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Abstract
Ischemia/reperfusion (I/R) caused by ischemic stroke treatments leads to brain injury and its pathological mechanism is 
related to autophagy. The underlying mechanism of kaempferol on cerebral I/R injury needs to be explored. To establish I/R 
injury, we used a middle cerebral artery occlusion-reperfusion (MCAO) model in rats. MCAO rats were treated with the same 
amount of saline (I/R group); Treatment group rats were treated orally with kaempferol (50, 100, 200 mg/kg) for 7 days before 
surgery. After reperfusion for 24 h, the scores of neurological deficits and infarct volume in each group were evaluated. LC3, 
Beclin-1 p62, AMPK and mTOR protein expression levels were examined by TTC staining, immunofluorescence staining, 
qRT-PCR and western blotting assay. H&E and TTC staining showed that compared with model group, the infarction size of 
rats in kaempferol group was markedly reduced. Meanwhile, the results showed that kaempferol had a dose-dependent nerve 
function repairability. Nissl and TUNEL staining showed that kaempferol could reduce neuronal apoptosis and ameliorate 
neuronal impairment after I/R. Western blotting and qRT-PCR results showed that kaempferol could protect the brain from 
ischemia reperfusion by activating autophagy. In addition, add AMPK inhibitor, western blotting and immumohistochemi-
cal staining showed that kaempferol mediated AMPK/mTOR signal pathway in MCAO rats. Kaempferol could mediate the 
AMPK signal pathway to regulate autophagy and inhibit apoptosis to protect brain against I/R injury.
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Abbreviations
MCAO  Middle cerebral artery 

occlusion-reperfusion
I/R  Ischemia/reperfusion

MAPK  Mitogen activated protein kinase
TTC   2,3,5-Triphenyltetrazolium chloride
H&E  Hematoxylin and eosin
TUNEL  Terminal deoxynucleotidyl-transferase-

mediated dUTP nick end labeling
PVDF  Polyvinylidene difluoride
BCA  Bicinchoninic Acid
Dor  Dorsomorphin
SDS-PAGE  Sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis

Introduction

According to a WHO report [1], ischemic stroke is the 
leading cause of death and disability worldwide. Due to the 
high rate of morbidity and mortality of the disease, strate-
gies to promote recovery following the ischemic stroke 
are extremely urgent. To some extent, timely thrombo-
lytic therapy could attenuate the local brain injury caused 
by ischemia. However, blood reperfusion, which follows 
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cerebral ischemia, could accelerate and lead to more seri-
ous brain tissue damage, accompanied by oxidative stress 
[2], mitochondrial dysfunction [3], neuroinflammation, 
apoptosis [4], autophagy [5] and other pathological reac-
tions, which is well known as ischemia–reperfusion injury 
(I/R). Wu et al. believed that protecting the morphological 
and functional integrity of mitochondria should be the key 
mechanism for its neuroprotection [6]. Therefore, it has 
become the focus of research to find neuroprotective drugs 
and methods against the pathological reaction of cerebral 
ischemia in recent decades.

Autophagy, as a basic biological process of the degrada-
tion and regeneration of damaged organelles and intracel-
lular molecules, is involved in a variety of pathophysio-
logical processes [7]. The mechanism of autophagy mainly 
depends on the members of the autophagy-related (ATG) 
protein family. It is well known that autophagy is associ-
ated with the progression of different kinds of disease, 
such as cancer [8], diabetes, ischemic cardiovascular dis-
ease [9]. Recently, it was reported that autophagy played 
a vital role in the pathological processes during cerebral 
ischemia–reperfusion [10]. Numerous researches have 
shown that autophagy is a double-edged sword, which has 
both beneficial and adverse effects on neurons during cere-
bral ischemia [11]. Zeng et al. [12] found that paracetamol 
significantly promoted autophagy during ischemia, accom-
panied by the activation of AMPK/mTOR signaling path-
way and alleviated ischemic damage. Whereas, Shen-mai 
San (Rb1, Rg1, schizandrin, and DT-13; 6:9:5:4) could 
mitigate I/R injury by mediating AMPK/mTOR signaling 
pathway to inhibit autophagy [13].

Kaempferol, a natural flavonol in many eatable and 
medical plants, has caught much attention for its various 
effects on anti-inflammatory, anti-oxidant and anti-apoptotic 
activities [14]. Suchal et al. [15] found kaempferol attenu-
ated myocardial ischemia–reperfusion injury in diabetic 
rats by reducing AGE-RAGE/mitogen-activated protein 
kinase (MAPK) induced oxidative stress and inflammation. 
Previous studies have showed that kaempferol acted as an 
anti-inflammatory agent in LPS-induced neuroinflammation 
in vitro and in vivo. In addition, Li et al. [16] demonstrated 
that kaempferol alleviated neuroinflammation by mediating 
NF-κB pathway to improve neurological deficits in cerebral 
I/R rats. Moreover, Wu et al. [6] demonstrated that kaemp-
ferol enhanced the effect of autophagy during oxygen and 
glucose deprivation, conducing to protecting neuron survival 
from succinate-induced injury. Nevertheless, the regulation 
mechanism of neuroprotection-related autophagy in cerebral 
ischemic injury has not yet been revealed.

In this study, the neuroprotective effect and its possi-
ble mechanism of kaempferol related to autophagy were 
studied in the rat model of cerebral ischemia–reperfu-
sion. In addition, we investigate whether kaemferol plays a 

brain-protective role by modulating AMPK/mTOR signaling 
pathway to activate autophagy.

Materials and Methods

Animals

A total of 50 healthy male Sprague–Dawley rats (specific 
pathogen-free[SPF]), weighing 220 ± 10 g were purchased 
from Beijing Vital river company. Under the condition of 
constant temperature (25 °C) and constant humidity (60%), 
the rats were placed in a controlled environment with a light/
dark cycle for 12 h, and they could get water and food freely. 
All animal procedures were carried out in accordance with 
the guidelines of the Chinese Society for Laboratory Ani-
mals Science to minimize animal suffering.

Middle Cerebral Artery Occlusion (MCAO) Model

SD rats were free of food and water for 1 week before exper-
iments. Rats were anesthetized with intraperitoneal injec-
tion of pentobarbital sodium (40 mg/kg) and subjected to 
middle cerebral artery occlusion (MCAO) as we described 
previously [17]. Two hours after cerebral ischemia, the nylon 
flament was gently withdrawn to restore blood flow, which is 
called reperfusion. The sham-operated controls underwent 
similar surgical procedures without occlusion of the middle 
cerebral artery.

Treatment and Animal Group

Rats were randomly divided into 5 groups: animals were 
treated with sham surgery and the same amount of saline 
(sham group); MCAO rats were treated with the same 
amount of saline (I/R group); Treatment group rats were 
treated orally with kaempferol (50, 100, 200 mg/kg) for 
7 days before surgery.

Neurological Deficits

As described in the study by Longa [18], neurological defi-
cits were measured after 24 h of reperfusion using the fol-
lowing scale: Normal, 0 = no motor deficits; mild, 1 = torso 
turning to the ipsilateral side when held by the tail and 
exhibiting forelimb weakness; moderate, 2 = circling to the 
contralateral side, but normal posture at rest; severe, 3 = the 
affected side is unable to bear weight at rest; critical, 4 = no 
spontaneous locomotor activity or barrel rolling.
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TTC Staining

Rat brain infarct size was assessed by staining brain slices 
with 2% 2,3,5-triphenylterzolium chloride (TTC, sigma, 
USA) as described previously [19]. After staining, all the 
sections were fixed in 4% formaldehyde for 12 h. Then 
infarct volume was calculated by Image J software (NIH) 
and analyzed statistically.

H&E Staining

The rats were transcardially perfused with normal saline 
followed by 4% PFA (Sigma, US) at 24 h after the MCAO. 
Hippocampus were removed and post-fixed in 4% PFA 
for 24 h and embedded in paraffin. Four-micrometer-thick 
sections were cut in the microtome (KEDEE, Jinhua, ZJ, 
China) and stained with hematoxylin and eosin (H&E). 
The pyramidal neurons of the CA1 region were observed, 
as they are the most vulnerable to I/R injury.

Immunohistochemistry Assay

Hippocampus tissues were fixed with 4% paraformal-
dehyde (sigma, USA) fixed at 4 °C for 24 h. They were 
washed with PBS, 30%, 50% and 70% alcohol in turn. 
Then hippocampus tissues were dehydrated and then 
embedded in paraffin. Tissues Sections (4-μm) were cut 
by microtome (KEDEE, Jinhua, ZJ, China). The paraffin 
samples were removed from the sections with xylene and 
rehydrated with graded alcohol gradually. The slides were 
washed with 1% Triton-100 in PBS for 15 min and then 
blocked with 5% goat serum, the slides were incubated 
with primary antibodies (LC3, p-AMPK and p-mTOR) at 
4 °C overnight. Next, the slides were washed twice with 
1% Triton-100 in PBS and incubated with biotinylated 
horse anti-mouse IgG in the blocking buffer. The reac-
tion was amplified for 30 min with avidin–biotin com-
plex, using an ABC kit. The slides were treated with DAB, 
dehydrated through a graded series of alcohol and sealed 
with the neutral gum. At last, the stained images were 
viewed under a light microscope (Leica, Germany).

Nissl Staining

The procedure of tissue section preparation is consistent 
with that of immunohistochemical staining. After dewax-
ing, paraffin sections were immersed in the Nissl staining 
reagent for 5 min. Slides were dehydrated with gradient 
alcohol, washed with xylene and sealed with neutral gum 
(Solarbio, Beijing, China). Histological changes in the hip-
pocampal CA1 subfield were observed by the microscope 

(Olympus, Tokyo, Japan) to assess the neuronal damage 
[20].

Terminal Deoxynucleotidyl‑Transferase‑Mediated 
dUTP Nick End Labeling (TUNEL) Staining

Terminal deoxynucleotidyl transferase dUTP nick-end labe-
ling (TUNEL) kit (Beyotime, Beijing, China) was used to 
detect the apoptosis index in each group. The 6-μm tissue 
sections were prepared as before. TUNEL staining was 
performed with a TUNEL kit according to the manufac-
turer’s protocol. Randomly, five fields were observed under 
a ×400 magnification light microscope and the images were 
collected.

Quantitative Real‑Time PCR

Total RNA of hippocampus tissue was isolated using the 
RNeasy Mini Kit (Qiagen, Duesseldorf, Germany) according 
to the manufacturer’s instructions and cDNA was reversed 
using transcriptase. Quantitative real-time PCR was per-
formed using Transtart Top Green qPCR SuperMix accord-
ing to the experiment guidelines. The mRNA expressions 
were normalized to the β-actin, and then the relative mRNA 
expression levels were calculated using the  2−ΔΔCT method.

Western Blotting Assay

The proteins were isolated from hippocampus tissue using 
lysis buffer (Beyotime, Shanghai, China), and protein con-
centrations were examined using a Bicinchoninic Acid 
(BCA) protein assay kit (Beyotime, Shanghai, China). The 
proteins were separated by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) and electro-
transferred to polyvinylidene difluoride (PVDF) membranes. 
After blocking with 5% skimmed milk, the membranes were 
incubated with primary antibodies for p-AMPK, AMPK, 
p-mTOR, mTOR, LC3, Bax, Bcl-2, and cleaved-caspase-3 
for 12 h at 4 °C. The membranes were incubated with sec-
ondary antibodies (1:20000, ZSGB-BIO, Beijing, China) at 
room temperature for 2 h. Then the enhanced chemilumines-
cent (ECL) reagent (Thermo Fisher, Waltham, MA, US) and 
Image J software were used to detect the expression levels.

Data Analysis

Data was showed as mean ± standard (SD) of three inde-
pendent samples. Student’s unpaired t-test was used to evalu-
ate the significant difference in two groups, and one-way 
ANOVA was involved in multiple comparisons. P value less 
than 0.05 is considered statistically significant.
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Results

Kaempferol Reduced MCAO‑Induced Brain Injury

To investigate the effect of kaempferol on MCAO-induced 
brain injury, we first established the rat MCAO model. 
Rats were divided into the sham group, MCAO group, and 
MCAO group treated with kaempferol (50 mg/kg, 100 mg/
kg, 200 mg/kg). Generally, higher neurological deficit scores 
were associated with more severe motor impairment. The 
neurobehavioral tests revealed no neurobehavioral dysfunc-
tion symptoms in the sham group; therefore, the rats had 
a neurological score of 0. As shown in Fig. 1A, compared 
with I/R group, the scores of treatment group were lower 
significantly. Notably, kaempferol could markedly improve 
neurological function at dose of 100 mg/kg. TTC staining 
results (Fig. 1B) showed that compared with I/R group, the 
infarct volume of rats in the treatment group was signifi-
cantly reduced. Meanwhile, it showed that the reduction of 
infarct volume was most obvious in the medium dose of 
kaempferol group (100 mg/kg). Taken together, the results 
revealed that kaempferol promoted neurofunctional repair 
and attenuated the brain damage.

Kaempferol Ameliorated Neuronal Impairment 
and Apoptosis of Hippocampus Tissues in I/R Model 
Rats

In order to further study the effects of kaempferol on the 
improvement of neuronal injury, H&E staining and Nissl 
staining were performed to assess the neuronal damage. As 
shown in Fig. 2A, H &E staining showed I/R caused remark-
able cell death in the infracted area, which was mitigated 
by kaempferol. Consistent with the Nissl staining (Fig. 2B), 

kaempferol could repair neuronal impairment. Then, to eval-
uate the apoptosis of hippocampus tissue, TUNEL staining 
was used to detect the positive cells in hippocampus tis-
sue. As shown in Fig. 2C, the results showed that compared 
with the sham group, the positive cells were significantly 
increased in the I/R group with the statistical difference. 
After treatment with kaempferol, the TUNEL positive cells 
were lower than that in the I/R group. In addition, west-
ern blotting assay was performed to detect the expression 
of Bax, Bcl-2, cleaved-caspase-3 to study the effect of 
autophagy and apoptosis after treatment with kaempferol 
in MCAO rats. The level of cleaved-caspase-3 and Bax 
were markedly increased in the I/R group compared with 
the sham group. Accordingly, compared with the I/R group, 
the expression of Bax and cleaved-caspase-3 in the treat-
ment group was significantly down-regulated. (Fig. 2D). 
Whereas, the expression of Bcl-2 was significantly reduced 
in the I/R group compared with the sham group. After treat-
ment with kaempferol, the expression of Bcl-2 was signifi-
cantly upregulated. Based on the results, we suggest that 
kaempferol treatment may reduce neuronal apoptosis and 
ameliorate neuronal impairment after cerebral I/R.

Kaempferol Activated Autophagy During I/R in Rat 
Hippocampus Tissue

Next we tested whether kaempferol activates autophagy 
during I/R in rat hippocampus tissue. Firstly, immunohis-
tochemistry staining was used to detect the expression of 
LC3. As shown in Fig. 3A, compared with the sham group, 
the expression of LC3 was increased significantly. After 
treatment with kaempferol, the expression of LC3 was 
increased with a significantly statistical difference. Then 
qRT-PCR assay was performed to detect the mRNA expres-
sion of Atg4, Atg5 and Atg7 in different groups. As shown 

Fig. 1  Kaempferol reduced MCAO-induced brain injury. Neuro-
logical deficits were assessed using Longa’s score, and brain infarct 
volume was assessed using TTC staining. A Neurological scores. B 
Representative images of TTC stained brain sections. Red areas indi-

cated non-infarcted tissue, and white areas indicate infarcted tissue. 
The quantification of infarct volume was shown in (B). Data were 
represented as mean ± SD, *P < 0.05, **P < 0.01, vs sham; #P < 0.05, 
##P < 0.01, ###P < 0.001, vs I/R; n = 10
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in Fig. 3B, it showed that the expression of Atg4, Atg5 and 
Atg7 in the I/R group was significantly up-regulated com-
pared with the sham group. Compared with I/R group, the 
expression of Atg4, Atg5 and Atg7 was increased signifi-
cantly in the kaempferol group. To investigate the effect of 
kaempferol on autophagy activity after I/R, we assessed the 
expression of Beclin-1 and p62 and the ratio of LC3II/LC3I 
via western blotting. As shown in Fig. 3C, the expression 
of Beclin-1 proteins and the ratio of LC3II/LC3I in the hip-
pocampus were significantly increased in the I/R group com-
pared with the sham group, whereas the expression of p62 
was reduced significantly. After treatment with kaempferol, 
the expression of Beclin-1 and the ratio of LC3II/LC3I were 
increased and the expression of p62 was reduced signifi-
cantly compared with I/R group. The results suggested that 

kaempferol activated autophagy and played a protective role 
during the I/R.

The Protective Effect of Kaempferol on Cerebral 
Ischemia–Reperfusion in Rats Was Achieved 
by Activating Autophagy

In order to further explore the effect of kaempferol on 
cerebral ischemia–reperfusion in rats, we treated rats with 
kaempferol (100 mg/kg), 3-MA (a phosphatidylinositol-3 
kinase inhibitor that blocks autophagy), or kaempferol+3-
MA. LC3I/II is an important autophagy biomarker, and the 
ratio of LC3II/LC3I increases when autophagy occurs in 
injured tissues. As shown in Fig. 4A, B, both immunohis-
tochemistry and western blot results showed significant 

Fig. 2  The effect of kaempferol on neuronal injury and the apoptosis 
in MCAO rats. A H&E staining was used to detect MCAO induced 
brain injury. Representative images of different groups were shown 
in (A). B Nissl staining was performed to detect brain neuronal dam-
age. Representative images and the quantification of infract neurons 
were shown in (B). TUNEL staining was used to detect the apoptosis 
of brain tissue in MCAO rats. Representative images and the quan-

tification of TUNEL were shown in (C). Western blotting assay was 
used to measure the expression of Bax, Bcl-2 and cleaved-caspase-3 
in the hippocampus. Representative bands showed the expression 
and the protein expression was normalized to β-actin. The quantifica-
tion of the protein levels was shown in (D). Data were represented as 
mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, vs sham; #P < 0.05, 
##P < 0.01, vs I/R; n = 10
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changes in the ratio of LC3II/LC3I in different groups. The 
ratio of LC3II/LC3I in the kaempferol group is increased 
compared with I/R group, but the ratio of LC3II/LC3I 
is lower in I/R+3-MA group. Additionally, western blot 
results showed that the expression of Bax and cleaved-cas-
pase-3 in the kaempferol group is increased compared with 
I/R group. Whereas the expression of Bax and cleaved-
caspase-3 were lower in I/R+3-MA group. Similarly the 
expression of Bcl-2 showed the opposite trend. Besides, 
TUNEL staining results (Fig. 4C) confirmed that kaemp-
ferol could significantly reduce the apoptosis of cells in 
hippocampus tissue compared with the I/R group, and the 
kaempferol+3-MA group can increase the apoptotic cells 
which were statistically significant. We found that kaemp-
ferol could inhibit apoptosis during cerebral ischemia rep-
erfusion by activating autophagy.

Kaempferol Mediated AMPK/mTOR Signal Pathway 
in MCAO Rats

To investigate the effect of kaempferol on the AMPK/
mTOR signal pathway in the hippocampus of MCAO rats, 
the expression of AMPK, p-AMPK, mTOR and p-mTOR 
were determined by western blotting assay (Fig. 5A). As a 
result, compared with the sham group, AMPK phosphoryla-
tion was increased significantly, whereas mTOR phospho-
rylation was reduced obviously in I/R group. After treat-
ment with kaempferol, compared with the I/R group, AMPK 
phosphorylation was increased significantly, whereas mTOR 
phosphorylation was reduced with a significant difference. 
Furthermore, the levels of mTOR and AMPK phosphoryla-
tion were determined by immunohistochemical staining. As 
shown in Fig. 5B, C, the data showed a similar trend to 

Fig. 3  The effect of kaempferol on autophagy in MCAO rats. A The 
expression of LC3 in the hippocampus was detected by immunohis-
tochemical staining. Representative images and the quantification of 
the LC3 levels were shown in (A). QRT-PCR assay was performed 
to detect the mRNA expression of ATG4, ATG5 and ATG7 in the 
hippocampus (B). Western blotting assay was used to measure the 

protein expression of Beclin1, LC3I/II and p62 in the hippocampus. 
Representative bands showed the expression and the protein expres-
sion was normalized to β-actin. Quantification of the protein levels 
was shown in (C). Data were represented as mean ± SD, *P < 0.05, 
**P < 0.01, ***P < 0.001, vs sham; #P < 0.05, ##P < 0.01, vs I/R; 
n = 10
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western blotting results. The data revealed that kaempferol 
mediated AMPK/mTOR signal pathway in MCAO rats.

Antagonistic Effects of Dorsomorphin (AMPK 
Inhibitor) on the Protective Effect of Kaempferol 
in MCAO Rats

To investigate the mechanism by which kaempferol activates 
the AMPK signaling pathway, the expression of p-AMPK, 
AMPK, mTOR, p-mTOR and LC3I/II in the hippocampus 
was detected by western blotting assay. As shown in Fig. 6A, 

the results showed that compared with the sham group, the 
AMPK phosphorylation and the ratio of LC3II/LC3I in the 
I/R group was increased significantly, whereas the mTOR 
phosphorylation was reduced significantly. Compared with 
I/R group, the AMPK phosphorylation and the ratio of 
LC3II/LC3I was reduced significantly in the I/R+Dor group, 
accordingly the mTOR phosphorylation was increased with 
significant difference. In addition, the expression of LC3 
was also detected using immumohistochemical staining. As 
shown in Fig. 6B, it showed the same trend to the west-
ern blot results. Western blotting assay was performed to 

Fig. 4  The effect of kaempferol on autophagy and apoptosis in 
MCAO rats. A The expression of LC3 in the hippocampus was 
detected by immunohistochemical staining. Representative images 
and the quantification of the LC3 levels were shown in (A). Western 
blotting assay was performed to detect the expression of Bax, Bcl-2, 
cleaved-caspase-3 and LC3I/II in the hippocampus. Representative 
bands showed the expression of Bax, Bcl-2, cleaved-caspase-3, LC3I/

II and the expression was normalized to β-actin. Quantification of 
the protein levels is shown in (B). TUNEL staining assay was used 
to measure the apoptosis in hippocampus. Representative images and 
the quantification of the apoptosis levels were shown in (C). Data 
were represented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, 
vs sham; #P < 0.05, ##P < 0.01, ###P < 0.001, vs I/R; &P < 0.05, 
&&P < 0.01, &&&P < 0.001, vs I/R+Kae100, n = 10
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measure the expression of Bax, Bcl-2 and cleaved-caspase-3 
in hippocampus tissue. As shown in Fig. 6C, compared 
with the sham group, the expression of Bax and cleaved-
caspase-3 was increased significantly in I/R group, whereas 
the expression of Bcl-2 was reduced with significant dif-
ference. The expression of Bax and cleaved-caspase-3 was 
upregulated significantly in the I/R+Dor group compared 
with I/R group, while the expression of Bcl-2 was down-
regulated. Taken together, it revealed that the effect on the 
protective effect of kaempferol in MCAO rats.

Discussion

Thrombolytic therapy for stroke is widely used in clinical 
treatment, but the associated reperfusion injury still greatly 
affects the clinical prognosis [21]. Therefore, it is crucial to 

seek alternative medicines or methods, which can inhibit 
disease progression, and which can protect the brain against 
ischemia reperfusion damage. In recent decades, traditional 
Chinese medicine has been widely used for the prevention 
or treatment of ischemic stroke. The present study examined 
the mechanism of kaempferol induced autophagy to protect 
the brain in vivo. Consistent with previous research [22], 
kaempferol could significantly attenuate brain injury and 
reduce the volume of cerebral infarction in rats. Compared 
with kae 100 group, kae 200 group significantly increased 
the infarct volume, possibly because of the toxicity of 
kaempferol. In order to promote the clinical application, the 
toxicological experiments of kaempferol and the effect of 
combination with of tPA and kaemperol still need further 
study.

Our results suggest that induction of autophagy may 
be involved in the protective mechanism of kaempferol 

Fig. 5  Kaempferol mediated AMPK/mTOR signal pathway in 
MCAO rats. A Western blotting assay was performed to detect the 
expression of AMPK, p-AMPK, mTOR and p-mTOR in the hip-
pocampus. Representative bands showed the expression of p-AMPK 
and p-mTOR. Quantification of the protein levels was shown in (A). 

The expression of p-AMPK and p-mTOR was detected by immuno-
histochemical staining. Representative images and the quantifica-
tion of the p-AMPK and p-mTOR levels were shown in (B and C). 
Data were represented as mean ± SD, *P < 0.05, **P < 0.01, vs sham; 
#P < 0.05, ##P < 0.01, vs I/R; n = 10
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against cerebral I/R injury. The pathological mechanism of 
ischemic stroke has been further studied, and some stud-
ies have proved that regulating autophagy can inhibit neu-
ron apoptosis and reduce brain injury [23]. Autophagy, as 
one hotpot of biomedical research, is a process of cell self-
degradation mediated by lysosomes. When the number of 
abnormal organelles increases or accumulates, autophagic 
vesicles will form in the cell and then combine with lys-
osomes to form autophagosomes [24]. The research by Shao 
et al. demonstrated that artesunate has a protective effect on 
ischemic cerebral infarction, and the protective effect may 
increase autophagy by inhibiting the activity of mTOR [25]. 

In their study, it was found that ischemic hypoxia stimula-
tion promoted the expression of p-mTOR, while artesunate 
decreased its expression. Moreover, the protective effect 
of artesunate on ischemic brain infarction is reversed by 
3-MA (autophagy inhibitor) and LEU (p-mTOR agonist 
leucine), which revealed the activation of autophagy plays 
a key role in the protection of MCAO induced brain injury. 
LncRNA SNHG12-induced autophagy activation allevi-
ated cerebral I/R injury, which was partially reversed by an 
autophagy inhibitor 3-MA [26]. MiR-202-5p attenuates cer-
ebral ischemia reperfusion injury in MCAO rats by target-
ing eIF4E-mediated induction of autophagy [27]. More and 

Fig. 6  Dorsomorphin (AMPK inhibitor) can reverse the protective 
effect of kaempferol. Western blotting assay was performed to detect 
the expression of AMPK, p-AMPK, mTOR, p-mTOR and LC3I/II 
in the hippocampus. Representative bands showed the protein levels 
of AMPK, p-AMPK, mTOR, p-mTOR and LC3I/II. The expression 
was normalized to β-actin. Quantification of the protein levels was 
shown in (A). The expression of LC3 was detected by immunohis-

tochemical staining. Representative images and the quantification of 
the LC3 levels were shown in (B). Western blotting assay was used 
to detect the expression of Bax, Bcl-2 and caspase-3 in the hip-
pocampus. The expression was normalized to β-actin. Quantifica-
tion of the protein levels was shown in (C). Data were represented as 
mean ± SD, *P < 0.05, **P < 0.01, vs sham; #P < 0.05, ##P < 0.01, vs 
I/R; &P < 0.05, &&P < 0.01, vs I/R+Kae100, n = 10
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more studies have revealed that autophagy plays neuropro-
tective effects during cerebral I/R injury. Zhang et al. con-
firmed SIRT3 protected a rotenone-induced PD cell model 
through the regulation of autophagy, which, in part, is medi-
ated by activation of the AMPK/mTOR pathway [28]. On the 
contrary, Wang et al. [29] demonstrated that autophagy acti-
vation during cerebral ischemia reperfusion injury is harm-
ful. Their results showed that MCAO-induced neuronal cell 
death is mediated by the activation of autophagy, while silib-
inin exerts its neuroprotective effect by inhibiting autophagy. 
Furthermore, Wang et al. found that LncRNA H19 inhib-
ited autophagy by regulating DUSp5-ERK1/2 axis and pro-
tected brain injury [30]. In brief, the role of autophagy in 
cell death/survival in cerebral I/R injury remains controver-
sial. In the present study, autophagy-related genes ATG4, 
ATG5, ATG7, autophagy-related proteins Beclin1 and p62 
in the MCAO group were significantly up-regulated, and 
autophagy was further activated after kaempferol treatment. 
In addition, compared with I/R+kaempferol group, the apop-
totic level was significantly increased after the combination 
of autophagy inhibitor 3-MA (Fig. 4B, C). We demonstrated 
that kaempferol could activate autophagy, inhibit neuronal 
apoptosis, protect the brain from injury and improve neuro-
logical deficits during I/R injury.

Autophagy and apoptosis have been shown to be cor-
related in cerebral ischemia–reperfusion injury. Some 
studies have confirmed that p62-induced autophagy is 
activated, the apoptosis mechanism can be triggered dur-
ing I/R injury [31]. Montero suggested that DHA plays a 
neuroprotective role through inhibiting apoptosis via the 
activation of autophagy [32]. Previous studies have indi-
cated that ezetimibe attenuates neuronal apoptosis through 
AMPK dependent autophagy activation after MCAO in rats 
[33]. Consistent with previous studies, our results revealed 
the inhibitory effect of kaempferol against MCAO induced 
apoptosis was promoted by rapamycin, while rescued 
by 3-MA. The findings suggested the new mechanism of 
kaempferol against brain injury, which activates autophagy 
and inhibits neuron apoptosis.

Additionally, the signaling pathway of kaempferol activat-
ing autophagy in cerebral ischemia–reperfusion injury has 
been further explored. AMPK/mTOR has been considered 
as a pivotal signal pathway in the regulation of autophagy 
[34]. Autophagy is a pathophysiological response during 
ischemia/reperfusion injury, which mainly exists in myocar-
dial ischemia/reperfusion injury and cerebral ischemia/rep-
erfusion injury. Jia et al. found galectins induced autophagy 
by controlling master regulators of metabolism, mTOR 
and AMPK, in response to lysosomal damage [35]. Some 
research reported that TIGAR protected against neuronal 
injury partly through inhibiting autophagy by regulating the 
mTOR/S6KP70 signaling pathway [36]. Some researchers 
suggested that melatonin could protect against myocardial 

injury by activating AMPK mediated autophagy [37]. Ren 
et al. confirmed that the potential mechanism of Yangx-
inkang tablets in the treatment of myocardial injury is to 
inhibit autophagy through AMPK/mTOR signaling pathway 
[38]. Sun et al. [39] suggested regulation of autophagy via 
the AMPK/mTOR/P70S6K signaling pathway may be the 
protective mechanism against ischemic stroke. Kaempferol 
plays a protective role in palmitic acid-induced pancreatic 
β-cell death through modulation of autophagy via AMPK/
mTOR signaling pathway [40]. Similarly, as a monomer of 
traditional Chinese medicine, kaempferol could increase the 
ratio of p-AMPK and p-mTOR in MCAO rats. In addition, 
after treatment with dorsomorphin (an inhibitor of AMPK), 
it reversed kaempferol-induced autophagy. Taken together, 
we found that kaempferol can activate the AMPK/mTOR 
signaling pathway to induce autophagy and protect the brain 
against ischemic-reperfusion injury.

In summary, we confirmed that kaempferol can mini-
mize cerebral injury in MCAO rats, activate autophagy, and 
inhibit apoptosis. Our study demonstrated autophagy plays 
a vital role in cerebral ischemia–reperfusion injury, and 
kaempferol could regulate AMPK/mTOR signaling pathway 
to activate autophagy to protect the brain against ischemic 
injury. These results have partially revealed the molecular 
neuroprotective mechanisms of kaempferol. Our work not 
only provided novel insight into the neuroprotective effects 
of kaempferol but also suggested clarification of the mecha-
nism of kaempferol may provide the theoretical basis for the 
clinical treatment of stroke.
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