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The pathophysiology of chronic diabetic ulcers is complex and still incompletely understood, both micro- and macroangiopathy
strongly contribute to the development and delayed healing of diabetic wounds, through an impaired tissue feeding and response
to ischemia. With adequate treatment, some ulcers may last only weeks; however, many ulcers are difficult to treat and may last
months, in certain cases years; 19–35% of ulcers are reported as nonhealing. As no efficient therapy is available, it is a high
priority to develop new strategies for treatment of this devastating complication. Because experimental and pathological studies
suggest that incretin hormone glucagon-like peptide-1 may improves VEGF generation and promote the upregulation of HIF-1α
through a reduction of oxidative stress, the study evaluated the effect of the augmentation of GLP-1, by inhibitors of the dipeptidyl
peptidase-4, such as vildagliptin, on angiogenesis process and wound healing in diabetic chronic ulcers. Although elucidation of
the pathophysiologic importance of these aspects awaits further confirmations, the present study evidences an additional aspect of
how DPP-4 inhibition might contribute to improved ulcer outcome.

1. Introduction

The chronic foot ulcer is a leading cause of hospital admis-
sions for people with diabetes in the developed world and
is a major morbidity associated with diabetes, often leading
to pain, suffering, and a poor quality of life for patients
[1]. Its annual incidence is 2-3% and 7% in patients with
neuropathy. Moreover, chronic diabetic foot ulcers are
estimated to occur in 15% of all patients with diabetes and
precede 84% of all diabetes-related lower-leg amputations
[2, 3]. The pathophysiology of chronic diabetic foot ulcers is
complex and still incompletely understood; both micro- and
macroangiopathy as well as neuropathy strongly contribute

to development and delayed healing of diabetic wounds,
through an impaired tissue feeding and response to ischemia
[4]. With adequate treatment, some ulcers may last only
weeks; however, many ulcers are difficult to treat and may
last months, in certain cases years, 19–35% of foot ulcers
are reported as nonhealing [5, 6]. Therefore, it is a high
priority to develop new strategies for treatment of this
devastating complication [7, 8]. Important factors in the
healing process include not only macrocirculation, but, more
specifically, the local skin microcirculation and oxygenation
of the tissue surrounding the ulcer. In this context, it has
become increasingly evident that hypoxia plays an important
role [9]. A critical stimulus for normal wound healing is
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relative hypoxia [10], and an impaired reaction to hypoxia
could contribute to impaired wound healing. Local relative
hypoxia in wounds was proved by direct measurement of
the local oxygen pressure together with the necessity of
maintaining hypoxic gradients for good angiogenesis in the
wound healing process [10]. Adaptive responses of cells
to hypoxia are mediated by the hypoxia-inducible factor-1
(HIF-1α), which is transcriptional factor that is expressed
in response to a decrease in the partial pressure of cellular
oxygen and activates the transcription of gene whose protein
products mediate adaptive responses to hypoxia [11]. HIF-1α
is an 826-amino acid protein that functions as a transacting
transcriptional activator of vascular endothelial growth
factor (VEGF) and inducible nitric oxide (NO) synthase
(iNOS) [12]. Peak of expression of HIF-1α and VEGF, as
well as the NO production from iNOS, may contribute
to limitation of hypoxic injury by promoting angiogenesis
and wound healing [12]. In essence, HIF-1α is necessary
for expression of multiple angiogenic growth factors, cell
motility, and recruitment of endothelial progenitor cells
[12]. It has been shown that diabetes impairs HIF-1α and
VEGF expressions [13, 14], as well as low levels of HIF-
1α expression in foot ulcer biopsies in patients with dia-
betes, have been evidenced [15]. Finally, regulation of HIF
activity is dependent on the oxidative stress activity and
results in its degradation by the proteasome pathway [16].
Consequently, there is a need for more effective therapies that
will address the physiological deficiencies that underlie the
chronic ulcer. Because experimental and pathological studies
suggest that incretin hormone glucagon-like peptide-1 (GLP-
1) may improve VEGF generation, [17] and promote the
upregulation of HIF-1α through a reduction of oxidative
stress [18], the study evaluated the effect of the augmentation
of GLP-1, by inhibitors of the dipeptidyl peptidase-4 (DPP-
4), such as vildagliptin, on nitrotyrosine, proteasome 20S
activity, HIF-1α, VEGF and capillary density, and wound
healing in diabetic chronic ulcers.

2. Research Design and Methods

The study group comprised 106 type 2 diabetic patients with
chronic nonhealing diabetic foot ulcers for more than 3-
month duration. Patients were enrolled in the study between
December 2008 and March 2011. Fifty-three diabetic patients
were randomized (simple randomization, open labeled) to
receive vildagliptin (50 mg b.i.d., n = 53) in addition to other
concomitant hypoglycemic medication for 3 months. In the
control group (n = 53), the dose of other concomitant hypo-
glycemic medication was changed to obtain a similar profile
of metabolic parameters among the groups. Additional
antidiabetic therapy, including sulfonylurea, metformin, and
insulin, was titrated for optimal glycemic control for 3
months.

Inclusion Criteria. All patients had diabetes and at least one
full-thickness wound below the ankle. Evaluations for both
groups were made weekly until complete wound closure or
the patient reached the week 12 visit without healing.
All patients were assessed by a vascular surgeon at the

time of inclusion and only patients with adequate distal
perfusion were included in the study. Blood circulation
(perfusion) was assessed by a dorsum transcutaneous oxygen
test >30 mmHg, ankle-brachial index values >0.7 and <1.2
with toe pressure >30 mmHg, or Doppler arterial waveforms
that were triphasic or biphasic at the ankle of the affected
leg. Adequate distal perfusion was identified by fullfield
circulatory parameters.

Exclusion Criteria. Patients with recognized active Charcot
disease or ulcers resulting from electrical, chemical, or
radiation burns and those with collagen vascular disease,
ulcer malignancy, untreated osteomyelitis, or cellulitis were
excluded from the study. Exclusion criteria also included
ulcer treatment with normothermic or hyperbaric oxygen
therapy; concomitant medications such as corticosteroids,
immunosuppressive medications, or chemotherapy; recom-
binant or autologous growth factor products, skin and
dermal substitutes within 30 days of study start, or use of
any enzymatic debridement treatments. Pregnant or nursing
mothers were excluded from study participation. Patients
having an acute foot infection were included when the acute
phase was resolved. Oral or local antibiotic treatment did not
exclude patients from study participation.

Study Treatments. At each visit, tracings of the wound
margins were made for computer planimetry to document
changes in wound size, and photographs were taken for a
visual record. At the screening visit, before randomization,
and at each study visit study ulcers received sharp debride-
ment and saline-moistened gauze dressings. The ulcers were
debrided when considered necessary, and X-ray of the foot
was performed in cases of suspected osteomyelitis. Individu-
alized topical treatment and dressings were used depending
on the site and character of the ulcer. Off-loading protective
shoe wear with individually fitted insoles was used. Footwear
and external pressure against the ulcer were inspected at each
visit and corrected by an orthotist when required. Necrotic
tissue and the excess granulation or overgranulation were
debrided with a scalpel so that the wound bed was accurately
assessed and facilitates healing.

Procedures. Outcomes were measured every week during the
treatment period and then at three-month intervals. The
regular treatment at the multidisciplinary diabetes foot clinic
included treatment of infection, debridement, off-loading,
and metabolic control according to high international stan-
dards [19]. Wound size was evaluated as previously described
[20]. Wound closure was defined as “full epithelialization
of the wound with the absence of drainage.” An ulcer
was considered healed only after closure was confirmed at
the next weekly visit. Fasting plasma glucose, insulin, and
serum lipids were measured at each study visit. Written
informed consent was obtained from all patients before each
examination. The local ethics review committee approved
the study.

2.1. End Points. The primary end point was healing of the
index ulcer. The index ulcer was defined as the ulcer with
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the largest area and a duration of at least three months at
the time of inclusion. An ulcer was considered healed when
it was completely covered by epithelial regeneration and
remained so until the next visit in the study. Secondary end
points reported in this paper are as follows: a reduction in
ulcer surface area over time; the improvements in angiogenic
factors: HIF-1α, VEGF, and capillary density.

2.2. Biopsy of Ulcer. Biopsy was performed from the periph-
ery of the ulcer before and after treatment. After the local
anesthesia specimens were taken from the periphery of the
ulcer. Biopsies were performed using Biopsy Punch 8 mm
(Kai Medical), after skin anesthesia with Mepivacaine 1%. In
all patients, the biopsy has been made on the margin of the
lesion including the 50% of margin and the remaining skin
lesion. Hemostasis was achieved by compression therapy.
Biopsy sites were closed with polypropylene sutures.

2.3. Analysis of Specimens. Half of each biopsy specimen
was fixed in formalin, sectioned to a thickness of 5 μm,
mounted on slides, and stained with hematoxylin and eosin.
The mounted specimens were then examined for evidence
of ischemia or kept for immunohistochemistry. A portion of
the other half of the specimen was frozen in liquid nitrogen
for the following Western blot analysis, and the remaining
portion was prepared for RT-PCR.

2.4. Granulation Tissue Score. Amounts of granulation tissue
in proportion to the wound area, wound depth, and wound
area were each graded on a 0 to 4 scale: full of granulation
tissue with epithelialization =0; granulation tissue >75% of
wound area =1; granulation tissue >50–75% of wound area
=2; granulation tissue 25–50% of wound area =3; granulation
tissue <25% of wound area =4. The wound area and the
amount of granulation tissue in proportion to the wound
area were assessed using a transparency grid overlay to
measure the surface area and counting the number of square
centimeters within the wound perimeter.

2.4.1. Western Blot Analysis. HIF-1α and VEGF were deter-
mined by immunoblot analyses. Samples were lysed in a
buffer containing 1% Nonidet P-40 for 30 min at 4◦C. The
lysates were then centrifuged for 10 min at 10,000 g at 4◦C.
After centrifugation, 20 μg of each sample were loaded,
electrophoresed in polyacrylamide gel, and electroblotted
onto a nitrocellulose membrane. Primary antibodies to
detect HIF-1α and VEGF were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA) and were utilized according
to the manufacturer’s instructions. Each Western blot was
repeated at least three times.

2.4.2. Measurement of RNA (RT-PCR). Each sample was
analyzed for the presence of transcripts encoding human
VEGF, and HIF-1α as already published [21]. Total RNA
was extracted using RNAzol reagent (Biotecx Laboratories)
according to the manufacturer’s protocol. Levels of HIF-
1α and VEGF were measured by RT-PCR amplification

by using the following primer sequences: human VEGF165

5′3′ = ATGAACTTTCTGTCTTGGGTG and 3′5′ = TCA-
CCGCCTCGGCTTGTCACA; Human HIF-1α 5′3′ = CTG-
CTTGGTGCTGATTTGTGA and 3′5′ = TCCTGTACTGTC-
CTGTGGTGA.

2.4.3. Immunohistochemical Staining. Portions of the biopsy
specimens were fixed in 10% formalin and prepared as 5 μm-
thick tissue sections on slides. The paraffin was then removed
with a xylene substitute (Hemo-De; Fisher Scientific), and
the sections were rehydrated with ethanol gradient washes.
Tissue sections were quenched sequentially in 3% hydrogen
peroxide in aqueous solution and blocked with PBS/6%
nonfat dry milk (Biorad) for 1 h at room temperature. The
sections of tissue from patients were incubated with mouse
monoclonal anti-VEGF (10 μg/mL; cat. no. Sc-7269; Santa
Cruz), mouse monoclonal anti-HIF-1α (200 μg/mL; cat. no.
Sc-7269; Santa Cruz), and antiproteasome 20S (1 mg/mL;
Dako). Tyrosine nitration, an index of the nitrosylation
of proteins by peroxynitrite and/or reactive oxygen species
(ROS), was determined by immunohistochemistry as pre-
viously described [14]. Sections were incubated overnight
with anti-nitrotyrosine rabbit polyclonal antibody (1 : 500 in
PBS, vol/vol). Sections were washed with PBS and incubated
with secondary antibody. Specific labeling was detected
with a biotin-conjugated goat anti-rabbit IgG and avidin-
biotin peroxidase complex (DBA, Milan, Italy). Quantitative
analysis for histology was as follows: we determined the
VEGF, HIF-1α, and nitrotyrosine rich areas. Analysis of
experiments was performed with a PC-based 24-bit color
image-analysis system (IM500, Leica Microsystem AG) as
previously described [22].

2.5. Biochemical Ulcer Tissue Assays. For the quantitative
measurement of the proteasome 20S activity, a specific
SDS-activation kit (Boston-Biochem) was used following
company instructions; the most common assessment of 20S
activity in vitro 256 is done by measuring the hydrolysis
of the fluorogenic 257 peptidyl substrate Suc-Leu-Leu-Val-
Tyr-AMC by the SDS-activated proteasome. This substrate is
cleaved by the chymotryptic-like activity of the proteasome
releasing free AMC (7-amino-4-methylcoumarin) which can
be efficiently detected using a fluorimeter. For quantitative
measurements of the proteasome, the fluorimeter may be
calibrated by generating a standard curve using AMC.
This calibration allows for the calculation of the exact
specific activity of the 20S on each individual fluorimeter.
Nitrotyrosine was assayed into tissue sample with a kit
supplied by Hycult Biotech. Active GLP-1 was detected from
wound tissue samples and analyzed using the Active GLP-1
Assay Kit (D.B.A., Italy).

2.6. Capillary Density Analysis. Capillary density was mea-
sured using immunohistochemistry with monoclonal anti-
body directed against CD31 (Abcam, Cambridge UK).
Fifteen fields of three different sections from each tissue
sample were randomly examined using a light microscope
(400x) by two blinded observers. Slides were examined using
a Leica microscope fixed with a Leica DC500 camera for
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digitizing images. Quantitative evaluation of the CD31 was
performed by counting the number of positive blood vessels
in the dermis of the section. After measuring the total area
of the tissue sample (periphery of the ulcer) using the Leica
imaging analysis system, the number of positive blood vessels
per square millimeter was calculated.

2.7. Statistical Analysis. Data are presented as mean ± SD
or n (%). Student’s t Test, Kruskal-Wallis Test, and Chi-
square test were used to compare continuous and categorical
variables, when indicated. Correlation between nitrotyrosine
levels and proteasome 20S activity was tested. P < 0.05
was considered statistically significant. All calculations were
performed using SPSS 12 (Sun Microsystem).

3. Results

3.1. Enrollment of the Patients and Effects of the DPP-4
Inhibition on Ulcer Healing. During the inclusion period, a
total of 164 eligible participants were registered; 16 (10%)
did not consent to participation, 42 (26%) were excluded
according to the study protocol, and 106 (65%) underwent
randomization. The two groups had similar characteristics
at baseline (Table 1). In all patients, the mean ulcer duration
was 124 ± 25 days, median was 128 days (25% = 99, 75% =
141), and the median ulcer area was 4.1 cm2 (25% = 3,
75% = 5). Percentages of patients treated for study ulcer
infections at baseline were 30% (16 of 53) for vildagliptin
group and 29% (15 of 53) for control group. Fasting plasma
glucose levels between weeks 0 and 12 decreased similarly in
control group (P < 0.05) and vildagliptin group (P < 0.05);
HbA1c levels showed a trend to decrease in both groups
(P < 0.05). In the control group, glimepiride was tested and
its daily dose was adjusted in four patients to a range of 1–
5 mg/day. Metformin was adjusted during the study in three
patients; the daily dose range was 500–1,800 mg/day. Insulin
was adjusted in nine patients. No patient in either group
developed any clinical events, such as myocardial infarction
and stroke, during the study. There was no difference
between the groups in sharp debridement type as well as
in number of sharp debridements. Moreover, There was no
difference between the groups in the offloading strategies
(Table 1). The number of patients who developed study
ulcer-related adverse events (i.e., local wound infection,
osteomyelitis, and cellulitis) was significantly lower in the
vildagliptin patients (6 of 53, 11%) than in the control
patients (16 of 53, 31%; P < 0.05). A significant difference
in wound closure rate at week 12 was observed between
the vildagliptin and control groups, complete healing of the
index ulcer occurred in 16/53 (31%) in the vildagliptin group
and 8/53 (15%) in the control group (P < 0.05). The percent
of patients who underwent a surgical procedure involving the
study ulcer was 8% (4 of 53) in the vildagliptin group and
15% (8 of 53) in the control group (P < 0.220). Osteomyelitis
was the predominant reason for surgery in both groups.
Surgical intervention for minor amputation was made in 1
patient from the vildagliptin group and 2 patients from the
control group. We performed 90 biopsies in the vildagliptin
group and 91 biopsies in the control group.

3.2. Effects of the DPP-4 Inhibition on Active GLP-1 in Wound
Homogenate. There was no difference in GLP-1 in wound
lysates among the groups at baseline (vildagliptin group:
1.7 ± 0.6 pg/mg; control group: 1.9 ± 0.8 pg/mg). After 12
weeks of active treatment (Table 2), a notable finding was
that vildagliptin strongly increased levels of noncleaved (and
thus active) GLP-1 in wound lysates (vildagliptin group: 4.9±
1.1 pg/mg; control group: 2.1 ± 0.6 pg/mg). Notably, total
wound GLP-1 levels were up to twofold higher in vildagliptin
group as compared to levels of active GLP-1 in control group.

3.3. Effects of the DPP-4 Inhibition on the Ulcer Granulation
Score. Before treatment, no statistically significant difference
was found between the granulation tissue score for the
vildagliptin group and control group (3.2 ± 0.5 versus
3.3 ± 1.1, P > 0.05). After treatment, the score decreased
(reflected as more amount of granulation tissue) statistically
significantly in the vildagliptin group compared with the
control group at week 12 (1.3±0.9 versus 2.4±1.2, P < 0.05).

3.4. Effects of the DPP-4 Inhibition on the Ulcer Oxida-
tive Stress. There was no difference in ulcer nitrotyrosine
immunostaining between the groups at baseline (Figure 1).
After 12 weeks of active treatment, specimen nitrotyro-
sine levels decreased significantly in the vildagliptin group
(P < 0.01), while the nitrotyrosine level reductions did
not reach significance in the control group (Figure 1). When
immunostaining for the nitrotyrosine antigen was compared
after 12 weeks of active treatment, a significant difference was
found between tissues from vildagliptin and control groups.
Higher levels, as well as higher staining, of nitrotyrosine were
found in control compared with vildagliptin tissues from
nonhealing wound patients (control, n = 45; vildagliptin
group, n = 37) (P < 0.001) (Figure 1).

3.5. Effects of the DPP-4 Inhibition on the Ulcer Protea-
some Activity. There was no difference in proteasome 20S
immunostaining between the groups at baseline in ulcer
tissues (Figure 1). Similarly, there was no difference in the
proteasome activity between the groups at baseline in ulcer
tissues (Figure 1). After 12 weeks of active treatments, strong
immunostaining for proteasome 20S as well as high protea-
some 20S activity was seen in biopsy from the periphery of
the ulcer of tissues from nonhealing wound control patients
(n = 45) (Figure 1). In contrast, immunostaining for
proteasome 20S as well as proteasome 20S activity was almost
undetectable in biopsy from the periphery of tissues from
nonhealing wound vildagliptin patients (n = 37) (Figure 1).
In vildagliptin patients, proteasome 20S activity was slightly
detected in specimens from the periphery of the ulcer.
Notably, proteasome activity in specimens from the periph-
ery of the ulcer was strongly dependent on oxidative stress,
as also reflected by the statistically significant correlation
between nitrotyrosine levels and proteasome 20S activity
(R = 0.42, P < 0.001).

3.6. Effects of the DPP-4 Inhibition on the Ulcer HIF-1α
Expression. Figure 2 shows the results of the analysis of HIF-
1α, HIF-1α mRNA levels, and immunostaining from ulcer
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Table 1: Baseline characteristics of study patients.

Control group Vildagliptin group P

N 53 53

Mean age (years) 63 ± 15 64 ± 17 NS

Sex (M/F) 34/19 35/18 NS

BMI (kg/m2) 29 ± 2.8 30 ± 2.1 NS

Diabetes duration (years) 16 ± 6 17 ± 5 NS

Waist-to-hip ratio 0.91 ± 0.06 0.92 ± 0.09 NS

Systolic blood pressure (mmHg) 131 ± 18 129 ± 16 NS

Diastolic blood pressure (mmHg) 79 ± 8 80 ± 7 NS

Heart rate (bpm) 83 ± 26 84 ± 24 NS

Laboratory results

Glycated hemoglobin (%) 8.0 ± 1.2 8.1 ± 1.3 NS

Plasma glucose (mg/dL) 168 ± 33 170 ± 36 NS

Creatinine (mg/dL) 1.1 ± 0.6 1.0 ± 0.8 NS

Colesterol (mg/dL) 230 ± 49 234 ± 51 NS

Triglycerides (mg/dL) 166 ± 63 171 ± 69 NS

HDL (mg/dL) 36 ± 12 35 ± 11 NS

LDL (mg/dL) 162 ± 23 165 ± 30 NS

Risk factors

Hypertension (%) 32 (61) 33 (62) NS

Hyperlipidemia (%) 25 (47) 26 (48) NS

CAD (%) 22 (41) 21 (39) NS

Stroke (%) 5 (10) 4 (7) NS

Previous smokers (%) 19 (36) 20 (38) NS

Active smokers (%) 5 (10) 6 (12) NS

Therapy

Insulin (%) 14 (26) 14 (26) NS

Metformin (%) 26 (50) 28 (52) NS

Sulfonylurea (%) 11 (21) 10 (19) NS

Statin (%) 42 (80) 43 (81) NS

Aspirin (%) 34 (64) 36 (67) NS

Clopidogrel (%) 6 (11) 7 (13) NS

Warfarin (%) 4 (7 ) 5 (10) NS

ACE-inhibitor or ARB (%) 31 (60) 30 (58) NS

β-blocker (%) 14 (26) 15 (29) NS

Diuretics (%) 33 (62) 36 (67) NS

Ankle-brachial index (mmHg) 1.0 ± 0.1 1.0 ± 0.2 NS

Transcutaneous oxygen tension (mmHg) 44.9 ± 12.1 44.2 ± 11.8 NS

Ulcer duration before treatment (days) 122 ± 22 126 ± 26 NS

Plantar foot ulcers (%) 32 (61) 33 (62) NS

Dorsal foot ulcers (%) 11 (21) 10 (19) NS

Lateral foot ulcers (%) 10 (19) 10 (19) NS

Baseline wound area (cm2) 4.1 ± 1.2 4.3 ± 1.5 NS

Off-loading methods

Accommodative dressing (%) 30 (60) 30 (60) NS

Healing shoe (%) 3 (6) 5 (9) NS

Walking splint (%) 1 (2) 1 (2) NS

Data are means ± SD or n (%).
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Table 2: Clinical and metabolic parameters before and 3 months after active treatment.

Control group Vildagliptin group

Baseline After 3 months
P

Baseline After 3 months
P

BMI (kg/m2) 29.2 ± 2.8 28.3 ± 1.6 NS 30.1 ± 2.1 28.7 ± 1.2 NS

Systolic blood pressure (mmHg) 131 ± 18 130 ± 22 NS 129 ± 16 128 ± 20 NS

Diastolic blood pressure (mmHg) 79 ± 8 79 ± 10 NS 80 ± 7 78 ± 9 NS

Heart rate (bpm) 83 ± 26 81 ± 18 NS 84 ± 24 83 ± 21 NS

Laboratory results

Glycated hemoglobin (%) 8.0 ± 1.2 7.1 ± 1.2 <0.05 8.1 ± 1.3 7.0 ± 1.0 <0.05

Plasma glucose (mg/dL) 168 ± 23 126 ± 15 <0.05 170 ± 36 131 ± 12 <0.05

Creatinine (mg/dL) 1.1 ± 0.6 1.05 ± 0.2 NS 1.0 ± 0.8 1.0 ± 0.5 NS

Cholesterol (mg/dL) 230 ± 49 228 ± 33 NS 234 ± 51 233 ± 29 NS

Tryglicerides (mg/dL) 166 ± 63 155 ± 45 NS 171 ± 69 159 ± 44 NS

HDL (mg/dL) 36 ± 12 38 ± 9 NS 35 ± 11 39 ± 12 NS

LDL (mg/dL) 162 ± 23 159 ± 22 NS 165 ± 30 162 ± 26 NS

Transcutaneous oxygen tension (mmHg) 44.9 ± 12.1 45.8 ± 13.8 NS 44.2 ± 11.8 46.3 ± 13.2 NS

Wound area (cm2) 4.1 ± 1.2 3.6 ± 2.1 NS 4.3 ± 1.5 1.2 ± 0.8∗ <0.01

Data are means ± SD or n (%). ∗P < 0.05 compared to control group.

specimens from the groups of patients. The expression,
mRNA levels, and immunostaining of HIF-1α in speci-
mens from the periphery of the ulcer (P = 0.14) did
not differ significantly between control and vildagliptin
patients (Figure 2). After 12 weeks of active treatments,
strong immunostaining, high expression, and mRNA levels
of HIF-1α were seen in biopsy from the periphery of tissues
in nonhealing wound vildagliptin patients (n = 37). In con-
trast, immunostaining, expression, and mRNA levels of HIF-
1α were almost undetectable in biopsy from the periphery of
tissues from nonhealing wound control patients (n = 37).
In control patients, HIF-1α mRNA was slightly detected in
specimens from the periphery of the ulcer; the values of HIF-
1α increments were only 7% of the increments seen in biopsy
of vildagliptin patients (P < 0.001). Notably, HIF-1α mRNA
levels in specimens from the periphery of the ulcer were
strongly dependent on proteasome activity, as also reflected
by the statistically significant correlation between HIF-1α
levels and proteasome 20S activity (R = 0.37, P < 0.01).

3.7. Effects of the DPP-4 Inhibition on the Ulcer VEGF
Expression. Figure 2 shows the results of the analysis of
VEGF expression, mRNA levels, and immunostaining from
ulcer specimens from the groups of patients. The expression,
mRNA levels, and immunostaining of VEGF, in specimens
from the periphery of the ulcer, did not differ significantly
between control and vildagliptin patients (Figure 2). After
12 weeks of active treatments, strong immunostaining, high
expression, and mRNA levels for VEGF were seen in biopsy
from the periphery of tissues from nonhealing wound
vildagliptin patients (n = 37). In contrast, immunostain-
ing, expression, and mRNA levels of VEGF were almost
undetectable in biopsy from the periphery of tissues from
nonhealing wound control patients (n = 37). In control
patients, VEGF mRNA levels were slightly detected in
specimens from the periphery of the ulcer; the values of

VEGF mRNA increments were only 8% of the increments
seen in biopsy of vildagliptin patients (P < 0.001).

3.8. Effects of the DPP-4 Inhibition on the Ulcer Capillary
Density. At baseline, the capillary density in the periphery
of tissues from nonhealing wound patients (expressed as the
number of capillaries per mm2) did not differ significantly
between control and vildagliptin patients (Figure 3). After
12 months of active treatment, the qualitative differences
between the control and vildagliptin specimens are shown
in Figure 3(a); specimen capillary density levels increased
significantly in the vildagliptin group (P < 0.01), while the
capillary increments did not reach significance in the control
group (Figure 3(a)). These differences were confirmed by
qualitative image analysis of the sections. CD31 immunore-
activity was more prominent in vildagliptin than in control
specimens (Figure 3).

4. Discussion

We have showed that DPP-4 inhibition accelerates healing
of diabetic chronic ulcer, through induction of a histologic
pattern consistent with enhanced angiogenesis. To the best
of our knowledge, there has been no study evaluating the
vildagliptin effect on the healing of foot ulcers in humans.
In our study the main result has been represented by the
significant difference in wound closure rate in diabetic
patients treated with vildagliptin compared to diabetic con-
trol group. Indeed, at the same level of blood glucose levels,
a significantly greater number of diabetic patients, treated
with DPP-4 inhibitors, achieved complete ulcer closure than
control diabetic patients. Moreover, we have observed an
increase of HIF-1α, VEGF, capillary density and a decrease of
nitrotyrosine levels in the specimens obtained in ulcers of the
vildagliptin group both compared to their baseline and con-
trol group. Therefore, the results of the current study suggest
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Figure 1: Effects of vildagliptin on nitrotyrosine levels and proteasome 20S activity in the periphery of the ulcer before and after treatment.
Representative sections show immunochemistry for nitrotyrosine (a) (×400) and proteasome 20S (c) (×400) in ulcer specimens of control
and vildagliptin patients at baseline and after 12 weeks of active treatment. Nitrotyrosine levels (b) and proteasome 20S activity (d) in ulcer
specimens of control and vildagliptin patients at baseline and after 12 weeks of active treatment (boxplot, a plot type that displays the median;
10th, 20th, 25th, and 75th percentiles; range; extreme values). ∗P < 0.05 versus control group. †P < 0.05 versus baseline.

that vildagliptin may have the ability to improve wound heal-
ing by increasing angiogenesis in the wound environment,
normalizing the rate of oxidative stress, and making positive
changes to capillary density. In diabetic patients treated with
vildagliptin, we detected increased steady-state levels of HIF-
1α and VEGF in specimens from ulcers. In control diabetic
patients, the picture is quite different because both HIF-
1α and VEGF levels were significantly lower than those in
vildagliptin-treated ulcer specimens. HIF-1α plays a pivotal
role in wound healing, and its expression in the multistage
process of normal wound healing has been well characterized
[11]. In essence, HIF-1α is necessary for expression of cell
motility, and recruitment of endothelial progenitor cells
and multiple angiogenic growth factors such as VEGF [23].
VEGF has an important role in stimulating the growth of

new capillaries in several organ systems [24] and thus is a
good candidate for the role of stimulating neovascularization
to accelerate healing of diabetic chronic ulcer. We therefore
hypothesized that the ability of DPP-4 inhibitors in wound
healing is a result of an increase of HIF-1α and VEGF
activity as well as of a reduction of oxidative stress. There
are no studies in the literature that evaluated the effects of
DPP-4 inhibitors on both HIF-1α and VEGF expressions
in chronic ulcers. However, previous studies evidenced that
GLP-1 improves VEGF generation in human pancreatic islet
endothelial cells [17]. In this context, the mechanisms by
which the vildagliptin may improve angiogenesis process
in diabetic chronic foot ulcers remain poorly understood.
Therefore, it is of importance to understand the mechanism
of HIF-1α/VEGF pathway regulation after its induction in
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Figure 3: Effects of vildagliptin on capillary density in the periphery of the ulcer before and after treatment. (a) Representative images of the
immunohistochemical staining with an anti-CD31 monoclonal antibody in the groups at ×400 magnification. (b) Graphic representation
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diabetic chronic ulcers. It is known that under normoxic
conditions, HIF-1α is rapidly degraded via the ubiquitin
dependent proteasomal 26S pathway after hydroxylation and
ubiquitination. Under hypoxic conditions, it is generally
regarded that HIF-1α is accumulated due to hydroxylation
inhibition [25]. However, recent evidence has revealed that
oxidative stress is involved in HIF-1α degradation in hypoxic
conditions [26]. Although it is not clear how oxidative
stress accelerates HIF-1α degradation in ischemic tissue,
oxidative stress may promote HIF-1α degradation through
the proteasomal degradation pathways. The proteasomal
proteolytic pathways are among the principle mechanisms by
which many intracellular proteins are degraded [27]. These
pathways are critical in regulating important cell processes
including differentiation, cytokine-induced gene expression,
apoptosis, and the stress response [28]. The proteasome
complexes exist in two forms, 26S and 20S. The two different
complexes usually have different protein substrate specifici-
ties. The 26S proteasomal pathway is ubiquitin dependent
and is a major pathway for protein degradation in cells. The
20S proteasomal pathway is ubiquitin independent and pri-
marily degrades cellular oxidized proteins under conditions
of oxidative stress [29]. Thus, oxidative stress may elevate
20S proteasomal activity [30]. Accordingly, in ulcer tissues
from diabetic patients, we evidenced that nitrotyrosine levels
were significantly correlated with proteasome activity. Thus,
we can speculate that increased proteasome activity, as a
consequence of oxidative stress overexpression, may enhance
the degradation of HIF-1α, possibly representing a crucial
step in the pathophysiology of impaired wound healing
in the diabetic patients. Because of the study design, we
cannot exclude whether the proteasome pathway exerts also
a protective compensatory response, or whether it is merely
a correlative marker for the reduced HIF-1α levels in
diabetic lesions. However, the significant correlation between

proteasome activity and the reduction of HIF-1α levels in
ulcer tissues suggests an involvement of the proteasome
system in the impaired wound healing of diabetic lesion by
decreasing angiogenesis process. The present findings also
show an inhibitory effect of DPP-4 inhibitors on proteasome
activity in diabetic lesions. Indeed, at the same level of blood
glucose levels, diabetic patients treated with vildagliptin
had the lowest level of proteasome 20S activity, associated
with the highest capillary density in ulcer tissues. Thus,
patients assigned to vildagliptin had greater angiogenesis
than patients treated without DPP-4 inhibitors. In particular,
the reduced proteasome activity seen in diabetic ulcers of the
vildagliptin group suggests decreased HIF-1α degradation
and hence increased VEGF activation and increased capillary
density. Our findings may have clinical implications because
in a large series of diabetic ulcer specimens, it has been shown
that angiogenesis is one of the major determinants of wound
healing [31]. Previous data, in experimental models, suggest
that both incretin mimetic agents and DPP-4 inhibitors
agonists suggest a potentially beneficial role in diabetes-
affected wound healing. [32, 33]. However, these studies did
not provide any evidence about the effects of incretin on
angiogenesis process or assess the specific pathway transduc-
ing environmental stimuli in enhanced wound healing of dia-
betic ulcers treated with DPP-4 inhibitors. In our study, the
most straightforward interpretation is that DPP-4 inhibition
raised GLP-1 concentrations, which reduced the activation
of proteasome activity by oxidative stress. In this context, the
decreased HIF-1α degradation and hence increased VEGF
activation may promote the angiogenesis process and thus
improve wound healing. An alternative explanation is that
glucose lowering per se improved wound healing. However,
the persistence of impaired wound healing in patients treated
without DPP-4 inhibition, despite the decrease in blood
glucose levels at study end, seem to argue against this



10 Experimental Diabetes Research

hypothesis. In conclusion, the present study suggests an addi-
tional aspect of how DPP-4 inhibition might contribute to
healing of chronic foot ulcers in patients with type 2 diabetes.

4.1. Study Limitations. The major limitation of our study is
that this is an open-labeled study. Therefore, this ancillary
effect of vildagliptin might have favorable implications in
diabetes complications but needs to be confirmed in larger
and longer outcome studies as well as in double blind
clinical trials. Finally, we do not have the certainty that the
assessments made on our biopsies definitively clarify the
process of wound healing in diabetic patients. However, we
hypothesize that the modulation of angiogenesis may play a
role in the ulcer healing process.

Authors’ Contribution

R. Marfella is the guarantor of this work and, as such, has full
access to all the data in the study and takes responsibility for
the integrity of the data and the accuracy of the data analysis.
Each author must have contributed significantly to the sub-
mitted work. R. Marfella and F. C. Sasso have contributed to
(1) conception, design, analysis, and interpretation of data;
(2) drafting and revision of the paper; (3) final approval of
the paper submitted. P. Gualdiero, R. Canonico, M. Barbieri,
P. Paolisso, M. R. Rizzo and F. Ferraraccio have contributed
to analysis and interpretation of data. A. Della Corte, O.
Carbonara, A. Petrella, and V. Padovano have contributed to
drafting and revision of the paper. G. Paolisso, S. Canonico,
and F. Campitiello have contributed to conception drafting
and design.

Conflict of Intersets

The authors do not have any financial associations that might
pose a conflict of interest in connection with the submitted
article.

References

[1] A. J. M. Boulton, “The diabetic foot: grand overview, epidemi-
ology and pathogenesis,” Diabetes/Metabolism Research and
Reviews, vol. 24, supplement 1, pp. S3–S6, 2008.

[2] A. J. Boulton, L. Vileikyte, G. Ragnarson-Tennvall, and J.
Apelqvist, “The global burden of diabetic foot disease,” The
Lancet, vol. 366, no. 9498, pp. 1719–1724, 2005.

[3] C. L. Bartus and D. J. Margolis, “Reducing the incidence of
foot ulceration and amputation in diabetes,” Current Diabetes
Reports, vol. 4, no. 6, pp. 413–418, 2004.

[4] Y. Yamaguchi and K. Yoshikawa, “Cutaneous wound healing:
an update,” Journal of Dermatology, vol. 28, no. 10, pp. 521–
534, 2001.

[5] S. O. Oyibo, E. B. Jude, I. Tarawneh et al., “The effects of
ulcer size and site, patient’s age, sex and type and duration
of diabetes on the outcome of diabetic foot ulcers,” Diabetic
Medicine, vol. 18, no. 2, pp. 133–138, 2001.

[6] H. Rafehi, A. El-Osta, and T. C. Karagiannis, “Genetic and
epigenetic events in diabetic wound healing,” International
Wound Journal, vol. 8, no. 1, pp. 12–21, 2011.

[7] R. M. Macfarlane and W. J. Jeffcoate, “Factors contributing to
presentation of diabetic foot ulcers,” Diabetic Medicine, vol. 14,
no. 10, pp. 867–870, 1997.

[8] P. Ruffieux, L. Hommel, and J. H. Saurat, “Long-term
assessment of chronic leg ulcer treatment by autologous shin
grafts,” Dermatology, vol. 195, no. 1, pp. 77–80, 1997.

[9] A. A. Tandara and T. A. Mustoe, “Oxygen in wound healing-
more than a nutrient,” World Journal of Surgery, vol. 28, no. 3,
pp. 294–300, 2004.

[10] D. R. Knighton, I. A. Silver, and T. K. Hunt, “Regulation of
wound-healing angiogenesis-effect of oxygen gradients and
inspired oxygen concentration,” Surgery, vol. 90, no. 2, pp.
262–270, 1981.

[11] I. R. Botusan, V. G. Sunkari, O. Savu et al., “Stabilization of
HIF-1α is critical to improve wound healing in diabetic mice,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 105, no. 49, pp. 19426–19431, 2008.

[12] G. L. Semenza, “Surviving ischemia: adaptive responses
mediated by hypoxia-inducible factor 1,” Journal of Clinical
Investigation, vol. 106, no. 7, pp. 809–812, 2000.

[13] E. Chou, I. Suzuma, K. J. Way et al., “Decreased cardiac expres-
sion of vascular endothelial growth factor and its receptors in
insulin-resistant and diabetic states: a possible explanation for
impaired collateral formation in cardiac tissue,” Circulation,
vol. 105, no. 3, pp. 373–379, 2002.

[14] R. Marfella, K. Esposito, F. Nappo et al., “Expression of angio-
genic factors during acute coronary syndromes in human type
2 diabetes,” Diabetes, vol. 53, no. 9, pp. 2383–2391, 2004.

[15] S. B. Catrina, K. Okamoto, T. Pereira, K. Brismar, and
L. Poellinger, “Hyperglycemia regulates hypoxia-inducible
factor-1α protein stability and function,” Diabetes, vol. 53, no.
12, pp. 3226–3232, 2004.

[16] H. Shi, “Hypoxia inducible factor 1 as a therapeutic target in
ischemic stroke,” Current Medicinal Chemistry, vol. 16, no. 34,
pp. 4593–4600, 2009.

[17] X. Xie-Yun, Z. H. Mo, K. Chen, H. H. He, and Y. H. Xie,
“Glucagon-like peptide-1 improves proliferation and differen-
tiation of endothelial progenitor cells via upregulating VEGF
generation,” Medical Science Monitor, vol. 17, no. 2, pp. BR35–
BR41, 2011.

[18] S. Van de Velde, M. F. Hogan, and M. Montminy, “mTOR links
incretin signaling to HIF induction in pancreatic beta cells,”
Proceedings of the National Academy of Sciences of the USA, vol.
108, no. 41, pp. 16876–16882, 2011.

[19] R. J. Hinchliffe, G. D. Valk, J. Apelqvist et al., “A systematic
review of the effectiveness of interventions to enhance the
healing of chronic ulcers of the foot in diabetes,” Diabetes/
Metabolism Research and Reviews, vol. 24, supplement 1, pp.
S119–S144, 2008.

[20] J. E. Grey, S. Enoch, and K. G. Harding, “Wound assessment,”
British Medical Journal, vol. 332, no. 7536, pp. 285–288, 2006.

[21] D. Pasquali, V. Rossi, S. Staibano et al., “The endocrine-gland-
derived vascular endothelial growth factor (EG-VEGF)/prok-
ineticin 1 and 2 and receptor expression in human prostate:
up-regulation of EG-VEGF/prokineticin 1 with malignancy,”
Endocrinology, vol. 147, no. 9, pp. 4245–4251, 2006.

[22] R. Marfella, F. C. Sasso, F. Cacciapuoti et al., “Tight glycemic
control may increase regenerative potential of myocardium
during acute infarction,” Journal of Clinical Endocrinology &
Metabolism, vol. 97, no. 3, pp. 933–942, 2012.

[23] D. M. Stroka, T. Burkhardt, I. Desbaillets et al., “HIF-1 is
expressed in normoxic tissue and displays an organ-specific
regulation under systemic hypoxia,” The FASEB Journal, vol.
15, no. 13, pp. 2445–2453, 2001.

[24] P. Carmeliet, “Mechanisms of angiogenesis and arteriogene-
sis,” Nature Medicine, vol. 6, pp. 389–395, 2000.



Experimental Diabetes Research 11

[25] B. H. Jiang, G. L. Semenza, C. Bauer, and H. H. Marti,
“Hypoxia-inducible factor 1 levels vary exponentially over
a physiologically relevant range of O2 tension,” American
Journal of Physiology, vol. 271, no. 4, pp. C1172–C1180, 1996.

[26] X. Kong, B. Alvarez-Castelao, Z. Lin, J. G. Castaño, and J.
Caro, “Constitutive/hypoxic degradation of HIF-α proteins by
the proteasome is independent of von Hippel Lindau protein
ubiquitylation and the transactivation activity of the protein,”
Journal of Biological Chemistry, vol. 282, no. 21, pp. 15498–
15505, 2007.

[27] Q. Ding, E. Dimayuga, and J. N. Keller, “Proteasome regula-
tion of oxidative stress in aging and age-related diseases of the
CNS,” Antioxidants and Redox Signaling, vol. 8, no. 1-2, pp.
163–172, 2006.

[28] A. Ciechanover, “The ubiquitin proteolytic system: from a
vague idea, through basic mechanisms, and onto human dis-
eases and drug targeting,” Neurology, vol. 66, supplement 1,
pp. S7–S19, 2006.

[29] R. Shringarpure, T. Grune, J. Mehlhase, and K. J. A. Davies,
“Ubiquitin conjugation is not required for the degradation
of oxidized proteins by proteasome,” Journal of Biological
Chemistry, vol. 278, no. 1, pp. 311–318, 2003.

[30] O. Ullrich, T. Reinheckel, N. Sitte, R. Hass, T. Grune, and K.
J. A. Davies, “Poly-ADP ribose polymerase activates nuclear
proteasome to degrade oxidatively damaged histones,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 96, no. 11, pp. 6223–6228, 1999.

[31] C. F. Bento and P. Pereira, “Regulation of hypoxia-inducible
factor 1 and the loss of the cellular response to hypoxia in
diabetes,” Diabetologia, vol. 54, no. 8, pp. 1946–1956, 2011.

[32] C. Schurmann, A. Linke, K. Engelmann-Pilger et al., “2012The
dipeptidyl peptidase-4 inhibitor linagliptin attenuates inflam-
mation and accelerates epithelialization in wounds of diabetic
ob/ob mice,” Journal of Pharmacology and Experimental
Therapeutics, vol. 342, no. 1, pp. 71–80, 2012.

[33] K. Bulut, J. J. Meier, N. Ansorge et al., “Glucagon-like peptide
2 improves intestinal wound healing through induction of
epithelial cell migration in vitro-evidence for a TGF—β-
mediated effect,” Regulatory Peptides, vol. 121, no. 1–3, pp.
137–143, 2004.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


