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ABSTRACT

Bisphenol AF (BPAF) is used as an analog of the endocrine disruptor Bisphenol A (BPA), whereas
safranal is a powerful antioxidant obtained from the saffron plant. In the current study, the possible
effects of BPAF and Safranal on some spermatological parameters, reproductive hormones, oxidant/
antioxidant enzymes, and histopathological parameters were investigated. A total of 24 male New
Zealand rabbits were divided into 4 groups (n= 6 for each group). The groups and the treatments
they received by oral gavage for 9 weeks are as follows: The control group received by oral gavage
1 ml/day of corn oil, the BPAF group received by oral gavage 20 mg/kg/day of bisphenol AF, the
Safranal group received by oral gavage 100 mg/kg/day safranal, and the treatment group received by
oral gavage 20 mg/kg/day bisphenol AF and 100 mg/kg/day safranal. Although the spermatological
parameters (sperm concentration, ejaculate volume, progressive motility, ejaculate weight, seminal
plasma total protein, and pH) prior to the experiment revealed no differences among the groups,
BPAF treatment reduced sperm quantity and motility at the end of the study. BPAF treatments also
had a negative impact on testicular MDA and GSH levels. It also caused seminiferous tubule
degeneration in testicular tissue. On the other hand, the administration of safranal with BPAF
decreased estrogen levels while increasing sperm concentration and motility to control group levels.
Thus, the results suggested that safranal could have a beneficial effect in reducing BPAF-induced
tissue damage. In conclusion, BPAF may have potentially harmful to the male reproductive system
and safranal may exhibit a protective effect against BPAF exposure.

This article was produced from the doctoral
thesis titled “Protective role of safranal on the
possible subacute effects of Bisphenol Af in
Male New Zealand Rabbits”.

INTRODUCTION

Bisphenol AF  (2,2-bis(4-hydroxyphenyl)-hexafluoropro-
pane; BPAF) is a fluorinated BPA derivative with two methyl
groups substituted by trifluoromethyl groups. It is used as a
monomer in the production of specialized polymers, such as
fluoropolymers and fluoroelastomers, polyesters, polyamides,
and polyimides. It can also be used found in electronic com-
ponents (Song et al., 2014). BPA and its derivatives can also
be found in the liquid and solid parts of canned foods and
beverages, as well as cosmetics and personal care items (Jagne
et al., 2016). BPA manufacture has been restricted in recent
years due to rising BPA exposure rates and growing public
concern about harmful health impacts (Ma et al., 2019). BPA is
currently listed 5th on the Environmental Protection Agency’s
Toxicological Priority Index (EPA, 2010). The development
and production of alternative chemicals to replace BPA has
been encouraged in recent years by strict regulations and re-
strictions on BPA. As a result, 2a number of chemicals known
as “BPA analogs” have been utilized as a substitute for BPA
in the production of polycarbonate plastics and epoxy resins
(Riaz et al., 2021). Parallel to this, the United States (USA)
National Institute of Health (NIH) has approved the use of
Bisphenol AF (BPAF), an organofluoride chemical created by
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replacing the methyl hydrogens of BPA with fluorine and a
structural analog of BPA (NIH, 2022).

Despite its increasing use, the number of studies on BPAF
is still limited. BPAF exposure has been proven to have nega-
tive effects on steroidogenesis in studies (Siracusa et al., 2018).
BPAF at a concentration of 1 mg/L reduced testosterone lev-
els and affected testicular morphology in male zebrafish (Yang
et al., 2016; Shi et al., 2015). BPAF disrupted the blood-testic-
ular barrier and has a negative impact on sperm quality in mice
(Wu et al.,, 2019). It is known that offsprings exposed to BPAF
before and after birth have lower testicular testosterone levels
and have significantly more alterations in genes involved in
cell differentiation and meiosis (Li et al., 2016). These findings
suggest that BPAF may be a more potent endocrine disruptor
than BPA (Siracusa et al., 2018).

Safranal is a potent antioxidant produced by the saffron
(Crocus sativus) plant’s secondary metabolism (Hosseinzadeh
and Sadeghnia, 2005; Hosseinzadeh et al. 2003). Safranal has
also been shown to have anti-inflammatory (Alayunt et al.,
2019), anticancer (Zhang et al., 2018), antimicrobial (Khayyat
and Elgendy, 2018), antihyperglycemic (Kianbakht and Haji-
aghaee, 2011), and neuroprotective (Sadeghnia et al., 2017) ef-
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fects. Saffron, as an antioxidant, improves sperm morphology
and motility in infertile men (Heidary et al., 2008). Saffron sup-
plementation reduces the damage to sperm DNA caused by
exercise stress (Maleki et al. 20106). It can also eliminate chro-
matin abnormalities in sperm (Mardani et al., 2014). Saffron
helps protect the integrity of the sperm membrane (Vaez et
al., 2014) and improved epididymal sperm parameters in rats
exposed to cadmium (Asadi et al., 2014). In the testis tissue of
diabetic rats, safranal has an antioxidative effect, indicating that
it may protect against oxidative stress (Ataei and Rahbarian,
2020).

Therefore, the current study aimed to investigate the poten-
tial therapeutic effects of safranal against the possible negative
effects of BPAF on some oxidant-antioxidant, histopathologi-
cal, hormones and male reproductive parameters in male New
Zealand White rabbits.

MATERIALS AND METHODS
Experimental Animal Material and Experimental Protocol

Hatay Mustafa Kemal University Rectorate Animal Ex-
periments Local Ethics Board approved the study protocol
(2020/07-1;15/12/2020). In the present study, a total of 24
male New Zealand rabbits (Oryctolagus cuniculus) aged 8-10
months were used (n-6). The body weight of the rabbits was
between 2400 and 2800 grams at the start of the experiment.
They were fed standard pellet feed containing 9% raw ash,
20% crude protein, 14% crude fiber, 0.5% calcium, 0.5%
phosphorus, and 0.2% sodium (Mirisan Yem ve Yag Sanayi,
Hatay, Turkiye). The rabbits were acclimated for two weeks
at a 50-55% humidity, a temperature of 22+2 °C, and a 14:10
hour light: dark cycle prior to the experiment. The experimen-
tal period was 9 weeks long [49 days (one spermatogenesis
time) + 14 days (sperm storage and transport time in the epi-
didymis)]. Weekly measurements of live weight and feed intake
were recorded. Oral gavage applications were performed every
day between 17:00 and 18:00.

After a two-week adaptation period, the rabbits were ran-
domly divided into four study groups, each with six rabbits:
Control group (C; 1 ml corn oil/day, orally), BPAF group (BF;
20 mg/kg/day Bisphenol AF [Alpha-Aesar A18370.14, Havet-
hill, Massachusetts, USA] in 1 ml corn oil, orally), Safranal
group (SF; 100 mg/kg/day safranal [Sigma-Aldrich W338907,
St. Louis, Missouri, USA] in 1 ml corn oil, orally), BPAF+Sa-
franal group (B+S; 20 mg/kg/day Bisphenol AF + 100 mg/
kg/day safranal in 1 ml corn oil, orally). There was no statisti-
cal difference in the live weights of the rabbits in the groups at
the start of the study.

A total of 25 ml of blood was obtained from rabbits via the
ear artery one hour after the last oral gavage administration.
Blood was collected into EDTA coated (for whole blood and
plasma) and non-anticoagulant tubes (for serum). The blood
samples were kept at +5-6 °C until they were centrifuged (2000
rpm for 20 minutes) within 30 minutes to obtain serum and
plasma samples.

After 24 hours of the last oral gavages, rabbits were euth-
anized under general anesthesia with isoflurane. The left tes-

ticles were washed with chilled saline at +4 °C before being
stored in a deep freezer at -80 °C for the measurement of ELI-
SA and oxidative stress parameters. Right testicles were sent
for histopathological examination in formaldehyde.

Hormone Assays

Hormone analysis kits were assembled in accordance with
the manufacturer’s instructions (Bioassay Technology Labora-
tory, China). Serum, testicular, and seminal plasma testosterone
(BT-LAB E0039Rb Rabbit Testosterone ELISA Kit, Standart
Curve Range: 0.2-90ng/ml, Intra-Assay: CV<8%, Inter-Assay:
CV<10%) and estradiol hormone (BT-LAB E0274Rb Rabbit
Estrogen ELISA Kit, Standart Cutve Range: 0.5-100ng/L,
Intra-Assay: CV<8%, Inter-Assay: CV<10%) levels were as-
sessed using rabbit-specific ELISA kits.

Semen Collection

Rabbits were accustomed to the artificial vagina for 14
days before the study began. Fjaculates were collected once a
week through the artificial vagina and directly into graded and
warmed glass tubes. After the gel portion of the ejaculate was
removed, the volume and weight were measured. Hjaculate
samples were stored in a +32°C water bath until spermatolog-
ical analyses (Ata A., 2018).

Semen Analysis

Ejaculate volume, weight, sperm pH, concentration, and
motility were assessed in ejaculates collected at the start and
end of the study from rabbits (Ata A.,2018). Hydrogen ion
concentrations were measured immediately after the collec-
tions using a pH meter (Orion Ross Ultra pH/ATC Triode,
Orion 3 Star pH benchtop, Thermo Scientific, USA). The
phosphate saline buffer was used to dilute sperm samples ten
times. The percentage of sperm motility was determined using
a phase-contrast microscope (400X magnification, Nikon E
200) with a heating plate (37.8 °C). Three distinct areas were
scanned, and the averages were calculated and expressed as a
percentage (%) under the microscope.

Following gel removal, the volume of ejaculate was mea-
sured using a graduated tube. A precision balance was used to
weigh the ejaculate samples. Sperm count was performed on
a Thoma slide with 400 times magnification under the same
microscope in 0.1 ml of formalin saline solution. The sperm
concentration and ejaculate volume values were used to calcu-
late the number of sperm in the total ejaculate.

Following the measurements, the remaining ejaculates were
centrifuged at 2000 rpm for 20 minutes to separate the seminal
plasma, and 10ul. of the resulting seminal plasma was then
added to a refractometer (Atago, SPR-N, Japan) to quantify
the total seminal plasma protein levels (SPTP).

Oxdant and Antioxidant Parameters

Testicular tissue samples were homogenized at a 1:10 ratio
with 1.15 % KCI and half of this homogenate was used for
malondialdehyde (MDA) analysis. The other half was centri-
fuged for 1 hour at 5000 g (+4 °C), the supernatants wete sep-
arated, and glutathione (GSH), glutathione peroxidase (GPx),
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and catalase (CAT) analyses were carried out from these super-
natants. The level of MDA in the study was measured by the
method of Ohkawa et al. (1979). The method developed by
Beutler et al. (1963) was used to determine the level of reduced
GSH. The activity of the CAT and GPx enzyme was assessed
using the methods of Aebi (1984) and Beutler (1975), respec-
tively. Protein analyses were carried out from the supernatant
generated from the homogenate using the technique of Lowry
et al. (1951).

Histopathological Examination

The testicles were dehydrated by passing through graded
alcohol after being fixed in 10% formaldehyde for 48 hours.
After embedding in paraffin, the tissues were washed with xy-
lene, cut at a thickness of 4-5 um, stained with Hematoxylin
Eosin (Luna, 1968), and inspected for histological alterations
under a microscope (Olympus BX50-F4, Tokyo, Japan) at 10-
40-100X magnification.

Statistical Analysis

All values are expressed as mean =SD (Standard Deviation).
For statistical analysis, the SAS statistical program’s PROC
ANOVA was used. The Tukey test was used to compare re-
sults with statistical differences. When the difference between
groups was P < 0.05, the difference was regarded as significant
in all statistical applications.

RESULTS

The rabbits had no clinical problems during the course of
the experiment. No differences among the groups from the
initial sperm samples collected were apparent: sperm concen-
tration, ejaculate volume, progressive motility, ejaculate weight,
seminal plasma total protein, and pH were similar in both
groups (Table 1). On the other hand, the SF and C groups had
the highest sperm concentrations from samples collected at
the end of the study (Table 2). Compared to the B+S group,
sperm concentrations in the BF group decreased substantially.
The total sperm count calculated from the ejaculate volume
and sperm concentration data did not differ across the groups.
Similarly, the ejaculate volume, testis weights, and epididymis
weights did not differ significantly among the groups (Table 2).

Etyemez, Giilay

There was no difference among the groups for initial se-
rum estrogen and testosterone levels (Table 3). However, there
were significant differences in the estrogen levels apparent
from the samples taken at the end of the study (Table 4). Es-
trogen levels were lowest in SF and B+S groups, and there was
a significant difference in serum estrogen levels between BF
and B+S groups. Moreover, the amount of estrogen in testic-
ular tissue also differed significantly across groups. The lowest
levels of estrogen in testicular tissues were in the SF and B+S
groups. When compared to the BF group, the B+S group also
had significantly lower testicular estrogen levels. However, se-
rum, seminal plasma, and testicular testosterone levels did not
statistically differ among the groups.

It is seen that this hormone has the lowest values in SF and
B+S groups in serum. Although the serum estrogen amount
was at the highest values in the BE group, it was not signifi-
cant compared to the C group. However, it was found at sig-
nificantly higher levels compared to the SF and B+S groups.
In the analyzes performed on testicular tissue, the amount of
estrogen hormone varied significantly between the groups. Es-
trogen levels in the testicles of the SF group were the lowest
compared to the C and BF groups. In the B+S group, sta-
tistically significant lower values were observed compared to
the BIF group. There was no statistical difference between the
groups in other reproductive parameters.

Table 5 presents the oxidant-antioxidant enzymes tested in
the current study. None of the treatments altered GPx and
CAT levels. On the other hand, serum MDA levels were sig-
nificantly elevated in the BF group. The addition of safranal
was able to lower the MDA in the B+S group. Rabbits in the
BF group had also significantly lower serum GSH levels when
compared to the rabbits in SF and C groups.

Histopathological examination of the testis tissue showed
that the basement membrane, germinative epithelium of the
seminiferous tubules, Sertoli cells, and Leydig cells in the inter-
stitial area had normal histological features for the rabbits in
the C group (Figure 1,2,3). The morphology of the majority of
the tubules in the testicles of the rabbits in the BF group was
damaged, and some of them were atrophied (Figure 4,5,6,7).
Although the tubules in the B+S group were mostly morpho-

Table 1. Initial spermatological parameters (mean®SD) of New Zealand White rabbits prior to the experimental procedure.

C BF SF B+S p=
Sperm Concentration(x10°/mma3) 2728348125  227.66+77.1  257.83152.82  244.66%5519  0.698
Sperm Motility(%) 62504524  54.16+12.81 60.83+9.7 61.6646.83 0393
Ejaculate Volume(ml) 0.63%0.26 0.76%0.24 0.73%0.28 0.85£0.18  0.519
Ejaculate Weight(mg) 0.82840.296  0.755+0.211  0.84140252  0.848+0.207  0.905
Sperm pH 6.80+0.04 6.80+0.13 6.82+0.10 6.8010.06  0.987
SPTP(mg/d)) 2.3540.32 2414051 2.43%0.46 2381049  0.989
Total sperm (¢jaculate volume X 175034803 171.88+78.1  179.13%+50.0  210.78+72.4  0.768

concentration, x10°/ml)

C= Control group, BF= Bisphenol AF group, SF= Safranal group, B+S= Bisphenol AF+Safranal group. SPTP = Seminal Plasma

Total Protein.
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Table 2. Effects of BPAF and/or safranal on some reproductive parameters (meantSD) of New Zealand White Rabbits.

C BF SF B+S P=
Sperm Concentration(x10°/mm3) 2842+ 67.41  194.0£ 65.72  305.83" £ 35.27 246.66™+43.55 0.012
Sperm Motility(%) 6416584 4501894 675 +821 6333 %605  0.000
Ejaculate Volume(ml) 1.01° £ 027  0.85%+0.10 1.0°£023 091 +£024 0557
Ejaculate Weight(mg) 0.96+037 077 £0.19 0.98 +0.33 0.88+033  0.654
Sperm pH 6.83+005  675%0.11 6.86 + 0.1 684004  0.183
SPTP (mg/dl) 2.43 £ 0.46 243405 228 + 0.41 248 £048  0.892
Testicular Weight(gr) 3334020 314 %0.19 315+ 0.19 316023 0368
Epididymis Weight(gr) 0.77£0.09  0.78 £ 0.07 0.80 + 0.08 0.79 £0.08  0.888
Total sperm (cjaculate volume X 304.0 £1554  167.9468.15 3121 £1050 22784803  0.096

concentration, x10°/ml)

C= Control group, BF= Bisphenol A’ group, SF= Safranal group, B+S= Bisphenol AF+Safranal group. SPTP = Seminal Plasma

Total Protein.

Table 3. Initial serum estrogen and testosterone concentrations (meantSD) of New Zealand White rabbits prior to the experimental

procedure.
C BF SF B+S P=
Estrogen(ng/L) 21.52+2.56 19.05+2.14 19.38+2.21 21.51£3.98 0.293
Testosterone(ng/ml) 12.13+0.90 11.57+0.87 11.791+0.84 11.29%+1.31 0.540

C= Control group, BF= Bisphenol AF group, SF= Safranal group, B+S= Bisphenol AF+Safranal group.

Table 4. Effects of BPAF and/or safranal on serum, seminal plasma and testicular testosterone and estrogen levels (meantSD) of

New Zealand White Rabbits.

C BF SF B+S P=
Serum Estrogen (ng/L) 20.36" +£5.02  21.80*+4.82  15.31" + 4.25 14.88° + 2.87 0.023
Seminal Plasma Estrogen (ng/L) 29.19 + 8.94 33.7 £5.68 36.8 £ 7.51 3351 £1235  0.546
Testicular Estrogen (ng/L) 20,92 +396  29.84* + 7.49 8.07° £ 9.15 11.28™ £12.18  0.001
Serum Testosteron (ng/ml) 12.01 £1.99 11.61 £1.57 12.17 £ 0.84 11.17 £ 2.05 0.741
Seminal Plazma Testosteron (ng/ml) 42.69 + 4.63 37.65 = 4.09 44.70 + 5.67 4492+ 1273 0.343
Testicular Testosteron (ng/ml) 75.5 £ 14.7 66.5 £ 16.5 75.9 £ 225 68.7 £ 16.3 0.731

C= Control group, BF= Bisphenol AF group, SF= Safranal group, B+S= Bisphenol AF+Safranal group. Different superscript letters
(a, b, ¢) in the same line show statistically significant differences between groups as “£”.

Table 5. Effects of BPAF and/or safranal on some oksidant-antioxidant parameters (mean®SD) in testis tissues of New Zealand

White Rabbits.

C BF SF B+S P=
MDA (nmol/gr protein) 3.67°+0.47 16.30°+6.16 4.64°£1.00 8.77°+0.55 0.0001
GSH(nmol/gt protein) 1.74*+0.20 1.43+0.17 1.84*+0.21 1.97*+0.36 0.0094
GPx(IU/gr protein) 26.95+3.52 25.93%£2.49 26.69%2.67 25.95+2.11 0.8846
CAT(IU/gr protein) 91.35%5.88 90.131+4.84 90.99£6.02 88.93+5.37 0.8770

C= Control group, BF= Bisphenol AF group, SF= Safranal group, B+S= Bisphenol AF+Safranal group. MDA=Malondialdehyde,
GSH=Reduced Glutathione, GPx= Glutathione Peroxidase, CAT= Catalase. Different superscript letters (a, b, ) in the same line

show statistically significant differences between groups as “+”.

logically normal, morphological changes in some tubules and
the interstitial area, including Leydig cells were present (Figure
8,9,10). There was also a slight deterioration in the spermato-

genic cell line in the degenerated tubules, as well as a few vac-
uoles in some germinative cells. However, these changes were
milder compared to the changes in the BF group. The basal
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Figure 1. Microscopic view of the normal histological structure
of testicular tissue of the control group. H.E. x40
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‘Figure 3. A closer

structure of testicular tissue belonging to the control group. H.E.
x400
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Figure 5. Close microscopic view of seminiferous tubules whose
structures are completely destroyed in the testicular tissue of the

BPAF group. H.E. x100
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Figure 2. Close microscopic\ view of the normal histological
structure of the testicular tissue of the control group. H.E. x100
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Figure 4. Micrscopic view of testicular tissue belonging to the
BPAF group. H.E. x40
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Figure 6. Closer microscopic view of degenerative and necrotic
changes in the seminiferous tubule, whose structure is completely

destroyed in the testicular tissue of the BPAF group. H.E. x400
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Figure 7. Microscopic view of germinative epithelial cells spﬁ]in
into the lumen in a degenerated tubule of testicular tissue belonging
to the BPAF group. H.E. x400

Figure"9‘ Close r-riicrsopic view o
structure of the testicular tissue belonging to the BPAF+Safranal
group. H.E. x100
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Figure 11. Microscopic view of the normal histological structure
of testis tissue belonging to the Safranal group. H.E. x40
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Figure 8. Microscopic view of the nearly normal histological
structure of testicular tissue belonging to the BPAF+Safranal
group. H.E. x40
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Figure 10. Near-normal microscopic appearance of germinative

epithelial cell lines and Leydig cells in the interstitium and vascular
structures in the testis tissue of the BPAF+Safranal group. H.E.

Figure 12. Close microscopic view of the normal histological
structure of the testis tissue belonging to the Safranal group. H.E.
x100
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Figure 13. A closer microscopic view of the normal histological
structure of the testis tissue belonging to the Safranal group. H.E.
x400

membrane, spermatogonia forming the spermatogenic cell
lines in the tubular wall, spermatogonia, spermatocytes and
spermatid cells, and the interstitial area including the support-
ing cells Sertoli cells and Leydig cells of the SF group had a
histological structure similar to the C group, and spermatogen-
esis continued normally (Figure 11,12,13).

DISCUSSION

The current study indicated that BPAF has some negative
effects on the male rabbits’ reproductive system. The results
suggested that an oral 20 mg/kg of BPAF every day may low-
er fertility rates, particularly by lowering sperm concentration
and motility. Additionally, when compared to other groups,
BPAF tended to increase serum and testicular estrogen levels.
As seen in zebrafish, BPAF can strongly bind to estrogenic
receptors and might cause an elevation in estrogen secretion
(Moreman et al., 2017). Another study also supports our find-
ings that BPAF exposure resulted in increased estrogen levels
in both male and female zebrafish (Yang et al., 2016). BPAF
decreased serum testosterone levels and testicular weights in
rats at a dose of 10 mg/kg, but no change occurred in estradiol
levels at the same dose. In the same study, an increase in MDA
levels was observed at a 200 mg/kg dose (Yu et al., 2022). In
a different study, although serum and testicular estrogen lev-
els were not affected, serum testosterone levels were reduced.
It also caused morphological alterations in mice sperm, and
reduced sperm mobility (Gao et al., 2022). Feng et al. (2012)
reported that BPAF decreased testosterone levels by directly
altering testicular function in male mice. In contrast to this
study, BPAF exposure elevated the testicular testosterone lev-
els in 23-day-old male rats (Li et al., 2016). The current study
confirms earlier findings that BPAF reduces sperm quality and
has a detrimental effect on male reproductive processes due
to its estrogenic activity. Thus, BPAF should be taken into ac-
count as a possible cause of infertility (Wu et al., 2019; Rehfeld
et al., 2020; Shi et al., 2015).

BPAF may have caused oxidative damage in testicular tis-
sues by increasing the level of MDA and depleting antioxidant

Etyemez, Giilay

levels such as GSH. In a rat study, BPAF increased testicular
MDA levels while decreased antioxidant levels, which con-
firms our findings (Tian et al., 2022). According to previous
reports, administering BPAF to mice did not change the level
of MDA in the liver tissue (Meng et al., 2019). MDA is one
of the most significant by-products of membrane lipid per-
oxidation, and the production of might, therefore, aggravate
membrane damage. In the current study, the testicular tissue
MDA levels increased only in the BPAF treated group com-
pared to the controls. However, safranal addition to BPAF
was able to reduce testicular MDA levels in the B+S group.
Thus, similar to BPA, BPAF may also result in oxidative stress
and tissue deterioration in male rabbits (IKKarabulut and Gulay,
2022). Furthermore, safranal can be helpful in lowering oxida-
tive stress since antioxidants are chemicals that scavenge free
radicals formed as a result of oxidative stress.

The testosterone hormone is produced by Leydig cells from
cholesterol. It is essential for the development of the male re-
productive system and spermatogenesis (Ye et al., 2011). Tes-
tosterone is required for the completion of meiosis during
spermatocyte development. Testosterone is also important in
preventing the premature release of spermatid. Moreover, tes-
tosterone facilitates the discharge of mature sperms into the
lumen of the seminiferous tubule (Xiao et al., 2014). In rats,
experimental oral administration of BPAF resulted in a sub-
stantial decrease in the expression levels of genes and proteins
involved in cholesterol production, transport, and steroid bio-
synthesis activities (Feng et al., 2012). It has been established
that BPAF exposure affects testosterone levels by altering
genes and proteins in the testosterone biosynthesis pathway
(Fic et al., 2015). BPAF has also been shown to reduce serum
(Feng et al., 2012; Yu et al., 2022), plasma, and testicular tes-
tosterone levels in male laboratory animals (Huang et al., 2020)
and in male zebrafish (Yang et al., 2016). However, the current
study failed to show a significant change in testicular and se-
rum testosterone levels due to BPAF. However, BPAF dose
and species differences may be responsible for the discrepancy
between the current study and the current literature.

BPA and its analogs have been shown to generate oxida-
tive stress in plasma, testis, and sperm, resulting in impairment
of spermatogenesis (Gules et al., 2019, Ullah et al., 2019). In-
creased oxidative stress in testicular tissue causes sperm quality
to decline and testicular abnormalities due to Leydig, Serto-
li, and germ cell dysfunction (Yusoff et al., 2017). BPAF has
been demonstrated to inhibit the regeneration of Leydig cells
by reducing testosterone synthesis, downregulating the expres-
sion of critical steroidogenesis-related genes, and inducing
ROS and apoptosis/ autophagic cell death (Yu et al., 2022). It
has also been found to promote cytoskeleton dysregulation in
Sertoli cells and to impair the cellular homeostasis that Ser-
toli cells execute in the seminiferous epithelium to maintain
spermatogenesis. It has been stated that BPAF exposure in
mice has a dose-dependent negative effect on blood-testicular
barrier integrity, sperm quantity, and sperm quality (Wu et al.,
2019). BPAF was found to significantly impair blood-testicular
barrier integrity and sperm count, as well as promote human
ovarian granulosa cell-like cell death (Huang et al., 2020, Wu
et al.,, 2019). In pubertal rats, BPA lowered daily sperm out-
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put (Herath et al., 2004). BPA exposure has been linked to
reproductive disorders, such as decreased testicular weight and
sperm count, hormonal abnormalities, and poor spermato-
genesis (Wang et al., 20106). Similarly, BPAF exposure at vari-
ous levels reduced testis, epididymis, and body weights in rats
(Yu et al., 2022). In the current study, BPAF exposure reduced
sperm concentration ratio and sperm motility in male rabbits.
The present study suggests that oxidative damage caused by
BPAF in the testicular tissue might be the cause of the de-
crease in these parameters. Safranal treatment significantly re-
duced the negative effect of BPAF on sperm motility. Thus,
safranal could protect testicular tissue from the harmful effects
of BPAF and improve spermatological parameters.

Histopathological findings in our study support other sper-
matological findings. BPAF can cause the disruption of the
seminiferous tubules in testicular tissue (Sutherland et al,
2019). Studies in many animal species, including mice, zebraf-
ish, Xenopus laevis (an African clawed frog), and chicken em-
bryos have shown that the histological structure of testicles
was compromised due to BPAF exposure (Wu et al., 2019;
Yang et al., 2016; Mentor et al., 2020; Cai et al., 2020). BPA ex-
posure has been linked to histological abnormalities in testicles
and epididymis, including degeneration, blockage, atrophy, and
the loss of germinal cells in rats (Aydogan et al., 2010). In the
current study, the basement membrane, germinative epitheli-
um of the seminiferous tubules, Sertoli cells, and Leydig cells
in the interstitial area were normal in C and SF groups. How-
ever, the majority of the tubules in testicular tissues were dis-
torted and some were atrophied in rabbits that had only been
exposed to BPAFE. Although mild morphological abnormalities
were seen in some tubules and the interstitial area, most of
the tubules in the B+S group were morphologically close to
normal.

The majority of exogenous antioxidants are phytochemicals
derived from plants (Sarangarajan et al., 2017). It is empha-
sized that safranal has significant antioxidant activity and may
be useful in treating disorders induced by oxidative stress (Ra-
haiee et al., 2015). Safranal helps to stabilize cell membranes by
scavenging ROS and lowering the peroxidation of unsaturated
membrane lipids. As a result, safranal may have therapeutic
value in conditions where radical scavenging action is import-
ant, such as neurodegenerative disorders (Samarghandian et al.,
2015). Safranal possesses antioxidant properties and has been
shown to lower lipid peroxidation and MDA levels in rats in
vivo experiments (Hosseinzadeh et al., 2009). The MDA levels
in testicular tissue were considerably lower in the B+S group.
This also suggests the probability that longer-term safranal use
might help to maintain desited MDA levels in BPAF-exposed
rabbits. In diabetic rats, Ataei and Rahbarian (2020) support
this positive effect of safranal.

GSH is thought to be the most essential intracellular hy-
drophilic antioxidant, protecting cells from free radical dam-
age (Pandey and Rizvi 2010). BPAF exposure reduces GSH
levels in testicular tissue and induces oxidative damage in rats
(Tian et al., 2022). In our study, BPAF exposure significantly
decreased the GSH levels in testicular tissue. The treatment
with safranal stabilized the GSH levels in testicular tissues of
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rabbits in the B+S group. The antioxidant enzyme glutathi-
one peroxidase functions as a structural protein in the sperma-
tozoa’s mitochondrial capsules and is necessary for the early
stage of spermatogenesis (Schneider et al.,2009). Both BPA
and BPAF have been shown to cause oxidative stress by down-
regulating antioxidant defense system expression, including a
decrease in superoxide dismutase (SOD) and catalase (CAT)
activity in zebrafish and human vascular endothelial cells (Gu
et al., 2020). However, it has been reported that BPAF expo-
sure in mice does not result in a significant difference in SOD,
CAT, and GSH-Px enzyme activity in liver tissue (Meng et al.,
2019). Thus, it should be noted that different criteria such as
animal species, BPAF dose, and duration of the study may af-
fect the outcome.

CONCLUSION

The results of this study revealed that exposure to BPAF
resulted in oxidative stress and altered estrogen hormone lev-
els in the testicular tissue of male rabbits. These negative alter-
ations possibly had a negative impact on the sperm parameters
as well as the histological structure of testicular tissue. It is
likely that the effects of BPAF at larger doses would be more
evident. The study suggests that safranal exhibited antioxidant
activity in testicular tissue and might mitigate the harmful ef-
fects of BPAF on testicular tissue. Additional studies at vari-
ous doses and time intervals could be useful to fully charac-
terize the effects of BPAF in rabbit testicular tissue and the
protective effects of safranal.
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