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Ozone treatment alleviates brain injury in cerebral ischemic rats by inhibiting 
the NF-κB signaling pathway and autophagy
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ABSTRACT
Stroke is the most frequent cause of disability in developed countries. A common phenomenon of 
stroke, cerebral ischemia, is threatening many lives worldwide. In addition, ozone treatment was 
previously reported to exert functions in relieving brain injury. In the current study, the thera-
peutic effects of ozone on cerebral ischemia are investigated. A rat model of middle cerebral 
artery occlusion (MCAO) was established. The brain water content was calculated by weighing 
brain tissues, and the 2, 3, 5-triphenyltetrazolium chloride staining was performed to measure 
brain infarction volume in rats. A colorimetric assay was conducted to examine expression levels 
of malondialdehyde, superoxide dismutase, catalase, and glutathione in the rat hippocampus. 
Reverse transcription quantitative polymerase-chain reaction and Western blot analyses were 
employed to evaluate expression levels of Beclin1, LC3B, p62, and critical factors implicated in 
the NF-κB signaling pathway. We found that ozone significantly improved the survival rate of 
MCAO model rats, reduced the cerebral water content, and decreased the neurological scores of 
ischemic rats. Ozone markedly reduced cerebral ischemia-induced infarction in ischemic rats. 
Ozone decreased MDA levels and increased SOD, catalase, and GSH levels in the hippocampus 
of rats. Ozone significantly inhibited autophagy by decreasing Beclin1 and LC3B expression and 
increasing p62 expression. The ozone inactivated the NF-κB signaling pathway by decreasing the 
protein levels of TLR4, p-IKKβ, p-IKBα, and p-p65. We conclude that ozone treatment alleviates the 
brain injury in ischemic rats by suppressing autophagy and inactivating the NF-κB signaling 
pathway.
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Introduction

Stroke is a medical condition that induces poor 
blood flow in the brain, which can be classified as 
ischemic and hemorrhagic stroke. As the most 
common form of stroke, ischemic stroke (also 
named cerebral infarction) is induced by occlusion 
of cerebral arteries [1,2]. More than 80% of stroke 
cases belong to ischemic stroke, which happens in 
the middle cerebral artery [3]. Brain injury follow-
ing ischemic stroke is caused by complex patho-
physiological events such as oxidative stress, 
inflammation, apoptosis, nitrative stress, and exci-
totoxicity [4]. Therapeutic strategies for brain 
injury have been investigated in recent years.

As a highly reactive compound, ozone (O3) is 
a triatomic molecule consisting of three oxygen 
atoms, serving as an oxidant. Since ozone was 

identified in 1840, it has been utilized in various 
fields such as room disinfection, teeth whitening, 
blood purification, and wound healing [5]. Ozone 
generally mediates its effects by the generation of 
reactive oxygen species (ROS), triggering oxidative 
stress [6]. Contradictively, the appropriate sys-
temic administration of ozone induces an adaptive 
antioxidant response and further modulates oxida-
tive stress and inflammation related to several 
conditions and drugs [7,8]. At present, ozone 
treatment has been demonstrated to be 
a promising method in the treatment of diverse 
diseases. Ozone treatment has been reported to 
decrease neuronal apoptosis and improve cogni-
tive function in neonatal rats with hypoxic 
ischemic brain injury [9]. Ozone therapy was 
found to attenuate oxidative stress in diabetes at 
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a concentration of 0.42–0.84 mM and to relieve 
pain [10]. The effectiveness of ozone therapy in 
chronic inflammatory diseases such as peripheral 
arterial occlusive disease and chronic heart failure 
has also been validated [11]. Hence, we hypothe-
sized that ozone may alleviate the ischemic stroke- 
induced brain injury by decreasing oxidative 
stress.

Malondialdehyde (MDA) is a lipid peroxidation 
marker and its high level denotes an elevated oxi-
dative stress [12]. Superoxide dismutase (SOD) 
and catalase (CAT) are enzymatic antioxidants, 
while glutathione (GSH) is a non-enzymatic anti-
oxidant. SOD catalyzes the dismutation of O2

·− to 
O2 and H2O2 and is the first line of enzymatic 
defense against ROS. CAT catalyzes the decompo-
sition of H2O2 to produce water and molecular 
oxygen and plays a major role in protecting cells 
against further oxidative damage. In the present 
study, levels of MDA, SOD, CAT, and GSH in the 
hippocampal tissues of rats were detected.

Autophagy is a degradation process for unne-
cessary or damaged constituents in cells, which 
takes on significant functions in keeping the bal-
ance among cell viability, differentiation, and 
development [13]. Beclin1 and LC3B are well- 
known critical molecules for autophagy, and their 
expression levels are positively correlated with 
autophagy. The autophagy adaptor protein p62 
has been demonstrated to promote the selective 
degradation of protein cargo via autophagy, and 
its expression levels are negatively correlated with 
autophagy process [14]. It has been demonstrated 
that stroke can be deteriorated by excessive autop-
hagy [15,16]. ROS are key inducers for autophagy 
initiation [17]. Intriguingly, autophagy is both 
a promoter and an “executioner” for ROS genera-
tion and cell apoptosis [18–20]. Moreover, the 
therapeutic dosage of ozone inhibits autop-
hagy [21].

The nuclear factor-kappa B (NF-κB) signaling 
pathway takes on a critical role in brain develop-
ment and has been indicated to be implicated in 
different neurological diseases [22,23]. NF-κB/Rel 
proteins are bound and suppressed by IkB pro-
teins. After the IKK complex is activated, IκB is 
phosphorylated. The phosphorylation of IκB 
results in its ubiquitination and proteasomal 
degradation, releasing NF-κB/Rel complexes. 

Thus, NF-κB, a transcription factor, is released 
and promotes the expression of cytokines, cell 
adhesion molecules, and antiapoptotic proteins. 
In addition, toll-like receptor 4 (TLR4) and p65 
exert significant functions in brain injury follow-
ing ischemic stroke [24]. It has been demonstrated 
that the IKK2/NF-κB signaling pathway is suffi-
cient to protect neurons from traumatic brain 
injury [25]. The inactivation of the NF-κB signal-
ing pathway inhibits cognitive impairment and 
apoptosis of hippocampal neurons by inhibiting 
RCAN1 in hypoxic-ischemic rats [26]. Quercetin 
alleviates brain injury in hypoxic-ischemic rats by 
suppressing the TLR4/NF-κB signaling path-
way [27].

In the current study, we investigated the effects 
and the underlying molecular mechanism of ozone 
on ischemia-induced brain injury utilizing a well- 
established middle cerebral artery occlusion 
(MCAO) rat model. This study may provide 
a novel insight into the function of ozone in 
ischemic stroke-induced brain injury.

Materials and methods

Animals

A total of 48 specific pathogen-free Sprague- 
Dawley rats weighing 250–300 g were purchased 
from the Institute of Zoology, Chinese Academy of 
Sciences. These rats were maintained in standar-
dized environmental conditions (a 12-hour light/ 
dark cycle at 25 ± 2°C) and were fed a commercial 
diet (CLEA, Shizuoka, Japan) and water ad libi-
tum. This study was performed based on the gui-
dance of Care and Use of Laboratory Animals of 
National Institute of Health, and was approved by 
the Ethics Committee of the Affiliated Changzhou 
NO. 2 People’s Hospital of Nanjing Medical 
University (Jiangsu, China). The rats were divided 
into four groups at random: MCAO group 
(n = 12), MCAO+ozone group (n = 12), sham 
group (n = 12), healthy control group (n = 12). 
Rats in the healthy control group received no 
treatment. Rats in the sham group received the 
similar procedures as those in the MCAO group 
excepting middle cerebral artery occlusion. Rats in 
the MCAO+ozone group received the MCAO 
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surgery and were intraperitoneally injected with 
2 mg/kg of ozone.

Middle cerebral artery occlusion (MCAO) rat 
model

Two days before the operation, the rats were dor-
sally depilated. After the intraperitoneal injection 
of 10% chloral hydrate (3 mL/kg), rats were 
anesthetized and received MCAO. The normal 
body temperature of the rats was maintained at 
37°C with a heating mat under them. After the 
skin was sterilized, the rats were treated with 
a cervical median incision. The right side of the 
common carotid artery (CCA), external carotid 
artery (ECA), and internal carotid artery (ICA) 
were isolated using forceps. The ECA was tied. 
A 0.25 mm nylon suture (Saintsun Pharma, 
Nanjing, China) was aseptically inserted from the 
right CCA to the ICA through the stump of ECA 
and gently advanced to occlude the middle cere-
bral artery. After the surgery, the rats recovered 
breathing and were kept in cages with food and 
water available. To evaluate neurological deficits in 
rats after stroke, neurologic tests were performed. 
The hallmark of a successful MCAO is that the rat 
showed the inability to extend the left limbs and 
walked in a circle to the contralateral side.

Measurement of brain water content

Whole brain tissues were instantly dissected from 
rats after anesthesia at the end of the animal 
experiments. The blood and water on the brain 
surface was absorbed by filter papers. Fresh brain 
tissues were weighed using an electronic analytical 
balance (Shanghai Yozoo Electronic Technology 
Co., Ltd.), which was recorded as wet weight. 
Next, the brain was baked in an electric thermo-
static drier at 100°C for 48 h, and the brain weight 
was regarded as dry weight. The percentage of 
cerebral water content = (fresh brain weight – 
dry brain weight)/fresh brain weight × 100%.

Neurological impairment scoring

The neurological impairment score was determined 
by recording the behavior of the rats on day 5. The 
modified Neurological Severity Score test was utilized 

to evaluate the neurological function of rats in differ-
ent groups. A scale of 0–4 grade was set and a higher 
score indicated a more severe brain injury. A score of 0 
revealed no neurological impairment. Under a score 
of 1, the left limb of the rat flexed, suggesting a slight 
neurological impairment. When the rat walked in 
a circle to the left side but maintained normal at rest, 
a score of 2 was confirmed, indicating moderate neu-
rological impairment. A score of 3 represented 
a severe symptom of neurological impairment, and 
correspondingly rats fell to the left side. Under a score 
of 4, rats showed no spontaneous activity and gradu-
ally lost consciousness, which are very severe symp-
toms of neurological impairment.

The 2, 3, 5-triphenyltetrazolium chloride (TTC) 
staining

After rats being sacrificed 5 days after MCAO, their 
brains were dissected. Brain tissues were sliced into 
five uniform 2-mm coronal sections. Next, the sec-
tions were placed into 24-well plates and incubated 
with 2% TTC stain in saline at 37°C for 15 minutes. 
After the sections were evenly stained, excess TTC was 
drained off. The slices were fixed with 10% neutral 
buffered formalin. The stained viable brain tissues 
were in deep red while the unstained infarcted tissues 
remained gray or white. Infarct volume and total brain 
volume were quantified with an ImageJ analysis sys-
tem (NIH, Bethesda, MD, USA). Infarct volume per-
centage (%) = infarct volume/total brain volume 
× 100%.

The measurement of MDA, SOD, CAT, and GSH

To obtain rat hippocampal protein samples, the rat 
hippocampal tissues were minced into small 
pieces, and the tissues (10 mg) were homogenized 
with 100 μL of phosphate buffer solution. 
Afterward, the homogenate was centrifuged at 
1000 g for 20 minutes. The supernatant was care-
fully preserved and stored at −80°C. The Lipid 
Peroxidation (MDA) Assay Kit (ab233471, 
Abcam), Superoxide Dismutase Activity Assay 
Kit (ab65354, Abcam), Glutathione Peroxidase 
Assay Kit (ab102530, Abcam) and Catalase 
Activity Kit (ab83464, Abcam) were utilized to 
evaluate MDA, SOD, GSH and catalase levels in 
the rat hippocampal tissues.
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Reverse transcription quantitative polymerase 
chain reaction (RT-qPCR)

The rat hippocampal tissues were snap-frozen in 
liquid nitrogen. TRIzol reagent (1 mL; Invitrogen, 
Carlsbad, CA, USA) was applied to extract total 
RNA according to the manufacturer’s instructions. 
The extracted total RNA was reverse transcribed 
into cDNA utilizing the SuperScript II Reverse 
Transcriptase Kit (Invitrogen). RT-qPCR was per-
formed using the SYBR Green PCR master mix 
(Thermo Fisher Scientific, Shanghai, China) and 
analyzed with the ABI 7500 instrument (Life 
Technology, Carlsbad, CA, USA). The 2−∆∆Ct 

method was utilized for analysis, and GAPDH 
was set up as an internal control. The primer 
sequences are as follows:

Beclin1
Forward: 5ʹ-CTCTCGTCAAGGCGTCACTTC-3ʹ
Reverse: 5ʹ-CCTTAGACCCCTCCATTCCTCA-3ʹ
p62
Forward: 5ʹ-TGTGTAGCGTCTGCGAGGGAAA-3ʹ
Reverse: 5ʹ-AGTGTCCGTGGTTCACCTTCCG-3ʹ
LC3B
Forward: 5ʹ-AGAGCGATACAAGGGTGAGAAG-3ʹ
Reverse: 5ʹ-AGGAGGAAGAAGGCTTGGTTAG-3ʹ
GAPDH:
Forward: 5ʹ-CTCCCATTCCRCCACCTTTG-3ʹ
Reverse: 5ʹ-CCACCACCCTGTTGCTGAG-3ʹ

Western blot analysis

The frozen rat hippocampal tissues were homoge-
nized in the cell lysis buffer with protein inhibitors. 
The protein was extracted via electrophoresis using 
8% sodium dodecyl sulfate-polyacrylamide gel. Next, 
the proteins were transferred to polyvinylidene 
difluoride membranes (0.45 immobilon-P; Millipore, 
Billerica, MA, USA). Afterward, 5% fat-free milk was 
applied to block the membrane. Subsequently, the 
membranes were incubated with primary antibodies 
(Abcam, Cambridge, MA, USA) in a cold-room at 4°C 
overnight, followed by incubation with second anti-
bodies (Abcam). An iBind Automated Western 
System (Thermo Fisher) was utilized to visualize the 
target protein bands. The primary antibodies were 
anti-Beclin1 (ab210498; 1:1000), anti-p62 (ab155686; 
1:1000), anti-LC3B (ab192890; 1:2000), Bcl-2 
(ab194583; 1:1000), Bax (ab32503; 1:2000), cleaved 

caspase-3 (ab32042; 1:500), anti-TLR4 (ab13556; 
1:1000), anti-p-IKKβ (ab194519; 1:500), anti-IKKβ 
(ab124957; 1:2000), anti-p-IKBα (ab92700; 1:1000), 
anti-IKBα (ab32518; 1:2000), anti-p-p65 (ab76302; 
1:500), anti-p65 (ab16502; 1:2000), and anti-GAPDH 
(ab8245; 1:2000). GAPDH was deemed as an internal 
reference.

Statistical analysis

SPSS software 20.0 (IBM, Armonk, NY, USA) was 
utilized for statistical analysis. Data were 
recorded as the mean ± standard deviation. 
Each experiment was conducted for three techni-
cal repeats. Differences among groups were ana-
lyzed by Student’s t test and one-way analysis of 
variance followed by Tukey’s post hoc test. The 
values of p < 0.05 were considered statistically 
significant.

Results

Ozone alleviated the brain injury in cerebral 
ischemic rats

Survival rates of rats in different groups were 
detected within 5 days. In the sham control 
group and healthy control group, all rats were 
in good condition, and no significant changes 
were observed in survival rates. More than half 
of the rats died 40 hours later after MCAO 
surgery. The survival rates of rats were higher 
in the MCAO + ozone group compared with 
that in the MCAO group. Less than 50% of 
rats died in the MCAO + ozone group 
(Figure 1(a)). The brain water content of rats 
in four groups was measured, showing that rats 
treated with MCAO had the highest brain water 
content while ozone treatment decreased the 
percentage, and there were no significant 
changes between the sham control group and 
healthy control group (Figure 1(b)). Rats in the 
sham control group and healthy control group 
had no neurological deficits. The ischemic rats 
had a significantly increased neurological score 
at 2.8 and the ischemic rats administered with 
ozone has a decreased neurological score at 1.9 
(Figure 1(c)).
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Ozone decreased cerebral infarction volume in 
MCAO model rats

We assessed the cerebral infarction volume of all rats 
from four groups. Approximately 24% of pale 
infarcted area was identified in the total brains of 
ischemic rats, while ozone significantly decreased the 
percentage of infarcted area in total brains of ischemic 
rats (Figure 2(a)).

Ozone suppressed the oxidative stress in the 
hippocampus of ischemic rats

After a stroke, a high amount of ROS can cause 
apoptosis of hippocampal neurons. Since ROS levels 
are difficult to examine due to their short-life span, we 

examined the levels of oxidative stress markers in 
hippocampal tissues of the MCAO rats. Compared 
with the sham/healthy control group, MDA levels 
were markedly higher in ischemic rats. Rats in the 
MCAO + ozone group showed lower MDA levels 
than rats in the MCAO group (Figure 3(a)). Ozone 
reversed the significant decrease in hippocampal SOD, 
GSH, and catalase levels in MCAO model rats 
(Figure 3(b-d). The results demonstrated that ozone 
suppressed oxidative stress in MCAO model rats.

Ozone inhibited the activation of autophagy 
induced by MCAO

To evaluate the effects of ozone on autophagy in 
rats with brain injury, RT-qPCR and Western blot 

Figure 1. Ozone decreased brain water content and neurological score as well as increased survival rate in MCAO model rats. (a) The 
survival rates of all rats in four groups: the sham group, the healthy control group, the MCAO group, the MCAO + ozone group 
within 5 days after MCAO surgery were measured. (b) The brain water content of all rats in the sham group, the healthy control 
group, the MCAO group, and the MCAO + ozone group was examined. (c) The averaged neurological score was determined 
according to the behaviors of rats in the sham group, the healthy control group, the MCAO group, and the MCAO + ozone group 
based on the modified Neurological Severity Score test. N = 12 in each group. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 2. Ozone decreased cerebral infarction volume in MCAO model rats. (a).The cerebral infarcted area of rats in the Sham group, 
the healthy control group, the MCAO group and the MCAO + ozone group after TTC staining were shown. The percentage of 
cerebral infarcted area in total brain was also exhibited. N = 12 in each group. **p < 0.01, ***p < 0.001.
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analyses were performed to examine the mRNA 
and protein expression of autophagy-associated cri-
tical factors in hippocampal tissues. According to 
the RT-qPCR analysis, MCAO induced the increase 
in Beclin1 mRNA expression and the elevation in 
ratio of LC3II/LC3I mRNA expression, and such 
effects were reversed by ozone (Figure 4(a,b)). In 
addition, ozone rescued the downregulated mRNA 
expression of p62 in MCAO rats (Figure 4(c)). 
Western blot analysis revealed that Beclin1 protein 
expression and the ratio of LC3II/LC3I protein 
expression were significantly increased, while p62 
protein expression was markedly decreased in 
ischemic rats, and ozone reversed these changes 
(Figure 4(d)). Hippocampal Bcl-2 protein levels 
were lower, while Bax and cleaved caspase-3 protein 
levels were higher in ischemic rats than in sham or 
healthy control rats, and ozone reversed the 
changes in these proteins induced by MCAO 
(Figure 4(e)). The findings imply that the autop-
hagy activated by MCAO is suppressed by ozone 
treatment.

Ozone inactivated the NF-κB signaling pathway

To explore the effect of ozone on the NF-κB sig-
naling pathway, a Western blot analysis was per-
formed to determine both the mRNA and protein 
expression levels of key factors associated with the 
NF-κB signaling pathway. Western blot analysis 
revealed that ozone reversed the increase in pro-
tein expression levels of TLR4, the elevation in 

ratio of phosphorylated IKKβ/total IKKβ protein 
levels, ratio of phosphorylated IKBα/total IKBα 
protein levels and ratio of phosphorylated p65/ 
p65 protein levels in MCAO model rats 
(Figure 5(a)). The results demonstrated that 
ozone inactivated the NF-κB signaling pathway.

Discussion

Ozone is a critical oxidant gas that exerts functions 
in diverse aspects, such as pain alleviation [28], 
anti-inflammation [29] and immunomodulation 
[30]. We investigated the effects of ozone in reliev-
ing brain injury in cerebral ischemic rats and the 
underlying mechanism. After the MCAO rat 
model was successfully established, the survival 
rates of all rats in four different groups were mea-
sured, which suggested that ozone treatment sig-
nificantly improved the survival rate of MCAO 
model rats. According to the significantly reduced 
brain water content and cerebral infarction 
volume, as well as a significantly decreased neuro-
logical score based on behavioral observations of 
rats, ozone was verified to alleviate brain injury in 
MCAO model rats.

During the progression of ischemic stroke, oxy-
gen, and glucose are prevented from entering 
brain cells, which can result in the generation of 
high amount of ROS from mitochondria [31]. 
High production of ROS induces oxidative stress 
and the apoptosis of hippocampal neurons [32]. 
Moreover, the ROS production is further 

Figure 3. Ozone reduced the ROS levels in the hippocampus of brain injury rats. (a)MDA levels in the hippocampus of rats in Sham 
group, healthy control group, MCAO group and MCAO + ozone group were detected by a Lipid Peroxidation (MDA) Assay Kit. (b-d) 
Levels of SOD, GSH and catalase in hippocampus of rats in Sham group, healthy control group, MCAO group and MCAO + ozone 
group were detected by corresponding Superoxide Dismutase Activity Assay Kit, Glutathione Peroxidase Assay Kit and Catalase 
Activity Kit. N = 12 in each group. *p < 0.05, **p < 0.01, ***p < 0.001.
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enhanced by reperfusion, promoting the cell death 
induced by oxidative stress [33]. Herein, we deter-
mined the influence of ozone on oxidative stress in 
rats treated with MCAO. Hippocampal MDA 
levels were higher, while SOD, GSH, and CAT 
levels were lower in MCAO model rats than in 
sham or healthy control rats. Ozone reversed the 
significant increase in MDA levels and the 
decrease in SOD, CAT, and GSH levels in 

hippocampal tissues of MCAO model rats, indicat-
ing that ozone alleviated the MCAO-induced oxi-
dative stress in rats. Similar to the present study, 
previous studies revealed that medical ozone 
reduces oxidative stress in patients with multiple 
sclerosis [34], in rats with testicular damage [35] 
and in rabbits with organic damage [36].

Autophagy has been reported to be activated or 
inactivated in ischemic stroke [13,37,38]. In this 

Figure 4. Ozone inhibited the activation of autophagy induced by MCAO. (a-c) The mRNA expression levels of Beclin1, LC3B, and p62 
in hippocampal tissues of rats in the sham group, the healthy control group, the MCAO group, the MCAO + ozone group were 
detected by RT-qPCR analysis. (d) Western blotting images of Beclin1, p62, LC3II, and LC3I proteins in hippocampal tissues of rats in 
the sham group, the healthy control group, the MCAO group, the MCAO + ozone group. Quantification of Beclin1 and p62 protein 
levels as well as the ratio of LC3II/LC3I protein levels was shown. N = 12 in each group. (e) Expression levels of Bax, Bcl-2, and 
cleaved caspase-3 proteins in hippocampal tissues of rats in the sham group, the healthy control group, the MCAO group, the MCAO 
+ ozone group were evaluated by Western blotting. *p < 0.05, **p < 0.01, ***p < 0.001.
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study, compared with the sham or healthy control 
rats, MCAO model rats had higher hippocampal 
Beclin1 expression, higher LC3II/LC3I ratio, and 
lower hippocampal p62 expression, indicating 
that autophagy confers a harmful effect in 
ischemic stroke. Meanwhile, protein expression 
levels of apoptotic Bax and cleaved caspase-3 
were significantly higher and that of anti- 
apoptotic Bcl-2 was significantly lower in MCAO 
model rats. Ozone reversed the changes in hippo-
campal expression profiles of these proteins 
caused by MCAO, showing that ozone suppressed 
autophagy and apoptosis in ischemic stroke. The 
NF-κB was activated by brain ischemia, and its 
activation may cause neuroinflammatory injury 
and neuronal apoptosis in rats treated with 
MCAO [39,40]. Our findings revealed that pro-
tein levels of TLR4 and ratios of p-IKKβ/IKKβ, 
p-IKBα/IKBα, p-p65/p65 were higher in hippo-
campal tissues of MCAO model rats, indicating 
the activation of the NF-κB pathway in brain 

ischemia, which is consistent with previous stu-
dies mentioned above. Furthermore, ozone inac-
tivated the NF-κB signaling pathway by 
decreasing the expression levels of TLR4, 
p-IKKβ, p-IKBα, and p-p65. The suppressive 
effect of ozone on the NF-κB signaling pathway 
was supported by many other studies [41–43]. 
Contradictively, some reports have revealed that 
ozone activated the NF-κB signaling pathway 
[44,45], and such contradictions might be tissue- 
or cell-specific and concentration-dependent. The 
NF-κB signaling pathway can induce oxidative 
stress and autophagy [46,47], which suggested 
that the inhibitory effects of ozone on oxidative 
stress and autophagy in hippocampal tissues of 
ischemic rats might be dependent on the NF-κB 
signaling pathway.

Overall, ozone improved the survival rates of 
MCAO rats and alleviated the brain injury of ischemic 
rats by suppressing oxidative stress and autophagy 
through inactivating the NF-κB signaling pathway. 

Figure 5. Ozone inactivated the NF-κB signaling pathway. (A)Western blot analysis was utilized to detect expression levels of the NF- 
κB signaling pathway associated proteins including TLR4, p-IKKβ, IKKβ, p-IKBα, IKBα, p-p65, and p65 in hippocampal tissues of rats in 
the sham group, the healthy control group, the MCAO group, the MCAO + ozone group. N = 12 in each group. **p < 0.01, 
***p < 0.001.
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The present study may provide new insight of ozone 
application in treating ischemic stroke and improving 
the survival rates of patients with ischemic stroke.
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