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Abstract

Background: Acetamiprid (ACMP) exposure mediates a variety of pathological compli-
cations, including testicular toxicity. Berberine (BBR) is a plant-derived alkaloid with
potential pharmacological properties. This study sought to evaluate the ameliorative effects
of BBR against ACMP-induced testicular toxicity. Methods: Male Wistar rats were divided
into four groups: control, BBR-treated, ACMP-exposed, and BBR+ACMP co-treated, and
were administered with BBR (150 mg/kg b.wt) and ACMP (21.7 mg/kg b.wt) for 21 days.
Biochemical and FTIR analyses, RT-PCR, computational analyses, and histopathological
examination were conducted to assess alterations in lipid and protein profiles, as well as
apoptotic and structural changes. Results: ACMP exposure was associated with oxidative
injury, functional alterations (stretching of -OH, -CH2, -NH, C=O, C-N, -COO-, -PO2

−),
and compositional changes in proteins and lipids. Pre-treatment of BBR (2 h prior) was
associated with attenuation of the functional and compositional alterations in proteins and
lipids in co-treated rats. RT-PCR and computational analysis showed increased Bax and
caspase-3 and decreased Bcl-2 mRNA expression, suggesting a potential modulation of
ACMP-induced apoptosis by BBR. Histological examination showed that pre-treatment
with BBR prevented ACMP-induced structural alterations, including cellular disorganiza-
tion and alteration in seminiferous tubules. Conclusions: The study suggested that the BBR
may exert ameliorative effects against ACMP-induced testicular toxicity by modulating
lipid and protein changes and the anti-apoptotic pathway. Thus, BBR could be used as a
potential ameliorative agent against oxidative stress. However, more mechanistic studies
are needed for broader biological relevance and validity.

Keywords: acetamiprid; berberine; apoptosis; testes; histology

1. Introduction
Acetamiprid (ACMP) is a neonicotinoid insecticide broadly used in agricultural and

domestic activities since the last decade [1]. At the same time, the scientific literature
provided evidence of its accumulation in various environmental resources and the potential
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adverse effects on non-target organisms [2,3]. The main mechanisms underlying ACMP
toxicity include elevated oxidative stress, apoptosis, and structural and DNA damage in
mammals [4–6]. These degenerative changes associated with ACMP exposure translate to
hepatotoxicity, neurotoxicity, nephrotoxicity, and reproductive toxicity [7–10].

Testes are considered highly vulnerable to oxidative stress due to their high levels of
polyunsaturated fatty acids and functional proteins. Scientific evidence has documented
that ACMP exposure is associated with oxidative stress, altered spermatogenesis, disrupted
hormonal regulation and structural alterations in testicular tissue [7,11–14]. Several in vitro
studies have further confirmed the pronounced toxic effects of ACMP on reproductive
organs in different experimental models [3,15]. Additionally, acute and subchronic exposure
to ACMP alone and in combination with other pesticides has been reported to induce
apoptosis by altering Bax/Bcl-2 ratios and activating caspase-3, as well as causing DNA
damage in testicular tissue [16–18]. Moreover, occupational exposure to ACMP has been
linked with reduced sperm count, stillbirth, congenital and developmental disabilities
among children born to farm workers, indicating severe reproductive toxicity of ACMP [19].

Natural antioxidants are cost-effective ameliorative agents against xenobiotic exposure-
induced toxicity, with minimal side effects, and have a variety of pharmacological and
clinical applications. Berberine (BBR) is an antioxidant abundant in the roots, stems, and
leaves of Berberis species. Various studies have identified that the structural diversity of
BBR is responsible for its therapeutic efficacy and pharmacological and pharmacokinetic
properties [20,21]. Owing to these functional groups, several ameliorative potentials, such
as antioxidative, anti-apoptotic, anti-inflammatory, and anti-cholinergic, are also attributed
to BBR. Literature has confirmed the potential efficacy of BBR against drug abuse [22],
heavy metals [23], and pesticide exposure [24] induced reproductive toxicity in various
organisms. Scientific investigations have shown the ameliorative effects of BBR (50 and
100 mg/kg b.wt) against rat models for male fertility disorders induced by varicocele and
gossypol exposure [25,26]. The antioxidative and anti-inflammatory properties of BBR
were considered responsible for attenuating the exposure-induced reproductive toxicity.

Further, the effects of ACMP on the male reproductive system, focusing on sperm
characteristics and hormonal regulations, have been documented previously. However,
no study has yet applied a computational approach and examined the toxicity of ACMP
with respect to the functional and molecular composition of lipids and proteins, as well
as apoptotic and structural changes. The current study was conducted to explore ACMP-
induced oxidative and structural damage, along with apoptotic progression, in rat testes,
and to investigate the protective efficacy of BBR.

2. Materials and Methods
2.1. Reagents

Acetamiprid (C10H11ClN4, purity ≥ 98.0%), berberine (C20H18ClNO4, purity ≥ 98.0%),
bovine serum albumin (BSA), 2,4-dinitrophenylhydrazine (DNPH), 5,5-dithiobis-2-nitro-
benzoic acid (DTNB), trichloroacetic acid (TCA), thiobarbituric acid (TBA), guanidine
hydrochloride, ethylene diamine tetraacetic acid (EDTA) and potassium bromide were
purchased from Sigma-Aldrich (St. Louis, MO, USA). dNTP mix and Taq polymerase were
obtained from Fisher Scientific (Mumbai, India).

2.2. Experimental Animals

Albino male rats (Wistar strain) weighing 150–180 g were procured from a disease-
free small animal house, Lala Lajpat Rai University of Veterinary and Animal Sciences,
Hisar. Rats were housed in polypropylene cages under controlled laboratory conditions,
maintained at 25 ± 2 ◦C, 55 ± 5% humidity, and a 12 h light/dark cycle, with free access to a

https://doi.org/10.3390/jox16030095

https://doi.org/10.3390/jox16030095


J. Xenobiot. 2026, 16, 95 3 of 18

standard rodent pellet diet and water ad libitum. Animals were acclimatized for seven days
before starting the experiment. All experimental protocols were performed in accordance
with the relevant OECD, ARRIVE and Institutional Animal Ethics Committee guidelines.
The utmost care was taken to ensure blinding at each stage of the experiment to avoid any
selection bias.

2.3. Experimental Design

Experimental animals were randomly assigned to four groups containing six rats in
each as follows:

• Control group: Animals were given normal saline (0.9% w/v) as a vehicle, intragastrically.
• Berberine-treated group (BBR): Animals were given 1 mL of a dose intragastrically

containing 150 mg/kg b.wt BBR for 3 weeks.
• Acetamiprid-exposed group (ACMP): Animals intragastrically received 1 mL of the

ACMP dose equivalent to 21.7 mg/kg b.wt (1/10th LD50 of ACMP for rats) for
3 weeks.

• Berberine–ACMP co-treated group (BBR+ACMP): Animals received BBR, and then
ACMP, with a 2 h gap.

The dose of BBR was selected based on previous studies documenting its potential to
mitigate tissue injury and stress-related conditions [27,28]. The dose of ACMP was selected
based on an earlier study showing that 21.7 mg/kg b.wt ACMP induces hepatotoxicity in
rats [29].

After 24 h of the dose completion, animals were anesthetized using CO2 asphyxiation.
For CO2 asphyxiation, the rats were placed in a 5 L chamber, and compressed CO2 was
slowly released at a uniform rate (1 L/min). The rats were sacrificed via cervical dislocation.
The testes were excised, rinsed with ice-cold saline, and processed for biochemical assays
and Fourier transform infrared (FTIR) spectroscopy evaluation. A portion of the tissue was
fixed in 10% neutral buffered formalin and processed for histopathological analysis. A part
of the tissue was used for the PCR study. The schematic presentation of the experimental
design and timeline followed during the present study is shown in Figure 1.

Figure 1. Experimental design and timeline followed during the present study.

2.4. Preparation of Tissue Homogenate

The 500 mg of testicular tissue was homogenized in 5 mL of tissue homogenizing
medium (pH 7.4) containing 0.25 M sucrose, 1 mM EDTA and 5 mM tris; using a glass
Dounce homogenizer (Perfit, Gupta Scientific Industries, Ambala, India). Cellular debris
was removed after centrifuging homogenate at 2100× g at 4 ◦C for 15 min, and the super-
natant was again centrifuged at 13,000× g for 2 min. The obtained supernatant was used
for biochemical assays.

2.5. Evaluation of Lipid Peroxidation and Protein Oxidation

Lipid peroxidation (LPO) was assayed in the obtained homogenate as described
previously [30]. Oxidative damage to membrane lipids was measured spectrophotometri-
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cally by estimating malondialdehyde (MDA) content. The absorbance was recorded spec-
trophotometrically at 532 nm, and the results were expressed as nmol MDA/mg protein.

Oxidative damage to cellular proteins was evaluated spectrophotometrically at 370 nm
by measuring the hydrazones formed from the reaction of DNPH with protein car-
bonyls in tissue homogenate [31]. The protein carbonyl content was expressed as nmol
carbonyl/mg protein.

2.6. Fourier Transform Infrared Spectroscopy Analysis

For FTIR analysis, samples were prepared according to the method described
previously [32]. Briefly, testis tissues were lyophilized overnight, ground, mixed with potas-
sium bromide in a ratio of 1:100, and then pressed under a hydraulic press (1100 kg/cm2)
to obtain pellets. FTIR spectra were recorded in the 4000–400 cm−1 region using an FTIR
spectrophotometer (Alpha, Bruker Optics, Ettlingen, Germany). Spectra were further
analyzed using OriginPro 19 (OriginLab Corporation, Northampton, MA, USA).

2.7. Reverse Transcription Semi-Quantitative Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated using an RNA extraction kit (NP-84105, Nucleopore,
New Delhi, India). The obtained RNA was checked for concentration and purity (A260/280)
in a Nanodrop spectrophotometer (Denovix, Wilmington, DE, USA). Total RNA (2.5 µg)
from each sample was reverse transcribed to cDNA using the RevertAid First-strand syn-
thesis kit (Fermentas, St. Leon-Rot, Germany). Reverse transcriptase polymerase chain
reaction was performed using 1 µL cDNA, DNA polymerase, and forward and reverse
primers for genes of interest (Table 1) on a gradient thermal cycler (PeqStar 2X, PEQLAB,
Erlangen, Germany). The reaction cycle consisted of a hot start at 95 ◦C for 10 min, followed
by 30 cycles of amplification consisting of denaturation (94 ◦C, 15 s), annealing (30 s), and
extension (72 ◦C, 30 s). The PCR products were electrophoresed on agarose gel (1.2% w/v)
and photographed using the gel documentation system (XR+, Bio-Rad Laboratories, Her-
cules, CA, USA). Band intensities were quantified using ImageJ software (version 1.53n),
with β-actin as a standard.

Table 1. Details of the primer used for RT-PCR analysis in this study.

Primer Accession Sequence (5′–3′) Size (bp)

Caspase-3 NM_012922.2
F-GACAACAACGAAACCTCC

122R-AGGGTAATCCTTTTGTAACTG

Bax NM_017059.2
F-GGCTGGACACTGGACTTC

152R-CAGATGGTGAGTGAGGCA

Bcl-2 NM_016993.2
F-GTGGACAACATCGCTCTG

141R-AGACAGCCAGGAGAAATCA

β-actin V01217.1
F-TTGCCCTAGACTTCGAGCAA

213R-AGACTTACAGTGTGGCCTCC

2.8. Molecular Docking
2.8.1. Structure Retrieval

The 3-D crystal structures of the target proteins were obtained from the Protein Data
Bank (PDB). The Bax structure was retrieved from the crystal structure of Bax (P168G) in
complex with an activating antibody (PDB ID: 5W5X). The Bcl-2 protein structure was
collected as the full-length Bcl complexed with the inhibitor ABT-263 (PDB ID: 4QNQ).
Additionally, the structure of caspase-3 was obtained in its inactive pro-form (pro-caspase-3)
with PDB ID 2J31. All structures were selected for their high resolution and biological
relevance and prepared for subsequent computational analyses.
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2.8.2. Active Site Prediction

Active-site prediction for the selected protein structures was performed using the
CASTpFold server. This automated computational tool identifies potential ligand-binding
pockets based on protein surface topology and residue accessibility. The 3D structures
of the Bax, Bcl-2, and caspase-3 proteins were obtained from the publicly available PDB
database and submitted individually to the CASTpFold server using default parameters.
The server analyzes cavity volume, pocket depth, and surface area to predict functionally
relevant active/binding sites and reports the amino acid residues that constitute each
predicted active pocket. The identified residues within the major binding pocket of each
protein were documented for comparative analysis and further studies.

2.8.3. Docking

Molecular docking was performed to predict protein-ligand interactions using the
Extra Precision (XP) protocol. XP mode was selected to ensure improved pose refinement
and scoring accuracy.

Ligands were prepared using the LigPrep module of Maestro, with default parameter
settings, automatic ionization, generation of only 1 tautomer, and a single pose retained for
each ligand. Energy minimization was performed using the OPLS3e force field. Protein
structures were prepared using the Protein Preparation Wizard module, followed by an
energy minimization step, which was done using the OPLS_2005 force field.

Molecular docking for Bax, Bcl-2, and caspase-3 was carried out using the same
standardized workflow. Receptor grids with dimensions of 10 Å × 10 Å × 10 Å were
generated by keeping the x, y, z co-ordinates (10.90, −8.93, 5.40), (4.42, 5.08, −4.70), and
(−8.79, 11.84, 26.24) for Bax, Bcl-2, and caspase-3, respectively. Prior to docking, water
molecules located more than 5 Å from the binding pocket were removed, whereas metal
ions essential for structural integrity were preserved. Extra-precision docking was then
applied to obtain refined binding poses and reliable interaction scoring.

2.9. Histopathological Analysis

After fixation in 10% formalin, the testes were appropriately washed under running
tap water and dehydrated using an ascending series of ethyl alcohol (30%, 50%, 70%,
90%, and 100%). After dehydration, tissues were cleared in xylene, followed by xylene
saturated with wax, and finally embedded in paraffin. Tissue sections of 3–5 µm were
cut using a semi-automatic microtome, mounted on glass slides, and then stained with
Hematoxylin and Eosin. The slides were analyzed and photographed using a digital
microscope equipped with a camera (Nikon Eclipse Ci-L, Tokyo, Japan).

2.10. Protein Determination

The protein content was determined by the Lowry method using BSA as the standard
protein [33].

2.11. Statistical Analysis

The results were expressed as mean ± S.D. Results were statistically analyzed us-
ing GraphPad Prism 6 software. Data were assessed for normality of distribution, and
differences between groups were evaluated using Student’s t-test and one-way analysis
of variance (ANOVA), followed by the least significant difference test, with statistical
significance set at p ≤ 0.05 considered significant.
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3. Results
3.1. Berberine Attenuated Acetamiprid-Mediated Oxidative Stress in Rat Testes

Compared with control rats, exposure to ACMP induced a significant elevation in
MDA and carbonyl content in rat testes by about 42% and 53%, respectively. However,
pre-treatment with BBR following ACMP exposure modulated ACMP effects on both LPO
and protein oxidation, as evidenced by significant declines in MDA (27%) and carbonyl
(31%) levels towards control levels. While the BBR alone treatment showed non-significant
effects on both compared to the control rats (Figure 2a,b).

Figure 2. Effects of pre-treatment of berberine (BBR) and acetamiprid (ACMP) exposure on (a) lipid
peroxidation and (b) protein oxidation in testes tissue of rats. Values are expressed as the mean ± S.D.
(n = 3).

3.2. Berberine Ameliorated Acetamiprid-Induced Functional and Molecular Alterations in Lipids
and Proteins in the Testes of Rats

Biological tissue consists of various macromolecules, including lipids and proteins,
and possesses specific vibrational fingerprints when examined under infrared radiation.
The present study investigated the effects of ACMP exposure and the ameliorative potential
of a BBR supplement on the functional aspects of lipids and proteins in rat testicular tissue
using FTIR spectroscopy. Figure 3a,b represent the FTIR spectrum of rat testes in different
experimental groups in the 3800–2700 cm−1 and 1800–1200 cm−1 regions, respectively.

The FTIR results of the present study showed significant differences in the peak areas
between control and ACMP-exposed rats, suggesting ACMP-mediated alterations in the
testicular membrane. The calamitous reduction in peak areas observed at 2924 cm−1

(CH2 asymmetric stretch), 2853 cm−1 (CH2 symmetric stretch), and 1548 cm−1 (Amide
II) following ACMP exposure indicated severe alterations in lipid flexibility and protein
conformation. Further, ACMP exposure also significantly affected the area under Amide A
and Amide B bands observed at 3414 cm−1 and 3238 cm−1, respectively, along with CH2

stretching of lipids assigned at 1459 cm−1, compared to the control group spectrum. Slight
alterations were observed at wave numbers 3551 cm−1, 3475 cm−1 (OH stretching), and
1230 cm−1 (PO2

− stretching) in ACMP intoxicated groups (Table 2).
In addition, the total lipids (CH2 asymmetric and symmetric stretching at 2924 cm−1

and 2853 cm−1) and lipids to proteins ratio (total lipids/amide stretching at 3414 cm−1,
3238 cm−1, 1638 cm−1, and 1548 cm−1) decreased significantly in ACMP-intoxicated groups
in respect to controls. Whereas a significant increase was observed in Amide I (1638 cm−1)
to Amide II (1548 cm−1) and carbonyl ester (C=O stretching at 1638 cm−1 and 1618 cm−1)
to total lipids ratio in ACMP exposed groups, implying the change in membrane protein
conformation due to ACMP. The total lipid content in the BBR and ACMP cotreated group
was similar to that of the control. The band area ratio was also significantly restored toward
control levels, suggesting potential ameliorative effects of BBR against ACMP-mediated
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alterations in testicular membrane composition. Indeed, no significant differences were
depicted in the control and BBR alone-treated groups (Table 3).

Table 2. Description of frequency assignment and effects of berberine pre-treatment and acetamiprid
exposure on peak area value in testes tissue of different experimental groups.

S. No Peak
Peak Area Associated

Functional GroupControl BBR ACMP BBR+ACMP

1 3551 27.26 ± 0.28 27.74 ± 0.55 31.58 ± 0.20 *** 29.72 ± 0.16 ### O-H stretching
2 3475 29.57 ± 0.62 29.88 ± 0.81 34.41 ± 0.33 ** 31.14 ± 0.20 ### O-H stretching
3 3414 57.17 ± 0.77 57.11 ± 0.70 56.35 ± 0.25 55.36 ± 1.01 Amide A: N-H stretching
4 3238 22.01 ± 0.42 22.74 ± 0.41 15.37 ± 0.30 *** 19.05 ± 0.22 ### Amide B: N-H stretching

5 2924 8.76 ± 0.39 9.24 ± 0.50 3.86 ± 0.17 *** 4.76 ± 0.31 # CH2 asymmetric stretching
of lipids

6 2853 4.75 ± 0.27 5.23 ± 0.44 1.86 ± 0.27 *** 3.05 ± 0.19 ## CH2 symmetric stretching
of lipids

7 1638 15.19 ± 0.34 14.72 ± 0.28 9.80 ± 0.13 *** 11.29 ± 0.23 ## Amide I: C=O stretching
8 1618 7.32 ± 0.14 7.31 ± 0.06 7.26 ± 0.13 7.35 ± 0.14 C=O stretching of proteins

9 1548 6.81 ± 0.32 6.34 ± 0.30 2.98 ± 0.13 *** 4.58 ± 0.22 ## Amide II: N-H bend and
C-N stretch

10 1459 2.14 ± 0.10 2.04 ± 0.15 0.87 ± 0.07 *** 1.09 ± 0.16 CH2 stretching bend of lipids

11 1385 3.83 ± 0.25 3.63 ± 0.29 2.26 ± 0.10 ** 2.98 ± 0.19 # COO- a symmetric stretch of
fatty acid

12 1230 4.50 ± 0.22 4.36 ± 0.08 3.26 ± 0.16 ** 4.00 ± 0.16 ##
PO2

− asymmetric stretching:
Phosphoric acid and

nucleic acids
Values are represented as mean ± S.D. (n = 3). ** p ≤ 0.01, and *** p ≤ 0.001 are statistically different from the
control group; # p ≤ 0.05, ## p ≤ 0.01, and ### p ≤ 0.001 are statistically different from ACMP-exposed group.

Figure 3. Effects of berberine (BBR) pre-treatment and acetamiprid (ACMP) exposure on functional
groups of lipids and proteins in testes tissue of rats. (a) FTIR spectra of 3800–2700 cm−1 region;
(b) FTIR spectra of 1800–1200 cm−1 region. The peak numbers are further detailed in Table 2.

Table 3. Description of various functional attributes of lipids and proteins in different experimental
groups.

Functional Group Control BBR ACMP BBR+ACMP

Total Lipids 13.51 ± 0.35 14.47 ± 0.93 05.72 ± 0.41 *** 07.82 ± 0.47 ##

Lipid/Proteins 0.134 ± 0.004 0.143 ± 0.009 0.068 ± 0.005 *** 0.087 ± 0.004 ##

Carbonyl ester/Total Lipids 1.67 ± 0.03 1.53 ± 0.12 2.99 ± 0.25 *** 2.39 ± 0.15 #

Amide I/Amide II 2.23 ± 0.06 2.32 ± 0.07 3.29 ± 0.14 *** 2.47 ± 0.08 ##

Values are represented as mean ± S.D. (n = 3). *** p ≤ 0.001 is statistically different from the control group;
# p ≤ 0.05 and ## p ≤ 0.01 are statistically different from ACMP-exposed group.
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3.3. Berberine Protected Against Acetamiprid-Induced Apoptotic Progression in Rat Testes

Rats intoxicated with ACMP significantly upregulated the mRNA levels of Bax (53%)
and caspase-3 (60%) in testes tissue. Moreover, ACMP exposure reduced Bcl-2 expression
by about 33% compared with control rats, whereas 2 h prior, supplementation of BBR sig-
nificantly downregulated the proapoptotic markers’ expressions (Bax by 41% and caspase-3
by 42%) and upregulated expressions of Bcl-2 (15%) compared to ACMP-exposed rats.
Furthermore, BBR alone treatment didn’t alter apoptotic marker levels compared with
control rats (Figures 4a–d and S1).

Figure 4. Effects of berberine (BBR) pre-treatment and acetamiprid (ACMP) exposure on mRNA
expressions of apoptotic markers (a); Mean relative mRNA level of Bax (b), Bcl-2 (c), and caspase-3
(d). β-actin was used as a standard control. Values are expressed as the mean ± S.D. (n = 3).

3.4. Molecular Docking Results

CASTpFold analysis revealed distinct and well-defined active sites in all three pro-
teins. For Bax, the predicted active/binding site was located in Chain A and comprised
residues: PRO13, GLN18, ILE19, THR22, SER55, THR56, LEU59, GLY156, GLY157, TRP158,
ASP159, and LEU162. For the Bcl-2, the active/binding site was identified in Chain A and
included residues: PHE97, TYR101, ALA104, PHE105, LEU108, VAL126, LEU130, ALA142,
SER145, PHE146, and ALA149. Similarly, caspase-3 exhibited an extensive active site within
Chain A consisting of residues PHE86, GLU89, THR90, TYR92, MET136, ASP137, TRP138,
VAL139, TRP140, VAL141, GLU145, ARG146, THR148, GLY149, LEU150, PHE151, ILE167,
ASP168, GLY169, PRO170, TYR171, SER172, SER174, MET175, THR177, PHE178, and
ALA181. The presence of conserved aromatic, charged, and hydrophobic residues across
these predicted pockets suggests their potential functional importance and supports their
selection for downstream molecular docking and interaction analyses. The binding/active
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site of Bax, Bcl-2, and caspase-3 can be seen in the red-coloured section (Figure 5a–c, respec-
tively). Details of distinct color codes depicted in the interaction diagrams are provided in
Figure 5d.

Figure 5. The predicted active sites of: Bax protein (a); Bcl-2 protein (b); caspase-3 protein (c). All
the active sites are represented in red. Details of various colors and lines, along with the type of
interaction they represent (d).

Molecular docking was performed to evaluate the binding affinity and interaction
profile of BBR with key apoptotic regulators Bax, Bcl-2, and caspase-3. For the Bax pro-
tein, BBR showed a binding affinity of −3.031 kcal/mol. The interaction profile of BBR
with Bax indicates that BBR establishes a hydrogen bond with TRP158 and engages in
polar interactions with THR22, GLN18, and SER55. Additionally, notable hydrophobic
interactions were observed with TRP158, ILE19 and PRO13, supporting the stability of the
overall ligand-protein complex (Figure 6). In the case of Bcl-2, BBR displayed a binding
affinity of −3.778 kcal/mol, indicating a moderate level of interaction. The ligand pre-
dominantly exhibited hydrophobic interactions with key residues in the binding pocket,
including PHE97, TYR101, LEU130, and ALA142, thereby contributing to the stability of
the complex (Figure 7). Similarly, docking with caspase-3 exhibited a binding affinity of
2.868 kcal/mol, indicating a comparatively less favorable interaction. Nevertheless, BBR
exhibited polar interactions with GLN217, SER218, and SER213, alongside hydrophobic
contacts with ILE216, PHE215, TRP214, VAL243, PHE247, LEU219, and CYS220, sug-
gesting partial accommodation within the caspase-3 binding pocket (Figure 8). Overall,
BBR demonstrated relatively higher affinity for Bcl-2, followed by Bax, while compara-
tively weaker binding was observed with caspase-3, indicating selective interactions with
apoptosis-related targets.
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Figure 6. Three-dimensional interaction analysis of Bax in complex with berberine (BBR). (A) Cartoon
representation of Bax illustrates the binding orientation of BBR within the active site. (B) An enlarged
view of the electrostatic surface potential of Bax, emphasizing BBR encapsulated in the binding
cavity. (C) Two-dimensional interaction diagram of Bax–BBR complex forming multiple stabilizing
interactions with key amino acid residues.

Figure 7. Three-dimensional interaction analysis of Bcl-2 in complex with berberine (BBR).
(A) Cartoon representation of Bcl-2 illustrates the binding orientation of BBR within the active
site. (B) An enlarged view of the electrostatic surface potential of Bcl-2, emphasizing BBR encapsu-
lated in the binding cavity. (C) Two-dimensional interaction diagram of Bcl-2-BBR complex forming
multiple stabilizing interactions with key amino acid residues.
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Figure 8. Three-dimensional interaction analysis of caspase-3 in complex with berberine (BBR).
(A) Cartoon representation of caspase-3 illustrates the binding orientation of BBR within the active
site. (B) An enlarged view of the electrostatic surface potential of caspase-3, emphasizing BBR
encapsulated in the binding cavity. (C) Two-dimensional interaction diagram of caspase-3-BBR
complex forming multiple stabilizing interactions with key amino acid residues.

3.5. Berberine Prevented Acetamiprid-Induced Histopathological Changes in the Testes of Rats

The testicular tissue sections of control and BBR-treated rats displayed normal testicu-
lar morphology, regular thickness of the basement membrane, presence of nurse cells, and
an ordered arrangement from spermatogonia to spermatids (Figures 9a–d and S2). Intersti-
tial cells appeared adjacent to seminiferous tubules. Contrary to this, ACMP administration
caused severe damage, evident in the appearance of large intracellular spaces, breakage of
the seminiferous tubular membrane, and a decreased number of germ cells and spermato-
zoa in the lumen region. Further, sloughing of spermatogenic cells, vacuolated cytoplasm of
spermatogonia, and reduced numbers of spermatids were also observed in ACMP-exposed
rat testes (Figures 10a–d and S3). On the other hand, supplementation with BBR prevented
histopathological changes in the testes of ACMP-exposed rats. Only mild vacuolization
was observed in the testes of BBR and ACMP co-exposed rats (Figures 11a–d and S4). The
histological scoring for major structural alterations is summarised in Table 4.

Table 4. Description of major histological alterations and Johnson-like scoring.

Damage to Control BBR ACMP BBR+ACMP

Spermatogonia - - ++ -
Primary Spermatocytes - - ++ -

Spermatids - - +++ +
Spermatozoa - - +++ ++

Johnson-like Scoring 9.4 ± 0.49 9.6 ± 0.49 7.6 ± 0.8 * 9 ± 0.63 #

(-) No change; (+) mild alteration; (++) moderate alterations; and (+++) severe alterations * p ≤ 0.05 is statistically
different from the control group; # p ≤ 0.05 is statistically different from ACMP-exposed group.
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Figure 9. Photomicrograph of H&E-stained testes sections (200× and 400×) of control (a,b) and
berberine (BBR)-treated (c,d) rats depicting standard shape of seminiferous tubules (ST), lumen (L)
consisting of mature spermatozoa (MS), interstitial tissue (IT), wall of seminiferous tubule (WS),
primary spermatocytes (bold arrow), nurse cells (broken arrow) and spermatids (circle).

  

  
Figure 10. Photomicrograph of H&E-stained testes sections of acetamiprid (ACMP)-exposed rats
showing decreased number of spermatozoa (D) and large intracellular spaces (LITs) at 200× (a,b);
sloughing of spermatogonia cells (SSCs), haemorrhage (H), vacuolization (V), and vacuolated cyto-
plasm of spermatogonia (red arrow) at 400× (c,d).
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Figure 11. Photomicrograph of H&E-stained testes sections (200× and 400×) of berberine (BBR)
and acetamiprid (ACMP) co-treated rat’s tissue sections depicting attenuation of structural changes
caused by acetamiprid exposure with the regular arrangement of spermatozoa and their count in
lumen (a–d).

4. Discussion
Testes are among the most essential organs, and their functioning is critical because of

their role in the continuity of the species. Recent toxicological studies have confirmed the
testes as the prime targeted organ during toxic exposures. Furthermore, several pesticides
have been shown to cause severe alterations in testicular physiology and biochemistry, as
well as detrimental effects, including apoptosis and histological changes. Thus, monitor-
ing and evaluating the toxic effects of pesticides and exploring the therapeutic potential
of some natural supplements have been much sought after. The present study investi-
gated the ameliorative and preventive potential of BBR against ACMP-induced toxicity in
rat testes.

Acetamiprid is known to cause toxicity in different organs of mammals. Occupational
or environmental exposure to ACMP has been reported to affect sperm production, reduce
sperm count, and decrease male fertility [13,34]. The mechanism of ACMP-induced testic-
ular toxicity is supposed to be associated with oxidative stress and inherent biochemical
changes to lipids and proteins.

The results of the present study corroborate earlier studies demonstrating that ACMP
exposure induces oxidative injury [13,14]. Lipid peroxidation is considered a triggering
point for ACMP toxicity in living issues. Testes are highly prone to lipid peroxidation due
to high levels of polyunsaturated lipids [18]. Furthermore, lipid peroxidation produces free
radicals, leading to oxidative stress and the attack on other macromolecules. The results of
the present study showed an elevation in lipid peroxidation, suggesting the involvement
of oxidative stress in ACMP-mediated testicular toxicity. In contrast, supplementation
with BBR significantly reduced lipid peroxidation, highlighting its antioxidative potential.
BBR has been reported to quench 1,1-diphenyl-1-picrylhydrazyl radical, which is mainly
responsible for causing oxidative injury in lipids in rat liver [35]. This can be attributed to
BBR’s antioxidant activity, which mitigates testicular toxicity. Our results are consistent with
earlier findings [36], which reported that BBR protects against diclofenac-induced oxidative
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injury in rat testicular tissue through its free radical-scavenging activity. Further, BBR
has also been shown to inhibit lipid peroxidation in mercury chloride-mediated testicular
impairments in mice via its antioxidative activity [23]. Protein oxidation is another indicator
of oxidative stress within tissues [37]. An increase in protein carbonyls indicates either
oxidation of amino acids or cleavage of the protein backbone. The present study showed a
marked increase in protein oxidation in testicular tissue following ACMP exposure, which
agrees with previous studies reporting protein oxidation in rat liver [38] and brain [10].
However, administration of BBR ameliorated elevated protein oxidation in rat testicular
tissue. The results are consistent with previous studies reporting that BBR and other natural
antioxidants can attenuate protein oxidation by quenching free radicals and increasing
endogenous antioxidants [6,39,40].

FTIR spectroscopy can reflect the molecular and structural composition of biomolecules,
especially lipids and proteins. The shift in peak positions and areas provides valuable
information about the structure, conformation, and function of biological molecules [41].
So, FTIR was used to elucidate conformational changes in tissues, as lipid and protein
content are crucial for determining tissue morphology and physiology [32]. The amide I
band (C=O stretching in the amide group) is highly sensitive to hydrogen bonding, and
the Amide II band (N-H bending and C-N stretching) is an essential marker for protein
structure [42]. The reduced peak areas of the Amide I and Amide II bands reflected con-
formational disorders in the protein backbone and decreased protein synthesis following
ACMP exposure. It could be elucidated that ACMP-generated free radicals might have
caused protein degradation, possibly by increasing the accessibility of protein bonds.

Additionally, changes in the asymmetric and symmetric CH2 stretching modes of lipids
provide information about the conformation and flexibility of the lipid acyl chain [43,44].
Acetamiprid exposure significantly decreased their band areas, suggesting alterations in
lipid dynamics in the ACMP-exposed testes tissue. Earlier, lipid peroxidation was reported
to be a prime cause of altering the fluidity and dynamics of various biomembranes, findings
corroborated by results from this study [45,46]. Further, ACMP-mediated lipid peroxidation
was also evident in the reduced peak area of the CH2 stretching band.

The area obtained from the vibration of a specific molecule is directly proportional
to the concentration of specific functional groups [47]. So, to analyze compositional and
structural alterations in membrane lipids and proteins, the area ratios of specific bands
were calculated. FTIR analysis revealed a decrease in the lipid-to-protein ratio in ACMP-
intoxicated groups, indicating membrane dysfunction. The drastic decrease in total lipids
and the increase in the carbonyl ester-to-lipid suggested that ACMP might have either
reduced membrane thickness or induced severe lipid peroxidation, thereby altering the
composition and distribution of lipids in the testicular membrane. In addition, a significant
increase in the band area ratio of Amide I to Amide II depicted alterations in the secondary
structure of proteins. This increase might be due to ACMP-mediated disruption of mem-
brane proteins, altering their conformation. The observed results are consistent with the
biochemical findings of our study. However, BBR supplementation before ACMP exposure
restored the area under different spectral bands. The results suggest that the free radical
scavenging potential and membrane-stabilizing efficacy of BBR might be responsible for its
protective actions on lipid and protein molecular structures.

Biochemical changes involving functional and structural alterations in lipids and
protein chains indicate the progression of apoptosis. The present study reported that
exposure to ACMP increased mRNA expressions of Bax and caspase-3 and downregulated
mRNA expression of Bcl-2 in the testes of rats. However, the RT-PCR results of the present
study suggest an association with apoptotic modulations. Bax is a proapoptotic protein
that initiates apoptotic progression, while caspase-3 marks the completion of apoptosis
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inside the tissue. Earlier studies showed that caspase-3 levels were elevated as an apoptosis
marker in rat brain, kidney and testicular tissues [16,17,48,49]. Additionally, an in vitro
study also reported increased Bax expression and decreased Bcl-2 expression in trophoblast
cells [50], which concurs with the present results. On the other hand, administration of
BBR significantly diminished the elevated mRNA expression of Bax and caspase-3 and
increased Bcl-2 levels in the testes of ACMP-exposed rats. These results are consistent with
an earlier study demonstrating the restoration of the Bax/Bcl-2 ratio and caspase-3 levels
in rat tissues following mercury exposure [51,52].

Furthermore, a computational molecular docking analysis was performed to assess the
binding affinity of BBR to multiple protein targets. This approach enables the prediction of
non-covalent interactions and the identification of specific binding sites on the proteins. The
docking analyses revealed distinct interaction profiles for BBR with apoptosis-related pro-
teins. Notably, BBR displayed the highest binding affinity for Bcl-2, followed by Bax, while
its affinity for caspase-3 was comparatively lower. The Bcl-2-BBR complex is characterized
by a predominance of hydrophobic interactions, which likely stabilize ligand binding. In
contrast, the Bax–BBR interaction involves both hydrogen bonding and a combination of
polar and hydrophobic contacts, suggesting a moderately stable interaction. Despite the
reduced binding affinity observed with caspase-3, the interaction suggests some level of
accommodation of BBR within the predicted binding pocket. It is important to note that
these findings are exploratory in nature and should not be viewed as definitive mechanistic
insights. Overall, the data indicate a preferential interaction of BBR with Bcl-2 and Bax,
yet the moderate binding affinities and the inherent limitations of docking methodologies
necessitate a cautious interpretation of these results as preliminary.

Histopathological examination reflects the internal state of order of tissues and cells
comprising a tissue. In the present study, histopathological examination revealed that
ACMP exposure reduced spermatozoa, increased the appearance of large intercellular
spaces and vacuolation, disrupted tubular membranes and reduced spermatogonia, find-
ings are in line with previous studies [12,13]. The observed structural alterations correlate
with this study’s biochemical, FTIR, and RT-PCR findings. Meanwhile, the administration
of BBR in BBR+ACMP co-treated rats attenuated tubular membrane injury, prevented
sperm loss, and restored the number of spermatogonia. The findings indicate BBR’s an-
tioxidative and anti-apoptotic effects. The results of the present study agree with some
previous studies documenting the ameliorative potential of BBR against pesticide- and
drug-mediated structural alterations in testicular tissues [24,53]. Moreover, a study also
demonstrated the dose-dependent protective efficacy of BBR against testicular histopatho-
logical alterations induced by ischemic/reperfusion injury [54].

5. Conclusions
Collectively, our results showed that ACMP exposure induces severe oxidative stress

in rat testes, resulting in lipid peroxidation, protein oxidation, apoptosis, and marked
histological alterations. The apoptotic effects and structural alterations are likely mediated
through oxidative stress-associated dysregulation of the Bax/Bcl-2 signaling axis. Pre-
treatment with BBR alleviated the toxicity of ACMP exposure in the testes. BBR exhibited
potential ameliorative properties against LPO, protein oxidation and structural changes
by preventing functional alterations in the lipid or protein backbone and modulating the
apoptotic cascade.

The findings suggest that BBR exerts potent antioxidant and anti-apoptotic effects
against pesticide-induced reproductive toxicity and may serve as a promising therapeutic
molecule for mitigating testicular oxidative injury. This study also has clinical implications,
mainly because numerous people are exposed to pesticides, primarily during agricultural
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activities. However, efficient therapies remain an unmet need, and there is an urgent need
for more mechanistic research to yield more valid, quantified results that delineate the
molecular mechanisms underlying BBR and other bioactive therapeutic molecules.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jox16030095/s1, Figure S1: Original gel images depicted in
Figure 4a; Figure S2: Unlabelled images of histology depicted in Figure 9; Figure S3: Unlabelled
images of histology depicted in Figure 10; Figure S4: Unlabelled images of histology depicted in
Figure 11.
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