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Introduction: Bisphenol A (BPA), a well-known endocrine disruptor, is newly emerging as causing male infertility by endocrine
disturbances, induction of oxidative stress and testicular toxicity. This study investigates the protective role of hesperidin against BPA-
induced testicular toxicity in male Wistar rats.

Methodology: The rats were divided into six groups (n=7): control (normal saline); BPA-only (50 mg/kg); hesperidin-only at 50 mg/kg
and 100 mg/kg; and two pre-treated groups receiving hesperidin (50 and 100 mg/kg) followed by BPA (50 mg/kg). All treatments were
administered orally for 8 weeks. Post-treatment analyses included testicular weight, volume, and diameter measurements; serum
testosterone, FSH, and LH levels; oxidative stress markers (MDA, SOD, CAT, GPx, and GSH); and histological and morphometric
evaluation of the testis.

Result and Discussion: BPA exposure significantly reduced testicular dimensions, decreased serum testosterone, FSH, and LH.
Histopathological examination revealed degeneration of seminiferous tubules, germ-cell depletion, reduced counts of spermatogonia,
spermatocytes, spermatids, Sertoli and Leydig cells. BPA significantly induced oxidative stress, evidenced by increased MDA and
decreased SOD, CAT, GPx, and GSH. Hesperidin significantly mitigated these effects by restoring testicular morphology, hormonal
profiles, enhancing oxidative stress markers, improving histology and cell populations.

Conclusion: Hesperidin demonstrates protective properties against BPA-induced testicular and endocrine toxicity in rats, likely as
a result of its antioxidant properties.
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Introduction

Increasing attention has been directed toward the harmful effects of environmental toxins on male fertility, especially their
capacity to disrupt the testicular microenvironment, impairing spermatogenesis and hormonal regulation. Despite the
relatively low oxygen tension in the testicular microenvironment, testicular tissue remains highly susceptible to oxidative
stress' Environmental toxins can cause an excessive increase in Reactive oxygen species (ROS), which can lead to oxidative
stress, causing damage to sperm DNA, impairing steroid hormone production, and disrupting cell signalling pathways,
ultimately affecting male fertility.>> However, exposure to environmental pollutants like Bisphenol A (BPA) disrupts the
delicate balance between oxidants and antioxidants, thereby compromising testicular function and potentially leading to male
infertility. " Bisphenol A (BPA) is an industrial chemical compound widely used as a monomer in the production of
polycarbonate plastics, epoxy resins, thermal paper, and food-contact materials such as can linings and reusable containers.*®
Its unique properties, durability, clarity, heat resistance, and adhesive strength have made BPA indispensable in industries

https://doi.org/10.2147/JEP.S595476 Journal of Experimental Pharmacology 2026:18 595476 |
Received: 12 January 2026 © 2026 Oviosun et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
Accepted: 18 May 2026 AT Php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creati g/licenses/by-nc/4.0/). By accessing the

Published: 22 May 2026 work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-3545-5702
http://orcid.org/0009-0007-0613-3612
http://orcid.org/0000-0002-7367-807X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Oviosun et al

ranging from consumer electronics and compact discs to cosmetics, toys, food containers, including reusable beverage bottles,
and medical devices.” ’

The primary mechanism by which the general population is exposed to BPA is through their diet; however, dermal
absorption, especially from handling thermal-printing receipts, contributes significantly and is particularly important for
those who are exposed in the workplace, such as cashiers.”' Studies have shown that BPA is an endocrine-disrupting
chemical capable of interfering with hormonal homeostasis, particularly reproductive hormone regulation.'"'?

It has been proven that BPA is harmful to the kidney, liver, testis, and brain, mostly due to oxidative damage,
mitochondrial instability, inflammation and apoptosis.'*>"'” BPA has been related in studies to disturbed spermatogenesis,
decreased sperm counts, decreased motility, and sperm DNA damage, all of which are detrimental to male fertility.'®'?

There is a growing body of research patronising medicinal plants in the management of male infertility.'**2* Citrus fruits
and vegetables contain a polyphenolic compound called hesperidin, which is the primary flavonoid found in oranges and
lemons.**%* Hesperidin is known to have antioxidant, anti-inflammatory, anticancer, and anti-lipidemic activities.'®? Its
potent anti-apoptotic and reactive oxygen species (ROS)-scavenging properties have demonstrated protective effects against
a range of toxicant-induced injuries, including hepatotoxicity, nephrotoxicity, and testicular dysfunction.>>*® Hesperidin’s
special effectiveness against BPA-induced testicular and endocrine disruption is still insufficiently studied, despite strong
evidence of its protective benefits against general reproductive toxins. Current literature remains limited in providing
systematic dose—response evaluations of hesperidin, along with detailed mechanistic evidence linking oxidative stress to
steroidogenic dysfunction and broader endocrine axis disruption following bisphenol A (BPA) exposure. Therefore, this study
investigated the dose-dependent protective effects of hesperidin against BPA-induced reproductive toxicity in adult male
Wistar rats, with emphasis on oxidative stress biomarkers, endocrine hormone profiles, and testicular histopathological
alterations. Unlike previous reports that primarily focused on sperm parameters and apoptosis, the present study expands
the scope by integrating comprehensive endocrine disruption analysis and mechanistic biochemical assessment of hormonal
levels. Collectively, these findings further support hesperidin as a potential natural gonadoprotective agent against BPA-
induced testicular damage.

Materials and Methods

Chemical/Reagents
We purchased Hesperidin (CAS No. 520-26-3) and Bisphenol A (CAS No. 80-05-7) from Sigma-Aldrich (St. Louis,
MO, USA); all chemicals and reagents used for this study were of high analytical grade.

Experimental Design

Forty-two male Wistar rats weighing 200220 g were obtained from the University of Nigeria, Veterinary Medicine
Department, and randomly assigned to six equal groups (n = 7). The sample size was determined using power analysis
with an expected effect size of 0.8, o = 0.05, and power (1—B) of 0.8, based on preliminary studies. They were kept in
standard laboratory settings, which included a 12-hour light-dark cycle, a constant temperature of 22 + 2 °C, and
a humidity of 55 £ 5%. They were also given unrestricted access to clean water and a standard mouse feed. All animal
procedures were conducted in strict compliance with European Directive 2010/63/EU on the protection of animals for
scientific purposes, and performed under protocols approved by the Department of Anatomy and Faculty of Basic
Medical Science (FBMS), University of Nigeria, Enugu Campus, Nigeria (UNN/ FBMS/COMHRECR/2022/01).
Following the 3Rs principle, every effort was made to minimise the number of animals used and to alleviate any
potential pain. The experimental design included pre-treatment protocol. The animal grouping and administration
design are shown in Table 1. The BPA dose used in this study (50 mg/kg) was selected based on toxicological studies
indicating that this level reliably induces reproducible testicular damage and oxidative stress, thereby enabling
evaluation of protective interventions such as hesperidin.?’*® However, this dose is higher than typical human
environmental exposure and may represent a subchronic toxicity model rather than real-life conditions; therefore,
systemic effects beyond the testes cannot be excluded. Hesperidin is a naturally occurring flavonoid with a generally
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Table | Experimental Grouping

Group Treatment Dosage Duration

| Control (Normal Saline) SmL 8weeks

Il Bisphenol A (BPA) only 50 mg/kg 8weeks

1] Hesperidin only 50 mg/kg 8weeks

I\ Hesperidin only 100 mg/kg 8weeks

\ Hesperidin (pretreatment)+ BPA 50 mg/kg Hesperidin + 50 mg/kg BPA 50mg/kg of Hesperidin 4weeks+50 mg/kg of BPA for 4weeks

\1 Hesperidin (pretreatment)+ BPA 100 mg/kg Hesperidin + 50 mg/kg BPA 100mg/kg of Hesperidin for 4weeks+50 mg/kg of BPA for 4weeks

Notes: Dose selection for BPA and Hesperidin was based on previous studies. (25-28). The BPA dose used in this study (50 mg/kg) was selected based on toxicological
studies showing that this level reliably induces reproducible testicular damage and oxidative stress, allowing evaluation of protective interventions such as hesperidin.
However, this dose is higher than typical environmental human exposure and may represent a sub-chronic toxicity model rather than real-life conditions; therefore, systemic
effects beyond the testes cannot be excluded.

favourable safety profile in experimental studies. The doses of Hesperidin and Bisphenol-A used in this study were

. . 27—
from previous studies.?’ >°

Animal Sacrifice, Sample Collection and Testicular Measurement

Following eight weeks of treatment, rats were anaesthetized via inhalation and euthanized through cervical
dislocation. Blood samples were collected via cardiac puncture; blood samples were obtained and placed into
siliconized glass tubes containing EDTA as an anticoagulant. These samples were centrifuged for 15 minutes at 4 °C,
and the resulting plasma was stored at —20 °C until analysis. The testis was harvested, blotted dry and weighed using
an electronic scale. One testis was rinsed with an icy cold normal saline solution (0.9%, w/v), divided into minute
pieces before being homogenised in 3 volumes of ice-cold suitable buffer (TBS, pH 7.4) using an Ultra Turrax
homogenizer T25. Until used for enzyme assays and lipid peroxidation, supernatants were collected, aliquoted, and
kept at 80 °C. The standard water displacement method, which was based on Archimedes’ principle, was used to
measure testicular volume. Each testis was gently submerged in a graduated cylinder that contained a known volume
of water, and the rise in water level, the difference between the initial and final volume, was recorded as the actual
volume of the testis.

Estimation of the Plasma Levels of Follicle-Stimulating Hormone (FSH), Luteinizing

Hormone (LH) and Testosterone

Plasma FSH and LH levels were measured using ELISA (AccuBind ELISA Microwells, Monobind Inc., Lake Forest,
CA, USA), and testosterone levels were measured by competitive radioimmunoassay (RIA) using a ~125I-labelled
testosterone analogue (Immunotech, Beckman Coulter, France). The sensitivity of the ELISA kits was 0.1 mIU/mL for
FSH and 0.05 mIU/mL for LH, with intra-assay and inter-assay coefficients of variation of 5% and 8%, respectively. The
RIA for testosterone had a sensitivity of 0.05 ng/mL, with intra-assay and inter-assay CVs of 6% and 9%, respectively.

All samples were measured in duplicate, and mean values were used for statistical analysis.

Estimation of Antioxidant Enzymes and Lipid Peroxidation

Catalase (CAT) Activity

Catalase activity was quantified following the method outlined by Aebi (1984) and previously reported by.>' This method
is based on the ability of catalase to decompose hydrogen peroxide (H,0,) into water and oxygen. The reaction mixture
containing the sample homogenate and phosphate buffer was initiated by the addition of hydrogen peroxide, and the
decrease in absorbance due to H,O, decomposition was monitored spectrophotometrically at 240 nm over a fixed time
interval. Catalase activity was assumed to be proportional to the rate of absorbance reduction. The activity of the

enzymes was then reported in units/mg of protein.
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Superoxide Dismutase (SOD) Activity

Superoxide dismutase (SOD) activity was measured spectrophotometrically using a modified version of the pyrogallol
autoxidation assay originally described by.*> The principle of the assay relies on the ability of SOD to suppress
autoxidation of pyrogallol in alkaline conditions. Absorbance was measured at 420 nm and enzyme activity was
determined. One unit of SOD activity was defined as the amount of enzyme required to inhibit pyrogallol autoxidation
by 50% under the assay conditions. SOD activity was calculated and expressed as units per mg protein (U/mg protein).

Glutathione Peroxidase (GPx) Activity

Glutathione peroxidase (GPx) activity was determined using the fixed-time Trichloroacetic acid (TCA) method of.>* The
assay is based on the enzyme-catalyzed oxidation of reduced glutathione (GSH) by GPx in the presence of hydrogen
peroxide where the remaining GSH is measured after precipitation with TCA. The activity of GPx was determined by the
consumption rate of GSH and expressed in units per milligram of protein (U/mg protein).

Reduced Glutathione (GSH) Concentration

Reduced glutathione (GSH) was quantified by the classic Ellman assay.** This method is based on the reaction of free
sulthydryl groups in GSH with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to produce the yellow-colored chromophore,
5-thio-2-nitrobenzoic acid (TNB). Absorbance was spectrophotometrically measured at 412 nm, and GSH concentration
was calculated using the molar extinction coefficient of TNB. The results were expressed as nmol GSH/mg protein.

Malondialdehyde Activity

Malondialdehyde (MDA) levels were quantified using the thiobarbituric acid reactive substances (TBARS) assay, as
described by.** And results were expressed as nmol/mg protein. The TBARS method was selected because it is a simple,
sensitive, and widely accepted assay for assessing lipid peroxidation and oxidative stress. Although widely used as an
index of lipid peroxidation, the TBARS assay lacks absolute specificity for MDA because thiobarbituric acid can react
with other aldehydes and oxidised biomolecules, potentially leading to overestimation of lipid peroxidation levels.

Histological and Histomorphometric Analysis

One of the excised testes was quickly fixed in Bouin’s fluid for routine tissue processing as previously described®' The
tissue was then dehydrated, embedded in paraffin, and sectioned at 5 um thickness. Hematoxylin and eosin (H&E)
staining was performed to visualize cellular and structural details. Histological examination was conducted using a Leica
DM 750 light microscope.

Histomorphometric analysis was performed using digital photomicrographs and ImageJ software (NIH, USA). For
each animal, three non-serial sections were selected, and 10 randomly chosen non-overlapping microscopic fields
per section were analyzed at x40 magnification. Only round or nearly round seminiferous tubule cross-sections were
included to avoid bias due to tangential sectioning. A minimum of 30 seminiferous tubules per animal were evaluated.
All measurements and cell counting were performed by an investigator blinded to the experimental groups.

Seminiferous tubule diameter was calculated as the mean of two perpendicular diameters, while epithelial height was
measured from the basement membrane to the luminal border. Germ cell populations (spermatogonia, spermatocytes, and
spermatids) and Sertoli cells were identified within the seminiferous epithelium, while Leydig cells were identified in the
interstitial tissue. Cells were counted only when nuclei were clearly visible. Damaged or folded tissue areas were
excluded from analysis to avoid counting bias.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 10 (GraphPad Software, San Diego, CA, USA).
Data normality was assessed using the Shapiro—Wilk test, and homogeneity of variances was evaluated using Levene’s
test. Comparisons among multiple groups were conducted using one-way analysis of variance (ANOVA). When
a significant overall difference was detected, Tukey’s multiple comparisons post hoc test was applied to identify pairwise
differences among groups. Exact p-values were reported, and statistical significance was defined as p < 0.05. Data are
presented as mean + standard error of the mean (SEM) and displayed using bar charts and summary tables.
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Results

Effects of Hesperidin on Testicular Weight and Volume

The effects of Hesperidin on testicular weight and volume following BPA exposure are shown in Table 2. The exposure
of rats to 50 mg/kg of BPA for 8 weeks caused a significant (p < 0.05) decrease in testis weight and volume compared
with the control group and the hesperidin-treated groups. However, pretreatment with (50mg/kg and 100mg/kg)
hesperidin significantly improved (p < 0.05) these parameters.

Effect of Hesperidin on Hormonal Assay Results of Serum FSH, LH and Testosterone

Levels

(Figure la—c) illustrates how BPA affects plasma levels of FSH, LH, and testosterone. Rats administered 50 mg/kg of
BPA for eight weeks showed a significant (p < 0.05) decrease in these hormone levels compared with the control group.
Alterations of these hormones were significantly reversed (p < 0.05) by pretreatment with hesperidin (50mg/kg and
100mg/kg) compared to BPA-intoxicated groups.

Effect of Hesperidin on Antioxidant Status and Lipid Peroxidation Levels

The results of lipid peroxidation and testicular antioxidant status are shown in (Figure 2a—e). The testes’ SOD, CAT, GPx
activity, and GSH levels significantly (p < 0.05) decreased after 8 weeks of exposure to 50 mg/kg of BPA, whereas the
MDA levels increased in comparison to the control group, even in the hesperidin-only groups. However, pretreatment
with hesperidin after exposure to 50mg/kg of BPA significantly improved (p < 0.05) these parameters.

Effect of Hesperidin on Histological Examination of the Testis

As shown in (Figure 3A—F), in contrast to hesperidin alone (50 and 100 mg/kg), which preserved normal architecture,
testicular histology showed that BPA (50 mg/kg) caused significant disorganization of the germinal epithelium,
vacuolization, germ-cell sloughing, widened interstitial spaces, vascular congestion, and focal tubule wall damage. Co-
administration with Hesperidin (100 mg/kg) fully restored tubule structure and spermatogenesis, with almost total

reversal of BPA-induced lesions, whereas the 50 mg/kg co-treatment only partially recovered.

Effects of Hesperidin on Histomorphometric Parameters, Following BPA Exposure
The result in (Figure 4a and b) shows that rats exposed to 50 mg/kg of BPA for 8 weeks caused a significant (p < 0.05)
decrease in seminiferous tubule height and diameter, compared with those of the control group and hesperidin only.
However, pre-treatment with hesperidin following BPA exposure significantly improved (p < 0.05) the seminiferous
tubule height and diameter.

Table 2 Effects of Hesperidin on Testicular Measurement Following BPA

Exposure

Treatment Testicular Weight | Testicular Volume
Normal Control 1.65+0.05 1.50+0.5

BPA (50mg/kg) 0.55+0.05* 0.30+ 0.00%

HSD (50mg/kg) 1.58+0.15% 1.20+ 0.00%

HSD (100mg/kg) 1.67£0.05* 1.66x 0.00*

HSD (50mg/kg)+ BPA (50mg/kg) | 1.50+0.00 0.75+ 0.25%

HSD (100mg/kg+BPA (50mg/kg) | 1.51+0.10% 1.10+0.00%

Notes: Data are presented as Mean+SEM *: significantly different compared with the normal
control group (P <0.05). #, significantly different compared with the BPA only -treated group
(P <0.05).

Abbreviations: BPA, Bisphenol; HSD, Hesperidin.
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Effects of Hesperidin on Testicular Germ Cells Following BPA Exposure

Results of the Effects of Hesperidin on the number of spermatogonia, spermatocytes and spermatids, Leydig and Sertoli
cells following BPA exposure are shown in (Figure Sa—c and 6a and b). The exposure of rats to 50mg/kg of BPA for
8 weeks caused a significant (p < 0.05) decrease in the number of spermatogonia, spermatocytes, spermatids, Sertoli and
Leydig cells compared with those of the control group and hesperidin-only groups. However, pretreatment with
hesperidin following exposure to 50mg/kg of BPA significantly improved (p < 0.05) these parameters.
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Figure 3 (A-F) Testicular Histology in Wistar Rats Following Bisphenol A (BPA) Exposure and Hesperidin Treatment. Photomicrographs of Haematoxylin & Eosin-stained
testicular sections from Wistar rats (X200). (A) Normal control — Seminiferous tubules are oval with complete spermatogenic layers and abundant spermatozoa in the
lumen. Interstitial connective tissue appears normal. (B) BPA (50 mg/kg) — Marked histopathological changes: disorganisation of the germinal epithelium (red arrows),
vacuolization, sloughing of germ cells, widened interstitial spaces, vascular congestion, and focal destruction of seminiferous tubule walls (indicated by star). (C) Hesperidin
(50 mg/kg) and (D) Hesperidin (100 mg/kg) — Histology resembles that of the normal control: seminiferous tubules are uniform and well-organised, with intact germ cell
layers, complete spermatogenesis, and normal interstitial tissue. (E) BPA + Hesperidin (50 mg/kg) — Partial recovery: minor interstitial edema and slight vacuolization remain;
a few seminiferous tubules show necrotic germinal epithelium (yellow arrows). (F) BPA + Hesperidin (100 mg/kg) — signs of restoration: tubule structure normalized, active
spermatogenesis evident (elongated spermatids and spermatozoa present), interstitial spaces returned to baseline, and inflammation significantly reduced. Stars indicate the
lumen of a seminiferous tubule. Scale bar = 50 pym.

Discussion

In the present study, oral exposure to 50 mg/kg BPA significantly decreased testicular weight and volume, purportedly
due to derangement of the seminiferous tubules and Leydig cells. Both low and high concentrations of BPA have been
observed to consistently decrease testicular weight in experimental animals.*® The decline in testicular size may reflect
impairment of seminiferous tubule integrity, germ cell depletion, and reduced interstitial cell populations, all of which
contribute to overall tissue degeneration. The noted decrease in testicular volume can thus be correlated to the reduction
of the spermatogenic cells as well as structural disfigurement of seminiferous tubules, which has been previously reported

in previous models of BPA toxicity.>*-*’
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Interestingly, the administration of 50mg/kg and 100mg/kg of hesperidin significantly enhanced the testicular weight
and volume compared to the BPA-treated animals. This finding confirms the previous research indicating that hesperidin
could prevent the reproductive toxicity of chemically induced testicular tissue damage. The improvement in organ weight
and volume may reflect the ability of hesperidin to preserve testicular cellular organisation and reduce tissue
degeneration.>®>° Hesperidin administration has been occasionally shown to augment or even restore testicular weight
to normal levels when compared to control groups.

In this study, BPA exposure significantly reduced serum testosterone levels, indicating impaired Leydig cell function
and compromised androgen production. This result is consistent with previous studies that revealed BPA upsets androgen
production by negatively affecting Leydig cell structure and functionality.***' This observation is consistent with
previous studies that revealed that BPA interferes with androgen production by negatively affecting the structure and
functionality of Leydig cells. These findings were further corroborated by histopathological results of rats treated with
BPA, where degenerative alterations and lowered integrity of Leydig cells were observed. Testosterone plays a crucial
role in ensuring spermatogenesis, and therefore, the decreased testosterone levels induced by BPA could be one of the
causes of the impaired spermatogenic process and structural defects found in the testes.**** In addition to testosterone
reduction, BPA administration caused a significant decline in serum LH and FSH levels. The present study is in line with
the earlier reports that BPA may disrupt hormonal regulation at the hypothalamic-pituitary-gonadal axis.*** Although the
present study did not assess the hypothalamic or pituitary molecular markers, the observed reduction in gonadotropins
indicates that BPA exposure can affect hormonal signalling that is central to normal testicular functioning.*>*®

Notably, hesperidin treatment (50mg/kg and 100mg/kg), either alone or as pretreatment before BPA exposure,
significantly restored testosterone, LH, and FSH levels toward normal values. The higher dose of hesperidin showed
a stronger protective effect on hormonal recovery, suggesting a dose-dependent effect. This is in agreement with other
studies.***” Although the current result is clear in terms of functional recovery in endocrine parameters, the exact

mechanisms by which this recovery was achieved could not be conclusively determined, since the steroidogenic enzymes
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Figure 5 (a—c) Bar charts showing Effects of Hesperidin on Testicular Germ Cells following BPA exposure. Data are presented as Mean+SEM *Significantly different
compared with the normal control group (P < 0.05). * significantly different compared with the BPA only -treated group (P <0.05). n=5.
Abbreviations: BPA, Bisphenol; HSD, Hesperidin.

and regulatory proteins were not assessed. Therefore, the observed hormonal normalization should be interpreted as an
improvement in reproductive endocrine function rather than direct evidence of steroidogenic pathway restoration.
Oxidative stress has been implicated extensively as one of the primary contributors to reproductive toxicity caused by
BPA. In the current experiment, exposure to BPA caused a dramatic decrease in activities of testicular antioxidant
enzymes, GSH levels, and a dramatic increase in lipid peroxidation, which validated the onset of oxidative stress.
Antioxidant enzymes, including SOD and CAT, are major defense mechanisms against reactive oxygen species, and their
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loss indicates a loss of testicular tissue capacity to counteract oxidative damage. The decrease in the activity of GPx and
in GSH could be another indication of more active exploitation of the antioxidant stores due to overproduction of ROS.

The high increase in MDA levels in BPA-treated rats is indicative of higher lipid peroxidation, which means damage to
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the membrane and cellular impairment. These results are consistent with other studies that have documented oxidative
imbalance and increased lipid peroxidation in testes exposed to BPA.!7:#8750

Hesperidin administration significantly improved antioxidant enzyme activities, including SOD, CAT, GPx, and
glutathione reductase, while markedly reducing MDA levels. These findings hint that hesperidin was capable of reducing
the effects of BPA on oxidative damage, probably by improving antioxidant defense mechanisms and suppression of lipid
peroxidation. Previous toxicological research has reported similar antioxidant protective effects of hesperidin. Combined,
the biochemical results considerably prove the protective effect of hesperidin in the present study in connection with the
antioxidant activity.’'->

Histopathological examination further confirmed the biochemical and endocrine results. Exposure to BPA resulted in
severe testicular injury with degeneration of seminiferous tubules, vacuolization, and disrupted germinal epithelium
architecture. These morphological defects align with previous findings that indicate that BPA leads to severe degeneration
of spermatogenic cells and disruption of testicular differentiation.’”->* Conversely, treatment with hesperidin maintained
testicular architecture and enhanced seminiferous tubule structure in a dose-dependent fashion. The higher hesperidin dose
produced more pronounced improvement in spermatogenic progression and seminiferous tubule integrity, indicating
stronger protective activity.

According to other studies, BPA have a serious impact on the testicles and reproductive tract in male rats. The
improvement of histoarchitecture in the group treated with hesperidin after BPA exposure can be attributed to a decrease
in oxidative stress.*®>*

Morphometric measurements also indicated that BPA exposure caused a considerable decrease in seminiferous tubule
diameter and epithelial height, which indicates damage to spermatogenic activity. The observed decrease could be due to the
depletion and degeneration of the spermatogenic epithelium and the fact that the seminiferous tube sizes are positively
correlated with spermatogenic efficiency. Exposure to BPA also had a significant effect of lowering the count of sperma-
togonia, spermatocytes and spermatids, which signifies interference with the development of germ cells. These findings are
consistent with other studies that have shown that BPA has negative effects on germ cell populations and spermatogenesis.>
Hesperidin treatment considerably increased these spermatogenic indices, which implies improved recovery of germinal
epithelium and restoration of spermatogenic capacity, which is consistent with other studies.'®>

Although the present findings indicate that hesperidin effectively mitigated BPA-induced reproductive toxicity, the
study has certain limitations. Inflammatory markers, apoptosis-related proteins, and steroidogenic enzyme expression
were not assessed in this work; however, these parameters have been evaluated in previous related studies.'”

The protective effects observed with hesperidin are consistent with those reported for other well-known plant-derived
bioactive compounds, such as curcumin, which has also demonstrated significant antioxidant and reproductive protective
properties against BPA-induced toxicity.>' This similarity suggests that dietary flavonoids and polyphenols may share
common protective mechanisms, primarily through attenuation of oxidative stress and preservation of testicular function,
supporting their potential role as natural therapeutic agents against environmental toxicant-induced reproductive damage.

Conclusion

This study demonstrates that BPA induces significant testicular toxicity, evidenced by reduced testicular weight and
volume, hormonal disruption, oxidative stress, histological damage, and impaired spermatogenesis. These effects are
associated with degeneration of testicular cellular organization and compromised seminiferous tubule integrity.
Hesperidin treatment, particularly at higher dose (100mg/kg), significantly alleviated BPA-induced damage by improving
antioxidant defences, reducing lipid peroxidation, preserving testicular histoarchitecture, restoring endocrine parameters,
and enhancing spermatogenesis. The protective effect of hesperidin in this study is most strongly supported by its
antioxidant activity, although additional mechanistic studies are required to confirm its involvement in other pathways.

Abbreviation

HSD, Hesperidin; BPA, Bisphenol-A; CAT, Catalase; SOD, Superoxide dismutase; Gpx, Glutathione peroxidase; GSH,
Glutathione; MDA, Malondialdehyde; LH, Luteinizing Hormone; FSH, Follicle-Stimulating Hormone; ROS, Reactive
Oxygen Species.
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