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Boric acid and quercetin supplementations
alleviated paraquat-induced neurotoxic

and irritation effects in human SH-SY5Y cells
and in ovo models

Adem Guner'" and Askin Tekin?'f

Abstract

Background Paraquat (PQ) is a herbicide that causes neurotoxicity through oxidative stress, mitochondrial
dysfunction and apoptosis. Boric acid (BA) and quercetin (Qe) are bioactive compounds with antioxidant and anti-
inflammatory properties, but their combined effect against PQ-induced neuronal damage is still unexplored. This
study aimed to investigate the individual and synergistic protective effects of BA and Qe in SH-SY5Y neuroblastoma
cells and in ovo models.

Methods Human SH-SY5Y neuroblastoma cells were exposed to PQ (400 uM) with or without BA (50 uM), Qe (50
M) or their combination for 48 h. ROS production, mitochondrial membrane potential (MMP, A¥m) and intracellular
calcium levels (Ca®*) were measured. Apoptotic (BAX, BCL2, Casp-3) and inflammatory (NFKB, VEGF, TNF, TRAF1) gene
expression and DNA fragmentation were determined by gRT-PCR and DPA assay. NRF2 activation was determined
by gene expression. In parallel, irritation and vascularization were evaluated using the hen'’s egg chorioallantoic
membrane (HET-CAM) assay after exposure to PQ, BA, Qe and their combinations.

Results PQ significantly increased ROS, interfered with MMP, increased Ca™ levels, regulated pro-apoptotic and
inflammatory genes, and induced DNA fragmentation. BA or Qe alone reduced oxidative stress, partially restored A¥Ym
and Ca** homeostasis, downregulated BAX and Casp-3, and increased BCL2 expression. The combined treatment

with BA+Qe showed the strongest protection by significantly reducing ROS, restoring AYm and Ca** homeostasis,
suppressing inflammatory genes, enhancing NRF2 activation and minimizing DNA fragmentation, indicating
synergistic antioxidant and anti-apoptotic effects. In the HET-CAM assay, PQ induced hemorrhage, lysis, and severe
irritation with an IS of 9.1 £ 0.2, whereas BA, Qe, and BA+ Qe alone showed no irritation. Co-treatments (BA+PQ

and Qe +PQ) caused moderate irritation (IS 6.2+0.1 and 6.0+ 0.2, respectively), while the combined treatment with
BA+ Qe+ PQ markedly alleviated irritation, showing only mild effects (IS 4.1+0.2).

Conclusions BA and Qe, particularly in combination, protect neuronal cells from PQ-induced oxidative and
mitochondrial damage by restoring redox balance, stabilizing mitochondria, regulating Ca** homeostasis and
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modulating apoptosis and attenuating irritation in the in ovo model. These results suggest that BA and Qe may be
promising complementary therapeutics to attenuate neurotoxicity caused by environmental toxins.
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Introduction

Paraquat (1,1’-dimethyl-4,4’-bipyridylium dichloride;
PQ) is widely used to control crops such as cocoa, cot-
ton, rice, soya beans and vegetables. It is highly persis-
tent in the environment, with less than 20% microbial
degradation in river waters after 56 days and therefore
poses a significant risk of long-term contamination [1,
2]. Overuse and mismanagement of pesticides have led
to food contamination and environmental pollution, rais-
ing major concerns for ecosystems and human health [3,
4]. Due to its high toxicity, PQ has been banned in many
countries [3, 5]. PQ exposure occurs mainly through
ingestion, inhalation or skin contact, and it accumulates
in multiple organs, including the brain, lungs, kidneys
and liver, often leading to multi-organ failure. Impor-
tantly, the central nervous system (CNS) is a primary
target of PQ toxicity, and epidemiological evidence links
occupational or environmental exposure to an increased
risk of Parkinson’s disease [6, 7].

PQ is a potent generator of reactive oxygen species
(ROS) via redox cycling at mitochondrial complex [8].
This excessive ROS production leads to oxidative stress,
mitochondrial dysfunction, impaired ATP production
and apoptosis in dopaminergic neurons. PQ also down-
regulates the Nrf2 signaling pathway, thereby weak-
ening neuronal antioxidant defenses. In experimental
models, PQ exposure results in dopaminergic neuron
loss, a-synuclein aggregation, mitochondrial fission and
activation of pro-inflammatory signaling such as NF-«xB
and the NLRP3 inflammasome [7, 9]. Furthermore, PQ
increases lipid peroxidation, depletes glutathione (GSH),
reduces superoxide dismutase (SOD) activity and causes
genotoxic effects, including DNA strand breaks and Ca**
dysregulation [6, 7, 10-12]. Collectively, these studies
underline the multifaceted neurotoxic potential of PQ.
Despite its high fatality rate, no effective treatments are
currently available [13]. Antioxidants have a protective
effect and alleviate the consequences of exposure to PQ.

Quercetin (Qe) is a natural flavonoid abundant in fruit,
vegetables and tea. It exerts antioxidant, anti-inflamma-
tory and neuroprotective effects by scavenging ROS, sta-
bilizing mitochondria and modulating signaling pathways
such as Nrf2/HO-1 and NF-«kB. In PQ-induced neurotox-
icity models, Qe restores GSH levels, reduces lipid per-
oxidation and upregulates antioxidant enzymes [14]. It
also inhibits microglial activation and the release of pro-
inflammatory cytokines [15]. The ability of Qe to cross the
blood—brain barrier has been well studied and is consid-
ered a key factor in its neuroprotective effects [14, 16, 17].

Boric acid (BA) exerts neuroprotective effects mainly
by mitigating oxidative stress, enhancing antioxidant
defenses, and modulating apoptosis. In traumatic brain
injury models, BA decreases lipid peroxidation (MDA)
and increases catalase activity (CAT), indicating reduced
oxidative damage and improved antioxidant response
[18]. It also protects against fluoride-induced neurotoxic-
ity by maintaining membrane integrity, improving SOD
activity, and preserving DNA stability [19]. Furthermore,
BA attenuates ER-stress-related apoptosis by downregu-
lating caspase-3 and ER stress markers such as GRP78
and CHOP [20]. In Alzheimer’s disease models, BA
improves learning and memory while reducing MDA and
supporting antioxidant defenses [21]. At the molecular
level, BA activates protective stress pathways including
elF2a/ATF4 and Nrf2/ARE, which enhance antioxidant
capacity and prevent DNA [22]. Overall, these stud-
ies highlight BA’s multi-faceted approach to neuropro-
tection, which includes modulation of oxidative stress,
strengthening of antioxidant defenses and inhibition of
apoptotic pathways. Given its low toxicity profile and its
ability to synergies with other antioxidant compounds,
BA is a promising candidate for complementary thera-
pies aimed at alleviating nerve damage and promoting
central nervous system health.

To the best of our knowledge, no previous study has
systematically evaluated the effects of BA, either alone or
in combination with Qe, on PQ-induced neurotoxicity.
While both compounds have individually been studied
for their antioxidant and neuroprotective properties in
distinct models, their potential synergistic interaction in
the context of PQ-mediated oxidative and inflammatory
damage remains unexplored. This represents a critical gap
because PQ remains a globally relevant environmental
toxicant closely linked to oxidative stress and neurodegen-
eration, yet current therapeutic options are limited. There-
fore, the present study provided the first evidence that BA
alone, and more importantly BA in combination with Qe,
can counteract PQ-induced oxidative stress, mitochon-
drial dysfunction, Ca* dysregulation, apoptosis and geno-
toxicity. By integrating both an in vitro neuronal model
(SH-SY5Y cells) and an in ovo vascular model (HET-
CAM), this research advances the field by addressing a
novel therapeutic strategy with translational potential.

Materials and methods

Cell culture and viability

Human SH-SY5Y neuroblastoma cells (ATCC® CRL-
2266™, Manassas, VA, USA) were maintained in Dulbecco’s
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Modified Eagle Medium (DMEM/F12; Gibco, USA) sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin—streptomycin (100 U/mL penicillin, 100 pg/mL
streptomycin) and cells were grown at 37 °C in a humidi-
fied atmosphere containing 5% CO,. For viability analysis,
SH-SY5Y cells were seeded into 96-well microplates at a
density of 1x10° cells/mL and allowed to attach for 24 h
under identical culture conditions prior to treatment. Sub-
sequently, the cells were treated with PQ (400 uM), BA (50
uM), Qe (50 uM), or their combinations and further incu-
bated for 48 h under the same conditions. Cell viability was
assessed using the MTT assay [3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2 H-tetrazolium bromide] according to the
manufacturer’s instructions (Cayman Chemical Com-
pany, USA). After 3 h incubation with MTT, absorbance
was measured at 570 nm using a microplate reader (BMG
Labtech, Ortenberg, Germany). Viability was expressed as a
percentage relative to the untreated control group.

After treatments for DAPI staining, SH-SY5Y cells were
washed twice with phosphate-buffered saline (PBS) and
fixed in 4% paraformaldehyde (PFA) for 15 min at room
temperature. Following fixation, cells were permeabilized
with 0.1% Triton X-100 in PBS for 5 min and subsequently
incubated with 1 pg/mL 4',6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich, St. Louis, MO, USA) in the dark
for 5 min. After staining, cells were washed with PBS and
mounted onto glass slides. Nuclear morphology was visu-
alized using a fluorescence microscope (TE-2000, Nikon,
Tokyo, Japan). Quantification of DAPI-stained nuclei
was performed using Image] software (Version 1.53k,
National Institutes of Health, Bethesda, MD, USA). For
each treatment group, five randomly selected non-over-
lapping fields per well were analyzed, and at least 300
nuclei were counted from three independent biological
replicates (n = 3). Data were expressed as the percentage
of intact nuclei relative to the total nuclei.

The treatment concentration for BA (CAS No. 10043-35-
3, Sigma-Aldrich®, St. Louis, MO, USA) was set at 50 uM
based on previous studies in which this dose was shown to
be non-toxic and biologically active in vitro [23]. To deter-
mine the appropriate PQ concentration, SH-SY5 cells were
exposed to a range of PQ concentrations (5-1000 uM) for
48 h. Cell viability was analyzed and a concentration-depen-
dent decrease in viability was observed. Based on the results
and relevant literature, 400 uM PQ reduced cell viability
by approximately 50% and this concentration was used for
subsequent experiments [24, 25]. Similarly, Qe (CAS No.
849061-97-8, Sigma-Aldrich®, St. Louis, MO, USA) was
tested at concentrations of 0.5, 5, 10, 50 and 100 pM. No
cytotoxic effect was observed at concentrations of up to 50
uM, which is why this dose was chosen as the non-toxic
effective dose for further studies [26, 27]. Each treatment
group was tested in three independent biological replicates,
with technical triplicates (n = 3) within each test.
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Lactate dehydrogenase (LDH) release assay

LDH release was assessed using a previously described
method [23]. SH-SY5Y cells were seeded at 1 x 10° cells/
well in 96-well plates and treated with PQ (400 puM), BA
(50 uM), Qe (50 uM), or their combinations for 48 h. After
incubation, LDH release was quantified using a com-
mercial kit (E-BC-K046-S, Elabscience) according to the
manufacturer’s protocol, and absorbance was measured
at 490 nm. LDH release was expressed as a percentage of
total LDH (cells lysed with 2% Triton-X100). Untreated
cells served as a negative control, while H,O, (2.5 x 10™°
M, 48 h) was used as a positive control. All assays were
performed in triplicate biological repeats (n = 3).

Total antioxidant capacity (TAC) and total oxidative stress
(TOS) activity

Total antioxidant capacity (TAC) and total oxidant status
(TOS) were determined using commercial kits (E-BC-
K801-M and E-BC-K802-M, Elabscience) following the
protocols established in our previous work [23]. SH-SY5Y
cells were seeded at 2 x 10° cells/well in 6-well plates and
treated with PQ (400 uM), BA (50 uM), Qe (50 uM), and
their combinations for 48 h. After incubation, culture
media were collected and used for analysis.

For TAC assay, results were calibrated against Tro-
lox and expressed as mM Trolox equivalents/L. Ascor-
bic acid (10-° M) served as a positive control. For TOS,
results were calibrated against H,O, (2.5x10™° M, 48 h)
and expressed as uM H,O, equivalents/L. All assays were
performed in triplicate biological repeats (n = 3).

Measurement of AWm

A¥m was determined using a Safranin O assay by quench-
ing, as previously described with modifications [28]. SH-
SY5Y cells were seeded in 6-well plates at 2 x 10° cells/well
and treated with PQ (400 uM), BA (50 pM), Qe (50 uM),
or their combinations for 48 h. After treatment, cells were
collected, washed with PBS and mitochondria were iso-
lated using the Mitochondrial Isolation Kit (MITOISO1,
Sigma-Aldrich) according to the manufacturer’s instruc-
tions. For fluorescence measurement, 25 pg mitochon-
drial protein was mixed with 0.04 mM Safranin O in 100
pL. Fluorescence (Ex/Em: 495/586 nm) was measured at
37 °C using a BioTek Synergy H1 reader (Agilent Tech-
nologies, USA). The fluorescence intensity was recorded
and normalized to the control group. Since Safranin O
functions in quenching mode, an increase in fluorescence
indicates a loss of AYm (mitochondrial depolarization),
whereas a decrease in fluorescence reflects preservation
of A¥m (mitochondrial integrity). Results were expressed
as % relative to the untreated control. Carbonyl cyanide
3-chlorophenylhydrazone (CCCP)(C2759, Sigma-Aldrich)
was used as positive control (10 pM). All assays were per-
formed in triplicate biological repeats (n = 3).
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Intracellular Ca** measurement

Intracellular Ca** measurement was performed according
to the method modified by Giiner and ilhan [29]. SH-SY5Y
cells were seeded at a density of 1 x 10° cells/well in 6-well
culture plates and allowed to adhere for 24 h at 37 °C in a
humidified 5% CO, incubator. Cells were treated with PQ
(400 uM), BA (50 pM), Qe (50 pM) and their combina-
tions. After treatment, cells were washed twice with cold
PBS to remove extracellular Ca®. The cells were then col-
lected and resuspended in 3 mL of high purity nitric acid
(65%, trace metal grade) and digested at 95 °C on a heat-
ing block until the solution became clear and colorless.
After cooling, the samples were diluted in 0.2% nitric acid
and filtered with a 0.22 pm membrane filter. Intracellular
Ca® concentrations were determined by inductively cou-
pled plasma—optical emission spectrometry (ICP-OES)
(Thermo Scientific iCAP™ Series). Calibration curves were
prepared from Ca® standard solutions (traceable to NIST,
prepared in 0.2% nitric acid) in the range of 1-100 ng/
mlL, yielding excellent linearity (R* = 0.996) and a work-
ing range of 1-250 ng/10° cells. The limit of detection
(LOD) and limit of quantification (LOQ) were 0.9 ng/10°
cells and 1.8 ng/10° cells, respectively, calculated from the
standard deviation of the blank and the slope of the cali-
bration curve. Intracellular Ca** values were normalized
to cell number and expressed as ng/10° cells. All measure-
ments were performed in triplicate (n = 3). Untreated
cells were used as baseline control.

Glutathione peroxidase (GPx) activity assay

GPx activity was determined using a method previously
described in our earlier study [28]. Cells were seeded at 1
x 10° cells/well in 6-well plates and treated with PQ (400
uM), BA (50 uM), Qe (50 uM), or combinations for 48 h.
GPx activity was measured using the Glutathione Per-
oxidase Assay Kit (E-BC-K809-M, Elabscience) at 340 nm
according to the manufacturer’s protocol. Enzyme activity
was calculated from the rate of NADPH consumption and
expressed as mU/mg protein. The analysis was performed
on three independent biological replicates (n = 3).

Malondialdehyde (MDA) activity assay

Malondialdehyde (MDA) content was measured accord-
ing to the protocol established in our previous work [28]
Cells were seeded at 1 x 10° cells/well in 6-well plates
and treated with PQ (400 uM), BA (50 pM), Qe (50 uM),
or combinations for 48 h. MDA levels were quantified as
thiobarbituric acid (TBA)-reactive substances (ab118970,
Abcam, UK) at 532 nm using a Victor™ X3 multilabel
reader (Perkin Elmer). Calibration curves were prepared
using 1,1,3,3-tetraethoxypropane (TEP) standards within
a concentration range of 0.1-10 nmol/mL. The standard
curve showed excellent linearity (R* = 0.998). The limit
of detection (LOD) and limit of quantification (LOQ),
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calculated from the standard deviation of the blank and
the slope of the calibration curve, were 0.2 nmol/mL and
0.6 nmol/mL, respectively. MDA concentrations in the
samples were interpolated from the calibration curve and
expressed as nmol/mg protein. The analysis was performed
on three independent biological replicates (n = 3).

Superoxide dismutase (SOD) activity assay

Superoxide dismutase (SOD) activity was measured
according to the protocol established in our previ-
ous work [28]. Cells were seeded at 1 x 10° cells/well in
6-well plates and treated with PQ (400 uM), BA (50 uM),
Qe (50 uM), or their combinations for 48 h. SOD activ-
ity was measured using a WST-based kit (E-BC-K020-M,
Elabscience) following the manufacturer’s instructions.
Absorbance was recorded at 450 nm, and SOD activity
was calculated according to the kit formula and expressed
as U/mg protein. The analysis was performed on three
independent biological replicates (n = 3).

Quantitative real-time polymerase chain reaction (qRT-
PCR)

The effect of different concentrations of BA, Qe, PQ and
their combinations on the expression levels of genes
related to inflammation (TNF, IL-1p, NFKB1, TRAF1),
apoptosis (BAX, BCL2, CASP3, TP53), angiogenesis
(VEGF, MMP9) and oxidative stress (NRF2) was deter-
mined by qRT-PCR analysis. In brief, SH-SY5Y cells
were seeded at 2x10° cells/well in 6-well plates and
treated with PQ (400 uM), BA (50 uM), Qe (50 pM),
or their combinations for 48 h. RNA was isolated using
NucleoZOL (740404.200, MN). The quality of the iso-
lated RNA was checked using NanoDrop (ND-2000c,
Thermo Scientific). A first strand of cDNA was synthe-
sized from total RNA using OneScript Plus cDNA syn-
thesis kit (G236, ABM). Real-time polymerase chain
reaction (qRT-PCR) analysis was performed using
LightCycler v.1.5 (Roche Applied Science) and SYBR
Green PCR Master Mix (Qiagen). The qRT-PCR reac-
tion was performed in a 10 uL mixture containing 5 pL
SYBR Green PCR Master Mix, 0.5 uL ¢cDNA and 0.3
uM primer. The cycling conditions for the PCR reaction
were as follows: initially 10 min at 95 °C, followed by 40
cycles of cyclic denaturation at 95 °C for 15 s, annealing
at 59 °C for 1 min and extension for 13 s at 72 °C. The
B-actin was used as an internal control. The comparative
threshold cycle (Ct) method (2724C method) was used
to determine the expression level of the analyzed genes.
Ct values were determined for all genes at the same fluo-
rescence threshold line, and Ct values for each sample
were obtained by calculating the arithmetic mean of
triplicate values. PCR was performed with specific primers
for the genes listed below:
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Gene Accession Number  Primers
BAX NM_138764 F- GAGTGTCTCAAGCGCATCG

R- GCAAAGTAGAAAAGGGCGACA
TNF NM_000594 F-CTCTTCTGCCTGCTGCACTTTG

R-ATGGGCTACAGGCTTGTCACTC
Bcl2 NM_000633 F- GTGGCCTTCTTTGAGTTCGG

R- GGCCGTACAGTTCCACAAA
Caspase-3  NM_004346 F- AGCGAATCAATGGACTCTGGA

R- GGTTTGCTGCATCGACATCT
MMP9 NM_004994 F-TTCCAAACCTTTGAGGGCGA

R- CAAAGGCGTCGTCAATCACC
TP53 NM_000546 F- GTCCAGATGAAGCTCCCAGA

R- CAAGAAGCCCAGACGGAAAC
NFkB1 NM_003998 F-GCAGCACTACTTCTTGACCACC

R-TCTGCTCCTGAGCATTGACGTC
NRF2 NM_006164 F-CACATCCAGTCAGAAACCAGTGG

R- GGAATGTCTGCGCCAAAAGCTG
I-18 NM_000576 F- CCACAGACCTTCCAGGAGAATG

R- GTGCAGTTCAGTGATCGTACAGG
VEGF NM_001025366 F-TTGCCTTGCTGCTCTACCTCCA

R-GATGGCAGTAGCTGCGCTGATA
TRAF 1 NM_005658 F- CGATGGCACTTTCCTGTGGAAG

R- TACAGCCGCAGGCACAACTTGT
B-actin NM_001101 F- CTCCATCCTGGCCTCGCTGT

R- GCTGTCACCTTCACCGTTCC

Quantitative DNA fragmentation (DPA assay)
DNA fragmentation was quantified using the Diphenyl-
amine (DPA) colorimetric assay, based on the protocol of
Burton [30] with minor modifications. In brief, SH-SY5Y
cells (1 x 10°6 cells/well) were seeded in 6-well plates
and treated with PQ (400 uM), BA (50 pM), Qe (50 uM),
or combinations for 48 h. After treatment, cells were
harvested and lysed in hypotonic lysis buffer (10 mM
Tris-HCI, 10 mM EDTA, 0.5% Triton X-100, pH 7.4), fol-
lowed by centrifugation at 13,000 x g for 20 min at 4 °C
to separate fragmented DNA (supernatant) from intact
chromatin (pellet). Both fractions were precipitated
overnight at 4 °C with 12.5% trichloroacetic acid (TCA)
and then hydrolyzed in 5% TCA at 90 °C for 15-minutes.
After cooling, 1 mL of freshly prepared (DPA) reagent
(150 mg DPA in 10 mL glacial acetic acid with 150 pL
concentrated sulphuric acid and 50 pL 1.6% acetalde-
hyde solution) was added to each tube. The samples were
incubated at 37 °C for 4 h and the color intensity was
measured spectrophotometrically at 600 nm. All assays
were performed in triplicate biological repeats (n = 3).
Results expressed as % fragmented DNA relative to total
DNA.

The percentage of fragmented DNA was calculated
using the formula:
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Qualitative DNA fragmentation (agarose gel
electrophoresis)
Apoptotic DNA fragmentation was qualitatively assessed
by agarose gel electrophoresis. SH-SY5Y cells (1x10°
cells/well) were seeded in 6-well plates and treated with
PQ (400 uM), BA (50 uM), Qe (50 uM), or their combina-
tions for 48 h, while untreated cells served as control. Fol-
lowing treatment, both adherent and floating cells were
collected, washed twice with PBS, and lysed in hypotonic
lysis buffer on ice for 30 min. The lysates were centrifuged
at 13,000 x g for 20 min at 4 °C to separate fragmented
DNA (supernatant) from intact chromatin (pellet). DNA
was purified by RNase A (0.1 mg/mL, 37 °C, 1 h) and pro-
teinase K (0.2 mg/mL, 50 °C, 1 h) treatment, followed by
isopropanol precipitation and resuspension in TE buffer.
Equal amounts of DNA (~ 500 ng—1 pg per lane) were
loaded onto a 1.5% agarose gel prepared in 1x TAE buf-
fer containing ethidium bromide (0.5 pg/mL). A 100 bp
DNA ladder (Thermo Fisher Scientific) was used as a
molecular marker. Electrophoresis was performed at
100 V for 60-90 min, and gels were visualized using a
UV transilluminator. The appearance of a characteristic
laddering pattern of ~ 180-200 bp and its multiples was
considered indicative of apoptosis, whereas intact high-
molecular-weight DNA in the control lane reflected pre-
served genomic integrity [31].

In Ovo HET-CAM (Hen’s egg test Chorioallantoic
Membrane) irritation test

The irritant effect of BA, Qe, PQ and their combina-
tions was evaluated using the chorioallantoic membrane
(CAM) of fertilized Leghorn hen eggs (50-60 g) accord-
ing to the ICCVAM-recommended standard protocol
[32, 33]. Fertilized eggs were incubated at 37 + 1 °C and
80 + 2% relative humidity for 7 days in an automatic incu-
bator with rotation. On day 7, a window (3—4 cm in diam-
eter) was carefully opened at the air chamber side of the
shell, and the inner membrane was gently removed with
forceps without damaging the underlying blood vessels.

Then, 300 pL of the freshly prepared PQ (2.5 mg/mL),
BA (1 mg/mL), Qe (1 mg/mL), and their combinations
were applied directly to the CAM surface pre-warmed
to 37 °C. The CAM was then observed for 5-minutes,
including the 20 s contact period, under constant illumi-
nation at room temperature.

Endpoints that should be observed were: Hemorrhage
(bleeding from the vessels); Vascular lysis (blood vessel
disintegration); Coagulation (intra- and extra-vascular
protein denaturation).

% DNA fragmentation = [ODgg (supernatant) / (ODgoo supernatant + pellet)] x 100
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The vascular responses (hyperemia, hemorrhage, coag-
ulation) were scored according to their time of onset
using the HET-CAM scoring system [32]:

Lysis: 5 (<30 s), 3 (30 s—2 min), 1 (2—5 min)
Hemorrhage: 7 (<30 s), 5 (30 s—2 min), 3 (2—5 min)
Coagulation: 9 (<30 s), 7 (30 s—2 min), 5 (2—5 min)

For each egg, the irritation score (IS) was calculated as
the sum of the three reactions. The final IS was expressed
as the arithmetic mean of four eggs per group. Based
on the French classification, IS values were interpreted
as: 0.0-0.9: non-irritant; 1.0-4.9: mild irritant; 5.0-8.9:
moderate irritant; 9.0-21.0: severe irritant. In addition,
0.9% NaCl was tested as a negative control and 0.1 N
NaOH was tested as positive control. A mixture of four
eggs was used for each test. All samples were tested in
triplicate at different time points.

Statistical analysis

The statistical analysis was performed with SPSS 20.0
(SPSS, Chicago, IL, USA). Data were checked for normal
distribution using the Shapiro—Wilk test and for homoge-
neity of variances using Levene’s test, and both assump-
tions were satisfied before applying ANOVA. Both
assumptions were satisfied with all datasets (p>0.05).
Differences between groups were analyzed using a one-
way analysis of variance (ANOVA), followed by Tukey’s
post hoc test for multiple comparisons. All experiments
were performed in triplicate, and data were expressed
as mean tstandard deviation. Fold-change values are
reported in the results for clarity, and the correspond-
ing SD values are presented in the Supplementary Data
for transparency. A p-value of less than 0.05 (<0.05) was
considered statistically significant.

Results

Cell viability and LDH assay

As shown in Fig. la, PQ significantly reduced viabil-
ity to 34.3+2.1% (p<0.05) compared to control. BA
(922+5.1%, p<0.05), Qe (93.4+4.2%, p<0.05) and
BA+Qe (96.5+4.0%, p<0.05) significantly increased
cell viability compared to the control (87.2+1.5%).
Combination treatments with BA+PQ (43.9+2.6%,
p<0.05), Qe +PQ (49.5+£3.1%, p<0.05) and BA + Qe +PQ
(70.4+4.0%, p<0.05) significantly improved viability
compared to PQ alone. Fluorescence microscopy sup-
ported these results, showing that PQ exposure led to
pronounced nuclear condensation and fragmentation,
characteristic of apoptotic damage. In contrast, treat-
ment with BA, Qe, or their combination maintained pre-
dominantly intact, uniformly stained nuclei, consistent
with preserved nuclear integrity (Fig. 1b).
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As shown in Fig. 1c, the percentage of intact nuclei
was 95.6+2.1% in the control group. PQ exposure sig-
nificantly reduced the percentage of intact nuclei to
29.3+3.2% (p<0.05). BA (92.4%2.5%), Qe (93.8+2.7%),
and BA+Qe (96.2+2.0%) maintained nuclear integrity
comparable to control (p>0.05). Combination treat-
ments BA +PQ (49.3+3.0%), Qe+PQ (53.4+2.8%), and
BA+Qe+PQ (78.5+£2.6%) significantly increased the
proportion of intact nuclei compared with PQ alone
(p<0.05).

As seen in Fig. 2, PQ exposure significantly increased
LDH release (40.3+3.2 pU/mL) compared to control
(5.9+0.9 pU/mL, p<0.05). BA (5.3+1.1 pU/mL), Qe
(6.0+1.2 pU/mL) and BA + Qe (6.2 + 1.3 pU/mL) showed
no significant increase relative to control (p>0.05). Co-
treatment with BA+PQ (30.1+2.2 pU/mL, p<0.05),
Qe+PQ (21.1+1.8 pU/mL, p<0.05) and BA+Qe+PQ
(15.2+1.6 pU/mL, p<0.05) significantly reduced LDH
levels compared to PQ.

Total antioxidant capacity (TAC) and total oxidative stress
(TOS) activity

PQ significantly decreased (p<0.05) TAC level (3.1+£0.4
mM) compared to control (6.1+0.4 mM). BA (7.9+0.5
mM, p<0.05), Qe (9.4+0.4 mM, p<0.05) and BA +Qe
(12+0.6 mM, p<0.05) significantly increased anti-
oxidant levels compared to control. BA+PQ (4.3+0.5
mM, p<0.05), Qe+PQ (7.0+0.7 mM, p<0.05) and
BA+Qe+PQ (86+0.6 mM, p<0.05) significantly
improved TAC compared to PQ (Fig. 3a).

As seen Fig. 3b, PQ significantly elevated (p<0.05)
TOS level to 36+2.0 uM compared to control (6.4+0.7
uM). BA (6.0 £0.65 pM), Qe (6.6 £0.87 uM) and BA + Qe
(5.9£0.6 pM) treatments did not differ significantly
(p>0.05) from the control group. BA+PQ (30+1.6
UM, p<0.05), Qe+PQ (24+1.5 pM, p<0.05) and
BA+Qe+PQ (15£1.1 uM, p<0.05) significantly reduced
TOS compared to PQ.

AWm changes

As shown in Fig. 4, PQ significantly increased (p <0.05)
fluorescence intensity (5000 +200 AU) compared to con-
trol (1000+150 AU), indicating mitochondrial depo-
larization. BA (1000 +120 AU), Qe (1000+ 120 AU) and
BA +Qe (1100+ 130 AU) did not significantly alter AYm
compared to control. BA +PQ (4000+ 160 AU, p<0.05),
Qe+PQ (3900+175 AU, p<0.05) and BA+Qe+PQ
(2000£130 AU, p <0.05) showed significantly lower AYm
values compared to PQ treatment.

Intracellular Ca** levels

As shown in Fig. 5, PQ significantly increased intracel-
lular Ca** to 75.2+1.5 ng/10° cells compared to con-
trol (12+0.62 ng/10° cells, p<0.05). BA (13.2+0.41
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Fig. 1 Cell viability (%) (a), morphological changes (b), fluorescence photomicrographs of DAPI staining (blue) (c) in SH-SY5Y cells (scale bars: 500 uM).
Data are expressed as % of control (mean +SD, n=3). *p < 0.05 compared to the control; #p < 0.05 compared to the PQ. PQ: Paraquat, Qe: Quercetin, BA:
Boric acid
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Fig. 2 Extracellular LDH activity (uU/mL) in SH-SY5Y cells after treatment with BA (50 uM), Qe (50 uM), PQ (400 puM) and their combination for 48 h. Data

are expressed as % of total LDH (mean+SD, n=3). *p <0.05 compared to the control; #p <0.05 compared to the PQ. NC: Negative control, PC: Positive
control as H,O, for LDH (2.5 x 107 M). PQ: paraquat, Qe: quercetin, BA: boric acid
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Fig. 4 Quantitative analysis of mitochondrial membrane potential (AYm) after treatment with BA (50 uM), Qe (50 uM), PQ (400 uM) and their combi-
nations in SH-SY5Y cells. Data are presented as relative fluorescence intensity (% of control). Values represent mean+SD of at least three experiments.
*p <0.05 compared to the control; #p <0.05 compared to the PQ. PC: Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was used as positive control (10
uM). PQ: Paraquat, Qe: Quercetin, BA: Boric acid
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ng/10° cells), Qe (12.5+0.52 ng/10° cells) and BA + Qe
(12.1+0.44 ng/10° cells) were similar to control (p >0.05).
BA+PQ (50.3+1.3 ng/10° cells, p<0.05), Qe+PQ
(452+1.1 ng/10° cells, p<0.05) and BA+Qe+PQ
(22.1+£0.8 ng/10° cells, p<0.05) significantly reduced
intracellular Ca* level compared to PQ (75.2+1.5
ng/10°).

SOD, GPx and MDA values

As shown in Fig. 6a, PQ (65+2.1 U/mg protein) sig-
nificantly decreased (p<0.05) compared to control
(105.2+£4.3 U/mg protein). BA (132.3+4.4 U/mg pro-
tein, p <0.05), Qe (140.3 +4.6 U/mg protein, p <0.05) and
BA+Qe (177+6.2 U/mg protein, p<0.05) significantly
increased compared to control. BA+PQ (101+3.2 U/
mg protein, p<0.05), Qe +PQ (121.3+4.2 U/mg protein,
p<0.05) and BA+Qe+PQ (151.2+5.8 U/mg protein,
p<0.05) increased compared to PQ.

As seen in Fig. 6b, PQ (20.1+2 mU/mg protein) sig-
nificantly decreased (p<0.05) compared to control
(60.2 +4 mU/mg protein). BA (68.3+5.2 mU/mg protein,
p<0.05), Qe (73.3+6.1 mU/mg protein, p<0.05) and
BA + Qe (80.4+ 5.7 mU/mg protein, p<0.05) significantly
increased compared to control. BA +PQ (32.2+2.8 mU/
mg protein, p<0.05), Qe+PQ (40.3+2.4 mU/mg pro-
tein, p<0.05) and BA + Qe + PQ (50.1 + 3 mU/mg protein,
p<0.05) significantly increased compared to PQ.

As seen in Fig. 6¢, PQ (4.00+0.09 nmol/mg protein)
significantly increased (p<0.05) compared to control
(1.27+£0.03 nmol/mg protein). BA (1.30+£0.07 nmol/
mg protein, p>0.05), Qe (1.26+0.06 nmol/mg protein,
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p>0.05) and BA+Qe (1.32+0.09 nmol/mg protein,
p>0.05) showed no significant change compared to con-
trol. BA+PQ (2.80+0.10 nmol/mg protein, p<0.05),
Qe+PQ (3.20£0.09 nmol/mg protein, p<0.05) and
BA +Qe+PQ (2.10£0.14 nmol/mg protein, p<0.05) sig-
nificantly decreased compared to PQ.

Gene expression levels

As shown in Fig. 7, the expression of genes related to
inflammation (TNE, IL-1p, NFKB1, TRAF1), apopto-
sis (BAX, BCL2, CASP3, TP53), angiogenesis (VEGE,
MMPY) and oxidative stress (NRF2) was significantly
modulated by PQ, BA, Qe and their combinations in SH-
SY5Y cells.

Treatment with PQ increased TNF expression (5.0-
fold change), indicating a strong inflammatory response.
BA + Qe led to a downregulation (0.4-fold change), indi-
cating synergistic anti-inflammatory effects. PQ+BA
and PQ + Qe reduced TNF levels compared to PQ alone
(2.0-fold and 1.5-fold change, respectively). PQ+BA + Qe
brought TNF expression back to a near control level
(0.8-fold change), indicating a strong attenuation of PQ-
induced inflammation.

PQ increased TRAF1 expression with a 2.5-fold change,
indicating activation of TNF-related apoptotic signalling.
PQ+BA and PQ+Qe decreased TRAF1 expression by
1.6- and 1.3-fold, respectively, compared to PQ alone.
PQ+BA + Qe reduced TRAF1 expression to a 0.9-fold
change compared to PQ alone, indicating a reversal of
PQ-induced activation of the signalling pathway.

40
20 I
. I I |

BA+Qe BA+PQ Qe+PQ BA+Qe+PQ

Fig. 5 Changes in intracellular Ca>* concentrations (ng/106 cells) in SH-SY5Y exposed to BA (50 uM), Qe (50 uM), PQ (400 puM) and their combinations
for 48 h. Values represent mean+SD of at least three experiments. *p<0.05 compared to the control; #p <0.05 compared to the PQ. PQ: Paraquat, Qe:

Quercetin, BA: Boric acid
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Fig.6 Superoxide dismutase (SOD) (a), glutathione peroxidase (GPx) (b) and malondialdehyde (MDA) (c) after treatment with BA (50 uM), Qe (50 uM), PQ
(400 puM) and their combination in SH-SY5Y cells. Values represent mean + SD of at least three experiments. *p <0.05 compared to the control; #p <0.05
compared to the PQ. PQ: Paraquat, Qe: Quercetin, BA: Boric acid
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Fig. 7 Fold changes in gene expression levels in cell lines exposed to BA (50 uM), Qe (50 pM), PQ (400 uM) and their combination in SH-SY5Y cells using
real-time quantitative PCR (qRT-PCR). Relative expressions were calculated using the 27*“" method and normalized to B-actin as an internal control.
Values represent mean +SD of at least three experiments. PQ: Paraquat, Qe: Quercetin, BA: Boric acid

PQ caused a strong pro-apoptotic response by upreg-
ulating BAX (4.0-fold change). BA, Qe and BA+Qe
reduced BAX expressions to 0.8-, 0.7- and 0.5-fold,
respectively. Treatment with PQ+Qe+BA reduced
BAX expression with a value of 0.7, indicating apoptotic
suppression.

The anti-apoptotic BCL2 was downregulated by PQ
(0.3-fold). BA, Qe and BA + Qe increased BCL2 expres-
sion (1.8-, 2.5- and 3.4-fold change, respectively).
PQ + Qe+ BA significantly increased BCL2 expression by
4.5-fold, reversing the PQ-induced apoptotic imbalance.

PQ increased caspase-3 expression by 3.2-fold, indi-
cating apoptotic execution. BA +Qe upregulated the
expression of caspase-3 by 0.5-fold. PQ + BA and PQ + Qe
reduced caspase-3 expression by 2-fold and 1.5-fold,
respectively, compared to PQ alone. PQ+Qe+BA
reduced caspase-3 expression by 0.8-fold, indicating
effective apoptosis inhibition.

PQ induced IL-1p expression with a value of 6-fold
change, consistent with cytokine storm-like inflamma-
tion. BA, Qe and BA + Qe reduced IL-1f expression with
a 0.7-, 0.5- and 0.4-fold change, respectively. Concomi-
tant treatment with PQ+BA + Qe significantly reduced
IL-1pB expression compared to PQ alone, suggesting anti-
inflammatory protection.

PQ increased the expression of NF«kB1 with a 3.5-fold
change, indicating inflammatory activation. PQ+BA,
PQ+Qe and PQ+ Qe+ BA decreased expression by 2.2-,
1.6- and 0.8-fold, respectively, compared to PQ alone,
indicating a complete attenuation of NFkBl-mediated
signalling.

PQ resulted in a significant increase in MMP9 with a
5.0-fold change, indicating extracellular matrix degra-
dation and tissue injury. BA, Qe and BA + Qe decreased

MMP9 (0.6-, 0.4- and 0.3-fold change, respectively).
PQ+BA, PQ+Qe and PQ+ Qe+ BA decreased expres-
sion with a 2-, 1.4- and 0.8-fold change, respectively,
compared to PQ alone, restoring baseline levels and indi-
cating tissue-protective effects.

PQ increased VEGF expression with a 2.0-fold change,
indicating angiogenic stress. BA, Qe and BA+Qe
increased VEGF expression by 1.1-, 1.2- and 1.5-fold,
respectively. PQ+BA, PQ+Qe and PQ+Qe+BA
decreased VEGF expression with a 1.4-, 1.6- and 1.1-fold
change compared to PQ alone, restoring baseline levels
and indicating tissue-protective effects.

PQ increased TP53 levels by 2.8-fold, indicating a
response to DNA damage. Qe and BA + Qe downregu-
lated TP53 expression with a 0.9- and 0.7-fold change,
respectively. PQ+BA, PQ+Qe and PQ+Qe+BA
reduced TP53 expression by 1.8-, 1.3- and 1.1-fold,
respectively, compared to PQ alone, indicating protec-
tion against genotoxic stress.

PQ reduced NRF2 expression with a 0.3-fold change,
indicating susceptibility to oxidative stress. BA, Qe
and BA+Qe increased NRF2 with a 2.5-, 3.2- and
4-fold change, respectively). PQ+BA, PQ+Qe and
PQ+Qe+BA increased NRF2 expressions by 2-, 3.5- and
4.7-fold, respectively, compared to PQ alone, indicating a
strong activation of the antioxidant response.

DNA fragmentation

As seen in Fig. 8a, PQ (65.3 + 1.5%) significantly increased
(p<0.05) DNA fragmentation compared to control
(7.2£0.62%). BA (9.2+0.41%, p>0.05), Qe (8.1+0.52%,
p>0.05) and BA +Qe (9.5+0.44%, p>0.05) did not dif-
fer from control. BA + PQ (40.3+0.9%, p<0.05), Qe +PQ
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(35+1.1%, p<0.05) and BA+Qe+PQ (20.1+0.8%,
p<0.05) were significantly lower compared to PQ.

As shown in the agarose gel image (Fig. 8b), PQ treat-
ment induced a clear DNA laddering pattern, indicating
extensive apoptotic fragmentation, whereas the control,
BA +Qe group exhibited intact high-molecular-weight
DNA bands with no visible fragmentation. Co-treatment
with BA or Qe partially reduced PQ-induced ladder-
ing, consistent with moderate levels of fragmentation,
while the triple combination (BA +Qe+PQ) markedly
preserved DNA integrity, showing only faint or minimal
laddering compared to PQ alone. The raw SDS-PAGE gel
image is provided in the supplementary file.

In Ovo HET-CAM assay

The effects of irritation on vascularization after exposure
to PQ, Qe, BA and their combination are shown in Fig. 9.
PQ caused hemorrhage and lysis as well as severe irrita-
tion with an IS of 9.1 + 0.2 for a period of up to 5-minutes.
BA, Qe and BA +Qe had no irritating effect. BA + PQ,
Qe +PQ caused moderate irritation with an IS of 6.2 + 0.1
and 6 +0.2, respectively, while BA + Qe + PQ caused mild
irritation with an IS of 4.1 £0.2.

Discussion

This study demonstrated that the co-administration of
BA and Qe effectively alleviated the neurotoxic effects
of PQ in SH-SY5Y. These protective effects were facili-
tated by mitochondrial stabilization, restoration of
Ca® homeostasis, enhancement of antioxidant defense
mechanisms, and attenuation of both inflammatory and
apoptotic signaling pathways. PQ increases ROS and dis-
rupts several key cellular processes critical for neuronal
survival. Its effects on mitochondrial activity, genomic
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stability, and membrane integrity are closely linked to
synaptic dysfunction and neuronal loss [34].

In this model, PQ exposure led to a marked decrease
in cell viability, along with a decrease in TAC and an
increase TOS. These findings are consistent with previ-
ous studies in neuroblastoma and non-neuronal cell lines
reporting concentration- and time-dependent cytotox-
icity [35-37]. The observed decline in TAC, increase in
TOS, and LDH release reflected ROS-driven cell damage,
which is known to be facilitated by redox enzymes such
as cytochrome P450 oxidoreductase [38—40]. Mitochon-
dria played a crucial role in this damage pathway, as PQ
disrupted their function, elevated ROS production, and
depolarized the inner mitochondrial membrane, thereby
promoting apoptosis [41-43]. Consistent with these find-
ings, PQ exposure in SH-SY5Y cells resulted in increased
LDH release, decreased cell viability, loss of A¥m, and
elevated ROS production.

One key mechanistic pathway identified was the rela-
tionship between mitochondrial integrity and Ca*
regulation. PQ disrupts intracellular Ca* regulation by
oxidatively modifying key transport proteins, including
plasma membrane Ca*-ATPase and sarco/endoplas-
mic reticulum Ca®*-ATPase, resulting in increased Ca*
influx and impaired sequestration [44]. Excess mitochon-
drial Ca*, combined with ROS, triggers the opening of
the mitochondrial permeability transition pore (mPTP),
resulting in mitochondrial depolarisation, swelling, and
the release of pro-apoptotic factors such as cytochrome
¢, Smac/DIABLO, and AIF, ultimately initiating intrinsic
apoptosis [45, 46]. In the present study, the combination
of BA and Qe reduced PQ-induced Ca® accumulation
and alleviated the loss of AWm. These findings suggest
enhanced mitochondrial buffering capacity and delayed
opening of the mitochondrial permeability transition

BA+PQ Qe+PQ  BA+Qe+PQ

Fig. 8 DNA fragmentation rate (a) and representative gel electrophoresis image of DNA laddering (b) formed by BA (50 uM), Qe (50 uM), PQ (400 uM)
and their combination in SH-SY5Y. Values represent mean + SD of at least three experiments. *p < 0.05 compared to the control; #p < 0.05 compared to the

PQ. PQ: Paraquat, Qe: Quercetin, BA: Boric acid
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Fig.9 HET-CAM assay. (a) Irritation values after treatment with BA, Qe, PQ and their combination on the membrane surface for up to 5-minutes using the
HET-CAM test. (b) Pictures indicating how various endpoints on the membrane following BA, Qe, PQ and their combination. Values represent mean+SD
of at least three experiments. PQ: Paraquat, Qe: Quercetin, BA: Boric acid. NaCl (0.9%) and NaOH (0.1 N) used as negative and positive control, respectively

pore (mPTP). This indicates improved mitochondrial
buffering capacity and delayed opening of the mitochon-
drial permeability transition pore (mPTP) [47].

A second major finding was the activation of the anti-
oxidant defense system, accompanied by a decrease in
lipid peroxidation. PQ-induced superoxide production
initially triggered an adaptive increase in SOD and GPx
activity. However, extended exposure led to the deple-
tion of these enzymes and resulted in membrane damage.
Consistent with previous research, BA treatment reduced
LDH release and MDA levels, while restoring TAC and
antioxidant enzyme activity under oxidative stress [48—
54]. Qe showed similar protective effects, ameliorating
PQ-induced cytotoxicity and reducing lipid peroxidation
[55-57]. The distinct but synergistic antioxidant proper-
ties of BA and Qe likely contributed to the enhanced pro-
tective effect observed when used together.

At the gene expression level, PQ activates inflammatory
pathways. This includes the activation of NF-kB signal-
ing and TNF receptor-associated factors such as TRAF1
[25, 58—60]. In the current study, BA reduced the expres-
sion of key pro-inflammatory and angiogenic genes.
This effect was more obvious when combined with Qe,
particularly for genes such as NFKB, TNF, TRAF1, and
VEGE. Simultaneously, apoptotic markers such as BAX
and Caspase-3 were downregulated, while anti-apoptotic
BCL2 expression increased. Additionally, the combina-
tion treatment led to enhanced activation of NRF2. This

finding was consistent with the observed improvements
in antioxidant parameters. This observation also high-
lights the antagonistic relationship between NRF2 activa-
tion and NF-kB-mediated cytokine expression [60, 61].
Previous studies have demonstrated PQ-induced upregu-
lation of pro-apoptotic genes like BAX, Caspase-3, and
p53, along with modulation of BCL2 in brain and lung
tissues [62—-65]. PQ-associated oxidative stress was also
linked to alterations in the PTEN/PI3K/AKT pathway
[66]. Although the anticancer activity of BA is believed
to involve inhibition of AKT signaling [67], the poten-
tial role of it in modulating the PTEN/PI3K/AKT path-
way in the context of chemical neurotoxicity had not
been previously studied. This underscores the novelty
and significance of the present gene expression findings.
Importantly, Qe formulations have also demonstrated
protective effects in previous studies. For instance, under
PQ-induced stress, they reversed the loss of AYm and
normalized BAX/BCL2 expression levels [68].

The genoprotective effects observed in this study fur-
ther support the early-stage modulations induced by BA
and Qe. Treatment significantly reduced PQ-induced
DNA fragmentation. Agarose gel electrophoresis of
genomic DNA also showed a significant reduction in PQ-
induced fragmentation in samples treated with BA and
Qe. Specifically, co-treatment with BA or Qe preserved
DNA integrity by reducing the characteristic DNA lad-
dering and smearing observed with PQ alone. Previous
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research has shown that BA activates PERK-dependent
elF2a/NRF2 signaling, which promotes DNA repair
and mitigates genotoxicity [22, 69]. Also, Qe mitigated
ROS-induced cell damage by preserving mitochondrial
integrity and inhibiting caspase-3 activation, ultimately
preventing DNA fragmentation [70]. In addition, Qe
enhanced endogenous antioxidant systems, including
GSH and SOD, thereby contributing to a less oxidative
and more protective intracellular environment [71]. Col-
lectively, these findings indicate that BA facilitates DNA
repair, whereas Qe prevents the onset of oxidative dam-
age. Together, they provide synergistic genoprotective
effects under conditions of oxidative stress.

The HET-CAM test utilizes the highly vascularized
CAM to effectively assess irritant effects, particularly
those related to inflammation and vascular damage. In
this study, PQ exposure induced marked hemorrhage,
lysis, and coagulation responses on the CAM, reflect-
ing substantial vascular irritation and inflammation [72].
These findings align with the established neurotoxic pro-
file of PQ, in which oxidative stress and inflammation
play a crucial role in mediating neuronal damage [73].
In neuronal tissues such as SH-SY5Y cells, PQ-induced
oxidative stress disrupts mitochondrial function, ele-
vates ROS production, and initiates neuronal apoptosis,
often in conjunction with inflammatory activation and
endothelial dysfunction. VEGF is a critical regulator of
vascular permeability and neurovascular remodeling,
and it was significantly upregulated in the PQ-treated
group. VEGF is not only a marker of endothelial activa-
tion, but also plays an essential role in neuroinflamma-
tion and blood-brain barrier disruption both of which are
relevant to PQ-induced central nervous system toxicity
[74]. The increased expression of VEGF demonstrates
that PQ exposure promotes inflammatory neovascu-
lar signaling and may contribute to blood-brain barrier
breakdown and neuronal damage. In contrast, treatment
with BA and Qe, either individually or in combination,
resulted in a significant reduction in irritation levels in
the HET-CAM assay. Notably, the group with simul-
taneous treatment (BA + Qe + PQ) showed the most
apparent protective effect, indicating a possible syner-
gistic effect. This outcome is likely due to the combined
antioxidant and anti-inflammatory properties of BA and
Qe, with BA modulating inflammatory signaling path-
ways and Qe enhancing endogenous antioxidant defense
mechanisms by upregulating enzymes such as GPx and
SOD. Gene expression analysis confirmed these obser-
vations, showing that combined treatment with BA and
Qe significantly reduced VEGF expression compared to
the PQ group, bringing levels close to baseline. This sug-
gests a suppression of oxidative stress-induced vascular
and neuroinflammatory responses. Overall, these results
suggest that co-administration of BA and Qe attenuates
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PQ-induced neurovascular damage by stabilizing endo-
thelial function, reducing oxidative stress, and inhibit-
ing VEGF-mediated pro-inflammatory signaling. The
convergence of the HET-CAM results and VEGF gene
expression highlights the translational relevance of the
combined BA and Qe approach in mitigating paraquat-
induced neurotoxic and vasculopathic effects.

This study provides comprehensive evidence for the pro-
tective role of BA and Qe against PQ-induced neurotoxicity,
while also outlining directions for future work to enhance
translational impact. Our mechanistic analyses focused on
mRNA expression, offering valuable insights into transcrip-
tional regulation; however, complementary protein-level
validation (e.g., Western blotting) would strengthen the
mechanistic interpretation. Although SH-SY5Y cells and
the in ovo HET-CAM assay are well-established neuronal
and vascular models, they can’t fully capture the systemic
complexity of mammalian brain tissue or long-term neuro-
vascular interactions. The 5-minutes observation window
used in the HET-CAM assay follows the ICCVAM-recom-
mended standard and ensures comparability with previous
reports, yet longer observation periods could further reveal
the persistence or recovery of vascular responses.

In conclusion, considerations such as bioavailability,
metabolism, and safe dosing of BA and Qe highlight the
importance of follow-up studies in animal models that
integrate behavioral, neurovascular, and pharmacokinetic
outcomes to bridge towards clinical translation.

Conclusions
This study demonstrates, for the first time, that BA pro-
tects neuronal cells against PQ-induced neurotoxicity
and that its combination with Qe provides synergistic
protection. The co-treatment effectively attenuated oxi-
dative stress, preserved mitochondrial integrity, restored
Ca® homeostasis, and modulated apoptosis- and inflam-
mation-related gene expression in SH-SY5Y cells. In
addition, the in ovo HET-CAM assay confirmed the
translational relevance of these findings by displays
that BA and Qe, especially in combination, reduce PQ-
induced vascular irritation and VEGF upregulation.
Importantly, BA significantly improved cell viability in
the presence of Qe, suggesting that the two compounds
can regenerate each other and provide stronger overall
protection against PQ-induced cellular damage, consis-
tent with a synergistic mechanism of action. Overall, our
results highlight BA and Qe as promising complementary
therapeutic agents to counteract PQ-induced oxidative,
apoptotic, and inflammatory damage. Future studies in
animal models and clinical systems are needed to evalu-
ate the long-term safety, bioavailability, pharmacokinet-
ics, and efficacy of BA and Qe. Additionally, these studies
should assess their potential use in preventive or adjunc-
tive therapies for chemically induced neural injury.
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