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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by dopaminergic neuron loss and mito-
chondrial dysfunction. Recent studies implicate the histone acetyltransferase GCNS in regulating mitochondrial homeostasis
and oxidative stress. This study investigated the therapeutic potential of GCNS silencing via systemically administered
siRNA-loaded niosomes in a rotenone-induced rat model of PD. Niosomes were prepared using the thin-film hydration
method, and the most effective siRNA sequence was selected through real time quantitative PCR (RT-qPCR) and immu-
nofluorescence in primary mesencephalic neurons. Adult male rats were divided into four groups (n=24/group), and PD
was induced with rotenone (2 mg/kg/day, s.c., for 35 days). Behavioral assessments, biochemical analyses, IVIS imaging,
histopathology, immunohistochemistry, and RT-qPCR were conducted. IVIS confirmed brain accumulation of siRNA—
niosomes within 3-5 h post-injection. GCN5 siRNA treatment significantly improved locomotor activity (p <0.05), decreased
MDA levels (p <0.05), and restored SOD and dopamine levels (p <0.05). Molecular findings showed decreased GCN5 and
mitochondrial fission-related gene Drp-1 expression, increased expression of mitophagy and biogenesis markers (1Parkin,
TPINK1, tMfn2, 1PGC-1a), elevated TH expression, and reduced a-synuclein accumulation. Histological analysis revealed
preserved midbrain cytoarchitecture and reduced neuronal damage. In conclusion, these findings highlight that epigenetic
silencing of GCNS5 via siRNA-loaded niosomal delivery provides neuroprotection in PD by modulating the expression of
genes involved in mitochondrial dynamics, offering preclinical support for its development as a novel therapeutic strategy.
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chronic neurodegenerative disorder, characterized by motor
symptoms such as tremor, postural instability, bradykinesia,
and rigidity, resulting from the loss of dopaminergic neurons
and the presence of Lewy Bodies (LB) in the substantia
nigra pars compacta (SNpc) [1, 2]. Although the etiopatho-
genesis of PD has not yet been fully elucidated, accumu-
lating scientific evidence suggests that oxidative stress and
neuroinflammation, resulting from mitochondrial dysfunc-
tion, directly or indirectly induce dopaminergic neuron death
and lead to the formation of LB [1, 3]. In fact, mutations
and/or dysfunctions in the Parkin, PINK1, LRRK?2, DJ-1,
and SNCA genes, which are involved in mitochondrial
homeostasis and biogenesis, have been shown in preclinical
studies and postmortem brain analyses to cause a-synuclein
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(a-syn) accumulation and oxidative stress in both idiopathic
and genetic forms of PD, thus undeniably highlighting the
role of mitochondrial dysfunction in PD pathogenesis [4, 5].
Therefore, elucidating how the complex mechanism between
mitochondrial biogenesis and mitochondrial quality control
becomes dysfunctional in PD is crucial for developing effec-
tive therapeutic strategies for this disease [6].

Histone acetylation is a critical epigenetic modification that
plays a central role in the regulation of gene expression through
the rearrangement of chromatin architecture by the antago-
nistic histone acetyltransferases (HATs) and histone dea-
cetyltransferases (HDACs) enzymes [7, 8]. This modification
acts as a master regulator of numerous molecular processes
in mammals, including cellular signaling, DNA replication,
cytoskeletal organization, DNA damage repair, autophagy, and
the cell cycle [9]. Having vital regulatory roles under physi-
ological conditions, this epigenetic mechanism is also known
to be a key contributor to the pathobiology of diverse diseases,
including cancer and PD [10]. In fact, analyses conducted on
postmortem brain tissue from PD patients indicate an increase
in H3 acetylation in the primary motor cortex [11]. Also, it has
been reported that a-syn aggregates tend to bind to H3 his-
tones excessively acetylated by HATs, and that this interaction
causes oxidative stress induced by mitochondrial dysfunction,
thereby triggering dopaminergic neuronal damage [12, 13].
Moreover, the demonstration that HAT inhibitors such as gar-
cinol, anacardic acid, and curcumin exert a therapeutic effect
on L-DOPA-induced dyskinesia [14] suggests that therapeutic
agents modulating the acetylation process carried out by HATs
may hold promise for the treatment of PD.

General Control Non-Derepressible 5 (GCNS) is the first
identified enzyme with intrinsic HAT activity capable of link-
ing histone acetylation to transcriptional regulation in mam-
mals [15]. This HAT, encoded by the KAT2 gene in mammals,
also has a major effect on cellular energy metabolism through
acetylation of molecules involved in energy metabolism, such
as peroxisome proliferator-activated receptor y coactivator 1-o
(PGC-10) [16]. Additionally, GCNS plays a key role in the reg-
ulation of mitochondrial biogenesis and mitophagy pathways,
and GCN5 mutation results in increased mitochondrial biogen-
esis and mitophagy [16, 17]. Moreover, it also demonstrated
that GCNS5 inhibition protects neurons against huntingtin-
induced neurodegeneration by causing an increase in PGC-1a
activity [18]. Furthermore, the GCNS inhibitor MB-3 has been
shown to protect neurons from 1-Methyl-4-phenylpyridinium
(MPP™) toxicity in an experimental PD model using the SH-
SYS5Y cell line [19]. Based on this information, it can be pro-
posed that inhibition of GCNS activity, which has a significant
impact on mitochondria and cellular energy through the acety-
lation of molecules like PGC-1a, may exert a protective effect
in neurodegenerative diseases such as PD.

RNA interference (RNAI) is gaining increasing recognition
as an epigenetic therapeutic modality due to its unique ability

@ Springer

to selectively suppress the expression of pathological genes at
the post-transcriptional level [20]. Particularly in the context
of neurodegenerative diseases such as PD, RNAi-based inter-
ventions hold promise for attenuating molecular dysregulations
that underlie disease progression, including chronic neuroin-
flammation, oxidative stress, and proteostasis disruption [21,
22]. Despite its therapeutic potential, one of the major hurdles
in RNAI application to central nervous system (CNS) disorders
lies in the effective and non-toxic delivery of small interfering
RNAs (siRNAS) across the blood-brain barrier (BBB) [23]. To
address this challenge, niosomes—nano-sized vesicles formed
from non-ionic surfactants and cholesterol—have emerged as
viable carriers for gene-silencing agents. These nanocarriers,
which typically range in diameter from 100 to 300 nm, can
encapsulate both hydrophilic and lipophilic molecules and can
be functionally modified with surface ligands or polymers (e.g.,
PEG) to improve their targeting specificity, circulation time,
and cellular uptake [24]. Their physicochemical characteristics,
particularly their compatibility with neuronal membranes and
low immunogenicity, make niosomes particularly suitable for
CNS-targeted delivery systems [23, 25]. In vivo studies have
already demonstrated the clinical relevance of niosomal for-
mulations in PD models. For instance, a study involving intra-
nasal administration of a quercetin-loaded niosomal gel in a
haloperidol-induced PD rat model reported significant restora-
tion of motor coordination, enhanced dopaminergic neuronal
survival, and reduction in oxidative markers compared to con-
ventional delivery methods [26]. Similarly, pramipexole-loaded
PEGylated niosomes showed comparable behavioral improve-
ments to oral administration, despite requiring a substantially
lower dose, emphasizing the dose-sparing advantage of nano-
carrier-mediated delivery [27]. Taken together, these findings
underscore the therapeutic utility of niosomal nanocarriers in
RNAi-based gene silencing strategies for PD. Their ability to
protect siRNAs from nuclease degradation, facilitate BBB pen-
etration, and ensure targeted delivery to affected brain regions
makes them promising vehicles in the development of next-
generation gene therapies.

In this context, the aim of this study is to investigate the
effects of GCNS5 gene silencing via small interfering RNA
(siRNA) loaded niosomes on mitophagy and mitochondrial
biogenesis in an experimental PD model, utilizing behavioral
assays, histological analysis, biochemical assessments, and
molecular investigations.

Materials and Methods
Ethics Statement
All experimental procedures were performed in compli-

ance with the guidelines outlined in the Guide for the
Care and Use of Laboratory Animals published by the
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National Institutes of Health. The experimental protocol
was reviewed and approved by Ege University Animal
Experimentation Local Ethics Committee (Approval Num-
ber: 2021-040; Approval Date: June 23, 2021).

Primary Culture of Mesencephalic Dopaminergic
Neurons

The procedure for isolating and culturing primary dopa-
minergic neurons from the mesencephalon was adapted
from the method outlined by Weinert et al. [28]. Briefly,
time-pregnant Sprague—Dawley (SD) rats at embryonic
day 14.5 (E14.5) were procured from the Ege University
Laboratory Animal Research and Application Center. Fol-
lowing anesthesia with CO, and euthanasia via cervical
dislocation, the abdominal surface was disinfected using
70% ethanol. A midline incision was made to expose the
uterine horns, which were subsequently excised and placed
into petri dishes containing ice-cold Hank’s Balanced Salt
Solution (HBSS) (HBSS-3A; Capricorn, Ebsdorfergrund,
Germany). Embryos were carefully removed from the
amniotic sacs under a dissection microscope and trans-
ferred into fresh HBSS. The midbrain (mesencephalon)
was dissected out, separated from the diencephalon, and
the meninges were meticulously removed. Dissected mes-
encephalic tissues were then placed into 15 mL Falcon
tubes (601,052; Nest, New Jersey, USA) containing HBSS
and transferred to a sterile laminar flow hood. The buffer
was replaced with 1 mL of 0.05% Trypsin—-EDTA (T4049;
Sigma, Darmstadt, Germany), pre-warmed to 37 °C, and
incubated for 5-10 min to enzymatically dissociate the
tissue. Enzymatic activity was halted by adding 1 mL of
a trypsin-inactivation solution consisting of 50% fetal
bovine serum (FBS) (FBS-16B; Capricorn, Ebsdorfergr-
und, Germany) in HBSS, followed by a 2-min incubation.
After inactivation, the tissues were washed using a com-
plete culture medium composed of Dulbecco’s Modified
Eagle Medium (DMEM)/Ham’s F12 (1:1) with L-glu-
tamine (DMEM-12-A; Capricorn, Ebsdorfergrund, Ger-
many), supplemented with 10% FBS, 1% penicillin—strep-
tomycin (PS-B; Capricorn, Ebsdorfergrund, Germany), 5%
bovine serum albumin (BSA) (A9418; Sigma, Darmstadet,
Germany), and 1% N2 supplement (N2-K; Capricorn, Ebs-
dorfergrund, Germany). The tissue was then gently tritu-
rated to obtain a single-cell suspension and centrifuged at
400 x g for 5 min. The supernatant was discarded, and the
cell pellet was resuspended in 1 mL of complete medium.

To assess cell viability and concentration, 10 pL of the
suspension was mixed with 90 pL of Trypan Blue solution
(T8154; Sigma, Darmstadt, Germany), and viable cells were
counted. The cell concentration was adjusted to 1,500 cells/
pL using the complete medium.

Approximately 3 x 107 cells were seeded onto 24-well
plates containing Poly-L-Ornithine-coated German cov-
erglasses (GG-12-PLO; Neuvitro, Washington, USA) and
incubated at 37 °C for 24 h. After initial attachment, 400 pL
of complete medium was added to each well, and the cul-
tures were incubated overnight. On the subsequent day, 500
pL of fresh complete medium was added. Medium changes
were performed every other day over a five-day period to
facilitate neuronal differentiation.

To verify dopaminergic identity, cells were subjected
to immunofluorescence staining using an antibody against
tyrosine hydroxylase (TH) (sc-25269; Santa Cruz Biotech-
nology, Texas, USA) a well-established marker of dopamin-
ergic neurons. Briefly, cells were fixed with 4% paraform-
aldehyde, permeabilized with 0.1% Triton X-100 (X100;
Sigma, Darmstadt, Germany), and incubated overnight at
4 °C with the primary anti-TH antibody (1:200 dilution).
After phosphate buffered saline (PBS) (P4417; Sigma,
Darmstadt, Germany) washing steps, samples were incu-
bated with a secondary antibody and counterstained with
Fluoroshield Mounting Medium with DAPI (F6057; Sigma,
Darmstadt, Germany) to visualize cell nuclei [29]. Fluores-
cence signals were examined under a fluorescent microscope
(BX-51; Olympus, Tokyo, Japan), and TH-positive cells
were quantified to confirm dopaminergic phenotype.

Preparation of Niosome-siRNA Complexes

Niosomes are vesicular structures composed of non-ionic
surfactants, structurally similar to liposomes, and have
shown significant promise in improving the systemic deliv-
ery and stability of therapeutic molecules, such as siRNA
[30, 31]. They are also capable of penetrating the BBB
effectively [23]. Considering this evidence, niosomes were
selected as the delivery vehicle for siRNA in the current
study.

The niosomes were prepared using the thin-film hydra-
tion technique as previously described[32]. Briefly, Span
60 (S7010; Sigma, Darmstadt, Germany) and cholesterol
(PHR1533; Sigma, Darmstadt, Germany) were combined in
equimolar concentrations (20 mM) and dissolved in a chloro-
form/methanol mixture (2:1 v/v). The organic solvents were
evaporated using a rotary evaporator (Buchi R-3, Flawil,
Switzerland), forming a uniform lipid film on the flask
wall. For the hydration step, siRNAs (1,330,003; Thermo,
Waltham, USA) was diluted in PBS and added to the dried
lipid layer. The mixture was incubated on a mechanical
shaker at 60 °C for 2 h. To reduce the particle size, probe
sonication was applied for 30 min. Unencapsulated siRNA
was removed by centrifugation at 7,000 rpm for 15 min with
a single PBS wash [33]. To prolong systemic circulation
time, the niosome-siRNA complexes were PEGylated using
DSPE-PEG-2000 (880127P; Sigma, Darmstadt, Germany),
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as outlined by Huang et al. [34]. Finally, the PEGylated
complexes were lyophilized for long-term storage and sub-
sequent use [35].

Characterization of Niosome-siRNA Complexes

The physicochemical properties of GCNS5-targeting siRNA-
loaded niosomes were assessed by dynamic light scattering
(DLS), which provided measurements for average particle
size, zeta potential, and polydispersity index (PDI). The
structural morphology of the complexes was further exam-
ined using Transmission Electron Microscopy (TEM) to
confirm vesicle formation and integrity.

To determine the siRNA encapsulation efficiency, High-
Performance Liquid Chromatography (HPLC) analysis was
employed. The encapsulation percentage was calculated
using the following equation [36]:

EE% = |(totalsiRNA — freesiRNA)/totalsiRNA| x 100

The in vitro release profile of siRNA from the niosomal
formulation was evaluated using the dialysis method. A
defined quantity of the complex was loaded into a dialy-
sis membrane with a 12 kDa molecular weight cut-off and
placed in 10 mL of PBS (pH 7.4). The system was main-
tained at 37 °C with gentle stirring (70 rpm) for 12 h. At
predetermined intervals, 1 mL aliquots were withdrawn and
replaced with fresh buffer of equal volume, pre-warmed to
37 °C.

Quantification of the released siRNA was carried out
using UV-Vis spectrophotometry (Perkin Elmer, Waltham,
USA), and the release percentage was determined based on
a standard calibration curve, referencing the original loading
concentration [37].

Selection of Effective siRNA for GCN5 Silencing

To determine the most potent siRNA sequence for silenc-
ing the GCNS5 gene, previously characterized primary mes-
encephalic dopaminergic neuron cultures were utilized.
Experimental design consisted of four groups, each con-
taining 3 x 10° cells: a control group and three treatment
groups exposed to different siRNA constructs, siRNA
1 (RSS314385), siRNA 2 (RSS314386), and siRNA 3
(RSS314387). The control group received only niosomes
without siRNA, while each treatment group was adminis-
tered 100 nM of the respective siRNA encapsulated within
niosomes, added directly to the culture medium [38].

All cultures were maintained at 37 °C for 48 h under
standard conditions. Each experiment was conducted in trip-
licate to ensure reproducibility.

After incubation, cells were harvested through trypsini-
zation and prepared for subsequent analyses to evaluate the
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gene silencing efficacy of each siRNA sequence. For gene
expression analysis, total RNA was extracted, reverse-tran-
scribed into cDNA, and subjected to real-time quantitative
PCR (RT-qPCR) using specific primers listed in Table 2.
Relative gene expression levels were calculated using the
2A=AAC method, normalized to GAPDH expression [39]. In
parallel, cells were assessed at the protein level using immu-
nofluorescence staining [29] with anti-GCNS5 primary anti-
body (sc-365321; Santa Cruz Biotechnology, Texas, USA)
diluted 1:200, allowing visualization of residual protein
expression following siRNA transfection.

In Vivo Experimental Design

In total, 96 adult male SD rats (190-220 g) were utilized for
the in vivo phase of the study. Animals were sourced from
the Ege University Laboratory Animals Research and Appli-
cation Center (Izmir, Turkey). They were housed in standard
polypropylene cages under controlled environmental condi-
tions (22 +2 °C temperature, 50 + 10% relative humidity,
12-h light/dark cycle) with unrestricted access to standard
pellet feed and water.

All experimental protocols complied with the ARRIVE
2.0 guidelines [40].

Rats were randomly assigned to four groups (n=24 per
group), as outlined below:

¢ Control Group (n=24): No pharmacological or surgical
intervention was performed. Animals were subjected to
daily handling identical to experimental groups to reduce
stress-related confounding. All animals were sacrificed
on Day 42.

¢ Rotenone (ROT) Group (n=24): A subacute model
of PD was induced via subcutaneous administration of
rotenone at a dose of 2 mg/kg/day for 35 consecutive
days (5 weeks) [41]. Two hours after the final subcutane-
ous rotenone dose, the animals received three intravenous
injections of physiological saline via the lateral tail vein
at 48-h intervals,.No additional treatment was provided.
Sacrifice was carried out on Day 42.

e ROT + Empty Niosome Group (n=24): PD model
induction followed the same rotenone protocol. Two
hours after the final subcutaneous rotenone administra-
tion, 150 pg of empty niosomes suspended in physiologi-
cal saline were injected intravenously via the tail vein at
48-h intervals, for a total of three administrations [38].
Animals were sacrificed on Day 42.

¢ ROT + GCNS siRNA Group (n=24): Two hours after
the PD model induction with subcutaneous administra-
tion of rotenone, animals received 150 pg of GCNS5-tar-
geted niosome-siRNA complex in physiological saline,
delivered intravenously via the tail vein. The injection
schedule mirrored the previous group, with three total
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doses administered every 48 h starting 2 h post-final rote-
none injection [38]. All animals were sacrificed on Day
42,

Rotenone (R8875; Sigma, Darmstadt, Germany) was
freshly prepared before each use by dissolving it in a 1:9
mixture of dimethyl sulfoxide (DMSO) (sc-358801; Santa
Cruz Biotechnology, Texas, USA) and sunflower oil, with
preparation conducted in the dark to maintain chemical sta-
bility. Intravenous administrations were carried out asepti-
cally through the lateral tail vein.

Behavioral Tests

To assess motor behavior and Parkinsonian-like symptoms,
the Open Field Test (OFT) and Catalepsy Bar Test (CBT)
were employed, respectively, on randomly selected subsets
of eight rats per group on days 0, 21, and 42 [42, 43].

The OFT was conducted in a square arena measuring
72 cm X 72 cm, divided into 16 equal squares and enclosed
by 36-cm-high opaque walls. Each rat was placed in the
center of the arena, and its spontaneous activity was moni-
tored and recorded over a 5-min session. Between trials, the
apparatus was cleaned with 70% ethanol to prevent olfactory
cues. Behavioral parameters assessed included immobility
time, rearing frequency, number of squares crossed (indica-
tive of locomotor activity), and total horizontal distance
traveled [42].

For the CBT, rats were gently placed in a semi-upright
posture with their forepaws positioned on a horizontal bar
elevated 9 cm above the surface. A stopwatch was initiated
immediately upon positioning, and the latency to withdraw
at least one paw and make contact with the ground was
measured. Trials were terminated if the animal failed to
respond within 180 s [43].

In Vivo Imaging System (IVIS) Analysis

IVIS technology facilitates non-invasive visualization of the
biodistribution of administered agents by detecting fluores-
cence or bioluminescence signals in small animal models
[44]. In the current study, IVIS analysis was performed on
a cohort of eight rats from the ROT + GCNS5 siRNA group,
which were also subjected to behavioral assessments. The
Niosome-siRNA complexes were fluorescently labeled
with Cyanine5 (Cy5) (M046080; Sigma, Darmstadt, Ger-
many), and imaging was conducted using the IVIS Spec-
trum System (Perkin Elmer, Waltham, USA). Excitation and
emission filters were set to 615-665 nm and 695-770 nm,
respectively. Whole-body fluorescent images were acquired
at multiple time points post-injection (1, 3, 5, 24, 48, and
72 h) to evaluate the temporal and spatial distribution of the
complexes throughout the organism.

Assessment of Oxidative Stress and Neurochemical
Markers

Eight rats from each experimental group were randomly
selected and euthanized under anesthesia via cervical dis-
location, followed by decapitation. Brains were rapidly
removed, and midbrain regions were dissected on ice with
reference to Paxinos and Watson’s rat brain atlas [45]. The
isolated midbrain tissues were homogenized and homoge-
nates were centrifuged at 14,000 X g for 20 min at 4 °C,
and the resulting supernatants were collected and stored
at— 80 °C for subsequent biochemical analysis via enzyme-
linked immunosorbent assay (ELISA).

To evaluate lipid peroxidation, tissues were homogenized
using MDA Lysis Buffer and centrifuged at 13,000 x g for
10 min according to the manufacturer’s instructions. Malon-
dialdehyde (MDA) levels were quantified using a commer-
cial MDA ELISA Kit (E-EL-0060; Elabscience, Houston,
TX, USA). Absorbance was measured at 532 nm using a
microplate reader (Multiskan TM FC; Thermo, Waltham,
USA).

For assessment of antioxidant capacity, superoxide dis-
mutase (SOD) activity was determined using a Superoxide
Dismutase Activity Assay Kit (E-EL-R1424; Elabscience),
following the manufacturer’s protocol. Tissues were homog-
enized in ice-cold Tris—HCI buffer (pH 7.4) containing Tri-
ton X-100, f-mercaptoethanol (f-ME), and phenylmethyl-
sulfonyl fluoride (PMSF). After centrifugation at 14,000 X g
for 5 min at 4 °C, the supernatants were collected and ana-
lyzed spectrophotometrically at 450 nm.

Dopamine (DA) concentrations were quantified using a
rat-specific Rat Dopamine (DA) ELISA Kit (MBS262606;
Mybiosource, San Diego, USA). All assays were performed
in accordance with the manufacturers’ protocols, and absorb-
ance was recorded at 450 nm using a microplate reader.

Tissue Processing and Histological Staining

Eight animals from each experimental group were eutha-
nized via intracardiac perfusion with 4% paraformaldehyde
(PFA) (158,127; Sigma, Darmstadt, Germany). Brains were
harvested, post-fixed in 4% PFA for 48 h, and midbrain
regions were dissected in accordance with rat brain atlas
[45]. Tissues were processed through a graded ethanol series
for dehydration, cleared in xylene, and embedded in paraffin.
Coronal Sects. (5 um thickness) were serially cut for histo-
logical and immunohistochemical evaluations.

To evaluate general cytoarchitecture, sections were depar-
affinized, rehydrated, and stained with hematoxylin for
3 min. Following differentiation in acid alcohol and bluing
in ammoniated water, eosin staining was applied for 1 min.
Sections were dehydrated, cleared, and mounted using
Entellan (1.07960; Sigma, Darmstadt, Germany).
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Table 1 The primer antibodies

, . Antibody
used in IHC analysis

Catalog No/Manufacturer

Dilution ratio

GCNS5

Parkin

Pink1

Mifn2

Phospho-Drpl (Ser616)
PGC-la

TH

Phospho-a-syn (Ser129)

sc-25269/Santa Cruz Biotechnology, Texas, USA 1:100
sc-32282/Santa Cruz Biotechnology, Texas, USA 1:50
sc-517353/Santa Cruz Biotechnology, Texas, USA 1:50
sc-100560/Santa Cruz Biotechnology, Texas, USA 1:100
bs-12702R/Bioss, Massachusetts, USA 1:200
bs-7535R/Bioss, Massachusetts, USA

sc-365321/Santa Cruz Biotechnology, Texas, USA 1:100
ab51253/Abcam, Cambridge, UK 1:500

Toluidine blue (T3260; Sigma, Darmstadt, Germany)
staining was performed to further assess the morphology of
dopaminergic neurons in the midbrain. After deparaffiniza-
tion and rehydration, sections were incubated in 1% tolui-
dine blue solution (pH 4.4) for 2-3 min, rinsed in distilled
water, dehydrated through ascending alcohols, cleared in
xylene, and coverslipped.

Immunohistochemical Analysis, Image Acquisition
and Quantitative Analysis

To block endogenous peroxidase activity, sections were
treated with 10% hydrogen peroxide (H,0,) (H1009; Sigma,
Darmstadt, Germany) for 30 min, followed by a 1-h incu-
bation in blocking buffer (SHP125; Scytec, Utah, USA) at
room temperature. Sections were then incubated overnight
at 4 °C with primary antibodies (Table 1). After rinsing,
biotinylated secondary antibodies and horseradish peroxi-
dase (HRP)-conjugated streptavidin (SHP125; Scytec, Utah,
USA) were applied. Immunoreactivity was visualized using
3,3'-diaminobenzidine (DAB) (ACK125; Scytec, Utah,
USA) substrate and counterstained with Mayer’s Hematoxy-
lin (MHS32; Sigma, Darmstadt, Germany).

Images were acquired using a light microscope (BX5;
Olympus, Tokyo, Japan). For each animal, three randomly
selected coronal sections were analyzed, each comprising
ten non-overlapping fields within the ventral midbrain.
Immunopositive areas were quantified using ImagelJ soft-
ware (Version 1.46; National Institutes of Health, Mar-
yland, USA). Color thresholding was applied to isolate
stained regions, which were then expressed as a percentage
of the total tissue area. Integrated density values were nor-
malized, and data were represented as the ratio of immu-
nopositive to total tissue area [46].

RT-qPCR Analysis

Midbrain tissues (n=4) and primary mesencephalic dopa-
minergic neuron cultures were homogenized in 1 mL of
TriPure Isolation Reagent containing guanidinium thio-
cyanate (11,667,165,001; Roche Applied Science, Penz-
berg, Germany) using a glass-Teflon homogenizer. Total
RNA was isolated according to the manufacturer’s instruc-
tions provided with the TriPure reagent. RNA quality
and quantity were assessed spectrophotometrically. For

Table 2 The forward and

. Gene Primer sequences Referance
reverse primers employed for
gRT-gPCR analysis GCN5 Forward: 5°-CATCGGTGGGATTTGCTT-3’ [48]
Reverse: 5’-GTACTCGTCGGCGTAGGTG-3’
Parkin Forward: 5'-CCGAGTGACACTGATAGTGTTTGT-3 [49]
Reverse: 5'-ATCGTCTGCGGATTGGCTGTAGTT-3'
Pink1 Forward: 5'-CATGGCTTTGGATGGAGAGT-3' [50]
Reverse: 5"TGGGAGTTTGCTCTTCAA GG-3'
Mfn2 Forward: 5'-CTGCCAACCCCAGCATGCCA-3' [50]
Reverse: 5-GGCGCTTGAAGGCCCTCTCC-3'
Drpl Forward: 5'-~ACTGGCCCCCGTCCAGCTTA-3’ [50]
Reverse: 5'"“TGAT CCACATCTGCTGGAAGGT-3’
PGC-1a Forward: 5'-CCGAGAATTCATGGAGCAAT-3’ [51]
Reverse: 5’-GTGTGAGGAGGGTCATCGTT-3’
GAPDH (Referans Gene) Forward: 5°- GGATGCAGGGATGATGTTCT -3’ [52]

Reverse: 5°- AAGGGCTCATGACCACAGTC -3’

@ Springer
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Fig. 1 Images depicting the morphological development of cultured
primary midbrain dopaminergic neurons at day O (left panel) and day
7 (right panel) (A), showing the shift from an initially round appear-
ance to a mature neuronal morphology (scale bar: 50 um). Immuno-
cytochemical staining for tyrosine hydroxylase (TH) was performed
to identify dopaminergic neurons in the culture (B). TH-positive

cDNA synthesis, 1 pg of total RNA from each sample
was reverse-transcribed using the Transcriptor First Strand
cDNA Synthesis Kit (11,483,188,001; Roche, Darmstadt,
Germany), following the supplied protocol.

cells following immunocytochemical staining (scale bar: 100 um).
TH-positive neurons were expressed as a percentage of total DAPI-
positive cells based on counts of 300 cells per evaluation. Counting
process was independently performed by three histologists. Data are
presented as mean + SD. Individual data points represent independent
evaluations

RT-qPCR was performed using SYBR® Green PCR
Master Mix (4,364,346; Thermo, Waltham, USA) on a
LightCycler 480 Real-Time PCR System (Roche, Darm-
stadt, Germany). GAPDH was used as the endogenous
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Fig.2 Immunofluorescence staining of GCNS5 in cultured pri-
mary midbrain dopaminergic neurons from the Control, siRNA 1
(RSS314385), siRNA 2 (RSS314386), and siRNA 3 (RSS314387)
treatment groups (scale bar: 20 um) (A), along with the correspond-
ing quantification of mean fluorescence intensity (B). Relative mRNA
expression levels of GCNS5, determined by RT-qPCR, in the same
experimental groups (C). Results indicate that siRNA 2 induces the

control gene, and all reactions were run in triplicate. Rela-
tive mRNA expression levels were calculated using the
27(A4CY method [47].

The primer sequences used in this study are listed in
Table 2.

Statistical Analysis

We utilized GraphPad Prism 5 software (GraphPad Soft-
ware, Inc., La Jolla, CA) for statistical analysis. Following
completion of all experiments, group comparisons were
assessed using one-way analysis of variance (ANOVA)
followed by post-hoc Tukey tests. Data were presented as
mean + standard error, with statistical significance set at
p<0.05, p<0.001, and p<0.0001.
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most pronounced downregulation of GCN5 at both the immuno-
reactivity and transcript levels. a: significant change compared to
the Control Group (p<0.05), b: significant change compared to the
siRNA 1 (p<0.05), c: significant change compared to the siRNA 2
(p<0.05), d: significant change compared to the siRNA 3 (p<0.05)
Data represent mean+SD of n=3 independent experiments, each
performed in triplicate

Results

Phenotypic and Molecular Features of Primary
Midbrain Dopaminergic Neurons

Primary mesencephalic dopaminergic neuronal cultures
were established using embryos (n=16) harvested at embry-
onic day 14.5 (E14.5) from two timed-pregnant rats. Follow-
ing enzymatic dissociation, cell viability and total yield were
assessed via Trypan Blue staining and this assay revealed a
total yield of approximately 19.2 X 10¢ cells, with a viability
rate of 93.01%.

At 24 h post-seeding, cells predominantly exhibited a
rounded morphology; however, by day 7 in vitro, they had
adopted neuron-specific morphological features (Fig. 1).

To quantify the dopaminergic neuron subpopulation
within the culture, immunocytochemical labeling was
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1t Hour

ROT + GCNS5 siRNA

Fig.3 Time-dependent biodistribution of the niosome-siRNA com-
plex visualized via IVIS imaging. Strong fluorescence signals were
detected in the brain within 3 to 5 h following systemic administra-
tion, indicating successful central accumulation. Signal intensity pro-

carried out using tyrosine hydroxylase (TH) as a dopaminer-
gic marker (Fig. 1). Analysis indicated that TH-positive neu-
rons comprised roughly 10-11% of the total cell population,
in agreement with established values in the literatiire [53].

Findings on Characterization of Niosome
and Niosome-siRNA Complex

DLS analysis demonstrated that the average hydrodynamic
diameter of the blank niosomes was 283.3 +0.65 nm,
accompanied by a zeta potential of —23.3 +0.31 mV and
a polydispersity index (PDI) of 0.316+0.025. In contrast,
niosomes complexed with siRNA exhibited an average size
of 335.7+0.73 nm, a zeta potential of —23.6 +0.25 mV, and
a PDI of 0.354 +0.023 (Figure S1).

Transmission Electron Microscopy (TEM) was employed
to further characterize both unloaded and siRNA-loaded
vesicles. TEM micrographs revealed that both formulations
retained a spherical morphology. The particle size observed

24" Hour 48t Hour 72" Hour

gressively declined over 24 h, with predominant localization shift-
ing to the renal and bladder regions by 48 and 72 h, suggesting renal
clearance as the main elimination route. The persistence of detectable
signal beyond 72 h reflects extended systemic circulation

via TEM ranged between 90—-100 nm, notably smaller than
the DLS measurements, which is attributable to the fact that
DLS assesses the hydrodynamic diameter, including the sol-
vation layer surrounding the nanoparticles (Figure S1).

High-performance liquid chromatography (HPLC)
analysis indicated an siRNA encapsulation efficiency of
45%, corresponding to approximately 7.2 nmol of siRNA
entrapped per 16 nmol initially introduced into the formu-
lation process.

Release kinetics studies revealed a biphasic release pat-
tern: nearly 41% of the encapsulated siRNA was discharged
within the first 3 h, indicative of an initial burst phase, fol-
lowed by a sustained release extending up to 12 h. By the
end of the observation period, close to 90% of the siRNA
payload had been released (Figure S1). This biphasic release
profile is considered advantageous, as the early surge may
enhance penetration across the blood-brain barrier via tran-
sient concentration gradients, while the subsequent sustained
phase ensures prolonged therapeutic delivery.
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«Fig. 4 Behavioral performance assessed by the Open Field Test (A)
and Catalepsy Bar Test (B). At baseline (day 0), all groups exhib-
ited comparable locomotor activity. By days 21 and 42, animals in
the ROT, ROT +Empty Niosome, and ROT + GCN5-siRNA groups
displayed increased immobility relative to the Control group. How-
ever, the ROT + GCNS5-siRNA group showed significant functional
improvement compared to the untreated Parkinsonian groups. Cata-
lepsy assessment on day 42 revealed elevated scores in all rotenone-
treated groups, whereas siRNA-treated animals demonstrated a
substantial reduction in cataleptic response, indicating partial resto-
ration of motor function. a: Significant difference compared to the
Control group (p<0.0001). b: Significant difference compared to the
ROT group (p<0.0001). c: Significant difference compared to the
ROT +Empty Niosome group (p<0.0001). d: Significant difference
compared to the ROT +GCN5-siRNA group (p<0.0001). *: Sig-
nificant difference compared to the first behavioral test (p <0.0001).
#: Significant difference compared to the second behavioral test
(p<0.0001). @: Significant difference compared to the third behav-
ioral test (p <0.0001)

Results on Selection of Effective siRNA for GCN5
Silencing

gRT-PCR analysis revealed a marked downregulation of
GCNS5 mRNA expression following a 48-h incubation with
siRNA 2 (RSS314386), showing an approximate 39.12-fold
decrease relative to untreated control cells. Furthermore,
GCNS transcript levels in the siRNA 2-treated group were
2.29-fold and 2.49-fold lower than those observed in the
siRNA 1 (RSS314385) and siRNA 3 (RSS314387) groups,
respectively (Fig. 2).

Corroborating the transcript-level findings, immunofluo-
rescence (IF) staining demonstrated a pronounced reduction
in GCNS protein expression in the siRNA 2-treated condi-
tion compared to all other experimental groups (Fig. 2).

Taken together, these data indicate that siRNA 2
(RSS314386) exerts the most potent inhibitory effect on
GCNS5 expression at both transcriptional and translational
levels. Consequently, this siRNA was selected for subse-
quent in vivo investigations.

Niosomal Transport Facilitates Brain Delivery
of GCN5-Specific siRNAs

In vivo fluorescence imaging via IVIS revealed that the
niosome—siRNA complex localized to the brain within 3 to
5 h following systemic administration (Fig. 3). A progres-
sive decline in cerebral fluorescence intensity was observed
over the subsequent 24 h, suggesting efficient clearance from
neural tissues. By 48 and 72 h post-injection, fluorescence
signals were predominantly concentrated in the renal and
bladder regions, indicating that renal excretion may serve as
the principal elimination route. These results imply that the
niosome—siRNA complex exhibits a prolonged circulation
time, with a biological half-life exceeding 72 h.

GCNS5 Silencing Enhances Motor Functional
Recovery

In the initial OFT performed on day O (Test 1), no statisti-
cally significant differences were observed among experi-
mental groups regarding immobility duration, number of
squares traversed, total distance covered, or rearing activ-
ity (Fig. 4A). By day 21 (Test 2), animals in the ROT,
ROT + Empty Niosome, and ROT + GCNS siRNA groups
exhibited a marked increase in immobility time alongside
a significant reduction in locomotor parameters—including
the number of squares crossed, total movement distance,
and rearing frequency—when compared to the Control
group. These motor deficits persisted through day 42 (Test
3), with all three Parkinson-model groups again showing sig-
nificantly impaired performance relative to controls across
the same parameters. Notably, animals in the ROT + GCN5
siRNA group displayed a significant amelioration in motor
function compared to both the ROT and ROT + Empty Nio-
some groups, as evidenced by reduced immobility time and
improved measures of ambulation and exploratory behavior.

On day 42, the concluding day of the study, the catalepsy
bar test (CBT) was administered in triplicate per animal
to assess motor rigidity. Two metrics were evaluated: the
latency to remove the forepaws from the horizontal bar and
the time to return the forepaws to the ground. Statistical
analysis indicated that the ROT, ROT + Empty Niosome,
and ROT + GCNS siRNA groups all demonstrated elevated
catalepsy scores relative to the Control group (Fig. 4B).
However, the ROT + GCN5 siRNA group exhibited a sig-
nificant reduction in cataleptic response compared to the
other Parkinsonian groups, suggesting partial restoration of
motor function.

GCNS5 Silencing Alleviates Oxidative
Stress and Histopathological Alteration
in a Rotenone-Induced Parkinson’s Disease Model

Silencing of the GCNS5 gene significantly attenuated both
oxidative stress markers and neuropathological alterations
in rats subjected to rotenone (Fig. 5).

A marked increase in MDA levels was observed across
all rotenone-exposed groups compared to the Control
group, reflecting elevated oxidative damage. However,
MDA concentrations were significantly reduced in the
ROT + GCNS siRNA group relative to both the ROT and
ROT + Empty Niosome groups (Fig. 5A). Furthermore,
rotenone exposure caused a significant decline in SOD
activity, indicative of impaired antioxidant defense. Nota-
bly, GCN5 gene silencing led to a significant restora-
tion of SOD levels, with the ROT + GCNS siRNA group
exhibiting higher SOD activity than other rotenone-treated
cohorts (Fig. 5A).
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Histopathological examination of midbrain sections
stained with HE and TB revealed severe dopaminergic
neurodegeneration in the SNpc of rotenone-treated rats.
Typical neuropathological hallmarks included reactive
gliosis, pyknosis, cytoplasmic inclusions resembling Lewy
bodies, and neuronal swelling. In contrast, rats treated
with GCNS5 siRNA exhibited substantially preserved tissue
integrity, with midbrain architecture and cellular morphol-
ogy closely resembling that of the Control group (Fig. 5B).

These findings collectively suggest that GCNS silencing
confers neuroprotection by reducing oxidative stress and
mitigating Parkinsonism-associated histological damage.

GCN5 Knockdown Confers Neuroprotection Against
Parkinsonism-Related Pathology via Regulation
of Mitochondrial Dynamics-Associated Genes

IHC and RT-qPCR analyses demonstrated that the GCN5
gene was efficiently silenced following administration of the
niosome—siRNA complex (Fig. 6). IHC staining revealed
a marked upregulation of GCN5 immunoreactivity in PD
model groups compared to the Control group. In contrast,
animals treated with GCNS5-targeting siRNA exhibited a
substantial reduction in both the number of GCNS5-positive
cells and the staining intensity, when compared to the ROT
and ROT +Empty Niosome groups. These immunoreac-
tivity -level alterations were further validated by ELISA,
which supported the observed downregulation. In parallel,
RT-qPCR results showed that GCN5 mRNA expression was
decreased by approximately 245.28-fold relative to the ROT
group and by 193.80-fold compared to the ROT + Niosome
group (Fig. 6A). In contrast to GCNS5 expression, IHC analy-
sis of PGC-1a revealed a significant reduction in the number
of PGC-1lo—positive cells and immunoreactivity in both the
ROT and ROT +Empty Niosome groups compared to the Con-
trol group (Fig. 6B). However, in the ROT + GCNS siRNA
group, there was a marked increase in both the density of
PGC-1a—positive cells and the intensity of immunoreactivity
relative to the other rotenone-exposed groups. Complemen-
tary RT-qPCR analysis supported these findings, showing that
PGC-1a mRNA expression was upregulated by approximately
25.54-fold compared to the ROT group and 20.28-fold relative
to the ROT + Empty Niosome group (Fig. 6C).
Immunohistochemical evaluation of Drp-1 revealed a
significant increase in the number of Drp-1—positive cells
and the intensity of immunoreactivity in both the ROT
and ROT + Empty Niosome groups compared to the Con-
trol group (Fig. 7A). In contrast, the ROT + GCNS5 siRNA
group showed a notable reduction in both Drp-1-positive
cell count and immunoreactivity relative to the Control
group (Fig. 7B). These observations were corroborated by
RT-qPCR analysis, which demonstrated that Drp-1 mRNA
expression was downregulated by approximately 141.97-fold

@ Springer

when compared to the ROT group and by 37.24-fold rela-
tive to the ROT + Empty Niosome group (Fig. 7C). Analysis
of Mfn2 expression revealed that baseline expression levels
were present in the Control group (7A). In the ROT group, a
marked reduction was observed in both the number of Mfn2-
positive cells and the intensity of Mfn2 immunoreactivity
compared to the Control group. In contrast, evaluation of
the ROT + Empty Niosome and ROT + GCN5 siRNA groups
showed similar numbers of Mfn2-positive cells and compa-
rable immunoreactivity levels, both of which were signifi-
cantly elevated compared to those in the ROT and Control
groups (7B). These findings were further supported by RT-
gPCR analysis, which showed that Mfn2 mRNA expression
was upregulated by approximately 1.63-fold compared to the
ROT group and by 4.07-fold relative to the ROT 4+ Empty
Niosome group (Fig. 7C).

Immunohistochemical evaluation of Parkin revealed a
significant decrease in the number of Parkin-positive cells
and the intensity of immunoreactivity in both the ROT and
ROT + Empty Niosome groups compared to the Control
group (Fig. 8A). In contrast, the ROT + GCNS5 siRNA group
exhibited a substantial increase in Parkin immunoreactivity
and the number of positive cells, reaching levels compara-
ble to those of the Control group and significantly higher
than the other Parkinsonian groups (Fig. 8B). These find-
ings were further corroborated by RT-qPCR analysis, which
showed that Parkin mRNA expression was upregulated by
approximately 11.36-fold relative to the ROT group and by
21.81-fold compared to the ROT + Empty Niosome group
(Fig. 8C). Analysis of Pinkl demonstrated a significant
reduction in the number of Pink1-positive cells and immu-
noreactivity in the ROT and ROT + Empty Niosome groups
compared to the Control group (Fig. 8A). In contrast, the
ROT + GCNS siRNA group exhibited a notable increase in
both Pink1-positive cell count and immunoreactivity relative
to the Control group (Fig. 8B). These results were further
supported by RT-qPCR analysis, which showed that Pink1
mRNA expression was elevated by approximately 49.38-fold
compared to the ROT group and by 98.81-fold relative to the
ROT + Empty Niosome group (Fig. 8C).

Immunohistochemical analysis of tyrosine TH demon-
strated a significant reduction in the number of TH-positive
neurons and staining intensity across all rotenone-exposed
groups (ROT, ROT + Empty Niosome, and ROT + GCN5
siRNA) compared to the Control group (Fig. 9A). How-
ever, among the rotenone-treated cohorts, the ROT + GCN5
siRNA group exhibited a notable increase in both the num-
ber of TH-positive cells and the intensity of immunoreac-
tivity relative to the other two groups. Moreover, the TH
staining pattern in this group most closely resembled that
of the Control group, suggesting partial preservation of
dopaminergic neuronal integrity (Fig. 9B). Regarding o-syn
immunostaining, basal expression levels were observed in
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Fig.5 Evaluation of oxidative stress parameters across experimen-
tal groups (A). Rotenone exposure significantly reduced SOD activ-
ity and increased MDA levels, indicating oxidative damage. GCN5
siRNA treatment restored redox balance, with higher SOD activ-
ity and lower MDA levels than both the ROT and ROT +Empty
Niosome groups. Histological analysis of the SNpc (B). Rotenone
induced marked neurodegeneration, including neuronal loss, gliosis,
cytoplasmic swelling, and Lewy body-like inclusions. GCNS silenc-
ing preserved SNpc architecture, showing minimal pathology compa-

the Control group. In contrast, a marked upregulation of
a-syn expression was detected in all groups subjected to
rotenone administration. Notably, among these groups, the
ROT + GCNS5 siRNA group showed a significant decrease
in the number of a-syn—positive cells and immunoreactiv-
ity intensity compared to ROT and ROT + Empty Niosome
groups (Fig. 9B). Additionally, the a-syn staining profile
in this group appeared most similar to that of the Control

rable to Control. Arrows: black — Lewy body-like inclusions; yellow
— Rosenthal fibers; red — vacuolation; green — perikaryal swelling;
Arrow head— membrane-compromised neurons. a: Significant differ-
ence compared to the Control group (p<0.0001). b: Significant dif-
ference compared to the ROT group (p<0.0001). c: Significant dif-
ference compared to the ROT +Empty Niosome group (p <0.0001).
d: Significant difference compared to the ROT + GCN5-siRNA group
(p<0.0001)

group, indicating a potential reduction in pathological a-syn
accumulation (Fig. 9A). Furthermore, analysis using the
dopamine ELISA assay revealed a marked decrease in dopa-
mine levels in all groups exposed to rotenone when com-
pared to the Control group. Notably, within the rotenone-
treated groups, the ROT + Niosome—siRNA cohort displayed
a significant elevation in dopamine concentrations relative to
both the ROT and ROT + Empty Niosome groups (Fig. 9C).
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«Fig. 6 Representative IHC images illustrating relative expression pat-
terns of GCN5 and PGC-la in the substantia nigra pars compacta
(A). Rotenone-treated groups exhibited a marked increase in GCNS5
immunoreactivity, particularly within dopaminergic neurons, accom-
panied by a noticeable reduction in PGC-1a expression. In contrast,
the ROT + GCN5-siRNA group demonstrated a substantial decrease
in GCNS5 staining intensity, indicating successful gene silencing
(B). RT-qPCR analysis (C) supported these findings, revealing ele-
vated GCN5 mRNA levels in the ROT and ROT +Empty Niosome
groups compared to Control, while a pronounced downregulation
was observed in the siRNA-treated group. Notably, PGC-1loo mRNA
expression was significantly upregulated in the ROT + GCN5-siRNA
group, further confirming the regulatory relationship between GCNS5
suppression and PGC-la activation. a: Significant difference com-
pared to the Control group (p<0.0001). b: Significant difference
compared to the ROT group (p<0.0001). c: Significant difference
compared to the ROT +Empty Niosome group (p<0.0001). d: Sig-
nificant difference compared to the ROT+GCNS5-siRNA group
(p<0.0001). d: Significant difference compared to the ROT + GCN5—
siRNA group (p<0.0001). *: Significant increase compared to the
control group (p<0.0001). #: Significant decrease compared to the
control group (p <0.0001)

Discussion

Current epidemiological data indicate that PD affects approx-
imately 8.5 million individuals worldwide. Despite being
identified nearly two centuries ago, its etiology remains
incompletely understood [54, 55]. However, clinical and
preclinical evidence suggests that multiple biological mecha-
nisms—including oxidative stress, the accumulation of reac-
tive oxygen species, neuroinflammation, endoplasmic reticu-
lum stress, and mitochondrial dysfunction—play a critical
role in the pathogenesis of PD by contributing directly or
indirectly to the degeneration of dopaminergic neurons [56].
Although substantial progress has been made in elucidating
these mechanisms, a definitive cure for PD remains elusive
[57]. Current treatment strategies, primarily centered around
levodopa administration and dopamine receptor agonists, are
limited to symptomatic relief and often lead to undesirable
side effects with prolonged use [58]. This underscores the
urgent need for innovative preclinical and clinical investiga-
tions focused on targeting the molecular underpinnings of PD
in order to develop more effective therapeutic approaches.

RNA interference (RNA1), which involves the silencing
of specific genes through complementary nucleic acids
such as small interfering RNAs (siRNAs), represents a
promising avenue for personalized therapeutic approaches
in PD [59]. However, a major obstacle in the clinical
translation of siRNA-based therapies is the limited effi-
ciency of gene silencing, largely due to enzymatic deg-
radation, phagocytic clearance, cellular uptake barriers,
and immune responses elicited by the siRNA molecules
[60]. To overcome these challenges, the incorporation of
delivery platforms is essential in both in vitro and in vivo
applications to ensure the stability and intracellular trans-
port of siRNAs [61].

Niosomes—vesicular nanocarriers structurally analogous
to liposomes and formed by the self-assembly of non-ionic
surfactants—have gained significant attention as delivery
vehicles [62]. Preclinical investigations have shown that
niosomes can enhance the bioavailability of drugs admin-
istered via subcutaneous, intravenous, oral, or transdermal
routes, while also mitigating adverse effects [63, 64]. Impor-
tantly, further evidence indicates that niosomes are capable
of encapsulating biologically fragile molecules such as siR-
NAs and facilitating their transport across the blood—brain
barrier [23, 65]. Their biocompatibility and biodegradabil-
ity further enhance their potential for safe siRNA delivery
[66]. In the context of PD therapy, the therapeutic efficacy
of targeted delivery systems is strongly influenced by the
physicochemical properties of the nanocarriers. Key param-
eters such as particle size, surface charge, and morphology
are critical not only for enhancing therapeutic outcomes but
also for reducing off-target effects, and they also govern bio-
distribution, pharmacokinetics, and systemic clearance [67].
While intravenous administration is a widely used route for
improving siRNA bioavailability, interactions with blood
components, including plasma proteins and immune cells,
remain significant limitations. Nanoparticles with high posi-
tive zeta potential or large diameters are more prone to rapid
clearance by the reticuloendothelial system (RES) through
opsonization and phagocytosis [68, 69]. Furthermore, cati-
onic nanoparticles may exert cytotoxic effects, particularly
at the level of the blood-brain barrier [70]. Conversely,
although smaller nanoparticles are less susceptible to RES-
mediated clearance, they may offer limited drug loading
capacity and pose cytotoxic risks due to high surface energy.
Among various particle geometries, spherical nanocarriers
offer practical advantages for targeted delivery due to their
ease of uniform fabrication and surface functionalization
[67]. Collectively, these findings highlight the suitability
of niosomes for siRNA delivery in PD treatment owing to
their tunable physicochemical properties. Building upon this
foundation, the present study provides preclinical evidence
supporting the therapeutic utility of niosome—siRNA com-
plexes in a rotenone-induced PD model. In vivo imaging
system (IVIS) analysis demonstrated that the administered
niosome—siRNA complex successfully reached the brain
within 5 h post-injection and remained detectable in circu-
lation beyond 24 h, confirming its potential for in vivo gene
silencing. In addition, molecular analyses revealed a signifi-
cant downregulation of GCN5 mRNA and immunoreactivity
in the midbrain tissues of PD-model animals treated with
the complex, underscoring the effectiveness of this delivery
system in targeting disease-relevant genes.

Cumulative scientific research over the years indicates
that the majority of PD cases are of sporadic origin [71].
Accordingly, the present study employed a rotenone-induced
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«Fig.7 Representative IHC images showing relative expression pat-
terns of Mfn2 and Drp-1 in the SNpc. Rotenone-treated groups
exhibited a marked increase in Drp-1 immunoreactivity, particularly
in dopaminergic neurons, accompanied by a substantial decrease in
Mfn2 expression (A). In contrast, the ROT +GCNS5 siRNA group
showed significantly reduced Drp-1 staining intensity, whereas Mfn2
immunoreactivity was relatively preserved (B). RT-qPCR analysis
supported these observations, revealing elevated Mfn2 mRNA lev-
els in the ROT and ROT + Empty Niosome groups compared to the
Control. Notably, Drp-1 mRNA expression was significantly down-
regulated in the ROT+GCNS siRNA group, further supporting a
regulatory link between GCNS silencing and PGC-la-mediated
mitochondrial dynamics (C). a: Significant difference compared to
the Control group (p<0.0001). b: Significant difference compared
to the ROT group (p<0.0001). c: Significant difference compared to
the ROT +Empty Niosome group (p<0.0001). d: Significant differ-
ence compared to the ROT+GCN5-siRNA group (p<0.0001). d:
Significant difference compared to the ROT +GCNS5-siRNA group
(p<0.0001). *: Significant increase compared to the control group
(p<0.0001). #: Significant decrease compared to the control group
(p<0.0001)

sporadic PD model to investigate the effects of GCN5 gene
silencing in vivo.

Rotenone, a mitochondrial complex I inhibitor, induces
oxidative stress and mitochondrial dysfunction, which col-
lectively lead to the degeneration of dopaminergic neu-
rons. Furthermore, rotenone has been shown to cross the
BBB via dopamine transporters and to promote a-syn
aggregation and LB formation in the substantia SNpc [72].
For instance, Nie et al. demonstrated that chronic admin-
istration of rotenone (2 mg/kg/day for 35 days) resulted
in a notable loss of TH-positive neurons in the SNpc and
elevated a-syn expression levels in rats [73]. Given that
TH is a reliable marker for dopaminergic neurons and
a-syn accumulation is a hallmark of PD pathology [74]
rotenone is widely accepted as a robust agent for mod-
eling sporadic PD. Consistent with previous studies, our
findings confirmed the successful induction of PD pathol-
ogy, as evidenced by a reduction in TH-positive cells and
increased a-syn immunoreactivity in the midbrain tissues
of rotenone-treated rats. Importantly, treatment with the
niosome-formulated siRNA targeting GCNS significantly
increased both the number of TH-positive neurons and
TH expression levels when compared to the ROT and
ROT + Empty Niosome groups, suggesting a neuroprotec-
tive effect of GCNS silencing on dopaminergic neurons.
Supporting these observations, Fan et al. demonstrated
that pharmacological inhibition of GCN5 using MB-3 pro-
tected against MPP*-induced toxicity in SH-SY5Y neuro-
blastoma cells [19]. These two parallel results suggest that
GCNS5 may be a potential therapeutic target in PD.

Under physiological conditions, a-syn regulates neuro-
transmitter trafficking; however, in PD, post-translational
modifications—such as acetylation—alter its biochemi-
cal properties, promoting misfolding and aggregation into

prefibrillar and fibrillar structures [75, 76]. These fibrillar
a-syn aggregates form the core of LB, a pathological hall-
mark of PD, and ultimately contribute to progressive neu-
ronal degeneration [76, 77]. Moreover, intracellular a-syn
aggregates have been shown to exhibit a high affinity for
histone H3 regions that are hyperacetylated by HATs. This
interaction exacerbates a-syn aggregation, ultimately con-
tributing to dopaminergic neuronal damage [78]. This body
of literature is consistent with our experimental results,
which demonstrated a marked reduction in a-syn mRNA
and immunoreactivity levels in the group subjected to GCNS5
gene knockdown, a gene known as the first histone acetyl-
transferase identified in mammals, compared to other groups
treated with rotenone. Furthermore, histopathological eval-
uations revealed fewer LB-like inclusions in the midbrain
tissue of the ROT 4+ GCNS5 siRNA group relative to other
rotenone-exposed groups, suggesting that GCN5 knockdown
may slow or suppress a-syn aggregation. Supporting this,
behavioral assessments showed significantly reduced histo-
pathological alterations in the midbrain, improved locomo-
tor activity, and lower catalepsy scores in the ROT + GCNS5
siRNA group compared to the other rotenone-treated groups.
Considering previous reports that link locomotor deficits in
rotenone-induced PD models to LB-like inclusions and other
midbrain neuropathologies [79], our findings suggest that
GCNS gene silencing may exert a neuroprotective effect on
dopaminergic neurons and contribute to the observed func-
tional recovery. A previous study demonstrated that histone
acetylation levels are elevated in postmortem brain tissue of
PD patients and that inhibition of histone acetyltransferases
using garcinol attenuates MPTP-induced neuronal loss [80],
thereby lending further support to the preceding assumption.

Recent clinical and preclinical studies provide growing
evidence that oxidative stress—resulting from decreased
antioxidant enzyme activity and increased levels of lipid
peroxidation products—contributes to the pathogenesis
of PD by promoting mitochondrial dysfunction and a-syn
accumulation in dopaminergic neurons [81]. For instance,
a 2023 study by Vastegani et al. reported that in a rotenone-
induced PD model, decreased activity of the antioxidant
enzyme SOD alongside elevated levels of MDA, a key lipid
peroxidation product, led to a-syn accumulation in the mid-
brain and impaired locomotor activity in rats [82]. Consist-
ent with these findings, our biochemical analyses revealed a
significant reduction in SOD activity and a marked increase
in MDA levels in the midbrain tissues of rats treated with
rotenone. On the other hand, in the group subjected to GCNS5
gene knockdown, SOD activity was significantly elevated,
whereas MDA levels were significantly reduced compared to
the other rotenone-treated groups. When these biochemical
findings are considered in conjunction with histopathologi-
cal evaluations, behavioral test outcomes, and immunohis-
tochemical findings of TH—a key marker of dopaminergic
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«Fig. 8 Representative IHC images illustrating relative expression
patterns of PINK1 and Parkin in the SNpc (A). Rotenone-treated
groups exhibited a noticeable reduction in both PINK1 and Parkin
immunoreactivity. In contrast, the ROT +GCNS5 siRNA group dem-
onstrated higher expression intensities of both proteins compared to
other experimental groups (B). RT-qPCR analysis confirmed these
findings, revealing elevated Pinkl and Parkin mRNA levels in the
ROT and ROT +Empty Niosome groups relative to the Control (C).
These results support the hypothesis that GCNS5 silencing exerts neu-
roprotective effects by modulating the mitophagy pathway through
regulation of Pinkl and Parkin expression. a: Significant difference
compared to the Control group (p<0.0001). b: Significant differ-
ence compared to the ROT group (p<0.0001). c: Significant differ-
ence compared to the ROT + Empty Niosome group (p <0.0001). d:
Significant difference compared to the ROT +GCN5-siRNA group
(p<0.0001). d: Significant difference compared to the ROT + GCN5—
siRNA group (p<0.0001). *: Significant increase compared to the
control group (p<0.0001). #: Significant decrease compared to the
control group (p <0.0001)

neurons—it can be inferred that GCNS gene silencing exerts
a neuroprotective effect by enhancing antioxidant defense
mechanisms in the midbrain. Furthermore, it demonstrated
that GCNS overexpression in a mouse vascular endothelial
cell line cultured under hyperglycemic conditions induced
oxidative stress [15]. These findings support the notion that
siRNA-mediated GCN5 knockdown may enhance antioxi-
dant defense by suppressing GCNS5 expression and thus miti-
gate oxidative stress at the cellular level.

Mitochondrial dysfunction is central to PD pathogenesis,
and a suite of interrelated genes—including Parkin, Pinkl,
Drp-1, Mfn2, and PGC-1a—rplay key roles in maintaining
mitochondrial health [83]. Under normal conditions, PINK1
accumulates on depolarized mitochondria, recruiting the E3
ubiquitin ligase Parkin to initiate mitophagy by ubiquitinat-
ing outer-membrane proteins; mutations in either PINK1 or
Parkin disrupt this quality control, leading to accumulation
of damaged mitochondria and enhanced oxidative stress
in dopaminergic neurons [84, 85]. Parkin also targets the
transcriptional repressor PARIS for degradation, thereby
enabling PGC-1a activation, which drives mitochondrial
biogenesis via NRF-1/2 and TFAM; loss of Parkin func-
tion consequently reduces PGC-1a signaling, diminishing
mitochondrial renewal and antioxidant capacity [86]. Also,
Parkin-mediated ubiquitination of Mfn1/2 prevents dam-
aged mitochondria from re-fusing, while Drp-1-mediated
fission facilitates mitochondrial segregation; disruptions in
this balance, often seen in PD, exacerbate neuronal oxida-
tive damage [87]. Moreover, PGC-1a not only orchestrates
biogenesis but also enhances the expression of antioxi-
dant enzymes, thereby reducing ROS levels; its deficiency
has been linked to increased susceptibility of dopaminer-
gic neurons to oxidative stress [86]. In addition, PGC-1a
increases mitochondrial fusion by regulating the expres-
sion level of Drp-1, thereby contributing to the allevia-
tion of neurodegeneration [88]. Collectively, impairments

in mitophagy (Pink1/Parkin), defective dynamics (Mfn2/
Drp-1), and suppressed biogenesis (PGC-1a) converge to
drive mitochondrial dysfunction, elevate ROS production,
and promote dopaminergic cell death—the hallmark deficits
of PD [83]. IHC and RT-qPCR analyses demonstrated that
GCNS5 gene silencing modulates the expression levels of
key regulators of mitochondrial homeostasis at both mRNA
and immunoreactivity levels. In the ROT and ROT + Empty
Niosome groups, upregulation of GCN5 was accompanied
by a significant increase in Drp-1 and a notable decrease
in PGC-1a expression when compared to the Control and
ROT + GCNS5 siRNA groups. Conversely, in the GCN5
knockdown group, GCNS and Drp-1 levels were signifi-
cantly reduced, while PGC-1a expression was markedly
elevated. These results align with prior findings indicating
that GCNS suppresses mitochondrial biogenesis and quality
control by acetylating and inhibiting PGC-1a [89]. Addi-
tionally, while Drp-1 promotes mitochondrial fission and
axonal damage, PGC-1a enhances mitochondrial fusion by
downregulating Drp-1, thereby exerting a neuroprotective
effect [88]. Collectively, our findings suggest that rotenone-
induced upregulation of GCN5 may impair PGC-1a activ-
ity, leading to Drp-1-mediated neuronal damage, whereas
GCNS silencing may enhance PGC-1a function and miti-
gate dopaminergic neurotoxicity. Moreover, our data reveal
that GCNS5 knockdown significantly alters the expression of
mitophagy-related genes Parkin, PINK1, and Mfn2. In the
ROT and Empty Niosome groups, expression of these genes
was markedly downregulated, while their levels were signifi-
cantly elevated in the ROT + GCN5 siRNA group compared
to both rotenone-treated and control animals. These findings
imply that silencing of GCNS5 may enhance Parkin/PINK1/
Mfn2-mediated mitophagy and contribute to dopaminergic
neuronal protection in PD. A study by Scott et al. demon-
strated that GCNSLI1 exerts a suppressive role in regulating
mitochondrial biogenesis and mitophagy in mouse embry-
onic fibroblasts, as evidenced by enhanced mitochondrial
biogenesis and mitophagy in GCN5L17/~ mutant cells [17].
These findings support our conclusion that GCN5 gene
knockdown may promote mitophagy and exert neuropro-
tective effects in dopaminergic neurons. However, contrast-
ing evidence from a more recent study showed that GCN5
overexpression protected SH-SYS5Y neuroblastoma cells
from a-synuclein—induced apoptosis [90]. This discrepancy
highlights the complexity of GCN5’s role in dopaminergic
neuron homeostasis and PD pathogenesis, underscoring the
need for further studies to explore its function across differ-
ent biological contexts.

In summary, GCN5 gene knockdown via a siRNA—-nio-
somal complex was found to exert a neuroprotective effect
on midbrain dopaminergic neurons by restoring antioxidant
system activity and modulating the expression of key mol-
ecules involved in mitochondrial homeostasis. The observed
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«Fig.9 Representative micrographs showing TH and a-syn immuno-
reactivity in the SNpc (A). TH expression was markedly reduced in
rotenone-injected groups compared to the Control group; however,
TH levels remained relatively higher in the ROT+GCNS5 siRNA
group than in the other rotenone-treated cohorts. In contrast, o-syn
immunoreactivity levels were elevated in the ROT and ROT + Empty
Niosome groups, whereas GCNS5 silencing via siRNA treatment led
to a significant reduction in a-syn expression (B). These alterations in
immunoreactivity expression were further supported by ELISA quan-
tification of dopamine levels, a key biomarker strongly associated
with PD (C). a: Significant difference compared to the Control group
(p<0.0001). b: Significant difference compared to the ROT group
(p<0.0001). c: Significant difference compared to the ROT + Empty
Niosome group (p<0.0001). d: Significant difference compared to
the ROT +GCN5-siRNA group (p<0.0001). d: Significant differ-
ence compared to the ROT + GCN5—siRNA group (p <0.0001)

protective effects appear to be mediated by the upregulation
of PGC-1a following GCNS5 knockdown, which regulates
the expression of genes related to mitochondrial biogenesis,
mitophagy, and oxidative stress responses. Previous stud-
ies have shown that PGC-1a modulates mitophagy through
PINK1, Parkin, and Mfn2, mitochondrial dynamics via
Drp-1, and antioxidant defense through increased enzy-
matic activity [91]. Additionally, GCN5 has been reported
to negatively regulate PGC- 1 activity [16], supporting this
proposed mechanism. Nevertheless, further studies explor-
ing alternative molecular pathways are warranted to fully
elucidate the neuroprotective role of GCNS5 silencing in
dopaminergic neurons.

Limitations of the Study

While this study confirmed the successful delivery of nio-
some—siRNA complexes to the brain, several key analyses
that could have provided additional mechanistic insights
were not feasible due to limited technical capacity and finan-
cial resources. Transcriptome-wide approaches such as RNA
sequencing, which could have revealed broader regulatory
networks impacted by GCNS5 gene silencing, were not con-
ducted. Similarly, antibodies required to detect acetylated
variants of proteins could not be procured. Additional bio-
physical assessments—such as gel electrophoresis-based
retardation assays to evaluate siRNA binding efficiency, or
Fourier-transform infrared spectroscopy (FTIR) to examine
molecular interactions between siRNA and niosomal com-
ponents—were also not performed. Moreover, hemocompat-
ibility tests, including the hemolysis assay commonly used
to assess the safety of intravenous nanocarrier administra-
tion, were omitted for similar logistical reasons. These limi-
tations, though not affecting the central conclusions of the
study, highlight important considerations for future research
aiming to fully characterize siRNA-loaded delivery systems.

The absence of Western Blot validation represents a
limitation of the present study; however, the use of mul-
tiple complementary high-cost experimental approaches
necessitated prioritization of analyses within the available
resources.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12035-026-05700-7.
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