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Abstract

The wound healing process, which is a pathophysiological process that
includes various phases, is interrupted in diabetes due to hyperglycemia, and
since deterioration occurs in these phases, a normal healing process is not
observed. The aim of the current study is to investigate the proliferative and
antiapoptotic effects of metformin on wound healing after topical application
on diabetic and non-diabetic wounds. For this purpose, we applied metformin
topically on the full-thickness excisional wound model we created in diabetic
and nondiabetic groups. We investigated the effects of metformin on the
apoptotic index by the Terminal deoxynucleotidyl transferase mediated dUTP
Nick-End Labeling method and on collagen-I, collagen-III, p53, and c-jun
expression levels by quantitative reverse transcription polymerase chain reac-
tion technique in wound biopsy tissues. Our results showed that c-jun and p53
mRNA levels and apoptotic index increased with the effect of diabetes, while
collagen synthesis was disrupted. As a result of the study, we showed that
metformin increases cellular proliferation and has anti-apoptotic effects by
increasing collagen-1/III expression and decreasing p53/c-jun level, especially
in diabetic wounds and also in normal wounds. In conclusion, the topical
effect of metformin on diabetic wounds reversed the adverse effects caused by
diabetes, increasing the wound healing rate and improving the wound repair
process.
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Key messages

« Since chronic hyperglycemia, which is the clinical outcome of diabetes,
causes prolongation of the inflammatory phase in the proliferative phase
and apoptosis of important cells, a healthy wound healing is not observed.

« In order to prevent the prolonged inflammation phase in diabetic wounds
and to accelerate the wound healing process by increasing collagen
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1 | INTRODUCTION

Wound healing, which is a pathophysiological process
that includes various stages such as haemostasis, inflam-
mation, proliferation and maturation, is impaired due to
hyperglycemia, which is the most prominent clinical out-
come of diabetes mellitus (DM)."* When the inflamma-
tion subsides, the wound enters the proliferative phase.’
While type III collagen, the main component of granula-
tion tissue, is mainly produced in the proliferation phase,
it is gradually replaced by type I collagen in the remodel-
ling phase, resulting in increased tensile strength and
maturation of the dermal tissue or scar.*” On the other
hand, the activator protein-1 (AP-1) transcription factor,
composed of homo- and heterodimers of Fos and Jun,
plays a role in the regulation of genes important for dif-
ferentiation, cell migration, wound re-epithelialization,
apoptosis and proliferation processes, and is involved in
wound healing.®® Especially in the proliferating cell, the
expression of c-jun and c-fos is highly increased and acts
as an important player in cell cycle progression.”’® In
contrast, AP-1 also modulates the transcription of several
inflammatory genes, particularly matrix metalloproteases
(MMPs)."" MMP-9 and MMP-2 degrade denatured colla-
gens during the granulation events of cell migration and
wound healing. It has been shown that the tensile
strength of nonhealing wounds in DM is lower than
normal and this is associated with a decrease in collagen
synthesis.'*"* In addition, AP-1 components also have
some opposing functions inside the cell. The most well-
known of these functions is that it triggers apoptosis with
its ability to regulate the expression and function of one
of the cell cycle regulators, such as p53, when exposed to
both cellular and environmental stress factors.'*">
Apoptosis, which is defined as three main extrinsic,
intrinsic and p53-dependent pathways, is a cell death pro-
cess that is necessary for normal physiological function
and to maintain cellular homeostasis and occurs in
response to various causes.'® Cells with specialized func-
tions that increase at different stages of the wound heal-
ing process should be removed from the wound after
each stage after their task is completed. Apoptosis, which
is the healthiest method of this elimination, performs

production, we applied metformin, which is known to have anti-inflammatory
properties, topically on the diabetic wound model we created in rats.

« The wound repair process is improved due to the normal occurrence of apo-
ptosis through the inhibition of p53 and the increase in COLI/III expression
due to the downregulation of c-jun.

without tissue damage or inflammation.'”'® However,
oxidative stress induced by a hyperglycemic condition in
DM causes DNA damage and induces apoptosis as a
result of the transcription of apoptosis-related genes
through mechanisms associated with the activation of
p53."°7?! Eventually, excessive apoptosis due to oxidative
stress in diabetic patients causes susceptibility to infec-
tion during wound healing and paves the way for delayed
wound healing due to the prolonged inflammation pro-
cess in wound healing.22 For this reason, it is seen that
there is a need for locally applied agents with anti-
inflammatory properties for a faster healing result, espe-
cially in inadequate wound healing caused by diabetes.

Metformin, which has recently received increasing
attention for its anti-inflammatory properties, is one of
the most commonly used oral medications for the treat-
ment of type 2 DM (T2DM). Recently, it has been
reported in studies that topically administered drugs are
known to be effective in faster wound contraction,
wound closure, and overall healing due to the desired
local effect directly at the wound site. Although it is
known to have the potential to improve inflammation,
there are few studies on the molecular mechanism of
wound healing of metformin, one of the oldest antidia-
betic agents.”>*° In light of this information, this study
evaluated the proliferative and antiapoptotic effects of
topical application of metformin, a widely used therapeu-
tic drug for T2DM, on the wound healing process in
healthy and Streptozotocin (STZ)-induced diabetic Wistar
albino rats.

2 | METHODS

2.1 | Animal study design

The experimental protocols of this study were approved
by the Laboratory Animals Local Ethics Committee of
Bezmialem University (2020/15). In the study, 24 healthy
adult male Wistar Hannover rats weighing between
300 and 350 g were used. Six rats were randomly distrib-
uted to each group, divided into four groups as non-
diabetic control group (NC), non-diabetic treatment
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group (NT), diabetic control group (DC) and diabetic
treatment group (DT). Rats randomly allocated to the
diabetic groups were injected intraperitoneally (IP) with
a single dose of 60 mg/kg STZ dissolved in 0.1 M sodium
citrate buffer (pH 4.5).>' Non-diabetic groups were given
only saline (IP). After ~72h, glucose levels of blood
samples taken from the tail vein of rats were measured, and
those higher than ~250 mg/dL were accepted as diabetes
and included in the experiment, rats below this limit
were excluded from the group.*’** 50 mg/kg sodium pen-
tobarbital was administered IP to the rats for anaesthesia
before each operation. Three circular 12 mm? full-thickness
excisional wound models were created using a sterile
punch on the back of all rats in the experimental groups,
and the wound healing process was followed for 14 days.>
While only saline was applied topically to the wounds of
the rats in the control groups and 3 mM metformin was
applied to the rats in the treatment groups every day on
the wounds by absorbing sterile surgical sponges. On the
3rd, 7th, and 14th days, the rats were reoperated for wound
healing follow-up and wound biopsy samples. After the last
wound biopsy was taken on the 14th day, the experiment
was terminated without any treatment, and the rats were
sacrificed with high-dose anaesthesia. Wound diameter
measurements were made using the AutoCAD® 2021 soft-
ware. The wound closure percentage was calculated
according to the following formula**:

Percentage wound contraction on Nth day
Wound area on Nth day

— x 100
Wound area on first day

=100

2.2 | RNA isolation from tissue
In order to isolate total RNA from the tissue, the wound
biopsy tissues were homogenized using zirconium beads

TABLE 1 Primers of genes JUN,
COL1A1, COL3A1l, TP53 and G6PD for
performing quantitative reverse
transcription polymerase chain
reaction.

Gene name

(AP1 subunit)

Collagen type III alpha 1

Tumour protein 53 (p53)

Glucose 6-phosphate
dehydrogenase

Transcription factor Jun

Collagen type I alpha 1

P - WiLEY- L 2

in a homogenizer. RNA was purified from the lysates,
using the total RNA isolation kit from tissue (High Pure
RNA Tissue Kit-Roche) as described in the steps in the
manufacturer's protocol. Purified RNAs were stored at
—80°C until the day of analysis.

2.3 | Quantitative reverse transcription
polymerase chain reaction

The purified RNAs were taken from —80°C where they
were stored, and the samples were thawed, and quantita-
tive changes in the amounts of P53, COLI, COLIII and
AP-1 mRNA were determined by reverse transcription
real-time polymerase chain reaction (RT-qPCR). This
analysis was performed on a Roche LightCycler 480 II
device using the LightCycler® EvoScript RNA SYBR®
Green I Master kit and primers (Merck) designed with
the Primer3 program (Table 1). In order to check for con-
tamination in each reaction, the reaction mixture without
RNA was added as a negative control. In order to control
the specificity of the primers, a melting curve was added
after the amplification, and the binding of the primers
was checked by Tm analysis. 27 ACt results of TP53, COLI,
COLIII and cJUN relative mRNA expression levels were
calculated by the system compared to G6PD.

2.4 | Terminal deoxynucleotidyl
transferase mediated dUTP Nick-End
Labeling

Terminal deoxynucleotidyl transferase (TdT) mediated
dUTP Nick-End Labeling (TUNEL) was used for the
determination of apoptosis. Tissue sections taken into
Coplin jars were deparaffinized and rehydrated according
to the standard protocol. Antigenic masking was removed

Gene symbol Primer sequence (5'-3')

JUN F: TGACCAGAAGATGGTGCAGT
R: CACAGCGCATGCTACTTGAT

COL1A1 F: ACATCTCTGTGAAGGGGTGG
R: GCACTCTCTCCTCCCTTGTT

COL3A1 F: GACTCGGGATCTGTCCTCTG
R: CAGGTGTAGAAGGCTGTGGA

TP53 F: TATCTGGACGACAGGCAGAC
R: CGTGATGATGGTAAGGATGG

G6PD F: ACATCCGCAAACAGAGTGAG

R: GCTGTTGAGGTGCTTGTAGG
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after boiling for 5min in the microwave with citrate
buffer (pH 6.0). Then the tissues were washed in PBS for
2 x 5min and the TUNEL method was applied
according to the recommended procedure in the kit
(Chromogenic Apoptosis Detection Kit, A049, ABP
Bioscience).

One negative and one positive control were used for
the specificity of the immunostaining. PBS was added to
the section used as a negative control instead of the pri-
mary antibody, and all the steps were applied exactly.
Mayer's haematoxylin dye was used for counterstaining.
Apoptotic index detection was performed by counting
brown-stained nuclei in 10 randomly selected areas
under a light microscope (LEICA DMS500) at x40 magni-
fication. The apoptotic index was calculated by taking the
arithmetic mean of the 10 counted areas.

2.5 | Statistical evaluation

According to the data of our previous similar study, using
G Power 3.1 software, the sample size was calculated as a
minimum of n = 6 in each group, assuming the signifi-
cance level @ = 0.05 and $ = 0.20.%° Statistical analysis of
the data obtained at the end of the study was performed
using GraphPad Prism 8.0.2 software. The differences
between the groups were evaluated with the analysis of
variance test, paired comparisons were made with the
Tukey test for significant results. Pairwise comparison of
normal and diabetic groups at day 0 was analysed by
t-test. The mean + SD value was given as descriptive
statistics. p < 0.05 was considered statistically significant.

3 | RESULTS

31 | Wound healing

Figure 1A shows the percent values of wound healing rates
as a line graph, Figure 1C shows these percentages as
mean + SD bar graph on the graph, and Figure 1B shows
the comparative photographs of wound healing by groups
and days (Table 2). In both untreated control groups,
only a significant increase was observed on days 7 and
14 compared to day 0 (p < 0.0001 for NO; p < 0.0001 for
DO0). In the NT group, on the 3rd, 7th, and 14th days, it
was shown that metformin accelerated wound healing at
a statistically significant level (p < 0.0001; p < 0.0001;
p < 0.0001, respectively) compared to day 0. Similarly,
the percentage of wound closure in the DT group showed
a significant decrease every 3 days after treatment
compared to day 0 (p = 0.0112; p < 0.0001; p < 0.0001,
respectively).

3.2 | Demonstration of TP53, COL1Al,
COL3Al, JUN expression by RT-qPCR
method

According to the results of JUN mRNA expression
levels (Figure 2A, Table 3); a significant increase was
observed in the NO group compared to day
3 (p = 0.0409), while a dramatic decrease was observed
on treatment days 7 and 14 compared to day 0 (respec-
tively; p = 0.0008; p = 0.0008). While a statistically sig-
nificant increase was detected only on day 3 compared
to day 0 in the DO group (p = 0.0004), although there
was a decrease on days 7 and 14, no statistical signifi-
cance was observed. In the NT group, a significant
decrease was observed on the 3rd, 7th and 14th days of
wound healing compared to day 0 (respectively;
p = 0.0011; p <0.0001; p < 0.0001). When evaluated
according to the statistical analysis in the DT group, a
significant dramatic decrease was observed on the 3rd,
7th and 14th days compared to day O (respectively;
p < 0.0001; p < 0.0001; p < 0.0001).

According to the results of COL1A1 mRNA expres-
sion levels (Figure 2B, Table 3); a significant increase was
observed on the 14th treatment day compared to the Oth
day in the NO group (p = 0.0384). In the NT group, a lin-
ear significant increase was observed on the 3rd, 7th and
14th days of wound healing compared to day 0 (respec-
tively; p = 0.0051; p < 0.0001; p < 0.0001). No significant
change was observed on all days compared to day 0 in
the DO group. On the other hand, when the DT group
was evaluated compared to days, a significant increase
was observed on days 7 and 14 compared to day O (respec-
tively; p = 0.0039; p < 0.0001).

According to the results of COL3A1 mRNA expres-
sion levels (Figure 2C, Table 3); when in-group compari-
sons were made according to days in the NO and DO
groups, no significant change was observed on any day
compared to day 0. In the NT group, which is one of the
treatment groups, a significant increase was observed on
the 3rd and 7th days of wound healing compared to the
Oth day (respectively; p = 0.0011; p = 0.0115). In the DT
group, which is another treatment group, a significant
increase was observed on the 3rd day compared to the
Oth day when evaluated compared to the days
(p = 0.0263).

According to the results of TP53 mRNA expression
levels (Figure 2D, Table 3); in the NO group, a significant
increase was observed on the 3rd day compared to the
Oth day (p=0.0103). A significant reduction was
observed in the NT group on days 3 and 7 of wound heal-
ing compared to day O (respectively; p = 0.0329;
p = 0.0057). A statistically significant increase was found
in the DO group on days 3 and 7 compared to day O
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FIGURE 1 Graphical representation of
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(respectively; p = 0.0004; p = 0.0007). When the DT 3.3 | Demonstration of apoptosis change

group was evaluated compared to days, a significant dra- by TUNEL method

matic decrease was observed on days 3, 7 and 14 com-

pared to day O (p <0.0001; p < 0.0001; p < 0.0001, In Figure 2D, in-group evaluations of the apoptotic
respectively). index compared to days are graphed, and in Figure 3,
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TABLE 2 Change of wound rate in all control and treatment groups.
Day 3 Day 7 Day 14
Non-diabetic control group 14.02 + 6.523 67.55 + 3.14%% 91.62 + 3.004**

Non-diabetic treatment group 37.19 + 5.818****

Diabetic control group 12.32 + 8.543

Diabetic treatment group 18.46 + 7.004*

71.28 + 3.375%#**
60.24 + 4.325%***
64.83 + 1.864%***

98.89 + 0.6156™***
91.05 + 2.272%%*
95.56 + 1.778****

Note: Values are stated as the mean + SE. All values were compared with respect to day 0.

*p < 0.05; ¥*p < 0,0001.

microscopic images of apoptotic cells after TUNEL
staining in wound biopsy tissue sections taken on days
0, 3, 7, and 14 from all groups are presented (Table 3).
The results of the analysis of tissue samples on the day
of the first wound (day 0) without any treatment
showed a significant increase in the diabetic group
compared to the normal group (p = 0.0005). When
compared within the group according to the days; In
the NO group, a significant increase was seen at day
3 compared to day 0 (p = 0.0214). In the NT group,
however, no significant difference was found on treat-
ment days compared to day 0. While a significant
increase was observed on the 3rd and 7th treatment
days in the DO group compared to the Oth day (respec-
tively; p = 0.0021; p = 0.0355); A significant decrease
was observed on days 3, 7, and 14 in the DT group com-
pared to day O (respectively; p = 0.0002; p < 0.0001;
p < 0.0001).

4 | DISCUSSION

Under normal conditions, wound healing occurs with the
regular combination of many cellular activities such as
phagocytosis, chemotaxis, mitogenesis, collagen synthesis
and synthesis of some matrix elements. In contrast,
wound healing in diabetic patients is disrupted at differ-
ent stages and is described as ‘delayed wound healing’."?
In this study, we examined the proliferative and antia-
poptotic effects of metformin, which is used as a first-line
oral antidiabetic in the treatment of type 2 diabetes, by
applying it topically on healthy and diabetic wounds.
While the percentage of wound closure showed a signifi-
cant increase in all three treatment days in the treatment
groups in which we applied metformin topically, it
showed a significant difference in the control groups,
with a percentage below the treatment groups only on
the 7th and 14th days. Thus, it is clearly seen as a result
of the study that topical metformin treatment accelerates
the wound healing process in healthy tissue, as well as
accelerates the diabetic wound healing process even more
than the spontaneous wound healing process.

Oxidative stress induced by high glucose causes DNA
damage, and occurred cell damage by genotoxic events
activates p53, a transcription regulator gene, and can
induce apoptosis by p53-related mechanisms.'® Apoptosis
prevents excessive inflammation by killing inflammatory
cells such as neutrophils and macrophages. If the inflam-
mation proceeds continuously, normal wound healing
will not occur. Although limited apoptosis is beneficial in
wound healing, too much or abnormal apoptosis nega-
tively affects wound healing, as in many pathological
conditions, including diabetes with poor glycemic con-
trol.>* Also, the increased AGE level caused by chronic
hyperglycemia causes prolongation of the inflammatory
phase in the proliferative phase, decreased migration and
wound contraction, and apoptosis of important cells.*®
Early apoptosis of fibroblasts prevents the formation of
granulation tissue. In a study evaluating the effect of apo-
ptosis on wound healing in a diabetic condition, Desta
et al. showed that impaired gingival wound healing is
common in diabetic mice due to increased fibroblast
apoptosis.®” In another wound model in which melatonin
was applied topically, it was reported that the amounts of
caspase-3 and p53 decreased significantly in the treat-
ment groups, but these effects did not accelerate wound
healing.®® A cutaneous wound model study in mice
showed that transient inhibition of p53 with pifithrin-o
(PFT-o) promotes early cell proliferation, which is essen-
tial for rapid tissue repair.*® In our study, we observed
that hyperglycemia-induced apoptosis in parallel with
the increase in the amount of p53 compared to control.
On the other hand, the amount of p53 mRNA and the
ratio of apoptotic cells were significantly reduced in
the diabetic and non-diabetic groups treated with metfor-
min compared to the controls. In light of the data of our
study; metformin accelerated wound healing by suppres-
sing apoptosis via the p53 pathway in the pathophysio-
logical processes of wound healing, especially due to the
stress induced by diabetes.

AP-1, which plays an active role in cell proliferation;
is activated by phosphorylating the c-Jun subunit. How-
ever, against this feature, it is thought that c-jun activity
plays a role in the development of stress-induced
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(A) Relative cJUN mRNA Expression Level
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FIGURE 2 Graphical representation of mRNA levels and apoptotic index change in all control and treatment groups. Relative mRNA
levels following full-thickness excisional wound formation and treatment with topical metformin, as determined by quantitative reverse
transcription polymerase chain reaction. Apoptotic index following full-thickness excisional wound formation and treatment with topical
metformin, as determined by TUNEL staining. Values are stated as the mean + SD. All values were compared with respect to day 0. *p < 0.05;
**p < 0.01; ***p < 0.001; and ****p < 0.0001. DO, diabetic group on the first day of wound opening; DC, diabetic control group; DT, diabetic
treatment group; NO, non-diabetic group on the first day of wound opening; NC, non-diabetic control group; NT, non-diabetic treatment group.
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FIGURE 3 Microscopic images of

apoptotic cells after TUNEL staining in all

control and treatment groups. As a result of

counterstaining with Mayer's haematoxylin,

we considered blue-stained nuclei as healthy

cells and brown-stained nuclei as apoptotic

cells. Apoptotic cells are shown in detail with

the arrow in the figure. Apoptotic nuclei are

indicated with an arrow (—) as an example in

each group. DC, diabetic control group; DT,

diabetic treatment group; NC, non-diabetic

control group; NT, non-diabetic treatment

group.

TABLE 3 Evaluations of relative mRNA levels and apoptotic index following full-thickness excisional wound formation and treatment

with topical metformin on days 0, 3, 7, and 14.

Parameters

COLI

COLIIL

c-JUN

p53

Apoptotic index

Days
Day 0
Day 3
Day 7
Day 14
Day 0
Day 3
Day 7
Day 14
Day 0
Day 3
Day 7
Day 14
Day 0
Day 3
Day 7
Day 14
Day 0
Day 3
Day 7
Day 14

Groups

Non-diabetic
control group

4.59 + 1.346
4.708 + 1.84
6.185 + 1.869
7.08 + 1.329*
3.951 + 1.321
5.388 + 1.515
4.088 + 2.213
4.096 + 1.944
0.791 + 0.239
1.25 + 0.494*
0.051 + 0.021%**
0.054 + 0.021***
1.6 + 0.36
2.507 + 0.713*
1.867 + 0.40
1.315 + 0.096
3.66 + 0.748
543 + 0.931*
4.54 £ 0.61
2.697 + 1.045

Non-diabetic

treatment group

6.761 + 1.274**
8.437 + 1.004****
10.75 + 0.4903%***

7.711 + 1.312%*
6.907 + 1.64*
5.265 + 2.5

0.361 + 0.227**
0.037 + 0.016%***
0.045 + 0.016%***

1.55 + 0.35
1.082 + 0.273*
0.943 + 0.188**

2.787 + 2.005
2.35 £ 0.981
2.427 + 0.859

Note: Values are stated as the mean + SD. All values were compared with respect to day 0.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Diabetic
control group
2.688 + 0.9387
2.453 + 0.8849
3.199 + 1.222
3.501 + 1.932
2.724 + 0.8524
3.723 + 1.444
2.774 + 1.577
3.35 + 1.389
1.223 + 0.25
2.779 + 1.542*
0.515 £ 0.015
0.047 + 0.001
5.624 + 1.481
12.87 + 2.479%**
12.45 + 3.597%**
5.853 + 1.983
28.91 + 9.952
59.38 + 8.144**
49.79 + 3.698*
21.31 +£17.12

Diabetic
treatment group

4.083 + 0.9835
5.345 + 1.28**
6.802 + 1.771%%**

5.416 + 1.994*
3.628 + 2.29
3.959 + 1.676

0.212 + 0.352%%**
0.059 + 0.021%***
0.044 + 0.055%***

2.127 + 0.637%%**
1.672 + 0.447****
1.423 + 0.171%***

9.783 + 2.315%**
3.588 + 1.199%*#**
3.887 4 2.5%#*
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FIGURE 4 Graphical abstract of the results of our study.

apoptosis, DNA repair steps in response to genotoxic
damage, and cell cycle arrest."*'* In addition, phosphory-
lated AP-1 is also known to regulate genes involved in
wound healing, such as growth factors and MMPs.’ Evi-
dence from recent in vitro wound model studies have
shown that c-Jun expression increases as a result of treat-
ment with different agents, which promotes the migra-
tion and proliferation of keratinocytes, thereby
accelerating wound healing.**** However, in another
study, they showed that high glucose increased the
mRNA and protein level of AP1 subunits c-Fos/c-Jun,
resulting in the activation of AP1 in diabetic skin tissue.*®
In an in vivo wound model, photobiomodulation treat-
ment combined with a topical hydrogel prepared from
the fruit of Lycium barbarum was shown to decrease
MMP-1/-2/-9 expression as well as c-Fos/c-Jun, and
increase collagen I/III level, inhibit skin thickening
caused by ultraviolet radiation.** In the results of our
study, we showed that the mRNA expression of c-jun was
significantly higher in the tissue of hyperglycemic rats,
and it decreased significantly with metformin treatment
on the 3rd day compared to the Oth day. In addition,
there was a significant decrease in c-jun expression on all
three treatment days compared to day 0, while a signifi-
cant increase was observed in the control groups on the
3rd day. In our previous study, we showed that while

Wound
Healing

- WiLEY-L e

* Apoptotic cell TP53

coLl

coLin cJUN

c-jun, MMP2, MMP9 expression decreased, COLI and
COLIII expression increased with treatment in the
wound model in which we applied larval secretion,
which, in turn, accelerated wound healing.35 In addition,
in the wound model study in which we applied topical
metformin, we showed that it reduced MMP2/9 levels
and therefore suppressed inflammation.*’

Collagen is the essential and major component of the
extracellular matrix and contributes significantly to
wound integrity, wound remodelling process, and healing
process, thus largely dependent on its regulated biosyn-
thesis, accumulation, and subsequent maturation.*® In
the early phase of wound healing, Type III collagen is
synthesized and replaced by Type I collagen in the later
phase of wound healing. Thus, the highest percentage of
type I collagen compared to Type III collagen indicates
the collagen maturation status.*”*® Increasing the
amount and organization of collagen with many agents
used has been directly associated with accelerating and
improving the wound repair process.*”> In an in vivo
model, in which the effect of calcium alginate on wounds
was examined and parallel to our study, it was reported
that COLI expression increased from the 3rd day to
the 14th day in the treated group, and there was no
significant difference in COLIII expressions between
the two groups.’® Ganeshkumar et al. showed that
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topically applied Acalypha indica extract improved cellu-
lar proliferation by significantly increasing the expression
of COLI (150%) and COLIII (180%) on the 7th day of scar
tissue.”” We also found that metformin, which we applied
topically on the wounds, showed a linearly significant
increase in COLI mRNA expression every three treat-
ment days in non-diabetic wounds and on the 7th and
14th days in diabetic wounds compared to the first day.
In the untreated groups, we found that there was a sig-
nificant increase in the healthy wound only on the 14th
day, while no significant difference was observed in the
diabetic control wound. While COLIII mRNA level
increased significantly on the 3rd and 7th days in the
treated healthy wound and on the 3rd day in the dia-
betic wound, no significant changes were observed in
the control groups.

New treatment options and their effects are still being
investigated to improve the wound repair process, espe-
cially in chronic wounds caused by hyperglycemia, which
is one of the physiological consequences of diabetes.
There is still a molecular gap in the literature to be
filled in order to increase treatment options and to
propose new potential therapeutic agents. As a result
of this study, in which we aimed to show the effect of
metformin on the created full-thickness excisional
wound model, metformin showed a therapeutic effect
that accelerates wound healing by increasing collagen
production, which is an important biomarker in the
proliferation phase, due to inhibition of apoptosis in
both spontaneous wound healing and diabetic wound
healing (Figure 4). In addition, the reason for the
increase in wound healing rate with metformin can
probably be related to the inhibition of the activation
of MMPs due to the decreased expression of AP-1 as a
result of treatment with metformin, and thus the
increase of collagen synthesis. Thus, we showed that
metformin is not only an orally used antidiabetic agent
but also a potential topical agent for wound healing.
In conclusion, metformin increases cellular prolifera-
tion and accelerates wound healing by increasing
collagen 1/3 expression and decreasing the p53/c-jun
level.
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