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Objective: Obacunone (OB) possesses anti-inflammatory, antioxidant, and anticancer properties. This study aimed to investigate the 
neuroprotective effects of OB in ischemic stroke, and to elucidate the underlying mechanisms.
Methods: Primary microglia were preincubated with OB for 2 h, followed by lipopolysaccharide (LPS) stimulation for either 3 or 
24 h. The levels of inflammatory cytokines in primary microglia were assessed via real-time PCR, enzyme-linked immunosorbent 
assay (ELISA), and Western blot. The activation of the mitogen-activated protein kinase/nuclear factor kappa B (MAPK/NF-κB) 
signaling pathway was evaluated via immunofluorescence staining and Western blot. For in vivo experiments, 8-week-old male 
C57BL/6J mice were randomly assigned to 4 groups: the sham-operated group, the middle cerebral artery occlusion (MCAO) model 
group and the MCAO group treated with OB (5 mg/kg/day and 10 mg/kg/day), and the sham-operated and MCAO model groups 
received an equivalent volume of vehicle. The neurological deficits and memory functions were evaluated by a cassette of behavior 
tests. 2,3,5-Triphenyl tetrazolium chloride (TTC) staining and Evans blue staining were performed to evaluate infarct size and blood- 
brain barrier permeability. Additionally, network pharmacology and molecular docking predicted mitogen-activated protein kinase 1 
(MAPK1) as a potential target of OB, and this interaction was validated via surface plasmon resonance (SPR), cellulase thermal shift 
assay (CETSA), and drug affinity responsive target stability (DARTS) experiments.
Results: OB effectively inhibited the activation of the MAPK/NF-κB pathway and reduced microglia-mediated inflammatory cytokine 
production both in vitro and in vivo. In addition, OB attenuated ischemic brain injury in MCAO mice and improved memory function 
30 days after MCAO. Moreover, OB directly bound to MAPK1, with ARG-146 as the critical binding site.
Conclusion: Our findings suggest that OB binds to MAPK1 and alleviates neuroinflammation and ischemic injury, making it 
a potential therapeutic agent for ischemic stroke.
Keywords: obacunone, ischemic stroke, microglia, neuroinflammation, mitogen-activated protein kinase 1

Introduction
Ischemic stroke has emerged as the third leading cause of death in China, leading to significant impairments in motor 
function, cognition, and overall quality of life.1,2 This alarming statistic underscores its contribution to the national 
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disease burden and highlights the urgent need for effective preventive strategies. Currently, the primary clinical 
interventions for ischemic stroke include intravenous thrombolysis and endovascular intervention. However, their 
effectiveness is highly time-dependent. The pathogenesis of ischemic stroke primarily involves the following mechan
isms: neuroinflammation, oxidative stress, and excitotoxicity.3 Neuroinflammation plays a pivotal role in exacerbating 
neuronal injury poststroke by activating immune pathways.4 Microglia serve as central innate immune responders and are 
among the first cells activated during an inflammatory response following brain injury. Upon poststroke activation, 
microglia undergo rapid morphological changes characterized by increased cell body size and process retraction, which 
continuously release proinflammatory cytokines such as interleukin-1 beta (IL-1β), interleukin-6 (IL-6), tumor necrosis 
factor alpha (TNF-α), and reactive oxygen species (ROS).5 A cascade of inflammatory responses leads to local tissue 
damage, as well as potential disturbances in distant neural circuits through systemic inflammation pathways.6,7 Therefore, 
modulating microglial activation is a potential strategy for treating ischemic stroke. Our group has identified that 
ischemic penumbra-associated microglia (IPAMs) alleviate ischemic brain injury by producing a variety of inflammation- 
resolving metabolites and secreting myeloid-promoting cytokines.8 Furthermore, we identified several chemicals, 
including AZD1390 and Imperatorin, that attenuate neuroinflammation and ischemic injury in MCAO mice.9,10

Obacunone (OB), a monomer derived from compounds extracted from citrus plants, has anti-inflammatory, analgesic, 
antibacterial, and antiviral properties. OB has been reported to demonstrate anti-inflammatory effects in various 
pathological models, including those of colitis, nonalcoholic steatohepatitis (NASH) and osteoporosis.11–13 Notably, 
OB reduces glutamate-induced neurotoxicity in primary rat cortical and hippocampal neurons,12 indicating that obacu
none might be protective in neurological disorders. In this study, we revealed that OB inhibited microglia-mediated 
neuroinflammation and mitigated the infarct volume and memory deficits in ischemic stroke. In addition, OB directly 
bound to the ARG-146 site of MAPK1, and inhibit the neuroinflammation, suggesting a neuroprotective role of OB in 
ischemic stroke.

Materials and Methods
Reagents
Obacunone (CAS: 751-03-1, purity: 98%) was purchased from TargetMol Chemicals, Inc. (Shanghai, China), and 
lipopolysaccharide (LPS) was obtained from MCE (Escherichia coli O55:B5, USA). Obacunone was dissolved in 0.1% 
dimethyl sulfoxide (DMSO, Amresco, Solon, OH, USA) for in vitro experiments and in a solution of 10% DMSO, 40% 
PEG300, 5% Tween-80 and 45% physiological saline for in vivo studies, according to the manufacturer’s instructions.

Cell Culture
Primary microglia were prepared as previously described.14 Briefly, the cerebral cortex of newborn C57BL/6J mice was 
dissected and purified to isolate primary microglia. These microglia were cultured in medium consisting of 90% 
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Frederick, MD, USA), 10% fetal bovine serum (FBS, 
HyClone, Logan, UT), and 100 U/mL antibiotics in 75 cm2 T flasks at 37°C in a humidified environment containing 5% 
CO2 for a period of 10 days. Following this incubation, the mature primary microglia were shaken gently for 3 min to 
facilitate suspension, after which they were seeded into 6- or 12-well plates.

Human Embryonic Kidney 293 cells (HEK-293T; ATCC, CRL-11268) and BV2 microglial cells were obtained from 
the China Infrastructure of Cell Line Resources (Beijing, China). The cells were maintained in medium containing 90% 
DMEM (Invitrogen, Frederick, MD, USA), 10% FBS (HyClone, Logan, UT), and 1% antibiotics (100 U/mL penicillin 
and 100 μg/mL streptomycin).

Cell Counting Kit-8 (CCK-8) Cell Viability Assay
A CCK8 (Dojindo Laboratories, Tokyo, Japan) was used to assess cell viability. Primary microglia were seeded in 96- 
well plates and incubated with various concentrations of OB for 24 h. Subsequently, the culture medium in each well was 
replaced with a mixture of the CCK8 reagent and culture medium at a 10:1 ratio. After the samples were incubated for 
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2–4 h, the absorbance of each well was measured at a wavelength of 450 nm via an enzyme-linked immunosorbent assay 
reader.

OB Treatment
For in vitro experiments, primary microglia were stimulated with LPS (100 ng/mL) to secrete inflammatory factors and 
were divided into the following groups: the control, LPS, and OB treatment groups (OBs: 10 μM, 25 μM and 50 μM). 
Primary microglia were pretreated with OB for 2 h and stimulated with LPS for 3 or 24 h.15 For in vivo experiments, the 
mice were randomly divided into the following groups: the sham-operated, MCAO, and OB treatment groups. For short- 
term experiments, animals in the OB group received intraperitoneal injections of OB (5 or 10 mg/kg/day) for three 
consecutive days, whereas those in sham-operated and MCAO model groups were administered an equal volume of 
vehicle without OB. To evaluate long-term effects, the same dosing regimen was extended to 30 days in the OB group.

Animals and Experimental Models
Eight-week-old male C57BL/6J mice (weighing approximately 20 g) were purchased from Nanjing Gempharmatech 
(Nanjing, China). The animal model used in this study was reviewed and approved by Nanjing Drum Tower Hospital, 
Medical School of Nanjing University (approval number: 2023AE01067), performed according to the Guidelines for the 
Ethical Review of Laboratory Animal Welfare (GB/T 35892–2018) and the General Requirements for Laboratory Animal 
Experiments (GB/T 35823–2018) of the People’s Republic of China. The MCAO model was constructed as follows: 
Mice were anesthetized with 2.5% Avertin (100–200 μL/10 g, i.p. Sigma-Aldrich). An incision was made in the middle 
of the neck, and the surrounding tissues were isolated. The common, external, and internal carotid arteries were examined 
under a microscope. A 1.5-cm-long 6-0 nylon thread plug (Docol Corporation, MA, USA) with silicone was carefully 
inserted from the external carotid artery into the internal carotid artery up to the beginning of the middle cerebral artery, 
with the plug inserted approximately 10 ± 0.5 mm to ensure proper embolization. Cerebral blood flow was monitored via 
a laser Doppler flowmetry device (Perimed Corporation, Stockholm, Sweden), and the plug was removed after 60 min of 
occlusion to restore the blood flow of the middle cerebral artery.16 The body temperature of the mice was maintained at 
37°C throughout the procedure.

The animals were randomly assigned to the sham, MCAO, or OB treatment groups via a computer-generated 
randomization schedule. All behavioral tests and the analyses of all outcome measures (including 2,3,5-triphenyltetra
zolium chloride (TTC) staining, Evans blue quantification, and immunofluorescence) were conducted by experimenters 
who were blinded to the group allocation throughout the data collection and analysis phases.

Enzyme-Linked Immunosorbent Assay (ELISA)
Primary microglia were pretreated with different concentrations of OB (10, 25, and 50 μM) for 2 h and subsequently 
stimulated with LPS for 24 h. The supernatants were collected for ELISA analysis. Supernatants from the penumbral 
tissue of the mice three days after MCAO were extracted via RIPA buffer, and the resulting supernatants were obtained 
via centrifugation. The concentrations of IL-6, IL-1β, and TNF-α were measured via ELISA (BioWorld Biotechnology) 
according to the manufacturer’s instructions. The absorbance (optical density, OD) was measured at 450 nm via an 
ELISA reader (Bio-Rad, Hercules, CA, USA).

RNA Extraction, cDNA Reverse Transcription, and Quantitative Real-Time PCR
RNA was extracted from the ischemic penumbral tissues of MCAO mice and primary microglia via the TRIzol reagent 
(Accurate Biotechnology, Nanjing, China). Quantitative real-time PCR (qPCR) was performed via the SYBR Green Kit 
(Applied Biosystems, Foster City, CA, USA). The sequences of primers used in this study were previously reported.17,18

Western Blot
Soluble proteins were extracted via lysis buffer (Beyotime, Shanghai, China) supplemented with protease and phospha
tase inhibitors. Protein concentrations were determined via a BCA kit (Beyotime, Shanghai, China). The quantified 
protein samples were subsequently subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
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PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were then blocked with 5% skim 
milk and incubated overnight at 4°C, with primary antibodies targeting iNOS (rabbit, 1:1000, Cell Signaling Technology, 
MA, USA, Cat# 13120), COX-2 (rabbit, 1:1000, Bioworld Biotechnology, Nanjing, China, Cat# BS1076), IL-1β (rabbit, 
1:1000, Cell Signaling Technology, MA, USA, Cat# 12703), TNF-α (mouse, 1:1000, Bioworld Biotechnology, Nanjing, 
China, Cat# BS1857), IL-6 (rabbit, 1:1000, Cell Signaling Technology, MA, USA, Cat# 12912), ERK1/2 (rabbit, 1:1000, 
Cell Signaling Technology, MA, USA, Cat# 4695), p-ERK1/2 (rabbit, 1:1000, Cell Signaling Technology, MA, USA, 
Cat# 4370), NF-κBp65 (rabbit, 1:1000, Cell Signaling Technology, MA, USA, Cat# 8242), GAPDH (rabbit, 1:5000, 
Bioworld Biotechnology, Nanjing, China, Cat# BS42668), and p-NF-κBp65 (rabbit, 1:1000, Cell Signaling Technology, 
MA, USA, Cat# 3033). The membranes were then incubated with a secondary antibody for 2 h at room temperature. The 
target protein bands were visualized and analyzed via the Gel-Pro system (Tanon Technologies, China), and band 
densities were quantified via ImageJ software (ImageJ-win 64, NIH, USA).

Immunofluorescence
After anesthesia with 2.5% Avertin, MCAO mice were subjected to cardiac perfusion with 0.1 mol/L phosphate-buffered 
saline (PBS) and 4% formaldehyde. Whole brains were removed, fixed overnight in 4% formaldehyde, and dehydrated in 
15% and 30% sucrose solutions for 24 h. After dehydration, the brain was sectioned into 20 µm-thick slices via a cryostat 
and mounted onto glass slides for immunofluorescence staining. The brain sections were permeabilized with 0.25% 
Triton X-100 (Absin, Shanghai) and blocked with 2% bovine serum albumin (BSA) (NeoFroxx GmbH, Germany). The 
sections were incubated overnight at 4°C with primary antibodies against IBA1 (rabbit, 1:500; Abcam), ERK (rabbit, 
1:500; CST), and NF-κBp65 (rabbit, 1:500; Abcam). The following day, after removing the primary antibodies, the 
corresponding secondary antibodies were applied, and the cell nuclei were stained with DAPI (Bioworld Technology, 
USA). Images were captured via an Olympus BX51 fluorescence microscope, and the fluorescence intensity was 
quantified via ImageJ software by measuring the mean gray value within regions of interest (ROIs) drawn around Iba1- 
positive cells or specific subcellular compartments, and microglial morphology was analyzed. The fluorescence intensity 
was quantified via ImageJ software. For in vitro experiments, primary microglia were cultured until adherent, treated 
with OB for 2 h, and stimulated with LPS for 24 h. After the supernatant was discarded, an immunofluorescence staining 
protocol was used.

Measurement of Infarct Volume
For infarct volume assessment, MCAO model mice were anesthetized with 2.5% avertin and euthanized via decapitation. 
The brains were carefully removed and sectioned into thin slices via a custom mold. The infarct areas were stained with 
TTC (Sigma-Aldrich) for 5–6 min. The stained slices were arranged and photographed, and the infarct volumes were 
quantified via ImageJ software. The infarct volume was calculated via the following formula: [(contralateral hemisphere 
volume − ipsilateral normal hemisphere volume)/contralateral hemisphere volume] × 100.

Blood-Brain Barrier Penetration Test
A 2% solution of Evans blue (Sigma, E2129) was injected via the tail vein at 24 and 72 h after MCAO. After 6–8 h, the 
limbs and skin of the mice turned blue, and the mice were anesthetized and perfused with 0.1 mol/L PBS into the heart to 
obtain intact brains. The brain slices were cut into 2 mm pieces and photographed. N,N-Dimethylformamide (DMF) was 
added to each hemisphere and the supernatant was collected by grinding and centrifugation. A 100 µL aliquot of the 
supernatant was added to each well of a 96-well plate, and the absorbance was measured at 620 nm via a microplate 
reader.

Measurement of Neurological Deficits
Behavioral tests were performed on postoperative days 1 (24 h) and 3 (72 h). The modified neurological severity score 
(mNSS) was used to evaluate motor, sensory, and reflex functions.19 Grip strength was assessed via a grip strength meter 
(GS 3; Bioseb, France). The procedure was as follows: the mouse was gently placed on the grip dynamometer so that its 
forelimbs grasped the bar and then gently pulled by the tail until it released the bar. Each mouse underwent three trials, 
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with a 30- to 60-second rest between trials. The average of the three trials was calculated. Motor coordination and 
balance were assessed via a rotarod apparatus (RWD; China). Prior to testing, the mice were trained on the rotarod (set at 
20, 30, and 40 rpm) for 3 consecutive days to acclimatize them to the apparatus. For the test, each mouse was placed on 
a rotating rod (set at 40 rpm), and the latency to fall was recorded. The foot fault test was used to assess motor 
coordination and limb function. The mice were placed on a horizontal grid, typically with a mesh size of 1.5 cm * 1.5 cm. 
During the test, the number of “foot faults” was recorded, which refers to the instances when the mouse failed to place its 
paw correctly on the grid and instead missed the step or stepped through the gaps. The contralateral (right) forelimb was 
assessed, and the total number of foot faults was counted.20

Open Field Test
The animal was gently placed in a designated corner of the open-field arena (40 cm × 40 cm × 15 cm), and behavioral 
recording commenced immediately. The animals were allowed to explore the arena freely for a duration of 10 min. Upon 
completion of the session, the animals were removed. The arena was thoroughly cleaned with 70% ethanol to eliminate 
residual olfactory cues before testing the next subject. Throughout all the procedures, the ambient lighting and acoustic 
conditions were held constant. The experimenter remained absent from the animal’s field of view to prevent any potential 
influence on its behavior.21,22

Y Maze Test
The Y maze comprises three arms (A, B, and C; each 50 cm long, 25 cm high, and 10 cm wide) connected at 120°. Before 
testing, all the arms were cleaned with 70% ethanol, and arm C was blocked. The mice were habituated by free 
exploration of arms A and B for 15 min, and then returned to their home cage for 1 h. After the arms were recleaned and 
unblocked in arm C, the mice were released again and allowed to explore all three arms 20 times under video recording. 
Arm entry frequency and spontaneous alternations were scored. The alternation ratio was calculated as follows: 
(spontaneous alternations/[total entries − 2]) × 100%.

Network Pharmacology
Screening of Active Ingredients and Targets
The canonical simplified molecular-input line-entry system (SMILES) structure of the OB was retrieved from the 
PubChem database and imported into the SwissTargetPrediction platform (http://www.swisstargetprediction.ch/) for 
target prediction. The prediction parameters were set as follows: the species was selected as “Homo sapiens”, and 
targets with a prediction probability (probability ≥ 0.1) were retained as potential therapeutic targets of OB. All 
prediction results were standardized for gene names using UniProt IDs as the reference.23

Collection of Stroke-Related Target Genes
Targets related to ischemic stroke and neuroinflammation were systematically retrieved from the following three 
databases: 1. GeneCards: The keywords used for retrieval, and targets with a relevance score ≥ 10 were retained; 2. 
OMIM: The keywords used for retrieval, followed by manual screening of genes directly related to the disease; 3. TTD: 
“Ischemic stroke” and “neuroinflammation” were entered into the disease search bar to obtain reported therapeutic or 
disease-related targets.23 These data were merged, and duplicates were removed to construct the disease target set for 
ischemic stroke.

Identification of Potential Therapeutic Stroke Targets for OB
Venny mapp (https://bioinformatics.psb.ugent.be/webtools/Venn/) was used to identify gene targets related to OB and 
ischemic stroke, and a drug-target network was constructed via Cytoscape 3.9.1.

Protein-Protein Interactions
The list of targets was imported into the STRING database (https://string-db.org/) to construct a protein-protein 
interaction (PPI) network. The parameter settings were as follows: the species was set to “Homo sapiens”, the minimum 
required interaction score was specified as “medium confidence (0.400)”, and isolated nodes were hidden. The obtained 

Journal of Inflammation Research 2026:19                                                                                          https://doi.org/10.2147/JIR.S551466                                                                                                                                                                                                                                                                                                                                                                                                       5

Huang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

http://www.swisstargetprediction.ch/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/


network was then imported into Cytoscape 3.9.1, and its built-in plugin CytoHubba was utilized. The targets were ranked 
via the “Degree”algorithm.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Analyses
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of the common 
targets were performed via the Genedenovo platform (https://www.omicshare.com/tools/). The GO analysis included 
three categories: biological process (BP), cellular component (CC), and molecular function (MF). The enrichment 
analysis adopted the hypergeometric distribution test, with the false discovery rate (FDR) used as the correction method 
and the significance threshold set at FDR < 0.05. For the KEGG pathway analysis, the same significance criterion of FDR 
< 0.05 was applied, and the top 20 ranked pathways were screened for visualization (bar charts and bubble charts).

Molecular Docking
The structure of the MAPK1 protein (ID: 63085) was downloaded from the UniProt database. Water molecules and the 
original ligand were removed via PyMOL 2.3.0. The protein structure was then imported into AutoDockTools (v1.5.6) 
for hydrogenation, charge calculation, and atom type assignment and saved in “pdbqt” format. POCASA 1.1 was used to 
predict the potential protein-binding sites, and molecular docking was performed via AutoDock Vina 1.1.2. The docking 
parameters were configured as follows: center_x = 22.7, center_y = 4.4, center_z = −19.6; grid box dimensions: size_x = 
60, size_y = 60, size_z = 60 (grid spacing = 0.375 Å); exhaustiveness = 10; and the other parameters set to default. 
values. The docking results were visualized and analyzed via PyMOL 2.3.0 to evaluate the interaction modes.

Surface Plasmon Resonance (SPR)
SPR is a biophysical technique based on the principles of physical optics and is used to detect molecular interactions.24 

Briefly, the MAPK1 protein was immobilized on a CM5 sensor chip (Cytiva) via standard amine coupling chemistry to 
achieve a density of approximately 10,000 response units (RUs). OB was serially diluted in running buffer (10 mM 
HEPES, 150 mM NaCl, 0.05% v/v surfactant P20, pH 7.4, supplemented with 3% DMSO) and injected over the chip 
surface at a flow rate of 30 μL/min for 120 s (association phase), followed by a 180 s dissociation phase. Sensorgrams 
were double referenced by subtracting signals from a reference flow cell and blank buffer injections. The MAPK1 protein 
was immobilized on the sensor chip via an amino conjugation method, and OB was injected at increasing concentrations 
to bind to the MAPK1 protein. Binding and dissociation constants were determined by globally fitting the sensorgram 
data to a 1:1 Langmuir binding model via Biacore Insight evaluation software (Cytiva, Marlborough, MA, USA).

Drug Affinity Responsive Target Stability (DARTS)
Following 4 h of LPS stimulation, the cells were washed with PBS and lysed with NP-40 buffer on ice for 30 min. After 
centrifugation (12,000 × g, 10 min, 4°C), the protein concentration of the supernatant was determined via a BCA assay. 
The lysate was incubated with OB (50 μM) overnight at 4°C. The next day, aliquots were digested with pronase E at 
room temperature for 30 min. Digestion was terminated with Phenylmethylsulfonyl fluoride (PMSF), and the samples 
were analyzed via Western blot.25,26

Cellular Thermal Shift Assay (CETSA)
Primary microglia were digested with pancreatic enzymes, resuspended in 0.1 mol/L PBS, and heated at specific 
temperatures (37, 49, 55, 58, 61, and 64°C) for 3 min. HEK-293T cells were treated at 37, 53, 61, 69, 77 and 85°C. 
Following heating, the cells were subjected to three freeze-thaw cycles liquid nitrogen. The lysates were subsequently 
centrifuged at 13,000 rpm for 30 min at 4°C, after which the supernatants were collected as previously described.27–29

Plasmid Transfection
HEK-293T cells were transfected with plasmids via KeygenMAX3000 transfection reagent (KeyGEN BioTECH, 
Jiangsu, China). The transfection reagent mixture was prepared by adding 1 µL of transfection reagent to 25 µL of Opti- 
MEM®I medium (Invitrogen, Frederick, MD, USA). The DNA/enhancer mixture was prepared by adding 0.5 µg of DNA 
to 25 µL of Opti-MEM®I medium, followed by the addition of 1 µL of enhancer. All the components were gently mixed 
at room temperature to avoid vortexing or centrifugation. The DNA/enhancer mixture was combined with the 
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transfection reagent and incubated at room temperature for 15 min. The resulting mixture was added to the cells, and 
transfection was performed in an incubator at 37°C for 24–36 h before the cells were harvested for subsequent 
experiments. Plasmids encoding wild-type and mutant MAPK1 (R146A, R170A, and R146A/R170A double mutants) 
were synthesized by Nanjing Corues Biotechnology Co., Ltd. (Nanjing, Jiangsu, China).

Statistical Analysis
The experimental data were analyzed via GraphPad Prism 8.0.2 software. Data are presented as the mean ± standard error 
of the mean (SEM) of at least three independent biological replicates. The normality of all data were evaluated via the 
Shapiro–Wilk test. For comparisons among multiple groups, one-way or two-way ANOVA followed by Tukey’s post hoc 
test was used for normally distributed data. Statistical significance was set at p <0.05.

Results
OB Suppresses LPS-Induced Inflammatory Cytokine Expression in Primary Microglia
The structural formula, CAS number and SMILES of OB were shown in Figure 1A. To determine the optimal 
concentration range of OB for in vitro experiments, a CCK8 assay was used, and the results revealed that OB did not 
affect cell viability at concentrations ranging from 1–50 µM (Figure 1B).

After ischemic stroke, damaged brain cells produce many inflammatory mediators, such as platelet-activating factor, 
TNF-α, and IL-1β, resulting in cerebral ischemia injury.30 To evaluate the effect of OB on neuroinflammation, we 
accessed the levels of proinflammatory factors in primary microglia after LPS stimulation. The results revealed that the 
mRNA levels of IL-1β, inducible nitric oxide synthase (iNOS), TNF-α, and IL-6 significantly increased after LPS 
treatment, whereas OB pretreatment reversed these effects in a dose-dependent manner (Figure 1C). In addition, the 
protein levels of iNOS, Cyclooxygenase-2 (COX-2), IL-1β, TNF-α, and IL-6 in microglia decreased after OB treatment 
(Figure 1D–H). Moreover, the levels of TNF-α and IL-6 released from primary microglia in the supernatant tended to 
decrease (Figure 1I and J). These results indicated that OB inhibited the expression of LPS-induced inflammatory factors 
in a dose-dependent manner.

OB Suppresses NF-κB Signaling Pathway in LPS-Induced Microglia
NF-κB can be rapidly induced by the inflammatory reaction after stroke and promotes the inflammatory processes of 
primary microglia.31 In LPS-stimulated primary microglia, treatment with OB reduced the protein ratio of p-NF-κBp65/ 
NF-κBp65 and suppressed the nuclear translocation of NF-κBp65 (Figure 2A–D), suggesting that OB inhibit the 
activation of NF-κB pathway in primary microglia following LPS stimulation.

OB Attenuates Ischemic Brain Damage in MCAO Mice
To determine whether OB alleviated ischemic brain injury and improved neurological deficits in vivo, we administered 
OB via intraperitoneal injection at 1, 24, and 48 h after MCAO and performed behavioral assessments (Figure 3A). The 
results of laser speckle contrast imaging (LSCI) revealed that cerebral blood flow was blocked in the MCAO model 
(Figure 3B). Injection of OB significantly reduced the infarct volume, as determined by TTC staining (Figure 3C and D). 
OB treatment ameliorated behavioral deficits, including improved motor function, greater grip strength, and lower 
mNSSs scores (Figure 3E–H). Moreover, Evans blue staining revealed decreased blood-brain barrier permeability in 
MCAO mice treated with OB (Figure 3I–K). Overall, OB alleviated ischemic brain injury and improved neurological 
deficits, suggesting that OB was a promising candidate for the treatment of ischemic stroke.

OB Attenuates Proinflammatory Cytokine Expression After MCAO
To investigate the inhibitory effects of OB on microglial inflammation after MCAO, penumbral tissue samples were 
analyzed. Western blot analysis revealed a trend toward decreased protein levels of COX-2 and TNF-α following OB 
treatment, although these changes did not reach statistical significance (Figure 4A). Quantitative real-time PCR further 
demonstrated that OB suppressed the mRNA expression of proinflammatory markers, including IL-6, iNOS, TNF-α, and 
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Figure 1 OB inhibited the LPS-induced expression of inflammatory factors in primary microglia. (A) The chemical structure, CAS number, and canonical SMILES of the OB. 
(B) Primary microglia were treated with OB at concentrations of 0, 1, 5, 10, 20, 30, 50, 100, and 150 µM for 24 h, and CCK-8 reagent was added to assess cell viability (n = 
6 per group). Microglia were pretreated with different concentrations of OB (10, 25, or 50 μM) for 2 h, followed by stimulation with LPS (100 ng/mL) for 3 h or 24 h. (C) 
Following 3 h of LPS stimulation, the mRNA expression levels of IL-1β, iNOS, TNF-α, and IL-6 were measured via qPCR (n = 4 per group). (D) Protein levels of iNOS, COX- 
2, IL-1β, TNF-α, and IL-6 were assessed via Western blot after 24 h of LPS treatment, with GAPDH used as an internal control (n = 3 per group). (E–H) The gray values of 
iNOS, COX2, IL-1β and IL-6 in the blots were quantified via ImageJ software (n = 3 per group). (I and J) The protein levels of TNF-α and IL-6 were detected via ELISA (n = 
3 per group). The different plot symbols (circles, squares, triangles, etc.) overlaid on the bar charts all indicate the sample size. The values are presented as the mean ± SEM. 
#p < 0.05, ###p<0.001, ####p<0.0001 compared with the control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to LPS-treated group. 
Abbreviation: Ns, no significance.
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IL-1β (Figure 4B). In addition, ELISA analysis of the tissue supernatants showed significant decreases in the IL-6, IL-1β, 
and TNF-α levels (Figure 4C–E). Immunofluorescence-based skeleton analysis highlighted morphological changes in 
microglia, indicating a shift toward a less activated state. Specifically, the microglia in the OB-treated group presented 
smaller cell bodies, increased branching, more endpoints, and longer maximum and average branch lengths (Figure 4F– 

Figure 2 OB inhibited the LPS-induced NF-κB signaling pathway in microglial cells. Primary microglia were pretreated with OB (50 μM) for 2 hours, followed by LPS 
treatment for 24 h. (A and B) Western blot analysis was used to detect the protein levels of p-NF-κBp65/NF-κBp65 and GAPDH. ImageJ software was used to quantify the 
gray values of p-NF-κBp65/NF-κBp65 and GAPDH in the blots (n = 3 per group). (C and D) Immunocytochemical analysis was performed using IBA1 (red), NF-κBp65 
(green) and DAPI (blue) antibodies to assess morphological changes. Scale bars: 20 μm and 50 μm. The relative NF-κBp65 fluorescence intensity was quantify with ImageJ (n 
= 3 per group). The different plot symbols (circles, squares, triangles, etc.) overlaid on the bar charts all indicate the sample size. The values are presented as the mean ± 
SEM. ##p < 0.01, ####p<0.0001 compared with the control group; *p < 0.05, **p < 0.01 compared with the LPS-treated group. 
Abbreviation: Ns, no significance.
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Figure 3 OB protects against ischemic brain injury and alleviates neurological deficits in MCAO mice. (A) Experimental timeline for short-term assessments. (B) LSCI maps 
showing cerebral blood flow before, during, and after post MCAO surgery. (C and D) Infarct size was assessed via TTC staining on day 3 after tMCAO (n = 6 mice per 
group). (E–H) Neurological deficits were evaluated by failure steps (E), grip strength (F), the mNSS score (G), and rotarod latency (H) at 1 and 3 days post MCAO (n = 8 
mice per group). (I–K) Assessment of blood-brain barrier integrity via Evans blue extravasation. Representative images of brain hemispheres (I). Quantification of Evans Blue 
dye in the contralateral (CL) and ipsilateral (IP) hemispheres (n = 4 mice per group) (J and K). The different plot symbols (circles, squares, triangles, etc.) overlaid on the bar 
charts all indicate the sample size. The data are presented as the mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001 compared with the DMSO group. 
Abbreviation: Ns, no significance.
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Figure 4 OB inhibited the expression of proinflammatory cytokines following ischemia. (A) Protein expression of COX-2 and TNF-α in the ischemic penumbra at 3 days 
post MCAO, as assessed by Western blot. (n = 3 mice per group). (B) mRNA levels of IL-6, iNOS, TNF-α, and IL-1β in ischemic penumbral tissues were quantified by qPCR 
(n = 8 mice per group). (C–E) Concentrations of IL-6, IL-1β, and TNF-α in protein extracts from the ischemic penumbra after MCAO were measured via ELISA (n = 3 mice 
per group). (F) Representative images of tissue sections from the ischemic penumbra of MCAO mice after 3 days, stained with IBA1 (red) and DAPI (blue). Scale bar = 
50 μm. Microglial morphology was mapped. (G–I) Morphological analysis of microglia was conducted via ImageJ. The parameters assessed included the maximum branch 
length (G), microglial branch number (H) and endpoint count (I) (n = 3 per group). The white boxes indicate the regions used for high-magnification morphological mapping. 
The different plot symbols (circles, squares, triangles, etc.) overlaid on the bar charts all indicate the sample size. The values are expressed as the mean ± SEM. #p < 0.05, 
##p < 0.01, ###p<0.001, ####p<0.0001 compared with the sham group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the DMSO group. 
Abbreviation: Ns, no significance.
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I). These results suggested that the neuroprotective effect of OB might be at least partially attributed to its anti- 
neuroinflammatory effects.

OB Improves Long-Term Functional Recovery After Stroke
To assess the effects of OB on long-term behavioral recovery in MCAO mice, MCAO mice were treated with OB for 30 
days, and then a series of behavioral tests was conducted. Consistent with the short-term treatment data, OB-treated mice 
presented significant improvements in sensorimotor function, including reduced foot faults, enhanced grip strength, and 
lower mNSSs (Figure 5A–D).

In addition, spatial memory was evaluated via open field and Y-maze tests. In the open field test, while the total 
distance traveled was not significantly affected among the four groups, the MCAO group spent less time exploring the 
central zone than the control group did, and OB treatment increased the central exploration time (Figure 5E–G). 
Compared with MCAO group, OB administration significantly increased the alternation rate in the Y maze 

Figure 5 OB promoted long-term functional recovery in MCAO mice. (A–D) Neurological deficits were assessed by foot fault count (A), the mNSS score (B), grip 
strength (C), and rotarod lantency (D) (n = 8 mice per group). (E) Representative movement traces in the OFT. Total distance traveled (F) and time spent in the center zone 
(G) in the OFT (n = 6 mice per group). (H) Correct alternation rates in Y-maze test (n = 8 mice per group). The different plot symbols (circles, squares, triangles, etc.) 
overlaid on the bar charts all indicate the sample size. The values are expressed as the mean ± SEM. ##p < 0.01, ####p<0.0001 compared with the sham group; *p < 0.05, 
***p < 0.001, ****p < 0.0001 compared with the DMSO group. 
Abbreviation: Ns, no significance.
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(Figure 5H). Collectively, these results indicated that OB treatment not only improved sensorimotor function, but also 
promoted long-term memory functions after ischemic stroke.

Network Pharmacological Analysis32

Identification of OB Targets in Stroke Research
A total of 100 targets were identified via the SwissTargetPrediction software. Comprehensive searches of the GeneCards, 
OMIM, and TTD databases yielded 9005 stroke-related targets. Ultimately, 85 intersecting target genes relevant to the 
therapeutic effects of OB in stroke were identified (Figure 6A). These intersecting target genes were subsequently input 
into the STRING database to construct a PPI network. Network topology analysis via the degree algorithm identified 
83 hub genes within the PPI network. The top four targets were as follows: SRC (proto-oncogene tyrosine-protein kinase 
Src), CASP3 (cysteinyl aspartate-specific protease 3), PARP1 (poly ADP-ribose polymerase-1), and MAPK1 (mitogen- 
activated protein kinase 1). Although network analysis has revealed that OB may exert its effects through multiple 
targets, further in-depth biological validation is needed to verify its key mechanism of action. MAPK1 (ERK2) was 
selected as the focus of subsequent molecular experiments, owing to its central role in regulating cell proliferation, 
apoptosis and inflammatory responses, as well as its highest topological importance in the PPI network constructed in 
this study (Figure 6B). The compound-target interaction network diagram is shown in Figure 6C, which provides 
a verifiable and clear molecular entry point for the pharmacodynamic mechanism of OB.

Enrichment Analysis of Biological Functions Associated with Target Genes
Functional enrichment analysis of the GO terms revealed significant associations with OB effects (Figure 6D). KEGG 
pathway analysis revealed 228 pathways associated with OB in patients with stroke, with the top 20 pathways shown in 
Figure 6E. Notably, OB appears to regulate several crucial signaling pathways, including mitogen-activated protein 
kinase (MAPK) signaling, tumor necrosis factor (TNF) signaling, forkhead box O (FoxO) signaling, and the NF-κB 
pathway, all of which might contribute to mitigating ischemic injury.

OB Binds to MAPK1 to Inhibit the Neuroinflammatory Response
As a member of the MAPK family, MAPK1/ERK2 play a crucial role in cell growth, development, and division.33 To 
assess the effects of OB treatment on MAPK1/ERK2 levels, we detected the protein expression of p-ERK1/2 both in vivo 
and in vitro. LPS-induced activation of the ERK pathway was significantly inhibited by OB, which was evidenced by 
reduced p-ERK1/2 levels (Figure 7A). OB pretreatment reduced LPS-induced ERK nuclear translocation in primary 
microglia (Figure 7B). Additionally, OB treatment significantly decreased p-ERK1/2 levels in the brains of MCAO mice 
(Figure 7C).

To explore whether OB directly binds to MAPK1/ERK2, we used two mature drug-binding techniques, CETSA and 
DARTS, to evaluate the affinity of the drug-target protein. CETSAs are based on the principle that drug binding stabilizes 
the target protein, increasing its thermal stability and reducing its degradation. DARTS operates on the basis of the 
principle that the binding of a small ligand to the target protein stabilizes it, thereby increasing its resistance to proteolytic 
enzyme hydrolysis.

In the CETSA experiment, BV2 cells pretreated with OB presented significantly greater thermal stability than those in 
the control group, under identical temperature conditions (Figure 8A). Compared with that of the control, the melting 
curve of the OB-treated group shifted significantly to the right, further confirming the stabilizing effect of OB on MAPK1 
(Figure 8B). In the DARTS experiment, increasing pronase concentrations resulted in a significantly reduced degree of 
hydrolysis in BV2 lysates from the OB-treated group (Figure 8C). The results from both CETSA and DARTS strongly 
suggested a direct interaction between OB and MAPK1.

Molecular docking simulations performed via PyMOL 2.3.0 revealed that the binding energy of OB to MAPK1 was 
−8.68 kcal/mol, indicating high binding affinity. OB interacts with the MAPK1 protein by forming hydrogen bonds with 
ARG-170 (arginine-170) and ARG-146 (hydrogen bond lengths of 2.3, 2.0, 2.4, and 2.4 Å). OB formed hydrophobic 
interactions with THR-61 (threonine-61), GLN-60 (glutamine-60), GLN-64 (glutamine-64), LEU-33 (leucine-33), LYS- 
201 (lysine-201), TYR-185 (tyrosine-185), and VAL-186 (valine-186) (Figure 8D). To further validate these findings, 
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Figure 6 Pharmacological analysis of therapeutic target networks for stroke and OB, as well as functional enrichment of target genes and core signaling pathways. (A) OB- 
stroke interacting genes. (B) Compound-target network diagram. (C) PPI network of OB in stroke. (D) GO enrichment analysis. (E) The top 20 signaling pathways identified 
by KEGG pathway enrichment analysis.
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Figure 7 OB inhibits p-ERK1/2 expression in vitro and in vivo. (A) p-ERK1/2 expression in primary microglia decreased after OB treatment (n = 3 per group). (B) LPS- 
stimulated primary microglia, OB (50 μM) pretreatment reduced LPS-induced ERK nuclear translocation in primary microglia. DAPI (blue), ERK (green), and IBA1 (red). 
Scale bar = 50 μM. (C) OB treatment reduced p-ERK1/2 expression in penumbral tissue. The gray values of p-ERK1/2 in the blots were calculated via ImageJ software (n = 3 
mice per group). The different plot symbols (circles, squares, triangles, etc.) overlaid on the bar charts all indicate the sample size. The values are presented as the mean ± 
SEM. ##p < 0.01, ####p<0.0001 compared with the sham group; *p < 0.05, **p < 0.01, ***p < 0.001 compared with the DMSO group. 
Abbreviation: Ns, no significance.
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Figure 8 OB interacts with MAPK1 ARG-146 and inhibits neuroinflammation. (A) MAPK1 expression in OB-pretreated and untreated BV2 samples was assessed via CETSA. (B) 
A dissolution curve was generated to illustrate variations in the target protein content at different temperatures. (C) MAPK1 expression levels were evaluated through DARTS 
experiments. (D) Molecular docking of OB with MAPK1 was conducted via AutoDockTools software. (E) SPR analysis was performed to assess OB binding (0–10 μM) to 
immobilized MAPK1, and the equilibrium dissociation constant were obtained. (F–I) In the CETSA, HEK-293T cells were transfected, and the cells were incubated at various 
temperatures. Western blot was used to detect the binding of MAPK1 in OB-pretreated and untreated samples. (J–M) The mRNA levels of IL-6, TNF-α, COX-2 and iNOS in BV2 
cells were quantified via qPCR (n = 4 per group). The different plot symbols (circles, squares, triangles, etc.) overlaid on the bar charts all indicate the sample size. The values are 
expressed as the mean ± SEM. #p < 0.05, ####p<0.0001 compared with the control group; ****p < 0.0001 compared with the LPS-treated group. 
Abbreviation: Ns, no significance.
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SPR analysis was conducted to assess the affinity between OB and purified MAPK1 protein. SPR analysis confirmed 
a high-affinity interaction, with an equilibrium dissociation constant (KD) of 2.57 µmol/L (Figure 8E).

To further elucidate the mechanism of binding between OB and MAPK1, CETSA experiments were conducted using 
plasmids encoding wild-type MAPK1 and its mutant variants (R146A, R170A, and R146A/R170A). In HEK-293T cells, 
OB treatment increased the thermostability of wild-type MAPK1 (Figure 8F), whereas the double mutant had the 
opposite effect (Figure 8G). These results indicated that ARG-146 and ARG-170 are critical sites for OB binding to 
MAPK1. Notably, MAPK1 was not protected by OB following mutation of ARG-146, whereas the thermostability of the 
R170A mutant was increased (Figure 8H and I).

To validate the critical role of ARG-146 of MAPK1 in the anti-neuroinflammatory effects of OB, we transfected BV2 
cells with plasmids overexpressing wild-type or R146A mutant MAPK1 followed by OB and LPS treatment. OB 
treatment significantly decreased the mRNA levels of IL-6, TNF-α, COX-2, and iNOS induced by LPS, which was 
abolished by wild-type MAPK1 overexpression. However, R146A mutant MAPK1 overexpression did not affect the anti- 
neuroinflammatory effects of OB, indicating that ARG-146 is a key biological functional site for the OB-MAPK1 
interaction (Figure 8J–M). Collectively, these results provide strong evidence that OB interacts with ARG-146 of 
MAPK1 to inhibit neuroinflammation in ischemic stroke.

Discussion
Our study demonstrated the anti-inflammatory and neuroprotective effects of OB and explored the underlying mechan
isms. OB suppressed microglial activation, reduced the release of proinflammatory factors, and improved behavioral 
deficits in mice subjected to MCAO. Mechanistically, we found that OB directly bound to MAPK1/ERK2 and identified 
ARG-146 as the critical binding site. In conclusion, these data provided a promising therapeutic strategy to target 
neuroinflammation in ischemic stroke.

The immune system plays a crucial role in maintaining brain homeostasis. As essential immune cells in the central 
nervous system, microglia respond first to neuroinflammation during stroke.34 Activated microglia release a series of 
proinflammatory cytokines and chemokines, which induce neuronal damage and exacerbate brain injury.35 Increasing 
evidence suggests that microglia-mediated neuroinflammation plays a pivotal role in ischemic stroke.36 OB is 
a monomeric compound extracted from natural plants that has been confirmed to have anti-inflammatory, antitumor, 
antiviral, and neuroprotective effects. OB has been shown to delay abnormal cell proliferation and cyst expansion in the 
treatment of autosomal dominant polycystic kidney disease.37 In an acute lung injury model, OB inhibits the ubiquitin- 
proteasomal degradation of Nrf2, and blocks lipopolysaccharide-induced ferroptosis.38 OB also modulates sphingolipid 
pathways to suppress NLRP3 inflammasome activation and exert anti-inflammatory effects.39 Additionally, OB can 
regulate the gut microbiota and restore intestinal epithelial barrier integrity to suppress dextran sulfate sodium (DSS)- 
induced ulcerative colitis.40 As one of the methanol extracts from the root bark of Dictamnus dasycarpus, OB suppressed 
microglial activation, reduced the release of proinflammatory cytokines, and subsequently improved functional outcomes 
in MCAO model mice, making it a potential candidate for the treatment of stroke. Notably, clinical treatments for 
ischemic stroke include intravenous thrombolysis, endovascular thrombectomy, and antiplatelet/ anticoagulants 
treatments,41 and there have been no preventative drugs. To better simulate the clinical situation, OB was intraperito
neally injected at 1, 24, and 48 h after MCAO, and further investigation of the potential preventative effects of OB will 
be performed in the following studies.

To further explore the therapeutic mechanism of OB, we performed network pharmacology predictions and molecular 
docking analyses, and identified MAPK1/ERK2 as the most promising target. When phosphorylated, ERK translocates to 
the nucleus to regulate transcription factor activity and exerts anti-inflammatory effects. Previous studies have high
lighted the neuroprotective role of the inhibition of the MAPK/ERK pathway in ischemia-reperfusion injury. Clemastine 
improves oligodendrocyte proliferation and exerts neuroprotective effects by inhibiting the MAPK/ERK pathway.42 

Exogenous 17β-estradiol (E2) inhibits the MAPK/ERK1/2 signaling pathway and decreases the levels of p-ERK1/2 in the 
ischemic hemisphere.43 Overexpression of ERK2WT induces severe injury after MCAO, reduces blood-brain barrier 
integrity, and exacerbates infarct size and neurological deficits.44 Pfaffia paniculata reduces intestinal inflammation by 
regulating the expression of MAPK and mucin genes.45 In a cuprizone-induced demyelination mouse model, ERK2 
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activation in astrocytes causes inflammation.46 These results suggest that the MAPK/ERK signaling pathway plays 
a crucial role in ischemia-reperfusion injury following stroke. In this study, OB inhibited the activation of the MAPK/ 
ERK pathway and reduced the expression of inflammation-related cytokines. Moreover, OB bound to the ARG-146 site 
of MAPK1, which contributed to its neuroprotective effects in MCAO mice. However, further studies using MAPK1 
knockout mice are needed.

NF-κB is a classic proinflammatory signaling pathway, and inhibition of the NF-κB pathway is a promising 
strategy for treating ischemic stroke.47 Interestingly, NF-κB has been shown to be a downstream target of MAPK1. 
The MAPK pathway, particularly the ERK pathway, can act as an upstream regulator of NF-κB activation. The 
phosphorylation of IκB by IKK, which is itself regulated by upstream kinases, including those in the MAPK 
pathway, leads to IκB degradation and the subsequent nuclear translocation of NF-κB to initiate proinflammatory 
gene transcription.48–50 Kaempferol attenuates microglia-mediated neuroinflammation through the inhibition of the 
MAPK-NF-κB signaling pathway.51 In macrophages, endogenous activation of the TLR2-MAPK-NF-κB axis 
drives the production of proinflammatory mediators.52 Ginsenoside compound K inhibits inflammation and lipid 
accumulation in macrophages by downregulating the MAPK and NF-κB signaling pathways.53 In this study, we 
found that the R146A mutation at least partially abolished the anti-inflammatory effect of OB. ARG-146 is located 
in the kinase’s active site, a region crucial for substrate recognition and catalytic activity, and OB binding at this 
site likely interferes with the ability of MAPK1 to phosphorylate its downstream targets, including those involved 
in the activation of NF-κB. However, further experiments are needed to elucidate the interactions of these 
pathways.

While this study provides evidence for the neuroprotective effects of OB in ischemic stroke, several limitations 
should be acknowledged. First, the absence of a positive control group (eg, nimodipine or another established 
neuroprotectant) limits direct comparison of OB efficacy with that of current therapeutic drugs. Second, the 
therapeutic potential of OB was evaluated in 8-week-old male C57BL/6J mice. Since stroke is predominantly 
a disease of order people and is frequently accompanied by comorbidities such as hypertension and diabetes, the 
efficacy and safety of OB remain to be validated in aged and female animals. Third, OB was used after the MCAO 
model in the in vivo experiments, and whether OB pre-treatment protects against ischemic stroke needs further 
investigation.

Conclusions
In this study, we have shown that OB reduces microglia-mediated neuroinflammation in vitro and in vivo, and alleviates 
ischemic injury in MACO mice. OB directly binds to ARG-146 on MAPK1 and downregulates the NF-κB pathway, 
making it a potential lead chemical for the treatment of ischemic stroke.
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