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Centella asiatica suppresses inflammation
and apoptosis and regulates the Gsk-3f3
signaling pathway in aluminum chloride-
induced neurodegeneration in rats
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Abstract

Background Over 50 million people worldwide are affected by neurodegenerative diseases, and finding effective
treatments is crucial. Centella asiatica (CA) is a regenerating herbal medicine rich in triterpenes and phenolic
compounds, traditionally used to stimulate memory. CA extract possesses antioxidant and anti-inflammatory
properties. Therefore, we aimed to elucidate the underlying molecular mechanisms of CA extract as a neuroprotector
against AlCl;-induced neurodegeneration in rats.

Methods Forty-eight rats were categorized into eight groups. The control group administered distilled water,
whereas the aluminum (Al) group received aluminum chloride (AICl;) at 100 mg/kg. Three supplementary groups
received Centella asiatica (CA) at (200, 400, and 600 mg/kg). Three more groups were administered both CA and AICl;.
All treatments were administered orally over 5 weeks. Oxidative stress biomarkers (MDA, GSH, and SOD) and DNA
damage extent were measured in the brain tissues. In addition, the mRNA expression of apoptotic and inflammatory
genes (Bax/Bcl2, Caspase3, Il-1B, Gsk3B) and immunohistochemical staining of B-amyloid and tau protein were
evaluated.

Results The CA extract improved oxidative stress response by raising the levels of GSH and SOD while diminishing
the MDA levels and DNA damage parameters. It also reduced the expression of genes responsible for inflammation
and apoptosis. CA decreased the accumulation of both B-amyloid and tau proteins in the brain tissue. Further, the
histopathological examination of brain tissues revealed a significant improvement in the CA-pretreated groups.

Discussion CA effectively reduced aluminum chloride neurotoxicity by decreasing apoptotic and inflammatory gene
expression and lowering Gsk-38 levels, which helps minimize brain amyloid-beta and tau protein accumulation.
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Background

Neurodegenerative diseases (NDs) are a significant cause
of illness and death worldwide. They are characterized by
the gradual loss of specific groups of neurons, leading to a
breakdown in communication between brain cells (Erkki-
nen et al. 2018). As a result, memory, cognition, behavior,
sensory, and motor functions are reduced (Wilson et al.
2023, Dugger and Dickson 2017). Over 55 million people
globally are estimated to suffer from neurodegenerative
diseases, with more than 60% of them living in deprived
and moderate-income countries. Alzheimer’s disease
(AD) is the most frequent type of NDs and is responsi-
ble for sixty to seventy of all cases (Organization 2023).
In 2021, it was reported that Alzheimer’s was the sixth
predominant cause of mortality worldwide, with about
1.6 million deaths in 2020 (Organization 2021). Accord-
ing to the International Alzheimer’s Disease Report
(2021), the cost of this disease and other dementias has
gone beyond $1 trillion. This has created a significant
burden on healthcare systems and economies worldwide.
These statistics highlight the global impact of neurode-
generative diseases and emphasize the pressing necessity
for investigating innovative treatments and collaborative
efforts to mitigate the social, economic, and healthcare
challenges associated with these debilitating conditions
(Gauthier et al. 2021).

Apoptosis and inflammation are interconnected bio-
logical processes that significantly contribute to the
pathophysiology of neurodegenerative disorders. Apop-
tosis, or programmed cell death, is crucial for eliminating
damaged or malfunctioning neurons, thus averting the
buildup of cellular waste that could provoke an immuno-
logical response. Excessive or dysregulated apoptosis can
result in substantial neuronal death, exacerbating dis-
ease development (Shoshan-Barmatz et al. 2023). Con-
currently, persistent neuroinflammation has become a
defining characteristic of numerous neurodegenerative
conditions, such as Alzheimer’s and Parkinson’s diseases.
Activated microglia and astrocytes secrete pro-inflam-
matory cytokines, including /I-15, TNF-a, and /-6, which
may intensify neuronal damage and apoptosis. This
establishes a detrimental loop, wherein inflammation
induces apoptosis, and apoptotic cell death subsequently
exacerbates inflammatory responses (Heneka et al. 2014).
Comprehending the interaction between apoptosis and
inflammation is crucial for formulating therapeutic strat-
egies to impede the advancement of neurodegeneration.
Simultaneously targeting both systems may provide a
more effective strategy for alleviating the pathogenic cas-
cades underlying these complicated diseases.

Centella asiatica (CA), or “Gotu kola,” is a tropical
plant with proven medicinal properties. It has been cul-
tivated successfully for centuries in various countries



Eissa et al. The Journal of Basic and Applied Zoology (2026) 87:29

(Meulenbeld and Wujastyk 2001). The plant contains
abundant triterpenes, phenolic substances including fla-
vonoids and tannins, minerals, carbohydrates, alkaloids,
and vitamins (Sabaragamuwa et al. 2018, Siddiqui et al.
2007). Previous studies have shown that CA has a neu-
roprotective function, and can decrease the production
of amyloid plaque, dopamine neurotoxicity, and oxida-
tive stress in brains (Mohandas Rao et al. 2006). Addi-
tionally, it encourages dendritic arborization in neuronal
cells, which is important for normal brain function, intel-
ligence, memory enhancement, and longevity (Mohandas
Rao et al. 2006, Meyer et al. 2016, Rao et al. 2005). The
aqueous extract of CA improves cognitive function and
diminishes oxidative stress in the brains of rats (Kumar
and Gupta 2002). Moreover, the entire plant has been
found to benefit memory and improve the overall mental
capacity of children with cognitive impairments (Appa
Rao et al. 1973, Kakkar 1990, Mukerji 1953, Vaidyarat-
nam 1994).

Aluminum (Al) is a neurotoxin associated with various
neurological illnesses (Hu et al. 2007, Zatta et al. 2002).
It enters the brain through multiple avenues, including
nutrition, cosmetics, pharmaceuticals, toothpaste, pota-
ble water, and inhalation of vapors. Upon entering the
brain, the Al accumulates in different regions of the brain,
causing cognitive decline and a deterioration of memory
functions (Hosney et al. 2022). Studies have shown that
aluminum can cause alterations in neuropathology, neu-
robehavioral, neurophysical, and neurochemical pro-
cesses (Miu et al. 2003, Walton 2012, Walton 2013). It
also functions as a cholinotoxin, which affects cholinergic
activity, the primary neurochemical marker of AD (Gulya
et al. 1990, Rakonczay et al. 2005).

The present research is intended to assess the efficiency
of Centella asiatica (CA) supplementation in mitigating
aluminum chloride-induced neurotoxicity in rats, admin-
istered at three distinct dosages (200, 400, and 600 mg/
kg) for five weeks. The study assessed the core biological
pathways by examining the expression of genes related to
apoptosis (Bax, Caspase-3, and Bcl2) and genes associ-
ated with inflammation (/-1 and Gsk-3p) in the brain of

Table 1 Experimental animal groups

Groups Description Treatment, orally

1 Control Distilled water

2 AlCl, 100 mg/kg per day of AICl,

3 CA200 200 mg/kg per day of CA

4 CA400 400 mg/kg per day of CA

5 CA600 600 mg/kg per day of CA

6 CA200+AICI, 200 mg/kg per day of CA plus
100 mg/kg per day of AICl,

7 CA400+ AICl5 400 mg/kg per day of CA plus
100 mg/kg per day of AICl5

8 CA600+AICI, 600 mg/kg per day of CA plus

100 mg/kg/day of AlCl,
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rats. Furthermore, the study evaluated the brain’s levels
of DNA damage and oxidative stress markers, including
MDA, GSH, and SOD. The study investigated the histo-
logical changes in the brain and conducted an immuno-
histochemical analysis of tau and f-amyloid proteins.

Methods
The experimental procedures were carried out following
the applicable guidelines and regulations.

Chemicals

Gotu Kola extract was purchased from Amazon (Prod-
uct code: SWV-14031). AICl,, formaldehyde, saline, RNA
later, agarose, low-melting agarose, Triton X-100, Tris-
(hydroxymethyl)-aminomethane (Tris-base), 100% etha-
nol, Ethidium Bromide (EtBr), and solution of Na2EDTA
were all acquired from Sigma-Aldrich (Saint Louis, the
state of Missouri, USA). Kits for each biochemistry
parameter have been purchased from the Bio-Diagnostic
Company in Giza, Egypt.

Experimental animals

We acquired 48 male adult Wistar rats, weighing between
100 and 150 g. Following a week of acclimatization, the
rats were situated in a climate-controlled setting featur-
ing 12-hour light/dark cycles and free access to food and
drink. The rats were classified into eight groups. The ani-
mal trials were conducted following ARRIVE guidelines.
The Institutional Animal Care and Use Committee (CU-
IACUC) (CU/1/F/78/19) approved the experimental ani-
mal protocol.

Experimental design

CA and AICI; were dissolved in distilled water and taken
orally in the morning for 5 weeks. CA and AICl; dos-
ages were based on previous investigations (Chiroma et
al. 2019, Hosny et al. 2019). Table 1 shows that the 48
rats were randomly assigned to eight groups of six rats.
Group 1 (control) got distilled water orally, while group
2 received 100 mg/kg/day of AICl,. The third, fourth, and
fifth groups received 200, 400, and 600 mg/kg/day of CA
over 5 weeks. For the sixth, seventh, and eighth groups,
CA at doses of 200, 400, and 600 mg/kg/day was admin-
istered first, followed 2 h later by AICl, at 100 mg/kg/day,
continuing for 5 weeks.

In each group, 50% of the rats were euthanized fol-
lowing 3 weeks of treatment, while the remaining half
received treatment for 5 weeks. Subsequently, the ani-
mals were anaesthetized through inhalation of isoflurane
(1-4%) before being euthanized via cervical disloca-
tion. Brain tissues were harvested and kept at -80 °C for
molecular and biochemical studies, while segments
were preserved in buffered formalin for histological and
immunohistochemical analysis.
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Assessment of oxidative stress biomarkers

The tissues were homogenized in fifty mM phosphate
buffer at pH 7.4 to quantify the amounts of Malondial-
dehyde (MDA), Glutathione (GSH), and Superoxide dis-
mutase (SOD), depending on the previous literatures
(Ohkawa et al. 1979, Beutler and Mary 1963, Nishikimi et
al. 1972). The homogenate was centrifuged for ten min-
utes at 3000 rpm and 4 °C. The resulting supernatants
were used to evaluate the previously mentioned oxidative
stress indicators.

Assessment of genetic damage by the comet assay

DNA damage in brain tissues was assessed using the
alkaline single-cell gel electrophoresis (SCGE) comet
assay, as detailed in references (Tice et al. 2000, Nandha-
kumar et al. 2011). The slides were prepared and exam-
ined with a fluorescence microscope (Leica, Germany) to
capture images of approximately 50 cells. The data were
then assessed with Comet Score™ Version 1.5 software.

Gene expression analysis

Our research evaluated the expressions of Caspase-3,
Bax, Bcl2, Il-1B, Gsk-3f3, and GAPDH in brain tissue sam-
ples kept at -80 °C before analysis. Primers were designed
utilizing the Primer Blast program in NCBI and manu-
factured in Carlsbad by Invitrogen, CA, USA, as specified
in Table 2. GAPDH served as a housekeeping gene to nor-
malize gene expression. RNA extraction was conducted
utilizing a specific GeneJET RNA purification kit; then,
c¢DNA synthesis was performed using the RevertAid First
Strand cDNA Synthesis Kit. All these kits were obtained
from Thermo-Scientific, USA. An analysis of samples
from the control and treated groups was conducted.

We followed the kit instructions to perform qPCR,
using a 25 pL reaction mixture that included cDNA,
primers, an optimized PCR buffer Maxima Hot Start Taq
DNA Polymerase, and dNTPs (Thermo Scientific Max-
ima SYBR Green qPCR Master Mix). The PCR method

Table 2 The primer sequences of the analyzed genes
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comprised an initial heat activation phase at 95 °C for
15 min, followed by 40 denaturation cycles at 95 °C for
15 s, and subsequent annealing and elongation for 1 min
at 60 °C. We conducted triple analyses of each gene and
executed relative quantification of all genes employing
the Comparative Ct method (AACT) to evaluate each
gene’s expression in relation to the reference gene.

Immunohistochemical analysis of B-amyloid and tau
protein

Paraffin-embedded brain sections measuring 5 mm were
dewaxed with xylene and then re-moistened through
a gradually increasing range of alcohols. Sections were
treated with a 3% H202 solution to inhibit peroxidase
activity, with anti-B-amyloid and anti-tau antibodies,
and with HRP-conjugated secondary antibody and DAB
chromogen. After counterstaining the sections with
hematoxylin, the slides underwent examination using a
Zeiss light microscope (Gad et al. 2022). Protein accumu-
lation was evaluated using semi-quantitative visual scor-
ing based on staining intensity compared to the control
group. The scores were assigned as (+), (++), and (+++)
for mild, moderate, and severe accumulation, respec-
tively, under a standardized microscope setting to ensure
consistency. Scoring was done carefully to minimize bias,
and images were assessed under the same light and mag-
nification conditions.

Histopathological examination

Fresh brain samples were restored for 24 h in 10% buff-
ered formalin. After that, they were washed with tap
water, dehydrated using an increasing series of alcohol,
and cleared with xylene, then immersed in molten par-
affin wax (56 degrees) and incubated in a hot air oven
for a full day. After being sectioned by a rotary LEITZ
microtome to a thickness of 5 pm, the tissue sections
were placed on glass slides, deparaffinized, rehydrated,

Gene Primers Sequences (5'-3")
Forward Reverse

Caspase3 Gagcttggaacgcgaagaaa Gagtccatcgacttgcttcca
Bax Gaaccatcatgggctggaca Gggtcccgaagtaggaaagg

Bcl2 Ctggtggacaacatcgctct Geceatgctggggccatatagt

GSK-3B Ctggccaccatccttatcce Agaagcggcgttattggtct

IL-1B Agcagctttcgacagtgagg Tcatctggacagcccaagtce

GAPDH Gtatcggacgcctggttac Cttgccgtgggtagagtcat
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and stained with hematoxylin and eosin. Afterward, they
were examined using a light microscope (Bancroft 2013).

Analysis of statistical data

The analysis utilized IBM-SPSS version 23 software and
confirmed a normal distribution. A two-way ANOVA
was carried out to evaluate the effects of time and/or
treatment on the variables under study. Duncan’s test
assessed homogeneity among the groups, and the least
significant difference (LSD) method was used to identify
significant differences between time intervals.
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Fig. 1 The levels of malondialdehyde (MDA), glutathione (GSH), and su-
peroxide dismutase (SOD) in the brain tissue of rats were assessed after
oral administration of 200, 400, and 600 mg/kg of CA, and 100 mg/kg of
AlCl5, and CA combined with Al daily over periods of 3 and 5 weeks. Identi-
cal superscript letters indicate no considerable difference (P> 0.05), while
different letters signify a significant difference (P<0.05). * (P<0.05) refers
to comparisons made between the 3-week and 5-week assessments. CA
stands for Centella asiatica, and Al for AICl,
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Results

CA extract protects the brain against oxidative stress

The outcomes of oxidative stress parameters in the brain
following three and five weeks of treatment are shown
in Fig. 1. The MDA levels in all groups treated with CA
extract alone exhibited no statistical differences (P> 0.05)
in comparison to the control at both periods. GSH and
SOD activities were mainly insignificant (P> 0.05) in the
examined groups, except for CA200 (GSH) and CA600
(GSH&SOD), which were statistically different (P< 0.05).
Additionally, there is a significant (P<0.05) difference
among all examined groups when comparing the two
examined durations.

After both 3 and 5 weeks, rats treated with AICl,
exhibited a significant increase (P< 0.05) in brain MDA
levels, along with a noticeable decrease in the antioxi-
dant enzymes SOD and GSH, compared to the control
group. Interestingly, co-administration of CA with AICl;
helped restore the oxidative balance, as reflected by a
significant reduction in MDA levels and an increase in
SOD and GSH activity (P<0.05). However, the eleva-
tion in GSH was not statistically significant (P> 0.05)
in the CA200+ Al and CA400+ Al groups. Notably, the
highest dose CA600+ Al showed the most prominent
protective effect, particularly after 5 weeks, indicat-
ing a dose-dependent improvement in oxidative stress
markers.

CA extract protects brain tissue against DNA damage

The study found that rats treated with CA200, CA400,
and CA600 did not display significant differences in
TL, %DNA, and TM measurements related to the con-
trol group after 3&5 weeks, except CA400 in (TL&TM)
revealed a statistically different (P < 0.05). However, OTM
values in brain tissues of rats treated with CA400 and
CA600 were markedly increased (P< 0.05) after 3 weeks,
but after 5 weeks, the OTM values in all three groups
were like the control group.

Nevertheless, the experimental animals administered
aluminium chloride exhibited a substantial (P< 0.05) ele-
vation in all parameters shown in Fig. 2. The values of TL,
%DNA, TM, and OTM in the brain cells of rats admin-
istered CA and Al progressively aligned with the normal
levels of the control group after 3 and 5 weeks. Following
the explanation of the statistical results, the findings were
further supported by fluorescent microscopy images, as
shown in Fig. 3, which visually corroborated the statisti-
cal data. These images demonstrated an apparent reduc-
tion in DNA damage markers in the CA-treated group,
aligning with the significant differences observed in the
statistical analysis (P< 0.05) as shown in Fig. 2.
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olive tail moment (OTM) in the brain tissue of rats were assessed after oral administration of 200, 400, and 600 mg/kg of CA, and 100 mg/kg of AICI;, and
CA combined with Al daily over periods of 3 and 5 weeks. Identical superscript letters indicate no considerable difference (P>0.05), while different let-
ters signify a significant difference (P < 0.05). * (P < 0.05) refers to comparisons made between the 3-week and 5-week assessments. CA stands for Centella

asiatica, and Al for AICl5

CA extract reduces the expression of apoptotic and
inflammatory genes

Casp-3 and Bax mRNA expression were increased
(P<0.05), and the Bcl2 mRNA amount was down-regu-
lated in the Al-treated group contrasted to the sham at
both intervals. In addition, CA extracts regulated the
gene expression (P<0.05) in the examined groups; CA
upregulated the levels of Bcl2 and downregulated the
levels of Bax & Casp-3 at both durations. However, there
were no significant differences between CA doses in all
examined genes, as shown in Fig. 4.

In addition, the inflammatory gene Il-15 and Gsk-3
mRNA levels were upregulated in the aluminum group
compared to the sham group (P<0.05) in the brain tis-
sues. CA extract notably decreased the levels of Il-1
and Gsk-3B in a dose-dependent way compared to the
Al-treated group at both durations, as shown in Fig. 5.
Moreover, CA600 reported significant (P< 0.05) down-
regulation in the Gsk-3f gene expression compared to
CA200 and CA400 groups. Both CA400 and CA600
groups significantly (P< 0.05) reduced the expression of

Il-1f3 compared to the group treated with 200 mg/kg of
CA.

CA extract decreased the accumulation of Beta-amyloid
plaques

Figure 6 shows the Beta-amyloid protein’s expres-
sion level in the brain’s hippocampus region. The group
treated with Al showed increased Beta-amyloid pro-
tein with (P< 0.05) after 3 and 5 weeks compared to the
control. However, the extract of CA leads to decreased
Beta-amyloid accumulation in the hippocampus sections
compared to the Al-treated group

CA extract downregulates the expression of the tau

protein

Figure 7 shows the amounts of tau protein in the hip-
pocampal area of the brain. The group treated with Al
significantly increased Tau protein expression after 3
and 5 weeks compared to the sham group. However, an
increase in the dose of CA led to a gradual decrease in the
Tau protein level in the brain tissue of the CA + Al groups
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Fig. 3 Fluorescent microscope micrographs depicting the degree of DNA break in brain tissue evaluated by the alkaline comet test after oral administra-
tion of 200, 400, and 600 mg/kg of CA, and 100 mg/kg of AICl;, and CA combined with Al daily over periods of 3 and 5 weeks (200x). CA: Centella asiatica

and Al: AICI5

compared to the Al-treated group. The CA600 + Al group
showed negative expression after 3 and 5 weeks

Ameliorative effect of CA on brain tissue

Cerebral cortex

The brain’s cerebral cortex was examined under a light
microscope to investigate the histological structure, as
in Fig. 8. At both durations, 3&5 weeks, each of the con-
trol and treated groups, CA200, CA400, and CA600,
had a normal histological structure of the cortex with
regular neuron architecture. Rats treated with AICl,
alone showed widespread neuronal nuclear pyknosis,
gliosis, and degeneration. In the CA200+ AICl; group,
most neurons still exhibited nuclear pyknosis and glio-
sis, whereas in the CA400 + AICl, group, nuclear pykno-
sis remained, but only a few neurons were degenerated.
The CA600 + Al group significantly improved the brain’s

histological architecture, with many normal cells close to
the control.

Hippocampus

Histopathological examination was conducted on the
dentate gyrus in the hippocampus. After 3&5 weeks of
treatment, the results indicated no histopathological
changes, and the neurons had a typical architecture in
both control and treated groups with CA200, CA400, and
CA600. However, the group treated with AICl; showed
nuclear pyknosis, gliosis, and neurodegeneration. Fur-
thermore, the group treated with CA200+ Al displayed
nuclear pyknosis in most of the neurons and a lot of
degenerated cells after 3 weeks, while it had degenera-
tion in a few neurons after 5 weeks. The CA400 + Al and
CA600 + Al groups had nucleus pyknosis seen in neurons
and a few degenerated cells after 3 weeks of treatment,
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while they exhibited no histopathological changes and
preserved a normal histology architecture of neurons.
as in Fig. 9.

Striatum

The striatum was examined, as shown in Fig. 10. There
were no changes, and the neurons had a typical architec-
ture in the control and treated groups CA200, CA400,
and CA600 at both durations. However, the AICI,
group showed a nucleus with pyknosis, gliosis, and focal
eosinophilic plaque formation in some neurons. In the
CA200 + Al group, by week 3, neurons displayed nuclear
pyknosis, gliosis, and intracellular edema. By week 5,
some neurons still exhibited nuclear pyknosis and glio-
sis, now accompanied by the appearance of multiple focal
eosinophilic plaques. Meanwhile, the CA400+ Al and
CA600 + Al groups showed nuclear pyknosis and gliosis
in a few neurons after 3 weeks. However, after 5 weeks,
these groups demonstrated gliosis, but with many normal
cells.

(P <0.05) refers to comparisons made between the 3-week and 5-week assessments. CA stands for Centella asiatica, and Al for AlCl5

Discussion
The research assessed the neuroprotective effects of Cen-
tella asiatica against aluminium chloride-induced neu-
rodegeneration. Findings demonstrated that the extract
mitigated aluminium-induced neurotoxicity, with a
600 mg/kg dosage exhibiting the most significant ben-
efit in brain tissue. The Centella asiatica extract restored
biochemical homeostasis by dose-dependently reducing
oxidative stress and enhancing the antioxidant activities
of GSH and SOD. It contributed to reestablishing tissue
homeostasis by significantly decreasing all parameters of
DNA damage. The treatment reduced the accumulation
of B-amyloid plaques and Tau protein, downregulated the
apoptotic genes Casp-3 and Bax, as well as the inflamma-
tory mediators Il-1p and Gsk-3p, and, in a dose-depen-
dent manner, upregulated the anti-apoptotic gene Bcl2.
Histopathological examination of the brain indicated an
ameliorative effect of Centella asiatica against alumin-
ium chloride-induced neurodegeneration and toxicity.
The brain consumes a high amount of oxygen but has
a weak antioxidant system, making it vulnerable to stress
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from oxidation, particularly in the cortex and hippocam-
pus (Gofir et al. 2021). The accumulation of aluminum
can harm membrane lipids, proteins, and antioxidant
defences, leading to oxidative cell injury. This occurs due
to the tissue’s high oxygen demands and abundance of
fatty acids, particularly susceptible to peroxidation (Kai-
zer et al. 2005). Aluminium is a potent Lewis acid that
can react with superoxide anions, forming AlO2.2+; this
complex is a powerful oxidant than the superoxide anion
itself. The complex accelerates the formation of hydrogen
peroxide and hydroxyl radicals, which participate in cre-
ating an oxidizing environment (Exley 2004).

In the current study, rats administered with AICI3
showed an increase in MDA levels, while the GSH and
SOD activities were reduced in the brain throughout the
examined durations. This aligns with previous studies
indicating that aluminium (Al) causes lesions in the hip-
pocampus by disrupting the balance between the pro-
duction of reactive oxygen species (ROS) and the cells’
antioxidant capacity. This imbalance causes oxidative

(P<0.05) refers to comparisons made between the 3-week and 5-week assessments. CA stands for Centella asiatica, and Al for AICl;

stress, eventually resulting in cell death (Kumar and Gill
2014, Lu et al. 2013).

The results revealed normal levels of MDA, GSH, and
SOD in all groups treated with CA extract alone. Co-
administration of CA with aluminum markedly attenu-
ated aluminum-induced oxidative stress in neural cells.
Compared with the Al-only group, MDA levels fell while
GSH and SOD activities rose in a dose-dependent way at
both 3 and 5 weeks, demonstrating CA’s protective effect
against AlCl;-mediated cytotoxicity. This benefit likely
reflects CA’s high antioxidant content, including pheno-
lic compounds such as quercetin and catechin (Tripathy
and Srivastav 2023). Furthermore, this agrees with pre-
vious studies indicating that the aqueous extract of CA
enhances tissue homeostasis and exhibits antioxidant
properties (Kumar and Gupta 2002, Gupta and Flora
2006, Kumar et al. 2020).

Oxidative stress results from an imbalance between
reactive oxygen species (ROS) and a weakened antioxi-
dant defense system (Pryor 1986). ROS, such as hydrogen
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Fig. 6 Immunohistochemical photomicrographs demonstrate Beta-amyloid amounts in brain sections of rats treated orally with CA (200, 400, and 600
mg/kg), and (100 mg/kg) AICI3 daily for three and five weeks. The control rat section showed a negative expression. The AICI3 group showed severe
expression (+++). CA200+ Al group showed moderate expression (++). CA400+ Al group showed moderate expression (++). CA600 + Al group showed
mild expression (+). After 5 weeks of treatment, the control rat section showed negative expression. The AICI3 group showed severe expression (+++).
CA200+ Al group showed moderate expression (++). CA400+ Al group showed mild expression (+). CA600 + Al group showed mild expression (+). CA
Centella asiatica and Al: AICI3 (80x)

e %8 3
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Fig. 7 Immunohistochemical photomicrographs demonstrate the Tau protein amounts in the brain sections of rats treated orally with CA (200, 400,
and 600 mg/kg), and (100 mg/kg) AICI3 daily for three and five weeks. The control rat section showed a negative expression. The AICI3 group showed
moderate expression (++). CA200+ Al group showed mild expression (+). CA400+ Al group showed mild expression (+). CA600+ Al group showed a
negative expression (-). After 5 weeks of treatment, the control rat section showed negative expression. The AICI3 group showed moderate expression

(+4). CA200+ Al group showed moderate expression (++). CA400+ Al group showed mild expression (+). CA600+ Al group showed a negative expres-
sion (+). CA Centella asiatica and Al: AICI3 (80x)
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Fig. 8 Photomicrographs of cerebral cortex sections of rats treated orally with CA extract (200, 400, and 600 mg/Kg per day) with and without 100 mg/
Kg per day of AICI; for 3 & 5 weeks. The control, the CA200, 400, and 600 groups have the typical histological features of the brain’s cerebral cortex sec-
tion (black arrow). The AICI; group showed nuclear pyknosis (green arrow), gliosis (red arrow), and degeneration (arrowhead) in most of the neurons.
The CA200+ Al group showed nuclear pyknosis (green arrow) and gliosis (red arrow) in most neurons. The CA400 + Al group had nuclear pyknosis (green
arrow) and a few degenerated cells (arrowhead). The CA600+ Al group showed more improvement in the brain with many normal cells close to the

control (black arrow) (H&E. 40x)

peroxide (H202) and hydroxyl radicals (-OH), can inter-
act with nucleophilic centers in cells, leading to covalent
attachment to nucleic acids, RNA, and proteins. This
can cause single-strand breaks, double-strand breaks,
and DNA adducts, ultimately resulting in DNA damage
(Cadet et al. 2017). The comet assay is a well-established
technique for detecting various DNA alterations, includ-
ing single-strand and double-strand breaks, alkali-labile
sites, cross-links, and incomplete repair sites (Boeck et al.
2000). DNA damage is a hallmark of apoptosis, and the
percentage of DNA in the tail is the best parameter for
assessing induced DNA damage (Sumathi et al. 2013).
The present study indicated an elevation in all DNA
damage markers: Tail length (TL), %DNA, tail moment
(TM), and olive tail moment (OTM) in Al-treated
groups. This agrees with the previous studies, indicating
that Al treatment induces ROS production and oxidative
DNA damage (Sumathi et al. 2013, Abbas et al. 2019). In

addition, co-administration of CA with Al resulted in a
significant reduction in all DNA damage parameters in a
dose-dependent manner in both durations. This agrees
with the previous studies, which showed that CA pro-
tects against DNA damage. According to reports, CA can
stop DNA damage and lipid peroxidation by acting as an
antioxidant and free radical scavenger (Anand et al. 2010,
Rashid et al. 2023, Yahya and Nurrosyidah 2020).

AICl, treatment leads to a disruption in the balance
between ROS production and the antioxidant system,
potentially causing oxidative DNA damage. Addition-
ally, the intake of Al can lead to neuroinflammation
and impairment of cognitive function (Exley et al. 2006,
Batool et al. 2016). Neuroinflammation can change
the density of dendritic spines, which in turn can affect
cognitive function (Cao et al. 2016). In this study, Al
treatment resulted in the upregulation of an inflam-
matory-related gene (/I-1f3), which was consistent with
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Fig. 9 Photomicrographs of the dentate gyrus in the hippocampus of rats with varying oral dosages of CA extract (200, 400, and 600 mg/kg per day)
with and without 100 mg/Kg per day of AICI; for 3&5 weeks. The control rat section showed the standard histological structure of the dentate gyrus (black
arrow). CA200, CA400, and CA600 groups showed no histopathological change and normal architecture of neurons (black arrow). The AlCl;-treated rats
illustrated nuclear pyknosis (green arrow) and degeneration (arrowhead) in brain tissue cells. The CA200+ Al group showed nuclear pyknosis in most
neurons (green arrow) and many degenerated cells (arrowhead). CA400+ Al group showed a nucleus with pyknosis in a few neurons (green arrow) and
a few degenerated cells (arrowhead). CA600+ Al group showed a nucleus with pyknosis (green arrow) and a few degenerated cells (arrowhead) after 3

weeks and standard histological structure after 5 weeks (H&E. 40x)

findings from (Cao et al. 2019, Milnerowicz et al. 2015),
indicating that AICl; can induce the production of
inflammatory cytokines. In addition, Aluminum can acti-
vate microglia, which release inflammatory mediators,
worsening neuroinflammation and potentially leading
to neurodegeneration (Renke et al. 2023). Moreover, the
co-administration of CA with Al leads to downregulation
in the expression of I/-1f5 in all treated groups in a man-
ner dependent on the dosage in the examined durations.
Recent studies indicated the anti-inflammatory effect of
CA extract and its ability to downregulate the expression
of inflammatory cytokines (Yan et al. 2023, Mairuae et al.
2019). This may be due to CA constituents of polypheno-
lic compounds, Triterpenes, and Asiatic acids.

Apoptosis is a natural mechanism of programmed cell
death essential for both embryonic development and the
maintenance of adult tissues. It selectively eliminates

old, unhealthy, and unnecessary cells, maintaining tis-
sue homeostasis. Improper regulation of apoptosis is
associated with various human diseases, including neu-
rodegenerative disorders like Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), and
amyotrophic lateral sclerosis (ALS). The overproduction
of reactive oxygen species (ROS), DNA damage, and neu-
roinflammation can all lead to the induction of apoptosis
(Shoshan-Barmatz et al. 2023, Elmore 2007).

Rats treated with AICl; showed upregulation in the
apoptotic genes (Bax and Caspase-3) and downregulation
in the anti-apoptotic gene level (Bc/2) in the brain tis-
sue. Animal groups treated with CA and Al indicated an
inverse in the levels of these genes compared to the Al-
treated group. Ahmed Rather et al. illustrated downregu-
lation in the level of Bax and casp-3 and upregulation in
the level of the Bcl2 gene in rats after administration of
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Fig. 10 Photomicrographs of the striatum of rats treated orally with CA (200, 400, and 600 mg/kg per day) with and without AICl; (100 mg/kg per day)
for 3&5 weeks. The control, CA200, 400, and 600 groups showed normal histological structure of brain striatum sections at both durations (black arrow).
The AICl; group had nuclear pyknosis (green arrow) and gliosis (red arrow) in some neurons with multiple focal eosinophilic plaques (green arrow), gliosis
(red arrow), and intracellular edema between the neurons. CA400+ Al and CA600 + Al groups, respectively, showed nuclear pyknosis (green arrow) and

gliosis (red arrow) in a few neurons (H&E., 40x)

CA constituent Asiatic acid (Ahmad Rather et al. 2019).
In addition, the Alzheimer’s rat model treated with CA
extract indicated upregulation in the Bc/2 (Chiroma et al.
2019).

It was reported that aluminum can increase the concen-
trations of beta-amyloid (Af), leading to the buildup of
AP plaques. Furthermore, it induces the phosphorylation
of the tau protein, therefore reducing its solubility and
hence enhancing the possibility of its aggregation. Rats
treated with AICl; exhibited the buildup of B-amyloid
plaques and tau protein, along with an increase in the
expression of glycogen synthase kinase-3[ (Gsk-3p) in the
brain cells. Previous research has suggested that exposure
to Al can result in neurotoxicity and the accumulation of
AP plaques due to dysregulation of kinase enzymes such

as Gsk-3 (Ahmad Rather et al. 2019, Hashimoto et al.
2000, Blennow et al. 2006, Thenmozhi et al. 2015).

In rats, the co-treatment of CA with AICI, resulted in
a reduction of AP plaques, Tau proteins, and Gsk-3f lev-
els in a dose-dependent manner. This effect was observed
in both small and extended periods of time, as demon-
strated in the immunohistochemical and gene expression
graphs in the results section. Chiroma et al. and Rather et
al. illustrated downregulation in the expression of Gsk-3/3
and a decrease in AP plaque accumulation after adminis-
tration of CA extract (Chiroma et al. 2019, Rather et al.
2018). According to reports, Gsk-3f is responsible for the
hyperphosphorylation of tau protein and the accumula-
tion of AP plaques (Snitow et al. 2021, Abu-Elfotuh et al.
2023). The current study demonstrated a downregulation
in Gsk-3 and AP plaques, which led to less accumulation
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of tau protein, depending on the dosage during the exam-
ined durations after CA treatment. Reduced accumula-
tion of amyloid-beta and tau proteins in brain tissues,
confirmed by immunohistochemical analysis, further
supports the involvement of Gsk-3f, as this pathway is
well-documented to regulate AP and tau phosphoryla-
tion and aggregation in neurodegeneration (Hooper et
al. 2008). The observed downregulation of Gsk-35 in
CA-treated groups may be attributed to the anti-inflam-
matory and antioxidative properties of Centella asiatica
extract. Gsk-3p is a key modulator of neuroinflammation
and oxidative stress, primarily through its regulation of
the NF-xB pathway and apoptotic signaling (Beurel et al.
2015, Kanninen et al. 2011). Previous studies have shown
that asiaticoside, a major active constituent of CA, can
inhibit Gsk-3f5 activity, thereby reducing tau phosphory-
lation, AP accumulation, and inflammation (Liu et al.
2023).

All the earlier illustrations demonstrated the neuro-
protective properties of CA, highlighting its function as
an antioxidant and anti-inflammatory agent, along with
its capacity to restore tissue homeostasis following neu-
rotoxin exposure. The histopathological examination of
different brain regions of the cerebral cortex, the hip-
pocampus, and the striatum illustrated the incidence of
pyknosis, gliosis, focal eosinophilic plaque formation,
and neurodegeneration due to AlCl; administration. This
agrees with the previous studies that described the haz-
ardous effect of AICI; in brain tissue (Abbas et al. 2019,
Chiroma et al. 2019, Rather et al. 2018).

Recent studies have shown that the administration of
CA extract can enhance the elongation of neurites and
accelerate the regeneration of nerve cells in vitro (Far-
hana et al. 2016). The current investigation found that
the simultaneous administration of CA significantly
reduced dementia and morphological alterations induced
by AICI, in rats, with the intensity of the effects vary-
ing with dosage. The extract works by promoting cho-
linergic transmission and diminishing oxidative stress,
hence decelerating neurodegeneration in the brain,
thereby maintaining memory and cognitive abilities,
as detailed by Firdaus et al. (Firdaus et al. 2022). Fur-
thermore, the ethanolic extract of CA has reduced the
behavioral, biochemical, and neuroanatomical abnormal-
ities, shielded the rat brain against cognitive impairment
caused by AICl,, and prevented memory loss and cogni-
tive impairment (Firdaus et al. 2022, Firdaus et al. 2022).
Earlier studies had also shown that CA can prevent hip-
pocampus neuronal death and maintain its ultrastruc-
ture, thereby reducing cognitive deficits in D-gal and
AICl;-induced mice, as reported in (Chiroma et al. 2019).
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Conclusion

The research investigated the neuroprotective effect of
CA against neurodegeneration. CA works through vari-
ous mechanisms, including modulation in the expression
of genes related to apoptosis (Bax, Bcl2, and Caspase-3).
Additionally, the observed neuroprotective effects of
Centella asiatica may be partially mediated through
modulation of the Gsk-3f signaling pathway, which is
known to influence tau phosphorylation, Ap production,
and neuroinflammation via I/-18. The observed reduction
in pro-inflammatory (Il-18) and apoptotic (Bax, Cas-
pase-3) gene expression, along with enhanced antioxi-
dant defenses (1GSH, 1SOD, |MDA), suggests that CA
modulates interconnected cellular mechanisms regulated
by Gsk-3f, particularly in the context of neuroinflam-
mation and cell survival. Therefore, CA is a promising
herbal medicine that protects against neurodegeneration.
Further studies are required to evaluate the safety of CA.
Future studies should include isolation of asiaticoside
from the extract to evaluate its independent effects and
explore different dosages using well-characterised ani-
mal models of specific neurodegenerative diseases. More
studies are needed to assess the safety of CA.
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