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Abstract Glucagon-like peptide-1 (GLP-1) stimulates
insulin secretion and inhibits glucagon secretion in the pan-
creatic islets of Langerhans under hyperglycaemia. In type 2
diabetes (T2DM), GLP-1 improves glycaemic control without
a hypoglycaemia risk. GLP-1 receptors have also been found
in extra-pancreatic tissues, e.g., the cardiovascular system, the
gastrointestinal system, and the central nervous system. Since
cardiovascular comorbidities and degenerative neurological
changes are associated with T2DM, the interest in the extra-
pancreatic effects of GLP-1 has increased. GLP-1-based
therapies with either GLP-1 receptor agonists (GLP-1 RA) or
DPP-4 inhibitors (that delay the degradation of endogenous
GLP-1) have become widely used therapeutic options in
T2DM. In clinical studies, GLP-1 RA have demonstrated a
significant lowering of blood pressure that is independent of
body weight changes. Preclinical data and small short-term
studies with GLP-1 and GLP-1 RA have shown cardiopro-
tective effects in ischaemia models. GLP-1 as well as a
treatment with GLP-1 RA also induces a stable body weight
loss by affecting GLP-1 signaling in the hypothalamus and by
slowing gastric emptying. Regarding neuroprotective actions
in degenerative neurological disease models for Parkinson’s-
or Alzheimer’s disease or neurovascular complications like
stroke, animal studies have shown positive results. In this
article, a summary of the extrapancreatic effects of GLP-1 and
GLP-1-based therapies is presented.
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Introduction

Type 2 diabetes (T2DM) incidence is increasing at a fast
rate with 382 million people affected in 2013 and expected
592 million patients by 2035 [1]. Poor metabolic control is
associated with micro- and macrovascular complications
and T2DM, and cardiovascular mortality is responsible for
the diminished life expectancy in the majority of patients
with T2DM [2, 3]. Apart from the glycaemic defects,
T2DM is frequently associated with hypertension, dyslip-
idaemia, and obesity [4].

Efficacious and safe therapies are needed that avoid
hypoglycaemia and further body weight gain and also
facilitate treatment adherence. In this respect, incretin-
based therapies with receptor agonists for glucagon-like
peptide-1 (GLP-1 RA) as injectable agents and DPP-4
inhibitors (dipeptidyl peptidase-IV inhibitors) as oral
agents have been an important addition to the treatment
possibilities. An ideal antidiabetic therapy would also have
a favorable impact on the above-mentioned comorbidities
found in T2DM as well as on cardiovascular outcomes.

The incretin hormone glucagon-like peptide-1 (GLP-1)
stimulates post-prandial insulin secretion under conditions
of hyperglycaemia [5, 6]. It further inhibits glucagon
secretion, increases insulin biosynthesis, and increases
beta-cell function and -mass in rodent models [5, 6]. The
GLP-1 receptor (GLP-1 R) is also widely expressed in
extra-pancreatic tissues: the gastrointestinal tract, the brain,
heart, kidney, and the lung [6]. Its tissue-specific functions
are not completely characterized yet.

Native GLP-1 has been shown to have favorable effects
on the gastrointestinal system, the cardiovascular system
and the central nervous system (CNS) in various animal-
and also human studies. Native GLP-1, however, is not
practical for therapeutic use due to its short half-life caused
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Table 1 Important extra-
pancreatic effects of incretin-
based therapies

Effect

Preclinical/ References

clinical

Agent (type of
incretin-based therapy)

Cardiovascular system

Reduction of systolic
blood pressure

Increase in pulse rate

Reduction in pulmonary
capillary wedge pressure

Increase of myocardial

salvage in myocardial infarction

Reduction of endothelial
dysfunction

Summary of the important
cardiovascular effects of
incretin-based therapies
(modified and expanded
according to [11])

Reduces lipid levels (and
protein biomarkers—liraglutide)

Clinical Exenatide twice daily (GLP-1 RA) [32, 64, 66, 72]
Exenatide once weekly (GLP-1 RA) [32, 72]
Liraglutide (GLP-1 RA) [10, 72]
Sitagliptin (DPP-4 inhibitor) [83, 84]
Clinical Exenatide twice daily (GLP-1 RA) [11, 73]
Exenatide once weekly (GLP-1 RA) [33, 74]
Liraglutide (GLP-1 RA) [10]
Clinical Exenatide i.v. infusion (GLP-1 RA) [76]
Clinical Exenatide i.v. infusion(GLP-1 RA) [100, 101]
Preclinical =~ Liraglutide (GLP-1 RA) [87, 88]
Exenatide (GLP-1 RA) [89, 90]
DPP-4 inhibition [80-82]
Clinical Liraglutide (GLP-1 RA) [85, 93]
Exenatide (GLP-1 RA) [91]
Clinical Liraglutide (GLP-1 RA) [104, 105]
Exenatide (GLP-1 RA) [64, 72]

DPP-4 inhibition [83, 106-108]

by ubiquitous, fast, and effective in vivo degradation by the
enzyme dipeptidyl peptidase-4 (DPP-4) [7, 8]. For this
reason, GLP-1 RA and DPP-4 inhibitors have been intro-
duced as two distinct treatment options for T2DM utilizing
GLP-1 physiology and pharmacology [9].

The research area of the extra-pancreatic effects of the
GLP-1 is busy and advancing in order to understand its non-
glycaemic actions and develop novel strategies to utilize non-
glycaemic effects with potential benefits in T2DM therapy.
This article summarizes pre-clinical and clinical data, show-
ing the effects of GLP-1-based therapy on the cardiovascular
system, gastrointestinal system, and CNS. The search strategy
for this review was using Embase, Medline, and Scopus
screening for the terms “GLP-1”, “GLP-1 RA”, “DPP-4
inhibitor”, “extrapancreatic effects”, “cardiovascular
effects”, “gastrointestinal”, “neuroprotection”, “inflamma-
tion”, “kidney”, and “liver”. Additional information from
clinical trials was obtained from the clinical study register
“ClinicalTrials.gov”. A summary of the effects and studies
discussed within this review are shown in Table 1 [10-12].

Effects on the gastrointestinal system

Gastric emptying and gastrointestinal transit time

Pharmacological doses of GLP-1 slow gastric emptying in
a dose dependent manner, causing sensations of fullness up

to transient nausea and vomiting [13, 14]. Since therapy
with GLP-1 RA raises levels of a GLP-1 receptor ligand
~8 to 10-fold, treatment with these agents is often asso-
ciated with transient nausea and vomiting. This side effect
is more pronounced with short acting GLP-1 RA that show
distinct peak- and trough levels during therapy [15]. In rats,
the effect of liraglutide (with a #;,, of 13 h in vivo) on
gastric emptying appears to be transient, in contrast to that
of exenatide (with a #;,, of 2.5-3 h in vivo) [16, 17]. The
gastric-emptying effect observed with liraglutide at day 1
disappeared by day 14. In contrast, the gastric-emptying
effect observed with exenatide in this study was still evi-
dent at the 14-day time-point [16, 17]. The different effects
observed for liraglutide and exenatide are likely due to the
different pharmacokinetic profiles of these agents and
desensitization or tachyphylaxis. Consistent with this
hypothesis is that gastric emptying also appears to be less
pronounced with exenatide once weekly compared with
exenatide twice daily [18] while lixisenatide (a short-acting
GLP-1 RA #, of 3 h) provides sustained inhibition of
gastric emptying [19]. As weight loss with short-acting
GLP-1 RAs is not greater than with longer acting ones,
inhibition of gastric emptying may also not represent the
main mechanism by which GLP-1RAs reduce body weight
[11].

Whether the gastrointestinal effects combined with the
weight-loosing ones are direct effects of GLP-1R stimu-
lation within the gastrointestinal system or are mediated by
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a mechanism in the central nervous system has not been
fully elucidated yet [20]. In preclinical models GLP-1, RA-
associated nausea (in accordance with the conditioned taste
avoidance model, CTA model) was accompanied by
diminished food intake [20]. In a clinical study with obese
non-diabetic subjects, weight loss with liraglutide was
greater in participants who had reported nausea or vomiting
(9.2 kg) compared to those who did not report nausea or
vomiting (9.2 vs. 6.3 kg, respectively) [21]. Clinical data
have shown that the incidence of gastrointestinal adverse
events may increase weight loss achieved with GLP-1 RA
therapy, but this is probably not the most important and
paramount mechanism, because treatment with GLP-1 RA
without causing symptoms of nausea and vomiting still is
associated with a significant weight loss in these subjects
[21, 22]. In summary, while the gastrointestinal effects of
GLP-1 RAs may contribute to the weight loss observed
with therapy, they do not appear to be the main mechanism
responsible. Such gastrointestinal effects may play a more
important role in the reduction in postprandial hyper-
glycaemia observed with GLP-1RA therapy [11, 15, 23].

DPP-4 inhibitors that lead to much lower levels of GLP-
1 concentrations, do not cause the above-mentioned gas-
trointestinal side effects and do not lead to an increase in
gastrointestinal transit time [24, 25].

Effects on the brain (CNS)
Weight loss and central nervous effects

Receptors for GLP-1 are expressed in various brain
regions, predominantly in the hypothalamus and brain
stem, where the nuclei for the regulation of food intake and
satiety are located. GLP-1 is able to cross the blood brain
barrier; intracerebroventricular GLP-1 mediates satiety and
inhibits food intake [26, 27]. Animal studies showed that
the exendin-4-based GLP-1 RA exenatide and lixisenatide
as well as the human GLP-1 analog liraglutide are also able
to cross the blood brain barrier after peripheral adminis-
tration [28-30]. The peripheral administration however has
been shown to suppress food intake via vagus nerve-
dependent and -independent pathways that result in direct
CNS GLP-1 receptor activation [31].

Weight loss with GLP-1 RAs

With the exception of albiglutide, all GLP-1 RA tested in
clinical studies so far have led to a significant loss of body
weight in the magnitude of 1-3 kg in studies lasting for
half a year [10, 12, 23, 32-38]. Albiglutide, a large fusion
protein of two GLP-1 molecules with albumin designed for
once weekly dosing appears to have less of an effect on
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body weight than other GLP-1 RAs, probably by not
crossing the blood brain barrier due to its molecular size
and charge [15]. However, dulaglutide, which is also a
large fusion protein, has been reported to result in similar
weight loss to exenatide, and therefore, the reduced effect
of albiglutide may simply be due to reduced GLP-1R
stimulation [12].

In subjects without diabetes and obesity, clinical studies
are ongoing or have been performed with GLP-1 RA to
observe the effects on body weight [39—43]. It is important
to note, that GLP-1 RA do not have approval for this
indication. In one study, liraglutide at high doses of either
2.4 or 3.0 mg once daily was significantly more effective
than the lipase inhibitor orlistat or placebo in allowing
weight loss in a study population with a BMI >30 and
<40 kg/m®. The weight losses with 2.4 and 3.0 mg lira-
glutide were 6.3 and 7.2 kg for these doses, respectively,
whereas patients on orlistat lost 4.1 kg and on placebo
2.8 kg [39]. Subjects treated with the maximal dose of
3.0 mg liraglutide had a weight loss of 10.3 £ 7.1 kg after
2 years [40]. In studies with exenatide at the doses used for
diabetes therapy, body weight loss ranged 3.0-6.0 kg after
24 weeks in similar subjects with obesity, women with
polycystic ovary syndrome (PCOS) or obese adolescents
[41-43].

DPP-4 inhibitors in contrast to GLP-1 RA are consid-
ered body weight neutral and only lead to minor reductions
in body weight in patients with T2DM [9, 24, 25].

Neuroprotective effects

T2DM is associated with a higher incidence of the neuro-
degenerative disorders of Alzheimer’s disease and Par-
kinson’s disease, suggesting a relationship between
neuronal cell death and insulin dysregulation [11, 44, 45].

In preclinical studies, it was shown that exendin-4
diminished glutamate- or amyloid-beta peptide induced
apoptosis of cultured rat hyppocampal neurons. Both,
glutamate and amyloid-beta peptide are involved in the
process of neurodegenaration [46, 47]. In models of dia-
betic polyneuropathy and peripheral nerve degeneration,
exendin-4 also demonstrated favorable effects [48, 49].
More recently, it was reported that pretreatment with lira-
glutide dose-dependently protected rats against the
impairment of spacial memory induced by an intrahippo-
campal injection of amyloid-beta protein [50]. Likewise,
exendin-4 treatment protected mice with streptozotocin-
induced hyperglycaemia against the cognitive dysfunction
observed in saline-treated mice resulting from hyper-
glycaemia and/or LPS injection [11, 51]. Both GLP-1 RA,
exenatide and liraglutide, have been shown to provide
neuroprotective effects in animal models of diabetes,
stroke, Parkinson’s disease, and Alzheimer’s disease
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[52-56]. Progenitor cell division and differentiation toward
neurons were significantly enhanced in all models of dia-
betic mice treated with these GLP-1 RA [53].

Regarding the influence of DPP-4 inhibitors on the CNS,
a recent study in a mouse model for T2DM indicated a
linagliptin-mediated neuroprotection regarding ischaemic
stroke that was glucose-independent and likely involved
GLP-1 [57]. Ischemic brain damage was measured by
determining stroke volume and by stereologic quantifica-
tions of surviving neurons in the striatum/cortex. Pro-
nounced antistroke efficacy of linagliptin was demon-
strated in normal mice as well as the diabetic mice,
whereas the sulfonylurea glimepiride proved efficacious
against stroke in normal mice only [57]. The benefit was
independent of glycaemic control and was associated with
marked increases in plasma levels of GLP-1. In the diabetic
mice, the neuronal salvage was greater in the linagliptin-
treated group compared with glimeperide-treated mice,
despite less effective glucose control suggesting mecha-
nisms distinct from glycaemic control alone. However, it
was not possible, to clearly identify the putative mecha-
nism of neuroprotection of DPP-4 inhibition in this study,
especially since DPP-4 inhibition has potentially many
other effects that do not directly involve GLP-1 [57, 58].

In summary, preclinical data have demonstrated that
GLP-1 RAs can cross the blood brain barrier, enhance
neuroneogenesis, and protect against the neurological
damage commonly associated with diseases such as Alz-
heimer’s disease. However, the precise cellular mechanism
by which GLP-1 exerts its neuroprotective effects is as yet
unknown. GLP-1 RA therapy may also limit hippocampal
atrophy in patients with T2DM, suggesting GLP-1 RAs
may prove a valuable therapeutic agent for the future
treatment of neurodegenerative diseases. To date, no study
has described the effect of GLP-1 RA therapy in patients
with T2DM who have such a specific coexistent neuro-
psychiatric condition, but such studies are planned [11].
Likewise, there are first indications from animal studies of
potentially beneficial effects of a DPP-4 inhibitor in a
diabetes/ischaemic stroke model in which the precise
mechanism of the DPP-4 inhibitor action is also unknown.
Whether the preclinical data will show corresponding
results in the ongoing cardiovascular safety studies per-
formed with incretin-based therapies (see Table 2), espe-
cially on “hard endpoints” like stroke, will be important to
finally judge the importance of the preclinical findings
described above [11, 58].

Effects on the cardiovascular system

An association between the higher incidence of cardio-
vascular disease in T2DM and insufficient glycaemic

Table 2 Prospective cardiovascular safety and endpoints studies with
incretin-based therapies

Trial name Drug Target Timing
enrollment
DPP-4 inhibitors
SAVOR Saxagliptin  n = 16,492  2010; Complete,
Ref. [109]
EXAMINE Alogliptin n = 5,384 2009; Complete,
Ref. [108]
TECOS Sitagliptin ~ n = 14,000  2008; Ending 2014
CAROLINA Linagliptin ~ n = 6,000 2010; Ending 2018
CARMELINA Linagliptin  n = 8,300 2013; Ending 2018
GLP-1 Agonists
ELIXA Lixisenatide n = 6,000 2010; Ending 2014
EXSCEL Exenatide n = 9,500 2010; Ending 2017
LEADER Liraglutide n = 9,340 2010; Ending 2016
REWIND Dulaglutide n = 9,622 2011; Ending 2019
SUSTAIN 6 Semaglutide n = 3,260 2013; Ending 2016

Source www.clinicaltrials.gov, Accessed 15 Jan 2014

control has been shown in clinical studies [59, 60]. How-
ever, interventions with intensive therapy of T2DM with
the classical antidiabetic treatment options (metformin,
sulfonylurea, glitazones, and insulin) to normalize glyca-
emia only led to a moderate reduction in cardiovascular
events without a significant reduction in all-cause mortality
[61, 62]. A small short-term study investigated the safety
and efficacy of 72-hour infusion of GLP-1 in patients with
acute myocardial infarction (AMI) and left ventricular
dysfunction [63]. The infusion of GLP-1 was well tolerated
and improved left ventricular function significantly and
independently of AMI location or history of diabetes. The
GLP-1 RAs liraglutide and exenatide as well as the DPP-4
inhibitors have demonstrated various aspects of cardiac
function in animal models and cardiovascular risk factors
in subjects with T2DM and long-term cardiovascular out-
come trials are now ongoing [11].

Effects on biomarkers for cardiovascular risk
and dyslipidaemia

Significant reductions in biomarkers for cardiovascular risk
(high sensitivity c-reactive protein [hsCRP], brain natri-
uretic protein [BNP], and plasminogen activator inhibitor-1
[PAI-1]) were observed in long-term studies with the GLP-
1 RA exenatide and liraglutide [64, 65]. Data from the
3.5 years extension of the exenatide phase 3 programme
showed a persistent and significant improvements in total
cholesterol (TC), LDL-cholesterol (LDL-C), HDL-choles-
terol (HDL-C), and triglycerides (TG) were observed [64].
Stratification of these data by body weight change revealed
that patients who lost most weight had the greatest
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improvements in TG and HDL-C; a similar sub-analysis
has not been published to date for liraglutide. The long-
term EUREXA study (The European Exenatide Study) also
reported a significantly greater improvement from baseline
in serum hsCRP, TG, and HDL-C following 3 years of
exenatide BID treatment compared with glimepiride use
(p < 0.005 for all) [66]. Liraglutide treatment at the high
dose of 1.8 mg resulted in significantly greater reductions
in free fatty acids, TG and VLDL cholesterol compared to
exenatide BID in a head-to-head trial, while liraglutide at
this dose and the long-acting form of exenatide, exenatide
QW allowed similar reductions in cholesterol, HDL, and
LDL cholesterol [11, 37, 67].

In a metaanalysis on the effect of different oral antidia-
betic agents on the lipid profile, DPP-4 inhibitors showed a
favorable effect by lowering total cholesterol and triglycer-
ides [68]. The difference-in-means for endpoint versus
baseline total cholesterol in patients on DPP-4 inhibitors
treatment in another metaanalysis was significantly higher in
comparison with controls, meaning that treatment with DPP-
4 inhibitors is associated with a significant reduction in total
cholesterol (—0.18 [—0.29; —0.06] mmol/L (—=7.0 [—11.2;
—2.50] mg/dL); p = 0.002) [69]. DPP-4 inhibitors seem to
have a more favorable effect on the lipid profile than sulfo-
nylureas in these investigations. In a clinical study from
Japan, it was shown that sitagliptin has the potential to lower
markers for inflammation [70].

Effects on haemodynamics, blood pressure, and heart
rate

In clinical trials with GLP-1 RA, a clinically meaningful
reduction of the systolic blood pressure has been observed,
whereby the reductions were generally greater in individ-
uals with a higher baseline systolic blood pressure. In those
phase III studies, the mean reductions ranged 2—7 mmHg
[10, 11, 32, 33, 64, 71]. In a metaanalysis of clinical trials
that used GLP-1 RA therapy in T2DM, a significantly
greater reduction in systolic blood pressure was observed in
the subjects that were treated with GLP-1 RA compared to
those in the control arms of the respective studies (placebo,
comparator oral antihyperglycaemic medications, or insu-
lin) (weighted mean difference 3.57 mmHg, 95 % CI
5.49-1.66 mmHg) [72]. For the diastolic blood pressure,
the findings in the metaanalysis were not as consistent as
for the systolic blood pressure, while GLP-1 RA therapy
provided a significantly greater reduction versus “control”
treatments (p < 0.05), the effect may not be clinically
relevant (weighted mean difference 1.38 mmHg, 95 % CI
2.02-0.73 mmHg), and it was not consistently observed
across the studies included [11, 72]. The reduction in
systolic blood pressure is independent from the weight loss
that is also observed with GLP-1 RA therapy and is already
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present in early phases of treatment, when weight reduction
has not occurred yet [73].

An increase in the heart rate of approximately 2—4 beats
per minute was observed in the clinical studies with GLP-1
RA. This rise in pulse rate was persistent, but not dose
dependent on the dose of the GLP-1 RA used [10, 11, 33,
74]. The exact molecular mechanisms behind the GLP-1
RA-associated decrease in systolic blood pressure and
increase in heart rate have not yet been fully elucidated.
Mechanistic studies investigating acute effects as well as
long-term clinical studies on the effects of GLP-1 RAs on
haemodynamics and autonomic nervous system activity
will be important as to understand these changes. Fur-
thermore, it is not clear yet, if these effects might be pre-
dictors of cardiovascular outcomes [11, 75].

In a small study in patients with T2DM and congestive
heart failure, an acute intravenous infusion of exenatide
was able to decrease the pulmonary capillary wedge pres-
sure (PCWP) compared with placebo [76]. PCWP is often
used as an indirect measure of left atrial pressure and is
considered to be a marker of acute pulmonary oedema;
therefore, the effects of exenatide on PCWP may be clin-
ically beneficial, but further studies are required to assess
the effect of the concomitant increase in cardiac index [11].
Regarding ECG changes and cardiac rhythm, there have
been conflicting data, whether GLP-1 RA treatment causes
changes of the QTc interval (as a risk marker for arrhyth-
mias and sudden death). While one study showed an
increase of the QTc interval with increasing doses of ex-
enatide, other studies with either exenatide or liraglutide
could not confirm this finding [77-79].

DPP-4 inhibition has also yielded positive results. For
example, Shigeta et al. [80, 81] observed reversal of dia-
stolic ventricular dysfunction in a rat model due DPP4
inhibition, via local actions on angiogenesis and inotropic
effects. Similar results were reported by Gomez et al. [80,
82] who observed preservation of glomerular filtration rate,
increase in stroke volume, and enhancement of the ino-
tropic effect of exogenous brain natriuretic peptide due to
DPP-4 inhibition.

Antihypertensive effects have also been observed for
DPP-4 inhibitors. For example, Yanai et al. [80, 83]
reported reduction of body weight, HbAlc levels, and
blood pressure after 6-month treatment with sitagliptin.
The antihypertensive effect of sitagliptin was confirmed by
Ogawa, who showed that this effect was independent of
BMI and blood glucose reduction [80, 84].

Effects on the endothelium
The endothelium plays an important role in the regulation

of vasoconstriction, vasodilation, blood pressure, subclini-
cal inflammation, and balance of coagulation. T2DM and
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hypertension are associated with endothelial dysfunction
that later results in atherogenesis [85, 86]. In preclinical
studies using either isolated endothelial cells, isolated
perfused vasculature or animal models for endothelial
dysfunction (ApoE™"~ knockout mice), the GLP-1 RA
exenatide, and liraglutide improved parameters of endo-
thelial dysfunction and demonstrated anti-inflammatory or
antioxidative effects as well as an inhibitoty effect on
endothelial cell apoptosis [87-90].

In patients with T2DM and in obese subjects with pre-
diabetes, the effects of exenatide on endothelial function
were investigated, showing favorable effects on digital
reactive hyperaemia, brachial artery flow, C-reactive pro-
tein (CRP), circulating oxidized LDL (oxLDL), and vas-
cular cell adhesion molecule-1 (VCAM-1) [75, 86, 91].
Likewise, liraglutide was shown to improve surrogate
markers of vascular and endothelial function in patients
with T2DM like plasminogen activator inhibitor-1 (PAI-1),
intact proinsulin and microvascular response to flicker light
[65]. Treatment with liraglutide was also associated with an
attenuation of atherosclerotic lesions in a mouse model as
well as a reduction in carotid intima-media thickness
(carotid IMT) in a clinical study, where the effect was
independent of the glycaemic parameters and the devel-
opment of body weight [11, 92, 93].

Effects of cardioprotection

In preclinical studies, the GLP-1 RA demonstrated cardio-
protective effects. Liraglutide-reduced infarct size and
increased survival after myocardial infarction (MI) in mice
and reduced mortality from cardiac rupture, and improved
cardiac output in a mouse model of MI[11, 94]. Exenatide was
shown to reduce myocardial infarct size and to protect against
deterioration of cardiac function in a porcine model of
ischaemia and reperfusion injury [95]. Likewise, albuglutide
had cadioprotective effects in a preclinical study showing an
improvement of myocardial infarct size in an animal model of
reperfusion ischaemia [11, 96]. Lixisenatide, on the other
hand, revealed cardioprotective properties in a mouse model
that may partly be mediated by GLP-1 receptor independent
mechanisms [11, 97]. Therefore, further mechanistic studies
need to be carried out to fully characterize and understand the
cardiovascular effects of GLP-1 [11].

In isolated cardiomyocytes, GLP-1 RA improve glucose
uptake and protect these cells from apoptosis by reducing
hydrogen-peroxide-, palmitate-, and thapsigargin-mediated
apoptotic mechanisms [11, 98].

In patients with myocardial infarction with ST-segment
elevation (STEMI), the application of exenatide in clinical
feasibility and pilot studies seems to be safe and associated
with beneficial outcomes on infarct size or myocardial area
at risk [11, 99-101].

DPP-4 inhibitors have also shown encouraging results in
human studies. In a placebo-controlled trial conducted on
patients with pre-existing coronary artery disease with pre-
served left ventricular function, an increase in GLP-1 levels
caused by DPP-4 inhibition resulted in improvement of global
and regional left ventricular function and amelioration of post-
ischemic stunning [80, 102]. New horizons are being explored
in this regard, with a recent study providing promising results
in the combination trial (SITAGRAMI-Trial) of sitagliptin
and G-CSF-based stem cell mobilization [80, 103].

Effects on cardiovascular outcomes in subjects
with T2DM

Analyses of the major adverse cardiovascular events
(MACE) have been obtained from the clinical studies with
GLP-1 RA and DPP-4 inhibitors [11, 104-107]. With the
GLP-1 RA exenatide and liraglutide, the incidence ratio of
MACE was not increased (and tended to be lower) with
liraglutide (0.7; 95 % CI 0.4-1.4) and exenatide BID (0.7;
95 % CI 0.4-1.3) compared with all comparator drugs
pooled [11, 104, 105]. For all the incretin baes therapies,
large prospective cardiovascular safety and -outcome trials
are currently ongoing (see Table 2 for details).

Two of these prospective studies (for the DPP-4 inhibitors
alogliptin and saxagliptin) have already been completed and
have had neutral results concerning the predefined combined
cardiovascular endpoints compared to the respective control
arms [108, 109]. Both agents had data from pooled MACE
analyses from the clinical development programmes that
suggested a possible cardioprotective effect (saxagliptin:
hazard ratio [HR] = 0.43 [95 % CI 0.23-0.80]; alogliptin:
HR = 0.64 [95 % CI 0.0-1.41]) [110, 111], but the prose-
pective endpoint studies that were performed in a patient
population with a higher cardiovascular comorbidity- or risk
as well as with a longer diabetes duration did not confirm these
preliminary data [109-112]. In the SAVOR-TIMI 53 study,
16,492 patients with T2DM and a history or at a high risk of
cardiovascular disease were randomized to either saxagliptin
or placebo [109]. After a median of 2.1 years of treatment, the
incidence of the primary (composite of cardiovascular death,
myocardial infarction, and ischaemic stroke) and secondary
endpoint (cardiovascular death, myocardial infarction, stroke,
hospitalization for unstable angina, coronary revascularisa-
tion, or heart failure) was very similar in both groups (primary
endpoint: 7.3 % [saxagliptin] vs.7.2 % [placebo], HR = 1.00
[95 % CI 0.89-1.12], p = 0.99) [109]. Similarly, in the
EXAMINE study (5,380 people with T2D with recent acute
coronary syndrome), 18 months’ treatment with alogliptin did
not decrease the rates of major adverse cardiovascular events
versus placebo (primary endpoint: 11.3 % [alogliptin] vs.
11.8 % [placebo], HR = 0.96 [95 % CI < 1.16], p = 0.32)
[11,108].
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The results of the remaining outcome studies need to be
awaited, before definitive conclusions can be drawn on the
advantages, benefits, or unfavorable outcomes in the long-
term treatment with incretin-based therapies. Taken toge-
ther, preliminary and short-term study results point to
potential cardioprotective effects of exenatide and sitag-
liptin in patients with heart failure and myocardial infarc-
tion. Long-term randomized trials, on the other hand,
showed no benefit of alogliptin, and an increase of hospital
admissions due to heart failure associated with the use of
saxagliptin [112].

Effects on other tissues and organs

Incretin-based therapies can also have effects on other
tissues in the body, either directly through locally expres-
sed GLP-1 receptors or indirectly by degradation products
of either endogenous GLP-1, degradation products of the
GLP-1 RA, or by DPP-4 effects. Effects on the kidneys are
of particular interest due to the increased incidence of renal
impairment in people with type 2 diabetes [113].

The kidneys

Microvascular complications of T2DM are a main cause of
renal impairment; therefore, the tolerability of type 2 dia-
betes agents in people with renal impairment is of clinical
interest [11, 113]. Regarding GLP-1 RA, a meta-analysis of
six liraglutide phase 3 trials has reported that liraglutide use
did not significantly alter creatinine clearance in people
with mild renal impairment compared with the general
study population [114]. Unlike liraglutide, exenatide is
renaly excreted and its safety in people with renal
impairment is less clear [11, 115, 116]. Due to very limited
clinical experience, liraglutide and exenatide QW are cur-
rently not recommended for use in people with moderate or
severe renal impairment. Exenatide BID can be used in
people with moderate renal impairment but dose escalation
from 5 to 10 pg should proceed conservatively. Generally,
patients treated with GLP-1 RA should take precautions to
avoid fluid depletion due to the potential risk of dehydra-
tion in relation to gastrointestinal side effects [11, 117].
All currently available DPP-inhibitors appear to be
appropriate pharmacotherapeutic choices in patients with
declining renal function, with linagliptin affording the
added advantage of not requiring dose adjustment or
periodic monitoring of drug-related kidney function [117].

Pancreatic safety

Concerns regarding pancreatic safety with incretin-based
therapies have been raised by one study that analyzed the
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pancreata from organ donors with or without T2DM [118].
An increase in endocrine pancreatic mass and also an
increase in exocrine duct cell proliferation and dysplasia
were described in the organs of people with a history of
treatment with incretin-based therapies. The authors also
suggested an increased risk for the evolution of neuroen-
docrine tumors [118]. Meanwhile, in a statement released
by the European Medicines Agency (EMA) following an
investigation, a hearing by the Food and drugs Adminis-
tration (FDA) as well as several other publications, con-
cerns have been raised about the methodology and sample
size of the study [119-122]. In particular the treatment
groups appear poorly matched not only in terms of age
(mean 58 years [incretin therapy] vs. 40 years [diabetic
control]), gender (25 % female vs. 67 % female), diabetes
duration (12 years vs. 8 years) and background medication
(five subjects in diabetic control group were untreated), but
also with respect to diabetes type. The subjects receiving
sitagliptin/exenatide BID had type 2 diabetes, while the
some of the “diabetic controls” appear to resemble people
with type 1 diabetes (for example, two died of diabetic
ketoacidosis); this is important as imaging studies have
shown that pancreatic volume in subjects with type 1 dia-
betes is significantly reduced shortly after diagnosis and
declines further as disease progresses [11, 122-124]. The
general conclusions of the regulatory bodies EMA and
FDA were that there should not be any substantial changes
in clinical recommendations regarding the use of incretin-
based therapies based on the study by Butler et al [11, 118].
Pooled analyses and meta-analyses of data from the clinical
development programmes of individual or pooled DPP-4
inhibitors and individual or pooled GLP-1 RAs and anal-
yses from claims databases have also reported no increased
risk of pancreatitis with either class of agent compared to
comparator therapies [11, 106, 125-129]. Likewise, there
has been no signal for an increase in pancreatitis or other
pancreatic pathologies in the recently completed endpoint
studies with alogliptin ad saxagliptin [109, 111]. The
remaining ongoing long-term cardiovascular safety studies
carried out with incretin-based therapies will generate
additional safety data on pancreatic safety in a large pop-
ulation of >60,000 patients.

Conclusions

Incretin-based therapies may have beneficial effects beyond
the glycaemic effects by direct action on the endocrine
pancreas due to the widespread expression of GLP-1
receptors. These may include cardiovascular effects, effects
on lipid metabolism, neurological disorders, and (as already
shown for the GLP-1 RA) beneficial effects on systolic
blood pressure and body weight. These beneficial effects
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need to be counterweighed against possible side effects, e.g.,
the gastrointestinal side effects and the increase of pulse rate
observed with GLP-1 RA therapy. Data from the ongoing
long-term safety studies are needed to judge, if the beneficial
effects seen in preclinical studies and in shorter clinical trials
will also improve outcomes in the long run. In the future,
GLP-1 RAs may also have potential to be used in treating
obesity. Such use is not currently approved and substantial
further research in people without diabetes is underway to
test this hypothesis [11].
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