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Abstract

Acrylamide (ACR) is a toxic chemical frequently encountered in daily life, posing health risks. This study aimed to elucidate
the molecular-level mechanism of ACR's toxic effects on testicles and investigate whether Vitamin E can mitigate these
effects. A total of 40 adult pregnant rats were utilized, divided into four groups: Control, ACR, Vitamin E, and ACR + Vitamin
E. ACR and Vitamin E were administered to the mother rats during pregnancy and lactation, and to the male offspring until
the 8th week post-birth. Serum hormone levels, oxidant-antioxidant parameters, histopathological examination of testicular
tissue, and mRNA and protein levels of the testicular and liver aromatase gene were analyzed. Spermiogram analysis was
conducted on the collected sperm samples from the male offspring. The results revealed that ACR exposure adversely affected
hormone levels, oxidant-antioxidant parameters, histological findings, as well as aromatase gene and protein expressions.
However, Vitamin E administration effectively prevented the toxic effects of ACR. These findings demonstrate that ACR
application significantly impairs the reproductive performance of male offspring rats by increasing liver aromatase activity.
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Department of Histology and Embryology, Medical Faculty, Acrylamide (ACR) is widely used in medicine and indus-

Malatya Turgut Ozal University, Malatya, Tiirkiye trial fields, such as paper, wastewater treatment, and tex-
7 Department of Medical Biochemistry, Faculty of Medicine, tiles (Zhao et al. 2022). In 1994, the International Agency
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2A carcinogen (Zhang and Zhang 2007). A significant
milestone in ACR research was reached in 2002 when
Swedish scientists discovered its presence in asparagine-
rich foods after heat treatment (Capuano and Fogliano
2011). The processing of foods at temperatures above
120 °C leads to the formation of substantial amounts of
ACR (Mottram et al. 2002). Studies have shown that expo-
sure to ACR induces various toxic effects in the testicular
tissues of rats, such as seminiferous tubule degeneration,
increased apoptotic cell count, and varying degrees of
spermatogonium degeneration (Khezerolou et al. 2018),
(Hasanin et al. 2018). Additionally, ACR has been found to
induce oxidative stress and tissue damage in the testicles,
resulting in reduced levels of certain enzymes responsible
for testosterone synthesis in Leydig cells and impairment
of spermatogenesis (Abd-Elsalam et al. 2021).

Vitamin E, known for its anticarcinogenic and neuro-
protective properties, is a crucial antioxidant that posi-
tively affects cell metabolism (Sharifi-Rad et al. 2020).
Due to its lipophilic nature, Vitamin E easily crosses the
placenta and exhibits strong protective effects by reducing
inflammation and adhesion, particularly in tissues such
as the brain, placenta, testicles, and others (Niki 2014),
(Zaidi and Banu 2004). Furthermore, it enhances the
immune system and improves metabolism as a free radi-
cal scavenger and antioxidant (Lewis et al. 2019). Studies
have reported that Vitamin E supplementation supports
the reproductive system by promoting testicular regenera-
tion, as well as the production, maturation, and quality of
spermatozoa (Peng et al. 2023) Moreover, supplementa-
tion with vitamin E significantly reduces ACR-induced
oxidative tissue damage, aiming to protect against its toxic
effects on testicular tissue (Hasanin et al. 2018).

The aromatase enzyme, responsible for irreversibly con-
verting androgens to estrogens in steroidogenesis, plays a
critical role in testicular development and associated dis-
eases (Carreau et al. 2003). Testicular estrogens, binding
to estrogen receptors (ERa and p), regulate sperm matura-
tion in the efferent ducts and epididymis, thus preserving
reproductive functions and regulating gonadal activity
(Hess et al. 1997), (O’Donnell et al. 2001). Deficiency in
aromatase and subsequent testicular estrogen deficiency
have been linked to fertility issues, developmental chal-
lenges during puberty, decreased bone density, and disor-
ders in bone development (Zirilli et al. 2008), (Grumbach
2011). Exposure to toxic compounds has been shown to
affect aromatase levels and disrupt the androgen/estrogen
balance, leading to disorders in testicular development
and alterations in sperm morphology (Cassault-Meyer
et al. 2014), (Park et al. 2020). Studies investigating the
impact of ACR on testicular physiology and pathology
have reported testicular tissue shrinkage, histopathologi-
cal lesions, decreased sperm quality (Ma et al. 2011), and
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various disorders in the male reproductive system, includ-
ing cryptorchidism (Souza et al. 2019).

Despite an increasing number of studies demonstrating
the detrimental effects of ACR on testicular functions, its
exact role in the development and physiology of the repro-
ductive system remains incompletely understood. Therefore,
the objective of this study was to investigate the potential
link between testicular dysfunctions in male rat offspring
exposed to ACR and their sperm functions, aromatase activ-
ity, and oxidative stress levels. Additionally, we examined
the protective effect of vitamin E against potential damages
and dysfunctions.

Materials and methods
Animals

Forty female Sprague Dawley rats weighing between
250-350 g were obtained from the Inonii University Exper-
imental Animal Production and Research Center. The rats
were individually housed overnight in single cages, with one
male rat per female rat. Vaginal smears were collected from
the female rats, and those showing the presence of sperm
during microscopic examination were considered to be half
a day pregnant. Subsequently, the pregnant rats were divided
into cages based on the assigned treatment groups. After
three weeks from the time the pregnant rats gave birth to
their offspring, forty male rats were selected and assigned
to cages according to the treatment groups. The study was
continued with these male rats. Throughout the study, all
rats had unrestricted access to normal pellet feed and water.

Experimental design

The study consisted of four groups: Control, Acrylamide
(ACR), Vitamin E, and Acrylamide + Vitamin E (ACR + Vit
E). Pregnant rats were assigned to cages based on their treat-
ment groups, and the treatments began on the first day. The
treatments were administered as follows: the control group
received standard chow and drinking water, the ACR group
received 100 ppm Acrylamide (Acrylamide; Sigma A8887)
in their drinking water (Ogawa et al. 2012), (Takahashi et al.
2008; Takahashi et al. 2009), (Manjanatha et al. 2006), the
Vitamin E group received 300 ppm a-Tocopherol acetate
(DL-a-Tocopherol acetate, Water-Soluble Vitamin E,
MP Biomedicals) in their drinking water (Tanaka et al.
1990), (Pool and Jaarsveld 1998), (Zingg 2018), and the
ACR + Vit E group received 100 ppm Acrylamide and 300
ppm a-Tocopherol acetate in their drinking water. Pregnant
rats gave birth to their offspring vaginally, and the offspring
remained with their mothers for feeding until day 21. Mater-
nal rats continued to receive ACR and/or Vit E during the
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Fig.1 Study design. The study was started with 40 pregnant rats.
ACR and/or vitamin E were administered throughout the gestation
period. After 20 days, rats delivered their fetuses by normal vaginal
delivery. During the lactation period, ACR and/or Vit E continued to
be administered to the dams in drinking water. At the end of the lacta-

lactation period. At the end of the third week, rats were
placed in cages according to their treatment groups (10
male rats per group). Male rats continued to receive ACR
and/or Vit E until the end of the eighth week, and the study
concluded at the end of this period (Fig. 1). Since there was
no significant change in the stability of both ACR (Adams
et al. 2010) and Vitamin E (Cillard and Cillard 1980) aque-
ous solutions within three days, the water was changed three
times a week (Monday, Wednesday, and Friday).

Sperm analysis

The sperm concentration in the right cauda epididymis was
assessed using a modified approach described by Ciftci et al.
(Ciftci et al. 2011), employing a hemocytometer. Sperm
motility was measured using the freshly isolated right cauda
epididymis, and a light microscope with a heated stage was
utilized for this purpose (Ciftci et al. 2012). To evaluate the
percentage of morphologically aberrant spermatozoa, the
slides were stained with eosin-nigrosin (1.67 percent eosin,
10% nigrosin, and 0.1 M sodium citrate) and examined under
a light microscope at 400 magnification. A total of 300 sper-
matozoa (2400 cells) were analyzed on each slide, and the
head, tail, and overall abnormality rates of spermatozoa were
calculated as percentages (Oguzturk et al. 2012).

tion period (at the end of 21 days), the male rats were randomly seg-
regated into separate cages (10 male rats in each group) based on the
groups. ACR and/or vitamin E administration was continued until the
end of the study (at the end of 8 weeks)

RT-PCR analysis

Total RNA from testicular tissue was isolated using an RNA
purification kit (RNeasy Mini Kit, QTAGEN). The cDNA
synthesis was performed using the cDNA Synthesis Kit
(Roche). RNA purity was assessed by measuring absorbance
at 260 nm and 280 nm using a NanoDrop spectrophotometer
(Epoch, Biotek, USA). The mRNA expression levels of Aro-
matase (Cyp19al) and pB-Actin (housekeeping gene) were
analyzed using quantitative Real-Time PCR (Light Cycler,
Roche) with the DNA Probes Master Kit (Roche), as well as
gene-specific primers and probes (Table 1). For each sam-
ple, a master mix of 5 ul, 2 ul of PCR grade water, 7.5 ul of
cDNA, and an appropriate volume of primers were prepared.
The qRT-PCR procedure involved an initial denaturation at
95°C for 10 min, followed by 55 cycles of denaturation at
95°C for 10 s, annealing at 60°C for 30 s, and extension at
72°C for 1 s. The relative quantification was calculated using
the AACt formula and the cycle threshold (Ct) values.

Western blot analysis
Testicular tissues were homogenized in RIPA lysis buffer

and incubated on ice for 20—30 min. After centrifugation at
20,000xg for 10 min at 4°C, the protein levels in the lysate

Table 1 Sequences of primer

. Gene Forward and Reverse sequence Ref. Seq. Number
and probe numbers applied for
qRT-PCR S-Actin F: 5 CTGGCTCCTAGCACCATGA 3’ NM_031144
R: 5TAGAGCCACCAATCCACACA 3’
Aromatase (Cyp19al) F:5’AACTACTACAATAAgATgTATggAgAgTTC3’ NM_017085

R: 5" ATTCTCgTgCATgCCAATg 3’
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were determined. Subsequently, 25 ug of proteins were
loaded onto a 10% SDS-PAGE gel and transferred to PVDF
membranes. The membranes were blocked with 5% non-
fat dry milk for 1 h at room temperature. Anti-Aromatase
antibody (ab124776, Abcam) or f-actin (4970, CST) was
incubated overnight at 4°C on the blocked membrane. Fol-
lowing this, the membranes were incubated with secondary
antibodies (7074, CST) for 1 h, and the blots were visualized
using ECL substrate (ECL Plus Substrate, Thermo Scien-
tific). Band detection was carried out using the MicroChemi
system (DNR Bio-Imaging System), and band densitometric
analysis was performed using the Imagel software.

Biochemical and hormonal analysis

For biochemical analysis (pH 7.4), tissues were homogenized
in PBS. To measure the amount of Malondialdehyde (MDA),
tissue homogenates were used directly. Subsequently, the
homogenates were centrifuged at 5000 rpm (4 °C) for 30
min. After centrifugation, the clear supernatants were used
for additional analyses and protein level determination. The
levels of homogenized tissue MDA, indicating lipid peroxi-
dation, were measured using the thiobarbituric acid reaction
method described by Ohkawa et al. (Ohkawa et al. 1979). SOD
(Superoxide dismutase) activity in testicle tissues was meas-
ured according to the method described by Sun et al. (Sun et al.
1988). The CAT (Catalase) activity in the supernatant was
tested using a procedure adapted from Aebi's method (Aebi
1974). This method utilizes a spectrophotometer to monitor
the rate of hydrogen peroxide disappearance over time at 240
nm. The GSH-Px (Glutathione peroxidase) activity was deter-
mined by measuring the oxidation of reduced nicotinamide-
adenine dinucleotide phosphate at 340 nm, following the pro-
tocol described by Paglia and Valentin (Paglia and Valentine
1967). GSH (Glutathione) levels were determined using Ell-
man's method (Ellman 1959). The reduced GSH was treated
with 5,5-dithiobis-2-nitrobenzoic acid and measured at 410
nm using spectrophotometry. The metabolite of nitric oxide,
nitrite, was measured using the Greiss reagent, as previously
reported (Ochoa et al. 1991). The activity of GST (Glutathione
S-transferase) was calculated using the method described by
Habig et al. (Habig et al. 1974). The concentrations of TAS
(Total Antioxidant Status) and TOS (Total Oxidant Status) in
the supernatant were determined using a spectrophotometer
(microplate reader,Synergy H1) and commercially available
kits (Rel Assay Diagnostics, Gaziantep, Turkey).

The levels of testosterone, estradiol, LH, and FSH in the
blood were measured using ELISA kits (Bioassay Tech-
nology Laboratory, Shanghai, China). An ELISA micro-
plate reader (BioTek Synergy H1) and a data analysis pro-
gram (Gen5, BioTek Instruments) were employed for the
measurements.

Histopathological examination

Testicle tissue specimens were dehydrated in an ethanol
series, cleared in a xylene series, and embedded in paraf-
fin wax for tissue processing. Paraffin-embedded specimens
were sectioned into 6 pum thick slices, mounted on slides, and
stained with hematoxylin—eosin (H-E). The sections were
examined by a histologist using a light microscope (Nikon
Eclipse Ni) and camera attachment (DS-Fi3). The images
were analyzed with an Image Analysis System (Nikon NIS-
Elements Documentation 5.02) (Nikon Corporation, Tokyo,
Japan). To assess the degree of histopathological damage in
the obtained sections, Johnson's grading system was used to
score 100 randomly selected seminiferous tubules (Johnsen
1970).

Statistical analysis

The data was analyzed statistically using the SPSS 21.0 and
Graphpad Prism 9 tools. To determine whether the data had
a normal distribution, the Shapiro—Wilk test was employed.
As the data did not follow a normal distribution, nonpara-
metric statistical tests were applied, and the results were
presented as median (min—max). The Kruskal-Wallis test
was utilized to compare the groups, and pairwise compari-
sons were conducted using the Conover test. A significance
level of p <0.05 was considered statistically significant for
all tests.

Results
Total body weights

Upon analyzing the results of total body weights, it was
observed that administration of ACR led to a statistically
significant reduction in body weights. In the ACR + Vit E
group, the administration of Vitamin E resulted in a partial
improvement in total body weights, which was also deemed

Table 2 Total body weights Groups

Control

Vitamin E ACR ACR+VitE

Total body weights (g)

336.7+10.90*

374.3+29.11° 218.6+35.40° 263.7+12.38¢

The mean difference between groups with different superscript letters in the same column is statistically
significant. (a,b, ¢ and d; p <0,05)
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Table3 Testicle, epididymis, Control Vitamin E ACR ACR+ Vit E
seminal vesicle and total
prostate weights Testicle weights (g) Left  1340+0.02* 1.597+0.04° 1.028+0.04° 1.101+0.01°
Right 1.384+0.02° 1.624+0.05> 1.088+£0.04° 1.150+0.01°
Epididymis weights (g) Left 0.634+0.04*°  0.612+0.01*  0.467+0.01°  0.495+0.02°
Right  0.642+0.01*  0.601+0.03*  0.488+0.02°  0.494+0.03
Seminal vesicle weights (g) 1.162+0.11*  1.331+0.10*  1.067+0.05*  1.127+0.08*
Total Prostate weights (g) 0.240+0.04°  0.337+0.04®  0.327+0.03"*  0.332+0.04°

The mean difference between groups with different superscript letters in the same column is statistically

significant. (a,b and c; p <0,05)

statistically significant. The specific weights of the live total
body weights for each group are presented in Table 2.

Testicle, epididymis, seminal vesicle, and prostate
weights

Upon analyzing the results of testicle, epididymis, seminal
vesicle, and prostate weights, it was found that ACR admin-
istration significantly decreased the weights of the testicles
and epididymis. However, the decrease in seminal vesicle
weight was not statistically significant. On the other hand,
ACR administration significantly increased the weight of the
prostate tissue. In the ACR + Vit E group, the administration
of Vitamin E partially improved the weights of the testicles,
epididymis, seminal vesicle, and prostate. The weights of
the reproductive system tissues for each group are presented
in Table 3.

Spermiogram results

The examination of the Spermiogram results revealed that
ACR administration significantly decreased the epididymal
sperm concentration. Additionally, it led to a significant
increase in the tail and head anomaly rate as well as the total
abnormal sperm rate, while its impact on sperm motility was
limited. Although the effects of Vitamin E administration
on the decrease in sperm concentration in the ACR+ Vit E
group were limited, it reduced the abnormal sperm rate to
the values observed in the control group (Table 4).

The qRT-PCR Results of Aromatase Gene mRNA

The analysis of aromatase gene mRNA in testicular tissue
was performed using qRT-PCR, and the results indicated a
significant increase in testicular aromatase/beta-actin mRNA
ratios following ACR administration. These findings sug-
gest that the administration of ACR upregulates the tran-
scription of the testicular aromatase gene. In contrast, in the
ACR + Vit E group, vitamin E administration resulted in a
decrease in the aromatase/f-actin ratio, comparable to the
control group values. The calculated testicular aromatase/f-
actin mRNA ratios for the different groups are presented in
Fig. 2.

To confirm the specificity of primer binding, -actin and
Aromatase cDNAs synthesized through RT-PCR were ana-
lyzed by electrophoresis on an agarose gel. The electropho-
resis results revealed the formation of single DNA bands of
the expected length for both p-actin and Aromatase genes
(Fig. 2).

Western-blot results of testicular and liver
aromatase protein

Western blot analysis was performed to assess the levels
of Aromatase and f-actin proteins in testicular and liver
tissues of the different groups. The analysis showed that
ACR administration did not affect testicular aromatase
levels, while it significantly increased liver aromatase
levels. In the ACR + Vit E group, liver aromatase levels

Table 4 Spermiogram results

Control Vitamin E ACR ACR+ VitE
Sperm motility (%) 80.47 +1.88% 83.56+2.03* 77.61+1.19% 80.71+0.80%
Epididymal sperm con- 327.85+2.59°  348.00.+2,32% 242.28+544> 263.28+4.56b°
centration (million/g
tissue)
Abnormal sperm rate (%) Head 4.00+0.30* 3.00+0.37° 4.57+0.36° 3.85+0.26*
Tail 4.00+0.21* 3.28+0.20 5.28+0.35° 4.28+0.28*
Total 8.00+0.43* 6.28 +0.64° 9.85+0.63° 8.14+0.34*

The mean difference between groups with different superscript letters in the same column is statistically

significant. (a,b and c; p <0,05)
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Fig.2 Analysis of Aromatase mRNA gene expression in testicular
tissue. A. Electropherogram of amplification of f-actin and Aro-
matase cDNA in RT-PCR. A. 50 bp DNA marker was used in elec-
trophoresis (Bioron, 50 bp, catalog no: 304007). B. Aromatase gene

were significantly decreased. The protein bands and den-
sitometric values for testicular and liver aromatase in the
different groups are presented in Fig. 3.

Biochemical and hormonal analyzes

In the ACR group, compared to the control group, there
was an observed increase in MDA (p <0.001), NO

A &
& < o3 &
N & N v
Testicle J—
Aromatase | "— E—
Liver .
Aromatase| o -
B-actin | . ——— T T

Fig.3 Expression of Aromatase proteins in the testicle and liver was
detected by Western blot assay. A. ACR application did not affect
Aromatase protein expression in the testicle but increased Aro-
matase expression in the liver. B. The optical densities of the bands
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expression in testicular tissue in all groups. Expression levels of the
Aromatase gene were calculated by dividing the p-actin gene into all
groups. Sample size is 6. All data were expressed as the mean=+SD
(n=06). Significantly different at **p <0.01 versus the control group

(p<0.001), and TOS (p <0.001) levels, whereas GSH
(p<0.01), GSH-Px (p<0.001), GST (p<0.001), CAT
(p<0.001), SOD (p<0.01), and TAS (p<0.01) levels
significantly decreased. Conversely, the groups receiving
Vit E in conjunction with ACR showed increased levels
of GSH, GSH-Px, GST, CAT, SOD, and TAS. Addition-
ally, decreases were observed in the levels of MDA, NO,
and TOS in the ACR + Vit E group compared to the ACR

B
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belonging to the test groups are shown in the histogram. All data
were expressed as the mean+SD (n=3). Significantly different at
**p < 0.01 versus the control group
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group (Fig. 4). The quantification of serum testosterone,
estradiol, FSH, and LH levels in the groups revealed that
ACR administration significantly decreased serum testos-
terone levels while significantly increasing serum estra-
diol levels. However, in the ACR + Vit E group, vitamin
E administration brought the serum hormone levels back
to those of the control group (Table 5).

Testicular histopathology results

The histological examination revealed normal seminiferous
tubule and interstitial tissue areas in both the Control and

Vit E groups. The germinative epithelium of the seminifer-
ous tubules appeared multilayered, comprising cells from
the spermatogenic series. Spermatozoa were observed in the
lumens of certain seminiferous tubules (Fig. 5.AL II). In the
ACR group, varying degrees of damage were observed in the
seminiferous tubules. Some seminiferous tubules exhibited
complete germinative epithelial damage, desquamation of
the germinative epithelium, and seminiferous tubule atro-
phy. The damage to the seminiferous tubules ranged from
spermatogonia loss to milder spermatid and spermatozoon
damage. Additionally, varying degrees of vacuolization and
local degeneration were detected in Leydig cells within the
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Fig.4 Biochemical analysis results. Contents of GSH (A); activities
of GSH-Px (B), activities of GST (C), contents of MDA (D), contents
of NO (E), activities of CAT (F) activities of SOD (G); levels of TAS

(H) and TOS (I) in the testicle of rat exposed to ACR and/or Vitamin
E. All data were expressed as the mean+ SD. Significantly different
at *p<0.05, **p <0.01, and ***p <0.001 versus the control group

@ Springer



836

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:829-841

Table 5 Testosterone, Estradiol, FSH and LH results

Groups Control Vitamin E ACR ACR+VitE p

FSH (U/L) 7.76 (7.18-8.27)* 8.184 (7.44-8.86)" 6.99 (6.28-7.90)* 7.436 (6.68-8.33)* >0.05
LH (U/L) 5.92 (5.44-6.66)* 6.25 (5.60-6.60)* 5.47 (5.12-6.10)* 5.83 (5.22-6.29)* >0.05
Testosterone (ng/mL)  19.46 (18.19-22.03)* 20.94 (19.78-22.38)* 14.03 (12.48-16.14)° 18.53 (17.75-19.66)* <0.05
Estradiol (ng/L) 607.24 (588.99-617.51)*  603.25 (588.76-612.70)*  707.85 (697.04-720.92)°  627.33 (599.41-638.30)" <0.05

The mean difference between groups with different superscript letters in the same column is statistically significant. (a,b and c; p <0,05)

interstitial spaces (Fig. 5. A.-III). In the ACR + Vit E group,
shedding of the germinative epithelium and enlargement
of the intercellular spaces were observed in certain semi-
niferous tubules. The Leydig cells in the interstitial spaces

Fig. 5 Histopathological findings of testicular tissue in all groups.
A. I: Control group: a) Normal histological appearance (star).
HE, X 20. b) Normal seminiferous epithelium (star) and interstitial tis-
sue (Arrow) in seminiferous tubules. HE, x40. A.Il: ACR group: a)
Degeneration (black star) and partial damage (white star) in the semi-
niferous epithelium in the seminiferous tubules. HE,x20. b) Dam-
age to the seminiferous tubules, loss of spermatids (white star), loss
of spermatogonia in the seminiferous tubule epithelium (X), varying
degrees of damage to the interstitial spaces and Leydig cells (white
arrow), vascular damage (black arrow). HE, x40. A.III: Vit E group:
a) Normal histological appearance (star). HE, X 20. b) Interstitial tis-
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exhibited normal histomorphology. The level of histological
damage in this group was higher than that of the control and
Vit E groups but lower than that of the ACR group (Fig. 5.
A-IV). According to the Johnsen Score evaluation, the score

B
10 s

Johnsen's score (1-10)

sue and Leydig cells (black arrow) in normal appearance, the normal
seminiferous epithelium (star), spermatids, and spermatozoa (white
arrow) in seminiferous tubules. HE, x40. A.IV: ACR + Vit E group: a)
Seminiferous tubules with normal histological appearance (white star)
and seminiferous tubule epithelium (black arrow). HE, x20. b) Ger-
minative epithelium shedding in the normal seminiferous epithelium
(white star) and some seminiferous tubules, enlargement of intercellu-
lar spaces (white arrow), interstitial areas, and Leydig cells in normal
histological appearance. HE, x40. B. Johnsen's testicular score in dif-
ferent groups. All data were expressed as the mean +SD. Significantly
different at * p <0.05 and *** p <0.001 versus the control group
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obtained in the ACR + Vit E group was higher than that of
the ACR group, and these values were quite close to those
of the control and Vit E groups (Fig. 5. B).

Discussion

Embryogenesis is the most crucial process through which
toxicants crossing the blood-tissue barrier can impact fetal
development. The fetal and neonatal periods, when major
organs undergo formation and functional development,
represent the most vulnerable stage for organ deformities
caused by toxicants. Therefore, our study aimed to assess
the effects of exposure to ACR from the fetal to postnatal
period on testicular function. We examined the mechanisms
underlying ACR-induced toxicity, with a specific focus on
sperm function, aromatase activation, and oxidant damage.
Additionally, we investigated the potential protective role of
vitamin E. Our results demonstrate that ACR administration
reduced sperm quality, increased aromatase gene expression,
and significantly induced oxidative damage. Conversely,
vitamin E administration ameliorated testicular damage
induced by ACR exposure by modulating sperm functions,
aromatase activity, and restoring redox balance.

ACR is a toxic chemical that is not naturally present in foods
but is formed as a byproduct of heat treatment. Studies have
reported that ACR can be generated during the preparation of
carbohydrate- and protein-rich foods at temperatures exceed-
ing 120 °C. Consequently, the consumption of these foods can
lead to the accumulation of toxic levels of ACR in various tis-
sues (World Health Organization 2003). ACR-induced tissue
toxicity has been reported to have a particularly detrimental
effect on the brain, liver, heart, immune system, and reproduc-
tive system, causing dysfunction in these tissues depending on
the level of exposure (Kunnel et al. 2019). Studies investigat-
ing the toxic effects of ACR on the reproductive system have
demonstrated that ACR influences reproductive hormones,
resulting in decreased testosterone and progesterone levels, as
well as increased estradiol levels (Yassa et al. 2014), (Lebda
et al. 2014). Another study involving rats exposed to ACR
showed a decrease in testosterone accompanied by a decrease
in sperm concentration (Wang et al. 2010). When analyzing
the hormone levels quantified in our study, we observed that
ACR administration significantly decreases serum testoster-
one levels and significantly increases serum estradiol levels,
while the hormone levels in the ACR + Vit E group return to
the values of the control group. This may be attributed to the
damage caused by ACR to Leydig cells, which accelerates the
conversion of testosterone to estradiol by increasing aromatase
activity in the liver. The normalization of hormone levels in
the ACR + Vit E group may be due to vitamin E's protective
effect on Leydig cells and its suppression of the increase in
aromatase protein levels in the liver.

Regarding the effects of ACR exposure on body and tes-
ticular weights, previous studies have reported that ACR
administration at different doses reduced both body and tes-
ticular weights in rats (Wang et al. 2010). In our study, we
examined the weight measurements of reproductive tissues
and found that ACR administration significantly reduced tes-
ticular and epididymis weights. However, when vitamin E
was administered, it partially prevented this negative effect.
The reduction in reproductive tissue weights caused by ACR
may be attributed to its damaging effect on cell structure,
inhibition of cell proliferation and regeneration, and overall
suppression of protein synthesis in these tissues.

Another interesting finding of our study was the decrease
in the rate of abnormal sperm and the increase in testicular
and prostate weights in the vitamin E group compared to
the control group. Vitamin E, with its antioxidant proper-
ties (Fiedor and Burda 2014), contributes to organ devel-
opment by preventing cell damage. It also plays a crucial
role in maintaining the stability of cell membranes (Rizvi
et al. 2014), (Traber 2008), which enables healthy cell divi-
sion, proliferation, and DNA repair. These properties make it
important for metabolic processes related to the male repro-
ductive system. Previous studies have shown that vitamin
E supplementation increased testicular sperm count and
motility (Anvari et al. 2020), as well as testicular weight
at different doses (Hong et al. 2009). Other studies have
reported that vitamin E enhanced sperm motility, viability,
and concentration, while reducing the percentage of major
sperm defects (Hatamoto et al. 2006), (Safa et al. 2016),
(Ozer Kaya et al. 2020). Furthermore, decreased levels of
enzymatic and non-enzymatic antioxidants in Leydig cells
have been associated with impaired spermatogenesis and
decreased epididymal sperm count (Cao et al. 2004). There-
fore, increasing cellular antioxidant levels with vitamin E
may effectively reduce abnormal sperm count. Our study
demonstrates that the observed decrease in abnormal sperm
rate, particularly in terms of sperm morphology, in the vita-
min E group suggests that vitamin E may reduce the rate
of abnormal sperm by supporting the antioxidant defense
system in sperm cells.

Studies investigating the effects of ACR on spermato-
genesis have observed decreases in sperm reserves and
abnormal sperm in groups treated with ACR. Additionally,
degeneration of germinal cells, atrophied Leydig cells, and
a decrease in spermatozoa in the lumen have been reported
(Nesreen et al. 2011). Atrophy of seminiferous tubules, pres-
ence of giant cells, deformation of connective tissue, and a
decrease in Leydig, Sertoli, and spermatogenic cells were
also observed in rat offspring exposed to ACR (Sen et al.
2015), (Kermani-Alghoraishi et al. 2010). Consistent with
the literature, our study showed a significant increase in
the rate of total abnormal sperm, sperm with head and tail
anomalies, and a decrease in sperm motility and epididymal
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sperm concentration in the ACR group. Furthermore, we
observed a reduction in seminiferous tubule diameters
and the formation of numerous giant cells in the seminif-
erous epithelium. However, the administration of vitamin
E reversed these anomalies to the values observed in the
control group. These findings suggest that the considerable
improvement in abnormal sperm ratio due to vitamin E may
be attributed to the significant reduction in histopathological
damage caused by ACR in testicular tissue, as well as the
restoration of spermatogonia and the structural integrity of
spermatids and spermatozoa.

The complete relationship between the aromatase
enzyme, which plays a crucial role in reproductive functions,
and ACR-induced toxicity in testicular and liver tissues has
not yet been fully understood. Our study aimed to investigate
the levels of aromatase gene and protein in the testicles and
livers of rats treated with ACR. In this context, we observed
that ACR administration significantly increased the mRNA
levels of the aromatase gene in the testicles. However, it did
not have an effect on the conversion of mRNA to aromatase
protein. Conversely, ACR notably increased the expression
of aromatase protein in the liver. Interestingly, when vita-
min E was administered to the ACR + Vitamin E group, it
reduced the levels of aromatase protein in the liver to values
comparable to those of the control group. Thus, vitamin E
exhibited a significant reduction in aromatase protein levels
in the liver.

Several studies have assessed the relationship between
testicular damage and factors such as aromatase levels,
oxidative stress, and reproductive hormones to under-
stand the molecular-level changes induced by modulators
that affect testicular functions. In a study conducted on
male rats, it was reported that functional disorders in the
hypothalamus-pituitary axis led to the overactivation of
the aromatase enzyme. This overactivation resulted in
decreased testosterone levels and increased reactive oxy-
gen species (ROS), which were identified as key contribu-
tors to testicular damage (Li et al. 2023). Another study
emphasized the importance of antioxidants in the sper-
matogenesis process. Antioxidants were found to prevent
testicular damage by increasing the levels of testicular
reduced glutathione (GSH), reducing nitric oxide and
malondialdehyde levels, and modulating aromatase levels
(Atta et al. 2017).

ACR disrupts cellular redox homeostasis and leads to
an excessive increase in ROS (Orta-Yilmaz 2020), (Maan
et al. 2020). ACR-induced oxidative stress-related toxicity
has been reported to cause lipid peroxidation (Zamani et al.
2017). On the other hand, GSH serves as a natural anti-
oxidant and plays a pivotal role in cellular defense mecha-
nisms (Yonar 2013). Both in vitro and in vivo studies have
demonstrated that ACR induces oxidative stress by elevating
ROS levels, including peroxides, superoxides, and hydroxyl
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radicals, while reducing GSH levels (Elhelaly et al. 2019). In
addition to its role as a non-enzymatic scavenger of oxygen
radicals, GSH also acts as a coenzyme for GSH-Px (Tsuka-
moto et al. 2002). As a consequence of ROS elimination,
GSH is considerably depleted, leading to a decline in its
levels. Another important player in the neutralization of
free radicals is GST (Yonar 2013). The reduction in GSH
content results in decreased activity of the GST enzyme,
which is dependent on GSH concentration. Increased levels
of nitric oxide (NO) also trigger the oxidation of proteins,
lipids, and DNA, disrupting metabolic pathways and cel-
lular functions, ultimately leading to cell death (Tse 2017),
(Wink et al. 2011). Our findings are consistent with previous
research in the literature (Abd-Elsalam et al. 2021), (Abdel-
Daim et al. 2014). We observed a decrease in CAT, GSH-Px,
and GST activities, as well as TAS levels in the ACR group,
while noting a significant increase in MDA and TOS levels.
Moreover, our study revealed a parallel increase in NO levels
along with the rise in oxidation products and the decline in
antioxidant enzymes. We detected a significant decrease in
the activity of SOD (Zhang et al. 2010), one of the primary
antioxidant enzymes in semen. Depletion of GSH and SOD
to critical levels may elevate lipid peroxidation, resulting in
elevated concentrations of ROS in the testicles. Antioxidants
serve as the primary defense against oxidative stress induced
by free radicals (Agarwal et al. 2005). Previous reports have
demonstrated that Vitamin E, a potent antioxidant, exerts
a protective effect against ACR-induced ROS production
in various tissues (Rajeh and Khayyat 2017). Vitamin E is
a crucial antioxidant component of spermatozoa and safe-
guards the cell membranes against ROS (Yousef et al. 2003),
thus representing a promising prophylactic agent against
ACR-induced toxicity (Nesreen et al. 2011). Consequently,
the increased production of ACR-induced free radicals in
the testicles might have been counteracted by Vitamin E.
Vitamin E functions as a powerful chain-breaking antioxi-
dant (Hasanin et al. 2018). Our findings indicate that this
detrimental effect is largely mitigated and restored to values
similar to those observed in the control group.

Conclusion

In previous studies, it has been reported that administration of
ACR leads to weight loss in reproductive tissues such as the
testicles and epididymis. This weight loss has been associated
with histopathological damage in the testicular tissue, oxida-
tive stress, and adverse effects on sperm concentration and
reproductive hormones. Our findings align with these previous
studies, providing further evidence of the detrimental effects
of ACR on the reproductive system. Importantly, this study
is the first to demonstrate the damage to the male offspring's
reproductive system following ACR administration during
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pregnancy and lactation. Additionally, we have made a novel
observation in this study, showing that ACR administration
significantly increases aromatase protein levels in the liver.
This increase in liver aromatase activity leads to a decrease in
serum testosterone levels, as testosterone is converted to estra-
diol at a higher rate. Based on these findings, we propose that
the reprotoxic effects of ACR on the male rats' reproductive
system are likely due to the significant increase in liver aro-
matase activity and subsequent reduction in serum testosterone
levels in male offspring rats. However, further studies examin-
ing other tissues, such as adipose and muscle tissue, which are
known to express aromatase, are required to fully validate the
proposed mechanism of reproductive toxicity caused by ACR.
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