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A B S T R A C T

Ischemic stroke is a brain injury caused by cerebral blood circulation disorders and is closely 
related to oxidative stress. Aldose reductase (AR) is a critical enzyme involved in oxidative stress. 
Autophagy has previously been found to play a key role in cerebral ischemia‒reperfusion injury. 
However, it is still unclear how autophagy molecules change after cerebral ischemia‒reperfusion 
injury in AR knockout mice (AR− /− ). A transient middle cerebral artery occlusion (tMCAO) model 
was generated in AR− /− mice, and the neurological deficit scores of the mice were observed and 
recorded on Days 1, 3 and 5 after tMCAO. Neuronal damage in the ischemic penumbra was 
observed by TTC, HE, and Nissl staining. The expression of the autophagy-related molecules 
Beclin-1, LC3II/I, and P62 as well as that of molecules related to inflammation, oxidative stress, 
and neurological damage was detected by RT‒qPCR, western blotting, and immunofluorescence. 
Autophagosomes were observed using a transmission electron microscope. Cerebral ischemia‒ 
reperfusion injury caused neurological deficits and ischemic infarction in tMCAO mice (P < 0.01). 
Beclin-1, Bcl2/Bax, SOD, GSH-px, P62, PSD95, and TOM20 levels decreased (P < 0.05), while IL- 
6, LC3II/I, and GFAP levels increased (P < 0.01) in the AR− /− tMCAO-1d group and the AR− /−
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tMCAO-3d group, compared to those in the sham group. Beclin-1, Bcl2/Bax, NOX4, GSH-px, P62, 
and PSD95 levels increased (P < 0.01), while IL-6, LC3II/I, and GFAP levels decreased (P < 0.01) 
in the AR− /− tMCAO-5d group compared to those in the AR− /− tMCAO-1d group. Autophagosome 
formation was observed in tMCAO mice. In summary, the changes in autophagy proteins in the 
brain tissue of the AR− /− mice after tMCAO were more obvious on Days 1 and 3 after tMCAO. The 
expression of Beclin-1 and P62 decreased, and the expression of LC3B increased after cerebral 
ischemia‒reperfusion injury in AR− /− mouse brain tissue.

1. Introduction

Stroke, a cerebral dysfunction resulting from an uneven distribution of blood flow to the brain, continues to be the second most 
common cause of death and disability globally [1]. Ischemic stroke is caused by various biological mechanisms such as oxidative stress, 
apoptosis, inflammation, blood‒brain barrier damage, and autophagy [2]. Currently, the most widely accepted treatment is throm-
bolytic therapy or thrombolysis to restore blood perfusion to the brain [3] and save the ischemic penumbra or ischemic tissue around 
the infarct core [4]. Timely treatment of ischemic stroke to maintain brain function is very important.

Autophagy is a cellular process that utilizes lysosomal degradation to remove excess proteins and organelles, preventing cellular 
dysfunction and damage in various pathological conditions [5]. Recent studies have shown that cells can detect oxidative stress signals 
in their environment during ischemic and hypoxic conditions, leading to an increase in autophagy [6]. After ischemic stroke, auto-
phagy is activated to clear damaged proteins, and proper autophagy can protect brain function. However, excessive autophagy leads to 
excessive removal of substances that disrupt normal cell function [7–10]. Our previous study revealed that wild-type (WT) mice that 
experienced cerebral ischemia‒reperfusion injury exhibit an increased degree of autophagy in brain tissues, as evidenced by an in-
crease in the autophagy markers Beclin-1 and LC3B, a decrease in P62, and an increase in autophagic vesicles, as determined by 
transmission electron microscopy (TEM) [11]. Therefore, although autophagy plays an important role in cell homeostasis, an excessive 
increase in its activity may have negative consequences.

Aldose reductase (AR) is the first rate-limiting enzyme in the polyol pathway and catalyzes the first step in the conversion of glucose 
to sorbitol [12]. The accumulation of excessive sorbitol in tissues can cause impaired cellular function [13]. In our previous study, we 
observed an increase in AR expression in WT mice with transient middle cerebral artery occlusion (tMCAO) [14]. The knockout of AR 
has been shown to reduce brain tissue edema and improve the infarct size after ischemic stroke [15]. In addition, we found that AR 
knockout (KO) reduced NADPH oxidase (NOX) expression 3 days after tMCAO in WT mice [14], indicating that AR deletion has a 
protective effect on alleviating tMCAO-induced neuronal damage. However, this study aimed to investigate changes in the autophagy 
markers Beclin-1, P62 and LC3B in AR gene knockout (AR− /− ) mice after cerebral ischemia‒reperfusion injury.

In this study, AR− /− mice were used to establish a tMCAO model. We detected changes in damage markers, autophagy markers, and 
oxidative stress molecules on Days 1, 3, and 5 after tMCAO and described their changes to provide a basis for understanding the 
molecular mechanisms of autophagy involved in cerebral ischemia‒reperfusion injury.

2. Methods and materials

2.1. Experimental animals

A group of twenty 3-month-old male C57BL/6N mice were procured from the Guangdong Medical Animal Experiment Center. 
(Guangdong, China; certificate no.: SCXK (Yue)2018-0094). AR− /− mice were acquired from Dr. Sookja Kim Chung at the University of 
Hong Kong and subsequently backcrossed to the 11th generation strain (N11), resulting in congenic mice to the C57BL/6N strain. A 
total of 60 3-month-old male AR− /− mice of SPF grade were selected for the study. The mice were housed at the Experimental Animal 
Center of Guangzhou University of Chinese Medicine, and all the experimental procedures were approved by the Animal Ethics 
Committee at Guangdong Hospital of Traditional Chinese Medicine (No. 2019049).

2.2. tMCAO model

A detailed description of tMCAO model has previously been provided [14]. In this procedure, we exposed the right common ca-
rotid, external carotid, and internal carotid arteries and proceeded to ligate the external carotid artery and common carotid artery. 
After clamping the distal trunk of the internal carotid artery with a vascular clip, we made a small incision in the external carotid 
artery. After that, through the incision, a nylon monofilament (diameter = 0.26 mm) was gently inserted and advanced into the in-
ternal carotid artery, and the proximal end of the internal carotid artery was ligated to secure the line. After a period of 1 h of ischemia, 
reperfusion of the internal carotid artery was allowed. The sham group underwent the same procedure but without the insertion of the 
nylon monofilament.

2.3. Neurological scores

The modified Longa score method was used to evaluate the neurological deficits of mice after 24 h of ischemia‒reperfusion [11]. 
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The scoring standard for evaluating neurological deficits in mice is as follows: 0 indicates normal walking without any deficits, 1 
indicates that the left forepaw is not fully extended, 2 indicates that the mouse leans left when walking flat and can be rotated left, 3 
indicates walking in an unstable manner with the whole body shifting to the left, and 4 indicates disturbed consciousness or an inability 
to walk independently. Based on the neurological scores, the mice were randomly divided into three groups. (n = 15/group): 
tMCAO-1d group, tMCAO-3d group, and tMCAO-5d group.

2.4. 2,3,5-Triphenyl tetrazolium chloride (TTC) staining

To assess the size of the cerebral infarct area, the mice were euthanized, and their brains were immediately removed and frozen at 
− 20 ◦C for 10 min. The brains were then sliced into 5 consecutive coronal sections with a thickness of 2 mm and stained with TTC (Cat: 
T8877, Sigma, USA) at 37 ◦C for 15 min. The infarct area was photographed using a digital camera and measured using ImageJ 
software (National Institutes of Health, Bethesda, USA). The slices were then frozen at − 80 ◦C for the next step.

2.5. Hematoxylin and eosin (HE) staining and Nissl staining

The brain tissue was fixed in 4 % paraformaldehyde for 24 h. Next, the tissues were dehydrated, cleared, embedded in paraffin, and 
cut into 4 mm thick sections. The paraffin sections were then deparaffinized using xylene and alcohol before being stained with HE or 
Nissl stain solution. The experimental steps were performed strictly in accordance with the manufacturer’s instructions for the HE 
staining process (Cat: DH0006, LEAGENE, China) and the Nissl staining kit (Cat: C0117, Beyotime, China). The slides were left to air 
dry overnight and then sealed with neutral gum. The morphological structure of the penumbra zone in the cortex of the mice was 
examined under a 200 × visual field using microscopy (Zeiss, Oberkochen, Germany).

2.6. Estimation of the superoxide dismutase (SOD) and the glutathione peroxidase (GSH-px) levels

Brain tissues were weighed accurately, mixed with ice-cold PBS at a ratio of 1:9 and homogenized in an ice bath. The samples were 
then centrifuged at 10,000×g for 15 min at 4 ◦C to obtain the supernatant. SOD and GSH-px levels were assayed according to the 
manufacturer’s instructions for the SOD assay kit (Cat: A001-3-2, Nanjing Jiancheng Biotechnology Co., Ltd, China) and GSH-px assay 
kit (Cat: A005-1-2, Nanjing Jiancheng Biotechnology Co., Ltd, China), respectively. The results are expressed as units per milligram of 
total protein (U/mg).

2.7. Reverse transcription quantitative real-time PCR (RT‒qPCR) analysis

A tissue RNA purification kit (for adipose tissue) (EZB-RN001A) was purchased from Suzhou Yuingze Biological Medicine Tech-
nology Co., Ltd. An Evo M-MLV RT Mix kit with gDNA Clean Buffer for qPCR Ver.2 (Cat: AG11728) and a SYBR Green Premix Pro Taq 
HS qPCR Kit (Cat: AG11701) were purchased from Accurate Biotechnology (Hunan) Co., Ltd. The gene primers for Beclin-1, inter-
leukin-6 (IL-6), B-cell lymphoma − 2 (Bcl-2), Bcl-2-associated X protein (Bax), NOX4, and β-actin were designed and synthesized by 
Shengong Bioengineering (Shanghai) Co., Ltd. RNA was extracted according to the manufacturer’s instructions and its concentration 
was measured. gDNA removal was performed at 42 ◦C for 2 min, followed by reverse transcription at 37 ◦C for 15 min and 85 ◦C for 5 s 
qPCR was carried out for 40 cycles with the following conditions: 95 ◦C for 30 s, extension at 95 ◦C for 5 s, and 60 ◦C for 30 s. The 
relative mRNA levels were calculated using the 2− ΔΔCT method. The primer sequences are listed in Table 1.

2.8. Western blot analysis

The tissues were accurately weighed, RIPA lysis buffer (Cat: P0013B, Beyotime, China) containing protease inhibitor (Cat: 
5892791001, Merck, Germany) was added, and the samples were then centrifuged at 12000 g at 4 ◦C for 10 min. The protein 

Table 1 
Primer sequences.

Gene Primer sequences (5′-3′) Length(bp)

Beclin-1 F GCTGTAGCCAGCCTCTGAAA 80
R AATGGCTCCTGTGAGTTCCTG 

IL-6 F GACAAAGCCAGAGTCCTTCAGA 76
R TGTGACTCCAGCTTATCTCTTGG 

Bcl2 F GCGTCAACAGGGAGATGTCA 138
R GCATGCTGGGGCCATATAGT 

Bax F GAACCATCATGGGCTGGACA 101
R GGTCCCGAAGTAGGAGAGGA 

NOX4 F AGTGTTTAAGCATTTTCAAACTCCC 144
R GAAAGTTGCCAAACAACAGGC 

β-actin F ACACTCTCCCAGAAGGAGGG 147
R TTTATAGGACGCCACAGCGG 
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concentration was measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher, USA). SDS‒PAGE loading buffer (Cat: 
CW0027S, Beijing ComWin Biotech Co., Ltd., China) was added to the sample, and the mixture was boiled for 10 min. The total 
proteins were separated using 12.5 % SDS‒PAGE (Cat: PG113, Shanghai Epizyme Biomedical Technology Co., Ltd., China) and 
transferred to PVDF membranes (0.2 μm, Millipore, Germany) for 65 min. Blocking in BSA was carried out for 2 h, and the membranes 
were incubated with the following primary antibodies: Beclin-1 (1:1000, ab207612, Abcam, USA), LC3B (1:1000, ab192890, Abcam, 
USA), P62 (1:20000, ab109012, Abcam, USA), PSD95 (1:10000, 20665-1-AP, Proteintech, USA), GFAP (1:10000, ab7260, Abcam, 
USA), and GAPDH (1:5000, ab8245, Abcam, USA), overnight at 4 ◦C. Following overnight incubation, the membranes were washed 
with Tris-buffered saline with Tween (TBST) and incubated with an HRP-conjugated secondary antibody (1:5000, ab288151, Abcam, 
USA or 1:5000, ab205719, Abcam, USA) for 1 h at room temperature. Finally, the membranes were developed with an enhanced 
chemiluminescence (ECL) reagent kit (Cat: Wbuls0500, Millipore, Germany) and analyzed with imaging equipment (ChemiDoc XRS, 
Bio-Rad, PA, USA).

2.9. Immunofluorescence analysis

Following paraffin embedding of the tissues, serial 4 mm coronal sections were cut with a microtome. The sections were depar-
affinized in xylene and then washed with a graduated series of alcohols. A solution containing 3 % hydrogen peroxide (H2O2) was used 
to quench the endogenous peroxidase activity for 10 min. Next, the sections were heated with sodium citrate thermal antigen repair 
solution at 90 ◦C for 10 min, cooled in water and immersed in phosphate-buffered saline (PBS) for 5 min. Beclin-1 (1:100, ab62557, 
Abcam, USA), LC3B (1:50, ab192890, Abcam, USA), P62 (1:100, ab56416, Abcam, USA) and TOM20 (1:100, 11802-1-AP, Proteintech, 
USA) antibodies were added and incubated overnight at 4 ◦C. The next day, the sections were incubated with secondary antibodies 
(1:200, ab150078, Abcam, USA) (1:200, ab150077, Abcam, USA; or 1:200, ab150113, Abcam, USA) at room temperature for 1 h in a 
dark room. The cells were incubated with DAPI (P00131, Beyotime, China) at 37 ◦C for 5 min and rinsed with PBS 3 times. The 
fluorescence intensity and location of the four proteins were quantified using a fluorescence-inverted microscope (Zeiss, Oberkochen, 
Germany). Later, quantitative analysis was performed using ImageJ software (National Institutes of Health, Bethesda, USA).

2.10. TEM

The ischemic penumbra of fresh brain tissue was fixed in a 1 mm3 volume to 2.5 % glutaraldehyde electron microscope (Cat: 
2190114, Ted Pella, Inc., USA) fixative at 4 ◦C. The brain tissues were rinsed three times with PBS. The cells were then fixed in a 1 % 
osmium solution at 4 ◦C for 1 h. Next, the cells were dehydrated in a gradient ethanol series, and the ethanol was replaced with 
acetone. The tissue blocks were permeabilized and finally embedded in epoxy resin. Following polymerization at 80 ◦C for 24 h, the 
tissue blocks were transformed into ultrathin sections with a thickness of 60–100 nm. These sections were then double-stained with 3 
% lead citrate-dioxide acetate and observed via TEM to detect the presence of autophagic vesicles in the ischemic penumbra.

2.11. Statistical analysis

Statistical calculations were performed with GraphPad Prism 6.0 software. The data are expressed as the mean ± SEM. One-way 
ANOVA followed by Tukey’s post hoc test was used for comparisons among multiple groups. Correlations among Beclin-1, NOX4, GSH- 
px, P62, and TOM20 expression were analyzed by Pearson correlation, while correlations among Bcl-2/Bax, IL-6, SOD, PSD95, GFAP, 
and LC3B expression were analyzed by Spearman correlation; P < 0.05 indicated significant differences.

Fig. 1. Neurological functional deficits and cerebral infarction in AR− /− mice after tMCAO. The findings of our study indicate that AR− /− mice 
experience significant neurological impairment as a result of brain ischemia-reperfusion injury. The tMCAO-1d group exhibited the most severe area 
of cerebral infarction. However, with increased survival time after tMCAO, the symptoms of nerve damage decreased. A: Neurological deficit scores 
of AR− /− mice after tMCAO. N = 6; B: Cerebral infarction area after tMCAO in the different groups of AR− /− mice, N = 6; C: Representative TTC- 
stained sections. The white area represents the cerebral infarction while the red area represents the healthy brain tissue. **P < 0.01 vs. the AR− /−

sham group, ##P < 0.01 vs. the AR− /− tMCAO-1d group, and &&P < 0.01 vs. the AR− /− tMCAO-3d group. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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3. Results

3.1. Neurological functional deficits and cerebral infarction in AR− /− mice after ischemic stroke

Neural function scores were computed for each group of mice using the Longa score method. The findings indicated that the tMCAO 
mice demonstrated more severe neurological impairment compared to the sham group (P < 0.01) (Fig. 1A). This was particularly 
noticeable at 1 d and 3 d postischemic stroke, with symptoms such as hemiplegia, falling to the paralyzed side while walking, and loss 
of consciousness observed in the tMCAO mice. The tMCAO procedure successfully induced symptoms of unilateral paralysis similar to 
those observed in ischemic stroke patients. The brain infarction volume in the tMCAO group was markedly increased (P < 0.01) 
(Fig. 1B and C). Compared with that in the tMCAO-1d group, the infarct volume was decreased in the tMCAO-3d group and tMCAO-5d 
group (P < 0.01). Compared with that in the tMCAO-3d group, the infarct volume was decreased in the tMCAO-5d group (P < 0.01). 
These results indicate that tMCAO causes neurological damage in AR− /− mice, which is most severe on the first postoperative day.

3.2. Histochemical changes in the ischemic penumbra after ischemic stroke in AR− /− mice

Previous research has demonstrated that cerebral ischemia can lead to significant naturopathic damage and morphological 
changes. To investigate the impact of AR knockout on neuropathic damage, HE and Nissl staining were utilized. The sham group 
exhibited no neuronal necrosis and normal histopathology on HE staining. In contrast, the tMCAO group displayed disordered cell 
arrangement and neuronal necrosis. (Fig. 2A). Similarly, significant morphological changes, such as nuclear shrinkage, neuronal loss, 
and dark staining, were detected in the ischemic penumbras of the tMCAO group (Fig. 2B). Histochemical analysis revealed that the 
most severe neuronal damage in the AR− /− mice caused by tMCAO occurred on the first day after surgery.

Fig. 2. Histology was evaluated by HE and Nissl staining of the ischemic penumbra at different time points. In this study, we utilized HE and Nissl 
staining to identify neuronal cell loss and investigate the impact of AR KO on tMCAO-induced neuronal injury in mice. A: Photomicrographs of HE 
staining of the ischemic penumbra. In the tMCAO model groups, the brain tissue appeared to be loosely structured with water accumulation (★). 
Additionally, the nuclei of neurons were observed to be shrunk (↑) and trachychromatic (n = 3). B: Nissl staining showed a decrease in the number 
of neurons in the tMCAO group (n = 3). Scale bar = 100 μm.
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3.3. The mRNA expression of Beclin-1, IL-6, Bcl-2/Bax and NOX4 in AR− /− mice was determined by RT‒qPCR

The mRNA expression of Beclin-1 and Bcl-2/Bax were significantly lower in the tMCAO-1d and tMCAO-3d groups than in the sham 
group (P < 0.01). Beclin-1 and Bcl-2/Bax expression was significantly greater in the tMCAO-5d group than in the tMCAO-1d group (P 
< 0.01). In contrast, the IL-6 concentration was significantly greater in the tMCAO-1d group and the tMCAO-3d group compared to the 
sham group (P < 0.01); the IL-6 concentration was significantly lower in the tMCAO-5d group than in the tMCAO-3d group (P < 0.01). 
NOX4 expression was significantly greater in the tMCAO-3d group and the tMCAO-5d group compared to the sham group and the 
tMCAO-1d group (P < 0.01) (Fig. 3).

3.4. The levels of SOD and GSH-px in AR− /− mice after ischemic stroke

SOD and GSH-px levels were significantly lower in the ischemic penumbra of the tMCAO-1d group and tMCAO-3d group compared 
with the sham group (P < 0.05). In addition, the level of GSH-px was greater in the tMCAO-5d group compared to the tMCAO-1d group 
(P < 0.01) (Fig. 4). The antioxidant levels in the AR− /− mice were the lowest on the first postoperative day and then gradually 
recovered on the fifth postoperative day.

3.5. The expression of Beclin-1, LC3II/I, P62, PSD95, and GFAP in mice after ischemic stroke was determined by Western blot analysis

Compared to those in the sham group, the protein levels of Beclin-1 in the ischemic penumbra of the tMACO-1d group of WT mice 
were significantly greater (P < 0.05), while the protein levels of PSD95 were significantly lower (P < 0.05) (Fig. 5A and B). 
Furthermore, we detected AR− /− mouse protein expression after tMCAO using western blotting. Compared with those in the sham 
group, the expression levels of Beclin-1, P62, and PSD95 in the tMCAO-1d and tMCAO-3d groups were significantly lower (P < 0.01), 
while the expression of LC3II/I in the tMCAO-1d group and the expression of GFAP in the tMCAO-1d and tMCAO-3d groups were 
significantly greater (P < 0.01) (Fig. 5C–F). Compared with those in the tMCAO-1d group and the tMCAO-3d group, the P62 and PSD95 
expression levels in the tMCAO-5d group were significantly greater (P < 0.05) (Fig. 5F and G). Compared with those in the tMCAO-1d 
group, the levels of LC3II/I and GFAP expression in the tMCAO-5d group were significantly lower (P < 0.01) (Fig. 5E and H). The 

Fig. 3. The mRNA expression of Beclin-1, IL-6, Bcl-2/Bax, and NOX4 in the ischemic penumbra of AR− /− mice after tMCAO. After ischemic stroke, 
the mRNA expression of Beclin-1 (A) and Bcl-2/Bax (C) was decreased in the ischemic penumbra of AR− /− mice, while the expression of IL-6 (B) and 
NOX4 (D) was increased. However, the mRNA expression of IL-6 was elevated in the tMCAO-1d and tMCAO-3d groups and decreased in the tMCAO- 
5d group compared with the AR− /− sham group (P < 0.01). N = 6. **P < 0.01 vs. the AR− /− sham group, #P < 0.05 vs. the AR− /− tMCAO-1d group, 
##P < 0.01 vs. the AR− /− tMCAO-1d group, and &&P < 0.01 vs. the AR− /− tMCAO-3d group.
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expression of Beclin-1, P62 and PSD95 were decreased in the AR− /− mice after tMCAO, indicating that cerebral ischemia affects the 
initiation of autophagy and damages the postsynaptic membrane. In addition, protein changes were significant within 3 days after 
tMCAO and gradually improved on the fifth day.

3.6. The expression of Beclin-1, LC3B, p62 and TOM20 in the AR− /− mice was determined by immunofluorescence analysis

Compared to those in the sham group, the expression levels of Beclin-1, P62, and TOM20 were notably decreased in the tMCAO-1d 
group and tMCAO-3d group (P < 0.05) (Fig. 6A, C,6D). LC3B fluorescence was significantly greater in the tMCAO-1d group and the 
tMCAO-3d group than in the sham group (P < 0.01); LC3B expression was significantly lower in the tMCAO-5d group than in the 
tMCAO-1d group and the tMCAO-3d group (P < 0.01) (Fig. 6B).

Fig. 4. SOD and GSH-px levels in the ischemic penumbra of AR− /− mice after tMCAO. The levels of SOD (A) and GSH-px (B) were decreased in the 
ischemic penumbra of the AR− /− mice after tMCAO. In particular, the protein concentrations of SOD and GSH-px were decreased in both the 
tMCAO-1d and tMCAO-3d groups compared to those in the sham group (P < 0.05). N = 6. *P < 0.05 vs. the AR− /− sham group, **P < 0.01 vs. the 
AR− /− sham group, #P < 0.05 vs. the AR− /− tMCAO-1d group, and ##P < 0.01 vs. the AR− /− tMCAO-1d group.

Fig. 5. Western blotting was used to determine Beclin-1, LC3II/I, P62, PSD95, and GFAP expression in the ischemic penumbra. Western blot 
analysis of Beclin1 and PSD95 in wild-type mice (A, B). The expression of Beclin-1 (D), LC3II/I (E), P62 (F), PSD95 (G), and GFAP (H) in the AR− /−

mice was measured by western blotting. N = 3, *P < 0.05 vs. the AR− /− sham group, **P < 0.01 vs. the AR− /− sham group, ##P < 0.01 vs. the AR− / 

− tMCAO-1d group, &P < 0.5 vs. the AR− /− tMCAO-3d group, and &&P < 0.01 vs. the AR− /− tMCAO-3d group.
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3.7. TEM results

No autophagic vesicles were found in the brain tissue of the sham group. The morphology of autophagic vesicles can be seen in the 
cerebral ischemic penumbra of mice in the tMCAO group. In the tMCAO-1d group, the inner membrane of the neurons was more 
heavily wrinkled, and autophagic vesicles were more common. There were fewer autophagic vesicles in the neurons of the tMCAO-3d 
group and tMCAO-5d group (Fig. 7).

3.8. Correlation analysis results

Beclin-1 levels were positively correlated with Bcl-2/Bax, SOD, GSH-px, PSD95, and TOM20 levels (0.792, 0.664, 0.771, 0.817, and 
0.756, respectively) (P < 0.01). Conversely, Beclin-1 levels were negatively correlated with IL-6, GFAP, and LC3B levels (− 0.721, 
− 0.761, and − 0.727, respectively) (P < 0.01) (Table 2).

4. Discussion

This study established an AR− /− mouse tMCAO model to explore the changes in autophagy markers in brain tissue on Days 1, 3, and 
5 after cerebral ischemia and reperfusion in mice, supplemented by the detection of inflammation, oxidative stress, and synaptic 
damage-related molecules. AR− /− mice exhibited the most severe neuronal damage 1 day after tMCAO, with increased levels of 
inflammation, oxidative stress and synaptic damage markers. The expression of the autophagy markers Beclin-1 and P62 in brain tissue 
was reduced, and the expression of LC3B was increased on the first day after tMCAO. On the fifth day after tMCAO, the brain damage in 

Fig. 6. Immunofluorescence analysis of Beclin-1, LC3B, P62, and TOM20. The expression of Beclin-1 (A), P62 (C), and TOM20 (D) was reduced, but 
the expression of LC3B (B) was increased in the ischemic penumbra of the AR− /− mice after tMCAO. The blue color in the image represents cell 
nuclei that were stained with DAPI, while the green or red color indicates a positive expression. The scale bar is 100 μm. N = 3. *P < 0.05 vs. the 
AR− /− sham group, **P < 0.01 vs. the AR− /− sham group, ##P < 0.01 vs. the AR− /− tMCAO-1d group, and &&P < 0.01 vs. the AR− /− tMCAO-3d 
group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the AR− /− mice was partially relieved.
This study revealed significant changes in the expression of inflammatory and apoptotic indicators, namely, IL-6, GFAP, and Bcl-2/ 

Bax, at 1 and 3 days after tMCAO. During the acute phase, monitoring IL-6 levels is crucial for assessing brain function and neurological 
status [16]. There is a direct correlation between elevated levels of IL-6 and the severity of stroke, as well as the likelihood of early 
neurological deterioration, larger infarct size, and poorer clinical outcomes [17,18]. Reducing IL-6 levels after stroke may be an 
effective treatment for ischemic stroke to mitigate inflammatory responses. GFAP is a marker of astrocytes that can regulate synaptic 
transmission and protect against synaptic dysfunction after stroke-related brain injury [19]. Astrocytes play a crucial role in the 
ischemic penumbra by releasing neurotrophic factors that aid in the restoration and reconstruction of damaged neurons and blood 
vessels [20]. GFAP is a key player in the pathogenesis of ischemic stroke. The apoptotic process, reflected by Bcl-2/Bax expression, is a 
major cause of neuronal death following cerebral ischemia‒reperfusion. Bcl-2 attenuates apoptosis, while Bax promotes it [21]. 
Reducing neuronal apoptosis has been found to be effective in reducing brain damage. After ischemic stroke, patients exhibit reduced 
levels of antiapoptotic proteins, which can lead to neuronal apoptosis and increase the risk of physical deterioration [22]. Our study 
revealed that the levels of the inflammation-related indicators IL-6 and GFAP were significantly greater on Day 3 after tMCAO than in 
the AR− /− sham group. Additionally, the apoptosis-related indicator Bcl-2/Bax was significantly decreased in the tMCAO group. 
Interestingly, compared to those in a previous study [11], IL-6 and GFAP expression decreased rapidly in the AR− /− tMCAO-5d group. 
This finding suggests that AR may be associated with inflammation during the acute phase of ischemic stroke, and the absence of AR 
may reduce inflammation levels.

Autophagy is a cellular defense mechanism that involves the engulfment of waste products and the degradation of broken or-
ganelles and proteins within the cell. This process occurs in response to nutrient deprivation and helps to maintain cellular homeostasis 
[23]. Ischemic stroke injury can cause oxidative stress and mitochondrial dysfunction, as shown in previous research [7]. Autophagy 
markers such as Beclin-1, LC3B, and P62 are commonly used [11]. While Beclin-1 and LC3B are believed to promote autophagy, not all 

Fig. 7. The number of autophagosomes at different time points after tMCAO determined by TEM in the AR− /− mice. TEM was used to observe 
autophagosomes in the ischemic penumbra of AR− /− mice following tMCAO. In comparison, the organelles of the sham group appeared normal 
under TEM, and no significant changes in autophagy were detected. However, in the tMCAO groups, few autophagic vesicles were detected in the 
neuronal cells. The magnification of this image is 30,000 times (scale bar = 600 nm).

Table 2 
Correlation analysis.
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cells that upregulate Beclin-1 are necessarily destined to die [24]. Autophagy involves the enzymatic decomposition of a small segment 
of polypeptide by cytoplasmic LC3 (LC3I), which transforms it into an autophagosome membrane type (LC3B). While moderate 
activation of autophagy can prevent ischemic neuronal damage to a certain extent, excessive autophagy may lead to cell death [25]. 
P62 is an autophagy receptor that binds to protein sites and facilitates the degradation of ubiquitinated proteins [26]. In this study, the 
expression of autophagy initiation and maturation markers was detected to investigate whether AR loss affects the expression of 
autophagy markers in ischemic stroke. Beclin-1 expression was increased in the WT tMCAO-1d group compared with the WT sham 
group. Autophagy activation increased in WT mice subjected to cerebral ischemia. Notably, Beclin-1 expression was decreased in the 
AR− /− tMCAO-1d and AR− /− tMCAO-3d groups compared with that in the AR− /− sham group. Beclin-1 is a molecule involved in the 
initiation of autophagy. AR− /− mice experienced reduced autophagy initiation after cerebral ischemia. We speculate that Beclin-1, a 
marker of autophagy-related vesicular formation, has a potential association with AR. This results in a reduction in the overactivation 
of autophagy after tMCAO, and the lysosome reduces the metabolism of normal organelles, maintains an appropriate degree of 
autophagy, prevents excessive autophagy, and helps to maintain a stable intracellular environment. On Days 1 and 3 after tMCAO, the 
AR− /− tMCAO group exhibited increased expression of inflammatory factors and increased autophagy but decreased Beclin-1 
expression. However, on Day 5 after tMCAO, Beclin-1, LC3B and P62 expression in the AR− /− tMCAO group was not significantly 
different from that in the AR− /− sham group, indicating that AR loss gradually hindered the activation of autophagy.

Oxidative stress is a pathological condition resulting from the overproduction of reactive oxygen species (ROS). This imbalance 
between ROS production and elimination can lead to the impairment of normal cellular function [27]. High oxygen consumption in the 
brain increases the vulnerability of the central nervous system to oxidative stress. Studies have shown that oxidative damage to the 
brain increases during the progression of neurodegenerative diseases, cerebrovascular diseases, and psychiatric disorders [28]. In cells, 
antioxidant enzymes such as SOD and glutathione peroxidase (GSH-px) work in combination with other proteins to eliminate harmful 
molecules such as O2− , H2O2, and other peroxides, thereby reducing oxidative damage within the cells [29]. NOX4 is an isoform 
belonging to the NOX family of enzymes responsible for producing ROS. Elevated NOX4 can cause oxidative stress-induced lipid 
peroxidation and mitochondrial metabolic disorders [30]. The levels of the antioxidants SOD and GSH-px were significantly reduced in 
ischemic tissue in the AR− /− tMCAO group, while NOX4 levels were significantly increased on Days 3 and 5. These findings suggest 
that oxidative stress was activated and antioxidant levels were reduced in the acute phase after tMCAO. However, NOX4 expression did 
not increase 1 day after stroke, possibly because AR deficiency slowed NOX4 production.

Recent studies have demonstrated that inadequate blood supply to the brain can result in synaptic damage and mitochondrial 
dysfunction [19,31]. PSD95, a protein located in the postsynaptic density, plays a crucial role in synaptic maturation and is believed to 
be closely linked to schizophrenia and autism [32,33]. Moreover, PSD95 is a key component involved in glutamatergic transmission 
during nerve growth and development [34]. Recent studies have confirmed that the selective blocking of hypoxia-induced binding of 
nNOS to PSD95 using specific drugs has neuroprotective effects in vitro [35]. This highlights the importance of PSD95 in learning and 
memory in the central nervous system, as it is a critical protein that reflects synaptic plasticity. Additionally, TOM20, a mitochondrial 
import receptor subunit, plays a crucial role in mitochondrial biogenesis. When TOM20 is defective, it may lead to mitochondrial 
dysfunction and ultimately neurodegeneration [36,37]. TOM20 can be used as a marker to study mitochondria [38]. PSD95, which is 
responsible for synaptic plasticity, and the mitochondrial translocase TOM20 were reduced after ischemic stroke. This reduction can be 
attributed to damage to the postsynaptic membrane and mitochondria in the affected brain tissue. Furthermore, mitochondrial 
translocase gradually recovered on Days 3 and 5 after ischemic stroke, but the postsynaptic membrane was relieved on Day 5, indi-
cating that in the absence of AR, mitochondria recovered before the postsynaptic membrane, and synaptic damage did not worsen with 
time. Therefore, we hypothesize that the repair response in ischemic stroke starts from the mitochondria, allowing the cell to receive 
sufficient energy to repair the rest of the cytoskeleton and organelles.

This study has several limitations. The AR− /− mice in this study were assayed only 1, 3, and 5 days after tMCAO; thus, the long-term 
impact of AR gene deletion in the tMCAO model was not detected and a longer time period should be used in future experiments. In 
addition, stroke can be divided into ischemic stroke and hemorrhagic stroke, and the tMCAO model is used only as a model of ischemic 
stroke. In the future, WT mice and AR− /− mice can be used to establish hemorrhagic stroke models to explore the influence of the AR 
gene on hemorrhagic stroke.

In summary, AR− /− mice suffered neurological impairment after cerebral ischemia‒reperfusion injury, with the most severe brain 
damage occurring on the first day after tMCAO. On Days 1 and 3 after tMCAO, the levels of inflammation and oxidative stress markers 
in the ischemic brain tissue of AR− /− mice were increased, synaptic damage was severe, Beclin-1 and P62 expression was reduced, and 
LC3B expression was increased. On Day 5 after tMCAO, the expression of Beclin-1, P62 and LC3B in the ischemic brain tissue of the 
AR− /− mice improved. This study used AR− /− mice to investigate the changes in autophagy factors in the brain tissue of mice with 
ischemic stroke caused by AR deficiency and to provide laboratory evidence for the use of AR inhibitors in patients with ischemic 
stroke.
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