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Abstract. oxysophoridine (oSr) is an alkaloid extracted 
from Sophora alopecuroides L. and exerts beneficial effects 
in cerebral ischemia/reperfusion (i/r) injury. However, the 
molecular mechanism underlying the regulatory effects of 
oSr in cerebral i/r injury remains unclear. in the present 
study, a cerebral i/r injury rat model was established by 
occlusion of the right middle cerebral artery. Hematoxylin 
and eosin and triphenyltetrazolium chloride staining were 
performed to assess histopathological changes and the extent 
of cerebral injury to the brain. a cell counting Kit‑8 and 
Tunel assay and western blotting were performed to assess 
cell viability and apoptosis. Ferroptosis and oxidative stress 
were evaluated based on aTP and Fe2+ levels and dcFH‑da 
staining. The protein expression levels of inflammatory factors 
were assessed using eliSa. The protein expression levels of 
members of the toll‑like receptor (Tlr)4/p38MaPK signaling 
pathway were evaluated using immunofluorescence staining 
and western blotting. The results demonstrated that oSr 
decreased brain injury and neuronal apoptosis in the hippo‑
campus in i/r‑induced rats. oSr inhibited reactive oxygen 
species (roS) production, decreased levels of aTP, Fe2+ and 
acyl‑coa synthetase long‑chain family member 4 (acSl4) 
and transferrin 1 protein and increased the protein expression 
levels of ferritin 1 and glutathione peroxidase 4. Furthermore, 
oSr blocked Tlr4/p38MaPK signaling in brain tissue in 
the i/r‑induced rat. In vitro experiments demonstrated that 
Tlr4 overexpression induced generation of roS, aTP and 
Fe2+, which promoted the expression of ferroptosis‑associated 
proteins in hippocampal HT22 neuronal cells. The ferroptosis 
inducer erastin decreased the effects of oSr on oxygen‑glucose 
deprivation/reoxygenation (oGd/r)‑induced cell viability, 
oxidative stress and inflammatory response. Together, the 

results demonstrated that oSr alleviated cerebral i/r injury 
via inhibition of Tlr4/p38MaPK‑mediated ferroptosis.

Introduction

ischemic cerebrovascular disease, which accounts for 70% of 
all strokes worldwide, is associated with high morbidity and 
mortality rates (1‑3). at present, the primary clinical treatment for 
ischemic cerebrovascular disease is reperfusion of the affected 
area as soon as possible (4). However, when the blood supply is 
restored, the resultant damage to the brain tissue and the nervous 
system, termed cerebral ischemia/reperfusion (i/r) injury, is a 
key issue in the clinical treatment of ischemic cerebrovascular 
disease (5). Moreover, it is difficult to treat cerebral I/R injury 
due to the complicated pathological processes and the multiple 
mechanisms involved (6). at present, clinical interventional 
treatment and drugs primarily used in cerebral i/r injury therapy 
include thrombolytics, calcium channel antagonists, free‑radical 
scavengers and excitatory amino acid regulators (7). However, the 
narrow therapeutic temporal window and single target approach 
result in a limited efficacy of treatment for cerebral I/R injury (8). 
Therefore, there is an urgent need to find novel therapies to 
improve the therapeutic outcomes following cerebral i/r injury.

oxysophoridine (oSr) is one of the primary alkaloids 
extracted from Sophora alopecuroides l. (9). Previous studies 
have reported that oSr has certain pharmacological properties 
in regard to sedation, anti‑inflammatory effects, arrhythmia and 
immune regulation (10,11). Furthermore, oSr has favorable 
preventative and therapeutic effects on heart failure, myocardial 
infarction, cerebral ischemia and i/r injury and other cardiovas‑
cular and cerebrovascular disease (11). cao et al (12) reported 
that oSr protects against exacerbated spinal cord injury via 
its anti‑inflammatory, anti‑oxidative and anti‑apoptotic effects. 
another previous study reported that oSr has a neuroprotective 
effect on mice with cerebral i/r injury by suppressing oxida‑
tive stress and expression of the n‑methyl‑d‑aspartate receptor 
subunit nr1 (13). However, the functional roles and molecular 
mechanism of oSr on cerebral i/r injury are incompletely 
understood. Therefore, in the present study, the effect of oSr in 
cerebral i/r injury was evaluated.

Materials and methods

Animal care and experimental groups. The present study 
was approved by the animal care and use committee of 
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Hangzhou red cross Hospital (Hangzhou, china; approval 
no. 20220414) and performed in accordance with chinese 
legislation regarding the use of experimental animals. a total 
of 30 adult male Sprague‑dawley rats (7 weeks old) weighing 
280‑320 g were purchased from the laboratory animal 
resources, chinese academy of Sciences. The rats were 
housed at a room temperature of 21±2˚C and 55±5% relative 
humidity with a 12/12‑h light/dark cycle and free access to 
standard chow and tap water. after one week, the cerebral i/r 
injury model was established using improved thread occlusion 
of the right middle cerebral artery (Mcao) model as described 
previously (14). Briefly, rats were anesthetized by intraperito‑
neal administration of 2.25% pentobarbital sodium (45 mg/kg) 
for 2 h, a midline cervical incision was made, the Mca was 
located and its branches were ligated. The induction of ischemia 
was performed by occluding the right internal carotid artery 
using a thread. Following transient Mcao for 2 h, the nylon 
thread was removed to allow the return of blood flow through 
the right internal carotid artery. rats in the control group 
underwent the same surgical procedure but the right internal 
carotid artery was not occluded. rats were randomly divided 
into five groups (n=6) as follows: Healthy control group that 
was subjected to a sham operation (control); cerebral i/r injury 
group that underwent Mcao for 2 h followed by reperfusion 
for 24 h (i/r) and i/r + oSr groups which were administered 
60, 120 or 180 mg/kg oSr intraperitoneally once/day for 
7 days before Mcao. The total duration of the experiment 
was 10 days. all rats were euthanized using intraperitoneal 
administration of pentobarbital sodium (200 mg/kg) 24 h after 
reperfusion. The humane endpoints of this experiment were 
as follows: Marked decrease in food or water intake, labored 
breathing, inability to stand or no response to external stimuli. 
no humane endpoints of the experiment were reached by any 
of the rats during the experiment. Death was verified by lack of 
heartbeat and a cold body. no animals were found dead before 
the end of the experiment.

Histopathological examination. The brain tissue from rats in 
five groups was fixed with 10% neutral formaldehyde buffer at 
4˚C overnight, dehydrated in a series of graded concentrations 
of ethanol, embedded in paraffin and cut into 4 µm sections. 
The sections were stained using hematoxylin for 6 min and 1% 
eosin for 2 min, both at room temperature. a light microscope 
was used to assess the pathological changes in the samples 
following I/R treatment at a magnification of x400.

2,3,5‑triphenyltetrazolium chloride (TTC) staining. rat brains 
were dissected into 2 mm coronal slices and incubated in 2% 
TTC (Beijing Solarbio Science & Technology Co., Ltd.) at 37˚C 
for 10 min. Following TTc staining, the normal brain tissue 
stained dark red and the infarcted tissue was unstained (white). 
The tissue was fixed in 4% paraformaldehyde (Beyotime 
Institute of Biotechnology) for 24 h at 4˚C and imaged using 
a digital camera (canon, inc.). The infarcted volume was 
calculated as follows: Infarcted volume (%)=(volume of white 
sections/volume of the whole brain) x100.

Measurement of ATP and Fe2+ levels. aTP levels in brain 
tissues and HT22 cells were assessed using the cellTiter‑Glo 
luminescent assay kit (Promega corporation) according 

to the manufacturer's protocol. Fe2+ levels in brain tissue 
and HT22 cells were evaluated using an iron assay kit (cat. 
no. ab83366; abcam) according to the manufacturer's protocol. 
The absorbance at 520 nm was assessed for the determination 
of iron concentration.

Immunofluorescence staining. Brain sections (10 µm) that 
were stored at ‑18˚C were permeabilized using 0.5% Triton 
X‑100 at room temperature for 30 min and blocked using 
10% bovine serum albumin (Thermo Fisher Scientific, Inc.) 
for 1 h at room temperature. Subsequently, brain tissue was 
incubated with primary antibodies against toll‑like receptor 
(TLR)4 (1:1,000; cat. no. ab22048; Abcam) at 4˚C overnight. 
The cells were exposed to daPi (BioSS) at room tempera‑
ture for 5 min were then cultivated with a secondary alexa 
Fluor® 488‑conjugated goat anti‑mouse antibody (1:1,000; cat. 
no. ab150113; abcam) at room temperature in the dark for 
1 h. Finally, the sections were rinsed with phosphate‑buffered 
saline (Beyotime institute of Biotechnology) and imaged 
using a fluorescence microscope (magnification, x400; Leica 
Microsystems GmbH).

Cell culture and treatment. The hippocampal HT22 
neuronal cell line was purchased from the ningbo Mingzhou 
Biotechnology co., ltd. The cells were cultured in dMeM 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% 
FBS (HyClone, Cytiva), 100 U/ml penicillin and 100 µg/ml 
streptomycin (both Gibco; Thermo Fisher Scientific, Inc.) in 
a humidified incubator with 5% CO2 at 37˚C. To establish an 
in vitro oxygen‑glucose deprivation/reoxygenation (oGd/r) 
model, HT22 cells were cultured in glucose‑free dMeM 
(Wuhan Procell life Science & Technology co., ltd.) in an 
oxygen‑free incubator supplied with 5% co2 and 95% n2 at 
37˚C for 2 h. Following hypoxia treatment, the media was 
replaced with normoxic glucose‑containing medium and cells 
were transferred to an incubator supplied with 95% air and 
5% co2 at 37˚C for 24 h. Cells were incubated with OSR (10, 
20 or 40 nM) for 48 h at room temperature before oGd/r 
challenge. Subsequently, the indicated cells were treated with 
5 µM anisomycin (a novel and specific p38MAPK activator; 
MedChemExpress) at room temperature for 1 h or 1 µM 
erastin (a ferroptosis inducer; Shanghai aladdin Biochemical 
Technology co., ltd.) at room temperature for 24 h.

Cell transfection. Tlr4‑specific pcdna overexpression 
vector (oe‑Tlr4) or pcdna3.1 empty vector, which served as 
the negative control (oe‑nc), was purchased from Shanghai 
Genechem co., ltd. a total of 100 nM plasmids were trans‑
fected into HT22 cells using lipofectamine® 2000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h at 37˚C. 
Following 48 h of transfection, cells were collected for use in 
subsequent experiments.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
rna was extracted from HT22 cells using Trizol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. The quality and concentration of 
rna were assessed using nanodrop 2000 (Shanghai aiyan 
Biotechnology co., ltd.) based on the ratio of absorbance at 
260 and 280 nm. a PrimeScript™ rT reagent kit (Takara 
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Bio, Inc.) was used to reverse‑transcribe 2 µg RNA into cDNA 
using the thermocycling protocol as follows: 25˚C for 5 min, 
42˚C for 30 min, 85˚C for 5 min and then held at 4˚C for 5 min. 
Amplification of the cDNA was performed using qPCR using 
an SYBr Premix ex Taq™ ii kit (Takara Bio, inc.). The ther‑
mocycling protocol was 95˚C for 3 min, followed by 35 cycles 
of denaturation at 95˚C for 30 sec, annealing at 60˚C for 30 sec 
and extension at 72˚C for 1 min. A final extension step at 72˚C 
for 7 min was performed in each Pcr assay. The primer 
sequences used for Pcr were as follows: Tlr4 forward (F), 
5'‑ccc aTG caT TTG Gcc TTa Gc‑3' and reverse (r), 5'‑aGa 
Gca cTG aac cTc cTT Gc‑3'; and GaPdH (F), 5'‑GTc GTG 
GaG TcT acT GGc GTc TTc a‑3' and (r), 5'‑TcG TGG TTc 
aca ccc aTca caa aca‑3'. The relative mrna levels were 
normalized to GaPdH using the 2‑ΔΔcq method (15).

Cell Counting Kit‑8 (CCK‑8) assay. Following various treat‑
ments, cells were plated at a density of 5x103 cells/well in 
96‑well plates and cultured in dMeM with 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C for 24 h. A total of 
10 µl CCK‑8 solution (Beyotime Institute of Biotechnology) 
was added to each well and incubated for 2 h. The absorbance 
at 450 nm was assessed using a microplate reader (Bio‑rad 
laboratories, inc.). all experiments were performed in tripli‑
cate with five independent repeats.

ELISA. il‑1β, TnF‑α and il‑10 protein expression levels in 
HT22 cells were assessed using eliSa kits (cat. nos. eK0393, 
eK0526 and eK0418 respectively; Wuhan Boster Biological 
Technology, ltd.) according to the manufacturer's protocols. 
The absorbance was assessed at 450 nm using a microplate 
reader (BioTek instruments, inc.).

Measurement of oxidative stress. To assess reactive oxygen 
species (roS) generation, dcFH‑da staining (cat. no. d6883; 
MilliporeSigma) was used. HT22 cells were washed with PBS 
and incubated with 10 µM DCFH‑DA in the dark for 30 min 
at 37˚C. After washing three times with PBS, fluorescence 
images were obtained using an Axio‑Observer‑D1 fluorescence 
microscope (ZEISS AG; magnification, x400). Furthermore, 
the activity of superoxide dismutase (Sod) and levels of 
malondialdehyde (Mda) and catalase (caT) were assessed 
using Sod assay kit (cat. no. S0101M), Mda assay kit (cat. 
no. S0131S) and caT assay kit (cat. no. S0051), all of which 
were obtained from Beyotime institute of Biotechnology. The 
absorbance at 532 nm was assessed using a Benchmark micro‑
plate reader (Bio‑rad laboratories, inc.).

TUNEL assay. Tunel assay was performed to evaluate the 
degree of apoptosis in tissue and cells. Following fixation 
with 4% paraformaldehyde at room temperature for 30 min, 
tissue sections or cells were incubated with proteinase K at 
room temperature for 15 min, placed in 3% H2o2 for 15 min 
at room temperature and treated using a Tunel detection 
kit for 60 min at 37˚C. Following incubation, the PBS‑rinsed 
cells were co‑labeled with 1 µg/ml DAPI working solution for 
10 min at 37˚C. The positive cells were mounted with fluores‑
cent mounting media (Beijing Solarbio Science & Technology 
co., ltd.) and analyzed using imageJ 1.8.0 software (national 
Institutes of Health). More than 10 fields of view/section for 

each sample were assessed. The labeled cells were visualized 
using an Olympus BX53 fluorescence microscope (magnifica‑
tion, x100; olympus corporation).

Western blotting. Total protein was extracted from tissue 
and cells using riPa lysis buffer (Beyotime institute of 
Biotechnology) and then quantified with bicinchoninic acid 
(Bca) protein assay kit (cat. no. P0012S; Beyotime institute of 
Biotechnology). An equal amount of protein (60 µg/lane) was 
separated on 10% SdS gels and then transferred to a nitrocel‑
lulose blotting membrane (Pall life Sciences). The membranes 
were blocked with 5% non‑fat milk dissolved in 0.1% TBS‑T 
buffer for 2 h at room temperature and probed with primary 
antibodies as follows: Bax (1:1,000; ab32503), Bcl‑2 (1:1,000; 
ab196495), acyl‑coa synthetase long‑chain family member 
4 (acSl4; 1:1,000; ab155282), transferrin 1 (TFr1; 1:1,000; 
ab269513), ferritin 1 (FTH1; 1:1,000; ab1837810 glutathione 
peroxidase 4 (GPX4; 1:1,000; ab252833), Tlr4 (1:1,000; 
ab217274), Myd88 (1:1,000; ab219413), phosphorylated (p)‑p38 
(1:1,000; ab4822), p38 (1:1,000; ab170099), inducible nitric 
oxide synthase (inoS; 1:1,000; ab178945), cyclooxygenase 
2 (coX‑2; 1:1,000; ab179800), p‑p65 (1:1,000; ab76302), 
p65 (1:1,000; ab32536) and GaPdH (1:1,000; ab8245; all 
Abcam) overnight at 4˚C. The membranes were incubated 
with HrP‑conjugated anti‑mouse or anti‑rabbit secondary 
antibodies (1:2,000, ab6789 and ab6721, respectively; abcam) 
for 2 h at room temperature. Signals were visualized using 
enhanced chemiluminescence reagent (Thermo Fisher 
Scientific, inc.) according to the manufacturer's instruc‑
tions. densitometry analysis was performed using imageJ 
(Version 1.49; national institutes of Health).

Statistical analysis. Statistical analysis was performed using 
SPSS version 17.0 (SPSS, inc.) and data are presented as 
the mean ± Sd. comparisons between multiple groups were 
performed using one‑way anoVa followed by Bonferroni's 
post hoc test for multiple comparisons. all cellular experi‑
ments were performed ≥3 times from three different cultures. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

OSR alleviates brain injury and neuronal apoptosis in 
I/R‑induced rats. The structure was presented in Fig. 1a. To 
evaluate the role and mechanism of oSr in cerebral i/r injury, 
an in vivo cerebral i/r injury model was established using 
Mcao. control group demonstrated a clear outline of cortex 
neurons, a compact structure and abundant cytoplasm (Fig. 1B). 
However, i/r injury resulted in pyknotic and shrunken nuclei, 
nuclear loss and numerous vacuolated spaces. These patho‑
logical changes were restored following oSr preconditioning 
in a dose‑dependent manner. Furthermore, i/r treatment 
significantly increased the infarct volume compared with the 
control while oSr led to a decrease in cerebral infarct volume 
compared with the i/r group (Fig. 1c and d). Tunel assay 
demonstrated that the apoptotic rate of hippocampal neurons 
in i/r‑induced rats was increased compared with the control; 
however, the apoptotic rate was markedly decreased after 
administration of oSr compared with the i/r group (Fig. 1e).
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Western blotting results demonstrated that i/r resulted in a 
significant increase in Bax protein expression levels and a 
significant decrease in the protein expression levels of Bcl‑2 

compared with the control (Fig. 1F). nevertheless, oSr 
treatment cut down Bax protein and elevated Bcl‑2 content 
concentration‑dependently relative with the i/r group.

Figure 1. oSr alleviates brain injury and neuronal apoptosis in i/r‑induced rats. (a) Structure of oSr. (B) Pathological changes in rat brain tissue was 
assessed using hematoxylin and eosin staining. Scale bar, 25 µm. (C) Representative brain sections with the largest volume infarction were assessed using 
2,3,5‑triphenyltetrazolium chloride staining. (D) Infarct volume. (E) Apoptosis rate was assessed using TUNEL assay. Scale bar, 25 µm. (F) Protein expression 
levels of Bax and Bcl‑2 were semi‑quantified using western blotting. Data are presented as mean ± SD. Comparisons between multiple groups were performed 
using one‑way anoVa followed by Bonferroni's post hoc test for multiple comparisons. ***P<0.001. oSr, oxysophoridine; i/r, ischemia/reperfusion. 
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OSR decreases ROS accumulation and ferroptosis induced 
by I/R in rat brain tissue. i/r induction elevated roS levels 
in brain tissue of rats; however, oSr treatment markedly 
decreased accumulation of roS (Fig. 2a). Moreover, 
compared with the control group, the i/r group demon‑
strated significantly higher levels of ATP, whereas decreased 
levels of aTP were observed in the oSr intervention group 
compared with the i/r group (Fig. 2B). consistently, i/r 
significantly increased levels of Fe2+ compared with the 
control and OSR pretreatment significantly decreased the 
increased levels of Fe2+ (Fig. 2C). Furthermore, a significant 
increase in protein expression levels of acSl4 and TFr1 
and a significant decrease in protein expression levels of 
FTH1 and GPX4 were observed in the i/r group compared 
with the control group. oSr treatment significantly 
dose‑dependently reversed the effects of i/r on expression 
levels of these proteins in the brain tissue of rats with i/r 
injury (Fig. 2d).

OSR inhibits TLR4/p38MAPK signaling in brain tissue of 
I/R‑induced rats. To evaluate the mechanism of action of 
oSr in i/r‑induced rats, the activity of the Tlr4/p38MaPK 
signaling pathway was assessed. immunofluorescence 
staining demonstrated that the number of positive cells was 
markedly higher in the i/r group compared with the control 
group and that oSr markedly decreased the number of posi‑
tive cells compared with the i/r group, which indicated that 
levels of Tlr4 decreased following oSr treatment (Fig. 3a). 
Furthermore, western blotting demonstrated that I/R signifi‑
cantly enhanced protein expression levels of Tlr4, Myd88 
and p‑p38 compared with the control and the changes were 
significantly reversed by OSR treatment (Fig. 3B).

OSR suppresses OGD/R‑induced neuronal ferroptosis by 
inhibiting TLR4/p38MAPK signaling. To evaluate the role 
of Tlr4/p38MaPK signaling in the regulation of oSr in 
cerebral i/r injury, an in vitro cerebral i/r injury model was 

Figure 2. oSr decreases roS accumulation and ferroptosis induced by i/r in rat brain. The levels of (a) roS, (B) aTP and (c) Fe2+ were assessed in i/r 
rat brain tissue. The control was set as 100%. Scale bar, 25 µm. (D) Protein expression levels of ACSL4, TFR1, FTH1 and GPX4 were semi‑quantified using 
western blotting. data are presented as mean ± Sd. comparisons between multiple groups were performed using one‑way anoVa followed by Bonferroni's 
post hoc test for multiple comparisons. *P<0.05, **P<0.01 and ***P<0.001. roS, reactive oxygen species; oSr, oxysophoridine; i/r, ischemia/reperfusion; 
TFr1, transferrin 1; FTH1, ferritin 1; GPX4, glutathione peroxidase 4; acSl4, acyl‑coa synthetase long‑chain family member. 
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established using oGd/r. The protein expression levels of 
TLR4, MyD88 and p‑p38 in HT22 cells were significantly 
increased following i/r exposure compared with the control 
group and OSR significantly decreased expression levels of 
these proteins compared with the oGd/r group (Fig. 4a). 
Tlr4 was overexpressed in HT22 cells and transfection 
efficiency was assessed using RT‑qPCR and western blot‑
ting. as depicted in Fig. 4B and c, the mrna and protein 
expressions of TLR4 were significantly increased in Oe‑TLR4 
group when compared with those in oe‑nc group. cells were 
treated with OSR (40 µM) and 5 µM p38MAPK agonist 
anisomycin was added to cells. oGd/r treatment markedly 
elevated the levels of roS compared with the control and 
oSr markedly counteracted these effects (Fig. 4d). However, 
Tlr4 overexpression and anisomycin both abated the effects 
of oSr treatment. Furthermore, levels of aTP and Fe2+ were 
significantly increased by OGD/R while OSR significantly 
suppressed the oGd/r‑induced increase in aTP and Fe2+ 
levels in the oGd/r + oSr group compared with the oGd/r 
group. TLR4 overexpression and anisomycin significantly 
reversed the effects of oSr on the levels of aTP and Fe2+ 
compared with the oGd/r + oSr + oe‑nc and oGd/r 
+ oSr groups, respectively (Fig. 4e and F). oGd/r was 

demonstrated to significantly increase protein expression 
levels of ACSL4 and TFR1 and significantly decrease protein 
expression levels of FTH1 and GPX4 compared with the 
control and OSR significantly reversed these trends compared 
with the oGd/r group. Moreover, Tlr4 overexpression and 
anisomycin treatment both significantly reversed the effects 
of oSr on these ferroptosis‑associated proteins compared 
with the oGd/r + oSr + oe‑nc and oGd/r + oSr groups, 
respectively (Fig. 4G and H).

Erastin decreases the protective effect of OSR on viability 
in OGD/R‑induced cells. To study the role of ferroptosis in 
oGd/r induced cells, the ferroptosis inducer erastin was used. 
OGD/R significantly decreased cell viability compared with 
the control, whereas OSR significantly reversed this effect 
compared with oGd/r group and cell viability was markedly 
decreased by erastin (Fig. 5a). Tunel assay demonstrated a 
marked increase in the rate of cell apoptosis following oGd/r 
treatment compared with the control and oSr markedly 
inhibited apoptosis in oGd/r‑induced cells compared with 
the oGd/r group; however, erastin markedly accelerated cell 
apoptosis rate (Fig. 5B and C). Furthermore, OGD/R signifi‑
cantly increased Bax protein expression levels and decreased 

Figure 3. oSr inhibits Tlr4/p38MaPK signaling in brain tissue of i/r‑induced rats. (a) Protein expression levels of Tlr4 in brain tissue of i/r‑induced rats 
were evaluated using immunofluorescence staining. Scale bar, 25 µm. (B) Protein expression levels of TLR4, MyD88, p‑p38 and p38 were semi‑quantified using 
western blotting. data are presented as mean ± Sd. comparisons between multiple groups were performed using one‑way anoVa followed by Bonferroni's 
post hoc test for multiple comparisons. **P<0.01 and ***P<0.001. oSr, oxysophoridine; i/r, ischemia/reperfusion; p, phosphorylated; Tlr, toll‑like receptor; 
IF, immunofluorescence staining. 
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Bcl‑2 protein expression levels compared with the control, 
whereas OSR significantly reversed the expression levels of 
these two proteins compared with the oGd/r group. erastin 
demonstrated the inverse effect on these protein expression 

levels, evidenced by increased Bax protein expression level 
and decreased Bcl‑2 protein expression level in oGd/r + 
oSr + erastin group compared with the oGd/r + oSr group 
(Fig. 5d).

Figure 4. oSr suppresses oGd/r‑induced neuronal ferroptosis by inhibiting Tlr4/p38MaPK signaling. (a) Protein expression levels of Tlr4, Myd88, 
p‑p38 and p38 were semi‑quantified using western blotting. (B) mRNA and (C) protein expression levels of TLR4 in OGD/R‑induced cells were assessed 
using reverse transcription‑quantitative Pcr and western blotting, respectively. The levels of (d) reactive oxygen species, (e) aTP and (F) Fe2+ were assessed 
in OGD/R‑induced cells. Scale bar, 50 µm. (G) Protein expression levels of ACSL4, TFR1, FTH1 and GPX4 were (H) semi‑quantified using western blotting. 
data are presented as mean ± Sd. comparisons between multiple groups were performed using one‑way anoVa followed by Bonferroni's post hoc test 
for multiple comparisons. **P<0.01 and ***P<0.001. oGd/r, oxygen‑glucose deprivation/reoxygenation; i/r, ischemia/reperfusion; p, phosphorylated; oe, 
overexpression; nc, negative control; oSr, oxysophoridine; Tlr, toll‑like receptor; TFr1, transferrin 1; FTH1, ferritin 1; GPX4, glutathione peroxidase 4; 
acSl4, acyl‑coa synthetase long‑chain family member. 
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Erastin decreases the inhibitory ef fect of OSR on 
OGD/R‑induced oxidative stress and inf lammatory 
response. oGd/r led to a significant decrease in Sod 
activity and CAT levels, but significantly increased MDA 
levels compared with the control. OSR treatment signifi‑
cantly enhanced the levels of SOD and CAT and significantly 
reduced the levels of Mda compared with the oGd/r group; 
however, this was significantly reversed by the addition of 
erastin compared with the oGd/r + oSr group (Fig. 6a). 
Furthermore, protein expression levels of the proinflamma‑
tory factors il‑1β and TnF‑α were significantly elevated 
and the protein expression levels of anti‑inflammatory 
factor IL‑10 were significantly decreased following OGD/R 
exposure compared with the control. oSr pretreatment 
significantly reversed the effect of OGD/R on the protein 
expression levels of inflammatory factors compared with 
the OGD/R group (Fig. 6B). However, erastin significantly 
reversed the effects of OSR on the aforementioned inflam‑
matory factors compared with the oGd/r + oSr group. 
Furthermore, OGD/R significantly increased protein expres‑
sion levels of inoS, coX‑2 and p‑p65 compared with the 
control. However, OSR significantly inhibited the expression 

levels of these proteins compared with the oGd/r group and 
this inhibitory effect was significantly reversed following 
treatment with erastin compared with the oGd/r + oSr 
group (Fig. 6c).

Discussion

cerebrovascular disease is one of the primary conditions 
associated with notable risk to human health and survival (16). 
Cerebral ischemia results in decreased cerebral blood flow and 
insufficient blood oxygen supply to brain tissue due to vascular 
thrombosis, resulting in brain cell damage (17,18). Therefore, 
it is of importance to restore blood flow to the ischemic 
area as soon as possible using thrombolytics or mechanical 
recanalization (19). However, while recanalizing occlusive 
cerebrovascular arteries, these treatments often aggravate 
the pathological damage to ischemic tissue and the nervous 
system and worsen the clinical symptoms, a well‑established 
concept termed cerebral i/r injury (20). in the present study, 
the effect of oSr on protecting against cerebral i/r injury was 
assessed using a cerebral i/r injury model in vivo and in vitro 
and it was demonstrated that the protective role of oSr may 

Figure 5. erastin decreases the protective effect of oSr on cellular viability in oGd/r‑induced cells. (a) Viability of oGd/r‑induced cells treated with or 
without OSR and/or Erastin were assessed using Cell Counting Kit‑8 assay. (B) Apoptosis rate was assessed using TUNEL assay and then (C) quantified. 
Scale bar, 50 µm. (D) Protein expression levels of Bax and Bcl‑2 were semi‑quantified using western blotting. Data are presented as mean ± SD. Comparisons 
between multiple groups were performed using one‑way anoVa followed by Bonferroni's post hoc test for multiple comparisons. *P<0.05, **P<0.01 and 
***P<0.001. oGd/r, oxygen‑glucose deprivation/reoxygenation; oSr, oxysophoridine.
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be associated with inhibition of ferroptosis mediated by the 
Tlr4/p38MaPK signaling pathway.

Studies have reported that Traditional chinese Medicine 
can intervene in the pathological process of cerebral i/r injury 
by affecting multiple targets and/or pathways. For example, 
galangin represses the ferroptosis in hippocampal tissue of 
gerbils by activating the Slc7a11/GPX4 axis, thus protecting 
against cerebral i/r injury (21). Wang et al hypothesized that 
schizandrin protects neurons from cerebral ischemia by regu‑
lating the AMPK‑mTOR pathway (22). The above findings 
suggested TcM possesses unique advantages and potential in 
the treatment of cerebral i/r injury. oSr is an alkaloid found 
in Sophora alopecuroides L, that has extensive anti‑inflam‑
matory and anti‑apoptotic properties and has been reported to 
exhibit protective effects in spinal cord, brain and hippocampal 
neuron injury induced by i/r (12,23). rui et al (24) reported 
that oSr markedly decreases neurological deficit score, 
neuronal damage and apoptosis and is therefore regarded as 
a potential neuroprotective agent for cerebral ischemia injury. 
Wang et al (25) evaluated the effects of oSr in decreasing 

ischemic cerebral injury using an Mcao mouse model and 
reported that the neuroprotective effect of oSr was associ‑
ated with inhibition of oxidative stress and apoptosis. in the 
present study, it was demonstrated using hematoxylin and 
eosin and TTc staining that oSr decreased brain injury and 
inhibited neuronal apoptosis based on significantly decreased 
Bax protein expression levels and significantly increased Bcl‑2 
protein expression levels in i/r‑induced rats and hippocampal 
neuronal HT22 cells, which was consistent with previous 
reports (24,25).

The activation of innate immune receptors such as 
Tlrs serves an important role in induction of inflam‑
matory responses; Tlr4 was the first mammalian Tlr 
recognized (26). Previous studies have reported that Tlr4 
expression is upregulated following cerebral i/r and that this 
is alleviated in TLR4‑deficient mice (27,28). A case of previous 
study has also reported that oSr exerts antioxidant and 
anti‑inflammatory effects in Alzheimer's disease by targeting 
the Tlr4/nF‑κB signaling pathway and TLR4‑specific inhib‑
itor TaK‑242 effectively enhances the effects of oSr (23). 

Figure 6. Erastin decreases the inhibitory effect of OSR on OGD/R‑induced oxidative stress and inflammatory response. (A) Levels of SOD, MDA and CAT 
were assessed using specific detection kits. (B) Protein expression levels of IL‑1β, TnF‑α and il‑10 were assessed using eliSa. (c) Protein expression levels 
of iNOS, COX‑2, p‑p65 and p65 were semi‑quantified using western blotting. Data are presented as mean ± SD. Comparisons between multiple groups were 
performed using one‑way anoVa followed by Bonferroni's post hoc test for multiple comparisons. **P<0.01 and ***P<0.001. oSr, oxysophoridine; oGd‑r, 
oxygen‑glucose deprivation/reoxygenation; Sod, superoxide dismutase; Mda, malondialdehyde; caT, catalase; inoS, inducible nitric oxide synthase; 
coX‑2, cyclooxygenase 2; p, phosphorylated.
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another study reported that TaK‑242 serves a neuroprotec‑
tive and anti‑ferroptotic role by inhibiting Tlr4/p38MaPK 
signaling in hypoxic‑ischemic brain injury (29). in the present 
study, i/r or oGd/r treatment induced production of Tlr4, 
MyD88 and p‑p38, but OSR significantly decreased expression 
levels of these proteins, which suggested that oSr exerted an 
inhibitory effect on the Tlr4/p38MaPK signaling pathway in 
cerebral i/r injury.

Ferroptosis is a modulated form of cell death characterized 
by lethal iron‑dependent accumulation of lipid peroxides and 
is involved in several types of brain disease, including cere‑
bral i/r (30). Guan et al (31) reported that carvonol exerts a 
neuroprotective effect on i/r‑induced hippocampal neuronal 
injury by alleviating ferroptosis. Guo et al (32) reported that 
carthamin yellow protects rats against cerebral i/r injury by 
inhibiting inflammation and ferroptosis in a MCAO model. 
In the present study, I/R and OGD/R significantly increased 
roS, aTP, Fe2+, ACSL4 and TFR1 levels and significantly 
decreased FTH1 and GPX4 levels, thereby inducing neuronal 
ferroptosis. oSr inhibited expression of ferroptosis‑asso‑
ciated proteins, attenuated oxidative stress, decreased the 
pro‑inflammatory response and ameliorated activation of 
hippocampal neuronal ferroptosis. However, Tlr4 over‑
expression and treatment with the p38MaPK activator 
anisomycin both significantly exacerbated oGd‑induced 
oxidative stress and ferroptosis, which suggested that the 
Tlr/p38MaPK signaling pathway mediated the ferroptotic 
process following i/r and oGd/r exposure and that this 
signaling pathway was regulated by oSr. in the study, the 
effects of Tlr4/p38MaPK overexpression on oGd‑induced 
ferroptosis in oSr‑treated cells were evaluated but the 
effects of this pathway on oGd/r‑induced viability, oxida‑
tive stress and inflammatory response in OSR‑treated cells 
was not assessed. Moreover, there was a lack of validation at 
the mitochondrial level and there was no detection of lipid 
peroxidation products. Further work is required to evaluate 
the effect of Tlr4/p38MaPK on other functional roles in 
oGd/r‑induced neuronal cells with or without oSr, verify 
the results of the present study at the mitochondrial level and 
detect lipid peroxidation products.

in conclusion, the results of the present study indicated 
that oSr attenuated brain injury and neuronal apoptosis, 
oxidative stress and inflammatory response in cerebral I/R 
injury by inhibiting ferroptosis. Moreover, oSr decreased 
oGd/r‑induced neuronal ferroptosis by inactivation of the 
Tlr4/p38MaPK signaling pathway.
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