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Abstract
Bisphenol AF (BPAF) is increasingly used and now found in products intended for human consumption. The protective 
effect of 1,8-cineole (CIN) against BPAF-induced reproductive toxicity was investigated. Four groups were created, with 
each group consisting of eight rats: control, BPAF (200 mg/kg), CIN (200 mg/kg), and BPAF + CIN groups. The results 
demonstrated that the BPAF group exhibited a decline in testosterone levels and a decrease in sperm parameters compared 
with the control. Additionally, higher levels of MDA were observed, along with lower levels of GSH and GPx activity. CAT 
activity also decreased slightly. Tnf-α, Nf-κB levels were significantly higher, and caspase-3 expression was elevated, while 
PCNA expression decreased. BPAF significantly increased tissue degeneration compared with the control. However, the 
BPAF + CIN group showed statistically significant improvements in sperm parameters, except for concentration. They also 
exhibited an increase in testosterone levels and an improvement in MDA and GSH levels compared with the BPAF group. 
However, GPx activity partially enhanced. Tnf-α and Nf-κB levels were significantly reduced, and caspase-3 levels declined 
while PCNA and Bcl-2 levels increased. The Johnsen Testicular Biopsy score showed a substantial increase. Overall, these 
results suggest that CIN co-treatment in rats enhanced reproductive health and exhibited antioxidant, antiapoptotic, and 
anti-inflammatory properties against BPAF-induced testicular damage.
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Introduction

Researchers have recently turned their attention to endo-
crine-disrupting chemicals (EDCs), which refer to sub-
stances that interfere with the proper functioning of the 
endocrine system. Comprehensive research has been con-
ducted to evaluate the impact of these substances on human 
health, particularly their association with reproductive 
disorders [1]. Analogues of bisphenol A (BPA) have been 
reported to have toxic effects on living beings, particularly 
on the endocrine and reproductive systems. The presence 
of trifluoromethyl (CF3) in bisphenol AF (BPAF) creates 
a structural difference between the two molecules when 
compared to BPA. The electronegativity of the CF3 group 
is substantially higher than that of the methyl (CH3) group, 
as is its reactivity potential. This suggests that BPAF may be 
more harmful than BPA. BPAF has been detected in meat, 
vegetables, and shellfish due to its increased industrial 

use. Human exposure to bisphenols, including the accu-
mulation of bisphenols in adult and pregnant individuals' 
urine, blood, and adipose tissues, is caused by absorption 
and contact with these chemicals [2–4]. Many polymers, 
including fluoropolymers, fluoroelastomers, polyamides, 
polyimides, polycarbonates, polyesters, and food contact 
polymers are produced using BPAF as a monomer [5, 6]. 
Although BPAF-containing fluoroelastomers have received 
FDA approval, [7], exposure limits and toxicological effects 
of BPAF are unknown. Due to their high lipophilic nature, 
low water solubility and volatility, and biological resilience, 
chemicals like BPAF are regarded as persistent and com-
mon environmental contaminants [8]. BPAF can serve as an 
EDC since it acts as an antagonist at low concentrations and 
an agonist at high concentrations for the estrogen receptors 
alpha and beta [9]. BPAF has been shown to have an estro-
genic effect by disrupting the development of reproductive 
organs in chicken embryos when administered at a level of 
210 nmol/g [10]. Additionally, BPAF's ability to function 
as an androgen and thyroid receptor antagonist in vitro has 
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been documented in several studies [11]. Exposure to BPAF 
is reported to negatively impact the development of mam-
malian testicles, raising concerns about future reproductive 
risks in mammals, including humans [12]. Male infertility 
is a multifaceted and complex condition that can result from 
various factors, including infections, genetics, environmental 
influences, and dietary factors [13].

Plants are considered an alternative in treating diseases 
in various parts of the world, thanks to the healing proper-
ties of the phytochemicals they contain [14]. It has been 
suggested that herbal remedies may mitigate the effects of 
toxic substances exposed due to environmental or occupa-
tional factors [15]. The primary element responsible for the 
therapeutic benefits of eucalyptus oils is CIN, also known 
as eucalyptol [16]. With an excellent pharmacokinetic pro-
file, CIN is quickly absorbed when applied topically, orally, 
or via mucosal membranes. Depending on the method of 
administration, the drug reaches its peak plasma concentra-
tion in 1 to 3 h and can be excreted from the body through 
the lungs and kidneys [17]. The FDA has recognized euca-
lyptus essential oil as safe and non-toxic. Additionally, 
Europe and Japan have approved eucalyptus extracts for use 
as food additives. Studies have revealed that CIN is safe 
when taken in regular doses [18]. Animal studies involving 
CIN have not shown any evidence of mutagenicity, repro-
ductive or developmental harm, or carcinogenicity. Rats 
administered CIN orally have exhibited a remarkably high 
LD50 (2.5 g/kg) [19]. Furthermore, eucalyptus leaf extract 
has been shown to positively affect the physiology of the 
male reproductive system [20]. No previous studies have 
investigated the curative effectiveness of CIN treatment 
against BPAF-induced reproductive toxicity. Therefore, this 
study aims to, for the first time, reveal the protective effects 
of CIN treatment against BPAF-induced reproductive dam-
age in rats through spermatological, biochemical, histologi-
cal, and immunohistochemical assessments.

Methods

Chemicals

The study made use of solvents and chemicals that were 
purchased from Sigma Chemical Co. CIN was obtained from 
Sigma-Aldric (St Louis, MO, USA). Testosterone, nuclear 
factor kappa B (Nf-κB) and tumor necrosis factor-alpha 
(Tnf-α) ELISA kits acquired from Bioassay Technology 
Laboratory, located in China.

Animals

This study, used healthy male Wistar Albino rats, with 
weights 200–250 g, as the subjects for the experiments. All 
experimental protocols adhered to ethical standards for the 
housing, nourishment, and utilization of laboratory animals. 
The rats were maintained under a consistent environment, 
featuring a 12 h light and 12 h dark cycle, with a constant 
temperature maintained at 24 ± 1 °C. Throughout the dura-
tion of the study, the rats had unrestricted access to standard 
pellet feed and tap water.

Animal Groups

The dose of CIN was determined as described by Lima and 
co-workers [21], and the experimental model of testicular 
toxicity in rats induced by BPAF was based on the method 
developed by Feng and co-workers [5]. The study was 
planned as 28 days in line with the previous study [22], and 
the groups underwent the following procedures:

Group 1 (Control): Rats in this group received a daily oral 
gavage of 1 ml of corn oil for a period of 28 days.
Group 2 (BPAF): Rats in this group received daily doses 
of BPAF (200 mg/kg b.w.) dissolved in corn oil via oral 
gavage for 28 days.
Group 3 (CIN): Rats were orally administered with 
200 mg/kg b.w of CIN in 1 ml of saline containing 2% 
Tween 80 for 28 days.
Group 4 (BPAF + CIN): Rats in this group were given 
BPAF (200 mg/kg b.w.) in corn oil by oral gavage daily 
for 28 days. Additionally, the group was administered 
CIN once daily for 28 days via oral gavage using 1 ml of 
physiological saline containing 2% Tween 80 at a dose 
of 200 mg/kg b.w.

All treatments during the experimental process were con-
ducted in accordance with the approval decision of the Hatay 
Mustafa Kemal University Local Ethics Committee for Ani-
mal Experiments, with the decision number 2022/01–02.

Preparation of Serum Samples

Under a combination of ketamine anesthesia (60 mg/kg, 
intramuscularly) and xylazine anesthesia (10 mg/kg, intra-
muscularly), blood samples were collected intracardially 
from all rats into serum tubes without anticoagulant 24 h 
after the latest treatment. Blood serum was obtained by cen-
trifuging the blood samples at 2200 g for 15 min. Then, 
fresh samples were then transferred to Eppendorf tubes and 
testosterone levels were measured.
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Preparation of Tissue Samples

After the blood collection procedure, necropsies were con-
ducted on the rats, and testicular tissues were extracted and 
cleaned with physiological saline. A portion of the tissue 
samples that were collected were reserved for biochemical 
analyses. The remaining portions of the testicular tissues 
were preserved in 10% buffered formaldehyde for subse-
quent immunohistochemical and histopathological analyses.

Measurement of Sperm Parameters

Spermatological tests, including assessments of density, 
motility, abnormalities, and the dead/viable ratio, were con-
ducted following the procedure outlined by Türk et al. After 
decapitation, a segment of the right epididymis was removed 
and cut into pieces. These pieces were then crushed thor-
oughly with forceps for two minutes in 1 ml of physiological 
saline (0.9% NaCl), using a scalpel and scissors. Following a 
4-h incubation period, the described procedure was used to 
extract the spermatozoon-containing supernatant [23].

Measurement of Oxidative Stress Parameters

Testicular tissues stored at -80 °C were homogenized 
according to the procedure outlined in Cellat et al.'s study. 
A portion of this homogenate was set aside for use in the 
malondialdehyde (MDA) assay. The collected supernatant 
aliquot was evaluated for levels of glutathione (GSH), cata-
lase (CAT), and (glutathione peroxidase) GPx activity [24]. 
Spectrophotometric measurement of antioxidant param-
eters was conducted. MDA levels were evaluated using 
the method outlined by Ohkawa et al. [25], while GSH 
levels were determined following the method outlined by 
Beutler and colleagues [26]. For CAT activity, the procedure 
described by Aebi was used [27], and for GPx activity, the 
method of Beutler was followed [28]. The protein levels in 
all samples were determined using Lowry and colleagues' 
method [29].

Inflammation Markers and Measurement 
of Testosterone Levels

Nf-κB (Catalog No: ELK5691, Detection Range: 
0.32–20  ng/mL, ELK Biotehcnology, USA) and Tnf-α 
(Catalog No: ELK1396, Detection Range: 15.63–1000 pg/
mL, ELK Biotehcnology, USA) proteins were evaluated 
through the ELISA method, following the commercial kit 
procedure to measure the level of inflammation in the tis-
sues. The level of testosterone was also evaluated using the 
ELISA technique (Catalog No: ELK8314, Detection Range: 

156.25–10,000 pg/mL, ELK Biotehcnology, USA). The 
serum samples were measured using the protocol recom-
mended by the manufacturer of the kit.

Histopathological Examination

The procedures outlined in the study by Türk et al. were 
applied to tissue samples [30] that had been preserved in 
10% buffered formaldehyde for 72 h. To conduct pathologi-
cal examinations, testicular tissue samples were processed 
through alcohol and xylene series, and paraffin blocks were 
prepared. Sections of 4–5-micron thickness were obtained 
using a microtome (Leica RM 2135). Tissue samples from 
each rat were stained with Hematoxylin–Eosin and moni-
tored under a light microscope [31]. The results were evalu-
ated according to criteria of the Johnsen Testicular Biopsy 
Score [32].

Immunohistochemical Examination

Proliferating cell nuclear antigen (PCNA), Caspase-3, and 
B-cell lymphoma 2 (Bcl-2) expressions were assessed by 
the streptavidin-peroxidase technique (ABC) following the 
staining instructions supplied by the manufacturer of the 
kits. The methodology used was the same as described in 
the research conducted by Uyar et al. [33]. For each tissue 
sample, the following primary antibodies were used: Bcl-2 
(bell-2 monoclonal antibody (DAKO A/S, Glostrup, Den-
mark; 1/100 dilution) monoclonal, caspase-3 (ThermoFisher 
Scientific, USA; 1/100 dilution) polyclonal, and PCNA (St 
John's Laboratory Ltd. London, UK; dilution ratio 1/100) 
antibody. The staining intensities of immunoreactivity in tes-
tis samples were categorized as mild ( +), moderate (+ +), 
and severe (+ + +).

Statistical Analysis

Statistical analysis was conducted by IBM SPSS Statis-
tics Software Version 23.0. Group means were compared 
using one-way ANOVA, and Tukey's test was performed 
to identify significant differences. The data was presented 
as mean ± standard deviation. Statistical significance was 
considered at a P-value < 0.05.

Results

CIN Co‑Treatment's Effect on Sperm Parameters

To evaluate the protective effect of cineole on sperm quality, 
The study analyzed four parameters—concentration, sperm 
motility, abnormal sperm ratio, and dead/live sperm ratio. 
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However, these parameters were similar between the CIN 
and control groups (p ≥ 0.05). Sperm concentration, motility 
values decreased, while abnormal and dead/live sperm ratios 
increased in BPAF group compared to control. However, in 
comparison to the BPAF group, the CIN-treated group showed 
a significant improvement in all values (Table 1, p < 0.05).

The impact of Co‑Treatment with CIN on Antioxidant 
Parameters

To explore the antioxidant effect of CIN co-treatment against 
testicular damage induced by BPAF, the current study evalu-
ated levels of GSH and MDA and enzyme activity for CAT 
and GPx in testicular tissues. The data indicated that CAT 
enzyme activity decreased slightly in the BPAF group com-
pared with the control, while there was a slight increase in 
the CIN co-treatment group compared with the BPAF group 
(p > 0.05). It was found that the levels of MDA increased, 
GSH decreased, and GPx activity was reduced in the BPAF 
group compared with the control (p < 0.05). However, when 
comparing the BPAF group to the BPAF + CIN groups, it 
was found that co-treatment with CIN significantly lowered 
MDA levels, raised GSH levels, and resulted in a slight 
increase in GPx activity (p < 0.05, Table 1).

The Impact of Co‑Treatment With CIN 
on Inflammation Markers

To asses the impact of BPAF exposure on inflammation and 
the effectiveness of CIN treatment against it, testicular tis-
sue samples were analyzed for levels of Tnf-α and Nf-κB. 
The findings revealed that administering BPAF increased 
testicular Nf-κB and Tnf-α levels compared with the con-
trol (p < 0.05). Both parameters significantly improved in 
the BPAF + CIN group compared to BPAF alone (Table 1).

Effect of CIN Co‑Treatment on Testosterone Level

The study measured testosterone levels in serum samples 
from different groups of rats using the ELISA technique. The 
BPAF group had lower testosterone levels than the control 
group. However, testosterone levels were similar in the con-
trol and CIN groups. Interestingly, the testosterone levels 
significantly increased when comparing the BPAF + CIN 
group with the BPAF group (p < 0.05, Fig. 1A).

Effect of CIN Co‑Treatment on Johnsen Scoring 
and Histopathological Findings

Macroscopic findings showed no difference in any of the experi-
mental groups. Figure 1B presents the Johnsen Testicular Biopsy 
Scores of the groups. The results revealed that the CIN group 
and the control exhibited similar scores, while the BPAF group 
significantly differed from the control group. The BPAF + CIN 
group had higher scores than the BPAF and the control groups 
(p < 0.05). Microscopic examination revealed that the tubulus 
seminiferus contortus, Leydig cells, and the cells responsible 
for sperm production in the seminiferous tubules exhibited nor-
mal histological appearances, and a smooth spermatogenesis 
was observed in these tubules in the rat testicles in the control 
(Fig. 2A and 2B) and CIN (Fig. 2E and F) groups. Morphologi-
cally, the tubules had smooth outlines, prominent lumens, and 
thick walls that contained 4–6 rows of Sertoli cells and sper-
matogenic germinative epithelial cells.

In contrast, microscopic examination of the testicles 
in the BPAF group rats revealed distorted morphologies 
in many tubules, with degenerated basement membranes 
in recessed and protruding structures. Some tubules were 
atrophied, while in certain areas, only tubules composed of 
a basement membrane were present. Also, adjacent tubules 
were observed, the detachment of germinative cells from the 
basal membrane was detected, and some regions exhibited 

Table 1   Spermatological and 
biochemical analysis results

Values represent mean ± SD for each group. Different superscript letters (a, b, c) within the same line show 
statistically significant differences (p < 0.05) between the groups

Variables / Groups Control BPAF CIN BPAF + CIN

Motility (%) 74.38 ± 6.23a 51.25 ± 8.35c 77.50 ± 5.98a 68.13 ± 10.33b

Concentration (million/right 
cauda epididymis)

160.63 ± 45.70a 101.25 ± 24.31b 167.50 ± 52.10a 131.63 ± 21.51c

Dead/Live Sperm Rate (%) 18.00 ± 1.51c 39.00 ± 7.37a 16.25 ± 5.99c 27.50 ± 3.66b

Abnormal sperm rate (%) 7.38 ± 1.51c 19.25 ± 3.49a 8.13 ± 1.13c 14.00 ± 1.51b

MDA (nmol/gr prot) 4.02 ± 1.14c 11.16 ± 1.79a 3.61 ± 0.66c 8.28 ± 1.65b

GSH (nmol/gr prot) 6.92 ± 1.04a 2.93 ± 1.66c 7.07 ± 1.03a 4.49 ± 1.85b

GPx (IU/gr prot) 98.34 ± 16.46a 64.68 ± 17.18b 108.25 ± 26.74a 76.94 ± 16.48b

CAT (U/gr prot) 100.57 ± 21.85 91.43 ± 14.90 104.43 ± 12.08 97.96 ± 12.16
Tnf-α (pg/mg prot) 169,69 ± 54,66c 295,28 ± 38,38a 162,45 ± 41,41c 240,39 ± 51,13b

Nf-κB (pg/mg prot) 1,60 ± 0,52c 5,03 ± 1,02a 1,77 ± 0,48bc 2,65 ± 1,21b
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significant loss or disorganization of the germinative epithe-
lium. Detachment between spermatogonia and Sertoli cells 
was noted, along with germinal cell degeneration, nuclei 
shrinkage in some spermatogonia and Leydig cells, and a 
loss or reduction in spermatogenesis (Fig. 2C and D).

Regarding morphology, the tubules in the testicular tis-
sues of the rats in the BPAF + CIN group were almost com-
pletely normal, with fewer morphological abnormalities in 
certain tubules and the interstitial region, which contains 
Leydig cells, compared with the BPAF-treated group. Con-
tinuous development of spermatogenesis, including sperma-
tozoa production, was observed in this group. The interstitial 
space, including Leydig cells, appeared normal, and vascular 
congestion was rarely observed (Fig. 2G and H).

Effect of CIN Co‑Treatment on Apoptosis Markers 
and Cell Proliferation

To evaluate the impact of CIN co-treatment on apoptosis and 
cell proliferation in testicular toxicity induced by BPAF, we 
determined Caspase-3, Bcl-2, and PCNA expression levels in 
tissues through immunohistochemistry. Microscopic repre-
sentations of immunohistochemistry staining are presented in 
Figs. 3, 4, and 5, while Fig. 6 illustrates the immunoreactivity 
results using caspase-3, Bcl-2, and PCNA primary antibodies. 
Caspase-3 immune reactions were scarcely observed in sper-
matogenic cells in control and CIN group rat testicular tubules. 
Bcl-2 immunoreactivity was rarely. In contrast caspase-3 
immunoreactivity was notably moderate/severe (+ + / +  + +) in 

the BPAF group and mild ( +) in the BPAF + CIN group. Bcl-2 
immunoreactivity was mild ( +) detected in the BPAF group 
but was moderate/severe (+ + / +  + +) in the BPAF + CIN 
group. PCNA antibody staining showed intense immunore-
activity in the Control and CIN groups at all stages of sper-
matogenesis. PCNA immunoreactivity was moderate/severe 
(+ + / +  + +) in the BPAF + CIN, and mild ( +) in the BPAF 
group. Additionally, in the interstitial region, PCNA exhibited 
partial positivity in Leydig cells and capillary endothelium.

Discussion

Approximately 15% of couples suffer from infertility, with 
male infertility accounting for 30–50% of these cases. While 
various factors contribute to male infertility, lifestyle choices 
and environmental factors also play a significant role [34]. 
Male infertility can be attributed to factors including endo-
crine disruptors like bisphenol A and phthalates, herbicides, 
and metal pollution, all of which have detrimental effects on 
sperm parameters [35]. In this study, we aimed to explore the 
therapeutic potential of CIN in mitigating testicular toxicity 
induced by BPAF.

Semen analysis is a crucial initial step in diagnosing 
male infertility. When the sperm concentration falls below 
a certain threshold, the likelihood of achieving pregnancy 
decreases. The diagnosis of male infertility necessitates 
an assessment of parameters, including sperm motility, 

Fig. 1   A Serum testosterone 
levels, B Histopathologic vari-
ables in testes according to the 
Johnsen's score. Data represent 
the mean ± SD of eight rats in 
each group. Tukey test was used 
to determine the differences 
among the groups. Graphs (a–c) 
show significant differences 
(p < 0.05) among each group
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Fig. 2   Microscopical findings of the testis (H&E). A and B: Con-
trol group; Normal histological structure. C and D: BPAF group; 
Severe damage to the seminiferous tubules: Degenerative tubules 
with irregular contours and completely distorted morphological 
structure (Red arrow), spermatogenic cells separated from the base-
ment membrane (star), thinning of the germinative epithelial wall/

loss (two way arrow), pycnosis in germinative epithelium and Ley-
dig cells (arrowhead), arrest in the spermatogenesis (a), increasing of 
intertubular distance (two way dashed arrow), atrophic tubule (black 
arrow), E and F: CIN group; Normal histological structure, G and H: 
BPAF + CIN group; Seminiferous tubule is close to normal histologi-
cal structure
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concentration, sperm count, motility percentage and normal 
forms [36]. The effect of BPAF exposure and the potential 
protective effect of CIN treatment on the male rat's reproduc-
tive health was determined by sperm analysis in groups. The 
results revealed that CIN therapy reversed the impairment 
in all parameters examined in the BPAF group. Previous 

research has also indicated that BPAF exposure negatively 
affects sperm counts and testicular development [37].

In separate studies, rats treated with Eucalyptus globu-
lus extract, which contains significant amount of CIN [38], 
showed improvements in sperm parameters when exposed 
to diclofenac toxicity. This effect is believed to be mediated 
through the enhancement of the cell's antioxidant system, 

Fig. 3   Caspase-3 immunoreaktivity in seminiferous tubuli A Control group; rarely immunoreaktivity B BPAF group; moderate/severe degree C 
CIN group; rarely immunoreaktivity D BPAF + CIN group; slight degree E No staining; negative control
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particularly by increasing the level of GSH [39]. Given the 
influence of CIN on antioxidant parameters observed in 
our study, it is plausible that CIN exerts its effect on sperm 
parameters through a similar mechanism. Compared with 
the BPAF-exposed group, the BPAF + CIN group reduced 
tubular degradation and continued normal spermatogene-
sis. These findings provide further support for the observed 
results [20], confirming the curative effects of CIN against 

BPAF-induced alterations in sperm parameters and reinforc-
ing the notion of normal spermatogenesis.

Sperm cells are highly vulnerable to oxidative stress due 
to their abundance of polyunsaturated fatty acids in their 
plasma membranes [40]. An indication of oxidative stress 
is an increased MDA levels caused by lipid peroxidation. 
The elimination of hydrogen peroxide is conducted by the 
endogenous antioxidant defence system's GPx and CAT, 
while tissue damage is caused by a decrease in GSH [41]. 

Fig. 4   Bcl-2 immunoreaktivity in seminiferous tubuli A Control group; rarely immunoreaktivity B BPAF group; slight/moderate degree C CIN 
group; rarely immunoreaktivity D BPAF + CIN group; moderate/severe degree E No staining; negative control
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We assessed the BPAF-induced oxidative stress in testicular 
tissue and the effectiveness of CIN co-treatment through 
measurements of MDA and GSH levels, as well as GPx 
and CAT activities. BPAF had a disruptive effect on these 
parameters in testicular tissue. A prior study reported a 
decrease in GPx activity in cells treated with BPAF, accom-
panied by increased ROS and MDA levels [42]. In a separate 
investigation, a strong association was found between the 
MDA levels and bisphenols in serum blood samples from 
residents of industrial districts [43]. While CIN co-treatment 
significantly improved MDA and GSH values, its impact on 
GPx activity was minimal. It has been documented that CIN, 
administered through the diet to fish, prevents the increase in 

MDA caused by crowding stress [44], and increases the GPx 
activity and GSH level against oxidative damage in the rats 
[45]. Taheri Mirghaed et al. showed that CIN therapy against 
ammonia-induced MDA increase in fish lowered the MDA 
level but had no effect on the antioxidant enzyme activi-
ties, suggesting that the antioxidant effect may be caused by 
its radical scavenging property [46]. It has been stated that 
antioxidant supplements may be beneficial in reproductive 
defects caused by oxidative stress [47, 48]. Other studies 
have also reported that antioxidant supplements have effects 
on improving sperm quality and reducing oxidative stress 
in cryopreservation processes [49]. When considering our 
results alongside existing literature, it can be concluded that 
CIN treatment has the potential to mitigate BPAF-induced 
oxidative stress, leveraging both its radical scavenging 
effect and its ability to enhance the endogenous antioxidant 
defence system.

Nf-κB is a transcription factor responsible for regulating 
the expression of certain genes, including proinflammatory 
cytokines and apoptotic markers [50]. Tnf-α is a 26 kDa 
transmembrane protein-structured cytokine that is secreted 
from fat cells and has a regulatory effect on the immune 
system [51]. We determined that Nf-κB and Tnf-α levels 
were significantly higher in the BPAF group's testicular tis-
sues than in the control group. However, this increase was 
reduced by co-treatment with CIN. In another study, Wang 
et al. notified that BPAF stimulates the Nf-κB pathway 
and elevates Tnf-α expression in prostate tissue. They also 
reported that Nf-κB suppressors can mitigate the prostate-
damaging effects of BPAF [52]. Furthermore, CIN exhibited 
its anti-inflammatory effect in acute pancreatitis by decreas-
ing the Nf-κB expression and modulating the synthesis of 
cytokines such as serum IL-1β, IL-6, and Tnf-α [21]. Co-
treatment with CIN exhibited anti-inflammatory effect by 
lowering Nf-κB and Tnf-α levels, which may reduce BPAF-
induced toxicity in the testicles.

Testosterone is essential for male fertility and spermato-
genesis [53]. Testosterone plays a crucial role in support-
ing healthy spermatogenesis, including spermiogenesis. 
Disruption of steroid hormone synthesis can impair sperm 

Fig. 5   PCNA immunoreaktivity in seminiferous tubuli A Control 
group; severy degree B BPAF group; slight degree C CIN group; 
severy degree D BPAF + CIN group; moderate/severe degree E No 
staining; negative control

Fig. 6   Distribution of Cas-
pase-3, Bcl-2 and PCNA immu-
noreactivity scores by groups. 
Data represent the means ± SD. 
of eight rats in each group. 
Tukey test was used to deter-
mine the differences among 
the groups. Graphs (a–c) show 
significant differences (p < 0.05) 
among each group
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quality and spermatogenesis, affecting germ cell number 
or directly impacting germ cells [54]. Our investigation's 
results indicated that testosterone levels in the BPAF group 
were lower than the control group rats. Estrogen receptors 
(ERs) are abundantly expressed in the testicles and act a 
significant function in spermatogenesis. BPAF exposure 
has been reported to lead to decreased ERα levels, and 
these reduced testosterone levels may be partly associ-
ated with abnormalities in ER-dependent signalling [5]. A 
statistically significant increase in testosterone level was 
observed when comparing the BPAF + CIN group to the 
BPAF group. In a related context, it has been reported that 
testosterone levels increased in dose-dependent manner in 
rats administered an extract of the Eucalyptus globulus, 
which includes CIN and terpenes. This increase in hor-
mone levels has been attributed to the expansion of intersti-
tial cells, stimulated by these cells' release of testosterone 
[20]. Histopathological analysis revealed that the degen-
eration observed in the interstitial area, including Leydig 
cells, in the BPAF-exposed group appeared normal in the 
BPAF + CIN group of rats. These findings suggest that CIN 
may hold promise as a potential treatment for restoring the 
BPAF-induced reduction in testosterone.

Wu et al. reported in their study that exposure to BPAF 
disrupted mouse Sertoli cell architecture [38]. However, 
studies determining the histopathological effects of BPAF on 
testicular tissue are quite limited. The morphological struc-
ture of the testicular tubules in rats from the BPAF group 
was significantly disrupted according to the results of our 
study. Their basement membranes exhibited an indented and 
protruding structure, some tubules had atrophied, germinal 
showed signs of degeneration, and spermatogenesis was 
impaired. In contrast, when CIN co-treatment was admin-
istered, these histopathological damages were largely pre-
vented, and the histological structure of the testis appeared 
almost normal.

Caspases play a central role in apoptotic processes, as 
their activation leads to cell death, particularly when cas-
pase-3 is activated. Conversely, Bcl-2 stops the formation 
of pores in the mitochondrial membrane, which results 
in a protective effect against apoptosis [55]. PCNA, on 
the other hand, is a nuclear protein present exclusively in 
actively dividing cells. It recreates a crucial role in the cell 
cycle and DNA replication, serving as a vital indicator of 
the cell proliferation process's health [56]. Immunohis-
tochemical results in this study revealed that caspase-3 
expression increased while PCNA expression decreased in 
the testicular tissue of rats in the BPAF group compared 
with the control. Gyimah and colleagues reported signifi-
cantly increase in caspasa-3 expression in zebrafish larvae 
exposed to BPAF [57]. Furthermore, the rise in caspase-3 

expression was prevented in the BPAF + CIN group com-
pared with the BPAF group, and Bcl-2 and PCNA expres-
sion increased. CIN therapy is known to protect fish from 
apoptosis caused by bisphenol A by reducing the decline 
in Bcl-2and the rise in caspase-3 levels [58]. In a study 
involving rats with ulcers, it was found that CIN treat-
ment increased PCNA expression in the stomach lining 
cells, indicating the drug's proliferative effect [59]. These 
findings suggested that co-treatment with CIN alongside 
BPAF in rats inhibited apoptosis by reducing caspase-3 
levels and increasing Bcl-2 levels in testicular tissue. 
Additionally, the enhanced expression of PCNA indicated 
induced cell division.

Conclusion

In conclusion, BPAF treatment induces reproductive damage 
in rats. Aside from its impact on sperm parameters, reduc-
tion in testosterone levels, and induction of inflammation 
and apoptosis, BPAF also disrupts testicular tissue. In con-
trast, co-treatment with CIN exhibited anti-apoptotic and 
anti-inflammatory effects, alongside the regulation of tes-
tosterone levels, increased cell proliferation, and improve-
ments in sperm parameters. Furthermore, the majority of the 
histological deteriorations were mitigated. These findings 
suggest that CIN might offer an alternative for the treatment 
of reproductive damage caused by exposure to BPAF. How-
ever, further research is needed to elucidate the mechanism 
underlying this therapeutic effect, explore optimal dosages 
and durations of treatment, and investigate its effects on vari-
ous pathways.
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