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by inhibiting autophagy via PI3K/AKT signaling
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Abstract

The current study aimed to explore the role of autophagy in cerebral ischemia—reperfusion injuries (CIRI) and elucidate the
efficacy of liensinine treatment. An in vitro ischemia-reperfusion (I/R) neuronal cell model was established and pretreated
with liensinine or rapamycin (RAPA). Cell proliferation and survival were detected using a cell counting kit-8 (CCK-8) assay,
while cell damage and apoptosis were detected using the lactate dehydrogenase (LDH) leakage rate and flow cytometry.
Autophagy activity was detected using monodansylcadaverine (MDC) staining. Thereafter, I/R models were established
in vivo in rats and the presence of neurological deficits was examined. Hematoxylin—eosin (HE) and triphenyl tetrazolium
chloride (TTC) staining was used to detect pathological damage in brain tissue and the volume ratio of the cerebral infarc-
tion. The levels of PI3K/AKT pathway-related proteins and autophagy-related proteins (mTOR, LC3, P62, and TSC2) were
detected using Western blot. The findings showed that liensinine treatment increased cell viability, decreased cell injury and
apoptosis, and inhibited autophagy. The addition of RAPA to promote autophagy inhibited cell viability and enhanced cell
injury and apoptosis. The I/R rats in the model group exhibited deficient neurological function, while those in the liensinine
treatment group showed restoration of normal neural function and reduction of the necrotic area and infarct volume ratio in
the brain tissue. Furthermore, liensinine treatment also inhibited the PI3K/Akt pathway activity and autophagy. However,
addition of RAPA reversed the effects of liensinine treatment and aggravated brain tissue injury. Therefore, liensinine can
play a neuroprotective role in CIRI by inhibiting autophagy through regulation of the PI3K/Akt pathway.
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Background

Ischemic cerebral infarctions often lead to severe brain dam-
age and central nervous system dysfunction, thus increasing
the risk of disability and death which has vast implications
for the patient’s family and also society (Sveinsson et al.
2014) (Zhao et al. 2022a, b) . They have a high incidence
rate globally, and their rapid onset decreases effective
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treatment time and the probability of a patient exhibiting
complete recovery after diagnosis. Therefore, measures to
prevent and treat cerebrovascular diseases often focus on
ischemic encephalopathy (Kriska et al. 2021).

Molecular biology has considerably improved our under-
standing of the pathological mechanisms underlying ischemic
brain infarctions in recent years. Most treatment protocols
rely on improving blood supply to the ischemic site, although
this can also increase the risk of reperfusion injuries (Kalog-
eris et al. 2012). Cardiopulmonary resuscitation after cardiac
arrest often leads to cerebral ischemia—reperfusion injuries
(CIRI), causing cell apoptosis or necrosis and leading to neu-
rological deficits and cognitive dysfunction (Wu et al. 2018;
Jin et al. 2019; Pengyue et al. 2017; Jin et al. 2022). This
highlights the importance of minimizing the risk of these
injuries to improve cerebral ischemia treatment outcomes.

Autophagy is defined as the lysosomal degradation of
various cell substrates and organelles to promote cell sur-
vival under environmental stress (Parzych and Klionsky
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2014; Li et al. 2022). Recent studies have highlighted the
role of autophagy in CIRI, proposing that reperfusion exces-
sively activates autophagy which, in turn, causes injury to
the ischemic neurons and reduces their survival rates (Shao
et al. 2021; Zhang et al. 2019a, b; Sun et al. 2018). There-
fore, regulation of autophagy can potentially protect dam-
aged nerve cells and alleviate brain tissue injury caused by
ischemia—reperfusion (I/R).

Nelumbinis semen, the mature fruit of the Nelumbo nucif-
era Gaertn plant, is commonly used as a herbal medicine in
China (Arooj et al. 2021). Liensinine, a dibenzylisoquinoline
alkaloid extracted from the Nelumbinis Plumula, is known
to have antihypertensive, antiarrhythmic, and antitumor
effects, and previous studies have shown that it can effec-
tively inhibit the growth of osteosarcoma cells, induce apop-
tosis of gallbladder cancer cells, inhibit tumor cell growth
and block autophagy in non-small-cell lung cancers, improve
the symptoms of nervous system injury in rats with middle
cerebral artery occlusion, reduce brain infarct volume, and
exert a protective effect on ischemic brain tissue (Liu et al.
2021; Jia et al. 2022; Shen et al. 2019; Manogaran et al.
2019; Chang et al. 2022). Liensinine can also be used as
an inhibitor of autophagy/mitophagy during breast cancer
chemotherapy treatment as it can enhance apoptosis medi-
ated by chemotherapy drugs by triggering mitochondrial fis-
sion (Zhou et al. 2015). Therefore, it was hypothesized that
liensinine plays a role in regulating autophagy and protect-
ing nerve cells during I/R.

Numerous clinical trials and animal studies have exam-
ined the use of Chinese herbal medicines for the preven-
tion and treatment of cerebral ischemic diseases in recent
years. For example, rehmannioside A has been shown to
improve cognitive dysfunction after cerebral ischemia in
rats (Fu et al. 2022), while ginkgolide terpenoid lactones
are known to inhibit oxidative stress damage caused by cer-
ebral ischemia (Liu et al. 2019). Therefore, Chinese herbal
medicine can potentially play a key role in the treatment of
cerebral ischemia injuries, and the current study used neu-
ronal cells and rat models to explore the role of autophagy
in CIRI and elucidate the efficacy of liensinine treatment.

Materials and methods
Cell culture and establishment of a cell model

Human cortical neurons (acquired from Wuhan Pricella
Life Technology Co., LTD.; Art: CP-H120) were cultured
in complete medium (Pricella, art: CM-H120) supplemented
with B-27, penicillin, and streptomycin. Liensinine and
rapamycin (RAPA) were purchased from Beijing Zhongke
Quality Inspection Biological Co., LTD., and MedChemEx-
press (USA), respectively, and all drugs were diluted with
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phosphate-buffered saline (PBS) buffer before use. The
study was approved by the Fourth Affiliated Hospital of
Harbin Medical University (No. SYYLLBA202144).

The neurons were divided into five groups based on the
method of pretreatment used, as follows: (1) normal group:
pretreated with complete medium; (2) model group: pretreated
with complete medium; (3) liensinine group: pretreated with
complete medium containing 20 pM liensinine (Zhou et al.
2015); (4) RAPA group: pretreated with complete medium
containing 1 pM of RAPA; and (5) liensinine + RAPA group:
pretreated with 20 pM liensinine and 1 pM RAPA. All cells
were pretreated in an incubator with 5% CO, at 37 °C for 24 h
before establishment of the cell model.

The oxygen and glucose deprivation/reoxygenation
(OGD/R) method was used to establish a cerebral I/R cell
model (Shao et al. 2021). The neurons were washed three
times using phosphate-buffered saline and then added to a
sugar-free culture medium placed in a three-gas incubator
for continuous infusion with 100% N, for 30 min followed
by 95% N, and 5% CO, for 90 min. Thereafter, the culture
medium was changed and the cells were reoxygenated in a
5% CO, incubator at 37 °C for 24 h.

Cell counting kit-8 (CCK-8) assay

After reoxygenation, the neuronal cells were seeded into
96-well plates and cultured for 24 h. Thereafter, 10 pl of
CCK-8 solution (MedChemExpress, USA) and 100 pl of the
culture medium were added to each well, and after 4 h of
incubation, the absorbance was measured at 450 nm wave-
length using a microplate reader.

Flow cytometry

Cell suspensions were created by mixing the cells in each
group with precooled PBS solution. Thereafter, 100 pl of
1 X Annexin V Binding Buffer, 5 pl PI, and 5 pl Annexin
V-FITC dye solution (Solarbio Life Science, Beijing) were
added to the cells and gently mixed in the dark at room tem-
perature. The cells were cultured for 15 min and then mixed
with 400 pl 1 X Annexin V Binding Buffer. The survival of
the cells in each group was measured using flow cytometry
at4 °C.

Monodansylcadaverine (MDC) staining

Autophagy activity was examined using a Staining Assay Kit
with monodansylcadaverine (MDC; Solarbio Life Science,
Beijing). After adjusting its density with 1 X Wash Buffer,
90 pl of the cell suspension was added to an EP tube along
with 10 pl of MDC dye solution and the cells were stained
for 30 min in the dark at room temperature. Thereafter,
the cells were washed and resuspended using 100 pl of a
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collection buffer, placed on a slide, and observed using a
fluorescence microscope.

Lactate dehydrogenase (LDH) leakage rate assay

Lactate dehydrogenase (LDH) activity in cells was detected
using an LDH Cytotoxicity Assay Kit (Leagene Biotech-
nology, Beijing). The cells were seeded into 96-well plates
and cultured to 80% cell growth. Then, 60 pl of LDH assay
solution was added to each well and incubated in the dark
for 30 min. The absorbance of the cells was measured at a
reference wavelength of 600 nm.

Animal models

SPF healthy male SD rats weighing approximately 280 g
each were purchased from Beijing Sipeifu Biotechnol-
ogy Co., LTD., and placed in a feeding environment with
a temperature and relative humidity of 20 °C-24 °C and
40%-70%, respectively. After one week of adaptive feed-
ing with a normal diet, rats with suitable body weight were
selected for further investigation. All experiments con-
formed to the ethical requirements for experimental animals.

The I/R rat models (Shi et al. 2020) were anesthe-
tized using intraperitoneal 3% sodium pentobarbital
(0.3 ml/100 g) injections and fixed on the operating table.
An incision was made in the neck of the rat, and the right
internal carotid artery (ICA), external carotid artery, and
common carotid artery (CCA) were isolated. Arterial clips
were attached to the CCA and ICA, a small incision was
made at the right CCA bifurcation, and a nylon line was
inserted along the incision into the ICA using forceps. The
arterial clamp on the ICA was then released, and the nylon
line was extended forward until slight resistance was felt.
Thereafter, a knot was tied in the ICA to fix the nylon line,
the CCA arterial clamp was removed, and the skin was
sutured. After 2 h of ischemia, the nylon line was removed
to reinstate cerebral arterial blood flow and allow reperfu-
sion for a period of 6 h.

All of the above surgical steps except insertion of the
nylon line were repeated in the control group. After the
rats regained consciousness, their vital signs and neuro-
logical functions were assessed and those with neurologi-
cal function scores above 1 were selected for subsequent
experimentation.

Drug administration groups

The SD rats were randomly divided into the control, model,
liensinine, and liensinine + RAPA groups (n = 20 rats each).
Rats in the liensinine group were given 30 mg/kg liensinine
(Wang et al. 2018), while those in the liensinine + RAPA
group were simultaneously treated with intraperitoneal

80 pg/kg RAPA injections and 30 mg/kg liensinine using
gavage. The model and control groups were treated with the
same amount of normal saline. After 6 h of cerebral I/R, the
rats were treated using the relevant drug (administered once
a day for 7 days) and changes in their mental state, food and
water consumption, and body weight were recorded daily.
The neurological function of the rats was evaluated again
two hours after administration of the last dose.

Tissue samples

The rats were sacrificed and their brains were harvested
using craniotomy. Then, the brain samples were washed with
normal saline to remove blood, fixed in 4% paraformalde-
hyde solution for pathological tissue detection, and a part
of the brain tissue was embedded in paraffin and sectioned.

Hematoxylin-eosin (HE) staining

The paraffin tissue sections were removed, dewaxed, washed,
and stained with Harris hematoxylin (Shanghai Absin Bio-
technology Co., LTD.) for 3-5 min. Then, 95% ethanol was
added for 1 min and the samples were stained with eosin
solution for 2-3 s. Finally, the sections were dehydrated
using ethanol solution, sealed with neutral gum seal tablets,
and then observed microscopically.

Triphenyl tetrazolium chloride (TTC) staining

After removing the brain stem, cerebellum, and other excess
tissues, the fresh rat brain samples were frozen at — 20 °C
for 30 min and evenly sliced into 5 sections. These were
then placed in 2% TTC solution (pH=7.2; Sigma, USA)
and incubated for 30 min in the dark at room temperature.
The brain tissue sections were then removed, fixed in 4%
paraformaldehyde for 12 h, and images were taken using a
camera. Image-Pro Plus software was used to measure the
non-ischemic (dark red in color) and infarct (white in color)
areas to allow calculation of the infarct area ratio, as follows:

Infarct volume ratio =the sum of infarct area of each
layer X layer thickness.

Western blot assay

The whole cell, nuclear, and cytosolic proteins were
extracted from the brain tissue using a Western blot detec-
tion kit (Shanghai Xinfan Biotechnology Co., LTD.), and the
protein content was detected using the modified BCA pro-
tein quantification method (Sangon Biotech, Shanghai). The
protein was separated and transferred to a polyvinylidene
fluoride (PVDF) membrane, mixed with the primary anti-
body solution (1:2000), and left overnight at 4 °C. After
cleaning the PVDF membrane three times using TBST
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solution, the membrane was incubated with HRP-labeled
goat anti-rabbit IgG antibody solution (1:1000 concentra-
tion, Thermo Fisher Scientific) for 1 h at room temperature
and a 3, 3'-diaminobenzidine substrate chromogenic kit was
used to develop the protein. The integrated absorbance of
the target band was determined using Image-Pro-Plus 6.0
Image analysis software with B-actin protein as the internal
reference. The primary antibody solution containing rabbit
anti-PI3K, anti-p-PI3K, anti-B-actin, anti-AKT, and anti-P62
antibodies was purchased from Beijing Bioss Biotechnology
Co., LTD., while the rabbit anti-P-AKT, anti-mTOR, and
anti-p-mTOR antibodies were purchased from Abcam, Inc.
(Cambridge Science Park, UK). Finally, the rabbit anti-LC3,
anti-TSC2, and anti-p-TSC2 antibodies were purchased from
Cell Signaling Technology, Inc. (Boston, USA).

Data analysis

All statistical analyses were carried out using SPSS, ver-
sion 20.0. The results were expressed as ( x +SD), while
count data were described as proportions. The distribu-
tion and homogeneity of variance (a < 0.05) of the data
were tested, and the one-way variance and rank sum tests
were used to analyze normally and non-normally distrib-
uted data, respectively. Non-parametric or LSD-TP tests

were used for pairwise comparison of groups, while the
Kruskal-Wallis rank sum test was used for comparison of
rank data. All experiments were repeated more than three
times, and the level of statistical significance was set at
p < 0.05.

Results

Therapeutic effects of liensinine on neuronal cell
injury

Neuronal cell viability was seen to decrease after reoxy-
genation in the model group and increase in the liensi-
nine group (Fig. 1A). Furthermore, liensinine treatment
decreased the number of apoptotic cells, suggesting that
it could improve neuronal cell survival (Fig. 1B), and
was also effective in controlling abnormally activated
autophagy in I/R cells (Fig. 1C). Finally, liensinine was
also seen to reduce cell damage caused by increased LDH
content as a consequence of I/R (Fig. 1D). These findings
suggest that liensinine-cultured cells can potentially help
minimize neuronal cell injury by inhibiting autophagy lev-
els during I/R.
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Fig. 1 Effect of liensinine on neuronal cell injury (n = 3). A CCK-8
was used to detect neuronal cell proliferation. B The number of
apoptotic cells was determined by flow cytometry. C MDC staining
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was used to detect autophagy level. D LDH leakage rate was used to
detect the damage degree of nerve cells. *p<0.05 and **p<0.01,
compared with the model group
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Activation of autophagy promotes neuronal
cell injury and inhibits the therapeutic effect
of liensinine

The cells were cultured with an autophagy inducer (RAPA)
to allow examination of the role of autophagy in cell dam-
age. The results showed that simultaneous treatment with
liensinine and RAPA inhibited cell proliferation to a greater
extent than liensinine alone (Fig. 2A). RAPA treatment also
increased the number of apoptotic cells and reduced the pro-
tective effect of liensinine (Fig. 2B). Furthermore, autophagy
level detection showed that RAPA improved autophagy
and significantly reduced the inhibitory effect of liensinine
(Fig. 2C). LDH levels and consequent cell damage were seen
to increase upon addition of RAPA when compared with the
liensinine group (Fig. 2D). Therefore, increased autophagy
levels during I/R can aggravate cell damage, and liensinine
can potentially improve the survival of damaged cells by
inhibiting autophagy. Furthermore, increasing autophagy
levels can reduce the therapeutic effects of liensinine.

Liensinine attenuates CIRI in rats

The rats in the model group exhibited a neurological
function score of 3, while those in the liensinine showed
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decreased neurological function. A combination of liensi-
nine and RAPA was seen to increase the neurological func-
tion score and promote neurological function injury to a
greater extent than liensinine alone (Fig. 3A). Pathological
examination of the rat brain showed local liquefaction necro-
sis in the cerebral cortex of rats after I/R, and the nerve cells
were significantly reduced in number. The liensinine group
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volume ratio. RAPA treatment significantly increased the
cerebral infarct volume ratio when compared to the liensi-
nine group (Fig. 3C), suggesting that it could inhibit the
therapeutic effects of liensinine.

Liensinine inhibits the PI3BK/AKT pathway
and autophagy in rat brain tissue
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Fig.2 Influence of autophagy activation on the therapeutic effect of
liensinine (n = 3). A CCK-8 was used to detect neuronal cell pro-
liferation. B The number of apoptotic cells was determined by flow

cytometry. C MDC staining was used to detect autophagy level. D
LDH leakage rate was used to detect the damage degree of nerve
cells. *p <0.05, compared with the liensinine group
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Fig. 3 Therapeutic effect of liensinine on brain injury in rats (n = 3).
A To evaluate the neurological function of rats. B HE staining was
used to detect the morphology of brain tissue injury (light micro-

remained unaffected by RAPA. The PI3K and AKT protein
expression levels in the four groups were not affected by
any drugs (p > 0.05; Fig. 4A, B), suggesting that liensinine
could inhibit the PI3K/AKT pathway activity in brain tis-
sue. Detection of autophagy-related proteins in the brain tis-
sue after I/R showed a decrease in p-mTOR and P62 levels,
an increase in LC3 and p-TSC2 levels, and activation of
autophagy. Addition of liensinine increased p-mTOR and
P62 levels, decreased LC3 and p-TSC2 levels, and inhibited
autophagy. In contrast, addition of RAPA alone reduced
p-mTOR and P62 levels, while the expression levels of other
proteins remained unchanged (Fig. 4C, D). The mTOR and
TSC2 levels in the four groups were unaffected by drugs
(p > 0.05).

Discussion

The findings of the current study showed that liensinine pre-
treatment of an in vitro I/R neuronal cell model improved
cell viability, decreased cell damage and apoptosis, and also
inhibited autophagy. Pretreatment with liensinine and an
autophagy inducer (RAPA) showed an increase in autophagy
activity, cell damage, and apoptosis and a decrease in cell
survival. These findings indicated that liensinine had a pro-
tective effect on neuronal cells, and promoting autophagy
could increase the damage of neuronal cells. It was specu-
lated that liensinine played a protective role by inhibiting
autophagy. Furthermore, RAPA has been shown to increase
nerve cell apoptosis and damage in other studies, and the
results of this study were consistent with previous clinical
studies (Singh et al. 2017; Gu et al. 2020).

Numerous studies to date have shown that abnormal
activation of autophagy can damage neural cells during
ischemia-reperfusion, and inhibition of this process can

@ Springer
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scope, X 100). C The infarct size of rats was determined by TTC
staining. *p <0.05, compared with the model group. *P <0.0 , com-
pared with the liensinine group

reduce the risk of CIRI (El Nashar et al. 2021; Zhang et al.
2019a, b; Qin et al. 2021). Tao et al. showed that pinocem-
brin reduced neuronal damage and excessive activation of
autophagy by RAPA in I/R rats, thus preventing brain tis-
sue death (Tao et al. 2018). Yan et al. found that gabapentin
reduced neural cell autophagy caused by cerebral I/R by
activating the PI3K/Akt/mTOR pathway, thereby reducing
I/R injury and exerting a neuroprotective effect (Yan et al.
2019). Manogaran et al. reported a neuroprotective effect
of liensinine during ischemia—reperfusion in 2019, and the
current study hypothesized that autophagy played a key role
in this.

The mammalian target of RAPA (mTOR) is a serine/
threonine protein kinase that plays a key role in the mTOR
signaling pathway and is regulated by the PI3K/Akt path-
way (Ediriweera et al. 2019; Zhao et al. 2022a, b). Nervous
system diseases, including hereditary and neurodegenerative
diseases, are typically associated with changes in the activ-
ity of mTOR, an important regulatory center in the nervous
system (Switon et al. 2017). Numerous studies have shown
that mTOR complex 1 (mTORC1) regulates key processes
of autophagy such as nucleation, autophagosome extension,
autophagosome maturation, and termination (Querfurth and
Lee 2021; Wang and Zhang 2019). Cell starvation or stress
is typically associated with an increase in TSC2 phosphoryl-
ation, inhibition of mMTORCI1 activity, transfer of the ULK1
complex to the ER membrane, and activation of autophagy.
Therefore, mTORCI1 is a potential target for autophagy
regulation. RAPA, an mTOR inhibitor, is commonly used
in the treatment of organ transplant immune rejection and
certain cardiovascular and cerebrovascular diseases (Fasolo
and Sessa 2011). It plays a neuroprotective role in neurode-
generative diseases by activating autophagy, although this
can also lead to aggravation of nerve injury in CIRI (Singh
et al. 2017; Gu et al. 2020). Therefore, the current study used
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Fig.4 Effects of liensinine on the PI3K/AKT pathway and autophagy
in rats (n = 3). A, B The PI3K, P-PI3K, AKT, and p-Akt expression
was detected by Western blot. C, D The autophagy-related proteins

RAPA as an autophagy inducer to investigate the underlying
mechanism of autophagy in cerebral I/R.

Liensinine treatment effectively restored decreased neu-
rological function associated with I/R, improved brain tissue
necrosis, reduced cerebral infarction volume, and decreased
neural cell apoptosis. However, addition of RAPA and liensi-
nine further aggravated loss of nerve function and increased
ischemic necrosis of the brain tissue and the size of the cer-
ebral infarct. The protective effect of liensinine was also
inhibited, highlighting the role of autophagy in the treat-
ment of nerve cells using this drug. The current study used
liensinine at a concentration of 30 mg/kg, in accordance with
Wang et al. (Wang et al. 2018), and the good therapeutic
effects and absence of adverse reactions observed indicate
drug safety at this concentration.

E Sham [ Liensinine
Il Model [ Liensinine+RAPA
PI3K p-PI3K AKT p-AKT

[ Sham [ Liensinine
Il Model EH Liensinine+RAPA

* *

mTOR, p-mTOR, LC3, P62, TSC2, and P-TSC2 expressions were
detected by Western blot. *p <0.05, compared with the model group.
#p < 0.05 , compared with the liensinine group

In the current study, liensinine treatment was also asso-
ciated with a decrease in p-PI3K, p-Akt, LC3, and p-TSC2
levels; an increase in the p-mTOR and P62 levels; and inhi-
bition of the PI3K/AKT pathway activity and autophagy.
However, the decreased expression of p-mTOR and P62
induced by liensinine was reversed after RAPA treat-
ment, suggesting that it induced autophagy by regulating
p-mTOR and P62 levels. P62, mTOR, and LC3 are common
autophagy markers that play a key role in autophagy induc-
tion (Vishnupriya et al. 2020), and an increase in P62 levels
can promote mTORCT1 activity and suppress autophagy (Chu
et al. 2019). The results of the current study are consist-
ent with those of previous studies. The use of RAPA also
showed that liensinine protected nerve cells from reperfu-
sion damage by regulating autophagy levels in I/R.
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Conclusion

In conclusion, liensinine can play a neuroprotective role in
CIRI by inhibiting an autophagy and regulating the PI3K/
Akt pathway activity. Autophagy plays a role in the occur-
rence and development of a variety of human diseases, and
the findings of this study suggest that liensinine can play
a key role in the treatment of these diseases by inhibiting
autophagy. This study provides evidence of the protective
effects of Chinese herbal medications and promotes their
use for the treatment of brain injury in clinical practice.
However, the role of the PI3K/Akt pathway in the protec-
tive effect of liensinine remains unclear and further studies
are necessary to elucidate this.
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