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ABSTRACT

Objectives: Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by dopaminergic
neuronal degeneration, oxidative stress, mitochondrial dysfunction, and apoptosis. The present study aimed to
evaluate the neuroprotective efficacy of Tridax procumbens leaf extract (TPL) and its green synthesized silver
nanoparticles (TPL-AgNPs) against rotenone-induced neurotoxicity in SH-SY5Y human neuroblastoma cells,
using levodopa (LDA) as a standard reference drug. Silver nanoparticles were synthesized via an eco-friendly
method and characterized by UV—Vis spectroscopy, FTIR, SEM, TEM, EDX, and XRD analyses.

Methods: An in-vitro model was established by exposing SH-SYSY cells to rotenone. Cell viability and
cytotoxicity were assessed using the MTT assay. Intracellular reactive oxygen species (ROS) production and
mitochondrial membrane potential (A¥m) loss were evaluated by DCFH-DA and Rhodamine 123 fluorescent
staining, respectively. Nuclear apoptotic changes were examined using PI, DAPI, and AO/EB staining. The
mRNA expression levels of apoptotic markers (Bax, Bcl-2, caspase-3) and endoplasmic reticulum stress related
signalling molecule ERK1 were quantified by RT-qPCR analysis.

Results: Rotenone exposure significantly reduced cell viability, elevated ROS generation, disrupted
mitochondrial membrane potential, increased ERK1 expression, upregulated pro-apoptotic genes (Bax and
caspase-3), and downregulated anti-apoptotic Bcl-2 expression. Pretreatment with TPL, TPL-AgNPs, and LDA
significantly attenuated oxidative stress, restored mitochondrial function, reduced nuclear apoptosis, and
modulated apoptotic and ERK1 gene expression in a dose-dependent manner. Notably, TPL-AgNPs exhibited
enhanced neuroprotective activity compared to the crude extract and showed comparable protective effects to
LDA.

Conclusion: The green synthesized TPL-AgNPs exert significant neuroprotective effects against rotenone-
induced oxidative stress, mitochondrial dysfunction, stress related signalling molecule, and apoptosis in SH-SYSY
cells, highlighting their potential as a promising therapeutic strategy for neuroprotective management.
Keywords: Tridax procumbens Linn, Ag-nanoparticles, MTT, ROS, DCFH-DA, PI, DAPI and AO/EB staining
How to cite this article: Gomathi R, Rohini D. Molecular Analysis of Apoptotic and Stress-Related Genes in
Rotenone-induced Parkinson's Disease Model using SH-SYS5Y cells. Int J Drug Deliv Technol. 2026;16(5):
1301-1312. DOI: 10.25258/ijddt.16.5.120

Source of support: Nil.

Conflict of interest: None

Introduction gained attention recently [2]. Because they

frequently have better physicochemical
One of the most complicated and delicate qualities  than traditional  materials,
phases of human development is nanoparticles can be used in a wide range of
neurodevelopment, which takes place from industries, such as food, medicine, and
childhood wuntil puberty. Even little cosmetics. For instance, due of their strong
disruptions of the neurodevelopmental antibacterial properties, silver nanoparticles
pathways can produce major diseases like are now found in common place items
dementia and autism spectrum disorder including clothing, masks, dining utensils,
since the brain is still developing and and antibacterial sprays. In that, the breast
sensitive [1]. Neuronal dysfunction is milk can allow silver nanoparticles to enter
recognized to be primarily caused by a the developing mouse brain through blood
number of genetic-related variables. Many brain barrier Therefore, in order to ensure
of the environmental factors that humans the safe use of silver nanoparticles, a more
are frequently exposed to have the potential thorough understanding of their impacts on
to be harmful. Nanoparticles with at least neurodevelopment is essential. Native to
one dimension less than 100 nm have Central and South America, Tridax
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procumbens, sometimes referred to as "coat
buttons," is an annual plant belonging to the
Asteraceae  family  [3].  Alkaloids,
flavonoids, tannins, and terpenoids are
among the many bioactive substances
found in the highly promising species
Tridax procumbens [4]. These compounds
exhibit immunomodulatory, anti-oxidant,
anti-hepatotoxic, analgesic, antidiabetic,

anti-inflammatory, antifungal,
neuroprotective, and antimicrobial
properties.  Parkinson's  disease  is

characterized by dopaminergic (DA)
neuron degeneration in the substantia nigra
pars compacta, accompanied  with
locomotors defects and its slowly
developing neurological condition that
impairs motor function and results in
tremor,  sluggish  movements, and
abnormalities in gait and balance. It is the
second most common neurodegenerative
disease worldwide with incidence and
prevalence on the rise along with changing
population  demographics [5,6]. The
neurotoxic animal models of Parkinson's
disease (PD) reflect some important
neurobehavioral or pathological
characteristics, despite the fact that the
pathology of PD is poorly understood. The
neurotoxins can cause parkinsonism both
in-vitro and in-vivo, such as 6-
hydroxydopamine, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, paraquat, and
rotenone [7,8,9]. Rotenone (R), a lipophilic
pesticide, can cross cell membrane easily to
induce systemic inhibition of mitochondrial
complex [ and cause selective nigrostriatal
dopaminergic degeneration. Rotenone-
induced apoptosis in human neuroblastoma
SH-SYS5Y cells was mediated by the
generation of mitochondrial reactive
oxygen species (ROS) and rhodamine 123
[10]. Apoptosis regulator is B-cell
lymphoma- 2 (Bcl-2) family of proteins,
which have a crucial role in intracellular
apoptotic signalling and which include both
pro- and anti-apoptotic proteins. The major
members of this family are Bcl-2, Bel-xL
and Bax. Bcl-2 and Bcl-xL are localized to
the mitochondrial outer membrane, to the

endoplasmic reticulum and perinuclear
membrane [11]. Therefore, this study aims
to investigate the neuroprotective effects of
TPL and TPL-AgNPs on rotenone-induced
cellular toxicities (SH-SYS5Y cells) in-vitro.

Materials and Methods

TPL, TPL-AgNPs, Rotenone, retinoic acid,
Dulbecco’s modified Eagle’s medium
(DMEM), Fetal bovine serum solution,
Dimethyl sulfoxide, 5-diphenyl-
tetrazolium bromide (MTT),
dichlorofluorescein diacetate (DCFH-DA),
rhodamine 123, 4’ 6-diamidino-2-
phenylindole (DAPI), dimethyl sulphoxide
(DMSO), Trypsin—EDTA solution, 3-(4,5-
Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium, 70%
propidium iodide.

ethanol,

Collection of sample and preparation of
leaf extract

In Tamil Nadu, India's Chengalpattu
district, the plant was gathered locally. It
was verified by

the University of Madras' Botany
Department in Guindy. After being
removed from the plant,

the leaves were thoroughly cleaned with
water. The cleaned leaves were then
allowed to dry

completely in the shade before being
ground into a fine powder in a mechanical
grinder and

kept in airtight containers. Then, 10 grams
of powder were extracted. Cold extraction
was

carried out using the maceration method
with hydro-ethanol (ethanol&water-70:30)
for 24

hours using the "intermittent shaking"
method to obtain extracts. Whatman filter
no. 1 paper

was used to filter for further analysis [12].

Synthesis and characterisation of TPL-
AgNps
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In the biosynthesis of AgNPs, this approach
involved filling a 250 ml flask with 45 ml
of 1 mM aqueous AgNO3 solution and
adding 5 ml of leaf extract. After that, the
flask was left at room temperature for five
hours in the dark to reduce the amount of
silver nitrate photoactivation. Additionally,
a control setup was maintained without
extract. The resulting TPL-AgNPs solution
was purified by repeatedly centrifuging it
for 15 minutes at 10,000 rpm and then re-
dispersing the pellet in de-ionized water.
The synthesis of TPL-AgNps was
ascertained by colour change from yellow
to green [13]. The characterisation of TPL-
AgNPs shows UV-Visible spectroscopy
revealed the absorption was observed at
439.20nm. The average size of obtained
TPLAgNPs particle was found to be 76.24
+ 13.19 nm with polydispersed and
spherical in shape. Antioxidant activity was
tested against DPPH assay reveals that
IC50 wvalue of 52.66 ug/mL. The
antioxidant activity of TPL-AgNPs showed
92% inhibition at the concentration of 100
U g/mL [14,15].

Cell culture

The SH-SYS5Y cells were obtained from the
National Centre for Cell Science (NCCS),
Pune, India. SH-SYS5Y cells were cultured
in DMEM supplemented with 10% FBS
and 1% antibiotics, maintained at 37°C with
5% COs.. Cells were differentiated using 10
UM retinoic acid for 7 days [16]. Rotenone
(20 uM) was used to induce toxicity for 24
h [17,18,19]. TPL and TPL-AgNPs were
prepared in DMSO (<0.1%) and evaluated
for their neuroprotective effects against
rotenone-induced damage.

Cell viability assay

Cell viability of TPL, TPL-AgNPs, and
rotenone was assessed in SH-SY5Y cells
cultured in DMEM with 10% FBS and 1%
antibiotics at 37 °C, 5% COa.. Cells were
seeded at 5000 cells/well and treated with
varying concentrations (0, 10, 20, 40, 80,

150 and 250 uM) for 24 h. MTT assay (1
mg/mL, 3 h) was performed, and
absorbance was measured at 450 nm.
Results were expressed as % viability
relative to control. Experiments were
conducted in triplicate, and the effective
doses were selected for further analysis
[20].

Reactive oxygen species (ROS) &
mitochondrial membrane potential

Intracellular ROS levels were measured
using DCFH-DA assay. SH-SYSY cells (8
x 10* cells/well) were cultured and treated
with rotenone (20 pM) for 24 h, followed
by TPL, TPL-AgNPs, and LDA at ECso
concentrations for another 24 h. Cells were
then incubated with DCFH-DA (10 uM) for
30 min in the dark, washed with PBS, and
fluorescence was observed using an
inverted fluorescence microscope [21,22].
Mitochondrial membrane potential (A¥m)
was assessed using Rhodamine 123
staining. SH-SY5Y cells (2 x 10* cells/well)
were treated with rotenone (20 uM) for 24
h, followed by TPL, TPL-AgNPs, and LDA
for another 24 h. Cells were then incubated
with R-123 (10 pg/mL) for 20-30 min in
the dark, washed with PBS, and
fluorescence images were captured using an
inverted fluorescence microscope.

Cellular morphology and nuclear
apoptosis

PI Staining: After treatment, cells were
harvested, washed with PBS, and fixed in
70% ethanol at —20°C for >2 h. Following
centrifugation, cells were resuspended in
PBS and stained with propidium iodide (5
pg/mL) for 30 min in the dark. Nuclear
morphology was then observed using a
fluorescence microscope [23].

DAPI Staining: Cells were resuspended in
PBS and stained with DAPI (1 pg/mL) for
30 min at room temperature in the dark.
Nuclear morphology was then observed and
imaged using a fluorescence microscope.
[24].
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Dual  staining: Cell and nuclear
morphology were assessed using AO/EB
staining. Cells were trypsinized, ethanol-
fixed, and stained with AO/EB dye mixture
(1:1). Stained cells were immediately
observed under an inverted fluorescence
microscope to identify apoptotic changes.
[25].

RNA isolation

Total RNA was extracted from SH-SY5Y
cells using TRIzol reagent following
standard protocol. Cells treated with
rotenone (20 puM) were lysed, phase-
separated with chloroform, and RNA was
precipitated using isopropanol. The RNA
pellet was washed with 75% ethanol, air-
dried, and resuspended in RNase-free
water. RNA quality and quantity were
assessed using Nanodrop and agarose gel
electrophoresis, and samples were stored at
—80°C for further use. [26].

qPCR analysis

qPCR was performed using cDNA (10-50
ng), gene-specific primers (Bax, BCL2,
Caspase-3, ERKI1), and SYBR Green
master mix. Reactions (10-20 pL) were run
with initial denaturation at 95°C, followed
by 35-40 cycles of denaturation, annealing

Control R

R+TPL-

(55-60°C), and extension. Gene expression
was normalized to B-actin, and relative
expression was calculated using the 2-AACt
method.

Result and discussion:

In this study, we evaluated the effects of
TPL and TPL-AgNPs with standard LDA
on rotenone-induced cell death, nuclear
apoptosis, production of intracellular ROS,
loss of A¥Ym, expressions of Bax, Bcl-2,
caspase-3 and phosphorylation of ERK1s in
SH-SYS5Y cells.

Cell viability assay

The cytoprotective effect of TPL, TPL-
AgNPs, and standard LDA against
rotenone-induced toxicity was evaluated
using the MTT assay, which measures
mitochondrial activity by converting MTT
into formazan crystals shown in figure 1.
Rotenone treatment significantly reduced
cell viability (P < 0.01) in SH-SYS5Y cells,
with an ICso value of 20 uM. After rotenone
exposure, cells were treated with different
concentrations of TPL and TPL-AgNPs for
24 hours shown in figure 2a & 2b. The ICso
values were 138.45 pg/ml for TPL and
45.85 pg/ml for TPL-AgNPs.

R+
TPT

R+LDA

Figure: 1 The morphological change was visualized by phase-contrast imaging. Scale bar: 50

pum.
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Figure:2a & 2b Illustrate the percentage of cell viability of TPL and TPL-AgNPs at different
concentration on rotenone-induced cell death in SH-SY5Y differentiated human cell line.

Determination of intracellular reactive oxygen species (ROS) & Changes in mitochondrial
membrane potential

The protective effect of TPL & TPL-AgNPs against rotenone-induced ROS generation was
assessed using the DCFH-DA fluorescent probe. Rotenone-treated cells showed a significant
increase in ROS levels compared to control cells, while TPL and TPL-AgNPs reduced ROS,
indicating their antioxidant activity shown in figure 3a&3b [28,29]. Rotenone inhibits
mitochondrial complex I, leading to loss of mitochondrial membrane potential (A%¥m) and
release of pro-apoptotic proteins [30]. This was confirmed by a two-fold decrease in Rh123
fluorescence after rotenone treatment (P < 0.05) shown in figure 4a&4b. However, treatment
with TPL and TPL-AgNPs for 6 hours did not significantly affect AYm compared to the
control, suggesting their protective role [31].

ControlSHSY5 R R + TPL
. 6
1
. ' J I I l
Control R R+TPL R+TPL-AgNPs R+LDA
R+TPL-AgNPs R +LDA
Figure:3a Figure:3b

Figure 3a & 3b: (A) Illustrate the ROS generation was determined by the mean fluorescent
intensity (MFI) of DCFH-DA representative fluorescent images. Scale bar: 50 pm. (B)
Statistical analysis. At least 600 randomly selected cells were counted in each experiment (n =
3, #P < 0.05 versus control, *P < 0.05 versus treated samples).
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Control SHSY5Y R R+ TPL
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R + TPL-AgNPs R+ LDA

Figure:4a Figure:4b

Figure 4a & 4b: (A) Illustrate the AYm was determined by the mean fluorescent intensity (MFI)
of Rh123, representative fluorescent images. Scale bar: 50 um. (B) Statistical analysis. At least
600 randomly selected cells were counted in each experiment (n =3, #P <

0.05 versus control, *P < 0.05 versus treated samples).

Cellular morphology and nuclear apoptosis

PI staining: PI staining was used to assess cell viability and cell cycle by flow cytometry. Since
PI stains only dead cells by binding to DNA, increased red fluorescence indicates higher cell
death. Flow cytometry results showed a higher percentage of Pl-positive cells in rotenone-
treated SH-SYSY cells compared to control, R+TPL, R+TPL-AgNPs, and R+LDA groups,
indicating increased cell death with rotenone treatment [32] figure 5a & 5b.

+
Control R R+TPL

No of Necrotic cells (%)

R +TPL-AgNPs R + LDA Contro

60
50
40
30
20 I
10
0 —-
1 R

R+TPL R+TPL-AgNPs R+LDA

Figure:5a Figure:5b

Figure 5a & 5b: (A) ISllustrate the PI staining was performed to evaluate cell death in treated
samples, representative fluorescence images of Pl-stained cells under different conditions:
Control, rotenone, R+TPL, R+TPL-AgNPs and R+LDA. Red fluorescence indicates PI-

positive (dead/apoptotic) cells. Scale bar: 50 um. (B) Quantification of Pl-positive cells
1JDDT, Volume16 Issue 5, 2026
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expressed as a percentage of total cells. The differentiated human SH-SYSY cell line treated
with rotenone significantly increased cell death, whereas other treated samples reduced PI
staining, indicating its neuroprotective effect. Statistical analysis. At least 600 randomly
selected cells were counted in each experiment (n = 3, #P < 0.05 versus control, *P < 0.05
versus treated samples).

DAPI staining: DAPI staining was used to observe nuclear changes related to apoptosis.
Normal cells showed round and uniformly stained nuclei, while apoptotic cells exhibited
nuclear condensation and fragmentation. Rotenone-treated SH-SY5Y cells showed more
fragmented and shrunken nuclei compared to control, R+TPL, R+TPL-AgNPs, and R+LDA
groups, confirming increased apoptosis [33] figure 6a&Db.
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R + TPL-AgNPs R+LDA

Figure:6a Figure:6b

Figure 6a&b: (A) Illustrate the DAPI staining was performed to evaluate nuclear integrity and
apoptosis in treated samples, representative fluorescence images of DAPI-stained nuclei under
different conditions: Control, rotenone, R+TPL, R+TPL-AgNPs and R+LDA. Intact nuclei
appear as uniform blue fluorescence, while fragmented or condensed nuclei indicate apoptotic
cells. Scale bar: 50 um. (B) Quantification of apoptotic nuclei (% of total nuclei) shows a
significant increase in nuclear fragmentation in the differentiated human SH-SYSY cell line
treated with rotenone, while Control, R+TPL, R+TPL-AgNPs and R+LDA reduced apoptotic
changes, suggesting a neuroprotective effect. Statistical analysis. At least 600 randomly
selected cells were counted in each experiment (n = 3, #P < 0.05 versus control, *P < 0.05
versus treated samples).

Dual staining (AO:EB): AO/EB dual staining was used to differentiate live, apoptotic, and
necrotic cells. Live cells appeared green, early apoptotic cells showed green with condensed
nuclei, while late apoptotic and necrotic cells appeared red/orange due to loss of membrane
integrity. Rotenone-treated SH-SYS5Y cells showed a significant increase in red/orange-stained
cells compared to control, R+TPL, R+TPL-AgNPs, and R+LDA groups, confirming increased
apoptosis [34] figure 7.

Control SHSY5Y R R+ TPL
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Figure: 7

Figure: 7 Illustrate the AO/EB dual staining was performed to assess cell viability and
apoptosis in treated samples. Scale bar: 50 um and representative fluorescence images show
live (green), early apoptotic (yellow), and late apoptotic/necrotic (orange-red) cells under
different conditions: Control, rotenone, R+TPL, R+TPL-AgNPs and R+LDA.

Expression of Bax, Bcl-2, caspase-3 and ERK-1: RT-qPCR analysis demonstrated that
rotenone exposure significantly downregulated anti-apoptotic markers (Bcl-2 and ERK 1) while
upregulating pro-apoptotic markers (Bax and cleaved caspase-3) in SH-SYSY cells.
Conversely, treatment with TPL, TPL-AgNPs, and LDA restored the expression of Bcl-2 and
ERKI1 and suppressed Bax and caspase-3 levels, indicating a pronounced anti-apoptotic and
cytoprotective effect shown in figure 8 [35,36,37].
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Figure 8: Illustrate the expression levels of Bcl-2 (anti-apoptotic), Bax (pro-apoptotic),
Caspase-3 (apoptotic executioner) and ERK1 (phosphorylation) were analyzed in treated
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samples. The protein expression across different treatment groups: Control, rotenone, R+TPL,
R+TPL-AgNPs and R+LDA. Quantification of protein expression levels normalized to [3-actin.
Differentiated human SH-SYSY cell line treated with rotenone significantly upregulated Bax
and Caspase-3 expression while downregulating Bcl-2 and ERK1 indicating apoptotic cell
death. Control, R+TPL, R+TPL-AgNPs and R+LDA reversed these effects, increasing Bel-2
expression and ERK1 while reducing Bax and Caspase-3 levels, suggesting its neuroprotective
role. Statistical analysis. At least 600 randomly selected cells were counted in each experiment
(n =3, #P < 0.05 versus control, ¥*P < 0.05 versus treated samples).

Conclusion: Our results revealed that TPL-
AgNPs might protect the differentiated
SHSYSY cells against OS induced by
rotenone by modulating antioxidant status
and apoptosis due to effective redox
switching in nanoscale. Inhibition of ROS
overproduction, preservation of
mitochondrial function, modulation of anti-
and pro-apoptotic proteins are related to the
neuroprotective effects of TPL-AgNPs
against rotenone induced apoptosis in
dopaminergic SH-SYS5Y cells.ss
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