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Abstract

Background The current study aimed to investigate the oxidative stress in rat liver with diabetes mellitus (DM)
as well as the protective effects of N-acetylcysteine (NAC) on irisin expression.

Methods Twenty-eight male Wistar rats were divided into four groups, 7 rats in each group, and 30-day regimens

of experimental or control groups. NAC-treated group is as follows: 100 mg/kg once daily was administered intraperi-
toneally (i.p.). Diabetes-induced group is as follows: single-dose intraperitoneal injection of streptozotocin (STZ) (50
mag/kg) was used to induce DM in overnight fasting Wistar rats. By determining blood glucose concentration in STZ-
induced rats 72 h after injection of STZ, DM was assessed. DM + NAC group is as follows: STZ-induced DM plus NAC

is described previously. On the 30th day of the experiment, liver samples were collected after fasting and anesthesia.
Biochemical analyses were performed to measure total antioxidant status (TAS), total oxidant status (TOS), and malon-
dialdehyde (MDA) levels. Each liver sample was weighed and then prepared for histopathologic evaluation by light
microscopy.

Results There was a statistically significant decrease in TAS levels and an increase in TOS and MDA levels in the DM
group compared to the control group. In contrast, TOS and MDA levels were found significantly decreased, and TAS
levels increased in the serum and liver tissues of the DM + NAC group compared to the DM group. Liver samples
were also used for histopathological examination using hematoxylin-eosin and immunohistochemical staining.
STZ-induced liver damage was detected as oxidative stress, increased irisin immunoreactivity, sinusoidal dilatation,
and hepatocyte degeneration. In the DM + NAC group, it was observed that NAC significantly reduced the aforemen-
tioned histopathological changes due to STZ.

Conclusion In the early period of diabetes, due to the antioxidant properties of irisin related to the sudden response
of liver tissue to oxidative stress, it is thought that the immunoreactivity in the tissue increases in the early period. As
a result, NAC in diabetic rat liver tissue was found to suppress oxidative damage and irisin immunoreactivity.
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Introduction

Long-term uncontrolled hyperglycemia in diabetes may
cause complications by damaging organs such as kidneys,
nerves, eyes, and the cardiovascular system [1, 2]. The
mechanisms involved in the formation of diabetes com-
plications are as follows: oxidative stress and increased
free radicals [3]. All forms of diabetes can cause damage
to the liver through oxidative stress [4].

Oxidative stress can be defined as a condition that dis-
rupts the antioxidant defense system by increasing the
production of reactive oxygen species (ROS).

By causing a toxic effect on the cell, ROS increases
damage to lipids, proteins, and deoxyribonucleic acid
(DNA) and may induce cell death by causing lipid per-
oxidation [1, 5, 6]. Regardless of the underlying etiology,
the main mechanism of liver injury is oxidative stress and
inflammation [7]. Malondialdehyde (MDA) is the bio-
marker of oxidative stress and is known to be the most
frequently used biomarker [8]. The MDA production
increase may cause the inactivation of many cellular pro-
teins and receptors [1]. Irisin, a member of the myokine
group, is a thermogenic protein that plays a role in energy
metabolism by converting the white fat tissue to brown
fat tissue [6]. Also, it is a hormone found in the skeletal
muscle with autocrine, paracrine, and endocrine action
[9]. Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a) — a multi-functional regu-
latory transcription factor — plays a vital role in the regu-
lation of fatty acid B-oxidation, mitochondrial biogenesis,
and gluconeogenesis in the liver [10, 11]. An increase in
the expression of PGC-1a, which stimulates mitochon-
drial biogenesis, causes an increase in irisin also known
as fibronectin type 3 domain that contains 5 (FNDC5)
[6]. Irisin is formed as a result of the degradation of the
cell membrane protein FNDC5 and is known to be an
antidiabetic hormone that plays a role in liver metabo-
lism [10, 11].

In a previous study conducted on diabetic patients,
circulating irisin level was shown to be significantly low
as compared to the control group, and insulin resistance
and glucose disorders were improved by FNDC5/irisin
[12]. Recent studies on oxidative stress and irisin levels
have reported a negative relationship between them [13].
Insulin resistance and hyperglycemia cause increased
production of ROS and free radicals. In other words, oxi-
dative stress is found to have played an essential role in
the pathogenesis of diabetes-related complications [14].

Amino acid I-cysteine and N-acetylcysteine (NAC)
— an acetylated precursor of glutathione (GSH) — are
consumed with drug conjugation [15, 16]. NAC has an
antioxidant property, and it is used as a mucolytic agent
in respiratory system diseases [17]. NAC is found to have
been used safely for decades in cases of paracetamol
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overdose. In addition, it is effective in radiocontrast
nephropathy and non-paracetamol-induced acute liver
failure [18]. NAC is known to regulate endothelial func-
tions, stimulate angiogenesis, and regulate diabetes treat-
ment [19]. In addition, it has many tasks, such as the
excretion of liver toxins and providing hemostasis. NAC
provides a protective effect in the liver by its antioxi-
dant property directly or by increasing intracellular glu-
tathione [7].

Therefore, this study aims to investigate the oxidative
stress in diabetic rat liver as well as the protective effects
of NAC on irisin expression.

Material and methods

Ethical statement

This study was approved by Adiyaman University Local
Ethics Committee on Animal Experiments (protocol no:
2018/020). The animals used in the experimental study
were obtained from the Research Center Unit of Adiy-
aman University. The experimental applications and
maintenance were carried out there. After the experi-
ments, the rat tissues were studied at Adiyaman Univer-
sity Faculty of Medicine in Histology and Embryology
Department, whereas sera were studied at the Faculty of
Pharmacy in the biochemistry laboratory.

Chemicals and kits

STZ was purchased from a pharmaceutical chemical
company, namely Sigma Chemical Co., St. Louis, MO,
USA, and NAC was purchased from Husnu Arsan phar-
maceutical industry.

Irisin was purchased from another pharmaceuti-
cal company, namely irisin rabbit polyclonal H-067-17,
Phoenix Pharmaceuticals, Inc., located in California,
USA. Caspase-3 was purchased from Caspase-3, rab-
bit polyclonal IgG, Abcam, ab2302, situated in London,
UK, and was measured using the immunohistochemical
staining method. The highest quality solvents and chemi-
cals available in the market were used in MDA and other
measurement parameters. Total antioxidant status (TAS)
and total oxidant status (TOS) activation were studied
(TAS lot no: 201912, TOS lot no: 201925, Rel Assay Diag-
nostics, Gaziantep, Turkey).

Animals

All the experiments were carried out following the ethi-
cal standards of the institution where the study was con-
ducted. Twenty-eight male Wistar rats weighing 220-300
g and aged 10—12 weeks purchased from the Experimen-
tal Animal Unit of Adiyaman Application and Research
Center (Adiyaman, Turkey) were used in the experi-
ments. The experimental rats were divided into four
groups, each containing 7 Wistar rats. Before carrying
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out the investigations, all the rats were kept under the
same laboratory conditions for 14 days. The laboratory
conditions were as follows: 55 + 5% relative humidity, 22
+ 3 °C temperature, 12-h day and 12-h night period, fed
with standard diet (DSA Poultry, Kirikkale, Turkey), and
tap water ad libitum, respectively.

Experimental design

The male Wistar rats were divided into four groups ran-
domly. There were 7 rats in each group and 30-day regi-
mens of experimental or control groups. Animals were
untreated in the control group. The treatments applied
in the experimental groups were as follows: NAC-treated
group: 100 mg/kg i.p. once daily, NAC (Sigma Chemical
Company, USA), was administered intraperitoneally (i.p)
to animals for 30 days starting on day 1 [20] and diabetes-
induced group: single-dose intraperitoneal injection of
STZ (50 mg/kg B.W.) which was dissolved in buffer (pH
4.5) containing 0.1-M citrate was used to induce diabe-
tes mellitus (DM) in overnight fasting Wistar rats [21].
By determining blood glucose concentration in STZ-
induced rats 72 h after injection of STZ, diabetes was
assessed. The experimental animals detected to have
blood glucose levels above 250 mg/dl were used for the
experimental studies [22, 23]; DM + NAC group is as
follows: STZ induced DM plus NAC as described previ-
ously. The doses, application methods, and duration of
treatment of STZ and antioxidant agents (NAC) were
arranged according to previous studies. Blood samples
were taken by cardiac puncture at the end of the study
before euthanasia. Then, by performing anesthesia using
ketamine overdose (Ketalar; Eczacibasi Warner-Lambert,
Levent, Istanbul, Turkey), all the animals were sacri-
ficed, and their tissue samples were obtained accordingly.
Blood was collected through a microcapillary tube from
all rats, and biochemical analyses were performed to
measure TAS, TOS, and MDA levels. Each liver sample
was weighed and then prepared for histopathologic eval-
uation by light microscopy.

Taking liver samples

The experimental animals were anesthetized by intraperi-
toneal administration of ketamine ((75 mg/kg) + xylazine
(10 mg/kg)) 24 h after the last experiment. Then, the liver
tissues of anesthetized animals were quickly removed
and placed in a 10% formalin solution. For conducting an
accurate study of TAS, TOS, and MDA parameters, some
of the tissue samples were stored at —80 °C, whereas
some were placed in a 10% formalin solution and evalu-
ated for 24 h. Liver tissues were passed through a series
of routine histological follow-ups and were eventually
embedded in paraffin blocks. They were stored under
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suitable laboratory conditions for immunohistochemical
and histopathological examinations.

TAS, TOS, and MDA measurements in tissue

After washing liver tissues with cold PBS buffer for tis-
sue TAS and TOS levels, liver tissues were kept at —80
°C until analysis. Liver tissues obtained from rats were
homogenized in ice-cold 0.1-M phosphate buffer with
pH: 7.4 in a 1/10 ratio and were centrifuged at 1800 rpm.
ELISA reader BioTek EIx800 (BioTek Instruments, USA)
was used in order to provide the reading for superna-
tants for TAS as Trolox equivalent/L pmol at 660-nm
wavelength [24] and supernatants for TOS as pmol H,0,
equiv./L at 530 nm wavelength [25].

In the experimental setup, the rat liver tissues were
homogenized in the buffer solution with a homogenizer
for 3 min at 16,000 rpm for MDA (Ultra Turrax type T25-
B, IKA Labortechnik, Germany). Esterbauer and Cheese-
man’s 1990 method was used for this purpose. MDA
forms a pink-colored chromogen by reacting with thio-
barbituric acid at 90-95 °C. The sample absorbance was
observed to be cooled rapidly after 15 min and was read
at 532 nm spectrophotometrically [26]. The obtained
results were expressed in nmol/g.

Hematoxylin-eosin (H&E) staining method

Liver tissues were passed through a series of routine his-
tological follow-ups and were eventually embedded in
paraffin blocks. A total of 4—6-pm-thick sections from
these blocks were prepared histopathologically after
hematoxylin-eosin (H&E) staining. Using a Leica DM500
microscope (Leica DFC295), preparations were examined
and photographed respectively.

Immunohistochemical staining method

A total of 4—6-um-thick sections taken from paraffin
blocks were put into polylysine slides. Initially, depar-
affinized tissues were passed through graded series of
alcohol and were boiled accordingly in a citrate buffer
solution in order to retrieve the antigen at pH: 6 in a
microwave oven (750 W) for 7 + 5 min. After boiling the
tissues that were kept at room temperature for about 20
min, they were washed with phosphate-buffered saline
(PBS), P4417, Sigma-Aldrich, USA) for 3 X 5 min. Then,
in order to prevent endogen peroxidase activity, the tis-
sues were incubated with a hydrogen peroxide block
solution (hydrogen peroxide block, TA-125-HP, Lab
Vision Corporation, USA) for 5 min. After applying Ultra
V Block solution to the tissues that were washed with
PBS for 5 min to prevent floor staining, primary antibod-
ies diluted at 1/200 were incubated with irisin and cas-
pase-3 for each section in a humid environment for 60
min. Then, after being washed with PBS for 3 X 5 min, the
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tissues were incubated with a secondary antibody (Bioti-
nylated Goat anti-Polyvalent (anti-mouse/rabbit IgQG),
TP-125-BN, Lab Vision Corporation, USA) for 30 min
at room temperature and in a humid environment. After
incubating with a secondary antibody, the tissues were
incubated with streptavidin peroxidase (TS-125-HR, Lab
Vision Corporation, USA) for 30 min after being washed
with PBS for 3 X 5 min and then taken into PBS. 3-amino-
9-ethyl carbazole (AEC) Substrate and AEC Chromogen
(AEC Substrate, TA-015 and HAS, AEC Chromogen,
TA-002-HAC, Lab Vision Corporation, USA) solution
were dripped on tissues, and the image was taken on a
light microscope. After taking the image, the tissues were
washed with PBS. After being passed through distilled
water and PBS, the contrast-stained tissues with Mayer’s
hematoxylin were closed with an appropriate closure
solution (Large Volume Vision Mount, TA-125-UG, Lab
Vision Corporation, USA). Using a Leica DM500 micro-
scope (Leica DFC295), the preparations were examined
and photographed respectively.

Histoscore was calculated for immunoreactivity
prevalence (0.1: < 25%, 0.4: 26-50%, 0.6: 51-75%, 0.9:
76-100%) and intensity (0: non-staining, + 0.5: very
less, + 1: less, + 2: median, + 3: strong) in staining. The
formulation for histoscore calculation is as follows: his-
toscore = prevalence X intensity.

Data analysis

SPSS 15.0 program was used for the statistical analy-
ses. The normal distributions of immune variable
groups and TAS, TOS, and MDA were assessed using
the Kolmogorov-Smirnov test. One-way analysis of
variance (ANOVA) was performed for group compari-
sons of TOS, TAS, MDA, and immunity variables. For
the homogeneity test of variances, Levene’s statistic
was applied accordingly. In order to identify the dif-
ferences between significant variable groups, Tukey’s
pair-wise multiple comparison tests were conducted.
The obtained results were given as mean + standard
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deviation (SD). The significance level was determined
to be at least 0.05 (P < 0.05).

Results

Biochemical findings

TAS, TOS, and MDA levels in liver tissue

When tissue TOS and TAS levels of all groups were
evaluated biochemically, their levels were observed to
be similar in the control and NAC groups. There was
a statistically significant decrease in TAS levels and an
increase in TOS levels in the DM group compared to
the control group (P < 0.05). A statistically significant
increase in TAS levels and a decrease in TOS levels
were observed in the DM + NAC group compared to
the DM group (P < 0.05) (Fig. 1).

Tissue MDA levels that were spectrophotometrically
measured were similar in the control and NAC groups.
There was a significant increase in MDA levels in the
DM group compared to NAC and control groups. In
contrast, MDA levels were found to be decreased sig-
nificantly in liver tissues of the DM + NAC group when
compared with the DM group (P < 0.05) (Fig. 2).

nmol/g

—
o
w
~

Group
Fig. 2 1 Control group; 2 NAC treated groups; 3 Diabetes-induced
group; 4 DM + NAC group. MDA mean values and standard deviation
rates are given. Results were given as mean =+ standard deviation (n =
7 for each group)

TOS

1 2 3 4
Group

Fig. 1 1 Control group; 2 NAC treated groups; 3 Diabetes-induced group; 4 DM + NAC group. TAS and TOS mean values and standard deviation
rates are given. Results were given as mean =+ standard deviation (n = 7 for each group)
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Histological findings

In examining eosin and hematoxylin staining under
light microscopy, liver tissues of the control group
(Fig. 3a) and NAC group (Fig. 3d) were reported to have
a normal histologic appearance. Significant sinusoidal
dilatation (black arrow) and degeneration of hepato-
cytes (red arrow) were observed in the diabetic group
(Fig. 3b) as compared to the control group. When com-
pared with the diabetic group, DM + NAC (Fig. 3c)

%
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group showed a significant decrease in sinusoidal dila-
tation and degeneration of hepatocytes.

Immunohistochemical findings

In the examination of immunohistochemical staining
under light microscopy, irisin expression was detected
in liver tissue hepatocytes (black arrow). Irisin expres-
sion in liver tissue was found to be similar in both con-
trol (Fig. 4a) and NAC (Fig. 4b) groups. When compared
with the control group (P < 0.05), a statistically significant

Fig. 3 Representative micrographs showing the liver samples of all experimental groups. Control and NAC group (a, b) showing normal

liver architecture. DM group (c) sinusoidal dilatation and hemorrhage (black arrow) and degeneration of hepatocytes (red arrow) compared

to the control and NAC groups. Section from DM + NAC group showing mild sinusoidal dilatation and hemorrhage (black arrow) and degeneration
of hepatocytes (red arrow) compared to DM group. x20, H&E staining (I/R; ischemia-reperfusion)

s 2 _ =
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Fig. 4 Representative micrographs showing irisin expression for all experimental groups. Control and NAC group (a, b) showing irisin immune
negativity. DM group (c) showing severe irisin expression (black arrow) compared to the control group. DM + NAC group (d) showing moderately
irisin expression (black arrow) compared to control and NAC groups. x20, immunohistochemical staining
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increase was detected in irisin immunoreactivity in the
diabetic group (Fig. 4c). Irisin immunoreactivity was
observed to be significantly decreased in DM + NAC
(Fig. 4d) group when compared with the diabetic group
(Fig. 4). In the examination of immunohistochemical
staining under light microscopy, caspase-3 immunore-
activity was detected in liver tissue hepatocytes (black
arrow). Caspase-3 immunoreactivity was similar in the
control (Fig. 5a) and NAC (Fig. 5b) groups. It was found
to be statistically significantly increased in the diabetic
group (Fig. 5¢) when compared with the control group (P
< 0.05). A statistically significant decrease was observed
in caspase-3 immunoreactivity in the DM + NAC group
(P < 0.05) (Fig. 5d) when compared with diabetic group
(Figs. 5 and 6).
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Discussion

Insulin deficiency and resistance to insulin also play a
role in the formation of DM; accordingly, these can pro-
duce several changes in protein, carbohydrate, and lipid
metabolism [27]. Hyperglycemia is effective in diabe-
tes and diabetic complications. Hyperglycemia causes
an increase in ROS and then causes damage to the tis-
sues [28]. Diabetes damages the liver, primarily through
oxidative stress [29]. As a result, inflammation, necro-
sis, fibrosis, cirrhosis, and hepatocellular carcinoma
may develop [7]. It was reported that high glucose level
in diabetes directly caused apoptosis and was associ-
ated with caspase-3. It was found that hyperglycemia
increased caspase-3 activation by increasing cytochrome
c release, thus resulting in apoptosis [30, 31]. This study

T 5y .6 L5 =

Fig.5 Representative micrographs showing caspase-3 expression for all experimental groups. Control and NAC group (a, b) showing caspase-3
immune negativity. DM group (c) showing severe caspase-3 expression (black arrow) compared to the control group. DM + NAC group (d) showing
moderately caspase-3 expression (black arrow) compared to control and NAC groups. 20, immunohistochemical staining
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Fig. 6 1 Control group; 2 NAC treated groups; 3 Diabetes-induced group; 4 DM + NAC group. Irisin and caspase-3 mean values and standard
deviation rates are given. Results were given as mean =+ standard deviation (n = 8 for each group)
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investigates NAC effects on irisin immunoreactivity in
diabetic rat liver tissue.

NAC has a cytoprotective effect and is a precursor of
glutathione, an antioxidant. Endogenous antioxidants are
depleted in cases where tissue perfusion is impaired, such
as sepsis, trauma, pancreatitis, and acute myocardial
infarction. NAC plays a role in the defense mechanism by
removing free radicals and replacing the depleted antiox-
idant glutathione [32, 33]. In addition, NAC was found to
have a protective role in hypoxia-related cell injury of the
liver [34], ionizing radiation-induced liver failure [35],
ischemic liver injury in rats [36], and toxic liver damage
[37].

In a study conducted on hypothalamic obese rats by
Villagarcia et al. [38], NAC significantly decreased oxi-
dative stress in the liver and prevented inflamed-dys-
metabolic liver, dyslipidemia, and the development of
prediabetes. In their hepatotoxicity model with carbon
tetrachloride (CCl,), Demiroren et al. [16] found that
NAC provided a protective effect by decreasing oxidative
stress in the liver. Mayer et al. [39] found that NAC had
a protective effect against cell death due to apoptosis or
oxidative stress. In the diabetes model of rats formed by
Khazai et al. [40], a significant increase in TOS and MDA
and decrease in TAS levels, and a significant increase in
MDA level as an indicator of lipid peroxidation, were
observed in liver tissue. In a study conducted on dia-
betic rats, Patar et al. [41] reported a significant increase
in ROS, MDA, and caspase-3 levels. In another study on
diabetic rats, it was found that apoptosis and lipid per-
oxidation increased in liver tissue [42]. In our study, we
observed that NAC significantly reduced oxidative stress
parameters such as TOS, MDA, and caspase-3 in the
liver, strengthened the antioxidant capacity by increas-
ing the TAS level, and also significantly improved liver
damage histopathologically. In addition, we observed
that NAC caused a decrease in the irisin immunore-
activity in the liver tissue by DM. Our findings related
to the increased oxidative stress in liver damage due to
diabetes were consistent with previous literature data,
but the increased irisin immunoreactivity in tissue was
noteworthy.

Irisin, a newly discovered hormone, plays a role in
energy homeostasis and regulates glucose metabolism
[11]. In a study, Rizk et al. [43] found that serum irisin
levels were upregulated in cases diagnosed with meta-
bolic syndrome and having elevated liver enzymes. It was
also stated that the irisin clearance probably occurred in
the liver. Zhang et al. [44] reported that inflammatory
disorder was prominent in type 2 DM individuals with
the macrovascular disease, and that irisin might be the
new determinant of MDA. In a study by Moreno-Perez
et al. [45], high irisin levels were found to be related to
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insulin resistance and nonalcoholic fatty liver disease. In
the study of children with type 1 DM, Faienza et al. [46]
found that a high level of irisin provided better glycemic
control. In a similar studies, the increase in irisin was
reported to have prevented oxidative stress by decreas-
ing ROS production in hepatic cells and regulating
inflammatory markers such as p38 MAPK, cyclooxyge-
nase 2 (COX2), IL-6, NF-kB, and TNF. It was stated that
it increases in parallel with oxidative stress [47, 48]. In
their study, Liu S. et al. [49] noted that irisin might show
antioxidant effects due to decreased ROS in the tissue.
In another study, it was reported that exogenous irisin
treatment may have an anti-apoptotic effect by reduc-
ing the expression of many apoptotic markers caused by
hyperglycemia, such as caspase-3 [47]. Consistent with
these findings, Bi et al. [50] reported that exogenous iri-
sin administration alleviates damage as well as inflamma-
tory response in the liver in ischemia-reperfusion injury.
Erdogan et al. [6] found an increase in irisin immuno-
reactivity, which is an antioxidant in liver tissue, in case
of hepatotoxicity. In addition, it was stated that irisin
increases with a protective response to glycemic disor-
ders in the early period, and the level of irisin decreases
in plasma in the long term after the progression of diabe-
tes [51]. In this study, we found that the immunoreactiv-
ity of irisin in the tissue increased due to the immediate
response of the liver tissue to oxidative stress in the early
stages of DM. We also found that NAC, the precursor of
GSH, reduced both this oxidative damage and the immu-
noreactivity of irisin.

Conclusion

In this study, we examined the role of irisin in the oxida-
tive stress caused by free radicals in liver tissue and the
protective effect of NAC against it in an experimental
animal model of STZ-induced DM. We found that the
immunoreactivity of irisin in the tissue increased due to
the immediate response of the liver tissue to oxidative
stress in the early period of DM, whereas NAC, the pre-
cursor of GSH, suppressed oxidative damage and immu-
noreactivity of irisin.

Abbreviations

NAC N-Acetylcysteine

STZ Streptozotocin

ip intraperitoneally

TAS Total antioxidant status

TOS Total oxidant status

MDA Malondialdehyde

DM Diabetes mellitus

ROS Reactive oxygen species

DNA Deoxyribonucleic acid

PGC-1a Peroxisome proliferator-activated receptor gamma coactivator
T-alpha

FNDC5 Fibronectin type 3 domain that contains 5

GSH Glutathione
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H&E Hematoxylin-eosin
SD Standard deviation
PBS Phosphate-buffered saline
AEC 3-Amino-9-ethyl carbazole
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