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Incretin therapies: highlighting common features and differences
in the modes of action of glucagon-like peptide-1 receptor
agonists and dipeptidyl peptidase-4 inhibitors
M. Nauck
Division of Diabetology, Medical Department I, St. Josef Hospital (Ruhr University Bochum), Bochum, Germany

Over the last few years, incretin-based therapies have emerged as important agents in the treatment of type 2 diabetes (T2D). These agents
exert their effect via the incretin system, specifically targeting the receptor for the incretin hormone glucagon-like peptide 1 (GLP-1), which is
partly responsible for augmenting glucose-dependent insulin secretion in response to nutrient intake (the ‘incretin effect’). In patients with T2D,
pharmacological doses/concentrations of GLP-1 can compensate for the inability of diabetic 𝛽 cells to respond to the main incretin hormone
glucose-dependent insulinotropic polypeptide, and this is therefore a suitable parent compound for incretin-based glucose-lowering medications. Two
classes of incretin-based therapies are available: GLP-1 receptor agonists (GLP-1RAs) and dipeptidyl peptidase-4 (DPP-4) inhibitors. GLP-1RAs promote
GLP-1 receptor (GLP-1R) signalling by providing GLP-1R stimulation through ‘incretin mimetics’ circulating at pharmacological concentrations, whereas
DPP-4 inhibitors prevent the degradation of endogenously released GLP-1. Both agents produce reductions in plasma glucose and, as a result of their
glucose-dependent mode of action, this is associated with low rates of hypoglycaemia; however, there are distinct modes of action resulting in differing
efficacy and tolerability profiles. Furthermore, as their actions are not restricted to stimulating insulin secretion, these agents have also been associated
with additional non-glycaemic benefits such as weight loss, improvements in 𝛽-cell function and cardiovascular risk markers. These attributes have made
incretin therapies attractive treatments for the management of T2D and have presented physicians with an opportunity to tailor treatment plans. This
review endeavours to outline the commonalities and differences among incretin-based therapies and to provide guidance regarding agents most suitable
for treating T2D in individual patients.
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Introduction
Type 2 diabetes (T2D) is a chronic, progressive disease charac-
terized by defective gluco-regulation caused by a combination
of insulin resistance, impaired 𝛽-cell function progressively
declining over several years, hyperglucagonaemia and inap-
propriate hepatic glucose production [1]. The progressive
nature makes pharmacological intervention necessary even-
tually in most patients. Typical comorbidities are obesity and
hypertension, which contribute to a high cardiovascular dis-
ease burden and mortality [2]. Unfortunately, many existing
glucose-lowering agents cause unwanted consequences, such as
hypoglycaemia and weight gain, which may reduce adherence
to treatment [3]. In contrast, ideal diabetes medications would
control glycaemia without a risk of hypoglycaemia, while
providing additional beneficial effects on 𝛽-cell function, body
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weight, lipoprotein profiles, hypertension and cardiovascular
risk in more general terms.

Incretin-based therapies have emerged that make use of
the incretin system, which comprises the incretin hormones
glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP) that stimulate the release of
insulin from pancreatic 𝛽 cells at elevated glucose concentra-
tions [4]. Glucose administered orally elicits a higher insulin
secretory response than glucose infused intravenously, even
at isoglycaemic concentrations, a phenomenon referred to as
the ‘incretin effect’ (Figure 1) [5]. In T2D, the incretin effect is
reduced [6], but therapeutically, incretin activity can be pro-
vided by supraphysiological dosages of GLP-1 or related agents
stimulating the GLP-1 receptor (GLP-1R) [7]. There are two
classes of incretin therapies: dipeptidyl peptidase-4 (DPP-4)
inhibitors, which prevent the proteolytic breakdown and inac-
tivation of GLP-1 and GLP-1 receptor agonists (GLP-1RAs),
which provide supraphysiological concentrations of ligands
that stimulate the GLP-1R [8]. Incretin hormones may have
effects beyond the stimulation of insulin secretion [8], and the
proteolytic activity of DPP-4 is not restricted to the degradation
and inactivation of the incretin hormones [9]. Consequently,
GLP-1RAs and DPP-4 inhibitors exhibit differences in efficacy,
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Figure 1. The incretin effect in control subjects and patients with type 2 diabetes (T2D). Venous plasma glucose and integrated incremental 𝛽-cell secretory
responses to oral glucose loads (black triangles) or ‘isoglycaemic’ intravenous glucose infusion (open circles). After an overnight fast, oral glucose (50 g
glucose/400 ml) was ingested (time 0) and blood samples taken every 15–120 min and then every 30 min for the final two samples. Isoglycaemic intravenous
glucose infusions were designed to mimic glucose concentration profiles after glucose ingestion. Asterisks denote significance (p< 0.05) to the respective
value after oral load. © Springer-Verlag 1986, reproduced with permission from Nauck et al. Diabetologia 1986; 29: 46–52 [5]. iv, intravenous.

safety and tolerability, and may have additional benefits, such
as promoting weight loss and improving (markers of) cardio-
vascular risk, which add to their attractive panel of clinical
effects. The aim of the present review was to highlight the
common features in the modes of action of GLP-1RAs and
DPP-4 inhibitors, and also the differences between them.

Incretin System in Healthy Individuals
and Those with Type 2 Diabetes
In healthy individuals, oral ingestion of nutrients stimulates
secretion of multiple gut hormones involved in regulating
digestion, motility and metabolism, including insulin [8]. The
gut hormones GIP and GLP-1, which are secreted from the
intestinal K- and L-cells, respectively, within minutes of food
ingestion [8,10], mediate major and minor proportions of the
incretin effect, respectively, and together account for up to 70%
of insulin secretory responses after nutrient ingestion [6,11].

In T2D, the incretin effect is severely reduced, and the
defective incretin-mediated stimulation is partially responsible
for the generally defective insulin secretion in these patients

(Figure 1) [5]. Despite reports that GLP-1 concentrations may
be reduced in patients with T2D, incretin hormone loss is not
a universal characteristic of T2D and several studies actually
report minor increases in GIP secretion in T2D [10]. Recent
meta-analyses did not reveal systematic differences in GLP-1 or
GIP secretion between healthy subjects and patients with T2D
[10,12]. A major focus of incretin-based research has therefore
been on understanding the differences in insulinotropic and
glucagonostatic responses to the incretin hormones in people
with T2D and healthy subjects [10].

Insulinotropic Effects of the Incretin Hormones

In T2D, the insulinotropic effects of GIP are virtually absent
(Figure 2A) [7,14,15]. Even pharmacological doses of GIP only
have marginal effects on insulin secretion [16]. By contrast,
the insulinotropic effects of GLP-1 are at least partially pre-
served in T2D, although endogenous GLP-1-mediated insulin
secretion does not compensate for the loss of the insulinotropic
activity of GIP [7]. At nearly all stages of T2D, pharmaco-
logical dosages of GLP-1 significantly restore insulin secre-
tion to levels approaching normal (Figure 2B, C) [7,14] and
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can normalize fasting plasma glucose (FPG) levels in the short
term [13]. This indicates that the insulin secretory mechanism
responds better to GLP-1 than to other secretagogues, albeit
with reduced potency compared with healthy subjects. Fur-
thermore, as for healthy subjects, the insulinotropic actions of
exogenously administered GLP-1 are glucose-dependent (with
identical glucose thresholds) in patients with T2D [17,18]. It
is of interest that in T2D the effects of exogenously adminis-
tered GLP-1 cannot be augmented by GIP (Figure 2D, E) [15].
This may reflect a decreased responsiveness of 𝛽 cells to GIP in
individuals with T2D [10].

Glucagonostatic Effects of GLP-1

Glucagon is secreted from pancreatic 𝛼 cells and opposes the
action of insulin by regulating hepatic glucose production [19].
In healthy subjects, oral or intravenous glucose induces sup-
pression of glucagon secretion [20]. In T2D, defective glucagon
suppression produces hyperglucagonaemia, both in the fasting
and post-nutrient state [20]. Paradoxically, a rise in glucagon
is often observed in subjects with T2D after nutrient inges-
tion, and it has been postulated that reduced sensitivity of
𝛼 cells to glucose (and insulin) may be responsible for this
hyperglucagonemia [21]. Incretin hormones also have signif-
icant roles in the regulation of glucagon release, and GLP-1
appears to be a physiological inhibitor of glucagon secretion
[7]. By contrast, GIP can (under certain circumstances) stim-
ulate glucagon secretion and antagonize GLP-1-mediated sup-
pression of glucagon release [22,23]. In T2D, supraphysiological
doses of GLP-1 can fully restore 𝛼-cell glucose sensitivity, facil-
itating normal glucose-induced inhibition of glucagon secre-
tion [7,17]. The mechanisms underlying these glucagonostatic
effects are not entirely clear, but may involve direct𝛼-cell inhibi-
tion [24] or indirect inhibition via stimulation of somatostatin
release from neighbouring 𝛿 cells [25]. Clinical studies have
indicated that GLP-1-induced inhibition of glucagon secre-
tion contributes significantly to the glucose-lowering capacity
of GLP-1-based therapies and may be as important as their
insulinotropic effects [26].

Development of Incretin-based Therapies
As the insulinotropic effects of GLP-1 are (partially) preserved
in T2D, most pharmacological efforts have focused on mak-
ing use of the preserved ability of GLP-1 to stimulate the
GLP-1R (rather than the functionally ineffective GIP recep-
tor) to re-introduce ‘incretin’ activity [8]. Native GLP-1 has
a half-life of ∼2 min as a result of degradation by DPP-4
and rapid renal clearance of both the intact and degraded
GLP-1 molecules [8]. Continuous intravenous GLP-1 infu-
sion is therefore required to provide glycaemic benefits in
subjects with T2D [17,18]. As this is not clinically feasible,
alternative strategies have been pursued in the development
of therapeutically viable incretin-based therapies. Two strate-
gies were adopted: (i) DPP-4 enzyme inhibition, preventing
proteolytic degradation and inactivation of GLP-1 [8,27–29];
thus, making use of glucose-lowering properties of endoge-
nously secreted GLP-1 from the gut and (ii) administration

of GLP-1RA (GLP-1 analogues with slower degradation by
DPP-4 and prolonged half-life [8,30], either found in nature,
or designed for the purpose).

Structure, Formulation and Administration
of Incretin Therapies
DPP-4 Inhibitors

Sitagliptin was the first selective inhibitor of DPP-4, followed
by vildagliptin, saxagliptin, linagliptin and, most recently,
alogliptin (Figure 3 and Table S1). Sitagliptin is a non-peptide
heterocyclic compound with rapid onset and long duration of
action, whereas vildagliptin and saxagliptin are both cyanopy-
rrolidines with slow onset and prolonged action upon binding
to the DPP-4 enzyme. Linagliptin (a methylxanthine) and
alogliptin (a heterocyclic aminopiperidine) differ still further
[27,29]. These distinct chemical structures affect pharma-
cokinetic properties, formulation and daily dosing (Table S1)
and may determine specificity, tolerability and safety profiles.
DPP-4 inhibitors are administered orally and formulated either
as a single agent or in combination with other antihypergly-
caemic compounds, typically metformin [27,29,31].

GLP-1RAs

There are five GLP-1RAs currently approved for use in the
treatment of T2D: exenatide, liraglutide, lixisenatide, dulaglu-
tide and albiglutide. These molecules were developed based
on human GLP-1 or exendin-4, a 39-amino acid peptide from
the saliva of the lizard Heloderma suspectum, and there are
key structural differences between the GLP-1RAs. These dif-
ferences affect product half-life and dosing interval and have
resulted in GLP-1RAs being classified as short- or long-acting.
All of the currently approved products are administered as
subcutaneous injections.

Short-acting GLP-1RAs. Exenatide was the first therapeutic
GLP-1RA. It is a synthetic version of exendin-4, having ∼50%
sequence identity to native GLP-1 [32]. It is a potent agonist
of GLP-1Rs and is resistant to degradation by DPP-4 because
of the lack of alanine or proline at position 2 (Figure 3) [8,33].
Exenatide was first made available as a twice-daily (>6 h apart)
formulation for subcutaneous injection within 60 min of the
two main meals of the day (Table S1).

Apart from exenatide twice daily, lixisenatide is the only
other short-acting GLP-1RA and is also a derivative of
exendin-4 [34]. Lixisenatide differs from exenatide by the dele-
tion of a proline residue and the addition of six lysine residues
at the C-terminal end [35]. While lixisentide has a half-life of
∼3 h , which is similar to that for exenatide twice daily (2.4 h),
lixisenatide is administered once daily (Table S1). Lixisentide
is currently approved in Europe but not in the USA.

Long-acting GLP-1RAs. Liraglutide is a GLP-1 analogue with
97% amino acid sequence identity to native human GLP-1
[7–36] (Figure 3) and was the first long-acting compound
in this class. The addition of a C16 fatty acid side chain to
lysine (Lys26) and replacement of lysine with arginine at posi-
tion 34 facilitates non-covalent binding to albumin, and also
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Figure 2. Insulinotropic activities of the incretin hormones glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). (A)
GLP-1, but not GIP, can increase both early and late stage insulin secretion. Nine patients with type 2 diabetes (T2D) and nine subjects with normal
glucose tolerance were included. All antidiabetic drugs were withheld until experimental completion and each experiment was performed following
an overnight fast. At time 0, patients received intravenous glucose to a plasma glucose concentration of 8.75 mmol/l, at which point a hyperglycaemic
glucose clamp was initiated. Either exogenous synthetic human GIP or GLP-1 (7-36 amide) was then infused to concentrations equivalent to physiological
levels (0.8 and 0.4 pmol/kg/min, respectively) between 30 and 90 min (dotted lines). Between 90 and 150 min, infusion rates were increased threefold to
supraphysiological concentrations (2.4 and 1.2 pmol/kg/min, respectively). C-peptide level was determined from blood samples by radioimmunoassay. Data
are mean± standard error of the mean. © The American Society for Clinical Investigation 1993, reproduced with permission from Nauck et al. J Clin Invest
1993; 91: 301–7 [7]. (B, C): Insulin responses to physiological levels of GLP-1 are severely impaired in T2D but can be restored by pharmacological doses of
GLP-1. Sixteen obese patients with T2D [eight patients per experiment (B, C)] underwent hyperglycaemic clamp (15 mmol/l) and infusion of physiological
[0.5 pmol/kg/min (B)] or pharmacological [1 pmol/kg/min (C)] levels of GLP-1 or GLP- 1 (7-36 amide), respectively. C-peptide concentrations were
measured by Autodelphia automatic fluoroimmunoassay. © Springer-Verlag 2009 and 2002, reproduced with permission from Højberg et al. Diabetologia
2009; 52: 199–207 [13] (B) and Vilsbøll et al. Diabetologia 2002; 45: 1111–9 [14] (C). (D, E) GIP does not augment the insulinotropic activity of GLP-1.
Twelve patients with T2D were included. Antidiabetic drugs were discontinued 1 day before each experiment and each experiment was performed after
an overnight fast. Placebo (0.9% NaCl with 1% human serum albumin), GIP (4 pmol/kg/min), GLP-1 (7-36 amide; 1.2 pmol/kg/min), or a combination of
GIP and GLP-1 (7-36 amide) was infused over a period of 360 min. Plasma glucose concentrations and C-peptide secretion rates were determined from
blood drawn in the basal state and during infusions. Glucose was measured using a glucose oxidase assay and C-peptide determined by immunoassay.
© American Diabetes Association 2011, reproduced with permission from Mentis et al. Diabetes 2011; 60: 1270–6 [15].
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promotes self-association into heptamers [36]. Heptamer for-
mation retards absorption from the subcutis [37] and albumin
binding provides stability, resistance to DPP-4 and limits renal
clearance. These modifications prolong the half-life and facil-
itate once-daily dosing at dosages of 1.2 or 1.8 mg, with the
timing of injection being independent from meals (Table S1).

A second (long-acting) formulation of exenatide, designed
for once-weekly administration at any time, irrespective of
meals (exenatide once weekly; Table S1) has also been devel-
oped. Exenatide once weekly is formulated as exenatide and
poly-(d, l lactide-co-glycolide) microspheres that slowly
degrade in situ, releasing exenatide in a sustained fashion
[38]. Unlike exenatide twice daily, exenatide once weekly
requires patients to reconstitute the powdered agent before
administration.

Albiglutide and dulaglutide consist of a dimer of human
GLP-1 molecules that is fused to recombinant human albumin
and a modified human immunoglobulin G4 heavy chain,
respectively. Amino acid substitutions render both molecules
resistant to DPP-4 and their extended half-life (Table S1) allows
weekly dosing [34,39].

Semaglutide is a novel GLP-1RA that is currently in phase
III trials and is being developed for once-weekly subcuta-
neous administration [40] and once-daily oral administration.
Addionally, a GLP-1RA/basal insulin combination has recently
been approved and other combination products are in develop-
ment [41].

Clinical Utility of Incretin Therapies

The differing characteristics of DPP-4 inhibitors and GLP-1RAs
are responsible for differing clinical performance, tolerability
and pharmacokinetic profiles, and such differences are also
observed within each drug class (Tables S2 and S3). Appreci-
ating these differences is therefore important so the best and
most suitable agent can be chosen for each patient.

DPP-4 Inhibitors

Pharmacokinetics. The main clinically relevant pharmacoki-
netic characteristics of the DPP-4 inhibitors are outlined in
Table S1. Typically, DPP-4 inhibitors reduce serum DPP-4
activity by >80%, resulting in a doubling of intact, biolog-
ically active GLP-1 concentrations [42]. This is associated
with increased insulin and suppressed glucagon secretion,
resulting in reductions in postprandial glucose (PPG) levels
[42,43]. The relatively long half-lives of sitagliptin, linagliptin
and alogliptin facilitate once-daily dosing. Saxagliptin is also
suitable for once-daily dosing as a result of the presence
of the active metabolite, BMS-510849, which inhibits DPP-4
[27]. The shorter half-life of vildagliptin requires twice-daily
dosing [27].

As vildagliptin and saxagliptin are partially eliminated via
the liver, dose reductions are also recommended in patients
with hepatic functional impairment [27,30].

For sitagliptin, vildagliptin, linagliptin and alogliptin, there
are no known clinically significant drug–drug interactions;
however, saxagliptin is metabolized via hepatic cytochrome
P450 (CYP450) and may be exposed to drug–drug interactions.

Hence, patients co-administering saxagliptin and CYP3A4/5
inhibitors should reduce saxagliptin dosages [27,30].

In general, the pharmacokinetic profiles of DPP-4 inhibitors
are not directly influenced by gender, age, race or BMI and are
similar in patients with T2D and healthy subjects [27,30].

An important differentiating characteristic among DPP-4
inhibitors is their route of elimination. Sitagliptin and alogliptin
are primarily excreted renally, whereas saxagliptin undergoes
both renal and hepatic clearance (Table S1). Linagliptin is pre-
dominately (∼90%) secreted unchanged in the faeces [44].
Metabolism therefore plays a minor role in the elimination of
these DPP-4 inhibitors. By contrast, vildagliptin is metabolized
via at least four pathways before excretion [27,29]; however,
the renal clearance of sitagliptin, vildagliptin, saxagliptin and
alogliptin means that patients with renal impairment are at
risk of increased drug exposure, and dose reductions are there-
fore recommended [27,29]. Linagliptin may provide a suitable
alternative for such patients, with no reason to adjust doses in
the case of chronic renal functional impairment.

Glycaemic Efficacy. All DPP-4 inhibitors achieve glycaemic effi-
cacy in a similar fashion and elevate GLP-1 levels by 1.5- to
3-fold (i.e. near the physiological range) [27,29]. Once DPP-4
is maximally inhibited, glycated haemoglobin (HbA1c) reduc-
tions plateau and, consequently, HbA1c reductions are simi-
lar across this class (weighted mean differences of <0.8% as
monotherapy) and there is no obvious basis for differentiation
regarding efficacy [45]. DPP-4 inhibitors may be preferred in
patients with modest elevations in HbA1c and FPG as, in these
circumstances, there is a realistic chance of achieving common
HbA1c targets [33].

Safety and Tolerability. In general, the tolerability of DPP-4
inhibitors is excellent and, as a result of their glucose-dependent
mode of action, they are associated with a low risk of hypo-
glycaemia (unless used in combination with sulphonylureas or
insulin) [45,46]. Overall, the number of adverse events (AEs)
reported in clinical trials with DPP-4 inhibitors were similar
in patients receiving the drug compared with those receiv-
ing placebo [46]. Initial surveys recorded a slight increase in
infections, predominantly upper respiratory tract infections, in
patients treated with a DPP-4 inhibitor [47]. An immune sys-
tem imbalance has been suspected, but more recent, larger anal-
yses have not confirmed these trends [27,46,48,49].

Some post-market reporting and analysis of large AE
databases saw sitagliptin associated with an increased risk of
pancreatitis [50]; however, the validity of the conclusions based
on these data have been widely criticized as data may often be
incomplete, over-reported and biased [51]. Detailed discus-
sions of pancreatitis potentially induced by DPP-4 inhibitors
have been published [51,52]. Importantly, the US Food
and Drug Administration (FDA) and the European Medicines
Agency (EMA) agreed in 2014 that a causal association between
incretin-based drugs and pancreatitis or pancreatic cancer, as
expressed in the scientific literature, was inconsistent with the
data available at the time [53]. These data included two large
cardiovascular outcomes trials, one with saxagliptin and one
with alogliptin. A further, more recently reported, cardiovas-
cular outcomes trial in which sitagliptin or placebo was added
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to usual care showed no significant between-group differences
in the rates of acute pancreatitis or pancreatic cancer [54].

GLP-1RAs

Pharmacokinetics. The clinically relevant pharmacokinetic
characteristics of the six currently available GLP-1RAs are
outlined in Table S1.

Short-acting GLP-1RAs. The short half-life (2.4 h) of exenatide
requires twice-daily dosing (with meals). Whereas the majority
of novel developments within the class of GLP-1RAs aim at
prolonged action and once-weekly administration, lixisenatide
has recently been introduced as a novel short-acting GLP-1RA,
similar to exenatide, but recommended for once-daily
administration (Table S1). Peak plasma concentrations (Cmax)
are achieved within 1.5–3.5 h of lixisenatide administration
[55].

Long-acting GLP-1RAs. The longer half-life of liraglutide (13 h)
permits once-daily dosing (independent of meal times). Peak
plasma concentrations are greater for liraglutide compared
with either formulation of exenatide (once daily or once
weekly), most likely as a result of substantial albumin binding.
It is estimated that only 1–2% of liraglutide is ‘free’ and able
to diffuse into target tissues and interact with receptors [36].
Exenatide once weekly has a prolonged duration of action
with a biphasic release pattern, peaking initially, then being
followed by a sustained release. Therapeutic drug levels are
achieved after 2 weeks, and steady state plasma concentrations
after ≥6 weeks [56].

The half-life of albiglutide is ∼5 days, with steady-state
concentrations reached within 3–5 weeks [57]. Dulaglu-
tide’s half-life is ∼4.5 days, with steady-state concentrations
occurring within 2–4 weeks [58].

A DPP-4 inhibitor increases endogenous GLP-1 to physio-
logical levels (10–25 pmol/l), whereas GLP-1RAs reach higher
pharmacological levels (e.g. free active liraglutide levels are in
the range 60–90 pmol/l) [43,59,60]. It is not known, however,
whether tissue distribution is similar for all GLP-1 receptors
and it would be interest to understand what level of GLP-1
exposure occurs on 𝛽 cells as well as in the autonomic and cen-
tral nervous system.

The predominant elimination route for exenatide is via
glomerular filtration with subsequent proteolytic degradation.
Exposure to exenatide increases in patients with end-stage renal
disease (ESRD) and moderate renal impairment, compared
with subjects with normal renal function (Table S1). Exenatide
twice daily and once weekly are therefore not recommended in
patients with ESRD or severe renal impairment, and caution is
advised in patients with moderate renal impairment.

Elimination of lixisenatide is also through the kidneys. Cau-
tion is advised with moderate renal impairment, and lixisen-
atide is not recommended in patients with ESRD or severe renal
impairment [55].

Liraglutide is endogenously metabolized, with no sin-
gle organ providing the major route of elimination [61].
Liraglutide exposure is not elevated in patients with renal
impairment but is not currently recommended in patients with

severe renal impairment, including ESRD, because of limited
clinical experience in this population (Table S1). Ongoing and
recently completed clinical trials are investigating liraglutide
use in patients with moderate and severe renal impairment
(NCT01620489, NCT01394341 and NCT01179048).

Albiglutide and dulaglutide are metabolized and do not
require dose adjustment with moderate renal impairment, but
are not recommended for patients with severe renal impair-
ment, including ESRD [57,58].

Limited data exist regarding the use of GLP-1RAs in patients
with hepatic functional impairment [62,63]. Although hepatic
functional impairment is not anticipated to adversely affect
exposure levels, GLP-1RAs are not recommended in patients
with mild, moderate or severe hepatic impairment because of
limited clinical experience.

Glycaemic Efficacy. Compared with placebo, GLP-1RAs reduce
HbA1c levels by ∼1% [64]; however, reductions are dependent
on the choice of agent, dose, baseline HbA1c and ongoing
treatment. The short half-life of exenatide twice daily and its
requirement for twice-daily dosing at meal times means it
predominantly reduces PPG levels. By contrast, the prolonged
actions of exenatide once weekly and liraglutide produce
reductions in both FPG and PPG as a result of suppression
of fasting glucagon (exenatide once weekly) [56] or increase
in fasting insulin levels (liraglutide) [65]. Significantly greater
HbA1c changes are therefore observed when compared with
exenatide twice daily in head-to-head trials [−1.9% (exenatide
once weekly) vs −1.5% (exenatide twice daily); p= 0.0023
[56] and −1.12% (liraglutide) vs −0.79 (exenatide twice daily);
p< 0.0001] [65]. In a 26-week head-to-head trial between
liraglutide and exenatide once weekly, treatment with liraglu-
tide produced greater reductions in mean HbA1c compared
with patients receiving exenatide (−1.48% vs −1.28%, respec-
tively) [66]. Similarly, in a 32-week trial, treatment with
liraglutide led to greater reductions in HbA1c compared with
albiglutide (–0.99% vs –0.78%, respectively) [67].

Dulaglutide treatment was superior in lowering HbA1c
compared with exenatide twice daily in patients who were
on maximum tolerated doses of metformin and pioglitazone
[68]. Another head-to-head trial reported that dulaglutide was
non-inferior to liraglutide in lowering HbA1c (least-squares
mean reduction in HbA1c was −1.42% with dulaglutide vs
−1.36% for liraglutide) [69]. Similar reductions in HbA1c
were reported for lixisenatide vs exenatide in the GetGoal-X
study [68,70].

Exenatide twice daily and once weekly are associated with
the formation of anti-exenatide antibodies, and glycaemic effi-
cacy can be reduced in patients with high-titre, compared with
absent or low-titres of anti-exenatide antibodies [56]; how-
ever, the clinical significance of antibody generation is not yet
clear. The percentage of patients developing antibodies against
liraglutide is much lower [71].

Safety and Tolerability. As a result of their glucose-dependent
mode of action, GLP-1RAs are associated with a very low
risk of hypoglycaemia; however, when used in conjunction
with other medications able to provoke episodes of hypo-
glycaemia (e.g. sulphonylureas), the glucose-lowering effect
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of GLP-1RAs may increase the risk of hypoglycaemia [64].
The most commonly observed AE is transient nausea, which
can be minimized by initiating treatment with low doses and
gradually increasing the dose [38]. If nausea, which typically
diminishes after a few weeks with liraglutide and exenatide
[65], persists, symptoms can be mitigated by transient dose
reductions. Nausea is also the most frequently reported AE
with exenatide once weekly; however, because of the small
initial release of this formulation, large weekly doses (2 mg)
are tolerated [38]. The incidence of nausea and vomiting was
also significantly lower with once-weekly albiglutide com-
pared with liraglutide [67]. Despite GLP-1RA-related or insulin
‘gastrointestinal’ AEs occurring early in a treatment course,
some patients find these events intolerable and need to cease
treatment [64].

A possible association of GLP-1RAs with acute pancreatitis
was raised as a result of some post-marketing case reports from
the use of exenatide [72]. Although few cases of pancreatitis
were reported in clinical trials with liraglutide, the incidence
among patients receiving liraglutide was greater than those
among patients receiving placebo or comparator medications
[73]. Establishing or excluding a cause and effect link between
GLP-1RAs and pancreatitis in T2D is difficult as patients have
a threefold greater pancreatitis risk compared with healthy
subjects [74]. Retrospective analysis of AE reporting databases
also correlated GLP-1RAs with an increased risk of pancreatitis
[50]; however, as mentioned previously, an extensive review by
the FDA and EMA in 2014 concluded that, studies so far do
not show a causal link between incretin-based drugs and either
pancreatitis or pancreatic cancer [53].

Preclinical studies indicated liraglutide could increase the
risk of C-cell proliferation and medullary thyroid adenomas
and carcinomas (MTCs) in rodents via GLP-1R activation
and calcitonin release [36]; however, compared with rodents,
human and non-human primates have far fewer C-cells that
express lower levels of GLP-1Rs and do not release calci-
tonin (a biomarker for human MTC) in response to GLP-1
[36]. In accordance with these observations, a 2-year clinical
study could not demonstrate plasma calcitonin increases in
patients treated with liraglutide [36], even in high doses used
to treat obesity [75]. Despite the FDA concluding that there
is a low risk of carcinoma development in humans, liraglu-
tide remains contraindicated in patients with a history of MTC.
Epidemiological and animal studies are currently underway
to explore possible associations between liraglutide and MTC
and liraglutide clinical trials [NCT01179048 (LEADER)] are
monitoring calcitonin levels and analysing the incidence of
MTC. Patients at elevated risk of MTC (familial MTC, mul-
tiple endocrine neoplasia syndrome 2) should not be treated
with incretin-based drugs. The same reasoning applies to other
GLP-1RAs [76].

Head-to-head Comparisons Between GLP-1RAs
and DPP-4 Inhibitors
Comparative clinical trials have highlighted important differ-
ences between DPP-4 inhibitors and GLP-1RAs in patients
with T2D.

Glycaemic Effects

Head-to-head studies between sitagliptin and GLP-1RAs
(liraglutide, exenatide twice daily and once weekly) have been
performed in patients with T2D as an add-on to metformin
[77–79]. Compared with sitagliptin, liraglutide treatment (1.2
or 1.8 mg) produces significantly greater reductions from
baseline in HbA1c [−1.29% (1.2 mg) and −1.51% (1.8 mg) vs
−0.88% (sitagliptin)] and FPG [−1.71 mmol/l (1.2 mg) and
−2.04 mmol/l (1.8 mg) vs −0.59 mmol/l (sitagliptin);
p< 0.0001 all comparisons] [79]. Significant PPG reduc-
tions from baseline were noted for exenatide twice daily [6.2±
0.3 mmol/l vs 2.1± 0.3 mmol/l (sitagliptin); p< 0.0001] [78].

Exenatide once weekly significantly reduced HbA1c (−1.5%
vs −0.9%; p< 0.0001) and FPG (−1.8% vs −0.9 mmol/l;
p< 0.0001) values from baseline compared with sitagliptin,
and significantly greater numbers of patients receiving exe-
natide once weekly achieved an FPG target of 7 mmol/l (60%
vs 35%; p< 0.0001) [77]. Dulaglutide treatment was also
found to be super ior in lowering HbA1c compared with
sitagliptin (–1.10 and –0.87% with dulaglutide 1.5 and 0.75 mg,
respectively, vs –0.39% with sitagliptin 100 mg; p< 0.001
for both doses vs sitagliptin) [80]. Furthermore, albiglutide
produced superior reductions in HbA1c versus sitagliptin:
(model-adjusted mean difference −0.4%; p= 0.0001) [81].
These trials clearly indicate that GLP-1RAs are more effective
at controlling glycaemia than are DPP-4 inhibitors, potentially
because of the differences in GLP-1/GLP-1RA concentra-
tions. Nevertheless, DPP-4 inhibitors do promote meaningful
reductions in plasma glucose.

This relatively strong clinical effectiveness of DPP-4
inhibitors relative to the GLP-1 plasma concentrations achieved
may be related to the differential distribution patterns of acti-
vated GLP-1Rs by DPP-4 inhibitors compared with that
induced by GLP-1RAs. Exogenously administered GLP-1RAs
injected into subcutaneous adipose tissue interact mainly with
GLP-1Rs in the systemic circulation; however, native GLP-1
released from the gut can stimulate GLP-1Rs in the gut [82] and
furthermore, GLP-1 not degraded by local DPP-4 can interact
with hepato-portal GLP-1Rs [82,83]. Recent studies show that
activation of hepato-portal GLP-1Rs and, consequently, vagal
afferents of the parasympathetic nervous system can lead to
increases in glucose-stimulated insulin secretion [83].

Glucose-lowering by DPP-4 inhibitors may therefore be
mediated via portal vein GLP-1R signalling and GLP-1 sens-
ing targeting neural pathways, and may explain the relatively
prominent effects relative to the GLP-1 plasma levels that
DPP-4 inhibitors induce in terms of reductions in plasma
glucose concentrations compared with those achieved when
employing GLP-1RAs. This is shown in Figure 4.

Non-glycaemic Effects

Both GLP-1RAs and DPP-4 inhibitors also lead to various
non-glycaemic effects, including weight decreases (GLP-1RAs
only), improvements in 𝛽-cell function, and improvements in
systolic blood pressure and cardiovascular risk markers, such
as triglycerides and total cholesterol.

In all direct comparisons with sitagliptin, GLP-1RAs
resulted in significantly greater reductions in body weight
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Figure 4. Illustrations of the endocrine (A) and nerve-stimulating (B) elements of the mode of action of glucagon-like peptide-1 (GLP-1) and of the
predominant modes of action of GLP-1 receptor agonists (GLP-1RAs) (C) and DPP-4 inhibitors (D). (A) GLP-1 (depicted by red ovals) is released from
L-cells in the gut mucosa, and is partially degraded and inactivated by DPP-4 in the vicinity of L-cells in the gut mucosa and other compartments (circulatory
system and other tissues). GLP-1 surviving in its intact, biologically active form reaches target cells expressing the GLP-1 receptor (GLP-1R) via the
bloodstream. (B) Afferent vagal nerve endings with GLP-1Rs respond to GLP-1 immediately after its release from L-cells. The signal reaches the brain via
ganglia belonging to the parasympathetic nervous system. The brain then sends efferent impulses to target organs for GLP-1 activity, such as the endocrine
pancreas, where insulin secretion is stimulated and glucagon secretion is suppressed. The endocrine and nerve-stimulating elements of the mode of action
of GLP-1 co-exist and may vary in their relative importance. (C) GLP-1RAs (yellow ovals) are injected into the adipose tissue compartment and, from there,
mainly reach target cells via the general circulation. (D) For DPP-4 inhibitors, a substantial proportion of the effects may be mediated through enhanced
interactions of GLP-1 maintained in its intact, biologically active form, with receptors on afferent vagal fibres (i.e. the neural pathway).

[77,78,84,85]. Exenatide twice daily reduced weight by −0.8 kg
[vs −0.3 kg (sitagliptin); p= 0.0056] [78], whereas greater
reductions were observed with exenatide once weekly, in
drug-naive patients [−2.0 kg vs −0.8 kg (sitagliptin); p< 0.001]
[85] and those treated with metformin (−2.3 kg vs −1.5 kg
[sitagliptin]; p= 0.0002) [77]. In a 52-week extension trial,
weight reductions of 2.78 and 3.68 kg were observed in patients
receiving liraglutide (1.2 and 1.8 mg, respectively), compared
with a reduction of 1.16 kg in the sitagliptin group (p< 0.0001
vs both liraglutide doses) [84].

Exenatide once weekly and liraglutide were associated with
improvements in 𝛽-cell function as determined by homeostatic
model assessment, the insulinogenic index or insulin secretion
rate [84–86]. These measurements were made while the patients
were still exposed to the GLP-1RAs, and thus were most likely
attributable to an acute stimulation of insulin secretion by the
drug. In separate studies, exenatide once weekly, liraglutide and

dulaglutide produced more favourable improvements in 𝛽-cell
function versus sitagliptin [79,84,85].

With regard to cardiovascular risk markers, exenatide twice
daily produced greater reductions in postprandial triglyc-
erides compared with sitagliptin (mean ratio exenatide to
sitagliptin, 0.90± 0.04; p= 0.0118) [78]. In patients switching
from sitagliptin to exenatide once weekly, significant (p< 0.05)
systolic blood pressure (−2.7 mmHg) and total cholesterol
(−0.26 mmol/l) reductions were observed [87]. No signifi-
cant improvements in cardiovascular risk markers (systolic
blood pressure and lipid profiles) were reported in a 52-week
sitagliptin and liraglutide trial extension [84]. Treatment sat-
isfaction (potentially driven by weight reductions) was greater
for liraglutide, which is noteworthy given that liraglutide is
injected whereas sitagliptin is taken orally [88]. This obser-
vation may prove important given that treatment satisfaction
correlates with adherence, which, in turn, can lead to improved
clinical outcomes [84].
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Table 1. Patient characteristics influencing preferred use of dipeptidyl peptidase-4 inhibitors or glucagon-like peptide-1 receptor agonists.

Patient characteristics DPP-4 inhibitor therapy GLP-1RA therapy
Therapy with other antidiabetic
drugs (as specified)

Glycaemic-related
HbA1c 0.5–1.0% above target* 1.0–1.5% above target >1.5% above target

Unsuitable: DPP-4 inhibitor
Possible: GLP-1RA
Preferred: insulin

FPG 0–1.7 mmol/l (0–30 mg/dl)
above target [42]

1.1–3.9 mmol/l (20–70 mg/dl) above
target

>3.9 mmol/l (70 mg/dl) above target

Liraglutide> exenatide [91] Preferred: insulin [92]
Unsuitable: DPP-4 inhibitor or

GLP-1RA [8]
PPG Δ above preprandial

>3.3 mmol/l (60 mg/dl)
(±elevated FBG) [42]

Δ above preprandial >3.3–5.6
(60–100 mg/dl)

Δ above preprandial >5.6 mmol/l
(100 mg/dl) insulin – prandial or
mealtime [90,92]Exenatide> liraglutide [91]

Necessity to avoid
hypoglycaemia*

Preferred Preferred Unsuitable: insulin or SUs

Non-glycaemic-related
Necessity to reduce
body mass index

Preferred to insulin Preferred to DPP-4 inhibitor Possible: metformin, pramlintide
Unsuitable: insulin, SUs and glitazones

Preference for oral
treatment/injection
phobia

Preferred over GLP-1RAs and
insulin

Not suitable Suitable: SUs, if DPP-4 inhibitors
contraindicated

Inability or
unwillingness for blood
glucose self-monitoring*

— Preferred over insulin Unsuitable: insulin

Sensitivity to
gastrointestinal events

Suitable Not suitable Unsuitable: metformin, acarbose

Poor compliance* Possible: (neutral) Preferred: long-acting GLP-1RA Unsuitable: insulin
Comorbidities

Renal insufficiency Preferred: linagliptin Preferred: liraglutide Unsuitable: metformin (lactic acidosis)
[90]; sulphonylureas (hypoglycaemia)

Dose adjustment required for
other DPP-4 inhibitors
[27,29]

Possible: exenatide (mild/moderate
renal impairment); exenatide once
weekly (mild renal impairment)

Liver disease† Suitable (except saxagliptin) Suitable: (unlimited data) Preferred: insulin
Unsuitable: secretagogues (severe hepatic

disease) [90]
Cardiovascular disease Preferred to insulin Preferred Preferred: metformin, acarbose

Unsuitable: intensive insulin therapy,
SUs[90]

Economics
Cost Preferred over GLP-1RA More costly than DPP-4 inhibitors,

similar to insulin treatment
(including blood glucose
self-monitoring)

Preferred: metformin, SUs

Treatment choice should be in line with primary treatment goal of achieving glycaemic control and as an adjunct to lifestyle interventions, but patients’
preferences and various patient, disease and drug characteristics [90] (such as susceptibility to side effects, potential for weight gain and hypoglycaemia)
should be considered, where no preference for DPP-4 inhibitor/GLP-1RA is apparent. DPP-4, dipeptidyl peptidase-4; FBG, fasting blood glucose; FPG,
fasting plasma glucose; GLP-1RAs, glucagon-like peptide-1 receptor agonists; OADs, oral antidiabetic drugs; PPG, postprandial glucose; SU, sulphonylurea.
*Targets refer to those established for individual patients. The American Association of Clinical Endocrinologists and American College of Endocrinology
[93], and Amercian Diabetes Association/European Association for the Study of Diabetes [89,90] provide standard recommendations on glycaemic targets.
In some patients, the optimum treatment may be the result of a compromise between what is desirable and what can be realistically achieved. In these cases,
the suggested glycaemic ranges may not fully apply.
†Incretin therapy suitable unless history of pancreatitis [91].
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Safety and Tolerability

Mild-to-moderate gastrointestinal AEs were common in these
head-to-head trials, and their incidence (particularly nau-
sea) was higher with GLP-1RAs compared with sitagliptin
[77–79,84]. This is most likely attributable to the pharmacolog-
ical vs relatively physiological levels of GLP-1 activity. Nausea
was again transient and declined with treatment duration, such
that after 26 weeks of liraglutide vs sitagliptin, the proportions
of subjects experiencing nausea were similar [79].

Implications for Treatment Choice
GLP-1RAs and DPP-4 inhibitors are becoming established
therapies for T2D, used alone or in combination with other
glucose-lowering agents, and are recognized as a vital com-
ponent of ongoing therapy by the American and European
Diabetes Associations [89,90]. Improvements in 𝛽-cell func-
tion, weight and markers of cardiovascular risk, not gen-
erally seen with other glucose-lowering treatments, provide
hope that incretin-based therapies may slow down disease
progression and address some of the common comorbidities
of T2D.

The differing modes of actions of these therapies produce
varied efficacy and tolerability profiles and additional treatment
benefits beyond glycaemic control. This provides an oppor-
tunity to tailor treatment plans to the requirements of each
patient, thereby facilitating treatment individualization. Table 1
provides an overview of situations where incretin therapies
may find clinical utility [8,27,29,42,89–93]. The table outlines
situations, in the author’s estimation, where incretin therapies
may be the preferred option ahead of other glucose-lowering
agents, as well as under what circumstances the choice of agent
should be a GLP-1RA or a DPP-4 inhibitor. Furthermore
instances have been included where specific incretin therapies
are contraindicated.

Conclusions
The GLP-1RAs and DPP-4 inhibitors add vital new tools to the
physician’s armoury in the fight against T2D. Generally, their
benefit-to-risk profile is favourable and their additional benefits
distinguish these two classes of glucose-lowering treatments
apart from traditional agents.

The varied pharmacological action and kinetic profiles across
the incretin therapies (between classes and among agents of the
same class) offer physicians and patients alike a wide variety
of treatment options. These options may simply improve treat-
ment flexibility and/or convenience (oral vs injection), whereas
in other patient populations incretin therapies may provide
vital treatment solutions (patients with elevated BMI or renal
impairment). Physicians can therefore use incretin therapies to
manage patient care effectively and provide tailored treatment
regimens that may promote increased adherence to therapy,
improve outcomes and potentially slow down disease progres-
sion. The full potential of the incretin therapies, however, may
not yet have been appreciated. GLP-1Rs are widely distributed
and DPP-4 participates in numerous different biological pro-
cesses. Consequently, the actions of GLP-1RAs and DPP-4

inhibitors extend beyond glycaemic control (Tables S2 and S3)
and can result in additional beneficial effects, such as weight
reductions and improvements in 𝛽-cell function and cardiovas-
cular risk markers. Similarly, incretin therapies also have the
potential to affect many crucial biological pathways adversely,
potentially resulting in unwanted extra-glycaemic effects. It is
therefore important to continue characterization of the incretin
system and incretin-based therapies so that the full potential of
these agents can be realized and their involvement in biological
processes unrelated to glycaemic control can be fully under-
stood. Pertinent cardiovascular outcome studies are underway
with all agents.
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