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Abstract: Background: Impaired wound healing is one of the most well-known complications of type 2 diabetes mellitus.

Experimental evidence suggested that treatment with Exendin-4, a glucagon-like peptide-1 agonist displaying a wide

range of antidiabetic effects, can promote tissue regeneration. Objectives: Thus, this study aimed to examine the

efficacy of topical treatment with Exendin-4 in accelerating wound healing in normoglycemic and hyperglycemic

mice. Methods: For this purpose, two wounds inflicted on the back skin of 12 normo- and 12 hyperglycemic mice

were injected intradermally with either saline solution or Exendin-4. Wounds were collected at the time of abrasion

(T0), 48 h (T1), 96 h (T2), and 144 h (T3) and cryosections were analyzed by histological and histochemical methods.

Results: In wounds treated with Exendin-4, an 85% reduction in size was observed at T3, and the thickness of the

epidermis was statistically lower than in untreated wounds. The significative difference was observed in Exendin-4

treated wounds at T2 and T3 in the infiltration of granulocyte populations and at T3 in the degranulation index by

mast cells and in the increase in vessels. Fibroblasts were significantly increased in Exendin-4 treated wounds of

normo- and hyperglycemic mice at T3, which began to differentiate into myofibroblasts, from T2, and at T3 reached

significant values. Conclusion: Taken all together, these results indicate that the topical administration of Exendin-4

had beneficial effects on the acceleration of the healing process of skin wounds in both normo- and hyperglycemic mice.

Introduction

Diabetes mellitus is a chronic metabolic disorder,
characterized by elevated blood glucose levels, or
hyperglycemia, resulting from dysfunction in insulin
secretion, insulin action, or both [1,2]. Impaired wound
healing is a frequent and very severe problem in patients
with diabetes mellitus, resulting from a complex
pathophysiology involving vascular, neuropathic, immune,
and biochemical components [3,4]. Essential stages of
normal wound healing include inflammation, cell migration
and proliferation, angiogenesis, and re-epithelialization [5].

Poor granulation tissue development and remodeling—
events in which fibroblasts are crucial—are the hallmarks of
diabetic skin ulcers [6], as well as a longer inflammatory
phase during the healing process, potentially resulting in

chronic wounds and pathological scarring [7–9]. In diabetic
wounds, macrophages generate an overabundance of
proinflammatory cytokines and fail to efficiently convert to
anti-inflammatory macrophages [10,11]. Neutrophils also
contribute to inflammation by producing cytotoxic enzymes,
inflammatory mediators, and free radicals that worsen
oxidative stress. In diabetic wounds, oxidative stress results
in further tissue damage and delayed pathological repair. In
addition, neutrophil extracellular traps, or NETs, are
produced in excess by neutrophils in diabetic wounds,
sustaining an inflammatory state that impedes wound
healing [7]. Dysregulation of transcription factors and
epigenetic mechanisms exacerbates pathological
inflammation in diabetic wounds [10,12].

Chronic inflammation is a primary factor contributing to
compromised healing in diabetic wounds, which also
increases the risk of aberrant scarring and chronic wounds
[13]. Scarring in diabetic wounds results from less collagen
synthesis and alterations in the scar’s structure, adversely
affecting optimal wound healing [14–16].
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In diabetic wounds, inadequate angiogenesis significantly
impedes wound healing, attributable to a deficiency of
essential proangiogenic factors, an increase in antiangiogenic
factors, a decrease in capillary maturation factors, miRNAs,
and matrix metalloproteinases [7,17]. A lack of maturation
factors slows down the healing process and increases the
risk that the wound may become chronic or recurrent [7].

Exendin-4 (Exe-4) is a bioactive polypeptide of 39 amino
acid residues (Fig. 1) isolated from the saliva of the Gila
monster (Heloderma suspectum). Exe-4 is a natural potent
and long-acting agonist of the glucagon-like peptide-1
(GLP-1), the insulinotropic intestinal peptide belonging to
the incretin hormones, evaluated for the regulation of
plasma glucose in type 2 diabetes [18–21]. GLP-1, by
binding to the GLR-1 receptor (GLR-1R) stimulates the
release of insulin on pancreatic beta cells [18–22]. GLP-1
exerts an important post-prandial insulinotropic effect,
secreting approximately 60% of the post-prandial insulin.
GLP-1 effects are secondary to the activation of pancreatic
G-protein coupled receptors disseminated extra pancreas
too. In patients with type 2 diabetes, the insulin-secreting
efficiency of GLP-1 results is strongly reduced [20,21,23].
Exenatide, Exe-4 synthetic form, increases cyclic AMP levels
in pancreatic acinar cells and acts as a GLP-1 agonist and
incretin mimetic, enhancing insulin secretion in response to
increased glucose levels; it also suppresses inappropriate
glucagon secretion and slows gastric emptying. Thus, since
Exe-4, mimics most of GLP-1 effects by activating GLP-1R,
it is used as an anti-diabetic, especially for type 2 diabetes,
as well as an anti-obesity agent [18–21].

Experimental evidence suggests a possible role for Exe-4
in accelerating wound healing [25], both in diabetic rats [18]
and in acute mouse wounds [23]. In particular, Exe-4 was
reported to exert an angiogenic effect both in vitro and
in vivo [26], and to enhance dermal and epidermal
regeneration, also showing an increment of cell proliferation
and tissue regeneration markers (Ki67 and TGF-β1,
respectively) [18]. Moreover, an increment of fibroblast/
myofibroblast populations was also reported after Exe-4
treatment in acute wounds, along with the mast cells (MCs)
degranulation index and early activation of MCs, critical in
wound healing acceleration.

Thus, in this study we investigated the effects of Exe-4 in
acute wounds of normo- or hyperglycemic mouse model,
analyzing parameters fundamental for the wound healing
process: a) degranulation index of MCs, b) response of

cellular infiltrate, c) angiogenesis, d) epithelization, e)
reactivity of fibroblasts.

Material and Methods

In vivo experiments
In this investigation, 24 male CD1 strain mice (Harlan
Laboratories s.r.l., Udine, Italy), weighing between 18 and
20 g, were maintained in individual cages with unrestricted
access to food and water. The mice were maintained at a
stable temperature of 24°C–25°C and exposed to a regulated
12-h light-dark cycle.

Experimental and animal utilization protocols adhered to
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications no. 80-23, revised
1996). The Animal Care Committee of the Department of
Pharmacology at the University of Florence approved the
experimental protocols in accordance with the European
Convention for the Protection of Vertebrate Animals used
for Experimental and Other Scientific Purposes (ETS no.
123) and the European Communities Council Directive of
24 November 1986 (86/609/EEC). The authors assert that all
measures were taken to reduce the number of animals
utilized and to alleviate their suffering.

Diabetes was induced by injecting intraperitoneally (i.p.)
streptozotocin (S0130, Sigma, Milan, Italy, 150 mg/kg, twice
48 h apart) to 12 mice, as reported before [18,27–29]. The
presence of diabetes in the mice was verified after 3 and 10
days using a glucose refractometer. In non-diabetic mice
classified as ‘healthy’, a fasting blood glucose level ranging
from 80 to 100 mg/dL was recorded [30,31]. Nonfasting
blood glucose >250 mg/dL was considered hyperglycemic. A
glucose tolerance test (GTT) was performed to confirm
hyperglycemia [32].

Following two weeks of hyperglycemia, hyperglycemic
mice (n = 12) and age-matched normoglycemic mice (n =
12), maintained at a constant temperature of 37.5°C, were
sedated with a single intraperitoneal injection of ketamine
(80 mg/kg body weight) and xylazine (10 mg/kg body
weight). Two circular abrasions, each with a diameter of 1
cm and a minimum separation of 1 cm, were created on the
back by abrading undamaged skin with commercial
sandpaper (grain size 68 µm; KWH Mirka Ltd.,
Oravaisfabrik, Finland) (Fig. 2A,B).

Based on their proximity to the mouse’s head, the
wounds were defined as ‘upper’ and ‘lower’. Dermabrasion
was performed until the epidermis was completely removed
while avoiding deep wounds. Following the treatment, a
minimal quantity of Streptosil (Boehringer Ingelheim Italia
spa, Milan, Italy) was administered topically to avert the
onset of infections. During the experiments, the wound
remained exposed. Twenty microliters of saline solution
(NT) or Exe-4 (62 ng; Sigma-Aldrich, St. Louis, MO, USA)
were administered into the dermis of the upper and lower
wounds of each animal, respectively. Immediately after the
treatment, 2 normo- and 2 hyperglycemic mice were
sacrificed by cervical dislocation. Pictures were taken from
all the wounds before collecting skin biopsies (T0) and after
48 (2 days; T1), 96 (4 days; T2), and 144 h (6 days; T3)

FIGURE 1. Aminoacidic structure of Exendin-4 [24].
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from wound induction. Biopsies were stored at −80°C until
further evaluations.

Light microscopy
The specimens embedded in frozen tissue medium (Killik;
BioOptica, Milan, Italy, catalog number: 05-9801) were
cryosectioned and post-fixed in cold acetone after being.
Individual sections from each specimen were stained with
hematoxylin and eosin (HE) (Sigma-Aldrich, Milan, Italy,
catalog number HT 110132/H3136), Picrosirius Red (PSR)
(Sigma-Aldrich, Milan, Italy, catalog number 365548) or
paraldehyde-fuchsin (PF) (BioOptica, Milan, Italy, catalog
number: 04-045872). HE was used to perform the analyses

described below such as the detection of the cellular
infiltrate response, while the measurement of
epithelialization and the gross morphology of connective
fibers was performed with PSR to specifically detect collagen
fibers and PF for elastic fibers.

Immunofluorescence analysis
In other sections, indirect immunofluorescence techniques
involving primary antibodies were used to detect various
antigens (see Table 1). Appropriate fluorescein
isothiocyanate labeled polyclonal rabbit (Sigma, Milan, Italy,
catalog number: F0382) or mouse secondary antibodies
(Sigma, Milan, Italy; catalog number: F2012) were incubated
for 2 h at 37°C. The omission of the primary antibody and
substitution with an irrelevant one were used as controls for
the immunohistochemical reaction.

About the techniques of immunofluorescence that we
used, to minimize intra- or extracellular background signals,
nonspecific antigens were blocked by incubating the sample
in bovine serum albumin (BSA) (Sigma-Aldrich, Milan, Italy,
catalog number: A7641). Typical blocking times ranged from
30 min to approximately one hour. After incubation with the
primary antibody, samples were washed 3 times for 5 min in
a wash solution (PBS) to avoid background fluorescence.
After incubation with the secondary antibody, samples were
washed again with PBS and water. Samples were then
mounted with a mounting medium characterized by low
autofluorescence (Fluoromount: Sigma-Aldrich, Milan, Italy,
catalog number: F4680).

The detection of mast cells or vessels was also performed
using affinity cytochemistry techniques. Avidin is able to tag
mast cell granules in a precise manner and with a high
degree of awareness. The binding of the molecule is due to
electrostatic attraction, which is why it has the same
meaning as basophilia. However, the sensitivity of Avidin is
far higher than that of standard microscopic dyes such as
Giemsa or toluidine blue [33]. Griffonia (Bandeiraea)
Simplicifolia Lectin II (GSL II) simplicifolia was used to
stain endothelial cells. This is a glycoprotein that is formed
of two subunits that are substantially equal in size, with
each subunit including chains that are linked by disulfide
and a binding site for N-acetylglucosamine residues that are
linked by either α or β. The ability of GSL II to detect
exclusively α- or β-linked N-acetylglucosamine residues on
the nonreducing terminal of oligosaccharides has been
considered to be a distinctive characteristic [34].

Images were captured using either a light microscope
equipped with the tablet camera VisiCam TC10 (VWR
International, Milan, Italy) or a Zeiss Axioskop microscope
suitable for epifluorescence equipped with a digital camera
(Zeiss, Jena, Germany).

Morphometry and statistic
For the epithelialization, wounds were digitally acquired at x
25 magnification, and the maximum epidermal thickness
was measured in 10 epidermal tract frames for each
specimen using ImageJ 1.37v software (National Institutes of
Health, Bethesda, MD, USA), as previously reported [23,35].
Cellular infiltration evaluation, as shown in hematoxylin and
eosin-stained sections, was graded on a 0–3 arbitrary scale

FIGURE 2. In vivo experiments set up. (A) Commercial cutter and
sandpaper used for dermabrasion. (B) Macroscopical aspects of
dorsal (upper; “saline”) and (lower; “Exe-4”) wounds in the
normoglycemic mouse at the time of abrasion (T0). (C) Normo-
and (D) hyperglycemic mice at T3 showing untreated (“saline”)
and treated (“Exe-4”) wounds. Scale bar = 1 cm.
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for each biopsy site, as reported [23,35]. At least 10
nonoverlapping microscopical fields, from immunostained
sections (one section per staining), were acquired at x 40
magnification. Immunoreactive cells, as well as MCs
degranulation, were counted using ImageJ 1.37v software.
For each comparison, the average value for each specimen
was assumed as a sample unit. All differences were subjected
to analysis of variance, and differences were considered
statistically significant when p < 0.05. In the case of
significant results among all experimental groups, the values
at each time point were compared with controls by student’s
t-test for unpaired values with two tails, and differences
were considered statistically significant when p < 0.05.

Results

Macroscopical evaluations of wounds
The initial wound area measured 0.78 cm2, derived from the
assumption that the wounds were circular with a diameter
of 1 cm (Fig. 2B). After six days (T3), the wounds’ size was
once again measured to ascertain the effect of the
treatments on the healing process. At this time point, we
observed that both normo- (NUW) and hyperglycemic
(HUW) un-treated (“saline”) wounds had an area of
0.50 cm2 (radius 0.4 cm) while in Exe-4-treated wounds the
area was only of 0.12 cm2 (radius 0.2 cm), both in normo-
(NTW) and hyperglycemic (HTW) mice. Thus, it resulted
that untreated and Exe-4-treated wounds healed up to 36%
and 85% respectively of their initial size (Fig. 2C,D).

Histological and immunohistochemical findings

Epidermis’ evaluation
The re-epithelialization or the thickness of the epidermis after
the abrasion shows significant differences at T3 of both
normo- or hyperglycemic mice treated with Exe-4 compared
to untreated mice (Fig. 3). No significant differences were
reported at T1 and T2 in Exe-4-treated or untreated wounds
of both normo- and hyperglycemic mice.

Dermis’ evaluation
The evaluation of cellular infiltrate response performed by
hematoxylin and eosin (HE) staining reported no

differences in all conditions and time points analyzed
(Fig. 4A,B). In accordance, the analysis of the content,
organization, and orientation of the connective fibers,
collagen fibers and elastic fibers by Picrosirius Red (PSR) or
Paraldehyde Fuchsin (PF) staining respectively (Fig. 4C), did
not show any difference.

On the contrary, Ly6g immunostaining showed higher
values in treated wounds, both for normo- and
hyperglycemic mice from T1 to T3, when the difference
resulted statistically significant (Fig. 5A). In treated wounds,
figures of diapedesis were observed at T3 (Fig. 5B) (*p < 0.05).

At T2, in Exe-4-treated both normo- and hyperglycemic
wounds, the degranulation index of MCs was increased
compared to untreated ones (Fig. 6). At T3, the difference
between treated and untreated wounds was statistically
significant (*p < 0.05). Moreover, in this last condition,
several cellular interactions between these MCs and
fibroblast or vessels were observed (not shown).

Quantitative evaluation of the vessels shows differences
starting from T2 in Exe-4-treated wounds compared to
untreated ones. These differences are strengthened at T3,
reaching levels of significance (Fig. 7) (*p < 0.05).

The presence of fibroblasts did not increase significantly
in treated normo- and hyperglycemic wounds up to T2 while
the differences were statistically significant at T3 compared to
untreated ones (Fig. 8A,B).

TABLE 1

Primary antibodies, lectins, or biotin-binding proteins

Antibody
target

Antibody name Dilution Time of incubation,
temperature

Supplier Catalog
number

Myofibroblasts Acta 2 1:100 Overnight, 4°C Abnova, Taipei City,
Taiwan

MAB8423

MCs Avidin 1:400 2 h, 37°C Sigma, Milan, Italy A2050

Vessels Griffonia (Bandeiraea) simplicifolia 1:10 2 h, 37°C Sigma, Milan, Italy L2895

Fibroblasts HSP47 1:50 Overnight, 4°C Abcam, Cambridge, UK Ab77609

Neutrophils Ly6G 1:50 Overnight, 4°C Abnova, Taipei City,
Taiwan

MAB5613

FIGURE 3. Re-epithelialization of untreated and treated acute
wounds in normo- and hyperglycemic mice. Measures of the
thickness of epidermis at T0, T1, T2, and T3. Data are represented
as mean ± SEM of 10 non-overlapping microscopical fields
(*p < 0.05).
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The evaluation of the myofibroblast population revealed
a statistically significant increment in both normo- and
hyperglycemic Exe-4-treated wounds compared to untreated
once only after 6 days (T3) (Fig. 9A). This suggests that
both normo- and hyperglycemic Exe-4-treated wounds
exhibit late myofibroblast development, as detected by
ACTA 2 staining, which only becomes noticeable at T3
(Fig. 9B).

Discussion

In this manuscript we compare the effects of Exe-4, a natural
potent and long-acting agonist of GLP-1, on the cellular
response of acute wounds in normo- or hyperglycemic mice
to assess whether the topical administration of this drug is
able to accelerate the wound healing process.

The re-epithelialization data showed that the epidermis
thickness reached normal values only after 6 days in Exe-4-
treated wounds of both normo- and hyperglycemic mice. At

the same time point of analysis, the re-epithelialization was
still incomplete in untreated wounds.

These findings are probably related to the different
cellular infiltrate responses in this context. In particular,
mast cells play a coordinating activity in triggering cellular
responses [33]. It has been previously reported that MCs
express GLP1-R in their cytoplasm [35] leaving us to
speculate that these cells are also capable of activating
keratinocytes involved in the re-epithelialization process [5].

Analysis of HE-stained sections revealed that all the lesions
had a corneum stratum, similar extent of both inflammatory
cell infiltrate and connective fibers, regardless of the treatment
received. About the fibers, the same results were obtained
with the staining carried out for the evaluation of collagen
fibers (Picrosirius Red) and elastic fiber (Paraldehyde
Fuchsin). Conversely, the expansion of granulocyte
populations in the treated lesions may be interpreted as an
early inflammatory response induced by Exe-4 [18,23,35].

During inflammatory phase of normal wound healing,
the secretion of histamine or serotonin by MCs induces

FIGURE 4. Cellular infiltrate in untreated and treated acute wounds
in normo- and hyperglycemic mice. (A) Cellular infiltrate evaluation
at T0, T1, T2, and T3, graded on a 0–3 arbitrary scale. Data are
represented as mean ± SEM of 10 non-overlapping microscopical
fields. (B) Representative HE-stained sections of treated wounds
collected at T3 from normo- (NTW) and hyperglycemic (HTW)
mice: identification of the inflammatory infiltrate. (C)
Representative sections of treated wounds collected at T3 from
hyperglycemic (HTW) stained with picrosirius red (PSR, specific
staining for collagen fibers) and paraldehyde fuchsin (PF, specific
staining for connective fibers). Light microscopy, scale bar = 10
microns.

FIGURE 5. Response of granulocytes in untreated and treated acute
wounds in normo- and hyperglycemic mice. (A) Density of
granulocytes at different time points of analysis. Data are
represented as mean ± SEM of 10 non-overlapping microscopical
fields (*p < 0.05). (B) Representative Ly6g+ fluorescence staining of
granulocytes from treated wounds collected at T0 and T3 from
injury from normo- (NTW) and hyperglycemic (HTW) mice.
Fluorescence microscopy, scale bar = 10 microns.
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vasodilation, involving the diapedesis of neutrophil
granulocytes and monocytes, which are ready to
differentiate into macrophages [36]. This leads to an
increase in phagocytosis within the lesion, which is
necessary to combat infections or damaged cells. The
proliferative phase is initiated by the secretion of cytokines
and growth factors by the leukocytes. Keratinocytes, among
other cell types, contribute to this process by secreting
inflammatory cytokines [37,38]. Additionally, it is important
to acknowledge the involvement of additional molecules in
the inflammatory phase, including cytokines, matrix
proteins, and enzymes [39]. Chemokines are essential
especially for attracting neutrophils and lymphocytes to
promote the early stages of wound healing [36]. Indeed, the
evidence that at 6 days in untreated wound the density of
granulocytes was still lower compared to Exe-4-treated
wound, supported this hypothesis.

In our study, MCs degranulation index reached the
maximum values at T3 in treated wounds in both normo-
and hyperglycemic mice, in accordance with the literature
about the role of MCs in wound healing [33,40] or in
diabetic wounds [41,42]. However, these data conflict with
those of Tellechea et al. [43] supporting that appropriate
wound healing depends on the existence of
non-degranulated MCs in unwounded skin, thus therapies

inhibiting MCs degranulation could improve wound healing
in diabetes. Indeed, they reported that the inhibition of pre-
wounding mast cell degranulation using disodium
cromoglycate, a mast cell stabilizing agent, enhances wound
healing in diabetic mice, but exerts no influence on
nondiabetic mice.

Even though our results about the role of MCs in wound
healing are in contrast with those of Tellechea and colleagues
[43] we can hypothesize that, since MCs showed GLP1-R
expression after Exe-4 treatment, this drug could activate
MCs pathways. This hypothesis needs to be further
investigated.

Regarding angiogenesis, the increment of vessels inside
the dermis of the wounds treated with Exe-4, regardless of
whether they are diabetic, demonstrates once again how the
drug is able to act by stimulating the formation of new
vessels and therefore confirming the previously published
data, albeit under different conditions [18,26].

Among the various cells that participate in the
inflammatory infiltrate there are fibroblasts whose secretion
of extracellular matrix seems to be stimulated also by other
factors present in the cutaneous microenvironment and by

FIGURE 6. Degranulation index of MCs in untreated and treated
acute wounds in normo- and hyperglycemic mice. MCs
degranulation was calculated by dividing the number of granules for
the number of cells at T0, T1, T2 and T3. Data are represented as
mean ± SEM of 10 non-overlapping microscopical fields (*p < 0.05).

FIGURE 7. Angiogenesis in untreated and Exe-4-treated acute
wounds in normo- and hyperglycemic mice. Angiogenesis was
represented as the number of vessels for mm2 at T0, T1, T2 and
T3. Data are represented as mean ± SEM of 10 non-overlapping
microscopical fields (*p < 0.05).

FIGURE 8. Response of fibroblasts in untreated and treated
acute wounds in normo- and hyperglycemic mice. (A) Fibroblasts
count at T0, T1, T2 and T3. Data are represented as mean ± SEM of
10 non-overlappingmicroscopical fields (*p < 0.05). (B) Representative
Hsp47 fluorescence staining of fibroblasts from Exe-4-treated wounds
collected at T0 and T3 from normo- (NTW) and hyperglycemic
(HTW) mice. Fluorescence microscopy, scale bar = 10 µm.
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other cells that participate in the formation of infiltrates, such
as MCs [33]. The fact that interactions have been found
between these two cell types seems to confirm this
hypothesis. Subsequent analysis has shown that fibroblasts
actively participate in the stimulus caused by the drug, since,
in the various experimental time points, their density is
significantly higher in normo- and hyperglycemic treated
wounds compared to untreated ones. In particular, the
density of fibroblasts increases, already at T2, while a
significative high number of these cells is observed at T3 in
treated wounds. This data is probably closely related to the
differentiation of these cell types in myofibroblasts. Thus,
these cells are evidently affected by the stimulus evoked by
Exe-4 as they differentiate only at T3 in treated wounds.
This observation is surprising considering the significance of
the various densities with respect to those obtained in
untreated wounds.

Conclusion

In conclusion, it appears that Exe-4 accelerates wound healing
kinetics acting particularly in the proliferative phase,

regardless of whether the mice analyzed are normo- or
hyperglycemic.

However, it is imperative to underscore that this
investigation is subject to numerous limitations. First, most
of the human type 2 diabetes is not clinically compatible
with streptozotocin-induced diabetes, but this experimental
model is considered valid for wound healing. Second, the
closure of excisional wounds in this study may be
influenced by wound contracture rather than the genuine
effect of re-epithelialization. Third, the restricted quantity of
mice. Fourth, when applied intradermally, it is impossible to
exclude that Exe-4 has some degree of systemic bioavailability.
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