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IL‑4 alleviates CIRI by suppressing autophagy 
via the HIF‑1α/Bcl‑2/BNIP3 pathway in rats
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This paper was designed for delving into the mechanism adopted by interleukin‑4 (IL‑4) to relieve cerebral ischemia‑reperfusion 
injury (CIRI) in rats via suppressing autophagy. Herein, rats stochastically fell into sham operation (sham), model (RI), model 
+ IL‑4 intervention (IL‑4), model + HIF‑1α inhibitor (2‑methoxyestradiol, 2ME2) and model + IL‑4 + 2ME2 (IL‑4 + 2ME2) groups. 
Next, western blotting was utilized to examine the protein expressions of microtubule‑associated protein 1 light chain 3 (LC3), 
p62, hypoxia‑inducible factor 1‑alpha (HIF‑1α) and Bcl‑2/adenovirus E1B 19 kDa‑interacting protein 3 (BNIP3). Relative to RI 
group, IL‑4 group had a significantly lower neurological impairment scale (NIS) score and an overtly lower apoptosis rate of 
neurons as well as a strikingly smaller cerebral infarction volume and number of autophagosomes (P<0.05). The LC3II/LC3I ratio 
and HIF‑1α and BNIP3 protein expressions dropped, but p62 protein expression rose pronouncedly in IL‑4 group (P<0.05). In 
contrast to those in RI group, the NIS score, neuronal apoptosis rate, cerebral infarction volume and autophagosome number 
were strikingly reduced (P<0.05). The NIS score, cerebral infarction volume, neuronal apoptosis rate, autophagosome number, 
LC3II/LC3I ratio and protein expressions of HIF‑1α and BNIP3 plummeted, while p62 protein expression sharply rose in IL‑4 + 
2ME2 group relative to those in IL‑4 group (P<0.05). IL‑4 suppresses cell autophagy by inhibiting the HIF‑1α/BNIP3 pathway, 
thus relieving CIRI in rats.

Key words: IL‑4, autophagy, HIF‑1α, BNIP3, CIRI

INTRODUCTION

Cerebrovascular diseases appear to be the second 
major cause of death around the globe, and the first 
killer in China. Among all cerebrovascular diseases, 
ischemic stroke accounts for about 80%, occupying the 
dominant position (Saw et al., 2019). Generally, isch‑
emic diseases are currently treated by thrombolysis 
in clinical practice, but the restoration of blood flow 
during the treatment is likely to bring secondary injury 
to the injured tissues, namely, cerebral ischemia‑reper‑
fusion injury (CIRI), which involves an array of patho‑

logical changes such as oxidative stress, inflammation, 
autophagy, apoptosis, and endoplasmic reticulum 
stress (Liu et al., 2021). It has been demonstrated by 
some scholars that autophagy is essential for CIRI (Xu 
et al., 2021). As an anti‑inflammatory cytokine, inter‑
leukin‑4 (IL‑4), by virtue of its own receptors, affects 
the differentiation of mononuclear macrophages, in‑
creases the secretion of anti‑inflammatory cytokines, 
and hinders TNF‑α and other inflammatory cytokines 
to be released, so as to achieve anti‑inflammation (Lee 
et al., 2020). In addition, IL‑4 suppresses excessive 
autophagy, alleviates CIRI in mice, and enhances the 
long‑term cognitive function to protect the brain, but 
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its mechanism in inhibiting autophagy needs to be ex‑
plored (Li et al., 2020). Autophagy is a catabolic process 
of important materials in eukaryotic cells, which ex‑
ists conservatively and is maintained at a  proper lev‑
el. It can be used to remove damaged organelles and 
misfolded cells in the body, and effectively meets the 
needs of cells for efficient and stable metabolism (Sin‑
gla et al., 2020). 

Nonetheless, excessive autophagy in the body is not 
beneficial for the maintenance of cell stability and ag‑
gravates cell injury to trigger cell death. This type of 
death is programmed, so it is often called autophagic 
cell death or programmed cell death (Wang et al., 2020). 
Hypoxia‑inducible factor 1‑alpha (HIF‑1α) is the main 
transcriptional regulator of the cellular response to 
hypoxia and also a  major pathway involved in neuro‑
protection (Scatozza et al., 2020). Bcl‑2/adenovirus E1B 
19 kDa‑interacting protein 3 (BNIP3), as a receptor for 
mitophagy, induces autophagy by directly binding LC3 
(Xie et al., 2020). It has been reported that HIF‑1α can 
affect the apoptosis of brain cells by inducing BNIP3 ex‑
pression (Zhu et al., 2019). However, the action mecha‑
nism of HIF‑1α and BNIP3 in CIRI remains elusive.

On this account, the action mechanism adopted 
by IL‑4 to suppress autophagy through regulating the 
HIF‑1α/BNIP3 signaling pathway to reduce CIRI is the 
research objective herein.

METHODS

Animals

A total of 50 SPF‑grade male Sprague‑Dawley rats 
[Laboratory Animal Center of Medical College of Chi‑
na Three Gorges University, License No. SCXK (Hubei) 
2011‑0012, China], weighing 250‑280  g, were all fed in 
an animal house exposed to 12‑h shift of the light‑dark 
cycle at 18‑26°C and 40‑70% relative humidity, with con‑
tinuous ventilation (8‑12  times per hour). They were 
all adaptively fed for one  week with ad libitum feed‑
ing. This study has been approved by the animal ethics 
committee of our hospital (approval No. CCGH2020013), 
and great efforts have been made to minimize the ani‑
mals’ suffering.

Amyjet Scientific Co., Ltd. (China) provided rat an‑
ti‑mouse IL‑4 neutralizing antibody and recombinant 
mouse IL‑4 antibody, BOSTER Biological Technology 
Co., Ltd. (China) provided goat anti‑rabbit glyceral‑
dehyde 3‑phosphate dehydrogenase antibody, Ab‑
cam (USA) offered rabbit anti‑polyclonal autophagy 
marker microtubule‑associated protein 1 light chain 
3 (LC3) antibody, Cell Signaling Technology (USA) of‑
fered antibodies against rabbit anti‑polyclonal p62 and 

mouse anti‑HIF‑1α and BNIP3, Santa Cruz (USA) of‑
fered horseradish peroxidase‑labeled goat anti‑mouse 
IgG antibody, Selleck (USA) provided HIF‑1α inhibitor 
2‑methoxyestradiol (2ME2), Nanjing Jiancheng Bioen‑
gineering Institute (China) provided triphenyl tetra‑
zolium chloride staining solution, and Wuhan Saipei 
Biotechnology Co., Ltd. (China) offered terminal de‑
oxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) kit.

Preparation of IL‑4 complex solution (IL‑4C): At the 
mass ratio of 1:5, the mixture of rat anti‑mouse IL‑4 
neutralizing antibody (50 μg) and recombinant mouse 
IL‑4 antibody (10 μg) underwent dilution to 50 mg/mL 
using physiological saline with 1% rat serum. The rats 
stochastically fell into sham operation group (sham 
group, undergoing intraperitoneal injection of normal 
saline with the same volume as that in drug groups at 
30  min before modeling), model group (RI group, re‑
ceiving intervention with the same drug as that in 
sham group), model + IL‑4 intervention group (IL‑4 
group, undergoing intraperitoneal injection of 0.2 mL 
of IL‑4C for intervention at 30  min before modeling), 
model + HIF‑1α inhibitor group (2ME2 group, receiving 
intraperitoneal injection of 15  mg/kg 2ME2 at 30  min 
before modeling), and model + IL‑4 + 2ME2 group (IL‑4 
+ 2ME2 group, receiving intraperitoneal injection of 
0.2 mL of IL‑4C + 15 mg/kg 2ME2 at 30 min before mod‑
eling), with 10 rats per group.

Modeling

As per the Longa method, the rat right middle ce‑
rebral artery occlusion was modelled. Specifically, the 
rats were anesthetized at 30 min after the last admin‑
istration and fixed in the supine position to make the 
rats’ neck fully exposed. Then a 2‑cm long incision was 
made along the midline after disinfection, followed 
by separation and full exposure of the common carot‑
id artery, external carotid artery and internal carotid 
artery successively. Next, the common carotid artery 
and internal carotid artery were temporarily clamped 
with aortic clips, and the external carotid artery was 
cut with a “V” shape. Later, the aortic clips at the in‑
ternal carotid artery were removed. The thread knot 
prepared in advance was inserted into the neck from 
the external carotid artery until there was slight resis‑
tance. At this time, the thread knot exactly occluded 
the incision of the middle cerebral artery. At 1  h af‑
ter occlusion of the left incision, the thread knot was 
pulled out, the artery stump was ligated, and the skin 
received layer‑by‑layer suture. In sham group, the ar‑
teries of rats were only isolated, without thread knot 
insertion and ligation.
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Subsequent to 24 h modeling, the NIS score of each 
group of rats was assessed as follows: 0 points: normal 
neurological function, 1 point: incomplete flexion or 
stretching of the left forelimb when being lifted by the 
tail, 2 points: leftward circling or rear‑end collision 
during walking, 3 points: walking difficulty and left‑
ward‑twisting tendency of the body during walking, 
and 4 points: inability to walk or unconsciousness. The 
score obtained by the rats ranging 1‑3 points meant the 
successful establishment of the RI model. All the rats 
with scores of 0 and 4 points were excluded, and 10 rats 
in each group should be guaranteed.

Subsequent to 24 h RI, the anesthesia by 1.5 mL of 
10% chloral hydrate and decapitation were stochasti‑
cally performed in each group. After that, the brain 
was taken out, and the olfactory bulb, cerebellum and 
low‑grade brain stem in the brain tissues were discard‑
ed, respectively. Then the rats were frozen in the re‑
frigerator at ‑20°C for 20 min. Next, the rats were taken 
out, and the brain tissues were cut into 5 equal parts 
along the coronal plane and incubated in 0.2% triph‑
enyl tetrazolium chloride staining solution in phos‑
phate‑buffered saline (0.1 mol/L) for half an hour away 
from light, followed by 24  h fixation in 4% formalde‑
hyde polycondensation solution. Later, the brain tis‑
sues were taken out and sliced, and the residue solution 
was sucked away. Finally, the brain tissues were photo‑
graphed, and the cerebral infarction (CI) volume of all 
rats was analyzed using software.

Determination of apoptosis by TUNEL assay

Embedded in paraffin, the brain tissues of all rats 
were sliced into sections, and neuronal apoptosis 
was determined via TUNEL assay in each group. In 
detail, the brain tissue sections underwent de‑par‑
affinization and 20‑min incubation with 2% protease 
K at indoor temperature. Subsequent to rinsing with 
phosphate‑buffered saline, 1  h section incubation 
with TUNEL reaction mixture (50 μL) was complet‑
ed in a  wet box. After mounting by anti‑fluorescence 
quenching solution, the number of apoptotic neurons 
showing green fluorescence was observed under a flu‑
orescence microscope.

Detection of autophagosomes using transmission 
electron microscopy

At 24  h following RI, some rats in each group were 
anesthetized and perfused with normal saline. When 
the liver and forelimbs of the rats turned white, the rats 
were further perfused with 4% paraformaldehyde‑2.5% 

glutaraldehyde solution (Thermo Fisher Scientific, 
USA). After successful perfusion, the brain was taken 
from the rats by decapitation, and the brain tissues were 
separated. A brain tissue block with a volume of about 
1 mm3 was taken from the ischemic hippocampus near 
CA1 area and stored in 2.5% glutaraldehyde solution for 
fixation. Then the fixed brain tissue block was washed 
with phosphate‑buffered saline thrice, and fixed in 1% 
osmium tetroxide solution (Sigma‑Aldrich, USA) at 4°C 
for 1 h. Subsequently, the tissue block fixed in osmium 
tetroxide solution was dehydrated using gradient etha‑
nol, embedded in epoxy resin, and polymerized at ‑80°C 
for 24 h. Later, the tissue block was sliced into 60‑70‑nm 
thick sections by an ultramicrotome, and stained with 
3% lead citrate. At last, transmission electron micros‑
copy (Thermo Fisher Scientific, USA) was conducted for 
observation of the autophagosomes formed.

Measurement of protein expressions of LC3, p62, 
HIF‑1α and BNIP3 by western blotting

A total of 50  mg brain tissues were collected from 
rats in each group, and cut and lysed on ice. Subsequent 
to 10‑min centrifugation at 4°C and 12,000 r/min, BCA 
assay was implemented for measurement of the total 
protein concentration in the supernatant. Specifically, 
the protein was loaded via 12% SDS‑PAGE for membrane 
transfer and underwent 1 h blocking in 5% non‑fat milk. 
Next, the protein received 1 h incubation with prima‑
ry antibodies against LC3 (1:500), p62 (1:500), HIF‑1α 
(1:500) and BNIP3 (1:500) at 4°C for 1 h, and 1 h incu‑
bation with horseradish peroxidase‑labeled secondary 
antibody (1:10,000) at indoor temperature, followed by 
rinsing with TBST. All bands were observed using ECL 
kit (Thermo Fisher Scientific, USA), and ImageJ soft‑
ware (National Institutes of Health, USA) was adopted 
for the analysis of the band density, with β‑actin as the 
internal reference.

Statistical analysis

Prism 8.0 software (GraphPad, USA) was utilized for 
statistical analysis. Mean ± standard deviation (x  ±  s) 
was adopted to present the NIS score, CI volume, neu‑
ronal apoptosis, number of autophagosomes and the 
protein expressions of LC3, p62, HIF‑1α and BNIP3. 
Intergroup comparison was performed by the t test. 
One‑way analysis of variance was employed to compare 
the differences among three groups, and the LSD‑t test 
was conducted for pairwise comparison between two 
groups. A difference appeared to be statistically signif‑
icant in the case of P value below 0.05.
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RESULTS

Effects of IL‑4 on neurological impairment score, 
cerebral infarction volume, neuronal apoptosis 
rate and formation of autophagosomes

Relative to those in sham group, the NIS score, 
CI volume and neuronal apoptosis rate in RI group 
markedly rose (LSD‑tNIS score=22.86, LSD‑tCI volume=22.42, 
LSD‑tneuronal apoptosis rate=21.38, P<0.0001), and these indi‑
cators were markedly reduced in IL‑4 group in con‑
trast to those in RI group (LSD‑tNIS score=13.23, LSD‑tCI 

volume=8.63, LSD‑tneuronal apoptosis rate=10.83, P<0.0001) 
(Fig. 1A‑E and Table 1).

In sham group, neurons in the ischemic area CA1 of 
brain tissues in rats were relatively normal, with rela‑
tively complete nuclei, mitochondria, and lysozymes. 
In RI group, the rats showed destroyed cell morpholo‑
gy in the ischemic area CA1 of brain tissues, with many 
vacuoles, lysozymes and autophagosomes in neurons. 
Compared with those RI group, the number of auto‑
phagosomes in the area CA1 of rats was markedly re‑
duced, and the cell morphology was relatively normal, 
with relatively complete mitochondria, lysozymes 

and endoplasmic reticula in IL‑4 group (Fig. 1F). Col‑
lectively, IL‑4 improved the neurological function, re‑
duced the volume of cerebral infarction and neuronal 
apoptosis rate, and inhibited the formation of auto‑
phagosomes, thereby alleviating CIRI in rats.

Effects of IL‑4 on protein expressions of LC3, p62, 
HIF‑1α and BNIP3 in brain tissues

In comparison with those in sham group, the 
LC3II/LC3I ratio and the protein expressions of HIF‑1α 
and BNIP3 in the brain tissues pronouncedly rose, 
but the p62 protein expression strikingly plummet‑
ed in RI group (LSD‑tLC3II/LC3I ratio=21.37, LSD‑tp62=18.48, 
LSD‑tHIF‑1α=19.04, LSD‑tBNIP3=13.97, P<0.0001). Relative 
to RI group, IL‑4 group displayed strikingly declined 
LC3II/LC3I ratio and protein expressions of HIF‑1α and 
BNIP3 and an evidently elevated protein expression of 
p62 in IL‑4 group (LSD‑tLC3II/LC3I ratio=16.73, LSD‑tp62=11.55, 
LSD‑tHIF‑1α=15.90, LSD‑tBNIP3=5.69, P<0.0001) (Fig.  2 and 
Table 2). Therefore, IL‑4 mitigated CIRI in rats possibly 
by inhibiting the HIF‑1α/BNIP3 signaling pathway and 
promoting autophagy.

249Acta Neurobiol Exp 2023, 83: 246–254

Fig. 1. Effects of IL‑4 on neurological impairment score, cerebral infarction volume, neuronal apoptosis and autophagosome formation. (A) Neurological 
impairment score; (B) and (C) cerebral infarction volume; (D) and (E) neuronal apoptosis rate. Relative to those in sham group, the NIS score, CI volume 
and neuronal apoptosis rate in RI group markedly rose, and these indicators were markedly reduced in IL‑4 group in contrast to those in RI group. 
F: autophagosome formation observed by transmission electron microscopy, with arrows indicating autophagosomes. Compared with those RI group, 
the number of autophagosomes in the area CA1 of rats was markedly reduced, and the cell morphology was relatively normal, with relatively complete 
mitochondria, lysozymes and endoplasmic reticula in IL‑4 group. *P<0.05 vs. sham group and ∆P<0.05 vs. RI group. CI: Cerebral infarction; IL‑4: interleukin‑4; 
NIS: neurological impairment scale; RI: reperfusion injury.
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Effects of HIF‑1α inhibitor 2ME2 on neurological 
impairment score, cerebral infarction volume, 
neuronal apoptosis rate and autophagosome 
formation

2ME2 group exhibited a lower neurological function 
score, a smaller CI volume, and a lower neuronal apop‑
tosis rate than RI group (tNIS score=19.61, tCI volume=9.69, 
tneuronal apoptosis rate=25.54, P<0.0001) (Fig.  3A‑E). In 2ME2 

group, the number of autophagosomes in the area CA1 
of rats declined remarkably, and the cell morpholo‑
gy was relatively normal, with relatively complete 
mitochondria, lysozymes and endoplasmic reticula 
(Fig.  3F). Thus, the HIF‑1α inhibitor 2ME2 also im‑
proved the neurological function, decreased the cere‑
bral infarct volume and neuronal apoptosis rate, and 
suppressed the formation of autophagosomes, then 
relieving CIRI in rats.

250 Acta Neurobiol Exp 2023, 83: 246–254

Table 1. Neurological impairment score, cerebral infarction volume, neuronal apoptosis rate of different groups.

Group Neurological score (point) Cerebral infarction volume (mm3) Apoptosis index

Sham (n=10) 0 0 4.25±0.51

RI (n=10) 2.81±0.42* 22.57±3.18* 31.27±4.42*

IL‑4 (n=10) 1.19±0.23*∆ 13.89±2.25*∆ 17.58±2.04*∆

F 263.511 255.750 228.563

P <0.001 <0.001 <0.001

*P<0.05 vs. sham group; ∆P<0.05 vs. RI group.

Fig. 2. Effects of IL‑4 on protein expressions of LC3, p62, HIF‑1α and BNIP3 in brain tissues. (A) LC3 and p62 protein expressions; (B) HIF‑1α and BNIP3 
protein expressions. In comparison with those in sham group, the LC3II/LC3I ratio and the protein expressions of HIF‑1α and BNIP3 in the brain tissues 
pronouncedly rose, but the p62 protein expression strikingly plummeted in RI group. Relative to RI group, IL‑4 group displayed strikingly declined LC3II/
LC3I ratio and protein expressions of HIF‑1α and BNIP3 and an evidently elevated protein expression of p62 in IL‑4 group. *P<0.05 vs. sham group 
and ∆P<0.05 vs. RI group. BNIP3: Bcl‑2/adenovirus E1B 19 kDa‑interacting protein 3; HIF‑1α: hypoxia‑inducible factor 1‑alpha; IL‑4: interleukin‑4; LC3: 
microtubule‑associated protein 1 light chain 3; RI: reperfusion injury.

Table 2. Protein expressions of LC3, p62, HIF‑1α and BNIP3 in brain tissues.

Group LC3II/LC3Ι p62 HIF‑1α BNIP3

Sham (n=10) 0.18±0.03 0.48±0.05 0.37±0.05 0.15±0.02

RI (n=10) 1.24±0.18* 0.16±0.02* 1.22±0.15* 0.42±0.06*

IL‑4 (n=10) 0.41±0.06*∆ 0.36±0.04*∆ 0.51±0.07*∆ 0.31±0.04*∆

F 252.764 174.222 208.395 98.750

P <0.001 <0.001 <0.001 <0.001

*P<0.05 vs. sham group; ∆P<0.05 vs. RI group.
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Effects of HIF‑1α inhibitor 2ME2 on protein 
expressions of LC3, p62, HIF‑1α and BNIP3 
in brain tissues

The LC3II/LC3I ratio showed a  notable plunge, 
while the protein expression of p62 was evident‑
ly raised in 2ME2 group compared with those in RI 
group (tLC3II/LC3I ratio=17.40, tp62=9.19, P<0.0001). Besides, 
2ME2 group had lower protein expressions of HIF‑1α 
and BNIP3 relative to RI group (tHIF‑1α=14.88, tBNIP3=7.05, 
P<0.0001) (Fig.  4). Hence, the HIF‑1α inhibitor 2ME2 
also alleviated CIRI in rats probably by suppressing the 
HIF‑1α/BNIP3 signaling pathway and facilitating auto‑
phagy.

Effects of IL‑4 + 2ME2 on neurological impairment 
score, cerebral infarction volume, neuronal 
apoptosis rate and autophagosome formation

The NIS score, CI volume and neuronal apoptosis 
rate were markedly decreased in IL‑4 + 2ME2 group in 
comparison with those in IL‑4 group (tNIS score=2.63, 
tCI volume=7.66, tneuronal apoptosis rate=8.43, P<0.0001) (Fig. 5A‑E). 
Additionally, the number of autophagosomes in the area 
CA1 was evidently decreased, and the cell morphology 
was relatively normal, with relatively complete mito‑
chondria, lysozymes, and endoplasmic reticula in IL‑4 + 
2ME2 group in contrast to those in IL‑4 group (Fig. 5F). 
Taken together, IL‑4 in combination with the HIF‑1α 
inhibitor 2ME2 mitigated CIRI in rats more effectively 
than IL‑4 alone.

251Acta Neurobiol Exp 2023, 83: 246–254

Fig.  3. Effects of HIF‑1α inhibitor 2ME2 on neurological impairment score, cerebral infarction volume, neuronal apoptosis rate and autophagosome 
formation. (A) Neurological function score; (B) and (C) cerebral infarction volume; (D) and (E) neuronal apoptosis rate. 2ME2 group exhibited a  lower 
neurological function score, a  smaller CI volume, and a  lower neuronal apoptosis rate than RI group. (F) autophagosome formation observed by 
transmission electron microscopy, with arrows indicating autophagosomes. In 2ME2 group, the number of autophagosomes in the area CA1 of rats 
declined remarkably, and the cell morphology was relatively normal, with relatively complete mitochondria, lysozymes and endoplasmic reticula. *P<0.05 
vs. sham group. 2ME2: 2‑Methoxyestradiol; CI: cerebral infarction; HIF‑1α: hypoxia‑inducible factor 1‑alpha; RI: reperfusion injury.

Fig.  4. Effects of HIF‑1α inhibitor 2ME2 on protein expressions of LC3, p62, HIF‑1α and BNIP3 in brain tissues. (A) LC3 and p62 protein expressions; 
(B) HIF‑1α and BNIP3 protein expressions. The LC3II/LC3I ratio showed a notable plunge, while the protein expression of p62 was evidently raised in 2ME2 
group compared with those in RI group. 2ME2 group had lower protein expressions of HIF‑1α and BNIP3 relative to RI group. *P<0.05 vs. RI group. 2ME2: 
2‑Methoxyestradiol; BNIP3: Bcl‑2/adenovirus E1B 19 kDa‑interacting protein 3; HIF‑1α: hypoxia‑inducible factor 1‑alpha; LC3: microtubule‑associated 
protein 1 light chain 3; RI: reperfusion injury.
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Effects of IL‑4 + 2ME2 on protein expressions of 
LC3, p62, HIF‑1α and BNIP3 in brain tissues

Relative to those in IL‑4 group, the ratio of LC3II/
LC3I evidently dropped, whereas the protein expres‑
sion of p62 overtly rose in the brain tissues of rats in 
IL‑4 + 2ME2 group (tLC3II/LC3I ratio=9.98, tp62=7.05, P<0.0001). 
Moreover, IL‑4 + 2ME2 group exhibited overtly low‑
er protein expressions of HIF‑1α and BNIP3 than IL‑4 
group (tHIF‑1α=6.14, tBNIP3=7.89, P<0.0001) (Fig. 6). In short, 
IL‑4 combined with the HIF‑1α inhibitor 2ME2 promot‑
ed autophagy by inhibiting the HIF‑1α/BNIP3 signaling 
pathway, thereby relieving CIRI in rats. The combina‑
tion worked significantly better than IL‑4 alone. The 
results further confirmed that IL‑4 alleviated CIRI in 
rats by regulating the HIF‑1α/BNIP3 signaling pathway.

DISCUSSION

CIRI has a  relatively complicated pathogenesis, 
which involves such pathological links as energy me‑
tabolism disorder, release of inflammatory mediators, 
free radical injury, induction of apoptosis and autoph‑
agy (Zhu et al., 2020). These pathological links inter‑
twine with each other but do not exist independently, 
and they will ultimately lead to cell death, especially 
necrosis, apoptosis, autophagy and other types of pro‑
grammed cell death, among which autophagy‑related 
cell death has attracted considerable concern (Ling et 
al., 2021). Autophagy is a  catabolic process involving 
lysosomes in eukaryotic cells, which degrades unfolded 
proteins, scavenges aging organelles and intracellular 
pathogens, and mediates cell homeostasis and energy 

252 Acta Neurobiol Exp 2023, 83: 246–254

Fig.  5. Effects of IL‑4 + 2ME2 on neurological function score, cerebral infarction volume, neuronal apoptosis rate and autophagosome formation. 
(A) Neurological function score; (B) and (C) cerebral infarction volume; (D) and (E) neuronal apoptosis rate. The NIS score, CI volume and neuronal apoptosis 
rate were markedly decreased in IL‑4 + 2ME2 group in comparison with those in IL‑4 group. F: autophagosome formation observed by transmission 
electron microscopy, with arrows indicating autophagosomes. The number of autophagosomes in the area CA1 was evidently decreased, and the cell 
morphology was relatively normal, with relatively complete mitochondria, lysozymes, and endoplasmic reticula in IL‑4 + 2ME2 group in contrast to those 
in IL‑4 group. *P<0.05 vs. IL‑4 group. 2ME2: 2‑Methoxyestradiol; CI: cerebral infarction; IL‑4: interleukin‑4.

Fig. 6. Protein expressions of LC3, p62, HIF‑1α and BNIP3 in brain tissues. (A) LC3 and p62 protein expressions; (B) HIF‑1α and BNIP3 protein expressions. 
Relative to those in IL‑4 group, the ratio of LC3II/LC3I evidently dropped, whereas the protein expression of p62 overtly rose in the brain tissues of 
rats in IL‑4 + 2ME2 group. IL‑4 + 2ME2 group exhibited overtly lower protein expressions of HIF‑1α and BNIP3 than IL‑4 group. *P<0.05 vs. IL‑4 group. 
2ME2: 2‑Methoxyestradiol; BNIP3: Bcl‑2/adenovirus E1B 19 kDa‑interacting protein 3; HIF‑1α: hypoxia‑inducible factor 1‑alpha; IL‑4: interleukin‑4; LC3: 
microtubule‑associated protein 1 light chain 3.
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metabolism (Shao et al., 2021). Moderate autophagy 
provides free fatty acids, amino acids and nucleotides 
and scavenges injured organelles to protect neurons. 
Nonetheless, the up‑regulated autophagy for a  long 
term will result in excessive degradation of cell con‑
tents, thus inducing cell death and aggravating CIRI 
(Yao et al., 2019). Excessive autophagy will aggravate 
CIRI (Wang et al., 2019). It has been recently found that 
the relationship between autophagy and inflammation 
affects the development of many diseases. The research 
on Crohn’s disease revealed that inflammatory re‑
sponses occur in the epithelium of the small intestine, 
and inflammatory cytokines mediate the autophagy of 
cells (Giudici et al., 2019).

HIF‑1α is a  cellular hypoxia‑related transcription 
factor, and its up‑regulation under hypoxic stress can 
activate multiple related pathways (Chaudhuri et al., 
2020). However, its role and mechanism in hypoxic inju‑
ry are still controversial, probably due to the specifici‑
ty of cell types and concentration‑related bidirectional 
regulation. The pathogenesis of ischemic‑hypoxic inju‑
ry is complex, and various molecular mechanisms can 
lead to neuronal apoptosis and necrosis. Accelerated 
neuronal apoptosis is the main factor of neurodegen‑
eration. Hypoxia facilitates neuronal apoptosis, and 
also increases the expression of HIF‑1α in neurons (Ab‑
del‑Latif et al., 2020). BNIP3 competes with Beclin‑1 to 
destroy Beclin‑1/Bcl‑2 and Beclin‑1/Bcl‑XL complexes, 
thereby releasing Beclin‑1 and enhancing autophagy 
(El‑Ella et al., 2022). This study yielded that the protein 
expression of BNIP3 was positively associated with that 
of HIF‑1α in rats in RI group. The occurrence process of 
autophagy involves the initiation of autophagy, the as‑
sembly and formation of autophagosomes, the binding 
of autophagosomes to lysosomes, and the substrate deg‑
radation by autophagy‑associated lysosomes. This pro‑
cess called autophagic flux is dynamic, and the activa‑
tion of autophagic flux is the prerequisite for autophagy 
to perform its biological function (Huang et al., 2019). In 
the present study, therefore, autophagosome formation 
was observed via transmission electron microscopy, and 
multiple autophagosome‑like structures with bilayer 
membranes were observed in rats in RI group.

Besides, autophagy can be detected via the LC3II/
LC3I ratio and the protein expression level of p62. LC3 
is a vital autophagy marker and falls into type I that is 
commonly expressed and exists freely in the cytoplasm 
and type II. When autophagy occurs, LC3I combines 
with phosphatidylethanolamine to form LC3‑PE, name‑
ly, membrane‑binding LC3II. The membrane‑binding 
LC3II, constantly present in the membrane of intra‑
cellular autophagosomes, has a concentration propor‑
tional to the number of autophagosomes. In addition, 
p62 is a  connexin connecting ubiquitinated proteins 

to LC3, and also the substrate protein for autophagy. 
The aggregation of p62 reflects the degradation of au‑
tophagy‑associated lysosomes, whereas the decline in 
p62 level reflects the completion of degradation by au‑
tophagy (Yang et al., 2019). It was found in this study 
that the LC3II/LC3Ι ratio rose but the protein expres‑
sion of p62 dropped in rats in RI group, indicating that 
autophagy is up‑regulated in cells during CIRI. A study 
has revealed that the HIF‑1α/BNIP3 signaling pathway 
is dramatically enhanced after 24  h of cerebral isch‑
emia‑reperfusion, and its activation‑induced autopha‑
gy may be beneficial in the early stage of cerebral isch‑
emia‑reperfusion, but excessive autophagy is harmful 
in the advanced stage of cerebral ischemia (Liu et al., 
2019). 2ME2 is an inhibitor specific to HIF‑1α, and its 
inhibitory role in the activation of the HIF‑1α/BNIP3 
signaling pathway and autophagy to alleviate CIRI has 
been proven (Zhang et al., 2019).

According to the results of this study, IL‑4 protected 
the brain tissues of CIRI rats and down‑regulated the 
NIS score, CI volume and neuronal apoptosis rate. Au‑
tophagy may play key roles in neuronal survival and 
death. However, the role of autophagy in CIRI is still 
controversial currently. Promoting autophagy is able to 
prevent CIR (Huang et al., 2019). In contrast, the others 
reported that autophagy activation during CIR helped 
to remove damaged organelles and promote the circu‑
lation of energy and substances, often as a  protective 
mechanism. Nevertheless, excessive autophagy can ag‑
gravate neuronal apoptosis and necrosis. The detection 
results of protein expressions herein manifested that 
the intraperitoneal injection of IL‑4 could down‑reg‑
ulate the LC3II/LC3I ratio but up‑regulate the protein 
expression of p62 in the brain tissues of CIRI rats, sug‑
gesting that the mechanism of IL‑4 in reducing CIRI is 
likely to be associated with the inhibition on excessive 
autophagy. The study of Mokhtari‑Zaer et al. (2020) 
demonstrated that the learning and memory abilities 
of mice intraperitoneally injected with IL‑4 obviously 
weakened, which may be attributed to excessive auto‑
phagy in mouse brain tissues.

Meanwhile, the current study also manifested that 
the protein expressions of HIF‑1α and BNIP3 in the 
brain tissue in IL‑4 group dropped, indicating that the 
mechanism of IL‑4 in inhibiting the protection against 
excessive autophagy‑induced CIRI is probably asso‑
ciated with the down‑regulation of the HIF‑1α/BNIP3 
signaling pathway. In addition, no evident differenc‑
es were detected between 2ME2 group and IL‑4 group 
in NIS score, CI volume and neuronal apoptosis rate, 
as well as in the protein expressions of HIF‑1α, BNIP3 
and p62, and LC3II/LC3I ratio. Hence, it was speculated 
that IL‑4 has a similar action mechanism as its inhibi‑
tor 2ME2, by which the two can suppress the HIF‑1α/
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BNIP3 signaling pathway and excessive autophagy, and 
protect against CIRI. Besides, the NIS score, CI volume 
and neuronal apoptosis rate, IL‑4 + 2ME2 group dis‑
played lower protein expressions of HIF‑1α and BNIP3 
and LC3II/LC3I ratio in but a higher protein expression 
of p62 relative to IL‑4 group. The comparison results 
between the two groups confirmed the above findings. 
Xing et al. (2015) conducted research and proved that 
IL‑4 can suppress autophagy by activating the Akt/
GSK‑3β signaling pathway to relieve CIRI in mice.

CONCLUSION

In summary, IL‑4 exerts an inhibitory effect on cell 
autophagy through inhibiting the HIF‑1α/BNIP3 sig‑
naling pathway, thus alleviating CIRI in rats and pro‑
tecting their brain tissues. We postulate that IL‑4 plays 
a  protective role in the brain tissues of rats with CIRI 
by suppressing autophagy. The findings provide novel 
insights into the clinical treatment of CIRI. Regardless, 
this study is still limited. We herein only performed in 
vivo animal studies owing to low research budget, so 
the results may be biased. Future in vitro and clinical 
studies are ongoing in our group to provide more valu‑
able evidence for the clinical treatment of CIRI.
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