rodents. DPP4-deficient rats exhibit elevated 
levels of GLP1 and improved glucose tolerance (94), and DPP4-
deficient mice exhibit increased levels of plasma GLP1 and GIP 
(95), enhanced insulin secretion, improved glucose tolerance, and 
resistance to diet-induced obesity.

Consistent with the observations in rodents lacking DPP4, DPP4 
inhibitors lower blood glucose, stimulate insulin secretion, and 
increase the levels of intact GLP1 and GIP in preclinical models 
of diabetes (96, 97). Similarly, DPP4 inhibitors produce substan-
tial reduction of glycemia as well as decreased levels of circulat-
ing glucagon and improvement in the insulin/glucose ratio in 
humans with T2DM (98, 99). Two DPP4 inhibitors, vildagliptin 
and sitagliptin, have completed phase III clinical trials, and their 
efficacy in both monotherapy and combination therapy regimens 
was examined. Both vildagliptin and sitagliptin markedly lower 
HbA1c when used either as initial monotherapy, or in combina-
tion with other oral antidiabetic agents such as biguanides, thi-
azolidinediones, or sulfonylureas. The results of these phase III 
clinical trials are now under regulatory review, and the first DPP4 
inhibitor (sitagliptin) was approved for the treatment of T2DM 
in the United States in October 2006. The contrasting actions of 
GLP1R agonists and DPP4 inhibitors are summarized in Table 2.  
Although both types of agent stimulate insulin and inhibit gluca-
gon secretion, GLP1R agonists, but not DPP4 inhibitors, inhibit 
gastric emptying and promote satiety, leading to weight loss. In 
contrast, DPP4 inhibitors seem to be extremely well tolerated with-
out substantial nausea or vomiting.

Other gut hormones that can impact  
glucose homeostasis
In addition to the well-known roles of incretin hormones in the 
control of glucose homeostasis, several gut hormones produced in 
the stomach (ghrelin and gastrin) and small and large bowel (cho-
lecystokinin [CCK]) exhibit actions important for glucoregulation 
and the treatment of T2DM.

CCK and gastrin. Although the classical actions of CCK and 
gastrin are focused on the control of gallbladder contraction, 
satiety, and pancreatic and gastric acid secretion, both peptides 
exert actions relevant to the control of glucose homeostasis. 
CCK has 2 main receptors, CCKAR (also known as CCK1R) and 
CCKBR (also known as CCK2R), and it is CCKBR that mediates 
the effects of CCK on the control of glucose homeostasis by the 
pancreas. Both gastrin and CCK have been shown to stimulate 
glucagon release from human islets in vitro. However, CCK also 
stimulates insulin secretion in rodents in a glucose-dependent 
manner, and infusion of a form of CCK containing 8 amino acids 
(CCK-8) increases plasma insulin concentration and reduces glu-
cose excursion following meal ingestion in normal and T2DM 
subjects (100). Although glucose homeostasis seems normal in 
mice with an inactivating mutation in either the gene encoding 
CCKAR or the gene encoding CCKBR, gastrin-deficient mice 
exhibit mild hypoglycemia and a defective glucagon-secretory 
response to insulin-induced hypoglycemia (101). Both CCK and 
gastrin also exert proliferative effects on pancreatic β cells. CCK-8  
promotes regeneration of β cells in rats after nicotinamide- and 
streptozotocin-induced β cell destruction (102), and gastrin 
promotes islet neogenesis in transdifferentiated pancreatic tis-
sue in vivo (103). Furthermore, a combination of EGF and gas-
trin induces islet neogenesis in mice after alloxan-induced β cell 
destruction (104), and in NOD mice with experimental autoim-
mune diabetes (105). Of potential clinical relevance, the com-
bination of EGF and gastrin promotes the formation of new β 
cells from pancreatic ductal epithelium in vitro and increases the 
number of functioning β cells after transplantation of human 
islets into NOD×SCID mice (106). Furthermore, genetic disrup-
tion of the gene encoding CCK markedly increases the severity of 
diabetes in ob/ob mice. Hence there is ongoing interest in the use 
of a combination of EGF and gastrin for regeneration of β cell 
mass, a concept that is currently being tested in human clinical 
trials in subjects with either T1DM or T2DM.

Ghrelin. Ghrelin is a 28–amino acid orexigenic hormone secret-
ed from the stomach in the fasting state whose actions promote 
food consumption in rodent and human studies (107). Ghre-
lin also seems to have both physiological and pharmacological 
actions on the endocrine pancreas. Acylated bioactive ghrelin is 
produced in the recently described ε cell in the pancreatic islets 
(108), potentially providing a local source of ghrelin that acts on 
β cells of the islets. Blocking the function of endogenous ghrelin 
with the use of an antagonist for its receptor (the growth hor-
mone secretagogue receptor) markedly lowered fasting glucose 
concentrations, attenuated glycemic excursion, and enhanced 
insulin responses during a glucose tolerance test, suggesting 
an inhibitory role for ghrelin in the control of insulin secretion 
(109). Conversely, exogenous ghrelin increased glycemic excur-
sion and reduced insulin secretion in rodents in vivo, and ghre-
lin seems to directly inhibit insulin secretion in isolated islets in 
vitro (109). Similar differences in the function of endogenous 
and exogenous ghrelin have been observed in other studies. For 

Table 2
Contrasting actions of GLP1R agonists and DPP4 inhibitors

	 GLP1R 	 DPP4 	
	 agonists	 inhibitors
Administration	 Injection	 Orally available
GLP1 concentrations	 Pharmacological	 Physiological
Mechanisms of action	 GLP1	 GLP1 plus GIP
Activation of portal glucose sensor	 No	 Yes
Increased insulin secretion	 Yes	 Yes
Reduced glucagon secretion	 Yes	 Yes
Gastric emptying	 Inhibited	 No effect
Weight loss	 Yes	 No
Expansion of β cell mass (preclinical)	 Yes	 Yes
Nausea and vomiting	 Yes	 No
Potential immunogenicity	 Yes	 No
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example, the physiological importance of endogenous ghrelin as 
an inhibitor of insulin secretion was illustrated by the observa-
tion that ghrelin-deficient ob/ob mice expressed lower amounts 
of uncoupling protein 2 in their islets, secreted more insulin, 
and were more sensitive to insulin than ghrelin-sufficient ob/ob  
mice (110). Conversely, central administration of ghrelin 
increases the rate at which white and brown adipose tissue, but 
not skeletal muscle, uses glucose (111). Intriguingly, ghrelin 
treatment of neonatal rats exposed to streptozotocin attenuated 
the development of diabetes and was associated with increased 
islet neogenesis, suggesting that ghrelin might have a prolifera-
tive or cytoprotective effect on β cells (112). Taken together, the 
available evidence suggests an emerging role for ghrelin in the 
central (body weight) and peripheral (β cell function) control of 
glucose homeostasis.

Gastrointestinal disorders affecting  
glucose homeostasis
Intestinal injury and inflammation. Enteroendocrine cell biology 
is often perturbed in the setting of intestinal injury; however, 
there is limited information about changes in the actions of gut 
peptides in patients with intestinal disease. Although reduction 
of enteroendocrine cell mass and reduced secretion of insulino-
tropic peptides might theoretically increase the risk of glucose 
intolerance, intestinal disorders are often accompanied by loss 
of nutrient-absorptive capacity, diarrhea, anorexia, and weight 
loss, which offset the clinical impact of incretin deficiency. 
However, plasma levels of several gut peptides can be elevated 
in response to different forms of intestinal inflammation and 
gut resection (113–115). Patients with extensive resection of the 
small and large bowel exhibit substantial reductions in circulat-
ing levels of GLP2 after meal ingestion, whereas preservation of 
the colon seems to be important for maintaining levels of both 
GLP1 and GLP2 in adult human subjects. In contrast, the colon 
seems to be less important for preservation of plasma levels of 
GLP2 in infants with nutrient malabsorption consequent to 
intestinal surgery.

Alteration of the normal anatomy of the gastrointestinal tract, 
as occurs following gastric bypass surgery, can be associated 
with dysregulated gut hormone secretion. Plasma levels of GLP1 
and GIP are elevated in some patients after gastric bypass; this 
perhaps contributes, together with weight loss and enhanced 
insulin sensitivity, to the improved glucose tolerance observed 
in subsets of these patients (116). Similarly, postprandial eleva-
tions in levels of the anorectic peptide, peptide YY, and GLP1 
have been described in patients after Roux-en-Y gastric bypass 
surgery, and this was associated with enhanced satiety, weight 
loss, and improved glucose homeostasis (117, 118). A syndrome 
of postprandial hyperinsulinemic hypoglycemia associated with 
pancreatic nesidioblastosis has been described in several patients 
after gastric bypass (119, 120), and some of these patients have 
markedly increased levels of plasma GLP1 in the postprandial 
state (119). Although patients with postprandial hyperinsulin-
emic hypoglycemia probably present with combined abnormali-
ties in the control of gastric emptying and an acquired defect 
in β cell function manifesting as postprandial hypoglycemia, 
it remains less clear whether this syndrome is causally related 
to changes in levels of gut hormones, and it remains uncertain 
whether there are true changes in β cell mass or nesidioblastosis 
in affected subjects (121).

Genetic disorders. An inactivating mutation in the gene encoding 
PC1 has been described in several subjects (122). Although loss 
of PC1 action might be predicted to include relative deficiency of 
bioactive GIP and GLP1, the glucose intolerance, intractable diar-
rhea, and malabsorption phenotype in these individuals probably 
obscures the potential importance of loss of incretin action in this 
setting. Similarly, although inactivating mutations in the gene 
encoding the transcription factor neurogenin-3 cause profound 
loss of gut endocrine cell populations in the small intestine, severe 
chronic malabsorptive diarrhea was the clinical presentation in all 
3 affected humans (123).

In contrast, specific genetic polymorphisms in the gene encod-
ing transcription factor 7–like 2 (TCF7L2) are associated with 
an increased risk of developing T2DM in 3 independent popula-
tions (124). Furthermore, inheriting 2 specific TCF7L2 variants, 
rs12255372 and rs7903146, has been associated with a relative 
reduction in insulin secretion and an increased likelihood of pro-
gression from impaired glucose tolerance to T2DM in the Diabe-
tes Prevention Program study (125). Although the precise mecha-
nisms linking TCF7L2 to control of β cell function and glucose 
homeostasis remain unclear, this transcription factor seems to be 
important for control of proglucagon gene expression, and therefore 
GLP1 production, in gut endocrine cells. Therefore, examination 
of whether reduced levels of meal-stimulated GLP1 responses con-
tribute an increased risk for the development of T2DM in subjects 
with different TCF7L2 genotypes seems logical.

Summary and future directions
The diverse actions of gut peptides in regulating the control of 
satiety, gut motility, nutrient digestion and absorption, and dis-
posal and storage of energy have focused increasing interest on 
the therapeutic potential of these hormones for the treatment 
of disorders of energy homeostasis. Considerable evidence sup-
ports an essential biological role for endogenous GLP1 in the 
control of β cell function, and clinical data demonstrating the 
efficacy of the first GLP1R agonist, exenatide, are compelling. 
Notably, most antidiabetic agents are often associated with 
weight gain over time, whereas exenatide therapy is frequently 
associated with weight loss, an important clinical feature that 
differentiates GLP1R agonists from all other available therapies 
for T2DM. The introduction of DPP4 inhibitors in the clinic will 
provide an opportunity to enhance incretin action by single daily 
administration of a well-tolerated orally available tablet, a fea-
ture appealing to both physicians and many patients who might 
be reluctant to initiate injectable therapies. Furthermore, there 
remains great interest in understanding whether 1 or more gut 
hormones might be useful for β cell protection and/or regen-
eration of new β cells for the treatment of T1DM, and clinical 
trials using islet neogenesis therapy (in the form of a combina-
tion of gastrin and EGF) might soon provide answers to these 
questions. Moreover, GLP2 is being investigated for its ability to 
restore nutrient absorption and reduce mucosal damage in the 
setting of short bowel syndrome and Crohn disease and might 
soon represent the first reparative therapy available for patients 
with intestinal injury. As most of these hormones are secreted 
transiently after nutrient ingestion and then rapidly inactivated 
and cleared, there has been considerable interest in the develop-
ment of degradation-resistant peptide hormone agonists for the 
treatment of human disorders. Given the actions of these gut 
peptides on cell proliferation and survival, and the inherent 
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potential immunogenicity of modified gut peptides, the enthu-
siasm for the use of these new agents should be combined with 
ongoing vigilance for potential adverse events as we begin to use 
these new agents for the treatment of human disease.
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