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Incretin-based therapies include glucagon-like peptide-1 (GLP-1) receptor agonists and dipeptidyl
peptidase-4 (DPP-4) based therapies. Both classes of agents are predicated on the knowledge that GLP-
1, a gut-derived hormone, plays a major role in glucose homeostasis, a fact that has been known for
several decades; however, until recently GLP-1 has not been able to be harnessed into a
pharmacologically viable target with which to treat type 2 diabetes. GLP-1 receptor agonists (GLP-1 RA)
provide supraphysiologic levels of GLP-1, resulting in increased levels of insulin and decreased glucagon
secretion, without attendant hypoglycemia risk or risk of weight gain. They are more potent than DPP-4
inhibitors, may result in weight loss, have different adverse effect profiles, and may have other different
pharmacological nonglycemic effects than DPP-4 inhibitors. They can be successfully used as part of
combination therapy strategies, which is important because type 2 diabetes has multiple pathophysiological
defects that need to be addressed to successfully maintain or achieve glucose goals.
r 2013 Published by Elsevier Inc.
Introduction

Type 2 diabetes mellitus (T2DM) is a complex disease state
with an intricate pathophysiology, characterized by multiple
metabolic defects.1 The standard therapeutic approach has
consisted primarily of insulin, insulin secretagogues (sulfo-
nylureas), insulin sensitizers (metformin and thiazolidine-
diones [TZDs]), alpha glucosidase inhibitors, and glinides.2

These agents may improve glycemic control, but with
unwanted side effects, particularly hypoglycemia, weight
gain, and peripheral edema. Additionally, these agents may
not have a positive effect on beta-cell mass or function, both
Published by Elsevier Inc.
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of which are adversely affected over time, making diabetes a
progressive disease state.3

Incretin hormones, glucose homeostasis, and
the development of incretin-based therapies

The major incretin-based therapies include both (dipeptidyl
peptidase-4) DPP-4 inhibitors and glucagon-like peptide-1
(GLP-1) receptor agonists.4 Incretins are gut-based hor-
mones that have a number of physiologic actions that affect
glucose homeostasis. These hormones were first identified
many decades ago, when it was noted that the insulin
response to intravenously administered glucose differed
substantially from orally administered glucose, a phenom-
enon dubbed the “incretin effect”.5 The incretin effect, thus,
is the amplification of insulin secretion exerted by
insulinotropic gut hormones. At about the same time, it
was observed that individuals with T2DM had a reduced or
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Figure 1

Table 1 The multiple antidiabetic actions of GLP-1; some of
these actions have only been documented in animal systems

Characteristics
of diabetes

Action of GLP-1

Impaired b-cell
function

Insulin secretion (glucose-dependent) and
biosynthesis

Impaired b-cell function (ie, glucose
sensitivity, proinsulin:insulin ratio, HOMA-
b)

Up-regulates genes that are essential for b-
cell function (eg, GLUT2 and glucokinase)

Reduced b-cell
mass

Increases b-cell proliferation and
differentiationn

Decreases b-cell apoptosisn

Increases b-cell massn

Glucagon
hypersecre-
tion

Decreases glucagon secretion (glucose-
dependent)

Overeating,
obesity

Decreases gastric emptying, increases
satiety, decreases appetite, which leads to
decreases in food intake and body weight

Macrovascular
complica-
tions

Beneficial effects on cardiovascular risk
factors

Insulin
resistance

Increases insulin sensitivityy

GLUT2 ¼ glucose transporter; HOMA-b ¼ homeostasis model
assessment indicating improved beta-cell function.9

nShown in in vitro and preclinical animal models.
yLikely to be secondary to overall improvements in metabolic

control.
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impaired incretin effect.6 Whether this is a primary or
secondary result of diabetes pathophysiology has not been
fully elucidated.7 These gut or incretin hormones that
increase insulin levels include both GLP-1 and gastric
inhibitory polypeptide, also known as the glucose-
dependent insulinotropic peptide. GLP-1, but not gastric
inhibitory polypeptide, controls glycemia via additional
actions on glucose sensors, inhibition of gastric emptying,
food intake, and glucagon secretion.8 The pleiotropic
actions of GLP-1 are summarized in Figure 1.8 The multiple
antidiabetic actions of GLP-1 are summarized in Table 1,9;
note that some of these actions have only been documented
in animal systems. The 2 major pancreatic effects of GLP-1
are to increase insulin secretion and reduce glucagon
secretion, but only in the presence of high blood glucose
levels. Therefore, incretin-based therapies have no intrinsic
risk for hypoglycemia.

GLP-1 is rapidly degraded by the enzyme DPP-4. DPP-4
inhibitors were developed that reduce the breakdown of native
GLP-1, although the concentration or effect of ambient GLP-1
levels in patients with diabetes may limit the ability of DPP-4
inhibitors to restore the full incretin effect. GLP-1 RAs were
also developed that directly raise GLP-1 levels10,11; however,
GLP-1 RAs need to be given by subcutaneous injection
because the hormone is rapidly degraded when administered
by the oral route.

Similarities and differences between DPP-4
inhibitors and GLP-1 RAs

These agents, while differing in several ways, share
characteristics of glucose-dependent glucose lowering (ie,
a low risk of hypoglycemia) without attendant weight gain.
Table 2 summarizes some of the differences between DPP-4
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inhibitors and GLP-1 RAs.8,12 Their glucose-lowering
potency, actual effects on weight, adverse effects, and route
of administration are quite different. The reasons for the
differences in pharmacologic effects (both positive and
negative [ie, gastrointestinal side effects]) hark back to the
fact that GLP-1 RAs provide supraphysiologic levels of
GLP that are many-fold greater than can be achieved with
DPP-4 inhibitors.

A feature they share is targeting several pathophysiolo-
gical defects in T2DM, making both classes of agents good
candidates for use with more traditional agents. Figure 2
provides information on approved and some of the agents in
development in the GLP-1 RA and DPP-4 inhibitor class.
For a current review on DPP-4 inhibitors, readers are
referred to the article by Scheen in Expert Opinion on
Pharmacotherapy.13 There is no rationale for the use of
DPP-4 inhibitors in combination with GLP-1 RAs, and this
is not an approved use for these agents.14

The first GLP-1 RA, exenatide, was approved in 2005
and by 2006 was included in the American Diabetes
Association and the European Association for the Study of
Diabetes treatment algorithm,2 initially as a second-tier
Table 2 Clinical differences between GLP-1 RAs and DPP-4
inhibitors

Effects/Parameters GLP-1 RAs DPP-4
inhibitors

Route of
administration

Subcutaneous injection Oral

Dosing/timing of
administration

Twice daily before meals Once daily
Once daily without

regard to meals
Once weekly without

regard to meals

Fasting
hyperglycemia�

Reduced Little effect

Postprandial
hyperglycemia�

Reduced Reduced

Body weight Reduced Neutral

Appetite Suppressed Neutral

Gastric emptying Slowed significantly No effect

Hypoglycemia Low rates Low rates

GI adverse effects
(AEs)

Nausea, diarrhea No significant
GI AEs

CVD risk factors Improved No consistent
changes

CVD ¼ cardiovascular disease; FPG ¼ fasting plasma glucose; PPG
¼ postprandial glucose; RAs ¼ receptor agonists.

nDPP-4 inhibitors and short-acting GLP-1 RAs primarily target
PPG levels; longer-acting GLP-1 RAs affect both FPG and PPG and
thus tend to reduce A1C levels to a greater extent.
option to agents with which healthcare professionals had
more clinical experience. But by 2009, GLP-1 RAs (and
DPP-4 inhibitors) were possible therapeutic options in-
cluded across a background of therapy and in a variety of
hemoglobin A1C ranges.15 Two other GLP-1 RAs are now
available, liraglutide (approved in 2010) and a longer-acting
version of exenatide, exenatide long-acting release (ap-
proved in 2012). They feature prominently in the balancing
act of achieving glycemic control with as few adverse side
effects as possible.16,17 Today, both DPP-4 inhibitors and
GLP-1 RAs are fully integrated into diabetes treatment
algorithms.7,18

There are differences among GLP-1 RAs. Exenatide is
similar to human GLP-1 with a 53% sequence identity;
liraglutide is 97% homologous to human GLP-1. Because of
this difference in homology, exenatide is considered an
agonist of GLP-1 receptors, while liraglutide is considered a
GLP-1 analog that acts on GLP-1 receptors. Because both
exenatide and liraglutide act on GLP-1 receptors, we will
refer to both agents as GLP-1 RAs.
Clinical efficacy data for GLP-1 receptor
agonists

The clinical trial programs for these agents have been
extensive, with studies evaluating use as monotherapy, in
combination with other agents including DPP-4 inhibitors,
and even direct head-to-head comparisons of GLP-1 RAs.
Additionally, the clinical trials include substitute design and
switchover design comparing GLP-1 RAs with each other.
Overall, a greater proportion of patients with T2DM can
achieve the American Diabetes Association recommended
A1C goal of o7% with GLP-1 RAs compared with placebo
or other antidiabetic drugs.19
Use with metformin

Metformin remains the standard initial therapy for patients
with T2DM.7 A frequent use of incretin-based therapy is as
add-on to metformin therapy in subjects with T2DM who
have insufficient glycemic control with metformin alone. A
recent meta-analysis of 420 studies summarizes the data
with either a GLP-1 RA or DPP-4 inhibitor compared with
metformin. The reduction in A1C was significantly greater
(P o .001) in study groups with long-acting GLP-1 RAs
(ie, liraglutide once daily, and extended-release exenatide
given once weekly) than with exenatide twice a day (bis in
die [BID]) and DPP-4 inhibitors, for which there was no
statistical difference. Fasting plasma glucose levels also
fell significantly more in patients receiving liraglutide or
exenatide extended-release than in those given exenatide
twice daily or DPP-4 inhibitors given once daily (both
P o .001). Short-acting exenatide generally has a more
profound effect on postprandial glucose levels than on
fasting levels. Weight loss was observed in patients
receiving any of the GLP-1 RAs, and no substantial



GLP-1
enhancement

GLP-1 RAs 
(injectables)

DPP-4 Inhibitors 
(oral)

Exenatide
(2005)

Sitagliptin
(2006)Taspoglutide Alogliptin

(under FDA review)

Liraglutide
once a day (2010)

Saxagliptin
(2009)Albiglutide

Approved Investigational Approved Investigational

Exenatide
extended duration 

(2012)

Linagliptin
(2011)Lixisenatide

Vildagliptin
(2008; Europe only)

Figure 2 Expanding array of agents to enhance actions of GLP-1 for patients with diabetes.
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weight gain was observed in patients receiving DPP-4
inhibitors.20

One of the intriguing properties of both exenatide and
liraglutide is that many patients lose weight when they are
treated with these drugs by reason of their glucose-lowering
actions and not necessarily with a side effect of nausea.21

Given that most patients with T2DM are overweight or
obese, and that other drugs used to lower blood glucose may
cause weight gain (eg, sulfonylureas, TZDs, and insulin),
this is an important clinical feature.

Use with combination oral antidiabetic therapy

GLP-1 RAs have also been evaluated as add-on therapy for
patients not achieving glycemic control with 2 oral agents (eg,
metformin þ sulfonylureas, or metformin þ TZDs).22-24 Early
reductions in A1C were observed. Hypoglycemia rates were
low, except when used with a sulfonylurea. Therefore, the dose
of sulfonylurea may need to be lowered. Sulfonylureas tend to
cause weight gain, and the benefit of weight loss typically
associated with GLP-1 RAs is attenuated or lost when used in
combination with sulfonylureas.

Use compared with insulin

Physicians may choose to add either insulin or GLP-1 receptor
agonists to their patients’ regimen for those who have poor
glycemic control despite therapy with multiple oral agents.
While we have traditionally thought of insulin as the most
potent agent to lower glucose levels, the doses that are required
may result in hypoglycemia. Given that GLP-1 receptor
agonists work in a glucose-dependent manner, they are
associated with a low risk of hypoglycemia. It is quite
interesting to review studies comparing these agents against
insulin therapy. The use of exenatide twice daily and liraglutide
once daily achieved similar improvements in glycemic lowering
compared with once-daily basal insulin in individuals who were
suboptimally controlled with oral combination therapy.24-26 The
other significant advantage with use of the GLP-1 receptor
agonists was the association of weight reduction rather than
weight gain, and less hypoglycemia than with insulin therapy,
although there was a higher incidence of gastrointestinal
adverse effects reported with GLP-1 RA therapy. These
findings support the use of GLP-1 RAs as a treatment
alternative in potential insulin-naive subjects with T2DM,
who are overweight and suboptimally controlled by combina-
tion oral antidiabetic therapy.

Use in combination with insulin

In addition, there are interesting data on the use of exenatide
BID with basal insulin analogs. Such studies have found
that glucose control can be improved, with a low risk of
hypoglycemia, possible weight loss, and with lower or
reduced doses of insulin.27,28 This approach makes sense,
given that short-acting exenatide primarily targets post-
prandial glucose levels and basal insulin as analogs target
fasting plasma glucose levels. Recently, the use of the
exenatide BID with insulin glargine and liraglutide with
basal insulin was approved for combination therapy.
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Comparisons with DPP-4 inhibitors

We have alluded to the pharmacological differences
between GLP-1 receptor agonists and DPP-4 inhibitors
(both considered “incretin-based” therapies). However, in
clinical practice, the differences are often confused, and
patients may believe that the agents are quite similar. They
may consider DPP-4 inhibitors as an oral GLP-1 receptor
agonist vs a once-daily injectable (liraglutide), twice-daily
injectable (exenatide), or once-weekly injectable (exenatide
extended-release) product. It is therefore helpful for
clinicians to clarify these unique properties between classes
of products.

The goal for many clinicians who manage diabetes is to
achieve optimum glucose control with weight loss and a
minimum number of hypoglycemic episodes. The addition
of GLP-1 receptor agonist therapy to metformin achieved
this goal more often than did addition of maximum daily
doses of a DPP-4 inhibitor.29-32 What patients should
understand is that GLP-1 receptor agonists are able to lower
blood glucose levels more effectively with the added benefit
of weight loss than DPP-4 inhibitors, and that one class is
not simply the oral or injectable version of the other. In fact,
treatment satisfaction studies have shown that an injectable
GLP-1 receptor agonist may lead to greater treatment
satisfaction than oral DPP-4 inhibitor therapy, potentially by
facilitating greater improvement in glycemic control, weight
loss, and perception of greater treatment efficacy.33,34
Comparisons among available GLP-1 RAs

As noted above, there are currently 3 approved GLP-1
receptor agonists: 2 forms of exenatide and 1 of liraglutide.

Exenatide can be injected twice daily before meals
(exenatide BID) or once weekly (exenatide extended
duration); the latter encompasses dissolvable poly-(D,L-
lactide-co-glycolide) microspheres.35 The primary differ-
ence between these 2 formulations is the plasma concentra-
tion over time. With the long-acting formulation there is a
continuous delivery. Two clinical trials have examined the
similarities and differences in the safety and efficacy of
these formulations. The use of exenatide extended-release
formulation vs twice daily resulted in greater reductions in
A1C, fasting plasma glucose levels and postprandial glucose
levels, and body weight in the DURATION-1 and
Table 3 Clinical differences between exenatide as a twice-daily and

DURATION-1

Exenatide, BID Exenatide exte
release, once

A1C, % –1.5 –1.9
FPG, mg/dL –25 –41
Weight, kg –3.6 –3.7

FPG ¼ fasting plasma glucose.37,36
DURATION-5 studies (Table 3). There were fewer
gastrointestinal adverse effects with the longer-acting
formulation.36,37 Therapeutic concentrations of exenatide
extended duration are achieved in approximately 2 weeks,
with steady state concentrations occurring by 6-7 weeks.38 If
switching patients to a once-weekly formulation, the time to
achieve steady state should be taken into account.

Liragluide is administered once daily without regard to
meals. It has been compared with exenatide twice daily in a
head-to-head trial,39 with an extension phase where patients
on exenatide were switched to liraglutide.40 In the original
trial, patients with inadequately controlled T2DM on
maximally tolerated doses of metformin, a sulfonylurea, or
both were randomized to liraglutide once daily or exenatide
twice daily. Liraglutide reduced fasting plasma glucose and
A1C more than exenatide. Postprandial glucose lowering
was greater with exenatide. Weight loss was similar between
both products, and liraglutide was associated with less
persistent nausea and less hypoglycemia than exenatide.39

Patients receiving exenatide were switched to liraglutide,
and those on liraglutide continued with liraglutide in the
extension study. Switching resulted in further improvements
in glycemic control, further reductions in body weight, and
improvements in systolic blood pressure (Figure 2).40

A very recent study has been published comparing the
safety and efficacy of once-weekly exenatide and once-daily
liraglutide in 4900 patients with T2DM in an open-label
randomized trial. Both once-daily liraglutide and once-
weekly exenatide led to improvements in glycemic control,
with greater reductions noted with liraglutide (A1C
reductions: �1.48% vs �1.28%). These findings, plus
differences in injection frequency and tolerability (nausea,
diarrhea, and vomiting were more frequent with exenatide
once weekly [21% vs 9%; 13% vs 6%; 11% vs 4%
respectively]), could inform therapeutic decisions for
treatment of patients with T2DM (Figure 3).41

Cardiovascular (CV) effects

GLP-1 receptors are expressed in the heart and vasculature,
prompting evaluation of their physiological role and
pharmacological stimulation, both in healthy and disease
states. GLP-1 receptor agonists may have direct and indirect
effects on the CV system.42 The weight loss associated with
these agents may contribute to some of the improvements
once-weekly therapy for T2DM

DURATION-5

nded-
weekly

Exenatide, BID Exenatide extended-
release, once weekly

–0.9 –1.6
–12 –35
–1.4 –2.3
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that are noted in CV risk factors among patients treated with
GLP-1 receptor agonists (eg, improvements in systolic
blood pressure, lipid profiles, and markers of inflamma-
tion),43,44 although there are data suggesting that these
effects may be independent of weight loss.45 Results from
ongoing prospective studies assessing CV outcomes are
keenly awaited.46
Summary

Incretin-based therapy provides an option for improving
glycemic control. As reviewed, adding GLP-1 RA therapy to
oral antidiabetic drugs may be a good treatment option for
patients with T2DM. Studies continue to accumulate, which
illustrate the advantages of incretin-based therapies over
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previous combination therapy strategies in the quest to achieve
good glycemic control with as few adverse effects as possible.
The benefits of possible weight loss may motivate patients to
accept injectable therapies. Studies continue that compare the
use of incretins vs insulin and use with insulin. Studies and
clinical experience continue to accumulate comparing the use
of available GLP-1 receptor agonists with DPP-4 inhibitors in
efforts to further establish the differences between incretin-
based therapies. More is being learned about the CV safety and
the possible CV benefits of these agents. Incretin-based
therapies appear to be overcoming some of the limitations of
previous therapies in that they target multiple aspects of T2DM
pathophysiology with a low risk of hypoglycemia and weight
gain and with the potential for other pleiotropic effects.
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