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Abstract

Dipeptidyl peptidase IV (DPP-1V) has been revealed as an adipokine with potential relevance
in cardiovascular disease (CVD), while clinically used DPP-1V inhibitors have demonstrated
beneficial cardiovascular effects in several experimental studies. Perivascular adipose tissue
(PVAT) is a unique adipose tissue depot in close anatomical proximity and bidirectional
functional interaction with the vascular wall, which is a source of DPP-IV and its biology may
be influenced by DPP-1V inhibition. Recently, DPP-1V inhibition has been associated with
decreased local inflammation and oxidative stress both in the vascular wall and the PVAT,
potentially regulating atherogenesis progression in vivo. DPP-IV inhibition may thus be a
promising target in cardiovascular disease. However, the exact pleiotropic mechanisms that
underlie the cardiovascular effects of DPP-1V inhibition need to be clarified, while the in vivo
benefit of DPP-IV inhibition in humans remains unclear.
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Type 2 Diabetes Mellitus (T2DM) is a metabolic disease that is closely associated with an
increased rate of cardiovascular morbidity and mortality [1, 2]. Over the past years, research
has identified novel regulators of hyperglycaemia, allowing for efficient glycaemic control in
diabetic patients [3]. However, cardiovascular complications are still prevalent in diabetic
patients, whereas successful glycaemic control is often not adequate to prevent these
complications [4]. As such, there is an unmet need to identify novel agents able to regulate
blood glucose while also conveying protective cardiovascular effects in diabetic patients.

Dipeptidyl peptidase IV (DPP-1V) is an enzyme cleaving dipeptides from the N-terminal end
of a variety of peptides containing proline or alanine residues in the penultimate position, which
may affect the activity of the latter in either positive or negative ways [5]. DPP-1V has a small
cytoplasmic region, a transmembrane part as well as a large C-terminal portion which harbours
its catalytic domain [6]. DPP-IV exists both as a circulating isoform (lacking its small
transmembrane portion) and as a transmembrane surface enzyme in various cell types including
endothelial cells, adipocytes and immune cells in humans [7, 8]. The integrated regulation of
DPP-1V activity in individual cell types versus the systemic circulation is unknown, although
it has been shown that activation of particular cell types (e.g., inflammatory activation of
immune cells) is able to upregulate DPP-1V activity in these cells [6].

DPP-IV exerts multiple physiological roles that mainly depend upon its enzymatic activity
but also on its non-enzymatic co-interaction with extracellular matrix proteins [6]. For
example, DPP-1V is able to modify the activity of various chemokines and cytokines such as
RANTES, stromal cell-derived factor 1 (SDF-1) and interleukin 10 (IL-10), eventually
regulating leukocyte migration and activation of immune and endothelial cells [6, 9, 10].
Considering the integral role of systemic inflammation in diseases such as central obesity [2,
11], T2DM and cardiovascular disease (CVD), it is plausible to hypothesise that DPP-1V is

able, on the basis of its aforementioned properties, to modulate multiple disease states [6, 12].



The ability of DPP-1V to regulate the systemic activity of glucagon-like peptide-1 (GLP-1)
is perhaps its most clinically relevant role at present [13]. GLP-1 is an endogenous incretin
secreted mainly by the intestine that increases pancreatic insulin secretion, decreases glucagon
secretion and may improve peripheral insulin sensitivity, thus attracting interest as a potential
target in the treatment of T2DM [14]. Importantly, DPP-1V enzymatically modifies GLP-1,
facilitating its degradation and reducing their bioavailability [15]. Inhibition of DPP-1V activity
via DPP-IV inhibitors has been proposed as a strategy to control systemic glucose levels in
diabetic patients [5]. Indeed, DPP-IV has been suggested as a pathophysiological link between
obesity and the metabolic syndrome [12]. Furthermore, dendritic DPP-IV expression has been
implicated in obesity associated visceral adipose tissue inflammation [16].

Amongst their plethora of pleiotropic effects, DPP-IV inhibitors have revealed direct
cardiovascular roles that are, at least partially, independent of their glucose-lowering abilities
[7, 13]. Indeed, DPP-IV inhibitors have revealed direct cardiovascular effects including
attenuation of vascular inflammation, blood pressure lowering, endothelial function
improvement and oxidative stress reduction [6, 7, 17]. Although GLP-1 and related analogues
have displayed similar effects in in vitro and ex vivo models [18-20], evidence suggests that
some of the effects of DPP-IV inhibition appear to be independent of GLP-1 regulation [7].
Interestingly, DPP-1V also inactivates brain natriuretic peptide (BNP), a peptide with vaso- and
cardio-protective properties, thus providing another potential mechanistic link with CVD [6].
The clinical implications of the aforementioned findings are still uncertain, while more
mechanistic details are required regarding the cardiovascular effects of DPP-IV; nevertheless,
this molecule appears to be a promising target for future research in the combat against vascular
disease, especially in the context of T2DM.

Perivascular adipose tissue (PVAT) is unique adipose tissue (AT) depot that is in continuous

paracrine mutual interactions with the vascular wall due to its anatomical location [21-23].



Recent literature has identified PVAT as a dynamic source of secreted adipokines and
cytokines which directly influence vascular biology [24]. Crucially, the secretome of PVAT is
dysregulated in obesity and vascular disease, producing excess amounts of pro-inflammatory
and pro-atherogenic molecules[25]. This shift in the secretory profile of PVAT is presumably
initiated by local perivascular inflammation resulting from endothelial injury [25, 26].
Although much remains to be elucidated regarding the secretome of PVAT and its complex
regulation, further investigation of the dynamic role of PVAT in vascular disease may reveal
novel diagnostic, prognostic or therapeutic options against vascular disease.

PVAT secretes DPP-IV which can then directly exert its previously described effects on the
vasculature [24]. In addition, PVAT itself is subject to the effects of and DPP-1V activity [24].
A variety of DPP-1V inhibitors have been shown to reduce AT inflammation in response to
high carbohydrate and fatty acid diet as well as in chronic obesity in mouse models [27-29].
Furthermore, DPP-IV may have lipolytic effects on AT, which could be involved in the
secretion of free fatty acids that promote systemic insulin resistance [30]. Interestingly, AT
also secretes low levels of GLP-1, which reduces lipid accumulation [31], increases the
expression of the vasoprotective hormone adiponectin [32] and promotes M2 macrophage
polarisation in AT [33]. The detrimental effects of DPP-IV in AT may thus be GLP-1-
dependent, although it is possible that pleiotropic, non-GLP-1-dependent mechanisms are
involved [12, 30].

In their recent study, HM Salim et al [34] have investigated the effects of teneligliptin (a
DPP-1V inhibitor) on the phenotype of PVAT and ultimately on atherogenesis in a model of
normoglycaemic apolipoprotein-E-deficient mice (ApoE-/- mice). In detail, oral administration
of teneligliptin (60 mg/kg/day) resulted in decreased atherosclerotic lesion burden in the aortic
arch without influencing systemic parameters such as blood glucose and blood pressure.

Furthermore, teneligliptin also reduced lipid accumulation and monocyte chemoattractant



protein 1 (MCP-1) expression in the atherosclerotic lesions and decreased tumour necrosis
factor alpha (TNFa) and MCP-1 in the abdominal aorta. Moreover, teneligliptin improved
endothelium-dependent vasorelaxation ex vivo and decreased systemic oxidative stress
evaluated by urinary 8-hydroxy-2’-deoxyguanosine. Finally, teneligliptin reduced the
expression of the Nox4 isoform of NADPH-oxidases in PVAT. Exendin-4, a GLP-1 analogue,
reduced the expression of inflammatory markers and Nox4 in in vitro cell culture models,
suggesting that the in vivo effects of teneligliptin could be, at least partially, explained by its
regulating GLP-1 activity. In summary, the findings by Salim et al [34] propose novel anti-
inflammatory and anti-oxidant roles for teneligliptin in the vasculature and PVAT, with
promising translational potential (fig. 1).

The study by Salim et al highlights the anti-oxidant and anti-inflammatory roles for DPP-1VV
inhibitors, which could be of clinical benefit by affecting vascular disease pathogenesis.
Indeed, a number of DPP-1V inhibitors have demonstrated direct antioxidant effects in tissues
such as the kidney, heart and vessels [35, 36]. In particular, DPP-1V inhibition is able to
improve endothelium-dependent vasorelaxations in animal ex vivo models [36, 37], while
reducing vascular NADPH-oxidase activity and expression [38, 39] and overall oxidative stress
as suggested by vascular malondialdehyde levels [40]. Through modulation of cytokine and
chemokine activity and T cell activation [7, 16], DPP-IV inhibitors are also able to modulate
vascular and AT inflammation [7, 8, 28, 41]. In an in vivo mouse model of atherosclerosis,
sitagliptin has displayed the ability to downregulate aortic inflammation (suggested by the
reduced aortic expression of MCP-1 and interleukin 6 (IL-6)) and atherosclerosis burden [42].
Moreover, DPP-1V inhibition has been shown to inhibit the proliferation of vascular smooth
muscle cells, further protecting against atherosclerosis [43]. Interestingly, GLP-1 and its
analogues have demonstrated vascular effects that resemble those of DPP-1V, namely the

ability to decrease vascular inflammation and production of reactive oxygen species while



improving endothelial function [13, 20]. Consequently, although it seems evident that
modulation of the incretin system has direct vascular implications, the existing literature
regarding the vascular effects of DPP-1V inhibitions fails to clearly separate the contribution
of GLP-1 versus other substrates of DPP-1V such as brain natriuretic peptide, neuropeptides
and cytokines [7].

The clinical relevance of the incretin system, in terms of cardiovascular outcomes, comprises
another major issue under investigation. On the basis of pre-clinical and small-scale clinical
studies [17, 44], large clinical trials have been performed to test the use of various DPP-IV
inhibitors [45, 46]. Unfortunately, most of these trials have failed to reveal a significant benefit
of DPP-IV inhibitors for cardiovascular risk [45, 46]. On the contrary, the Liraglutide Effect
and Action in Diabetes: Evaluation of Cardiovascular Outcome Results (LEADER) trial has
demonstrated that the GLP-1 analogue liraglutide is able to significantly reduce cardiovascular
risk [47]. Therefore, it can be presumed that modulation of the incretin system may indeed be
useful in cardiovascular disease [48]; however, direct stimulation of the GLP-1 pathway seems
more effective than upstream regulation of DPP-IV in reducing the incidence of adverse
cardiovascular outcomes [48]. However, considering that the majority of the aforementioned
trials were basically safety trials primarily designed to show non-inferiority versus placebo, it
is possible that statistical parameters of individual studies may underestimate the clinical effect
of DPP-IV inhibition [48]. On the other hand, the variety of substrates cleaved by DPP-1V
challenges our understanding of the integrated effects of DPP-IV inhibition, adding a strong
element of inherent biological variability in the cited clinical studies [7, 48]. The wide spectrum
of the biological effects of DPP-IV inhibitors may also increase the risk for non-specific side-
effects [49], while it could also be responsible for the possibly increased heart failure risk

observed with some DPP-1V inhibitors [50].



In summary, this study by Salim et al [34] have investigated the in vivo cardiovascular effects
of DPP-1V inhibition, topic that is both highly promising and controversial. Using an ApoE-/-
mouse model, Salim et al have demonstrated that administration of teneligliptin results in a
variety of beneficial effects including inhibition of inflammation and oxidative stress in both
the vasculature and PVAT, ultimately reducing atherosclerosis progression. Conversely, a lot
remains to be elucidated regarding the differential cardiovascular effects of individual DPP-1VV
inhibitors versus GLP-1 analogues as well as with regards to the potential clinical implications
of such effects. Nevertheless, the study by Salim et al is an important addition to the growing
body of evidence supporting a beneficial cardiovascular role for DPP-1V inhibitors that

warrants further investigation.
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Table 1: Representative targets of DPP-1V

Molecular Biological Effect of
target roles DPP-1V
GLP-1 Improves insulin sensitivity; increases pancreatic insulin Inactivates
secretion; lowers blood glucose
GIP Regulates gastrointestinal physiology; has insulinotropic Inactivates
properties; participates to lipid metabolism
PYY Regulates appetite and food intake, thus being relevant in | Both cleaved segments that are differentially
metabolic disease, e.g., T2DM active depending on tissue/receptor
RANTES Chemokine involved in leukocyte recruitment and Inactivates
activation of various cells, e.g., NK cells, CD8+ T cells
SDF-1 Strong chemoattractant that also induces angiogenesis in Inactivates
adults
IL-10 Pleiotropic, immunoregulatory cytokine with anti- Inactivates
inflammatory roles
BNP Insulin-sensitising, natriuretic, vasodilatory and blood May inactivate
pressure-lowering effects

DPP-1V: Dipeptidyl peptidase 1V; GLP-1: Glucagon-like peptide 1; GIP: Gastric inhibitory polypeptide; PYY:

Peptide YY; RANTES: Regulated on activation, normal T cell expressed and secreted; SDF-1: Stromal cell-

derived factor 1; IL-10: Interleukin 10; BNP: Brain natriuretic peptide




Legend to Figure 1

Graphical abstract of the potential in vivo vascular effects of dipeptidyl peptidase IV (DPP-1V)
inhibitors such as teneligliptin. DPP-1V inhibition has been associated with decreased lipid
accumulation, monocyte/macrophage content and inflammatory molecule expression (such as
monocyte chemoattractant protein 1 (MCP1 and tumour necrosis factor alpha (TNFa)) in the
vasculature. DPP-IV inhibition also improves endothelial function as evidenced by assessment
of vascular endothelium. In addition, DPP-1V inhibition decreases inflammation (evaluated by
the expression of MCP1 and TNFa) and oxidative stress (indicated by the expression of the
Nox4 isoform of the nicotinamide adenine dinucleotide phosphate (NADPH)-oxidases) in
perivascular adipose tissue (PVAT), an adipose tissue depot that is in continuous mutual
communication with the vascular wall and modulates vascular disease. These effects may
partially be mediated via the modulation of local and systemic glucagon-like peptide 1 (GLP-
1) activity. However, DPP-1V also modifies the function of various substrates such as the
immune-modulatory stromal cell-derived factor 1 (SDF-1), the anti-inflammatory interleukin
10 (IL-10) and the vasoprotective brain natriuretic peptide (BNP). Therefore, regulation of
DPP-IV activity may be able to influence vascular function in pleiotropic ways, which have

not been elucidated yet.



