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With vildagliptin and sitagliptin on the market for the treatment of type 2 diabetes,
dipeptidyl peptidase 4 (DPP4, EC 3.4.14.5) research has entered a new era. Scientists aim
to uncover the broader pharmacological profile of DPP4 inhibitors and search for therapeutic
opportunities outside diabetes. During the pre-clinical and clinical evaluation of vildagliptin
and sitagliptin, there has been a growing awareness of the presence of other DPP4-like
peptidases in various cells and tissues. This fuelled the development of more inhibitors with
defined selectivity for DPP2, 8 and 9 that were used to investigate the expression, distribu-

tion and regulation of these peptidases. In turn, these studies increased the insights in the
role of DPP4 in the body’s response to various insults.

© 2008 Elsevier Inc. All rights reserved.

1. DPP4 inhibitors for diabetes

Two dipeptidyl peptidase 4 (DPP4, EC 3.4.14.5) inhibitors are
currently used for the treatment of type 2 diabetes (T2DM):
vildagliptin (Galvus®™, Novartis International AG, Basel, Swit-
zerland) and sitagliptin (Januvia®, Merck & Co., Inc., White-
house Station, NJ, USA). Sitagliptin was approved by the FDA
and EMEA for the treatment of T2DM patients who fail to
achieve hyperglycemic control with diet and exercise, alone or
in combination with another drug such as metformin or a
glitazone. At the moment vildagliptin is only approved by the
EMEA in Europe for combined treatment with other antidia-
betic medications including metformin, sulfonylureas and
thiazolidinediones. Several other DPP4 inhibitors are expected
to become available in the near future; however, given that

vildagliptin and sitagliptin were first to be developed, most
reports of clinical trials relate to these two compounds.
Updates and analyses of the performance of sitagliptin,
vildagliptin and other awaited incretin-enhancing drugs are
regularly published in field-specific literature (for recent
reviews see [1-4]) and will not be repeated here. Instead, this
paper will reflect on DPP4-related research that may have an
impact on the future development of this class of drugs. The
writing of this commentary coincided with the organization of
the 3rd International Conference on Dipeptidyl Peptidases and
Related Enzymes in Antwerp on 23-25 April 2008 [5].
Sitagliptin and vildagliptin, taken orally once or twice a
day at indicated doses, lower post-prandial and fasting
glucose levels. After prolonged use, T2DM patients have
lower glycated hemoglobin levels indicative of an overall
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reduction of blood glucose over time. Clinical studies also
show asignificantincreasein homeostasis model assessment
beta-cell function index (HOMA-B) and fasting proinsulin/
insulin ratio, which are markers of insulin secretion and beta-
cell function [1,2]. Whether these results provide evidence
for a pancreas-sparing effect of DPP4 inhibitors in the
clinic remains an open question. In general, vildagliptin
and sitagliptin are well tolerated. The incidence of hypogly-
cemia is low and few adverse effects were reported. DPP4
inhibitors are considered to be moderately effective, lowering
HbA1c levels between 0.6 and 0.8% (compared to placebo) in
patients with starting HbAlc levels between 6.5 and 10%. It is
too soon to predict what their performance will be in a more
diverse patient population. In a direct comparison with
traditional antihyperglycemic drugs, the efficacy of these
agents scored somewhat lower than metformin but similar to
rosiglitazone and glizipide [6]. In combination with other
glucose lowering drugs, such as metformin, sulfonylureas
and thiazolidinediones, the effect of DPP4 inhibitors is
additive [1,2,6].

The glucose-lowering action of DPP4 inhibitors derives
from the prolongation of the active half-life of the incretins,
glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic peptide (GIP). The incretins are peptide
hormones secreted by intestinal endocrine cells upon food
ingestion. Their immediate effect is to reduce the production
of glucagon and to increase insulin secretion by pancreatic
beta-cells. DPP4 proteolytically removes two amino acids
from the N-terminal end of the incretins, thereby abolishing
the interaction with their cognate receptors. Because DPP4 is
present at the site of production, cleavage of the incretins
starts almost immediately after their secretion, and this
process has been shown to be an important determinant of
the biological half-life of GLP-1 and GIP. Inhibition of DPP4
increases the life-time of the active forms by a few minutes
before they are degraded by other proteases and cleared from
the circulation [7].

Many T2DM patients produce less than normal amounts of
GLP-1and appear to have an impaired response to GIP [8]. The
efficacy of DPP4 inhibition in diabetes is attributed to an
increased level of GLP-1. However, DPP4 inhibition differs
from the pharmacological application of GLP-1 in several
respects. Firstly, the levels of GLP-1 that may be achieved are
restricted by secretion rate and intracellular pools of
precursors and do not increase linearly with the degree of
DPP4 inhibition. Because the secretion of incretins is glucose
dependent, DPP4 inhibition is not expected to cause hypo-
glycemia in the fasting state. This may account for the lower
incidence of hypoglycemia and the milder side effects found
with DPP4 inhibition as compared to injection of a GLP-1
analog (which was recently introduced for T2DM manage-
ment). Secondly, DPP4 cleaves many other peptides aside
from GLP-1 and GIP [9,10]. Inhibition of DPP4 may also prolong
the active half-life of these peptides and modulate their
receptor interactions. Enhancement of the actions of addi-
tional substrates may be beneficial for glucose control and
beta-cell function or other aspects of the disease. Lastly, every
DPP4 inhibitor needs to be investigated individually because
it may have a unique pharmacodynamic profile and com-
pound-specific targets.

2. What next?

2.1. Uncovering the full pharmacological spectrum
of DPP4 inhibitors

2.1.1. Discovering new therapeutic niches

In the coming years, the use of DPP4 inhibitors in the
treatment of T2DM is expected to increase dramatically.
Clinical investigators are keen to record effects on body
weight, lipid levels, cardiovascular parameters and other
clinically significant outcomes. Like GLP-1, several other DPP4
substrates or their analogs are currently being evaluated for
therapeutic application in different disease settings, for
example, brain-derived natriuretic peptide (BNP) for treatment
of heart failure, pituitary adenylate cyclase activating peptide
(PACAP) for treatment of neurodegenerative disease and
stromal cell derived factor-1 (SDF-1) for use in tissue
regeneration [11-13]. Whether the prolongation of the biolo-
gical half-life of these and other peptides will be of therapeutic
value depends on whether the peptides are involved in the
pathophysiology of the disease and whether DPP4 is present at
the sites where they are produced or exert their activity.
Truncated forms of most of the reported substrates of DPP4
can be found in plasma, tissue extracts or other biological
samples, such as cell culture supernatants; however, it is
difficult to ascertain whether the truncation occurs in vivo or
ex vivo. There are relatively few peptides for which there is
solid experimental evidence that they are cleaved in vivo by
DPP4. A selection is shown in Table 1 summarizing the
relevant biological activities of the intact peptides and the
DPP4-generated metabolites [9,10,14-16]. Most of the informa-
tion of Table 1 comes from experiments with laboratory
animals. Apart from studies of GLP-1, few data are available
about changes in levels or ratios of truncated peptide forms in
humans treated with sitagliptin or vildagliptin. To identify
relevant in vivo substrates of DPP4, there is a need for tools to
measure specific sets of truncated and intact peptides in large
numbers of clinical samples. Recent technological develop-
ments in the field of mass spectrometry have allowed for the
development of differential peptide profiling assays that have
the potential to detect and identify endogenous DPP4
substrates in human plasma [17]. Currently, the reported
methods have not been able to detect validated DPP4
substrates such as GLP-1, which are typically present in very
low (picomolar) concentrations. However, the approach is
promising for the identification of biomarkers for DPP4 activity
in plasma, selectivity/efficacy profiles of specific DPP4 inhibi-
tors and assays to determine several peptide/DPP4-metabolite
ratios simultaneously in clinical samples. The full pharma-
cological spectrum of DPP4 inhibitors still remains to be
discovered.

There are already indications that DPP4 inhibitors achieve
more than just a lowering of glucose levels after meals. GLP-1
is a pleotropic peptide with many other activities [14].
Prolonged near-complete systemic inhibition of DPP4 results
in an increased mass of pancreatic beta-cells in animals. This
has been attributed to the growth promoting and anti-
apoptotic action of GLP-1 and may be reflected in the positive
outcome of DPP4 inhibitors in beta-cell performance and
insulin sensitivity in patients [1-4,8].
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Table 1 - Selected peptides for which there is experimental evidence for in vivo cleavage by DPP4

Substrates

Relevant biological activities

Intact peptide

DPP4-generated metabolite

Glucagon-like peptide-1 (GLP-1)

Glucose dependent insulinotropic
peptide (GIP)

Glucagon-like peptide-2 (GLP-2)
Pituitary adenylate cyclase

activating polypeptide (PACAP)
Neuropeptide Y

Peptide YY

SDF-1a/B (CXCL12)

Brain derived natriuretic
peptide (BNP)

Glucose dependent insulin secretion. Regulation of insulin
biosynthesis. Inhibition of glucagon secretion. Beta-cell neogenesis,
proliferation, apoptosis. Inhibition of gastric emptying and gastric
acid secretion. Satiety, weight loss. Cardioprotection, vasodilation

Glucose dependent insulin secretion. Regulation of insulin
biosynthesis. Beta-cell neogenesis, proliferation, apoptosis. Inhibition
of gastric acid secretion. Lipogenesis, lipid storage. Bone formation
Intestinal growth factor. Increase of intestinal glucose transport.
Inhibition of gastric emptying and gastric acid secretion. Inhibition
of food intake

Glucose control (insulin secretion), islet function. Lipid metabolism.
Adaptive thermogenesis. Smooth muscle cell relaxation, vasodilation
In the central nervous system: anxiolytic and anti-epileptic action,
inhibition of stress response, stimulation of food intake

In the peripheral nervous system: stimulation of stress response,
vasoconstriction, vascular smooth muscle cell proliferation,
hyperlipidemia, glucose intolerance

Actions mainly mediated by Y, receptor (during stress, vascular
injury or ischemia): atherosclerosis/restenosis

Intestinal vasoconstriction (Y, receptor)

Inhibition of intestinal fluid secretion, gut motility and exocrine
pancreas secretion (Y, receptor)

Stem cell mobilization and engraftment (CXCR4 receptor)
Hematopoiesis, lymphocyte homing, B-cell growth, angiogenesis
Vasodilation. Natriuresis. Suppression of renin secretion. Relaxation
of cardiac muscle and chambers. Inhibition of fibrosis. Actions

of the cGMP-linked natriuretic type A receptor

Inactive. GLP-1 receptor
antagonist (?).
Insulin-independent
glucose clearance.
Cardioprotection,
vasodilation

Weak antagonist

Inactive

Inactive

Altered receptor
subtype specificity

Actions mediated by

the Y,/Ys receptors
(during stress, vascular
injury or ischemia):
angiogenesis

Altered receptor subtype
specificity (Y»)

Inhibition of intestinal
fluid secretion, gut
motility and exocrine
pancreas secretion.
Appetite loss, reduction
of food intake

Inactive (CXCR4 receptor)

Reduced diuretic,
natriuretic and cGMP
producing properties.
Lacks vasodilating
actions

The use of vildagliptin and sitagliptin does not cause an
increase in body weight as is often seen with other glucose
lowering therapies. A decrease in body weight could have been
predicted because GLP-1 delays gastric emptying and
increases gastric volume [14]. This creates a feeling of satiety
but may also cause nausea and gastrointestinal problems,
common side effects in clinical studies of GLP-1 analogs. That
this type of side effect is less severe with DPP4 inhibition
correlates well with the report of Vella et al., which states that
vildagliptin does not alter gastric volume or satiety in T2DM
patients [18]. The paper suggests that compensatory changes
in enteroendocrine secretion of other peptides may account
for this result. GIP is a possible candidate since it also affects
satiety and appetite. Another DPP4 substrate that is often
mentioned in this context is peptide YY (PYY). Vella et al.
found that PYY secretion was decreased in patients using DPP4
inhibitors [18]. These observations may account for the fact
that vildagliptin and sitagliptin are weight neutral. PYY shares
receptors with neuropeptide Y (NPY), the most abundant

neuropeptide in the central and peripheral nervous system
and a substrate of DPP4.

Neuropeptide Y is also involved in energy homeostasis, but
its main function is the regulation of stress [15]. It acts
anxiolytically in the central nervous system and peripherally
as a vasoconstrictor. Removal of the N-terminal Tyr-Pro
dipeptide by DPP4 alters the receptor sub-type specificity from
Y1/Ys (NPY136) to Yo/Ys (NPY3 36). In the rat, Y; signalling
promotes atherosclerosis and restenosis after angioplasty. Y,
receptor agonists stimulate angiogenesis and arteriogenesis.
While histochemical observations confirm the presence of the
NPY system in human atherosclerosis, it is not clear at present
what role it plays in human pathology [15].

The intricate interactions between DPP4, NPY, PYY and
their receptors have prompted several groups to investigate
the effect of DPP4 inhibition on blood pressure regulation.
Jackson and Mi reported that sitagliptin augments sympa-
thetic enhancement of the renovascular effects of angiotensin
IIin genetic hypertension in rats. This process is also mediated
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through the Y; receptor [19]; the enhancement of the
renovascular effects of angiotensin II is independent of the
structure of the DPP4 inhibitor used. These authors advise
caution because DPP4 inhibitors will often be prescribed to
patients already taking anti-hypertensive medication. Sup-
pressing DPP4 activity may also increase the risk of angio-
tensin converting enzyme-I inhibitor associated angioedema
in susceptible patients [20]. This process is mediated by yet
another DPP4 substrate, the neuropeptide substance P. The
increased incidence of nasopharyngitis in patients taking
sitagliptin and vildagliptin [1,2] may be linked to the prolonged
action of substance P. In addition to NPY and PYY, GLP-1 and
therapeutically used GLP-1 analogs have an effect on blood
pressure in rodents [8,14,21]. GLP-1 has vasodilatory actions in
isolated mouse hearts and is cardioprotective after ischemia—
reperfusion injury. Unlike glucose homeostasis, this effect
does not depend solely on the known GLP-1 receptor. More-
over, the DPP4-generated GLP-1 metabolite also contributes to
the GLP-1 receptor-independent process [22]. These findings
underscore the interest to investigate cardiovascular actions
of DPP4 inhibitors in T2DM patients. A recent study revealed a
small blood pressure lowering effect of sitagliptin in non-
diabetic mildly or moderately hypertensive patients [23].
Although this result is reassuring, it is important to identify
genetic or environmental factors that increase the risk of
blood pressure deregulation in certain patient groups.

Brain-derived natriuretic peptide is involved in cardiorenal
homeostasis. The active form BNP, 33 has vasodilator and
natriuretic activity. Natriuretic peptides antagonize the
rennin-angiotensin system and the sympathetic nervous
system. Once released BNP; 33 is rapidly converted by DPP4
into BNP3_33 [16,24]. The short form has reduced natriuretic
and diuretic properties and lacks vasodilatory activity, but it
has not lost the ability to activate cGMP response in cardiac
fibroblasts and cardiomyocytes [16,25]. High levels of BNP are
produced by cardiomyocytes during heart failure in response
to increased heart volume and pressure [11]. BNP levels are
used as a diagnostic marker of heart failure and as a marker of
treatment response, while the BNP peptide is used as a
therapeutic agent in heart failure. It is perhaps too soon to
speculate about the effects of DPP4 inhibition in heart failure,
but, at the very least, DPP4 inhibitors may be useful as tools to
stabilize the various biological BNP forms ex vivo and to fine-
tune their diagnostic and prognostic value.

A large body of work on DPP4 in the immune system
predates the development of inhibitors as incretin-enhancing
drugs (for arecent review see [26]). DPP4 is involved in immune
response and inflammation by cleaving several more peptides
(including a number of chemokines) and by its participation in
cell-cell and cell-extracellular matrix interactions.

Several compounds originally developed as DPP4 inhibitors
have shown efficacy in T-cell mediated disease models (acute
lung injury, experimental encephalomyelitis, colitis, arthritis)
and fibrotic skin diseases. The beneficial effect of these
compounds is enhanced by combining them with aminopep-
tidase N inhibitors. These studies were reviewed quite
recently and will not be discussed further, except to illustrate
some points raised about inhibitor selectivity [27-30].

During the pre-clinical and clinical evaluation of vildaglip-
tin and sitagliptin, there has been a growing awareness of the

presence of other DPP4-like peptidases in various cells and
tissues. This fuelled the development of more selective
inhibitors (by research teams in pharmaceutical companies
as well as academia, reviewed in [31]). Several fairly recently
discovered proteins have functional or structural similarity to
DPP4 and in vitro cleave the same substrates [32-35]. Studies
with DPP4 negative animals confirmed that DPP4 is the
molecule that needs to be targeted to improve glucose
tolerance [36]. However, this may not be the case for
immunosuppression. Although the DPP4 protein undoubtedly
plays a role in T-cell mediated immune responses, DPP8 and 9
are present in leukocytes [37] and there is evidence that they
are involved in T-cell activation and processes of cell
adhesion, cell migration and apoptosis, perhaps even through
non-catalytic interactions [38,39]. Inhibition of DPP8 and 9
suppresses mitogen stimulated T-cell responses whereas
selective inhibition of DPP4 and DPP2 does not [39]. The
compounds used in the immune disease models of [27-30]
have a broad selectivity (DPP4, 8 and 9), and some of the effects
that were formerly attributed to DPP4 inhibition are now
assigned to the inhibition of DPP8 and 9. Sitagliptin is a very
selective DPP4 inhibitor, whereas vildagliptin has some
affinity for DPP8 and 9 and inhibits them at pharmacological
concentrations in vitro. At the moment, it is not certain
whether this has any physiological significance in vivo [40].

The consequences of chronic DPP4 inhibition in healthy
individuals can be extrapolated from observations in geneti-
cally DPP4-deficient animals [39,41]. DPP4-deficient rats are
lean, with an improved glucose tolerance associated with
increased GLP-1 and bound leptin levels and decreased
triglycerides. Moreover, they cope better with stress and show
anxiolytic behavior, due to potentiation of the NPY-Y; receptor
interactions in the CNS. A hyperactive and anti-depressive
behavior is observed in DPP4~/~ knock-out mice as well [42].
Several alterations in the immune system of DPP4 deficient
animals are also reported, including differences in leukocyte
subset compositions (eosinophils, NK cells, B cells), reduced
NK and T-cell function and altered cytokine profiles [43,44].
These effects can in part be reproduced by administration of
DPP4 inhibitors to normal rats. Some aspects of DPP4
deficiency may be the result of non-enzymatic functions of
the protein that are generally preserved in case of pharma-
cological DPP4 inhibition. It is uncertain whether such
changes also occur upon DPP4 inhibition in humans and
whether they modify the severity of inflammatory diseases
such as allergy, asthma or arthritis.

Post-proline cleaving dipeptidyl peptidase (DPP) activity is
measured using dipeptide-derived chromogenic or fluorigenic
substrates (e.g. Ala-Pro-p-nitroanilide). Such activity in cell
lysates and biological fluids derives from DPP4 itself and
several ‘“DPP4-like” peptidases that cleave this synthetic
substrate. Post-proline DPP activity is present in all major
organs. The highest specific activity is found in kidney and
liver, and the lowest is found in plasma and thymus. Data on
the expression and distribution of the different DPP4-like
enzymes in the body have been communicated by several
research groups over the last few years, using DPP4 knock-out
mice, RT-PCR, selective inhibition, activity staining and
immunohistochemistry. During the Antwerp conference, S.
Ansorge showed that the contribution of DPP4 to the total
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post-proline DPP activity ranges between 70 and 95% in most
tissues, except in the pancreas, colon and brain (10-30%) [45].
These results are very valuable for scientists hoping to purify
DPP8 or 9 from tissues [46], to study colocalization with
substrates, receptors or ligands, or to investigate cell type
specific expression within organs. Studies of the expression
and distribution of the various DPP4-like enzymes open
perspectives for new therapeutic applications of DPP4 inhi-
bitors because they reveal that various “stressors” induce the
expression of DPP4 in tissues, like the brain, that have very
little DPP4 in normal conditions [47]. DPP2 and DPP8/9 are
constitutively expressed in healthy cerebral tissue. Expression
of DPP4 is induced in rat brain after focal cerebral ischemia. A
similar phenomenon was observed after allergic reactions in
rat lungs [48]. This offers prospects for DPP4 inhibitors in
neuroprotection after ischemic stroke or in the management
of asthma.

There are several other factors that suggest that DPP4 plays
a role in the tissues’ reaction to hypoxia and in the process of
ischemia/reperfusion damage. Inhibition of DPP4 and DPP4-
like peptidases using AB192 abrogates acute organ rejection in
several lung and heart transplantation models [49]. Ex vivo
perfusion of the lungs with this inhibitor limits ischemia/
reperfusion injury and preserves early graft function [50].
Dang et al. describe that DPP4 expression is highly induced by
hypoxia inducible factor-1 (HIF-1), a transcription factor that
increases the expression of genes in response to oxygen
deprivation [51]. Also among the genes triggered by HIF-1 are a
DPP4 substrate, stromal cell-derived factor-la (SDF-le,
CXCL12), and presumably adenosine deaminase, a cell surface
ligand of DPP4 [52,53]. SDF-1a is the chemokine responsible for
stem cell homing and engraftment. Stabilization of the full
length SDF-1a by inhibition of DPP4 is considered beneficial
during transplantation of hematopoietic stem cells, especially
since the agents (e.g., G-CSF) used in the clinic for stem cell
mobilization increase expression of DPP4 [54,55]. In this
context, it is interesting to note that inhibition of angiotensin
converting enzyme or administration of cyclosporine has a
positive influence on the mobilization of endothelial progeni-
tor cells after ischemia via modulation of the DPP4 system
[56,57].

Cellular reactions to hypoxia, cell migration and extra-
cellular matrix interactions have all been addressed in the
literature concerning a role of DPP4 in cancer. At present, one
hesitates to predict a role of DPP4 inhibitors in cancer
treatment. However, therapeutic opportunities for DPP4
inhibitors appear realistic in the clinical context of stem cell
mobilization, transplantation and engraftment [58] and the
prevention of ischemia/reperfusion damage. Applications in
the field of tissue repair/regeneration seem quite remote and
still need solid experimental support.

2.1.2. A new generation of DPP4 inhibitors

Research teams in pharmaceutical companies are already
developing second generation DPP4 inhibitors. Extrapolating
from vildagliptin and sitagliptin, these molecules will be very
potent inhibitors with high selectivity for DPP4 over other
perceived targets. They will sustain high levels of DPP4
inhibition for prolonged time periods at a relatively low dose
taken once a day. Feed-back from post-marketing surveil-

lance will incite discussions between medical practitioners
on the type of patient eligible to receive DPP4 inhibitors as
monotherapy or in specific combinations. Some investiga-
tors advocate that short-term inhibition of DPP4 at meal
times may benefit specific patient groups and that DPP4
inhibitors have a potential role in the prevention of T2DM
[59].

Research on DPP4-like enzymes is coming of age, and it is
hard to predict what direction it will take. Inhibitors will be
developed with high selectivity between the closely related
DPP8 and 9 to be used as instruments in the determination
of their tissue distribution, regulation and role in cellular
processes.

DPP inhibitors with narrow or broad specificity may find
applications beyond diabetes in the treatment of fibrotic skin
disease and immune disorders, in leukapheresis and stem cell
transplantation and in the prevention of ischemia/reperfusion
damage.
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