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The present special issue was aimed at elucidating the role
and the effects of glucagon-like peptide-1 (GLP-1) in type
2 diabetes. GLP-1 is a gastrointestinal hormone, mainly
secreted after meals, capable of increasing glucose-stimulated
insulin release and inhibits food intake. The physiological
activity of this hormone has been demonstrated to be
impaired in obese subjects and in patients with type 2
diabetes in comparison with healthy subjects.

Available data suggest that GLP-1 plays a relevant role in
the regulation of postprandial glucose metabolism in phys-
iologic conditions. Several new drugs act through the GLP-
1 signaling system to stimulate insulin release and regulate
blood glucose levels in patients with diabetes. Therefore, a
special issue exploring the physiological properties of GLP-
1 and the possible applications in several clinical settings is
particularly warranted.

This special issue is composed of 5 articles: two mech-
anistic studies and three systematic reviews and meta-
analyses, exploring GLP-1-induced signaling mechanisms
and molecular identification and cloning of the GLP-1
receptor. The reviews and meta-analyses are focused on the
promising beneficial extraglycaemic effects of the incretin-
based therapy, including those on lipid profile and cardio-
vascular risk.
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Novel incretin-based drugs, such as glucagon-like peptide-1 receptor agonists (GLP-1 RA) and dipeptidyl peptidase-4 inhibitors
(DPP-4i), have been last introduced in the pharmacological treatment of type 2 diabetes. In the last few years, the interest on the
relationship of gut hormones with bone metabolism in diabetes has been increasing. The aim of present paper is to examine in
vitro and in vivo evidence on the connections between incretin hormones and bone metabolism. We also discuss results of clinical
trials and metaanalysis, explore the effects of incretin drugs in vitro on osteogenic cells and osteoclasts, and speculate on the
possibility of different effects of GLP-1 RA and DPP-4i on the risk of bone fractures risk in humans. Although existing preliminary
evidence suggests a protective effect on the bone, at least for DPP-4i, further controlled, long-term studies with measurement of
bone markers, bone density, and clinical fractures rates are needed to substantiate and confirm those findings.

1. Introduction

Glucose, protein, and fat and mixed meal ingestion is
associated with a significant reduction in markers of bone
resorption, detectable by twenty minutes after feeding [1].
Bone formation is also influenced, but it seems to be less
responsive to nutrients than resorption [2]. Biochemical
assessment of bone turnover demonstrates that food intake
is the major cause of the reduced bone turnover during
daytime, which is followed by a nocturnal increase [3]. In
addition, the observation that parenteral feeding is related to
bone mass reduction [4] suggests a functional link between
gut and bone metabolism through hormones responding
to nutrients absorption, such as, incretins. The concept
of incretins has been introduced to define gastrointestinal
hormones released after meal ingestion, which modulate
glucose homeostasis, mainly through both glucose-induced
enhancement of insulin secretion and inhibition of glucagon
release, such as glucagon-like peptide-1 (GLP-1). Beneficial
extraglycemic actions on body weight, blood pressure,
dyslipidemia, cardiac and endothelial function are further
reported. Novel drugs based on the incretin system, such
as, glucagon-like peptide-1 receptor agonists (GLP-1 RA)

and dipeptidyl peptidase-4 inhibitors (DPP-4i), have been
approved for the therapy of type 2 diabetes [5]. In the last few
years, the interest on the relationship of gut hormones with
bone formation and turnover in diabetes has been increasing,
with preliminary data suggesting the possibility of positive
effects of GLP-1 RA and DPP-4i on bone health. The aim of
present paper is to examine in vitro and in vivo evidences
on the connections between incretin hormones and bone
metabolism. We also discuss results of clinical trials and
meta-analysis, thus explore investigating the in vitro effects
of incretin drugs in vitro on osteoblasts and osteoclasts,
and speculate on the cells and presenting the possibility of
different effects of GLP-1 RA and DPP-4i effects on the risk
of bone fractures risk in humans clinical studies.

2. The Gut-Brain-Bone Axis and Diabetes

The regulation of bone turnover in response to feeding is
complex with probable involvement of several mediators.
The most important mediators identified are intestinal
(GLP-1, GLP-2, Glucose-dependent Insulinotropic Peptide
or GIP, and Peptide YY) and pancreatic beta cell (insulin,
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Figure 1: Gut mediators of the acute bone turnover in response to feeding. GLP-1: glucagon-like peptide-1; GLP-2: glucagon-like peptide-2;
GIP: glucose-dependent insulinotropic peptide; PYY: peptide YY; CNS: central Nervous System. Broken lines represent putative pathways.

amylin, preptin, and pancreatic polypeptide) hormones [6].
Pancreatic peptides have direct actions on bone cells, while
Peptide YY probably acts through arcuate nucleus in the
central nervous system, thus regulating adrenergic tone and
bone metabolism (Figure 1).

Diabetes is related to an increased risk of bone fractures
[7]. A systematic review performed on 16 eligible studies
indicates a significant increased risk of hip fracture both in
type 2 diabetic women (overall relative risk (RR) 2.1; 95%
confidence interval (CI): 1.3, 2.2) and men (overall RR 2.8;
95% CI: 2.6, 15.1) [8]. The observed increase in fracture
risk is likely to be related to impaired bone quality rather
than to bone mineral density. The related mechanisms, due
at least in part to hyperglycemia, neuropathy, and higher
incidence of hypovitaminosis D, are not yet fully understood
[9]. However, disease progression is associated with low
bone turnover, suggesting potential influences of antidiabetic
agents on bone density and fracture rates. The increased
incidence of bone fractures in patients with diabetes could
also be due, at least part, to the effect of glucose- lowering
therapies. It has been observed that long-term treatment with
thiazolidinediones (TZDs) is associated with an increased
risk of fracture in women with type 2 diabetes compared with
other antidiabetic agents [10, 11]. The effect of TZD on bone
fractures could be due to a specific inhibition of osteoblast
differentiation and activity [12]. Furthermore, most available
studies report a higher incidence of bone fractures in insulin-
treated patients, in comparison with noninsulin-treated
type 2 diabetic individuals [13], even after adjusting for
concomitant antidiabetic medications [14]. The underlying
mechanism is not completely understood, however, the
contribution of an increased risk of falls induced by hypo-
glycemia cannot be excluded [15]. Moreover, a modifiable
nutritional factor, such as, vitamin D deficiency, is also
believed to play a role. Recent epidemiological evidence
supports an increasing prevalence of hypovitaminosis D,
inversely related to BMI, in all subset populations including
children and adolescents [16]. Low 25-OH vitamin D levels
are associated with higher probability of future diagnosis of
type 2 diabetes, and in patients with established diabetes,

with an increased incidence and progression of macro- and
microvascular complications [17]. Cross-sectional studies
confirmed an association between vitamin D status and risk
of falls [18], but evidence from randomized clinical trials is
required.

3. GLP-1 and Bone: Mechanisms of Action

GLP-1 is secreted by intestinal endocrine L cells, mainly after
nutrient intake and rapidly inactivated by DPP-4 produced
by endothelial cells. GLP-1 stimulates insulin secretion and
inhibits glucagon secretion both in a glucose-dependent
manner, thus ameliorating glucose homeostasis. A wide
range of extrapancreatic actions on body weight, lipid profile
and cardiovascular system has been recently described [5].
Mixed meal [19] and oral-glucose-load-induced [20] GLP-
1 response have been reported to be reduced in Type 2
diabetes in comparison with healthy subjects; considering
the possible involvement of GLP-1 in bone metabolism, the
impairment of the GLP-1 axis could theoretically contribute
to the increased risk of fractures in type 2 diabetes.

The actions of GLP-1 are predominantly mediated by
a G protein-coupled receptor (GLP-1 R) expressed in the
pancreas, stomach, intestine, kidney, lung, vascular system,
heart, and brain. GLP-1 R activation stimulates adenylate
cyclase, with formation of cyclic adenosine monophosphate
(cAMP) and subsequent phosphorylation of protein kinase A
[21]. In rodents, GLP-1 R has been detected on parafollicular
thyroid C cells and GLP-1-mediated activation leads to C-
cell proliferation and to calcitonin release, which could
contribute to decrease bone resorption [22]. Moreover,
genetic disruption of GLP-1 R in Glp-1 r−/− knockout mice
resulted in decreased cortical bone mass, and increased
osteoclasts number. The bone resorption increase appeared
to be sensitive to an acute calcitonin administration, thus
promoting a calcitonin-dependent pathway in the GLP-
1 mediated control of bone metabolism [23]. However,
important differences on the expression levels of GLP-1 R
between rodents and human have been described. In rodents
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(both mice and rats) C cells are relatively abundant, and
calcitonin represents an important regulatory hormone in
calcium homeostasis. In humans, conversely, C cells are
significantly less represented and the physiological role of the
hormone, except for some circumstances, such as, pregnancy
and lactation, is uncertain [24]. Knudsen et al. showed a
lack of functional response to GLP-1 in terms of cAMP
production and calcitonin release in human TT thyroid C-
cell line compared to rat C-cell lines MTC 6–23 and CA-
77. The clinical relevance of these findings was confirmed
by large clinical trials performed in type 2 diabetic patients
treated with GLP-1 R agonists [22].

The possibility that GLP-1 might directly act on bone
cells has also been investigated. The G protein-coupled GLP-
1 R is expressed on human osteoblastic precursor cells
[25] but not on mature osteoblasts [26]. The osteoblast
activity modulation by GLP-1 seems to be related to different
development stage. In human bone marrow stromal cells,
GLP-1 promotes cellular proliferation and cytoprotection,
preventing differentiation into adipocytes [27]. It has been
recently demonstrated that GLP-1 can functionally interact
with osteoblastic cells through a receptor, different from the
GLP-1 R previously described. In liver and muscle [28], the
effects of GLP-1 on glucose homeostasis are not related to a
cAMP stimulation but to a rapid hydrolysis of glycosylphos-
phatidylinositoli (GIPs), generating inositolphosphoglycans
(IPGs) and to a phosphatidylinositol-3 kinase (PI3K) and
mitogen activated protein kinase (MAPK) activities. In a
well-characterized later stage of osteoblastic cell line, such
as MC3T3-EI, GLP-1 has shown to promote the immediate
hydrolysis of GPIs, and this effect is consistent with the
specific binding to a functional receptor independent of
the cAMP-linked GLP-1 R. These data support the effect
of IPGs as a second messenger and a GLP-1-induced
stimulation upon PI3K and the existence of MAPK activities
in osteoblastic cells [29] but required confirmation in vivo,
particularly in humans.

In streptozotocin-induced diabetic and fructose-stimu-
lated insulin-resistant rats, an insulin- and PTH-independ-
ent bone anabolic effect of GLP-1 has been recently shown,
following 3-day continuous infusion on the trabecular bone
structure [30]. In both these experimental models, GLP-1
and Exendin-4 (a natural GLP-1 RA) increased osteopro-
tegerin/receptor activated of NF-κβ ligand (OPG/RANKL)
ratio, interacting with the Wnt pathway in osteoblasts to
decrease bone remodeling. In particular, analysis of bone
structure by microcomputer tomography supported a trend
toward a small-size increase of BMD in the appendicular
skeleton [31]. Similar results were reported in high-fat
diet fed rats, following the same administration scheme
[32]. These studies suggest a GLP-1-induced inhibition
of bone resorption by osteoclasts, through direct effects
on osteoblasts both in animal models of type 2 diabetes
and metabolic syndrome, thus promoting a further careful
evaluation of bone effects in ongoing Phase III clinical trials
investigating the efficacy of a long-acting GLP-1 R analog,
such as, liraglutide, in the treatment of obesity.

In response to feeding, as previously reported, different
gut mediators are cosecreted. GIP, an incretin peptide, such

as, GLP-1, is released from enteroendocrine K cells and func-
tional GIP receptors are detected on osteoblasts-like cells,
thus regulating their proliferation and activity. However,
GIP receptors are in vitro downregulated by continuous
exposure to GIP, thus requiring a pulsatile hormone release
to stimulate osteoblasts [26]. Transgenic mice overexpressing
GIP show increased bone mass and reduced bone loss with
aging [33]. At the same time, GLP-2 and peptide YY are
cosecreted with GLP-1 from L cells after feeding. GLP-2
receptors are expressed on osteoclasts, and a related decrease
on bone resorption has been shown in vitro [26]. Peptide YY
knock-out mice showed a significant decreased bone mass
and a further increase of bone loss after ovariectomy [34].

4. Incretins and Bone:
Clinical Evidence in Humans

Long-term exposure of type 2 diabetic patients to exenatide,
an incretin mimetic agent, was not significantly associated
to an increased bone fracture risk, despite the progressive
weight loss: at 82 weeks an average weight reduction of
4.4 kg was reported, with a mean of 11.9 kg (−11.4% of
baseline body weight) in highest weight loss quartile [35].
Several previously reported studies have shown that a 5–10%
weight loss is associated to a significant decrease in bone
mass and to an increase of bone resorption, especially in
obese postmenopausal women [36]. Moreover, bone mineral
density and markers of calcium homeostasis (serum alkaline
phosphatase, calcium and phosphate) were not affected by
44 week treatment with exenatide in comparison to insulin
glargine, a long-acting insulin, in type 2 diabetic subjects
[37].

In a recent small double blind randomized clinical
trial enrolling drug naı̈ve type 2 diabetic patients, one-year
treatment with DPP-4i (vildagliptin 100 mg daily) was not
significantly related to significant change both in markers of
bone resorption and calcium homeostasis in comparison to
placebo [38].

A recent meta-analysis was performed including 28 clini-
cal trials with a duration of at least 24 weeks, enrolling 11,880
and 9,175 patients for DPP-4i and comparators, respectively.
Following a treatment of 35 weeks mean duration, 63 bone
fractures were reported as serious adverse events. Despite
short duration of trials, absence of discrimination between
sex and pre-/postmenopausal state and evaluation of only
severe bone fractures, DPP-4i, compared with placebo or
other treatments, were associated with a reduced risk of
fractures (Mantel-Haenszel odds ratio [MH-OR] 0.60, 95%
CI 0.37–0.99, P = 0.045), even after the exclusion of com-
parisons with thiazolidinediones or sulfonylureas (MH-OR
0.56, 0.33–0.93, P = 0.026) [39].

On the other hand, GLP-2 injection in postmenopausal
women resulted in a significant reduction of bone turnover
in a dose-dependent manner [40]. The decrease of bone
resorption by GLP-2 required an intact gastrointestinal tract,
where GLP-2 receptors have been located in the myenteric
plexus. The lack of GLP-2 response in jejunostomy patients
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[41] supported the afferent nerve fibres involvement in the
regulation of bone metabolism by GLP-2.

5. Conclusions

The mechanisms through which feeding regulates bone
turnover is complex and probably involved several media-
tors. Gastrointestinal peptides, such as, GLP-1, GIP, GLP-2
and peptide YY have been shown to favour bone formation
over resorption. In the last few years, growing experimental
evidences reported positive effects of novel incretin-based
antidiabetic drugs on bone health. Clinical data on bone
fractures risk profile during GLP-1 RA and DPP-4i therapies
could vary with respect to their concomitant different
(positive and neutral, resp.) effect on body weight. A
positive action of GLP-1 RA on bone homeostasis could be
overshadowed by weight loss-induced bone mass decrease,
thus determining neutrality of GLP-1 RA treatment on
bone fracture risk profile in human clinical trials. Moreover,
despite stimulation of GLP-1 R through specific agonists,
inhibition of incretin-hormone degrading enzyme DDP-4
enhances postprandial availability of different gut mediators
of acute bone metabolism, such as, GLP-1, GIP, GLP-2, and
peptide YY. Additional beneficial effects on bone health could
be achieved by DPP-4i, in comparison to GLP-1 RA, through
an overall involvement of the gut-brain-bone axis [6].

Taken together, this evidence could further explain
potential different effects of GLP-1 RA and DPP-4i on
bone fracture incidence and calcium homeostasis in human
clinical studies. Further controlled, long-term studies with
measurement of bone markers, bone density, and clinical
fractures rates will be required to demonstrate conclusive
efficacy along with underlying mechanisms responsible for
incretin-related bone protection both in diabetic and not
diabetic obese population. Pending further evidence, it is
mandatory to promote the mainstay of osteoporosis preven-
tion in type 2 diabetes: physically active, healthy lifestyle, and
optimization of glucose control with low hypoglycemic risk,
along with vitamin D repletion in deficient patients [42].
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Glucagon-Like Peptide-1 receptor agonists (GLP-1RAs), approved as glucose-lowering drugs for the treatment of type 2 diabetes,
have also been shown to reduce body weight. An extensive Medline, Cochrane database, and Embase search for “exenatide,”
“liraglutide,” “albiglutide,” “semaglutide,” and “lixisenatide” was performed, collecting all randomized clinical trials on humans up
to December 15, 2011, with a duration of at least 24 weeks, comparing GLP-1 receptor agonists with either placebo or active drugs.
Twenty two (7,859 patients) and 7 (2,416 patients) trials with available results on body weight at 6 and 12 months, respectively,
were included. When compared with placebo, GLP-1RAs determine a reduction of BMI at 6 months of −1.0 [−1.3; −0.6] kg/m2.
Considering the average BMI at baseline (32.4 kg/m2) these data means a weight reduction of about 3% at 6 months. This result
could seem modest from a clinical standpoint; however, it could be affected by many factors contributing to an underestimation of
the effect of GLP-1RA on body weight, such as non adequate doses, inclusion criteria, efficacy of GLP-1RA on reducing glycosuria,
and association to non-pharmacological interventions not specifically aimed to weight reduction.

1. Introduction

Most drugs developed for the therapy of obesity have failed to
show a sufficient efficacy and safety for long-term treatment.
In particular, agents which stimulate energy expenditure
(e.g., thyroid hormones, sympathoadrenergic drugs, or
sibutramine) do not have an adequate cardiovascular safety,
whereas centrally acting anorexants either are ineffective in
the long term (e.g., serotonin reuptake inhibitors) or show
neuropsychiatric adverse effects (e.g., amphetamine deriva-
tives or cannabinoid receptor antagonists) [1]. As a result,
orlistat, which inhibits lipid absorption, is the only available
drug for obesity in many countries. Even for drugs which do
not show relevant problems of long-term safety, such as orli-
stat, the unsatisfactory tolerability profile limits clinical use.

Glucagon-like peptide-1 (GLP-1) is a gastrointestinal
hormone, produced mainly in the postprandial phase, which
stimulates insulin secretion and inhibits glucagon release in

a dose-dependent fashion [2]. Due to this properties, the
hormone reduces hyperglycemia without inducing hypo-
glycemia in patients with type 2 diabetes [3]. The rapid inac-
tivation of GLP-1 in vivo and the consequent short half-life (a
few minutes after subcutaneous administration) prevents its
therapeutic use. Long-acting GLP-1 receptor agonists, which
can be administered via subcutaneous injection once or twice
a day or once a week, have been developed as glucose-
lowering drugs for the treatment of type 2 diabetes [4], but
they have also been shown to reduce body weight [5, 6]. The
effects of GLP-1 and its agonists on body weight appears to
be due to a reduction in food intake, mainly determined by a
direct central (hypothalamic) effect of the hormone [7]. The
stimulation of GLP-1 receptor also retards gastric emptying;
this latter effect is again due, at least partly, to a central action,
mediated via the autonomous nervous system [8]. One of
the side effect of GLP-1 receptor agonists, nausea (sometimes
associated with vomiting), could contribute to the weight
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reducing effect; however, weight loss has also been observed
when analyzing separately patients who do not report nausea
[8].

In fact, some drugs of this class (i.e., liraglutide and
long-acting exenatide) are currently under development for
the treatment of obesity [9–12]. A phase II, 20-week trial
enrolling patients without diabetes showed that liraglutide
has a higher efficacy than orlistat in promoting weight
loss [13]. Another longer-term (52 weeks) trial with same
molecule, the results of which have not been published in
full but partly disclosed [14], confirms that liraglutide is
an interesting option for the treatment of obesity. Another
molecule of the same class, exenatide, has been reported
to induce a significant weight loss in a 24-week placebo-
controlled trial [15]. Most of what is known on the effect
of GLP-1 receptor agonists on body weight comes from
clinical trials performed on patients with type 2 diabetes,
with glucose control as the principal endpoint. Currently
ongoing trials enrolling subjects with obesity and without
diabetes will provide, in due time, further information. In
the meanwhile, a systematic evaluation of data collected in
studies on type 2 diabetes can provide a more defined picture
of what we can realistically expect from GLP-1 receptor
agonists as weight-reducing agents.

A recent meta-analysis has shown a weight loss of
approximately 3% at endpoint in available published trials,
with a duration ranging from 20 to 52 weeks [6]. This
analysis does not provide information on the time-course of
weight loss with GLP-1 receptor agonists. Furthermore, no
distinction is made between placebo- and active comparator-
controlled trials, with some of the comparators (i.e., insulin,
thiazolidinediones, and sulfonylureas) possibly inducing
weight gain. Aim of the present meta-analysis is to assess the
effects of GLP-1 receptor agonists on body weight at 6 and
12 months of treatment, separating placebo-controlled trials
from comparisons with active drugs. Furthermore, a meta-
regression analysis will be performed to explore predictors of
weight change during treatment.

2. Methods

The meta-analysis was reported following the PRISMA
checklist [16].

2.1. Data Sources, Searches, and Extraction. An extensive
Medline, Cochrane database, and Embase search for all ar-
ticles in English using the keywords “exenatide”, “lirag-
lutide”, “albiglutide”, “semaglutide”, and “lixisenatide” was
performed collecting all randomized clinical trials on
humans up to December 15, 2011. Completed but still
unpublished trials were identified through a search of http://
www.clinicaltrials.gov/ website. FDA (http://www.fda.gov/)
and European Medicines Agency (EMA, http://www.ema
.europa.eu/) reviews of approved drugs, as well as published
infor-mation provided to FDA in response to queries during
the approval process, were also searched for retrieval of un-
published trials. Results of those trials were retrieved, if avail-
able, on http://www.novonordisk-trials.com/ or http://www
.clinicaltrials.org/. For unpublished and published trials

which were not exhaustively disclosed, an attempt was made
(through e-mail) to contact principal investigators in order
to retrieve missing data. For all published trials, results
reported in papers were used as the primary source of infor-
mation, when available.

The identification of relevant abstracts, the selection of
studies based on the criteria described previously, and the
subsequent data extraction were performed independently
by two of the authors (E. Mannucci, M. Monami), and
conflicts these resolved by the third investigator (N. Mas-
chionni).

2.2. Study Selection. A meta-analysis was performed includ-
ing all randomized clinical trials, with a duration of at least
24 weeks, comparing full therapeutic doses Glucagon-like
Peptide-1 (GLP-1) receptor agonists (i.e., at least 1.8 mg/day
liraglutide, 20 μg/day for exenatide b.i.d., 2 mg/day for
exenatide once weekly) and with placebo or other active
drugs. Trials with a shorter duration were excluded, due to
the fact that they could not yield relevant information on
body weight reduction. No review protocol was published
elsewhere. Trials without any information on body mass
index (BMI) at 6 or 12 months were also excluded.

2.3. Quality Assessment. The quality of trials was assessed
using some of the parameters proposed by Jadad et al. [17].
The score was not used as a criterion for the selection of trials,
whereas some items were used only for descriptive purposes.

2.4. Data Synthesis and Analysis. The principal outcome was
the effect of full therapeutic doses of GLP-1 receptor agonists,
compared with other hypoglycemic agents or placebo, on
BMI at 6 months and 12 months (when available). Between-
group differences in endpoint BMI were assessed as a
measure of treatment effect, without considering differ-
ences from baseline. Secondary outcomes included glycated
hemoglobin (HbA1c) at 6 and 12 months. Separate analyses
were performed for trials with different GLP-1 receptor
agonists and with different comparators, whenever possible.
Furthermore, separate analyses were performed for trials
with different principal endpoints. Metaregression analysis
was performed on placebo-controlled trials, in order to
identify possible predictors of weight loss.

Heterogeneity was calculated using the I2 statistics.
Weighted mean differences were calculated for BMI and
HbA1c at 6 and 12 months, and a random effects model was
used for the meta-analysis. Publication/disclosure bias was
estimated separately for placebo-controlled trials and studies
versus active comparators, using Kendall’s tau without
continuity correction, and one-sided P, were calculated,
together with the fail-safe N , and Funnel plot analysis. All
those analyses were performed using Comprehensive Meta-
analysis Version 2, Biostat, (Englewood, NJ, USA).

3. Results

The trial flow summary is reported in Figure 1. Trials with
available results on body mass index at 6 months were 21
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Medline/unpublished
n = 127/157

Not randomized trials
n = 19/22

Non humans
n = 1/0

No external comparison
n = 4/7

Short duration
n = 55/77

Duplicate
n = 15/3

Already published on medline
n = 0/25

n = 12/23

Fulfilling all inclusion criteria
n = 21/0

Included
N = 21

BMI at 6 months not available

Figure 1: Trial flow summary.
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Figure 2: Funnel plot for bias/disclosure publication.

(19 of which in patients with diabetes), whereas those with
data at one year were 7 (6 of which on diabetes); the
characteristics of those studies are summarized in Table 1.
Funnel plot analysis on 6-month trials on diabetes (Figure 2)
did not reveal any major publication/disclosure bias for BMI,
as confirmed by Kendall’s tau (t = 0.14, P = 0.36) and fail-
safe N (number of missing studies that would bring P > 0.05:
733). I2 for BMI at 6 months was 83.6 (P < 0.001).

3.1. Results at 6 Months. Only two trials [15, 18] in
subjects with obesity not associated with diabetes reported
outcomes on body weight of exenatide at 6 months (with

a significant (P = 0.002) BMI reduction of 1.6 (0.6–2.5)
kg/m2 in comparison with placebo). One further trial, which
enrolled patients with type 2 diabetes, had been designed
for the assessment of weight reduction with exenatide as the
principal outcome [19], with similar results.

In the 19 trials performed in patients with diabetes,
GLP-1 receptor agonists were associated with a significantly
lower BMI at 6 months in comparison with placebo and
with any active glucose-lowering agent, with the exception
of the only 2 available head-to-head comparisons with
thiazolidinediones. No differences in the weight-reducing
effects were observed between exenatide and liraglutide
(Figure 3(a)). A subgroup analysis of placebo-controlled
trials was performed on the basis of the minimum BMI
chosen as inclusion criterion; in trials excluding (N = 4)
or including (N = 5) nonoverweight (BMI < 25 kg/m2),
the difference in 6-month BMI between active treatment
and control groups was −1.0 [−1.6; −0.4] and −0.8 [−1.3;
−0.3] kg/m2, respectively (both P < 0.001).

For 18 out of 19 of those trials, the principal endpoint was
HbA1c, which was significantly reduced by GLP-1 receptor
agonists in comparison with placebo, DPP4 inhibitors,
and thiazolidinediones, whereas differences with respect to
sulfonylureas and insulin were not statistically significant
(Figure 3(b)).

Metaregression analysis was performed on all placebo-
controlled trials, including those on nondiabetic individuals,
irrespective of the principal endpoint of the study. In the
11 available trials, mean baseline BMI, age, and duration of
diabetes (in the 9 trials on patients with diabetes) were not
significantly correlated with treatment effect on BMI.

3.2. Results at 12 Months. Results on BMI at 12 months were
available in 7 trials, 6 of which were performed in patients
with diabetes. The only one trial [14] enrolling subjects
without diabetes, which had weight loss as its principal
endpoint, liraglutide, induced a significant reduction of
weight in comparison with placebo (−1.2 [−2.3;−0.1] kg/m2

in 1-year BMI; P = 0.04). The results of the other 6 trials, all
with active comparators, are summarized in Table 2. In these
studies, a further reduction of body weight was observed
after the first six months of treatment. Similar results were
obtained when the only trial which did not report 6-month
BMI [14] was excluded from the analysis (data not shown).

4. Discussion

The few available trials designed with weight loss as the
principal endpoint and enrolling nondiabetic patients with
obesity have shown that GLP-1 receptor agonists have a
potential use as drugs for the treatment of overweight
[14, 15]. Similar results were obtained in a trial on over-
weight patients with polycystic ovary syndrome, in which
restoration of menstrual cycles was the principal endpoint
[20]. The much wider evidence collected in subjects with
type 2 diabetes confirms this effect, as previously reported
[6, 18]. This action is consistent across trials, and it cannot
be attributed to selective reporting as shown by Funnel
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Table 2: Weighted mean differences in 6- and 12-month BMI between GLP-1 receptor agonists and different active comparators.

Number
of trials

6-month BMI P 12-month BMI P

Overall 6 −1.2 [−1.5; −0.8] <0.001 −1.9 [−3.0; −0.8] <0.001

DPP-4 inhibitors 1 −1.6 [−2.6; −0.8] <0.001 −1.7 [−2.7; −0.7] 0.001

Sulphonylureas 3 −1.4 [−2.4; −0.7] 0.001 −2.3 [−4.2; −0.5] 0.012

Insulin 2 −0.7 [−1.4; 0.0] 0.048 −1.5 [−2.1; −0.8] <0.001

MD LL,95% CI UL,95% CI

Thiazolidinediones

Sulfonylureas

Exenatide

Liraglutide

Insulin

Exenatide

Liragl./Exen. LAR

Placebo

Exenatide

Liraglutide

2

2

4

2

2

6

4

2

9

5

4

P

−1.08 −2.15 0.001 0.05

−1.02 −2.49 0.45 0.17

−1.31 −1.62 −1
−1.29 −1.88 −0.7

−1.41 −2.03 −0.79

−1.1 −1.45 −0.75

−1.05 −1.47 −0.64
−1.2 −2.15 −0.25 0.021
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plot analysis and Kendall’s tau calculation. GLP-1 receptor
agonists have a beneficial effect on body weight not only in
comparisons with drugs that induce weight gain (such as
insulin or sulfonylureas) but also with respect to placebo.
The only exception is represented by direct comparisons with
thiazolidinediones: in this case, despite a mean difference
in 6-month BMI similar to that observed for other active
comparators, the statistical significance is not reached, due
to the small number of available trials.

In order to evaluate the weight reducing effect of
GLP-1 receptor agonists, the most interesting results are
those obtained in placebo-controlled trials, which allow to
discriminate the beneficial action of these drugs from the
adverse effects on body weight of other glucose-lowering
agents. In these studies, the mean weight loss at 6 months
is 1.0 kg/m2; considering that the average BMI at baseline
is about 33.9 kg/m2, this means that the actual ponderal
reduction is in the 3% range. The estimated weight loss seems
to be larger than that reported in a previous meta-analysis
[6]; this result could be due to the exclusion of patients
treated with submaximal doses of GLP-1 receptor agonists.
This result could seem modest from a clinical standpoint;
however, several factors should be considered. In all trials on
patients with diabetes except one the principal endpoint was
the improvement in HbA1c, and not weight loss. This means
that patients were selected on the basis of unsatisfactory
glucose control, and not for their overweight; the minimum
BMI for inclusion was not specified in some studies, and
ranged from 25 to 45 kg/m2 in the others, meaning that,
in all trials, part of the patients enrolled were not actually
obese. Notably, those trials that excluded normal-weight
subjects showed a greater effect of GLP-1 receptor agonists on
weight loss. Furthermore, patients with diabetes could have
greater difficulties in losing weight than similarly overweight
subjects with normal glucose tolerance. In those who had
elevated HbA1c at baseline, the reduction of glycosuria
determined by drug treatment could have been an obstacle
to weight loss. Finally, the nonpharmacological interventions
associated to drugs in trials for glycemic control in type 2 dia-
betes are not specifically aimed at weight reduction. All these
factors could have contributed to an underestimation of the
effect of GLP-1 receptor agonists on body weight. It should
also be recognized that weight loss in clinical trials could
be quite different from that obtained in real-life conditions.
The selection of patients with greater compliance and the
more accurate follow-up produces a greater weight loss from
baseline in randomized clinical trials. On the other hand, for
the same reasons, as long as the between-group differences
are assessed, as in the present study, the lifestyle/dietary
intervention associated with drug treatment in randomized
trials can partly mask the actual effect of the drug.

It should also be considered that treatment with GLP-1
receptor agonists could have some further beneficial effects
on other metabolic alterations of obese patients (e.g., insulin
resistance, risk of diabetes, blod pressure, etc.), beyond
weight loss. The assessment of those effects was not among
the aims of the present meta-analysis.

The effect of GLP-1 and its receptor agonists on food
intake and body weight is dose dependent [13]. For this

reason, it is possible that doses needed for the treatment of
obesity are higher than those indicated for type 2 diabetes.
For example, liraglutide 3.0 mg/day induces a greater weight
loss than 1.8 mg/day, whereas no additional effect on blood
glucose is expected over 1.8 mg/day [13]. Obviously, at least
some of the adverse effects of these drugs (e.g., nausea
and vomiting) are also dose-dependent and they could be
amplified by the increase in daily doses. In the case that re-
commended doses for obesity exceed in a relevant manner
those for diabetes, the safety profile of GLP-1 receptor ago-
nists, which is satisfactory when they are used in the treat-
ment of type 2 diabetes, should be verified on a sufficiently
wide amount of data.

Some interesting information can be obtained from the
analysis of data collected in trials on type 2 diabetes with a 1-
year follow-up; in fact, the effect of GLP-1 receptor agonists
at 1 year seems to be larger than that observed, in the same
trials, after 6 months of treatment. The number of studies
is limited, and none of them includes a comparison with
placebo; in fact, a longer-term treatment without any active
drug would be unethical in patients with unsatisfactory
control of diabetes. Active comparisons can be misleading, as
the comparators often induce weight gain (e.g., insulin, sul-
fonylureas, thiazolidinediones); this means that the increased
difference between GLP-1 receptor agonists and control
groups at 1 year could be partly due to weight gain induced
by comparators. Despite these limitations, the possibility
that the maximum effect of GLP-1 receptor agonists on
body weight is reached after 6 months should be considered
and taken into account in the design of future clinical
trials.
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The glucagon-like peptide-1 (GLP-1) receptor is one of the best validated therapeutic targets for the treatment of type 2 diabetes
mellitus (T2DM). Over several years, the accumulation of basic, translational, and clinical research helped define the physiologic
roles of GLP-1 and its receptor in regulating glucose homeostasis and energy metabolism. These efforts provided much of the
foundation for pharmaceutical development of the GLP-1 receptor peptide agonists, exenatide and liraglutide, as novel medicines
for patients suffering from T2DM. Now, much attention is focused on better understanding the molecular mechanisms involved
in ligand induced signaling of the GLP-1 receptor. For example, advancements in biophysical and structural biology techniques
are being applied in attempts to more precisely determine ligand binding and receptor occupancy characteristics at the atomic
level. These efforts should better inform three-dimensional modeling of the GLP-1 receptor that will help inspire more rational
approaches to identify and optimize small molecule agonists or allosteric modulators targeting the GLP-1 receptor. This article
reviews GLP-1 receptor physiology with an emphasis on GLP-1 induced signaling mechanisms in order to highlight new molecular
strategies that help determine desired pharmacologic characteristics for guiding development of future nonpeptide GLP-1 receptor
activators.

1. Introduction

The glucoregulatory role of the gut is demonstrated by
studies showing insulin secretion is profoundly more robust
following glucose ingestion compared to the insulinotropic
response achieved by parenteral administration of intra-
venously infused glucose [1–5]. This physiologic phe-
nomenon, coined the “incretin effect,” is primarily mediated
by two enteric factors known as the incretins: glucagon-
like peptide-1 (7-37)/(7-36)-amide (GLP-1) and glucose
dependent insulinotropic polypeptide (1-42) (GIP) [6–13].
In addition to glucose, the presence of other macronutrients
in a mixed meal, such as lipids and amino acids, in the
intestinal lumen stimulate a similar incretin response [14,
15]. When moving through the intestine, nutrients interact
directly with sensory receptors and integral membrane chan-
nel and transporter proteins localized on the microvillus-
rich apical membrane surface of open-type endocrine cells.

These cells are embedded in the mucosal lining throughout
various regions of the intestinal tract and release the incretins
upon nutrient stimulation. In L-cells, located throughout the
intestine but predominantly found in the ileum of the distal
small intestine and colon [16, 17], GLP-1 is produced by
posttranslational cleavage of the 160-amino acid proglucaon
precursor protein [18, 19], a process requiring prohormone
convertase-1/3 [20–22]. GIP is the single peptide derived
from proteolytic processing of a 153-amino acid precursor
protein [23] expressed in endocrine K-cells located mainly
in the duodenum and proximal jejunum of the upper small
intestine [24].

1.1. Physiologic Action of GLP-1. Upon release into the circu-
lation, GLP-1 and GIP facilitate glucose disposal by directly
acting on pancreatic islets to enhance postprandial insulin
secretion [6–13]. This process is mediated by two class
B1 (secretin-like family) seven transmembrane spanning,
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heterotrimeric G-protein coupled receptors (GPCRs) that
signal in response to binding and occupancy by GLP-1
[25, 26] and GIP [27], respectively. Both of these GPCRs
predominantly couple to the Gαs subunit which activates
adenylyl cyclases to increase intracellular cyclic 3′5′AMP
(cAMP). Genetic deletion of both receptors in mice leads
to glucose intolerance and defects in glucose stimulated
insulin secretion [28]. In addition to ligand stimulated cAMP
generation, β-arrestin interaction [29, 30] and signaling
pathways that mobilize intracellular calcium are important
effectors of incretin action [31, 32].

In humans, the incretin effect is often reduced in pa-
tients suffering from type 2 diabetes mellitus (T2DM)
[33]. To combat this, initial strategies to develop incretin
based “replacement” therapies largely focused on GLP-1
receptor analogs because studies suggested diabetic patients
are resistant to GIP treatment [34, 35], while GLP-1 infusion
elicits a strong insulin secretory response and can normalize
hyperglycemia [36–39]. In contrast to GIP, GLP-1 also
induces several additional antidiabetic effects, including in-
hibition of glucagon secretion [6, 8] and gastric emptying
[40–42] (which both help improve postprandial glucose
control) and a decrease in appetite and food intake [43–47].
These latter effects are mediated by the GLP-1 receptor ex-
pressed in extrapancreatic tissues, most notably those of the
gastrointestinal tract and central nervous system.

While infusion regimens demonstrate remarkable antidi-
abetic pharmacology, elimination metabolism and phar-
macokinetic characteristics of native GLP-1 present major
hurdles to developing it as an effective pharmaceutical agent.
One significant challenge in pursing GLP-1 based molecules
is that GLP-1 is rapidly inactivated by dipeptidyl peptidase
4 (DPP4), a plasma membrane bound enzyme that is posi-
tioned with its active site orientated towards the extracellular
space. This ubiquitously expressed “ectopeptidase” cleaves
the N-terminal dipeptide, His7-Ala8, to inactivate GLP-1
[48, 49]. Removal of these residues dramatically reduces
the binding affinity of the peptide for the GLP-1 receptor,
thus abolishing its ability to effectively activate receptor sig-
naling [50]. DPP4 is highly expressed on the surface of
endothelial cells lining blood vessels; consequently, GLP-1
is immediately vulnerable to inactivation following release
into the circulation [51]. Upon cleavage, the inactive GLP-1
metabolite is eliminated by the kidney [52]. As a result of
rapid postsecretory proteolysis and renal elimination, the
biological half-life of GLP-1 is estimated to be between 1 to
2 minutes [53, 54]. These characteristics limit the pharma-
ceutical potential of native GLP-1.

1.2. GLP-1 Receptor Peptide Agonists. Several efforts pursued
novel GLP-1 analogs with improved metabolic properties.
A common approach was to introduce N-terminally substi-
tuted modifications to reduce DPP4 sensitivity [54–56]. To
date, attempts solely focused on amino acid substitutions of
native GLP-1 to identify longer acting molecules likely have
been hampered by other issues such as renal clearance and
secondary degradation by other endopeptidases. However,
two alternate approaches proved successful in advancing

more stable, degradation resistant GLP-1 receptor agonists.
Both exenatide and liraglutide are approved for marketing
by several government regulatory agencies for the treatment
of T2DM.

Exenatide is a 39-amino acid peptide GLP-1 receptor
agonist that is fully efficacious in cellular assays and compe-
titive with native GLP-1 in receptor binding studies [26, 57–
59]. It is the synthetic version of exendin-4 which was
among several bioactive peptides containing an N-terminal
histidine identified in crude venom preparations extracted
from perimandibular salivary glands of Helodermatidae
lizards [60, 61]. Exendin-4 was isolated from the poisonous
venom of the Gila monster, Heloderma suspectum [60], a
lizard indigenous to the southwest United States in the Gila
River area of New Mexico and Arizona [62]. In addition to
mimicking the physiologic glucoregulatory actions of native
GLP-1, exendin-4 is a poor DPP4 substrate [63] and is
cleared from the body primarily by glomerular filtration in
the kidney [64, 65]. Consequently, exenatide has a longer
duration of action compared to GLP-1 [66–68] and an esti-
mated biological half-life of approximately 4 hours [64, 69].
In April of 2005, under the brand name Byetta, exenatide
became the first enteroendocrine based therapeutic approved
by the United States Food and Drug Administration (FDA)
for the treatment of T2DM.

The second GLP-1 receptor agonist approved to treat
T2DM is liraglutide (NN2211). For this molecule, a “fatty
acid derivatization” strategy was used to prolong the in vivo
action of GLP-1. This approach attaches a fatty acid moiety to
GLP-1 in order to facilitate GLP-1 binding to serum albumin.
Liraglutide is acylated on Lys26 with a covalently attached
palmitoyl (C16:0) chain [70]. As this modification enables
binding to albumin, GLP-1 is then sterically protected from
DPP4 degradation [70]. The plasma half-life of liraglutide is
estimated to be between 11 and 15 hours [71, 72]. Under the
brand name Victoza, liraglutide received marketing approval
by the FDA in January of 2010 for the treatment of T2DM.
Byetta and Victoza are both commonly prescribed medicines.

2. GLP-1 Receptor Signal Transduction
and Second Messenger Pathways

As the best characterized in vivo action of GLP-1 is an
acute insulinotropic effect mediated by the GLP-1 receptor
in pancreatic β-cells, the signal transduction coupling mech-
anisms of this receptor primarily have been analyzed using ex
vivo preparations of pancreatic islets, transformed pancreatic
β-cell lines, and recombinant GLP-1 receptor expressing
systems, Accordingly, critical evaluation of GLP-1 receptor
signal transduction in extrapancreatic tissues can be made
by inference only. Use of the various peptide GLP-1 receptor
agonists to define the in vitro pharmacologic properties of the
receptor should define key assay systems to enable optimizing
small molecule GLP-1 receptor activators.

2.1. GLP-1 Receptor Activation. Both GLP-1 and exendin-4
are α-helical peptides that interact with the GLP-1 receptor
by binding multiple extracellular contact points to induce
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receptor signaling [73–75]. Similar to the “two-step” mecha-
nism proposed for other class B1 GPCRs [76] (Figure 1), the
GLP-1 receptor utilizes an N-terminal extracellular domain
as an “affinity trap” to recognize and bind peptide ligands
[77, 78]. The N-terminal domain of the GLP-1 receptor is
conserved among class B1 GPCRs forming an α-β-βα protein
fold that has structural homology to the sushi/CCP/SCR
protein folds [79, 80] (Figure 2). This structure, referred to
as an “ectodomain” (ECD), is a trilayer fold composed of
an N-terminal α-helix, a middle section of two antiparallel
β strands, and a final lobe composed of two additional
antiparallel β sheets and a short α-helical region (βα)
(Figure 2). The overall structure of the ECD is stabilized by
three pairs of disulfide bonds formed between six conserved
cysteine residues that lock the three layers of the ECD
together [81] (Figure 2). X-ray crystal structures of exendin-
4 and GLP-1 bound to the ECD confirm the “affinity
trap” hypothesis showing the C-terminal α-helical region of
GLP-1 or exendin-4 is positioned within a binding cleft of
the N-terminal ECD [74, 75] (Figure 3). Both GLP-1 and
exendin-4 are amphipathic in nature, and this defines their
structurally conserved interaction mechanism with the ECD.
The hydrophobic faces of GLP-1 and exendin-4 make the
majority of interactions with the ECD and likely are the
key contributors to ECD/ligand affinity with only a minor
contribution of binding energy provided by the hydrophilic
regions of GLP-1 receptor agonist peptides [74, 75]
(Figure 3).

The second step of the class B1 GPCR activation model
predicts the ECD docks the bound peptide in a position that
promotes direct contact of N-terminal residues of the ligand
with the central activation pocket of the receptor, a region
consisting of three interconnecting extracellular loops often
referred to as the helical bundle or “J” (juxtamembrane)
domain. GLP-1 (or exendin-4) binding to this core region
induces a conformational rearrangement of the membrane-
spanning α-helices, eliciting a shift of the intracellular
receptor loops to stimulate intracellular signal transduction
(Figure 1).

Structural information regarding GLP-1 receptor peptide
ligands is available primarily from NMR studies. The data
are consistent with other class B1 GPCR ligands [83] in that
GLP-1(7-36) and exendin-4 peptides are likely α-helical in
structure with disordered N-termini, although the artificial
environment in which these studies are conducted must be
used to qualify any interpretation of the experimental data
[84, 85]. Structural studies of class B1 GPCR ECDs have been
very informative regarding the molecular mechanisms of
peptide ligand selectivity and have generated new hypotheses
regarding class B1 GPCR activation mechanisms. However,
the field awaits definitive structural data to explain how
peptide agonists activate their cognate class B1 GPCRs.

2.2. G-Protein Coupling. The GLP-1 receptor primarily cou-
ples to the Gαs heterotrimeric G-protein. Upon ligand bind-
ing, the resulting conformational change activates intrinsic
guanine nucleotide exchange factor activity of the receptor to
catalyze release of bound GDP from the Gαs. The Gαs then

rapidly binds GTP which leads to dissociation of Gαs and
Gβγ, consequently activating downstream effector pathways.
Activated Gαs allosterically stimulates membrane-associated
adenylyl cyclases to catalyze conversion of ATP to cAMP,
which acts as an intracellular second messenger mediating
GLP-1 signaling.

Elevation of cAMP in the pancreatic β-cell is a critical
event in the process of glucose dependent insulin secretion
and is likely the key mechanism by which GLP-1 and
exendin-4 act on β-cells to potentiate insulin secretion [25,
26, 86]. However, early reports highlighted the ability of the
GLP-1 receptor to couple to alternative signaling pathways,
including phospholipase C (PLC) and the mobilization of
intracellular Ca2+ [87, 88], consistent with the known effects
of GLP-1 to stimulate Ca2+ mobilization in β-cells [89].
Further, multiple reports indicate GLP-1 receptor couples to
Ca2+ mobilization when heterologously expressed [90, 91].
In these systems, it is generally assumed Ca2+ mobilization is
a Gαq mediated process. In support of this, studies utilizing
the azidoanilide-GTP cross-linking method show the GLP-1
receptor can cause activation of the Gαq- and Gαi-families
of G-proteins in GLP-1 receptor expressing CHO cells [88].
Conversely, recent experiments using membrane GTPγS
binding assays demonstrate GLP-1 receptor activation does
not induce measurable activation of Gαq or Gαi despite the
presence of substantial PLC independent Ca2+ mobilization
in GLP-1 receptor expressing HEK cells [91]. In vivo, pan-
creatic β-cell specific dual inactivation of Gαq and Gα11 does
not affect GLP-1 potentiation of glucose stimulated insulin
secretion [92], whereas insulinotropic action through known
Gαq/11 coupled GPCRs, GPR40 and the M3 muscarinic
receptor, is ablated. While this study elegantly demonstrates
that Gαq/11 signal transduction is not required for GLP-1
receptor mediated insulin secretion (using perifused islets),
it is problematic that a single dose of 100 μM GLP-1 (a
concentration greater than 5 orders of magnitude above the
Kd and peak circulating levels of active GLP-1) was used in
the studies [49, 92].

While a role for Gαq/11 signal transduction in β-cell
GLP-1 receptor action is generally excluded, a PLC and
Ca2+ mobilization pathway may be operant. Experiments
using mouse β-cells indicate the elevation of cAMP by
GLP-1 receptor signaling results in activated EPAC2 that
stimulates PLC [31] and Ca2+ channel recruitment [93]
to facilitate calcium induced calcium release, a process
integral for robust insulin secretion. These data provide a
potential mechanism whereby sole activation of the Gαs

pathway induces cAMP- and PLC/Ca2+ dependent responses
in β-cells. In light of the contrasting data, it is apparent
that the phenotype of GLP-1 receptor signaling may differ
according to the cellular context in which the receptor is
expressed, a phenomenon now widely recognized but not
well understood within the GPCR field [94]. Accordingly,
the definitive in vivo G-protein coupling profile of the
GLP-1 receptor is unclear, although Gαs induced cAMP
accumulation is certainly integral to the biological response
of GLP-1 receptor activation. It is of interest that other class
B1 GPCRs demonstrate physiologically relevant coupling to
multiple G-proteins; the parathyroid hormone receptor is
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Figure 1: The activation mechanism of the GLP-1 receptor. Biochemical and structural studies have led to a model of class B1 GPCR
activation by peptide hormones referred to as the “two-step” mechanism [82]. (a) In the unliganded state, the GLP-1 receptor (GLP-1R)
is in a predominately inactive conformation. The natural ligand GLP-1(7-36)-NH2 is freely diffusible in solution and likely has substantial
intrinsic α-helical structure. (b) An initial binding event between the globular ectodomain at the N-terminal of the GLP-1R and the C-
terminal of the GLP-1(7-36)-NH2 peptide occurs. This “low affinity” interaction acts as a tether or “affinity trap” to localize GLP-1 at the
GLP-1R. (c) The weak affinity of the N-terminus of GLP-1(7-36)-NH2 is then able to productively engage with transmembrane domain
and loop residues of the receptor to induce a high affinity interaction and likely a conformational change in the GLP-1R. (d) Coincident
with agonist binding, the G-protein bound conformation of the GLP-1R is stabilized. This represents the classic high affinity agonist bound
state. (e) The high affinity agonist bound state is transient in an intact system as the GLP-1R stimulates guanine nucleotide exchange on the
α-subunit of the G-protein heterotrimer, leading to G-protein dissociation and independent or synergistic activation of effector proteins by
liberated Gα·GTP and Gβγ.

Figure 2: Structure of the GLP-1 receptor ectodomain. The overall
structure of the GLP-1 receptor ectodomain is depicted (PDB ID:
3IOL) [74]. The tripartite α-β-βα structure is annotated using color;
from N-terminal to C-terminal α (blue), β (green), βα (yellow). The
three conserved disulfide bonds that stabilize the tertiary structure
of the ectodomain are colored in red.

the best characterized example [95]. The use of genetically
modified mice, RNA interference, or novel pharmacological
tools such as the Gαq/11 inhibitor YM-254890 [96] may serve
to answer whether the GLP-1 receptor functionally couples
to G-proteins other than Gαs in the endogenous context,
particularly in extrapancreatic cell types.

2.3. β-Arrestin Coupling. Despite numerous studies charac-
terizing β-arrestin interactions with GPCRs, only a limited
number of reports investigate interactions between incretin
receptors and arrestin proteins. Bioluminescence reso-
nance energy transfer studies demonstrate both β-arrestin-1

Figure 3: Structural determinants of ligand binding to the GLP-
1 receptor ectodomain. (a) Structure of the GLP-1 receptor
ectodomain bound to GLP-1. Blue ribbon and space filling model is
GLP-1 receptor and the red ribbon and stick model is GLP-1. Data
are derived from PDB ID: 3OL.

and -2 interact with the GLP-1 receptor in an agonist
dependent manner [97]. Classically, GPCR recruitment of
GPCR kinases (GRKs) and β-arrestins is characterized as
inducing desensitization of G-protein mediated signal trans-
duction [98]; β-arrestin binding blocks G-protein mediated
signaling and facilitates receptor internalization. However,
emerging data suggest receptor activated β-arrestins can
stimulate signaling pathways independently of G-protein
activation [99]. Thus, β-arrestin signaling has physiologic
consequences distinct from G-protein coupled signaling
[99]. It is, therefore, of great interest to understand the
functional outcome of β-arrestin regulation of the GLP-1
receptor.
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In INS-1E insulinoma β-cells, siRNA knockdown of β-
arrestin-1 reduces GLP-1 induced insulin secretion [30].
These experiments implicate β-arrestin-1 in GLP-1 receptor
activity, but the mechanism responsible for the diminution
of GLP-1 action is not explicitly characterized. An alternate
explanation for lower GLP-1 stimulated insulin secretion
could be reduced tonic inhibition from anti-insulinotropic
Gαi-coupled GPCRs resulting from β-arrestin-1 removal.
Further, in this study, insulin secretion induced by glucose
alone is severely attenuated by β-arrestin-1 knockdown
making it difficult to establish direct causality between
β-arrestin-1 knockdown and GLP-1 receptor dependent
signaling.

In studies using MIN6 insulinoma β-cells, GLP-1 recep-
tor stimulation is shown to induce a biphasic activation of
ERK [100]. This effect is comprised of an initial cAMP-
dependent transient activation of ERK and a prolonged β-
arrestin-1 dependent activation of ERK [100]. β-arrestin-1
dependent ERK activity promotes Bad phosphorylation and
consequently mediates prosurvival effects of GLP-1 receptor
agonists on high glucose induced apoptosis. Because many
biochemical mechanisms in MIN6 cells are operant in mouse
islets, this report elegantly delineates separable pathways for
GLP-1 receptor induced insulin secretion (Gαs-cAMP axis)
versus antiapoptotic signaling (β-arrestin-1 → p90RSK →
Bad axis). It should be noted, though, that this study also
contains experimental caveats; for example, the authors are
unable to cause glucotoxic apoptosis in primary islet cultures
and thus fail to validate the efficacy of GLP-1 anti-apoptotic
signaling in their islet system.

In vivo analysis of insulin secretion in β-arrestin-1 knock-
out mice indicates glucose stimulated insulin secretion is
reduced by over 80% [30, 100]. Accordingly, it is problematic
to ascribe any physiologic alterations to GLP-1 receptor
agonists in β-arrestin-1 knockout mice as being directly
due to the GLP-1 receptor, given that β-arrestins are likely
crucial signal regulatory proteins for hundreds of GPCRs.
This is exemplified by the recent observation that β-arrestin-
2 knockout mice are insulin resistant [101]. A key point
to contextualize these studies is that although numerous
reports in rodents show positive effects of GLP-1 or exendin-
4 on pancreatic β-cell replication, β-cell mass, and function
in preclinical models [102, 103], less data are available
regarding GLP-1 agonist modulation of β-cell apoptosis
or neogenesis in humans (discussed in [104]). One report
does, however, demonstrate GLP-1 mediated attenuation of
apoptosis and enhanced insulin responsiveness in an ex vivo
human islet preparation [105]. Similarly, recent evidence
demonstrates that GLP-1 receptor agonism induces β-cell
replication in human islet grafts [106].

3. Structural Evaluation of the GLP-1 Receptor

Understanding the molecular mechanisms whereby peptide
ligands induce GLP-1 receptor signaling should enhance
new efforts to optimize small molecule activators of the
GLP-1 receptor. Various approaches are being explored that
may ultimately inform more rationale design strategies for

small molecule GLP-1 receptor agonists. A comprehensive
review of currently disclosed low molecular weight GLP-1
receptor activators is presented in this issue of Experimental
Diabetes Research; see Willard et al. for review. Importantly,
new strategies to exploit potential small molecule binding
to the GLP-1 receptor are advancing as a result of progress
in GPCR molecular and structural biology. Extensive site-
directed mutagenesis studies have been carried out on the
GLP-1 receptor as have structure activity studies on peptide
GLP-1 ligands. It is beyond the scope of this review to cover
these studies, however, we recognize that such efforts have
been a valuable starting point in efforts to understand GLP-1
receptor biochemistry [107, 108].

3.1. Intramolecular Endogenous Peptide Agonists. Dong and
colleagues proposed a novel activation mechanism for class
B1 GPCRs [109] whereby peptide ligand interaction with
the receptor induces a conformational change that exposes
an intramolecular “endogenous agonist” epitope within
the ECD of a GPCR. The “endogenous agonist” motif is
proposed to act at the transmembrane domains to facilitate
receptor activation. This hypothesis is largely derived from
mutagenesis, peptide cross-linking, and molecular modeling
studies using the secretin receptor [109]. In support of the
concept, synthetic peptides derived from the ECD of the
secretin receptor are shown to be low potency, high efficacy
agonists of the secretin receptor. The minimized pharmaco-
phore for the secretin receptor is a tri-peptide Trp70-Asp71-
Asn72 [109]. Translation of this finding to the GLP-1 receptor
identified an analogous peptide, Asn63-Arg64-Thr65-Phe66-
Asp67 (NRTFD), as a low potency but fully efficacious GLP-
1 receptor agonist [110]. Although these short peptides
have low affinity and poor receptor selectivity, making them
unlikely starting points for lead optimization and drug
development, the molecules identify a potential binding site
for compound action on the GLP-1 receptor. Structural
elucidation of these features should be enlightening. The
GLP-1 receptor “endogenous agonist” peptide maps to the
β1 strand of the GLP-1 receptor ECD crystal structure [74].
However, analyses of these structural data suggest Asn63 is
solvent exposed, but the majority of the peptide is not; these
results make it difficult at this point to clearly understand
the molecular mechanism proposed for the “endogenous
agonist” peptides without further information around the
structure or dynamics of the GLP-1 receptor. A subsequent
report used an elegant cross-linking approach coupled with
radiochromatography (see Section 3.3) to identify the site
of action of the NRFTD peptide as being extracellular loop
3 in close proximity to transmembrane domain 6 [111].
The mechanism of action of the NRFTD peptide may be
analogous to that of the “pepducins” [112]. Pepducins are
short peptides derived from the intracellular loops of GPCRs
that act allosterically to modulate receptor signaling [113].

3.2. Crystal Structure of the GLP-1 Receptor ECD. Receptor
binding and functional studies show both GLP-1 (Kd =
0.3 nM) and exendin-4 (Kd = 0.1 nM) bind with high
affinity and are full agonists at the GLP-1 receptor [26,
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57]. In addition, competition binding studies suggest these
peptides use the same ligand binding site within the receptor
[114]. However, in experiments exploring the initial ligand-
receptor binding event, data show exendin-4 binds the
isolated soluble form of the GLP-1 receptor ECD with
much greater affinity (13 nM) compared to GLP-1 (800 nM)
[114, 115]. It was hypothesized that this phenomenon occurs
because exendin-4 contains nine additional amino acids at
its C-terminus that enable further binding contacts with the
ECD [77, 115]. Importantly, the crystal structures of the
ECD in complex with either bound GLP-1 or exendin-4(9-39)

show these peptides share a very similar mode of binding,
and there is no interaction between the last seven residues
of the nine amino acid C-terminal extension of exendin-4
with the ECD [74, 75] (Figure 3). Alternatively, biophysical
studies suggest the higher propensity of exendin-4 to form
helical conformations in solution compared to GLP-1 results
in its enhanced binding affinity [73, 114]. However, this area
is still in need of further exploration because other reports
using a membrane-tethered form of the ECD demonstrate
GLP-1 (IC50 = 160 nM) and exendin-4 (IC50 = 20 nM)
bind the receptor with closer affinity [116]. Recent studies
highlight this incongruity as exendin-4 (Kd = 0.9 μM) and
GLP-1 (Kd = 1 μM) have equivalent affinities for the ECD,
as measured by surface plasmon resonance [117]. While
studies using purified forms of the ECD are informative,
these latter results may highlight the relatively artificial
nature of approaches using the soluble form of the ECD.
Therefore, experimental methodologies allowing structural
characterization of the full length, intact GLP-1 receptor are
needed.

3.3. GLP-1 Receptor Photoaffinity Labeling. In the absence of
a high resolution crystal structure of the full length GLP-1
receptor, photoaffinity labeling has been used as an alternate
approach to identify potentially important ligand-receptor
interactions. An inherent advantage of this technique is that
whole cells expressing the native receptor or membrane
preparations enriched with a receptor of interest are used so
the receptor is folded and presented in its proper structural
orientation [118–120]. These studies typically use a radio-
labeled version of the natural ligand engineered to contain
a photoreactive moiety such as p-benzoyl-l-phenylalanine
(Bpa). Ultraviolet photolysis of a probe in complex with its
receptor covalently labels residues of the receptor that are
in close spatial approximations with important structural
regions of the ligand. The labeled amino acids within
the targeted receptor can then be identified using manual
cycles of Edman degradation sequencing of isolated receptor
fragments [121]. For the GLP-1 receptor, this technique has
established spatial approximations between several ligand-
receptor residues that likely occur in the “agonist occupied”
receptor conformation. In studies intended to further assess
the initial binding event, C-terminal residues, Ala24 and
Gly35, of GLP-1 are shown to dock in close proximity near
Glu133 and Glu125 of the ECD, respectively [122]. These
data are in line with the 2.1 Å resolution crystal structure
of the ECD-GLP-1 complex showing GLP-1 binding occurs

via a continuous C-terminal α-helix formed by the sequence
spanning Thr13 and Val33 with residues between Ala24 and
Val33 directly interacting with the ECD [74]. Overall, these
data are consistent with the initial binding event proposed
by the “two-step” model. Somewhat surprisingly, results
from studies testing GLP-1 probes with Bpa incorporated at
positions 12 and 16 show docking of this region also near
residues contained within the ECD. These data predict Phe12

and Val16 are positioned near Tyr145 and Leu141, respectively,
of the ECD, sites located in the distal region of the ECD
immediately upstream of the first transmembrane segment
of the receptor [123, 124].

Importantly, photoaffinity cross-linking studies have also
established potential contacts between the extracellular loops
of the receptor with residues of GLP-1. This work is helping
provide better insights into the orientation of the ligand
bound N-terminal region of GLP-1 with the receptor core.
For studies aimed at identifying structural elements involved
with the “second step” of GLP-1 binding and receptor
activation, an N-terminus labeled photo-labile GLP-1 probe
was generated. Because changes to the N-terminal His7 are
not well tolerated [125], a probe with Bpa N-terminally
attached to His7 (at a new position 6) was used to better
understand spatial approximations between the most N-
terminal residues of GLP-1 and the receptor. These data show
the N-terminus positions near Tyr205 in the first extracellular
loop of the receptor [123]. Similarly, using a mid-region
position 20 probe, Trp297 within the second extracellular loop
of the receptor positions within close proximity to Leu20

of GLP-1 [124]. Taken together, X-ray structural data of
the ECD in complex with the C-terminus of GLP-1 and
the cumulative results from photoaffinity labeling studies
provide experimentally derived information with which to
generate a more accurate molecular model of the ligand
binding pocket for the GLP-1 receptor [124].

3.4. Emerging Biochemical Technologies. Although progress
is continuing, integrated strategies pairing classic receptor
pharmacology with newer biophysical and structural biology
techniques are needed to progressively refine a model
for GLP-1 receptor activation. New techniques aimed at
understanding ligand dependent conformational changes in
the GLP-1 receptor should aide small molecule discovery
pursuits. One emerging approach is the application of
solution phase peptide amide hydrogen/deuterium exchange
(HDX) coupled with mass spectrometry (MS) for the study
of GPCRs. In contrast to photoaffinity labeling, HDX-
MS does not require generating probes that require in-
corporation of a bulky moiety, such as the hydrophobic
Bpa, and must retain the binding and activation properties
of the natural ligand. Alternatively, HDX-MS is based on
the principle that for proteins in solution, amide bond
hydrogen atoms are exchangeable, and differences in the
rate of exchange are indicative of local accessibility and
thus can reflect the conformational status of a protein [126,
127]. Deuterium incorporation into the peptide backbone
increases protein mass, and upon protease cleavage, the
location and degree of hydrogen/deuterium exchange can be



Experimental Diabetes Research 7

mapped via MS analysis. Although technically difficult to
apply to membrane proteins, methods have advanced that
better enable purification procedures for isolating GPCRs
using detergents that help maintain native structure, protein
solubility, and functional activity. From these advances,
HDX-MS has now been used to study ligand induced con-
formational changes of the β2 adrenergic receptor [128,
129]. These biochemical studies demonstrate that distinct
receptor conformations are elicited by ligands with different
intrinsic efficacies. Further, an elegant parallel MS approach
has utilized covalent derivatization of cysteine and lysine
residues with stable isotope labeled reactive functional-
ities to assess dynamic conformational changes elicited
by β2 adrenergic receptor ligands [130]. These studies
highlight the diversity of receptor conformations induced
by ligands with apparently similar functional capacities.
Together, this work provides further experimental evidence
for the existence of multiple ligand specific conformations of
GPCRs.

3.5. Recent Advances in GPCR Crystallography. The first
GPCR crystal structure determined was that of Rhodopsin in
2000 [131]. While informative about the general principles
of GPCR structure, and having utility as a homology
model template for closely related class A GPCRs, this
information has not significantly impacted drug discovery
activities for class B1 GPCRs. However, recent advances
in GPCR biochemistry and macromolecular crystallography
have accelerated the pace of structure determination for
this important target class [132]. Since 2007, multiple new
class A GPCR structures have been determined, including
adrenergic, adenosine, chemokine, dopamine, and histamine
receptors [132]. In many cases, structures of multiple
ligands with cognate GPCRs are solved. Moreover, the
recent determination of a G-protein bound complex of
an activated GPCR represents a landmark achievement
of GPCR crystallography [133]. Several new technological
advances have been developed to facilitate these pursuits,
including novel detergents [134], creative receptor-fusion
proteins [135], camelid nanobodies [136], and lipidic cubic
phase crystallization [137]. Consequently, we anticipate that
significant effort may now turn toward determining the
crystal structures of class B1 GPCRs.

4. Conclusions

It is clear the GLP-1/GLP-1 receptor axis is a key physiologic
regulator of glucose metabolism, and diabetic patients
treated with degradation resistant GLP-1 receptor peptide
agonists, exenatide and liraglutide, experience improved
glucose homeostasis. Therefore, efforts to identify orally
active small molecule GLP-1 receptor agonists are justifiably
being pursued. While several scaffolds are now reported (see
Willard et al. in this issue of Experimental Diabetes Research),
high-throughput screening campaigns and other discovery
approaches have largely failed to identify quality chemical
starting points that have been successfully optimized into
therapeutic agents. The lack of apparent success is likely

due to the inherent difficulty of lower molecular weight,
nonpeptide molecules to mimic the complex nature of
peptide ligand binding to the GLP-1 receptor ECD and
transmembrane regions needed to induce intrinsic structural
changes in the receptor to elicit signal transduction.

Fortunately, the availability of peptide ligands for the
GLP-1 receptor enables very detailed assessment of GLP-
1 receptor signaling pathways, and newer biophysical tech-
niques are helping interrogate the integral mechanisms
involved in receptor activation. Further, advances in struc-
tural biology methodologies for GPCRs are now rapidly
occurring, and application of these techniques to class B1
GPCRs will be groundbreaking. Assimilation of structural
information for the full length, intact GLP-1 receptor and
improved assay systems with which to monitor the GLP-
1 receptor in different conformational states will likely be
critical to advancing nascent efforts to identify GLP-1 recep-
tor small molecule ligands. Once novel compounds emerge,
it will be important to optimize molecules using testing
schemes that incorporate signal transduction mechanisms
of GLP-1 physiology, especially GLP-1 receptor stimulation
of cAMP production to enhance glucose dependent insulin
secretion.
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The therapeutic success of peptide glucagon-like peptide-1 (GLP-1) receptor agonists for the treatment of type 2 diabetes mellitus
has inspired discovery efforts aimed at developing orally available small molecule GLP-1 receptor agonists. Although the GLP-
1 receptor is a member of the structurally complex class B1 family of GPCRs, in recent years, a diverse array of orthosteric and
allosteric nonpeptide ligands has been reported. These compounds include antagonists, agonists, and positive allosteric modulators
with intrinsic efficacy. In this paper, a comprehensive review of currently disclosed small molecule GLP-1 receptor ligands is
presented. In addition, examples of “ligand bias” and “probe dependency” for the GLP-1 receptor are discussed; these emerging
concepts may influence further optimization of known molecules or persuade designs of expanded screening strategies to identify
novel chemical starting points for GLP-1 receptor drug discovery.

1. Introduction

The glucagon-like peptide-1 (GLP-1) receptor is a member
of the peptide hormone binding class B1 (secretin-like re-
ceptors) family of seven transmembrane spanning, heter-
otrimeric G-protein coupled receptors (GPCRs). The best
characterized physiologic role of the GLP-1 receptor is to
help regulate insulin secretion from pancreatic β cells [1].
GLP-1 binding to the receptor activates Gαs, stimulating
membrane-associated adenylyl cyclases and cyclic 3′5′AMP
(cAMP) production which enhances glucose dependent in-
sulin secretion. The GLP-1 receptor peptide agonists, exen-
atide (exendin-4) and liraglutide, are widely approved med-
icines for the treatment of type 2 diabetes mellitus (T2DM)
[2].

Identifying and developing small molecular weight or-
ganic compounds that mimic the orthosteric binding and
receptor activation properties of GLP-1 peptide agonists is
difficult. Class A GPCRs, for which many therapeutic small
molecules have been developed [3], are structurally distinct
from class B1 GPCRs. Class B1 receptors contain a larger

independently folded globular ectodomain (ECD) at their N-
termini. Peptide ligand binding to the ECD to initiate sig-
naling of class B1 GPCRs is mechanistically different com-
pared to class A receptors whose ligands primarily make
contact with residues located within the membrane spanning
α-helical regions [4]. For class B1 receptors, peptide ligands
make numerous contacts with the ECD and extracellular
loops of the transmembrane bundle [4]. For class A recep-
tors, medicinal chemistry efforts have successfully exploited
the endogenous ligand binding sites within transmembrane
domains [3]. Recent reports solving X-ray crystal structures
of class A GPCRs demonstrate the molecular interactions
used for ligand binding [5–10].

While basic research efforts to better understand the
intricate mechanisms regulating GLP-1 receptor function are
being aided by advancements in GPCR molecular and struc-
tural biology (see review by Willard and Sloop in this issue
of Experimental Diabetes Research), the field awaits determi-
nation of a high resolution crystal structure of a class B1
GPCR for use as a template to facilitate rational drug design
for these difficult targets. In recent years, though, there have
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been an increasing number of reports showing discovery of
structurally diverse small molecule ligands for the GLP-1
receptor. While the molecular details of compound-receptor
binding are largely not determined, evidence supporting
interaction of ligands with the GLP-1 receptor is provided in
many cases. While several of these molecules only have utility
as research tools, some may represent pharmacophores to
be further optimized for clinical evaluation. Importantly,
although not thought to be utilized endogenously to regulate
GLP-1 receptor signaling, there does appear to be evidence
generated for some scaffolds indicating the presence of an
allosteric pocket(s) in the GLP-1 receptor [11–13], possibly
located within the transmembrane domains. As a therapeutic
strategy, small molecules targeting this pocket may be
optimized to enhance binding and signaling of endogenous
GLP-1 receptor peptides.

The development of orally available modulators of the
GLP-1 receptor for therapeutic evaluation not only requires
identification of specific nonpeptide ligands but also neces-
sitates optimizing molecules to possess appropriate physico-
chemical properties. This is the medicinal chemistry concept
of “drug-like” compounds, that is, molecules possessing
functional groups and/or having properties consistent with
the majority of known drugs [14]. Careful analyses of orally
active, marketed drugs have resulted in several proposed
rules for guiding optimization of key physical properties of
compounds. Examples of these include the pioneering “rule
of five” from Lipinski [15] (Rule of five: MW < 500 Da;
log P < 5; number of hydrogen bond donors (HBD) <
5; number of hydrogen bond acceptors (HBA) < 10.
Compounds that violate two or more of these rules have
very low probability of being developed as an oral drug.)
and properties identified by Veber et al. [16] (Polar surface
area (PSA) ≤ 140; number of rotatable bonds ≤10. Com-
pounds that meet these two criteria have high probability
of achieving good oral bioavailability.). These guidelines
are commonly used in medicinal chemistry strategies, and
therefore, the drug-like profile of several GLP-1 receptor
ligands is evaluated herein.

Below are descriptions of the best characterized small
molecule GLP-1 receptor ligands. Although clinical devel-
opment of any of these compounds is uncertain, the data
suggest small molecules can be identified that target the GLP-
1 receptor. In addition to descriptions of published GLP-1
receptor agonists, other chemotypes, including antagonists
and molecules only reported in the patent literature that
lack thorough biological characterization, are presented.
The comprehensive dissemination of knowledge for small
molecule ligands of this receptor may inspire advances in
chemical and biological approaches for the GLP-1 receptor.

2. Low Molecular Weight GLP-1
Receptor Antagonists

2.1. PNU-126814. A small molecule GLP-1 receptor antag-
onist, PNU-126814, was disclosed in an abstract [17]. This
compound is described to have submicromolar binding
affinity for the GLP-1 receptor and inhibit GLP-1 induced

cAMP modulation and insulin secretion in RINmF5 insuli-
noma cells. Unfortunately, the chemical structure of this
compound has not been disclosed.

2.2. T-0632. The first small molecule modulator of the GLP-
1 receptor to be described in the public domain with
both annotated biology and chemistry is the antagonist T-
0632. Beinborn et al. discovered that the cholecystokinin re-
ceptor 1 antagonist, T-0632 (Figure 1 (1) sodium (S)-3-[1-
(2-fluorophenyl)-2,3-dihydro-3-[(3-isoquinolinyl-carbonyl)
amino]-6-methoxy-2-oxo-1H-indole]propanoate), is a non-
competitive antagonist of the human GLP-1 receptor with
low micromolar potency [18]. The binding site of this
molecule is hypothesized to be in the ECD of the receptor
as Trp33, within the ECD, was identified as a critical de-
terminant for compound action. Thus, the Trp33Ser mu-
tation in the human receptor results in a ∼100-fold decrease
in the binding affinity of the antagonist. Trp33 is within 10 Å
of the peptide binding cleft in the crystal structures of GLP-1
and exendin-4 complexed with the GLP-1 receptor ECD
[19, 20]. Trp33 does not make direct contact with the peptide
ligands exendin-4 or GLP-1, but the data suggest that a small
molecule binding event in this region of the protein could
account for inhibitory activity. T-0632 can be considered
an allosteric modulator of the GLP-1 receptor. Additionally,
there is some evidence indicating the compound behaves as
an inverse agonist in a constitutively active GLP-1 receptor
system [21]. Although this compound could be a good tool
for in vivo studies considering its physicochemical properties
(it passes all of the Lipinski and Veber rules), the weak af-
finity of T-0632 for the GLP-1 receptor combined with its
subnanomolar CCK1 antagonist activity renders it largely
inadequate as a research tool to study the GLP-1 receptor.

2.3. 9-Benzylpyrido[3,4-b]Indoles. Agouron, Inc. described a
family of molecules, exemplified by 2 (Figure 1 (2) 6-(2,5-
dichlorobenzyl)-1-hydroxy-2-(2-morpholin-4-ylethyl)-1,6-
dihydropyrrolo[3′,4′ : 5,6]pyrido[3,4-b]indol-3(2H)-one),
as GLP-1 receptor antagonists [22]. Unfortunately, the pat-
ent describing these molecules does not include specific
functional data, so the pharmacology of this chemotype of
putative GLP-1 receptor antagonists remains to be eluci-
dated. However, it is apparent that selective class B1 GPCR
antagonists with well-defined pharmacology have utility in
understanding biological systems and their sensitivity to
therapeutic intervention [23].

2.4. Nonselective Glucagon Receptor Antagonists. A variety of
weak GLP-1 receptor antagonists have been identified during
investigations of glucagon receptor antagonists as potential
therapeutic agents for T2DM. This finding suggests these
two receptors may share a similar binding pocket. Fig-
ure 1 depicts representative molecules that bind both the
GLP-1 and glucagon receptors. Molecules 3 to 6 (Figure 1
(3) trans-3-[[4-[[(4-tert-butylcyclohexyl)-(ptolylcarbamoyl)
amino]methyl]benzoyl]amino]propanoic acid [24]; (4) N-
[3-cyano-5-[3-[(2,4-dichlorophenyl)-methyl]-1,2,4-oxadia-
zol-5-yl]-4-methyl-2-thienyl]-2-ethyl-butan amide [25]; (5)
trans-4-[[9-tert-butyl-2-oxo-3-(p-tolyl)-1,3-diazaspiro [5.5]
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Figure 1: Chemical structures of GLP-1 receptor antagonists. Representative depictions of (1) T-0632, (2) 9-benzylpyrido[3,4-b]indole,
(3-6) nonselective glucagon receptor antagonists, and (7) catechin.

undecan-1-yl]methyl]-N-(2H-tetrazol-5-yl)benzamide [26];
(6) 4-[[(2Z)-3,6-dimethyl-4-propoxy-2-(p-tolylimino)ben-
zimidazol1yl]methyl]-N-(1H-tetrazol-5-yl)benzamide [27])
bind the GLP-1 receptor with affinities in the micromolar
range.

A common characteristic of these compounds is high li-
pophilicity (calculated to be >5 for all four compounds) and
molecular weight (around 500 Da). Unfortunately, it is not
known whether such a high number of hydrophobes is re-
quired for GLP-1 receptor binding; focused optimization of
these series against the GLP-1 receptor has not been reported.
Importantly, the lipophilic nature of these molecules does
not preclude achieving oral exposure as demonstrated by
compound 6 in two animal species [27]. While all of these
compounds are more potent glucagon receptor antagonists,
and little is known about their respective structure activity
relationships (SAR) against the GLP-1 receptor, some of the
molecules could be attractive starting points for identifying
potent and selective GLP-1 receptor ligands.

2.5. Catechin. The polyphenolic natural product, catechin
(7) (Figure 1 (7) trans-2-(3,4-dihydroxyphenyl)chromane-
3,5,7-triol), has been shown to be a functionally selective,
negative allosteric modulator of the GLP-1 receptor [28].
This compound is further discussed in Section 4.

3. Low Molecular Weight GLP-1
Receptor Agonists

3.1. Quinoxalines. Teng, Knudsen et al. at Novo Nor-
disk disclosed a series of quinoxalines exemplified by 8

(Figure 2, (8) 2-[6,7-dichloro-3-(trifluoromethyl)quinoxal-
in-2-yl]sulfanyl-5-methyl-1,3,4-thiadiazole) (usually referr-
ed to in literature as “Compound 1”) and 9 (Figure 2,
(9) N-tert-butyl-6,7-dichloro-3-methylsulfonyl-quinoxalin-
2-amine) (usually referred to in literature as “Compound 2”)
[12, 29]. Initial screening using a competitive binding assay
did not provide useful hits from ∼500,000 compounds. A
change in strategy to perform screening using a functional
assay led to the identification of the quinoxaline scaffold
from ∼250,000 compounds. Compound 9 is a full agonist in
GLP-1 receptor dependent cAMP accumulation experiments
and shows specificity for the GLP-1 receptor versus other
class B1 GPCRs. Compound 9 is characterized as an ago-
allosteric modulator of the GLP-1 receptor; it displays
intrinsic activity and also enhances binding of GLP-1 to
the GLP-1 receptor [12]. Moreover, compound 9 action is
not blocked by exendin-4(9−39), further supporting an allo-
steric mechanism of action of this molecule. Additional
studies clearly demonstrate that compound 9 increases the
binding affinity of both GLP-1 and oxyntomodulin for the
GLP-1 receptor [11]. Together, these data are important
because the results indicate the compound interacts with a
site independent of the orthosteric binding pocket, suggest-
ing the existence of an exploitable allosteric site for small
molecules.

The definitive experiment to show compound 9 is a
bona fide GLP-1 receptor ligand is the demonstration that
it significantly potentiates glucose dependent insulin secre-
tion in wild type mouse islets but not in islets from
GLP-1 receptor knockout mice [12]. A subsequent report
shows intraperitoneal administration of 9 is insulinotropic
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and enhances glucose disposal in a glucose tolerance test
[30].

Following the disclosure of compounds 8 and 9, further
SAR around the quinoxalines was conducted [31]. A sulfone,
sulfoxide, or thioether in position 2 of the bicycle is essen-
tial for activity, and quinoxalines are superior to other heter-
ocycles as GLP-1 receptor agonists. The investigation also
shows the need for electron-withdrawing groups on the
quinoxaline with 6,7-dichloroquinoxaline being the best
core. It is noted in the SAR describing the optimization of
compound 9 that the quinoxaline analogs are chemically
unstable in the presence of nucleophiles and have high mic-
rosomal metabolism. It can be speculated that the labile
sulfur-containing side chain is responsible for the instability
of these compounds to nucleophiles. The poor chemical sta-
bility precludes longer-term in vivo studies with this com-
pound.

There have been other efforts aimed at exploring this
scaffold. Scientists from the New England Medical Center
claimed a series of 2-thiosubstituted quinoxalines, repre-
sent-ed by compound 10 (Figure 2 (10) 2-(3-methylquin-
oxalin-2-yl)sulfanyl-N-phenyl-acetamide), as weak GLP-1
receptor agonists [21]. Zydus also studied analogs of com-
pound 8 but did not show improved activity over this com-
pound in glucose dependent insulin secretion assays us-
ing RINmF5 insulinoma cells [32]. Recent reports from
the Dong-A Pharmaceutical Company [33, 34] describe
identification of a new series of 2-thioquinoxaline analogs of
8. Compound 11 (Figure 2 (11) (5-[6,7-dichloro-3-[1-[1-(1-
methyl-4-piperidyl)ethyl]tetrazol-5-yl]sulfanyl-quinoxalin-
2-yl]thiazol-2-ol), disclosed as a racemic mixture, has
100 nM potency in a cAMP response element (CRE)-lu-
ciferase reporter assay. This molecule stimulates insulin se-
cretion in INS-1E insulinoma cells and is selective against
other class B1 GPCRs. Importantly, oral dosing of this com-
pound enhances insulin secretion in a mouse intravenous
glucose tolerance test model [33, 34]. It appears the Dong-A
compound may overcome some of the instability issues
observed with the initial quinoxalines to achieve effective
oral exposure.

3.2. Thiophenes. Besides the quinoxaline compounds, Novo
Nordisk also disclosed a second family of GLP-1 receptor
agonists, a series of sulfonyl-thiophenes represented by com-
pound 12 (Figure 2) [35]. No biological data are provided,
and these compounds share a common feature with the
quinoxalines: a sulfonyl group attached to an aromatic ring.
While in this case, the thiophene is an electron-rich ring and
thus less prone to nucleophilic attack, one or two strong
electron-withdrawing carbonyl groups occur in all of the
examples, leading to speculation that the sulfonyl group in
these systems is also labile.

3.3. Pyrimidines. Our group identified a series of pyrim-
idine based ago-allosteric modulators of the GLP-1 recep-
tor exemplified by racemic compound 13 (Figure 2, (13)
4-(3-benzyloxyphenyl)-2-ethylsulfinyl-6-(trifluoromethyl)
pyrimidine; BETP) [13]. The parent molecule of this series
was found by screening a small library, generated from

three-dimensional pharmacophore models, using HEK293
cells stably cotransfected with the human GLP-1 receptor
and a CRE-luciferase reporter. Compound 13 shows GLP-1
receptor dependent activity in both CRE-luciferase and
cAMP accumulation assays in HEK293 cells, and the mole-
cule stimulates glucose dependent insulin secretion in ex
vivo assays of both rodent and human islet preparations.
In combination experiments with GLP-1, compound 13 is
not competitive with 125I-GLP-1 but can act in an additive
manner to enhance GLP-1 induced cAMP signaling and
insulin secretion. Consistent with these findings, and similar
to the quinoxalines, compound 13 action is not blocked by
exendin-4(9−39). Importantly, our studies show compound
13 induces insulin secretion in vivo. The molecule is active in
animals undergoing either the intravenous glucose tolerance
test or the hyperglycemic clamp assay. While these in vivo
results are encouraging, significant improvement in various
metabolic liabilities of this compound are necessary before
longer term studies can be explored. Although compound
13 is stable upon incubation in plasma, it shows chemical
instability in the presence of nucleophiles.

3.4. Boc-5. A significant advance in the development of
small molecule GLP-1 receptor agonists is the discovery of
substituted cyclobutanes, exemplified by compound 14
(known as Boc-5) (Figure 2 (14) 1,3-bis [[4-(tert-butoxy-
carbonylamino)benzoyl]amino]-2,4-bis [3-methoxy-4-(thi-
ophene-2-carbonyloxy)phenyl]cyclobutane-1,3-dicarboxy-
lic acid). Boc-5 was discovered using a high throughput CRE-
luciferase screen for activators of the rat GLP-1 receptor
[36]. Serendipity played a role in this discovery as the
original compound selected for testing was an olefin that
is half of the size of Boc-5. It was soon realized that the
olefins (depicted as compound 15, monomer of Boc-5)
dimerize in the DMSO solution to become cyclobutanes,
represented by Boc-5 and S4P (compound 16), that are the
real actives. While lacking structural characteristics of drug-
like molecules (Boc-5 violates all of the Lipinsky and Veber
rules), Boc-5 provides a useful proof of concept molecule
for nonpeptide GLP-1 receptor agonists. Pharmacologically,
Boc-5 is a full agonist in the CRE-luciferase assay, while the
closely related molecule S4P is a partial agonist. In a cAMP
accumulation assay, however, both Boc-5 and S4P are partial
agonists. Importantly, both S4P and Boc-5 are functionally
antagonized by exendin-4(9−39) and displace 125I-GLP-1 in
receptor binding assays. Inhibition of 125I-GLP-1 binding
does not appear saturable [36], possibly suggesting an al-
losteric binding mechanism; however, this has yet to be
elucidated.

Boc-5 dose dependently stimulates glucose dependent
insulin secretion in isolated rat islets [36]. Paradoxically,
10 μM of Boc-5 is more efficacious than a saturating con-
centration of GLP-1 in inducing insulin secretion. It is
worth noting that these studies were performed at an ab-
normally high glucose concentration of 25 mM. Boc-5 is
reported to have a plasma half life of approximately 8
hours following intraperitoneal dosing of the compound.
Acute administration of Boc-5 shows an anorectic effect in
C57/B6 mice that lasts over 12 hours in the intraperitoneally
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dosed group and 90 minutes in orally administered animals
[36]. Although no exposure is reported for the oral study,
the large difference in food intake observed in oral versus
intraperitoneal administration probably indicates poor oral
bioavailability of the compound. Chronic intraperitoneal
administration to db/db mice lowers HbA1c, reduces food
intake, lowers body weight, and enhances insulin secretion
and glucose excursion (using an intraperitoneal glucose
tolerance test) [36]. Importantly, acute effects of Boc-5 are
entirely abrogated by coadministration of exendin-4(9−39),
suggesting a GLP-1 receptor dependent action [36]. Follow-
up studies confirmed many of these findings using a diet-
induced obesity mouse model [37]. A limited SAR around
Boc-5 has been reported despite synthetic challenges of these
molecules [38]. While some improvement in potency is
shown, the new molecules share the poor physicochemical
properties with S4P and Boc-5, which presumably preclude
these compounds from being oral drugs.

3.5. Phenylalanines. Argusina, Inc. disclosed phenylalanine
derivatives as GLP-1 receptor modulators, represented by
compound 17, (Figure 2 (17) 3-[4-[5-[4-(tertbutoxycarbon-
ylamıno)phenyl]-1,2,4-oxadiazol-3-yl]-3-fluoro-phenyl]-2-
[[5-(p-tolyl)furan-2-carbonyl]amino]propanoic acid) [39].
The molecules are disclosed as racemic mixtures. One can
envision the Argusina compounds as an optimization of the
monomer of Boc-5. Thorough pharmacological evaluation
of these compounds has not been disclosed, although the
initial report suggests that compounds can modulate cAMP
mobilization and insulin secretion in cell culture systems
[39]. From a pharmacokinetic perspective, these molecules
violate the Lipinski and Veber rules (large molecular weight
and high lipophilicity; high PSA), so an improvement of the
physicochemical properties of the scaffold would likely be
required to achieve an orally active agent.

3.6. Azoanthracenes. Several patent disclosures from Tran-
stech Pharmaceuticals (TTP) report identification of a num-
ber of azoanthracene and oxadiazoanthracene derivatives as
GLP-1 receptor agonists [40–43], exemplified by compound
18, (Figure 2 (18) (S)-3-(4′-cyano-biphenyl-4-yl)-2-{[(3S,
7S)-3-[4-(3,4-dichloro-benzyloxy)-phenyl]-1-methyl-2-oxo-6-
((S)-1-phenyl-propyl)-2,3,5,6,7,8-hexahydro-1H-4-oxa-1,6-
diaza-anthracene-7-carbonyl]-amino}propionic acid) [43].
Molecules described in these disclosures have nanomolar
potencies for the GLP-1 receptor in recombinant cell assays
of cAMP, and there is some indication from the data that the
compounds may be partial agonists [42]. A recent publica-
tion disclosed that TTP molecules are effective antidiabetic
agents in preclinical rodent models of T2DM, stimulating
glucose dependent insulin secretion in rodent islets and
improving glucose excursion in an oral glucose tolerance test
[44]. The leading molecule in this class, TTP054 (structure
not disclosed) is reported to currently be under evaluation
in Phase II clinical trials as an oral drug [44]. All of the
molecules disclosed by TTP in these patents are of large
molecular weight and high lipophilicity (18: MW ∼ 880 Da,
calculated log P = 10, 13 rotatable bonds) compared to
typical orally administered medications, suggesting high

doses of the compound would likely be required to achieve
efficacious exposure.

3.7. Pyrazoles. A series of pyrazoles represented by com-
pound 19 (Figure 2 (19) 4-chloro-2-[[(E)-2-(2,5-dimethyl-
4-nitro-pyrazol-3-yl)vinyl]amino]phenol) were identified by
Kopin and Beinborn as weak agonists of the GLP-1 receptor
[21]. The compound has micromolar activity for the GLP-1
receptor in recombinant cell assays of cAMP [21]. No other
studies have been disclosed with this kind of molecule.

3.8. Pyrazole-Carboxamides. A recent publication reported
discovery of small molecule GLP-1 receptor potentiators as
an ancillary outcome of efforts to identify glucagon receptor
antagonists [45]. The authors used virtual screening of a
library of commercially available drug-like compounds to
search for compounds with physicochemical similarities to
known glucagon receptor antagonists. This was followed by
a homology model based docking approach. Compound 20,
(Figure 2 (20) 3-(4-bromophenyl)-N-(4-methoxyphenyl)-1-
phenyl-pyrazole-4-carboxamide), identified as a potential
candidate for glucagon receptor antagonism, does not show
functional activity at this receptor, but it is observed to
potentiate an EC20 concentration of GLP-1 induced cAMP
production in TC6 cells [45]. The authors claim to have
discovered a novel small molecule chemotype that poten-
tiates the GLP-1 receptor. If these data are confirmed in
recombinant cell systems where GLP-1 receptor dependence
can be more definitively ascribed, this would be a break-
through discovery with respect to GLP-1 receptor allosteric
modulators. The ability to significantly potentiate either
the affinity or efficacy (the data in this report do not dis-
tinguish between these possibilities) of GLP-1 would be
highly desirable characteristics of a GLP-1 receptor targeted
small molecule. Moreover, this would represent an important
computational and operational approach to discovering class
B1 GPCR positive allosteric modulators.

3.9. Flavonoids. Sexton et al. characterized a series of quer-
cetin-like flavonoids, represented by quercetin (Figure 2
(21) 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-chromen-4-
one), with positive allosteric modulator activity on the GLP-1
receptor [28, 46]. These compounds were originally identi-
fied by Domain Therapeutics as GLP-1 receptor modulators
[46]. A thorough analysis of this chemical scaffold demon-
strates this class of molecules positively modulates the affinity
and efficacy of GLP-1 receptor peptide ligands. The quercetin
series appears to show ligand bias in that it is specific
for GLP-1 receptor mediated Ca2+ mobilization but not
cAMP accumulation. Typical of polyphenolic compounds,
a lack of robust functional effects, polypharmacology, and
flat SAR limits the usefulness of this chemotype to in
vitro studies and precludes optimization for pharmacological
purposes. However, the discovery and analysis of this series of
molecules represent a further proof of concept for allosteric
modulators of the GLP-1 receptor.

3.10. Imidazopyridines. There is one published report de-
scribing a series of imidazopyridine based molecules. The
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initial hit, compound 22 (Figure 2 (22) [3-(8-chloro-6-
methyl-imidazo [1,2-a]pyridin-2-yl)phenyl] 3-methylbut-2-
enoate), was identified from a library of 10,000 compounds
using a GLP-1 receptor functional assay. The strategy used
for optimization was to design a pharmacophore model
from three known agonists (compounds 9 and 12 and the
monomer of S4P, a close analog of monomer 15), although
there is no evidence of structural similarity between these
three series. Nevertheless, analogs of compound 22 that fit
additional features of the pharmacophore were designed.

Both compounds 23 and 24, (Figure 2 (23) 3-[8-chloro-
6-(trifluoromethyl)imidazo [1,2-a]pyridin-2-yl]phenyl] ace-
tate and (24) [3-[8-chloro-6-(trifluoromethyl)imidazo [1,2-
a]pyridin-2-yl]phenyl] cyclohexanecarboxylate), show in-
duc-tion of GLP-1 receptor signaling in GLP-1 receptor
expressing CHO or HEK293 cells [47]. These molecules are
shown to have some agonist activity in heterologous cell lines
expressing the GLP-1 receptor, but further investigation in
other systems is not reported. While these are very small
molecules, and pass the Lipinski and Veber rules, further
optimization of the activity of the compounds against the
GLP-1 receptor, and SAR work to move away from the labile
ester of the phenol, is likely necessary for these compounds
to become useful for oral studies.

4. Ligand Biased Signaling

Studies to more fully characterize several of the small mol-
ecule ligands of the GLP-1 receptor are needed to advance
the field. An emerging concept in GPCR pharmacology is
that of functional selectivity (also known as ligand bias or
stimulus bias) [48, 49]. It is now appreciated that GPCR
ligands can stabilize distinct receptor conformations, which
in some instances, lead to differential modulation of signal
transduction pathways [48]. To date, there is a single study
reporting that the weak GLP-1 receptor peptide agonists,
oxyntomodulin and glucagon, are biased toward Gαs over
β-arrestin for coupling to the GLP-1 receptor [50]. These
peptides show low potency and partial agonism (>50% of
GLP-1 efficacy) for β-arrestin recruitment at the GLP-1
receptor yet are full agonists for cAMP accumulation. In
support of this, another report describes oxyntomodulin
as having stimulus bias for the ERK1/2 activation pathway
relative to cAMP or Ca2+ mobilization [11]. Further work
is necessary to understand whether the observed in vitro
functional selectivity of the various GLP-1 receptor peptide
ligands is physiologically relevant in vivo. Such studies may
be complicated by the polypharmacology of oxyntomodulin
as it is a dual agonist of both glucagon and GLP-1 receptors
and by receptor reserve phenomena that often lead to the
classification of partial agonists as biased ligands [51].

Sexton et al. demonstrated two GLP-1 receptor ligands
are functionally selective. Quercetin (21) and a subset of re-
lated naturally occurring flavonoids exhibit functional selec-
tivity as these molecules potentiate GLP-1 peptide signaling
in Ca2+ mobilization but not cAMP production [11, 28].
Similarly, the flavonoids also display probe dependence in
that the molecules modulate both GLP-1 and exendin-4
action but not oxyntomodulin signal transduction. While

a variety of flavonoid cores were tested in these studies,
only the 3-hydroxyflavone core displayed functional activ-
ity. Unfortunately, flavonoids exert multiple pharmacologic
effects at the concentrations required for the activation of the
GLP-1 receptor. Thus, these are not good starting points for
the identification of more potent allosteric ligands.

An SAR analysis of related compounds identified the pol-
yphenolic natural product, catechin (7), as a probe de-
pendent, functionally selective, and negative allosteric mod-
ulator of the GLP-1 receptor [28]. Both trans enantiomers
of this compound are known as catechin, but it is not clear
from this publication if the racemic compound or one trans
enantiomer was used in this study. Catechin decreases the
efficacy of GLP-1 signaling via cAMP but does not mod-
ulate non-cAMP signaling by the GLP-1 receptor peptide
agonists nor does it significantly alter the pharmacology
of exendin-4 or oxyntomodulin signaling. Analogously, the
small molecule quinoxaline 8 [12] displays a complex profile
of activity consistent with functional selectivity and probe
dependence. Compound 8 shows affinity driven positive
allosteric modulator activity for oxyntomodulin, and to a
lesser extent, GLP-1 but not toward exendin-4. This activity
is only observed for the cAMP pathway and not for the Ca2+

or ERK pathways, demonstrating probe dependence whereby
allosteric modulation of the GLP-1 receptor is dependent on
the species of the bound orthosteric agonist.

These studies are seminal as they provide proof of con-
cept that allosteric modulation of the GLP-1 receptor can
engender pathway specific modulation of signal transduction
outcomes. It would be informative to identify small molecule
ligands of the GLP-1 receptor with biased signaling to
delineate the in vivo consequences of selective modulation of
specific molecular signal transduction mechanisms. Impor-
tantly, this would provide a better understanding of the
molecular mechanisms of the antidiabetic effects of GLP-
1 receptor agonism. At this time, these in vitro studies
demonstrate that probe dependence of allosteric modula-
tors can occur at the GLP-1 receptor and identify critical
aspects to be considered when optimizing small molecule
GLP-1 receptor agonists or modulators. Future efforts also
should be directed at mapping the structural determinants
of allosteric ligand binding and at evaluating interaction
between allosteric and orthosteric sites.

5. Conclusions

Despite 20 years of research following the molecular iden-
tification and cloning of the GLP-1 receptor [52, 53], no
orally available small molecule GLP-1 receptor activator has
been developed for therapeutic use. Encouragingly, however,
the pace of identifying small molecule GLP-1 receptor
ligands is increasing. In addition to the molecules discussed
herein, the field anxiously awaits disclosures from both
Addex Pharmaceuticals S.A. and Vivia Biotech S.L. that have
recently presented data from their small molecule GLP-1
receptor modulator programs (see Cambridge Healthtech
Institute, Discovery On Target 2011, Cambridge, MA, USA,
Nov 2–4, 2011). Although the mechanisms of peptide
binding and receptor activation of the GLP-1 receptor are
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complex and likely difficult to mimic with low molecular
weight compounds, examples of small molecules working
via an allosteric mode provide compelling evidence that
medicinal chemistry strategies for this target should be
considered. Further, the application of advanced structural
biology methodologies and more sophisticated assay systems
and testing schemes, including work to understand biased
signaling for GLP-1 receptor ligands, will likely be needed to
advance drug-like molecules.
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Type 2 diabetes mellitus (T2DM) is a progressive multisystemic disease accompanied by vascular dysfunction and a tremendous
increase in cardiovascular mortality. Numerous adipose-tissue-derived factors and beta cell dysfunction contribute to the increased
cardiovascular risk in patients with T2DM. Nowadays, numerous pharmacological interventions are available to lower blood
glucose levels in patients with type 2 diabetes. Beside more or less comparable glucose lowering efficacy, some of them have shown
limited or probably even unfavorable effects on the cardiovascular system and overall mortality. Recently, incretin-based therapies
(GLP-1 receptor agonists and DPP-IV inhibitors) have been introduced in the treatment of T2DM. Beside the effects of GLP-1 on
insulin secretion, glucagon secretion, and gastrointestinal motility, recent studies suggested a couple of direct cardiovascular effects
of GLP-1-based therapies. The goal of this paper is to provide an overview about the current knowledge of direct GLP-1 effects on
endothelial and vascular function and potential consequences on the cardiovascular outcome in patients with T2DM treated with
GLP-1 receptor agonists or DPP-IV inhibitors.

1. Introduction

The global prevalence of T2DM has been estimated at 171
million people and is projected to more than double by
2030 [1]. The epidemiological establishment of T2DM as
a coronary artery disease equivalent has been confirmed
in several investigations [2–4]. Type 2 diabetes mellitus
(T2DM) is a progressive multisystemic disease accompanied
by endothelial dysfunction [5–7] and an increased cardio-
vascular mortality [3, 8]. Also several mechanistic pathways
linking glucose metabolism with endothelial dysfunction
are postulated; recent studies aimed to investigate the
beneficial role of strict glycemic control using conventional
treatment algorhythms failed to provide beneficial effects
on cardiovascular mortality [9–11]. The accumulation and
interaction of several metabolic and cardiovascular risk
factors merge in the pathophysiology of diabetic vascular
disease and the development of micro- and macrovascular
complications. Diabetic vascular disease has been associated

with an upregulation of reactive oxygen species and chronic
inflammatory and hypercoagulable states, and as such with
the pathogenesis of atherosclerosis and cardiovascular dis-
ease.

2. Adipose Tissue, Insulin Resistance, and Beta
Cell Function in Vascular Pathology

Adipose tissue is assumed to play an integral role in the
pathogenesis of vascular dysfunction and the development
of T2DM [12]. As maturing pre-adipocytes differentiate
to become adult adipocytes, they acquire the ability to
synthesize hundreds of proteins. Adipose tissue releases
a large number of cytokines and bioactive mediators
with endocrine, autocrine, juxtacrine, and paracrine activ-
ity. These proinflammatory adipocytokines include TNF-
α, IL-6, leptin, plasminogen activator inhibitor 1 (PAI-
1), angiotensinogen, resistin, and c-reactive protein, all of
them well known to interfere with insulin sensitivity, blood



2 Experimental Diabetes Research

Insulin resistance  

dysfunction  

Adipogenesis

Pre-adipocyte

Mature
adipocyte

HypertensionDyslipidemiaAtherogenesisMAPK

Steam 
cells  

↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑

FFA ↑ Angiotensin ↑IL-6, TNFα etc. ↑

Proinsulin ↑↑↑
Insulin ↑

Insulin-
requirement ↑

Adiponectin

Adipokines ↑

β-cell

↑

Figure 1: Schematic illustration of the central role of visceral adipose tissue in the generation of the atherogenic environment in
obese patients. Visceral adipose tissue induces insulin resistance, thereby increasing insulin and proinsulin release from the beta cell.
Unphysiological levels of insulin and proinsulin promote atherogenesis through the activation of endothelial MAPK. Preadipocytes secrete
numerous adipocytokines involved in the pathogenesis of hypertension, dyslipidemia, and inflammation. (MAPK: mitogen-activated protein
kinase, IL-6: interleukin-6, TNFα: tumor necrosis factor α, FFA: free fatty acids).

pressure regulation, lipid metabolism, and inflammation
(Figure 1). On the other hand, the release of adiponectin, an
anti-inflammatory and vasoprotective adipokine, is reduced
in insulin-resistant obese patients and in patients with T2DM
[13]. In addition, it is likely that many more undiscovered fat
cell-derived mediators are causally involved in cardiovascular
health, insulin resistance, and the development of T2DM.

Epidemiological evidence suggests that cardiovascular
risk begins to develop many years before the diagnosis
of T2DM [14]. Increasing insulin resistance, associated
with increasing visceral body fat, is associated with an
increased risk for cardiovascular disease and is commonly
comorbid with hypertension, dylipidemia, obesity, and a
prothrombotic state [15–17]. As long as the pancreatic
beta cells compensate for increasing insulin resistance with
an augmented release of insulin, blood glucose will stay
controlled, and the patient will not present, as per definition,
with frank diabetes mellitus. There are strong prospective
data that, even before deranging glucose levels, obesity
and insulin resistance are associated with atherosclerosis
and coronary heart disease [18, 19]. However, it is the
progressively deteriorating function of the beta cell, which
ultimately leads to hyperglycemia and is critical for the
manifestation of T2DM. There is increasing evidence that
islet cell polymorphisms my account for the individual risk
for beta cell breakdown and the manifestation of T2DM
as defined by an increase in fasting and/or postprandial
blood glucose levels [20, 21]. The insulin/proinsulin ratio
is used as a marker for the capability of the β cell to
convert intact proinsulin into insulin and C-peptide [21].
Preclinical and clinical studies of type 2 diabetes have

identified proinsulin both as an indicator of decreasing
beta cell function and a predictor of increased beta cell
loss due to apoptosis and/or diminished neogenesis [21,
22]. Furthermore, a direct role of this prohormone in the
development of cardiovascular disease has been suggested
by numerous experimental and epidemiological studies.
Increased intact proinsulin levels were found to be closely
associated with the development of coronary heart disease
involving subjects with and without diabetes [23–27]. In
fact, the atherogenic potential of proinsulin was highlighted
some years ago in a clinical trial, investigating the thera-
peutic potential of human proinsulin given as subcutaneous
injections. In that study, an eightfold increase in cardiovas-
cular events was observed during treatment with human
proinsulin versus human regular insulin [28]. More recently,
an association between increased plasma concentrations of
proinsulin and the severity of angiographically characterized
coronary heart disease has been reported [29]. Even the exact
mechanism how proinsulin is involved in the pathogenesis
of atherosclerosis is not completely recognized, it was
already shown that PAI-1 activity increases after proinsulin
administration in vitro [30]. Increased expression of PAI-
1 and vascular adhesion molecules have been associated
with hyperglycemia-related endothelial cell dysfunction and
a predisposition to accelerated atherogenesis [31]. There is
increasing evidence that the atherogenic effects of proinsulin
might, at least in part, be mediated by increasing PAI-
1 levels with subsequent inhibition of fibrinolysis and an
augmented thrombogenic potency [32–34]. In accordance
with this finding, the reduction of intact proinsulin levels
during treatment with a PPARγ agonist in T2DM was shown
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to be associated with a decrease in intima media thickness of
the arteria carotis communis [35].

3. Endothelial Dysfunction in Diabetes Mellitus

Vascular wall dysfunction is a critical mediator of athero-
genesis in patients with T2DM. The response to injury
hypotheses of atherosclerosis supposed that the initial dam-
age affects the arterial endothelium leading to endothelial
dysfunction [36]. Endothelial dysfunction in patients with
obesity and T2DM is characterized by an imbalance between
endothelium-dependent vasodilatation and vasoconstriction
as well as antithrombotic and prothrombotic factors. Nitric
oxide (NO) maintains the vasodilatation and vasoprotective
property of the endothelium and opposes the effects of
vasoconstrictors such as endothelin 1 or angiotensin II [6,
37]. It inhibits leucocyte and platelet activation and helps
to maintain the endothelium as smooth nonthrombotic
barrier. Thus endothelial dysfunction is a prominent feature
at various stages of atherogenesis, vessel occlusion, and tissue
infarction [12]. In a study by Goldfine et al., endothelial
function and NO bioavailability was evaluated in 38 indi-
viduals without a history of T2DM [38]. In this study, 19
patients were offspring of type 2 diabetes parents, while the
other 19 had no first degree relatives with either T2DM
or cardiovascular disease. Patients with a family history of
diabetes were found to have significantly reduced endothelial
function and nitric oxide (NO) bioavailability.

Beside the well-known metabolic effects of insulin, the
hormone exerts important vascular effects through the
activation of opposing intracellular signaling pathways.
Under normal conditions, insulin provides vasodilatation
and vasoprotective effects through the activation of the
Phosphoinositol-3-Kinase pathway (PI-3 K) and promoting
the release of NO. In contrast, in case of insulin resistance
and an unphysiological release of insulin and proinsulin from
the beta cells, the signal shifts from the vasoprotective PI-
3 K pathway to the mitogen activated proteinkinase (MAPK)
pathway (Figure 2). In this case, the vasodilating and benefi-
cial effects of insulin turn over into the vasoconstrictive and
mitogenic properties of insulin [6, 39].

4. Effects of GLP-1 on Body Weight and
Beta Cell Function

Nowadays, numerous pharmacological interventions are
available to lower blood glucose levels in patients with type 2
diabetes. Beside more or less comparable glucose lowering
efficacy, some of them have shown limited or probably
even unfavorable effects on the cardiovascular system and
overall mortality [40–44]. Therefore, treatments in T2DM
should be reevaluated not solely by judging their glucose
lowering potency, but, moreover, on their overall effects
on the cardiovascular risk profile and overall mortality in
patients with T2DM.

Recently, incretin-based therapies have been introduced
in the treatment of T2DM. Incretins, gut-derived hormones,
predominantly glucagon peptide 1 (GLP-1), and gastric

inhibitory polypeptide (GIP), are released in response to an
ingested meal. They reduce blood glucose concentrations
by enhancing the insulin release from pancreatic beta cells
[45] and inhibiting postprandial glucagon secretion [46,
47] and gastric emptying after a meal [48]. However, only
GLP-1 seemed to be suitable for the treatment of type 2
diabetic patients since the action of GIP was found to be
grossly impaired in patients with T2DM [49]. Following its
release from the L-cells into the blood stream, GLP-1 [7–
36] is quickly cleaved by the enzyme dipeptidyl-peptidase-
IV (DPP-IV) into the split product GLP-1 [9–39], which
results in a half-life time of GLP-1 [7–39] of only 2 min-
utes. Therefore, strategies have been developed to increase
the therapeutical window of GLP-1-based treatments by
inhibiting the degrading enzyme DPP-IV or by providing
exogenous agonists of GLP-1, which are resistant to the
degradation by DPP-IV. At present, four DPP-IV inhibitors
(Sitagliptin, Vildagliptin, Saxagliptin, and Linagliptin) and
two GLP-1 receptor agonists (Exenatide and Liraglutide) are
approved for the treatment of T2DM. In several studies,
treatment with DPP-IV inhibitors and GLP-1 receptor
agonists was shown to improve blood glucose control in
type 2 diabetic patients without increasing the risk of
hypoglycemia. While treatment with DPP-IV inhibitors was
shown to be more or less weight neutral, treatment with the
GLP-1 receptor agonists reduced body weight in the majority
of patients with T2DM [50]. Beside these overall weight
reducing effects of GLP-1 receptor agonists a pronounced
reduction in visceral body fat was shown during treatment
with Liraglutide [51]. In another study, treatment with the
GLP-1 receptor agonist Exenatide resulted in a reduction in
body weight, waist circumference, total body, and truncal
fat mass by 6%, 5%, 11%, and 13%, respectively [52]. In
addition, exenatide increased total adiponectin by 12% and
reduced high-sensitive CRP by 61%. Treatment with GLP-
1 receptor agonists has been consistently demonstrated to
reduce blood pressure, as observed in clinical trials with
exenatide or liraglutide [53–57]. Of interest is, that the
reduction of blood pressure in most studies occurred even
before weight reduction could be achieved, indicating direct
effects of GLP-1 on blood pressure. The mechanisms beyond
the blood pressure lowering effects of GLP-1 are still unclear.
Beside changes in the release of adipokines from the adipose
tissue, direct vasodilatory effects [58] and renal natriuretic
effects [59] of GLP-1 might cause the beneficial effects of
GLP-1 on blood pressure.

Recently, it has been reported that the vulnerability
of the beta cell to release the prohormone intact proin-
sulin, instead of insulin and C-peptide, is linked to beta
cell polymorphisms observed in three different risk alleles
[22]. The mechanisms by which these risk alleles (HHEX,
CDKN2A/B, and IGF2BP2) influence proinsulin processing
are still a matter of debate. Loos et al. demonstrated that
the genes of pro-protein convertases 1 and 2, which are
key proteins in the conversion from proinsulin to insulin,
exhibit binding sites for the T-cell transcription factor [60].
Therefore, an interaction with these pro-protein convertases
may be a mechanism leading to increased proinsulin levels
in carriers of the risk alleles [22]. As GLP-1 infusion
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Figure 2: Schematic illustration of intracellular insulin signalling (aPKC: atypical Protein-Kinase C, eNOS: endothelial Nitric Oxide
Synthase, ET1: Endothelin 1, FOX01: Forkhead Box01, IRS: Insulin Receptor Substrate, MAPK: Mitogen Activated Proteinkinase, MEK:
Mitogen Activated Proteinkinase Kinase, NO: Nitric Oxide, PDK: Phosphoinositide-Dependent Kinase, PI3K: Phosphatidylinostol 3 Kinase,
RAS, RAF: Proto-Oncogenes, SHC: Adapter Protein; adapted to [6]).

is able to normalize reduced proinsulin conversion, and
GLP-1 signaling is impaired in carriers of the risk alleles
in TCF7L2, it is conceivable that an attenuated GLP-1
signaling might lead to an impaired proinsulin processing
[61]. Several clinical studies have shown an improvement in
the Proinsulin/Insulin Ratio during treatment with GLP-1
receptor agonists [62, 63] and DPP-IV inhibitors [64–66]. In
a cross-sectional study, postprandial intact proinsulin levels
were significantly higher in sulfonylurea-treated patients
compared to insulin and DPP-IV-inhibitor-treated patients
and a non-diabetic control group [67]. As shown in Figure 3,
the proinsulin/insulin ratio was comparable in between the
DPP-IV-inhibitor-treated group and the nondiabetic control
group, while it was evaluated in the sulfonylurea- and the
insulin-treated group. In a recent study, the introduction
of liraglutide treatment caused a pronounced decrease in
intact proinsulin levels, which was found in parallel with
a reduction in E-Selectin, asymmetric-dimethyl-arginine
(ADMA), and PAI-1 levels, and an improvement in endothe-
lial function [68]. Therefore, it seems conceivable that GLP-
1-based treatments do not only improve beta cell function
by an induction of the proinsulin convertases but also
reduce vascular risk by the reduction in circulating absolute
proinsulin levels.

5. Effects of GLP-1 on Endothelial
and Cardiovascular Function

GLP-1 acts through a distinct heptahelical G-protein-
coupled receptor, which has been located not only in beta
cells and the gastrointestinal tract, but also in the nervous
system, heart, vascular smooth muscle cells, endothelial
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Figure 3: Postprandial proinsulin/insulin ratio in patients treated
with sulfonylurea, insulin Glargine, or DPP-IV inhibitors compared
to nondiabetic healthy controls (∗: P < 0.05 versus nondiabetic
controls adapted to [67]).

cells, and macrophages [45, 58, 70, 71]. GLP-1 appears to
modulate a wide range of physiological effects, not only
regulating blood glucose and metabolic control, but also
directly affecting several cardiovascular pathways involved in
atherogenesis. Binding of GLP-1 to the GLP-1 receptor in
the myocardium leads to an increase in the production of
cyclic adenosine monophosphate (cAMP) and an activation
of protein kinase A (PKA), which results in an increase in
glucose uptake and the inotropic effects in myocardial tissue.
GLP-1 knockout mice exhibit reduced resting heart rate,
elevated left ventricular and diastolic pressure, and increased
left ventricular thickness compared with normal controls
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[58]. In agreement with this findings, treatment with GLP-
1 or the GLP-1 receptor agonists was found to improve
left ventricular function [72, 73] and to reduce circulating
levels of brain natriuretic peptide (BNP) [74, 75]. GLP-1
increased functional cardiomyocyte viability in an isolated
mouse heart reperfusion model but, unexpectedly, many of
these actions were preserved in the GLP-1 knockout mouse
model, suggesting cardiovascular effects that are independent
of the GLP-1-receptor-mediated activation of cAMP/PKA
[50]. Ban et al. studied the myocardial effects of GLP-1 (7-
39) and GLP-1(9-39) under postischemic conditions in both
wild-type and GLP1r (−/−) (GLP-1 receptor knockout mice)
[58]. In wild-type mice, some of the effects of GLP-1 (7-
39) could be reproduced by the truncated peptide GLP-1 (9-
39). Those effects could also be induced by GLP1 (7-39) and
GLP-1 (9-39) in the GLP1r (−/−) knockout mouse model.
In addition, the beneficial effects of GLP-1 in the knockout
mouse model could be abolished by the addition of the DPP-
IV inhibitor Sitagliptin and by the administration of the NO-
synthase blocker L-NNA (NG-nitro-arginine). This leads to
the hypothesis of a two pathway mechanism for the protec-
tive cardiovascular action of GLP-1. One that depends on
the GLP-1 receptor mediated action with inotropic, glucose
uptake stimulating, ischemic preconditioning effects, and
one, receptor independent vasodilatatory pathway, which is
mediated by NO (Figure 4).

Growing lines of evidence demonstrate beneficial effects
of GLP-1 on endothelium and vascular smooth muscle
cells [58, 76–78]. In human vascular endothelial cells,
liraglutide caused eNOS phosphorylation and potentiated

eNOS activity with an increased nitric oxide production [79].
In endothelial cells, isolated from human coronary arteries,
GLP-1 rapidly activates endothelial nitric oxide synthase
(eNOS), promotes cell proliferation, and inhibits glucol-
ipoapoptosis [80]. In healthy, nondiabetic, subjects, GLP-
1 infusion enhanced the acetylcholine-mediated increase
in forearm blood flow, while no such effect could be
observed on endothelial-independent vasodilatation after
sodium nitroprusside [78]. Interestingly, in that study, the
beneficial effects of GLP-1 on endothelial function were
damped by the addition of glyburide, but not by glimepiride.
In type 2 diabetic patient with coronary artery disease,
infusion of GLP-1 increased flow-mediated vasodilatation in
the brachial artery, affirming the NO-dependent mechanism
of GLP-1 in the vascular system [81]. In this study, no such
effect could be observed in nondiabetic healthy controls.

6. Other Potential Cardiovascular Benefits

Treatment with the GLP-1 receptor agonists, liraglutide and
exenatide, was shown to reduce PAI-1 levels in patients
with T2DM [68, 74, 75, 82]. In cultured human vascular
endothelial cells, Liraglutide inhibited the expression of
tumor necrosis factor-α (TNF α) and the hyperglycemia-
mediated induction of VCAM-1 and PAI-1 [74, 80]. This
may be of relevance as elevated PAI-1 levels have been
implicated in endothelial cell dysfunction [83]. In a previous
study, 14 weeks of treatment with liraglutide significantly
decreased PAI-1 levels by 25% [74]. Complementing the



6 Experimental Diabetes Research

beneficial effect on PAI-1 levels, liraglutide attenuates the
induction of PAI-1 and vascular adhesion molecules in vitro
[31].

A recent metaanalysis of the 6 trials from the LEAD
program revealed that treatment with the GLP-1 receptor
agonist liraglutide decreased hsCRP levels by 23% from
baseline till 6 months [84]. In a study comparing exe-
natide and glargine treatment, treatment with exenatide
over a period of 12 months reduces hsCRP levels by 61%
[52].

In addition to the effects on myocardium and the
endothelial cells, GLP-1 may also have effects on athero-
genesis through direct interactions with monocytes or
macrophages. Treatment with Exenatide significantly inhib-
ited monocyte adhesion in the aorta of C57BL/6 mice [85].
In apoE(−/−) mice, the same treatment reduced monocyte
adhesion to the endothelium and suppressed atherogenesis.

As pointed out by Zilversmit many years ago, atheroscle-
rosis could be considered to be a prandial phenomenon
[86]. Therefore, GLP-1 might serve as a metabolic and
vasoprotective factor evolving its main effects after the
ingestion of a meal. In a study by Koska et al. postprandial
endothelial function was investigated in IGT subjects and in
patients with recently diagnosed T2DM by reactive hyper-
emia peripheral arterial tonometry [87]. In that study, a sin-
gle dose of Exenatide resulted in a significant improvement
in postprandial endothelial function compared with placebo
administration. In another study, intravenous GLP (7-39)
infusion resulted in a significant improvement of postpran-
dial FMD during an OGT and during a hyperglycemic clamp
procedure [88]. The improvement in FMD was paralleled
by a reduced postprandial increase in nitrotyrosine and 8-
iso-PGF2a levels. These results suggest that GLP-1 has the
potential to reduce glucose load, oxidative stress and to
improve endothelial function especially in the postprandial
state.

How far all the previously observed pleiotropic effects
of GLP-1 will translate in a reduction of micro- and/or
macrovascular complications in patients with T2DM is still
not established. In a retrospective analysis of the LifeLink
database, patients treated with the GLP-1 receptor agonist
Exenatide were less likely to have a CVD event (HR 0.81,
P = 0.01) and lower rates of CVD-related hospitalization
(HR 0.88, P = 0.02) [89]. A recent meta-analysis assessing
the cardiovascular outcome of GLP-1-receptor agonists in
clinical trials up to November 2010 revealed a significant
lower rate of major cardiovascular events in GLP-1-receptor-
agonist-treated patients compared to placebo [90]. Ongoing
randomized prospective clinical studies will provide more
evidence about potential clinical long-term effects of GLP-
receptor agonist or DPP-IV inhibitor treatment in patients
with T2DM at cardiovascular risk.
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