Arogundade et al. BMC Complementary Medicine and Therapies (2026) 26:195 BMC Com p|em entary
https://doi.org/10.1186/512906-026-05378-3 . . .
Medicine and Therapies

Check for
updates

Quercetin parallels ascorbic acid
in neuroprotection against manganese-
induced toxicity in Drosophila melanogaster
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Abstract
Quercetin (QCT) is a dietary flavonoid with reported antioxidant and neuroprotective properties, but direct
comparisons with established antioxidants, such as ascorbic acid (AA), under chemically induced neurotoxic stress
are limited. We compared Quercetin and AA in adult D. melanogaster using a manganese (Mn)-sensitized model
to capture Parkinson-like motor and biochemical vulnerability. Treatment groups comprised: Control; Mn (15
mM); AA (10 mM); Quercetin 0.5 mM/3.0 mM; AA+Mn; Quercetin 0.5 mM/3.0 mM+Mn. Each vial represented an
independent biological replicate (mixed sex); biochemical and genomic assays were performed using n=4 vials/
group. Outcomes included survival, locomotor performance (RING), redox endpoints (GSH/GSSG, H,0,, MDA, SOD,
CAT), neuromodulators (AChE, dopamine), DNA fragmentation index (DFI), and advanced glycation end-products
(AGEs). Omnibus tests (ANOVA or Kruskal-Wallis) were followed by Tukey HSD or Dunn-style pairwise comparisons;
two pre-specified pooled contrasts were tested with Welch comparisons and effect sizes reported (mean
differences, 95% Cl, Cohen’s d); pooled p-values were adjusted (Holm, BH). Quercetin and AA produced comparable
protective effects, as both preserved climbing behaviour and partially restored the redox balance versus Mn. One
Tukey-adjusted pairwise result reached significance (Control vs. quercetin low +Mn for DFI, p_adj=0.049). A pooled
contrast showed reduced H,O, for Quercetin (Q_all vs. AA_all: mean diff=0.498 umolg‘], 95% Cl 0.153-0.844;
Welch t(13.27)=3.11, p=0.0082; d=1.38), but this and other pooled signals did not survive conservative family-
wise correction across all pooled tests. In conclusion, although they are overall comparable, our data suggest
that quercetin may have a superior, specific effect on reducing H,O, and protecting DNA integrity (DFI). These
endpoints are now prioritized for confirmatory studies.
Highlights
Quercetin and ascorbic acid (vitamin C) produced comparable neuroprotective effects in manganese-sensitized
D. melanogaster, preserving locomotor performance and attenuating oxidative stress.
A pooled contrast indicated a considerable reduction in H,O, and DFI with Quercetin compared to AA,
suggesting that H,O, and DFI might be prioritized endpoints.
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Several endpoints (GSSG/GSH balance, AGEs) showed large effect sizes favouring quercetin in pooled contrasts.
However, these signals did not survive conservative family-wise correction across the whole test family;
therefore, the results are hypothesis-generating.

Keywords Quercetin, Ascorbic acid, Manganese, Drosophila melanogaster, Oxidative stress, DNA fragmentation
Graphical Abstract

Schematic overview of the experimental workflow testing quercetin (Q) and ascorbic acid (AA) in adult Drosophila
melanogaster exposed to manganese (Mn). Eight treatment groups were studied (Control, Mn (15 mM), AA (10 mM), Q
(0.5 mM), Q (3.0 mM), AA + Mn, Q (0.5 mM) + Mn, Q (3.0 mM) + Mn), with n = 4 independent vials per group (mixed-
sex). Outcomes included survival, locomotor activity (RING assay), redox markers (GSH, GSSG, H,O,, MDA, SOD, and
CAT), neuromodulators (AChE, dopamine), advanced glycation end-products (AGEs), and DNA fragmentation index
(DFI). Statistical analyses combined omnibus and pairwise tests with pre-specified pooled contrasts (Q_only vs AA_
only; Q_all vs AA_all). Results indicated that quercetin broadly paralleled AA in preserving motor performance and
redox balance, with notable signals at H,O, and DFl endpoints that warrant targeted confirmatory studies.

Mn-induced
Parkinsonism HO
< c HO__~3-ON_—0
T
3 $ HO OH
gz
Ascorbicacid @
Grouping
N = 4 vials/group
- Control I | Quercetin | Quercetin | AA+Mn | Quercetin | Quercetin
8 1 1 (0.5mM) | (B.omm) | 1 (0.5mM)+Mn | (3.0 mM)+Mn
< 1 1 = 1 1 1 1
& ) I 1 =P ! I &
T 0 I S I ]
Q8O 1 [ 1 | [ 1
X 1 1 = 1 1 1|2 1
w I (&) I &
3 '8 W) '{ . °
£ = L < B XS
S ‘|. Survival (Kaplan-Meier), "-¥ MDA, H202, GSH, ®o AChE
03 8 RING assay (negative . GSSG, SOD, & CAT e P N ! ; DFI, AGEs
o £ | geotaxis) & ~0p-gp—00~ ~°PaMIne
JH,0,, LDFI, L GSSG,
Summary JAGEs, TMGSH, .
Quercetin broadly parallels the neuroprotective ‘ J behavioural deficits
and antioxidant effects of Vitamin C in vivo; we
highlight H,0, and DFI as key endpoints for
future targeted studies.
N J
Introduction neuronal populations, and a substantial body of evidence

Neurodegenerative disorders such as Parkinson’s disease,  suggests that oxidative stress, impaired redox homeo-
Alzheimer’s disease, and amyotrophic lateral sclerosis stasis, mitochondrial dysfunction, and declining cellular
are growing in prevalence worldwide and now represent  resilience are central contributors to their pathogenesis
a significant and expanding burden on global health [1].  [3].

Their prevalence has increased steadily over the past Among environmental factors associated with neu-
three decades, with Parkinson’s disease alone now affect-  rodegeneration, chronic exposure to manganese has
ing more than 11 million people globally [2]. These con-  received considerable attention [4]. Manganese is an
ditions are characterized by the gradual loss of vulnerable  essential metal; however, elevated or prolonged exposure
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in humans can produce key dyshomeostatic features
observed across multiple neurodegenerative conditions,
including locomotor impairment, dopaminergic dys-
function, mitochondrial impairment, and lysosomal dys-
regulation [5-10]. Clinical and epidemiological studies
indicate that these neurological effects typically develop
gradually, often emerging only after prolonged exposure
to occupational or environmental factors [11, 12]. Human
exposure to manganese is most common among welders,
miners, ferroalloy workers, and individuals living in areas
with contaminated dust or water. Epidemiological studies
consistently report a higher prevalence of Parkinsonism
and parkinsonian motor features in these occupational
groups compared with the general population, reflect-
ing the cumulative effects of chronic manganese inhala-
tion and deposition in the brain [13, 14]. In such settings,
manganese accumulation within the basal ganglia has
been associated with oxidative injury, microglial activa-
tion, and progressive impairment of motor coordination
[14]. Taken together, these epidemiological and mecha-
nistic observations provide a clear rationale for using
manganese-sensitized experimental models to investigate
behavioural and biochemical markers of neurotoxicity
and to evaluate candidate neuroprotective interventions.

Natural antioxidants and dietary polyphenols have
gained prominence as candidate neuroprotective agents.
Quercetin (QCT), a ubiquitous flavonoid found in fruits
and vegetables, exerts antioxidant, anti-inflammatory,
and mitochondrial-stabilizing effects across multiple in
vivo and in vitro models [15, 16]. Ascorbic acid (vitamin
C, AA), an essential water-soluble antioxidant, is rou-
tinely used as a reference compound in studies of redox
modulation and neuroprotection [17, 18]. Comparing
the antioxidant actions of QCT and AA within the same
manganese-sensitized context provides a systematic
approach to identifying which molecular features most
effectively counteract neurotoxic oxidative stress. It may
guide future strategies that explore their combined use.
Despite this relevance, the literature provides almost no
direct, side-by-side assessments of these compounds in a
shared model. A unified evaluation is scientifically infor-
mative because QCT and AA are widely consumed, inex-
pensive, and mechanistically distinct antioxidants that
engage different redox pathways. Examining their actions
under identical conditions, therefore, allows a more
straightforward interpretation of how accessible anti-
oxidant molecules shape behavioural, biochemical, and
genomic responses to manganese toxicity, and whether
their protective effects converge or diverge under con-
trolled oxidative stress.

To investigate these antioxidant effects under con-
trolled neurotoxic conditions, we employed a simple,
practical, and tractable model system using Drosophila
melanogaster. This organism combines a well-defined
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nervous system with conserved oxidative and mitochon-
drial pathways, allowing rapid evaluation of behavioural
and biochemical responses relevant to neurodegen-
eration. In this study, we utilized manganese (II) chlo-
ride (MnCl,), a manganese salt commonly employed in
Drosophila toxicology, to induce manganese-sensitized
oxidative stress and motor deficits [10, 19, 20]. This para-
digm is well established, with numerous studies demon-
strating that dietary manganese chloride reliably induces
locomotor impairment and oxidative injury in flies, serv-
ing as a suitable platform for evaluating candidate protec-
tive agents [21]. The model enables integrated assessment
of locomotor function, redox balance, lipid peroxidation,
and DNA integrity, including the DNA fragmentation
index (DFI) [22, 23]. In addition, parallel measurements
of acetylcholinesterase (AChE) activity and dopamine
content provide complementary insight into neurotrans-
mission pathways implicated in manganese-related neu-
rotoxic stress [23].

Here, we compared QCT and AA in adult D. melano-
gaster exposed to control or manganese-containing diets.
We evaluated a broad panel of outcomes encompassing
locomotor behaviour, redox status, neuromodulatory
markers, and indices of oxidative and genomic stress.
Advanced glycation end-products (AGEs) are chemically
diverse, relatively stable adducts formed through non-
enzymatic “glycation/glycoxidation” reactions between
reactive carbonyls (often derived from sugars) and bio-
molecules (proteins, lipids, or nucleic acids). AGEs
can amplify oxidative stress and inflammation, in part
through receptor-mediated signaling (e.g., RAGE), and
have been implicated in aging and neurodegenerative
processes [24, 25]. In D. melanogaster, AGEs accumu-
late with age and can be experimentally modulated, sup-
porting their use as an informative glycoxidative-stress
endpoint in this model [26]. The analytic design incorpo-
rated pre-specified pooled contrasts to improve the pre-
cision of QCT-versus-ascorbic-acid comparisons and to
strengthen inference across related endpoints. By exam-
ining both antioxidants within the same manganese-sen-
sitized framework, we aimed to characterize their relative
capacities to modulate oxidative balance, behavioural
performance, and molecular stress signatures in vivo.
This integrative approach provides a structured basis for
identifying endpoints most sensitive to antioxidant inter-
vention and offers a platform for guiding future mecha-
nistic and confirmatory studies in higher-order systems.

Materials & methods

Ethics statement

All experiments used D. melanogaster and therefore did
not require approval from the institutional animal care
committee [27]. Experiments followed best practices for
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invertebrate research and reporting (ARRIVE-style han-
dling and minimizing suffering).

D. Melanogaster strains and maintenance

Fly husbandry and experimental exposures were per-
formed at the Department of Human Anatomy, Redeem-
er’s University, Ede, Nigeria. Adult D. melanogaster
(wild-type Oregon R) was used for all experiments. Flies
were maintained under standard laboratory condi-
tions (25 = 1 °C, 60-70% relative humidity, 12 h light/
dark cycle) on a basal diet recipe containing cornmeal,
sucrose/glucose, Baker’s yeast, agar, nipagin) as detailed
by Abolaji et al. [28, 29]. Newly eclosed flies (a mixed-sex
cohort of 1-3 days old) were used for all experiments.
Each vial contained 10 flies with a fixed 1:1 sex ratio (5
females, 5 males) across all treatment conditions, so den-
sity and sex composition were held constant. We used
mixed-sex cohorts to provide a general adult physiologi-
cal readout; however, we acknowledge that mating can
alter female physiology and oxidative-stress susceptibil-
ity and may therefore contribute additional variability in
mixed-sex designs [30].

Experimental design and grouping

Flies were randomly allocated into eight groups with four
independent biological replicates (one vial = one repli-
cate; no pooling across vials). The groups were: Control
(untreated), Manganese (Mn, 15 mM) exposure, AA
(AA, 10 mM) only, QCT (low dose, 0.5 mM), QCT (high
dose, 3.0 mM), AA + Mn, QCT (low dose) + Mn, and
QCT (high dose) + Mn. Doses of Mn, QCT, and AA were
selected based on previous literature and a survival anal-
ysis to reflect biologically relevant but non-lethal expo-
sures [20, 21, 23, 31-36]. Treatments were incorporated
into the food medium for 14 days.

Compound preparation

Quercetin (quercetin hydrate; Molychem, India [CAS No.
849061-97-8]) was prepared as a concentrated stock by
dissolving the required mass in distilled water with gentle
heating (<40 °C) and vortexing for about 10 min. Stocks
were diluted into molten fly food (cooled to ~50 °C) and
mixed thoroughly to achieve final concentrations of 0.5
mM and 3.0 mM. Ascorbic acid (AA; Molychem, India
[CAS No. 50-81-7]) was dissolved in distilled water and
added to the medium to a final concentration of 10 mM.
Manganese chloride tetrahydrate (MnCl,-4 H,O; Moly-
chem, India [CAS No.13446-34-9]) was dissolved in dis-
tilled water and added to food to a final concentration
of 15 mM. Media (5 mL per vial) were dispensed and
allowed to solidify before transferring the flies. We visu-
ally inspected aliquots to verify complete dissolution and
absence of precipitate; no precipitates were observed for
the concentrations used.
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Behavioural assay (RING)

Locomotor performance was assessed using the rapid
iterative negative geotaxis (RING) assay, a validated mea-
sure of fly climbing ability. Groups of 10 flies (5 males
and 5 females) were gently tapped to the bottom of a
graduated vertical column, and climbing activity (num-
ber crossing the 8 cm mark) was video-recorded within
a 10-second interval. The behavioural readout was based
on both the number of flies that crossed the 8 cm mark
and the resultant performance index [37-40].

Tissue collection and homogenization

At the end of the 14-day exposure period, flies were
anaesthetized on ice (max 2 min) to minimize physiologi-
cal perturbation. For each biological replicate, a single
vial containing 10 flies (5 males, 5 females) was collected,
and all flies were transferred into a chilled 1.5 mL micro-
centrifuge tube on ice. For biochemical assays, flies were
homogenized manually on ice in 0.1 M phosphate-buff-
ered saline (PBS, pH 7.4) at a ratio of 1:10 (w/v), corre-
sponding to 10 flies in 1 mL of PBS. Homogenates were
centrifuged (Eppendorf 5424) at 4,000 x g for 10 min at 4
°C, and the supernatants were aliquoted into pre-labelled
tubes for immediate assay or frozen storage at -80 °C
until processing. The total protein concentration in each
supernatant was measured using the Bradford assay [47],
with bovine serum albumin as a standard; these protein
values were used to normalize all endpoints.

Oxidative stress assays

+ Reduced glutathione (GSH) [41]: GSH Reduced
glutathione (GSH) was measured as non-protein
thiols (NPSHs). Briefly, aliquots of homogenate were
protein-precipitated with 4% sulfosalicylic acid (SAS)
(sample: SAS, 1:1 v/v), incubated at 4 °C for 60 min
and centrifuged at 12,000 x g for 15 min at 4 °C. The
resulting supernatant (containing non-protein thiols)
was reacted with 5,5’-dithiobis(2-nitrobenzoic acid)
(DTNB), and absorbance was measured at 412 nm.
Values were interpolated from a GSH standard curve
and normalized to total protein (reported as nmol
GSH-mg™ protein) [41].

+ Catalase (CAT) [42]: Catalase activity was assayed by
incubating the sample with a defined concentration
of H,O, substrate for precisely 2 min at room
temperature; the reaction was stopped with a
catalase stop buffer. Residual H,O, was measured via
horseradish peroxidase (HRP)-mediated oxidation
of 3,3',5,5'-tetramethylbenzidine (TMB) with
absorbance read at 653 nm. Catalase activity was
compared with a certified catalase standard curve
and is reported as U per mg protein [42].
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+ Superoxide dismutase (SOD) [43]: SOD activity
was determined based on the inhibition of
adrenaline auto-oxidation. A 10 pL aliquot of
sample supernatant was combined with 240 uL of
0.05 M carbonate buffer (pH 10.2) in a microplate.
The reaction was initiated by adding 25 pL of
freshly prepared 0.3 mM adrenaline. The increase
in absorbance at 480 nm was recorded every 30 s
for 150 s. One unit of SOD activity was defined as
the amount of enzyme required to inhibit the rate
of adrenaline auto-oxidation by 50%. Activity was
normalized to total protein and expressed as units
per milligram protein [43].

+ Hydrogen peroxide (H,O,): H,O, was quantified
using the Velikova et al. method: samples were
extracted with 5.0 mL of 0.1% (w/v) trichloroacetic
acid (TCA) per vial homogenate and centrifuged
at 12,000 x g for 15 min at 4 °C. Aliquots (0.5 mL)
of the supernatant were mixed with 0.5 mL of 10
mM phosphate buffer (pH 7.0) and 1.0 mL of 1 M
potassium iodide, and absorbance was measured
at 390 nm. H,O, content was calculated using the
extinction coefficient 0.28 uM™"-cm™ and normalized
to protein (reported as nmol-mg™ protein) [44].

+ Malondialdehyde (MDA; TBARS) [45]: Lipid
peroxidation was assessed by measuring
thiobarbituric acid reactive substances (TBARS).
A 50 uL aliquot of supernatant was combined with
100 pL of 0.67% thiobarbituric acid (TBA) in a
1:2 volume ratio. The mixture was incubated in a
boiling water bath at 95-100 °C for 15 min. After
cooling, the samples were centrifuged at 10,000
x g for 5 min. The absorbance of the supernatant
was measured at 532 nm in a microplate reader.
Malondialdehyde (MDA) concentration was
determined using a standard curve prepared from
1,1,3,3-tetraethoxypropane (TEP) and expressed as
nanomoles (nmol) of MDA per milligram (mg) of
protein [45].

Genomic and glycation assays

+ DNA fragmentation index (DFI): DFI was assessed
using a diphenylamine colorimetric assay adapted
from Gercel-Taylor. Briefly, cell/tissue pellets were
resuspended in 0.8 mL of 0.01 M PBS (pH 7.4) plus
0.7 mL of ice-cold lysis buffer (10 mM Tris-HCI,
pH 8.0, 1 mM EDTA, 0.2% Triton X-100, 100 mM
NacCl). Lysates were incubated on ice for 15 min
and then centrifuged at 12,000 x g for 15 min at 4
°C to separate low-molecular-weight (fragmented)
DNA (supernatant) from high-molecular-weight
genomic DNA (pellet). The supernatant (~ 1.5 mL)
and resuspended pellet were each treated with
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1.5 mL 10% TCA, incubated for 10 min at room
temperature, centrifuged (500 x g, 4 °C, 15 min),
resuspended in 5% TCA, boiled for 15 min, cooled
and centrifuged (300 x g, 4 °C, 15 min). Aliquots (0.5
mL) of the clarified supernatant were mixed with 1
mL diphenylamine reagent and incubated overnight
at 30 °C prior to reading at 600 nm. Percentage
DNA fragmentation = ODgg(supernatant) /
[ODgpo(supernatant) + ODgqo(pellet)] x 100 [46].

+ Advanced glycation end-products (AGEs): measured
using MyBioSource ELISA (Cat. No. MBS021326).
Samples were diluted such that ~ 50 pg of total
protein was applied per well; assays were performed
exactly according to the manufacturer’s instructions.
Results are reported as ng AGE per mL protein.

Neuromodulatory markers

+ Acetylcholinesterase (AChE): measured using
Elabscience AChE ELISA (Cat. No. E-EL-R0355).
Sample dilution and protein per well were selected to
fall within the kit’s linear range (50 pg protein/well).
Samples were assayed in duplicate and interpolated
against the kit standard curve; results are presented
as nanomoles of substrate hydrolyzed per minute per
milligram of protein.

+ Dopamine: measured using Elabscience Dopamine
ELISA (Cat. No. E-EL-0046). Samples were
deproteinized/diluted according to the kit
instructions to ensure that values fall within the
linear range. The assay employs a competitive
binding format with antibody specificity for
dopamine and minimal cross-reactivity, as per the
manufacturer’s validation data. All ELISA runs
included blanks, negative controls, and duplicates for
both standards and samples.

Statistical analysis

Data were analyzed using GraphPad Prism (version
9.5.0, GraphPad Software, San Diego, CA). Each vial of
D. Melanogaster was treated as an independent bio-
logical replicate (n=4 per group). All datasets were ini-
tially examined for distributional assumptions using
the Shapiro-Wilk normality test and visual inspection
of residual plots. When assumptions of normality were
satisfied, differences among groups were assessed using
one-way analysis of variance (ANOVA). Welch’s ANOVA
was employed for unequal variances. Post hoc multiple
comparisons were conducted using Tukey’s test. When
normality was not satisfied, the nonparametric Kruskal-
Wallis test was applied, followed by Dunn’s post hoc
test. In addition to omnibus tests, a priori contrasts were
performed to compare pooled QCT-only groups (low
and high dose) against AA-only or control groups. For
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these comparisons, replicates were combined into new
columns and analyzed using Welch’s unpaired t-test,
with effect sizes expressed as mean difference+95%
confidence intervals. Cohen’s d values were also calcu-
lated for parametric comparisons, while Cliff’s delta was
used for nonparametric contrasts. Data are presented as
mean+SEM or estimation plots for pre-specified con-
trasts. Statistical significance was set at p<0.05, with
effect size estimates and confidence intervals emphasized
to aid interpretation, given the limited sample size.

Results

Survival and locomotor behaviour

Kaplan-Meier survival curves are shown in Fig. 1a. Mor-
tality was primarily driven by manganese exposure; QCT
alone did not produce acute toxicity at the tested doses.
Negative geotaxis (RING) performance is summarized
in Fig. 1c. Omnibus testing revealed between-group dif-
ferences in climbing performance; post-hoc Tukey/Dunn
pairwise tests indicated that QCT-treated groups main-
tained climbing ability comparable to that of AA-treated
groups and superior to Mn alone.
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Antioxidant enzymes, oxidative stress, and inflammatory
markers

Figure 2 (a-f) displays group distributions for reduced
glutathione (GSH), oxidized glutathione (GSSG), hydro-
gen peroxide (H,O,), malondialdehyde (MDA), super-
oxide dismutase (SOD) and catalase (CAT). For most
redox endpoints, an omnibus test (ANOVA or Kruskal-
Wallis, per endpoint) indicated between-group variance
(see omnibus_anova_kruskal.csv in the Supplementary
Materials). After Tukey or Dunn post-hoc adjustment,
most pairwise comparisons among the eight groups
were not statistically significant at a=0.05. In particu-
lar, direct pairwise comparisons between QCT and AA
groups for the biochemical markers in Fig. 2 were gen-
erally non-significant after adjustment; however, several
contrasts produced unadjusted p<0.05 and large effect
sizes, indicating consistent trends favouring QCT (lower
H,0,, lower GSSG, improved GSH). These trends are vis-
ible in the raw data distributions (Fig. 2) and the estima-
tion plots (Fig. 4). In short, pairwise post-hoc testing of
these endpoints supports the assertion that QCT per-
forms at least as well as AA across this panel; however,
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Fig. 1 Survival, experimental design, and locomotor performance. a Kaplan-Meier survival plots for flies receiving AA (AA; top), QCT (middle), and man-
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duced glutathione (GSH), (b) oxidized glutathione (GSSG), (c) catalase (CAT), (d) superoxide dismutase (SOD), (e) hydrogen peroxide (H,0,), and (f) malo-
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per group. Asterisks indicate unadjusted significance levels on the figure (* p < 0.05; ** p < 0.01; *** p < 0.001)

the evidence is driven mainly by effect size rather than
statistically conclusive pairwise comparisons.

Neuromodulatory and genomic endpoints

Figure 3 presents acetylcholinesterase (AChE), dopa-
mine, DNA fragmentation index (DFI) and advanced
glycation end-products (AGEs). Omnibus tests indicated
modest group variance for neuromodulatory measures,
but no pairwise Tukey/Dunn comparisons among QCT
vs. AA groups reached adjusted significance; raw values
and group means are shown in Fig. 3 (a & b). These data
indicate no evidence of adverse neuromodulatory effects
of QCT at the tested doses.

Similarly, omnibus testing showed between-group
variance for DFI. Follow-up Tukey HSD identified one
pairwise adjusted-significant comparison: Control vs.
QCT (0.5 mM) + Mn, Tukey p_adj=0.049 (Fig. 3c). This
observation indicates that the group had reduced DNA
fragmentation relative to the control under the specific
pairwise test reported. Other pairwise comparisons of
DFI (including direct QCT vs. AA pairs) were not statis-
tically significant, although pooled contrasts (Fig. 4) indi-
cate larger effect sizes favouring QCT. Pairwise post-hoc
tests for AGEs returned no adjusted-significant QCT vs.
AA differences (Fig. 3d); pooled contrasts produced large
effect sizes in some comparisons (Fig. 4).

Pooled contrasts and estimation plots

Because many individual pairwise comparisons were
underpowered given the sample size per group, we eval-
uated pre-specified pooled contrasts to increase preci-
sion for the primary comparisons of interest, particularly
Q_only vs. AA_only and Q_all vs. AA_all. For each
pooled contrast, we report the mean difference, 95% CI,
Welch t-value and degrees of freedom (df), raw p-value,
and Cohen’s d; these are visualized as estimation plots
in Fig. 4 and fully enumerated in the Supplementary
file (pooled contrast.xls). Specific key pooled findings
include:

+ Hydrogen peroxide (Q_all vs. AA_all): Mean
difference =0.498 pmol-g™ (95% CI 0.153 to 0.844),
Welch t(df~13.27) =3.11, p=0.0082, Cohen’s d ~1.38
(Fig. 4). This pooled result indicates a considerable
and precise reduction in HYDROGEN PEROXIDE
associated with QCT pooling.

+ DFI and AGEs: Pooled contrasts for DFI and AGEs
showed large effect sizes favouring QCT (Cohen’s d
often >0.8) and several raw pooled p-values < 0.05.
For example, Q_only vs. Control for DFI: mean
diff~16.5% (95% CI 3.39-29.6), raw p~0.021,
d~1.76.



Arogundade et al. BMC Complementary Medicine and Therapies

C 100 '
—_ (I
g’ao- v
- ‘ —}
3 60+ F
o = .,
N 40‘ o ° —}
o + +
Sl ¥ s T

0

Groups

C

500 1
_a0{
X 294 . .« .
=30 T XY
WoodF » . o % -
D %_'F'

101 .

0

Groups

(2026) 26:195

£ 600 |
Emmi ?%%ﬁ'%
o - -} 4
c > v
‘€ 200 - i
S
8 o
Groups
I - 1
1
1
51007 5
£ s =
° - A
i : o " A
E]s L EFEEL
um.' 40- .% v% N
O 20-
<
0
Groups

Page 8 of 13

Ctrl
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AA (10 mM)

Quercetin (0.5 mM)
Quercetin (3.0 mM)

AA + Mn

Quercetin (0.5 mM) + Mn

Quercetin (3.0 mM) + Mn

Ctrl
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AA (10 mM)

Quercetin (0.5 mM)
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AA + Mn

Quercetin (0.5 mM) + Mn
Quercetin (3.0 mM) + Mn

Fig. 3 Neuromodulatory markers and genomic damage. Top panels: (a) acetylcholinesterase (AChE) activity and (b) dopamine concentration, each plot-
ted as individual vial datapoints. Bottom panels: (c) DNA fragmentation index (DFI, % fragmented DNA) and (d) advanced glycation end-products (AGEs,
ng-mL~ protein). Group comparisons were tested using one-way ANOVA or the Kruskal-Wallis test, as dictated by the normality of the data; post hoc tests
were performed as described in the Methods section. n = 4 independent vials per group. Asterisks on panels denote unadjusted pairwise significance
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Although multiple pooled contrasts had small raw p-val-
ues, none of the pooled-contrast p-values remained < 0.05
after conservative family-wise Holm adjustment across
the complete pooled test family. Thus, the pooled con-
trasts provide strong effect-size signals that are hypothe-
sis-generating rather than multiplicity-robust discoveries.

Discussion

Manganese neurotoxicity is a mechanistically complex
process that likely involves multiple initiating events con-
verging on cellular dysfunction. Experimental evidence
suggests that mitochondrial impairment, dysregulated
metal transport, astrocyte/glial dysfunction, and neu-
roinflammatory responses are important contributors,
which in turn can increase reactive oxygen species (ROS)
production and oxidative burden [5, 8, 9, 47]. In the pres-
ent dataset, manganese exposure produced the expected
pattern of behavioural impairment and redox disruption,
while quercetin and ascorbic acid broadly preserved loco-
motor performance and shifted multiple oxidative-stress
markers toward control-like values. Across the biochemi-
cal panel, the most consistent signal favouring quercetin
appeared at hydrogen peroxide (H,O,) and DNA integ-
rity (DFI), whereas other endpoints showed direction-
ally similar but less conclusive patterns after multiplicity
control. These findings are biologically compatible with
literature linking manganese neurotoxicity to oxidative
injury and with prior evidence that quercetin can modu-
late oxidative/inflammatory pathways (including Nrf2-
related signaling in other systems), but our interpretation
remains cautious because mechanistic mediators (e.g.,
mitochondrial function and antioxidant transcriptional
activation) were not directly measured here.

Typically, AA mitigates toxicity primarily by acting
as a reducing antioxidant that supports both cytosolic
and mitochondrial redox systems. Ascorbate donates
electrons to neutralize reactive oxygen species such as
superoxide and hydrogen peroxide and regenerates oxi-
dized antioxidants, including glutathione and vitamin E,
thereby preserving membrane integrity [48]. It maintains
iron in its ferric state, reducing the catalytic formation of
hydroxyl radicals through Fenton-type chemistry, which
becomes especially relevant in manganese-stressed envi-
ronments where redox-active metals amplify oxidative
injury [49]. AA also stabilizes mitochondrial respiration,
preserves ATP-generating capacity, and contributes to
dopamine synthesis by supporting tetrahydrobiopterin-
dependent hydroxylase activity, a pathway that is suscep-
tible to oxidative disruption [50, 51]. Although ascorbate
can exhibit prooxidant behaviour in the presence of high
concentrations of free transition metals, the biochemical
pattern observed in our study, including reduced hydro-
gen peroxide, improved glutathione balance, and lower
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DNA fragmentation, indicates an overall antioxidant role
under the dosing conditions used.

Building on the reducing antioxidant effects of AA, the
distinct polyphenolic mechanisms of QCT provide an
informative contrast for understanding how divergent
antioxidant chemistries influence manganese-induced
oxidative injury. QCT attenuates manganese neurotox-
icity by acting at several points along the oxidative and
mitochondrial injury cascade. As a polyphenolic flavo-
noid, QCT directly scavenges superoxide, hydrogen per-
oxide, and peroxyl radicals, and can chelate redox-active
metals, thereby reducing their ability to catalyze ROS
formation. QCT stabilizes mitochondrial membranes,
preserves mitochondrial permeability, and reduces the
opening of the permeability transition pore, thereby
limiting manganese-induced collapse of mitochondrial
potential [52, 53]. It also inhibits upstream ROS-gener-
ating enzymes, including xanthine oxidase and NADPH
oxidase, and modulates apoptotic signalling through reg-
ulation of Bcl-2, Bax, and caspase pathways. A primary
mechanism involves activation of Nrf2, which induces
HO-1, NQOI, and the rate-limiting enzyme for gluta-
thione synthesis, glutamate-cysteine ligase (GCL). In our
dataset, quercetin was associated with lower H,O, and
a more favourable glutathione redox profile (measured
GSH/GSSG endpoints), alongside reduced DNA frag-
mentation. Because we did not directly assess mitochon-
drial function (e.g., membrane potential, respiration/ATP
production, or mitochondrial ROS), we do not interpret
these results as demonstrating mitochondrial stabiliza-
tion; rather, mitochondrial protection remains a plausible
mechanism suggested by prior literature and should be
tested directly in follow-up experiments.

Taken together, these mechanistic profiles show that
QCT and AA counter manganese-induced oxidative
injury through distinct yet convergent antioxidant strat-
egies. Ascorbate primarily maintains reductive capac-
ity, supports endogenous antioxidant recycling, and
preserves mitochondrial and membrane stability. In
contrast, QCT reinforces antioxidant defences by acti-
vating Nrf2-dependent pathways, stabilizing mitochon-
drial integrity, and limiting upstream ROS generation.
Although these routes differ in their molecular entry
points, they converge on key biochemical outcomes in
our model, including improved glutathione balance,
reduced hydrogen peroxide, and lower DNA fragmen-
tation. This integrated perspective provides a coherent
explanation for the broadly comparable protective pro-
files observed in the manganese-sensitized fly model.
Moreover, it underscores the value of examining chemi-
cally and mechanistically distinct antioxidants within a
unified experimental framework, as such comparisons
may reveal complementary modes of action that could



Arogundade et al. BMC Complementary Medicine and Therapies

inform future combinatorial or translational antioxidant
strategies in manganese-related neurotoxicity.

The biochemical pattern observed in our study aligns
well with this mechanistic interpretation. QCT’s associa-
tion with lower hydrogen peroxide and a more favourable
GSH/GSSG balance fits its established radical-scavenging
and redox-modulating properties [15, 16, 18]. Because
hydrogen peroxide is a central ROS species capable of
driving oxidative DNA lesions such as 8-oxo-dG and lipid
peroxidation, its reduction offers a plausible upstream
explanation for the decreased DNA fragmentation (DFI)
we observed. The AChE and dopamine data further show
no evidence of neuromodulatory toxicity at the doses
used, providing functional context for the preserved
locomotor behaviour. Taken together, reduced hydrogen
peroxide and strengthened glutathione balance plausi-
bly underpin the behavioural protection observed in the
RING assay [54—57].

Drosophila-specific evidence supports the biological
relevance of both compounds in this model. Although
flies cannot synthesize ascorbate de novo, dietary vita-
min C accumulates in their tissues and influences oxida-
tive balance, lifespan, and stress resilience [58, 59]. More
recent work shows that ascorbate enhances survival dur-
ing oxidative challenge and reduces lipid peroxidation
and thiol oxidation [32, 60-62]. These results are par-
ticularly relevant in manganese-sensitized states, where
exogenous reducing capacity helps compensate for mito-
chondrial ROS overload. Similarly, quercetin is bioactive
in insects: flies absorb dietary quercetin, convert it to
conjugated metabolites with preserved antioxidant activ-
ity, and exhibit reduced ROS generation, preserved thiol
pools, and reduced genotoxicity following exposure [63,
64]. These insect-specific data support the use of AA and
QCT as biologically meaningful comparators in models
of manganese-induced oxidative stress.

Critically, the statistical interpretation of our findings
reinforces the biological perspective above. Conventional
pairwise comparisons revealed few adjusted significant
differences across treatment groups, reflecting mod-
est sample sizes and multiple testing. The estimation-
focused pooled-contrast analysis increased precision
and revealed large effect sizes for hydrogen peroxide
and DNA fragmentation. Although these signals did not
persist after conservative family-wise adjustment, the
pooled-contrast and pairwise perspectives together sup-
port a cautious but internally consistent conclusion:
Quercetin and ascorbic acid exhibit broadly parallel pro-
tective effects against manganese-induced oxidative and
behavioural dysfunction, while highlighting hydrogen
peroxide and DFI as priority endpoints for follow-up
work.

Manganese exposure models produce Parkinson-like
motor deficits and dopaminergic dysregulation. While
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manganism is not identical to idiopathic Parkinson’s dis-
ease (PD), it is a well-established sensitizer for nigros-
triatal dysfunction in experimental systems [5, 6, 9, 10,
65, 66]. Demonstrating that a dietary flavonoid (QCT)
produces effect-size comparable protection to vitamin C
across behaviour, redox, and genomic endpoints in this
context identifies measurable in-vivo endpoints (Hydro-
gen Peroxide, DFI) that can be prioritized in translational
pipelines (e.g., dose-response, pharmacokinetics, mam-
malian replication). To increase translational relevance,
future work should explicitly relate exposure levels to
dietary equivalents or achievable pharmacological con-
centrations and test whether protective signals persist in
mammalian PD models or in neuronal cell systems that
more directly model human dopaminergic vulnerabil-
ity [7, 23, 40]. Measurement of dopamine content (and
AChE activity as a cholinergic readout) provides func-
tional context: dopaminergic decline is central to PD
motor phenotypes. At the same time, cholinergic dys-
function also contributes to the non-motor and cognitive
components of neurodegeneration; our results, therefore,
link biochemical protection with preserved behaviour in
a Mn-sensitized model [9].

From a nutritional and complementary-medicine per-
spective, the finding that quercetin performs comparably
to ascorbic acid in this model is noteworthy. Quercetin is
abundant in common plant-derived foods such as onions,
apples, berries, and capers, making it accessible as a
dietary antioxidant. While direct translational conclu-
sions must be cautious, our results support the rationale
behind diverse, polyphenol-rich diets and justify further
exploration of quercetin’s bioavailability and brain pene-
tration relative to the well-characterized pharmacokinet-
ics of ascorbic acid.

Notably, several limitations temper the strength of
the conclusions of this study. First, sample sizes per
group were modest, which reduces statistical power for
multiple comparisons and produces wider confidence
intervals around effect estimates. Second, we used only
a single concentration of each of the following: manga-
nese, quercetin, and ascorbic acid. This limits interpre-
tation, as dose-related relationships, thresholds, and
potential biphasic effects could not be evaluated. Third,
although the biochemical panel included key redox and
neuromodulatory markers, the study did not incorporate
mechanistic assays that directly link changes in hydrogen
peroxide or DNA fragmentation to specific molecular
events. Examples include quantitative measurement of
8-0x0-dG, analysis of Nrf2 or HO1 expression, or his-
tological assessment of dopaminergic neuron integrity.
Fourth, the manganese paradigm captures Parkinson-like
vulnerability but does not reproduce the full spectrum of
idiopathic Parkinson’s disease. Finally, mixed-sex cohorts
were used, which may have introduced sex-related
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variability that was not formally assessed [9, 66—68]. For
these reasons, extrapolation to human pathology requires
caution. A further limitation is the use of mixed-sex
cohorts without sex-stratified analyses. In D. melano-
gaster, mating and post-mating physiology can influence
metabolism and oxidative-stress-related traits, and mat-
ing typically occurs within hours to the first day after
eclosion under standard culture conditions. Although
sex ratio and density were identical across our treatment
groups, we cannot exclude treatment-specific effects on
reproductive behaviour or reproductive physiology that
could influence some measured endpoints [30, 69]. Also,
future studies will therefore replicate key endpoints in
male-only and female-only cohorts and/or in strictly
virgin females collected within established virgin win-
dows. Future mechanistic work will directly test antioxi-
dant transcriptional responses in the fly, including the
Keapl/Nrf2 pathway (CncC in D. melanogaster), which
is activated by oxidants and regulates detoxification/anti-
oxidant defenses in vivo. Candidate approaches include
quantifying CncC/Nrf2 target-gene induction by qPCR
and/or using available reporter lines to measure pathway
activation under Mn + antioxidant exposure.

Conclusion

This study provides a structured comparison of querce-
tin and ascorbic acid within a manganese-sensitized D.
melanogaster model of oxidative and motor dysfunc-
tion. Both antioxidants produced broadly similar pro-
tective patterns across behavioural, redox, and genomic
measures, with reductions in hydrogen peroxide and
DNA fragmentation emerging as the most consistent
and informative endpoints. These observations support a
conservative interpretation, in which quercetin performs
comparably to ascorbic acid under the tested conditions.
The identification of hydrogen peroxide and DFI as sen-
sitive readouts offers a clear foundation for future con-
firmatory work. Replication with expanded dose ranges,
additional mechanistic assays, and complementary
model systems will be necessary to determine the robust-
ness and biological relevance of these antioxidant effects,
as well as to clarify their potential value in manganese-
related neurotoxicity research.

Abbreviations
AA Ascorbic acid (vitamin C)

AGEs Advanced glycation end-products
AChE Acetylcholinesterase

ANOVA Analysis of variance

CAT Catalase

cl Confidence interval

DF Degrees of freedom

DFI DNA fragmentation index

GSH Reduced glutathione

GSSG Oxidized glutathione

H,O, Hydrogen peroxide

MDA Malondialdehyde (lipid-peroxidation marker)

(2026) 26:195

Page 11 of 13

Mn (MnCl2)  Manganese

N Sample size (number of independent biological replicates/
vials)

ns. Not significant

PD Parkinson’s disease

Q Quercetin (use Q_only, Q_all as defined below)

Q_all Pooled quercetin groups

Q_only Pooled quercetin groups without Mn

RING Rapid Iterative Negative Geotaxis (negative geotaxis/climbing
assay)

SD Standard deviation

SEM Standard error of the mean

SOD Superoxide dismutase
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