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Abstract

Aluminum (AL) is an important nephrotoxic agent with a high daily exposure rate and property of accumulation in tissues.
This study aimed to investigate the potential protective efficacy of N-acetylcysteine (NAC) against AL exposure-induced
nephrotoxicity in rats. Twenty-eight rats were randomly divided into 4 groups as control, N-acetylcysteine group (NC), AL,
and AL + NC, with an equal number of rats in each group (n="7). No application was made to the control group. A total of
150 mg/kg/day NAC was administered to the NC group and 30 mg/kg/day AL was administered to the AL group intraperito-
neally (i.p.). The AL+ NC group received 30 mg/kg/day AL and 150 mg/kg/day NAC i.p. Biochemical parameters in blood
serum and histopathological changes in kidney tissue, oxidative stress parameters, spexin (SPX), and apoptotic protein levels
were examined after 15 days. Histopathological changes, biochemical parameters, oxidative stress parameters, and apoptotic
protein levels were significantly irregular in the AL group compared to the control group. Moreover, SPX levels increased in
the AL group. However, NAC treatment regulated AL exposure-related changes in the AL +NC group. NAC treatment may
have a prophylactic effect against nephrotoxicity due to AL exposure. SPX may play a role in AL-induced nephrotoxicity.
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Introduction

Aluminum (AL) is the third most abundant element in the
earth’s crust and is found in the environment, foodstuffs,
and drinking water [1]. In addition, AL is a toxic metal
and its exposure is gradually increasing [2]. Today, there
is significant evidence that AL accumulation in tissues is
associated with organ damage [3]. Most of AL is rapidly
eliminated by the kidneys, possibly resulting in nephrotox-
icity and renal failure [4]. It was reported that AL exposure
adversely affects cellular structure and macromolecules
that cause cytotoxicity, production of reactive oxygen spe-
cies (ROS), mitochondrial dysfunction, inflammation, cell
death, genetic damage, and carcinogenicity [5]. Further-
more, AL can deregulate ROS production and apoptosis by
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stimulating the pro-oxidant properties of iron and copper,
causing mitochondrial dysfunction and oxidative degrada-
tion of macromolecules, and the release of cytochrome C
from mitochondria [6]. For this reason, neutralization and
removal of free radicals can be considered as a candidate
strategy to eliminate AL toxicity [7].

N-acetylcysteine (NAC) is a glutathione precursor with
a thiol group that has antioxidant and anti-inflammatory
effects [8]. NAC exhibits a strong antioxidant effect by
increasing cellular glutathione (GSH) and consequently pro-
tects cells from lipid peroxidation [9]. It was also reported
that the potent antioxidant effect of NAC makes it a potential
control for disorders related to free radical damage [10].

Spexin (SPX), also known as neuropeptide Q, is a newly
identified peptide, but information on its role in metabolism
is limited. It is known that SPX is expressed in rat central
nervous system and peripheral tissues such as the kidney,
liver, lung, pancreas, stomach, skeletal muscle, and skin
[11]. It was shown that SPX may play a role in the regula-
tion of body weight, glucose metabolism, and secretion of
key hormones responsible for the maintenance of homeosta-
sis (insulin and leptin). Moreover, many studies reported an
association between SPX levels and pathological conditions
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such as obesity, type 2 diabetes, and metabolic syndrome
[12-15].

There has always been a need for a therapeutic agent that
can suppress the onset and progression of nephrotoxicity.
This research was designed to determine the potential pro-
tective effect of NAC in regulating AL toxicity, oxidative
stress, and apoptosis and its efficacy on the level of SPX in
kidney tissue.

Materials and Methods
Animals and the Experimental Design

This study has been approved by the decision of the Dicle
University Animal Testing Ethical Committee with the
number 2021/26 and dated 09.09.2021. Optimal condi-
tions for the care of the experimental animals were pro-
vided (12-h day/night, 22-25 °C temperature, 50% + 10%
humidity, add-libitum food, and water). Normal standard
rat feed (in pellets) was obtained from the Dicle Univer-
sity Health Sciences Application and Research Center
(DUHRC) (Table 1). Twenty-eight Sprague—Dawley male
rats acquired from DUHRC (10 weeks old, 200-250-g
weight) were randomly divided into 4 groups (n=7):
Control, NC, AL, and AL + NC. No application was
made to the control group. For the NC group, 150 mg/kg
dosed NAC was given intraperitoneally (i.p.) for 14 days
every day. For the AL group, aluminum chloride (AICl;)
(Sigma-Aldrich, Lot: BCBC6095V, 10 mg of AICl; was
dissolved in 1 ml of saline) at a dose of 30 mg/kg/day
was administered i.p. for 14 days. In the AL 4+ NC group,
150 mg/kg NAC was administered 1 h after daily 30 mg/
kg AL i.p. administration for 14 days. NAC (Ampoule
containing Asist® 300 mg/3 ml (10%) solution) was pur-
chased from Hiisnii Arsan Farma Turkey. The doses of
NAC [9] and AL [16] used in this study were referenced
from previous studies. Upon completion of all procedures
(15th day), the experiment was finalized. The experi-
mental rats were sacrificed under anesthesia (ketamine
(75 mg/kg) + xylazine (10 mg/kg) administered i.p.).

Table 1 Essential nutrient

content in standard rat feed PROTEIN 23:5%
RAW cELLULOSE  6.12%
RAW aSH 5.26%
RAW oIL 3.26%
LYSINE 1.26%
PHOSPHORUS 0.76%
CALCIUM 0.58%
METHIONINE 0.43%
SODIUM 0.05%

Intracardiac blood was drawn for use in biochemical
analysis. Blood serum was preserved at — 80 °C until the
analysis of blood urea nitrogen (BUN) and creatinine.
Kidney tissues were quickly removed. While some of
the kidney tissues were used for histopathological and
immunohistochemical evaluations, some were stored
at — 80 °C for biochemical evaluations. For biochemical
evaluations, kidney tissues were homogenized in 10%
phosphate buffer solution (PBS). Homogenized samples
were centrifuged at 5000 rpm at+4 °C for 20 min. The
supernatants were then preserved at — 80 °C until the
analysis of SPX levels, total antioxidant status (TAS),
and total oxidant status (TOS).

Histopathological Evaluation

Kidney tissues were rapidly removed and put in the 10%
formaline solution for histopathological evaluations.
After tissue fixation, the kidney tissues were run through
the routine histological investigation steps and were
buried in paraffin blocks. A 5-um-thick cross-sections
were taken from the paraffin blocks. After removing the
paraffin of the sections with xylene, they were passed
through serially diluted alcohol solutions. For the gen-
eral histopathological evaluations, hematoxylin—eosin
(HE) staining procedures were applied. The preparates
that were applied with the histological staining methods
were studied under optical microscope (DM2500 LED,
Leica, Germany) and photographed (MC170 HD, Leica,
Germany).

Immunohistochemical Examination

In order to determine the Bcl-2, BcL-2 associated x
(Bax), Casp3 and SPX immunoreactivities in the kid-
ney tissues, avidin—biotin-peroxidase complex method
was used. The 5-um-thick cross-sections taken from
the cooled paraffin blocks were placed on polylysine
coated glass slides. Following the deparaffinization and
transparentization with xylol, the tissues were passed
through serially diluted alcohol solutions and were boiled
in microwave oven (750 W) for 12 min while in citrate
buffer solution (pH =6.0). After coiling for approxi-
mately 20 min at room temperature, the tissues were
washed with PBS (Phosphate Buffered Saline, P4417,
Sigma-Aldrich, ABD) for 3 x5 min and were incubated
in hydrogen peroxide block (H202 block) solution for
5 min in order to inhibit the endogenous peroxidase
activity (Hydrogen Peroxide Block, TA-125-HP, Lab
Vision Corporation, USA). In order to prevent the base
staining on the tissues that were washed with PBS for
3 x5 min, Ultra V Block (TA-125-UB, Lab Vision Cor-
poration, USA) solution was applied for 5 min, which
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was followed by dripping the primer antibodies. Tissues
were then incubated with BcL-2 primer antibody (Sun-
Red-201r.5304, China), Bax primer antibody (Santa Cruz
Biotechnology, sc—7480, California, USA), Casp3 primer
antibody (bs-0081R, Bioss Inc, Beijing, China), and SPX
primer antibody (A04088-1, Boster Biological Technol-
ogy, Pleasanton, CA, USA) for 60 min in the lab oven
at 37 °C temperature. The preparates that were washed
with PBS were incubated with the secondary antibody
(TP-060-BN, Thermo Scientific, England) for 30 min at
room temperature in humid and dark ambient. After incu-
bation, the tissues washed with PBS were dripped with
Horse Radish Peroxidase (HRP) enzyme (TS-060-HR,
Thermo Scientific, England) and were incubated for
30 min at room temperature in humid ambient. 3-amino-
9-ethyl carbazole (AEC) substrate solution (TA-060-HA,
Thermo Scientific, England) was dripped on the tissues.
After receiving the image signal from the optical micro-
scope, the reaction was terminated simultaneously in all
tissues by distilled water. Reverse staining was performed
with Harris hematoxylin. The preparates, which were
first washed with water, were then closed by a water-
based cover solution (TA-125-UG, Lab Vision Corpo-
ration, USA). Finalized preparates were studied under
an optical microscope (DM2500 LED, Leica, Germany)
and were photographed (MC170 HD, Leica, Germany).
Immunohistochemical evaluation was made according
to the spread of the immunoreactivity (0.1: < %25, 0.4:
%26-50, 0.6: %51-75, 0.9: %76-100) and magnitude (O:
none, 0.5: very little, 1: little, 2: medium, 3: high). His-
toscore table was created based on the product of these
two results.

Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling (TUNEL) Analysis

A 4-um-thick sections from kidney tissue paraffin blocks
were taken to polylysis coatedlams. TUNEL test (TUNEL
Assay Kit — HRP — DAB, ab206386, Abcam) was studied
according to the manufacturer’s instructions and apaptotic
cell level was determined. As a result of TUNEL painting,
core cells painted green with methyl green were consid-
ered normal and cells with brown cores were considered
apoptocytic. The percentages of TUNEL-positive cells
were quantified by counting 500 cells from ten random
microscopic areas and an Apoptotic Index (Al) was cal-
culated [17].

Al : (total number of cells counted — total number of living cells)

% 100/(total number of cells counted)
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Biochemical Analyses
BUN and Creatinine Levels in Serum

BUN and creatinine levels in blood serum were measured
using a Siemens ADVIA 2400 automatic biochemical ana-
lyzer and kit.

Determination of SPX, TAS and TOS Levels

Enzyme-linked immunosorbent assay (ELISA) method
was performed to determine the total oxidant/antioxidant
(TAS and TOS) and SPX levels in kidney tissue samples.
SPX (Lot:2,022,105, Shanghai Coon Biotech, Shanghai,
China), TAS (AD3283Ra, AndyGene, TX75081, USA) and
TOS (AD3282Ra, AndyGene TX75081, USA) ELISA Kkits
that allow quantitative measurement in rat tissue samples
were purchased. Analyses were performed according to
the protocols of the kits. Test results were presented as pg/
ml, U/ml, and pg/ml, respectively. The SPX test range was
79-5000 pg/ml and its sensitivity was 55.36 pg/ml; the TAS
test range was 0.2—8 U/ml and its sensitivity was 0.1 U/ml;
the TOS test range was 3.75-120 pg/ml and its sensitivity
was 0.7 pg/ml.

Statistical Analysis

Statistical package for SPSS 22.0 package program was
used in the analysis of the data obtained within the scope
of the research. The data were presented as standard error
(SE) (n="7) with an average + . The fitness of the data with
normal distribution was checked by Shapiro—Wilk test.
One-way ANOVA and post hoc Tukey test were used in the
statistical analysis of the results. The value of p <0.05 was
considered statistically significant. The graphics were drawn
using the software GraphPad Prism 9.3.1.

G Power Analysis

The analysis was made in G¥*Power version 3. 1. (University
Kiel, Germany). The sample size in each group was deter-
mined as 7 rats by strength analysis with a type 1 error (o)
of 0.05 and a power of 0.90 [18].

Results

Effect of NAC Treatment on Rat Kidney Tissue
Histopathology After AL Exposure

Normal histological kidney tissue was observed in the con-
trol group (Fig. 1al and a2). The NC group had normal his-
tological glomerular and tubular structures similar to the
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control group (Fig. 1bl and b2). In the AL group kidney
tissues, vascular congestion, hemorrhagic areas, inflamma-
tory cells, and tubular degeneration were observed (Fig. 1cl
and c2). Moreover, glomerular structures were mostly hyper-
trophic and Bowman’s space was narrowed. In the AL +NC
group, in which NAC was applied after AL exposure, AL-
induced histopathological changes were less/mitigated
(Fig. 1d1 and d2).

Effect of AL Exposure and Subsequent NAC
Treatment on BcL-2, Bax, Casp3 and SPX
Immunoreactivities in Rat Kidney Tissue

BcL-2 immunoreactivity in kidney tissue was similar in the
control and NC groups (p > 0.05) (Fig. 2A(a, b)). In the AL
group, AL exposure relatively decreased the BcL-2 immu-
noreactivity in kidney tissue compared to the control group,
but this decrease was not statistically significant (p =0.176)
(Fig. 2A(c)). NAC administration relatively increased BcL-2
immunoreactivity in the AL +NC group compared to the AL
group (p=0.530) (Fig. 2A(d), Table 2).

Bax immunoreactivity was similar in kidney tissue in the
control and NC groups (p > 0.05) (Fig. 2B(a, b)). AL expo-
sure significantly increased Bax immunoreactivity compared
to control group (p <0.001) (Fig. 2B(c)). Bax immunoreac-
tivity relatively decreased in the AL + NC group compared
to the AL group, but this decrease was not statistically sig-
nificant (p =0.207) (Fig. 2B(d), Table 2).

Similarly, Casp3 immunoreactivity in kidney tis-
sue was similar in the control and NC groups (p > 0.05)
(Fig. 2C(a, b)). Casp3 immunoreactivity significantly
increased in the AL group compared to the control group
(p<0.001) (Fig. 2C(c)). In the AL+ NC group, Casp3

immunoreactivity significantly decreased compared to the
AL group (p =0.046) (Fig. 2C(d), Table 2).

SPX immunoreactivity in kidney tissue was similar in the
control and NC groups (p > 0.05) (Fig. 2E(a, b)). AL expo-
sure significantly increased SPX immunoreactivity com-
pared to the control group (p =0.001) (Fig. 2E(c)). In the
AL +NC group, SPX immunoreactivity relatively decreased
compared to the AL group, but this decrease was not statisti-
cally significant (p =0.144, Table 2).

Effect of AL and/or NAC Application on Al
in the Kidney

Kidney tissues subjected to the TUNEL staining procedure
were examined under a light microscope. Apoptotic cells
were observed in the glomerular and tubular areas (Fig. 2D).
Al was statistically significantly higher in the AL group
compared to the control group (p <0.001, Table 2). Apop-
totic cells and Al significantly decreased in the AL+ NC
group compared to the AL group (Fig. 2D (d), p <0.001).
NAC treatment was found to ensure protection against AL-
induced increased apoptotic cells.

Effect of AL and/or NAC Application on Biochemical
Parameters and SPX Level in Kidney Tissue

Serum BUN and creatinine levels were similar in the con-
trol and NC groups (Fig. 3, p>0.05). BUN and creatinine
levels significantly increased in the AL group compared to
the control group (Fig. 3, *, p<0.001). However, there was
a statistically significant decrease in BUN and creatinine lev-
els in the AL+ NC group compared to the AL group (Fig. 3;
#, p<0.001).

Table 2 Effect of AL and/

s . Control NC AL AL+NC P
or NAC administration on
BcL-2, Bax, Casp3, SPX BCL-2 1.22+0.17 1.17+0.18 0.74+0.12 1.05+0.16 0.177
L‘;:i“;:;‘t’ir:s‘f:““es and Al'in BAX 0.16+0.04 0.23+0.07° 1.61+0.23" 1.17+0.18° <0.001
CASP3 0.20+0.05 0.17£0.04° 1.05+0.16* 0.65+0.10*° <0.001
Al 2.35+0.07 2.23+0.05° 8.09+0.10° 5.66+0.10*° <0.001
SPX 0.71+0.09 0.77+0.12° 1.67+0.20° 1.17+0.18 0.001

Values are presented as mean + standard error. BcL-2, Bax, Casp3, SPX immunoreactivities, and Al in kid-
ney tissue were similar in the control and NC groups (p>0.05). BcL-2 immunoreactivity was relatively
decreased in the AL group compared to the control group (p=0.176). BcL-2 immunoreactivity was rela-
tively increased in the AL+ NC group compared to the AL group (p=0.530). Bax immunoreactivity was
significantly increased in the AL group compared to the control group (p <0.001). Bax immunoreactivity
was relatively decreased in the AL+ NC group compared to the AL group (p=0.207). Casp3 immuno-
reactivity was significantly increased in the AL group compared to the control group (» <0.001). In the
AL+ NC group, Casp3 immunoreactivity was significantly reduced compared to the AL group (p=0.046).
Al was statistically significantly higher in the AL group compared to the control group (p <0.001). Al sig-
nificantly decreased in the AL+ NC group compared to the AL group (p <0.001). SPX immunoreactivity
was significantly increased in the AL group compared to the control group (»p=0.001). SPX immunoreac-
tivity was relatively decreased in the AL +NC group compared to the AL group (p=0.144). *Compared
with the control group, ®compared with the AL group (p <0.05). Al apaptotic index, Bax BcL-2 associated
x, Casp3 caspase 3, SPX spexin; Groups: AL aluminum, NC N-acetylcysteine
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Fig. 1 Effect of AL exposure
and subsequent NAC treatment
on kidney tissue histopathology.
Photomicrographs showing the
normal histological appear-
ance of kidney tissue in groups
Control (al, a2) and NC (b1,
b2). In the AL group; areas of
inflammation (thin arrow),
hemorrhagic areas (triangle),
glomerulus degeneration
(asterix), tubular degeneration
(notched arrow) and vascu-

lar congestion (thick arrow)
was observed (cl, ¢2). In the
AL +NC group, it was deter-
mined that the histopathological
changes in the AL group were
alleviated/decreased (d1, d2).
Hematoxylin eosin, scale bar:
100 um, X200 (al, b1, c1, d1);
50 pm, X400 (a2, b2, c2, d2).
AL, aluminum; G, Glomeru-
lus; NAC, N-acetylcysteine;
groups: AL, aluminum; NC,
N-acetylcysteine
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SPX levels in kidney tissue homogenates were similar
in the Control and NC groups (Fig. 3, p> 0.05). SPX lev-
els significantly increased in the AL group compared to the
control group (Fig. 3, *, p<0.001). SPX levels decreased
in the AL+ NC group compared to the AL group (Fig. 3;
#, p<0.001).
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Effect of AL on Oxidative Stress Parameters
in Kidney Tissue

TAS and TOS levels in kidney tissue were similar in the con-
trol and NC groups (Fig. 4, p>0.05). There was a decrease
in kidney TAS in the AL group compared to the control
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Control NC

Fig.2 Effects of AL and/or NAC administration on kidney tissue
BcL-2, Bax, Casp3, SPX immunoreactivities, and TUNEL staining
photomicrographs. It was observed that kidney tissues in control and
NC groups had similar BcL-2, Bax, Casp3, SPX immunoreactivi-
ties (p>0.05) (a, b). It was determined that BcL-2 immunoreactiv-
ity was relatively decreased in AL group (A; c¢) compared to Control
group, but this decrease was not statistically significant (p>0.05). In
the AL+NC group, (A; d) BcL-2 immunoreactivity was relatively
increased compared to the AL group, but this increase was not sta-
tistically significant (p>0.05). It was determined that Bax immuno-
reactivity was significantly increased in AL group (B; c) compared
to the control group (p<0.05). In the AL+NC group (B; d), Bax
immunoreactivity was relatively decreased compared to the AL
group, but this was not statistically significant (p >0.05). It was deter-
mined that Casp3 immunoreactivity was significantly increased in AL
group (C; c¢) compared to Control group (p<0.05). In the AL+NC
group (C; d), Casp3 immunoreactivity was statistically significantly

decreased compared to the AL group (p<0.05). It was determined
that SPX immunoreactivity was significantly increased in AL group
(E; ¢) compared to control group (p<0.05). In the AL+NC group
(E; d), SPX immunoreactivity was relatively decreased compared to
the AL group (p>0.05). A BcL-2 immunohistochemical images, B
Bax immunohistochemical images, C Casp3 immunohistochemical
images, E SPX immunohistochemical images. D TUNEL staining
photomicrographs, arrows indicates TUNEL positive cells labeled
as brown nuclei. TUNEL positive cells were at similar rates in the
control and NC groups (a, b, p>0.05). TUNEL positive cells were
significantly increased in AL group compared to control and NC
groups (D; ¢, p<0.05). Compared with the AL group, TUNEL posi-
tive cells were significantly reduced in the AL+NC group (D; d,
p<0.05). All slides were counterstained with methyl green. Scale
bar: 100 um,x?200. G, glomerulus; Arrow, immunoreactivity; Bax,
BcL-2 associated x; Casp3, caspase 3; SPX, spexin; Groups: AL, alu-
minum; NC, N-acetylcysteine
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Fig. 3 Effects of AL and/or NAC administration on serum creatinine,
BUN, and kidney tissue SPX levels. The creatinine, BUN, and SPX
levels were similar in the control and NC groups (p>0.05). Serum
creatinine and BUN levels increased significantly in AL group com-
pared to control and NC groups (¥, p<0.05). In the AL+ NC group,
it was statistically significantly decreased compared to the AL group
(#, p<0.05). SPX level in kidney tissue increased significantly in AL
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Fig.4 Effects of AL and/or NAC administration on TAS and TOS
levels in kidney tissue. TAS and TOS levels were similar in con-
trol and NC groups (p>0.05). TAS levels decreased significantly
in AL group compared to Control and NC groups, while TOS lev-
els increased (*, p<0.05). TAS levels increased relatively in
the AL+NC group compared to the AL group, while TOS lev-

group (Fig. 4, *, p=0.002). However, kidney TOS levels
significantly increased in the AL group compared to the con-
trol group (Fig. 4; *, p<0.001). Furthermore, TAS values
relatively increased (p =0.202), whereas TOS levels signifi-
cantly decreased in the AL + NC group compared to the AL
group (Fig. 4; #, p<0.001).

Discussion
Today, AL is well-known as a nephrotoxic agent. Its toxic
effects arise due to the high risk of daily exposure [19].

Studies reported that markers such as creatinine and urea
that increase with kidney tissue damage increase due to AL
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group compared to control and NC groups (¥, p<0.05). SPX level
decreased significantly in AL +NC group compared to AL group (#,
p<0.05). Values are presented as mean + standard error. *: p<0.05
compared with control and NC groups, #: p<0.05 compared with
group AL. BUN, blood urea nitrogen; SPX, spexin; Groups: AL, alu-
minum; NC, N-acetylcysteine
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els decreased significantly (#, p<0.05). Values are presented as
mean+standard error. *: p<0.05 compared to control and NC
groups, #: p<0.05 compared to group AL. TAS, total antioxidant sta-
tus; TOS, total oxidant status; Groups: AL, aluminum, NC, N-acetyl-
cysteine

exposure [4, 7]. Consistent with these data, in the current
study, it was found that AL exposure significantly increased
BUN and creatinine levels (Fig. 3). On the other hand, stud-
ies reported that AL causes renal oxidative damage by caus-
ing a decrease in antioxidant parameters and an increase in
oxidant parameters [4—6]. Likewise, this study showed that
AL can cause oxidative stress by decreasing the TAS level
and increasing the TOS level in kidney tissue (Fig. 4).

It was previously stated that the pathological basis of AL
toxicity is oxidative stress and apoptosis [20]. Expression of
the anti-apoptotic Bcl-2 protein, which plays an important
role in the regulation of apoptotic cell death, significantly
decreased in rats exposed to AL [4]. In the current study,
it was observed that the level of Bcl-2 protein relatively



Protective Effect of N-Acetylcysteine Against Aluminum-Induced Kidney Tissue Damage in Rats 1813

decreased in the AL group compared to the control group.
These results support that AL may cause apoptosis in kid-
ney tissue by decreasing Bcl-2 expression [21]. In addition,
prolongation of the activation of c-Jun N-terminal kinase
(JNK) due to increased ROS promotes regulation of BcL-2
inactivation and translocation of Bax and caspase-8 to mito-
chondria. This is important for the proapoptotic function
of JINK. Studies suggested that AL causes apoptotic dam-
age by increasing hepatic mitogen-activated protein kinase
(MAPK) and the expression of JNK protein [22]. Consistent
with these data, the results obtained in the present study
demonstrated that AL exposure causes apoptotic damage
by decreasing BcL-2 immunoreactivity and increasing Bax
and Casp3 immunoreactivities in kidney tissue (p <0.05).
These results were also further confirmed with the TUNEL
method (Table 2).

In a study, it was shown that NAC alleviates AL-induced
damages by possibly removing free radicals, binding
AL, stimulating its excretion, reducing its bioavailability,
strengthening endogenous antioxidant defense systems, and
stabilizing the cell membrane when administered at 150 mg/
kg simultaneously or after AL exposure [23]. The current
study showed that NAC treatment (150 mg/kg) may have a
protective effect on kidney tissue by regulating histopatho-
logical changes caused by AL, increased renal biochemical
markers, oxidative stress parameters, and apaptotic protein
levels (Figs. 1, 2, 3, and 4, Table 2).

SPX was reported to be a potential regulatory factor in
obesity and energy metabolism [24]. Pioneering studies
reported that SPX immunoreactivity is localized in kidney
tissue, primarily epithelial cells in Henle loop and distal
tubules, and that expression is not observed in the proximal
tubules [25]. In the current study, it was observed that SPX
showed immunoreactivity, especially in epithelial cells of
the distal tubules (Fig. 2). Additionally, it was reported that
SPX administration improves body weight and composition,
glucose metabolism, insulin sensitivity, liver function, and
hormonal profiles in type 2 diabetes and diet-induced obesity
in rodents [26]. A study reported that SPX administration
alleviated dyslipidemia and insulin resistance in rats fed a
high-fructose diet [27]. It is known that SPX shows inhibi-
tory effects on reproduction and nutrition through galanin
receptor 2 (GALR?2) and galanin receptor 3 (GALR3) [28].
GALRS3 signaling was reported to alleviate cellular stress
and apoptosis in subventricular neural stem cells exposed
to high glucose and palmitate [29]. In addition, a study
reported that SPX treatment regulates impaired glucose and
lipid metabolism and inhibits hypoxia-induced mitochon-
drial dysfunction and oxidative stress through GAL2R acti-
vation in cardiomyocytes [30]. A recent study reported that
high-fat fructose diet caused an increase in histopathological
and biochemical parameters in rat kidney tissues, resulting
in renal dysfunction. In the same study, it was shown that

SPX treatment significantly reduced histopathological and
biochemical parameters. In addition, it has been reported
that SPX has an anti-oxidative effect by returning GSH to
normal levels and an anti-apoptotic effect by suppressing
the apoptotic marker Casp3 [31]. The suppression of these
effects of SPX in the group receiving the GALR-2 antagonist
MS871 was interpreted as that SPX ameliorated these mor-
phological changes through GALR-2 [30, 31].

In this current study, it was observed that SPX levels
increased in AL-induced kidney tissue damage (Table 2,
Fig. 3). Recent studies have revealed that experimental
induction of dietary saturated fatty acid and hyperglycemia
directly affects SPX expression and secretion [28, 32, 33].
After short-term administration of insulin or glucose, SPX
release and SPX-immunoreaction are increased in cultured
cells and isolated islets [34, 35]. Also in vitro, SPX mRNA
levels have been reported to increase in hypothalamic neu-
rons after acute treatments with saturated fatty acid palmi-
tate [28, 32]. Additionally, plasma or hypothalamic SPX
levels were increased after treatment with glucose or insu-
lin in goldfish [35]. These results suggest that SPX may be
induced by an acute metabolic disorder, providing a protec-
tive mechanism against metabolic dysfunction [36].

In the light of this information, in the current study, it
was observed that SPX secretion and immunoreactivity in
kidney tissues increased under reduced physiological condi-
tions due to acute AL nephrotoxicity. In addition, we believe
that it may be effective in increasing the level of SPX in
AL-induced oxidative stress in kidney tissue. Because while
SPX levels increased in the AL group, they decreased sig-
nificantly in parallel with the regulation of oxidative stress
parameters in the AL +NC group. These results show that
SPX is sensitive to oxidative stress.

Conclusion

In this study, we explained the effect of NAC on AL-induced
kidney tissue damage by evaluating histopathological
changes, biochemical markers, apoptotic protein levels, and
oxidative stress parameters. As a result, we showed that
AL-induced histopathological changes, oxidative stress,
and apoptosis were increased in kidney tissue. We also
found that SPX, which plays a role in energy metabolism,
increases in AL-induced kidney damage. We explained that
NAC has a protective effect against kidney damage by show-
ing its antioxidant and antiapoptotic properties in kidney
tissue. However, we observed that NAC attenuated the AL-
induced increased SPX level by attenuating oxidative stress.
We think that our study will shed light on future studies and
will play an important role in determining the role of SPX
in kidney tissue damage.
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