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Purpose: Stroke remains the primary cause of pain, suffering, and death in patients. One of the

major thrusts in stroke therapy is to find an effective prevention strategy. Objectives of this study

are to testify the neuro-protection effect of stigmasterol in ischemic/reperfusion injury model.

Methods: The dosage-dependent effects (20, 40, and 80 mg/kg) of stigmasterol on physio-

logical behaviors and oxidative stress biomarkers were investigated. Expression and phos-

phorylation of beclin1, microtubule-associated protein 1 light chain 3 (LC3), adenosine

monophosphate-activated protein kinase (AMPK), mTOR, and N-terminal kinase (JNK)

were detected.

Results: The results showed that stigmasterol was able to effectively reduce neurological

deficits and infarct damage induced by the ischemic/reperfusion injury, improve histopathol-

ogy changes, and restore the levels of the endogenous antioxidant defense system in a dose–

response mode. Stigmasterol effectively depressed the expression level of beclin1, and the

conversion of LC3 I to LC3 II, while promoted the phosphorylation of mTOR, and remark-

ably inhibited the phosphorylation of AMPK and JNK, as well as the expression of JNK

induced by 24 hrs of reperfusion.

Conclusion: These findings reveal that stigmasterol has neuro-protective effect against the

ischemic/reperfusion injury, possibly associated with reduction of oxidative stress and

inactivation of autophagy via AMPK/mTOR and JNK pathways.

Keywords: stigmasterol, ischemia/reperfusion injury, oxidative stress, autophagy, AMPK

pathway, mTOR pathway, JNK pathway

Introduction
The global burden of disease reports that stroke is becoming a crisis of unimagin-

able proportion due to ongoing demographic changes.1,2 Because of narrow ther-

apeutic window, risk of hemorrhage and late hospitalization, stroke is characterized

with high morbidity, disability, and mortality.3 Ischemic stroke is one type of stroke

with higher incidence rate comparable to hemorrhagic stroke and transient ischemic

attack.4 Moreover, it always results in neurological function loss and neuronal

death, which are considered to be closely related to the excessive production of

ROS and reactive nitrogen species.5 Given the inadequacies of existing strategies

for stroke, finding an effective neuro-protective agent offers new hope for better

treatment.6
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Elimination of oxidative stress is an alternative to

increase tolerance of brain tissue to ischemia stroke as

the ischemic/reperfusion injury induces an overproduction

of ROS. Scientists and clinicians are concentrating their

efforts on finding free radical scavengers. Edaravone and

gabapentin have been marketed and proved to possess the

neuro-protective effects.7 Recently, various researchers

have begun to focus on the development of natural-derived

radical scavengers as neuro-protective agents due to their

properties of abundance and low drug resistance.8,9 For

example, evidences from Zhu et al indicated that Paeoniae

Radix Rubra, the dried root of Paeonia lactiflora Pall. and

Paeonia veitchii Lynch, could significantly upregulate the

levels of SOD1, SOD2, and catalase, and decrease neuro-

nal injuries induced by the ischemic/reperfusion injury.10

Stigmasterol (C29H48O), a naturally occurring steroid

derivative, is found in many plants, such as Cabbage,

Gypsophila oldhamiana, Arabidopsis, Aralia cordata,

Eucalyptus globules, Physcomitrella patens, etc.11,12

Chemical structure of stigmasterol is shown in

Figure 1A. It has been widely used in traditional

Chinese medicine and food industry due to its various

important bioactivities.13,14 For example, literature have

well demonstrated that stigmasterol can act as the pre-

cursors of corticoids-1, progesterone, androgens, estro-

gens and vitamin D3, and easily pass blood–brain

barrier.15,16 Kangsamaksin et al proposed stigmasterol

as a candidate in cancer treatment. They found that stig-

masterol could prevent the tumor growth by disrupting

tumor angiogenesis, which mainly functioned by selec-

tively suppressing the viability, migration, and morpho-

genesis of human umbilical vein endothelial cells via

downregulation of tumor necrosis factor-α and

VEGFR-2.17 Yenn et al proved that stigmasterol could

serve as an antibiotic adjuvant to improve the effect of

ampicillin against infections caused by β-lactamase pro-

ducing pathogens.18 Antwi et al found that 50 mg/kg and

100 mg/kg of stigmasterol would be helpful to inhibit

lipopolysaccharide-induced innate immune responses and

improve survival up to 40% in murine models.19

Importantly, the double bond structure of stigmasterol

makes it easy to be oxidized and this supports stigmasterol

as the anti-peroxidative agent to effectively reduce oxida-

tive stress.20 In this regard, here, we focused on testifying

the feasibility of stigmasterol against ischemic stroke and

understanding the possible mechanism. The ischemic/

reperfusion injury model was constructed in Wistar rats,

following with a dosage-dependent treatment using stig-

masterol. The changes of physiological behaviors, oxida-

tive stress biomarkers levels, and autophagy behaviors

suggested the potential of stigmasterol at neuro-protection

against ischemic stroke.

Methods And Materials
Animals Study Ethics
Male Wistar rats (250±300 g) were purchased from

Animal Center of Shandong University and were housed

for 1 week in a facility accredited by the committee for

Assessment and Accreditation of Laboratory Animal Care.

All animal procedures were approved by the Animal

Ethics Committee of Affiliated Hospital of Weifang

Medical University in accordance with the guidelines for

the use of laboratory animals in People’s Republic of

China.

Figure 1 (A) Chemical structure of stigmasterol (C29H48O, molecular weight: 412.69) and (B) schematic diagram of the experimental protocol. Vehicle (0.1% DMSO in 1%

hydroxylethyl cellulose) and stigmasterol (20, 40, and 80 mg/kg) were given via i.p. after 2-hr ischemia. 3-MA (300 μg/kg) was given via i.p. 0.5 hr ahead of ischemia.
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Rat Model
The focal cerebral ischemic/reperfusion injury procedure

was performed for inducing ischemia stroke in rats.4 In

brief, 10% (w/v) chloral hydrate was administered

(350 mg/kg, intraperitoneally (i.p.)) to anesthetize rats

and a thermostatic heater was used to maintain the body

temperature at 37°C during the whole experiment. Midline

neck was incised in order to isolate the left common

carotid artery (CCA) and the external carotid artery,

which were further exposed and clipped with artery

clamp. From the CCA, a nylon monofilament (Diameter:

0.25–0.28 mm, Beijing Sunbio Biotech Ltd. Co., Beijing,

People’s Republic of China) was inserted into the internal

carotid artery until a mild resistance. Laser-Doppler flow-

metry (LDF, PeriFlux 5000 Perimed Co., People’s

Republic of China) was performed to confirm the success-

ful occlusion, characterizing with a <20% decline of the

baseline in the regional cerebral blood flow (CBF). After

2 hrs of middle cerebral artery occlusion (MCAO), the

monofilament was withdrawn and the reperfusion was

accomplished. The sham group carried out all surgical

procedures except the insertion process of nylon

monofilament.

Stigmasterol Intervention
A total of 252 animals were randomly divided into six

groups (n=42): 1) sham group; 2) I/R group; 3) stigmas-

terol group at a dose of 20 mg/kg; 4) stigmasterol group at

a dose of 40 mg/kg; 5) stigmasterol group at a dose of 80

mg/kg; and 6) 3-MA group. Stigmasterol (purity ≥99%,

Sigma) or 3-MA (purity ≥99%, Sigma) was dissolved in a

mixture solution containing 0.1% dimethyl sulfoxide and

1% hydroxylethyl cellulose, respectively. In the pilot

experiments (data not shown), we tested the effect of

stigmasterol at different doses (5–160 mg/kg) and the

whole experimental procedure is shown in Figure 1B.

Stigmasterol treatment at three doses was i.p. administered

immediately after 2 hrs ischemia and 300 μg/kg 3-MAwas

i.p. administered at 30 mins before ischemia.21

Meanwhile, the mixture solution without any drug was

i.p. administered in sham and ischemic/reperfusion groups.

The results revealed that stigmasterol shows a dose-depen-

dent effect on I/R-induced brain injury in rats under this

administration condition. Therefore, the dosage of stig-

masterol (20, 40, and 80 mg/kg) was chosen in the present

study and the same administration condition was applied.

Changes Of Neurobehavioral Parameters
Neurological Deficit Grade

An observer blinded to experimental groups was invited to

grade neurological deficits after 24 hrs reperfusion

(n=6):22 Grade 0 means that there was no neurological

deficits and rats behave normally; Grade 1 means that rat

completely failed to stretch their left front legs; Grade 2

means that rats turned around into a circle; Grade 3 means

rats failed down to the left side; Grade 4 means rats could

not move by themselves and lose their consciousness.

Quantification Of Brain Infarct Volume

Rats in 80 mg/kg stigmasterol treatment group and

ischemic/reperfusion group were sacrificed at 2, 12, 24,

and 48 hrs after reperfusion and the whole brains were

isolated (n=6). Rats in other groups were sacrificed after

24 hrs post-surgery (n=6). Slices of brain tissues with

2 mm thickness were made and then stained with 2%

2,3,5-triphenyltetrazolium chloride (TTC, Sigma Cruz,

California, USA) in PBS for 15 mins at 37°C. Following

that, an overnight-fixation with 4% paraformaldehyde was

performed. Infarct zone was analyzed using ImageJ® soft-

ware on the basis of coronal slices photographs and the

infarct volume was calculated as in the following:

Infarct volume (%)=(contralateral hemisphere area–

healthy area of ipsilateral hemisphere)×thickness of slice

Brain Water Content Determination

Brain water contents were determined after 24 hrs reperfu-

sion (n=6). The wet weight of infarct brain hemispheres was

quantified after removing the surface water. After that, it was

dried overnight at 105°C and the dry weight was obtained.

Brain water content was obtained according to the formula:

[(wet weight–dry weight)/wet weight]×100%.23

Measurement Of CBF

CBF was determined on a laser Doppler flowmetry and the

images were acquired during MCAO and after 24 hrs of

reperfusion (n=6). Here, the exposed cortex was irradiated

by low-power laser beam with the aid of a computer-con-

trolled optical scanner. The scanning probe was placed

parallel to cerebral cortex and the distance was set as

20 cm. A video monitor was used to display a color-coded

image aiming at denoting specific relative perfusion levels.

Histological Assessment

After reperfusion, brain tissues were collected immedi-

ately from rats under deep anesthetization and fixed for

12 hrs using 10% formalin in 0.1 M PBS (n=6). Then, a
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routine process of paraffin embedding was made. The

sections with 5 μm thickness were obtained and stained

with H&E staining for histological assessment by a pathol-

ogist blinded to the treatment groups.

Quantification Of Oxidative Stress

Biomarkers
A centrifugation operation was carried out to isolate the

supernatant from the blood plasma after 24-hr reperfusion

(n=6). The brain hemispheres were homogenized in 10%

(w/v) physiological saline and the precipitation was

removed by centrifugation at 3500 rpm for 10 mins (n=6).

Quantification Of Nitric Oxide (NO) Level

Blood supernatant was supplemented with 100 μL of the

Griess solution. NaNO2 was used as the standard. The

reaction system was maintained at room temperature for

15 mins and its OD value was read at 540 nm to measure

the NO level.

Quantification Of MDA Level

The supernatant from brain tissue homogenate was incu-

bated with thiobarbituric acid in boiling water for 15 mins.

The malondialdehyde (MDA) level was determined at 532

nm according to the manufacturer’s instructions (Nanjing

Jiancheng Bioengineering Institute, Nanjing, People’s

Republic of China) and expressed as μmol/mg protein.

Quantification Of GSH And GSSG

Total glutathione (GSH) level was measured using the

5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB)-GSSG reduc-

tase according to the previous study.24 As for quantifica-

tion of the GSSG level, 2-vinylpyridine solution was

firstly supplemented to eliminate the reduced GSH.

Following that, the same method was applied.

Quantification Of The SOD And Its Isoforms Activity

Enzyme activities were analyzed using assay kits

(Beyotime Institute of Biotechnology, Haimen, People’s

Republic of China). Oxyamine was used as the substrate

to measure the activity of T-SOD in xanthine–xanthine

oxidase system, here, T-SOD could prevent the oxidation

of oxyamine. The Cu/Zn-SOD inhibitor was used to assess

the Mn-SOD activity and the difference between T-SOD

and Mn-SOD was used for calculation of the Cu/Zn-SOD

activity. The enzyme consumption at inhibiting 50% of

WST1 was defined as one unit of SOD activity.

Quantification Of GSH-PX Activity

The measurement of GSH-PX activity was performed at

25°C in a reaction system, which included tripho-sphopyr-

idinenucleotide, reduced GSH, t-Bu-OOH and GSH

reductase. The calculation was exerted according to the

consumption that was required for oxidization of 1 μmol

NADPH into NADP+ in 1 min at 25°C.

Western Blot Analysis
The isolation of brain tissues of rats was performed under

anesthesia and −80°C refrigerator was used to tempora-

rily keep samples. Samples were gently homogenized

using a lysis buffer (10 mM KCl, 1 mM EDTA,

1.5 mM MgCl2, 1 mM EGTA, 20 mM HEPES, 250 mM

sucrose, 1 mM dithiothreitol, 0.1 mM phenylmethylsul-

fonyl fluoride, and proteinase inhibitor cocktail; pH 7.9)

(n=6). The homogenate supernatant was obtained by cen-

trifugation at 14,000 rpm and at 4°C for 15 mins. Protein

concentration was quantified using the Bradford assay.

Proteins were separated using 10% SDS-PAGE. The elec-

tric current was set as 400 mA in order to transfer protein

to a PVDF membrane in 35 mins (Immobilon-P,

Millipore, Bedford, MA, USA). The membrane was

further blocked with 5% skim milk at 4°C for 3 hrs and

immersed into primary antibodies solution (anti-beclin1

(1:1000, sigma Cruz), anti-LC3B (1:1000, Sigma), anti-

p-AMPKα at Thr 172 (1:1000, CST, Boston, USA), anti-

AMPKα (1:1000, CST), anti-p-mTOR (1:1000, CST),

anti-mTOR (1:1000, CST), anti-p-JNK (1:1000, CST),

anti-JNK (1:1000, CST), and anti-GAPDH (1:5000,

Beijing Zhongshan Golden Bridge Biotechnology Co.

Ltd., Beijing, People’s Republic of China)) at 4°C over-

night. After washing with TBST, the membrane was

immersed into secondary antibodies linked to horseradish

peroxidase solution for 1 hr at room temperature. The

blue X-ray film was used to detect the luminescence band

after incubation for 5 mins in an ECL substrate solution.

Finally, the gray density was quantified using ImageJ®

software.

Statistical Analysis
All data were presented as the mean± standard deviation.

Comparisons between experimental and control groups

were performed by one-way factorial ANOVA and fol-

lowed by Tukey’s test. Significant effects were defined

when p<0.05.
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Results
Stigmasterol Improved Neurobehavioral

Function After Cerebral Ischemic/

Reperfusion Injury
Figure 2A shows brain infarct volume in different groups

after TTC staining and Figure 2B shows a quantitative

analysis results. The infarct volume was significantly

enhanced in the ischemic/reperfusion group (34.83%

±1.71%) by comparison with the sham group (4.35%

±0.65%) (p<0.01). With the application of stigmasterol,

the infarct volume caused by the ischemic/reperfusion

injury was significantly reduced and exhibited in a dose-

dependent mode (p<0.05, p<0.01). The highest inhibition

rate appeared in 80 mg/kg stigmasterol treatment group

and got to 58.25%, which was better than that in the 3-MA

treatment group (p<0.01).

Figure 2C and D shows neurological scores and brain

water content in the ischemic/reperfusion injury model and

protection effect of stigmasterol. It could be seen that the

ischemic/reperfusion injury significantly resulted in the

increase of neurological scores (3.83±0.37) and brain

water content (85.53%±0.80%) (p<0.01). It was signifi-

cantly attenuated by stigmasterol treatment and negative

correlation with the concentration (Figure 2C and D)

(p<0.05, p<0.01).

Figure 2E shows CBF results from a laser Doppler

perfusion image system. CBF was significantly decreased

after ischemia and restored after reperfusion in all groups.

Administration of 80 mg/kg stigmasterol caused a signifi-

cant enhancement of CBF after 24-hr reperfusion (91.75%

±2.67%) (p <0.05), which had no significance compared

with that in the 3-MA group.

Protection Of Stigmasterol On Neuronal

Cell After Cerebral Ischemic/Reperfusion

Injury
H&E staining indicated that the neurons in the sham

group exhibited normal characters with uniformly distri-

bution and a complete organization structure (Figure 3).

However, brain tissue in the ischemic/reperfusion group

exhibited liquefied changes and looked like polynesic

sponginess. Glial cells swelled and neurons showed a

confusing structure. Moreover, neural lost, nuclei

appeared atrophic and stained dark. Both stigmasterol

and 3-MA treatments could significantly relieve the

abnormalities (p<0.05, p<0.01).25

Reduction Of Stigmasterol On Oxidative

Stress After Cerebral Ischemic/

Reperfusion Injury
Figure 4 shows the level changes of oxidative stress para-

meters. It could be seen the ischemic/reperfusion injury

induced higher levels of NO and GSSG, and produced

more MDA by comparison with the sham group

(p<0.01). However, treatment with stigmasterol or 3-MA

could effectively decrease them and a dose-dependent

effect was observed (p<0.05, p<0.01) (Figure 4A–C).

There were no significant difference in the levels of NO,

GSSG, and MDA between 3-MA treatment group and 80

mg/kg stigmasterol treatment group.

Simultaneously, the analysis on antioxidase revealed

that the ischemic/reperfusion injury caused dramatic

decrease in the levels of GSH, GSH-PX, T-SOD, Cu/Zn-

SOD, and Mn-SOD compared with the sham group

(p<0.01). The application of stigmasterol could improve

the situation, and the levels of antioxidase almost could

restore when 80 mg/kg stigmasterol was administered

(p<0.05, p<0.01) (Figure 4D–H).

Inhibition Effects Of Stigmasterol On

Autophagy Following Cerebral Ischemic/

Reperfusion Injury
Both beclin1 and LC3 are the autophagic biomarkers. We

found that the ischemic/reperfusion injury significantly

promoted the expression of beclin1 by comparison with

the sham group and the ratio of LC3 II/I was also

enhanced (p<0.01) (Figure 5A–B). With the application

of stigmasterol and 3-MA at 24 hrs of reperfusion, the

expression of beclin1 and LC3 was significantly inhibited

(p<0.05, p < 0.01).

Intervention Mechanism Of Stigmasterol

On Autophagy
As autophagy plays important roles in protecting rats against

cerebral ischemic/reperfusion injury, we also explored the

intervention mechanism of stigmasterol on autophagy activa-

tion by Western blot analysis. The ischemic/reperfusion

injury significantly induced a higher expression of JNK,

and phosphorylation of p-AMPKα and p-JNK by comparison

with that in the sham group, but contrary to the phosphoryla-

tion of p-mTOR (p<0.01) (Figure 6A–D). Stigmasterol could

significantly reverse these changes and a dose-dependent

effect could be observed (p<0.05, p<0.01). 3-MA also
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could function at decreasing JNK phosphorylation and

increasing mTOR phosphorylation (p<0.01), but cannot

affect p-AMPKα. These results reveal stigmasterol was

able to intervene the occurrence of autophagy caused by

cerebral ischemic/reperfusion injury via inhibiting the

AMPK/mTOR and JNK signal pathways.

Figure 2 Effects of different doses of stigmasterol on infarct volumes (A, B), neurological grade (C), brain water content (D), and CBF (E) in cerebral ischemia/reperfusion

injury. 3-MA was chosen as the positive control. n=6. ##p<0.01 vs sham group; *p<0.05, **p<0.01 vs ischemia/reperfusion group.
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Discussion
Ischemic stroke is a result of cerebral blood vessel block-

age and always leads to dysfunction and cell death, linked

to high fatality and disability rates.26 The early neurologi-

cal function deficits are considered to be important pre-

dictors, and neurological deficit grading and brain infarct

volume analysis can be applied to assess the progression

of stroke.27,28 In this study, we confirmed that stigmasterol

intervention successfully reversed the adverse effects that

the ischemic/reperfusion injury caused the increases at

infarct volume and neurological grade (Figure 2).

Additionally, H&E analysis further revealed that stigmas-

terol improved the distribution, arrangement, and morpho-

logical structure of nerve cells (Figure 3).25 Especially, the

effect of 80 mg/kg stigmasterol treatment was similar to

that treated by 3-MA, suggesting that stigmasterol could

alleviate brain injury induced by ischemic stroke and

might be a novel therapeutic agent for ischemic stroke.

Furthermore, we explored the possible mechanism of

stigmasterol against ischemic stroke. As researchers

develop a greater understanding of the biology underlying

drug-function relationships, they find that the injury and

treatment mechanism of the ischemic/reperfusion involve

oxidative stress, inflammatory responses, apoptosis,

blood–brain barrier disruption, ionic imbalance, etc.29 It

has been well documented that oxidative stress are most

closely related with ischemic neuronal injury.30

Considerable groups have found that the oxidation of

lipids, proteins, and DNA during the ischemic/reperfusion

injury and confirmed the adverse effects of the accumula-

tion of ROS, such as cellular damage and apoptosis.31,32

The ROS products will further aggravate the damage on

neuron by attacking macromolecules within glial cells.

Therefore, the endogenous antioxidant defense system

plays an important role at neuro-protection against ische-

mia/reperfusion injury. Several groups, including us, have

proved that the ischemic/reperfusion injury induced exces-

sively ROS that could not be promptly removed by the

endogenous defense system (Figure 4A–C). Thus, many

attempts have been made and testified that antioxidants

can weaken the neuronal damage after cerebral ischemic/

reperfusion injury. In this study, the levels of endogenous

antioxidant defense, including GSH, GSH-PX, T-SOD,

Cu/Zn-SOD, and Mn-SOD, were significantly enhanced

after treatment with stigmasterol by comparison with

those in the ischemic/reperfusion injury group

(Figure 4D–H). According to the molecular structure of

stigmasterol, the double bond is the structure basis for its

anti-peroxidative function (Figure 1A). It could be con-

cluded that stigmasterol induces the increase of endogen-

ous antioxidant enzymes and decreases the accumulation

of ROS, which will contribute to the improvement of

neuronal damage caused by the ischemic/reperfusion

injury (Figures 2–4).

Figure 3 Effects of different doses of stigmasterol on histopathological alteration following cerebral ischemia/reperfusion injury (200×). After deep anesthetization with

chloral hydrate, rat brain was immediately removed and immersed in 10% phosphate-buffered formalin for 12 hrs, then embedded in paraffin. Brain tissues of 5 μm were

stained with HE and visualized. Arrows in the sham group, denoting the normal neurons; in ischemia/reperfusion group, the physiological abnormality; in stigmasterol-treated

groups, the recovering neurons. The abnormal neurons were counted and expressed relatively to the sham group. n=6. ##p<0.01 vs sham group; *p<0.05, **p<0.01 vs

ischemia/reperfusion group.
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Along with oxidative stress, recently, researchers demon-

strate that autophagy does exist in cerebral ischemia and is

another important target to protect brain damage during the

ischemic/reperfusion injury.33–35 Proper activation of autop-

hagy is helpful for cells to maintain energy and cellular

homeostasis, and further protect cells avoiding death in

Figure 4 Effects of different doses of stigmasterol on the levels of nitric oxide (NO) (A), glutathione disulfide (GSSG) (B), malondialdehyde (MDA) (C), glutathione (GSH)

(D) and the activities of SOD and its isoforms (E–G) and glutathione peroxidase (GSH-PX) (H) following cerebral ischemia/reperfusion injury. 3-MA was chosen as the

positive control. n=6. ## p<0.01 vs sham group; *p<0.05, **p<0.01 vs ischemia/reperfusion group.

Figure 5 Effects of different doses of stigmasterol on the expression of beclin1 (A) and LC3 (B) of rats with cerebral ischemia/reperfusion injury. 3-MA was chosen as the

positive control. n=6. ## p<0.01 vs sham group; *p<0.05, **p<0.01 vs ischemia/reperfusion group.
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response to nutrient starvation or metabolic stress. As a

double-edged sword, however, excessive or prolonged

autophagy will facilitate the necrotic and apoptotic

cascades.34 Although the exact effect of autophagy during

the ischemic/reperfusion injury is not clear, increasing evi-

dences display that the ischemic/reperfusion injury causes a

higher level activation of autophagy.21,36 Several groups

report that both beclin1 and LC3 are the important autop-

hagy-associated protein and used as reliable biomarkers of

autophagosomes.21,37,38 LC3-I conversion towards LC3-II

marks the beginning of autophagy and the upregulation of

beclin1 expression is also necessary for autophagic

processing.39,40 On the contrary, silencing of beclin1 and

reduction of LC3-I conversion towards LC3-II will helpful

to prevent autophagosome processing.41,42 As expected, we

also confirmed the upregulation of autophagy activation after

the ischemic/reperfusion injury, supported by the content

increase of beclin1 and LC3 II (Figure 5). To our knowledge,

this was the first study demonstrating the function of stig-

masterol at inactivating autophagy. Moreover, changes in

beclin1 and LC3 II/I levels were negatively correlated with

the dosage of stigmasterol.

The signal regulation of autophagy activation is com-

plex and involves several pathways, including PI3K-Akt,

Figure 6 Effects of different doses of stigmasterol on the expression and phosphorylation of AMPKα (A), mTOR (B), and JNK (C, D) in rats with cerebral ischemia/

reperfusion injury. 3-MA was chosen as the positive control. n=6. ## p<0.01 vs sham group; *p<0.05, **p<0.01 vs ischemia/reperfusion group.
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beclin1-Bcl2, JNK, AMPK-mTOR signal pathways.42–45

In response to stress, autophagy can generate nutrients and

energy to promote the cells adaptation. AMPK can balance

hypothalamic energy as an intracellular energy sensor and

mTOR functions by maintaining nutrient homeostasis as a

nutrient sensor. Thus, we investigated whether stigmas-

terol exerted protective effects on the expression and

phosphorylation of AMPK and mTOR caused by the

ischemic/reperfusion injury. Our results demonstrated that

the ischemic/reperfusion injury could not intervene the

protein expression of AMPK and mTOR, but significantly

promoted the phosphorylation of AMPK while reducing

the phosphorylation of mTOR (Figure 6A and B).

Furthermore, the protein expression and phosphorylation

of JNK were simultaneously upregulated (Figure 6C

and D). All these changes could be attenuated via stigmas-

terol or 3-MA treatment. These data suggested that stig-

masterol has an impact on autophagy partly during the

cerebral ischemic/reperfusion injury via AMPK-mTOR

and JNK signaling pathway.

Conclusion
Summarily, this study demonstrates that stigmasterol exhibits

neuro-protective effect against the cerebral ischemia/reperfu-

sion injury. The main mechanism is related with enhancing

the endogenous antioxidant defense system and inhibiting

autophagy activation via AMPK-mTOR and JNK pathways.

These findings support the potential of stigmasterol at inter-

vening ischemic stroke-induced neuropathology.
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