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Pathway Modulation via p-JAK2, JAK2, p-STAT3, and STAT3 Regulation
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SUMMARY: Cerebral ischemia resulting from middle cerebral artery occlusion (MCAO) significantly impairs neuronal function
and exacerbates cognitive deficits. This study investigates the neuroprotective effects of Biochanin A, a natural isafieadhGKHO
model using Wistar rats. Fifty rats were divided into five groups: a control group, a MCAO group, and three treatmentginang2@0)
mg/kg and 400 mg/kg of Biochanin A. Cognitive function was assessed using the Morris water maze test, while serum lesetspbiceu
factors (GDNF and BDNF) and inflammatory cytokines (T&lRL-13, IL-6, IL-10, and IL-4) were measured through enzyme-linked
immunosorbent assay (ELISA). Additionally, gene expression of JAK2 and STAT3 was analyzed via real-time PCR. Resultshaticated
MCAO significantly impaired cognitive function and increased pro-inflammatory cytokines while decreasing neurotrophi@fe@@3.
In contrast, Biochanin A treatment improved escape latency in the Morris water maze and elevated serum GDNF and BDNE0&)els (p<
Furthermore, Biochanin A administration significantly modulated the expression of JAK2 and STAT3, promoting neuroprotaagion thr
the JAK2/STAT3 signaling pathway. These findings suggest that Biochanin A mitigates cognitive deficits and neuroinflaniimatian fo
MCAO, potentially by enhancing neurotrophic factor levels and modulating inflammatory responses. Thus, Biochanin A represents a
promising therapeutic candidate for ischemic stroke recovery.
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INTRODUCTION

Stroke, a life-threatening condition, remains one afonsequences of the disease. Despite the availability of
the leading causes of long-term disability and mortalitytecombinant tissue plasminogen activator (rt-PA), an
worldwide. The World Health Organization (WHO) effective thrombolytic therapy for ischemic stroke, its clinical
estimates that nearly 85 % of all strokes are ischemic &pplication is limited by a narrow therapeutic time window,
nature, primarily caused by the occlusion of the middleumerous contraindications, and potential neurotoxicity
cerebral artery (MCA), which results in a cascade dqPolket al, 2018). Thus, there is a critical need to explore
neuroinflammatory and immune responses that exacerbateernative therapeutic strategies that can mitigate stroke-
brain injury and impair recovery (Salaudestral, 2024). induced brain injury and promote neurological recovery.
Ischemic stroke leads to neuronal death, disrupted cellular
signaling, and a wide range of pathological events, including Biochanin A, a natural isoflavonoid derived from the
oxidative stress, amyloid production, and tau proteiplant Trifolium pratense (red clover), has recently emerged
dysfunction. The underlying neuropathophysiologicads a promising candidate in the treatment of various brain
processes associated with ischemic stroke are complex aisbrders, including ischemic stroke. Flavonoids, such as
multifaceted, contributing to the severity and long-termBiochanin A, are well-known for their antioxidant properties,
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which help to neutralize excessive reactive oxygen specidlular processes, including inflammation, cell survival,
(ROS) that are produced during ischemia (Rabkegjal, and tissue repair (Chemal, 2023). In response to ischemic
2018). ROS are one of the primary causes of neuronajury, the JAK2/STAT3 pathway is activated, leading to
necrosis and apoptosis, and their scavenging is crucialth@ phosphorylation of JAK2 and STAT3. Phosphorylated
mitigating neuronal death and improving patient prognositAK2 (p-JAK2) activates STAT3, and phosphorylated
after stroke. In addition to its antioxidant activity, BiochanirSTAT3 (p-STAT3) forms a dimer that translocates to the
A has been shown to exhibit anti-inflammatory, antinucleus, where it regulates the expression of target genes
apoptotic, and neuroprotective effects, suggesting itsvolved in neuroprotection and angiogenesis. Previous
potential as a therapeutic agent in ischemic brain injurstudies have demonstrated that activation of the JAK2/
Numerous preclinical studies have demonstrated th&TAT3 pathway enhances cerebral angiogenesis, promotes
Biochanin A, at high doses (100 - 400 mg/kg), significantlpeuronal survival, and accelerates neurological recovery
reduces infarct volume and improves neurological functidiellowing ischemic stroke (Tanet al, 2018). Moreover,
in experimental animal models of cerebral ischemia (Elhe JAK2/STAT3 signaling pathway has been shown to
Sherbeenyet al, 2020). For example, studies comparingnediate the neuroprotective effects of various therapeutic
Biochanin A with other neuroprotective agents, such agents, including resveratrol, in ischemic brain injury. As
edaravone, have shown that Biochanin A offers superisuch, the JAK2/STAT3 pathway represents a promising
neuroprotection by reducing cerebral infarct volume andrget for therapeutic intervention in ischemic stroke. Given
enhancing recovery following stroke. While these findingthe complex interactions between microglia, astrocytes, and
are promising, the precise mechanisms by which Biochartime JAK2/STAT3 pathway, this study aims to elucidate the
A exerts its protective effects in ischemic stroke remaimeuroprotective mechanism of Biochanin A in ischemic
unclear. A deeper understanding of the mechanisms sifoke through a network pharmacology-driven approach
Biochanin A's action is vital for its potential translation(Zhu et al, 2021). To explore the mechanisms by which
into clinical practice (Singbt al, 2023). Recent researchBiochanin A protects against ischemic brain injury, we
has highlighted the pivotal role of microglia in theemployed a network pharmacology approach to identify
pathophysiology of ischemic stroke. potential molecular targets and signaling pathways involved
in its neuroprotective action. By using this model, we aimed
Microglia are the resident immune cells of the centrab better understand how Biochanin A modulates the
nervous system (CNS) and are typically the first to respoimtteraction between microglia and astrocytes, and to assess
to ischemic injury. Upon activation, microglia migrateits potential neuroprotective effects in this context.
toward the infarct core and penumbral regions, where they
phagocytose cellular debris and release pro-inflammatddATERIAL AND METHOD
cytokines, further exacerbating neuroinflammation and
tissue damage (Priret al, 2021). Importantly, activated Bioinformatics analyses
microglia also trigger the activation of astrocytes, another
key cell type in the CNS, which are involved in maintaining Protein-protein interaction (PPI) data were obtained
the integrity of the blood-brain barrier (BBB) and regulatindrom the STRING databaskt{ps://string-db.orgy, which
neuronal homeostasis. The interaction or "cross-tallgtovides both known and predicted interactions between
between microglia and astrocytes plays a central role jmoteins, including direct and indirect relationships. The
amplifying the neuroinflammatory cascade, thuslata were filtered to include onijjomo sapienspecies
contributing to the severity of ischemic brain injury. Giverand interactions with confidence scores above 0.9. The
the close spatial and temporal relationship betweeasulting PPI data were further analyzed and visualized
microglia and astrocytes in the ischemic brainysing Cytoscape (version 3.7) to better understand the
understanding the dynamics of this cross-talk is crucial forteraction networks.
identifying novel therapeutic targets to modulate
neuroinflammation and promote recovery following stroke Functional enrichment analysis was conducted using
(Wheeleret al.,, 2023). the Metascape online databas$dt[://metascape.olg
focusing on Gene Ontology (GO) and Kyoto Encyclopedia
The JAK2/STAT3 signaling pathway is one suclof Genes and Genomes (KEGG) pathway enrichment. GO
critical pathway implicated in the regulation ofanalysis covered three categories: biological processes (BP),
neuroinflammation and neuronal survival in ischemicellular components (CC), and molecular functions (MF).
stroke. JAK2 (Janus kinase 2) and STAT3 (signdtatistical significance was set at a p-value threshold of <
transducers and activators of transcription 3) are ké&y01 to identify the most relevant pathways and biological
components of a signaling cascade that regulates numerfwsctions.
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From the results of the enrichment analysis, the td@ongolia Minzu University ethics committee and strictly

10 core targets and 12 related pathways were selectidlowed established guidelines for laboratory animal
These findings were imported into Cytoscape to construeelfare.

a comprehensive drug-target-pathway-disease network.

This network provides a clear visualization of how The control group and the MCAO group received
Biochanin A interacts with specific targets and pathwayiatraperitoneal injections of 0.5 mL phosphate-buffered
associated with brain ischemia, offering insights into itsaline (PBS). The treatment groups, MCAO + 200 and
potential therapeutic effects (Bajmaial,, 2020; Jital, MCAO + 400 Biochanin A, were administered oral doses

2023). of 200 mg/kg and 400 mg/kg of Biochanin A, respectively,
while the control + 400 Biochanin A group received 400
Animals and experimental groups mg/kg of Biochanin A orally. The non-toxic effective dose

was determined using the LD50 method, along with
Transient middle cerebral artery occlusion (MCAQO) preliminary studies and available literature on Biochanin
A. Biochanin A was administered daily at 9 AM for 50
For the transient middle cerebral artery occlusiooonsecutive days.
(MCAOQO) procedure, the intraluminal suture occlusion
technique was employed as previously described. Initially, During the procedures, the rats were anesthetized
the rats were anesthetized with isoflurane, using 5% faiith 2% isoflurane. A burr hole was drilled into the right
induction and 2% for maintenance throughout thside of the skull, 0.8 mm posterior to the bregma and 1.5
procedure. The animal's head was stabilized in a stereotaxim lateral to the midline. An intracerebroventricular (ICV)
frame, and a small burr hole was drilled into the skulinjection of 10 mL of SP600125 solution (2 MM in DMSO,
located 2.0 mm posterior and 2.5 mm lateral to the bregnain120065, Abcam) or a 1 % DMSO solution was delivered
to expose the distal portion of the middle cerebral arteat a depth of 3.5 mm from the skull using aiL(Hamilton
(MCA). A 3 cm midline incision was made in the neck teyringe (Zhang & He, 2025).
gain access to the right external carotid artery (ECA) and
internal carotid artery (ICA). A 3—0 nylon suture with aMorris water maze test
heat-blunted tip was carefully threaded through the ECA
stump into the lumen of the right ICA and advanced to the The Morris water maze, a well-established assay
origin of the MCA. The artery was occluded for 90 minutegor evaluating spatial learning and memory, was performed
after which the suture was gently retracted to allow this study from day 20 to day 40 after ischemia/
reperfusion. Continuous monitoring of blood flow in theeperfusion (IS/R). The maze consisted of a circular pool
MCA was performed using Laser-Doppler flowmetrywith a 120 cm diameter and a depth of 50 cm, placed in a
(DRT4, Moor Instruments Inc., Wilmington, USA) duringquiet, dark environment with clear visual cues. Water
the entire MCAO procedure. Successful occlusion wasmperature was kept at 234 °C. A black, circular
confirmed when the MCA blood flow decreased to 20 platform (10 cm in diameter) was submerged 2 cm below
30 % of the baseline during the ischemic phase atioe surface in a fixed position at the center of one quadrant
subsequently increased to 60% of baseline updor the entire training period. Rats’ swimming trajectories
reperfusion. Rats that exhibited incomplete MCAO wereere recorded by a video camera connected to a computer,

excluded from the study (Yet al, 2019). and analysis was carried out with image-processing
software. Each rat underwent training twice daily for five
Experimental design and research time line consecutive days, starting from one of four randomly

assigned starting points around the pool. Escape latency—

Fifty male Wistar rats, each weighing 22@0 g, the time needed for the rat to find the hidden platform—
were randomly divided into five groups, with ten rats pewas measured, with a maximum trial duration of 90
group. Before the start of the experiment, the rateconds. If a rat did not reach the platform within 90
underwent a 24-hour acclimatization period to adjust ®econds, it was gently guided to the platform and allowed
the environmental conditions, which included temperaturtg remain there for 15 seconds, and its escape latency was
food, and water availability. They were housed in propylenecorded as 90 seconds. One day after the last training
cages at a controlled temperature o£ZBrC and relative session, the platform was removed, and a 90-second probe
humidity of 42+ 5 %, with a 12-hour light/dark cycle, andtrial was conducted to assess memory retention, during
had unrestricted access to standard pellets and tap watdrich the number of crossings through the area where the
All procedures regarding animal care and euthanasia weilatform had been located was recorded (Zhang & Dong,
approved by the Mongolian Medical of College Inne2024).
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Assesment of serum endogenous anti-oxidative enzyme<LISA reader (303-well, Awareness Technology, USA)
activity (zhang & Dong, 2024).

We measured serum antioxidant enzymes usirg@erum levels of neurotrophic factors and inflammatory
rodent-specific sandwich ELISA kits from Cusabio (Chinagytokines (GDNF, BDNF, TNF4, IL-4, IL-1 3, IL-10, and
to quantify SOD, CAT, and GPx levels. The kits used well&-6)
CSB-EL022397RA for SOD, CSB-E13439r for CAT, and
CSB-E12146r for GPx. Assays were performed according We evaluated the anti-inflammatory effects of PLRE
to the manufacturers’ instructions to ensure accuracy abhyg measuring a panel of cytokines using rodent-specific

reliability (Zhaoet al, 2018). sandwich ELISA kits from Novus Biologicals (USA).
Specifically, we evaluated the anti-inflammatory properties
Assesment of serum nitric oxide (NO) levels of PLRE by measuring a panel of cytokines using rodent-

specific sandwich ELISA kits from Novus Biologicals

We used the Griess colorimetric assay to determifedSA). Specifically, we quantified the anti-inflammatory
serum nitric oxide (NO) levels, a key marker of lipidcytokines IL-10 (cat. no. R1000) and IL-4 (cat. no. NBP1-
peroxidation and oxidative stress. In the procedurepb00 91171), along with the pro-inflammatory cytokines IL-1b
of serum was mixed with 6 mg of zinc oxide, thoroughlycat. no. RLB00), TNF-a (cat. no. NBP2-DY410), and IL-6
blended, and then centrifuged at 10,000 g for 15 minutes(tat. no. M6000B), following the manufacturers’ instructions.
separate the components. The collected supernatant was then
combined with 50QL of Griess reagent. The mixture was Serum samples were prepared by centrifuging whole
incubated at 37C for 60 minutes to develop color, afterblood at 10,000 g for 20 minutes. The concentrations of glial
which absorbance was read with a Stat Fax ELISA readezll line-derived neurotrophic factor (GDNF, cat. no.
(303-well, Awareness Technology, USA) at 540 nm and 63b244211) and brain-derived neurotrophic factor (BDNF,
nm. This approach provided a dependable measure of sercah no. ab108319) in serum were determined using ELISA
NO levels, reflecting the oxidative stress status of the subje&its from Abcam (USA), in accordance with the supplier’s
(Zzhang & Dong, 2024). protocols (Wangt al., 2023).

Brain tissue thiol, TBARS, and total antioxidant capacity Brain tissue JAK2 and STAT3 genes expression
(FRAP) assessments
Total RNA was isolated using TRIzol reagent in

Thiol determination: To assess thiol levels, a key antioxidaatcordance with the manufacturer’s protocol (Ambion,
indicator, 100uL of brain tissue homogenate was mixedChina). Subsequently, 5 mg of purified RNA was reverse-
with 20 L of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB). transcribed into complementary DNA (cDNA) employing
The mixture was incubated at 3 for 15 minutes, then random primers. Quantitative real-time PCR analysis was
centrifuged at 12,000 g for 5 minutes. The absorbance pérformed using SYBR Green chemistry (Vazyme, China)
the supernatant was read at 412 nm with an ELISA readen an ABI 7900 real-time PCR platform (CA, USA). The
Collectively, these measurements reflect the brain’s oxidatitleermal cycling program consisted of an initial incubation
state and antioxidant defense. at 50°C for 2 min, followed by enzyme activation at %%

for 10 min, and then 40 amplification cycles of denaturation
Lipid peroxidation (TBARS): TBARS in brain tissue wereat 95°C for 30 s and annealing/extension af@Cfor 30 s.
quantified by combining 10gdL of brain homogenate with Transcript levels were normalized against glyceraldehyde-
100uL of TBARS solution and incubating at 3C for 30 3-phosphate dehydrogenase (GAPDH) as the internal
minutes. The sample was then centrifuged at 12,000 g focéntrol. The primer sequences used were:
minutes, and the supernatant absorbance was measuregtattin: Forward: CCTCTTAATGTCACGCACGAT;
593 nm using an ELISA reader. Reverse: GCTGCTCGGAGTCCATCTC

JAK2: Forward: GCTGCTGCTGCTGTTGGTAA;
Total antioxidant capacity (FRAP): For FRAP analysis, 10Reverse: TGGCTGCTGAGGAGGTACTG
mg of brain tissue was homogenized &Ctand diluted STAT3: Forward: GACCTGGCGGATACCTTCTC;
with 200 uL of cold PBS. A 100uL aliquot of this Reverse: CTGAGGCTGCTGGTCTGATA
homogenate was mixed with i of FRAP reagent. After
a 15 minutes incubation at 2 °&, the mixture was Relative mRNA expression was determined using the
centrifuged at 12,000 g for 10 minutes, and the absorbarmele threshold (Ct) values and calculated with the 2?DDCt
of the supernatant was measured at 593 nm with a Stat raathod to obtain fold changes.
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The fold formula change =2¢T7; AACt = [(Ct sample chromate deposition within neuronal processes. Following
- Ct GAPDH gene) - (Ct sample — Ct control)] (Gautm incubation, sections were thoroughly washed with deionized

al., 2019). water, dehydrated through graded ethanol solutions (70 %,
95 %, and absolute ethanol), cleared in xylene, infiltrated
Western blot with molten paraffin wax at 56-58C for 4—6 hours,

sectioned at 4-6 mm, and mounted onto pretreated glass

The cerebral cortices of rats from each group wesdides using an albumin-based adhesive to preserve neuronal
lysed on ice with precooled lysis buffer (Dalian Meilunbioynorphology for light microscopic evaluation.
to prepare tissue homogenates, while cultured TNC-1
astrocytes were lysed in the same manner. Cells were  Histopathological examinations were performed
harvested 15 minutes after cleavage using a cell scraper. Tising a light microscope at magnifications®00 andx400.
tissue homogenates and cell proteins were then centrifugeigjital images were captured with a calibrated BX61TRF
at 14,000 rpm at 4C for 20 minutes, and the supernataninicroscopy system (Olympus, Japan) and analyzed using
was collected. Protein concentrations were determined usimgageJ software. A quantitative analysis of the relative
a BCA protein assay kit (Dalian Meilunbio). The proteinvolume (Vv) of various brain components—including total
samples were heated at 95 for 10 minutes, loaded onto brain tissue, neuronal parenchyma, blood vessels, ventricles,
SDS-PAGE gels, and separated by electrophoresend ischemic areas—was conducted using the point-counting
Afterward, the proteins were transferred to a polyvinylidenmethod. This analysis utilized a Nikon light microscope
difluoride (PVDF) membrane and blocked with 5 % skinpaired with Kecam imaging hardware (Kecam Technologies)
milk powder for 2 hours. The membranes were then cut aadd TopView software (version 3.7), with additional image
incubated with primary antibodies for p-JAK2 (1:1000)processing completed in Adobe Photoshop CC (Adobe
JAK2 (1:1000), p-STAT3 (1:2000), STAT3 (1:1000) (CellSsystems). For the rat brain gross tissue with a focal ischemic
Signaling Technology, cat. nos. 3776, 3230, 9145, aradea (indicated by a circle), the orientator method was
12,640, respectively), and b-actin (1:5000, Proteintech, camployed to produce isotropic uniform random sections.
no. 66009-1-1g). After 16 hours of incubation with theEach rat brain was positioned on a circle divided into 10
primary antibodies, the membranes were incubated widlgual segments (u-clock). A random number between 0 and
secondary antibodies: goat anti-rabbit IgG-HRP and goa® was generated, and the brain was sectioned into two halves
anti-mouse IgG-HRP (1:5000, Proteintech, cat. no# that direction. The cut surface of one half was oriented
SA00001-2 and SA00001-1). The specific protein bandertically on the h-clock, which featured 10 unequal sinus-
were visualized using an ECL chemiluminescence kiteighted divisions. A second cut was made by selecting
(Biosharp Life Sciences) and a gel imaging system (Bi@nother random number. The cut surface of the remaining
Rad). All experiments were performed in triplicate (Zhuanbalf of the brain was aligned parallel to the 0-0 direction of

et al, 2021). the h-clock, and the second cut was again determined by a
random selection (in this case, 3). The entire brain was then
Brain stereology and histopathology sliced into slabs, with the blade directed according to the

second cuts, resulting in between 7 and 10 slabs being

In the present investigation, brain tissue morphologybtained. A trocar was utilized to extract a circular sample
and neuronal architecture were assessed using methyl&éoen one of the brain slabs. The diameter of this circular
blue and Golgi staining techniques. Brain specimens wepéce and the area of the circle were subsequently calculated.
first fixed in 10 % paraformaldehyde for 24 - 48 hours and point probe with 50 points was employed to estimate the
subsequently rinsed with phosphate-buffered saline (PBShlume density of all structures. A total of 50 points were
The tissues were then dehydrated through ascendinged to calculate the volumetric density of the brain, with
concentrations of ethanol, cleared with xylene or tihe number of points counted for each structure in each field
comparable clearing reagent, and embedded in paraffin wak.view and compared to the total number of points in the
Paraffin blocks were sectioned at a thickness of 5-10 mmlume measurement formula: Vv ¥P structure Y P
using a rotary microtome (LEICA SM2010RV1.2 reference (Fig. 1) (Eronat & Sagir, 2020).
Germany). After rehydration, tissue sections were stained
with 1 % methylene blue for 10—-20 minutes, rinsed in PBStatistical analysis
dehydrated again, cleared, and permanently mounted with a
coverslip. For Golgi staining, freshly prepared brain samples The distribution of data was assessed using the
were sequentially incubated in potassium dichromat€olmogorov—Smirnov test, establishing a significance
(K,Cr,0,) followed by silver nitrate (AgNQ solutions, threshold at 0.05. All quantitative variables, except for the
maintaining a 1:3 molar ratio for 24—48 hours to enable silvaeurological function scores, exhibited a normal distribution
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1. Rat brain with focal ischemic area 2. Orientator method for generating isotropic uniform random sections

@ u-clock (horizontal plane)

Each rat brain was placed on a
circle divided into 10 equal
distances (0-9). A random
number between 0 and 10 was
selected, and the brain was
sectioned into two halves using
a blade in that direction.

(2) h-clock (vertical plane)

The cut surface of one half of the
brain was placed vertically on the
h-clock with 10 unequal
sinus-weighted divisions. The
second cut was done by selecting
a random number.

(3) 0-0 direction

The cut surface of the other half
was placed parallel to the 0-0
direction of the h-clock and the
second cut was done by
selecting a random number
(here 3).

(4) Slab sectioning

The entire brain was sectioned into
slabs with a blade placed in the
direction of the second cuts
between 7 and 10 slabs were
obtained from the brain.

5 5 5
3. Sampling with trocar 4. Point probe (50 points) 5. Counting of points on structures 6. Volume density calculation

A trocar was used to punch a circle A point probe with 50 test points

The number of points hitting each structure
from a brain slab. The diameters of

The volume density (Vv) of each structure was

: i 5 was superimposed on the was counted. calculated using the point-counting formula.
he circul f the brain and ) ekl )
the circular piece of the brain an histological image for ~ R
te':i ;";‘Zé“f the circle were then stereological counting. @ Neuronal parenchyma "T: :é - f‘ :&, :‘Pf v ZPetructure
x = ATl W A s o
. ® Blood vessels o AL ZPreference
far oy : el B e B
A ‘ _!G) @ Ventricles ;‘@ ..\e’ ’@ ‘_"h- N 6: %_ Where:
E - @ Ischemic region r.l’ P-4 "‘i P B P ZP.tructure = Number of points hitting the structure
@ Other/Background "‘@l’ ?‘ :’&jﬂ ﬁa » -F % of interest
s 0N, R Rt :'! 5 4 SPyuterence = Total number of points hitting the
by, &E @ fi'? -i,_h Rk reference space (total points = 50)
( 2 e . s 5t
! = Area of circle = nd® j-}j > @ ot * 39_, + P V, = Volume density (relative volume)
r—d— 4 RS s A% e 100 iy

Fig. 1. (1-6) Stereological approach steps for rat cerebral ischemia through quantitative and unbiased estimation aftthexodent
Cavalieri methods.

(p > 0.05). As a result, these data are expressed asi#mearommon target proteins, a protein-protein interaction (PPI)
standard deviation (SD) and were analyzed across groupggtwork was generated from the STRING database and
using one-way analysis of variance (ANOVA), followed byisualized in Cytoscape. The final network included 54 nodes
Bonferroni's multiple-comparison test. Since neurologicalepresenting 29 protein targets and 321 edges that depict
function scores did not conform to parametric assumptiorll pairs of protein interactions. In this network, nodes
they were evaluated using the Kruskal-Wallis test and acelored in warm hues and larger in size indicated more
reported as median values along with their correspondiingteractions (edges), suggesting a higher degree of
minimum and maximum ranges. Statistical significance wésiportance for further study compared to the cooler-colored,

set afp < 0.05. smaller nodes. According to the degree values, the 13 core
nodes identified were: ACTB (degree 21), CTNNB1 (degree
RESULTS 29), HSPA4 (degree 14), VCP (degree 17), RPS27A (degree

11), NPM1 (degree 19), PARP1 (degree 15), HSPAS8 (degree

Integrated network of Biochanin A and brain
ischaemia, functional enrichment analyses, and PPI
network construction and analysis

17), CDK1 (degree 23), YWHAZ (degree 14), and STAT3
(degree 61). Further analysis of the KEGG pathway
involving STAT3 indicated that the chemokine signaling

pathway activates the JAK/STAT signaling pathway, with

Based on the predictions from PharmMapper anthe JAK2/STAT3 signaling pathway playing a crucial role
SwissTargetPrediction, a total of 122 targets were identifiéd regulating the inflammatory response. Consequently, this
for Biochanin A, with duplicates removed. By intersectingpathway was selected for further experimental validation
the prediction results from the OMIM, GeneCards, anFig. 2).
DisGeNET databases, we obtained 91 unique targets related
to brain ischemia. A target interaction network connectinBiochanin Aimproved MCAO -induced spatial cognitive
Biochanin A and brain ischemia was constructed usinggficits
Cytoscape, comprising 4,372 nodes and 107,457 edges. This
network was refined by applying filters based on Degree, Treatment with Biochanin A alleviated spatial
Betweenness, Closeness Centrality, LAC, and Neighborholeérning and memory impairments induced by MCAO, as
Connectivity, resulting in a new network with 54 nodes angssessed by the Morris water maze after 50 days of
675 edges. To investigate the interactions among thesedsfministration. Across the training period, escape latency
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progressively decreased in all groups; however, from dayimproved learning. In the probe trial, animals treated with
onward, the normal control group performed significantid00 mg/kg Biochanin A crossed the former platform location
better than the MCAO group (p < 0.05). Rats receivingignificantly more frequently than MCAO rats without
Biochanin A at doses of 200 or 400 mg/kg following MCACireatment (p < 0.05), reflecting improved spatial memory
exhibited significantly longer escape latencies than normatention. Overall, these results suggest that high-dose
controls on days 4 and 5 (p < 0.05), yet their performan&ochanin A (400 mg/kg) effectively mitigates both
did not differ significantly from that of the untreated MCAQacquisition deficits during training and memory impairment
group (p > 0.05), indicating a dose-related trend towadlring the retention phase following MCAO (Fig. 3a & 3b).
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with scores below the threshold are eliminated. Visualization was carried out using Cytoscape (http://cytoscape.org/{@er&Xn 3

PPI network showcasing the common target proteins, also visualized using Cytoscape (http://cytoscape.org/, version 3.70).

-
o

Escape latency (Mean + SD)

Fig. 3. Morris water maze
performance metrics: (a) Platform
crossings during probe trial and (b)
Escape latency during acquisition
phase (meatr SD; n = 10/group).
Data demonstrate that MCAO
injury significantly impaired
spatial memory retention (a p<0.05
vs. control group, one-way
ANOVA with Tukey's post-hoc)
while both 200 and 400 mg/kg
Biochanin A treatment doses
showed dose-dependent recovery
of cognitive function (bp<0.08s.
MCAO group).
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Biochanin Aand MCAO effects on serum concentrations characterized by elevated pro-inflammatory cytokine
of GDNF and BDNF production alongside suppression of systemic anti-
inflammatory mediators. Consequently, serum levels of
MCAO markedly inhibited neurotrophic factor TNF-a, IL-13, and IL-6 were significantly increased (p <
production by triggering apoptotic signaling in glial cells0.05), whereas IL-10 and IL-4 concentrations were
resulting in a significant decrease (p < 0.05) in serum GDNfRarkedly reduced (p < 0.05) compared with the control
and BDNF levels compared with the control group. ligroup. In rats treated with 200 mg/kg Biochanin A
contrast, administration of Biochanin A at both tested dosésllowing MCAO, serum TNF-a and IL-6 levels were
elevated circulating GDNF and BDNF concentrationgeduced relative to untreated MCAO animals; however,
underscoring its pronounced glial-supportive anthese changes did not achieve statistical significance (p >
neuroprotective effects. Importantly, animals treated with.05), indicating a trend toward anti-inflammatory activity.
400 mg/kg Biochanin A following MCAO exhibited Moreover, Biochanin A administration produced a dose-
significantly higher GDNF and BDNF levels than untreatedependent immunomodulatory effect, characterized by
MCAO rats (p < 0.05) (Fig. 4a). progressive suppression of pro-inflammatory cytokines
(IL-1B3, TNF-a, and IL-6) and enhancement of anti-
Biochanin Aand MCAO effects on serum concentrations inflammatory cytokines (IL-10 and IL-4). These effects
of TNF-a, IL-4, IL-6, IL-10, and IL-1 B were significantly pronounced (p < 0.05) in the MCAO +
400 mg/kg Biochain A group compared with the MCAO
MCAO induced a robust inflammatory responsgroup (Fig. 4b).
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Fig. 4. Serum biomarker profile of (a) neurotrophic factors (GDNF [ng/mL] and BDNF [pg/mL]) and (b) inflammatory mediators (pro
inflammatory: IL-13, TNF-a, IL-6 [pg/mL]; anti-inflammatory: IL-10, IL-4 [ng/mL]) across experimental groups (mes3B; n = 10/
group) in experimental groups. a (p<0.05) MCA&® control groups; b (p<0.05) 200 and 400 mg/kg Biochanin A treetedd CAO
groups.

Biochanin A and MCAO effects on serum GPx, CAT, groups attenuated NO production relative to untreated MCAO
and SOD activity alongside serum NO levels animals. Treatment with Biochanin A at both tested doses
produced a significant reduction in serum NO concentrations
MCAO promoted excessive free radical generation, g < 0.05), highlighting its potent antioxidant capacity.
evidenced by a significant elevation in serum nitric oxide (NQJurthermore, MCAO markedly suppressed the serum activities
levels compared with the control group. In contrast, Biochanuf all three endogenous antioxidant enzymes compared with
A administration in both the MCAO + 200 and MCAO + 40Qcontrols. Biochanin Atreatment at 200 and 400 mg/kg
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effectively restored these enzyme activities, resulting iestablished markers of total antioxidant capacity and lipid
significant increases (p < 0.05) in the MCAO + Biochaniperoxidation—were assessed to evaluate oxidative status.
A groups relative to the MCAO group (Fig. 5a). MCAO significantly reduced these parameters (p < 0.05)
compared with the control group. In contrast, Biochanin A
Biochanin A and MCAO effects on brain thiol, FRAP, treatment exerted pronounced antioxidant effects, resulting
and TBARS levels in significantly elevated levels of these markers in the MCAO
+ 200 and MCAO + 400 Biochanin A groups relative to the
Tissue levels of thiols, FRAP, and TBARS—MCAO group (Fig. 5b).
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Fig. 5. Oxidative stress modulation profile: (a) Serum nitric oxide (NO) concentration (mmol/mL) and antioxidant enzyness activit
(SOD, CAT, GPx; U/mL) (b) Brain tissue oxidative damage markers: TBARS (lipid peroxidation, nmol/mg), thiol content (sulfhydryl
groupsumol/mg), and FRAP assay (antioxidant capagitypl/mg) across experimental groups (me&D; n=10). a (p<0.05) MCAO

vs. control groups; b (p<0.05) 200 and 400 mg/kg Biochanin A treated vs. MCAOQO groups.
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Biochanin A and MCAOQ effects on expression of brain 0.05). This downregulation was most effectively reversed
JAK2 and STAT3 genes in the MCAO + 400 mg/kg Biochanin A group, which exhibited
significant upregulation of p-JAK2, JAK2, p-STAT3, and
Analysis of gene expression related to apoptosiS;TAT3 protein levels relative to the MCAO group (p < 0.05),
oxidative stress, and metabolic pathways in glial aniighlighting the involvement of JAK2/STAT3-mediated
neuronal cells revealed that MCAO significantlyinflammatory signaling pathways (Fig. 6b & 6c¢).
downregulated JAK2 and STAT3 expression in the brain
compared with controls (p < 0.05). This effect was markedBrain streological and histopathological evaluations
reversed in the MCAO + 400 mg/kg Biochanin A group,
where JAK2 and STAT3 levels were significantly increased MCAO injury caused significant reductions (p < 0.05)
relative to the MCAO group (p < 0.05), suggesting than total brain volume (TBV) and neuronal parenchymal tissue
Biochanin A modulates inflammatory signaling through theolume (NPTV), accompanied by significant increases (p <
JAK2/STAT3 pathway (Fig. 6a). 0.05) in blood vessel volume (BVV) and ischemic foci volume
(FIV) compared with controls. These changes were associated
Biochanin A and MCAO effects on expression of TNC-1 with heightened neuroinflammation and structural damage to
astrocytes p-JAK2, JAK2, p-STAT3, and STAT3 proteins  both neuronal and glial components. Treatment with Biochanin
A, particularly at 400 mg/kg (MCAO + 400 Biochanin A
Protein expression analysis of apoptosis-, oxidativgroup), exhibited significant neuroprotective effects (p < 0.05),
stress—, and metabolism-related pathways in glial amttenuating inflammatory responses, preserving parenchymal
neuronal cells demonstrated that MCAO significantlyntegrity, and partially normalizing vascular alterations, thereby
decreased the levels of p-JAK2, JAK2, p-STAT3, and STAT®itigating MCAO-induced volumetric and pathological
in TNC-1 astrocytes compared with the control group (p shanges relative to untreated MCAO animals (Fig. 7).
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Fig. 6. Molecular mechanisms of ischemia-reperfusion injury and
Biochanin A-mediated neuroprotection via JAK2/STAT3 pathway
in brain tissue (a) Brain tissue JAK2 and STAT3 genes expression
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Fig. 7. Stereological changes in brain tissue across experimental
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Total brain (TBV), neuronal parenchyma tissue (NPTV), blood vessels

(BVV), and ischemic foci (FIV) volume.

1272

Histopathological analysis revealed
that MCAQ induced pronounced lymphocytic
infiltration, vascular injury, neurons with
pyknotic nuclei and vacuolated cytoplasm,
apoptotic bodies, and degenerated neurons
adjacent to necrotic regions. The MCAO group
displayed marked neuronal atrophy and a
substantial reduction in normal parenchymal
density compared with controls. In contrast,
Biochanin A administration at both 200 and
400 mg/kg increased neuronal parenchymal
density and substantially decreased apoptotic
bodies, neuronal degeneration, and
lymphocytic infiltration relative to the MCAO
group (Fig. 8, Fig. 9 & Fig. 10).
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Fig. 8. Histopathological changes in brain tissue in (A) Control, (B) MCAOQ, (C) MCAO + 200 Biochanin A, (D) MCAO + 200 Biochani
A, and (E) 400 Biochanin A alone (Golgi's stainin@00 with scale bar = 2Q@m).
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Fig. 9. Histopathological changes in brain tissue in (A) Control, (B) MCAO, (C) MCAO + 200 Biochanin A, (D) MCAO + 200 Biochani
A, and (E) 400 Biochanin A alone (Haematoxyline and eosine stainl@@ with scale bar = 2Q@m).
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Fig. 10. Histopathological changes in brain tissue in (A) Control, (B) MCAO, (C) MCAO + 200 Biochanin A, (D) MCAO + 200
Biochanin A, and (E) 400 Biochanin A alone (Methylen blue stairif@0 with scale bar = 2Q@m).
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DISCUSSION

Ischemic stroke is a critical global health issueinflammatory cytokines and enhancing the resolution of
recognized as one of the leading causes of long-teinflammation. Furthermore, it promotes the activation of
disability and mortality. According to the World Healthastrocytes via Lrgl/TGF-b/Smad2 pathway blockade,
Organization (WHO), nearly 85 % of all strokes are ischemighich are crucial for maintaining the integrity of the blood-
in nature, primarily resulting from the occlusion of the middi®rain barrier (BBB) and regulating neuronal homeostasis
cerebral artery (MCA). This blockage initiates a complegFu et al., 2023). Numerous preclinical studies have
cascade of neuroinflammatory responses that exacerbd&monstrated that high doses of Biochanin A (ranging from
brain injury and impair recovery, leading to significantL00 to 400 mg/kg) significantly reduce infarct volume and
neuronal death, disrupted cellular signaling, and a rangeiofprove neurological function in experimental animal
pathological events, including oxidative stress, amyloithodels of cerebral ischemia. For instance, studies
production, and tau protein dysfunction (Feigfial, 2022). comparing Biochanin A with other neuroprotective agents,
The multifaceted nature of ischemic stroke pathophysiologuch as edaravone, have shown that Biochanin A provides
contributes to its severity and long-term consequencesjperior neuroprotection by reducing cerebral infarct
making it a significant public health challenge. Despitgolume and enhancing recovery following stroke (Zabu
advances in medical science, the clinical managementaif, 2021). These findings underscore the potential of
ischemic stroke remains fraught with challenges. CurreBiochanin A as a therapeutic agent in ischemic brain injury.
therapeutic options, such as recombinant tissue plasminog#owever, the precise mechanisms by which Biochanin A
activator (rt-PA), have proven effective in certain contextsxerts its protective effects in ischemic stroke remain
but are limited by a narrow therapeutic time windowinclear, necessitating further investigation to elucidate its
numerous contraindications, and potential neurotoxicitgction.

(Polk et al, 2018). These limitations highlight the urgent
need for alternative therapeutic strategies that can effectively =~ The JAK2/STAT3 signaling pathway has emerged
mitigate stroke-induced brain injury and promoteas a critical regulator of neuroinflammation and neuronal
neurological recovery. In this context, the exploration cfurvival in ischemic stroke. JAK2 and STAT3 are key
natural compounds with neuroprotective properties, such@smponents of a signaling cascade that regulates numerous
Biochanin A, derived from Trifolium pratense (red clover)cellular processes, including inflammation, cell survival,
has gained prominence (Rahefaal, 2018). and tissue repair (Zhet al, 2021). In response to ischemic
injury, the JAK2/STAT3 pathway is activated, leading to

Biochanin A, a natural isoflavonoid, has emerged abe phosphorylation of JAK2 and STAT3. Phosphorylated
a promising candidate in the treatment of various brallAK2 activates STAT3, which translocates to the nucleus
disorders, including ischemic stroke. Its neuroprotectivand regulates the expression of target genes involved in
effects can be attributed to several mechanisms, includinguroprotection and angiogenesis. Previous studies have
its antioxidant, anti-inflammatory, and neuroprotectivelemonstrated that activation of the JAK2/STAT3 pathway
properties. The oxidative stress induced by ischemanhances cerebral angiogenesis, promotes neuronal
conditions leads to the generation of excessive reactigarvival,and accelerates neurological recovery following
oxygen species (ROS), which are known to cause neuromahemic stroke. Moreover, this pathway has been implicated
necrosis and apoptosis (Tripa#tial, 2024). Biochanin A in mediating the neuroprotective effects of various
has been shown to effectively scavenge these ROS, theréigrapeutic agents, including resveratrol (Ahnesdl,
mitigating neuronal death and improving patient prognos018). Given the complex interactions between microglia,
after stroke. In addition to its antioxidant activity, Biochanirastrocytes, and the JAK2/STAT3 pathway, our study aimed
A exhibits significant anti-inflammatory effects. Theto elucidate the neuroprotective mechanism of Biochanin
activation of microglia, the resident immune cells of thé in ischemic stroke through a network pharmacology-
central nervous system (CNS), plays a pivotal role in thdriven approach. Focusing on the JAK2/STAT3 signaling
neuroinflammatory response following ischemic injurypathway, we hypothesized that Biochanin A modulates this
Upon activation, microglia migrate toward the infarct cor@athway to reduce neuroinflammation, oxidative stress, and
and penumbral regions, where they phagocytose cellulzuronal apoptosis. Our findings indicate that Biochanin A
debris and release pro-inflammatory cytokines, exacerbatisgnificantly improves neurological function and reduces
tissue damage (Gt al, 2019). infarct volume in MCAO-induced ischemic stroke models.

The administration of Biochanin A at doses of 200 mg/kg

Biochanin A has been found to modulate thisnd 400 mg/kg resulted in a dose-dependent reduction of

microglial activation, reducing the release of propro-inflammatory cytokines such as TNF4L-1[3, and IL-
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6, while enhancing the levels of anti-inflammatoryCONCLUSION
cytokineslike IL-10 and IL-4. These results suggest that
Biochanin A effectively modulates the inflammatory Our study elucidates the neuroprotective mechanism
response in the ischemic brain. Furthermore, Biochanin& Biochanin A in the context of cerebral ischemia,
administration was associated with a significant increaséghlighting its potential as a therapeutic agent for ischemic
in serum levels of neurotrophic factors, including GDNtroke. By employing a network pharmacology-driven
and BDNF. These neurotrophic factors play a crucial rokpproach, we demonstrated that Biochanin A significantly
in neuronal survival and repair, highlighting the potentidmproves neurological function and reduces infarct volume
of Biochanin A to support neuronal health followingin MCAO-induced ischemic models. The modulation of the
ischemic injury (Gonget al, 2025). Biochanin A also JAK2/STATS3 signaling pathway was identified as a critical
exhibited potent antioxidant activity, as evidenced by ithechanism underlying its protective effects, as evidenced
ability to reduce serum NO levels and restore the activityy enhanced expression of neurotrophic factors and a
of endogenous antioxidant enzymes, including SOD, CAflgvorable shift in inflammatory cytokine profiles. These
and GPx. The reduction of oxidative stress is vital ifindings underscore the importance of Biochanin A in
mitigating neuronal damage and promoting recovenyitigating neuroinflammation and promoting neuronal
following ischemic events. Our analysis of gene expressiaarvival, paving the way for future clinical applications in
revealed that Biochanin A administration significantlystroke management. Further investigation into its synergistic
upregulated the expression of JAK2 and STAT3 in the bragffects with existing therapies could enhance recovery
following MCAOQO. The activation of the JAK2/STAT3 outcomes for patients suffering from ischemic stroke.
pathway was further confirmed by the increased levels of
phosphorylated JAK2 (p-JAK2) and phosphorylated STATBthical Approval. The experimental protocols of this study
(p-STAT3) in the treated groups. This suggests thatere approved by the Monggolian Medical of College Inner
Biochanin A not only activates the JAK2/STAT3 signalingMongolia Minzu University ethics committee.
pathway but also enhances its downstream effects,
promoting neuroprotection and tissue repair. CHARILATU, W. & JIE, X. Elucidacién mediante farmacologia
de redes del mecanismo neuroprotector de la biocanina A en la
Interestingly, while the activation of the JAK?2/isquemia cerebral: Modulacion de la via de sefializacion JAK2/

STAT3 pathway (via JAK2/STAT3/PI3K/AKT/mTOR STAT3 mediante la regulacién de p-JAK2, JAK2, p-STAT3 y
pathway) is generally associated with neuroprotectio%,TAT?"mt' J. Morphol., 44(4)1263-1278, 2026.
some studies have indicated that aberrant activation may  pesuMEN: La isquemia cerebral resultante de la oclusion

contribute to the inflammatory response in ischemic strokg | arteria cerebral media (OACM) deteriora significativamente
(Houet al, 2018). This duality highlights the complexity|a funcién neuronal y exacerba los déficits cognitivos. Este estudio
of the JAK2/STAT3 signaling pathway and emphasizes thevestiga los efectos neuroprotectores de la biocanina A, una
need for further research to clarify the context-dependeréflavona natural, en un modelo de OACM utilizando ratas Wistar.
effects of its activation. Our findings suggest that Biochanfgincuenta ratas se dividieron en cinco grupos: un grupo control,
A may selectively activate beneficial aspects of the JAK2 grupo OACM y tres grupos de tratamiento que recibieron 200
STAT3 pathway while mitigating potential adverse eﬁecté?g/kg y 400 mg/kg de biocanina A. La funcién cognitiva se evalué

thus providing a nuanced approach to therapeut?&ed'ame la prueba del laberinto acuatico de Morris, mientras que

. R . _ - .~ 10s niveles séricos de factores neurotréficos (GDNF y BDNF) y
intervention in ischemic stroke. The promising preclmlcatfi)toquinas inflamatorias (TNBs IL-1B, IL-6, IL-10 e IL-4) se

results regarding Biochanin A's neuroprotective effecigigieron mediante ensayo por inmunoabsorcién ligado a enzimas
warrant further investigation into its clinical applicability.(ELISA). Ademas, se analizd la expresion génica de JAK2 y STAT3
Understanding the molecular mechanisms underlying itsediante PCR en tiempo real. Los resultados indicaron que la
action will be crucial for translating these findings intdACM deteriord significativamente la funcién cognitiva y aumento
clinical practice. The network pharmacology approacias citoquinas proinflamatorias, al tiempo que disminuy6 los
employed in this study provides a ComprehensivféCtores neurotroficos (p<0,05). Por el contrario, el tratamiento con

framework for identifying the molecular targets and)iocaninaA mejoro la latencia de escape en el laberinto acuatico
. . P e Morris y elevé los niveles séricos de GDNF y BDNF (p<0,05).
pathways modulated by Biochanin A. By elucidating the . " S = . 4 ;
simismo, la administracion de biocanina A modul6

interactions between Biochanin A, the JAK2/STAT ignificativamente la expresion de JAK2 y STAT3, promoviendo
pathway, and the inflammatory response, we can develgeyroproteccién a través de la via de sefializacion JAK2/STAT3.
targeted therapies that enhance recovery in ischemic strekgos hallazgos sugieren que la biocanina A mitiga los déficits
patients. Future research should also investigate tb&gnitivos y la neuroinflamacion tras la OACM, posiblemente
potential of combining Biochanin A with existing therapiesnediante el aumento de los niveles de factores neurotréficos y la
to enhance therapeutic outcomes. modulacion de las respuestas inflamatorias. Por lo tanto, la

1277




CHARILATU, W. & JIE, X. Network pharmacology-driven elucidation of biochanin A's neuroprotective mechanism in cerebral ischemia: JAK2/STAT 3 sagimattygmodulation via p-JAK2,
JAK2, p-STAT3, and STAT3 regulatiomt. J. Morphol., 44(4)1263-1278, 2026.

biocanina A representa un candidato terapéutico prometedor pa&aag, Y.; Tong, X.; Li, Y.; Jiang, G.; Yu, M.; Chen, Y. & Dong, S. JAK2/

la recuperacion tras un accidente cerebrovascular isquémico.  STAT3 pathway is involved in the protective effects of epidermal growth
factor receptor activation against cerebral ischemia/reperfusion injury
PALABRAS CLAVE: Biocanina A; Infarto cerebral; in rats.Neurosci. Lett., 66219-26, 2018.

Tripathi, S.; Mishra, R.; Shrivastava, R. & Singh, Gveiling the
neuroprotective benefits of biochanin-k: Natural Molecules in
Neuroprotection and Neurotoxicity. Academic Press, pp. 1307-20, 2024.
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