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Abstract
Background and Objective: Cerebral ischemia is a medical condition caused by myocardial infarction, a coronary artery bypass graft or
reversible acute hypotension that can cause serious damage or death. Intracranial aneurysms (IAs) are compromised brain artery walls
that can rupture and cause cerebral haemorrhage. Stigmasterol is an important plant sterol and has good therapeutic properties. The
present research reveals that stigmasterol has cerebroprotective properties against the growth of artificially produced intracranial
aneurysms in rats. Materials and Methods: In this investigation, the intracranial cerebral aneurysm was stimulated using CaCl2 in the
Wister male albino rat model. After stimulating the aneurysm, smooth muscle cells were separated and treated with 30 µM stigmasterol
for 48 hrs. Results: In comparison to the controls, the IA mice given stigmasterol performed better neurologically. Furthermore,
stigmasterol therapy enhanced the biomarkers TNF-", CCR8, IL1B, MT2A, and PIM3, which were all upregulated in IA-induced rats. Cells
from animals pre-exposed to stigmasterol also exhibited oxidative stress resistance, as indicated by high mitochondrial membrane
prospects and low ROS levels. Additionally, stigmasterol treatment decreased pro-inflammatory cytokines such as TNF-", IL-13, IL-4 and
IL-1. Conclusion: The current study’s outcomes indicated that stigmasterol has a potential efficacy in enhancing acute brain function in
IA and it might be a lead molecule for IA-related therapeutics.
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INTRODUCTION

Intracranial aneurysm (IA) is a severe cerebrovascular
condition with significant morbidity and mortality that implies
an outward bulging of the artery wall1. The IA is the
characteristic  of  cerebral  artery  dilatation,  producing
pouch-like structures at the branching site. According to a
statistical survey, 2-5% of the global population is susceptible
to being impacted by IA2. However, in many cases, the
incidence of IA is unnoticed in their lifetime. Delayed
symptoms are frequently identified after aneurysm pouches
rupture, leading to subarachnoid haemorrhage (SAH), which
leads to a severe mortality rate annually3. The SAH is most
prevalent in middle-aged people, influencing most of the
working population4. The known high-risk factors include
smoking, excessive consumption of alcohol, lifestyle changes
and blood pressure5. Environmental and genetic factors also
influence IA. Chronic hypertension may lead to IA formation
and be regarded as a risk factor by exerting continuous stress
on vascular walls6. Despite the recent advancement of
therapeutic  and  diagnostic  criteria,  SAH  remains  fatal  in
65%   of   cases   observed   and   is   remarkably   disabling   in
50% of surviving patients2,7. Effective and non-invasive
pharmacological therapies to avoid rupture are still uncertain
in clinical practice. Furthermore, the current lack of knowledge
of the strategies and mechanisms associated with the
creation, advancement and rupture of IA makes addressing its
consequences difficult. Several studies using a series of animal
models demonstrated the pathogenesis of IA and identified
the risk factors, but the inherent pathways remain unclear.

Stigmasterol is a very common plant sterol8. It has
demonstrated anticancer, anti-osteoarthritic, hypoglycemic,
antimutagenic,      antioxidant,      anti-inflammatory      and
anti-nociceptive activities9-14. A study demonstrated and
reported that stigmasterol could be used as a food additive
and the anti-mutagenicity and lack of genotoxicity of its
polyester are well-documented15. In a scopolamine-induced
memory defacement experiment, adult animals were given
stigmasterol, which improved memory by increasing the
cholinergic neurotransmission system16.

The    Central    Nervous    System    (CNS)    is    a
cholesterol-enriched key organ. The CNS stimulates
cholesterol metabolism and all forms of cholesterol are
synthesized in situ. The inability to maintain cholesterol
homeostasis throughout synthesis, transport and catabolism
results in severe neurological disorders such as Alzheimer’s
disease,  multiple sclerosis and amyotrophic lateral sclerosis.
In vivo  animal models enable the examination of hypotheses
relevant to pathogenesis and to evolve of therapeutic
strategies by providing a chance to identify the early stages of

the diseases17. The use of stigmasterol in this study was
stimulated by scientific evidence for its protective role.
However, observations of its effect on the development of
intracranial aneurysms are very limited18. Hence, the present
investigation was conducted to evaluate its protective efficacy
using in vivo  animal models.

MATERIALS AND METHODS

Study area: The present study was carried out in the Second
Affiliated Hospital of Soochow University in March to June,
2022.

Animal protocol and chemical drugs: In this study, a total of
18 Wister male albino rats were chosen and procured from the
Public Animal Health Department, (Tongji Hospital, Tongji
Medical College, China). During the testing period, test
animals were isolated, in wide, clean cages with a constant
temperature of 23±1EC and exposed to a 12 hrs dark-light
sequence. Animal experiments were followed by the
guidelines of the guide for the care and use of laboratory
animals.   The   institutional   ethics   review   board   approved
this study (Reg. No. 32184/2022/CPC/FTULC/17.03.2022).
Stigmasterol and other reagents, including vehicle solutions,
5% Tween, 20% polyethylene glycol and 75% saline, are
obtained from Sigma-Aldrich (St Louis, MO, USA).

Experimental setup: For the convenience of experimental
treatments, animals were grouped into three (n = 6).

Group I: Maintained separately as a control (an intracranial
aneurysm)

Group II: Maintained as an intracranial aneurysm induction
group (IA)

Group III: Fed with 30 µM stigmasterol orally before IA
induction

Stimulation  of  cerebral  aneurysm:  Pentobarbital  sodium
(35 mg kgG1 b.wt.) was used to sedate the test animals, which
were connected to a rodent ventilator. The test animals were
sedated by pentobarbital sodium (40 mg kgG1 b.wt.) and
which is associated with a rodent ventilator. The cerebral
artery was identified and treated with 0.5 mL CaCl2 for 20 min
using a pre-soaked gauze applicator (1.0×0.5×0.2 cm3),
treated rats were allowed with saline for 20 min. The gauze
was then detached and the rats were harboured in standard
laboratory conditions and allowed access to feed and water19.
To demonstrate the protective effect of stigmasterol beyond
in vivo, cells that were exposed to the drug in vivo were
separated  and  cultured   in   vitro   to  show  any  potentiated
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Table 1: List of primers used in this study
Gene Primer Sequence Annealing
TNF-" F CGGAATGTCGATGCCTGAGT 57

R GGGAACAGTCTGGGAAGCTC
CCR8 F CCTCTACGTCGGGAGACAGA 58

R TAAAGAAGGGTGGCACTGGTC
IL1$ F CGCTTGAGTCGGCAAAGAAA 59

R GGCCTCCAGGTCATCTTCAG
MT2A F GGCTCCTGCAAATGCAAACA 59

R TACACCATTGTGAGGACGCC
PIM3 F GCCCTGGATACTGATGACGG 57

R GAGCAGCGTTCAAAAAGGCA
GAPDH F AATGGGCAGCCGTTAGGAAA 59

R GCGCCCAATACGACCAAATC

ability due to drug pre-exposure. One of the animals was
separated for a 4 weeks observation to study the in vivo
changes related to IA and stigmasterol. Neurological functions
were evaluated at the end of the trial. Standard methods were
used to assess the neurological functions of performance
(spontaneous movement, forelimb suspension, locomotor
activity test and cliff avoidance reflex tests).

Quantitative Real-Time RT-PCR: Cerebral wall cells were
examined for particular mRNA expression utilising real-time
PCR analysis for the identification of specific biomarkers of IA.
RNA was extracted using Qiagen commercial assay kits. An
iScript cDNA synthesis kit was used to convert the same
quantity of RNA to cDNA. Real-time RT-PCR was performed by
SYBR green-labelled polymerase enzyme and particular
primers  (Table  1)  were  used  for  the  genes.  The  CT  values
were used to quantify the mRNA transcript levels and the
comparative CT technique ())CT), which uses GAPDH as an
endogenous control. It was used to determine the fold
increase in gene expression.

Separation  of  smooth  muscle  cells:  Smooth  muscle  cells
were extracted from experimental animals’ aneurysmal and
non-aneurysmal arteries. The cells from the aneurism section
were surgically separated and maintained in PBS with
antibiotics such as penicillin and streptomycin. Then smooth
muscle cells split according to the procedure of Leik et al.20.
The   obtained   cells   were   inoculated   in   DMEM
(Dulbecco’s  Modified  Eagle’s  medium),  comprised  of  FBS
(Fetal Bovine Serum 10%), which also contains antibiotics such
as penicillin and streptomycin.

Reactive oxygen species (ROS) release and mitochondrial
membrane potential (MMP) assessment: The major response
mechanism in cellular dysfunction is the production of ROS
with altered MMP. To measure ROS release, cells (1×105)
cultured on coverslips were treated for 15 min at 37EC with
the oxidant-sensitive fluorescent probe DCFHDA (10 µM). A

fluorimeter was used to measure the quantity of fluorescence
generated at excitation and emission wavelengths of 488 and
530  nm,  respectively.  For  MMP  assessment,  5  µL  of  JC-1
(200 µM) dye was maintained for 20 min. The reading was
taken  at  Ex/Em:  535/595  nm  for  JC-1  aggregates  and
485/535 nm for JC1 monomers.

Apoptosis marker assays: Caspase-3 and -9 activity, as well as
cytochrome c release, were measured using commercial assay
kits (Abcam Inc., USA).

ELISA measurements: The production of several cytokines
was measured using commercial Test kits (Fine Biotech, China)
as per the manufacturer’s protocols.

The release of various cytokines was assessed using
commercial ELISA kits as per the manufacturer’s instruction
(Fine Biotech, China). Cells were isolated and homogenised
using the buffer given with the test kits and the levels of
certain cytokines such as TNF-", IL-13, IL-4 and IL-1$ were
measured.

Statistical analysis: The outcome data value is given as the
Mean±Standard error. A One-way ANOVA was used to
examine the data. The assessment medians of the gastric
lesion were followed by the 25th and 75th percentiles.

RESULTS

Effects of stigmasterol on neurological functions: This study
employed Wistar rats to examine the protective effects of
stigmasterol against intracerebral aneurysms. In comparison
to control animals, the neurological performance of IA animals
was substantially reduced (p<0.01) in neuronal screening
assessments such as spontaneous movements assay, forelimb
suspension, locomotor activities and cliff avoidance. However,
the animals that obtained stigmasterol pre-treatment, on the
other hand, recovered from neurological performances,
indicating that the treatment can protect the proper
functioning of brain tissues (Fig. 1a-d).

Effects of stigmasterol on marker genes: The qRT-PCR
expressions of biomarker genes before and after IA and
stigmasterol administration were depicted in Fig. 2a-e. The
TNF-"   (2.2-fold),   CCR8   (2.2-fold),   IL1B   (2.2-fold),   MT2A
(2.2-fold) and PIM3 (2.2-fold) were observed to be elevated
after IA induction compared to control animals. However,
these genes showed a substantial decrease (p<0.01) in
expression in stigmasterol-treated animals, indicating that the
drug-induced reversal of IA is most likely due to activity in
downstream signalling (Fig. 2a-e).
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Effect of stigmasterol on ROS production, mitochondrial
membrane potential: The key event of the development of
cellular apoptosis is increased oxidative stress and extending
its influence causes an undesirable effect such as cell death.
Cells  isolated  from  animals  and  cultured  in  vitro   showed

increased (p<0.01) ROS levels in the IA group with decreased
mitochondrial membrane potential in the current study. On
the other hand, cells from the stigmasterol-treated rats had
significantly reduced levels of ROS and better mitochondrial
membrane potential (Fig. 3a-b).

Fig. 1(a-d): Assessment of neurological performance of control and experimental group of rats
Data from the tested groups are shown as Mean±SE (n = 6). Statistical significance was expressed as *p<0.05 IA compared to sham-operated controls,
$p<0.05 stigmasterol-treated compared to IA rats, STI: Stigmasterol and X-axis denotes the tested groups

Fig. 2(a-e): Continue
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Fig. 2(a-e): qRT-PCR mRNA expression analysis of control and experimental animals
Data  from  the  tested  groups  are  shown  as  Mean±SE  (n  =  6).  Values  are  expressed  as  Mean±SE  (n  =  6).  Statistical  significance  was  expressed
as *p<0.05 IA compared to sham-operated controls, $p<0.05 stigmasterol-treated compared to IA rats, STI: Stigmasterol and X-axis denotes the tested
groups

Fig. 3(a-b): ROS release and mitochondrial membrane potential of control and experimental cells
Data from the tested groups are shown as Mean±SE (n = 6). Statistical significance was expressed as *p<0.05 IA compared to sham-operated controls,
$p<0.05 stigmasterol-treated compared to IA rats, STI: Stigmasterol and X-axis denotes the tested groups

Effect of stigmasterol on apoptosis markers: The IA cells
demonstrated a 2-fold rise in caspase-3 (p>0.05) and -9
(p>0.05)   activities   in   the   current   investigation,   whereas,

stigmasterol administration reduced the beginning of these
apoptosis marker enzymes, demonstrating its protective effect
(Fig. 4a-c).
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Fig. 4(a-c): Caspase-3, caspase-9 and cytochrome C activity of control and experimental cells
Data from the tested groups are shown as Mean±SE (n = 6). Statistical significance was expressed as *p<0.05 IA compared to sham-operated controls,
$p<0.05 stigmasterol-treated compared to IA rats, STI: Stigmasterol and X-axis denotes the tested groups

Effect of stigmasterol on cytokine level: The protective role
of stigmasterol against IA was further elucidated using the
levels of pro-inflammatory cytokines (Fig. 4). The TNF-"
(p<0.01), IL-13 (p<0.01), IL-4 (p<0.01) and IL-1$ (p<0.01) levels
were significantly higher (p<0.01) in cells from the IA group
compared to the control. While it was shown that the
stigmasterol  administration  and  the  signalling  of  IA
progression suppressed these inflammatory cytokines, this
might  result  in  the  development  of  a  novel  IA  therapy
(Fig. 5a-d).

DISCUSSION

This study was directed at determining the use of
stigmasterol for its cerebro-protective role in the intracranial
aneurysm-induced rat model. Current experimental data
revealed that the administration of stigmasterol could
remarkably decrease cerebral degeneration evidenced by
improved neurological performance. In general, people with
IA often have incoordination in their neurological functions,
general movement and oratory functions due to the
degeneration of cells in the brain, which results in reduced
bodily movements. Blood vessel pressure in the cranium along

with vessel dilation is the characteristic of IA. The animals in
this study were subjected to the following neurological
examinations, including spontaneous locomotion, forelimb
suspension, Rotarod and cliff avoidance. Animals with IA had
the motor and neurological abnormalities, but animals with
stigmasterol administration exhibited significant changes in
their neurological functioning and motor skills. This could be
possible because of activated anti-inflammatory molecules,
which prevent them from entering the region of inflammation
and resulting in lower oxidative stress.

It was evident that stigmasterol inhibited apoptosis, as
seen in the study on apoptosis markers such as mitochondrial
membrane potential and ROS release, which indicate cerebral
protection. However, the increased ROS and mitochondrial
damage along with the apoptotic marker enzymes revealed
that the onset of apoptosis in IA rats and its inhibition by the
drug demonstrated the reversal in terms of cell regeneration
is very systematic through the canonical pathway evidenced
by the cytokines and genes as well. Similar results were
evident in the scientific literature with other phytochemicals
demonstrating the use of phytocompound towards cerebral
protection21 (Fig. 4).
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Fig. 5(a-d): Cytokine expression analysis of control and experimental cells
Data from the tested groups are shown as Mean±SE (n = 6). Statistical significance was expressed as *p<0.05 IA compared to sham-operated controls,
$p<0.05 stigmasterol-treated compared to IA rats, STI: Stigmasterol and X-axis denotes the tested groups

In aneurysm development, various pathways, such as
MAPK, ERK-1/2 and JNK (nitrogen activated protein kinase),
are key components and express a significant contribution to
artery thickening. The JNK phosphorylation resulting causes
degeneration of the aorta by inhibiting biosynthetic enzymes
leading to necrosis of the extracellular matrix. For the present
trial, CaCl2 was used to induce cerebral aneurysms in rats.
Several studies have postulated that a gradual decrease in the
expression of JNK could support the inhibition of the severity
of an arterial aneurysm. In another study, cerebral elastin
damage and artery dilation were directly associated with
necrobiosis in the cells and were considered to be crucial
mechanisms which could be used the prevent and control
aneurysms22. The degeneration of smooth muscle cells was
well observed in our experiments and it was confirmed that
blocking the JNK activation phosphorylation pathway in
human smooth muscle cells resulted in a decrease in
apoptosis23.

An earlier study found that necrobiosis stimulation is
directly related to JNK protein kinase activation24. Similarly, in

the brain, necrobiosis in vascular wall cells has been linked to
the JNK/C-JUN pathway25. In the present investigation, after IA
induction, animal models showed significant stimulation of
biomarkers such as TNF-", CCR8, IL-1$, MT2A and PIM3 in the
brain  cells.  While  these  markers  were  reduced  by
stigmasterol administration, this may be due to the effect of
stigmasterol in protecting the cells from the onset of
apoptosis mechanisms.

So far, scientific data suggests that inflammation in neural
tissues is an important factor in IA-related problems. Local
cells generate pro-inflammatory cytokines, which stimulate
the  production  of  cell  adhesion  molecules  and  the
recruitment of leukocytes, which cause brain damage by
activating   inflammation.   In   our   investigation,   we   noted
that the expression of IL-1$, TNF-" and IL-6 mRNA was higher
in IA animals but lower in the stigmasterol-treated group.
These   findings   suggest   that   the   increased   inflammation
in  IA  animals  was  reduced  by  a  decrease  in  the
inflammatory mediators directly controlled by stigmasterol
therapy.
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CONCLUSION

As a summary of this study, the levels of IA biomarkers
and other proinflammatory cytokines were observed  to  rise
in IA animals, but these cytokines were suppressed by
stigmasterol  administration,  revealing  an  enhancement  in
the animals' neural connection to all organs and enhanced
neuronal functioning. Thus, the current findings imply that
stigmasterol has potential effectiveness in enhancing acute
brain  function  in  IA  and  it  might  be  a  lead  molecule  for
IA-related therapeutics.

SIGNIFICANCE STATEMENT

Cerebral ischemia is a medical condition caused by
myocardial infarction, a coronary artery bypass graft, or
reversible acute hypotension that can cause serious damage
or death. Intracranial aneurysms (IAs) are compromised brain
artery walls that can rupture and cause cerebral haemorrhage.
Stigmasterol is an important plant sterol and has good
therapeutic properties. The present research reveals that
stigmasterol has cerebroprotective properties against the
growth of artificially produced intracranial aneurysms in rats.
The current study’s outcomes indicate that stigmasterol has a
potential efficacy in enhancing acute brain function in
Intracranial aneurysms and it might  be  a  lead molecule for
IA-related therapeutics.
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