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Abstract

Exposure to synthetic pyrethroid pesticides has raised increasing concern due to their adverse effects on male reproductive health.
Bifenthrin, a widely used pyrethroid insecticide, has been reported to impair reproductive function through oxidative stress,
inflammatory responses, and apoptotic signaling pathways. This study investigated the protective and therapeutic effects of
kolaviron (KV), a biflavonoid complex derived from Garcinia kola seeds, against bifenthrin-induced epididymal toxicity in male
Wistar rats. Forty-eight rats were randomly assigned to six groups (n = 8): control, bifenthrin (1 mg/kg), KV (200 mg/kg), KV
pre-treatment followed by bifenthrin, bifenthrin followed by KV post-treatment, and concurrent bifenthrin + KV treatment.
Treatments were administered orally for 28 days, while sequential groups received two 28-day phases. Serum reproductive
hormones (LH, FSH, and testosterone), antioxidant enzyme activities (SOD, CAT, GSH, GPx, and GST), lipid peroxidation
marker (MDA), inflammatory mediators (TNF-a, IL-1f, IL-4, COX-2, and iNOS), and apoptosis-related proteins including
Caspase-3 and p38 MAPK were evaluated alongside epididymal histopathology. Bifenthrin exposure significantly reduced
reproductive hormone levels, impaired antioxidant defenses, elevated MDA concentrations, upregulated inflammatory and
apoptotic markers, and induced marked histological alterations in epididymal tissue. KV administered alone or in combination
with bifenthrin (before, after, or concurrently) improved hormone levels, enhanced antioxidant enzyme activities, reduced
oxidative and inflammatory damage, and recovered normal epididymal architecture. These findings demonstrate that kolaviron
mitigates bifenthrin-induced epididymal toxicity through antioxidant, anti-inflammatory, and anti-apoptotic mechanisms,
highlighting its potential as a natural therapeutic agent for managing pesticide-associated male reproductive dysfunction.
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1. Introduction

Environmental contamination with synthetic pyrethroid in-
secticides has become a growing public health concern due to
their increasing use in agriculture, veterinary medicine, and
domestic pest control. Although these compounds were ini-
tially considered relatively safe for mammals, accumulating
evidence indicates that chronic or repeated exposure may ad-
versely affect non-target organisms, particularly the male re-
productive system [1]. Among these compounds, Bifenthrin,
a widely used type | pyrethroid insecticide, has attracted at-
tention because of its extensive application and environmental
persistence. Several experimental studies have demonstrated
that exposure to bifenthrin may impair male reproductive
function by inducing structural and biochemical alterations in
reproductive organs [2]. The epididymis plays a crucial role
in sperm maturation, storage, and transport; therefore, toxi-
cant-induced damage to this organ can significantly compro-
mise sperm quality and male fertility [3].

The mechanisms underlying pyrethroid-induced reproduc-
tive toxicity involve multiple interconnected molecular path-
ways. One of the primary mechanisms is the excessive gener-
ation of reactive oxygen species (ROS), which disrupts cellu-
lar redox homeostasis and leads to oxidative damage in repro-
ductive tissues [4]. Elevated ROS levels promote lipid perox-
idation, protein oxidation, and DNA fragmentation, thereby
impairing epididymal epithelial integrity and sperm matura-
tion processes [5]. In addition to oxidative stress, pesticide-
induced reproductive injury is often associated with activation
of inflammatory signaling cascades, particularly the nuclear
factor-kappa B (NF-kB) pathway, which stimulates the release
of pro-inflammatory mediators such as tumor necrosis factor-
alpha (TNF-a) and interleukin-1 beta (IL-1B) [6]. Persistent
inflammatory responses can further amplify oxidative damage
and contribute to cellular dysfunction in reproductive tissues.

Another important signaling pathway involved in toxicant-
induced tissue injury is the mitogen-activated protein kinase
(MAPK) cascade, particularly the p38 MAPK pathway. Acti-
vation of p38 MAPK plays a central role in mediating cellular
stress responses, inflammation, and apoptosis [7]. Excessive
activation of this pathway can trigger downstream apoptotic
signaling, including the activation of caspase-3, a key execu-
tioner enzyme responsible for programmed cell death [8]. Alt-
hough oxidative stress, inflammation, and apoptosis are rec-
ognized contributors to pesticide-induced reproductive tox-
icity, the integrated involvement of inflammatory mediators,
p38 MAPK signaling, and caspase-3-mediated apoptosis in
bifenthrin-induced epididymal injury remains insufficiently
characterized. Understanding these mechanistic interactions is
essential for identifying potential therapeutic interventions ca-
pable of mitigating reproductive damage.

Natural bioactive compounds with antioxidant and anti-in-
flammatory properties have attracted increasing attention as
potential protective agents against environmental toxicants.
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One such compound is kolaviron, a biflavonoid complex iso-
lated from the seeds of Garcinia kola. Kolaviron has been ex-
tensively studied for its potent antioxidant, anti-inflammatory,
and cytoprotective activities in several experimental models
[9]. It has been shown to enhance endogenous antioxidant de-
fense systems by increasing the activities of superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx), as well as by maintaining intracellular glutathione lev-
els, thereby reducing oxidative stress-mediated cellular dam-
age [10]. In addition, kolaviron has been reported to modulate
inflammatory signaling pathways through suppression of NF-
kB activation and inhibition of pro-inflammatory mediators
such as inducible nitric oxide synthase (iNOS) and cyclooxy-
genase-2 (COX-2) [11]. These pharmacological properties
suggest that kolaviron may be a promising candidate for pro-
tecting reproductive tissues against toxicant-induced injury.

Despite these well-documented biological activities, the po-
tential role of kolaviron in protecting the epididymis against
pesticide-induced reproductive toxicity has not been fully in-
vestigated. In particular, limited information exists regarding
its ability to regulate stress-activated signaling pathways such
as p38 MAPK and apoptotic processes mediated by caspase-3
during toxicant exposure. Consequently, the therapeutic rele-
vance of kolaviron in mitigating bifenthrin-induced epididy-
mal damage remains largely unexplored.

Therefore, the present study aimed to investigate the pro-
tective effects of kolaviron against bifenthrin-induced epidid-
ymal toxicity in male Wistar rats. Specifically, this study ex-
amined alterations in inflammatory mediators, stress-acti-
vated signaling pathways involving p38 MAPK, and apopto-
sis-related proteins such as caspase-3, in addition to oxidative
stress parameters and histopathological changes. By elucidat-
ing these mechanistic pathways, this investigation provides
new insight into the molecular basis of bifenthrin-induced re-
productive injury and highlights the potential therapeutic
value of kolaviron as a natural agent for protecting the male
reproductive system against environmental toxicants.

2. Materials and Methods

2.1. Chemicals

Bifenthrin (97% TC) (with batch number 20211012) was
procured from Nanjing Essence Fine-Chemical Co., Ltd.
China. All other reagents were of analytical grade and ob-
tained from Sigma-Aldrich Co. (St. Louis, MO, USA) through
ND-Harris & associates Onitsha, Nigeria.

2.2. Isolation of Kolaviron

Seeds of Garcinia kola were obtained from a local vendor
in Boki, Cross River State, Nigeria (GPS: 6.2500°N, 9.0333<
E). The seeds were authenticated by Dr. Emmanuel Ekpiken,


http://www.sciencepg.com/journal/bmb

Biochemistry and Molecular Biology

http://www.sciencepg.com/journal/bmb

a qualified plant taxonomist at the Herbarium of the Univer-
sity of Cross River State, Nigeria, and a voucher specimen
(Voucher No. UCS/HB/2025/012) was deposited for future
reference. Prior to extraction, the seeds were screened for
common mycotoxins (aflatoxins B1, B2, G1, G2) and pesti-
cide residues, and were confirmed to be free of detectable con-
taminants.

The seeds were air-dried, pulverized, and kolaviron was
isolated following a previously validated protocol with minor
modifications [11]. Briefly, 1.5 kg of the pulverized seeds was
defatted using light petroleum ether (60—80<C) in a Soxhlet
extractor for 24 h. The defatted residue was air-dried and sub-
sequently extracted with acetone using a Soxhlet apparatus for
an additional 24 h. The acetone extract was concentrated un-
der reduced pressure at 40<C using a rotary evaporator.

The concentrated extract was diluted with distilled water in
a 1:2 (v/v) ratio and successively partitioned with ethyl acetate
(6 <250 mL). The combined ethyl acetate fractions were con-
centrated under reduced pressure to obtain a golden-yellow
solid identified as kolaviron. The extraction yield of kolaviron
was 9.4% (w/w) relative to the initial dry weight of the seeds.

Purity and structural validation of the isolated kolaviron
were carried out using H-NMR, ®&-NMR, and electron ion-
ization mass spectrometry (EI-MS). The obtained spectral
data were in agreement with previously reported reference
spectra for kolaviron [12], confirming compound identity.
Further purity assessment was performed using high-perfor-
mance liquid chromatography (HPLC), which demonstrated a
purity of >95%, and thin-layer chromatography (TLC), which
revealed a single major spot, indicating minimal impurities.
The purified kolaviron was stored in airtight amber-colored
vials at —20°C until use to prevent photodegradation and oxi-
dative degradation.

2.3. Animal Protocol

All experimental procedures involving animals were con-
ducted in accordance with the ARRIVE 2.0 guidelines and
complied with institutional and national regulations for the
care and use of laboratory animals. Ethical approval was ob-
tained from the Faculty of Basic Medical Sciences Animal
Ethics Committee, University of Cross River State, Okuku
Campus (Approval No.: FBMS/UNICROSS/25/10; approved
on 12 March 2025).

A total of forty-eight (48) young adult male Wistar rats
(Rattus norvegicus), aged 10-12 weeks and weighing 110—
180 g at the start of the experiment, were obtained from the
Animal House, Faculty of Basic Medical Sciences, University
of Cross River State. All animals were sourced from the same
breeding colony to ensure uniformity in age, genetic back-
ground, and health status. Following acclimatization for 7
days, rats with comparable body weights were randomly as-
signed to experimental groups to minimize inter-group varia-
bility. Only male rats were used because the study specifically
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focused on epididymal structure, function, and sperm param-
eters, which are exclusive to the male reproductive system.

Rats were housed in standard polypropylene cages (60 cm
x40 cm) fitted with stainless steel mesh covers, with eight
animals per cage. Environmental conditions were maintained
at 26 £2<C, relative humidity of approximately 45%, and a
12-hour light/12-hour dark cycle. Animals were provided with
standard commercial pelletized rat chow (Mazuri®) and clean
drinking water ad libitum. Cages were cleaned regularly to
maintain hygienic conditions throughout the study.

Following a 7-day acclimatization period, animals were
randomly assigned to six experimental groups (n = 8 per
group):

1) Group I (Control): Canola oil vehicle only for 28 days.

2) Group Il (Bifenthrin): Bifenthrin (1 mg/kg body weight)
for 28 days.

3) Group 11l (Kolaviron): Kolaviron (200 mg/kg body
weight) for 28 days.

4) Group 1V (Kolaviron Pre-treatment): Kolaviron (200
mg/kg) for 28 days, followed immediately by bifenthrin
(1 mg/kg) for an additional 28 days (total 56 days).

5) Group V (Kolaviron Post-treatment): Bifenthrin (1
mg/kg) for 28 days, followed immediately by kolaviron
(200 mg/kg) for 28 days (total 56 days).

6) Group VI (Co-treatment): Bifenthrin (1 mg/kg) and ko-
laviron (200 mg/kg) administered concurrently for 28
days.

All compounds were administered orally by gavage once
daily. Bifenthrin, being highly lipophilic, was dissolved in
canola oil to ensure complete solubilization and accurate dos-
ing. Kolaviron, the isolated biflavonoid fraction, was dis-
solved in a minimal volume of 0.5% dimethyl sulfoxide
(DMSO) and then diluted with canola oil to achieve the de-
sired concentration. The standardized dosing volume for all
groups was 0.2 mL/100 g body weight (2 mL/kg). Vehicle
control animals received an equivalent volume of canola oil to
account for any potential vehicle effects.

The doses of bifenthrin (1 mg/kg) and kolaviron (200
mg/kg) were selected based on pilot investigations and previ-
ous reports demonstrating sub-chronic reproductive toxicity
and protective efficacy, respectively, without inducing signif-
icant mortality or systemic toxicity [8, 12, 13]. This experi-
mental design allowed a comprehensive assessment of struc-
tural, biochemical, molecular, and functional indices of repro-
ductive toxicity, including epididymal histopathology, sperm
number and abnormalities, oxidative stress markers, inflam-
matory mediators, and apoptosis-related proteins.

At the end of the experimental period, rats were euthanized
under deep anesthesia induced by intraperitoneal administra-
tion of ketamine in accordance with institutional ethical guide-
lines. Adequate anesthesia was confirmed by the absence of
pedal withdrawal and corneal reflexes. Death was further ver-
ified by cessation of respiration and cardiac activity before tis-
sue collection. The epididymides were then rapidly excised,
carefully trimmed of adhering fat and connective tissue, and
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rinsed in ice-cold normal saline to remove blood contaminants
prior to further processing.

2.4. Determination of Epididymal Sperm
Abnormality, Sperm Number and Glucose
6-Phosphate Dehydrogenase (G6PD)
Activity

The epididymal tissues were minced and mechanically dis-
persed in a buffered medium (phosphate-buffered saline). A
small aliquot of the sperm suspension was placed on a glass
slide and a coverslip applied, and the sample was observed
under a light microscope at 200x magnification. Abnormality
grading was done according to WHO criteria as reported by
Patel et al. (2018) [14].

Hemocytometer was used to determined sperm number.
Briefly, homogenize epididymal tissue were diluted and
mixed in a trypan blue to immobilize sperm. 10 L volume of
the cell suspension was placed on the hemocytometer and the
sperm heads in the central grid were counted under a micro-
scope.

Calculation:

Sperm concentration =
Average count per square X dilution factor x 104
Volume loaded (mL)

Epididymal tissues were homogenized in ice-cold 0.1 M
phosphate buffer (pH 7.4) using a Teflon homogenizer and
centrifuged at 10,0009 for 15 min at 4 <C. The supernatant was
collected for biochemical estimations. Glucose 6-phosphate
dehydrogenase (G6PD) activity was assessed according to the
method of Temel et al. [15].

2.5. Determination of Serum Luteinizing
Hormone, Follicle Stimulating Hormone
and Testosterone

Serum levels of luteinizing hormone (LH), follicle-stimu-
lating hormone (FSH), and testosterone were quantified using
commercially available ELISA kits (CUSABIO Life Science
Inc., Wuhan, China). The catalog numbers, species validation
(rat), assay detection ranges, and intra- and inter-assay coeffi-
cients of variation (%CV) were as follows: LH: Cat. No. CSB-
E05122r; validated for rat; detection range 0.156—10 ng/mL;
intra-assay CV < 8%, inter-assay CV < 10%. FSH: Cat. No.
CSB-E05124r; validated for rat; detection range 0.156-10
ng/mL; intra-assay CV < 8%, inter-assay CV < 10%. Testos-
terone: Cat. No. CSB-E05140r; validated for rat; detection
range 0.1-50 ng/mL; intra-assay CV < 7%, inter-assay CV <
9%.

All assays were performed according to the manufacturer’s
instructions and following the procedure described by Ujong
et al. (2025) [8]. Serum samples and standards were run in du-
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plicate to ensure accuracy, and absorbance was measured us-
ing a microplate reader at the specified wavelengths recom-
mended by the kit protocols.

2.6. Determination of Biomarkers of
Epididymal Oxidative Stress

Epididymal tissues were homogenized in ice-cold 0.1 M
phosphate buffer (pH 7.4) using a Teflon homogenizer and
centrifuged at 10,0009 for 15 min at 4<C. The supernatant was
collected for biochemical estimations. Superoxide dismutase
(SOD) activity was assessed according to the method of
Zhang et al. (2017) [16]. Reduced glutathione (GSH) was de-
termined at 412 nm according to the method of Hamad et al.
(2019) [17]. Catalase (CAT) activity was determined using
hydrogen peroxide as a substrate according to the method of
Knikman et al. (2020) [18]. Glutathione peroxidase (GPX) ac-
tivity was determined according to the method of Ahmed et al.
(2021) [19]. Lipid peroxidation was quantified as MDA ac-
cording to the method described by Fauziah, (2018) [20]. Glu-
tathione s-transferase (GST) activity was determined accord-
ing to the method of Hajdin&k et al. (2018) [21].

2.7. Determination of Epididymal
Inflammatory Proteins

Epididymal tissues were first rinsed with ice-cold 1% phos-
phate-buffered saline (PBS, pH 7.4) and then homogenized in
four volumes of ice-cold 0.1 M phosphate buffer (pH 7.4) us-
ing a Teflon homogenizer. The homogenates were centrifuged
at 10,000 x g for 15 minutes at 4 °C, and the supernatants were
stored at —20 °C until further analysis. To ensure complete dis-
ruption of cell membranes, the samples underwent two
freeze-thaw cycles, followed by a second centrifugation at
5,000 x g for 5 minutes at 4 °C.

Protein concentrations of tumor necrosis factor-alpha
(TNF-a), inducible nitric oxide synthase (iNOS), cyclooxy-
genase-2 (COX-2), interleukin-1 beta (IL-1B), interleukin-4
(IL-4), caspase-3, and p38 MAPK were determined using
commercially available ELISA kits (CUSABIO Life Science
Inc., Wuhan, China). All assays were conducted strictly ac-
cording to the manufacturer’s instructions, with samples and
standards run in duplicate to ensure accuracy and reproduci-
bility.

2.8. Histological Analysis

Excised epididymal tissues were immediately fixed in 10%
neutral buffered formalin for 48 hours to preserve tissue archi-
tecture. Following fixation, tissues were dehydrated through
graded ethanol series, cleared in xylene, and embedded in par-
affin wax using standard histological procedures [8].

From each animal, multiple serial sections were obtained,
and at least three non-consecutive sections per animal were
selected for analysis to ensure adequate tissue representation.
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Paraffin-embedded tissues were sectioned at 5 pm thickness
using a rotary microtome. The sections were mounted on glass
slides, deparaffinized, rehydrated, and stained with hematox-
ylin and eosin (H&E) following standard staining protocols
[12].

Histological evaluation was performed using a light micro-
scope by an investigator blinded to the treatment groups to
minimize observational bias. For each section, a minimum of
five randomly selected, non-overlapping microscopic fields
were examined at >400 magnification. Morphological fea-
tures assessed included epithelial integrity, luminal sperm

3. Results

density, interstitial architecture, and evidence of cellular de-
generation or inflammatory infiltration. Photomicrographs
were captured using a digital camera attached to the micro-
scope.

2.9. Statistical Analysis

Data were analyzed using one-way analysis of variance
(ANOVA) to compare the various experimental groups fol-
lowed by Duncan post hoc to identify significantly different
groups (GraphPad Prism statistics, version 8.0). Values of P <
0.05 were considered significant.

3.1. Kolaviron Increases Sperm Number, Sperm Morphology and Ameliorates Glucose
6-Phosphate Dehydrogenase (G6-PD) Activity in Bifenthrin-induced Epididymal Toxicity

(B)

12m

&
&= E Ea-
EE 5 E
E E 5 2
E g m _\_V';_
= A E 49
-
= &
A
0w
3 &
5 . & g
&8 &g & & & &9
o TR 5 <
‘\&c\ &
F F &
PR
& Q"{:l {\\x
& & 3 o

(C)

100 =

-y
o
| ]

i

GEPD activity

s
L
L

i

‘ &
& g & &‘a& & SR @g,@'
. "S"@ e & e & B
(&Q“* o oﬁz. G?'O ‘_ri‘:ﬁ 5‘3&
) o
& Q‘jc? QL & qép Q(J
) ko B &
& ¢
& o

Figure 1. Effect of kolaviron (KV) on spermatic indices in bifenthrin-induced epididymal toxicity. (A) sperm count, (B) sperm abnormality and
(C) glucose 6-phosphate dehydrogenase (G6PD) activity. Values are expressed as mean =SD. 2P < 0.05 versus the control group; °P < 0.05
versus the bifenthrin group. ®P < 0.05 versus control and bifenthrin groups.

As shown in Figure 1a, epididymal sperm number was sig-
nificantly reduced (P < 0.05) in the bifenthrin-induced group
compared to the normal control. However, kolaviron treat-
ment alone, as well as kolaviron pretreatment before bifen-
thrin exposure, post-treatment following bifenthrin exposure,
and co-treatment with kolaviron and bifenthrin, all led to a
significant (P < 0.05) increase in sperm number relative to the
bifenthrin-induced group.

As shown in Figure 1b, epididymal sperm abnormality was
significantly increased (P < 0.05) in the bifenthrin-induced
group compared to the normal control. However, kolaviron
treatment alone, as well as kolaviron pretreatment before
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bifenthrin exposure, post-treatment following bifenthrin ex-
posure, and co-treatment with kolaviron and bifenthrin, all led
to a significant (P < 0.05) reduction in sperm abnormality rel-
ative to the bifenthrin-induced group.

As shown in Figure 1c, epididymal Glucose 6-phosphate
dehydrogenase (G6PD) activity was significantly reduced (P
< 0.05) in the bifenthrin-induced group compared to the nor-
mal control. However, treatment with kolaviron alone, kolavi-
ron pretreatment followed by bifenthrin exposure, bifenthrin
exposure followed by kolaviron post-treatment, and co-treat-
ment with kolaviron and bifenthrin all led to a significant (P <
0.05) increase in G6PD activity relative to the bifenthrin-in-
duced group.
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3.2. Kolaviron Ameliorate the Level of Luteinizing Hormone, Follicle Stimulating Hormone and
Testosterone in Bifenthrin-induced Epididymal Toxicity
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Figure 2. Effect of kolaviron (KV) on luteinizing hormone (A), follicle stimulating hormone (B) and testosterone (C) in bifenthrin-induced
epididymal toxicity. Values are expressed as mean %SD. 2P < 0.05 versus the control group; °P < 0.05 versus the bifenthrin group.

As shown in Figure 2a, serum luteinizing hormone level
was significantly reduced (P < 0.05) in the bifenthrin-induced
group compared to the normal control. However, kolaviron
treatment alone, as well as kolaviron pretreatment before
bifenthrin exposure, post-treatment following bifenthrin ex-
posure, and co-treatment with kolaviron and bifenthrin, all led
to a significant (P < 0.05) increase in luteinizing hormone
level relative to the bifenthrin-induced group.

As shown in Figure 2b, serum follicle stimulating hormone
level was significantly reduced (P < 0.05) in the bifenthrin-
induced group compared to the normal control. However, ko-
laviron treatment alone, as well as kolaviron pretreatment be-
fore bifenthrin exposure, post-treatment following bifenthrin
exposure, and co-treatment with kolaviron and bifenthrin, all
led to a significant (P < 0.05) increase in follicle stimulating
hormone level relative to the bifenthrin-induced group.

As shown in Figure 2c, serum testosterone level was signif-
icantly reduced (P < 0.05) in the bifenthrin-induced group
compared to the normal control. However, kolaviron treat-
ment alone, as well as kolaviron pretreatment before bifen-
thrin exposure, post-treatment following bifenthrin exposure,
and co-treatment with kolaviron and bifenthrin, all led to a
significant (P < 0.05) increase in testosterone level relative to
the bifenthrin-induced group.

3.3. Kolaviron Improves Antioxidant Defenses
in Bifenthrin Induced Epididymal Toxicity

As shown in Figure 3a, epididymal superoxide dismutase
(SOD) activity was significantly reduced (P < 0.05) in the
bifenthrin-induced group compared to the normal control.
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However, kolaviron treatment alone, as well as kolaviron pre-
treatment before bifenthrin exposure, post-treatment follow-
ing bifenthrin exposure, and co-treatment with kolaviron and
bifenthrin, all led to a significant (P < 0.05) increase in SOD
activity relative to the bifenthrin-induced group.

As illustrated in Figure 3b, catalase (CAT) activity in the
epididymis was significantly reduced (P < 0.05) in the bifen-
thrin-treated group compared to the normal control. Treatment
with kolaviron alone, as well as pretreatment with kolaviron
prior to bifenthrin exposure, significantly increased CAT ac-
tivity (P < 0.05) relative to the bifenthrin-only group. In con-
trast, post-treatment with kolaviron after bifenthrin exposure
and co-administration of kolaviron with bifenthrin did not pro-
duce a statistically significant change in CAT activity com-
pared to the bifenthrin group.

As shown in Figure 3c, epididymal glutathione (GSH) ac-
tivity was significantly reduced (P < 0.05) in the bifenthrin-
induced group compared to the normal control. However, ko-
laviron treatment alone, as well as kolaviron pretreatment be-
fore bifenthrin exposure, post-treatment following bifenthrin
exposure, and co-treatment with kolaviron and bifenthrin, all
led to a significant (P < 0.05) increase in GSH activity relative
to the bifenthrin-induced group.

As shown in Figure 3d, epididymal glutathione peroxidase
(GPx) activity was significantly reduced (P < 0.05) in the
bifenthrin-induced group compared to the normal control.
However, kolaviron treatment alone, as well as kolaviron pre-
treatment before bifenthrin exposure, post-treatment follow-
ing bifenthrin exposure, and co-treatment with kolaviron and
bifenthrin, all led to a significant (P < 0.05) increase in GPx
activity relative to the bifenthrin-induced group.
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As shown in Figure 3e, epididymal glutathione s-transfer-
ase (GST) activity was significantly reduced (P < 0.05) in the
bifenthrin-induced group compared to the normal control.
However, kolaviron treatment alone, as well as kolaviron pre-
treatment before bifenthrin exposure, post-treatment follow-
ing bifenthrin exposure, and co-treatment with kolaviron and
bifenthrin, all led to a significant (P < 0.05) increase in GST
activity relative to the bifenthrin-induced group.
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As shown in Figure 3f, epididymal malonaldehyde (MDA)
activity was significantly increased (P < 0.05) in the bifen-
thrin-induced group compared to the normal control. However,
kolaviron treatment alone, as well as kolaviron pretreatment
before bifenthrin exposure, post-treatment following bifen-
thrin exposure, and co-treatment with kolaviron and bifenthrin,
all led to a significant (P < 0.05) decrease in MDA activity
relative to the bifenthrin-induced group.

GSH (umole/mg)

MEA (pmole/ma)

& 2
& (;\..K eﬁ‘? &
& = =
& a8
Q“a :-c‘_ ‘_&x
U
& @

Figure 3. Effect of kolaviron (KV) on oxidative stress biomarkers in bifenthrin-induced epididymal toxicity. (A) superoxide dismutase (SOD),
(C) catalase (CAT), (C) glutathione (GSH), (D) glutathione peroxidase (GPx), (E) glutathione s-transferase (GST), (F) malonaldehyde (MDA).
Values are expressed as mean £SD. 2P < 0.05 versus the control group; °P < 0.05 versus the bifenthrin group. 2P < 0.05 versus control and

bifenthrin groups.

3.4. Kolaviron Attenuates Inflammatory
Markers in Bifenthrin-induced Epididymal
Toxicity

As shown in Figure 4a, epididymal tumor necrosis factor-
alpha (TNF-a) activity was significantly increased (P < 0.05)
in the bifenthrin-induced group compared to the normal con-
trol. However, kolaviron treatment alone, as well as kolaviron
pretreatment before bifenthrin exposure, post-treatment fol-
lowing bifenthrin exposure, and co-treatment with kolaviron
and bifenthrin, all led to a significant (P < 0.05) decrease in
TNF-a activity relative to the bifenthrin-induced group.

As shown in Figure 4b, epididymal cyclooxygenase-2
(COX-2) activity was significantly increased (P < 0.05) in the
bifenthrin-induced group compared to the normal control.
However, kolaviron treatment alone, as well as kolaviron pre-
treatment before bifenthrin exposure, post-treatment follow-
ing bifenthrin exposure, and co-treatment with kolaviron and
bifenthrin, all led to a significant (P < 0.05) decrease in COX-
2 activity relative to the bifenthrin-induced group.

As shown in Figure 4c, epididymal inducible nitric oxide
synthase (iNOS) activity was significantly increased (P < 0.05)
in the bifenthrin-induced group compared to the normal con-
trol. However, kolaviron treatment alone, as well as kolaviron
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pretreatment before bifenthrin exposure, post-treatment fol-
lowing bifenthrin exposure, and co-treatment with kolaviron
and bifenthrin, all led to a significant (P < 0.05) decrease in
iNOS activity relative to the bifenthrin-induced group.

As shown in Figure 4d, epididymal Interleukin-1 beta (IL-
1B) activity was significantly increased (P < 0.05) in the bifen-
thrin-induced group compared to the normal control. However,
kolaviron treatment alone, as well as kolaviron pretreatment
before bifenthrin exposure, post-treatment following bifen-
thrin exposure, and co-treatment with kolaviron and bifenthrin,

(A) (B)

all led to a significant (P < 0.05) decrease in IL-1B activity
relative to the bifenthrin-induced group.

As shown in Figure 4e, epididymal Interleukin-4 (IL-4) ac-
tivity was significantly reduced (P < 0.05) in the bifenthrin-
induced group compared to the normal control. However, ko-
laviron treatment alone, as well as kolaviron pretreatment be-
fore bifenthrin exposure, post-treatment following bifenthrin
exposure, and co-treatment with kolaviron and bifenthrin, all
led to a significant (P < 0.05) increase in IL-4 activity relative
to the bifenthrin-induced group.
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Figure 4. Effect of kolaviron (KV) on inflammatory mediators in bifenthrin-induced epididymal toxicity. (A) tumor necrosis factor alpha (TNF-
a), (B) cyclooxygenases-2 (COX-2), (C) inducible nitric oxide synthase (iNOS), (D) interleukin 1 beta (IL-1-8), (D) interleukin 4 (IL-4). Values
are expressed as mean =SD. 2P < 0.05 versus the control group; °P < 0.05 versus the bifenthrin group. ®P < 0.05 versus control and bifenthrin

groups.

3.5. Kolaviron Promotes Apoptotic Balance in
Bifenthrin-induced Epididymal Toxicity

As shown in Figure 5a, epididymal caspase-3 activity was
significantly increased (P < 0.05) in the bifenthrin-induced
group compared to the normal control. However, kolaviron
treatment alone, as well as kolaviron pretreatment before
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bifenthrin exposure, post-treatment following bifenthrin ex-
posure, and co-treatment with kolaviron and bifenthrin, all led
to a significant (P < 0.05) decrease in caspase-3 activity rela-
tive to the bifenthrin-induced group.

As shown in Figure 5b, epididymal p38 MAPK activity was
significantly increased (P < 0.05) in the bifenthrin-induced
group compared to the normal control. However, kolaviron
treatment alone, as well as kolaviron pretreatment before
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bifenthrin exposure, post-treatment following bifenthrin ex-
posure, and co-treatment with kolaviron and bifenthrin, all led

2.0

w T

caspase-3 (pg/ml)

to a significant (P < 0.05) decrease in p38 MAPK activity rel-
ative to the bifenthrin-induced group.

B 1 3

P38 (no/ml)
@ B

Figure 5. Effect of kolaviron (KV) on apoptotic-related proteins in bifenthrin-induced epididymal toxicity. (A) caspase-3, (B) p38 mitogen-
activated protein kinase. Values are expressed as mean %SD. 2P < 0.05 versus the control group; P < 0.05 versus the bifenthrin group. 2P

< 0.05 versus control and bifenthrin groups.

3.6. Kolaviron Improves Epididymal Histomorphology in Bifenthrin-exposed Rats

Control (A)

Bifenthrin (B)

Kolaviron (C)

Figure 6. Representative photomicrographs of epididymal tissues from experimental groups stained with hematoxylin and eosin (H&E) and
examined at %400 magnification. (A) Control; (B) bifenthrin-induced; (C) kolaviron-only; (D) kolaviron pretreatment followed by bifenthrin
exposure; (E) bifenthrin followed by kolaviron post-treatment; and (F) bifenthrin and kolaviron co-treatment. Internal annotations provision-
ally indicate the epididymal duct lumen and/or luminal spermatozoa (A), ductal epithelium (B), surrounding interstitial connective tissue (C),
and the indicated luminal space or tissue alteration (*). Scale bar = 50 pm.

As shown in Figure 6, histological examination revealed
differences in epididymal architecture across the experimental
groups. The control and kolaviron (KV)-only groups exhibited

relatively preserved epididymal histoarchitecture, character-
ized by well-defined ducts containing abundant spermatozoa,
intact pseudostratified columnar epithelium with prominent
stereocilia, and organized interstitial connective tissue (Figure
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6A and C). In contrast, bifenthrin (BIF) exposure was associ-
ated with pronounced histopathological alterations, including
distorted ductal lumina, reduced luminal spermatozoal content,
cellular debris, epithelial degeneration, diminished stereocilia,
and disorganization of the interstitial tissue (Figure 6B). KV
pretreatment appeared to attenuate these alterations, with im-
proved luminal integrity, moderate spermatozoal content, bet-
ter-preserved epithelial organization, and relatively organized
interstitial tissue (Figure 6D). Similarly, KV post-treatment
following BIF exposure was associated with apparent im-
provement in luminal patency, reduced cellular debris, partial
preservation of the epithelial lining and stereocilia, and im-
proved organization of the interstitial connective tissue, alt-
hough some alterations remained evident (Figure 6E). Notably,
the BIF + KV co-treatment group exhibited relatively pre-
served epididymal architecture, with defined lumina contain-
ing spermatozoa, less apparent cellular debris, a compara-
tively continuous pseudostratified epithelium, visible stereo-
cilia, and organized interstitial connective tissue (Figure 6F).

4. Discussion

This study employed a subchronic (28-day) oral exposure
model to investigate bifenthrin (BIF)-induced epididymal tox-
icity and to evaluate the modulatory effects of kolaviron (KV),
a biflavonoid complex isolated from Garcinia kola. The se-
lected dose of BIF (1 mg/kg) reflects a repeated low-dose ex-
posure paradigm suitable for assessing cumulative reproduc-
tive toxicity rather than acute toxicity, while the KV dose (200
mg/kg) was based on prior experimental validation demon-
strating biological activity in rodent models. Using standard
body surface area normalization, these doses correspond to bi-
ologically plausible human-equivalent doses, thereby enhanc-
ing the translational context of the findings. Given the lipo-
philic nature of BIF, which favors accumulation in lipid-rich
tissues including reproductive organs, and the moderate lipo-
philicity of KV that supports tissue distribution and cellular
interaction, the observed biochemical and histological
changes are mechanistically plausible. Across hormonal, oxi-
dative stress, inflammatory, apoptotic, and histoarchitectural
parameters, the results demonstrate that subchronic BIF expo-
sure disrupts epididymal integrity and function, whereas KV
exerts significant protective and restorative effects, likely me-
diated through its antioxidant, anti-inflammatory, and anti-
apoptotic properties.

Bifenthrin-induced reduction in sperm number (Figure 1a)
may be attributed to its pro-oxidant properties, which compro-
mise the structural and functional integrity of the epididymal
epithelium [22]. Oxidative damage to the epididymal micro-
environment can impair sperm storage and maturation, lead-
ing to increased sperm loss and reduced fertility [23]. Addi-
tionally, bifenthrin is known to interfere with hormonal regu-
lation by disrupting the hypothalamic—pituitary—gonadal
(HPG) axis, reducing testosterone levels essential for epidid-
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ymal function and sperm production [24]. The observed in-
crease in sperm abnormalities (Figure 1b), such as head or tail
deformities, likely reflects oxidative damage to the sperm
membrane and cytoskeletal proteins, further impairing fertil-
ity potential.

The significant decrease in epididymal G6PD activity (Fig-
ure 1c) in the bifenthrin group further supports the role of ox-
idative stress in mediating its toxic effects. G6PD plays a piv-
otal role in maintaining redox homeostasis by generating
NADPH through the pentose phosphate pathway [25].
NADPH is essential for the regeneration of reduced glutathi-
one (GSH), a major intracellular antioxidant [26]. Reduced
G6PD activity thus compromises the cellular antioxidant de-
fense system, rendering epididymal cells more susceptible to
oxidative insult and leading to lipid peroxidation, protein oxi-
dation, and cell death [27].

Importantly, kolaviron administration whether alone, as a
pretreatment, post-treatment, or in co-treatment with bifen-
thrin significantly ameliorated these adverse effects. Kolavi-
ron restored sperm count and morphology to near-normal lev-
els and significantly increased G6PD activity compared to the
bifenthrin-only group. These effects can be attributed to the
well-established antioxidant and anti-inflammatory properties
of kolaviron, a biflavonoid complex rich in garcinoic acid and
related polyphenols.

The study further reveals that bifenthrin exposure signifi-
cantly disrupts endocrine function in male Wistar rats, as in-
dicated by reductions in serum luteinizing hormone (LH), fol-
licle-stimulating hormone (FSH), and testosterone levels (Fig-
ure 2a-c). These findings are consistent with previous reports
indicating that pyrethroid insecticides act as endocrine-dis-
rupting chemicals (EDCs), interfering with the hypothalamic—
pituitary—gonadal (HPG) axis and ultimately impairing male
reproductive health [28].

The observed reduction in LH and FSH levels suggests that
bifenthrin interferes with the normal regulatory function of the
anterior pituitary. LH and FSH are gonadotropins critical for
testicular function [29]. LH stimulates Leydig cells to produce
testosterone, while FSH acts on Sertoli cells to support sper-
matogenesis [29]. Disruption in their levels reflects impaired
signaling from the hypothalamus and pituitary, potentially due
to bifenthrin’s neurotoxic effects or its interaction with hor-
mone receptors. In particular, pyrethroids have been shown to
alter GnRH pulsatility, impairing gonadotropin release, and to
interfere with the expression of key genes involved in
steroidogenesis, such as steroidogenic acute regulatory pro-
tein (StAR) and 17B-hydroxysteroid dehydrogenase [30].

The significant decline in serum testosterone (Figure 2c)
observed in the bifenthrin-exposed group may be a direct con-
sequence of reduced LH stimulation of Leydig cells. Addi-
tionally, bifenthrin-induced oxidative stress likely contributes
to Leydig cell dysfunction and decreased testosterone synthe-
sis. Oxidative damage to testicular mitochondria impairs cho-
lesterol transport and conversion to pregnenolone, a critical
step in steroidogenesis [31].
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Notably, kolaviron administration in all treatment regimens
significantly restored serum LH, FSH, and testosterone levels
compared to the bifenthrin group. These findings highlight ko-
laviron’s capacity to modulate the HPG axis and protect en-
docrine tissues from toxicant-induced disruption. By restoring
LH and FSH levels, kolaviron ensures appropriate stimulation
of testicular steroidogenesis and spermatogenesis, as evi-
denced by the corresponding improvements in testosterone
concentration and sperm parameters.

Oxidative stress plays a central role in the pathogenesis of
bifenthrin-induced reproductive toxicity, as evidenced by the
marked alterations in key epididymal antioxidant biomarkers
in this study (Figure 3a-f). Bifenthrin exposure significantly
impaired enzymatic and non-enzymatic antioxidant defenses
reducing superoxide dismutase (SOD), catalase (CAT), re-
duced glutathione (GSH), glutathione peroxidase (GPx), and
glutathione S-transferase (GST) activities while concomi-
tantly increasing malondialdehyde (MDA) levels, a lipid pe-
roxidation marker.

SOD and CAT serve as the primary line of defense against
oxidative insult [32]. SOD catalyzes the dismutation of super-
oxide radicals (O:") into hydrogen peroxide (H202), which is
subsequently detoxified by CAT into water and oxygen [32].
The observed reductions in SOD and CAT activities in bifen-
thrin-treated rats indicate compromised capacity to neutralize
ROS, allowing accumulation of peroxides and exacerbating
oxidative injury to epididymal tissue. Interestingly, kolaviron
administration in all treatment protocols significantly restored
SOD activity (Figure 3a), suggesting its ability to enhance the
first tier of antioxidant defense. However, the increase in CAT
activity (Figure 3b) was significant only in the kolaviron-
alone and pretreatment groups, indicating that early interven-
tion may be more effective in preserving catalase function
compared to post-exposure or co-treatment strategies.

GSH, GPx, and GST are critical components of the gluta-
thione-based antioxidant system. GSH serves as a direct ROS
scavenger and a cofactor for GPx and GST. GPx reduces hy-
drogen peroxide and lipid peroxides to water and alcohols,
while GST facilitates the conjugation of GSH to electrophilic
xenobiotics and oxidative stress byproducts [33]. The signifi-
cant decline in GSH (Figure 3c), GPx (Figure 3d), and GST
(Figure 3e) activities in the bifenthrin group reflects depletion

of cellular redox reserves and impaired detoxification capacity.

Kolaviron significantly restored these parameters across all
treatment regimens, underscoring its ability to replenish GSH
levels and activate GSH-dependent enzymes. This is likely
due to kolaviron’s polyphenolic structure, which allows it to
directly scavenge free radicals and upregulate nuclear factor
erythroid 2—related factor 2 (Nrf2), a transcription factor that
governs the expression of antioxidant response elements
(ARE) including genes encoding GPx and GST.

MDA, a byproduct of lipid peroxidation [34], was signifi-
cantly elevated in the bifenthrin group (Figure 3f), reflecting
extensive oxidative degradation of membrane lipids and cel-
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lular damage. This increase corresponds with the observed im-
pairment of antioxidant defenses. Notably, kolaviron signifi-
cantly reduced MDA levels across all treatment conditions,
indicating effective protection against lipid peroxidation and
preservation of membrane integrity.

This study provides compelling evidence that bifenthrin in-
duces a pronounced proinflammatory response in the epididy-
mis, as reflected by significant elevations in tumor necrosis
factor-alpha (TNF-a), cyclooxygenase-2 (COX-2), inducible
nitric oxide synthase (iNOS), and interleukin-1 beta (IL-1p),
alongside a marked reduction in the anti-inflammatory cyto-
kine interleukin-4 (IL-4) (Figure 4a—€). These changes are
consistent with bifenthrin’s known ability to activate redox-
sensitive and inflammatory signaling pathways, including nu-
clear factor-kappa B (NF-xB) and mitogen-activated protein
kinases (MAPKSs), which play pivotal roles in mediating in-
flammation and tissue injury [35].

TNF-o is a master regulator of inflammation that initiates
the inflammatory cascade by promoting leukocyte recruitment,
enhancing vascular permeability, and stimulating the produc-
tion of other proinflammatory mediators [36]. The significant
elevation of TNF-a in the bifenthrin-treated group (Figure 4a)
suggests an acute inflammatory response within the epididy-
mis, likely contributing to the observed histological disrup-
tions and impaired sperm quality. TNF-a also induces apop-
tosis of germ cells, further compromising epididymal function
and male fertility [37].

COX-2, an inducible isoform of cyclooxygenase, catalyzes
the conversion of arachidonic acid to proinflammatory prosta-
glandins [38]. Its upregulation (Figure 4b) in response to
bifenthrin exposure is indicative of an active inflammatory
state and oxidative stress. Prostaglandins produced by COX-2
can disrupt epithelial barrier function and promote tissue re-
modeling, both of which are detrimental to the tightly regu-
lated environment of the epididymis [39].

Similarly, the elevation of iINOS (Figure 4c) reflects in-
creased nitric oxide (NO) production, which, while serving
immune defense roles, can become cytotoxic at high concen-
trations. Excess NO reacts with superoxide to form peroxyni-
trite, a potent oxidizing and nitrating agent capable of damag-
ing lipids, proteins, and DNA [40]. This nitrosative stress may
exacerbate oxidative damage already induced by bifenthrin,
compounding epididymal dysfunction.

The increase in IL-1B (Figure 4d), a key proinflammatory
cytokine involved in leukocyte activation and cytokine ampli-
fication [41], further confirms the inflammatory state trig-
gered by bifenthrin. IL-1p disrupts testicular and epididymal
immune privilege and has been implicated in male infertility
through its detrimental effects on the blood—testis barrier and
germ cell development.

Conversely, 1L-4, a Th2-type anti-inflammatory cytokine,
was significantly suppressed in the bifenthrin group (Figure
4e). IL-4 plays a crucial role in downregulating proinflamma-
tory cytokine synthesis and promoting tissue healing [42] Its
depletion suggests a skewing of the immune response toward
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a proinflammatory phenotype, allowing inflammation to per-
sist and inflict tissue damage.

Remarkably, kolaviron administration across all treatment
regimens significantly reversed these proinflammatory
changes reducing TNF-o, COX-2, iNOS, and IL-1p levels
while restoring IL-4 concentrations. These findings highlight
kolaviron’s potent anti-inflammatory effects, which comple-
ment its antioxidant properties. Kolaviron likely mediates
these effects by inhibiting the NF-xkB signaling pathway, a
central regulator of cytokine and inflammatory enzyme ex-
pression. By stabilizing NF-kB in its inactive form (bound to
IkB), kolaviron may prevent the transcriptional activation of
genes encoding TNF-a, COX-2, INOS, and IL-1p.

Furthermore, kolaviron's enhancement of IL-4 suggests that
it promotes a shift toward a Th2-dominant, anti-inflammatory
immune profile, contributing to tissue recovery and immune
balance. Its flavonoid constituents, including kolaflavone and
garcinoic acid, are known to modulate immune cell signaling
and cytokine production [43].

In addition to triggering oxidative stress and inflammation,
bifenthrin exposure significantly activated apoptosis-related
and stress-response signaling pathways in the epididymis, as
demonstrated by the elevated activities of caspase-3 and p38
mitogen-activated protein kinase (MAPK) (Figure 5a-b).
These findings provide further insight into the molecular
mechanisms underlying bifenthrin-induced epididymal dam-
age and male reproductive dysfunction.

Caspase-3 is a critical executioner protease in the apoptotic
cascade, responsible for the cleavage of structural and regula-
tory proteins during programmed cell death [44]. The signifi-
cant increase in epididymal caspase-3 activity observed in the
bifenthrin-treated group (Figure 5a) suggests that bifenthrin
induces apoptosis of epithelial and germ cells in the epididy-
mis. This activation likely results from upstream mitochon-
drial dysfunction and cytochrome c release, consequences of
bifenthrin-induced oxidative stress. Increased caspase-3 activ-
ity may compromise epididymal structure, disrupt sperm mat-
uration processes, and contribute to the reduced sperm count
and increased abnormalities previously observed.

Similarly, the marked elevation of p38 MAPK activity (Fig-
ure 5b) in the bifenthrin group indicates the involvement of
cellular stress-response pathways. p38 MAPK is a member of
the stress-activated protein kinase family and is typically acti-
vated by ROS, inflammatory cytokines, and environmental
stressors [45]. Once activated, p38 MAPK can phosphorylate
downstream transcription factors and apoptotic proteins,
thereby amplifying inflammation and promoting apoptosis. In
the reproductive system, hyperactivation of p38 MAPK has
been associated with germ cell apoptosis, Sertoli cell dysfunc-
tion, and overall testicular and epididymal damage [46].

Notably, kolaviron administration whether as monotherapy,
pretreatment, post-treatment, or co-treatment with bifenthrin
significantly attenuated both caspase-3 and p38 MAPK activ-
ities compared to bifenthrin exposure alone. This protective
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effect is consistent with kolaviron’s established role in modu-
lating apoptotic and stress signaling pathways. Kolaviron’s
antioxidant action likely prevents the ROS-mediated activa-
tion of p38 MAPK and the mitochondrial apoptotic cascade,
thereby reducing caspase-3 activation. Moreover, by sup-
pressing upstream inducers such as TNF-a, iNOS, and COX-
2 (as shown in earlier Figures), kolaviron interrupts the feed-
back loops that sustain pro-apoptotic and stress signaling.

Flavonoid compounds in kolaviron are also known to di-
rectly interact with signaling proteins and modulate kinase ac-
tivity. For instance, kolaviron may inhibit the phosphorylation
of p38 MAPK or enhance the expression of anti-apoptotic pro-
teins such as Bcl-2, tipping the balance away from cell death
and toward survival. These effects contribute to the preserva-
tion of epididymal architecture and function, as supported by
the histological findings and improved sperm parameters in
kolaviron-treated groups.

Histological assessment of epididymal tissues revealed
clear group-dependent alterations consistent with the extent of
toxicant exposure and therapeutic intervention. The control
group demonstrated normal epididymal architecture, with
well-defined ducts, lumina densely filled with spermatozoa,
and intact pseudostratified columnar epithelium bearing
prominent stereocilia, indicative of optimal sperm maturation
and storage capacity. In contrast, bifenthrin (BIF) exposure in-
duced severe histopathological disruptions, including distor-
tion of the ductal lumen, marked reduction in luminal sperma-
tozoa with accumulation of cellular debris, degeneration and
disorganization of the epithelial lining, and attenuation of ste-
reocilia. These structural derangements were accompanied by
loosening of the interstitial connective tissue, reflecting com-
promised epididymal integrity and functional impairment.

Administration of kolaviron (KV) alone preserved normal
histological features comparable to the control, confirming its
non-toxic nature on epididymal tissue. Notably, KV pretreat-
ment prior to BIF exposure markedly attenuated the observed
damage, as evidenced by preservation of ductal architecture,
improved epithelial organization, and moderate restoration of
luminal sperm content, suggesting a strong prophylactic effect.
Similarly, KV post-treatment following BIF exposure resulted
in appreciable recovery, with partial regeneration of the epi-
thelial lining, reappearance of stereocilia, and reduced luminal
debris, although mild residual alterations persisted. The co-
treatment group exhibited near-complete protection, with
well-preserved ductal structure, continuous epithelium, dis-
tinct stereocilia, and minimal cellular debris, closely resem-
bling normal histoarchitecture.

These histological findings are in agreement with the bio-
chemical and inflammatory profiles observed in this study, re-
inforcing the protective role of KV against BIF-induced epi-
didymal toxicity. The preservation and restoration of epididy-
mal structure may be attributed to the antioxidant, anti-inflam-
matory, and anti-apoptotic properties of KV, which collec-
tively act to stabilize cellular integrity, reduce oxidative dam-
age, and prevent epithelial degeneration.
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A notable limitation of the present study is the absence of
detailed molecular and genetic analyses to further substantiate
the mechanistic pathways involved. Although key mediators
such as p38 MAPK and caspase-3 were evaluated at the pro-
tein level, their activation states and gene expression profiles
were not assessed using more sensitive and specific tech-
niques. In particular, the lack of analysis of phosphorylated
p38 MAPK (p-p38) and cleaved caspase-3 using Western
blotting, as well as the absence of gene expression studies (e.g.,
RT-gqPCR), may limit a comprehensive understanding of the
apoptotic and stress signaling pathways implicated. Incorpo-
ration of these approaches would have provided stronger
mechanistic validation of the observed biochemical and histo-
logical outcomes. Accordingly, further investigations incor-
porating these advanced molecular approaches are necessary
to validate and extend the present findings, while providing a
more detailed understanding of the cytoprotective mecha-
nisms by which kolaviron mitigates bifenthrin-induced repro-
ductive toxicity.

5. Conclusion

This study demonstrates that bifenthrin induces significant
epididymal toxicity in male Wistar rats, characterized by hor-
monal disruption, oxidative stress, elevated proinflammatory
cytokines, increased apoptotic signaling, and marked histoar-
chitectural damage. Kolaviron administration, whether as a
standalone treatment, pretreatment, post-treatment, or co-
treatment, significantly mitigated these adverse effects. The
protective effects of kolaviron were evident through the resto-
ration of serum reproductive hormone levels, enhancement of
antioxidant enzyme activities, suppression of inflammatory
mediators (TNF-a, IL-1B, COX-2, iNOS), downregulation of
apoptotic markers (caspase-3, p38 MAPK), and preservation
of normal epididymal histoarchitecture. These findings sug-
gest that kolaviron confers substantial protection against
bifenthrin-induced reproductive toxicity, likely via its antiox-
idant, anti-inflammatory, and anti-apoptotic mechanisms. Ko-
laviron may, therefore, hold therapeutic potential as a natural
cytoprotective agent against pesticide-induced reproductive
damage.
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