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Abstract

Diabetes mellitus, a chronic metabolic disease characterized by different pathological outcomes as a consequence of unsettled
hyperglycemia, often accompanied with various complications such as chronic ulcers, represents a major socio-economic health
problem. Dipeptidyl peptidase IV or CD26 molecule (DPP IV/CD26), is an omnipresent transmembrane protein with significant
involvements in different physiological and pathological processes. It has been recognized as a therapeutic option in the treatment
of hyperglycemia, especially in patients suffering from type 2 diabetes, given its capability to regulate the biological activity of
incretins, which are major regulators of glucose homeostasis. Furthermore, DPP IV/CD26 has been indicated to be involved in the
regulation of inflammatory processes as well as cell proliferation and angiogenesis. New scientific evidence shows that inhibition
of DPP IV/CD26 leads to a more efficacious healing of chronic ulcers in diabetic patients as well as in mice models of wounded
tissue restoration. However, the role of DPP IV/CD26 in the process of wound healing in hyperglycemia is not entirely known.
Our aim was to summarize most important findings on the involvement of DPP IV/CD26 in the regulation of glycemia as well as
tissue regeneration and reparation. This work reviews basic biochemical mechanisms and therapeutic possibilities of DPP IV/CD26
inhibition as a good candidate in the therapy of diabetic wound healing.
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Introduction

Diabetes Disease Overview diabetes, which could arise in pregnant women. In type 1 diabetes,
a complete cessation of insulin secretion induced most probably by

Diabetes (lat. Diabetes Mellitus) is defined as a chronic an autoimmune process of beta cell destruction is present.

metabolic disease characterized by several pathological outcomes

as a consequence of unsettled hyperglycemia. Numerous processes Type 2 diabetes, a much more frequent entity, is characterized

are involved in the disease development and progression, from
autoimmune processes leading to the damage of pancreatic (3-cells
that in turn results in insulin deficiency, to the anomalies that
cause resistance to the effect of insulin. The main abnormality is a
carbohydrate, protein, and fat metabolism disturbance because of
the withdrawal of insulin action. This causes long-term disorders
and dysfunction of various organs, most of all the eyes, blood vessels,
the heart, the nerves and the kidneys [1]. Diabetes, according to
its etiopathogenesis, is divided into type 1, type 2 and gestational

by a 8+combination of insulin resistance in different cell types
and a compensatory insulin secretion disorder. People suffering
from this type of diabetes are characterized by intraabdominal
obesity that is associated with deficiency or resistance to insulin,
hypertension, and dyslipidemia. The consequences of this disease
are numerous, primarily hyperglycemia is manifested, and whose
symptoms are polyuria, polydipsia, weight loss, blurred vision
and polyphagia. In chronic hyperglycemia, growth disorders and

susceptibility to certain infections may also occur. Uncontrolled
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acute diabetes can have life-threatening hyperglycemia episodes
with ketoacidosis or non-ketone hyperosmolar syndrome. The
number of patients diagnosed with diabetes mellitus in 2011 was
estimated at 366 million people, of which 90% had suffered from
type 2 diabetes. Unfortunately, the prevalence of diabetes is very
high and the number of patients continues to grow, and therefore
it is necessary to encourage each country to take preventive and
curative measures like changing nutrition habits and generally the
way of life [1,2].

Complications in Diabetes

Bases of lack of insulin action on target tissues in diabetics
could be disorders of insulin secretion and/or reduced sensitivity
of tissues to insulin, as mentioned previously. Complications
that occur in patients with diabetes may be numerous, including
cardiovascular diseases and risks, then macro and microvascular
complications and chronic foot ulcers. The major cause of death
in diabetics are cardiovascular complications that include
hypertension and dyslipidemia. Microvascular complications

include nephropathy, retinopathy, neuropathy and chronic
foot ulcer [3]. Microangiopathies and macroangiopathies are
manifested as an effect on capillaries and blood vessels throughout
the organism and they include impacts on different tissues and
organs, mainly eyes and kidneys. The most common consequence
of retinopathy in diabetics is blindness. In the absence of insulin,
the permeability and ability of glucose to enter into cells in vascular
and nerve tissues increases. Compensation mechanisms can,
therefore, induce impairment of blood vessels and nerves. The
aforementioned complications can affect the dynamics of wound
healing patients suffering from diabetes that was caused by the
weakened complex mechanisms of tissue regeneration [4]. One
of the principal reasons of morbidity in patients with diabetes
are chronic ulcers that greatly affect the quality of life and cause
suffering and pain of patients. It occurs in 15% of all diabetics and
causes 84% of total lower extremity amputations associated with
this disease. It has been shown that in as many as 25% of type
2 diabetic patients microvascular complications are present at
disease diagnosis, meaning that diabetes is present for more than
5 years. The pathophysiology is very complex, and complications
such as macroangiopathy, microangiopathy and neuropathy

contribute to the development of diabetic wounds [5].

Therapeutic Approaches to Diabetes

In order to diminish the risk for future complications, the key is
to identify a patient or person with the predisposition of diabetes
as soon as possible. Factors that pose a risk to diabetes are obesity,
hypertension, and family history of diabetes. To diagnose both
types of diabetes, simple tests are used, such as random plasma
testing, oral glucose tolerance test, fructosamine test, and other
diagnostic tests. In the further treatment of patients, it is most

important to accomplish a balanced treatment by achieving stable

euglycaemia. This can be realized by appropriate nutrition and oral
antihyperglycemic therapy or by intravenous insuline application.
In patients with type 1 diabetes, customized insulin therapy is
applied, and itlasts for a lifetime. Patients with type 2 diabetes could
also receive insulin therapy. Surgical treatments of the pancreas also
represent an option. In type 2 diabetes, circulating levels of glucose
and fatty acids that promote beta cell dysfunction are present. In
order to renew beta cells, there is a possibility of transplanting
pancreatic islet cells that are rich with capillary nets [2]. After
transplanting islets, for successful recovery, vascularization factors
such as vascular endothelial growth factor (VEGF), which promotes
angiogenesis, are crucial. Another important factor is glucagon-like
peptide 1 (GLP-1), which in vivo acts to expand the mass of the islet
by increasing the number of beta cells and encouraging neogenesis
of the islet [6]. GLP-1 is a very important regulator of glucose
metabolism in humans and has a biological effect that is manifested
to stimulate insulin secretion. Furthermore, it inhibits glucagon
secretion, prolongs gastric emptying time and provokes a sense
of satiety. Because of these effects, GLP-1 is a molecule of great
therapeutic importance in the treatment of type 2 diabetes [7]. Its
availability depends mainly on the activity of dipeptidyl-peptidase
IV (DPP IV/CD26), a molecule that has catalytic activity on GLP-
1. Using DPP IV inhibitors in type 2 diabetes therapy, this allows
the increase of GLP-1 half-life time and thus enhances metabolic

control [8].

Dipeptidyl Peptidase IV (DPP IV/CD26) - Molecular and
Biological Properties

Dipeptidyl peptidase IV, also known as molecule CD26 (DPP
IV/CD26) is a serine protease found on the cell surface of different
cell types, belonging to the prolil-oligopeptidase family [9]. DPP IV/
CD26 is present in living organisms in a soluble and membrane-
bound form. The soluble form is circulating in plasma and other
body fluids, while the membrane form is found on the surface
of a large number of different cells. This molecule is of growing
scientific interest because of its wide spectrum of activity in various
processes in the body, such as role in glucose metabolism and role
of diagnostic or prognostic markers for different chronic diseases
[9]. The specific activity of DPP IV/CD26 is the catalytic degradation
of the dipeptides from the N-terminal part of protein chains with
proline or alanine at the penultimate site in amino acid sequences
[10]. Considering the type of cells expressing DPP IV/CD26, it has
a multitude of functions. Thus, in the gastrointestinal system the
most pronounced activity of DPP IV/CD26 is proteolysis, among
which an important place takes degradation of GLP-1 and glucose
dependent insulinotropic polypeptide [11]. DPP IV/CD26 has also a
role as a receptor for collagen and fibronectin [12, 13].

In vitro studies have shown a causal connection between
DPP 1V/CD26 and collagen type I and III [14]. DPP IV/CD26

forms with fibronectin III a complex that has an influence on the
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growth potential of tumor cells that leads to cancer development
and progression [15]. It also participates in the processes of cell
adhesion, migration and apoptosis, crucial mechanisms in wound
healing [13]. Moreover, DPP 1V/CD26 has a proteolytic effect on
neuropeptide Y (NPY), which stimulates growth factors VEGF and
basic fibroblast growth factor (bFGF), which has a positive effect on
myocardial activity and maturation of new blood vessels. DPP IV/
CD26 has been shown to have the ability to regulate inflammatory
processes, proliferation and angiogenesis [15,16]. DPP IV/CD26 is
also an important factor in the immune system. It has been shown
that it is involved in the cell proliferation process, differentiation
of lymphocyte B and NK cells [17,18], apoptosis process, complex
process of activating T lymphocytes in vivo and in vitro conditions
[10,19] and in autoimmune processes [15].

DPP IV/CD26 represents a receptor for adenosine deaminase
(ADA) on the surface of lymphocytes T [20], which is found in all
tissues that are important in the development and function of
lymphatic tissues. Furthermore, it shows an essential role in purine
metabolism [21]. The complex formed by DPP IV/CD26 and ADA
association acts to decrease the adenosine level. High adenosine
concentrations are toxic and under these conditions, an inhibition of
lymphocyte T proliferation occurs [22]. Another major role of DPP
IV/CD26 has been recognized in the signal transduction process in
cells. Main chemokines included in the signal transduction process
such as eotoxin, MIG, LD78f3, MDC and SDF-1a are substrates of
DPP IV/CD26, which in turn has the ability to activate or inactivate
their biological function. Therefore, many chemokines which are
inactivated and whose ability to activate signal via their receptors
are under the direct control of DPP IV/CD26 [15,23]. The ability of
DPP IV/CD26 to bind on the cytoplasmic domain of CD45 has also
been shown, and its localization on lipid rafts was proved [24].

DPP IV/CD26 and Diabetes

DPP IV/CD26 indeed has been shown to have a major role in
the regulation of glucose homeostasis. The GLP-1 molecule, which
is an important regulator of glucose metabolism since it stimulates
insulin secretion, inhibits glucagon secretion, prolongs gastric
emptying time, provokes a sense of satiety, and thus represents
an important therapeutic target in diabetes therapy [7,25]. It is
known that DPP IV/CD26 proteolytically cleaves GLP-1 [11]. The
catalytic action of DPP I[V/CD26 on GLP-1 has prompted the use of
DPP IV/CD26 inhibitors in type 2 diabetic patients because they
allow the increase of GLP-1 half-life and thus enhance metabolic
control, which facilitates the treatment of patients with diabetes
[8]. Since GLP-1 half-life lasts only 2 to 3 minutes because of DPP
IV/CD26 activity, the use of DPP IV/CD26 inhibitors increases
the half-life time of GLP-1 and other hormones that affect glucose
metabolism like gastric inhibitory peptide (GIP) and vasoactive
intestinal peptide (VIP) [26]. In type 2 diabetes, such inhibitors
can be used together with other anti-diabetic therapies such as

metformin. At the beginning of 2000, the first clinical evidence
of the role of DPP IV/CD26 inhibitors in the treatment of this
disease was recorded [27]. The most commonly used DPP IV/CD26
inhibitors in type 2 diabetic therapy are saxagliptin, sitagliptin and
vildagliptin. Inhibitors differ according to chemical properties,
strength of action and time of action and other pharmacokinetic
properties. Their common feature is to inhibit the catalytic activity
of DPP 1V/CD26 and successfully lower blood glucagon levels and
consequently have a positive impact in controlling glycemia in
patients with diabetes [28,29].

In 2002, a study from a pharmaceutical company showed that
over four weeks of treatment with DPP IV/CD26 inhibitor at a dose
of 100 mg daily reduce blood glucose levels by about 1 mmol/L
in patients with type 2 diabetes [30]. The impact of DPP IV/CD26
and its inhibitors on glucose homeostasis is presented on Figure 1.
Furthermore, a study in diabetic mice treated with DPP IV/CD26
inhibitors has shown a reduction in blood glucose concentration,
but also an increase in the number of beta cells in the pancreas,
due to which the insulin concentration increased [31]. Moreover,
sitagliptin shown an effect of increasing the proliferation of
endothelial cells within the grafts. Localization of cells forming
micro-vascular vessels and glucagon-positive cells around beta cells
was found, suggesting that sitagliptin influences vascularization by
activating the VEGF-A/VEGF-B signal pathway and consequently
contributing to the improvement of functional blood flow to grafts.
The obtained results show a positive effect of sitagliptin on the
secretion of VEGF in transplanted porcine islets. Indeed, it was
found to contribute to the process of cell proliferation and as well

as neovascularization by enhancing the expression of VEGFR-2 [6].
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Figure 1: Impact of DPP IV/CD26 and its inhibitors on
glucose homeostasis.

J

The use of linagliptinin mice with diabetes resulted in decreased
blood glucose levels and acceleration of re-epithelialization
of wounds due to increased levels of active GLP-1 in wound
tissue lysates. In treated mice, reduced levels of neutrophils and
macrophages were recorded [32]. Another positive effect has
been shown by the DPP IV/CD26 inhibitor vildagliptin where in
conducted clinical trials has led to faster healing of chronic ulcer in
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diabetics, with faster wound closure compared to the control group.
It is assumed that this is a consequence of the effect of vildagliptin
on increasing the VEGF level and the transcription factor HIF-1q,
which plays a major role in neovascularization [33]. By increasing
the level of cytokine and growth factors such as SDF-1a in plasma
and the number of endothelial precursor cells in circulation, DPP
IV/CD26 inhibitors could have a positive effect on the wound
healing process [34]. However, DPP 1V/CD26 inhibitors may also
have numerous side effects such as allergic reactions, hypoglycemia
and hypoglycemic shock [35]. Many pharmaceutical company
researches are trying to improve the existing inhibitors to prevent
side effects and to increase their effectiveness in the treatment of
type 2 diabetes.

DPP IV/CD26 and Wound Healing

Wound healing is a challenging and multifaceted process that
encompasses a large number of complex biochemical and cellular
mechanisms whose outcome is mainly focused on tissue reparation
and restoration of its function. This process can be divided into three
phases that overlap each other. The homeostasis or the zero phase
occurs first and immediately after it the inflammatory phase (phase
I) begins. Then starts the proliferation phase or phase II, followed
by the maturation or remodeling phase (phase III). Interruption
or prolongation of individual phases can lead to delayed healing
of wounds and other difficulties in the process itself [36]. In
homeostasis, the activation and aggregation of thrombocytes
occurs, which interact with collagen and create a blood clot that
stops bleeding and makes a barrier that prevents penetration of
microorganisms. A blood clot contains growth factors necessary for
the next phases of the healing process and serves as a medium for
migrating inflammatory cells [37,38].

Degranulation of thrombocytes in blood clot releases growth
factors such as epidermal growth factor (EGF), platelet-derived
growth factor (PDGF) and transforming growth factor-g (TGF-3),
which stimulate the attraction of inflammatory cells to the site
of injury, thus starting the inflammatory phase. TGF-$ has a role
in attracting monocytes that differentiate into macrophages
whose function is phagocytosis of the remaining microorganisms,
tissue residues and other cells. Macrophages have the ability to
secrete a number of coagulation factors and cytokines involved in
inflammatory processes such as TNF-q, IL-1, IL-6, IL-8, IL-12 and
growth factors such as PDGF, TGF-, fibroblast growth factor (FGF)
and EGF [39]. Their importance is in connecting non-specific and
specific immunity [40]. It is known that regulated on activation
normal T-cell (RANTES), another important substrate of DPP 1V/
CD26, plays a major role in the activation of macrophages in a
mouse model of cutaneous wound repair [41]. Similarly, studies
in mice with macrophage deficiency, confirmed the critical role of
macrophages in the process of neovascularization of the wounded
tissue [42].

Furthermore, macrophages and keratinocytes are among the

major cells that excrete the VEGE a growth factor that stimulates
the angiogenesis process [43]. In the wounded area, T lymphocytes
act to increase blood vessel permeability and influence the activity
of fibroblasts in the wound healing process [44]. The inflammatory
phase protects the organism from infection, cleanses the wound
and promotes cell proliferation. The role of macrophages is
directed on coordinating the transition of the inflammatory phase
to the proliferation phase [45]. In the proliferation phase, under
the influence of TGF-f, it comes to the stimulation of fibroblasts
and the synthesis of other substances such as collagen, fibronectin,
proteoglycan and elastin. Under the influence of growth factor
such as TGF-f, VEGF and FGE angiogenesis occurs. The process of
growth of new vascular vessels from small venules and capillaries
at the site of injury is crucial, and thus the tissue becomes re-
functional [38]. Since DPP IV/CD26 exerts an immunomodulative
role and is involved in the regulation of macrophage activity as well,
it can be assumed that the deficiency of the DPP IV/CD26 molecule
has a potentially positive effect on the expression of macrophages
and consequently on the secretion of VEGF, which ultimately leads
to enhanced angiogenesis [46, 47]. The involvement of DPP 1V/
CD26 in the mechanisms of tissue regeneration and reparation via
its different biological functions is schematically represented on

Figure 2.
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Figure 2: Mechanisms of DPP IV/CD26 involvement in
the wound healing process.
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The wound healing process is disturbed in the presence of
hyperglycemia due to various internal and external factors [48].
Pathophysiological abnormalities in diabetes lead to delayed wound
healing since the process of tissue reparation and regeneration is
not harmonized. Internal factors such as vascular complications,
neuropathy, and other hyperglycemia-induced difficulties lead to
worsening of wound healing in diabetic ulcers [49]. External factors
that affect on wound healing include mechanical stress or repeated
traumas that cause wound infections, then callus formation and
re-creation of the ulcer. In diabetes, high glucose concentrations
reduce the proliferation and differentiation of keratinocytes,
chemotaxis and phagocytosis in the initial stage of wound healing
and influence the concentrations of growth factors and cytokines.
In diabetic wounds, deposition of fibronectin and collagen in
excessive amounts is present [50,51].

DPP [V/CD26, like previously mentioned, is of pronounced
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importance in various processes in the organism, from physiological
ones to those of pathological origin [52]. Numerous roles of DPP IV/
CD26 demonstrate its importance in the regulation of the biological
activity of a multitude of its substrates such as chemokines and
cytokines, and indirectly in modulating the immune response. An
important role of DPP IV/CD26 in the wound healing process is
participation in the degradation of the extracellular matrix, then cell
adhesion, migration and angiogenesis. DPP IV/CD26 is involved in
the degradation of the extracellular matrix by binding to adenosine
deaminase and thus influences the degradation of collagen,
fibronectin and laminin [53]. DPP IV/CD26 shows a stimulatory
action on the proliferation of lymphocytes T and on chemokine
secretion, that plays an essential role in the inflammatory phase,
in the migration of inflammatory cells. Due to a longer lasting of
the inflammatory phase in the wound healing process, chronic
wounds can occur, and consequently permanent tissue damage
[54]. The angiogenic properties of SDF-1a are also under influence
of the enzymatic activity of DPP IV/CD26. Furthermore, NYP is
a substrate of DPP 1V/CD26, and its proteolytic activity results
in termination of NYP activity on the Y1 receptor subtype that
promotes vasoconstriction and cell proliferation. Likewise, after
the NYP cleavage, changes in regulation of angiogenesis and
contraction in the smooth muscles of blood vessels occur [55]. At
the stage when hypoxic conditions occur, GLP-1 substrate of DPP
IV/CD26 regulates HIF-1a, a factor that regulates expression of
VEGF that stimulates angiogenesis and neovascularization and thus
affects wound healing. In the case of alow level of VEGF in diabetics,
poor vascularization and slower recovery of the wound occurs [56].
DPP IV/CD26 likewise acts proteolytically on the chemokine IP-10,
whose role is recruiting NK cells, and which shows the ability to
reduce chemotaxis of immune cells and to inhibit angiogenesis.
This results in an unsuccessful recovery of blood vessels and
increases the tendency for ulcers and dehiscence [57]. Mechanisms
of DPP IV/CD26 inhibitors on the process of tissue reparation and

regeneration are schematically presented on Figure 3.
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Figure 3: Impact of DPP IV /CD26 inhibitors on the process
of tissue reparation and regeneration.
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Most recent data and clinical evidence designate that DPP IV/

CD26 inhibitors are highly effective and safe as therapeutic options
as well as in the elderly, in patients suffering from different stages

of renal failure as well as chronic ulcers since they are able to

improve glycemic control with little risk of hypoglycemia at the
same time. Moreover, several randomized-controlled studies have
revealed that the usage of DPP IV/CD26 inhibitors in combination
with insulin represents a good substitute to high-insulin treatment
in hospitalized patients suffering from type 2 diabetes [58]. In
conclusion, given the neuroimmunomodulative and enzymatic
properties of DPP IV/CD26, especially with regard to its substrates
involved in maintaining glucose homeostasis as well as positive
impacts on tissue regeneration and reparation, this molecule is a
good candidate for therapeutic approaches in diabetic patients
suffering from chronic ulcers. However, further studies are
necessary in order to investigate possible side-effects of long-term
use DPP [V/CD26 inhibitors, given the associated immunological
effects on regulatory mechanisms such as T cell homeostasis [59].
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