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Abstract

Neurodegeneration due to exposure to oxidants has
severe effects on neuronal loss when exposed for a
prolonged period, causing them to loss neurons. The
degeneration of neurons in the substantia nigra
decreases the production of dopamine in the brain,
which can further act as an initiator for the early onset
of Parkinson’s disease (PD). Carbidopa-levodopa is
the standard drug used in the treatment of PD, but it
comes with a drawback of drug side effects in the long
run. Marine compounds exhibit potential for drug
discovery and are rising to overcome these
shortcomings in the existing drugs. We assessed and
optimised the half maximum inhibitory concentration
(ICso) of stress-induced models for hydrogen peroxide
and acrylamide, as well as the standard drug levodopa
(LD) and squid ink (SI) extract using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay and evaluated their cytotoxic effects.
Reactive oxygen species (ROS), cell apoptosis, colony
formation, DNA fragmentation, cell migration and
gene expression studies were evaluated through 2',7'-
dichlorofluorescein  diacetate (DCFH-DA), flow
cytometry, proliferation assay, 4'6-diamidino-2-
phenylindole (DAPI), scratch test assay and real-time
quantitative polymerase chain reaction (RT-gPCR)
respectively.

The cell viability assay exhibited ICso values of
77+0.14, 79+£0.17 and 82+0.21 ug/ml concentrations
for control, hydrogen peroxide and acrylamide groups
respectively. The ROS assay showed significant
antioxidant activity in the stress-induced groups
compared to the LD-treated group. Likewise, DAPI
staining showed lesser DNA fragmentation in stress-
induced cells in Sl-treated groups. Similarly, the flow
cytometry exhibited increased cell viability in SI-
treated stress-induced cells. The gene expression
studies in Sl-treated revealed the downregulation of
pro-apoptotic genes. Sl-extract exhibited potential
antioxidant properties. Further, we recommend
performing extensive screening of these marine
compounds to obtain potential therapeutics to
overcome neurodegenerative diseases caused due to
oxidative stress.
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Introduction

Neuroblastoma (NB) cell lines are human-derived,
subcloned three times from the SK-N-SH!, which is derived
from a 4-year-old patient through bone marrow biopsy to
obtain SH-SY5Y cell lines?. These SH-SY5Y cell lines are
of great importance and serve as a tool for in vitro studies
due to their ability to mimic dopaminergic neurons?, which
make them a tool to study neurodegeneration of brain cells
such as Alzheimer’s disease?, Parkinson’s disease’,
ischemia®, amyotrophic lateral sclerosis’ as well as
neurotoxicity® and neurorestoration’. SH-SY5Y cell lines
were first subcloned in 1978 and it has undergone a large
number of passages up to this date and due to this which they
are considered to have phenotypic stability and are defined
as ‘neuron-like’ structures with further induction to
differentiation from their undifferentiated state.

Since these NB cells express opioids!?, nerve growth factor
(NGF)3¢ and muscarinic receptors®’, they act as an excellent
tool for research on dopaminergic systems. Even though the
undifferentiated NB cells have restrictions in expression of
particular pathways or studies, they are widely used to study
apoptosis, reactive oxygen species (ROS), gene expression
and molecular studies, immunofluorescence assay, cell
migration and proliferation studies for neurodegenerative
diseases'>17.

Hydrogen peroxide is a powerful oxidant that damages
healthy cells naturally by producing free radicals which lead
to suppression of dopamine in the substantia nigra, leading
the neuronal loss or neurodegeneration through apoptosis or,
in some cases, necrosis. Exposure to oxidants including
hydrogen peroxide*, acrylamide’, menadione®, sodium
nitroprusside®® and paraquat®*, can cause early onset of
neurodegeneration, which leads to Parkinson’s disease (PD)
at a later stage. Neurotoxins which induce PD, such as 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)®’,
rotenone*3!,  6-hydroxydopamine  (6-OHDA)*>  and
lipopolysaccharide (LPS)®2, mimic different aspects such as
mitochondrial dysfunction, neuroinflammation, oxidative
stress and aggregation of a-synuclein forming Lewy
bodies?”-3°,

Neurodegerative disease is mainly caused due to the
oxidative stress which further leads aging of brain cells?.
With rising concerns of its complexity of neurodegenerative
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diseases treatment with shakiness, involuntary muscle
movement, brain fog and hallucinations to the levodopa-
carbidopa drug treatment in Parkinsons’s disease, natural
and marine sources for potential drug discovery rich in
antioxidants®* have become significant to overcome the
shortcomings of prolonged exposure to the drug'. Carbidopa
belongs to the group of medicines called aromatic L-amino
acid decarboxylase inhibitors (AADC)*, combined with
levodopa to assist in reaching the blood-brain barrier
(BBB)? without breaking down into dopamine in the blood
and gut before reaching the brain.

Based on this, an in vitro study was hypothesized to evaluate
the neuroprotective effects of squid ink extract, a marine
source, against stress-induced neuroblastoma cell models by
conducting a series of studies and examining their wound
healing effects to obtain new drug discovery for the
treatment of oxidative stress-related neurodegenerative
diseases.

Material and Methods

Cell culture and reagents: SH-SY5Y neuroblastoma (NB)
cells were purchased from NCCS, India. The NB cell line
was cultured in Ham’s F-12 medium (Gibco) supplemented
in Fetal Bovine Serum (FBS) (HiMedia) and 1% antimycotic
solution (HiMedia). The cells were incubated in 37°C at 5%
CO; incubator. Trypsin-EDTA (Gibco), MTT (Sigma),
DAPI (Sigma) and DCFH-DA (Sigma) were purchased.
Levodopa was purchased from Sigma.

Sample collection and preparation: The Uroteuthis
duvaucelli, also known as the Indian squid, was freshly
collected from Kasimedu fish harbour, Chennai, Tamil
Nadu, India and transported safely to the lab in chilled
conditions. The ink from the squid ink was prepared with a
slight modification'*. The non-melanin layer of the ink was
removed by washing the ink with distilled water at 20,000
rpm for 15 mins at 4°C. Hexane was added to the pellet and
centrifuged at 10,000 rpm for 25 mins at 4°C. The pellet was
lyophilized and the moisture-free powder sample was
homogenized into fine powder. Further, the powdered
sample was added to 1x phosphate buffer saline (PBS) and
sonicated to dissolve the sample. The sample was filtered
using Whatmann filter paper and stored in light-sensitive
tubes for further studies.

Characterisation of squid ink extract

Morphological characterization through Transmission
Electron Microscopy: The freeze-dried ink powder was
further analysed to study the morphological characterisation
through transmission electron microscopy'® (TEM) through
FEI — TECNAI G2-20 TWIN (Operating voltage 200 kV).

High Performance Liquid Chromatography (HPLC):
High-performance liquid chromatography (HPLC) was
performed in Agilent Infinity 2000 equipped with a C18
HPLC column. The flow range was maintained at 0.1 ml/min
and the column temperature was kept at 20 to 25°C. Samples
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were filtered through a 0.22 pm syringe filter before sample
injection'!. The mobile phase consisted of solvent A: water
with 0.1% formic acid and solvent B: acetonitrile.

Maintaining SH-SYSY cell lines: The SH-SY5Y cells were
cultured in Ham’s F-12 medium with FBS and 1%
antimycotic solution, maintained under optimum conditions
at 37°C and 5% CO; incubator. The cells were passaged at
80-85% confluency?®.

Stress induction in SH-SYSY cell lines: Cells were stress
induced using hydrogen peroxide*' and acrylamide’ using
ten different varying concentrations of 50-500 uM and 0.1-
1.0 mM respectively for 24 hrs prior drug treatment.

Cell viability assay: 1x10° cells were seeded in a 96-well
plate and incubated for 24 hrs, followed by stress induction
using hydrogen peroxide (50-500 uM) and acrylamide (0.1-
1.0 mM). Varying concentrations of squid ink extracts (10 to
100 pg/ml) were mixed along with the medium and
incubated for 24 hours. Finally, 0.5 mg/ml MTT solution
was added to each well and incubated at 37°C for 4 hours
under dark conditions®. Formazan crystals were dissolved
by adding 150 pl DMSO per well and absorbance was
measured using a microplate reader at 570nm.

Reactive oxygen species (ROS) analysis: The intracellular
ROS of the cells was determined using the DCFH-DA
staining method. 1x10° cells were seeded in 35x10mm cell
culture dishes with complete Ham’s F-12 medium®’. DCFH-
DA was dissolved in FBS-free medium to a final
concentration of 10uM. Cells were incubated for 30 min at
37°C under dark conditions and washed three times with
serum-free medium. Fluorescence was measured at a
wavelength of 480/530 under a fluorescence microscope
with an imaging system (WESWOX FM-3000, India).

DNA fragmentation assay: Nuclear morphology of SH-
SY5Y cells pre- and post- H20: and acrylamide exposure
was analysed using 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI) staining. 1x10° cells were seeded in
culture dishes and were fixed with 4% paraformaldehyde
(PFA) for 20 minutes at room temperature. Further, the cells
were washed and permeabilized using 0.25% Triton X-100
in 1x PBS for 10 minutes. Staining was performed using
100uM DAPI for 15 minutes at room temperature. Samples
were rinsed gently with distilled water and 10ul of 1x PBS
was added to the dish before visualization under the
microscope (WESWOX FM-3000).

Flow cytometry analysis: Cell apoptosis was performed
using the Annexin V-FITC kit (Elabscience), according to
the instructions in the manufacturer’s protocol. Following
cell seeding and drug treatment, 1x10° cells were pelleted by
centrifugation and subsequently resuspended in 250 pL of
Annexin V binding buffer. 5 pL of Annexin V-FITC and 10
uL of propidium iodide (PI) conjugate solution were added
to the suspension. The samples were vortexed gently and
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incubated at 37°C for 15 minutes under dark conditions.
Finally, apoptotic cell populations were quantified with flow
cytometric analysis using fluorescence-activated cell sorting
(FACS) (CytoFLEX, Beckman Coulter, USA).

Colony forming assay: Cells were cultured under standard
conditions for 21 days, during which colony formation was
assessed. Following the incubation period, colonies were
fixed in fixing solution methanol: acetic acid (3:1) and
stained using a 0.1% (w/v) crystal violet solution prepared
in 3.5% formaldehyde at room temperature, after an initial
wash with tap water!”.

Cell migration assay: The cell migration was assessed by
creating a monolayer wound in SH-SY5Y cells without FBS
with a cell density of 1x10° cells per dish. A linear wound
was created using a 10 pL sterile pipette tip at 80%
confluency®*. The culture medium was replaced with SI-
extract-medium with varying concentrations (10 to 100
pg/ml) prepared in 1x PBS. Cell migration was monitored at
0,12 and 24 hours using an inverted microscope (Labomed
TCM-400, USA). Wound closure was quantified by
measuring the gap distance at two independent wound sites
per experimental group.

Quantitative real-time PCR (qRT-PCR): Sl-extracts were
added at their ICso concentration for a period of 24 hours.
The RNA was isolated using the TRIzol reagent according
to the manufacturer's protocol (Takara). RNA quantification
was done at 260nm and the synthesis of the cDNA strand
was performed according to the manufacturer’s protocol
using PrimeScript RT reagent kit (Takara). The gene
expression studies were performed in the CFX96 Touch
Real-Time PCR Detection System, Biorad, according to the
manufacturer’s protocol using the TB Green® Advantage®
gPCR Premix (Takara)’.

B-tubulin III was used as the internal control gene. The
forward and reverse primer sequences of all the genes are
shown in table 1. qRT-PCR gene expression was analysed
using the 222 method and normalised to the B-tubulin II1
gene.

Statistical analysis: All experiments were conducted in
triplicate and represented in mean + standard deviation (SD).
Statistical analysis was performed using GraphPad Prism
8.0.1. For comparison between multiple groups, an ordinary
one-way ANOVA followed by Dunnett’s multiple
comparison test was applied. A p-value of p < 0.05 was
considered statistically significant where * indicates p <
0.05, ** indicates p < 0.01, *** indicates p <0.005 and ****
indicates p < 0.001.

Results

Morphological difference in stress-induced cells: The SH-
SYSY cells showed a significant change in their shape
compared to the healthy cells. The morphology of normal
cells exhibits a spindle, elongated structure whereas in the
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cells under stress, induced by hydrogen peroxide and
acrylamide, the nucleus of the cells has a shrunken nucleus
with spherical cell structure as shown in figure 1.

TEM showing the morphological characterization of SI-
extract: In figure 2, the SI-extract exhibits loose aggregates,
monodisperse with uniformity and shows spherical
nanoparticles with narrow size distribution as well as partial
aggregation. At 200nm they have well-defined spherical
particles where the surfaces appear smooth, but the core is
denser than the outer layer. From the analysis, the radius of
the outer shell was 171.15 nm, whereas the inner core was
91.24 nm in size.

Characterization of squid ink extract using HPLC:
Qualitative HPLC performed for the Sl-extract exhibits
peaks at various time ranges at 5.058, 6.196, 6.499, 7.601
and 8.785 minutes. At 5.058 minutes, the peak indicates a
high abundance of smaller polar metabolites which can
represent the presence of L-DOPA, aromatic amino acids, or
taurine. The peaks at 6.196 and 6.499 minutes show an
overlapping short peak, as shown in figure 3, which show
the possible presence of small phenolic compounds and
small peptides and at 7.601 minutes, the peak shows the
presence of polar pigment or a peptide. Melanin is a large
pigment that elutes finally at 8.785 minutes, which is
represented by a broad peak.

Cell Viability Assay: The SH-SY5Y cells were treated with
varying concentrations of hydrogen peroxide for 24 hrs and
the optimal stress induction was 400 pM of hydrogen
peroxide and 1mM of acrylamide, which was further used
for cytotoxicity stress inducing model®. The stress-induced
cells by 400uM of H:0O: and 1mM of acrylamide, reduced
the viability of neuroblastoma cells to 43.9£1.8% in
comparison to control cells. The control and stress-induced
cells were treated with differing concentrations of SI extracts
(10 to 100 ug/ml) protecting the cells against oxidative
stress. The survival of SH-SY5Y cells was improved with
increasing drug concentration, but specifically at 77+0.14,
79+£0.17 and 82+0.21 pg/ml concentration for control,
hydrogen peroxide and acrylamide induced groups
respectively as shown in figure 4.

Stress-induced squid ink extract-treated cells mitigating
reactive oxygen species (ROS): DCFH-DA assay evaluated
the antioxidant potential of squid ink with levodopa as the
standard drug in SH-SYS5Y neuroblastoma cells. Cells
treated with squid ink extracts showed significantly lower
fluorescence intensity compared to those treated with
levodopa which indicates effective reduction of ROS
accumulation as shown in figure 5.

The ROS generation of Sl-treated cells in control, hydrogen
peroxide and acrylamide was 38%, 26% and 22% whereas
in the LD-treated groups, it was 57%, 43% and 38% and for
no drug treatment group, it was 79%, 83% and 89%
respectively.
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Table 1
List of genes and primer sequences used for the study.
Role Gene Forward primer Reverse primer
(3°-3) (3’-5)

Pro-apoptotic BAX GCCCTTTTGCTTCAGGGTTTC GCAGGGTAGATGAATCGGGG
CASP3 CATGGAAGCGAATCAATGGACT CTGTACCAGACCGAGATGTCA

Anti- BCL-2 GAACTGGGGGAGGATTGTGG CATCCCAGCCTCCGTTATCC

apoptotic BCL-XL | CGGATTTGAATCTCTTTCTCTCCC CGACCCCAGTTTACCCCATC
SOD1 GGTGGGCCAAAGGATGAAGAG CCACAAGCCAAACGACTTCC

Antioxidant CAT CTCCGCCGAGTCAGAGTTG CCTTTGCCTTGGAGTATTTGGTA
GPX1 CAGTCGGTGTATGCCTTCTCG GAGGGACGCCACATTCTCG
Internal B-tubulin TCTCACAAGTACGTGCCTCG CTCCGTGTAGTGACCCTTGG
control gene 111

Figure 1: Microscopic imaging shows morphological differences in (A) normal cells without stress showing
undifferentiated spindle shape, (B) cells treated with 400mM of hydrogen peroxide and (C) cells treated with 1mM of
acrylamide, where the cells under stress partially lose spindle shape.

©)

20 am 2
Figure 2: Morphological characterisation of lyophilized squid ink (A) 1 pm, (B) 200 nm,
(C) 100 nm and (D) 20 nm.
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Figure 3: HPLC chromatogram of squid ink extract with acetonitrile as mobile phase
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Figure 4: Cytotoxicity assay showing cell viability of control and stress-induced SH-SYS5Y cells by MTT assay.
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Figure 5: Reactive oxygen species assay using DCFH-DA stain illustrating the antioxidant potential against squid Ink
(SI) with standard levodopa (LD) categorized into control, hydrogen peroxide and acrylamide-induced
neuroblastoma cell lines where (A) ROS activity under phase contrast fluorescent microscope,

(B) without drug treatment, (C) SI extract treated and (D) LD treated groups.
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SI extract protects neuroblastoma cells from apoptotic
cell death: The ability to induce apoptosis in drug-treated
cells was evaluated using flow cytometry. In SH-SYS5Y cell
lines, viable cells were evaluated to be 88.82% (SI+control),
50.97% (SI+H,0,) and 85.56% (SI+acrylamide) as shown in
figure 6. Similarly, in the LD-treated cells, the cell viability
was evaluated as 47.62% (LD+control), 40.83 (LD+ H,0,)
and 42.26 (LD+acrylamide) and the cells with no drug
treated showed only 16.46% of viable cells.

Colony forming assay exhibits proliferative effects on SI-
treated neuroblastoma cells: The SI extract pre-treated
groups showed increased proliferation compared to the
control and standard groups. In addition to this, the SI extract
pre-treated control group and stress-induced hydrogen
peroxide and acrylamide group showed a proliferation of
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78.85%, 76.75% and 82.15% respectively. The levodopa-
treated control, hydrogen peroxide and acrylamide group
exhibited 59.45%, 57.65% and 54.34% respectively as
shown in figure 7. The cell survival rate was negligible in
the non-treated groups comparatively.

Nuclear fragmentation assessment exhibiting an intact
cellular nucleus: The cells pre-treated with squid ink extract
at its ICso value before inducing stress exhibited reduced
apoptosis, as shown in figure 8. Quantitative analysis
confirmed a reduction in apoptotic nuclear features from
33.5% (control), 74.66 % (H20:) and 98.33% (acrylamide)
to 17.5% (SI extract + control), 56.45 % (SI extract +
hydrogen peroxide), 53.33% (SI extract + acrylamide),
24.45% (LD + control), 69.95% (LD + hydrogen peroxide)
and 81.23% (LD + acrylamide) respectively.
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Figure 6: Flow cytometry analysis showing a decreased cell viability in (A) untreated group, with a significant
increase in cell viability in SI-treated groups (B-control, C-hydrogen peroxide and D-acrylamide) compared to the
levodopa-treated groups (E- control, F-hydrogen peroxide and G- acrylamide) and (H) exhibits the cell viability (%)
in all groups [NT-no treatment, SI-squid ink and LD-levodopa].
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Figure 7: Colony formation assay showing (A) the colonies formed in control, hydrogen peroxide
and acrylamide groups against squid ink (SI) and levodopa (LD) treated groups and
(B) % of colonies formed in the proliferation assay.
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Cell migration assay demonstrating wound healing
properties of Sl-extract: The wound repair of
neuroblastoma cells was performed using squid ink extract
with levodopa as the standard drug in SH-SYSY cells. The
control group without any treatment exhibited minimal cell
migration.

On the contrary, cells pre-treated with squid ink extract
under oxidative stress conditions and normal conditions
showed significant cell migration, with substantial gap
closure within 24 hours. Both the stress-induced (control,
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Figure 8: DAPI staining shows (A) nuclear fragmentation against (B) no drug treatment group, (C) SI-treated and
(D) LD-treated, categorized into control, hydrogen peroxide and acrylamide-induced SH-SY5Y cells.
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H>07 ang acrylamide) groups pre-treated with squid ink
exhibited accelerated cell migration compared to the
untreated groups as shown in figure 9.

qRT-PCR revealing downregulation of pro-apoptotic
genes preventing apoptosis: The level of mRNA
expression fold change was analysed by the 2-22¢t method
and normalised to B-tubulin III internal control gene. The
treatment with squid ink extract potentially regulated the
genes compared to that of the standard drug.
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Figure 9: Cell migration assay exhibits (A) no drug treatment, (B) SI extract treated, (C) levodopa (LD) categorized
into control, hydrogen peroxide and acrylamide-induced neuroblastoma cell lines in a time-dependent manner,
the percentage of wound healing at (D) 0™ hour, (E) 12t hour and (F) 24" hour.
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Figure 10: The gene expression with SI-treated exhibits the upregulation of antioxidant genes SOD1, CAT, GPX1 and
GPX2 (A-D) and anti-apoptotic genes BCL-2 and BCL-XL (E and F) and downregulation of pro-apoptotic genes BAX
and CASP3 (G and H).

In SH-SYS5Y stress-induced cells, the treatment with squid
ink extract upregulated the anti-apoptotic (BCL-2, BCL-XL)
and antioxidant-related genes (SODI1, CAT and GPX1)
whereas, in contrast, the pro-apoptotic related genes (BAX,
CASP3) were downregulated as shown in figure 10.

Discussion

Neurodegenerative diseases cause loss of neurons from
different parts of the brain and unlike other cells, neuronal
loss cannot be restored over time, causing permanent
damage once its property is lost. SH-SY5Y cell lines are one
of the most common neuroblastoma cell lines used for the in
vitro studies for neuronal modelling?’. The inability to
reduce the overproduction of reactive oxygen species in the
brain is considered as one of the major reasons for
neurodegeneration and suppression of dopamine secretion in
the substantia nigra®’. Healthy SH-SYSY cells exhibit a
spindle shape with an elongated structure and an intact
nucleus. Unlike healthy SH-SYSY cells, stressed cells
exhibit a shrinkage of the nucleus with a lesser spindle over
the edges or even blunt edges with an oval-like structure3%63.

The characterisation of SI-extract through TEM#* evaluates
the morphology as round and spherical in shape with an
inner and outer shell-like structure. The peaks obtained from
qualitative HPLC* show the presence of small phenolic
compounds and shorter peptides at 6.196 and 6.499 minutes
which overlap with each other. The peak at 7.601 minutes
indicates the presence of polar pigment or a possibility for a
larger peptide. At 8.785 minutes, melanin pigment is eluted
towards the end, due to its larger molecular weight, which is
represented by a broad peak, which resembles the richness
of the compound.

To further investigate our marine sample, the half maximal
inhibitory concentration (ICso) was evaluated through
cytotoxicity studies using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay®® where the I1Cso
values of SI extracts in control, hydrogen peroxide and

https://doi.org/10.25303/212rjbt1050116

acrylamide were 77+0.14, 79+0.17 and 82+0.21 pg/ml
respectively. The viability of SH-SYS5Y cells increased with
an increase in concentration whereas in contrast, at higher
concentrations, the cell viability reduced. Hence, these ICs
values were chosen for further evaluation of the extract.

Hydrogen peroxide (H:0:) is a powerful oxidant and
acrylamide, at elevated concentrations, acts as a major factor
for increased neuronal degeneration due to the oxidative
stress induced in the SH-SYSY cell line®!%488  The
intracellular ROS was quantified through fluorescence
emission where the higher intensity of the fluorescence
represents increased apoptosis of the cells whereas the lower
fluorescence represents that the cell is viable®*. The ROS
assay was examined using DCFH-DA%7> where the cells
with no treatment exhibited 79%, 83% and 89% SI extract
showed 38%, 26% and 22% and LD treatment exhibited
57%, 43% and 38% in control, hydrogen peroxide and
acrylamide-induced groups respectively. From this study, it
is evident that the SI extract has significant antioxidant
potential and the p-value was (p < 0.05) which is statistically
significant.

In addition to this, the wound healing assay?' exhibited
wound closure in Sl-treated of control, hydrogen peroxide
and acrylamide induced groups with 88.5%, 80.45% and
87.45% and in LD-treated groups with a percentage wound
healing of 78.85%, 68.75% and 72.35% respectively. The p-
value was p<0.05 with a significant difference, providing
insights that SI-extract promotes wound healing properties.

Further, the investigation on nuclear fragmentation through
DAPI assay provides insights on the DNA fragmentation of
the cells which was achieved through DAPI staining and
visualization under fluorescence microscope?®. The stress-
induced cells upon treatment with Sl-extract revealed
uniform, round nuclei with moderate fluorescence in SI-
treated cells indicating intact and healthy nucleus. The
untreated stress-induced cells exhibited a condensed and
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fragmented and shrunken nuclei and discrete apoptotic
bodies. These changes in cell exhibit an elevated
intracellular ROS3’. The cells treated with Sl-extract
exhibited 17.55%, 56.45% and 53.33% in control, hydrogen
peroxide and acrylamide groups respectively. From this
study, we interpret that SI-treated cells have p <0.05, which
is significant with an intact and healthy cell morphology
which signifies its potential neuroprotective effects.

In the present study, the potential of cell proliferation was
evaluated using the standard method to determine the cell
viability®®®!, The stress-induced group showed a reduced
proliferation compared to the control group, confirming the
cytotoxic effects of oxidative stress in untreated cells. The
cells pre-treated with the SI-extract exhibited an increase in
proliferation. The Sl-treated groups with HO, and
acrylamide, demonstrated a statistically significant
improvement in cell viability (p < 0.05) compared to the
untreated groups. The LD-treated under the identical stress
conditions showed proliferation for control, hydrogen
peroxide and acrylamide as 78.85%, 76.75% and 82.15%
respectively. In contrary, the LD-treated cells in control,
hydrogen peroxide and acrylamide groups exhibited
59.45%, 57.65% and 54.34% respectively.

Similarly, the flow cytometry analysis reveals the apoptosis
and cell viability®” profiles which exhibited that the SI-
treated groups protected the cells from apoptotic cell death
in the control and stress-induced groups. The percentages of
cell viability in Sl-treated groups were 88.82% (control),
50.97% (H20,) and 85.56% (acrylamide) treated groups. In
contrast, in the LD-treated cells, the cell viability was
evaluated as 47.62% (control), 40.83% (H20,) and 42.26%
(acrylamide) and the cells with no drug treated showed only
16.46% of viable cells. The p-value of the SI-treated groups
(p < 0.05) was significant and exhibits neuroprotective
effects.

Finally, the gene expression studies evaluated through RT-
gPCR give wus insights on the upregulation and
downregulation of antioxidant and anti-apoptotic genes and
the downregulation of pro-apoptotic genes’' respectively in
stress-induced and control cells. The upregulation of the
antioxidant genes in control, hydrogen peroxide and
acrylamide stress-induced cells in SOD1 was 3.0-, 2.7- and
1.5- fold increase. In CAT, it was 2.3-, 1.5- and 2.0- fold
increase, 3.0-, 2.8- and 1.5- fold increase in GPX1 and 3.5-,
2.5- and 3.0- fold increase for GPX2 respectively. Similarly,
the anti-apoptotic genes exhibited upregulation in the
control, hydrogen peroxide and acrylamide cells where the
fold change as calculated by 244t method in BCL-2 was
2.9-, 2.0- and 2.5- fold increase, 3.1-, 2.5- and 3.0- fold
change for BCL-XL respectively indicating that the increase
in fold change prevents the cells from cell death or apoptosis
and thereby increases the cell viability.

In contrast to this, the downregulation of pro-apoptotic genes
in control, hydrogen peroxide and acrylamide stress-induced
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cells in BAX was 2.0-, 0.6- and 1.8- fold decrease and 1.9-,
1.4- and 1.6- fold decrease for CASP2 respectively. From
our findings, we suggest that the upregulation of antioxidant
and anti-apoptotic genes prevents the cells from oxidants and
preserves the cells from damage, ultimately leading to
apoptosis, which tends to neuronal loss. This suggests that
the Sl-derived bioactive extract exerts a neuroprotective
potential through mitigating ROS-induced cell damage
through antioxidant mechanisms and wound healing
properties.

Conclusion

Oxidative stress is a major factor in inducing
neurodegeneration in the substantia nigra, which further
leads to dopamine suppression over a longer period of time,
causing PD. Marine sources have been extensively used in
potential new drug discovery for treating neurodegenerative
diseases. Levodopa combined with carbidopa is the standard
drug treatment for PD. Even so, to overcome the
shortcomings of the stability and prolonged exposure to a
single drug effect, potential compounds are discovered to
increase the quality of treatment in neurodegenerative
diseases. Sl-extract has shown a significant difference in the
stress-induced models by downregulating the pro-apoptotic
genes and upregulating the antioxidant and anti-apoptotic
genes, which symbolize the potential for neuroprotective
properties.

Additionally, the evaluation of flow cytometry exhibited
increased cell viability in Sl-treated cells. Moreover, the
ROS assay showed less fluorescence in comparison to the
control and standard groups, confirming that the Sl-treated
cells have potential antioxidant activity. Overall, the SI
extract shows potential antioxidant activities and it can be
further analysed and tested for its clinical importance in drug
discovery from marine sources of neurodegenerative
diseases to overcome the shortcomings of existing drug
treatment.
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