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Abstract

Background: Effective neuroprotective therapies for acute ischemic stroke (AIS) remain limited due to the complex interplay between
neuroinflammation and apoptosis. Sinomenine (Sino), a bioactive alkaloid derived from Sinomenium acutum, exhibits anti-inflammatory
and anti-apoptotic activities; however, its molecular targets and mechanisms in AIS remain unclear. This study aimed to identify potential
targets and key pathways of Sino and validate its neuroprotective effects in AIS. Methods: A combined approach integrating network
pharmacology, Mendelian randomization (MR), molecular docking, and in vivo validation was adopted. Potential targets of Sino and
ischemic stroke were identified using public databases. Overlapping targets were analyzed through protein-protein interaction network
construction and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. Sprague-Dawley
rats were randomly assigned to four groups, and a middle cerebral artery occlusion/reperfusion (MCAO/R) model was established (n =12
per group): Sham, MCAO/R, Sino (20 mg/kg), and Sino +LY294002 (LY, 10 mg/kg). Sino and Sino + LY were administered intraperi-
toneally within 6 h after surgery and once daily thereafter for three days. Sham and MCAO groups were given the same amount of physio-
logical saline undergoing the same procedures. Sino was administered intraperitoneally within 6 h after surgery and once daily thereafter
for three days. Neurological deficits, infarct volume, neuronal injury, apoptosis, activation of the phosphatidylinositol 3-kinase/protein
kinase B (PI3K/Akt) pathway, and inflammatory responses were assessed using behavioral tests, 2,3,5-Triphenyltetrazolium chloride
(TTC)/Nissl/Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) staining, Western blotting, immunofluorescence,
enzyme-linked immunosorbent assay (ELISA). Results: Twelve overlapping targets between Sino and ischemic stroke were identified,
with Aktl recognized as a central hub. Enrichment analysis highlighted the PI3K/Akt pathway as a critical signaling axis, while MR
analysis indicated a nominal association between Aktl and ischemic stroke. Molecular docking predicted stable binding between Sino
and Aktl. In MCAO/R rats, Sino significantly improved neurological function, reduced infarct volumes, attenuated neuronal apoptosis,
and increased neuronal survival. Mechanistically, Sino increased the p-PI3K/PI3K and p-Akt/Akt ratios, upregulated Bcl-2 expression,
and decreased the expression of Bax, cleaved caspase-3, ionized calcium-binding adapter molecule 1 (Ibal), inducible nitric oxide syn-
thase (iNOS), interleukin-1f (IL-1p), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a)). These beneficial effects were notably
attenuated by LY. Conclusion: This study establishes PI3K/Akt as a functionally necessary mediator of Sino’s neuroprotection against
cerebral ischemia/reperfusion injury. The incomplete LY reversal indicates multi-target activity, supporting Sino’s development as an
adjunctive therapeutic candidate for ischemic stroke.

Keywords: Sinomenine; brain ischemia; phosphatidylinositol 3-kinases; signal transduction; neuroinflammation; apoptosis

1. Introduction

Ischemic stroke remains a leading cause of mortal-
ity and long-term disability worldwide, imposing substan-
tial socioeconomic burdens on healthcare systems [1]. De-
spite advances in thrombolytic therapy and endovascular
thrombectomy, their narrow therapeutic windows and hem-
orrhagic complications limit clinical applicability. Con-
sequently, a significant proportion of patients lack effec-
tive treatment options [2]. Therefore, there is an urgent
clinical need to develop neuroprotective strategies target-
ing secondary brain injury following ischemia. Cerebral
ischemia—reperfusion injury is a highly complex patho-
physiological process involving the spatiotemporal orches-
tration of multiple molecular events. Although reperfusion

is essential for salvaging ischemic brain tissue by restoring
oxygen and nutrient supply, it can paradoxically exacerbate
secondary brain injury through a series of detrimental bio-
chemical and cellular cascades. These events are character-
ized by excessive oxidative stress, overwhelming inflam-
matory responses, apoptosis, and blood—brain barrier dis-
ruption, which collectively contribute to irreversible neu-
ronal injury and cell death. Following cerebral ischemia,
neuronal damage arises not only from the initial reduction in
cerebral blood flow but also from subsequent pathological
processes, among which neuroinflammation and apoptosis
are central and closely interconnected mechanisms [3]. Ex-
cessive inflammatory activation and programmed cell death
synergistically exacerbate blood-brain barrier disruption,
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mitochondrial dysfunction, and progressive neuronal loss
[4,5]. Increasing evidence suggests inflammatory signal-
ing amplifies apoptotic cascades, while apoptosis-related
mitochondrial dysfunction further fuels inflammatory re-
sponses, indicating these processes form an interdependent
pathological network rather than separate events [3].

The phosphatidylinositol 3-kinase/protein kinase B
(PI3K/Akt) signaling pathway has emerged as a crucial
regulator linking neuronal survival, inflammation, and
apoptosis following ischemic stroke [6]. Activation of
PI3K/Akt signaling promotes cell survival by inhibiting
pro-apoptotic mediators such as glycogen synthase kinase-
3, Bax translocation, and caspase-9 activation, thereby at-
tenuating mitochondria-dependent apoptosis [7]. Addition-
ally, PI3K/Akt signaling negatively regulates neuroinflam-
mation by modulating the nuclear factor-xB (NF-«xB) path-
way, a central transcriptional regulator of pro-inflammatory
cytokines such as IL-1pB, IL-6, and TNF-a [8]. Emerging
evidence supports a critical role for the PI3K/Akt signal-
ing axis in regulating neuroinflammatory responses and cell
fate determination after stroke [9]. However, pharmaco-
logical agents capable of effectively targeting the PI3K/Akt
pathway to concurrently suppress inflammation and apop-
tosis in ischemic stroke remain scarce.

Natural products have become valuable sources
for developing neuroprotective drugs due to their
multi-target profiles and favorable safety characteris-
tics [10,11]. Sinomenine (Sino), a bioactive alkaloid
isolated from Sinomenium acutum, exhibits significant
anti-inflammatory and anti-apoptotic effects in various
neurological disorders, including cerebral ischemia [12].
Previous studies have demonstrated that Sino alleviates
neuroinflammation by modulating microglial polariza-
tion and suppressing the release of pro-inflammatory
cytokines [13]. However, most prior research has focused
on isolated inflammatory or apoptotic outcomes without
systematically exploring upstream signaling mechanisms,
particularly the involvement of the PI3K/Akt pathway.

This study systematically investigates the neuropro-
tective effects of Sino against acute ischemic stroke (AIS)
and elucidates its underlying molecular mechanisms. By
integrating network pharmacology (NP), Mendelian ran-
domization (MR), molecular docking, and in vivo valida-
tion using a rat middle cerebral artery occlusion/reperfusion
(MCAO/R), we aimed to identify potential therapeutic tar-
gets and key signaling pathways of Sino. Additionally,
we evaluated the effects of Sino on neurological deficits,
cerebral infarction, neuronal injury, apoptosis, and neu-
roinflammation. The involvement of PI3K/Akt signaling
was validated pharmacologically using the PI3K inhibitor
LY?294002 (LY). Collectively, this study provides mecha-
nistic insights into the neuroprotective actions of Sino, sup-
porting its therapeutic potential for ischemic stroke.

2. Materials and Methods
2.1 Network Pharmacology Analysis

Potential targets of Sino were identified from the
TCMSP, SwissTargetPrediction (version 2021, Univer-
sity of Geneva, Geneva, Switzerland), and PharmMapper
databases. Targets associated with ischemic stroke were re-
trieved from GeneCards, OMIM, and DrugBank. Overlap-
ping targets were determined via Venn analysis. A protein-
protein interaction (PPI) network was constructed using the
STRING database (medium confidence >0.4) and visual-
ized with Cytoscape. Gene Ontology (GO) and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathway en-
richment analyses were conducted using the DAVID plat-
form. Molecular docking between Sino and key targets was
performed using AutoDock Vina.

2.2 MR Analysis

Two-sample MR was conducted for the 12 candi-
date targets identified via NP analysis. cis-eQTLs from
the eQTLGen consortium were selected as instrumen-
tal variables, and ischemic stroke GWAS data (ebi-a-
GCST90018864) served as the outcome dataset. All in-
strumental variables satisfied genome-wide significance
and independence criteria (F-statistics >10). MR analyses
were performed using inverse variance weighted (IVW),
weighted median, weighted mode, and MR-Egger methods.
Sensitivity analyses included Cochran’s Q test, MR-Egger
intercept test, and leave-one-out analysis.

2.3 Animals and Experimental Design

Male Sprague—Dawley rats (250-280 g) were pur-
chased from Beijing Viton Lever Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). Animals were housed
in standard polypropylene cages (5 rats per cage, 30 cm
x 20 cm X 15 ¢cm) under controlled environmental condi-
tions with a 12:12 h light-dark cycle, ambient temperature
of 22 + 2 °C, and relative humidity of 50-60%. All rats
were acclimatized to the laboratory environment for 7 days
prior to the experimental procedures, with free access to
standard rodent chow and water ad libitum. All experi-
mental procedures were approved by the Institutional An-
imal Care and Use Committee of Capital Medical Univer-
sity (approval No. AEEI-2024-129) and complied with the
ARRIVE guidelines. Sino and LY were obtained from Bei-
jing Honghu United Chemical Products Co., Ltd. (Beijing,
China). Compounds were initially dissolved in dimethyl
sulfoxide (DMSO) and subsequently diluted with sterile
normal saline to achieve the required concentrations. The
final concentration of DMSO was minimal and identical
across all treatment groups.

A total of 60 rats were initially allocated across the
four experimental groups. In the Sham group, all 12 ani-
mals survived the entire protocol without incident, yielding
a final sample size of 12. The MCAO group began with
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16 rats; however, 3 animals succumbed to surgery-related
complications within 24 h postoperatively, and 1 additional
rat was excluded due to unsuccessful model induction (neu-
rological score = 0), resulting in 12 rats for final analysis.
For the Sino group, 2 deaths occurred during the periop-
erative period, and 1 animal was excluded because of se-
vere subarachnoid hemorrhage detected at necropsy, leav-
ing 12 rats. In the Sino + LY group, 1 rat died following
surgery, and 1 was removed from the study due to catheter
displacement; the remaining 12 animals completed the pro-
tocol and were included in the statistical analysis. Rats were
randomly assigned to four groups (n= 12 per group): Sham,
MCAO/R, Sino (20 mg/kg), and Sino + LY (10 mg/kg).
The Sino dose (20 mg/kg) was chosen based on previous
reports demonstrating its neuroprotective efficacy in exper-
imental rodent stroke models [14,15]. Sino was adminis-
tered intraperitoneally starting within 6 hours post-surgery,
followed by daily injections for 3 consecutive days. Med-
ication administration and tissue collection followed a pre-
defined protocol. Behavioral assessments were conducted
by investigators blinded to group allocation. At the desig-
nated endpoint (3 days post-intervention), rats were eutha-
nized under deep anesthesia by intraperitoneal injection of
sodium pentobarbital (150 mg/kg, dissolved in sterile saline
at 3% w/v). Brain tissues were rapidly dissected for subse-
quent analyses. Cortical tissues from the ischemic penum-
bra of the left hemisphere were carefully isolated and pre-
pared for biochemical and histological analyses.

Inclusion Criteria Rats were eligible for enrollment
if they met all of the following conditions: (1) clinically
healthy with normal body weight and no evidence of respi-
ratory distress, infection, or other systemic illness; (2) suc-
cessful induction of focal cerebral ischemia confirmed by
neurological assessment using the Longa scale (scores 1-3
were considered indicative of adequate MCAO model es-
tablishment); and (3) successful completion of the full ex-
perimental protocol without intraoperative or perioperative
complications. Exclusion Criteria Animals were removed
from the final dataset if any of the following occurred: (1)
mortality during the surgical procedure or within the first
24 h postoperatively; (2) unsuccessful ischemia induction,
defined as a neurological score of 0 (no deficit) or 4 (mori-
bund status); (3) gross subarachnoid hemorrhage detected
at necropsy; (4) complete neurological recovery to a score
of 0 prior to the scheduled endpoint; or (5) protocol discon-
tinuation due to technical issues such as catheter displace-
ment or equipment malfunction.

2.4 Construction of the MCAO/R Model

Focal cerebral ischemia was induced using the in-
traluminal filament method. Rats were anesthetized with
isoflurane inhalation (induction: 3—4%; maintenance: 1.5—
2.0%). A nylon monofilament was inserted through the in-
ternal carotid artery to occlude the middle cerebral artery
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for 90 min, followed by reperfusion [16]. Sham-operated
rats underwent identical surgical procedures without arte-
rial occlusion.

2.5 Neurological Function Assessment

Neurological deficits were evaluated 3 days after
surgery using the Zea-Longa, Bederson, and modified
Garcia scoring systems. Two independent investigators,
blinded to group allocation, conducted these assessments
[17,18,19]. Discrepancies were resolved by consensus.

2.6 TTC Staining

Brains were rapidly harvested after decapitation,
chilled in ice-cold saline for 5 min, and sectioned coronally
into five 2-mm slices using a brain matrix. Sections were
stained with 2% TTC solution (Sigma-Aldrich) for 30 min
at 37 °C in the dark with gentle agitation and then fixed
overnight in 4% paraformaldehyde at 4 °C. Images were
captured using a stereomicroscope equipped with a digital
camera under uniform illumination. A blinded investigator
quantified infarct and contralateral hemisphere areas using
Image] software (NIH). Infarct volumes were corrected for
edema using the formula: infarct volume (%) = [(total in-
farct area X slice thickness) / (total contralateral area X slice
thickness)] x 100%.

2.7 Histology and Immunofluorescence

Brain tissues from the ischemic penumbra were fixed
in 4% paraformaldehyde at 4 °C for 24 h, dehydrated in
graded ethanol solutions, paraffin-embedded, and sectioned
coronally at 5 um thickness (Leica RM2235).

The TUNEL assay (Roche #11684795910) was per-
formed as follows: sections were permeabilized in 0.1%
Triton X-100 for 15 min, incubated with TUNEL reac-
tion mix (50 pL/section) at 37 °C for 60 min, and coun-
terstained with DAPI (1 pg/mL). DNase I-treated sections
served as positive controls. For immunofluorescence, anti-
gen retrieval was performed in citrate buffer (pH 6.0, 95 °C,
20 min), followed by blocking in 5% goat serum contain-
ing 0.3% Triton X-100 for 1 h. Sections were incubated
overnight at 4 °C with primary antibodies: Ibal (1:500,
Wako #019-19741), iNOS (1:200, Abcam #ab178945),
and p-PI3K (1:300, CST #4228). Afterward, sections
were incubated with Alexa Fluor-conjugated secondary an-
tibodies (1:1000, Invitrogen) for 2 h. Negative controls
omitted primary antibodies. Sections were mounted with
Fluoromount-G containing DAPI.

Images were captured from five peri-infarct fields
per section (x400 magnification) using a Zeiss Axio Im-
ager M2 microscope by investigators blinded to treat-
ment groups. Image] software quantified neuronal sur-
vival (Nissl" cells/mm?), apoptosis (percentage of TUNEL-
positive nuclei relative to DAPI), and fluorescence intensity
(integrated density after background subtraction).
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Fig. 1. Network pharmacology analysis of Sino against ischemic stroke. (A) Venn diagram illustrating overlap between Sino targets

and ischemic stroke—related targets. (B) GO enrichment analysis.

(C) Sino—target component interaction network. (D) PPI network of

the 12 shared targets; node size corresponds to degree centrality, and edge thickness reflects interaction confidence scores. (E) KEGG

pathway enrichment analysis. GO, Gene Ontology; PP, protein-proteininteraction; KEGG, Kyoto Encyclopedia of Genes and Genomes.

2.8 Western Blot

Ischemic penumbra tissues were lysed in RIPA buffer
containing protease and phosphatase inhibitors and cen-
trifuged at 12,000 xg for 15 min at 4 °C. Protein con-
centrations were determined using the BCA assay. Equal
amounts of protein (30 pg per sample) were separated by
10% SDS-PAGE and transferred onto PVDF membranes
(0.45 um). Membranes were blocked with 5% non-fat
milk in TBST for 1 h at room temperature and incubated
overnight at 4 °C with primary antibodies against PI3K, p-
PI3K (Tyr458), Akt, p-Akt (Ser473), Bax, Bcl-2, cleaved
caspase-3 (Asp175), and B-actin (all diluted 1:1000). After

washing, HRP-conjugated secondary antibodies (1:5000)
were applied for 1 h at room temperature. Immunoreactive
bands were visualized using enhanced chemiluminescence
and captured on a ChemiDoc imaging system. Densitomet-
ric analysis was performed with ImageJ, normalizing target
protein signals to B-actin loading controls. Results were ex-
pressed as fold changes relative to the sham group.

2.9 Enzyme-Linked Immunosorbent Assay (ELISA)

Pro-inflammatory cytokine levels in ischemic brain
tissues were measured by ELISA. Ischemic hemispheres
were homogenized in ice-cold phosphate-buffered saline
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containing protease inhibitors and centrifuged at 10,000 xg
for 15 min at 4 °C. Clear supernatants were collected, and
total protein concentrations were determined by BCA as-
say for normalization. Commercial ELISA kits were used
to measure IL-1B, IL-6, and TNF-a following the manu-
facturer’s protocols. Standards and samples were assayed
in duplicate on pre-coated 96-well plates. After sequen-
tial incubation with biotinylated detection antibodies and
HRP-conjugated streptavidin, chromogenic TMB substrate
was added. Reactions were terminated with 2N sulfuric
acid, and absorbance was read at 450 nm using a microplate
spectrophotometer. Cytokine concentrations (pg/mL) were
interpolated from standard curves, maintaining intra-assay
coefficients of variation below 10%.

2.10 Statistical Analysis

Data were analyzed using SPSS software (version
26.0). Comparisons among multiple groups were con-
ducted by one-way ANOVA followed by Tukey’s post-hoc
test. Two-way ANOVA was employed for longitudinal as-
sessments of neurological function. Intergroup compar-
isons were performed using Student’s z-test. In this study,
n represents the number of biological replicates (indepen-
dent animals) unless otherwise specified. All biochemical
and histological assays were performed with technical trip-
licates (repeated measurements of the same sample) to en-
sure reproducibility. Results are presented as mean + SD,
and a p-value < 0.05 was considered statistically significant.
All analyses were carried out by an investigator blinded to
group assignments.

3. Results

3.1 Network Pharmacology Analysis of Sino Against
Ischemic Stroke

3.1.1 Target Identification and Overlap Analysis

Twelve potential targets of Sino were identified
through an integrated search of the TCMSP, SwissTarget-
Prediction, and PharmMapper databases. Concurrently,
940 ischemic stroke-related targets were retrieved from the
GeneCards, OMIM, and DrugBank databases. Venn dia-
gram analysis demonstrated that all 12 predicted Sino tar-
gets overlapped with those associated with ischemic stroke
(Fig. 1A). This complete overlap suggests that the predicted
target profile of Sino is functionally relevant to the patho-
logical mechanisms underlying ischemic stroke.

3.1.2 Construction of the Component—Target Network

A component-target interaction network based on the
12 overlapping targets was constructed using Cytoscape
(Fig. 1C). The resulting network displayed a characteris-
tic “single compound-multiple targets” topology, compris-
ing a single compound node (Sino) connected to 12 target
nodes, namely Aktl, JAK2, PIK3CA, MAPKS, MTOR,
PIK3CG, PRKCH, CSFIR, NOS1, MPO, MAOA, and
SIGMARI. This network architecture suggests that Sino
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may exert therapeutic effects on ischemic stroke by simul-
taneously modulating multiple molecular targets, consistent
with the polypharmacological nature of natural compounds.

3.1.3 PPI Network Analysis

To further investigate interactions among the over-
lapping targets, a PPI network was constructed using the
STRING database (Fig. 1D). This network revealed sub-
stantial interconnectivity among the 12 identified targets.
Aktl, JAK2, PIK3CA, MAPKS, and MTOR showed rel-
atively central positions and higher connectivity, indicat-
ing their roles as potential key regulatory nodes in the Sino
pharmacological network against ischemic stroke. Notably,
Aktl was identified as the most prominent hub, suggesting
its critical role in mediating the biological effects of Sino.

3.1.4 GO Functional Enrichment Analysis

GO enrichment analysis was conducted to character-
ize the biological functions associated with the overlapping
targets (Fig. 1B). In the Biological Process (BP) category,
significantly enriched terms included positive regulation of
phosphatidylinositol 3-kinase/protein kinase B signaling,
anoikis, negative regulation of macroautophagy, negative
regulation of apoptosis, and T cell costimulation. In the
Cellular Component (CC) category, targets were predomi-
nantly enriched in the cytosol, plasma membrane, class IA
and class IB phosphatidylinositol 3-kinase complexes, cy-
toplasm, mitochondrion, and glutamatergic synapse. Ma-
jor enriched terms in the Molecular Function (MF) cate-
gory included ATP binding, protein kinase activity, protein
serine/threonine kinase activity, and 3-phosphoinositide-
dependent protein kinase activity. Collectively, these find-
ings suggest that Sino’s therapeutic effects may involve co-
ordinated modulation of cell survival, inflammatory signal-
ing, and kinase-related functions.

3.1.5 KEGG Pathway Enrichment Analysis

KEGG pathway enrichment analysis indicated that the
12 overlapping targets were significantly enriched in mul-
tiple signaling pathways (Fig. 1E). The primary enriched
pathways included the PI3K/Akt signaling pathway, ErbB
signaling pathway, PD-L1 expression and PD-1 checkpoint
pathway in cancer, AGE-RAGE signaling pathway in dia-
betic complications, insulin resistance, and several cancer-
related pathways. Notably, the PI3K/Akt pathway exhib-
ited relatively high enrichment significance and a substan-
tial target count, suggesting that it may constitute a core
signaling mechanism underlying Sino’s protective effects
against ischemic stroke. These findings, coupled with
Aktl’s central position in the PPI network, support the hy-
pothesis that the PI3K/Akt pathway is a critical mediator of
Sino’s pharmacological actions.
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Fig. 2. Two-sample MR analysis of candidate targets for ischemic stroke. (A) Forest plot illustrating MR estimates for Akt1 obtained
using various methods. cis-eQTLs for Aktl (eQTLGen consortium) were instrumental variables, and ischemic stroke GWAS data (ebi-a-
GCST90018864) were the outcomes. Methods include inverse variance weighted (IVW), weighted median, weighted mode, MR-Egger,
and simple mode. Odds ratios (ORs) and 95% confidence intervals (CIs) are shown. (B) Sensitivity analyses for Aktl include MR-
Egger intercept testing for horizontal pleiotropy, Cochran’s Q test for heterogeneity, and leave-one-out analysis assessing individual
SNP influence on the IVW estimate. MR, Mendelian randomization; GWAS, Genome-wide association study; SNP, single nucleotide

polymorphism.

3.2 MR Analysis

We conducted a two-sample MR analysis for each
of the 12 candidate targets identified from NP. cis-eQTL
data from the eQTLGen consortium served as instruments,
with ischemic stroke GWAS data (ebi-a-GCST90018864)
as the outcome. All selected instruments fulfilled criteria
for genome-wide significance, independence, and exhibited
F-statistics >10.

Among the 12 targets, only Aktl demonstrated a nom-
inal genetic association with ischemic stroke, highlighting
its potential relevance. Employing 23 SNPs as instrumen-
tal variables (IVs) for Aktl, the inverse variance weighted
(IVW) method yielded an OR of 1.064 (95% CI: 1.022—
1.107, p = 0.002). The weighted median (OR = 1.055, p =
0.013) and weighted mode (OR = 1.049, p = 0.028) meth-
ods produced consistent findings, whereas MR-Egger and
simple mode methods showed no significant associations
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Fig. 3. Molecular docking conformation and interaction pattern of Sino with Aktl. The left panel shows a three-dimensional
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(Fig. 2A). It is important to emphasize that this association
reflects lifetime genetic exposure rather than acute pharma-
cological effects. The remaining 11 targets exhibited no
significant causal effects in either IVW or alternative MR
analyses (p > 0.05).

Sensitivity analyses for Aktl confirmed the statistical
robustness of this genetic association. Given MR’s inherent
limitations in capturing pharmacological dynamics, these
results should be interpreted as hypothesis-generating, pri-
oritizing Aktl for further experimental investigation rather
than providing direct mechanistic validation (Fig. 2B).

3.3 Molecular Docking Validation With Aktl

To structurally validate the interaction between Sino
and the core target Aktl, molecular docking was performed
using AutoDock Vina. Results demonstrated stable bind-
ing of Sino to the active pocket of Aktl, with a minimum
binding energy of —5.97 kcal/mol, indicative of a favorable
affinity. Detailed interaction analysis revealed hydrogen
bonds, - stacking, salt bridge formation, and hydrophobic
interactions between Sino and Aktl (Fig. 3). Specifically,
hydrogen bonding involved key residues TRP80, GLU17,
and SER205; n-r stacking primarily involved TRP80; salt
bridges involved ASP274; and hydrophobic interactions in-
volved residues TYR18, LEU210, LEU264, TYR272, and
ASP292. These results indicate that Sino achieves a stable
binding conformation with Aktl, providing structural sup-
port for its regulation of the PI3K/Akt signaling pathway
and associated neuroprotective effects.
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3.4 Neuroprotective Effects of Sino in a Rat Model of
Cerebral Ischemia/Reperfusion

3.4.1 Neurological Function Assessment

To assess Sino’s effects on neurological deficits fol-
lowing AIS, neurological function was evaluated using the
Zea-Longa score, Bederson score, and modified Garcia
score (Fig. 4A—C). Compared with the Sham group, the
MCAOJ/R group exhibited significant neurological impair-
ments, characterized by significantly elevated Zea-Longa
and Bederson scores and a notably reduced modified Garcia
score (p < 0.0001). Sino treatment significantly mitigated
neurological deficits, decreasing the Zea-Longa score from
3.167+£0.3892 to0 1.167 + 0.3892 (p <0.0001), reducing the
Bederson score from 1.545 +0.5222 t0 0.7917 £ 0.3343 (p
=0.0003), and increasing the modified Garcia score from
12.75 £ 0.8660 to 15.17 = 1.267 (p < 0.0001). However,
co-treatment with LY significantly weakened Sino’s neuro-
protective effect, as evidenced by an increased Zea-Longa
score to 2.000 + 0.6030 (vs. Sino, p < 0.0001), increased
Bederson score to 1.333 + 0.4924 (vs. Sino, p = 0.0104),
and decreased modified Garcia score to 11.25 £ 0.7538 (vs.
Sino, p <0.0001). These findings suggest Sino markedly al-
leviates neurological deficits following AIS, whereas PI3K
inhibition partially reverses these protective effects, impli-
cating involvement of the PI3K/Akt signaling pathway in
Sino-mediated neuroprotection.
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Fig. 4. Effects of Sino on neurological deficits and cerebral infarct volume in MCAO/R rats. (A) Zea-Longa score (n = 12). (B)

Bederson score. (C) Modified Garcia score. (D) Representative TTC-stained coronal brain sections (n = 3). (E) Quantitative analysis of

infarct volume. Data are expressed as mean = SD. **** p <0.0001 vs. Sham group; * p < 0.05, ** p < 0.0001 vs. Sino group.

3.4.2 Infarct Volume Measurement and TTC Staining

TTC staining revealed no visible infarction in the
Sham group, with an infarct volume percentage of 0.000 +
0.000. Conversely, the MCAO/R group exhibited a sub-
stantial increase in infarct volume (53.00 + 3.000), sig-
nificantly different from the Sham group (p < 0.0001),
confirming the presence of cerebral infarction post-AIS.
MCAO/RSino treatment significantly reduced infarct vol-
ume to 27.67 £ 2.082 (p < 0.0001) compared to the
MCAO/R group, demonstrating a pronounced protective
effect against ischemic damage. However, in the Sino +
LY group, infarct volume increased to 41.00 £+ 2.000 (p =
0.0002 vs. Sino), indicating that LY treatment partially re-
versed Sino’s neuroprotection (Fig. 4D,E). These results
suggest that Sino significantly attenuates cerebral infarction
induced by ischemia/reperfusion injury, potentially through
modulation of the PI3K/Akt signaling pathway.

3.4.3 Histopathological Observations

TUNEL and Nissl staining further confirmed the neu-
roprotective effects of Sino against ischemia/reperfusion in-
jury (Fig. 5). TUNEL staining demonstrated a marked in-
crease in apoptotic cells in the MCAO/R group, with the
apoptotic index significantly higher than that in the Sham
group (51.13 + 1.464 vs. 6.100 + 0.7000, p < 0.0001).
Sino treatment significantly reduced the apoptotic index to
21.47 £ 0.8505 (p < 0.0001 vs. MCAO/R), whereas co-
treatment with LY increased it to 31.73 + 1.405 (p < 0.0001
vs. Sino), suggesting that PI3K inhibition partially reversed
the anti-apoptotic effect of Sino. Nissl staining showed
that the the density of Nissl-positive neurons (cells/mm?)
in the MCAO/R group was significantly lower than that
in the Sham group (44.33 + 3.055 vs. 98.00 + 3.606, p <
0.0001), indicating substantial neuronal damage following
ischemia/reperfusion injury. Sino treatment significantly
increased the density of Nissl-positive neurons (cells/mm?)
to 75.00 £ 3.000 (p < 0.0001 vs. MCAO/R), whereas co-
treatment with LY reduced it to 60.33 = 2.517 (p = 0.0017
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vs. Sino), indicating that LY partially attenuated the neu-
roprotective effect of Sino. These findings suggest that
Sino significantly inhibited apoptosis and alleviated neu-
ronal damage after ischemia/reperfusion injury, potentially
through the PI3K/Akt signaling pathway.

3.4.4 Western Blot

Western blot analysis demonstrated that Sino
markedly modulated PI3K/Akt signaling activation and
the expression of apoptosis-related proteins (Fig. 6A—F).
Compared with the Sham group, the p-PI3K/PI3K level in
the MCAO/R group showed an increasing trend but did not
reach statistical significance (0.7496 + 0.08713 vs. 0.6387
+ 0.08246, p = 0.5981), whereas the p-Akt/Akt level was
significantly reduced (0.3825 + 0.02338 vs. 0.5787 =
0.04226, p < 0.0001). Meanwhile, the expression of pro-
apoptotic proteins Bax and cleaved caspase-3 increased
significantly from 0.1460 £ 0.03507 and 0.4340 + 0.05273
to 0.8240 + 0.07021 and 1.000 + 0.05916, respectively
(both p < 0.0001), while the anti-apoptotic protein Bcl-2
decreased from 0.8920 + 0.02775 to 0.5600 + 0.05099
(p < 0.0001), indicating that ischemia/reperfusion injury
suppressed Akt activation and disrupted the balance of
apoptosis-related proteins. Compared with the MCAO/R
group, the p-PI3K/PI3K and p-Akt/Akt levels in the Sino
group increased significantly to 1.511 + 0.2293 and 0.7770
+ 0.03517, respectively (both p < 0.0001). Concurrently,
Bax and cleaved caspase-3 expression decreased signifi-
cantly to 0.4200 = 0.07416 and 0.5940 + 0.06229 (both p
< 0.0001), whereas Bcl-2 expression increased to 1.042 +
0.07563 (p <0.0001), indicating activation of the PI3K/Akt
pathway and suppression of pro-apoptotic signaling. In
the Sino + LY group, the p-PI3K/PI3K and p-Akt/Akt
levels decreased to 0.7550 = 0.1007 and 0.3717 £ 0.03496,
respectively (both p < 0.0001 vs. Sino). Meanwhile, Bax
and cleaved caspase-3 expression increased to 1.062 +
0.1190 and 0.8480 + 0.04087 (both p < 0.0001), whereas
Bcl-2 decreased to 0.5420 + 0.04438 (p < 0.0001), sug-
gesting that LY attenuated the regulatory effects of Sino
on PI3K/Akt signaling and apoptosis-related proteins.
These results indicate that Sino may exert anti-apoptotic
and neuroprotective effects by activating the PI3K/Akt
pathway, upregulating Bcl-2, and downregulating Bax and
cleaved caspase-3.

3.4.5 Immunofluorescence Analysis of Brain Tissue

Immunofluorescence staining demonstrated that Sino
significantly regulated the expression of iNOS, p-PI3K,
and Ibal (Fig. 7). Compared with the Sham group, the
MCAO/R group showed markedly increased iNOS expres-
sion (3.047 £ 0.1014 vs. 0.9927 +0.05637, p <0.0001) and
significantly reduced p-PI3K expression (0.6573 = 0.02764
vs. 0.9927 + 0.05637, p < 0.0001), indicating enhanced in-
flammatory responses and suppressed PI3K signaling fol-
lowing ischemia/reperfusion injury. In addition, Ibal-
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positive signals were substantially elevated in the MCAO/R
group compared with the Sham group (30.14 + 2.782 vs.
1.000 + 0.6962, p < 0.0001), suggesting pronounced mi-
croglial activation. Compared with the MCAO/R group,
the Sino group exhibited significantly reduced iNOS ex-
pression (1.347 + 0.06508, p < 0.0001), increased p-PI3K
expression (1.339 £ 0.05805, p < 0.0001), and decreased
Ibal-positive signals (11.17 = 1.390, p < 0.0001), indi-
cating suppression of inflammatory responses, activation
of the PI3K pathway, and attenuation of microglial ac-
tivation. In contrast, the Sino + LY group showed in-
creased iNOS expression (3.118 + 0.05672, p < 0.0001 vs.
Sino), decreased p-PI3K expression (0.6153 = 0.02669, p <
0.0001), and elevated Ibal-positive signals (21.00 = 2.001,
p <0.0001), indicating that LY diminished the regulatory
effects of Sino on inflammation, microglial activation, and
PI3K signaling. These findings suggest that Sino may exert
anti-inflammatory and neuroprotective effects through acti-
vation of the PI3K pathway, inhibition of iNOS expression,
and suppression of microglial activation.

3.4.6 Levels of Inflammatory Cytokines in Brain Tissue

ELISA results showed a significant increase in
inflammatory response in brain tissue following is-
chemia/reperfusion injury (Fig. 8). Compared with the
Sham group, the MCAO/R group had significantly elevated
levels (pg/mL) of IL-1B (477.6 £ 20.37 vs. 212.6 + 21.29),
IL-6 (3201 = 46.00 vs. 1010 + 12.74), and TNF-a (58.39
+ 1.388 vs. 18.84 £ 0.9431) (all p < 0.0001), demonstrat-
ing substantial cytokine release triggered by ischemic in-
sult. Sino treatment significantly reduced IL-1f, IL-6, and
TNF-a levels to 272.4 + 6.528, 2070 + 70.83, and 38.59
+ 1.116, respectively (all p < 0.0001 vs. MCAO/R), in-
dicating robust suppression of inflammatory response by
Sino. However, co-treatment with LY reversed this effect,
increasing cytokine levels back to 468.1 £ 5.910, 3398 +
31.18, and 59.04 £ 0.8494, respectively (all p < 0.0001 vs.
Sino). These results suggest that Sino effectively attenu-
ated ischemia/reperfusion-induced inflammation, possibly
through the PI3K/Akt signaling pathway.

4. Discussion

In this exploratory study, we established a conver-
gent validation framework integrating NP, MR, molecular
docking, and pharmacological rescue experiments to dis-
sect the neuroprotective mechanisms of Sino in ischemic
stroke. Rather than treating these approaches as sequential
and independent, we positioned them as mutually reinforc-
ing layers of evidence: NP provided a systems-level tar-
get landscape, MR facilitated population-scale genetic pri-
oritization, docking yielded structural plausibility, and the
LY-mediated rescue experiment supplied causal, pathway-
specific functional evidence. This multi-dimensional inte-
gration represents a methodological advance over conven-
tional single-strategy preclinical studies, which often suffer
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Fig. 5. Effects of Sino on neuronal apoptosis and neuronal injury in MCAO/R rats. (A) Representative TUNEL and Nissl staining

images in the Sham, MCAO/R, Sino, and Sino + LY groups. Red fluorescence indicates DAPI-stained nuclei, whereas green fluorescence
indicates TUNEL-positive apoptotic cells (x400). Scale bar, 50 um. (B) Quantification of the TUNEL-positive rate. (C) Quantification

of Nissl-positive neurons (cells/mm?). Data are expressed as mean + SD. **** p < (0.0001 vs. Sham group; “ p < 0.01, ** p < 0.0001

vs. Sino group. n = 3.

either from computational overprediction lacking experi-
mental support or in vivo observations without clear mecha-
nistic grounding [20,21]. By enforcing convergence across
computational, genetic, and pharmacological domains, we
prioritized PI3K/Akt as a high-confidence hub and subse-
quently validated its functional relevance within a coherent
biological context.

The convergence of NP, MR, and structural docking

on Aktl merits particular emphasis. NP analysis identi-
fied Aktl as the topological hub within the Sino-stroke

10

target interactome, while KEGG enrichment analyses con-
sistently highlighted the PI3K/Akt pathway. Addition-
ally, MR analysis provided supportive, albeit modest, ge-
netic evidence linking cis-regulated Aktl expression to is-
chemic stroke risk (IVW OR = 1.064, p = 0.002). This MR
finding warrants cautious interpretation, reflecting lifelong,
tissue-averaged genetic exposure rather than acute phar-
macological modulation in post-ischemic brain conditions
[22]. The apparent paradox, where genetically predicted
higher Aktl expression associates with increased stroke
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Fig. 6. Effects of Sino on PI3K/Akt signaling and apoptosis-related proteins in MCAO/R rats. (A) Representative Western blot
images of PI3K, p-PI3K, Akt, p-Akt, Bax, Bcl-2, cleaved caspase-3, and ACTIN. (B) p-PI3K/PI3K ratio. (C) p-Akt/Akt ratio. (D)
Bax/B-actin. (E) Bcl-2/B-actin. (F) Cleaved caspase-3/B-actin. Data are expressed as mean + SD. ns, not significant; **** p <0.0001 vs.

i

Sham group; p <0.0001 vs. Sino group. n=15.

risk, while acute pharmacological activation appears pro-
tective, likely arises due to differences in cell-type speci-
ficity (endothelial, neuronal, or microglial), chronic com-
pensatory feedback loops, or horizontal pleiotropy inher-
ent in cis-eQTL instruments. Rather than viewing this dis-
crepancy as contradictory, we consider it indicative of the
context-dependent nature of pathway biology. Importantly,
the MR finding fulfilled its role as a genetic prioritization
filter, focusing experimental resources on Aktl among the
12 candidate targets. Subsequent molecular docking anal-
ysis confirmed structural compatibility, revealing a bind-
ing energy of —5.97 kcal/mol, stabilized by hydrogen bond-
ing, n—x stacking, and hydrophobic interactions within the
Sino-Aktl complex. Therefore, computational prediction,
genetic prioritization, structural validation, and functional
rescue collectively provide a robust, multi-layered rationale
supporting the central mechanistic role of PI3K/Akt.

From a pathophysiological perspective, cerebral is-
chemia/reperfusion injury initiates an interconnected am-
plification cascade encompassing excitotoxicity, oxidative
stress, neuroinflammation, blood-brain barrier disruption,
and regulated cell death. These processes are not iso-
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lated parallel events but constitute a network-like patho-
logical system in which mitochondrial dysfunction and
inflammatory signaling reciprocally amplify each other.
The PI3K/Akt pathway occupies a central regulatory node
within this network, simultaneously governing neuronal
survival via BCL-2 family modulation and inflamma-
tory tone via NF-kB-dependent transcriptional control.
Our findings demonstrate that ischemia/reperfusion sup-
pressed Akt phosphorylation without altering total pro-
tein abundance, indicating a state of functional inactiva-
tion rather than transcriptional loss [21]. Sino restored
p-PI3K and p-Akt levels, concurrently shifting the apop-
totic balance toward survival (Bcl-2 upregulation, Bax and
cleaved caspase-3 downregulation) and suppressing mi-
croglial activation (Ibal and iNOS reduction) alongside
pro-inflammatory cytokine attenuation (IL-1p, IL-6, TNF-
a) [21,23]. These coordinated molecular changes suggest
that Sino does not merely modulate individual downstream
events but engages a higher-order pathway-level regula-
tory mechanism, reinstating homeostatic control over the
apoptosis—inflammation axis [20,21].
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Ibal fluorescence intensity. (C) Quantitative analysis of iNOS fluorecence intensity. (D) Quantitative analysis of p-PI3K fluorescence

intensity. Scale bar, 100 um. Data are expressed as mean + SD. **** p < (0.0001 vs. Sham group;

Neuroinflammation represents another critical driver
of secondary brain injury following ischemic stroke and is
closely associated with BBB dysfunction, innate immune
activation, and thromboinflammatory interactions [20,24].
Clinical and experimental studies have shown that BBB dis-
ruption facilitates infiltration of peripheral immune cells,
while resident microglia rapidly respond to ischemic injury.
Persistent activation of pro-inflammatory pathways leads
to excessive release of cytokines, reactive oxygen species,
and nitric oxide, exacerbating neuronal injury and amplify-
ing apoptosis [24]. In the present study, MCAO/R induced
a robust pro-inflammatory microglial response, character-
ized by increased Ibal expression and an M1-like pheno-
type with elevated levels of iNOS, IL-18, IL-6, and TNF-
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## p < 0.0001 vs. Sino group. n = 3.

o. These markers are well-established indicators of detri-
mental microglial activation following cerebral ischemia
[25]. Sino substantially attenuated these inflammatory re-
sponses, indicating its modulatory effects on the inflamma-
tory microenvironment after stroke. Notably, restoration
of PI3K/Akt phosphorylation coincided with suppression
of inflammatory markers, supporting the hypothesis that
Sino may partially exert anti-inflammatory effects through
PI3K/Akt-mediated negative regulation of inflammation.
Previous reviews have highlighted that PI3K/Akt signal-
ing can restrain NF-«xB activation and facilitate a shift away
from harmful M1-like microglial phenotypes under certain
conditions [20,25]. Although the present study does not
establish causality regarding whether PI3K/Akt activation
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Fig. 8. Effects of Sino on inflammatory cytokine levels in the ischemic hemisphere. (A) IL-1f levels. (B) IL-6 levels. (C) TNF-a

levels. Data are expressed as mean = SD. **** p < 0.0001 vs. Sham group; *** p < 0.0001 vs. Sino group. n = 3.

drives inflammation suppression or vice versa, the coher-
ent improvements observed across functional, histological,
and molecular domains support the biological plausibility
of coordinated pathway-level regulation.

The pharmacological inhibition experiment with LY
provides critical causal evidence supporting PI3K/Akt as a
necessary mediator of Sino-induced neuroprotection. LY
is a highly specific PI3K inhibitor that competes with
ATP for binding to the pl10 catalytic subunit, thereby
blocking downstream Akt phosphorylation independently
of upstream receptor activation [26]. In our study, co-
administration of LY not only abolished Sino-induced
PI3K/Akt phosphorylation but also quantitatively reversed
its protective effects, neurological recovery, infarct reduc-
tion, neuronal survival, and anti-inflammatory responses,
toward MCAO/R baseline levels. This “rescue-to-baseline”
pattern satisfies the classical criteria for pharmacological
epistasis: if inhibition of a specific signaling node abolishes
the drug effect, then the effect is mechanistically depen-
dent on that node [27]. Therefore, LY treatment converts
correlational observations into functional causality, estab-
lishing PI3K/Akt activation as a necessary component of
Sino-mediated neuroprotection rather than a mere associa-
tive biomarker. Notably, LY did not fully restore all pa-
rameters to MCAO/R severity, suggesting that Sino may
retain partial PI3K/Akt-independent effects or that compen-
satory pathways partially buffer against acute PI3K inhibi-
tion [14]. This incomplete reversal, rather than weakening
the conclusion, supports the interpretation that Sino acts as
a multi-target agent, with PI3K/Akt serving as a dominant
but not exclusive effector axis [14,15].

Despite decades of preclinical promise, nearly all
single-target neuroprotective agents have failed in human
stroke trials, largely due to the inability of monother-
apies to disrupt the multi-pathway, self-amplifying cas-
cades of ischemic brain injury [28,29]. Sino, as a plant-
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derived alkaloid, exhibits inherent polypharmacological
properties [14,15]. Our data indicate that Sino con-
currently suppresses neuronal apoptosis, microglial M1-
like polarization, and pro-inflammatory cytokine release
through PI3K/Akt-dependent and potentially PI3K/Akt-
independent mechanisms. This multi-modal activity is con-
sistent with the emerging paradigm that effective stroke
neuroprotection requires coordinated modulation of multi-
ple injury pathways rather than precise targeting of a single
molecule [29]. Compared with synthetic kinase inhibitors,
which often face safety limitations (e.g., on-target toxicity
and narrow therapeutic windows), natural compounds such
as Sino may offer a more favorable risk—benefit profile due
to moderate binding affinities across multiple targets and
established clinical use in rheumatic diseases [14]. Fur-
thermore, the post-stroke therapeutic window evaluated in
this study (initiation within 6 hours and continuation for 3
days) reflects a clinically relevant scenario for patients pre-
senting after reperfusion therapy [2,20]. We propose that
Sino’s ability to simultaneously attenuate neuroinflamma-
tion and preserve neuronal viability through pathway-level
PI3K/Akt modulation positions it as a promising adjunctive
neuroprotective candidate, particularly in combination with
reperfusion strategies to mitigate secondary injury during
the hyperacute and early subacute phases [29].

5. Limitations

Several limitations should be acknowledged. First,
the NP analysis depended on publicly available databases,
which might contain incomplete or biased target informa-
tion. Second, although MR provided genetic evidence sup-
porting Akt prioritization, this method reflects lifelong ge-
netic exposure and cannot directly elucidate acute pharma-
cological mechanisms of Sino action. Third, in vivo valida-
tion was conducted in a single rat MCAO/R model with a
relatively short observation period, potentially insufficient
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for capturing the long-term neuroprotective effects of Sino.
Fourth, while LY was utilized to validate PI3K/Akt pathway
involvement, further mechanistic studies are necessary to
clarify upstream regulators and downstream signaling net-
works. Finally, the translation of these findings to clinical
ischemic stroke requires additional validation in diverse ex-
perimental models and, ultimately, human studies.

6. Conclusion

In summary, this study establishes a multi-
dimensional validation framework integrating network
pharmacology, Mendelian randomization, molecular
docking, and pharmacological rescue experiments to
demonstrate that Sino confers protection against ex-
perimental ischemic stroke via PI3K/Akt-dependent
coordination of anti-apoptotic and anti-inflammatory
responses. LY-mediated pathway inhibition functionally
confirms PI3K/Akt as a necessary causal mediator, while
its incomplete reversal highlights Sino’s multi-target
therapeutic profile. In the context of repeated failures of
single-target neuroprotective strategies in clinical stroke
trials, Sino’s capacity to modulate convergent signaling
hubs supports its potential as a promising adjunctive agent
in the reperfusion era. Further studies should focus on
elucidating upstream regulatory triggers, downstream
pathway specificity, and optimizing brain-targeted delivery
strategies to facilitate clinical translation.
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