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Abstract
Oxidative stress plays a critical role in cerebral ischemia-reperfusion injury. We previously developed a
powerful antioxidant, HL-008, and this study aimed to investigate the neuroprotective function of HL-008.

The in vitro and in vivo e�cacy of HL-008 was evaluated using a PC-12 cell oxidative stress model
induced by hydrogen peroxide and a rat model of middle cerebral artery occlusion, respectively. The MTT
assay was used to analyze cell viability. TTC staining, HE staining, immuno�uorescence, western blot,
and proteomics were used to evaluate the infarction volume, brain tissue morphology, apoptosis,
in�ammation, and related pathways. Indicators related to oxidative levels were mainly detected using
commercial kits.

HL-008 signi�cantly reduced the cerebral infarction area induced by ischemia-reperfusion, improved the
neurological score, alleviated oxidative stress and in�ammation in the brain tissue, reduced glial cell
activation, inhibited brain tissue apoptosis by in�uencing multiple signaling pathways, and had a
neuroprotective effect. If HL-008 is successfully developed, it can signi�cantly improve the quality of life
of stroke patients.

Introduction
Stroke, which causes long-term disability, is the third most common cause of death after heart disease
and cancer [1]. Clinically, stroke is classi�ed as either ischemic or hemorrhagic stroke, which accounts for
approximately 85% and 10% of all cases, respectively. Moreover, subarachnoid hemorrhage accounts for
approximately 3% of all stroke cases [2–4]. Acute ischemic stroke (AIS), mainly caused by vascular
obstruction, is treated by rapid recanalization [5, 6], which includes intravenous thrombolysis or
mechanical thrombectomy. Unfortunately, the time window of intravenous thrombolytic therapy is so
narrow that only 10% of patients are eligible for treatment [7]. Moreover, resumption of blood �ow in the
brain tissue after a certain ischemic period can cause serious secondary damage, including blood-brain
barrier damage (BBB), in�ammation, and neuronal damage. Following cerebral ischemia, this process is
known as acute cerebral ischemia-reperfusion injury (CIRI) [4]. Therefore, there is a need for
neuroprotective agents for treating AIS.

There are many types of neuroprotective agents. However, only edaravone, a reactive oxygen species
(ROS) scavenger, has been con�rmed as an effective treatment for AIS in Japan [8–10], which
demonstrates the importance of targeting ROS in AIS treatment.

Under physiological conditions, superoxide dismutase (SOD), glutathione peroxidase, catalase (CAT), and
other antioxidant enzymes can protect brain tissue through catalytic scavenging of ROS and maintain
neutral balance [11]. However, during cerebral ischemia-reperfusion (I/R), mitochondrial depolarization
produces numerous ROS [12, 13]. Excessive ROS can activate mitochondrial pro-apoptotic signals, induce
DNA damage, and alter protein structure and function [14]. Additionally, ROS can directly regulate certain
important molecules in the cellular signal pathway and damage brain tissue [15].
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Although edaravone has demonstrated neuroprotective function in CIRI treatment, it is associated with
fatal adverse reactions such as acute renal injury [16]. In recent years, several natural antioxidants, such
as resveratrol [17], curcumin [18], ginkgo biloba [19], gallic acid [20], chalcone [21], and vitamin C and E
[22, 23], have been used as dietary supplements for preventing and treating stroke. Although they are
safe, they are not as effective as edaravone. Therefore, there is an urgent need to develop new and
effective ROS scavengers that have neuroprotective effects on AIS.

We previously developed an ROS scavenger, HL-008. A study on radiation protection demonstrated that
HL-008 had similar e�cacy, but superior safety, to that of amifostine. Given the important role of ROS in
CIRI, our study aimed to explore the application of HL-008 in CIRI and expand the indications for HL-008.
Further, we aimed to elucidate the mechanism underlying the neuroprotective effect of HL-008 in a rat
model of middle cerebral artery occlusion (MCAO).

Methods
Cell culture and treatment

Rat pheochromocytoma PC-12 cells and human embryonic kidney 293 (HEK293) cells, displaying a semi-
differentiated phenotype with neuronal projections, were used as model neuronal cells. An RPMI1640
medium (Sigma-Aldrich, USA) supplemented with penicillin (100 U/mL, Sigma-Aldrich), streptomycin
(100 µg/ml, Sigma-Aldrich) and 10% FBS (Scienti�x Pty Ltd, French) at 37 ℃ in a humidi�ed 95% air/5%
CO2 incubator was used as cell culture medium. This medium was changed daily.

Evaluation of cytotoxicity of HL-008 in vitro

Cell viability was determined by measuring the formazan produced by the reduction of MTT (No. M5665-
5G, Sigma), which shows the mitochondrial activity of living cells. Cells were seeded at 1 × 104 cells per
well in a 96-well plate and incubated for 24 h to allow adherence. A 1 × PBS (pH = 7.4) was �rst used to
dissolve the HL-008 and then diluted to the �nal stock concentrations prior to addition to the cells. Cells
were treated with the serially diluted HL-008 solution at different concentrations and then incubated for
48 h at 37 ℃. Following this, the cell culture medium was replaced by 100 µL of 0.5 mg/mL MTT and
incubated for 4 h. Finally, 80 µL of 20% SDS in 0.02 M HCl was added, and the plate was incubated for
18 h. The absorbance of the plate was measured at 570 nm using a microplate reader.

Evaluation of the effect of HL-008 on cytotoxicity induced by hydrogen peroxide
PC-12 cells were seeded at 1 × 104 cells per well and incubated for 24 h to allow adherence. The cells
were incubated with HL-008 for 15 min prior to the addition of H2O2 at different concentrations (100 µM,
150 µM and 200 µM) and then incubated for 24 h at 37 ℃. Following this, the medium was replaced with
0.5 mg/mL of MTT and incubated for 4 h at 37 ℃. Finally, 80 µL of 20% SDS in 0.02 M HCl was added,
and the plate was incubated for 18 h. The absorbance of the plate was measured at 570 nm using a
microplate reader.
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Animals
All male SD rats (200–300 g) used in this study were purchased from SPF Biotechnology Co., Ltd.
(Beijing) and bred in a certi�ed animal facility. The temperature in the feeding room was 24–26 ℃;
humidity was 37–51%; air change was performed 10–20 times/h, and the day-night alternation time was
12 h/12 h.

Ethics statement
All experimental procedures were conducted in accordance with the National Institutes of Health (NIH)
Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee of the Institute of Radiation Medicine, Chinese Academy of Medical Sciences
(IRM, CAMS; permit number: 2017053). The animals were cared for in accordance with the guidelines of
the National Animal Welfare Law of China. Meanwhile, all the studies were carried out in compliance with
the Animals in Research: Reporting in vivo Experiments (ARRIVE) guidelines.

Evaluation of the BBB permeability of HL-008
The number of SD male rats used was 27. They were divided into nice groups; three rats in each group.
After a single intraperitoneal injection of 200 mg/kg of HL-008, whole blood and brain were collected at
0.083, 0.25, 0.5, 1, 1.5, 2, 3, 6, and 8 h after administration. A volume of 200 µL of whole blood was
collected in a blood collecting vessel containing EDTA, placed on ice, and separated at 4000 rpm for
20 min. The separated plasma was placed in a 1.5 ml EP tube. After euthanizing the rats, the brain was
quickly removed. 50 µL plasma or brain tissue sample was added to 96 well plate, mixed thoroughly with
250 µL 35% trichloroacetic acid, and centrifugated at low temperature for 20 minutes. Approximately 150
µL of the supernatant was transferred to new 96-well plate and mixed with 150 µL of ultrapure water.
Finally, 10 µL of the sample was obtained to enter into the LC-MSMS system (API4000 Q-Trap).

Establishment of an animal model of AIS
The AIS model was established by MCAO in the rats. The body temperature of the anesthetized rats was
maintained at 37 ± 0.5 ℃. With a median cervical incision, the distal end of the external carotid artery
was ligated with a 6 − 0 silk thread, 4 mm from the common carotid artery bifurcation. Another 6 − 0 silk
thread was inserted into the external carotid artery, and a living knot was made near the common carotid
artery bifurcation. A head-treated 0.33 mm diameter nylon wire was then inserted into the middle cerebral
artery. The insertion depth of the nylon wire was approximately 16 ± 1 mm at the bifurcation of the
common carotid artery. After ischemia, at 90 min, the thread bolt was removed, the proximal end of the
external artery with 6 − 0 silk thread was ligated, and the neck wound was sutured with 3 − 0 silk thread.
The rats were then placed on a heating pad.

Evaluation the protective effect of HL-008 on the MCAO model
A total of 25 male SD rats (200–250 g) were divided into �ve groups (n = 5 each), including a control
group, ischemia reperfusion (I/R) group, HL-008 100 mg/kg group, HL-008 50 mg/kg group, and HL-008
25 mg/kg group. During reperfusion, HL-008 was administered intravenously. After 24 h of reperfusion,
the neurological function score and cerebral infarction area were evaluated.
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Assessment of neurological de�cits and the infarct area
The neurological behaviors were evaluated based on Longa and Bederson's 5-point scoring system [24–
26]; 0, observed behavioral de�cits; 1, unable to fully extend the opposite forepaw; 2, failure to turn to the
opposite side; 3, falling to the opposite side; 4, no spontaneous walking. The higher the score, the more
serious the neurological impairment of the animal.

For assessment of infarct volume, the brain tissue of rats was obtained and cut into 2 mm thick slices
along the coronal plane after neurological scoring. Half of the brain slices were placed into 2% TTC dye
solution at intervals. After incubation at 37 ℃ for 10 min, the slices were turned regularly for uniform
staining. The normal brain tissue was bright red and the infarcted area was pale in color. The infarct area
was measured and analyzed by Image Pro Plus 6.0 software.

Comparison of e�cacy between HL-008 and edaravone
A total of 20 male SD rats (200–250 g) were divided into four groups (n = 5 each), including a control
group, ischemia reperfusion (I/R) group, HL-008 100 mg/kg group and edaravone 3 mg/kg group. During
reperfusion, HL-008 and edaravone were administered intravenously. After 24 h of reperfusion, the
neurological function score and cerebral infarction area were evaluated.

Investigation of the HL-008 mechanism
A total of 15 male SD rats (200–250 g) were divided into three groups (n = 5 each), including a control
group, ischemia reperfusion (I/R) group, and HL-008 100 mg/kg group. During reperfusion, HL-008 and
edaravone were administered intravenously. After 24 of reperfusion, the rats were killed and the brain
tissue was removed for further study.

Measurement of ROS levels in the brain
Brain tissue weighing 0.1 g was fully homogenized with 1 mL of extracting solution on ice and
centrifuged at 10000 g and 4 ℃. The supernatant was obtained and placed on ice for testing. The ROS
content in the brain tissue was analyzed using an ROS detection kit (No. E004,Nanjing Jiancheng
Bioengineering Institute, China). The procedure was conducted according to manufacturer's instructions.
Evaluation of malondialdehyde (MDA) in the brain

Brain tissue weighing 0.1 g was fully homogenized with 1 mL of extracting solution on ice and
centrifuged at 8000 g, at 4 ℃, for 20 min. The supernatant was obtained and placed on ice for testing.
The MDA content in brain tissue was analyzed using an MDA detection kit (No. X-W-A401, Sino Best
Biological Technology Co., Ltd., China), according to the manufacturer's instructions.
Evaluation of antioxidant activity

Brain tissue weighing 0.1 g was fully homogenized with 1 mL of extracting solution on ice and
centrifuged at 10000 g, at 4 ℃ for 20 min. The supernatant was obtained and placed on ice for testing.
The activities of SOD (No. YX-W-A500, Sino Best Biological Technology Co., Ltd., China), CAT (YX-W-A501,
Sino Best Biological Technology Co., Ltd., China), and GSH-Px (A005, Nanjing Jiancheng Bioengineering



Page 6/19

Institute, China) in rat brain tissues were tested using commercial kits, according to the manufacturer's
instructions.
Hematoxylin and eosin (HE) staining

The brain tissue samples �xed with 4% paraformaldehyde, were embedded in para�n, and cut into 5 µm
sections using a para�n slicer. After slicing, the slices were slightly dried in air and baked overnight in an
oven at 60 ℃. After the slices were successfully obtained, they were dewaxed with xylene and absolute
ethanol to water, then stained with HE (71014460; Shanghai Jingke Chemical Technology Co., Ltd.) and
analyzed using the Pannoramic SCAN (3D HISTECH). The nucleus was dyed blue and the cytoplasm
dyed red. Based on the staining results in each group, the morphological changes were analyzed.
Analysis of TUNEL staining

The para�n section was dewaxed with xylene and absolute ethanol to water. A concentration of
20 µg/ml protease K without DNase was added at 20–37 ℃ for 15–30 min. After washing thrice with
PBST, each slice was added to 50 µL of TUNEL reaction solution (No. 11684795910, Roche) and
incubated in a constant temperature incubator at 37 ℃ in the dark for 60 min. Each slice was washed
thrice with PBST and combined with 100 µL 4',6-Diamidino-2-phenylindole (DAPI, 1:1000 PBS pH = 7.4),
away from light for 10 min at room temperature. Finally, PBST (pH = 7.4) was used to wash the slices
thrice, and a �uorescence quenching agent was used to seal the slices for microscopic inspection
(Pannoramic SCAN, 3D HISTECH). DAPI was stained with blue �uorescence in the nucleus and green
�uorescence in the positive part.
Immuno�uorometric assay

The �xed tissue sections were dewaxed to water; washed with PBS thrice for 3 min each; blocked by 0.3%
hydrogen peroxide; incubated at room temperature for 20 min; washed by PBS again thrice for 3 min
each, using 0.01 M citric acid (pH 6.0) buffer solution for antigen repair. After natural cooling, they were
washed with PBS (pH = 7.4) thrice, for 3 min each, and dripped and sealed with normal goat serum at 37
℃ for 30 min. The serum was poured out, and 1:100 diluted TNF-α (No. Ab167161, abcam), IL-1β (No.
Ab8348, abcam) and 1:300 diluted GFAP (No. Ab68428, abcam) antibody were added and incubated
overnight at 4 ℃. They were then washed thrice with PBS, and a 1:200 diluted �uorescent coupling
antibody was added and incubated for 1 h in the dark at room temperature. The nucleus was then dyed
with DAPI, washed thrice with PBS, sealed with 50% buffer glycerin, and observed using �uorescence
microscopy during which photographs were obtained.
Western blotting

The tissue was washed with cold PBS (pH = 7.4) twice or thrice, cut into small pieces, and homogenated.
Add 10 times the tissue volume of lytic �uid (add protease inhibitor a few minutes before use) to the ice
for complete homogenization. The supernatant was collected by centrifugation of 12000 g for 5 min,
resulting in the total protein solution. The protein concentration was measured using the BCA method,
and the protein was separated using SDS-PAGE electrophoresis. After electrophoresis, the blocked
membrane was incubated using the �rst antibody, including Nrf2 (No. AF0639, A�nity), HO-1(No.
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AF5393, A�nity), Bax (No. AF0120, A�nity), Caspase-3 (No. AF6311, A�nity), P-p38(No. AF4001,
A�nity), p-NF-κB (No. AF2006, A�nity), Bcl-2(No. AF6193, A�nity), p-ERK (AF1015, A�nity), p-JNK
(AF3318, A�nity), P-p53(AF3075, A�nity), NOX4 (DF6924, A�nity), and GAPDH (ab 68428, Abcom).
Following this, the second antibody was incubated. The chemiluminescent substrate was dripped onto
the membrane and incubated in a dark room for approximately 5 min. The luminous substrate was
discarded, the �lm was placed between X-ray �lms of equal size, and exposed for approximately 1–
3 min. Then an X-ray �lm was taken out every other minute. Finally, the X-ray �lm was developed for 5
minutes, �xed for 5 minutes, and washed for more than 10 min and dried.
Proteomic analysis

The tissue samples were ground into powder with liquid nitrogen, and 6 mL of protein extract I (40 g
trichloroacetic acid + 400 mL protein extract II, -20 ℃, 1 h) was added, and centrifuged at 4 ℃,
12000 rpm for 20 min. Following this, 6 mL of protein extract II (400 mL acetone + 280 µL β-
mercaptoethanol, -20 ℃, 1 h) was added to the precipitate, and centrifuged at 4 ℃ 12000 rpm for
20 min. The precipitate was vacuumed dry to obtain the crude protein powder. Then, a certain amount of
dry powder was added to 400 µL of the SDT (8 M urea, 100 mM Tris-Hcl, 1 mM PMSF, PH = 8.5) cracking
solution for dissolution, and placed at room temperature for 1 h. Centrifugation at 9000 rpm at 4 ℃ for
10 min was performed to obtain the protein sample. The protein concentration was determined using the
Bradford method and identi�ed by SDS-PAGE. The total protein was hydrolyzed with trypsin in an
incubator set at 37 ℃ for 12–16 h. The hydrolysate was washed with 50 mM of ammonium bicarbonate,
acidi�ed with tri�uoroacetic acid (TFA), vibrated, centrifuged to remove sodium deoxycholate (SDC), and
desalinated with the C18 column. The desalted samples were lyophilized in a freeze-drying apparatus,
then re-dissolved in 0.1% formic acid after lyophilization, and detected using a mass spectrometer (Q-
active mass spectrometer, Thermo Fisher). The retrieved proteomic database was from the UniProt,
Rattus norvegicus (rat) protein, with a 29944 protein count. Maxquant (version 1.6.0.1) and Protein
Discoverer (edition 1.4) were used for database retrieval and relative quanti�cation.

Results
HL-008 shows no cytotoxicity on PC-12 cells and HEK293 cells

The cytotoxicity of HL-008 was measured using the MTT assay in PC-12 and HEK293 cells. HL-008, over
a range of concentrations, did not show any statistically signi�cant cytotoxicity over 48 h, and the cell
viability was typically > 90% (Fig. 1A and B).

Neuroprotective effect of HL-008 against H 2 O 2 -induced cytotoxity in vitro

The neuroprotective activity of HL-008 in vitro was evaluated using PC-12 cells. At all tested
concentrations of H2O2 pretreatment, cells with HL-008 showed a dramatically increased viability in a
concentration-dependent manner up to 100%. H2O2 at 100 µM induced cytotoxicity of approximately 53%
when the cells were treated for 24 h. Pretreating the cells with HL-008 at concentrations from 100 µM to



Page 8/19

400 µM however dramatically reduced the cytotoxicity (p < 0.01 or p < 0.001). Likewise, H2O2 at 150 µM
induced cytotoxicity of approximately 62%, while pretreating the cells with HL-008 at concentrations of
150 µM to 400 µM signi�cantly increased viability (p < 0.001). Similarly, H2O2 at 200 µM induced
cytotoxicity of approximately 64%, while pretreating the cells with HL-008 at concentrations from 200 µM
to 400 µM reduced the cytotoxicity to 22% and 0.5%, respectively, suggesting signi�cant neuroprotective
effects (p < 0.001). This result is shown in Fig. 1C, D, and E.
HL-008 can enter the brain tissue through BBB

In vitro, HL-008 can penetrate the cell membrane and play a protective role in nerve cells. However, the
BBB is a special structure in brain tissue. Many neuroprotective agents show good e�cacy in vitro, but
studies on these agents had to be terminated because they could not penetrate the BBB. Therefore, we
evaluated the permeability of HL-008, and the results are shown in Fig. 2 and Table S1. The BBB
permeability of HL-008 is 35%, indicating that HL-008 can penetrate the BBB and enter the brain tissue.

HL-008 alleviated reperfusion injury in MCAO model rats
In order to evaluate whether HL-008 has a protective effect on ischemia-reperfusion injury in vivo, MCAO
rats were treated with different concentrations of HL-008. The results are shown in Fig. 3. Among the HL-
008 groups, the neurological scale was lower in the I/R group (p < 0.01, Fig. 3A). Behavioral improvement
was 60.00%, 66.67%, and 66.67% in the HL-008 100, 50, and 25 mg/kg groups, respectively (Table S2).
The infarction volume was evaluated with TTC staining and was signi�cantly lesser in the HL-008 groups
than in the I/R groups 24 h after reperfusion (p < 0.00, Fig. 3B and C). Improvement in cerebral infarction
volume was 86.88%, 83.75% and 84.13% in the HL-008 100, 50, and 25 mg/kg groups, respectively (Table
S2).

 
HL-008 has a stronger neuroprotective effect than edaravone

The neuroprotective effects of HL-008 were compared with the positive control edaravone. The results
showed that HL-008 and edaravone signi�cantly improved the neurological function score and infarct
size in MCAO rats. There were signi�cant differences between the two groups compared with the I/R
group (neurological score: HL-008 vs I/R, p < 0.001; edaravone vs I/R, p < 0.05; infarction volume: HL-008
vs I/R, p < 0.0001; edaravone vs I/R, p < 0.001; Fig. 4). Most importantly, the neuroprotective effect of HL-
008 was stronger than that of edaravone, and there were signi�cant differences (neurological score: HL-
008 vs edaravone, p < 0.01; infarction volume: HL-008 vs edaravone, p < 0.05; Fig. 4). The speci�c values
are shown in Table S3.
HL-008 relieves oxidative stress in the brain tissues of MCAO rats

We evaluated the level of oxidation in the brain of MCAO rats, including the level of ROS and MDA. The
results showed that HL-008 could signi�cantly reduce the level of ROS in the brain of MCAO rats (p < 0.05,
Fig. 5A) and alleviate the level of MDA - a marker of lipid peroxidation. The difference was signi�cant (p < 
0.05, Fig. 5B). Meanwhile, the results of a study on the antioxidant enzyme system in the brain tissue of
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MCAO model rats showed that HL-008 can increase the levels of antioxidant enzymes SOD (HL-008
248.50 ± 7.30 vs I/R 160.09 ± 9.88 U/g), CAT (HL-008 745.84 ± 58.02 vs I/R 400.17 ± 24.83 U/g), and GSH-
Px (HL-008 3.14 ± 0.37 vs I/R1.87 ± 0.19 U/g, and the differences were statistically signi�cant (p < 0.001,
p < 0.001, p < 0.01, respectively. Figure 5C, D, and E).

HL-008 alleviates the histopathological changes induced by reperfusion
The histopathological changes in each group were observed on HE staining, and the results are shown in
Fig. 6A. In the control group, the brain tissue structure and the morphology of nerve cells were normal.
The nerve cells had a clear outline, the nucleus was round, and the nucleolus clearly visible. However, in
the cerebral tissue in the I/R group, there were vacuoles of various sizes, and a shrunken and deformed
nucleus was observed. Compared with the I/R group, the structure of the neurons in the HL-008 group
was more regular, the nucleus was visible, the vacuolation was smaller, and no obvious damage was
observed.

HL-008 ameliorates cell apoptosis in brain tissues
TUNEL staining was performed to assess cell apoptosis in rat brain tissue, 24 h after ischemia
reperfusion. The results are shown in Fig. 6B. The TUNEL-positive green cells represented the apoptosis
cells. The number of apoptotic cells was signi�cantly increased in the I/R group, compared with the
control group. These changes were attenuated by HL-008 treatment, as evidenced by the decreased
number of TUNEL- positive cells.
HL-008 reduces the GFAP level in brain tissues

We evaluated the effect of HL-008 on the GFAP level in brain tissue 24 h after reperfusion, and the result
is shown in Fig. 7. Compared with the control group, the number of GFAP positive cells in the brain tissue
showed an upward trend in the I/R group. HL-008 can reduce the level of GFAP after cerebral ischemia-
reperfusion. We also observed the effect of HL-008 on the changes in pro-in�ammatory cytokines in brain
tissue 24 h after reperfusion. Unfortunately, compared with the control group, we did not observe any
changes in the levels of TNF and IL-1 β in the brain tissue of MCAO rats, including the I/R group. The
speci�c reason is not yet clear (data not shown).

HL-008 exerts neuroprotective function by regulating multiple pathways
In order to evaluate the neuroprotective effect of HL-008 24 h after reperfusion, and according to the
results described above, the expression level of the related pathway proteins was detected using the
western blot assay. The results are shown in Fig. 8A and Figure S1. I/R injury increased the expression of
proteins Bax, Caspase-3, P-p53, p-JNK, p-38,NF-κB, and NOX4, and decreased the expression of proteins
Bcl-2, Nrf-2, HO-1, and p-ERK. It is noteworthy that the expression levels of proteins increased by I/R injury
were downregulated after HL-008 treatment, and the expression levels of proteins decreased by I/R injury
were upregulated after HL-008 treatment.

Proteomic analysis
We used proteomics to explore other possible pathways involved in the neuroprotective function of HL-
008 and the regulatory-related proteins; 2167 proteins were identi�ed with different expressions. In the I/R
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versus control, HL-008 vs control, and HL-008 vs I/R, there were 214, 273, 161 upregulated proteins, and
197, 354, 383 downregulated proteins (fold change ≥ 1.2, Figure S2. For each identi�ed protein, we
performed GO enrichment analysis. The results are presented in a heat map (Figure S3). Bioinformatic
analysis of three levels, biological process, cellular component, and molecular function, showed that top
10 biological processes in I/R versus control, HL-008 vs control, and HL-008 vs I/R, respectively (Figure
S4). In particular, the pathway for glycerophospholipid metabolism attracted our attention (Figure S5).
Based on the analysis of ≥ 1.2-fold upregulated and downregulated proteins, we identi�ed two proteins
that may be associated with the neuroprotective function of HL-008, including relational-binding protein
(RBP4), and serum albumin (Fig. 8B and C). RBP4 is the speci�c carrier for retinol (vitamin A) in the blood
and associated with a short-term prognosis in ischemic stroke, and serum albumin is associated with
in�ammation in ischemia-reperfusion injury. HL-008 can signi�cantly inhibit the increase of RBP4 and
serum albumin expression induced by ischemia-reperfusion.

Discussion
Since 1996, tissue plasminogen activator (tPA) has been the only FDA-approved medication for mainstay
treatment of AIS. The tissue plasminogen activator, tPA dissolves thrombi and restores blood �ow by
promoting �brinolysis. However, there is increasing evidence indicating that an ROS burst caused by
reperfusion may aggravate brain injury [27–29]. Therefore, timely and effective ROS elimination in the I/R
process is favorable for neuroprotection.

HL-008 exhibited signi�cant neuroprotective effects in vivo and in vitro, effectively reversed the I/R-
induced redox imbalance, and alleviated brain morphological changes, including shrinkage, vacuolation,
and blood vessel congestion. During ischemia-reperfusion, an ROS burst often induces
neuroin�ammation, including activation of astrocytes and microglia [30]. Astrocytes are associated with
multiple functions in the central nervous system [31]. In response to physiological changes, particularly
acute and sub-acute tissue responses to injury, astrocytes are activated and function as key players [32–
33]. Reactive astrocyte activation induces changes in gene expression, including GFAP upregulation.
Increased GFAP expression is an important marker of astrocyte activation [34]. Moreover, in�ammation is
related to upregulation of astrocytosis [35]. HL-008 signi�cantly alleviated astrocyte activation, reversed
the increase in serum albumin levels in brain tissue, and deregulated the increased NF-κB expression,
suggesting that HL-008 treatment has anti-in�ammatory effects.

NOX4, as a member of the NOx family, induces brain injury by converting O2 into ROS and plays a highly
speci�c role in I/R. NOX4 inhibition has a critical role in maintaining BBB stability [36]. HL-008 not only
effectively eliminates ROS, but also reduces ROS production by inhibiting of NOX4 expression, thus
reducing ROS-induced brain tissue damage.

Apoptosis is among the important mechanisms of neuronal death in AIS [37]. ROS produced during I/R
can induce DNA damage; activate p53; interfere with an interaction between Bcl-2 and Bax; open
mitochondrial pores; release apoptosis-promoting factors, including cytochrome c; activate caspase 3/9
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cascade reaction; and �nally induce apoptosis [38]. HL-008 reversed the increase in P-p53, Bax, and
caspase-3 protein expression, and reduced I/R-induced Bcl-2 protein expression. Further, TUNEL staining
con�rmed that HL-008 inhibited I/R-induced apoptosis.

The Nrf2/HO-1 pathway is critically involved in oxidative stress. Under oxidative stress, Nrf-2 is
dissociated from Keap1; enters the nucleus; and promotes the expression of antioxidant proteins,
including SOD and HO-1 [39]. HL-008 signi�cantly promoted Nrf2 and HO-1 protein expression. Moreover,
Nrf-2 can be activated by MAPK kinase pathways. ERK1/2, p38 MAPK, and JNK signaling over-activation
has been reported in AIS. Moreover, ERK1/2, p38, and JNK phosphorylation inhibition can relieve brain
injury. HL-008 can signi�cantly alleviate the excessive activation of ERK1/2, p38, and JNK after ischemia-
reperfusion, as well as reduce the severity of brain injury.

Proteomic analysis suggested a close association of RBP4 proteins with the neuroprotective effect of HL-
008. Increased RBP4 levels are associated with AIS severity and prognosis of AIS [40]. I/R induced a
signi�cant expression of RBP4 protein, which was inhibited by and HL-008. These �ndings could provide
new ideas for future research.

There are also some limitations in this study. First of all, there is no completely simulate the situation of
real clinical patients in the currently used rat model of cerebral stroke ischemia-reperfusion injury. At the
same time, due to species differences, the results of this study can not be directly translated to clinical
patients. Therefore, we need to explore new animal models to meet the clinical needs. Secondly, although
we have done the study of protein spectrum, but we have not veri�ed the related altered proteins, but this
will be the focus of our next work. Finally, we only evaluated NOX4, a protein that affects the stability of
BBB, and did not discuss other stability indicators with BBB, such as the change of BBB permeability,
which we will study in depth in the future.
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Figure 1

Relative cell viability (%) of PC-12 cells and HEK293 cells determined by MTT assay following an 48 h
treatment with different concentrations of HL-008; Evaluation of the protective effects of HL-008 on PC-
12 cells at different concentrations of H2O2: C 100 μM; D 150 μM; E 200 μM. *p < 0.05, **p < 0.01, ***p <
0.001.
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Figure 2

HL-008 permeability of BBB. SD male rats were treated with 200 mg/kg HL-008 by intraperitoneal
injection, and the samples were collected at 0.083, 0.25, 0.5, 1, 1.5, 2, 3, 6, and 8 h after administration
and analyzed using an LC-MSMS system.

Figure 3

Pharmacodynamic evaluation of different doses of HL-008 on reperfusion injury in MCAO rats : A, Neural
function score histogram; B, Cerebral infarction volume histogram; C, TTC staining. *p < 0.05, **p < 0.01,
***p < 0.001.
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Figure 4

Comparison of the e�cacy between HL-008 and edaravone on MCAO rats. A, Neural function score
histogram; B, Cerebral infarction volume histogram; C, TTC staining. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 5

Evaluation of the effect of HL-008 on oxidation and antioxidant levels in the brain tissue of MCAO rats.
The indices of oxidation level are: A, ROS level; B, MDA level. Antioxidant enzyme system indicators are:
C, SOD level; D, CAT level; E, GSH-Px level. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6

A. Effect of HL-008 on pathological changes in the brain tissue in MCAO rats evidenced by HE staining; B.
The apoptotic cells were assessed using TUNEL staining. Green �uorescence represents TUNEL-positive
cells.
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Figure 7

Effect of HL-008 on activation of astrocytes in the brain tissue of MCAO rats evaluated by �uorescence
immunity.

Figure 8

Effect of HL-008 on multiple signaling pathways in the brain tissue of MCAO rats. A. Western blot was
used to detect the protein levels in the brain tissue of MCAO rats. The full-length gels were included in a
Supplementary Information Figure S1. The protein expression was evaluated by proteomic analysis: B.
Changes in the relational-binding protein in each group; C. Changes in serum albumin in each group.
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