Cellular Physiology Cell Physiol Biochem 2025;59:525-539

. . DOI: 10.33594/000000800 © 2025 The Author(s)
and BIOChemIStry Published online: 23 August 2025 Published by Cell Physiol Biochem
Press GmbH&Co. KG, Duesseldorf

Accepted: 24 July 2025 www.cellphysiolbiochem.com

This article is licensed under the Creative Commons Attribution 4.0 International License (CC BY). This means
that any user shall be free to copy and redistribute the material in any medium or format, also for commercial
purposes, provided proper credit is given to the Authors as well as the original publisher.

Original Paper

ACAN and VCAN Inhibition Through
Downregulation of SOX9 and Induction of
Neurogenesis in Rat Using Ischemic Stroke
Model Due to Simvastatin Administration

Aris Widayati#®  Fedik Abdul Rantam<¢ Abdulloh Machin®f Wibi Riawan?

aDoctoral Program Faculty of Medicine, Universitas Airlangga, Surabaya, Indonesia, °"Department

of Physiology, Faculty of Medicine, Universitas Brawijaya/Universitas Brawijaya Academic Hospital,
Malang, Indonesia, “Research Center for Vaccine Technology and Development, Institute of Tropical
Disease, Universitas Airlangga, Surabaya, Indonesia, ¢Virology and Immunology Laboratory,
Department of Microbiology, Faculty of Veterinary Medicine, Universitas Airlangga, Surabaya,
Indonesia, ¢Department of Neurology, Faculty of Medicine, Universitas Airlangga/Dr. Soetomo General
Hospital, Surabaya, Indonesia, fPost Graduate Doctoral Program, Faculty of Medicine, Universitas
Airlangga/Universitas Airlangga General Hospital, Surabaya, Indonesia, ¢Department of Biomolecular
Biochemistry, Faculty of Medicine, Universitas Brawijaya, Malang, Indonesia

Key Words
Ischemic stroke ¢ Glial scar « SOX9 ¢ Neurogenesis * Simvastatin

Abstract

Background/Aims: Simvastatin is recognized for its pleiotropic properties. Beyond its role
in lowering lipid, it also affects brain function, especially under pathological conditions like
ischemic stroke. Neurogenesis and the increased expression of ACAN and VCAN in glial scar
are linked to ischemic stroke, with both ACAN and VCAN being regulated by the transcription
factor Sox9.This study aimed to investigate the mechanism by which simvastatin inhibits
ACAN and VCAN expression and promotes neurogenesis. Materials: Twenty male Wistar rats
were randomly assigned to four groups: sham, P1, P2, and P3. The sham group consisted of
rats with ischemic stroke that did not receive simvastatin, while groups P1, P2, and P3 are rats
with ischemic stroke that received simvastatin at doses of 5 mg, 10 mg, and 15 mg/kg/day,
respectively, for 7 consecutive days. Motor function was assessed using the LRWT test. The
expression levels of ACAN, VCAN, BDNF, and SOX9 were analyzed using immunohistochemistry
(IHC), while BDNF and SOX9 mRNA expression was measured via RT-PCR. Glial scar density
was evaluated through hematoxylin and eosin staining. Results: The findings revealed that
simvastatin administration led to improved motor function, along with increased levels of
BDNF, BDNF mRNA, and a higher number of neurons. Additionally, there was a reduction in
ACAN, VCAN, and glial scar density, which corresponded with decreased expression of SOX9
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and SOX9 mRNA. Conclusion: These results suggest that simvastatin can suppress ACAN and
VCAN expression and reduce glial scar formation by inhibiting SOX9. Moreover, simvastatin

appears to promote neurogenesis, as indicated by elevated BDNF levels and an increased

© 2025 The Author(s). Published by
neuronal count. Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Ischemic stroke is a devastating condition caused by an interruption in the blood supply
to the brain due to a blood clot or embolism, which then causes neurological impairment
[1]. Stroke remains the second leading cause of death worldwide, accounting for 11.6% of
all deaths in 2019 [2]. Neurogenesis is the formation of new neurons, which can be triggered
by an ischemic stroke. It can take place in both the damaged brain area and the surrounding
tissue [1]. Today, neurogenesis is widely seen as a key factor in supporting brain plasticity.
While it helps with recovery after a stroke, the endogenous neurogenesis is often not enough
for full healing [3]. Therefore, boosting this process is important to support better recovery.
One of the key proteins involved in neurogenesis is BDNF [4, 5].

Unlike neurogenesis, the formation of glial scar hinders the regeneration of neurons
and axons. A key factor in this process is the presence of chondroitin sulfate proteoglycans
(CSPGs) within the scar tissue [6, 7]. CSPGs are believed to block neuron regeneration by
activating specific receptors, such as receptor protein tyrosine phosphatase (RPTP), while
axon regeneration is inhibited through another receptor called leukocyte common antigen-
related phosphatase (LAR) [7]. In the central nervous system (CNS), most CSPG proteins
belong to the lectican family, which includes aggrecan (ACAN), brevican (BCAN), neurocan
(NCAN), versican (VCAN), and phosphocan [8]. Among the lectican proteins, ACAN and VCAN
are primarily expressed in the brain, especially during the embryonic stage [9]. Although
neurocan is also highly expressed in the brain, itis not essential for overall brain development
or function [10]. One of the key transcription factors involved in CSPG production is SOX9
(SRY-box transcription factor 9). SOX9 plays a role in increasing the expression of enzymes
such as XT-1, XT-11, and C4ST [11], which are part of the CSPG biosynthesis gene group (CBG)
[12]. Therefore, reducing ACAN and VCAN production by suppressing SOX9 expression could
help limit glial scar formation and potentially lead to better recovery outcomes in stroke
patients.

Numerous studies have explored ways to accelerate neurogenesis, including the use of
antidepressant medications and treatments that alleviate depression, such as electroshock
therapy and physical exercise [13]. Statins, a class of drugs known as HMG-CoA reductase
inhibitors, are widely used to lower low-density lipoprotein (LDL) cholesterol in the blood.
However, their benefits extend beyond cholesterol reduction. Statins also exhibit anti-
inflammatory effects by reducing inflammatory mediators like TNFa, IL-1(3, and iNOS [14].
Simvastatin, a type of statin with lipophilic properties, can cross the blood-brain barrier
(BBB) more efficiently than other statins. This ability allows it to directly affect molecular
processes within the brain, particularly under pathological conditions [15]. The exact role of
simvastatin in the synthesis of ACAN and VCAN, which are key components of CSPGs, is still
not fully understood. Likewise, further investigation is needed to clarify how simvastatin
influences neurogenesis, particularly in relation to the appropriate dosage required to
promote neurogenesis while reducing glial scar formation. According to a study by Garcia-
Bonilla L et al., 2012, simvastatin doses of 10 and 20 mg/kg/day were administered orally
in a stroke animal model (tMCAO) [16], with 10 mg/kg/day being one of the selected doses
in this study. A dose of 5 mg/kg/day was chosen based on human usage, where the standard
dose for moderate LDL-C reduction is 40 mg/day. When adjusted using the animal equivalent
dose formula, this corresponds to 5 mg/kg/day in rats [17, 18]. Meanwhile, a dose of 15 mg/
kg/day was included to identify the most effective dose that enhances brain function without
causing toxicity. The 20 mg/kg/day dose from Garcia-Bonilla’s study, when converted to a
human equivalent, is about 160 mg/day [18]. However, this dosage has been linked to side
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effects in humans, with 0.7% developing myopathy and 2.1% showing a threefold increase
in liver transaminase levels [19].

Thus, this study aimed to explore how simvastatin reduces ACAN and VCAN expression
and promotes neurogenesis in the context of ischemic stroke. The novelty of this research
lies in demonstrating simvastatin’s potential to prevent glial scar formation by specifically
inhibiting ACAN and VCAN, as well as its role in stimulating neurogenesis under ischemic
conditions. The findings are expected to offer a new therapeutic approach for ischemic stroke
by targeting ACAN and VCAN suppression, which may lead to reduced glial scar density
and enhanced neurogenesis. Additionally, this study challenges the conventional view of
simvastatin as solely a secondary prevention agent, suggesting it may also be beneficial
during the acute phase of ischemic stroke treatment.

Materials and Methods

Study Design and Setting

The research design in this study was a laboratory experiment using an ischemic stroke model
in rats. The samples received simvastatin orally for seven days and then stopped. The motoric function
was evaluated using LRWT (Ladder Rung Walking Test) before administration of simvastatin and before
discontinuation on the seventh day. Several brain biomarkers such as BDNF, SOX9, ACAN and VCAN were
assessed using IHC techniques. RT-PCR was done to evaluate expression of BDNF mRNA and SOX9 mRNA.
And to evaluate the glial scar density was used H and E staining.

Animal and Intervention

Twenty male Wistar rats aged 3-4 months weighing 200-280 grams were obtained from the
Department of Food Security and Agriculture, Bandung, West Java, Indonesia. The determination of
the number of samples used the Lameshow formula. For the sake of the animal welfare, all rats were
placed in a special rat room with a 12-hour light-dark cycle, with the availability of food and water ad
libitum, a temperature of 22-24°C and a humidity level of 55 * 5%. The intervention carried out was the
administration of simvastatin orally in three doses, namely dose 1: 5 mg/kg/day, dose 2: 10 mg/kg/day,
dose 3: 15 mg/kg/day given since 3 hours after ischemic stroke until 7 days.

Group Devision

Twenty rats were randomly divided using the random table method into four groups where this
procedure is performed blindly. The first group was sham, namely five rats that experienced ischemic
stroke without simvastatin and were followed for 7 days and then terminated. The second group was
group P1, namely five rats that experienced ischemic stroke with simvastatin dose 1 for 7 days and
then terminated. The third group was group P2, namely five rats that experienced ischemic stroke with
simvastatin dose 2 for 7 days and then terminated. The fourth group was group P3, namely five rats that
experienced ischemic stroke with simvastatin dose 3 for 7 days and then terminated.

Ischemic Stroke Model

Ischemic stroke model was created by the left unilateral common carotid artery (CCA) occlusion for
180 minutes. After anesthesia, the rats were turned over to the supine position and fixed to the operating
table. Then a small incision was made in the midline of the neck about 3-4 cm. Next, exploration was
carried out slowly until the trachea was visible. Next, a search was carried out for the left CAA which was
seen running along the vagus nerve. The next step was to slowly isolate the left CAA from the vague nerve
and connective tissue. After that, the artery was blocked using a small bulldog clamp for 180 minutes.
After 180 minutes, the bulldog clamp was removed and the neck incision was closed. (2) The experiment
was conducted in the pharmacology laboratory of the Faculty of Medicine, Brawijaya University. The
ethical protocol of the experiment has been approved by the animal commission of the Faculty of
Veterinary Medicine, Brawijaya University with protocol number 219-KEP-UB-2023.
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Evaluation of Motoric Function

Motor function was assessed using the ladder rung walking test (LRWT) [20]. The LRWT provides
qualitative and quantitative measurements of motor function [21].

The ladder walking test apparatus consists of two side walls made of two clear plexiglasses and a
metal rungs. The diameter of each metal rung is 3 mm, and can be inserted to create a floor. The two clear
plexiglasses are 100 cm long and 20 cm high. The distance between the rung varies, ranging from 1 to 5
cm for rats. The ladder is elevated 30 cm above the ground horizontally, with the neutral cage placed in the
starting position and the animal’s home cage placed at the opposite end of the ladder. In the LRWT, walking
ability is assessed using the foot fault score (FFS) which reflects the rat’s walking pattern, forelimb and
hindlimb kinematics. The foot fault scoring system (FFS) is used to assess walking skills in rats forelimb and
hindlimb kinematics [22].

The foot fault scoring system (FFS) is used to assess walking skills in mice [22]. Foot fault scoring is
assessed using 7 categories, namely (1) Score 0/Total miss: 0: the limb does not touch the rung at all and
the mouse falls (falling means posture and balance are disturbed). (2) Score 1/Deep slip: The limb was
initially placed on the rung and then detached from the step and a fall occurred. (3) Score 2/Slight slip: The
limb was placed on the rung and detached while bearing the weight, but did not result in a fall and could
maintain balance and continue coordinated gait. (4) Score 3/Replacement: The limb was placed on the rung,
but before bearing the weight of the limb on the rung, the mouse was quickly lifted and placed on another
rung. (5) Score 4 /Correction: The limb approached for one rung, but then removes on another rung without
touching the first one. A score of 4 was also given when the limb was placed on a rung, but the animal lifted
the foot and repositioned it on the same rung. (6) Score 5/Partial placement: The foot is placed on the rung
with the wrist or toes of the front foot or the heel or toes of the back foot. (7) Score 6/Correct placement:
The center of the sole of the foot is placed on the rung with full weight bearing. Error scores from five trials
were averaged for analysis [21, 22].

Examination of ACAN, VCAN, and SOX9 Expression Exert Inmunohistochemistry Technique

In this study, the expression of ACAN, VCAN, BDNF and SOX9 was assessed using immunohistochemistry
techniques. Paraffin blocks of rat brains were cut using a microtome along 1.5 cm in front of bregma, with
a thickness of 4 um on coronal sections. Deparaffinization and rehydration of brain slices were performed
using xylene twice for 3 minutes each, followed by immersion in 100% ethanol for 3 minutes, then washed
in PBS for 5 minutes, and the next slices were wiped and immersed in 3% hydrogen peroxide solution (v/v
absolute methanol) for 15 minutes at room temperature. After the slices were washed in PBS for 5 minutes
three times, the slides were left overnight at 4 °C with primary antibodies. Primary antibodies include Anti-
Aggrecan antibody Catalog #ab3778 Abcam, Anti-Versican antibody Catalog #MA5-42721 thermo scientific,
BDNF antibody (Cat. No. Sc-65514; Santa Cruz Biotechnology). SOX9 antibody (Cat. No.ab-185230). After the
slides were washed in PBS for 5 minutes, three times of Avidin-Biotin Complex reagent (Sc-516, 216, Santa
Cruz Biotechnology) was applied and incubated at room temperature for 30 minutes, followed by washing
in PBS for 5 minutes, three times. Next, chromogen 3, 3’-diaminobenzidine (DAB) (Nichirei Biosciences)
was added and incubated at room temperature for 10 minutes then the slides were washed in distilled
water for 5 minutes three times. After that the slides were immersed in a counterstain. Finally, the sections
were mounted with permanent mounting medium. The experiment was conducted in the biochemistry
laboratory of the Faculty of the Medical Faculty, Brawijaya University.

Examination of Glial Scar Density Using Hematoxylin and Eosin Staining (H and E Staining)

The brain tissue was fixed in formalin 4%, then fixed with 4% paraformaldehyde in phosphate buffered
saline (PBS) (pH 7.4) and encapsulated in paraffin. The paraffin block was cut at 4 pm thickness in coronal
sections. Then, the slides were stained using Hematoxylin eosin.

Real-time RT-PCR Analysis for The Measurement of BDNF mRNA and SOX9 mRNA Expression

The parameter to depict expression of BDNF gene and SOX9 gene were BDNF mRNA and SOX9 mRNA
which were assessed using RT-PCR. Total RNA was extracted using RNA simple Total RNA Kit (Cat. No.
4992858; Tiangen, Beijing, China) suitable with the manufacture’s instruction. Reverse transcription
reactions were conducted on 2 ug of RNA of nucleic acids from each sample using RT-PCR Product Series
(Cat. No. 4992226/4992227/4992251; Tiangen). Real-time PCR reactions conducted using Forget- Me-
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Not™ EvaGreen® qPCR Master Mix (Low ROX) (Catalog No.31045-1mL, 31045-5mL, 31045-20mL; Biotium,
Fremont, CA, USA). Primer pairs for BDNF real-time PCR was BDNF Forward: 5’- CAA AAG GCC AAC TGA
AGC- 3’; BDNF Reverse: 5’-CGC CAG CCA ATT CTC TTT- 3’ Primer pairs used for SOX9 real-time PCR was
SOX9 Forward:5’-CGG AGG AAG TCG GTG AAG A-3’, SOX9 reverse: 5’'GTC GGT TTTGGG AGT GGT G -3".

For PCR reaction, the RNA template was thawed on ice, and the FastKing-RT SuperMix and RNaseFree
ddH,0 were also thawed for 5 times at room temperature (15-30°C). Cycling step: Enzyme activation at 95°C
holding time 2 minutes, number of cycle was 1. Denaturation at 95°C, for 2-5 seconds. Annealing/extension
at 60°C for 20-30 seconds, with number of cycles was 40 [2]. All procedures RT-PCR perform in Research
Center for Vaccine Technology and Development, Universitas Airlangga, Surabaya.

Statistical Analysis

Statistical analysis was performed using the software package SPSS (version 24.0). Statistical analysis
for data normality and data homogeneity was done using the shapiro-wilk test and levene test. Further,
to analyze the difference between four independent groups, test was administered through ANOVA Test.
Meanwhile, to analyze the different of FFS result between before and after simvastatin administration, the
T-test analysis was used. Data were presented as mean * standard deviation.

Results

Analysis of Motoric Function

Evidence of cerebral ischemia is proved by the presence of motor deficits. To assess
motor deficits, FFS was assessed from the Ladder Rung Walking Test (LRWT). Motor deficit
assessment was performed on the right extremity due to left CCA occlusion. Table 1 shows
that FFS in all groups decreased in both RHL and RFL after left CCA occlusion, which means
that the method used in this research has caused a brain insult. Moreover, after simvastatin
administration for 7 days, FFS in all groups increased in both RHL and RFL compared to
before simvastatin administration. The result shows that the higher the dose of simvastatin,
the higher the FFS value. Then, the higher the FFS value, the better the motor function is.
This fact illustrates that simvastatin can improve the motoric function for the ischemic
stroke.

Analysis of ACAN and VCAN Expression in Brain Tissue After Simvastatin Administration

ACAN and VCAN expression in the glial scar area was assessed by
immunohistochemistry (IHC). Table 2 shows that ACAN and VCAN expression decreased
after simvastatin administration in all groups, especially in the P3 group. This means that
simvastatin administration can reduce ACAN and VCAN proteins in the ischemic area. From
Fig. 1, it can be seen that ACAN positive neurons was represented by brown cell experience
a decrease in distribution along with the increase in the dose of simvastatin. In Fig. 2 also
shows that VCAN positive neuron was represented by brown cells experience a decrease in
distribution along with the increase in the dose of simvastatin.

Table 1. Analysis of motoric function before and after simvastatin administration. Data presented in
Mean+SD. *p<0.05 is considered to be significant.The difference between groups was analyzed with ANOVA
test.The differenece between before and after simvastatin administration was analyzed with T-test

Group FFS RHL before FFS RHL after P FFS RFL before FFS RFL after P

simvastatin simvastatin value simvastatin simvastatin value
Sham 0.555+0,527 3.272+1.678 0.000* 0.777+0.440 4.727+1.555 0.005*
P1 0.600+0.516 3.700+1.888 0.000* 2.200+1.398 5.900+0.316 0.004*
P2 1.923+1.846 4.166+1.642 0.999 2.769+2.127 5.250+1.288 0.029*
P3 2.000+1.906 4.545+1.694 0.790 3.166+2.208 5.454+1.213 0.001*
P 0.033* 0.346 0.013* 0.178

value
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Analysis of SOX9 Expression in Ischemia Area

SOX9 expression in the ischemic area was assessed using immunohistochemistry
(IHC). Table 3 shows that SOX9 expression
decreased in groups P1, P2, P3 compared Table 2. Expression of ACAN and VCAN in brain tissue
to the sham group. From Fig. 3 also shows after administration of simvastatin. Data presented
that the distribution of SOX9 positive in Mean+SD. *p<0.05 is considered to be significant,
neuron which is represented by brown analyzed with ANOVA test
color cell was decrease in group P1, P2,

Group  Expression of ACAN Expression of VCAN

P3 than sham, especially in group P3. - 8.80+1.483 11.60+1.817
This depicts shows that simvastatin has  p1 6.60+1.517 7.00+1.581
the ability to reduce the expression of the P2 5.20+1.924 6.20£1.924
SOX9 transcription protein, especially ata  P3 3.60+1.140 5.40£1.140
dose of 15 mg/kg bw/day. P value 0.001* 0.000*
Fig. 1. Expression of ACAN in ischemic area was ST 7. A - )
assessed with immunohistochemistry technique. WRELS " 7 ',"‘;' J -.'
At 400x magnifications showed the distributions |Sham ! : (414 B i '\ ‘
of ACAN positive neuron which was represented S AR E A | ‘ :0 '-." i
by brown color cells were decrease in group P1, 405 o g e “_‘
P2, P3 than sham. At 1000x magnifications showed 3 '6 Dt “ T
the number of ACAN positive neuron was decrease ", : e " 8 2 o
in group P1, P2, P3 than sham. Black box: spread of Pl 4 .‘_' » e s Ly ,& r
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assessed with immunohistochemistry technique. e
At 400x magnifications showed the distributions | Sham s
of VCAN positive neuron which was represented o
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The Increase of BDNF Expression in

Ischemia Area

BDNF expression in the
ischemic area was assessed using
immunohistochemistry (IHC). Table 4
shows that BDNF expression increased in
groups P1, P2, P3 compared to the sham
group, especially in dose 3. From Fig.
4 shows that the distribution of BDNF
positive neuron which is represented by
brown color cell was increase in group P1,
P2, P3 compare than sham. These results
indicate that simvastatin can increase
BDNF protein expression in the lesion
area, and the most effective dose is 15mg/
kg bw/d.

Analysis of BDNF mRNA and SOX9

mRNA Expression

Level expression of SOX9 and BDNF
gene were assessed using RT-PCR. From
Fig. 5 shows that BDNF mRNA expression
was found to increase in group P1 and P2
but unidentified in sham and P3. These
results indicate that simvastatin can
growth BDNF gene expression, especially
at a dose of 15 mg/kg/day. From Fig.
6 shows that level expression of SOX9
mRNA was found to decrease in group
P2 dan P3. In other words, the results
implicitly means that simvastatin can
possibly decrease SOX9 gene expression,
especially at a dose of 15 mg/kg/day.

Analysis The Number of Neuron in

The Ischemic Area

Evaluation of the number of neurons
in the ischemic area was assessed by H
and E staining. Table 5 shows that the
number of neurons increased in groups
P1, P2, P3 compared to sham. From Fig. 7
also shows the number and distribution

Table 3. Expression of SOX9 in ischemia area after
administration of simvastatin. Data presented in
Mean#SD. *p<0.05 is considered to be significant,
analyzed with ANOVA test

Group Level expression of SOX9
Sham 12.400+1.140
P1 9.000+1.225
P2 8.600+1.1402
P3 8.200+1.304
P value 0.000*
7 n‘j e .. 'n"
Sham O T ALY ‘@
20 AN AT =\ g ’ . T |
et L 4 '.',
P1 : o ]
D ' 5 . "

[] S S
P2 } - A - - N

P3 .

100x 400x 1000x

Fig. 3. SOX9 expression was assessed use
immunohistochemistry technique. At 100x and 400x
magnification showed the distribution of SOX9 positive
neuron which was represented by brown color cells
were decrease in group P1, P2, P3 than sham. At 1000x
magnifications showed the number of SOX9 positive
neuron was decrease in group P1, P2, P3 than sham.
Black box: spread of SOX9 positive neuron in ischemic
area, black arrow head: SOX9 positive neuron. Black
bar: 0.025mm.

of neuron were increase in group P1, P2 and P3 especially in group P3. This means that
simvastatin can induce the formation the new neuron in the ischemic area and the most
effective dose to increase the number of neurons is 15mg/kg bb/day.

Decrease of Glial Scar Density in Ischemic Area

Examination of glial scar density in ischemic area was performed use H and E staining.
From table 6, its can be seen that the density of glial scar was reduce in group P1, P2, P3 than
sham. From Fig. 8. H and E staining showed there was glial scar thinning which marked by
reducing distribution and number of glial cells (purple-colored cells). From magnification
1000x was observed that the lowest distribution glial cells was found in dose 3. This means
that simvastatin can reduce density of glial scar in ischemic area and the most effective dose
to reduce glial scar density was15mg/kgbw/d.
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Table 4. Expression of BDNF inischemicareaafter administration

Group  Expression of BDNF

of simvastatin. Data presented in Mean+SD. *p<0.05 is considered

to be significant, analyzed with ANOVA test Sham 2.400£1.140
P1 5.400+1.516
P2 6.400 £1.140
P3 8.600+1.140
P value 0.000*
———
Fig. 4. BDNF expression was assessed use - AR AR W o
immunohistochemistry technique. At 100x and [Sham D B2t | Fk "-‘ T
400x magnification showed the distribution of — | b "_
BDNF positive neuron which was represented by e 5
brown color cells were increase in group P1, P2,
P3 than sham. At 1000x magnifications showed the P D s v -
number of BDNF positive neuron was increase in = o ’»‘ v i
group P1, P2, P3 than sham. Black box: spread of .
BDNF positive neuron in ischemic area, black arrow } 220 / >
head: BDNF positive neuron. Black bar: 0.025mm. £2 ‘ D — (IS itk
N -/ b —
P . o V¥ %
P3 Rdia e s y bR
. \ ’ - .
Ed SRR R
R -—  —
100x 400x 1000x

Fig. 5. Bar graph showed the BDNF mRNA
expression (unit in fold change /FC) after

1
administration of simvastatin dose 1, 2 and 3 for
seven days. :
0.6
P1 P2 P3

sham

BDNF mRNA Expression (FC)

Group

Evalution of motoric disfunction

Motoric disfunction was assessed using LRWT (Ladder runk walking test), through
evaluation of foot fault scoring (FFS) of RHL and RFL.!> Motor deficit assessment was
performed on the right extremities as effect of left CCA occlusion. Table 1 shows that FFS in
all groups were increase in both RHL and RFL after administration of simvastatin compare
than before administration of simvastatin. From table.1 was also observed that the FFS after
administration of simvastatin was increase in all groups compare than sham, especially in
group D3. This means that the administration of simvastatin promotes the improvement of
motoric function especially in dose 3.

Evaluation of CSPG constituent proteins (ACAN, BCAN, VCAN, NCAN and Phosphacan) in

brain tissue

Evaluation of ACAN, BCAN, VCAN, NCAN, and Phosphacan expressions were assessed
using immunohistochemistry (IHC). In this study showed that all doses of simvastatin
promote decrease of ACAN, BCAN, VCAN, NCAN, and phosphacan expression in brain tissue.
Although the result were not statistically significant but there were a tendency for decrease
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Fig. 6. Bar graph showed SOX9 mRNA expression
(unit in fold change/FC) after administration of
simvastatin dose 1, 2 and 3 for seven days.

Table 5. The number of neuron in ischemic area after
administration of simvastatin. Data presented in Mean#SD.
*p<0.05 is considered to be significant, analyzed with ANOVA test

. 0.83
(4 073
H
E‘
= 3
= 022 0.8
g
2

sham P1 P2 P3

Group
Group  Number of neuron

Sham 3.600+1.341
P1 5.400£1.140
P2 6.200+1.483
P3 9.000+1.224
P value 0.000*

Fig. 7. Evaluation the number and distribution
of neuron use H and E staining. At 100x and
400x magnification showed the distribution of
neuron in ischemic area. At 1000x magnification
depict the number of neuron. The distribution
and number of neuron were found to increase
in group P1, P2 and P3. The highest number of
neuron was found in Group P3. Black box: spread
of neuron in ischemic area, black arrow: neuron.
Black bar: 0.025mm.

Sham

P1

P2

P3

- = mvereomren
D '.~‘#I'"1',, k LA e "
Eey e
- % -_— —
100x 400x 1000x

5 T A

Table 6. The density of glial scar after 7 days of simvastatin
administration. Data presented in Mean+SD. *p<0.05 is considered

to be significant, analyzed with ANOVA test

Group  Glial scar density
Sham 17.837 £ 3.197
P1 11.788 £ 3.155
P2 8.179 +1.187
P3 7.803 + 1.579
P value 0.000

of CSPG constituent proteins along with the increase the dose of simvastatin. The lowest
expression of CSPG constituent protein was found in group D3. From Fig. 1 its also can be
seen that numerous and distribution of ACAN, BCAN, VCAN, NCAN, Phosphacan positive
neuron (brown colored cells) were decrease after administration of simvastatin in all doses.
And the dose 3 was most effective to decrease distribution and number of brown colored

cells compare than dose 1 and 2.
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Evaluation of EGR1 expression in brain

tissue sham I

Transcription  Protein EGR1 s :
extensively expressed in reactive astrocyte.
Reactive astrocyte is initial step for glial
scar formation. EGR1 has role to regulate
activation of astrocyte.'’® In this study,
expression of EGR1 was found to decrease
in all groups compare than sham (table 3).
In table 3 was also observed that the most
effective dose to reduce expression of EGR1
was dose 3, namely 15mg/kgbw/day. From P2
table 3 also revealed that the decrease of
EGR1 along with the increase in dose of
simvastatin. This means that the higher
dose of simvastatin the more effective itis in
downregulate of EGR1. From Fig. 2. It’s also
can be seen that distribution and numerous
EGR1 positive neuron (brown colored cells)
was decrease in all groups, particularly in

dose 3. 400X 1000%

P1

P3

Evaluation of glial scar density

Glial scar density was assessed using
H and E staining. In this study glial scar
density was found to decrease significantly
in all groups compare than sham (table
4). Based on this data, dose 3 was most
effective dose in reducing glial scar density.

Fig. 8. Hematoxylin and eosin (HE) staining of brain
tissue. Evaluation of glial scar density was done by
evaluation of distribution and numerous of glial cells
(purple-colored cells). At the magnifications 400x
seem spread of glial cells, at 1000x magnification
to identify glial cells. The Lowest distribution of glia
cells was found in P3. Black box: spread of glial cells,

In this study also was observed that dose 2  black arrow: Glial cells. Black bar: 0.025mm.

more effective in reducing glial scar density

compare than dosel. Its means the higher

dose of simvastatin, the more effective it is in reducing glial scar density. From Fig. 3 HE
staining showed that there was glial scar thinning which marked by reducing distribution
and number of glial cells (purple-colored cells). From magnification 1000x was observed
that the lowest distribution glial cells was found in dose 3 (or D3 group).

Analysis of BDNF mRNA and TrkB mRNA Expression after administration of simvastatin

Level expression of BDNF and TrkB gene were assessed using RT-PCR. From Fig. 4
showed that TrkB mRNA expression was found to increase greatly in group D1 meanwhile in
group D2 and D3 were very low amounts. In Fig. 5 demonstrated that BDNF mRNA expression
was found to increase in group D2 and D3, with the highest expression was found in group
D2. Meanwhile in sham and group D1 were unidentified. From these data revealed that
after administration of simvastatin for 14 days there was a difference between BDNFmRNA
expression and TrkB mRNA. The increase of BDNF mRNA was not followed by the increase
of TrkB mRNA expression.

Discussion
Simvastatin, one of the statin drugs, has a mechanism as an inhibitor of 3-hydroxy-3-

methylglutaryl coenzyme A reductase (HMGCR), the rate-limiting enzyme in the mevalonate-
cholesterol biosynthesis. In addition to its primary function in lowering the lipids, statins
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possess pleiotropic effects such as on brain cells. One compelling reason to focus on the brain
is the possibility that cholesterol plays an important role in the brain, and that disturbances
in this homeostatic balance can lead to disease conditions [23]. In obesity with ischemic
stroke experience has been shown to worsen brain damage and also worsen astrogliosis
which increases ECM deposits such as chondroitin sulphate proteo-glycans (CSPGs) which
contribute to an inhibitory environment due to the presence of glial scar. CSPGs have been
shown to be the main compound inhibiting axon growth in the ischemic core [24] and CSPG is
main component of glial scar [25, 26]. The modulation of the glial scar would be a promising
therapy to improve neuroplasticity and limit subsequent disability [24].

In the Central Nervous System (CNS), most of the CSPG components are lectican proteins
consisting of ACAN, VCAN, NCAN, and BCAN [8, 27]. In the embryonic period, VCAN and
ACAN present exclusively in the nervous tissue. Moreover, they are shown in the marginal
zone of the cerebral cortex, the amygdala, internal capsule, and lateral olfactory tracts at
embryonic day 16. VCAN was also expressed in the hippocampus and dentate gyrus by E19.
In the postnatal period, both aggrecan and versican are found in the granular cell layer of
the cerebellum [9]. Therefore, this study focused on ACAN and VCAN, as these two proteins
are found in large amounts in the brain. This study showed that simvastatin decreased the
expression levels of ACAN and VCAN as CSPG components in glial scar tissue. The decrease
in ACAN and VCAN expression was also accompanied by a decrease in SOX9 protein and
also SOX9 gene expression. The SOX9 mRNA expression was decraease particularly in dose
10 mg/kgbw/d and 15 mg/kgbw/d.This result is most likely due to the anti-inflammatory
effect of simvastatin. This finding is supported by a study stating that pro-inflammatory
cytokines (IL-6, TGF-$2, and PDGF) increase SOX9 expression [28], while simvastatin has
the effect in decreasing the pro-inflammatory cytokine interleukin (IL)-6 [29]. The decrease
in ACAN and VCAN expression is thought to be due to a decrease in SOX9 regulation as an
effect of simvastatin administration. This assumption is supported by the fact that Sox9 is a
transcription factor involved in the regulation of genes required for scar tissue formation.
Sox9 directly binds to XT-I, XT-II and C4ST, enzymes that synthesize chondroitin sulfate side
chains in CSPG. Therefore, downregulation of sox9 will attenuate the activity of XT-I, XT-1I
and C4ST which play a significant role in regulating the biosynthesis of CSPG constituent
proteins [28].

A study conducted by Holmberg, E et al, 2008 revealed that statins have the ability to
directly inhibit the RhoA/ROCK pathway and reduce CSPG expression in several models of
CNSinjury. However, the attenuation of statin-induced CSPG is mostlikely not due to inhibition
of the RhoA/ROCK pathway because direct inhibition of RhoA or ROCK will increase CSPG
levels [14]. This enables making as assumption that the mechanism of simvastatin in reducing
ACAN and VCAN occurs at the transcriptional stage involving downregulation of SOX 9 as the
transcription protein of ACAN and VCAN, not at the CSPG receptor. This occurs because when
simvastatin works as a CSPG receptor by blocking or inhibiting RhoA/ROCK signaling, it will
increase CSPG expression due to inhibition of CSPG degradation. The results of this study
also illustrates that the density of glial scar decreased after simvastatin administration. This
evidence depicts that simvastatin can reduce the thickness of glial scar through inhibition of
ACAN and VCAN biosynthesis by downregulating the SOX9 transcription protein.

Moreover, this study also represents that BDNF expression increase after simvastatin
administration. BDNF, one of the neurotrophic factors, is expressed excessively in the brain.
BDNF has beneficial effects in the development, survival, and maintenance of neurons in
the central nervous system (CNS). The binding BDNF with the receptor TrkB mediated
intracellular signals are involved in neurogenesis process especially in hippocampal region
[30]. The increase in BDNF expression indicates clinical improvement in ischemic stroke
patients.

Study conducted by Chaturvedi, P et al, 2020 said that BDNF was significantly lower in
patients following acute stroke. Decrease of BDNF level was probably due to an induction
altered neuronal excitability with downstream signal in excitatory neurotransmitters [4].
Nevertheless, the findings of this study show that administering simvastatin elevates BDNF
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expression levels, which are typically reduced in stroke cases. This suggests that simvastatin
can promote neurogenesis under ischemic stroke conditions. Simvastatin is believed to
enhance BDNF expression through the PPARa pathway, which activates the transcription of
cAMP response element-binding protein (CREB), particularly at the Leu331 and Tyr334 sites,
functioning as transcription factors involved in BDNF production [31]. Another potential
mechanism is that simvastatin promotes neurogenesis by activating the Akt signaling
pathway, which subsequently enhances the expression of growth factors [32]. Although this
study observed a decrease in ACAN and VCAN expression, it is believed that simvastatin does
not promote neurogenesis by suppressing ACAN and VCAN. This assumption aligns with
findings by Kurihara D and Yamashita T (2011), which state that CSPG interaction with its
receptor, PTPo, leads to dephosphorylation of TrkB, a key BDNF receptor [33]. Therefore, the
simvastatin-induced reduction in CSPG components may interfere with CSPG-PTPo binding,
preventing TrkB dephosphorylation. This inhibition enhances BDNF activity at TrkB, which
in turn leads to a decrease in BDNF expression in the brain.

However, this study found that the BDNF gene expression was unidentified in dose 3 of
simvastatin meanwhile in this dose the BDNF protein expression was increase. In addition,
in the dose 2 the expression of SOX9 gene was increase but expression of SOX9 protein
was decrease. This result may be caused by several mechanisms, such as feedback loops
mechanism, where the BDNF protein levels are high, it might inhibit BDNF gene expression or
when the SOX9 protein levels are low, it might induce SOX9 gene expression. As demonstrated
in the study by Miiller-McNicoll M et al.,, 2019, negative feedback autoregulation serves
to control and limit protein production within tissues. When protein levels are low, RNA-
binding proteins (RBPs) involved in feedback regulation become inactive, allowing protein
synthesis to proceed. Conversely, when protein levels are elevated, the negative feedback
mechanism is activated, enabling the protein to bind to regulatory sequences on its own
mRNA, thereby initiating autoregulation and reducing further protein production [34].
This negative feedback mechanism was also described in a study by Zou M et al,, 2005,
which found that alterations in the expression of target genes occurred before changes in
the expression of their known regulatory genes. This suggests that target genes may also
influence the expression of their regulators through a negative feedback loop [33]. Another
factor contributing to the differences between regulatory and target gene expression is the
variation in mRNA half-life. When the mRNA of a regulatory gene has a shorter half-life
than that of its target gene, it may take longer for the regulatory mRNA to achieve a stable
expression level, whereas the target mRNA can reach its steady-state level more quickly
[35]. This can result in differing expression patterns between the regulatory gene and its
corresponding target protein.

More than that, this study also found that there was an increase in the number of neurons
after the administration of simvastatin. The findings of this study suggest that simvastatin
administration promotes neurogenesis, as evidenced by a rise in both the number of neurons
and BDNF expression. The increase in neuron count is likely driven by the elevated BDNF
levels. This assumption is supported by research conducted by Waterhouse, E.G., et al., 2012,
which revealed that the local release of BDNF from the dendrites of mature granule cells
can stimulate TrkB receptors on GABAergic interneurons, leading to an increase in GABA
input to neural precursors, which induces the differentiation and maturation of precursor
cells into neurons [36]. In addition to the BDNF induction effect, the increase in the number
of neurons is also likely due to the inhibition of the change from neurons to glia due to the
downregulation of SOX9. Sox9, a SoxE member, is expressed in neural stem cells (NSCs).
Sox9 was required for maintenance of NSCs during development. SOX9 has been reported
as a vital molecular in triggering the switch from neurogenic to gliogenic process in the
developing mouse spinal cord. However, the main function of SOX9 in cerebellum was to
suppress neurogenesis, rather than to trigger the initiation of gliogenesis [37]. Besides that,
based on the study conducted by Stevanovic M, et al,2021, the increase in the number of
neurons may occur due to the loss of inhibitors of neurogenesis suppression or the absence
of induction that changes the neurogenic process to gliogenic, due to the downregulation of
SOX9 [36].
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Though this study has generated several findings, two limitations exist in this study.
They are the measurement of IHC result which was done manually and the evaluation of
neuron without exert specific biomarker for neuron. The process of accounting the neurons
in [HC examination which was done manually unfortunately can result to a bias. Therefore,
for future research, it is recommended to use bioimage analysis applications such as QuPath,
to calculate the IHC result. Finally, for better result in evaluation of neuron, it is also suggested
to use a specific neuronal biomarker which can assess the use of the immunofluorescence
techniques.

Conclusion

Simvastatin is capable of lowering the expression of ACAN, VCAN, and the density of
glial scar tissue in ischemic regions by downregulating the transcription factor SOXO.
Additionally, simvastatin has been shown to stimulate neurogenesis, indicated by elevated
BDNF expression and a greater number of functional neurons in the brain tissue of rats with
ischemic stroke, along with improvements in motor function
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