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Abstract

Oxidative stress and persistent inflammation play crucial role in the progression of diabetic wound
complications. N-Acetylcysteine (NAC) is an amino acid derivative that promotes wound healing because of
its ability of antioxidant properties. The aim of this study was to evaluate the effect of systemic NAC
administration on oxidative stress, inflammatory markers, and collagen production in diabetic wound healing.
Induction of diabetes was done by intraperitoneally administration of streptozotocin in Wistar rats. A dorsal
circular wound was created in diabetic rats. After that subjects were treated with NAC (60 mg/kg)
intraperitoneally to evaluate the wound healing potential of NAC. In the wound tissues of diabetic rats, lipid
peroxidation and inflammatory markers were significantly increased (p<0.05). Superoxide dismutase and
catalase activities, glutathione and NOx levels, and collagen production were significantly reduced in diabetic
group (p<0.05). NAC administration increased antioxidant status and NOx levels, reduced lipid peroxidation
and inflammatory marker levels in treated diabetic group compared to diabetic group (p<0.05). Additionally, in
the diabetic NAC treatment group, collagen production was significantly increased and wound area was
significantly smaller than diabetic group (p<0.05). Low dose NAC administration was found to be effective in
diabetic wound healing by reducing oxidative stress and inflammation and increasing collagen production.
Keywords: Wound healing, diabetes, N-acetylcysteine, oxidative stress, pro-inflammatory markers

Diisiik Dozda N-Asetilsistein Uygulamasi Diyabetik Yara Iyilesmesini Hizlandirir m?

Oz

Oksidatif stres ve kalici inflamasyon, diyabetik yara komplikasyonlarmin gelismesinde énemli rol oynar. N-
Asetilsistein (NAC), antioksidan 6zelliklerinden dolay1 yara iyilesmesini hizlandiran bir amino asit tiirevidir.
Bu ¢aligmanin amaci, sistemik NAC uygulamasinin diyabetik yara iyilesmesinde oksidatif stres, inflamatuar
belirtegler ve kollajen tiretimi lizerindeki etkisini degerlendirmektir. Wistar sicanlarda diyabet indiiksiyonu,
streptozotosinin intraperitoneal olarak uygulanmasiyla yapilmistir. Diyabetik si¢anlarda dorsal dairesel bir
yara olusturulmugtur. NAC'nin yara iyilestirme potansiyelini degerlendirmek i¢in denekler intraperitoneal
olarak NAC (60 mg / kg) ile tedavi edilmistir. Diyabetik siganlarin yara dokularinda lipid peroksidasyonu ve
inflamatuar belirtegler 6nemli 6lgiide artmustir (p<0.05). Diyabetik grupta siiperoksit dismutaz ve katalaz
aktiviteleri, glutatyon ve NOx seviyeleri ve kollajen iretimi anlamli olarak azalmistir (p<0.05). NAC
uygulamasi, diyabetik gruba kiyasla, tedavi edilen diyabetik grupta antioksidan durumu ve NOx diizeylerini
arttirmus, lipid peroksidasyonunu ve inflamatuar belirte¢ diizeylerini diigiirmiistiir (p<0.05). Ayrica diyabetik
NAC tedavi grubunda kollajen iiretimi anlaml1 olarak artmig ve yara alani diyabetik gruba gore anlamli olarak
kii¢iilmustiir (p<0.05). Diisiik doz NAC uygulamasinin, oksidatif stresi ve inflamasyonu azaltarak ve kollajen
iretimini artirarak diyabetik yara iyilesmesinde etkili oldugu bulunmustur.

Anahtar Kelimeler: Yara iyilesmesi, diyabet, N-asetilsistein, oksidatif stres, pro-inflamatuar markérler.

1. Introduction diabetes, with diabetic foot ulcers (DFU)

- o often seen clinically. Serious ulcerations can
Delayed or impaired wound healing is one of  yasyIt in limb amputation (Westyb et al.,

the most significant ~complications  of 2020), which adversely affects the patient’s
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quality of life. Normal wound healing is an
integrated and highly complex series of
events that require the interaction of many
cell species such as keratinocytes, endothelial
cells, inflammatory cells, and fibroblasts,
accompanied by the action of growth factors
and enzymes. The wound healing process

consists of several successive  steps:
inflammation, re-epithelialization,
neovascularization, granulation tissue

formation, contraction, scar tissue formation,
and tissue remodeling (Brocke and Barr,
2020). The inflammatory phase, the first
stage in wound healing, is a critical step to
prevent the development of infection and
initiate tissue regeneration. Diabetic wound
healing is characterized by a prolonged
inflammatory phase caused by an increase in
inflammatory  cytokines, delayed re-
epithelialization, and oxidative stress due to
the overproduction of reactive oxygen
species (ROS) (denDekker et al., 2019).
Hyperglycemia  contributes  to  this
delayed/impaired healing process in diabetes,
leading to increased polyol pathway activity
in cells. Increased conversion to fructose
leads to a decrease in nicotinamide adenine
dinucleotide phosphate (NADPH) and an
increased risk of oxidative stress due to
elevated superoxide radical (O;") production.
In the presence of hyperglycemia, advanced
glycation end products (AGE) are formed as
a result of the non-enzymatic glycation of
collagen and other proteins. AGE can cause
increased oxidative stress and activate
nuclear factor kappa B (NF-xB), which is an
important transcription factor that leads to
inflammation and decreased resolution of the
extracellular matrix (Boniakowski et al.,
2017). There is a sensitive balance between
the levels of ROS and antioxidants to prevent
oxidative damage in biological systems,
which changes in favor of ROS in diabetes.
ROS and antioxidant systems that eliminate

free radicals play a key role in normal and
diabetic wound healing (Dunnil et al., 2017;
Fui et al., 2019). ROS such as Oy, hydrogen
peroxide (H20,), and nitric oxide (NO) act as
cellular messengers to stimulate phases of
wound healing and defend against
microorganisms that invade the wound site.
On the other hand, endogenous enzymatic
antioxidants such as superoxide dismutase
(SOD), catalase (CAT), and glutathione-S-
transferase (GST), in addition to endogenous
non-enzymatic  antioxidants  such  as
glutathione (GSH), prevent the
overproduction of ROS during the early
stages of wound healing. When antioxidative
defense systems cannot adequately scavenge
ROS, oxygen radicals damage cell lipids,
proteins, and DNA, causing oxidative stress
(Tort et al., 2020; Thi et al.,, 2020). N-
acetylcysteine (NAC) is a thiol compound
clinically approved for use as a mucolytic
agent (Aldini et al., 2018). The effects of

NAC, such as protein kinase B
phosphorylation, NF-«xB activation, and
reduction of  oxidative stress and

inflammation, have been shown to occur by
different mechanisms including translocation
of cytosolic proteins (Wang et al., 2013).
NAC activates endothelial cells (EC) through
mechanisms that cannot yet be fully
explained. Moreover, it has been reported
that NAC may have a wider therapeutic
potential, especially in diabetes (Lasram et
al., 2015). In rodent diabetic models, NAC
has been shown to increase insulin sensitivity
(Ismael et al., 2008; Lasram et al., 2015).
Several clinical and experimental studies
have indicated beneficial effects of NAC on
insulin resistance and type 2 diabetes (Shen
et al., 2018; Li et al., 2020). Positive
contributions of NAC treatment to wound
healing have also been demonstrated
(AlMatar et al., 2016; Adil et al., 2018;
Janeczek et al., 2019). Therapeutic dosages
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of NAC have not been conclusively specified
in the literature; thus, further studies are
needed to determine optimal therapeutic
dosing. Research related to the effects of
NAC on diabetic wound healing in vivo are
limited. Accordingly, the present study aimed
to investigate the effects of systemic
administration of low-dose NAC (60 mg/kg)
on wound healing and oxidative parameters
in rats with streptozotocin (STZ)-induced
diabetes.

2. Material and Methods

Twenty-four (24) adult male Wistar albino
rats weighing 250-300 g was used in the
present study. The animals were allowed to
acclimatize to the laboratory conditions for a
week before beginning the experiment. Prior
to and during the experiments, all rats were
placed in separate cages in a light- and
temperature-controlled environment (12/12 h
light/dark cycle and 25 + 3°C). Animals had
access to water and standard food ad libitum.

Ethical statement

All experimental procedures performed in
animals were approved by the Giresun
University Animal Experiments Ethics
Committee  (12763492-600-E.62401). All
animal experiments were carried out in the
Giresun University Experimental Animals
Laboratory.

Diabetic model

To create the diabetic model, single-dose
intraperitoneally (IP) STZ injection (60
mg/kg body weight) dissolved in sodium
citrate solution (0.1 molar, pH 4.5) was
administered to overnight-fasted animals.
Blood glucose levels were measured 72
hours after injection using a glucometer
(Accu-Chek®™ Instant S). Blood glucose
levels above 250 mg/dL were considered
diabetic (Furman, 2015). Diabetic animals

were maintained for six weeks prior to
creation of the wound model.

Wound model

The rats were anesthetized with IP ketamine
hydrochloride (80 mg/kg) and xylazine
hydrochloride (10 mg/kg). The animals were
placed in the dorsal decubitus position, the
dorsal area shaved, and the shaving area
treated with 70% alcohol. Three circular
wounds, right and left, were created by
removing the epidermis using a 6.0-mm
biopsy punch (Acu-punch®  Acuderm)
(Kaltalioglu et al., 2020).

Experimental groups
Rats were randomly divided into 4 groups.
Each group consisted of 6 animals:

Group Control (C): Healthy animals were
wounded only.

Group Diabetes (D): Diabetic animals were
created with STZ, which were wounded six
weeks later, but not treated.

Group Control NAC treatment (CNAC):
Healthy animals were wounded and
subsequently injected with IP NAC (60
mg/kg, prepared daily in 0.9% NaCl
solution) for 7 days.

Group Diabetes + NAC treatment (DNAC):
Diabetic animals were created with STZ,
which were wounded six weeks later, and
subsequently treated with IP NAC injection
for 7 days.

Postoperative analgesia was provided by
daily 0.04 mg/kg SC buprenorphine injection
in wounded animals.

Morphological examination

The lesions were photographed using a
Canon 400D dSLR camera on days 0 and 7
to assess wound contraction. For all shots, a
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tripod was used to fix the camera—wound
distance. The wound area was evaluated
using the ImageJ software (National
Institutes of Health, USA).

Seven days after the wound was created, the
animals were sacrificed under anaesthesia
and the wound tissues were immediately
removed.

MDA measurement

As an indicator of lipid peroxidation, the
level of malondialdehyde (MDA) in wound
tissue was determined according to the
spectrophotometric method described by
Buege and Aust (1978).

GSH measurement

A modified Elman method was used to
determine the reduced glutathione in tissue
samples (Aykag et al., 1985).

NOx measurement

The NOx levels in the samples were
determined by the spectrophotometric
method described by Miranda et al. (2001).

SOD activity measurement

SOD activity in the wound tissue was
determined using the method described by
Sun et al. (1988).

CAT activity measurement
The method developed by Aebi (1984) was
used to determine CAT activity.

Determination of the collagen level in
wound tissue

The total amount of collagen (types 1-V) in
the wound tissues was determined using a
commercial kit (Sircol™ Soluble Collagen
Assay).

Determination of Tumor Necrosis Factor-
a (TNF-0), Interleukin 1- g (IL-1p), and
Interleukin- 6 (IL-6) levels

TNF-0, IL-1B, and IL-6 levels in the
supernatant of wound tissue homogenate
were determined by commercial ELISA Kits
(Rat TNF-a Platinum ELISA, Affymetrix
eBioscience; Rat IL-1p ELISA ki,
eBioscience; Rat IL-6 ELISA kit
eBioscience) according to the manufacturer’s
instructions.

Statistical analysis

Statistical analysis was performed using
SPSS (version 22.0; SPSS Inc., Chicago, IL,
USA) for Microsoft Windows 10. All values
are expressed as the mean + SD; p<0.05 was
considered significant. Kruskal-Wallis test
was used to compare the wound area between
the groups, followed by the Wilcoxon sign
test for comparisons between wound areas on
days 0 and 7. Kruskal Wallis test was used to
compare  biochemical parameters and
collagen amounts between groups.

3. Results

MDA levels

The MDA levels are shown in Figure 1 The
highest MDA level in wound tissue was
found in  diabetic animals. NAC
administration significantly reduced the
MDA level in wound tissue in Groups CNAC
and DNAC as compared with their own
controls (p<0.05).

GSH levels

As seen in Figure 2, the GSH level in wound
tissue changed in parallel with enzymatic
antioxidative activities. The wound tissue
GSH level was highest in Group CNAC. The
GSH level decreased in diabetic wounds;
however, following NAC application, Group
DNAC (3.21 = 0.17 umol/g tissue) showed a
significant increase (p<0.05).
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MDA

Group C Group D Group CNAC

Figure 1. The effects of NAC treatment on
the lipid peroxidation levels of wound tissue.
¢ p<0.05 compared to Group C, ® p<0.05
compared to Group D, ¢ p<0.05 compared to
Group CNAC with the Kruskal Wallis Test

Group DNAC
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Figure 2. The effects of NAC treatment on
the GSH levels of wound tissue.

2 p<0.05 compared to Group C, ® p<0.05
compared to Group D, ¢ p<0.05 compared to
Group CNAC with the Kruskal Wallis Test

Group DNAC

Enzymatic antioxidant activities

The SOD and CAT activities are shown in
Figure 3A and 3B respectively. The highest
SOD and CAT enzyme activities in wound
tissues were found in Group CNAC, which
were significantly increased as compared
with the control (p<0.05). In Group D, SOD
and CAT enzyme activities in wound tissue
were decreased remarkably due to diabetes.
In Group DNAC wound tissue SOD and
CAT enzyme activities were increased as
compared with those in Group D (p<0.05).

SOD
2,50

2,00

1,50 ab,c

1,00 ac

(units/mg protein)

0,50

0,00

Group C

Figure 3A. The effects of NAC treatment on
the SOD activity of wound tissue.
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Figure 3B. The effects of NAC treatment on
the CAT activity of wound tissue.

2 p<0.05 compared to Group C, ® p<0.05
compared to Group D, ¢ p<0.05 compared to
Group CNAC with the Kruskal Wallis Test

NOX levels

As shown in Figure 4, the highest NOXx level
in wound tissue was measured in Group C.
The NOx level was significantly decreased in
Groups D, CNAC, and DNAC as compared
with that in Group C (p<0.05). In Group D,
the NOx level was significantly decreased as
compared with Group C (p<0.05) due to
diabetes. NAC administration significantly
increased the NOx level in wound tissue in
Group DNAC as compared with Group D
(p<0.05).
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NOx

Group C Group D Group CNAC

Figure 4. The effects of NAC treatment on
the NOXx levels of wound tissue.

¢ p<0.05 compared to Group C, ® p<0.05
compared to Group D, ¢ p<0.05 compared to
Group CNAC with the Kruskal Wallis Test

Group DNAC

Collagen quantity

As viewed in Figure 5, the quantity of wound
tissue collagen was dramatically reduced in
Group D as compared with Group C
(p<0.05). NAC treatment significantly
increased the amount of collagen in both
Groups CNAC and DNAC as compared with
their own controls (p<0.05).
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Figure 5. The effects of NAC treatment on
the Collagen levels of wound tissue.

2 p<0.05 compared to Group C, ® p<0.05
compared to Group D, ¢ p<0.05 compared to
Group CNAC with the Kruskal Wallis Test

Group DNAC

TNF-a, IL-1p, and IL-6 levels

The results presented in Figure 6A, 6B and
6C indicated that inflammatory markers
(TNF-a, IL-1pB, and IL-6) were significantly

increased in Group D (p<0.05) as compared
with Group C. However, in Group DNAC,
the levels of inflammatory markers were
significantly decreased (p<0.05).
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Figure 6A. The effects of NAC treatment on
the TNF-a levels of wound tissue.
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Figure 6B. The effects of NAC treatment on
the IL-1p levels of wound tissue.
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Figure 6C. The effects of NAC treatment on
the IL-6 levels of wound tissue.

2 p<0.05 compared to Group C, ® p<0.05
compared to Group D, ¢ p<0.05 compared to
Group CNAC with the Kruskal Wallis Test
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Fasting blood glucose (FBG) levels

Fasting blood glucose levels of all groups at
the onset and the end of the experiment are
presented in Figure 7. FBG levels of the
Group D and Group DNAC were found to be
significantly higher than the initial values
(p<0.05).

600
500 x
400
300
200

100

, AN DN

Group C Group D

N mN

Group CNAC Group DNAC

BFBS (mg/dL) (Start of experiment) ®FBS (mg/dL) (End of experiment)

Figure 7 Effect of NAC on FBG levels. *
p<0.05

Wound area and percentage wound
contraction

According to the wound area and percentage
wound  contraction,  significantly  less
improvement was observed in Group D as
compared with Group C (p<0.05) (Table 1
and Figure 8). NAC treatment positively
affected wound healing. The smallest wound
area and highest wound contraction
percentage were found in Group CNAC as
compared with all other groups. In diabetic
wounds, NAC treatment (Group DNAC)
increased healing as indicated by a
significantly smaller wound area and higher
percentage wound contraction as compared
with Group D (p<0.05).

Table 1. Comparison of wound areas at 0 and 7th days

Wound Wound Wound
Wound . .
Groups Days area (mmd) areap contraction  Contraction
value ® (%) p value °
Group C 0 Day 28.31+0.27 0.01* 53.3%=+11.2% 0.01*
7th Day 13.20+0.50
Group D 0 Day 29.08+0.16 0.01 27.2%+7.4% 0.01
7th Day 20.63+0.31
Group CNAC 0 Day 28.44+0.23 0.01* 58.9%+14.1% 0.01*
7th Day 11.63+0.65
Group DNAC 0 Day 26.11+0.42 0.01* 52.1%+10.7% 0.01*
7th Day 13.56+0.57

2 Kruskall Wallis Test, > Wilcoxon Sign Test, *p<0.05 compared to Group D
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Diabetes

Day 0

Day 7

NAC Diabetes + NAC

N

4. Discussion

It is known that increased ROS production
causes cellular damage and plays a role in the
pathological development of diabetes (Luc et
al., 2017); however, ROS produced at low
concentrations creates a suitable environment
in the inflammatory phase to initiate the
wound healing process. The inflammatory
phase of wound healing, the onset and
cessation of which are tightly controlled by
cellular mechanisms, is highly sensitive to
the redox state of the wound (Kim et al.,
2019).  Overproduction or inadequate
elimination of ROS causes oxidative damage
by disrupting the redox state of the wound. In
addition, the accumulation of AGEs also
leads to increased oxidative stress (Luc et al.,
2017). It has been suggested that increased
oxidative stress is one of the underlying
molecular mechanisms of impaired wound
healing in diabetes (Cano-Sanchez et al.,
2018). It has been reported that oxidative
stress, which is known to be increased in
diabetic wound healing, may lead to a
stronger inflammatory response or a longer-

Figure 8. The effects of NAC treatment on the wound contractions of all groups at 0 and 7%
days. Control as Group C; Diabetes as Group D; NAC as Group CNAC; Diabetes + NAC as
Group DNAC.

lasting inflammatory phase (Luc et al., 2017;
Cano-Sanchez et al., 2018; Kim et al., 2019).
However, a reduction in, or impaired activity
of, antioxidant molecules may also be the
cause of impaired wound healing in diabetes
(Ezhilarasu et al., 2020). NAC is an
acetylated cysteine derivative that can help to
protect cells against oxidative damage, and
has been shown to modulate oxidative stress
and inflammation in several ways (Janeczek
et al., 2019). NAC easily passes through the
cell membrane and becomes rapidly
hydrolysed to L-cysteine, the precursor of
reduced glutathione. It has been suggested
that NAC contributes to an increase in the
GSH pool, which is a major intracellular
antioxidant. Therefore, NAC can normalize
the impaired redox state of cells and affect
redox-sensitive  cell signalling  and
transcription pathways. The -SH group of
NACs directly eliminates ROS. In addition,
NAC has anti-inflammatory properties,
manifested by the inhibition of pro-
inflammatory cytokines such as IL-8, IL-6,
and TNF-a (Aldini et al., 2018). NAC has
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also been reported to have positive effects on
wound healing. Demir et al. (2011)
demonstrated that administration of IP NAC
(300 mg/kg for 11 days) increases tissue
hydroxyproline levels in anastomotic wounds
after radiotherapy; increased serum GSH and
SOD levels and decreased serum lipid
peroxidation were also found. Yilmaz et al.
(2015) showed that postoperative
administration of IP NAC (300 mg/kg for 15
days) during nasal mucosal healing in rats
accelerates healing by reducing inflammatory
markers and goblet cell loss. In addition to its
role in normal wound healing, several studies
have shown that NAC application also has an
accelerating effect on diabetic wound
healing. Aktunc et al. (2010) reported that in
alloxan-induced diabetic mice, IP NAC (150
mg/kg for 5 days) treatment reduces
oxidative stress parameters and iNOS
expression in wound tissue. An increase in
vascular endothelial growth factor (VEGF)
expression, wound breaking strength (WBS),
and tissue GSH levels was also seen.
Consequently, it has been suggested that
NAC exerts a positive clinical effect by
shortening the wound healing time. Ozkaya
et al. (2019) demonstrated that both topical
(300 mg/kg for 14 days) and systemic (200
mg/kg for 14 days) treatment with NAC
accelerates wound healing due to its positive
effects on oxidative stress parameters in
tissue and serum in diabetic rat models.
Zayed et al. (2017) showed that NAC (150
mg/kg for 7 days) accelerates wound healing
by increasing proliferation and reducing
inflammation  through  perfusion  and
palmitoylation signalling of phospholipase
CB and Gogq in endothelial cells under
ischemic conditions in the STZ-induced
diabetes model. On the other hand, Tsai et al.
(2014) have reported that at the relatively
lower doses than other studies various NAC
concentrations (0.1, 0.5, and 1.0 mM)

increased glutathione levels, cell viability,
scratch-wound  healing  activities  and
migration abilities of CCD-966SK cells after
24 hours in a dose-dependent manner. In the
present study, the effectiveness of low-dose
and short-term NAC administration on
diabetic wound healing, based on Tsai et al.'s
research was evaluated. The results of the
present study, in parallel with other findings
in the literature, show that administration of a
low dose of NAC (60 mg/kg) to diabetic
animals for 7 days made a positive
contribution to wound healing. The levels of
SOD, catalase, and GSH in the wound tissue
in the diabetic control group were
significantly decreased as compared with
those in other groups. The reduction in these
antioxidants may be an indication that the
endogenous antioxidant system cannot
provide proper feedback due to the diabetic
state. MDA levels may have increased
through a poor antioxidative response in the
diabetic group, contributing to the increment
in oxidative stress. Moreover, weak wound
contraction in the diabetic group may have
been the result of increased oxidative stress.
On the other hand, systemic NAC
administration increased the levels of both
enzymatic antioxidants and GSH and
decreased lipid peroxidation as compared
with the untreated groups. These results
suggest that NAC administration can reduce
lipid peroxidation in the wounds of diabetic
rats by removing free radicals through the
upregulation of components of the
antioxidant system, thereby reducing tissue
damage and accelerating healing. These
positive contributions may have occurred
through the direct effect of NAC or its
metabolite, cysteine. It seems likely that
systemic NAC administration may contribute
to an increase in the GSH pool, normalizing
the impaired redox state of cells and affecting
redox-sensitive  cell signalling  and
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transcription pathways. NO is an important
transmitter synthesized from the amino acid
L-arginine through nitric oxide synthase
enzymes (eNOS, iINOS, and nNOS). NO
plays a key role in the management of the
three main parts of the wound healing
process: vascular homeostasis, inflammation,
and antimicrobial effect (Malone-Povolny et
al., 2019). Abnormal NO production, which
is a property of the diabetic state, is
associated with delayed wound healing and
the establishment of chronic wounds (Li and
Lee, 2010). Aktung et al. (2010) reported that
NAC treatment (150 mg/kg for 5 days)
suppresses INOS activity within  full-
thickness incision wounds in alloxan-induced
diabetic mice. On the contrary, the results of
the present study show that NAC (60 mg/kg
for 7 days) therapy increased the wound NOx
level in the diabetic group. These differences
may be due to the type of wound, the dose
and duration of NAC administration, or the
activities of different NOS isoforms.
Previous findings demonstrate that diabetic
wound fluid has a lower NO concentration
than that of normal wound fluid due to
downregulated eNOS (Witte et al., 2002).
Macrophages, keratinocytes, and fibroblasts
express a high level of INOS at normal
wound sites but this expression is reduced in
diabetes. These cells express lower levels of
INOS and eNOS genes and cannot synthesize
collagen or generate extracellular matrix
(ECM). Changed fibroblast activity in
diabetes  results in  decreased NO
concentrations in the extracellular wound
fluid, reduced amounts of collagen, and weak
WBS (Kitano et al., 2017). In parallel with
the change in NOx levels, the amount of
collagen in wound tissue was reduced in
diabetic wounds. As a result of NAC
treatment, the amount of collagen was
augmented in wounds. The NOx level in the
NAC-treatment group remained lower than

that in the control group, which may suggest
that NAC exerts its effect through a
mechanism other than changing fibroblast
activity. An alternative mechanism may be
the induction of epithelial cell proliferation.
Zayed et al. (2017) showed that NAC (150
mg/kg for 7 days) accelerates wound healing
by increasing perfusion and proliferation
under ischemic conditions in mice with STZ-
induced diabetes, suggesting that NAC
increases the proliferation of endothelial cells
through phospholipase CB signalling. In
another study, it was reported that NAC
inhibits inflammatory factors and facilitates
epidermal proliferation via NF-xB (Samuni
et al, 2013). On the other hand,
overproduction of ROS, along with low
levels of GSH in wound tissue, may have
prevented collagen synthesis and
accumulation through a different mechanism.
Tissue collagen is affected by the presence of
antioxidant molecules in wound tissue (Wu
et al.,, 2011). It has been reported that
following injury, tissue GSH levels are
decreased, resulting in decreased collagen
accumulation (Deveci et al., 2005). The
results of the present study indicate that the
amount of collagen may have increased as a
result of increased antioxidative capacity.
Various types of growth factors and pro-
inflammatory cytokines play important roles
in the regulation of the wound healing
process. Pro-inflammatory cytokines, such as
NF-xB, IL-1B, IL-6, and TNF-a, are
essential during the initial response of the
inflammatory phase of wound healing. Under
physiological conditions, the presence of pro-
inflammatory cytokines is important for the
migration of neutrophils and the occurrence
of respiratory burst at the wound site.
Furthermore, these cytokines are powerful
stimulators of metalloproteinase (MMP)
synthesis, which break up and eliminate
damaged extracellular matrix to support
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wound  healing in  fibroblasts and
inflammatory cells (Fard et al., 2015).
However, as in diabetes, if the inflammatory
phase is prolonged during the wound healing
process, this causes the overproduction of
pro-inflammatory cytokines, which are in
high concentrations in the wound area,
damaging the tissue and causing the wound
to evolve into a chronic state (Li et al., 2020).
Increased pro-inflammatory cytokine levels
in diabetic wound healing have been reported
in several studies (Ponrasu et al., 2012;
Muhammad et al., 2016; Li et al., 2020). The
anti-inflammatory effects of NAC have been
shown under different  pathological
conditions in the kidney, brain, and liver (de
Andrade et al., 2015; Mikolka et al., 2016;
Schneider et al., 2017; Giintiirk et al., 2019).
The results of the present study show that IL-
1B, IL-6, and TNF-a levels were increased in
diabetic  wounds  without  treatment.
Following NAC treatment, a dramatic
decrease in IL-1p, IL-6, and TNF-a levels
were seen. Based on these results, it can be
suggested that NAC administration may have
had an anti-inflammatory effect, preventing
the prolongation of the inflammatory phase
despite the diabetic state. It is known that an
increased  inflammatory  response s
associated with oxidative stress. The direct
and indirect (GSH synthesis) antioxidant
efficiency of NAC, in addition to the
antioxidant effects caused by disulphide bond
breaking ability, may have prevented an
abnormal inflammatory response by reducing
oxidative stress. On the other hand, Moreno
et al. (2014) reported that protein
cysteinylation and oxidation of low-
molecular weight thiols are defined as
disulphide stress, which is also associated
with inflammation. According to the ability
of NAC to break thiolated proteins, this may
have increased its  anti-inflammatory
properties by reducing disulphide stress,

which is associated with inflammation. In
addition to its antioxidant properties, several
clinical and experimental studies have
investigated the effects of NAC as a
therapeutic agent against insulin resistance,
type 2 diabetes, and related complications.
Kaneto et al. (1999) reported that NAC has
protective effects on pancreatic B cells in
alloxan-induced diabetic mice. Moreover,
Riberio et al. (2011) showed that NAC has a
modulating effect on oxidative stress
biomarkers in pancreatic cells. It has also
been reported that NAC therapy reduces
insulin resistance in insulin-resistant rats fed
a high-carbohydrate diet (Ismael et al., 2008).
The beneficial effect of NAC in the present
study may also be related to its effects on
glycaemic control in the diabetic rat model,
however, this effect could not be verified
here because the experimental design did not
compare groups in terms of glycaemic
control degree or insulin resistance. In the
present study, the positive effects of NAC on
wound healing in diabetic rats were mainly
due to antioxidant activity.

The results of the present study indicate that
a low dose of systemic NAC therapy had
positive effects on wound healing in a
diabetic rat model. This efficacy of NAC
may be dependent on its antioxidative
characteristics since a decrease in oxidative
stress parameters was observed during the
wound healing process. Due to the
antioxidant effects of NAC, the elongated
inflammatory phase that occurs during
diabetes could be completed and wound
healing continued its normal process.
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