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Eugenol, as an active compound isolated from Acorus gramineus, has been shown to
protect against cerebral ischemia-reperfusion (I/R) injury. Nonetheless, the detailed
neuroprotective mechanisms of eugenol in cerebral I/R injury have not been elaborated.
In the present study, cerebral I/R injury model was established by middle cerebral artery
occlusion (MCAO) in rats. HT22 cells were subjected to oxygen-glucose deprivation/
reperfusion (OGD/R) to mimic cerebral I/R injury in vitro. The results showed that eugenol
pre-treatment relieved cerebral I/R injury as evidenced by improving neurological deficits
and reducing infarct volume. Autophagy was induced by MCAO, which was further
promoted by eugenol administration. Moreover, rapamycin, an activator of autophagy,
promoted eugenol-induced decreases in neurological score, infarct volume, brain water
content, and apoptosis. However, pretreatment with 3-MA, an inhibitor of autophagy, led
to the opposite results. Similarly, eugenol pretreatment increased the viability and
restrained apoptosis of OGD/R-challenged HT22 cells. OGD/R-induced autophagy was
strengthened by eugenol. Mechanically, eugenol promoted autophagy through regulating
AMPK/mTOR/P70S6K signaling pathway in vivo and in vitro. In conclusion, pretreatment
with eugenol attenuated cerebral I/R injury by inducing autophagy via AMPK/mTOR/
P70S6K signaling pathway.

Keywords: eugenol, cerebral I/R injury, autophagy, HT 22, AMPK/mTOR/P70S6K pathway
INTRODUCTION

Stroke, caused by cerebral artery occlusion and subsequent hypoperfusion, is one of the most serious
diseases threatening human's health and lives. About 800,000 patients are diagnosed with stroke in
the United States each year (Roger et al., 2012). With an ageing population, the financial burden
caused by stroke is increasing worldwide (Forouzanfar et al., 2015; Feigin et al., 2016). For people
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over 60, stroke is the most common cause of permanent
disabilities and the second leading cause of mortality and
dementia (Chamorro et al., 2016). Recombinant plasminogen
activator is the only FDA-approved thrombolytic agent for
treating stroke at present (Lekoubou et al., 2017), but the
narrow treatment time windows and side effects may limit its
widespread application. Therefore, it is necessary to develop new
drugs and methods for treating stroke.

Autophagy, as a basic biological process that degrades and
recycles damaged organelles and intracellular macromolecules,
participates in multiple pathological and physiological processes.
It has been documented that autophagy takes part in the
progression of various diseases, such as neurodegenerative
disorders (Kumar et al., 2018), diabetes (Barlow and Thomas,
2015), obesity (Fu et al., 2019), and so on. Notably, growing
evidence has indicated that autophagy is also involved in many
ischemic diseases, including myocardial infarction (Aisa et al.,
2017), renal ischemia reperfusion injury (Hou et al., 2019), and
cerebral ischemia reperfusion injury (Zhang et al., 2013), etc.
Ischemic stroke may result in the induction of autophagy, but its
role in stroke is still controversial. A series of researches suggest
that autophagy functions as a double-edged sword that presents
both beneficial and harmful effects on cerebral neurons in
response to ischemia stimulus (Wang et al., 2018).

Eugenol is one of active compounds of a well-known
traditional Chinese medicine Acorus gramineus, which has
attracted wide attention for its antiinflammatory (El-Kady
et al., 2019), antiapoptotic (Ekinci Akdemir et al., 2019),
antioxidant (Ekinci Akdemir et al., 2019), and antitumor
(Fangjun and Zhijia, 2018) effects. A previous study showed
that eugenol could protect against hepatic ischemia-reperfusion
injury (Abd El Motteleb et al., 2014). Importantly, studies have
suggested that eugenol has beneficial effects on cerebral ischemic
injury (Won et al., 1998; Ahmad et al., 2018). In addition, a
similar compound methyleugenol was demonstrated to alleviate
cerebral ischemic injury via inhibiting oxidative stress,
inflammation, and apoptosis (Choi et al., 2010). However, it is
not clear whether eugenol attenuates cerebral ischemia-
reperfusion injury through regulating autophagy, which needs
to be elucidated.

In the present study, we investigated whether eugenol could
protect against ischemic stroke via regulating autophagy in a rat
model of cerebral ischemia-reperfusion injury in vivo and oxygen
glucose deprivation-reperfusion (OGD/R)-challenged mouse
neuronal HT22 cells in vitro.
MATERIALS AND METHODS

Experimental Animals
Eight-to-ten-week-old male Sprague-Dawley rats (250–300 g)
were purchased from ChangSheng biotechnology co., Ltd.
(Liaoning, China). The animal experiments were performed
in accordance with the Guidelines for the Care and Use of
Laboratory Animals and approved by the ethics committee
of Center for Drug Evaluation, Heilongjiang University
of Chinese Medicine.
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Animal Model and Drug Administration
Experiment I
The rats were randomly divided into sham, ischemia/reperfusion
(I/R), I/R+eugenol 50 mg/kg, and I/R+eugenol 100 mg/kg groups
(n = 18 per group). Middle cerebral artery occlusion (MCAO)
was carried out to induce cerebral I/R injury. Briefly, after
anesthesia by intraperitoneal injection of 40 mg/kg
pentobarbital sodium, the rats were fixed in the supine
position. The right common carotid artery (CCA), external
carotid artery (ECA), and internal carotid artery (ICA) were
isolated and exposed. Then, the CCA and ECA were ligated
proximally. A nylon suture with a diameter of 0.285 mm was
advanced from a small puncture on CCA up to the ICA for about
18 mm to occlude the middle cerebral artery. After 120 min, the
nylon suture was slowly withdrawn to restore blood flow. The
sham rats were subjected to the same surgery without MCAO.
The rats in eugenol groups were administrated with 50 mg/kg or
100 mg/kg eugenol (Aladdin Biological Co., Ltd, Shanghai,
China) once a day for 15 days by gavage before MCAO. The
other rats were administrated with equal volume vehicle
by gavage.

Experiment II
To evaluate the role of autophagy in the neuroprotection of
eugenol against cerebral I/R injury, the rats were randomly
divided into I/R, I/R+ eugenol 100 mg/kg, I/R+ eugenol 100
mg/kg+ rapamycin, and I/R+ eugenol 100 mg/kg+3-
Methyladenine (3-MA) groups (n = 18 per group). After
pretreatment with eugenol 100 mg/kg for 15 days, rapamycin
(30 ng in 10 ml normal saline, Meilunbio, Dalian, China), 3-MA
(30 mg in 10 ml normal saline, Aladdin, Shanghai, China), or
normal saline (10 ml, vehicle control) was injected into the right
cerebral ventricle of rats at 10 min before MCAO, respectively.

Neurobehavioral Evaluation
At 24 h after the reperfusion, neurological deficit in rats was
determined by a blinded investigator using the modified
neurological severity scoring (mNSS) system as previously
described (Zhao et al., 2019). The mNSS scores range from 0
to 18, with higher score indicating serious neurological deficit.

Quantification of Infarct Volume
The brain tissues were collected at 24 h after reperfusion and then
the 2,3,5-triphenyltetrazolium chloride (TTC) staining was
performed to assess infarct volume. In brief, the brain tissues
were cut into five 2-mm slices and then incubated in 0.4% TTC
solution (Sangon Biotech, Shanghai, China) for 15 min at 37°C.
The images were taken by a digital camera and the infarct volume
was quantitatively analyzed by Image-ProPlus Analysis Software
(Media Cybernetics, Inc., Bethesda, MD, USA). The infarct volume
was calculated as follow: Infarct volume (%) = (∑Infarct area ×
thickness)/(∑whole brain area × thickness) × 100%.

Brain Water Content
At 72 h after the reperfusion, the brains of rats were collected
after euthanasia and immediately weighed as the wet weight.
Then the brains were put in an oven (100°C) for 72 h and
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weighed as the dry weight. The brain water content was
calculated using the following formula: (wet weight–dry
weight)/wet weight × 100%.

Western Blotting Analysis
The following primary antibodies were adopted for Western
blotting: Beclin-1 (1:1,000, Proteintech, Wuhan, China), LC3I/II
(1:1,000, Proteintech), p62 (1:2,000, Proteintech), mTOR
(1:1,000, Cell Signaling Technology, Trask Lane Danvers, MA,
USA), p-mTOR (1:1,000, Cell Signaling Technology), AMPKa
(1:1,000, Cell Signaling Technology), p-AMPKa (1:1,000, Cell
Signaling Technology), P70S6K (1:1,000, Cell Signaling
Technology), p-P70S6K (1:1,000, Cell Signaling Technology),
and b-actin (1:1,000, Santa Cruz, Finnell Street Dallas, TX,
USA). HRP-labeled Goat Anti-Rabbit IgG (1:5000, Beyotime,
Haimen, China) was used as the secondary antibody. The right
cerebral tissues of ipsilateral hemisphere or HT22 cells were lysed
in Cell lysis buffer for Western and IP (Beyotime) containing 1
mM PMSF (Beyotime) and phosphatase inhibitors for 5 min on
ice. Then the quantified protein samples were separated on
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
blotted onto polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA). Blocking was performed at room
temperature for 1 h using 5% skimmed milk. Subsequently, the
membranes were incubated with the above primary antibodies at
4°C overnight, respectively. After incubation with the secondary
antibody at 37°C for 45 min, the immunoreactive bands were
detected using BeyoECL Plus (Beyotime). The bands were
quantified using Gel-Pro-Analyzer software (Media
Cybernetics). The optical density of the target protein was
normalized on b-actin, and then the fold change relative to
sham, I/R, or OGD/R group was calculated and shown.

Immunofluorescence Staining
At 24 h after the reperfusion, the brain tissues from ipsilateral
hemisphere were collected and fixed in 4% paraformaldehyde.
After embedding in paraffin and cutting into 5-mm sections, the
antigen was retrieved in citrate buffer for 10 min using a
microwave oven. Then the sections were blocked in goat serum
(Solarbio, Beijing, China) for 15 min and incubated with LC3
primary antibody (1:200, Proteintech) at 4°C overnight. Cy3-
labeled Goat Anti-Rabbit IgG (1:200, Beyotime) was added to the
sections for 1 h at room temperature. DAPI solution (Biosharp,
Hefei, China) was added for nuclear counterstaining. The
staining was visualized under a fluorescence microscope
(Olympus, Tokyo, Japan) at a magnification of 400×. The
integrated intensity/field was quantified using Image Pro-Plus
software (Media Cybernetics) in one slice from each rat.

TUNEL Assay
The 5-mm brain sections were obtained as described above. The
apoptosis of brain tissues in the ischemic penumbra area was
assessed using an In Situ Cell Death Detection Kit (Roche, Basel,
Switzerland) according to the manufacturer’ protocol. The
images were acquired using an inverted microscope (Olympus)
at a magnification of 400×.
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Cell Culture and Treatments
HT22 cells were obtained from Zhong Qiao Xin Zhou
Biotechnology Co., Ltd (Shanghai, China) and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone,
Logan, UT, USA) supplemented with 10% fetal bovine serum
(FBS, Biological Industries, Kibbutz Beit Haemek, Israel) at 37 °C
in 5% CO2.

To mimic cerebral I/R injury in vitro, HT22 cells were
subjected to oxygen-glucose deprivation/reperfusion (OGD/R)
treatment. Briefly, HT22 cells were incubated in DMEM without
glucose and FBS at 37 °C in 0.5% O2 and 5% CO2 for 12 h and
then cultured in normal culture condition as described above for
24 h. To determine the protective effect of eugenol, HT22 cells
were pretreated with various concentrations of eugenol at 24 h
before the exposure to OGD/R. The inhibitor of AMPK pathway,
compound C (10 mM, MedChemExpress, Shanghai, China) was
added to HT22 cells at 1 h before the administration with 100
mM eugenol.

Cell Viability Measurement
The viability of HT22 cells receiving various treatments was
measured with MTT assay. In brief, HT22 cells in 96-well plates
were added with MTT solution (0.5 mg/ml, Sigma, Saint Louis,
MO, USA) and incubated at 37°C for 4 h. Then the purple
crystals were dissolved in 150 ml DMSO for 10 min in the dark.
The optical density at 570 nm was obtained on a microplate
reader (BioTek, Winooski, VT, USA).

AnnexinV/PI Staining for Apoptosis
Detection
Annexin V-FITC Apoptosis Detection Kit (Beyotime) was used
to detect apoptosis of HT22 cells. Briefly, HT22 cells subjected to
various treatments were harvested and resuspended in 195 ml
Annexin V-FITC binding buffer. Then, HT22 cells were added
with 5 ml AnnexinV-FITC and 10 ml PI solution, followed by
incubation for 15 min away from light at room temperature. The
apoptosis of HT22 cells was detected on a flow cytometer (ACEA
Biosciences, San Diego, CA, USA).

Statistical Analysis
All data are presented as mean ± standard deviation and were
analyzed using GraphPad Prism 8.0 software (La Jolla, CA,
USA). One-way analysis of variance, followed by Tukey post
hoc test was carried out to evaluate statistical differences among
the experimental groups. For neurological score, differences were
compared using Kruskal-Wallis test followed by Dunn’s test. P-
value less than 0.05 was considered as statistical significance.
RESULTS

Eugenol Treatment Attenuated Cerebral
I/R Injury in MCAO Rats
As shown in Figure 1A, the effect of eugenol on MCAO-induced
neurological deficits was assessed by neurological score. The
neurological score was significantly increased in I/R injury group
February 2020 | Volume 11 | Article 84
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compared with sham group, indicating a severe neurologic
injury. However, eugenol treatment effectively attenuated the
neurological deficit in MCAO rats. TTC staining results showed
that the infarct volume was larger in I/R injury group than that in
sham group, whereas administration with eugenol obviously
reduced the infarct volume of rats challenged with MCAO
(Figures 1B, C). Thus, treatment with eugenol relieved
cerebral I/R injury in rats.

Eugenol Enhanced Autophagy in the
Brains of MCAO Rats
To assess the role of eugenol in the regulation of autophagy
during cerebral I/R injury, the expression of LC3, an autophagy
marker, was detected by immunofluorescence staining. As
presented in Figures 2A–C, the expression of LC3 in cortical
penumbra area, CA1 hippocampus, and striatum was increased
in response to MCAO, which was further enhanced by eugenol
treatment. In addition, MCAO challenge also upregulated
Beclin-1 level and LC3II/LC3I ratio, while downregulated p62
level. Similarly, the increase in Beclin-1 level and LC3II/LC3I
ratio and decrease in p62 level were further promoted by eugenol
administration (Figures 2D–F), indicating that eugenol
promoted autophagy during cerebral I/R injury in rats.

Eugenol Alleviated Cerebral I/R Injury
Through Regulating Autophagy
To investigate the role of autophagy in eugenol-mediated
neuroprotection, the rats were treated with eugenol in
combination with rapamycin (an autophagy activator) or 3-
MA (an autophagy inhibitor). As shown in Figure 3A,
eugenol-induced decrease in neurological score was enhanced
by rapamycin, but partly reversed by 3-MA. Moreover, as
assessed by TCC staining, combination with rapamycin further
reduced the infarct volume, whereas combination with 3-MA
Frontiers in Pharmacology | www.frontiersin.org 4
showed an opposite result (Figures 3B, C). The water content in
brain was decreased by eugenol administration, which was
significantly enhanced by rapamycin, but restrained by 3-MA
(Figure 3D). Moreover, the infarct volume of MCAO mice was
reduced by rapamycin , whi le increased by 3-MA
(Supplementary Figure 1A, B). Additionally, the apoptosis in
brain tissues was evaluated by TUNEL (Figure 3E). The
apoptotic cells in the ischemic penumbra area of brain tissues
was remarkably lessened by eugenol. As expected, combination
with rapamycin further suppressed apoptosis, while 3-MA
treatment obviously promoted apoptosis (Figure 3F). The
levels of cleaved caspase-3 and Bad were reduced, but Bcl-2
level was enhanced by eugenol administration (Supplementary
Figure 2). As shown in Figures 3G, H, the upregulated LC3II/I
ratio and downregulated p62 level were promoted by rapamycin,
but counteracted by 3-MA. All these results indicated that
autophagy induction was involved in the beneficial effect of
eugenol against cerebral I/R injury.

Eugenol Regulated AMPK/mTOR/P70S6K
Pathway in Cerebral I/R Injury
Next, the molecular mechanisms of eugenol in cerebral I/R injury
was explored. As illustrated in Figures 4A–C, the p-AMPKa/
AMPKa ratio was raised, while the p-mTOR/mTOR and p-
P70S6K/P70S6K ratios were declined after challenge with
MCAO. Treatment with eugenol could intensify the above
changes dramatically. Therefore, AMPK/mTOR/P70S6K
pathway participated in the protective mechanisms of eugenol
in cerebral I/R injury.

Eugenol Protected HT22 Cells Against
OGD/R
As shown in Figure 5A, OGD/R led to a significant decrease in the
viability of HT22 cells, which was mitigated by the incubation with
FIGURE 1 | Eugenol treatment attenuated cerebral I/R injury in middle cerebral artery occlusion (MCAO) rats. (A) The neurological deficits were detected by mNSS
scoring at 24 h after reperfusion. (B) Triphenyltetrazolium chloride (TTC) staining assay was performed to evaluate infarct volume. (C) The infarct volume of different
groups was calculated and shown. Each experimental datum was presented as mean±standard deviation (n = 6 animals per group). **P < 0.01, ***P < 0.001 versus
the specified group.
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30 or 100 mM eugenol. Since 100 mM eugenol presented the
optimal effect, we chose this dose in the following experiments.
Moreover, eugenol treatment notably suppressed OGD/R-induced
apoptosis in HT22 cells (Figures 5B, C). These findings suggested
that eugenol attenuated OGD/R-induced damage in HT22 cells.
Frontiers in Pharmacology | www.frontiersin.org 5
Eugenol Improved Cell Viability of HT22
Cells Through Inducing Autophagy via
AMPK/mTOR/P70S6K Pathway
After exposure to OGD/R, an obvious increase in Beclin-1 level,
but decrease in p62 level was found. As might have been
FIGURE 2 | Eugenol enhanced autophagy in the brains of middle cerebral artery occlusion (MCAO) rats. The expression of LC3 in the cortical penumbra area (A),
CA1 hippocampus (B), and striatum (C) was detected by immunofluorescent assay (Scale bar = 50 mm). The expression of Beclin-1 (D), LC3I/II (E), and p62 (F) in
brain tissues was assessed by Western blotting. Each experimental datum was presented as mean±standard deviation (n = 6 animals per group). *P < 0.05,
**P < 0.01, ***P < 0.001 versus the specified group. ns, no significant difference.
February 2020 | Volume 11 | Article 84
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expected, a higher Beclin-1 level and a lower p62 level was
induced by eugenol as compared with OGD/R group (Figures
6A, B). Moreover, OGD/R-induced apoptosis in HT22 cells was
attenuated by rapamycin, but intensified by 3-MA
(Supplementary Figure 1B). To explore the signaling pathway
Frontiers in Pharmacology | www.frontiersin.org 6
through which eugenol regulated autophagy, the protein levels of
p-AMPKa, AMPKa, p-mTOR, mTOR, p-P70S6K, and P70S6K
were assessed by Western blotting. As presented in Figures 6C–E,
eugenol treatment enhanced the p-AMPKa/AMPKa ratio, while
reduced the p-mTOR/mTOR and p-P70S6K/P70S6K ratios. To
FIGURE 3 | Eugenol alleviated cerebral ischemia-reperfusion (I/R) injury through regulating autophagy. (A) The neurological deficits in different treatment groups were
assessed by neurological score at 24 h after reperfusion. (B) Triphenyltetrazolium chloride (TTC) staining assay was adopted to evaluate infarct volume. (C) The
infarct volume of different groups was calculated and shown. (D) The water content in brain was detected and shown. (E, F) TUNEL assay was performed to
determine the apoptosis in brain tissues. The expression of LC3I/II (G), and p62 (H) in brain tissues was assessed by Western blotting. Each experimental datum
was presented as mean±standard deviation (n = 6 animals per group). *P < 0.05, **P < 0.01, ***P < 0.001 versus the specified group. ns, no significant difference.
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FIGURE 4 | Eugenol regulated AMPK/mTOR/P70S6K pathway in cerebral I/R injury. (A–C) The protein levels of p-AMPK, AMPKa, p- mTOR, mTOR, p-P70S6K,
and P70S6K in brain tissues were detected by Western blotting assay. Each experimental datum was presented as mean±standard deviation (n = 6 animals per
group). *P < 0.05, **P < 0.01, ***P<0.001 versus the specified group. ns, no significant difference.
FIGURE 5 | Eugenol protected HT22 cells against oxygen-glucose deprivation/reperfusion (OGD/R). (A) The viability of HT22 cells after exposure to OGD/R was
detected by MTT assay. (B, C) The apoptosis of HT22 cells was determined by AnnexinV/PI staining and the percentage of apoptotic cells was calculated. Each
experimental datum was presented as mean±standard deviation (n = 3; three independent experiments). *P < 0.05, **P < 0.01, ***P < 0.01 versus the specified
group. ns, no significant difference.
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FIGURE 6 | Eugenol improved cell viability of HT22 cells through inducing autophagy via AMPK/mTOR/P70S6K pathway. Western blotting was performed to
assess Beclin-1 (A) and p62 (B) levels in HT22 cells. (C–E) The protein levels of p-AMPK, AMPKa, p- mTOR, mTOR, p-P70S6K, and P70S6K in HT22 cells were
detected by Western blotting assay. (F) The viability of HT22 cells was detected by MTT assay. The protein levels of Beclin-1 (G), p62 (H), LC3I/II (I), p-AMPK,
AMPKa (J), p-mTOR, and mTOR (K) in HT22 cells was detected by Western blotting assay. Each experimental datum was presented as mean±standard deviation
(n = 3; three independent experiments). *P < 0.05, **P < 0.01, ***P < 0.01 versus the specified group. ns, no significant difference.
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further determine the involvement of AMPK/mTOR/P70S6K
pathway in eugenol-mediated autophagy, an AMPK inhibitor
compound C was added. As shown in Figure 6F, the increased
viability of HT22 cells induced by eugenol was counteracted by
compound C. More importantly, compound C restrained eugenol-
induced autophagy by reducing Beclin-1 level, LC3II/I ratio, and p-
AMPKa/AMPKa ratio, while increasing p62 level and p-mTOR/
mTOR ratio (Figures 6G–K). Therefore, eugenol promoted the
survival of HT22 cells via inducing AMPK/mTOR/P70S6K-
dependent autophagy.
DISCUSSION

Stroke is the major cause of death and physical disability all
around the world, accounting for half of hospitalized patients
with acute neurological deficit (Lo et al., 2003). In the current
study, we investigated the effect of eugenol on ischemic stroke in
a rat MCAO model in vivo and OGD/R-induced HT22 cells in
vitro. The results revealed that eugenol relieved cerebral I/R
injury and concomitant neurological deficit. Moreover,
induction of autophagy was involved in the protective
mechanisms of eugenol against cerebral I/R injury.
Mechanically, eugenol induced autophagy through regulating
AMPK/mTOR/P70S6K signaling pathway.

Autophagy, as one hotspot of biomedical research, is a
lysosome-mediated degradation process of cel lular
components. When the number of damaged organelles
increases, outside pathogens invade, or abnormal accumulation
of proteins occurs, the cell content is wrapped in vesicular
membrane structure to form autophagosomes that are further
integrated with lysosomes to form autolysosomes (Sica et al.,
2015). Therefore, the cell content degrades to small molecular
substances that prepare for aerobic respiration (Hansen and
Johansen, 2011). In 1995, Nitatori et al firstly confirmed the
occurrence of autophagy in neurocytes after cerebral ischemia
using transmission electron microscopy (Nitatori et al., 1995). In
recent years, mounting evidence indicates that cerebral I/R injury
closely relates to autophagy (Zhang et al., 2019a). The research
by Zhang et al. showed that astragaloside IV treatment exerted
neuroprotective effects on cerebral I/R injury via the promotion
of autophagy(Zhang et al., 2019b). LncRNA SNHG12-induced
autophagy activation alleviated cerebral I/R injury, which was
partially reversed by an autophagy inhibitor 3-MA(Yao et al.,
2019). All these studies revealed that autophagy plays
neuroprotective roles after cerebral I/R injury. Reports also
demonstrate that autophagy is deleterious for ischemic brain
(Zhou et al., 2017; Feng et al., 2018). This discrepancy might be
caused by different animal strains, ischemic models, and time of
ischemia. Indeed, the role of autophagy in cell death/survival
remains debated and complicated. In addition, Wang et al
suggested that whether autophagy is beneficial or harmful in
ischemic stroke depended on the degree and duration of
autophagy (Wang et al., 2018). In this study, we demonstrated
that autophagy was beneficial for ischemic stroke and eugenol
pretreatment-mediated autophagy activation could further
Frontiers in Pharmacology | www.frontiersin.org 9
reduce infarct volume and improve neurological deficit.
Therefore, autophagy induction participated in the protective
effect of eugenol against ischemic stroke.

Autophagy is an evolutionarily conserved process controlled
by multiple autophagy-related proteins. Beclin-1 is the first
discovered key factor that can make autophagy-related proteins
localize in autophagosome membranes and regulate the
formation and maturation of autophagosomes (Sun et al.,
2008; Itakura and Mizushima, 2009). During autophagy, LC3 is
transferred into LC3-I by ATG4-mediated dihydroxylation,
followed by production of LC3-II in autophagosome, which is
the biological marker for autophagosome formation (Schaaf
et al., 2016). P62 binds to LC3, which contributes to the
recruitment of cell content into autophagosomes for
degradation (Mizushima and Komatsu, 2011). P62 is degraded
during autophagy process (Kim et al., 2014). According to our
results, eugenol treatment further contributed to MCAO or
OGD/R-induced increase in Beclin-1 level and LC3II/I ratio,
and decrease in p62 level. From these results, we suggested that
autophagy induction was involved in the protective mechanisms
of eugenol against cerebral I/R injury.

Autophagy and apoptosis have been shown to be interconnected
with each other. It is well documented that apoptosis inhibition is
involved in the cytoprotective effect of autophagy. Apoptosis is
triggered if p62-mediated autophagy is prohibited (Goodall et al.,
2016). Cheng et al. suggested that the neuronal apoptosis was
inhibited by recombinant OPN via enhancing autophagy in
subarachnoid hemorrhage-induced brain injury (Sun et al., 2019).
Moreover, previous studies also proved that autophagy induction
alleviated apoptosis in Parkinson’s disease (Lin et al., 2014) and
stroke (Wu et al., 2018). Recent studies have indicated that
autophagy exhibited a protective effect via suppressing the
apoptosis cascade in ischemic stroke (Zhang et al., 2013; Sun
et al., 2018b). Consistent with these observations, our results
indicated that the inhibitory effect of eugenol against MCAO-
induced apoptosis was promoted by rapamycin, while
counteracted by 3-MA. Furthermore, the apoptosis in OGD/R-
challenged HT22 cells was attenuated by eugenol. These findings
revealed that eugenol protected against apoptosis after cerebral I/R
injury through inducing autophagy.

Finally, the molecular mechanisms of eugenol in regulating
autophagy were investigated. AMPK/mTOR has been recognized
as a crucial pathway in the regulation of autophagy (Kim et al.,
2011). AMPK, as a metabolism and energy regulator, is verified
to be a promoter of autophagy (Meley et al., 2006). Specifically,
AMPK enhances autophagy via the direct activation of ULK1
(Kim et al., 2011). AMPK-mediated the activation of autophagy
represents a protective mechanism in ischemic stroke (Shen
et al., 2017). mTOR, an evolutionarily conserved serine/
threonine kinase, takes part in multiple biological processes,
including cell proliferation, autophagy, protein synthesis, and
metabolism (Weichhart, 2012). The activation of mTOR could
inhibit autophagy via controlling ULK1 ubiquitylation (Nazio
et al., 2013). In addition, suppressing the activation of P70S6K, a
key downstream kinase of mTOR, can promote autophagy (Sun
et al., 2018a). It has been shown that eugenol activates AMPK
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phosphorylation, but suppresses mTOR and P70S6K
phosphorylation, which attenuates hepatic steatosis and fibrosis
(Jo et al., 2014). In the present study, the ratio of p-AMPKa/
AMPKa was increased, while p-mTOR/mTOR and p-P70S6K/
P70S6K ratios were reduced by MCAO or OGD/R, which was
further strengthened by eugenol. Additionally, compound C, an
inhibitor of AMPK, reversed eugenol-induced autophagy and
survival of HT22 cells after exposure to OGD/R. Therefore, the
neuroprotective effects of eugenol were attributed to inducing
AMPK/mTOR/P70S6K pathway-dependent autophagy.

There are some limitations in this article. Although we evaluated
the preventive potential of eugenol on cerebral I/R injury, however,
the therapeutic effects of eugenol after stroke and the time window
for administration need to been investigated in the future. Secondly,
it is noteworthy that the adult rats (8–10 weeks old) were used in
our study, whereas ischemic stroke often occurs in the elderly.
Hence, the efficacy of eugenol on stroke in aged rodents needs to be
evaluated in future experiments.

CONCLUSION

Taken together, the findings proved that the protective effect of
eugenol against cerebral I/R injury was ascribed to autophagy
induction via regulating AMPK/mTOR/P70S6K pathway. Our
results provide some new insights into the protective
mechanisms of eugenol against ischemic stroke.
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FIGURE S1 | Cerebral I/R injury was attenuated by autophagy. Cerebral I/R injury
was induced by MCAO in mice. Autophagy was promoted by pretreatment with
rapamycin, or inhibited by pretreatment with 3-MA. (A) After reperfusion for 24 h,
TTC staining assay was performed to evaluate infarct volume. (B) The infarct volume
of different groups was calculated and shown. HT22 cells were pretreated with
rapamycin (1 mM) or 3-MA (5 mM) for 1 h, and then subjected to OGD/R. (C) The
apoptosis of HT22 cells was determined by AnnexinV/PI staining and the
percentage of apoptotic cells was calculated. Each experimental datum was
presented as mean±standard deviation (n = 6 for A&B, n = 3 for C). *P < 0.05, **P <
0.01 versus the indicated group.

FIGURE S2 | Effect of eugenol on the expression of apoptotic markers. (A–C) The
protein levels of cleaved caspase-3, Bad, and Bcl-2 in the brain tissues were
detected by Western blotting assay. Each experimental datum was presented as
mean±standard deviation (n = 6). *P < 0.05, ***P < 0.001 versus the indicated
group.
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