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ABSTRACT

his article aims to provide an overview of efficacy and safety data on glucagon-like peptide–1 (GLP-1)
eceptor agonists and dipeptidyl peptidase–4 (DPP-4) inhibitors in the treatment of type 2 diabetes
ellitus. Our goal is to differentiate the clinical profiles of GLP-1 receptor agonists and DPP-4 inhibitors,

s well as the individual agents within each class. Additionally, we examine the utility of GLP-1 receptor
gonists and DPP-4 inhibitors as these agents may be applied at different stages of type 2 diabetes therapy
nd discuss recently published clinical findings and their implications for treatment.

2009 Elsevier Inc. All rights reserved. • The American Journal of Medicine (2009) 122, S11–S24
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he current pandemic of diabetes mellitus and projections
or future growth in the prevalence of the disease threaten to
reate a global health crisis. Findings from clinical trials
rovide clear and compelling evidence that intensive treat-
ent of type 2 diabetes can significantly reduce the risk of

isease-associated cardiovascular and renal complications.1

afe and effective treatments for diabetes may mitigate,
hough certainly not dispel, the looming public health crisis.
lthough many therapies for type 2 diabetes exist, including

nsulin secretagogues and insulin sensitizers, success in
iabetes is fleeting. Treatment is characterized by progres-
ive diminution of effect, leading almost inevitably to treat-
ent failure. As monotherapies fail, additional agents are

dded. Glycemic control is stabilized, but sometimes at the
ost of side effects such as weight gain or hypoglycemia,
hich themselves may undermine therapeutic effect. Even-

ually even combinations of oral agents fail, necessitating
he introduction of insulin. Clearly there is a continuing
eed to add to the armamentarium of safe and effective
ntidiabetic remedies, with better risk-benefit ratios and
reater patient acceptability.2

Statement of author disclosure: Please see the Author Disclosures
ection at the end of this article.

Requests for reprints should be addressed to Richard E. Pratley, MD,
iabetes and Metabolism Translational Medicine Unit, University of Ver-
ont College of Medicine, Given C33189, Beaumont Avenue, Burlington,
ermont 05405.
c: richard.pratley@uvm.edu.

ront matter © 2009 Elsevier Inc. All rights reserved.
ed.2009.03.013
Impairment of incretin activity plays an integral part in
he metabolic derangement underlying type 2 diabetes. Glu-
agon-like peptide–1 (GLP-1) receptor agonists and dipep-
idyl peptidase–4 (DPP-4) inhibitors represent the 2 classes
f incretin therapies currently available. GLP-1 receptor
gonists enhance incretin activity by providing pharmaco-
ogic levels of human GLP-1 receptor stimulation, whereas
PP-4 inhibitors exert their effects by slowing the degradation
f endogenous GLP-1 and glucose-dependent insulinotropic
olypeptide (GIP). Incretin-based therapies enhance endoge-
ous insulin secretion without causing hypoglycemia or weight
ain. This review focuses on the efficacy and safety of incretin
herapies, and the utility of their application at different
tages in the progression of diabetes. It must also be recog-
ized that diabetes is quite commonly accompanied by
ultiple comorbid conditions; diabetes agents that would

enefit, or at least not worsen, common comorbidities (e.g.,
besity, hypertension, dyslipidemia) are highly desirable.

Exenatide is a synthetic, 39–amino acid peptide form of
he exendin-4 molecule first isolated from the salivary gland
ecretions of the Gila monster.3 It shares 53% homology
ith mammalian GLP-1 but is resistant to enzymatic deg-

adation by DPP-4.4 It was the first approved therapeutic
gent in the incretin class of medications, and acts by
imicking the physiologic actions of native GLP-1. Ex-

natide is administered twice daily within 60 minutes of
orning and evening meals. Differences in the N-terminal

mino acid sequence of exenatide from that of native GLP-1

onfer resistance to the effects of DPP-4, substantially in-

mailto:richard.pratley@uvm.edu
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reasing its half-life in the circulation (approximately 2.4
ours compared with 1 to 2 minutes for native GLP-1). The
uration of effect of exenatide is therefore substantially
onger than that of native GLP-1, although twice-daily ad-
inistration is required.5,6 Exenatide is predominantly elim-

nated by glomerular filtration with subsequent proteolytic
egradation; hence it is contraindicated in patients with
nd-stage renal disease or severe renal impairment. Ex-
natide is not recommended in patients with severe gastro-
ntestinal disease. In a small proportion of patients, forma-
ion of antibodies at high titers could result in the failure of
xenatide to achieve adequate improvement in glycemic
ontrol.3 Exenatide is available in the United States; it is
ndicated for adjunctive therapy to improve glycemic con-
rol in patients with type 2 diabetes that is inadequately
ontrolled on metformin, a sulfonylurea, a thiazolidinedi-
ne, a combination of metformin and a sulfonylurea, or a
ombination of metformin and a thiazolidinedione.

Liraglutide is a once-daily human GLP-1 analog with
7% homology with human GLP. Modifications to the mol-
cule include 1 amino acid substitution and the attachment
f a fatty acid chain with a glutamoyl spacer to a lysine
esidue.7 Those adjustments slow the absorption and retard
he degradation of liraglutide by the proteolytic enzyme
PP-4, prolonging the half-life to 13 hours.8 The route of

limination of liraglutide appears to be by generalized pro-
eolysis, with no single organ system having demonstrated
ajor involvement; hence no dosage adjustment appears to

e necessary in patients with severe renal impairment or
epatic insufficiency.9-11 Liraglutide is currently under re-
iew by the US Food and Drug Administration (FDA).

DPP-4 inhibitors are oral agents that prolong the bioac-
ivity of native GLP-1 (and GIP) by inhibiting the proteo-
ytic activity of the DPP-4 enzyme. DPP-4 inhibitors have
een shown to elevate active GLP-1 levels 2- to 3-fold by
roviding up to 90% inhibition of plasma DPP-4 activity
ver 24 hours in vivo.12,13 Sitagliptin is the only DPP-4
nhibitor currently available in the United States. A combi-
ation tablet containing sitagliptin and metformin is also
vailable. Approximately 79% of the sitagliptin dose is
xcreted unchanged in the urine; metabolism is a minor path-
ay of elimination. Dosage adjustment is recommended in
atients with moderate or severe renal impairment, and in
atients with end-stage renal disease requiring dialysis. Post-
arketing reports of serious hypersensitivity reactions, includ-

ng anaphylaxis, angioedema, and Stevens-Johnson syn-
rome have been noted in patients on sitagliptin.14

ildagliptin, another DPP-4 inhibitor, has been approved
or use in the European Union and other countries. Vilda-
liptin is primarily metabolized by liver hydrolysis and is
ontraindicated in patients with severe hepatic dysfunc-
ion.15 Vildagliptin has been associated with changes in
iver enzyme levels and, in animal models, with skin lesions
ncluding blistering and ulceration.16 Approval in the
nited States is pending additional trials in patients with
enal dysfunction.17 e
FFICACY OF INCRETIN-BASED THERAPIES IN
ATIENTS FAILING DIET OR EXERCISE

randomized, double-blind, 24-week monotherapy trial
ompared twice-daily exenatide 5 �g, exenatide 10 �g, and
lacebo in 232 patients with type 2 diabetes inadequately
ontrolled by diet and exercise alone. Compared with pla-
ebo, exenatide 5 �g and 10 �g demonstrated significantly
reater mean reductions in hemoglobin A1c (HbA1c) (P �
.003 and P �0.001 for the 5-�g and 10-�g doses, respec-
ively), fasting plasma glucose (FPG) (P � 0.029 and P �
.016), and body weight (Table 1 and Figure 1).5,18-23 The
roportion of patients achieving HbA1c �7% at study end-
oint was 48% in the 5-�g group (P � 0.024) and 46% in
he 10-�g group (P � 0.036) versus 29% in the placebo
roup. The incidence of nausea was significantly greater in
he combined exenatide groups (8%) relative to placebo
0%; P � 0.010), whereas hypoglycemia rates were slightly,
lthough not significantly, higher in patients receiving ex-
natide 5 �g (5%) or exenatide 10 �g (4%) relative to
lacebo (1%).18

A long-acting–release (LAR) formulation of exenatide
once weekly administration) is currently in phase 3 clinical
evelopment. In a phase 2 study, exenatide-LAR (0.8 or 2.0
g) was administered for 15 weeks to patients with type 2

iabetes whose disease was suboptimally controlled with
etformin and or/diet and exercise (N � 45). Mean HbA1c

evels were reduced significantly with both exenatide-LAR
oses compared with placebo (P �0.0001) (Figure 1). Only
he 2.0-mg dose was associated with a significant mean
ody weight reduction versus placebo (P �0.05) (Table 1).
ypoglycemia was reported in 25% of patients in the
.8-mg dose group (n � 16) and in no patients in the 2.0-mg
ose group (n � 15). Nausea was reported in 19% and 27%
f the patients who received exenatide-LAR at the 0.8 and
.0 mg doses, respectively, and in 15% of patients who
eceived placebo. Injection-site bruising was observed in
3% and 7% of patients in the 0.8 and 2.0 mg groups,
espectively. Exenatide LAR injections were administered
y study site staff.5

In a 14-week phase 2 monotherapy trial, HbA1c reduc-
ions observed with liraglutide 1.9 mg and 1.25 mg once
aily were –1.45% and –1.40% versus �0.29 for placebo
P �0.0001). The percentage of patients reaching the target
bA1c goal of �7% was 46% with liraglutide 1.9 mg and
8% with liraglutide 1.25 mg versus 5% for placebo. Pa-
ients on the highest dose of liraglutide realized significant
eductions in systolic blood pressure compared with patients
iven placebo, –7.9 mm Hg (P � 0.0023).24 Garber and
olleagues19 randomized 746 patients with type 2 diabetes
o 52 weeks of double-blind monotherapy with liraglutide
.2 mg/day, liraglutide 1.8 mg/day, or glimepiride 8 mg/
ay. Patients had previously experienced inadequate glyce-
ic control while treated with diet and exercise alone or up

o a half-maximal dose of a single oral agent. Each lira-
lutide dose reduced mean HbA1c to a significantly greater

xtent than glimepiride (P � 0.0014 for 1.2 mg and
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�0.0001 for 1.8 mg) (Figure 1). Reductions in FPG and
ody weight were significantly greater with either dose of
iraglutide versus glimepiride (Table 1). The subgroup pre-
iously treated with diet and exercise alone (thus a true
rug-naive population) experienced a –1.6% decrease in
bA1c with liraglutide 1.8 mg; that reduction was main-

ained for the full 52 weeks of the study. In the overall study
opulation, a significantly greater proportion of patients
reated with liraglutide 1.2 mg (43%) and 1.8 mg (51%)
eached target HbA1c �7% compared with those treated
ith glimepiride (28%; P �0.001 for both liraglutide doses
ersus glimepiride). Nausea was the most frequently expe-
ienced adverse event with liraglutide (27.5% incidence for
.2 mg and 29.3% for 1.8 mg versus 8.5% for glimepiride),
ut was generally transient. Minor hypoglycemia occurred
n 12% of patients treated with liraglutide 1.2 mg, 8% of
hose treated with liraglutide 1.8 mg, and 24% of those
reated with glimepiride. There was no incidence of major
ypoglycemia.19

The efficacy and safety of DPP-4 inhibitors as mono-
herapy have been evaluated in a number of clinical trials. In
hese studies, DPP-4 inhibitors have been well tolerated and
ave demonstrated weight neutrality rather than weight loss,

Table 1 Fasting Glucose and Weight Reduction of Incretin The

gent
Baseline Fasting
Serum Glucose (mg/dL)*

xenatide18

5 �g bid 166
10 �g bid 154
Placebo 160

xenatide-LAR5

0.8 mg once weekly 186
2.0 mg once weekly 168
Placebo 184

iraglutide19,20

1.2 mg qd 168
1.8 mg qd 171

itagliptin21

100 mg qd 171
200 mg qd 175
Placebo 177

itagliptin22

100 mg qd 180
200 mg qd 184
Placebo 184

ildagliptin23

100 mg qd 189

LAR � long-acting release.
*1 mg/dL � 0.5551 mmol/L.
†Significance vs. baseline.
‡Significance vs. comparator.
�Significance vs. placebo.
§Significance with least-squares mean difference vs. placebo.
Adapted from Diabetes Care,5,21 Clin Ther,18 Lancet,19 European Assoc
hich has been seen with the GLP-1 receptor agonists. d
Aschner and associates21 conducted a 24-week study of
itagliptin 100 mg or 200 mg monotherapy versus placebo
N � 741) in patients with type 2 diabetes not on an oral
ntidiabetes agent. HbA1c and FPG were reduced signifi-
antly versus placebo by both sitagliptin doses (P �0.001
or both endpoints) (Figure 1 and Table 1). Sitagliptin also
ncreased the proportion of patients who achieved a goal
bA1c �7% (41% for 100 mg and 45% for 200 mg versus
7% with placebo, P �0.001). Similarly low rates of hy-
oglycemia were observed in all treatment groups. There
as no change in body weight from baseline with sitaglip-

in.21 Comparable glycemic results were reported in an
8-week trial of sitagliptin 100 mg or 200 mg monotherapy
ersus placebo (N � 521). Patients were either drug-naive
r had discontinued oral antidiabetic drugs before a run-in
eriod of treatment with diet and exercise alone. The safety
ata showed a similarly low incidence of hypoglycemia
cross both sitagliptin groups and the placebo group. There
as no significant reduction in body weight in either sita-
liptin treatment group (Figure 1 and Table 1).22

In a 52-week study comparing vildagliptin 50 mg twice
aily and metformin 1,000 mg twice daily in drug-naive
atients, Schweizer and coworkers23 reported that both

ics as Monotherapy

ing Serum
e (mg/dL)*

Baseline
Weight (kg) � Weight (kg)

(P � 0.029)† 85 �2.8 (P � 0.004)†

(P � 0.016)† 86 �3.1 (P � 0.001)†

86 �1.4

(P �0.001)† 107 Negligible
(P �0.001)† 110 �3.8 (P �0.05)†

101 Negligible

(P � 0.027)‡ 92.5 �2.05 (P �0.0001)‡

(P � 0.027)‡ 92.8 �2.45 (P �0.0001)‡

(P �0.001)§ 85.0 �0.2 (P �.01)�

(P �0.001)§ 83.7 �0.1 (P �.01)�

85.0 �1.1

(P �0.001)‡ — �0.6
(P �0.01)‡ — �0.2

— �0.7

(P �0.001)† 91.4 �0.3 (P �0.17)†

or the Study of Diabetes,20 Diabetologia,22 and Diabet Med.23
rapeut

� Fast
Glucos

�17.5
�18.7
�5.2

�43
�40
�18

�15
�26

�13
�16
�5

�13
�11
�7

�16
rugs significantly reduced HbA1c and FPG from baseline
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P �0.001 for both endpoints) (Figure 1 and Table 1).
owever, statistical noninferiority of vildagliptin 50 mg

wice daily to metformin 1,000 mg twice daily was not
stablished. A total of 35% of patients treated with vilda-
liptin and 45% of patients treated with metformin reached
oal HbA1c �7%. Patients receiving vildagliptin experi-
nced a modest weight gain; there was a modest reduction
n body weight among patients given metformin (–1.9 kg)
Table 1). The proportion of patients who experienced �1
astrointestinal adverse event was twice as high with met-
ormin (44%) compared with vildagliptin (22%).23

FFICACY OF INCRETIN-BASED THERAPIES
HEN COMBINED WITH METFORMIN

andomized, double-blind, phase 3 clinical trials have dem-
nstrated the efficacy and safety of GLP-1 receptor agonists
n patients who fail to meet treatment goals when treated
ith metformin alone. In a 30-week trial, treatment with

xenatide 10 �g twice daily, dosed 15 minutes before break-
ast and dinner, resulted in significant reductions in HbA1c
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P=.003‡ P<.001‡ P<.0001‡ P<.0001‡significance P<.0

Figure 1 Glycemic effect of incretin therapeutics as monoth
currently approved for use in the United States; †not currently ap
baseline; §significant vs. comparator drug; �significant vs. place
Care,5,21 Clin Ther,18 Lancet,19 European Association for the S
P �0.001), FPG (P �0.05 in the exenatide cohort titrated w
o 10 �g twice daily), and weight (P �0 .001 in patients in
he 10-�g twice-daily group with baseline body mass index

30) compared with placebo (Figure 2 and Table 2).12,25-28

total of 46% of patients treated with the combination of
xenatide and metformin achieved HbA1c �7%, compared
ith 11% of patients receiving metformin monotherapy.
ausea was reported in 45% of patients treated with met-

ormin and exenatide cotherapy; 12% of patients experi-
nced vomiting while using the combination treatment. The
ncidence of mild-to-moderate hypoglycemia was 5% in
oth the exenatide plus metformin group and the metformin
onotherapy group.25

A 26-week trial (N � 1,091) compared liraglutide (0.6,
.2, or 1.8 mg/day), glimepiride (4 mg/day), or placebo all
n combination with metformin in patients previously
reated with oral antidiabetic monotherapy or combination
herapy. HbA1c reductions achieved with liraglutide at all
oses were significantly superior to placebo (P �0.0001),
nd reductions with liraglutide 1.2 and 1.8 mg were nonin-
erior to glimepiride (Figure 2). Improvements in HbA1c

liraglutide† (QD)
(reduction in total study 
population)

sitagliptin
(QD)

8.78.18.08.08.0 8.1 8.13

8
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100 
mg

200 
mg

100 
mg

200 
mg

100 
mg

6

+0.2

-0.6 -0.8

-0.5 -0.4

+0.1

-1.0

01§
P<.001� P<.001� P<.001� P<.001� P<.001‡

vildagliptin*
(QD)

liraglutide †(QD)
(reduction in subgroup of patients previously treated with diet 
and exercise only, representing the true drug-naïve population) 

1

HbA1c � hemoglobin A1c; LAR � long-acting release. *Not
for use in the United States or European Union; ‡significant vs.
t currently approved as monotherapy. (Adapted from Diabetes

f Diabetes,20 Diabetologia,22 and Diabet Med.23)
R†
)

8.
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014§
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erapy.
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ith liraglutide were greatest in the subgroup of patients
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reviously treated with oral agent monotherapy (e.g.,
1.30% for the liraglutide 1.8 mg monotherapy group ver-
us 0.71% for the liraglutide 1.8 mg combination group).
he proportion of patients in the overall study population
ho achieved HbA1c �7% was 28% and 42% for lira-
lutide 0.6 and 1.8 mg, respectively, 11% for placebo, and
6% for glimepiride; all liraglutide doses were significantly
uperior to placebo. Reductions in FPG at all liraglutide
oses were significantly superior to placebo (P �0.0001)
nd comparable to glimepiride; reduction in body weight
as significantly greater with each dose of liraglutide com-
ared with glimepiride (P �0.0001), and the 1.2-mg and
.8-mg doses were significantly better compared with pla-
ebo (P �0.01) (Table 2). Gastrointestinal complaints were
he most frequent adverse effects, with nausea occurring in
1% to 19% of patients treated with liraglutide, although
ausea incidence declined to �4% of patients per week
fter 16 weeks. No patient experienced major hypoglyce-
ia, and the incidence of minor hypoglycemic events was

.8% and 3.3% for liraglutide 0.6 and 1.8 mg, respectively,

.5% for placebo, and 16.9% for glimepiride.26

In a 24-week study, Charbonnel and colleagues12 eval-
ated the addition of sitagliptin 100 mg daily or placebo to
he treatment of 701 patients with type 2 diabetes failing
etformin (�1,500 mg/day) monotherapy. Sitagliptin sig-
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Figure 2 Glycemic effect of incretin therapeutics combined w
use in the United States or European Union; †significant vs. place
Diabetes Care.12,25-28)
ificantly reduced mean HbA1c and FPG levels compared (
ith placebo (Figure 2 and Table 2). A larger percentage of
atients treated with sitagliptin reached HbA1c goal of �7%
ompared with patients given placebo (47% versus 18%;
�0.001). The addition of sitagliptin or placebo to met-

ormin therapy resulted in a similarly low incidence of
ypoglycemia. Small decreases from baseline in body
eight were observed in both treatment arms; between-
roup differences were not significant (Table 2).12

Initial combination therapy with sitagliptin and metformin
rovided significant (P �0.001) reductions in HbA1c over
ither agent alone in a 24-week study. The addition of vilda-
liptin to the regimens of patients failing metformin mono-
herapy produced similar results in a study of similar length
Figure 2). In neither trial were rates or severity of adverse
vents significantly increased by the addition of a gliptin.27,28

FFICACY OF INCRETIN-BASED THERAPIES
HEN COMBINED WITH A SULFONYLUREA

use and colleagues30 conducted a randomized, placebo-con-
rolled, 30-week trial of twice-daily exenatide 5 �g or 10 �g
dded to the treatment of patients failing sulfonylurea mono-
herapy versus sulfonylurea therapy alone. Mean HbA1c was
educed significantly in both exenatide groups compared with
he group continued on sulfonylurea plus placebo (P �0.001)

QD) sitagliptin (QD)

8.0 8.0

vildagliptin‡ (QD)

8.44

100 
mg

50 
mg

.1 0.0

-0.7
-0.5

8.4

-0.9

100 
mg

0.0

P<.0001†P<.001†P<.001†

8.3

formin. HbA1c � hemoglobin A1c. *Not currently approved for
t currently approved for use in the United States. (Adapted from
e* (

8.

+0

 

.0001†

ith met
bo; ‡no
Figure 3).29-32 The reduction in FPG was significant only in
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he exenatide 10 �g twice-daily group (Table 3).29-32 A sig-
ificantly larger percentage of patients reached HbA1c goal of
7% in the exenatide groups than in the sulfonylurea plus

lacebo group (27% to 34% vs. 8%). Patients in the exenatide
0-�g bid, but not the 5-�g bid group, experienced signifi-

Table 2 Fasting Glucose and Weight Reduction of Incretin The

gent
Baseline Fasting
Serum Glucose (mg/dL)*

xenatide25

5 �g bid 176
10 �g bid 168
Placebo 170

iraglutide26

0.6 mg qd 184
1.2 mg qd 178
1.8 mg qd 182
Placebo 180

itagliptin12

100 mg qd (�Met �1,500 mg qd) 169
Placebo 173

ildagliptin28

50 mg qd 175
100 mg qd 178
Placebo 182

Met � metformin.
*1 mg/dL � 0.5551 mmol/L.
†Significance vs. placebo.
‡Significance vs. comparator.
§Significance vs. baseline.
Adapted from Diabetes Care.12,25-28

Table 3 Fasting Glucose and Weight Reduction of Incretin The

gent
Baseline Fasting
Serum Glucose (mg/dL)*

� F
Glu

xenatide30

5 �g bid 180
10 �g bid 178 �
Placebo 195

iraglutide29

0.6 mg qd 180 �
1.2 mg qd 177 �
1.8 mg qd 175 �
Placebo 171 �

itagliptin31

100 mg qd 181 �
Placebo 182 �1

ildagliptin32

50 mg qd 189
50 mg bid 189
Placebo 186

*1 mg/dL � 0.5551 mmol/L.
†P values represent significance vs. placebo.
‡P values represent significance vs. comparator.

29 30
Adapted from Diabet Med, Diabetes Care, and Diabetes Obes Metab.
antly greater weight loss from baseline compared with pa-
ients in the sulfonylurea plus placebo group (P �0.05) (Table
). Common adverse events with exenatide 5 to 10 �g bid
ncluded nausea (39% to 51%), vomiting (10% to 13%), and
ild-to-moderate hypoglycemia (14% to 36%).30

ics in Combination with Metformin

Fasting Serum
lucose (mg/dL)*

Baseline
Weight (kg) � Weight (kg)

7 (P �0.005)† 100 �1.6 (P �0.001)†

10 (P � 0.0001)† 101 �2.8 (P �0.001)†

14 100 �0.3

20 (P �0.0001)† — �1.8 (P �0.0001)‡

29 (P �0.0001)† — �2.6 (P �0.0001)‡

31 (P �0.0001)† — �2.8 (P �0.0001)‡

7 — �1.5

16 (P �0.0001)† — �0.6 to �0.7 (P �0.05)§

9 — �0.6 to �0.7

2 (P � 0.0003)† 92.5 �0.4
18 (P �0.001)† 95.3 �0.2
13 94.8 �1.0

ics in Combination with Sulfonylurea

Serum
g/dL)*

Baseline
Weight (kg) � Weight (kg)

95.0 �0.9
�0.05)† 95.0 �1.6 (P �0.05)†

99.0 �0.6

�0.0001)† 82.6 �0.7
�0.0001)† 80.0 �0.3
�0.0001)† 83.0 �0.2 (P �0.0001)‡

81.9 �0.1

�0.001)† 86.5 �0.8 (P �0.0001)†

85.9 �0.4

91.5 �0.1 (P � 0.409)†

87.3 �1.3 (P �0.0001)†

89.4 �0.4
rapeut
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31,32
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A 26-week, double-blind study compared the combina-
ion of liraglutide (0.6 mg/day, 1.2 mg/day, and 1.8 mg/
ay), rosiglitazone (4 mg/day), or placebo with glimepiride
herapy in 1,041 patients with type 2 diabetes (Table 3). All
iraglutide doses achieved HbA1c reductions that were sig-
ificantly superior to placebo (P �0.0001) (Figure 3); re-
uctions observed with liraglutide 1.2 and 1.8 mg were
ignificantly superior to rosiglitazone (P �0.0001). The
roportion (42%) of patients in the liraglutide 1.8-mg group
ho achieved HbA1c �7% significantly (P �0.0003) ex-

eeded the proportions of rosiglitazone (22%) and placebo
8%) patients who achieved this goal. FPG reductions with
ll doses of liraglutide were significantly superior to placebo
P �0.0001) (Table 3), and liraglutide 1.2 and 1.8 mg doses
ere significantly superior to rosiglitazone (P �0.006).
eight changes in the liraglutide groups were modest, pos-

ibly reflecting background sulfonylurea therapy or the rel-
tively low baseline weight of the subjects. Adverse effects
ssociated with liraglutide tended to be gastrointestinal;
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+2.0

+1.5

+1.0

+0.5

0

-0.5

-1.0

-1.5

Baseline 
A1c %

-2

placeboexenatide 
(BID)

8.48.68.5

5 
µg

10 
µg

8.7

dosage

-0.5

-0.9

+0.1

8.5

0.6 
mg

1.
m

-0.6
-1.1

significance P<.001† P<.001†
P<.0001‡

P<.0

Figure 3 Glycemic effect of incretin therapeutics combined
approved for use in the United States or European Union; †

differences vs. placebo; �not currently approved for use in Unite
Obes Metab.31,32)
11% of patients in the liraglutide groups experienced nausea, s
ith the highest incidence reported in the initial 4 weeks of
reatment. One major hypoglycemic episode occurred in the
iraglutide 1.8-mg group, but it was considered likely to be
elated to glimepiride. Minor hypoglycemia occurred at a rate
f �0.5 events per patient-year with all treatments.30

Hermansen and coworkers31 assessed the efficacy and
afety of sitagliptin in a 24-week placebo-controlled trial of
atients with type 2 diabetes inadequately controlled on
limepiride alone or glimepiride in combination with met-
ormin. The addition of sitagliptin 100 mg daily to the
atients’ current regimen significantly reduced baseline
bA1c and FPG relative to placebo (P �0.001) (Figure 3

nd Table 3). Attainment of HbA1c �7% was seen in 17%
f sitagliptin-treated subjects and 5% of placebo-treated
ubjects (P �0.001). Sitagliptin was generally well toler-
ted; a modest though statistically significant increase in
ody weight from baseline was noted (Table 3). Incidence
f hypoglycemic events was higher in the sitagliptin group,
ut the rate was comparable to those reported in other

lutide*
)

sitagliptin
(QD)

8.58.34 8.34

100 
mg

50 
mg

+0.3

-0.4

-0.6

.8 
g

.1

8.6

100 
mg

-0.6

8.5

+0.1

8.4

+0.2

.5

<.0001‡ P<.001‡ P<.001§ P<.001§

vildagliptin�
(QD)

sulfonylurea drug. HbA1c � hemoglobin A1c. *Not currently
d value; ‡significant vs. placebo; §significant between-group
s. (Adapted from Diabet Med,29 Diabetes Care,30 and Diabetes
lirag
(QD

2
g

1
m

-1

8

001‡ P

with a
adjuste
d State
tudies of sulfonylurea-containing oral combination thera-



p
u
t
t

t
t
s
m
p
v
s
w
d
s
t
t
p
t
c
v
o
m
i

E
P
T
Z
e
2
o
b
t
T
o
t
t
H
(
t
c
(
o
1
m
p
i
g
r

o
p
p
S
a

H
e
m
a
c

m
m
d
p
w
c
H
t
e
h
m
c
t
a
z

1
c
u
g
z
4
n
u
m
(
t
w
d
(

E
C

K
e
s
c
u
e
3
w
t
w
t
t
�
N

S18 The American Journal of Medicine, Vol 122, No 6A, June 2009
ies. In the subgroup of patients whose diabetes remained
ncontrolled on both glimepiride and metformin, the addi-
ion of sitagliptin resulted in an incremental HbA1c reduc-
ion of –0.6% from baseline.31

Garber and colleagues32 investigated the efficacy and
olerability of vildagliptin versus placebo in patients with
ype 2 diabetes that was controlled suboptimally with a
ulfonylurea drug alone. This randomized, double-blind,
ulticenter study (N � 515) was conducted over a 24-week

eriod using vildagliptin 50 mg, given once or twice daily,
ersus placebo. The adjusted mean change in HbA1cwas
ignificantly superior with both vildagliptin doses compared
ith placebo (P �0.001) (Figure 3); however, no significant
ifferences in the adjusted mean change in FPG were ob-
erved (Table 3). Significantly greater proportions of pa-
ients receiving vildagliptin 50 mg daily (21.2%) and 50 mg
wice daily (24.8%) achieved HbA1c �7% compared with
lacebo (12%). Body weight increased significantly in pa-
ients receiving vildagliptin 50 mg twice daily versus pla-
ebo (P �0.001); change in weight was similar for the
ildagliptin 50-mg daily group and placebo (Table 3). The
verall incidence of adverse events was similar in all treat-
ent groups. No dose-related adverse effects were observed

n the vildagliptin-treated patients.32

FFICACY OF INCRETIN-BASED THERAPIES IN
ATIENTS WHEN COMBINED WITH A
HIAZOLIDINEDIONE
inman and colleagues33 assessed the utility of adding ex-
natide to the regimen of patients with type 2 diabetes (N �
33) poorly controlled on a thiazolidinedione (with or with-
ut metformin) in a placebo run-in, randomized, double-
lind, placebo-controlled trial. Patients were randomized to
wice-daily administration of exenatide 10 �g or placebo.
he dosages of thiazolidinedione (rosiglitazone �4 mg/day
r pioglitazone �30 mg/day) and metformin were constant
hroughout the study. At 16 weeks, the addition of exenatide
o treatment regimens resulted in significant reductions in
bA1c, FPG, and body weight compared with placebo

P �0.001 for all endpoints) (Figure 4 and Table 4).33-36 In
he exenatide-treated cohort, 62% achieved HbA1c �7%,
ompared with 16% of patients in the placebo add-on group
P �0.001). The most frequent adverse event was nausea,
ccurring in 39.7% of patients treated with exenatide and
5.2% of patients in the placebo group. Vomiting occurred
ore frequently in the treatment group (13.2%) than in

atients who received the placebo injections (0.9%). The
ncidence of hypoglycemia was low and similar across both
roups of patients. No cases of severe hypoglycemia were
eported.33

The addition of sitagliptin 100 mg daily to the treatment
f patients with type 2 diabetes failing monotherapy with
ioglitazone (30 or 45 mg/day) was evaluated in a 24-week,
lacebo-controlled trial (N � 353) (Table 4 and Figure 4).
itagliptin significantly reduced mean HbA1c, reduced FPG,

nd increased the number of patients who achieved the e
bA1c goal of �7% (45% vs. 23%, P �0.001 for all
ndpoints) (Figure 4 and Table 4). Incidence of hypoglyce-
ia was low and not significantly different across compar-

tor groups. There was no significant change in body weight
ompared with placebo in patients treated with sitagliptin.34

The combinations of vildagliptin 50 mg–pioglitazone 15
g and vildagliptin 100 mg–pioglitazone 30 mg, each ad-
inistered once daily, were evaluated in a 24-week, ran-

omized, placebo-controlled trial involving 607 drug-naive
atients with type 2 diabetes. Initial combination therapy
as compared with monotherapy with either agent. Both

ombinations were significantly more efficacious at producing
bA1c reductions from baseline than pioglitazone mono-

herapy; the higher-dose combination was significantly more
fficacious than vildagliptin monotherapy. A significantly
igher proportion of patients treated with vildagliptin 100
g–pioglitazone 30 mg (65%) achieved target HbA1c �7%

ompared with those treated with pioglitazone (43%) mono-
herapy. Vildagliptin added to pioglitazone produced no
dditional weight gain beyond that observed with pioglita-
one monotherapy (Table 4).35

Garber and associates36 administered vildagliptin 50 or
00 mg daily for 24 weeks to 463 patients inadequately
ontrolled on pioglitazone (45 mg daily). Mean HbA1c val-
es were significantly reduced in the vildagliptin plus pio-
litazone groups compared with the placebo plus pioglita-
one group (P � 0.001 and P �0.001, respectively) (Figure
). Mean FPG values after the addition of vildagliptin were
ot significantly different from those observed with contin-
ation of pioglitazone monotherapy (Table 4). Significantly
ore patients receiving vildagliptin 50 mg (29%) or 100 mg

36%) achieved HbA1c �7% compared with patients in
he placebo plus pioglitazone arm (15%) (P �0.001).There
as also a significant weight gain associated with the ad-
ition of vildagliptin 100 mg versus placebo (P � 0.003)
Table 4).36

FFICACY OF INCRETIN-BASED THERAPIES IN
OMBINATION WITH TWO ORAL AGENTS

endall and colleagues37 evaluated the additive effect of
xenatide in a 30-week, double-blind, placebo-controlled
tudy performed in 733 patients unable to achieve glycemic
ontrol with a combination of metformin and a sulfonyl-
rea. Participants were randomized to exenatide 5 �g, ex-
natide 10 �g, or placebo in addition to their oral agents. At
0 weeks, mean adjusted HbA1c, FPG, and body weight
ere significantly reduced in both exenatide groups relative

o placebo (P �0.0001 for HbA1c and FPG; P �0.01 for
eight) (Figure 5 and Table 5).37-41 Exenatide-treated pa-

ients were more likely to achieve a target HbA1c of �7%
han were patients given placebo (34% with exenatide 10
g and 27% with exenatide 5 �g versus 9% with placebo).
ausea was the most common adverse event in the ex-
natide-treated patients. The incidence of mild-to-moderate
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ypoglycemia was 28% with exenatide 10 �g, 19% with
xenatide 5 �g, and 13% with placebo.37

A 52-week, open-label, noninferiority trial described
bA1c reductions with exenatide 10 �g similar to those

Figure 4 Glycemic effect of incretin th
HbA1c � hemoglobin A1c. *Not currently
icance in the intent-to-treat sample; ‡sig
(Adapted from Ann Intern Med,33 Clin Th

Table 4 Fasting Glucose and Weight Reduction of Incretin The

gent
Baseline Fasting
Serum Glucose (mg/dL)*

xenatide33

10 �g bid 165
Placebo 159

itagliptin34

100 mg qd 168
Placebo 165

ildagliptin35

50 mg qd (�PG 45 mg qd) 186
100 mg qd (�PG 45 mg qd) 180
Placebo 182

PG � pioglitazone.
*1 mg/dL � 0.5551 mmol/L.
†Significance vs. placebo.
‡Significance vs. baseline.
Adapted from Ann Intern Med,33 Clin Ther,34 and Diabetes Obes Metab
bserved with biphasic insulin aspart 70/30 (Figure 5). Both t
xenatide- and premixed insulin–treated patients exhibited
ignificant reductions in fasting serum blood glucose values
rom baseline (P �0.001) (Table 5). On average, exenatide-
reated patients experienced a decline in body weight, while

tics combined with a thiazolidinedione.
ved for use in the United States; †signif-
t vs. baseline; §significant vs. placebo.
nd Diabetes Obes Metab.35,36)

ics in Combination with Thiazolidinedione

Fasting Serum
lucose (mg/dL)*

Baseline
Weight (kg) � Weight (kg)

29 (P �0.001)† 97.53 �1.75 (P �0.001)‡

�1.8 96.75 �0.24

16.7 (P �0.001)‡ 90.9 �1.8
�1 86.4 �1.5

14 — �1.5 (P � 0.849)†

20 — �2.7 (P � 0.003)†

�9 — �1.4
erapeu
appro

nifican
34
rapeut
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35,36
hose patients treated with premixed insulin gained weight,
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esulting in a statistically significant between-group differ-
nce at the 52-week endpoint (P �0.001) (Table 5). The
ncidence of gastrointestinal side effects was higher in the
xenatide group, with nausea (33%) and vomiting (15%) the
ost common reported adverse events. The rate of hypo-

lycemia was similar in both treatment groups, and no
evere hypoglycemic events were reported.38

Heine and coworkers39 conducted a 26-week, multicenter,
andomized trial comparing the addition of exenatide or insulin
largine in 551 patients with type 2 diabetes that was con-
rolled suboptimally with metformin and a sulfonylurea drug.
t study end, the adjusted mean value of HbA1c was similarly

educed from baseline in both treatment groups. Proportions of
atients achieving HbA1c�7% were also similar (46% for
xenatide and 48% for insulin glargine). Reductions in FPG
evels were significantly greater in patients treated with insulin
largine (P �0.001). Exenatide was associated with weight
eduction, insulin glargine with weight gain; the between-
roup weight change was statistically significant (P �0.0001)
Table 5). The most common adverse events in the exenatide-
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significance P<.0001* P<.0001* P<.001†

Figure 5 Glycemic effect of incretin therapeutics combined w
sulfonylurea; TZD � thiazolidinedione. *Significance adjusted v
the United States or European Union. (Adapted from Diabetes C
reated group were nausea (57.1%) and vomiting (17.4%). The b
ncidence of nausea, vomiting, and diarrhea in the exenatide-
reated group was statistically significantly greater compared
ith the insulin glargine–treated group (P �0.001). The over-

ll rate of hypoglycemia was similar in both treatment groups
7.3 events per patient-year in the exenatide group compared
ith 6.3 events per patient-year in the insulin glargine
roup).39

Russell-Jones and colleagues40 performed a 26-week
rial to compare liraglutide and insulin glargine when added
o metformin plus glimepiride. Patients (N � 581) were
andomized to liraglutide 1.8 mg/day, insulin glargine (ti-
rated in a regimen based on the AT-LANTUS protocol),42

r placebo; liraglutide dosing was blinded, whereas insulin
largine therapy was open label. Liraglutide reduced HbA1c

o a significantly greater degree compared with insulin
largine or placebo (P � 0.0015 and P �0.0001, respec-
ively) (Figure 5). Achievement of HbA1c �7% was also
ignificantly superior with liraglutide (53% of subjects)
ompared with glargine (46%; P � 0.0139) and placebo
15%; P �0.0001). Liraglutide and glargine reduced FPG

placebo liraglutide‡ (QD) + Met and SU

-1.3
-1.5

-0.5
-0.2

8.3

-1.5

1.8 
mg

1.8 
mg

1.2
mg

8.2 8.3 8.3 8.3

P<.0001† P<.0001† P<.0001†

liraglutide‡ (QD) + Met and TZD

ral agents. HbA1c � hemoglobin A1c; met � metformin; SU �
ebo; †significant vs. baseline; ‡not currently approved for use in
,41 Diabetologia,38 and Ann Intern Med.39,40)
8.18

-1.1

10 
μg

ith 2 o
s. plac

37
y similar amounts. Body weight was significantly reduced
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y liraglutide versus both metformin plus sulfonylurea (P �
.0001) or versus insulin glargine in combination with met-
ormin plus sulfonylurea (P �0.0001) (Table 5). Gastroin-
estinal symptoms were the most frequent adverse events in
atients treated with liraglutide; 14% of subjects in this
roup reported nausea. The incidence of nausea in the lira-
lutide group was initially 5% to 7% of subjects. Five
iraglutide-treated patients (2.2%) and no patients in the
ther groups experienced major hypoglycemic episodes.
he incidence of minor hypoglycemia was similar with

iraglutide (27%), glargine (29%), and placebo (17%).40

A 26-week double-blind study evaluated liraglutide in
ombination with metformin and a thiazolidinedione. Sub-
ects (N � 533) were randomized to liraglutide 1.2 mg/day,
iraglutide 1.8 mg/day, or placebo in addition to metformin
lus rosiglitazone. Liraglutide 1.2 mg and 1.8 mg signifi-
antly reduced HbA1c, FPG, and weight compared with
lacebo (P �0.0001 for all endpoints) (Figure 5 and Table
). The proportion of patients reaching HbA1c �7% was
ignificantly greater with 1.2 mg (58%) and 1.8 mg (54%)
ompared with placebo (28%) (P �0.0001 for both doses of
iraglutide). Nausea occurred in 29.4% of patients treated
ith 1.2 mg and 39.9% of patients treated with liraglutide
.8 mg, compared with 8.6% of placebo-treated patients.
ausea incidence in the liraglutide groups decreased to the

ame level as placebo by week 16 of the study. No major
ypoglycemic episodes were reported. The incidence of
inor hypoglycemia with liraglutide 1.8 mg was signifi-

antly higher than the incidence with placebo, but rates in

Table 5 Fasting Glucose and Weight Reduction of Incretin The

gent
Baseline Fasting
Serum Glucose (mg/dL)*

� Fa
Gluc

xenatide37

5 �g bid 182 �9
10 �g bid 178 �11
Placebo 180 �14

xenatide38

10 �g bid 198 �32
xenatide39

10 �g bid 182 �26
iraglutide40

1.8 mg qd 164 �28
Placebo 169 �9

iraglutide41

1.2 mg qd 178 �40
1.8 mg qd 182 �43
Placebo 180 �7

*1 mg/dL � 0.5551 mmol/L.
†Significance in intent-to-treat population.
‡Significance vs. placebo.
§Significance vs. baseline.
�Significance vs. comparator.
Adapted from Diabetes Care,37,41 Diabetologia,38 and Ann Intern Med.
ll groups were low: liraglutide 1.2 mg (0.38 events per w
ear), liraglutide 1.8 mg (0.64 events per year), and placebo
0.17 events per year).41

FFICACY OF INCRETIN-BASED THERAPIES IN
ATIENTS TREATED WITH INSULIN
onseca and colleagues43 assessed the efficacy and tolera-
ility of vildagliptin added to insulin therapy in patients
ith inadequately controlled type 2 diabetes. In the 24-
eek, double-blind, randomized, placebo-controlled trial,
atients received vildagliptin 50 mg bid (n � 144) or pla-
ebo (n � 152) in addition to insulin. The mean insulin dose
n the combined cohort was 82 U/day. In patients receiving
ildagliptin, the reduction in HbA1c from baseline was sig-
ificantly greater than with placebo (P � 0.010). Changes in
PG and body weight did not demonstrate statistically sig-
ificant between-group differences. Rates of hypoglycemia
nd severe hypoglycemia were lower in the vildagliptin
ompared with placebo (P �0.001). The overall frequency
f adverse events was similar in both groups, as was the
ercentage of serious adverse events: vildagliptin (8.3%)
nd placebo (9.2%).43

AFETY OF INCRETIN THERAPIES
he incidence of gastrointestinal side effects has been rel-
tively high in studies assessing exenatide, particularly at
he higher 10-�g dose. In the sulfonylurea add-on trial,
ausea was reported in 51% of patients who received the 10
g bid dosage, compared with only 7% of those who re-
eived sulfonylurea alone.30 Nausea was more common

ics in Combination with 2 Oral Agents

Serum
g/dL)*

Baseline
Weight (kg) � Weight (kg)

.0001)†‡ 97 �1.6 (P �0.01)‡

0.0001)†‡ 98 �1.6 (P �0.01)‡

99 �0.9

0.001)§ 85.5 �2.5 (P �0.001)�

87.5 �2.3 (P �0.0001)†�

0.0001)‡ 85.5 �1.8 (P �0.0001)‡

85.7 �0.4

0.0001)‡ 94.9 �1.0 (P �0.0001)‡

0.0001)‡ 95.3 �2.0 (P �0.0001)‡

98.5 �0.6
rapeut

sting
ose (m

(P�0
(P �

(P �

(P �
.6

(P �
(P �

39,40
hen exenatide 10 �g bid was used with metformin (45%



v
m
g
t
d
4
T
w

i
d
(
t
7
p
d
a
n
e
(
h
s
a
r
h
r
g
m
c
o

h
f
s
o
p
y
g
y
t
i
p
w
p

w
v
p
s
e
c
a
y
a

t
h

o
l

S
B
u
m
t
f
o
i
t
i
o
a
e
g
e
a
w
a
h
p

A
W
s

A
T
t

M

R

S22 The American Journal of Medicine, Vol 122, No 6A, June 2009
s. 23%) as well as when that dose was combined with
etformin plus a sulfonylurea (48.5% vs. 20.6%).25,37 In

eneral, the incidence of nausea declined with longer dura-
ion of treatment. In phase 3 trials of liraglutide, 1.8-mg/day
osage was associated with nausea rates of between 7% and
0%, compared with rates of 2% to 9% in the placebo arms.
he incidence of nausea typically declined over the first 4
eeks of treatment.19,29,40,41,44

Both exenatide and exenatide-LAR appear to elicit an
mmune response. Detectable antibodies to exenatide have
eveloped in a substantial number of clinical trial patients
approximately 40% to 50%).25,30 Rate of antibody forma-
ion appears to be higher with exenatide-LAR, occurring in
4% of patients in a recent phase 3 trial,45 and in 67% in a
hase 2 trial.4 High-titer (�1/625) antibody levels were
etected in 24% of patients to whom exenatide-LAR was
dministered.45 In the majority of patients, antibodies have
ot been shown to influence glycemic response in the ref-
renced studies. However, in the proportion of patients
�6%) who developed high-titer antibodies, approximately
alf (3%) showed evidence of attenuated glycemic re-
ponse.3 In the exenatide-LAR phase 3 studies referenced
bove, glycemic response appeared to be attenuated (HbA1c

eduction of –1.4%) in the 24% of patients who developed
igh-titer antibodies compared with the response (HbA1c

eduction of –1.9%) in patients without antibodies.45 Lira-
lutide’s nearly identical homology to native GLP-1 has
eant that reports of antibodies in clinical trials have oc-

urred at a much lower rate (0% to 13%) than has been
bserved with exenatide.29,40,41,44

Cases of acute pancreatitis in patients taking exenatide
ave been reported to the FDA, which prompted a request
or a warning label instructing prescribers to be vigilant for
igns and symptoms of pancreatitis.3 During clinical devel-
pment, however, the incidence of acute pancreatitis in
atients treated with exenatide (1.7 cases per 1,000 subject-
ears) was lower than the incidence observed in comparator
roups treated with placebo (3.0 cases per 1,000 subject-
ears) or insulin (2.0 cases per 1,000 subject years).46 Given
hat patients with type 2 diabetes have as much as a 3-fold
ncreased risk of pancreatitis compared with the general
opulation,47 it is not possible to determine at this time
hether the reported cases are attributable to exenatide or to
reexisting elevated risk.

DPP-4 inhibitors have proved to be generally safe and
ell tolerated in clinical trials. Sitagliptin is primarily excreted
ia renal elimination; thus the dosage must be adjusted in
atients with moderate-to-severe renal insufficiency or end-
tage renal disease. Hypoglycemia and gastrointestinal adverse
vents appear to be infrequent. A meta-analysis by Amori and
olleagues48 reported that DPP-4 inhibitors may be associ-
ted with a 1.2-fold increased risk of infection for nasophar-
ngitis, a 1.5-fold increased risk for urinary tract infection,
nd a 1.4-fold increased risk for frequency of headache.

In postmarketing studies of sitagliptin, severe skin reac-
ions, including some cases of Stevens-Johnson syndrome,

ave been reported. As most trials with DPP-4 inhibitors are
f 30 weeks duration, longer follow-up is needed to estab-
ish the long-term safety of these agents.

UMMARY
oth GLP-1 receptor agonists and DPP-4 inhibitors provide
nique benefits with different modes of action that comple-
ent and extend the present therapeutic armamentarium for

he treatment of type 2 diabetes. DPP-4 inhibitors are ef-
ective, well-tolerated, weight-neutral oral agents. Because
f their ease of use for both patients and providers, DPP-4
nhibitors will play an increasingly important role in the
reatment of type 2 diabetes. While the efficacy of exenatide
s limited by its relatively short half-life and minor effects
n fasting glucose levels, longer-acting GLP-1 receptor
gonists, such as liraglutide, exenatide-LAR, and other mol-
cules in development have more robust effects on fasting
lucose levels and appear to offer superior efficacy to ex-
natide and most oral agents. In addition, an important
ttribute of members of this class is their ability to promote
eight loss. Despite their proven benefits, GLP-1 receptor

gonists must be administered subcutaneously; therefore,
ealthcare providers should be prepared to address any
otential patient barriers to injection.
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