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Atorvastatin Ameliorates Neuroinflammatory Response in
Experimental Intracerebral Hemorrhage Rats through the

GSK-3f/B-Catenin Pathway

Jing Zhao, Mei Li, Lingling Zhang, Qi Zhang*

Department of Neurology, Nantong RICH Hospital, Nantong, Jiangsu, CHINA.

ABSTRACT

Objectives: This study aimed to elucidate influence of Atorvastatin (ATV) on the
neuroinflammatory response in experimental Intracerebral Hemorrhage (ICH) through the
GSK-3[/B-catenin Signaling Pathway (SPW). Materials and Methods: Forty-five rats were
randomly rolled into Sham, ICH (established using the Fredrik methodology) and ATV intervention
(ICH model+10 mg/kg ATV) groups, each comprising 15 rats. Neurological deficits in rats were
assessed using the Garcia methodology. Brain Water Content (BWC) was measured via wet-dry
methodology. Nissl staining was conducted to observe Brain Tissue (BT) histological changes
and count undamaged neurons. Expression Levels (ELs) of B-catenin, GSK-3(3 and p-GSK-3f3 in
BT were detected. Levels of Inflammatory Factors (IFs) Tumor Necrosis Factor (TNF)-a, Interleukin
(IL)-1B and IL-6 in rat cerebrospinal fluid were measured. Results: Relative to Sham group, ICH
group exhibited decreased postoperative neurological behavior scores, B-catenin gene mRNA
ELs and B-catenin protein levels, along with a reduction in the number of intact neurons (p<0.05).
BT BWC, GSK-3( gene levels, p-GSK-33 and GSK-3 protein ELs were greatly increased, that is,
p<0.05, while IL-6, IL-13 and TNF-a in cerebrospinal fluid were markedly elevated (p<0.05). In
comparison to ICH group, ATV group showed increased neurological behavior scores, B-catenin
gene mRNA levels and B-catenin protein levels, with an increase in the number of intact neurons
(p<0.05). Moreover, BWC, GSK-33 gene mRNA ELs, p-GSK-3(3 and GSK-3[3 protein ELs, as well as IFs,
were notably decreased (p<0.05). Conclusion: ATV, through regulation of the GSK-3f3/3-catenin
SPW, inhibits inflammatory reactions and cellular damage, thereby ameliorating neurological
dysfunction and neuroinflammatory responses in experimental ICH rats.
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The occurrence and progression of Intracerebral Hemorrhage
(ICH) involve various primary pathologies such as vascular
abnormalities, hypertension and hematologic disorders, as well as
secondary injury processes.! Following ICH onset, blood leakage
into Brain Tissues (BT) leads to local vascular rupture, hematoma
formation and direct damage to surrounding neurons, triggering
a cascade of inflammatory responses.” While inflammation is
the body’s protective response, it can exacerbate neural damage
and lead to inflammatory cell death.* Improper regulation
of inflammation may worsen BT damage, impacting patient
recovery. GSK-3 is involved in regulating various life processes
and closely associated with neuronal injury.* Recent studies

DOI: 10.5530/ijper.20250529

Copyright Information :

> <
g -
§ o Copyright Author (s) 2025 Distributed under
’%% f Creative Commons CC-BY 4.0
(&)
(y
%‘MCEW&P\‘

Publishing Partner : Manuscript Technomedia. [www.mstechnomedia.com]

identified GSK-3 as playing a crucial role in inflammation, with
its activation being a key requirement to produce Inflammatory
Factors (IFs).> However, the regulatory mechanisms of GSK-3f in
neuroinflammatory response following ICH remain incompletely
understood.

Atorvastatin (ATV) belongs to the new generation of drugs
targeting this enzyme. By inhibiting 3-Hydroxy-3-Methylglutaryl
Coenzyme A (HMG-CoA) reductase, ATV reduces cholesterol
synthesis. It can exert various biological effects, including
reduction, anti-inflammatory,  antioxidative,
immunomodulatory and neuroprotective properties."® As
a commonly used lipid-lowering medication, ATV offers
advantages of high safety and good tolerability, primarily
indicated for treating conditions such as hypercholesterolemia,
hyperlipidemia and coronary heart disease. ATV significantly
reduces blood viscosity, alleviating symptoms of hemorrhagic
brain injury.’ Additionally, ATV possesses vascular protective
effects, improving vascular function, maintaining blood-brain

cholesterol
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barrier permeability, inhibiting brain edema, promoting BT
reperfusion,
responses, alleviating post-hemorrhagic cerebral vasospasm,
thus aiding in the recovery from neurological disorders.”® The
anti-inflammatory mechanism of ATV primarily involves
attenuating the chemotaxis and aggregation of inflammatory
cells into plaques and inhibiting the Expression Levels (ELs) of
soluble intercellular adhesion molecules and metalloproteinases
in macrophages.'' Recent studies indicated that ATV can inhibit
GSK-3P activity, thereby influencing various cellular Signaling
Pathways (SPWs) and regulating various biological processes.'>*?
It is evident that ATV is not only a lipid-lowering medication
but also a potential therapeutic agent for neuroinflammatory
diseases. Its mechanism of improving neuroinflammatory
response by modulating the GSK-3B-B-catenin SPW warrants
further investigation. Moreover, its role in the neuroinflammatory
response following ICH remains incompletely understood and
requires further elucidation.

mitigating brain damage and inflammatory

Hence, mechanism of ATV in experimental ICH rats
was particularly ~ whether it improved
neuroinflammatory  response by  modulating  the
GSK-3p/B-catenin SPW. The goal was to elucidate the mechanism
of ATV in treating ICH, providing a theoretical basis for
developing novel therapeutic strategies to enhance prognosis and
quality of life of ICH patients.

demonstrated,

MATERIALS AND METHODS

Animals and grouping

45 healthy Sprague-Dawley rats (male, 9-12 weeks old, 270~331
g) were selected from Chengdu Dashuo Experimental Animal
Center, China. Mice were accommodated in groups of five in
controlled experimental animal rooms with specific pathogen-free
conditions. The rooms were kept at a temperature of 25+°C,
around 55% relative humidity and operated on a 12-hr light-dark
cycle. Animals had unrestricted access to food and water. Animal
protocols were sanctioned by Experimental Animal Management
Committee and followed approved guidelines.

After a 2-week acclimatization, rats were rolled into Sham, ICH
and ATV groups (each n=15). Rats in the Sham and ICH groups
were administered 2 mL of 0.9% saline solution by gavage, while
rats in ATV group received oral gavage of 10 mg/kg ATV (Pfizer
Inc., USA) for intervention.

Establishment of ICH model

The ICH model in rats was prepared using the Fredrik
methodology,'* with specific procedures as follows. 30 mg/kg of
1% pentobarbital sodium were adopted to anesthetize animals via
intraperitoneal injection (Shanghai Yanjin Biological Technology
Co., Ltd., China). Following successful anesthesia, arterial blood
pressure was measured by catheter insertion into right femoral
artery and right basal ganglia region were injected with 50 pL
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blood. Animals were then placed in a stereotaxic apparatus with
their skull exposed. A burr hole was drilled on the right side as
against bregma: anterior-posterior 0.2 mM, lateral 5.5 mM and
depth 3.5 mM. Using a microsyringe, right basal ganglia (located
at anterior-posterior 0.2 mm, lateral 5.5 mM and depth 6 mM)
were injected with 50 pL arterial blood. During the injection, 10
uL of blood was first injected very slowly, followed by a 5 min
pause, after which the needle was moved down to a depth of 5.8
mM and the remaining 40 uL of blood was injected slowly. The
entire injection process lasted for 30 min. After injection, the
syringe was slowly withdrawn, the cranial incision was closed,
and the surgical area was routinely disinfected. The skin was
sutured, and rats were maintained on a regular diet. In ATV
group, rats were orally administered 10 mg/kg of ATV by gavage
2 hr after surgery, once daily for 7 consecutive days. Rats in the
Sham and ICH groups were orally administered 2 mL of 0.9%
saline solution by gavage, once daily for 7 consecutive days.

Neurological dysfunction score

Neurological deficits in each group of rats were assessed using
the Garcia methodology" at 12 hr, 24 hr, 48 hr, 96 hr and 7 days
postoperatively. This methodology comprises six basic tests:
spontaneous activity, symmetry of movements, tactile startle
response, wire grip test, symmetry of forelimbs and tactile
response of both sides of the trunk. Each test was scored on a
specific scale: spontaneous activity (0-3 points), symmetry of
movements (0-3 points), tactile startle response (1-3 points),
wire grip test (1-3 points), symmetry of forelimbs (0-3 points)
and tactile response of both sides of the trunk (1-3 points). The
individual scores from these tests were combined to calculate
a total score of 3-18 points. A lower total score suggested more
pronounced neurological deficits.

Determination of water content in BT

BT Water Content (BWC) was measured using the wet-dry
methodology.'® At 24 hr, 36 hr and 72 hr postoperatively, all rats
were euthanized by decapitation under anesthesia with 30 mg/
kg of 1% pentobarbital sodium. After decapitation, brains were
rapidly removed on an ice-cold plate and approximately 100 mg
of BT surrounding the hematoma was collected. The wet weight of
the samples was accurately measured using a precision electronic
balance (Shanghai Tianping Instrument Factory, China).
Subsequently, samples were placed in a constant temperature
oven at 100°C for 48 hr to determine their dry weight. The BWC
was then calculated.

Nissl staining of BT

Rat brain basal ganglia tissue samples were collected, fixed,
embedded and processed into routine paraffin sections using
a tissue slicer (Leitz, Germany). After paraffinization, sections
were immediately immersed in xylene I and xylene II (Wuhan
Canos Technology Co., Ltd., China) for 20 min each. They were
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then dehydrated in a series of various concentrations of ethanol
(China National Pharmaceutical Group Chemical Reagent Co.,
Ltd., China) (100% ethanol I, 100% ethanol II, 95% ethanol I, 95%
ethanol II, 90%, 80% and 70% ethanol), with each immersion
lasting 5 min, followed by immersion in double distilled water for
5 min. Samples were stained in containers containing toluidine
violet solution (Dingzhou Bioseth Biological Technology Co.,
Ltd.,, China) for 30 min in an incubator (37°C), examined
under a microscope (Olympus Corporation, Japan) to check
staining outcomes, rinsed with tap water until a bluing effect was
observed and dehydrated again in different concentrations of
ethanol (70%, 80%, 90% ethanol, as well as 95% ethanol I, 95%
ethanol II, 100% ethanol I and 100% ethanol II) for 5 min each.
Finally, samples were sequentially placed in xylene I and II for
5 min each for transparent treatment, fixed with neutral gum
(Shanghai Specimen Model Factory, China) and observed under
a microscope. Neurons around the hematoma were selected and
at 40xmagnification, five random high-power fields were chosen
to visualize neurons with intact nuclei. Neurons with clear and
undamaged nuclei were counted and the mean number of positive
cells counted in five fields was taken as count of undamaged
neurons.

Real-time fluorescence quantitative PCR

mRNA ELs of GSK-3p/p-catenin genes in BTs of each group
were detected using qRT-qPCR. BTs within a 3 mm range
around the lesion in rats were isolated and 100 mg of BT was
collected. Total RNA from the BTs was extracted employing
TRIzol methodology. RNA purity and concentration were scored
utilizing a Qubit Fluorometer (Thermo Fisher, USA) and agarose
gel electrophoresis. Reverse transcription was performed with
a kit (Beijing Solarbio Technology Co., Ltd., China) with 20 puL
reaction volume, containing 1 ug RNA, 2 pL 10 mM dNTP, 4 uL
5x Buffer, 1 uL Oligo (dT) and 0.5 uL reverse transcriptase. The
reverse transcription program consisted of incubation at 42°C
for 60 min and 75°C for 10 min. Subsequently, 1 pL of reverse
transcription product served as a template for amplification
using SYBR Green Master Mix (TaKaRa, Japan). Amplification
reaction included initial denaturation at 95°C for 3 min, 30
cycles of denaturation at 95°C for 10 sec, annealing at 55°C for
34 sec. GAPDH and were used as reference genes to analyze
the ELs of GSK-3f gene in BTs. Each reaction was performed
in triplicate utilizing at 60°C for 30 sec (30 cycles). Relative EL
of GSK-3p gene in BTs was calculated via 242 method. Primer
sequences for amplifying the GSK-3p and 3-catenin genes, as well

as GAPDH, are detailed in Table 1. All primer sequences were
custom-designed and synthesized.

Western Blotting

BTs within a 3 mm range around the lesion in rats were dissected
and 100 mg of BT was weighed. The rat BT was placed in a
homogenizer and thoroughly minced. Then, 1 mL of pre-prepared
lysis buffer (radioimmuno precipitation assay protein lysis buffer:
protease inhibitor phenylmethylsulfonyl fluoride=1:100) was
applied for grinding. Mixture was chilled on ice for 30 min,
then centrifugated at 12,000 rpm for 20 min at 4°C to isolate
total protein extract. Protein concentration was determined
utilizing BCA assay (Shanghai Enzyme-linked Biotechnology
Co., Ltd., China). Proteins were denatured by boiling in water
for 10 min and sodium dodecyl sulphate-polyacrylamide gel
electrophoresis gel electrophoresis (10% separating gel, 5%
stacking gel) was utilized to separate them. Finally, proteins
were transferred onto polyvinylidene fluoride membranes via
a wet transfer methodology at a constant current of 250 mA
for 60-90 min, which were blocked with 5% skim milk for 1 hr
and then incubated overnight at 4°C with appropriately diluted
primary Antibodies (Abs): rabbit anti-rat p-GSK-3p (1:200),
GSK-3p (1:200), B-catenin (1:400) and B-actin Abs (1:500) (all
sourced from Abcam, UK). After washing thrice with TBST for
10 min each, horseradish peroxidase-conjugated secondary Abs
(1:10,000) (Shanghai Rebiosci Biotechnology Co., Ltd., China)
was utilized to incubate membranes at 25°C for 2 hr. Following
another three washes with TBST, membranes were incubated with
a chromogenic substrate and automatic exposure was performed
using a gel imaging system. Under grayscale values, protein ELs
of B-catenin, GSK-3P and p-GSK-3p were acquired.

ELISA

Prior to euthanasia, Cerebrospinal Fluid (CSF) samples were
collected from rats. IFs levels in rat CSF were acquired utilizing
ELISA Kkits (Shanghai Enzyme-linked Biotechnology Co., Ltd.,
China). Diluted protein standards and sample diluent were added
to the enzyme-labeled wells, followed by the addition of blocking
solution. After incubation with rabbit anti-rat IL-6, IL-1p and
TNF-a Abs (1:100) and goat anti-rabbit secondary Abs (1:1000),
each well was incubated with 100 pL of chromogenic substrate.
Subsequently, plate was incubated in the dark for 10 min and
absorbance of each well was promptly measured at 450 nm via
ELISA reader within 5 min after terminating the chromogenic
reaction.

Table 1: Primer sequences amplified by qRT-PCR.

Gene Forward primers

GSK-3f  5- TACCCATACGATGTTCCAGAT-3
B-catenin 5-GAAGATCAAGATCATTGCTCCT-3’
GAPDH 5-AGTTCAACGGCACAGTCAAG-3
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Reverse primer

5’- CCCTGC-CCAGGAGTTGCCAC-3’
5’- ACTCCTGCTTGCTGATCCA-3’
5-CAGCCTTCTCCATGGTGGTG-3
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Statistical processing

Statistical analysis of the experimental data was conducted
using SPSS 19.0. The continuous variables were normally
distributed with homogeneity of variance and were expressed as
meanztstandard deviation (X+s). Comparisons among multiple
groups were performed using one-way analysis of variance, while
pairwise comparisons between groups utilized the LSD test. A
p-value of less than 0.05 was considered statistically significant.

RESULTS

Neurological ~dysfunction score: Preoperatively, all rats
exhibited normal neurological behavior. Rats in Sham group
showed neglectable characteristics of neurological dysfunction
postoperatively, with neurological function scores ranging
from 17 to 19. Rats in ICH group exhibited pronounced
neurological deficits postoperatively, with neurological function
scores ranging from 8 to 12, reaching the lowest point at 24 hr,
characterized by mild or absent movement of the left limbs and
inability to climb. Over time, neurological deficits in ICH group
gradually improved, as indicated by a progressive increase in
neurological function scores. Neurological deficits in ATV group
were alleviated relative to ICH group. The results of the LSD test
indicated that, relative to Sham group, neurological scores in ICH
group were greatly decreased at 12 hr, 24 hr, 48 hr, 96 hr and 7
days postoperatively (p<0.05). Furthermore, neurological scores
in ATV group were drastically increased at 12 hr, 24 hr, 48 hr, 96
hr and 7 days postoperatively versus ICH group, that is, p<0.05

(Figure 1).

Dynamic changes in BT water content

Postoperatively, the BT BWC in ICH group rats exhibited a trend
of initial elevate followed by a decline, with the highest BWC

content reached at 36 hr postoperatively. Similarly, the BT BWC
in ATV group rats also showed a trend of initial elevate followed
by a decline, with the highest BWC content reached at 36 hr
postoperatively. Both ICH group and ATV group showed notably
increased BT BWC versus Sham group, that is, p<0.05. Moreover,
BT BWC in ATV group was greatly decreased relative to ICH
group, that is, p<0.05. No marked difference was indicated in BT
BWC between Sham and ATV groups, that is, p>0.05 (Figure 2).

Nissl staining of BT

In the Sham group, neuronal cell morphology appeared normal,
with slight reduction in the number of Nissl bodies observed.
In contrast, neuronal cells in ICH group exhibited diverse
morphologies, decreased in number and correspondingly reduced
in size, with a drastic decline in the number of Nissl bodies,
nuclear fragmentation and pronounced BT swelling and necrosis.
Compared to ICH group, ATV group showed a reduction in
damaged neuronal cell count, an increase in the number of Nissl
bodies and some improvement in nuclear fragmentation, BT
swelling and necrosis; however, there still existed a certain degree
of neuronal cell damage compared to Sham group (Figure 3A).

The number of undamaged neurons in the Sham group remained
stable over different time periods. The number of undamaged
neurons in ICH group substantially decreased at different time
points versus Sham group, with the difference between ICH and
Sham groups increasing with postoperative time. Specifically, at
12 hr, 36 hr and 72 hr postoperatively, the number of undamaged
neurons in ICH group was markedly reduced versus Sham group,
that is, p<0.05. Furthermore, in Figure 3B, a marked increase
in the number of undamaged neurons can be observed in ATV
group at 12 hr, 36 hr and 72 hr postoperatively versus ICH group,
that is, p<0.05.
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Figure 1: Comparison of neurobehavioral scoring among different groups at postoperative
12 hr, 24 hr, 48 hr, 96 hr and 7 days. Denotes p<0.05 vs. Sham group; # denotes p<0.05 vs.
ICH group.
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Analysis of EL of GSK-3f/p-catenin SPW in BT: Results of
GSK-3P and P-catenin gene ELs in BT revealed that, relative to
Sham group, the mRNA ELs of GSK-3p gene in ICH group were
notably elevated at 12 hr, 36 hr and 72 hr postoperatively, that
is, p<0.05, while mRNA ELs of the P-catenin gene were greatly
reduced, that is, p<0.05. Moreover, with prolonged time, the
reduction in B-catenin gene mRNA ELs in ICH group became
more pronounced. The mRNA ELs of the GSK-3f/p-catenin genes
showed inconsiderable differences between various time points in
ICH group, that is, p>0.05. The mRNA ELs of the GSK-3f gene in
ATV group were greatly decreased at various postoperative time
points versus ICH group, that is, p<0.05, while the mRNA ELs
of the P-catenin gene were drastically elevated, that is, p<0.05.
Nevertheless, in Figure 4A-B, neglectable differences between
ATV and Sham groups were observed, that is, p>0.05.

Relative to Sham group, protein ELs of p-GSK-3p and GSK-3p
were substantially elevated in ICH group, that is, p<0.05, whereas
protein ELs of p-GSK-3p and GSK-3P were greatly decreased
in ATV group versus ICH group, that is, p<0.05. Protein ELs
of p-GSK-3p and GSK-3p differed slightly between ATV group
and Sham, that is, p>0.05. Protein ELs of f-catenin were greatly
reduced in ICH group versus Sham, that is, p<0.05. Conversely,
relative to ICH group, ATV group exhibited a drastic increase
in the protein ELs of P-catenin, that is, p<0.05. However, in
Figure 4C-F, the protein ELs of p-catenin differed inconsiderably
between ATV group and Sham group, that is, p>0.05.

ELISA outcomes

Results of ELISA testing for ELs of IFs in CSF showed that,
over time, IFs levels in CSF of Sham group remained stable. In
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contrast, these levels in the CSF of ICH group exhibited a notable
upward trend over time. These levels in CSF of ICH group were
intermediate between those of the Sham and ICH groups, showing
an increasing trend over time, albeit not significant. These levels
in the CSF of ICH group were greatly elevated relative to Sham
group, that is, p<0.05. Furthermore, these levels in CSF of ATV
group declined notably relative to ICH group, that is, p<0.05.
Nevertheless, in Figure 5, these levels in CSF differed slightly
between ATV group and Sham group, that is, p>0.05.

DISCUSSION

This work investigated the effects of ATV on damaged neurons,
apoptosis of surrounding cells and the ELs of molecules related to
GSK-3[/B-catenin SPW under a rat model of ICH. The aim was to
discuss the mechanism of ATV in treating experimental ICH and
its impact on GSK-3p/p-catenin SPW. The results showed marked
improvements in neurobehavioral scores, decreased ELs of the
B-catenin gene and protein, reduced numbers of undamaged
neurons, decreased BT water content and drastically increased
ELs of the GSK-3p gene and protein, along with a notable increase
in IF levels in the cerebrospinal fluid after ICH. Following ATV
intervention, ICH group exhibited improved neurobehavioral
scores, increased numbers of undamaged neurons, decreased BT
water content, as well as regulation of the GSK-3p/p-catenin SPW
and reduced IF levels.

The present study utilized autologous blood injection to establish
the ICH model, which effectively reproduces pathological
processes such as brain edema formation and tissue pathological
reactions observed in human ICH."”!® Behavioral characteristics
observed in ICH animals include reduced limb activity, decreased

68 .
12h

36h 72h

Time

Figure 2: Comparison of brain tissue water content at postoperative 12 hr, 36 hr and 72 hr among
different groups. Denotes p<0.05 vs. Sham group; # denotes p<0.05 vs. ICH group.

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 4, Oct-Dec, 2025

1505



Zhao, et al.: Atorvastatin on Neuroinflammatory Response in Cerebral Hemorrhage Rats
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Figure 3: Nissl staining of brain tissue at postoperative 12 hr, 36 hr and 72 hr among different groups.
A: Nissl staining (x 400); B: number of undamaged neurons. Denotes p<0.05 vs. Sham group; # denotes
p<0.05 vs. ICH group.

spontaneous movement and loss of limb symmetry.** The results
revealed that rats in ICH group exhibited notable neurobehavioral
impairments postoperatively versus Sham group, with a notable
decrease in neurobehavioral scores, particularly reaching a nadir at
24 hr. This manifested as mild or absent movement in the left limbs
and an inability to climb. Over time, there was some alleviation of
neurobehavioral impairmenourts, but the scores remained lower
than those of Sham group, consistent with findings from previous
studies.”** These studies report improvements in neurobehavior
across different models, indicating that over time, compromised
neurological function may partially recover. In contrast to ICH
group, rats in ATV group showed an observable improvement
in neurobehavioral scores, indicating a positive effect of ATV
on ameliorating neurobehavioral impairments. The above study
indicated that after the establishment of the ICH model, rats
exhibited notable neurofunctional impairments, which gradually
alleviated over time. This phenomenon can be attributed to the
brains inherent capacity for self-repair, particularly following
mild injuries, where neurons and neural networks can restore
functionality through reorganization and reconnection.” ICH
triggers a cascade of inflammatory responses and as inflammation
diminishes, the extent of neural tissue damage decreases, leading
to an improvement in neurofunction.® ATV intervention can
partially ameliorate the neurofunctional impairments caused
by ICH, as evidenced by a notable increase in neurofunctional
scores. These findings support the neuroprotective role of ATV

1506

against brain hemorrhage-induced neuronal damage, providing
basis for its clinical application in therapy of ICH.

Furthermore, the results revealed a trend of initially increasing
and subsequently decreasing BWC postoperatively in both the
ICH and ATV groups, reaching its peak at 36 hr after surgery. This
fluctuation pattern may reflect the development of BT edema and
subsequent recovery processes following ICH. The initial increase
could be attributed to inflammatory responses and edema
formation in BT, while the subsequent decrease may be associated
with alleviation of inflammation and gradual absorption of
edema. Both the ICH and ATV groups exhibited a prominent
increase in BT BWC versus Sham group, indicating an increase in
BT edema following ICH or ATV intervention. This aligns with
the notable increase in BT edema observed during ICH. Relative
to ICH group, ATV group exhibited a great reduction in BWC,
indicating a beneficial effect of ATV intervention in alleviating
BT edema. This may be attributed to the anti-inflammatory,
neuroprotective and vascular-improving properties of ATV,
which could help mitigate the extent of BT edema. BWC refers to
the water content in BT, which is crucial for maintaining osmotic
balance between intracellular and extracellular environments.
Abnormal BT water content, either excessively high or low, may
lead to cellular swelling or shrinkage, thus affecting the normal
function of neurons.” Changes in BWC could influence the
speed and efficiency of neural signal transmission. Excessive
water content may impede signal transmission between neurons,
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thereby affecting cognitive and motor functions.” ATV primarily
inhibits ischemia-reperfusion-induced neuronal apoptosis
by activating the cAMP/PKA/p-CREB/BDNF SPW, thereby
mitigating brain injury in neonatal rats.”* Additionally, some
researchers have indicated that ATV can effectively regulate
neuroinflammation following traumatic brain injury by altering
peripheral leukocyte infiltration and the alternative polarization
of microglia/macrophages.”

ATV not only participates in neuroprotection by altering
peripheral leukocyte infiltration and the alternative polarization
of microglia/macrophages, but also exerts its multifaceted
protective effects by modulating the GSK-3[3/f-catenin SPW
to inhibit neuroinflammatory responses.”® In contrast to Sham
group, protein ELs of p-GSK-3B and GSK-3p were notably
elevated, while B-catenin protein EL was markedly declined in
ICH group. This indicates that ICH may trigger the activation
of the GSK-3p SPW, potentially leading to exacerbated neuronal
damage and inflammation. The decrease in [P-catenin protein
expression is associated with neuronal damage and inflammation
induced by ICH. In comparison to ICH group, ATV group
exhibited a marked decline in protein ELs of p-GSK-3f and
GSK-3B, with a considerable increase in B-catenin protein EL.
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This suggests that ATV intervention may inhibit the activation of
the GSK-3p SPW and promote -catenin SPW activation, thereby
contributing to alleviation of neuronal damage and inflammation
and ultimately promoting neuroprotection and repair. GSK-3 is
a crucial cellular SPW protein that acts in regulating cell cycle,
apoptosis and inflammatory responses. In ICH, the increase in
p-GSK-3B may reflect the extent of inflammation and cellular
damage. Excessive activation of p-GSK-3p may cause neuronal
apoptosis and exacerbation of inflammatory responses.”
GSK-3, as a critical cellular SPW regulator, plays key roles in cell
cycle regulation, inflammatory responses and apoptosis, with its
activity regulation being crucial for maintaining normal neural
function. In cases of ICH, GSK-3p is typically overactivated,
which may lead to neuronal damage and exacerbation of
inflammatory responses.’® Therefore, inhibiting the activity of
GSK-3B may help alleviate neuronal damage caused by ICH.
B-catenin, a cell adhesion protein and a key molecule in Wnt SPW,
participates in cell adhesion, cell SPW and apoptosis. In cases of
ICH, the level of B-catenin may be regulated and its activation
level may be associated with neuroprotection and repair
processes.’! Decreasing -catenin levels may affect the ability of
neuroprotection and repair, while increasing p-catenin activation
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Figure 4: Comparison of gene or protein expression levels of the GSK-3f/B-catenin SPW in brain tissue among different groups
post-surgery. A: GSK-3f3 gene; B: 3-catenin gene; C: P-GSK-33 protein; D: GSK-3[3 protein; E: 3-catenin protein; F: western blot. Denotes
p<0.05 vs. Sham group; # denotes p<0.05 vs. ICH group.
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Figure 5: Comparison of cerebrospinal fluid inflammatory factors at postoperative 12 hr, 36 hrand 72 hr
among different groups. A: TNF-g; B: IL-1(3; C: IL-6. Denotes p<0.05 vs. Sham group; # denotes p<0.05 vs. ICH
group.

may facilitate these processes. The aforementioned studies
indicate that changes occur in the ELs of B-catenin, GSK-3f and
p-GSK-3p proteins in rat BTs after ICH and ATV intervention
can modulate these SPWs, thereby helping to alleviate neuronal
damage and promote neuroprotection and repair. ATV exhibits
potential application value in patients with cerebral hemorrhage
by modulating SPW's associated with neuroprotection and repair.
This finding not only offers new perspectives for clinical treatment
but also guides future research and drug development efforts.

IFs levels in CSF of ICH group were elevated versus Sham group.
These cytokines are crucial regulatory factors in inflammatory
responses and their elevation indicates the exacerbation of
inflammation induced by cerebral hemorrhage. In contrast,
these levels in CSF were greatly declined in ATV group
versus ICH group. This suggests that ATV intervention can
effectively inhibit release of IFs and alleviate inflammation.
In GSK-3B/B-catenin SPW, the increase in TNF-a may lead
to GSK-3P activation, thereby affecting (-catenin stability.*”
Specifically, TNF-a action may inhibit B-catenin activation by
promoting the phosphorylation of GSK-3p, thereby suppressing
its roles in promoting cell proliferation and neuroprotection.
IL-1P can promote the activation of GSK-3, thereby inhibiting
B-catenin stability and affecting the extent of cell proliferation
and inflammatory responses.” IL-6 is involved in regulating
inflammatory responses, immune responses and cell proliferation,
among other physiological processes. It can affect inflammatory
responses by modulating GSK-3f/B-catenin SPW. The increase in
IL-6 may lead to GSK-3 activation, thereby inhibiting p-catenin

1508

stability and subsequently influencing extent of cell proliferation
These
neuroprotective role of ATV in the cerebral hemorrhage model,

and inflammatory responses. results support the
with its possible mechanisms including the modulation of the
GSK-3p3/B-catenin SPW, inhibition of inflammatory responses
and mitigation of cell damage. It is evident that the potential
clinical application of ATV in patients with cerebral hemorrhage
should not be underestimated. By inhibiting inflammatory
responses and modulating key SPWs, it may play a significant role
in protecting neurological function and facilitating recovery. As
further research and clinical trials progress, ATV could emerge
as one of the effective strategies for treating cerebral hemorrhage.

In summary, ATV inhibits apoptosis of neural cells around
hematomas, suppresses inflammation and cell damage by
regulating the GSK-3B/B-catenin SPW and improves the
experimental cerebral hemorrhage-induced neuroinflammatory
thus This
study elucidates the regulatory mechanism of ATV on
neuroinflammatory response after cerebral hemorrhage through
the GSK-3p/B-catenin SPW, indicating its potential to inhibit
inflammation and cell damage, which is significant for improving

response, exerting neuroprotective  effects.

the neuroinflammatory response in cerebral hemorrhage rats.
However, further analysis is needed in future work regarding the
dosage and timing of ATV administration to identify the optimal
treatment regimen. Moreover, additional validation of the efficacy
and safety of ATV in clinical applications for neuroinflammatory
response in cerebral hemorrhage patients is warranted to provide
more experimental evidence for its clinical translation. In
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summary, ATV demonstrates potential clinical application value
in modulating the neuroinflammatory response and providing
neuroprotection following cerebral hemorrhage.

CONCLUSION

This work demonstrated the effects of ATV on experimental
cerebral hemorrhage and its underlying mechanisms, particularly
its relationship with the GSK-3pB/B-catenin SPW. The research
findings indicate that ATV improves neuroinflammatory
response in experimental cerebral hemorrhage rats by modulating
the GSK-3p/B-catenin SPW, thereby inhibiting inflammation
and cell damage. The neuroprotective effects of ATV in the
experimental cerebral hemorrhage model were revealed and its
mechanism involving the regulation of GSK-3p/p-catenin SPW
was elucidated. These findings provide a theoretical basis for
finding novel therapeutic strategies for ICH.
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SUMMARY

ICH often leads to significant neurological deficits and
inflammatory responses and the GSK-3(/B-catenin signaling
pathway is closely associated with neuroinflammation and cell
damage. ATV has a potential role in neuroprotection, but its effect
on post-ICH neuroinflammatory response is not fully understood.
The aim of this study was to elucidate the effect of atorvastatin on
neuroinflammatory response in rats with experimental cerebral
hemorrhage and to investigate its mechanism through the
GSK-3p/p-catenin signaling pathway. The effects of ATV on ICH
neuroinflammation and GSK-3B/B-catenin signaling pathway
were analyzed by constructing ICH model and administering
ATV. The results showed that compared with ICH, atorvastatin
could increase the neurobehavioral score and regulate the level of
GSK-3[/B-catenin signaling pathway protein and the expression
of inflammatory factors. It indicated that atorvastatin inhibited
the inflammatory response and cell damage after cerebral

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 4, Oct-Dec, 2025

hemorrhage by regulating the GSK-3(/p-catenin signaling
pathway and thus improved the neurological dysfunction and
neuroinflammatory response in rats with experimental cerebral
hemorrhage. This finding provides a new research basis for the
potential application of atorvastatin in neuroprotection after
cerebral hemorrhage.
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