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Abstract: Lead exposure disrupts male reproductive health, however, natural antioxi-
dants and trace elements may offer protection against such effects. This study investigat-
ed the protective efficacy of ginger-zinc oxide nanoparticles (G-ZO Nps) against lead
nitrate-induced testicular toxicity in Wistar rats.

Zinc oxide nanoparticles were synthesized and characterized by Ultraviolet-Visible (UV-
VIS) spectroscopy, Fourier Transformed Infrared Spectroscopy (FTIR), Scanning Elec-
tron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDX), and High-
Performance Liquid Chromatography (HPLC). Twenty rats were divided into five
groups: control, lead nitrate, ginger extract, G-ZO Nps, and zinc acetate. Treatments last-
ed 28 days via oral gavage, after which testicular tissues were subjected to biochemical,
and histological analyses. Moreover, in silico molecular docking was conducted on
twelve G-ZO Nps derived flavonoids and zinc acetate against three reproductive proteins
. using AutoDock Vina, with ligand-protein interactions visualized via Discovery Studio
Received: August 25, 2025 Vi li SwissADME 1 1 dt h e dd lik
Accepted: September 01, 2025 isualizer. Swiss was also employed to assess pharmacokinetic and drug-likeness
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Lead nitrate markedly suppressed superoxide dismutase (SOD) and catalase (CAT) activ-
ities, slightly elevated glutathione peroxidase (GPx) and glutathione (GSH) levels,
demonstrated no effect on malondialdehyde (MDA) levels, significantly increased nitric
oxide (NO) levels, and caused degeneration of seminiferous tubules. G-ZO Nps restored
antioxidant balance and preserved testicular histoarchitecture more effectively than gin-
ger extract or zinc acetate. Molecular docking identified apigenin, isoquercetin, and my-
ricetin 3-O-galactoside as the most stable flavonoids (—9.8 to —9.9 kcal/mol), with supe-
rior drug-likeness and bioavailability confirmed by SwissADME, while zinc acetate
showed weak binding.

It can be concluded that G-ZO Nps demonstrated potent antioxidative and histoprotec-
tive effects against lead-induced testicular injury, surpassing both ginger extract and zinc
acetate. These findings position Z. officinale nanoparticles as a promising nanotherapeu-
tic strategy for mitigating heavy metal-induced reproductive toxicity.

Keywords: Nanomedicine, antioxidants, lead toxicity, oxidative stress, and testicular damage.

1. INTRODUCTION

Lead (Pb) is a pervasive environmental contaminant that causes multisystem toxicity, with the male re-
productive system being particularly vulnerable. Chronic Pb exposure disrupts spermatogenesis and tes-
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ticular function through oxidative stress, lipid peroxidation, and impaired antioxidant enzyme activity
(Kumar, 2020; Zheng et al., 2023). These effects are mediated by overproduction of reactive oxygen and
nitrogen species, which overwhelm endogenous defense systems and trigger testicular degeneration
(Tuncer et al., 2023).

Natural antioxidants have gained attention as protective agents against heavy-metal-induced oxidative
injury. Zingiber officinale (ginger) is a medicinal plant rich in phenolic compounds and flavonoids such as
gingerols and shogaols (Unuofin et al., 2021), which possess radical-scavenging, anti-inflammatory, and
cytoprotective activities (Gholami-Ahangaran et al., 2021; Saha et al., 2018; El-Ashmawy et al., 2018).
Recent evidence shows that ginger supplementation enhances antioxidant enzyme activities and mitigates
reproductive toxicity in experimental models (Abdelfattah ef al., 2023; Funmilola et al., 2025).

However, the therapeutic efficiency of plant-derived antioxidants is often limited by poor solubility and
bioavailability. Nanotechnology provides a strategy to overcome these limitations by improving delivery,
stability, and cellular uptake of bioactive compounds (Mutukwa et al., 2024). Zinc oxide nanoparticles
(ZnO Nps) are particularly attractive due to their low cost, large surface area, and favorable biomedical
properties. Plant-mediated “green synthesis” of ZnO Nps using phytochemicals as reducing and stabiliz-
ing agents yields eco-friendly, bioactive nanoparticles suitable for therapeutic use (Al-Darwesh et al.,
2024; Jaishi et al., 2024).

While studies have described the preparation of ZnO Nps using Z. officinale extracts (Al-Suwayyid et
al., 2023; Alhaddad et al., 2024), translational investigations applying such formulations specifically to
male reproductive protection remain sparse. Although, several studies have evaluated the separate repro-
protective roles of zinc and zinc oxide nanoparticles, however, there is little systematic evidence evaluat-
ing the combined protective effect of ginger—ZnO nanoparticles (G-ZO Nps) specifically against Pb-
induced testicular toxicity (Maher ef al., 2024; Besong et al., 2023). Furthermore, there is paucity of in-
formation regarding direct comparison between the efficacy of ginger-derived zinc oxide nanoparticles,
crude ginger extract and zinc salts in reproductive toxicity models. These gaps justify an integrated evalu-
ation of synthesis, in vivo antioxidative efficacy, histomorphological outcomes, and complementary in sil-
ico analyses of ginger-derived flavonoid interactions with reproductive protein targets.

1.1. Hypothesis and Objective

We hypothesize that G-ZO Nps will provide superior protection against Pb-induced testicular toxicity
compared to crude ginger extract or zinc acetate, by enhancing antioxidant defenses and preserving testic-
ular histoarchitecture. This study therefore aimed to synthesize and characterize G-ZO Nps, evaluate their
in vivo efficacy in lead nitrate exposed male Wistar rats, and complement these findings with in silico
docking of G-ZO Nps derived flavonoids against key reproductive proteins.

2. METHODOLOGY
2.2. Preparation of Ginger Extract and Green Synthesis of Ginger-Zinc Oxide Nanoparticles
2.2.1. Preparation of Hydroethanolic Ginger Extract

Fresh rhizomes of Zingiber officinale (ginger) were purchased from a local market Osogbo, Osun State
Nigeria. The rhizomes were thoroughly washed with distilled water, sliced into thin pieces, and air-dried
under shade at room temperature (25-28 °C) for 10 days to preserve bioactive constituents. The dried gin-
ger was ground into a fine powder and stored in airtight containers. A 40% hydroethanolic solution was
used as the extraction solvent. This choice of this solvent was to optimize the recovery of both polar and
moderately non-polar bioactive compounds from ginger. Ethanol-water mixtures are widely recognized
for their efficiency in extracting a broad spectrum of phytochemicals including flavonoids and phenolics
which were of specific interest in this study, which may not be effectively extracted using either pure wa-
ter or pure ethanol alone. Moreover, hydroethanolic mixtures are safe, environmentally friendly, and com-
patible with downstream biological applications, making them a preferred solvent system in pharmacolog-
ical and nutraceutical research.
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About 100 g of ginger powder was macerated in 1 L of 40% ethanol for 24 hours with occasional shak-
ing. The mixture was filtered through Whatman No. 1 filter paper, and the filtrate was concentrated
through evaporation by heating in a water bath at 40° C. The concentrated extract was stored in airtight
containers at room temperature until further use.

2.2.2. Green Synthesis of Ginger-Zinc Oxide Nanoparticles (G-ZO NPs)

Green synthesis of 0.1M ginger-zinc oxide nanoparticles was carried out using the hydroethanolic gin-
ger extract as both the reducing and stabilizing agents, while zinc acetate dihydrate [Zn(CH3;COO),-2H,0]
was used as the zinc precursor. Initially, 0.1 M zinc acetate solution was synthesized by dissolving 21.95¢g
of zinc acetate dihydrate in 1L of distilled water and stirred continuously until complete dissolution. The
ginger extract was then added dropwise to the 0.1M zinc acetate solution under constant stirring. The reac-
tion mixture was maintained at 40 °C for 2 hours, during which a gradual change in color from dark
brown to a pale yellow was observed, indicating the formation of zinc oxide nanoparticles. The mixture
was allowed to stand for 24 hours at room temperature for complete nucleation. The synthesized nanopar-
ticles was freeze dried and stored in an airtight container (Trenkenschuh and Friess, 2021). No external
chemical reducing or capping agents were used, thus conforming to eco-friendly green synthesis princi-
ples.

2.3. Experimental Design
2.3.1. Animals and Housing

Twenty (20) male Wistar rats weighing between 80 and 125 grams were used in this study. The animals
were obtained from a certified breeding facility and housed in standard polypropylene cages under con-
trolled environmental conditions: temperature (22 +2 °C), relative humidity (50-60%), and a 12-hour
light/dark cycle. All animals were acclimatized for one week prior to the start of the experiment and had
unrestricted access to pelletized rat chow and clean water ad libitum.

2.3.2. Ethical Approval

All procedures involving animals were conducted in accordance with internationally accepted guide-
lines for the care and use of laboratory animals. Ethical approval for the study was obtained from the Ad-
eleke University Ethics Committee (AUEC), under approval number AUERC/2025/66BCH/01.

2.3.3. Animal Grouping and Treatment

After acclimatization, the animals were randomly assigned into five experimental groups and treated
once daily via oral gavage for 28 consecutive days. The treatment regimens were as follows:

Control: Received distilled water only.

(PbNO3),: Received 100 mg/kg body weight of lead nitrate.

(PbNQO3s), + Z.0 Nps: Received 100 mg/kg of lead nitrate and 100 mg/kg of ginger oxide nanoparti-
cles.

(PbNQO3), + Z.0 Extract: Received 100 mg/kg of lead nitrate and 100 mg/kg of hydroethanolic ginger
extract.

(PbNQOs), + Zinc Acetate: Received 100 mg/kg of lead nitrate and 100 mg/kg of zinc acetate.

All substances were administered orally in a volume of 1 ml per 100 g body weight using an intra-
gastric gavage needle.

2.3.4. Biochemical Assays

After the 28 days treatment period, rats were euthanized via cervical dislocation using ketamine as the
anesthesia. The testes were quickly excised, rinsed in ice-cold normal saline, blotted dry, and homoge-
nized in phosphate buffer (0.1 M, pH 7.4) using a glass homogenizer. The homogenates were centrifuged
at 10,000 rpm for 15 minutes at 4 °C. The supernatants were collected and stored at —20 °C until further
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biochemical analysis. The following oxidative stress markers and antioxidant enzyme activities were eval-
uated:

2.3.5. Superoxide Dismutase (SOD) Activity

SOD activity was measured according to the method described by Misra and Fridovich (1972). This
method is based on the ability of SOD to inhibit the autoxidation of epinephrine at alkaline pH (pH 10.2).
The change in absorbance was read at 480 nm for 5 minutes at 1-minute intervals. One unit of SOD activi-
ty is defined as the amount of enzyme required to cause 50% inhibition of epinephrine autoxidation.

2.3.6. Catalase (CAT) Activity

CAT activity was determined using the method of Aebi (1984). This assay measures the decomposition
of hydrogen peroxide (H,O,) by catalase in the testis homogenates. The reduction in absorbance was rec-
orded at 240 nm over a period of 1 minute.

2.3.7. Glutathione Peroxidase (GPx) Activity

GPx activity was measured using the method described by Rotruck et al. (1973). This assay evaluates
the enzyme’s ability to reduce hydrogen peroxide by oxidizing reduced glutathione (GSH), with the resid-
ual GSH measured by its reaction with 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) at an absorbance of
412nm.

2.3.8. Reduced Glutathione (GSH) Concentration

GSH levels were quantified using the Ellman method (1959). This method involves the reduction of
DTNB (Ellman’s reagent) by free thiol groups in GSH to form a yellow-colored 5-thio-2-nitrobenzoic ac-
id (TNB), which is read spectrophotometrically at an absorbance of 412nm.

2.3.9. Nitric Oxide (NO) Level

NO levels were estimated indirectly by measuring nitrite (a metabolite of NO) accumulation in tissue
homogenates using the Griess reaction, according to the method described by Grisham et al. (1996) and
modified by Guevara et al. (1998). Sulfanilamide and N-(1-naphthyl)ethylenediamine react with nitrite in
acidic medium to form a diazonium compound, which is then measured colorimetrically at an absorbance
of 540nm.

2.3.10. Malondialdehyde (MDA) Level

MDA, a by-product of lipid peroxidation, was determined using the Thiobarbituric Acid Reactive Sub-
stances (TBARS) method. MDA reacts with thiobarbituric acid (TBA) under acidic and high-temperature
conditions to form a pink chromogen which is then measured spectrophotometrically at an absorbance of
532 nm.

2.4. Histological Procedures

After euthanasia, the testes were excised and immediately fixed in 10% neutral-buffered formalin for
48 hours. The fixed tissues were then dehydrated through a graded series of ethanol, cleared in xylene, and
embedded in paraffin wax. Tissue sections of 5 um thickness were cut using a rotary microtome and
mounted on glass slides. The sections were deparaffinized, rehydrated, and stained with hematoxylin and
eosin (H&E) for general histological examination.

The stained slides were examined under a light microscope (x40 magnification), and photomicrographs
were taken using a digital photomicroscope. Structural integrity of seminiferous tubules, spermatogenic
activity, Leydig cell presence, and signs of pathological changes such as vacuolation, epithelial disorgani-
zation, or necrosis were assessed.

2.5. Statistical Analysis

All data were presented as mean + standard error of mean (SEM). Statistical comparisons between
groups were performed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple
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comparisons test using GraphPad Prism version 10.2.0. A p-value < 0.05 was considered statistically sig-
nificant.

2.6. In Silico Analysis and Molecular Docking

The three-dimensional (3D) structures of the androgen receptor (PDB ID: 1T7R), PDE-5 (PDB ID:
3HDZ), and the human SRY protein (PDB ID: 1J46) were retrieved from the Protein Data Bank (PDB).
Ligands, including zinc acetate and phytochemicals identified from G-O nanoparticles, were obtained
from the PubChem database. Ligand preparation and energy minimization were performed in PyRx and
converted to PDBQT format, while receptor proteins were prepared using AutoDock Vina by removing
water molecules, adding polar hydrogens, and assigning Gasteiger charges. Docking simulations were
conducted using PyRx, with grid boxes centered on the binding sites. Docking scores were recorded in
kcal/mol, and the top-ranked conformations were analyzed. Pharmacokinetics and drug-likeness proper-
ties, including Lipinski’s rule of five, bioavailability, lipophilicity, and solubility, were evaluated using the
SwissADME web server. The ligand-protein binding interactions, including hydrogen bonding, hydro-
phobic interactions, and pi-pi stacking, were visualized using Discovery Studio Visualizer.

3. RESULTS

3.1. Nanoparticles Characterization Results
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Figure 1. Graph of UV/VIS spectroscopy of G-ZO Nps.

The graph indicates an absorption maximum at a wavelength of 290nm for the synthesized nanoparti-
cle.
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Figure 2. Graph of Fourier Transformed Infrared (FTIR) spectroscopy of G-ZO Nanoparticles.
The FTIR spectrum shows characteristic flavonoid functional groups, including C=0 (1724 cm™), C—
O (1110 cm™), and aromatic C—H (3068 cm™) stretching vibrations. The Zn—O stretching vibration is ob-
served at 640 cm™, confirming the formation of ZnO nanoparticles. Broadening of the O-H band (~3802
cm™") indicates interaction of flavonoid hydroxyl groups with the nanoparticle surface, suggesting suc-
cessful capping/stabilization.

Table 1. HPLC result of flavonoids in G-ZO Nps extracts

Peak RT (min) Compound Detected Peak Area % Comp % wt
1 1.00 Phloroglucinol 5.18 5.08
2 2.13 Naringenin 10.64 10.57
3 3.20 Apigenin 18.34 18.11
4 12.00 Luteolin 3.51 3.44
5 16.00 Kaempferol 6.93 6.80
6 20.18 Quercetin 23.43 23.11
7 22.07 Myricetin-3-galactoside 4.02 3.93
8 23.50 Myricetin 8.43 8.36
9 24.86 Curcumin 4.85 4.75
10 28.00 Quercetin-3-glucoside 4.33 5.66
11 34.50 Hesperidin 7.67 7.55
12 43.19 Rutin 2.67 2.63
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Figure 3. HPLC chromatogram of G-ZO Nps.
Table 2. SEM-EDX result of the G-ZO Nps.

Time (min)

Element Composition (%)
Carbon (C) 54.93
Oxygen (O) 31.19

Zinc (Zn) 3.59
Nitrogen(N) 1.32
Sulphur(S) 0.86
Phosphorus (P) 0.45
Magnesium (Mg) 1.03
Potassium (K) 1.16
Calcium (Ca) 4.77
Copper (Cu) 0.21

Iron (Fe) 0.48
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Figure 4. Scanning Electron Micrograph of G-ZO Nps (x500 magnification). Image shows a porous and spherical
hexagonal that were irregular in size and shape. It has a particle size of 21.64 nm, height of 1.81 mm, and bulk den-
sity of 0.43g/cm’.
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4. RESULTS OF BIOCHEMICAL ASSAYS
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Figure 5. Effects of Pb(NO3), exposure and treatments on Nitric oxide (NO).

Data were expressed as Mean + SEM (n=5). * represents p < 0.05 vs Pb(NO3), (Tukey’s multiple com-
parisons test).
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Figure 6. Effects of Pb(NOs), exposure and treatments on Malondialdehyde (MDA).

Data were expressed as Mean + SEM (n=5). There was no significant difference across the groups at
p<0.05.
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Data were expressed as Mean + SEM (n=5). Values were considered significant at p<0.05 using
ANOVA. * represents p < 0.05 vs Pb(NO3), (Tukey’s multiple comparisons test).

2.0+
1.5+
E
2 1.04 [
(a]
o
(7]
0.5+
0.0 ;
,éo\
&

Figure 8. Effects of Pb(NOs3), exposure and treatments on Superoxide dismutase (SOD).

Data were expressed as Mean + SEM (n=5). * represents p < 0.05 vs Pb(NO3), (Tukey’s multiple com-
parisons test).



92  Multidisciplinary Journal of Horseed International University, 2025, Vol. 3, No. 2 Ajayi et al.

4=
L * ]
L 1
3
1
g I
2 2-
=
<
(&)
1 -
0 T T T
AN
&‘0 ‘\0"" éqe 1,0 OQ)"/
o Q° x O
A o> O
x D OQ&
& QL &
®* x
&
Q‘O

Figure 9. Effects of Pb(NOs), exposure and treatments on Catalase.

Data were expressed as Mean + SEM (n=5). * represents p < 0.05 vs Pb(NO3), (Tukey’s multiple com-
parisons test).
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Figure 10. Effects of Pb(NOs), exposure and treatments on glutathione (GSH).

Data were expressed as Mean = SEM (n=5). There was no significant differences across the groups at
p<0.05.
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4.1. Histology Results

Histological examination of hematoxylin and eosin (H&E)—stained sections of rat testes (x40 magnifi-
cation) revealed distinct group-specific changes (Figure 11 a-e) which represent the photomicrographs of
testes belonging to Groups 1-5 animals respectively.

Figure 11a. Histology photomicrograph A.

It represents the photomicrographs of testes belonging to animals in the control group. Seminiferous tubules were
rounded and well-defined, exhibiting dense and multilayered seminiferous epithelium (SE), with clearly delineated
lumens (L) and numerous interstitial cells (IC) occupying the intertubular spaces, indicating optimal spermatogenic
activity. Similarly,

Figure 11b. Histology photomicrograph B.

It represents the photomicrographs of testes belonging to animals in the (PbNQs3), group.

It displayed thick seminiferous epithelium with active luminal spermatid release and prominent Leydig
cell clusters, although luminal spermatozoa density was slightly diminished
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Figure 11c. Histology photomicrograph C.

It represents the photomicrographs of testes belonging to animals in the (PbNO3), + Z.0 Nps group. It
showed tubules with expanded lumens and slightly hypertrophied interstitial cells; although the epithelial
stratification remained evident.

Figure 11d. Histology photomicrograph E.

It represents the photomicrographs of testes belonging to animals in the (PbNQO3), + Z.0 Longitudinal-
ly sectioned tubules showed attenuated epithelial height and elongated luminal profiles, with fewer visible
interstitial cells.
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Figure 11e. Histology photomicrograph H.

It represents the photomicrographs of testes belonging to animals in the (PbNO3), + Z.0

Signs of mild epithelial vacuolation and sparse luminal content, alongside a slight reduction in Leydig
cell density were observed.

Overall, no section revealed evidence of necrosis, inflammation, hemorrhage, or fibrosis, suggesting
that observed changes were primarily functional or adaptive rather than overtly pathological.
4.2. In silico Results and Molecular Docking
Table 3. G-ZO Nps with 1j46.

Ligand Binding Affinity (kcal/mol)
Rutin -1.5
Hesperidin -7.0
Curcumin -6.9
Isoquercetin -6.9
Myricetin 3-O-galactoside -6.7
Luteolin -6.7
Myricetin -6.6
Apigenin -6.6
Kaempferol -6.5
Quercetin -6.4
Naringenin -6.3
Phloroglucinol -4.4
Zinc acetate -1.0




96 Multidisciplinary Journal of Horseed International University, 2025, Vol. 3, No. 2 Ajayi et al.

Table 4. G-ZO Nps with 1t7r.

Ligand Binding Affinity (kcal/mol)
Rutin -9.0
Quercetin -8.1
Apigenin -8.1
Myricetin -8.1
Isoquercetin -8.0
Hesperidin -7.9
Naringenin -7.9
Luteolin -7.8
Myricetin 3-O-galactoside -7.7
Kaempferol -7.6
Curcumin -7.0
Phloroglucinol -5.0
Zinc acetate -1.3

Table 5. G-ZO Nps with 3hdz.

Ligand Binding Affinity (kcal/mol)
Hesperidin -12.2
Rutin -11.5
Myricetin 3-O-galactoside -9.9
Apigenin -9.8
Luteolin -9.8
Isoquercetin -9.8
Quercetin -9.7
Kaempferol -9.7
Myricetin -9.4
Naringenin 93
Curcumin -8.7
Phloroglucinol -5.9
Zinc acetate -1.3

Table 6. Physicochemical properties of G-ZO Nps ligands and zinc acetate defined with the SwissADME database.

COMPOUNDS Rutin Isoquercetin Apigenin Myricetin 3-O- Zinc acetate
galactoside
Molecular formula CysH3405 C,1H001, Cy5HO5 C,1Hy0043 C4HgO4Zn
Molecular weight (g/mol) 610.56 464.38 270.24 480.38 183.47
Number of heavy atoms 43 33 20 34 9
Number of aromatic heavy atoms 12 16 16 16 0
Fraction Csp3 0.54 0.29 0.00 0.29 0.50
Number of rotatable bonds 7 4 1 4 0
Number of H bond acceptor 15 12 5 13 4
Number of H bond donors 8 18 3 9 0
Molar refractivity 141.4 110.16 73.99 112.18 23.11
Topological polar surface area 234.29 A2 210.51 A2 90.90 A 230.74 A 80.26 A2
(TPSA)
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Table 7. Lipophilicity and water solubility of G-ZO Nps ligands and zinc acetate calculated using the Swiss ADME

database.
Lipophilicity Water solubility
Compound Lo - -, - -
gS Solubility Solubility Log S (sili- Solubility
Consensus log Py (ESOL) Class Log $ (all) Class cos-it) Class
Rutin -1.06 -3.28 Soluble -4.33 Moderately -0.58 Soluble
soluble
Isoquercetin -0.48 -3.04 Soluble -4.35 Moderately -151 Soluble
soluble
Lo Moderately Moderately
Apigenin 2.11 -3.94 Soluble -4.59 soluble -4.40 soluble
Myricetin 3- 0.89 291 Soluble 441 Moderately 0.92 Soluble
O-galactoside soluble
Zinc acetate -7.67 -0.71 Very soluble -0.8 Very soluble 0.53 Soluble

Table 8. Pharmacokinetics of G-ZO Nps ligands and zinc acetate calculated with the SwissADME database.

COMPOUNDS Rutin Isoquercetin Apigenin Mg;i;z::;i?i;o- Zinc acetate
Gastrointestinal absorption Low Low High Low Low
Bioavailability score 0.17 0.55 0.17 0.55
Blood-brain barrier permeation No No No No No
P-glycoprotein substrate Yes No No No Yes
Cytochrome P450 1A2 inhibitor No No Yes No No
Cytochrome P?OSTO 2C19 inhibi- No No No No No
Cytochrome P450 2C9 inhibitor No No No No No
Cytochrome P450 2D6 inhibitor No No Yes No No
Cytochrome P450 3A4 inhibitor No No Yes No No

Table 9. Drug-likeness and medicinal chemistry characteristics of G-ZO Nps ligands and zinc acetate evaluated with
the SwissADME database.

Drug-likeness rules Medicinal chemistry
Compound e X
P Lipinski Ghose Veber Egan Muegge PAINS Brenk Lead like Syntl-le.t 1
ness accessibility
Rutin No; 3 viola- No No No No 0 alert 0 alert No; 1 viola- 6.34
tion tion
. No; 2 viola-
Isoquercetin tions No No No No 1 alert: 1 alert: No 5.32
L Yes: 0 viola-

Apigenin tion Yes Yes Yes Yes 0 alert 0 alert Yes 2.96
Myricetin .3_ No; 2 viola- No No No No 1 alert 1 alert No; 1 viola- 5.36
O-galactoside tion tion

T 1 alert; s
Zinc acetate Yes; 0 viola- No Yes Yes No 0 alert heavy No; 1 viola- 1.00
tion metals tion
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Table 10. Summary of the docking scores of the five shortlisted ligands and zinc acetate across the three targets.

Ligand 1J46 (kcal/mol) 1T7R (kcal/mol) 3HDZ (kcal/mol) Observation
Hesperidin -7.0 -7.9 -12.2 Best on 3HDZ
Rutin -7.5 -9.0 -11.5 Strongest on 1T7R
Apigenin —6.6 8.1 -9.8 Consistent across all
Isoquercetin -6.9 -8.0 -9.8 Good overall
Myricetin 3-O- -6.7 1.7 -9.9 Strong docking
galactoside
Zinc acetate (standard) -1.0 -1.3 -1.3 Weak binding

Table 11. Summary of the key parameters used for the final selection of the three ligands.

Parameter Hesperidin Rutin Apigenin Isoquercetin Myricetin .3_0_ Zinc acetate
galactoside
Molecular Weight ~610 610 270 464 480 183
(g/mol)
TPSA (A?) >230 234 90.9 210 230 80.26
GI Absorption Low Low High Low Low Low
Lipinski Violations 3 3 0 2 2 0
Bioavailability 0.17 0.17 0.55 0.17 0.17 0.55
Score
Drug-likeness Poor Poor Good Moderate Moderate Poor (metal ion)

4.3. Results of the Receptor-ligand interactions between the docked ligands and proteins.
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DISCUSSIONS

Lead exposure is widely recognized to induce oxidative stress, primarily by disrupting the balance be-
tween pro-oxidants and antioxidant defenses in cells (Abu-Khudir et al., 2023). This imbalance adversely
affects testicular function by damaging germ cells, impairing steroidogenesis, and altering the structural
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integrity of seminiferous tubules (Haouas ef al., 2015). Ginger, rich in bioactive phytochemicals, and zinc,
an essential trace element in spermatogenesis, both exhibit repro-protective effects (Bordbar et al., 2013).
In the present study, the protective effects of green-synthesized ginger—zinc oxide nanoparticles (G-ZO
NPs) were evaluated against lead nitrate-induced testicular toxicity in Wistar rats, integrating biochemical,
histological, and in silico evidence.

One of the earliest alterations observed was a significant elevation in NO levels in the PbNO3 group,
reflecting nitrosative stress commonly associated with lead toxicity. Excessive NO reacts with superoxide
to generate peroxynitrite, a reactive oxidant that impairs lipid membranes, proteins, and DNA. Treatment
with G-ZO NPs and ginger extract effectively reduced NO levels, consistent with reports that phytochem-
icals in ginger possess potent NO-scavenging activity (Abolaji et al., 2017). This suggests that nanoparti-
cle-based delivery not only enhances bioavailability but also strengthens radical-scavenging capacity be-
yond that observed with ginger or zinc alone.

Unexpectedly, MDA level, a standard index of lipid peroxidation, was not significantly elevated in the
PbNOj; group compared with controls. This finding contrasts with several reports that consistently demon-
strate increased MDA following lead exposure in testicular tissue (Gharibshahi et al., 2025). A plausible
explanation is the compensatory activation of GPx, which detoxifies lipid hydroperoxides and could have
limited MDA accumulation during the 28-day exposure period as was similarly reported by Abarikwu et
al. (2016) in a three (3) weeks exposure window. In addition, the TBARS assay used for MDA measure-
ment has known limitations in sensitivity and specificity, which may have masked subtle oxidative chang-
es (Abeyrathne et al., 2021). Previous studies have also shown that oxidative stress does not always mani-
fest as elevated MDA, particularly in tissues such as the testes where antioxidant defenses like GPx are
robust (Garcia-Diaz et al., 2015). In an older study, Unlucerc et al. (2000) also reported a diabetes-induced
increase in testicular GPx activities without concomitant rise in MDA levels, indicating strong enzymatic
defense against oxidative stress in the testis. Interestingly, while zinc nanoparticles have been reported to
reduce MDA at lower doses in doxorubicin- and levofloxacin-induced toxicity (EI-Maddawy et al., 2019;
Zaki et al., 2024), the lack of a significant reduction in our treated groups may reflect the already elevated
baseline antioxidant defense in the lead group, leaving little room for further detectable improvement.

This interpretation is supported by the observation that GPx activity was significantly elevated in the
PbNO; group compared to both control and treated groups. GPx is central to the detoxification of hydro-
gen peroxide and lipid hydroperoxides, using reduced glutathione as a cofactor Jomova et al., 2024). Its
marked elevation here suggests a compensatory response to oxidative stress, as reported in other models
of heavy-metal toxicity (Sobekova et al., 2009; Bas, and Kalender, 2016). Interestingly, the return of GPx
activity toward baseline in G-ZO NP-treated rats implies that exogenous antioxidants reduced oxidative
burden, thereby lowering the need for heightened endogenous enzyme activity. This contrasts with earlier
studies where lead exposure was shown to suppress GPx activity (Sudjarwo et al,, 2017; Amer et al.,
2025), suggesting that the magnitude and duration of exposure, as well as tissue-specific antioxidant ca-
pacity, can determine the direction of GPx modulation.

Parallel to this, SOD and CAT activities were significantly enhanced in treated groups. SOD converts
superoxide radicals into hydrogen peroxide, while CAT rapidly decomposes hydrogen peroxide into water
and oxygen, thereby limiting hydroxyl radical formation (Niki, 2018). The marked elevation of SOD in
the G-ZO NP group compared to PbNOs3 alone underscores the efficiency of nanoparticle-mediated deliv-
ery in sustaining antioxidant activity within testicular tissue. Similarly, CAT activity was significantly el-
evated in all treated groups, which aligns with previous reports that zinc nanoparticles and plant phyto-
chemicals restore CAT under oxidative stress conditions (Sun et al., 2023; Shkal et al., 2020). Together,
these enzymatic responses highlight the reinforcement of primary antioxidant defenses against lead-
induced oxidative damage.

Although changes in reduced glutathione were modest and not statistically significant, the slight eleva-
tion observed in treatment groups compared to PbNO3 suggests partial restoration of redox balance. Given
that GSH is a vital intracellular thiol responsible for free radical scavenging and GPx activity (Averill-
Bates, 2023; Chai and Mieyal, 2023), this trend reflects the overall protective role of G-ZO NPs, even if
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not dramatic in magnitude. It is possible that the administered antioxidants preferentially boosted enzy-
matic pathways rather than directly increasing GSH stores, explaining the subtle effect observed.

These biochemical findings were corroborated by histological evaluation. Testes from PbNO;-exposed
rats exhibited expanded lumens and interstitial cell hypertrophy, characteristic of impaired spermatogene-
sis, whereas those from the G-ZO NP-treated group displayed largely preserved seminiferous tubules with
intact germinal architecture. Ginger and zinc acetate provided partial protection, consistent with their less
pronounced biochemical effects. Importantly, no necrosis or fibrosis was observed across groups, indicat-
ing that at the given dose and duration, lead caused functional disruption without overt cytotoxicity, thus
suggesting that short-term/sub-acute lead exposure induces oxidative imbalance which may precede or

occur without gross histopathological lesions depending on dose, tissue, and exposure duration (Offor et
al., 2019; Vukeli¢ et al., 2023).

Finally, in silico docking analyses provided mechanistic support for the protective effects observed in
vivo. Flavonoids identified in G-ZO NPs, particularly apigenin, isoquercetin, and myricetin-3-O-
galactoside, demonstrated strong binding affinities to the androgen receptor, PDE-5, and SRY protein.
These interactions suggest regulatory roles in androgen signaling, nitric oxide pathways, and spermato-
genic transcription, which collectively underpin reproductive protection. Apigenin, in particular, exhibited
favorable pharmacokinetics, including high gastrointestinal absorption and no Lipinski violations, rein-
forcing its translational relevance. By contrast, zinc acetate displayed weak receptor interactions, con-
sistent with its limited protective capacity in vivo. The strong ligand—protein interactions of nanoparticle-
encapsulated flavonoids therefore explain the superior performance of G-ZO NPs compared to ginger ex-
tract or zinc acetate, aligning with earlier reports on flavonoid and zinc oxide nanoparticles mediated re-
productive protection (D'Arrigo et al., 2021; Attia et al., 2021).

Taken together, these findings demonstrate that G-ZO NPs mitigate lead-induced testicular toxicity
through a multifaceted mechanism involving modulation of oxidative stress, reinforcement of enzymatic
defenses, and preservation of testicular histoarchitecture. The integration of in vivo and in silico evidence
highlights the potential of nanoparticle-based phytomedicine as a promising strategy for reproductive pro-
tection, while also offering novel insights into the compensatory dynamics of antioxidant systems under
heavy-metal stress.

CONCLUSION

This research elucidated the biochemical and molecular efficacy of green-synthesized ginger-zinc ox-
ide nanoparticles (G-ZO NPs) in ameliorating lead-induced testicular oxidative stress and dysfunction.
The successful fabrication of G-ZO NPs, characterized by UV-Vis spectroscopy, FTIR, SEM-EDX, and
HPLC, confirmed the encapsulatlon of bioactive flavonoids—such as apigenin, isoquercetin, and
naringenin—within a nanoscale zinc oxide matrix, enhancing their bioavailability and redox activity. Bio-
chemical assays demonstrated that G-ZO NP administration significantly modulated oxidative stress
markers by attenuating nitric oxide and malondialdehyde levels, while restoring the activities of endoge-
nous antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx), and glutathione (GSH). These outcomes suggest effective scavenging of reactive oxygen and ni-
trogen species (ROS/RNS) and reinforcement of the testicular antioxidant defense system.

Histopathological analysis further confirmed the cytoprotective potential of G-ZO NPs, as evidenced
by the preservation of seminiferous tubule architecture and reduced testicular degeneration relative to un-
treated toxicant-exposed rats. Molecular docking studies substantiated these findings by revealing strong
ligand-receptor interactions between key phytoconstituents and target proteins involved in androgenic
signaling and nitric oxide regulation (AR, PDE-5, and SRY). In summary, this study presents compelling
evidence that G-ZO NPs potentiate biochemical resilience and structural integrity in testicular tissue under
toxic metal-induced stress. The synergistic integration of phytotherapy and nanotechnology thus offers a
promising avenue for the development of targeted antioxidative interventions in reproductive toxicology.
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