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Introduction
Stroke remains a common problem worldwide, and 
understanding of how the disease progresses and its 
impact on people’s lives is crucial for developing more 
effective diagnostic tests and treatments 1. Each year, 
about 13.5 million people have a stroke, and 5.5 million 
people die from stroke 2. Extensive research has focused 
on unraveling the pathology of cerebrovascular disease, 
particularly ischemic strokes characterized by interrupted 
blood flow to the brain, often caused by arterial thrombosis 
or embolism. Ischemic brain damage involves a complex 
pathological and physiological process, including 
energy deficiency, increased calcium, oxidative stress, 
mitochondrial damage, excitotoxicity, and inflammatory 
responses, as well as apoptosis 3. Inflammation initiates 
with the impairment of blood flow, the enhancement 

of intravascular leukocytes, and the release of pro-
inflammatory agents from ischemic endothelium and 
cerebral tissue, thereby amplifying the risk of heightened 
damage. Although many aspects of post-ischemic 
inflammation persist for days or even weeks, dying neurons 
following ischemia release inflammatory elements in the 
adjacent brain parenchyma, and the inflammatory cascade 
promptly triggers more cerebral damage 4. Inhibiting the 
inflammatory mediators has shown promise in reducing 
neuronal destruction and improving brain function 5. In 
the field of inflammation, miR-342-3p acts as a critical 
player and regulates mechanisms within T cells due 
to its anti-inflammatory properties 6. This microRNA 
holds promise for treating inflammation-related diseases 
and also plays a crucial role in maintaining the viability 
of macrophages by adjusting an anti-apoptotic gene 
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ARTICLE INFO Abstract
Introduction: Ischemic stroke is a leading global cause of death, and its severity is increased by 
inflammatory pathways. N-acetylcysteine (NAC), an FDA-approved anti-inflammatory agent, 
can significantly affect pro-inflammatory cytokines. On the other hand, microRNAs such as 
microRNA-342-3p (miR-342-3p), which likely play a role in reducing inflammation, could be 
a promising factor in the investigation of ischemic stroke. This research aims to investigate the 
impact of NAC on miR-342-3p expression and its downstream gene Chi3l1 in animal models 
with middle cerebral artery occlusion (MCAO). 
Methods: Rats were divided into four groups: MCAO, sham, NAC-only, and NAC + MCAO. 
The MCAO group underwent MCAO surgery without any treatment. In the NAC-only group, 
150 mg/kg NAC was injected without MCAO surgery. Rats in the NAC + MCAO group were 
subjected to MCAO surgery, followed by 150 mg/kg NAC administered twice a day, 1 and 6 h 
after surgery. In all groups, neurological deficits, infarction volume, cerebral edema, blood-brain 
barrier permeability, and miR-342-3p/Chi3l1 gene expression levels were evaluated. 
Results: This study demonstrated notable differences in behavioral tests, blood-brain barrier 
permeability, and cerebral edema between the MCAO and NAC + MCAO groups. Infarct volume 
was significantly reduced in the NAC + MCAO group compared to the MCAO group. Also, miR-
342-3p gene expression was down-regulated in the MCAO group, while its expression was up-
regulated in the NAC + MCAO group. Chi3l1 gene expression was reduced in the NAC + MCAO 
group. In addition, a significant correlation was observed between miR-342-3p and Chi3l1 
expression levels. 
Conclusion: This study supported the neuroprotective effect of NAC on reducing stroke damage 
in an animal model. Also, these findings provided evidence that the role of NAC in ischemia 
might be related to modulating the pathway of inflammation (through alleviating the expression 
of miR-342-3p and Chi3l1).
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network6,7. It has been suggested that miR-342-3p may 
play a role in the pathophysiological mechanisms of 
ischemia 6–8. On the other hand, its downstream gene, 
Chi3l1, has a direct connection to inflammation 9. Chi3l1 
is expressed in response to cytokines, such as interleukin 
13 (IL-13) and interferon-γ (IFN-γ), which are involved 
in the inflammatory response 10. This suggests that Chi3l1 
may also play a role in the inflammatory response in 
ischemic stroke. Investigating the complex interaction 
between miR-342-3p and Chi3l1 provides insights into 
their roles in regulating the inflammatory response. 

N-acetylcysteine (NAC), a sulfur-containing compound 
with mucolytic properties, is known as a dietary 
supplement present in specific fruits and vegetables. 
NAC has been recognized for its potential, including 
boosting glutathione S-transferase activity, stabilizing 
protein structures, and functioning as an antioxidant 
and anti-inflammatory factor 11. In particular, it has 
been demonstrated that NAC reduces pro-inflammatory 
biomarkers, such as Interleukin 6 (IL-6), providing a 
promising approach to alleviate inflammation-related 
symptoms associated with stroke 12.

Among the latest interventions in studies mitigating 
ischemic stroke injuries, microRNAs have attracted the 
researchers’ attention 9,13. According to the available 
evidence, there is no reported study investigating the 
effect of NAC on the level of miR-342-3p and its outcomes 
on injuries caused by ischemic stroke. Consequently, 
this study was designed to investigate the effect of NAC 
on one of the crucial pathophysiological pathways of 
cerebral vascular ischemia (inflammatory pathway) 
via the influence on the expression of miR-342-3p gene 
and its downstream gene, Chi3l1, in ischemic stroke. 
We hypothesized that NAC provides neuroprotection 
by upregulating miR-342-3p and suppressing Chi3l1, 
thereby attenuating inflammatory processes and reducing 
ischemic brain injury.

Materials and Methods
Animals
60 adult male Wistar rats (weighing between 250-350 
g) were obtained from the Pasteur Research Production 
Complex of Iran. The rats were housed under standard 
temperature conditions (22 ± 2°C) and exposed to a 12-
hour light/dark cycle. In this experiment, the minimum 
number of rats was utilized. All experimental procedures 
involving animals were conducted with the National 
Institutes of Health Guide for the Care and Use of 
Laboratory Animals (NIH Publications, revised 2011). 
Also, every step of the experimental procedures was 
conducted according to the protocol approved by the 
Shahid Beheshti University Ethics Committee: (IR.SBU.
REC.1402.027). 

Experimental Groups
The Wistar rats were assigned to four principal 
categories: the MCAO group (n = 20), the sham group 
(n = 15), the N-acetylcysteine-only group (n = 5), and 

the NAC + MCAO group (n = 20). The sample size of 
the sham group was determined to ensure adequate 
statistical comparison for molecular analyses and to 
match the subgroup allocation used in the experimental 
groups. Each main group, except the NAC-only group, 
was separately evaluated for brain edema (n = 5), blood-
brain barrier permeability (n = 5), and gene expression 
levels of Chi3l1 and miR-342-3p using the real-time 
PCR (RT-PCR) technique (n = 5). Infarct volume was 
measured in MCAO and NAC + MCAO groups (Due to 
the complete use of brain tissue in each assay, rats were 
used independently in each of these subgroups). Also, 
neurological deficit scoring was evaluated in all groups 
except the NAC-only group. In the NAC-only group, 
Chi3l1 and miR-342-3p genes levels were assayed (n = 5). 
Rats in the MCAO group underwent middle cerebral 
artery occlusion (MCAO) through filament ischemic 
surgery without any treatment. Rats in the sham group 
were only subjected to surgical stress, and no filament was 
used to block the middle cerebral artery. Hence, infarction 
was not assayed in the sham group. NAC was dissolved in 
sterile normal saline and injected at a dose of 150 mg/kg 
twice per day with a 6 h interval time in the NAC-only 
group, and expression of Chi3l1 and miR-342-3p genes 
was assayed in this group. The purpose of designing this 
group is solely to investigate the effect of NAC on gene 
expression under non-ischemic conditions, and there is 
no need for evaluations such as brain edema, blood-brain 
barrier permeability, or infarct volume in this group. 
The NAC + MCAO group underwent MCAO surgery 
and received NAC twice per day at a dose of 150 mg/kg, 
intraperitoneally (the first time was 1 h after induction of 
MCAO and the second time was 6 h after reperfusion) 14 
(Table 1) (Figure 1). In this study, the mortality rate was 
about %10. Total 66 rats were purchased and six rats died 
following MCAO surgery due to surgical complications 
or severe ischemic injury.

Cerebral Ischemia Modeling
Ischemia was induced in rats by surgically blocking 
the middle cerebral artery using the MCAO method 
15. Anesthesia was induced by intraperitoneal 
administration of ketamine (80 mg/kg) and xylazine (10 
mg/kg). Throughout the surgical procedure, additional 
maintenance doses were administered as required 

Table 1. Evaluation of ischemic damages in various experimental groups. 
MCAO: Middle cerebral artery occlusion; NAC: N-acetylcysteine

Assessment
Sham

(n = 15)
MCAO
(n = 20)

NAC-only
(n = 5)

NAC + MCAO 
(n = 20)

NDS  +   +  -  + 

Brain Edema
(n = 5)

 +   +  -  + 

Infarction
(n = 5)

-  +  -  + 

BBB integrity
(n = 5)

 +   +  -  + 

miR-342-3p / Chi3l1 
Genes Expression
(n = 5)

 +   +   +   + 
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to maintain a stable anesthetic plane. Subsequently, 
the intraluminal filament approach was used in this 
procedure to block the MCA of the right hemisphere, 
as described by Longa 15. The right side of the rat’s neck 
was incised, and the carotid arteries were exposed after 
tissue dissection. The right external carotid artery and 
right common carotid artery were ligated with a suture. 
A rounded, coated 3–0 nylon suture filament (with poly-
L-lysine (Sigma, USA)) was created. An incision was 
made in the right common carotid, and the filament 
was inserted into the internal carotid artery up to the 
point where the filament met resistance and could not 
be advanced further (20 mm). In this way, the filament 
completely blocked the blood flow to the right MCA. 
Reperfusion was initiated by withdrawing the filament 
after 60 minutes of ischemia. During the operation, the 
rectal temperature was monitored. All assessments were 
conducted 24 h post-reperfusion.

Behavioral Assessment of Neurological Deficits
Neurological deficits were assessed 24 hours after 
MCAO surgery. The behavioral assessment consisted 
of movement tests, sensory tests, balance assessments, 
absence of reflexes, and abnormal movements. The 
neurological functions were scored on a scale from 0 to 
18, with 0-6 indicating normal function, 7-12 indicating 
mild damage, and 13-18 indicating severe damage. A 
score of 18 means severe damage to the nervous system, 
which controls the animal’s behavior 16 (Supplementary 
Table).

Assessment of Infarct Volume
Twenty-four hours post-reperfusion, the rats’ brains were 
removed under deep anesthesia and preserved in cold 
saline for 5 min to allow sufficient tissue firmness for 
sectioning. The brains were then immediately processed 
without freezing for TTC staining. Following sectioning 
of the rats’ brains from the frontal to the temporal side, 2 
mm thick coronal segments were obtained. A 2% solution 

of 2.3.5-triphenyl tetrazolium chloride (TTC) dye (Merck-
Germany) was prepared for staining. After 15 min, normal 
tissues appeared red due to the presence of succinate 
dehydrogenase, while damaged and ischemic tissues 
remained white due to the lack of this enzyme, indicating 
the occurrence of a stroke. Subsequently, the sections of 
the rat brain were photographed with a digital camera. 
Finally, the areas of the rat brain, including the cortex, 
piriform cortex-amygdala (Pri-Amy), and striatum, were 
calculated using Image J software (version 1.50). These 
areas were then multiplied by 2 mm, and all the values 
obtained from all the sections were added together and 
calculated according to the following formula 17,18.
Corrected volume of the affected area = the volume of 
the left hemisphere – (volume of the right hemisphere - 
volume of the affected area)

Assessment of the Cerebral Edema
To assess cerebral edema, one of the common methods 
is to measure the wet and dry weights of the rat brain. 
After separating the Pri-Amy, striatum, and cortex of the 
left and right hemispheres, their weights were measured 
and defined as the wet weight (WW). Then, the brain 
pieces were placed in an incubator at 120°C (PID-C168 
Zist Fanavar, Iran) for 24 hours. The weight of tissues 
was measured again to obtain the dry weight. In the end, 
the brain water content was calculated by the formula 
([(WW-DW)/WW] × 100) 19.

Assessment of the Permeability of the Blood-brain 
Barrier (BBB)
To evaluate the permeability of the blood-brain barrier, 
the extravasation of Evans Blue was quantified. In this 
method, 30 minutes after entering the filament into the 
common carotid artery and stopping the blood supply, 
2% Evans Blue solution (Sigma, USA) was injected at a 
dose of 4 ml/kg. 24 hours post-reperfusion, 250 ml of 
saline was transcardially injected into the left ventricle to 
remove Evans Blue from the blood vessels. Subsequently, 

Figure. 1 Schematic timeline of the experimental protocol. Rats underwent right middle cerebral artery occlusion (MCAO) for 60 minutes followed by 
reperfusion. NAC was administered at 1 hour after MCAO induction and at 6 hours after reperfusion. Neurological deficits were evaluated 24 hours after 
reperfusion. Animals were euthanized 24 hours after surgery, and brain tissues were collected. MCAO, middle cerebral artery occlusion; NAC, N-acetylcysteine; 
IP, intraperitoneal.
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the brain was extracted from the cranium, and each 
area of the left and right hemispheres was separated 
and then weighed before being transferred to individual 
microtubes. Four times the weight of each area, phosphate 
buffer (PBS) was added to the microtubes and the samples 
were homogenized for 10 min. Then, 60% trichloroacetic 
acid was added to precipitate proteins. They were mixed 
for three minutes and kept at 4 °C for thirty minutes. 
Subsequently, the specimens underwent centrifugation 
for 30 min at 1000 revolutions per minute (rpm). Finally, 
the optical absorbance of the supernatant was measured 
at 610 nm with an ELISA reader (BioTek 800 TS) to 
determine the dye concentration using a standard curve 20.

Assessment of Expression of miR-342-3p and Chi3l1 
Genes
Following the separation of brain regions, RNA 
extraction from brain tissue was conducted according 
to the manufacturer’s instructions (Pars Tos, Iran, cat. 
A101231). Subsequently, the extracted RNA was reverse-
transcribed into cDNA using a cDNA synthesis kit (Pars 
Tos, Iran, cat. A101161). PCR was carried out using 
SYBR green master mix (Pars Tos, Iran, cat. C101021) 
in duplicate with the MIC_BMS (no rox) machine. The 
TM Primer Quest tool was used to design the primers 
(Table 2). To analyze the data, the 2-ΔΔCT formula was used 
for normalization. β-actin for Chi3l1 and Snord87 for miR-
342-3p were used as housekeeping genes, respectively.

Statistical Analysis
The Kruskal-Wallis non-parametric test analyzed the 
neurological deficits score (NDS) data, Dunn’s post 
hoc. Also, analysis of cerebral edema, BBB, Chi3l1, and 
mir342-3p genes data was done by a one-way ANOVA 
test. Infarct volume was quantified using ImageJ software 
(version 1.50) and analyzed by an unpaired t-test. Data 
are presented as mean ± SEM. P < 0.05 was considered a 
significant criterion for each group.

Results
The Effect of N-acetylcysteine (NAC) on Behavioral 
Deficits
24 hours after reperfusion, the effect of NAC on 
neurological deficits was evaluated. The results showed 

that the MCAO group exhibited a significant increase 
in the total neurological score in comparison with the 
sham group (P = 0.0002). Also, a significant increase 
in each behavioral test (raise the tail, motor function, 
sensory function, and reflex activity) was observed 
between the MCAO and sham groups (P < 0.05, P < 0.001, 
P < 0.001, P < 0.01, respectively). In addition, the total 
score of all behavioral evaluations in the NAC + MCAO 
group decreased when compared with the MCAO group 
(P = 0.029) (Figure 2A). A separate analysis of each 
behavioral test also indicated that NAC in ischemia-
subjected rats attenuated neurological deficits compared 
with the MCAO group (P < 0.05, P < 0.05, P < 0.05, P < 0.01, 
respectively) (Figure 2B-E).

The Effect of N-acetylcysteine (NAC) on Infarction 
Volume
The volume of tissue damage in the brain was evaluated 
24 hours after reperfusion. The brain sections were 
stained and the damage volume of the cortex, piriform 
cortex-amygdala (Pri-Amy), and striatum was calculated 
using ImageJ software for each group. The achieved 
results indicated that the total infarction volume in the 
NAC + MCAO group (120.5 ± 10.17) was markedly 
diminished in comparison with the MCAO group 
(205.9 ± 16.4) (P = 0.002) (Figure 3A). Moreover, 
the NAC + MCAO group (49.62 ± 10.13) exhibited a 
significant decrease in the infarcted volume of the cortex 
area when compared to the MCAO group (101.8 ± 18.02) 
(P = 0.03) (Figure 3B). A marked reduction was also 
observed within the Pri-Amy in the NAC + MCAO 
group (13.56 ± 2.545) compared to the MCAO group 
(36.68 ± 4.244) (P = 0.001) (Figure 3C). Furthermore, 
the NAC + MCAO group (3.58 ± 1.11) manifested a 
considerable decrease in the striatum area compared to 
the MCAO group (13.31 ± 2.48) (P = 0.007) (Figure 3D). 
The macroscopic images reflected that white and red areas 
of brain sections indicate ischemia and non-ischemic 
tissues, respectively (Figure 3E).

The Effect of N-acetylcysteine (NAC) on the Cerebral 
Water Content
24 hours after the induction of ischemia, the weights of 
the cortex, striatum, and Pri-Amy areas of the left and 

Table 2. The primers of miR 342-3P, Chi3l1, and housekeeping (snord89 and β-actin) genes.

Sequence of Primers Gene

Stem loop: 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACGGGT-3’ Mir-342-3P

Forward: 5’-CCACTCTCACACAGAAATCGC -3’

Reverse 5’-CAGTGCAGGGTCCGAGGTA-3’

Forward: 5’-GCTGGCACAATGATGACTTATGTT-3’ Snord89

Reverse: 5’-CAGTGCAGGGTCCGAGGTA-3’

Forward: 5’-GGACCTATGGCTTTGATGGA-3’ Chi3l1

Reverse 5’-TGAGCAGGAGTTTCTCTGTG-3’

Forward: 5’-CAACTGGGACGATATGGAGAAG-3’ β-actin

Reverse: 5’-CAGAGGCATACAGGGACAAC-3’
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right hemispheres were evaluated. In three regions of the 
left hemisphere, no significant difference was observed 
between the experimental groups. Analyzing the data 
and comparing the outcomes of the groups indicated that 
the cerebral water content (edema) in the cortex, Pri-
Amy, and striatum areas of the right hemisphere in the 
MCAO group was significantly enhanced in comparison 
to the sham group (P = 0.0002, P = 0.001, and P = 0.0002; 
respectively). Furthermore, the results of the cortical area 

in the right hemisphere revealed a remarkable decrease 
in edema of the NAC + MCAO group (74.13 ± 2.07) 
in comparison with the MCAO group (79.90 ± 5.66) 
(P = 0.002) (Figure 4A). In addition, there was a reduction 
in the Pri-Amy area of the NAC + MCAO group 
(74.10 ± 1.50) compared to the MCAO group (79.45 ± 3.65) 
and this difference was significant (P = 0.01) (Figure 4B). 
Also, the cerebral edema of the striatal area in the right 
hemisphere of the NAC + MCAO group (74.23 ± 2.62) 

Figure. 2 The effect of N-acetylcysteine (NAC) on neurological deficits in the sham, MCAO, and NAC + MCAO groups 24 h after MCAO surgery. The graphs 
show the total neurological score (A), rising rat by the tail (B), motor tests (C), sensory tests (D), and reflex activity (E). Kruskal-Wallis non-parametric test; Each 
column represents Mean ± SEM (n = 5). *P < 0.05, **P < 0.01, and ***P < 0.001. Sham, surgery without MCAO; MCAO (control), ischemia without treatment; 
MCAO + NAC, ischemia with NAC treatment.

Figure. 3 The effect of N-acetylcysteine (NAC) on infarct volume 24 h after MCAO surgery. The graphs show the total infarct volume (A), infarct volume in cortex 
(B), infarct volume in piriform cortex-amygdala (Pri-Amygdala) (C), infarct volume in striatum (D). Also, staining of brain tissue slides was characterized by red 
color in non-ischemic and white in infarcted areas (E). Unpaired t-test; Each column represents Mean ± SEM (n = 5). *P < 0.05 and **P < 0.01. MCAO (control), 
ischemia without treatment; MCAO + NAC, ischemia with NAC treatment.
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was reduced when compared with the MCAO group 
(78.40 ± 5) (P = 0.008) (Figure 4C).

The Effect of N-acetylcysteine (NAC) on Blood-brain 
Barrier Permeability
The detection of Evans Blue amount in brain tissue 
reflects permeability of the blood-brain barrier, leading 
to the release of Evans Blue from the blood vessels into 
cerebral tissue. In three regions of the left hemisphere, no 
significant difference was observed between the groups. 
The statistical comparison of experimental groups 
indicated that the Evans Blue amount in the cortex, Pri-
Amy, and striatum areas of the right hemisphere in the 
MCAO group was significantly increased in comparison 
to the sham group (P = 0.0006, P = 0.003, P = 0.001, and 
P = 0.0002; respectively). In addition, the results indicated 
that the permeability of the BBB in the cortex of the right 
hemisphere in the NAC + MCAO group (0.106 ± 0.024) 
was attenuated compared to the MCAO group 
(0.162 ± 0.055) (P = 0.01) (Figure 5A). Similarly, Evans 
Blue amount in the Pri-Amy region of the NAC + MCAO 
group (0.186 ± 0.048) showed a significant reduction 
compared to the MCAO group (0.349 ± 0.162) (P = 0.01) 
(Figure 5B). A remarkable decrease in the striatum of the 
NAC + MCAO group (0.174 ± 0.052) was also observed 
compared with the MCAO group (0.279 ± 0.117) (P = 0.03) 
(Figure 5C).

The Effect of N-acetylcysteine (NAC) on the Expression 
of miR-342-3p Gene
The expression of the miR-342-3p was individually 
assessed in the cortex, Pri-Amy, and striatum regions. 
The results indicated that miR-342-3p level gene did not 

change following injection of NAC in NAC-only group 
rats. As illustrated in Figure 6, ischemia in three areas of rat 
brain in the MCAO group markedly led to a reduction in 
miR-342-3p level compared to the sham group (P < 0.001). 
Moreover, the administration of NAC after induction of 
ischemia (0.91 ± 0.079) resulted in a significant elevation 
in the miR-342-3p level of the cortex region compared to 
the MCAO group (0.37 ± 0.051) (P = 0.0004) (Figure 6A). 
Furthermore, the miR-342-3p level in the Pri-Amy region 
of the NAC + MCAO group (0.83 ± 0.11) was enhanced 
compared with the MCAO group (0.41 ± 0.041) (P = 0.006) 
(Figure 6‌B). Also, the NAC + MCAO group (0.82 ± 0.075) 
displayed an elevation in the level of miR-342-3p gene in 
the striatum compared to the MCAO group (0.26 ± 0.067) 
(P < 0.001) (Figure 6C).

The Effect of N-acetylcysteine (NAC) on the Expression 
of Chi3l1 Gene 
The data analysis was independently conducted for 
the cortex, Pri-Amy, and striatum areas between the 
experimental groups. The findings of the present study 
indicated a significant increase in the expression of the 
Chi3l1 gene in the cortex, Pri-Amy, and striatum areas 
of the MCAO group in comparison with the sham group 
(P = 0.0003, P = 0.0006, and P = 0.001; respectively). In 
addition, Chi3l1 gene expression in the cortical region 
of the NAC + MCAO group (0.64 ± 0.043) was down-
regulated compared to the MCAO group (3.91 ± 0.53) 
(P = 0.0001) (Figure 7A). Furthermore, administration 
of NAC in ischemic rats (the NAC + MCAO group) 
(0.45 ± 0.054) attenuated the expression of the Chi3l1 
gene in the Pri-Amy area in comparison with the MCAO 
group (3.21 ± 0.45) (P = 0.0001) (Figure 7B). In the 

Figure. 4 The effect of N-acetylcysteine (NAC) on cerebral edema 24 h after MCAO surgery in cortex (A), piriform cortex-amygdala (Pri-Amygdala) (B), and 
striatum (C) areas of rat brain. One-way ANOVA; Each column represents Mean ± SEM (n = 5). *P < 0.05, **P < 0.01, and ***P < 0.001. Sham, surgery without 
MCAO; MCAO (control), ischemia without treatment; MCAO + NAC, ischemia with NAC treatment.
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Figure. 5 The effect of N-acetylcysteine (NAC) on the permeability of the blood-brain barrier in the MCAO, sham, and NAC + MCAO groups 24 h after MCAO 
surgery in cortex (A), piriform cortex-amygdala (Pri-Amygdala) (B), and striatum (C) areas of rat brain. One-way ANOVA; Each column represents Mean ± SEM 
(n = 5). *P < 0.05, **P < 0.01, and ***P < 0.001. Sham, surgery without MCAO; MCAO (control), ischemia without treatment; MCAO + NAC, ischemia with NAC 
treatment.

Figure. 6 The effect of N-acetylcysteine (NAC) on the expression of miR-342-3P level in cortex (A), piriform cortex-amygdala (Pri-Amygdala) (B), and striatum 
(C) areas of rat brain. One-way ANOVA test; Each column represents Mean ± SEM (n = 5). **P < 0.01 and ***P < 0.001. Sham, surgery without MCAO; MCAO 
(control), ischemia without treatment; NAC-only, NAC administration without MCAO; MCAO + NAC, ischemia with NAC treatment.

Figure. 7 The effect of N-acetylcysteine (NAC) on Chi3l1 gene level in cortex (A), piriform cortex-amygdala (Pri-Amygdala) (B), and striatum (C) areas of rat brain. 
One-way ANOVA test; Each column represents Mean ± SEM (n = 5). **P < 0.01 and ***P < 0.001. Sham, surgery without MCAO; MCAO (control), ischemia 
without treatment; NAC-only, NAC administration without MCAO; MCAO + NAC, ischemia with NAC treatment.
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striatal area, the down-regulation of the Chi3l1 gene was 
also observed in the NAC + MCAO group (0.60 ± 0.095) 
when compared to the MCAO group (2.71 ± 0.38) 
(P = 0.0008) (Figure 7C).

Region-specific correlation between miR-342-3p and 
Chi3l1
A strong negative correlation between miR-342-3p 
and Chi3l1 expression was observed across three brain 
regions. Specifically, in the cortex, pri-amygdala, and 
striatum, the correlation coefficients were r = –0.907 
(P < 0.0001), r = –0.815 (P = 0.0013), and r = –0.825 
(P = 0.001), respectively (Figure 8A-C). These results 
indicate a consistent inverse association between miR-
342-3p and Chi3l1 across all examined regions, suggesting 
a robust regulatory relationship.

Discussion
The results of this study indicated that administering NAC 
following ischemia induction in rats alleviated ischemic 
damage, including neurological deficits, infarction 
volume, cerebral edema, and BBB breakdown. 

In this investigation, NAC alleviated various types of 
behavioral deficits caused by stroke. Previous evidence 
also indicated that reperfusion led to an increase in the 
expression of tumor necrosis factor (TNF-α) and inducible 
nitric oxide synthase (iNOS), while the administration 
of NAC alleviated these cytokines, resulting in a 50% 
reduction in neurological deficits 21. NAC not only 
directly neutralizes free radicals by providing sulfhydryl 
groups but also enhances antioxidant activity in the cells 
by restoring intracellular GSH (glutathione) 11. Hence, 
NAC probably improved neurological outcomes due to 
its anti-inflammatory and antioxidant properties. Also, 
a decrease in infarction was observed following the 
administration of NAC. Similarly, it was reported that the 
combination of NAC and normobaric hyperoxia (NBO) 
treatment in a rat model of cerebral ischemia effectively 
reduced tissue infarction 22. Infarcted tissue is known as 
a result of neuronal death. It was demonstrated that the 
application of NAC can notably restrict the damage of 

ischemic stroke by regulating glutamate expression 22–24. 
Consistently, NAC inhibited caspase activation, reduced 
apoptosis, and enhanced angiogenesis 25. In line with 
these observations, recent evidence has demonstrated 
that NAC markedly attenuates neuronal apoptosis 
following cerebral ischemia–reperfusion by modulating 
intrinsic mitochondrial apoptotic pathways. Specifically, 
NAC has been shown to reduce cytochrome c release 
and caspase-3 activation, while restoring the NGF–Akt/
Bad survival signaling axis in hippocampal neurons, 
ultimately limiting ischemia-induced neuronal loss26. 
Therefore, it can be stated that NAC may reduce the 
infarction due to its anti-apoptotic and anti-excitotoxic 
properties. Moreover, the result of this study showed that 
NAC significantly attenuated the cerebral water content 
and BBB permeability 23. In agreement with the present 
result, it was reported that NAC affected blood-brain 
barrier permeability through ROS-induced changes 27,28. 
Previous reports revealed that NAC regulated cytokines by 
inhibiting nuclear factor kappa B (NF-κB), subsequently 
resulting in a decrease of TNF-α, interleukin 1 (IL-1), 
iNOS, and ED1 levels 14,29. Supporting this mechanism, 
NAC has also been reported to suppress oxidative stress–
induced apoptosis and inflammation in ischemia-related 
tissue injury through inhibition of the TLR4/NF-κB/
NLRP3 signaling axis. By attenuating NF-κB activation and 
downstream inflammasome components such as NLRP3, 
NAC effectively reduces caspase-dependent apoptosis 
and tissue injury, highlighting its dual antioxidant and 
anti-inflammatory actions30. Other anti-inflammatory 
effects of NAC have also been reported, including the 
reduction of pro-inflammatory cytokines such as IL-6, 
malondialdehyde (MDA), soluble intercellular adhesion 
molecule-1 (sICAM-1), nitric oxide (NO), and neuron-
specific enolase 12. Inflammation and oxidative stress 
signaling pathways are considered the main contributors 
to BBB breakdown and increased cerebral water content. 
Therefore, it is hypothesized that NAC mitigates the 
ischemic damage mentioned above through its anti-
inflammatory and antioxidant properties.

The results of this study confirmed the expression of the 

Figure. 8 Correlation between miR-342-3p and Chi3l1 levels in the cortex (A), piriform cortex-amygdala (Pri-Amygdala) (B), and striatum (C) regions of the 
rat brain. A significant correlation was observed between the NAC-induced increase in miR-342-3p and the corresponding decrease in Chi3l1 expression 
(P < 0.0001, P < 0.01, and P < 0.001, respectively).
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miR-342-3p gene and its downstream Chi3l1 gene 24 hours 
after ischemia induction. NAC did not affect miR-342-3p 
or Chi3l1 levels under non-ischemic conditions, but its 
regulatory effect was evident in the context of ischemic 
stroke. In line with these findings, previous studies have 
demonstrated that NAC exerts neuroprotective effects 
in cerebral ischemia–reperfusion models by reducing 
infarct size, suppressing inflammatory responses, and 
reversing ischemia-induced alterations in specific 
microRNAs and inflammatory signaling pathways31. 
Moreover, a strong negative correlation between miR-
342-3p and Chi3l1 expression was observed across 
three brain regions. This suggests that miR-342-3p 
may play a key role in controlling Chi3l1 expression in 
regions affected by ischemic injury. The correlations 
were particularly pronounced in the cortex and pri-
amygdala, areas known for prominent inflammatory 
and glial responses, and were also robust in the 
striatum, highlighting the broad relevance of the miR-
342-3p–Chi3l1 interaction across anatomically distinct, 
ischemia-vulnerable brain regions.

While these data support a strong associative link, 
they do not establish causality. Future mechanistic 
studies using miR-342-3p gain- or loss-of-function 
approaches, together with protein-level validation of 
Chi3l1, will be necessary to confirm a direct regulatory 
effect. Nevertheless, the consistent and significant 
inverse correlations observed across three brain 
regions highlight the potential importance of miR-
342-3p–Chi3l1 interactions in the context of ischemic 
brain injury. In line with these correlations, NAC 
alleviated the decrease in miR-342-3p and the increase 
in Chi3l1 expression. It is plausible that the observed 
regulation of miR-342-3p by NAC is mediated through 
its antioxidant actions. NAC restores GSH and lowers 
ROS, suppressing NF-κB–driven oxidative stress and 
inflammation, while preventing pathological tissue 
remodeling and supporting neuroprotection in ischemic 
stroke 32,33. Since these transcription factors are critically 
involved in inflammation and oxidative stress responses, 
their inhibition could relieve the suppression of anti-
inflammatory microRNAs such as miR-342-3p. In 
parallel, the reduction of pro-inflammatory mediators 
like TNF-α and IL-1β by NAC may further contribute 
to the downregulation of Chi3l1 33,34. Therefore, it can 
be speculated that NAC influences upstream redox-
sensitive signaling pathways to modulate the miR-342-
3p/Chi3l1 axis, ultimately leading to reduced ischemic 
brain injury.

These results suggest that the protective effects of NAC 
are likely exerted through interactions with pathways 
related to ischemia/inflammation, rather than through 
baseline changes in the expression of these genes. This 
study is the first attempt to indicate the effect of NAC on 
the expression levels of the mentioned genes. A previous 
study reported the inverse relationship between miR-
342-3p and Chi3l1. The finding showed that the absence 
of the Chi3l1 gene in arterial endothelium might prevent 

the progression of arterial atherosclerosis. Moreover, 
miR-342-3p attenuated atherosclerosis by reducing 
Chi3l1 levels in arterial endothelium 9. It is obvious that 
atherosclerosis is the main cause of stroke.

It can be hypothesized that inflammation, as a key 
pathophysiological pathway, plays a potential role 
in triggering subsequent brain damage following 
ischemia. Changes in the expression of certain genes 
and microRNAs involved in inflammation may serve 
as important markers for reducing ischemic injury. 
Conflicting reports exist regarding the role of miR-
342-3p in inflammatory pathways. It has been reported 
that miR-342-3p is involved in inflammation-related 
disorders, particularly cardiovascular diseases, leading 
to a reduction in inflammatory cytokines such as IL-
6, IL-7, IL-8, and TNF-α. Conversely, miR-342-3p 
can activate MAP3K1, IKBKγ, and PDGFB, indirectly 
suppressing inflammation 35. Furthermore, the Chi3l1 
gene plays a crucial role in oxidative damage, apoptosis 
regulation, and inflammation modulation. Excessive 
Chi3l1 expression is observed in various inflammatory 
conditions, including diabetes, asthma, cirrhosis, sepsis, 
rheumatoid arthritis, preeclampsia, and coronary 
artery disease 36. Elevated TNF-α and IL-1β also 
enhance Chi3l1 expression 37. In neurological diseases 
such as multiple sclerosis, increased Chi3l1 expression 
is observed in regions of active demyelination 38. Given 
the role of miR-342-3p in reducing inflammation and 
targeting Chi3l1, the effect of NAC on these factors 
could lead to further decrease of inflammation and 
consequently neuroprotection. NAC may have been 
able to control inflammation process in ischemic 
conditions by interfering the expression and activity 
levels of the miR-342-3p and Chi3l1. However, to 
present this hypothesis accurately, it is necessary to 
investigate whether the observed changes in the activity 
of these factors are directly related to anti-inflammatory 
or anti-oxidant effects of NAC. Importantly, these 
apparently conflicting reports are likely explained by 
the fact that the role of miR-342-3p is highly context-
dependent, varying with the cell type involved (e.g., 
neurons, microglia, or endothelial cells) and the disease 
model under investigation (ischemia, atherosclerosis, 
or autoimmune disorders). This variability highlights 
the importance of studying miR-342-3p specifically 
within the ischemic stroke context.

Conclusion
In general, two main findings were achieved in this 
research: 1) the neuroprotective effect of NAC on 
reducing stroke damage in an animal model, and 2) the 
alleviating effect of NAC on the expression of miR-342-
3p and a related gene called Chi3l1 in cerebral ischemic 
conditions. As was mentioned above, this hypothesis that 
NAC may attenuate the ischemic injuries through the 
modulation of miR-342-3p and Chi3l1 factors and the 
reduction of inflammation is strengthened. There is hope 
that further research into the pathways associated with the 
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mentioned factors (miR-342-3p and Chi3l1), including 
the inflammatory pathway, as well as investigating the 
upstream and downstream factors of these pathways, will 
enable these factors to be used as biomarkers for both 
diagnosis and monitoring the treatment process of stroke.
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