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ABSTRACT

Oxidative stress mediated neuronal loss due to misfolded protein is the main etiological hallmark for various progressive
degenerative disorders of neurons. The phytocompounds and osmolytes from medicinal plants are increasingly explored
as multifunctional antioxidant, anti-inflammatory, and neuroprotective abilities. Current research study is to investigate
proline, as osmolyte extracted from the Cassia alata Linn. leaves, for its ability to protect SH-SYS5Y neuroblastoma cells
from oxidative stress induced by hydrogen peroxide. Proline was extracted and its purity was confirmed by RP-HPLC,
showed a single peak (99.99% area coverage), retention period of 3.0369 minutes, indicating high abundance and purity
of proline. Neuroprotective efficacy was evaluated using MTT assay and phase contrast microscopy. Proline treated cells
exhibited significantly improved viability and preserved morphology compared to hydrogen peroxide treated cells.
Mitochondrial function measured by JC-1 staining, demonstrated that proline pretreatment restored mitochondrial
membrane potential observation (A¥m) and reduced H,O» induced depolarization, indicating the restored mitochondrial
structural integrity. Flow cytometric analysis further showed that proline at 125 pg/mL reduced COX-2 expression to a
mean fluorescence intensity (MFI) of 1756.33 + 296.49 compared with 2818.33 + 780.13 in cells treated with 300 uM
H>0; alone, highlighting attenuation of oxidative stress associated inflammatory signalling, aligned with other antioxidant
interventions in SH-SYS5Y cells. Collectively, these findings indicate the proline from Cassia alata Linn. functions as a
potent antioxidant osmolyte that limits the oxidative damage, maintains mitochondrial membrane integrity along with its
functions and suppress COX-2 linked inflammatory responses in neuronal cells, supporting its potential as plant derived
neuroprotective candidate
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INTRODUCTION toxicity, AD and other related disorders, it has become

Progressive neuronal dysfunction accompanied by
oxidative stress, misfolded proteins, loss of synaptic
transmission, mitochondrial dysfunction and chronic
neuroinflammation characterizes degenerative of neurons
in age related disorders such as Parkinson’s disease (PD),
Alzheimer’s  disease (AD)!. Numerous research
documentation on clinical and experimental evidences
suggest that oxidative stress is a key etiological and
pathogenic mechanism for these disorders, causing
neuronal damage through excessive ROS production, lipid
peroxidation, depolarization across membrane of
mitochondria led to activated proinflammatory &
proapoptotic signaling pathways?*. To address these issues
and to develop neuroprotective treatments for amyloid

crucial to identify bioactive compounds that can reduce
oxidative stress, stabilize mitochondrial functions and
suppress various neuroinflammatory cascades metabolic
pathways >,

Neuroprotection can be achieved by utilizing the rich
source of bioactive phytocompounds isolated and
characterized from medicinal plants, which have been
shown to reduce inflammatory actions, protection of cells
against oxidative stress and its cytotoxic effects’. Cassia
alata Linn., a widely used ethnomedical plant, has been
traditionally employed for the treatment for various
dermatophytes infections, inflammatory conditions, fungal
and other microbial infections and metabolic pathway
disturbances®.
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According to the recent research studies, Cassia alata Linn.
extracts have immunomodulatory effects by reducing
proinflammatory mediators such as tumor necrosis factor-o
(TNF-a))°. However, there is a limited work documented on
the potential contribution of small amino acids such as
proline, a natural osmolyte towards protection of neuronal
cells. Proline normally expressed during stress conditions
in plants to protect the cells from various environmental
factors and establishing osmotic balance between cell and
extracellular system. It helps in osmotic adjustment, ROS
scavenging, protein and membrane stabilization'*'2,
Proline has been demonstrated to assist in redox buffering,
quench singlet oxygen and superoxide and promote the
cellular antioxidant defenses in addition to its traditional
role in plant stress physiology'3. According to recent
research indicates, proline metabolism affects redox
homeostasis, mitochondrial integrity and apoptosis in
mammalian cells. Proline mediated stabilization of
mitochondrial function and mitigation of ROS induced
cellular injury may provide major therapeutic benefits in
neuronal protection, since oxidative damage and
mitochondrial dysfunction are important aspects of the
etiology of neurodegenerative diseases'*!®.

To establish an effective in vitro paradigm for investigation
causes of neuronal damage and its loss and screening
potential neuroprotective drugs the effective SH-SYSY
human neuroblastoma cell lines are widely used as model
cell line systems. Exposure of SH-SYSY cells to hydrogen
peroxide mimics the oxidative driven neuronal
degeneration by causing excessive ROS production, loss of
potential across mitochondrial membrane, decreased cell
viability, activation of inflammatory mediators such as
cyclooxygenase — 2 (COX-2) and initiation of apoptotic cell
death pathways!'”. Hence, the compounds that attenuate
H,0, induced depolarization across mitochondrial
membranes, damage due to oxidative stress and activation
of inflammatory cascade mechanism in this model are
therefore considered promising route for the development
of promising neuroprotective drug.

By consideration of the potential gaps as mentioned, the
current research study aimed to characterize the isolated
proline using Reverse Phase — High Performance Liquid
Chromatography (RP-HPLC) analysis and to investigate its
neuroprotective efficacy through MTT assay, mitochondrial
membrane potential (MMP) assay and flow cytometric
analysis of COX-2 inflammatory biomarker expression in
SH-SY5Y neuronal cell lines. The findings of this study
may contribute toward the development of plant-derived
osmolyte-based neuroprotective therapeutics for oxidative
stress-mediated neurodegenerative disorders.

2. MATERIALS AND METHODS

2.1 Procurement of plant sample

Cassia alata Linn. plant saplings collected from FRLHT,
Bengaluru and authenticated by a botanist at Botany
Department, Mysuru University, A voucher specimen
(Voucher number UOMBOT24CA019) was deposited in
the department herbarium. Fresh leaves of Cassia alata
Linn. were collected from the treatment plants at 12 hours’

time interval upon water stress and thoroughly washed with
distilled water to remove contaminant and dust particles
present over the surface of the plant.

2.2 Extraction and estimation of proline
The finely chopped leaf material served as a primary source
for the extraction and isolation of proline. 500 mg of finely
chopped leaf sample was subjected for homogenization by
adding 3% sulfosalicylic acid (10 mL) under chilled
conditions. Sulfosalicylic acid was used for its efficiently
precipitating ability of proteins while releasing free amino
acids. The resultant homogenate mixture was centrifuged
for 10 minutes at 4°C and 10000xg to obtain a clear
supernatant containing soluble osmolytes and amino acids.
The collected supernatant was used for further estimation
and isolation procedures.
Proline content was estimated as natural osmolytes and
biochemical marker for oxidative stress using the slight
modification with acid ninhydrin method'®. To 1.0mL of the
cell extract, 1.0mL of acid ninhydrin reagent and 1.0mL of
glacial acetic acid were added. The resultant reaction
mixture was then incubated at 100°C for 60 minutes in a
thermoregulated water bath, leading to the formation of
chromophore complex. The reaction was stopped by
placing the tubes immediately on ice. 4 mL of toluene
mixed vigorously with the resultant chromophore sample
for 30 seconds, the chromophore containing toluene layer
was separated and its absorbance was measured using a UV-
visible spectrophotometer, calibrated at 520 nm. Proline
concentration was quantified by preparing a standard curve
using L-proline (ranging from 10 - 100pg/mL). The results
thus obtained were expressed as pmol proline/g of fresh
weight of plant extract.

(CxVy)

Proline (umol/g FW) = ==
S

Where: C = Concentration of proline obtained from the
standard curve (ng/mL)

V= Total volume of the extract (mL)

Vs = Volume of the extract used in assay (mL)

W = Fresh weight of leaf sample (g)

2.3 RP-HPLC analysis of Proline

The HPLC analysis of proline isolated from Cassia alata
Linn. leaf extracts were carried out using RP-HPLC for
characterization both qualitatively and quantitatively for the
isolated osmolyte. The extracted proline fraction obtained
after acid ninhydrin extraction was separated by 0.22 um
membrane filter filtration prior to chromatographic
analysis. Chromatographic separation was performed using
a C18 reverse-phase column (specification: Symmetry C18,
4.6 mm x 250 mm with 5 um particle size). 70% methanol
in distilled water (v/v), which was filtered and degassed
before use and used as mobile phase. The analysis was
carried out at the constant flow rate (1.0 mL/min) with an
isocratic mode.

Standard L-proline solution (0.4 mg/mL) was prepared
using the mobile phase solvent system. The plant extract
sample containing isolated proline was dissolved in the
same mobile phase at a concentration of 10 mg/mL. 20 pL
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of both standard and proline solutions were subjected for
separation by injecting into the HPLC instrument using an
auto-sampler. The purity was detected by using UV—
Visible detector maintained at 254 nm and the
chromatographic run time was maintained for 30 min. The
chromatograms obtained were analysed based on retention
time (RT), peak area, height and percentage area
normalization. Identification of proline in the sample was
achieved by carrying out a comparison study of the
retention time of the peak of sample and the standard L-
proline chromatogram.

2.4 In vitro cell culture study

2.4.1 Cell line procurement and revival of cell culture
The neuronal cell line model SH-SYSY cells were sourced
from NCCS, Pune, and restoration of culture and
preservation of cell cultures by using Dulbecco’s Modified
Eagle Medium (DMEM) with 10% foetal bovine serum
(FBS) + 1% Penicillin-Streptomycin + % L-glutamine at
37°C in a humidified preset incubator containing 5% COs.
Once the cell density achieved around 80-90% confluence,
they were passaged using 0.25% trypsin EDTA solution.
The trypan blue exclusion method was conducted to
observe the cellular viability prior to conducting
experiments.

2.4.2 Cytotoxicity and Neuroprotective Activity of
Cassia alata Linn. against H20: induced toxicity

The MTT assay was performed to assess the cytotoxic and
neuroprotective effects of proline. SH-SYSY neuronal cell
lines were seeded in 96 well plates at a density of 1 x 104
cells per well and treated with different concentration of
proline ranging from 10 to 200 pg/mL) for one day (24
hours). Induction of oxidative stress was carried out by
taking the and subjected to 150 to 300 uM H,O- for 3 hours.
Following treatment, 20 uL of MTT at the concentration of
5 mg/mL was added to each well and the mixture was
incubated for four hours. The formazan crystals were
dissolved in 150 uL of Dimethyl sulphoxide (DMSO) after
the medium was decanted and the absorbance was
measured at 570 nm using ELISA plate reader. The ICso
values were calculated using non-linear regression analysis
and the cell viability was calculated in percentages relative
to untreated control cells.

2.5 Mitochondrial membrane permeability assay

The neuroprotective effect of proline on mitochondrial
membrane function and its integrity was carried out by
taking the cells and pretreated with different concentrations
of isolated proline obtained from Cassia alata Linn. leaf
extracts for 24 hours. Oxidative stress induced
mitochondrial dysfunction was generated by exposing the
cells to hydrogen peroxide under optimized experimental
conditions. The untreated cells served as normal control
while hydrogen peroxide treated cells served as negative
control for the comparison of the effect with the proline as
treatment groups.

Following treatment, trypsinization method was employed
for the isolation of cells and washed with 0.1M PBS

(phosphate buffer saline, pH 7.4) for two times. the cellular
pellet was resuspended with fresh serum free medium
containing JC1 dye (final concentration of 2 - SuM) and
incubated in dark conditions for 30 minutes at 37°C.
Following the incubation, treatment of washing by using
phosphate buffer saline (PBS) will minimize the
background fluorescence by washing all the unbound stain,
facilitate good experimental results by flow cytometric
analysis. The cells that are stained were analysed by flow
cytometer under 488 nm excitation laser, JC1fluroresence
channel (PE; ~ 590 nm). In contrast to the cells with
depolarized or damaged mitochondria, JC1 monomeric
form will be formed and produced increased green
fluorescence, healthy cells with intact mitochondria with
membrane potential forms JC-1 Aggregates within
mitochondria, creating strong red fluorescence. At least
10000 events were recorded for each sample, and changes
in the polarization and membrane potential of mitochondria
(A¥m) were determined by computing the ratio of red to
green intensity.

2.6 Flow Cytometric Analysis of COX-2 expression

In a humidified CO; incubator, SH-SY5Y cell lines were
sown in six well culture plates with a cell density of 3 x 10°
cells/2 mL and cultured by incubating for the entire night at
37°C. Following a 24-hour period, the cells incubated
further for a period of 4 hours at 37°C and treated with the
required concentrations of proline prepared in 2 mL of
complete culture media. Subsequently, all groups except the
untreated control were stimulated with hydrogen peroxide
(H202; 300 uM) to induce oxidative stress. To facilitate
intracellular accumulation of expressed cytokines, 2 pL of
protein transport inhibitor (BD GolgiStop™ containing
monensin) was added to each well, to promote intracellular
accumulation of cytokines. The cells were collected into a
sterile 5 mL centrifuge tubes after the completion of
treatment period, and centrifuged at 300 x g for 5 minutes
at 25°C. PBS was used twice to wash the cell pellet after the
supernatant was carefully decanted. Following washing,
the cells were fixed for 20 minutes at room temperature
using a 0.5 mL paraformaldehyde solution and then they
were washed with 0.5 % BSA prepared in 1X PBS. The
cells were treated with 0.1% Triton X 100 prepared in 0.5
% BSA solution, incubated for 10 minutes and then rinsed
once again with 0.5 % BSA in PBS to permeabilize them.
The addition of diluted primary antibody (Final volume of
100 pL cell suspension), the cells were then incubated in the
dark for 30 minutes at room temperature. Following
incubation, the cells were thoroughly mixed, resuspended
in 0.5 mL PBS, cleaned with 0.5% BSA and then subjected
for flow cytometric analysis.

2.7 Data analysis using statistics

The results thus obtained from the various experiments
were run independently in triplicates. The results were
produced as mean = SD. Statistical comparative analysis
was carried out using GraphPad Prism software (version
10.0, GraphPad Software Inc., CA, USA). Differences
across experimental groups were evaluated using one way
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ANOVA followed by Tukey’s post hoc multiple comparison
tests to determine intergroup significance. The student’s t
test was used for pairwise comparison as needed. Statistical
significance was defined as a p value of less than 0.05
(p<0.05).

3. RESULTS

3.1 Proline determination

Proline concentration showed a slight increase in response
to the stress from 81.33 £ 1.33 pg/ml at 12 hours to 88 =
1.20 pg/ml at 24 hours, indicating a modest initial rise in
response to the treatment. Proline level increased to 127.33
+0.16 pg/ml by 36 hours, indicating a sharper accumulation
phase than the previous time periods. Proline levels
marginally dropped to 122.66 + 2.1 pg/ml after 48 hours,
indicating that proline accumulation peaks about 36 hours
and is not sustained at the maximal level at subsequent time
interval points. This temporal pattern suggests that proline
is actively produced by the treatment, but after peaking at
36 hours, it may be partially digested, redistributed or
downregulated to prevent the cellular damage due to stress.
Proline serves more as a transitory osmolyte and signalling
molecular during the mid phase of stress than as a
continually accumulating solute, as seen by the slight
decrease from 127.33 + 0.16 pg/ml at 36 hours to 122.66 +
2.1 pg/ml at 48 hours (Figure 1).
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Figure 1: Estimation of proline concentration at different
time interval. Data represented as mean + SD (n =3); one
way ANOVA followed by Tukey’s multiple comparison test
(ns indicates non-significant, *** p <0.001).

3.2 HPLC analysis of proline sample

The chromatographic profile exhibited a sharp and well
resolved major peak corresponding to the proline,
indicating the successful isolation and purification from
Cassia alata Linn. leaf extracts. The peak normalization
and comparison with standard calibration data was
performed. The HPLC chromatogram of proline showed a
prominent and sharp peak at a retention time (RT) of 3.039
min. this peak accounted for 99.9% of the total area,
indicating that the isolated fraction was predominantly

proline with very high purity. The minor peak was observed
at 2.483 min contributing 0.01% of the total area,
suggesting the presence of negligible impurities. The high
area and height of the major peak confirm the abundance of
proline in the isolated sample (Figure 2).
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Figure 2: RP-HPLC chromatogram for proline extract from
Cassia alata Linn. leaf sample

3.3 Cell culture cytotoxic study

The phase-contrast microscopic images showed a clear
difference in SH-SY5Y cell morphology among the groups.
A healthy, closed spaced monolayer of cells with typical
shape and strong cell adhesion was seen in the untreated
control. In contrast, the H,O; treated group showed marked
cellular damage, including cell shrinkage, rounding,
detachment, and reduced density, indicating oxidative
stress-induced injury. With improved cell adhesion and
survivability, the quercetin-treated group maintained a
morphology more comparable to the control. Furthermore,
the proline-treated group excelled the H,O, group in terms
of cell density and maintaining proper cellular morphology,
indicating a preventing effect against stress caused by
hydrogen peroxide (as shown in figure 3).

Phase contrast
neuroprotective effect of proline in neuroblastoma (SH-
SYS5Y cell lines) compared with untreated (A), quercetin as
positive control (B), negative control with hydrogen
peroxide (C) and 300 uM hydrogen peroxide (H.O,) +
proline composite treated cells (D). The - indicates the
cellular density with cellular aggregates showing cellular

Figure 3: microscopic images of

communications and their viability. <« indicates the
cellular morphological changes and lesser adhesion and
damaged cell. The concentration for the Quercin, and
proline was maintained at 250 pg/mL, hydrogen peroxide
used for the induction of oxidative stress is at 300 uM
concentration.
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3.4 Mitochondrial membrane potential (MMP) analysis
Mitochondrial membrane potential (MMP) analysis was
performed by conducting in vitro cell culture assay in SH-
SY5Y neuronal cells using JC-1 fluorescent staining to
evaluate mitochondrial integrity under oxidative stress
conditions. JC-1 dye produces aggregates that produce red
fluorescence in healthy mitochondria with intact membrane
potential, but JC-1 monomers cause green fluorescence in
damaged or injured neuronal cell with depolarized
mitochondria. Healty mitochondrial activity and intact
mitochondrial membrane potential were indicated by the
untreated/protected cells with strong red fluorescence and
weak green fluorescence. On the other hand, after being
exposed to H,O,, oxidatively stressed cells exhibited strong
green fluorescence and slightly decreased red fluorescence,
indicating severe mitochondrial depolarization and
breakdown of mitochondrial integrity.

Compared to the H,O, treated group, proline treated cells
led to a significant decrease in green fluorescence and a
restoration of red fluorescence intensity. Cells exposed to
proline showed relatively higher red fluorescence among
the treated groups, suggesting better mitochondrial stability
and successful retention of mitochondrial membrane
stability and potential. The observed fluorescence pattern
suggested reduced mitochondrial damage and enhanced
cellular survival in treated neuronal cells. Overall, the JC-1
fluorescence images confirmed that oxidative stress
induced significant mitochondrial dysfunction, whereas
pretreatment with the test compounds effectively protected
mitochondrial integrity and reduced mitochondrial
depolarization in SH-SYS5Y cells (figure 4)

Figure 4: Flow cytometric images for mitochondrial
membrane potential (A¥m) calculation. Green fluorescence
indicates the JC1 aggregates as mitochondrial membrane
depolarized state. Whereas red fluorescence indicates the
mitochondrial polarized state with membrane integrity (A:
Hydrogen peroxide treated, B: Quercetin as positive control
and C: proline treated cells).

The 10000 events were collected for each sample and the
changes in potential across mitochondrial membrane
((A¥m) were computed using the ratio of red to green
fluorescence intensity. While the restoration of red
fluorescence in proline treated groups indicated
mitochondrial stability and cytoprotective activity, a decline
in the red/green fluorescence ratio indicated mitochondrial
membrane depolarization and increased membrane
permeability.

The obtained flow cytometric data were analysed using
FlowJo software platform. Results were expressed as
percentage of mitochondrial membrane potential
restoration relative to control groups. The assay enabled

assessment of the neuroprotective efficacy of proline
against  oxidative  stress-mediated =~ mitochondrial
dysfunction in SH-SY5Y neuronal cells.

3.5 COX-2 biomarker analysis

Flow cytometric analysis of COX-2 expression in
SH-SYS5Y cells (PE-conjugated anti-COX-2 antibody, FL2
channel) demonstrated a strong upregulation of COX-2
upon exposure to H20. (300 pM), indicating
oxidative-stress—induced inflammatory activation.
Pre-treatment with Quercetin and proline-rich fraction
(CAP) at 125 pg/mL for 4 h prior to H,O, exposure
significantly reduced COX-2 mean fluorescence intensity
(MFI) in correlation comparison to H,O; treated cells. The
geometric mean MFI values (average of 3 replicates) for the
relevant groups are briefed in the table 1 and figure 5.

Table 1: Flow cytometric analysis for COX-2 expression
in neuroblastoma cell lines (SH-SYSY) showing the
Mean fluorescence intensity (MFI).

SIL Sample Group MFI

No. (Mean = SD)

1 Control (Untreated) 1381.00 + 63.01

2 H,0, (300 pM) 2818.33 + 80.13

3 Quercetin — 125 pg/mL + | 897.67 £ 195.24
H>0O,

4 CAP — 125 pg/mL + HyO, | 1756.33 + 96.49
Data represented as mean + SD (n =3); [Abbreviations:
H,O0>— hydrogen peroxide, CAP — Proline extract from
Cassia alata Linn. SD — standard deviation; MFI — Mean
Fluorescent intensity].

ok
40009 T 1

= *% *kk

T 3500 r 1 |
3 2818

2 3000 i

8 =: K%

8 2500 1
c

8 2000 E 1756
§ 1381 ol
2 1500 - T —

£ S 898

g | —

2 1000 G = T _

£ s — 7,

§ s0q [oaaow

Control
(Untreated)

H,0,-300 uMonly  Quercetin - 125 ugimL

+H,0,- 300 uM

CAP - 125 ugimL
+Hy0, - 300 M

Treatment Groups

Figure 5: Flow cytometric analysis of COX2 expression
in SH-SYSY cell lines. Data represented as mean = SD (n
=3); one way ANOVA followed by Tukey’s multiple
comparison test ANOVA ** p< 0.01 *** p < 0.001
compared with H,O, treated group. [Abbreviations used:
COX - 2 — Cyclooxygenase 2; H,O, = hydrogen peroxide;
CAP — proline extracted from Cassia alata Linn)].
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4. DISCUSSION

Proline is a non-essential amino acid that functions as one
of the most compatible naturally occurring osmolyte across
various forms of species including plants, aquatic life and
bacteria'®. Proline serves a crucial role in stress tolerance,
membrane stabilization and protection against oxidative
damage. The elevated levels of proline in Cassia alata Linn.
provides a natural defence mechanism against
environmental stress through mechanisms involving
osmotic adjustment and antioxidant defence?. The elevated
levels of proline might possibly be a factor in the
pharmacological effects reported in the study. The
enrichment of compatible osmolytes such as proline and
glycine betaine is regarded as an important adaptive
response in plants exposed to environmental and oxidative
stress conditions®!. These low molecular weight compounds
function as osmoprotectants by stabilizing proteins, cellular
membranes, enzymes, and mitochondrial structures while
preserving intracellular osmotic stability and redox
homeostasis?> 2.

In the present study, the results reported that proline
accumulation increased progressively with longer
incubation periods, which indicates the activation of
cellular defence mechanisms?*. Proline accumulation
increased substantially up to 36 hours, highlighting its
active involvement in osmotic adjustment and antioxidant
defence. Proline has been recognized as a versatile stress-
responsive metabolite capable of scavenging free radicals,
stabilizing proteins and lipid bilayers, and regulating
cellular redox homeostasis?. A slight decline in the proline
concentration was observed at 48 hours, potentially an
indication of metabolic utilization during sustained
adaptation to stress conditions or conversion into other
metabolic intermediates linked with cellular repair and
restoration mechanisms. Several other stress-induced plant
metabolic studies have reported a similar circumstance
where proline accumulation gradually increases at initial
stages of stress conditions followed by stabilization or
reduction during extended stress exposure?.

High content of proline accumulation suggests that it could
serve as predominant osmoprotective compound in Cassia
alata Linn. under the tested conditions?’. However, proline
aids in protecting cellular structures from oxidative stress
mediated damage. The enhanced accumulation of proline is
particularly significant in context of neuroprotective
research, due to its predominant antioxidant and
cytoprotective  properties that may contribute to
stabilization of mitochondrial function and reduction of
neuronal oxidative injury. The observed osmolyte
accumulation supports the hypothesis that Cassia alata
Linn. exhibits substantial stress responsive metabolic
potential and may serve as an important natural source of
bioactive osmoprotectant with clinical relevance. The
elevated levels of proline provide an additional validation
of their potential contribution toward antioxidant, anti-
inflammatory, and neuroprotective responses demonstrated
in subsequent cellular and molecular investigations.

HPLC analysis was employed for isolation and estimation
of proline content from Cassia alata Linn. leaf samples?s. A

dominant peak at RT 3.039 min with 99.99% of the total
area was observed in the HPLC chromatogram of proline,
which signifies the presence of proline with a greater
abundance and purity form then isolated fraction. The
negligible area percentage of the peak denotes the absence
of significant interfering compounds, which provides
additional evidence supporting the high purity of proline
extracted from leaf samples.

The untreated control represents the normal healthy state of
SH-SYS5Y cells, these cells exhibit intact morphology and
strong adherence, a typical character expressed by viable
neuronal-like cells?®. The positive reference group
constitutes cells treated with quercetin, these cells exhibit a
well-preserved cellular structure, substantiating its
established antioxidant and cytoprotective properties. Cells
treated with H>O, presented pronounced cellular damages
such as rounding, shrinkage, detachment, and reduced cell
density, these cellular impairments are a plausible cause of
damage caused to membranes, proteins, and other cellular
components by reactive oxygen species (ROS) produced by
hydrogen peroxide®®-3!. The proline-treated group showed a
marked improvement over the H,O, only group. The proline
treated exhibited better adhesion and comparatively fewer
damaged cells were observed. These findings substantiate
the role of proline in exerting protective effect against
oxidative stress and prevent cellular damages by preserving
cellular structures and minimizing ROS-mediated injury.
However, given that the cell shape and morphology seem to
differ slightly from that of the untreated or quercetin-treated
groups, it suggests that the protection is only partial rather
than complete. Overall, the image supports the conclusion
that proline exerts neuroprotection to SH-SYSY cells under
oxidative stress conditions induced by H>O,.
Mitochondrial dysfunction is one of the most important
pathogenic processes in neurodegenerative diseases
especially Alzheimer’s diseases®?. The excess production of
reactive oxygen species (ROS) produced by oxidative
stress, which disrupts mitochondrial membrane function
and its integrity, leading to impairment of mitochondrial
membrane potential, impaired ATP synthesis, release of
cytochrome C and activation of apoptotic signalling
pathways®* 34, Protecting and stabilizing the potential
across mitochondrial membrane is thought to be a crucial
sign of neuronal survival and neuroprotective efficacy as a
s result of these disruptions and cellular damages.

In the current study, it was observed that SH-SYS5Y
neuronal  cells displayed marked mitochondrial
depolarization under H:0: induced oxidative stress
conditions. This was evidenced by an increase in green
fluorescence and reduced red fluorescence in JC-1-stained
cells. The fluorescence signalling indicates profound
mitochondrial injury, variations in cell membrane
permeability, and the initiation of apoptotic cellular process
The findings are consistent with previous reports
demonstrating that oxidative stress-mediated ROS
accumulation damages mitochondrial respiratory chain
components and disrupts neuronal energy metabolism®**>,
Pretreatment with proline from Cassia alata Linn. (CAP)
and other phytocompounds significantly restored
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mitochondrial membrane potential, as indicated by
enhanced red fluorescence intensity. Among the tested
compounds, proline exhibited superior mitochondrial
protective activity, suggesting its strong osmoprotective and
antioxidant potential. Proline is known to function as a
compatible osmolyte and ROS scavenger capable of
stabilizing proteins, lipid membranes, and mitochondrial
structures under stress conditions®®. The preservation of
mitochondrial polarization in proline treated cells indicated
inhibition of mitochondrial permeability transition and
prevention of oxidative damage-induced apoptosis.

The mitochondrial membrane depolarization is an early
indicator of apoptosis and neuronal degeneration, the JC-1
assay is regarded as a very specific, sensitive and highly
reliable technique for assessing mitochondrial health’.
Restoration of mitochondrial membrane potential by
proline indicates its potential role as an antioxidant
osmolyte capable of preserving mitochondrial integrity,
reducing oxidative stress, and preventing neuronal
apoptosis associated with neurodegenerative disorders such
as Alzheimer’s disease.

COX-2, encoded by PTGS2, is an inducible enzyme that is
rapidly upregulated during inflammation, oxidative stress,
and other cellular stress conditions, where it contributes to
the synthesis of inflammatory prostaglandins®®: - The
marked increase in COX-2 expression in SH-SYSY cells
following H,O, exposure therefore confirms that oxidative
stress activated a pro-inflammatory response in this
neuronal cell model. The substantial suppression of COX-2
expression by quercetin is consistent with previous
evidence showing that quercetin attenuates COX-2
induction under oxidative and inflammatory stress
conditions®. In the present study, the mean MFI in the
quercetin-pretreated group was lower than even the
untreated control, suggesting that quercetin not only
counteracted H,O, induced inflammatory signalling but
may also have reduced basal COX-2 activity under the
experimental conditions.

Proline also reduced HO;-induced COX-2 expression,
although its effect was less pronounced than that of
quercetin. The reduction in mean MFI from 2818.33 +
780.13 in H20; treated cells to 1756.33 + 296.49 after CAP
pretreatment indicates a clear attenuation of oxidative
stress-associated inflammatory signalling. This finding
suggests that CAP possesses bioactive properties capable of
limiting the pathways leading to COX-2 induction, possibly
through modulation of intracellular redox status or
suppression of signalling cascades that regulate
inflammatory mediator expression.

The biological implication of this study outcome lies in the
central role of COX-2 which facilitates production of
inflammatory prostaglandins, and propagation of oxidative
stress-associated cellular injury®®. SH-SY5Y cells are
widely used as a neuronal model in oxidative stress and
neuroinflammation studies*’> #2. A substantial reduction in
COX-2 after CAP pretreatment was observed, which asserts
its potential anti-inflammatory effect in response to stress
conditions. Although proline extracted from the selected
plant did not match the inhibition achieved by quercetin, its

moderate yet distinct reduction of COX-2 expression
denotes potential value for further assessment in oxidative
stress-related neuroprotective studies.

5. CONCLUSION

Proline, an amino acid, produced during various abiotic
stresses, maintains the protein integrity by protecting them
from the misfolding. The underexplored concept of protein
in neuroprotective action is a key research gap found by
extensive review work. The present study signified that
proline extracted from leaves of Cassia alata Linn exhibit
marked neuroprotective potential against SH-SYSY
neuronal cells exposed to hydrogen peroxide induced
oxidative stress. One of the most crucial osmolyte, proline
was optimally extracted, quantified and characterized as
demonstrated in the study. The methods employed such as
acid-ninhydrin method and RP-HPLC analysis confirmed
the presence of high concentration and purity of the
compound present in the plant extract. In proline treated
cells, JC-1 membrane potential study showed protection
against mitochondrial depolarization and restoration of
mitochondrial ~ permeability, indicating  successful
stabilization of mitochondrial permutability under oxidative
stress. Further it was found that proline treatment
considerably decreased the expression of the inflammatory
biomarker COX-2. These findings demonstrate the
therapeutic value of proline, a natural osmolyte extracted
from the plant as a viable neuroprotective alternative for the
treatment of neurodegenerative disorders lead by protein
misfolding linked to oxidative stress, including Alzheimer’s
disease. Further investigations of its therapeutic
applications and development of proline as natural
protective amino acid drug needs in vivo animal model and
clinical validations.
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