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Background: Orexin-A (OXA) is a polypeptide produced in the hypothalamus,

which binds to specific receptors and exerts multiple physiological effects.

Autophagy plays a vital role in early brain injury (EBI) after intracerebral

hemorrhage (ICH). However, the relationship between OXA and autophagy

after ICH has not been confirmed.

Methods: In this study, the protective role of OXA was investigated in a model

of hemin-induced injury in PC12 cells and blood-injection ICH model in

rats, and its potential molecular mechanism was clarified. Neurobehavioral

tests, brain water content, and pathologic morphology were assessed after

ICH. Cell survival rate was determined using Cell Counting Kit-8 (CCK-8),

while apoptosis was detected using flow cytometry. The autophagy protein

LC3 that was originally identified as microtubule-associated protein 1 light

3 was evaluated by immunohistochemistry. The ultrastructural changes of

cells following ICH were observed by transmission electron microscopy.

Western blotting was performed to determine the expression levels of

LC3, p62/SQSTM1 (p62), phosphorylated extracellular signal-regulated kinase

1/2 (p-ERK1/2), total extracellular signal-regulated kinase 1/2 (t-ERK1/2),

mammalian target of rapamycin (mTOR), and phosphorylated mammalian

target of rapamycin (p-mTOR).

Results: OXA treatment significantly improved neurofunctional outcomes,

reduced brain edema, and alleviated neuronal apoptosis. OXA administration

upregulated p-mTOR and p62, while it downregulated p-ERK1/2 and LC3; this

effect was reversed by the orexin receptor 1 (OXR1) antagonist SB-334867.
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Conclusions: This study demonstrates that OXA suppresses autophagy via

the OXR1-mediated ERK/mTOR signaling pathway to exert neuroprotective

effects, and it might provide a novel therapeutic approach in patients suffering

from ICH.
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1 Introduction

Intracerebral hemorrhage (ICH) is the leading cause of
disability and death all over the world (Appelboom et al.,
2012), affecting approximately 2 million individuals per year
(Kang and Yao, 2019), and it causes an enormous economic
burden on families and society (Benjamin et al., 2017). Brain
injury following ICH includes primary injury caused by direct
compression of the hematoma and secondary changes caused
by various reasons such as inflammation, oxidative stress,
mitochondrial dysfunction, and neuronal death (Kim-Han et al.,
2006; Mracsko and Veltkamp, 2014; Hu et al., 2016; Zhao et al.,
2018), among which the secondary changes is an important
factor that affects prognosis of patients with ICH (Zhao et al.,
2015). Therefore, prevention and treatment of secondary brain
injury (SBI) occurrence and development after ICH is very
valuable (Dang et al., 2017).

Autophagy is a basic biological procedure through which
eukaryotic cells degrade organelles and misfolded, or damaged
proteins to maintain normal cellular function (Boya et al.,
2013; Füllgrabe et al., 2013; Kim et al., 2013). Under the
circumstances of oxidative stress and inadequate nutrition,
autophagy primarily functions as a cell survival adaptation
mechanism (Bennett et al., 2010; Wellnitz and Taegtmeyer,
2010; Wirawan et al., 2012). It has been shown that autophagy
plays a critical function in many central nervous system (CNS)
diseases, including neurodegenerative diseases (Salminen et al.,
2013; Gan-Or et al., 2015) and cerebral ischemia (Kotoda et al.,
2018; Yu et al., 2019). Previous studies, including those on
neonatal hypoxia–ischemia brain injury (Carloni et al., 2008)
and subarachnoid hemorrhage (SAH) (Jing et al., 2012), have
suggested that autophagy is an important protective process.
Whereas, in other studies, autophagy has been shown to cause
apoptosis in models of cerebral ischemia (Rami et al., 2008),
traumatic brain injury (Cui et al., 2015) and ICH (Duan et al.,
2017). Therefore, the role of autophagy in nerve cells may
depend on the injury model and specific the cellular context (Li
H. et al., 2018; Zhao et al., 2021). As reported in a previous study,
the activation of autophagy following ICH plays a critical role in
the mechanism of brain tissue damage (Shen et al., 2016).

Orexins (OXs) are polypeptides primarily produced
by neurons in the lateral hypothalamus (Barinaga, 1998;
Feng et al., 2014). Orexins exist in two forms—orexin A (OXA)

and orexin B (OXB), which play a wide range of roles, including
feeding, analgesic effects, sleep/wakefulness, sleep-pain
interplay, energy metabolism, and drug addiction (Mohammad
Ahmadi Soleimani et al., 2015; Ahmadi-Soleimani et al., 2020;
Li et al., 2020), by binding to two G-protein-coupled receptors
(GPCRs), orexin receptor 1 (OXR1), and orexin receptor 2
(OXR2) (Wang et al., 2018). Although the functions of OXs
are diverse, one of the main functions of OXs is protection,
particularly in neurological disorders. It has been reported that
exogenous OXA administration has a neuroprotective effect
on dopaminergic neurons in Parkinson’s disease (Drouot et al.,
2003). Other studies on rat model of cerebral ischemia have
shown similar neuroprotective effects (Kitamura et al., 2010).

Research has confirmed the relationship between the
protective role of OXA and autophagy in models of cerebral
ischemia–reperfusion injury (CIRI) or middle cerebral artery
occlusion (MCAO). However, relatively few studies have
assessed the relationship between OXA and autophagy in ICH.
In this research, we hypothesized that OXA could exert a
protective role on ICH-induced brain injury through inhibiting
autophagy. Subsequently, the in vivo and in vitro model of ICH
was developed, and a variety of experiments were conducted to
verify our hypothesis and to provide new ideas for the treatment
strategy of ICH.

2 Materials and methods

2.1 The animals

A total of 100 healthy adult male Sprague-Dawley (SD)
rats (250–300 g, 10–12 weeks) were purchased from BEIJING
HUAFUKANG BIOSCIENCE Co., Ltd. (Beijing, China) and
housed in a standard environment (temperature of 25◦C,
humidity of 55%, and 12 h light/dark cycles) with free access
food and water. All experimental schemes were sanctioned by
the Laboratory Animal Ethical and Welfare Committee of North
China University of Science and Technology (approval number:
SQ 2022170) and followed the National Institutes of Health
(NIH) Guide on Laboratory Animal Care and Use. People
strictly follow the “3R” principle (Replace, Reduce, Refine) to
carry out this operation.

Frontiers in Cellular Neuroscience 02 frontiersin.org

https://doi.org/10.3389/fncel.2022.1045034
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-1045034 December 16, 2022 Time: 15:10 # 3

Zhang et al. 10.3389/fncel.2022.1045034

2.2 Cell culture

The PC12 cell line of the rat adrenal medulla
pheochromocytoma, purchased from the Cell Resource Center
of the Chinese Academy of Sciences (Shanghai, China), were
cultured in Dulbecco’s modified Eagle’s medium (Gibco; CA,
USA) with 10% fetal bovine serum (Bovogen; Melbourne, VIC,
AUS) and 1% penicillin/streptomycin antibiotics (Gibco; CA,
USA) at 37◦C in a humid environment containing 5% CO2 and
95% air. After being grown to the appropriate concentration,
the cells were seeded into 96-well plates, 60 mm dishes, and
100 mm dishes for subsequent experiments.

2.3 Intracerebral hemorrhage (ICH)
models

2.3.1 ICH model in vitro
As previously described (Zhou et al., 2017), an in vitro

model of ICH was established by treating PC12 cells with hemin.
Briefly, when PC12 cells were normally cultured to 70–80%
confluency, they were stimulated with hemin for a period of time
for construction of the in vitro model of ICH.

2.3.2 ICH model in vivo
According to the previous study (Yang et al., 2021),

autologous blood from the tail artery was injected into the
right basal ganglia to establish an in vivo ICH model. Briefly,
an intraperitoneal injection of 10% chloral hydrate was used
to anesthetize the animals, and then, they were fixed by a
stereotaxic instrument (Stoelting; Kiel, WI, USA). A total of
50 µL autologous blood from the tail artery of the rat was
infused into the right basal ganglia via a 26-gauge needle
at a speed of 3.33 µL/min using a micro-infusion pump
(Harvard Apparatus Inc., South Natick, MA, USA) at the
following coordinates relative to bregma: 0.2 mm anterior,
3.5 mm right lateral, and 5.5 mm deep. Rats in the sham
group only received a needle insertion without injection. In
order to prevent backflow, the needle remained in place for
an additional 5 min after intracerebral infusion. ICH rats were
received intracerebroventricular injection (2 µL/min) of OXA
drug solution (30 µg/kg, Phoenix Pharmaceuticals; Belmont,
CA, USA) or vehicle (Dimethyl sulfoxide) 1 h after ICH
induction (coordinates: 0.8 mm posterior and 1.6 mm lateral of
bregma and at a depth of 4.0 mm).

2.4 Study design

2.4.1 Experiment 1: Time-course changes of
LC3 and p62

Twenty-seven rats (30 rats suffered to the surgery, 27 rats
survived) were randomly and evenly allotted to 9 groups of 3

rats each, namely, sham group, ICH 12 h group, ICH 24 h group,
ICH 48 h group, ICH 3 d group, ICH 5 d group, ICH 7 d group,
ICH 14 d group, ICH 28 d group. The expression of autophagy-
related proteins (including LC3B and p62) in the perihematomal
tissue was detected by Western blot (WB) analysis.

2.4.2 Experiment 2: Evaluate protective effects
of OXA

Sixty-four rats (70 rats experienced the operation, 64
rats survived) were randomly assigned into 4 groups (16
rats per group): sham group, ICH group, ICH + vehicle
(dimethylsulfoxide, DMSO) group, ICH + OXA 30 µg/kg
group. Modified Neurological Severity Score (mNSS) and corner
turn test (n = 7) were performed at 48 h after ICH to
evaluate the neurofunction. After the tests, rat brains were
harvested for brain water content (BWC) measurements (n = 7).
Then, the other rats were taken to perform H&E, Nissl and
immunohistochemistry (IHC) staining (n = 3), transmission
electron microscopy (n = 3) and WB (n = 3). All rats were
sacrificed by deeply anesthetized with an i.p. of 10% chloral
hydrate, and then were decapitated. The animal carcasses were
frozen and returned to the laboratory animal center for unified
harmless treatment.

2.4.3 Experiment 3: Mechanisms of the
protective effect of OXA

This part of the experiment was carried out at the
cellular level. The cells were randomly divided into
seven groups: Control (untreated) group, Hemin group,
Hemin + vehicle (DMSO) group, Hemin + OXA (100 nM)
group, Hemin + PD98059 group, Hemin + OXA (100
nM) + Rapamycin group, Hemin + OXA (100 nM) + SB334867
group. All groups in this experiment were taken to perform Cell
Counting Kit-8 (CCK-8), Western blotting and flow cytometric
apoptosis assay to confirm the mechanisms of the protective
effect of OXA. All assays were repeated at least three times.

2.5 Evaluation of neurological
dysfunction

Neurological deficits in rats at 2 days following ICH were
evaluated using the modified neurologic severity score (mNSS).
The severity score is graded on a scale of 0–18, in which 13–18
indicates severe injury; 7–12 represents moderate injury; and 1–
6 expresses mild injury. The higher the score, the more severe
the injury. In addition, the short-term neurological outcomes
after ICH were also assessed by the corner turn test, as previously
described (Xi et al., 2018). The results are expressed as the
percentage of left turns to all turns. All tests were assessed by
two trained investigators without knowing of the groups.
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2.6 Brain water content measurement

Brain water content was determined using the wet/dry
method, as previously described (Manaenko et al., 2011).
In brief, at 48 h after ICH, the rats were decapitated after
being deeply anesthetized. Brains were completely removed
and weighed immediately to obtain wet weight, and they
were desiccated at 105◦C for 48 h to acquire dry weight.
The percentage of BWC was determined as (wet weight-dry
weight)/wet weight × 100%.

2.7 H&E and Nissl staining

After being deeply anesthetized, rats were sequentially
injected with physiological saline and 4% paraformaldehyde
through the heart. The brain tissues were isolated and fixed
in 4% paraformaldehyde for 48 h, dehydrated with gradient
alcohol, soaked in wax, embedded in paraffin, and then cut
into 5 µm thick coronal section. H&E and Nissl staining were
performed as previously described (Ning et al., 2019). The slides
were mounted using neutral gum and observed under an optical
microscope (BX51, Olympus, Tokyo, Japan).

2.8 Immunohistochemistry

Briefly, 5 µm thick brain tissue sections were prepared, as
described above. Immunohistochemical staining was carried out
in accordance with the instructions of immunohistochemistry
kit (ZSJQ-BIO, Beijing, China). In brief, brain tissue slices
were dewaxed and hydrated, and then citrate buffer was added
to perform heat-induced antigen retrieval for 10 min, and
then cooled to room temperature naturally. The slices were
treated with 3% hydrogen peroxide to inactivate endogenous
peroxidase at 25◦C for 5 min. Rabbit anti-microtubule-
associated protein light chain-3 polyclonal antibodies (GeneTex;
Irvine, CA, USA; 1:50 dilution) were added, and then incubated
overnight at 4◦C; and subsequently incubated with horseradish
peroxidase- (HRP) conjugated second antibody for 60 min, and
then colored by diaminobenzidine (DAB). The sections were
observed under an optical microscope at 400 × magnification
and photographed.

2.9 Transmission electron microscopy

After anesthesia, rats were transcardially injected with
saline, and then replaced with 4% paraformaldehyde and 2.5%
glutaraldehyde. The brain tissue was completely removed and
fixed in 2.5% glutaraldehyde at 4◦C for 24 h, and then fixed
with 1% osmium tetroxide for 90 min. After dehydration with
graded alcohol, the tissues were permeated with propylene oxide

and embedded in epoxy resin. Ultrathin sections were prepared
and stained with 4% uranyl acetate for 20 min, and then stained
with lead citrate for 5 min. The sections were observed using
transmission electron microscopy (Hitachi, Tokyo, Japan).

2.10 Cell-viability assay

According to the manufacturer’s instructions, the CCK-8 kit
was used to determine the viability of PC12 cells. PC12 cells
were seeded into 96-well plates at an initial density of 1 × 104

per well and cultured for 24 h. The intervention of cells was
performed according to the experimental requirements. After
intervention, a total of 10 µL volume CCK-8 reagent was added
each well and incubated for 1 h. A microplate reader was used to
measure the optical density (OD value) of each well at 450 nm
wavelength. All assays were repeated at least three times. Cell
viability was calculated using the following formula: cell viability
(%) = (OD value of experimental group/average OD value of
control group) × 100%.

2.11 Flow cytometric analysis of
apoptosis

In accordance with the manufacturer’s instructions, flow
cytometry was used to detect apoptosis in PC12 cells after
staining with the Annexin V-FITC apoptosis detection kit
(Beyotime, Shanghai, China). PC12 cells were planted into 60
mm dishes at an initial density of 2 × 105 and normally
cultured to 80–90% confluency. After different treatments, the
cells were collected and washed with PBS. Thereafter, the cells
were resuspended in 195 µL 1 × binding buffer at a density
of 1 × 105/ml and stained with 5 µL Annexin V-FITC and
10 µL propidium iodide for 15 min at 25◦C in the dark. After
reaction, the treated cells were analyzed by flow cytometer
(Beckman Coulter, USA) within 1 h. All assays were repeated
at least three times.

2.12 Western blot analysis

After anesthesia, the rats were decapitated and the
perihematomal brain tissues were gathered. The perihematomal
brain tissues and PC12 cells were lysed for 30 min in precooled
RIPA lysis buffer (Beyotime, Shanghai, China) including
proteinase and phosphatase inhibitors. After centrifugation at
12,000 rpm for 15 min at 4◦C, the protein concentration in
supernatant was determined by the BCA protein assay kit
(Beyotime, Shanghai, China). Equal amounts of protein (50µg)
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) in 6, 10, or 12% polyacrylamide
gels and transferred onto 0.22 µm Hybond-polyvinylidene
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difluoride (PVDF) membranes. The membranes were blocked
with 5% non-fat milk in Tris-buffered saline containing
0.05% Tween 20 (TBST, pH 7.4) for 90 min, and then
incubated overnight at 4◦C with the appropriately diluted
primary antibodies: rabbit anti-p-ERK1/2 (1:1,000 dilution;
HuaAn Biotechnology Co., Ltd., Hangzhou, China), rabbit
anti-t-ERK1/2 (1:1,000 dilution; HuaAn Biotechnology Co.,
Ltd., Hangzhou, China), rabbit anti-p-mTOR (1:1,000 dilution;
Arigo; Hsinchu, Taiwan, China), rabbit anti-mTOR (1:1,000
dilution; HuaAn Biotechnology Co., Ltd., Hangzhou, China),
rabbit anti-LC3B (1:1,000 dilution; GeneTex; Irvine, CA, USA),
rabbit anti-p62 (1:1,000 dilution; MBL; Nagoya, Japan), mouse
anti-GAPDH (1:1,000 dilution; ABclonal; Wuhan, China),
and rabbit anti-β-actin (1:100,000 dilution; ABclonal; Wuhan,
China). After washing, the membranes were incubated with the
corresponding HRP-conjugated secondary antibodies (1:5,000
dilution; ABclonal; Wuhan, China) for 120 min at 25◦C. Blots
were visualized with an enhanced chemiluminescence detection
kit (ECL; Beyotime, Shanghai, China) and quantified with
Image J software.

2.13 Statistical analysis

All data are expressed as mean ± standard deviation
(mean ± SD). SPSS 25.0 statistical software was used for
data analysis, and GraphPad Prism 8.0 software was used to
make statistical charts. The differences among multiple groups
were determined with one-way ANOVA analysis, followed by
post hoc Tukey test, and the comparison between two groups was
performed by independent samples t-test. For all comparisons,
P < 0.05 was considered statistically significant.

3 Results

3.1 OXA attenuates secondary brain
injury (SBI) after ICH in vivo

In order to elucidate the protective effect of OXA,
autologous blood injection was performed to establish an ICH
model in vivo. To evaluate the effect of OXA treatment on
early brain injury (EBI) at 48 h after ICH, mNSS and corner
turn test were used to assess neurological dysfunctions, and the
wet/dry method was used to determine BWC, and H&E and
Nissl staining were used to evaluate brain damage.

The findings showed that the mNSS scores were significantly
increased in the 48 h post-ICH and vehicle groups compared
with the sham group. There was a significant difference between
the OXA and vehicle groups, suggesting that OXA had a positive
effect in reducing neurologic impairments (Figure 1A). In
the corner turn test, the percentage of left turns in the ICH
and vehicle groups was significantly lower than in the sham

group, while the percentage of left turns in the OXA treatment
group was significantly higher than in the ICH-injury group
(Figure 1B). Additionally, the ICH and vehicle groups showed
significant increases in the BWC, which was attenuated by OXA
treatment (Figure 1C). The results of H&E and Nissl staining
revealed that relative to the sham group, neurons in the 48 h
post-ICH and vehicle group had a disordered arrangement
showing karyopyknosis and cytoplasmic loosening, and the
nucleolus had disappeared. In contrast, treatment with OXA
alleviate the neuronal damage after ICH (Figures 1D, E). Taken
together, these data indicate that OXA has neuroprotective
effects after ICH.

3.2 Autophagy is activated after ICH

In order to observe autophagy in the ICH injury model
in vivo, the expression of autophagy-related proteins (including
LC3B and p62) in the perihematomal tissue at different time
points after ICH was detected by WB analysis. The results
demonstrated that relative to the sham group, the ratio of LC3B-
II/LC3B-I after ICH was markedly increased at 12 h, and it
peaked at day 2, and decreased markedly at day 14. In contrast,
the protein expression level of p62 showed an opposite trend at
the same time points (Figure 2). Based on these results, 48 h
after ICH were considered the optimal time point for subsequent
experiments.

3.3 OXA inhibits activation of
autophagy

A previous study demonstrated that inhibition of autophagy
can reduce brain damage after ICH (Yuan et al., 2017).
After verifying that ICH can activate autophagy and OXA
has a neuroprotective role in ICH injury, we speculated that
OXA may play a neuroprotective role by regulating autophagy
activity. A variety of methods were used to monitor autophagy,
such as immunohistochemistry, Western blotting etc.

To identify whether OXA could inhabit autophagy in vivo,
we used Western blotting to analyze the expression of
autophagy-related proteins in the perihematomal region after
ICH. As shown in Figure 3A, ICH upregulated the ratio of
LC3B-II/LC3B-I and downregulated the level of p62. On the
contrary, administration of OXA significantly decreased the
ratio of LC3B-II/LC3B-I and increased the p62 level. Consist
with the Western blotting results, the immunohistochemistry
staining had similar trends (Figure 3B). In addition, electron
microscopy is believed to be the most sensitive and precise
method of monitoring autophagy, which distinctly reveals the
presence of autophagosomes and autolysosomes in the area
around the hematoma after ICH. In contrast, cells in the same
area of sham rats contained few vacuoles, and intact nuclei
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FIGURE 1

Orexin-A alleviates early brain injury following ICH in vivo. (A) Modified neurological severity scores (mNSS) and (B) corner turn test showed that
neurological function was significantly impaired after ICH, and OXA treatment significantly improved outcomes. (C) Water content of brain
tissues in each group. ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001 vs. the sham group; NS, non-significant different compared to the ICH group.
##p < 0.01, ###p < 0.001 and ####p < 0.0001 vs. the ICH group. (D,E) Representative images of H&E and Nissl staining in the perihematomal
brain tissues region. Scale bar, 50 µm.

and mitochondrial crista were observed (Figure 3C). After
administration of OXA, we observed that the double-membrane
structures were decreased and swollen mitochondria were
scattered throughout the cytoplasm, which indicates alleviation
of cellular damage.

3.4 The neuroprotective effect of OXA
is mediated by inhibition of autophagy
via the ERK/mTOR signaling pathway

In order to verify the above experimental results and
elucidate the molecular mechanism of OXA’s neuroprotective

effect, we further explored at the cellular level. We used PC12
cells to simulate neurons in vitro to exclude the interference
between various types of cells in the brain tissue in vivo
and adopted hemin-induced injury of PC12 cells as an
in vitro model of ICH.

3.4.1 OXA relieves hemin-induced injury of
PC12 cells in vitro

Firstly, to ascertain the optimal concentration and time
for the toxic effect of hemin treatment on PC12 cells, cells
were treated with different concentrations of hemin for 3, 6,
12, and 24 h, and the cell viability was evaluated by CCK-8.
The results showed that the cell survival rate was declined in
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FIGURE 2

The expression changes of autophagy-related proteins (LC3B and p62) at different time points after ICH. (A) Representative western blot images
of LC3B and p62. (B,C) Quantitative analysis of LC3B and p62 in each group. ∗p < 0.05, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001 vs. the sham group; NS,
non-significant different compared to the sham group.

a concentration-dependent manner with the prolongation of
hemin treatment time (Figure 4A). Then, we selected 50 µM
as the optimal dose for hemin treatment, and treated the PC12
cells for 12 h, and then, we used the same dose in subsequent
experiments.

Secondly, to determine the optimal concentration of OXA
to protect PC12 cells against hemin-induced neurotoxicity, cells
were pre-treated with 10, 100, and 1,000 nM OXA for 6 h and
then incubated with 50 µM hemin for 12 h, and the cell viability
was evaluated by CCK-8. The results demonstrated that the cell
survival rates were significantly higher in the 10, 100, and 1,000
nM pre-treatment groups than in the group treated with hemin
alone (Figure 4B). Moreover, cell viability in the group pre-
treated with 100 nM OXA was almost as high as that in the group
pre-treated with 1,000 nM OXA (Figure 4B). Based on these
results, treatment with 100 nM OXA for 6 h was considered
optimal and was performed in subsequent experiments.

Thirdly, to confirm the neuroprotective effect of OXA
in vitro, PC12 cells were pre-treated with 100 nM OXA for
6 h and then 50 µM hemin was added for 12 h. Subsequently,
PC12 cells viability was evaluated using the CCK-8 assay, and
cell apoptosis was analyzed by the flow cytometry method. The
results demonstrated that the apoptosis ratio was significantly
increased in the hemin group compared with the control group.
In contrast, the apoptosis rate was significantly lower in the
OXA group than in the group treated with hemin (Figures 4D,
E). In line with the flow cytometry results, CCK-8 assays also
observed the same trend (Figure 4C). These results suggest that
OXA relieves hemin-induced injury of PC12 cells in vitro.

3.4.2 Hemin-induced injury triggers autophagy,
and OXA inhibits autophagy

To ascertain the above results in vitro, we further
investigated the expression levels of LC3B and p62 in PC12 cells
at 3, 6, and 12 h after hemin treatment. The results of Western
blotting showed that with an increase in the hemin treatment
time, the ratio of LC3B-II/LC3B-I was increased and the content

of p62 was progressively decreased, showing a time-dependent
effect (Figure 5A).

To observe the role of OXA in autophagy in an in vitro
model of ICH, the Western blotting was used to determine the
ratio of LC3B-II/LC3B-I and the p62 level. The results showed
that compared with the control group, the ratio of LC3B-
II/LC3B-I were significantly elevated and the level of p62 was
decreased after hemin-induced injury, whereas the OXA-treated
group obtained the opposite results (Figure 5B).

3.4.3 Rapamycin stimulates autophagy and
reversed the protective effect of OXA

To further investigate the relationship between autophagy
and the protective effect of OXA, PC12 cells were pretreated
with rapamycin (an allosteric inhibitor of the mammalian
target of rapamycin complex 1; Cayman Chemical; Ann Arbor,
MI, USA) before the addition of OXA. The autophagy-related
protein expression was detected by Western blotting. OXA
could significantly increase the expression levels of p62, and
decrease the ratio of LC3B-II/LC3B-I, while partly blocked
with rapamycin pretreatment (Figure 6A). The CCK-8 assay
demonstrated that pretreated with rapamycin could decrease
the cell viability of PC12, compared with OXA treatment alone
(Figure 6B). Flow cytometry for apoptosis showed similar
results (Figures 6C, D). In summary, OXA may exert a
protective effect by regulating autophagy activity.

3.4.4 OXA inhibits autophagy via ERK and
mTOR signaling

Kim et al. (2014) and Laplante and Sabatini (2012) have
reported that the ERK and mTOR signaling pathway can
regulate autophagy. Thus, the present research investigated
whether OXA exerts neuroprotective effects through the
ERK/mTOR signaling pathway. Firstly, after treatment with
hemin and OXA, the protein expression levels of p-ERK1/2/t-
ERK1/2/p-mTOR were detected by Western blotting. The results
showed that the level of p-mTOR protein was decreased with
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FIGURE 3

Orexin-A inhibits ICH-induced autophagy activation. (A) Western blot images of LC3B and p62 and results of quantitative analysis in the
perihematomal area of rats after ICH. (B) Representative immunohistochemical staining images of LC3B in each group. Positive cells were
stained brown. Scale bar, 20 µm. (C) Ultrastructural observation of perihematomal brain tissue after ICH by transmission electron microscopy,
black arrows represent autophagosome. Scale bar, 1 µm. ∗∗∗∗p < 0.0001 vs. the sham group; NS, non-significant different compared to the
sham group; ###p < 0.001, ####p < 0.0001 vs. the ICH group.

the aggravation of hemin-induced injury, while the level of
p-ERK1/2 was increased (Figure 7A). As shown in Figure 7B,
relative to the hemin treatment group, the expression of
p-ERK1/2 remarkably downregulated after OXA treatment,
whereas the expression of p-mTOR remarkably upregulated.

Next, we used PD98059, a non-competitive inhibitor of
MAPK kinase or MEK kinase, to ascertain whether ERK is
a critical factor of the upstream pathway of autophagy in
hemin-induced injury. The results demonstrated that, relative
to cells treated with hemin alone, pre-treated with PD98059
remarkably downregulated the expression of p-ERK1/2 and
upregulated the expression of p-mTOR (Figure 7C). Meanwhile,
PD98059 significantly downregulated the LC3B-II/LC3B-I ratio
and upregulated the expression of p62 (Figure 7D). These
results indicate that OXA plays a protective role by inhibiting
autophagy via the ERK/mTOR signaling pathway.

3.5 OXA coupled with OXR1 protects
against hemin-induced PC12 cells
injury

The above findings have confirmed the protective effect and
possible signaling pathway of OXA following ICH injury. In
subsequent research, to further elucidate the neuroprotective
of OXA, we pre-treated PC12 cells with the OXR1 antagonist
SB334867. The CCK-8 assay was used to measure cell viability,
and flow cytometry was used to detect apoptosis. The findings
demonstrated that relative to the control group, the cell
survival rate was remarkably decreased after hemin-induced
injury. However, cell viability was significantly increased in
the OXA group, relative to the hemin-treated group. When
hemin-induced injury cells were subsequently treated with
the combination of SB334867 and OXA, cell viability was
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FIGURE 4

Orexin-A relieves hemin-induced PC12 cells injury in vitro. (A) Survival curve of hemin-induced PC12 cells injury. (B) Effects of treatment with
various concentrations of OXA on the hemin-induced decrease in the viability of PC12 cells. ∗∗∗p < 0.001 vs. non-treated group; ∗∗p < 0.01 and
∗∗∗∗p < 0.0001 vs. hemin-treated group; NS, no- significant difference between the two groups. (C) OXA attenuates the hemin-induced
decrease in cell viability. (D) OXA inhibited hemin-induced apoptosis. PC12 cells were divided into four groups, the effects of OXA on apoptosis
were detected by flow cytometric, and representative FCM plots are shown. (E) Quantified results of the flow cytometric analysis. ∗∗∗p < 0.001
and ∗∗∗∗p < 0.0001 vs. the control group; NS, non-significant different compared to the hemin group. &&p < 0.01 and &&&p < 0.001 vs. the
hemin group.

significantly reduced compared with OXA treatment alone
(Figure 8A). As expected, our apoptosis measurements were
consistent with the results of cells viability. The apoptotic
frequencies were 49.64% in the hemin-induced ICH models.
After OXA treatment, the apoptosis rate was decreased to
36.33%. Likewise, following treatment with SB334867 and
OXA, the apoptosis rate was increased by 4.57% compared
with that following OXA treatment alone (Figures 8B, C).
Western blotting results demonstrated that the ratio of
LC3B-II/LC3B-I and the level of p-ERK1/2 was significantly
downregulated, whereas the levels of p-mTOR and p62 were
remarkably increased with OXA treatment (Figures 8D, E).
The above functions of OXA were remarkably reversed by
OXR1 antagonist (SB334867). These results confirmed that the
neuroprotective role of OXA is dependent on the combination
with OXR1.

4 Discussion

In this research, we attempted to elucidate the therapeutic
potential of orexin A (OXA) in alleviating SBI following ICH.
Our findings suggested that OXA has neuroprotective effects
and can reduce EBI and neuronal death after ICH. Specifically,
we observed that: (i) OXA improved neurological dysfunction
and mitigated brain damage in a rat ICH model; (ii) OXA

alleviated apoptosis in a hemin-induced injury model of PC12
cells; (iii) OXA inhibits activation of autophagy following ICH
by binding to the OXR1 receptor; and (iv) the anti-autophagy
roles of OXA may be related to the ERK/mTOR pathway.

Recent research has shown that the change in orexins and
their receptors might be related to stroke incident. Reduced
cerebrospinal fluid (CSF) OXA levels have been reported to
occur in patients with SAH and ICH (Dohi et al., 2005,
2008). Based on these results, it can be concluded that the
orexin system may play a critical role in the pathophysiology
of ICH. Likewise, a continuous decline of OXA level in CSF
and a rise of expression of OXR1 in the cortical region was
discovered in patients with cerebral ischemia (Nakamachi et al.,
2005), suggesting an involvement of the orexin system in
an ischemic insult. Recently, the neuroprotective of OXA in
nervous system disorders, especially in cerebrovascular diseases,
have been verified. Exogenous OXA injection effectively
reduced the range of infarction and significantly improved
the neurological function in a CIRI model in mouse and
rats (Kitamura et al., 2010; Harada et al., 2011). Xu et al.
(2021) proved that OXA alleviates damage induced by oxygen–
glucose deprivation/reoxygenation (OGD/R) or MCAO by
inhibiting autophagy. Likewise, Yuan et al. (2011) confirmed
that OXA injection remarkably improved the motor and
cognitive functions of rats with CIRI. On the basis of these
research, we hypothesized that OXA might have a similar
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FIGURE 5

Hemin-induced injury triggers autophagy, and OXA inhibits autophagy. (A) The expression changes of autophagy-related proteins (LC3B and
p62) at different time points after hemin-induced injury. (B) Western blot images of LC3B and p62 and results of quantitative analysis in each
group of PC12 cells. ∗∗∗p < 0.001 and ####p < 0.0001 vs. the control group; NS, non-significant different compared to the control group.
###p < 0.001 vs. the hemin group.

neuroprotective role in ICH rats. By means of neurobehavioral
tests including mNSS detection and corner turn test at 48 h
following ICH, combined with determination of BWC, we
ascertained that OXA could dramatically ameliorate the short-
term neurological function. H&E and Nissl staining showed
that treatment with OXA alleviated neuronal damage after ICH.
Hemin-induced injury in PC12 cells were assessed using the
CCK-8 assay and flow cytometry method. We determined the
optimal dosage of OXA for the subsequent research studies and
further confirmed that OXA relieves hemin-induced injury in
PC12 cells in vitro.

Autophagy is a highly conserved cellular physiological
process, in which misfolded or damaged proteins are isolated
in double membrane structure referred to as autophagosomes,
delivered to lysosomes, and digested by lysosomal hydrolases.
It is a major pathway to remove senescent or damaged
organelles and long-lived proteins in eukaryotic cells, and it
plays a critical role in maintaining intracellular homeostasis
and recycling cellular components. Recently research have
been confirmed that autophagy is associated with many CNS
disorders, including cerebral ischemia (Xu et al., 2021), trauma
(Cui et al., 2015), SAH (Jiang et al., 2021), and ICH (Yuan et al.,
2017). In our study, we confirmed that autophagy occurs in the
brain after ICH. Results of Western blotting demonstrated that
the ratio of LC3B-II/LC3B-I following ICH was dramatically
increased at 12 h, and it peaked at day 2 and decreased

remarkably at day 14. In contrast, the protein expression level
of p62 showed an opposite trend at the same time points,
which indicated stimulation of the autophagy response. Similar
results were obtained in in vitro experiments. The results in
these in vitro and in vivo ICH models are consistent with
the observations of other laboratories (He et al., 2008; Chen
et al., 2012), which further demonstrate that autophagy can be
activated following ICH.

Apoptosis is one of the main programmed cell death
pathways leading to secondary cell death around hematoma
after ICH. Inhibition of apoptosis can reduce brain edema
and tissue damage and improve functional prognosis
after experimental ICH (Krafft et al., 2012). In addition,
a programmed form of cell death has been identified and
named as autophagic cell death, also known as type II
programmed cell death (Ouyang et al., 2012). Recent studies
have suggested that autophagic cell death occurs after ICH
and inhibition of autophagy contributes to alleviate iron-
induced brain injury (Chen et al., 2012). A clinical study has
shown that the number of autophagic neurons in patients
with ICH is related to the severity of neuronal dysfunction
and blood volume (Wu et al., 2019). These data suggest
autophagy plays a detrimental role in ICH. In our in vivo and
in vitro experiments, by immunohistochemistry and Western
blotting, we observed that OXA can inhibit the activation
of autophagy. We confirmed the immunohistochemistry
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FIGURE 6

Rapamycin stimulates autophagy and reverses the neuroprotective effect of OXA. (A) Western blot images of LC3B and p62 and results of
quantitative analysis in each group. (B) OXA attenuates the hemin-induced decrease in cell viability, while aggravated it after rapamycin
administration. (C) Representative FCM plots of Annexin V-FITC apoptosis detection assay showed that autophagy activator increased apoptosis
rate, and reversed the neuroprotective effect of OXA. (D) Quantified results of the flow cytometric analysis. ∗∗∗p < 0.001 vs. the control group;
∗p < 0.05, ∗∗∗∗p < 0.0001 vs. the hemin group; #p < 0.05, ####p < 0.0001 vs. the hemin + OXA group.

and Western blotting findings by the most sensitive and
accurate transmission electron microscopy that is for
determining whether cells are undergoing autophagy. When
PC12 cells were co-treated with the autophagy activator
rapamycin and OXA, we found that the neuroprotective

roles of OXA were weakened. Thus, we presumed that
the neuroprotective role of OXA may be achieved by
suppressing autophagy.

Autophagy is accurately controlled by a variety of signaling
pathways, such as PI3K/AKT/mTOR (Vergadi et al., 2017;
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FIGURE 7

The neuroprotective effects of OXA are mediated via the ERK/mTOR signaling pathway. (A) Representative western blots of p-mTOR and
p-ERK1/2 and results of quantitative analysis in PC12 cells treated with Hemin for 3, 6, and 12 h. (B) Western blot images of p-mTOR and
p-ERK1/2 and results of quantitative analysis in each group. (C) Representative western blots of p-mTOR and p-ERK1/2 and results of
quantitative analysis in PC12 cells treated with Hemin and PD98059. (D) Western blot images of LC3B and p62 and results of quantitative
analysis in each group. ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001 vs. the control group; NS, non-significant different compared to the hemin
group. ##p < 0.01, ###p < 0.001 and ####p < 0.0001 vs. the hemin group.
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FIGURE 8

The protective effect of OXA needs to be combined with OXR1. (A) OXA attenuates the hemin-induced decrease in cell viability, while
aggravated it after SB334867 administration. (B) Representative FCM plots of Annexin V-FITC apoptosis detection assay showed that OXR1
inhibitor increased apoptosis rate, and reversed the neuroprotective effect of OXA. (C) Quantified results of the flow cytometric analysis.
(D) Western blot images of LC3B and p62 and results of quantitative analysis in each group. (E) Representative western blots of p-mTOR and
p-ERK1/2 and results of quantitative analysis in PC12 cells treated with OXA and SB334867. ∗∗p < 0.01 and ∗∗∗∗p < 0.0001 vs. the control group;
##p < 0.01, ###p < 0.001 and ####p < 0.0001 vs. the hemin group; &p < 0.05, &&&p < 0.001 and &&&&p < 0.0001 vs. the hemin + OXA group.
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Li W. D. et al., 2018), Ras/Raf/MEK/ERK1/2 etc.
(Kyriakakis et al., 2017; Yiu et al., 2018). The PI3K/AKT
pathway is the classical autophagy pathway. Meanwhile, mTOR,
as a downstream effector of the PI3K (phosphatidylinositol
3-kinase)/PKB (protein kinase B) signaling pathway, also
exerts a significant role in CNS apoptosis and autophagy (Wu
et al., 2018). Multiple cellular pathophysiological processes,
including autophagy, are regulated by extracellular signal-
regulated kinase (ERK) (Wen et al., 2016). An enhanced
activity of ERK1/2 has been reported to be closely related
to the control of autophagy activation. Activation of the
ERK1/2 signal pathway has also been reported to increase
the expression of autophagy-related genes and proteins. To
explore whether OXA could inhibit PC12 cells autophagy
via mTOR/ERK1/2 signaling pathway in vitro, we analyzed
p-mTOR and p-ERK1/2 expression after hemin-induced injury.
We found that with aggravation of hemin-induced injury,
the expression of p-ERK1/2 was gradually increased, but the
mTOR level was gradually decreased. However, the expression
of p-ERK1/2 was dramatically decreased and the expression of
p-mTOR was significantly increased after OXA treatment. Then,
we treated PC12 cells with hemin-induced injury using an ERK
specific antagonist PD98059. We found that the ERK inhibitor
remarkably suppressed the p-ERK1/2 and LC3B-II/LC3B-I
expression levels, but it increased p-mTOR expression in PC12
cells after hemin-induced injury. These data indicated that OXA
may inhibit autophagy to play neuroprotective effect through
the ERK and mTOR pathway.

It has been reported that OXR1 and OXR2 might exert
different effects. Scammell and Winrow (2011) demonstrated
that OXR2 or non-competitive orexins inhibitors were effective
in treating insomnia, suggesting that OXR2 may play a more
important role. Irving observed an increase in the OXR1 gene
expression in rats with cerebral ischemia (Irving et al., 2002),
while OXR2 gene expression did not change significantly. In this
present research, we found that the neuroprotective role of OXA
was remarkably reversed by SB-334867. Therefore, we conclude
that the role of these two receptors is different; OXR1 is more
participated in the ERK/mTOR signaling pathway and mediates
the neuroprotective role following ICH.

After ICH, nerve cells suffer secondary injury caused
by various pathological processes, such as inflammation,
autophagy, and oxidative stress (Zhang and Liu, 2020).
On the basis of our results, we would like to suggest
that OXA, a polypeptide that can improve neurological
functional defects after ICH, is neuroprotective. In this
regard, one possibility is that OXA can reduce the level
of autophagy in tissues surrounding hemorrhagic lesions
after ICH. There has been reported evidence indicating that
OXA can significantly improve neurofunctional outcomes
after ICH through alleviating neuroinflammation (Li et al.,
2020). Thus, the neuroprotective effect of OXA might
also be indirectly mediated to some extent by suppressing
inflammasome activation or directly sequester inflammasomes
via autophagy-lysosomal pathway. However, the mechanism of

interaction between autophagy and inflammation needs to be
further studied. In addition, although we have confirmed that
OXR1 is more involved in the neuroprotective effects of OXA
after ICH, the details of the different roles of the two receptors
remain unclarified. Therefore, it will be critical to explore these
mechanisms in future studies.

5 Conclusion

In summary, OXA exerts a neuroprotective role in ICH
rats by inhibiting autophagy through the OXR1-mediated
ERK/mTOR pathway, and it might provide a novel therapeutic
approach in patients suffering from ICH. More studies are
needed to validate our findings and provide more evidence for
OXA to treat ICH in clinical practice.
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