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Background: The 4-hydroxysesamin (4-HS, a di-tetrahydrofuran lignin) is a modified sesamin that was prepared in the laboratory. 
This preclinical study was designed to preliminarily investigate the neuroprotective properties of 4-HS.
Methods: In vitro, neuronal injury and inflammation were simulated by oxygen-glucose deprivation and lipopolysaccharide (LPS) exposure in 
mouse hippocampal neuronal HT22 cell line, and treated with 4-HS and/or metformin (MET, MAPK pathway activator for exploring mechanism). 
CCK-8, flow cytometry, and enzyme-linked immunosorbent assay were performed to evaluate cell viability, apoptosis, and inflammation. 
Apoptosis- and pathway-related proteins were detected by Western blotting. Middle cerebral artery occlusion (MCAO) was constructed as 
a stroke model and treated with 4-HS for in vivo confirmation. Histological staining was used for in vivo evaluation of 4-HS properties.
Results: The 4-HS showed similar anti-inflammatory activity to sesamin but did not affect the cell viability of HT22 cells. In vitro, 4-HS 
improved the cell viability, ameliorated neuronal apoptosis, along with the reversion of apoptotic proteins (Bax, cleaved-caspase 3/9, Bcl-2) 
expression and inflammatory cytokines (IL-6, TNF-α, IL-10) in LPS-treated HT22 cells. The 4-HS suppressed the phosphorylation of ERK, 
JNK, and p38 but the addition of MET reversed 4-HS-induced changes of phenotype and protein expression in LPS-treated cells. In vivo, 
4-HS showed apparent improvement in cerebral infarction, brain tissue morphology, neuronal architecture, apoptosis, and inflammation of 
MCAO mice, and also showed inhibiting effects on the phosphorylation of ERK, JNK, and p38, confirming in vivo results.
Conclusion: In this first pre-clinical study on 4-HS, we preliminarily demonstrated the neuroprotective properties of 4-HS both in cell 
and animal models, and proposed that the underlying mechanism might be associated with the MAPK pathway.
Keywords: sesamin, 4-hydroxysesamin, middle cerebral artery occlusion, ischemic stroke, neuronal apoptosis

Introduction
Stroke is the leading cause of long-term disability and affects about 15 million people each year, being a huge and increasing 
global health challenge.1,2 Globally, ischemic stroke represents ~87% of total strokes3 and currently has been the main concern 
in stroke research.4 More critically, the global stroke burden continues to increase globally, especially in developing 
countries.5,6 Despite the past decade has seen advances in treatment options, the available treatments for ischemic stroke 
are extremely limited.7 Therefore, any alternative therapy likely to improve the outcome of stroke would be a valuable asset.

Experimental findings have defined the pathogenic mechanisms involved in stroke injury, promoting the development of 
various agents that target the related injury pathways.8 From the perspective of pathogenic mechanism, a complex series of 
pathophysiological events including apoptosis, oxidative stress, and inflammation contribute to cerebral injury after ischemic 
stroke.9,10 Among them, apoptosis and inflammation, which occur in the penumbra, is currently one main targeting pathogenic 
process of most neuroprotective agents commonly used or in development.8,11 Nevertheless, most neuroprotective agents failed 
to translate in clinical settings.12

Sesamin, a furofuran lignan isolated from Sesamum indicum L. seeds., is known to possess anti-oxidant, anti-inflammatory, 
and neuroprotective properties.13,14 As a potential natural therapeutic lignan, several in vitro and in vivo studies have illustrated 
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its pharmacological activity in various diseases, such as ischemic brain stroke,15 rheumatoid arthritis,16 and breast cancer.17 

Recent clinical results have also demonstrated the anti-inflammatory properties of sesamin supplementation in rheumatoid 
arthritis,18 type 2 diabetes.19 However, until now, its application is still limited in clinical practice maybe due to low bioavail-
ability and the limited level of activity. The 4-hydroxysesamin (4-HS, a di-tetrahydrofuran lignin) is a modified sesamin that was 
prepared in the laboratory. The pharmacological activity of 4-HS has not been explored widely.

To date, numerous studies have demonstrated the vital role of mitogen-activated protein kinases (MAPKs) (including 
ERK, JNK and p38) in the pathogenesis and development of ischemic stroke.20 The p38, as a main sub-group of MAPK 
superfamily, serves as a nexus for signal transduction, involving in a wide variety of biological processes, such as inflamma-
tion, proliferation, and apoptosis.21 Previous studies have indicated that the p38 MAPK inhibition is beneficial for treatment of 
neurological disorders.22,23 Furthermore, the natural lignans have been widely accepted to provide neuroprotection and anti- 
inflammatory by inhibiting p38 MAPK pathway.14,24 Therefore, this preclinical study was designed to investigate neuropro-
tective properties of 4-HS in the middle cerebral artery occlusion (MCAO) model and to explore the molecular signaling 
pathways underlying these effects.

Materials and Methods
Cell Line and Agents
The mouse hippocampal neuronal HT22 cell line was obtained from Procell Life Science & Technology Co., Ltd. 
(Wuhan, China). The cell line was not cross-contaminated, as identified by polymorphic short tandem repeat (STR) 
authentication. Sesamin was purchased from MedChemExpress (MCE) LLC (New Jersey, USA). The experimental 
agent 4-HS was provided by Professor S. Zhang (State Key Laboratory of Bioactive Substances and Functions of 
Natural Medicines, Institute of Materia Medica, Chinese Academy of Medical Sciences & Peking Union Medical 
College, Beijing). Both sesamin and 4-HS were prepared in dimethyl sulfoxide (DMSO, MCE LLC, USA). 
Lipopolysaccharide (LPS, used for in vitro simulation of neuronal inflammation) and metformin hydrochloride 
(MET, as MAPK pathway activator) were purchased from Sigma-Aldrich® Merck KGaA, USA.

Cell Culture, Oxygen-Glucose Deprivation and Treatments
HT22 cell line was cultured in Dulbecco’s modified Eagle’s medium (DMEM) medium, supplementing with 10% 
fetal bovine serum and 1% penicillin/streptomycin. The culture condition was a temperature of 37 °C and an air 
atmosphere of 5% CO2/95%. The resuscitated cells were used for following in vitro experiments after twice 
subculturing. To mimic ischemic stroke condition in vitro, oxygen-glucose deprivation (OGD) model was estab-
lished in HT22 cells by following procedure. Briefly, cells were cultured in the glucose-free DMEM medium and 
incubated in a hypoxic incubator that maintained a low oxygen tension (5% CO2, 0.1% O2 and 95% N2) at 37°C 
for 2 hours. Then, cultures were allowed to re-oxygenate under normal conditions (37°C, 5% CO2, 95% air) for 
reperfusion. The following in vitro experiments were conducted in OGD-induced HT22 cells.

To investigate the neuroprotective properties of 4-HS, OGD-induced HT22 cells were pre-treated with 4-HS (at 
a concentration of 2.5 to 10 μM) for 1 hour. Then, cells were exposed in LPS (1 μg/mL) to mimic the neuronal inflammation 
in vitro. OGD-induced HT22 cells that pre-treated with DMSO and LPS was set as negative control (NC). HT22 cells that 
pre-treated with 10% DMSO was set as blank control. In addition, to explore the effects of 4-HS on the MAPK pathway, cells 
were also simultaneously treated with 4-HS, LPS, and MET (1 mmol/L). After 24-hour cultivation, cells were collected for 
the following assays: cell viability, flow cytometry, enzyme-linked immunosorbent assay (ELISA), and Western blotting.

Cell Viability Assay
Cell viability was examined using the Cell Counting Kit-8 (CCK-8) method, using a commercialized kit (Beyotime, China). As 
per the manufacturer’s introduction, treated cell lines were seeded in the 96-well plate containing the DMEM culture medium at 
a density of 2×105 cells/well and were incubated at 37°C for 24 hours in a CO2 incubator. After the cultivation, CCK-8 reagent 
(10 μL) was added into each plate well of corresponding groups and thoroughly mixed, followed by another 1-hour incubation. 
The absorbance was finally examined at 450 nm using a microplate reader (µQuant MQX200, Bio-Tek Instruments, USA).
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Flow Cytometry Assay (FCA)
Cell apoptosis was detected using the flow cytometric Annexin V-FITC/PI double staining with the commercialized 
Annexin-VFITC/PI Apoptosis Detection Kit (BD Biosciences, USA) on a FACSAria™ Fusion Flow Cytometers (BD 
Biosciences, USA), following the manufacturer’s instruction. Briefly, all treated cell lines were first seeded in the 96-well 
plate and incubated overnight. After that, samples were incubated with FITC-Annexin V (5 μL) and propidium iodide 
(0.1 μg) for 15 min at room temperature, respectively. Finally, apoptotic rates were profiled through the flow cytometer.

ELISA
The concentrations of interleukin-6 (IL-6), interleukin-10 (IL-10), and tumor necrosis factor-α (TNF-α) in cell culture 
supernatant and serum were detected in the 96-well plate using the commercialized ELISA kits, including Mouse IL-6 
ELISA Kit (ab222503, Abcam), Mouse IL-10 ELISA Kit (ab255729, Abcam), Mouse TNF alpha ELISA Kit (ab208348, 
Abcam). The ELISA procedure was conducted as per the manufacturer’s protocol (Abcam, USA).

Western Blotting
Western blotting for targeting proteins was conducted using the standard procedure. After extracting total proteins from cells 
or tissues with the RIPA lysis buffer solution (Beyotime, China), the concentration of proteins was quantified by the 
bicinchoninic acid method using a commercialized kit (Beyotime, China). Thereafter, followed by the electrophoretic 
separation and the PVDF membrane transfer, Western blotting proceeded using primary antibodies against caspase 9 (Cat. 
40100, 1:1000 dilution, HuaBio-Antibodies), cleaved-caspase 9 (Cat. 60008, 1:1000 dilution, HuaBio-Antibodies), caspase 3 
(Cat. HJ0829, 1:500 dilution, HuaBio-Antibodies), cleaved-caspase 3 (Cat. 3253u12, 1:500 dilution, HuaBio-Antibodies), 
Bcl-2 (Cat. 101717, 1:1000 dilution, HuaBio-Antibodies), Bax (Cat. HO1224, 1:1000 dilution, HuaBio-Antibodies), ERK 
(Cat. HN0810; 1:1000 dilution, HuaBio-Antibodies), p-ERK (Cat. HN1019; 1:1000 dilution, HuaBio-Antibodies), JNK (Cat. 
HO0705; 1:1000 dilution, HuaBio-Antibodies), p-JNK (Cat. HN0525; 1:1000 dilution, HuaBio-Antibodies), p38 (Cat. 
HO0201; 1:1000 dilution, HuaBio-Antibodies), p-p38 (Cat. 80927; 1:1000 dilution, HuaBio-Antibodies), and GAPDH 
(Cat. HO1224, 1:2000 dilution, HuaBio-Antibodies; as loading control), respectively. Subsequently, the PVDF membrane 
was probed with corresponding HRP-linked anti-IgG antibodies as secondary antibodies. Protein bands were finally visualized 
with an enhanced chemiluminescence method and quantified after normalization with the density of loading control GAPDH. 
The band intensity was analyzed with the ImageJ software (National Institutes of Health, USA).

Animals and Treatments
A total of 18 healthy C57BL/6 mice (male; aged 6 weeks; weight 18–20 g) were purchased from the Shanghai Model 
Organisms Center, Inc. (Shanghai, China) and were acclimatized to the laboratory environment for 2 weeks before 
experiments. All mice were kept in standard environmental conditions under a 12-hour light/dark cycle, at a temperature 
of 21–23 °C and a relative humidity of 50–60%. All mice had free access to food and water. Ethical approval for animals 
was obtained from the Ethics Committee of The Second Hospital of Hebei Medical University (Approval No. 2020- 
AE006) before starting the protocol-specified procedure. Any procedures for animals were conducted according to the 
Guide for the Care and Use of Laboratory Animals.

In this study, the MCAO modeling was established as per the standard Zea-Longa method, as previously described.25 

In brief, mice were first anesthetized with pentobarbital sodium (40 mg/kg) and fixed in the supine position. To expose 
the main arteries, a 1-cm skin incision was cut in the midpoint between the left orbit and the external auditory canal. The 
4–0 nylon intraluminal suture was slowly inserted into the internal carotid artery and advanced intracranially to block 
blood flow into the middle cerebral artery. At 24 hours after MCAO modeling, each mouse underwent the neurological 
function assessment to confirm the successful modeling.

For in vivo experiments, a least 5 repeats were necessary, and meanwhile, considering the mortality rate (10%–20%) of mice 
during MCAO modeling, a total of 6 mice were required in each group. Thus, a total of 18 mice were randomly assigned into 3 
groups, including the sham-operated (blank control), MCAO-negative control (NC), and 4-HS treated groups. Mice in the 4-HS 
treated group underwent MCAO modeling and were intraperitoneally injected with 4-HS (15 mg/kg dissolved in 0.1% DMSO) 
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for 4 weeks. The administration route and dose of 4-HS were selected according to Saif Ahmad et al.26 Mice in the sham group 
underwent the same surgical procedures for the MCAO modeling, without the occlusion of the middle cerebral artery and 
intraperitoneally injected with equivalent 0.1% DMSO for 4 weeks. Mice in the MCAO-NC group underwent MCAO modeling 
and were intraperitoneally injected with equivalent 0.1% DMSO for 4 weeks.

Preparation of Brain Tissue and Slices
Five mice per group were euthanized with an intraperitoneal injection of pentobarbital sodium (200 mg/kg). Brain tissues were 
harvested, and parts of brain tissues were post-fixed in 4% paraformaldehyde for 24 hours, paraffin-embedded, and sliced into 
2-mm thick coronal sections for 2, 3, 5-Triphenyltetrazolium chloride (TTC) staining, hematoxylin and eosin (H&E) staining, and 
Nissl staining. The remaining brain tissues were frozen and stored at −80°C until the Western blotting assay of targeted proteins.

TTC Staining
The paraffin sections were stained with 2% TTC solution at 37°C for 30 min and kept in dark. Thereafter, the stained 
sections were photographed with a digital camera and the infarct area was analyzed with the ImageJ software (National 
Institutes of Health, USA). The area of infarct (white-stained area) and non-infarct area (red-stained area) was calculated 
and expressed as the percentage (%) of infarct volume in total cerebral tissue.

H&E Staining and Nissl Staining
The paraffin-embedded brain sections were firstly deparaffinized and rehydrated, then they were stained with hematox-
ylin and eosin (Beyotime, China) for H&E staining, or Nissl staining solution (Beyotime, China) for Nissl staining. After 
dehydration in a series of alcohol solutions with increasing concentrations, sections were treated with mounting medium. 
Finally, the stained sections were examined under a microscope (OLYMPUS, Japan).

TUNEL Staining
TUNEL staining was performed on paraffin-embedded sections by using the One Step TUNEL Apoptosis Assay Kit 
(Beyotime, China). According to manufacturer’s protocol, after deparaffinization and rehydration, sections were exposed 
in TUNEL solution for 30 min, followed by DAPI staining. TUNEL-positive cells were examined under a fluorescence 
microscope (OLYMPUS, Japan).

Statistical Analysis
Data were expressed as the mean and the standard error of the mean (SEM) of at least three independent repeats. All 
in vitro experiments were repeated in triplicate and in vivo experiments were repeated on 5 mice in each group. The 
between-group comparisons were performed by one-way analysis of variance followed by Tukey’s multiple-comparison 
test. All statistical analyses were conducted using the GraphPad Prism software package v8.0 (GraphPad Software, San 
Diego, CA, USA). The p-values less than 0.05 were considered statistically significant.

Results
4-HS Attenuates the Neuronal Apoptosis and Inflammation in LPS-Treated 
Hippocampal Neuronal Cells
The 2D chemical structure and 3D conformer of 4-HS (PubChem CID: 5318999) that were retrieved from the PubChem 
(https://pubchem.ncbi.nlm.nih.gov) is displayed in Figure 1A. In the pre-experiments, we first compared the anti- 
inflammatory activity of 4-HS with that of sesamin in OGD-induced cells, which demonstrated the non-inferiority of 4-HS 
to sesamin, as evidenced by the similar effects on IL-6, TNF-α, and IL-10 (Figure 1B). Specifically, 4-HS decreased the levels 
of pro-inflammatory cytokines (IL-6 and TNF-α) and increased the levels of anti-inflammatory cytokine IL-10 in LPS-treated 
cells (Figure 1B). Meanwhile, a modified natural compound, 4-HS alone was confirmed to not affect the cell viability of HT22 
cells (Figure 1C), supporting further investigation. As shown in Figure 1D, 4-HS significantly improved the cell viability in the 
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Figure 1 4-HS attenuates the neuronal apoptosis and inflammation in LPS-treated hippocampal neuronal cells. (A) The 2D chemical structure and 3D conformer of 4-HS 
retrieved from the PubChem (CID: 5318999); (B) Compare the anti-inflammatory activity of 4-HS and sesamin by ELISA in OGD/LPS-treated cells; (C) Effects of 4-HS alone 
on cell viability of HT22 cells tested by CCK-8 assay; (D) Effects of 4-HS on cell viability of OGD/LPS-treated cells tested by CCK-8 assay; (E) Effects of 4-HS on neuronal 
apoptosis of OGD/LPS-treated cells examined by flow cytometry assay; (F) Western blotting for the apoptosis-related proteins and quantitative data of relative expression 
were shown; Data are expressed as mean ± SEM of three independent repeats. *** p<0.0001. 
Abbreviations: IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α; DSMO, dimethyl sulfoxide; 4-HS, 4-hydroxysesamin; OGD, oxygen-glucose 
deprivation; LPS, lipopolysaccharide; NC, negative control.
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OGD/LPS-treated hippocampal neuronal cells in a dose-dependent manner. Accordingly, the relatively high concentration of 
4-HS (10 μM) was selected for the subsequent in vitro experiments.

FCA showed that LPS induced significant neuronal apoptosis in OGD-induced cells compared to the control group, 
but that was ameliorated by 4-HS (Figure 1E). Western blotting for apoptosis-related proteins also revealed that 4-HS 
inhibited the expression of pro-apoptotic protein Bax and the activation of cleaved-caspase 3/9, while increased the 
expression of the anti-apoptotic protein Bcl-2 (Figure 1F). Collectively, these results demonstrated that 4-HS might have 
neuroprotective properties by preventing neuronal apoptosis and inflammation.

4-HS Presents Neuroprotective Properties by Inhibiting the p38 MAPK Pathway
As the p38 MAPK pathway appears to play a major role in apoptosis and has been causally implicated in neurological 
disorders, it here was selected as a targeted downstream signal. As expected, after adding the MAPK pathway activator MET, 
the apoptosis rate was significantly increased compared to 4-HS treatment (Figure 2A). Meanwhile, the MET addition 
reversed the 4-HS-induced downregulation of Bax and upregulation of Bcl-2 (Figure 2B). Regarding the inflammatory 
cytokines, a similar tendency was observed that MET increased the levels of IL-6 and TNF-α, while decreased the level of IL- 
10 compared to 4-HS treatment (Figure 2C). Further, as shown in Figure 2D, 4-HS suppressed the phosphorylation of ERK, 

Figure 2 4-HS presents neuroprotective properties by inhibiting p38 MAPK pathway. (A) After the 4-HS and MET exposure, neuronal apoptosis of OGD/LPS-treated cells 
was examined by flow cytometry assay; (B) Western blotting for the apoptosis-related proteins and quantitative data of relative expression were shown; (C) After the 4-HS 
and MET exposure, the inflammation of OGD/LPS-treated cells tested by ELISA; (D) Western blotting for pathway-related proteins and quantitative data of relative 
expression were shown. Data are expressed as mean ± SEM three independent repeats. *** p<0.0001. 
Abbreviations: 4-HS, 4-hydroxysesamin; OGD, oxygen-glucose deprivation; LPS, lipopolysaccharide; BC, blank control; NC, negative control; MET, metformin hydro-
chloride; IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α.
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JNK, and p38 in OGD/LPS-treated cells, which were expectedly reversed by MET. In summary, the data suggested that 4-HS 
alleviated neuronal apoptosis and inflammation by inhibiting the p38 MAPK pathway.

In vivo Confirmation for the Neuroprotective Properties of 4-HS in MCAO Model
To confirm the in vivo neuroprotective properties of 4-HS, MCAO mice were constructed as stroke models and 
intraperitoneally administrated with 4-HS. As shown in Figure 3A, an obvious cerebral infarction in the TTC staining 

Figure 3 In vivo confirmation for the neuroprotective properties of 4-HS in MCAO model. (A) Representative TTC staining images for brain tissues and quantitative data of 
infarct volume percentage were shown (n=5 in each group); (B) Representative H&E and Nissl staining images for brain tissues were shown (n=5 in each group); (C) 
Representative TUNEL staining images for brain tissues and quantitative data were shown (n=5 in each group); (D) The in vivo anti-inflammatory activity of 4-HS in MCAO 
mice was verified by ELISA (n=5 in each group); (E) Western blotting for the apoptosis-related proteins and quantitative data of relative expression were shown (n=5 in each 
group); (F) Western blotting for pathway-related proteins in MCAO mice and quantitative data of relative expression were shown (n=5 in each group). Data are expressed 
as mean ± SEM of five independent repeats. *** p<0.0001; ** p<0.001. 
Abbreviations: MCAO, Middle cerebral artery occlusion; 4-HS, 4-hydroxysesamin; NC, negative control.
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was seen in the MCAO mice, indicating the successful construction of the stroke model. After the 4-HS treatment, we 
observed an apparent improvement in cerebral infarction, manifesting as a significant decrease in infarct volume in 
MCAO mice (Figure 3A). Meanwhile, the HE staining revealed that 4-HS treatment improved the neuronal injury in 
MCAO rats, as evidenced by a more organized cellular arrangement and an overall improvement in tissue structure in the 
4-HS-treated MCAO rats (Figure 3B). Nissl staining showed that the disintegrated and disappeared Nissl bodies in 
MCAO rats reappeared and increased after 4-HS treatment (Figure 3B). Further, TUNEL staining revealed that 4-HS 
treatment significantly decreased the TUNEL-positive cells in MCAO rats, indicating the improvement of apoptosis 
(Figure 3C). The ELISA also verified the anti-inflammatory property of 4-HS since 4-HS treatment decreased the levels 
of IL-6 and TNF-α but increased the level of IL-10 in MCAO mice (Figure 3D). By Western blotting for apoptosis- 
related proteins, the inhibition of pro-apoptotic protein Bax expression and cleaved-caspase 3/9 activation, as well as the 
increase of anti-apoptotic protein Bcl-2 expression were found by the 4-HS treatment in MCAO mice (Figure 3E). 
Meanwhile, Figure 3E confirms the inhibitory effects of 4-HS on the p38 MAPK pathway, as evidenced by the decreased 
phosphorylation of ERK, JNK, and p38. Overall, the in vivo finding suggested that 4-HS demonstrated neuroprotective 
properties of 4-HS by alleviating neuronal apoptosis and inflammation via the p38 MAPK pathway in the stroke model.

Discussion
Despite the natural phytochemical compound sesamin has been generally recognized as a therapeutic lignan in various 
diseases based on the robust preclinical and clinical evidence,13,27 the poor water solubility of sesamin has considerably 
limited its release efficiency and bioavailability.28 Thus, numerous efforts have been devoted to enhancing their solubility 
and permeability. The 4-HS was modified by a laboratory by introducing more hydroxyls, which structurally contribute 
to higher solubility in water. Here, in this first pre-clinical study on 4-HS, we preliminary demonstrated the neuropro-
tective properties of 4-HS in the stroke model and revealed its possible mechanisms that 4-HS suppressed neuronal 
apoptosis and inflammation by inhibiting the p38 MAPK pathway.

The most striking result of our study was the confirmation of the neuroprotective properties of the modified 4-HS in stroke 
models, proposing a potential therapeutic lignan. It is well known that the low cellular toxicity of natural compounds and the 
possibility of their long-term usage are important for various therapeutic areas, highlighting the essentiality of toxicity 
screening in the early stages of drug development.29 In this study, we preliminarily confirmed that the 4-HS showed no cellular 
toxicity, supporting the further investigation of its activity against the disease and the potency. On this basis, the CCK-8 and 
FCA analyses first revealed the improvement effects of 4-HS on cell viability, manifesting as the increased cell activity and 
decreased neuronal apoptosis after 4-HS treatment. Moreover, both the in vitro and in vivo ELISA results demonstrated that 
4-HS suppressed the proinflammatory cytokines TNF-α and IL-6, but increased the anti-inflammatory cytokine IL-10, 
implying the anti-inflammation activity of 4-HS. These above results were generally consistent with that of sesamin.15,30,31 

Meanwhile, the neuroprotective properties of 4-HS were further supported by in vivo experiments, which demonstrated 
a marked improvement in cerebral infarction, brain tissue morphology, neuronal architecture, and neuronal apoptosis, after 
4-HS treatment in the histological staining. Additionally, in the Western blotting, the 4-HS was observed to inhibit the pro- 
apoptotic protein Bax and the activation of cleaved-caspase 3/9, while increased the anti-apoptotic protein Bcl-2, further 
confirming its inhibiting effect on the neuronal apoptosis. Collectively, the present study demonstrated the protective effects of 
4-HS on stroke, which were found to be attributed to its anti-apoptosis and anti-inflammatory activities. Despite the 
investigation on 4-HS is relatively superficial, the extensive evidence on the neuroprotective effects of natural sesamin on 
various neurodegenerative disorders might support our present finding.32

Identifying the potential targets is also the pivotal step for drug discovery.33 Based on extensive pre-clinical findings, 
the p38 MAPK pathway plays a crucial part in apoptosis, transcriptional regulation, cytokine production, and cytoskeletal 
reorganization in various diseases.34 Meanwhile, the natural sesamin has also been proven to suppress the phosphoryla-
tion of the p38 MAPK signaling pathway in previous studies.35,36 Accordingly, in this study, the p38 MAPK pathway 
was first investigated as the downstream signaling of 4-HS. Consistent with the findings of sesamin,35–37 4-HS indeed 
significantly inhibited the phosphorylation of ERK, JNK, and p38, accompanied by the decrease of neuronal apoptosis, 
inflammation, and neural injury, suggesting the impaired activation of the p38 MAPK pathway in the 4-HS-induced 
neuroprotective function. Meanwhile, the addition of p38 MAPK pathway activator MET significantly reversed the 
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effects of 4-HS, as evidenced by the aggravation in neuronal apoptosis and inflammation after MET treatment, which 
further supported the participation of p38 MAPK in the neuroprotective step of 4-HS. Indeed, a wide range of pre-clinical 
studies have also demonstrated that the inhibition of the p38 MAPK pathway provides neuroprotection in experimental 
cerebral ischemia since it could be involved in the apoptosis process via the regulation of mitochondrial pro-apoptotic 
proteins.23,38 Thus, this fact further supported the neuroprotection of 4-HS in experimental stroke. On the basis of in vitro 
and in vivo results, our investigation suggests a potential neuroprotective lignan for the treatment of ischemic stroke and 
provides a new insight into the association between 4-HS and the p38 MAPK pathway.

Despite the encouraging findings for the 4-HS, several limitations need to be recognized in this first, preliminary, pre- 
clinical study. Firstly, as a typical of pre-clinical study, all findings were from cells or animal models, which cannot 
reflect clinical results and translate to clinical practice. Additionally, the study is preliminary with a limited sample size, 
and the detailed mechanism has yet to be illustrated. Validating our results in more samples or other models will 
determine whether the 4-HS represents an effective therapeutic or dietary strategy for stroke.

Conclusion
In summary, this study represents the first verification of the neuroprotective effects of 4-HS in vitro and in vivo. These 
findings demonstrated that the 4-HS suppressed neuronal apoptosis and inflammation by inhibiting the p38 MAPK 
pathway in the MCAO model, suggesting that the 4-HS might be a potential therapeutic lignan for ischemic stroke or 
a dietary strategy to prevent disease progression. Given the preliminary nature of this pre-clinical investigation into 4-HS, 
there exist untapped potentials and more potent properties awaiting exploration for this agent. The insights gained from 
this study pave the way for further research avenues aimed at unraveling the full spectrum of 4-HS’s therapeutic 
capabilities, opening new vistas for future investigations and potential clinical applications.

Abbreviations
4-HS, 4-hydroxysesamin; MCAO, middle cerebral artery occlusion; STR, short tandem repeat; DMSO, dimethyl 
sulfoxide; OGD, oxygen-glucose deprivation; LPS, lipopolysaccharide; MET, metformin hydrochloride; DMEM, 
Dulbecco’s modified Eagle’s medium; ELISA, enzyme-linked immunosorbent assay; CCK-8, Cell Counting Kit-8; 
FCA, flow cytometry assay; IL-6, interleukin-6; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α; NC, negative 
control; TTC, Triphenyltetrazolium chloride; SEM, standard error of the mean.
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