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Summary

In the present study, we investigated the effect of acrylamide
(ACR) exposure during pregnancy on the ovary of female adult
offspring of two subsequent generations. Sixty-day-old Wistar
albino female rats were given different doses of ACR (2.5 and
10 mg/kg/day) from day 6 of pregnancy until giving birth.
Females from the first generation (AF1) were fed ad /ibitum, and
thereafter, a subgroup was euthanized at 8 weeks of age and
ovary samples were obtained. The remaining females were
maintained until they reached sexual maturity (50 days old) and
then treated in the same way as the previous generation to
obtain the (AF2). The
histopathological examination indicated a high frequency of

second generation of females
corpora lutea along with an increased number of antral follicles
that reached the selectable stage mainly at a dose of
2.5 mg/kg/day.
increased the mRNA levels of CYP19 gene and its corresponding

Interestingly, ACR exposure significantly
CYP19 protein expression in AF1 females. The TUNEL assay
showed a significantly high rate of apoptosis in stromal cells
except for dose of 2.5 mg/kg/day. However, in AF2 females,
ACR exposure significantly increased the number of degenerating
follicles and cysts while the number of growing follicles was
reduced. Moreover, in both ACR-treated groups, estradiol-
producing enzyme CYP19A gene and its corresponding protein
were significantly reduced, and an excessive apoptosis was
produced. We concluded that the ovarian condition of
AF1 females had considerable similarity to the typical early
perimenopausal stage, whereas that of AF2 females was similar
to the late perimenopausal stage in women.
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Introduction

Information reported by epidemiological studies
indicates an increase in female infertility, which may be
caused by environmental exposure to endocrine
disrupting chemicals (EDCs) [2-4]. Indeed, the latter has
an effect on ovarian stocks, oocyte quality, sexual
Studies have
indicated that synthesized, secreted, transported, bound,

hormone levels, and thus fertility [5].

or degraded hormones could be affected by endocrine
disruption as a result of chemical exposure in the
environment or during occupational exposure [6-8].

which
polymerization of ACR under certain temperatures or

Polyacrylamide, results from
upon UV irradiation, is used in the synthesis of cosmetics
and skin creams, in food packaging, in pulp and paper
making, in the processing of metals and in textile
manufacturing [15]. It has been found in fertilizers [19],
tobacco industry products and plastics [20]. The total

amount of acrylamide in smoke from one cigarette is
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approximately 1 pg or higher [21]. ACR can enter the
body through absorption by the skin (e.g. via cosmetics),
digestive system (ingestion) and respiratory system
(inhalation), as from smoking [22,23]. Because of the
small size of the ACR molecule and its hydrophilic
nature, it is able in theory to diffuse passively and target
all tissues and induce carcinogenesis [24]. ACR can also
be formed in food that contains carbohydrates and amino
acids when exposed to high temperature [25,26]. The
European Food Safety Authority (EFSA) reported that
the level of ACR in food ranges from under 30 pg/kg to
4700 pg/kg, depending on the product [27,28]. As many
products have a high content of asparagine, including
asparagus, cocoa beans and cereals, most people are
exposed to the effects of ACR. Our recent study found
that ACR can damage ovarian function and thereby
female fertility [29]. The aim of the present study was
therefore to investigate the early life exposure to
acrylamide on 1) the histopathological ovarian changes,
2) the expression levels of some key genes and proteins
involved in the regulation of folliculogenesis and
steroidogenesis, and 3) the ovarian apoptotic cell death in
female adult offspring of two subsequent generations.

Materials and Methods

Animal treatment and sampling

This study was approval by the Scientific
Research Ethics Committee at King Saud University,
Riyadh, Saudi Arabia (Reference No: KSU-SE-20-21).
Thirty pubertal virgin females (50 days old) were
weighed and housed individually in mating cages with
males and provided a diet of standard laboratory chow
(23 % protein, 4.5 % fat, 3030 kcal’kg; lab diet 5001,
Brentwood, MO). The pregnant females at day O of
gestation (GD 0) were divided into three groups, and
treatment was administered beginning at GD 6 and until
delivery. The first group of females was considered
a control and was gavaged with distilled water (n=5). The
second group of females (n=5) received an ACR by oral
treatment at a dose of 2.5 mg/kg. The third group of
females (n=5) received an ACR by oral treatment at
a dose of 10 mg/kg. [30]. After parturition, we obtained
the first generation of offspring obtained from ACR-
treated mothers; these were called ACR animals of the
first generation (AF1), and those obtained from the
control were called the control group of the first
generation (CF1). A subgroup of AF1- and CF1-offspring
females were euthanized when they reached 8 weeks old
(adult age). Ovaries were collected, cleaned with distilled

water, quickly measured, labeled according to their group
of origin and fixed in the corresponding fixative
(10 % Neutral Buffer Formalin (NBF) for histopatho-
logical and TUNEL studies and RNA later for gene and
protein expression analyses). The remainder of the
AF1 and CFl-females were allowed to reach sexual
maturity and were mated with males and given the same
treatments as the previous generation. After parturition of
AF1 and CFl-females, the second generation offspring
were obtained from ACR-treated AF1 mothers and called
ACR offspring of the second generation (AF2), while
those obtained from the control were called the control of
the second generation (CF2). The AF2 and CF2 females
were euthanized when they reached 8 weeks old (adult
age) and ovaries were collected, labeled according to
their groups of origin and fixed as described above.

Histological preparation

Obtained ovary samples were fixed for 24 h in
NBF and cut using a microtome in sections of 5-7 pym
thickness, then transferred to glass slides containing
warm water (3 °C) and albumin glycerol fixative for
adhesion on a hotplate. Wrinkles were removed, and
hematoxylin and eosin were used to stain the sections.

Immunofluorescence staining

Sections were placed on hotplates (60 °C) and
deparaffinized with xylene. Then, they were rehydrated
by passed in descending concentrations of ethanol and
washed with distilled water and 1x phosphate-buffered
saline (PBS). After that, the tissue sections were treated
with 0.1 % Triton X-100 with 0.1 % sodium citrate and
then with blocking buffer (1 % Bovine Serum Albumin
(BSA) in PBS). The polyclonal rabbit primary antibody
CYP19 (1:100, DGpeptides Co., Ltd. China) was applied
on a flat, balanced surface overnight at 4 °C. After
washing with PBS, the fluorescein (FITC) goat anti-
rabbit antibody (dilution 1:2000, ab6717, MA, USA) was
added at room temperature in the dark for 45 min.
Sections were washed with PBS and then TE buffer prior
to the addition of the Hoechst solution (diluted 1:15000,
Hoechst 33342, Life Technologies, Waltham, MA, USA).
Finally, the slides were washed with TE buffer, dried and
covered with coverslips in one drop of solution 50 %
glycerol/ Tris-EDTA (TE) buffer, the edges of coverslip
were sealed with nail polish. For imaging, spinning disk
confocal microscope from Zeiss was used. The signal
intensity was analyzed and used for the quantification of
protein expression with the Zen 3.1 service (ZEN lite).
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Analysis of gene expression

Total RNA was extracted by using a Qiagen
RNeasy Mini Kit (Qiagen, Westburg, The Netherlands)
from RNA-stabilized (30 mg),
on-column DNase treatment via Qiagen RNase-Free
DNase. Real-time PCR was implemented with a SYBR
Green and Applied Biosystems 7500 Fast Real-time PCR
system (Carlsbad, CA) using the CYP19A4 gene-specific
primers (Forward: TGAGTCTCCCAAGGTCATCC,
Reverse: GGGTTCAGCATTTCCAAAAA). An iScript™
cDNA synthesis kit (Applied Biosystems, Carlsbad, CA)
was used to produce cDNA of these samples with

tissue including

multiple sets of primer cDNA designed to amplify the
cDNA for relative quantification RT-PCR. For each
sample, this procedure was repeated three times.

TUNEL assay

The ovaries samples were fixed for 24 h in NBF
then preserved in alcohol 70 %. Paraffin sections with
a thickness of 3 um were mounted on coated slides at
room temperature. The sections were dewaxed,
rehydrated and washed in PBS. Then, the tissue sections
were incubated at 37 °C with a Proteinase K working
solution and permeabilized in 0.1 % Triton X-100 with
0.1 % sodium citrate. TUNEL staining was applied
following the manufacturer's instructions with an In Situ

Cell Death Detection Kit, TMR red (12156792910,

(A)
1.54

Sex ratio AF1

10
ACR doses (mg/kg/day)

Roche Diagnostics, Mannheim, Germany). The nuclei
were stained with Hoechst solution (diluted 1:15000,
Hoechst 33342, Life Technologies, Waltham, MA, USA).
For imaging, we used a spinning disk confocal
microscope from Zeiss. The signal intensity was analyzed
and used for the quantification of protein expression with

the Zen 3.1 service (ZEN lite).

Statistics

For statistical comparisons was used one-way
analysis of difference followed by Tukey's multiple
comparison (GraphPad Prism version 9.3.0). All values
are presented as the mean =+ standard deviation (SD).
Significance was positioned at a P value less than 0.05.

Results

Effect of acrylamide on offspring sex ratio

There were no significant differences in the sex
ratio of the treated groups of the first-generation
AF offspring compared to the control group (Fig. 1A).
However, the sex ratio of the second-generation
AF2 offspring showed a significant increase at the
ACR dose of 10 mg/kg/day, while those that received the
dose of 2.5 mg/kg/day did not show any significant effect

compared to the control CF2 (Fig. 1B).

4~ %

Sex ratio AF2
n

10
ACR doses (mg/kg/day)

Fig. 1. (A) The sex ratio of offspring in the first generation AF1 compared to that in control CF1. No significant difference between the
control CF1 and other treatment groups. (B) The sex ratio of offspring in second generation AF2 compared to that in control CF2.
ACR (10 mg/kg/day) caused significant elevation, while the dose of ACR (2.5 mg/kg/day) did not show any different from the control

CF2. Values are means + S.E.M. ** P<0.001.

Effect of acrylamide on ovarian histopathological changes

While the ovaries from control 8-week-old
females showed a normal number of growing follicles
and corpora lutea, ovaries from treated 8-week-old

females in AF1 showed a decrease in the number of
growing follicles that was inversely proportional to the
increase in the dose of ACR. The number of corpora lutea
increased with increasing doses of ACR, and even the
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few growing follicles that were found were characterized
by pyknosis in granulosa cell nuclei and oocyte
vacuolization (Fig. 2D-I Plate I).

Microscopic examination of the ovarian sections
in 8-week-old ACR-treated female AF2 mice showed
an increase in the number of degenerating follicles and
cysts at doses of 2.5 and 10 mg/kg/day, while the number
of growing follicles was reduced or almost absent
compared to that in the control, indicating early ovarian
aging (Fig. 2D-1, Plate II).

Effect of acrylamide on estradiol-producing enzyme
CYP194
Compared with that in the control group

(Fig. 3A-C), the protein expression level of CYP19 was
significantly increased with increasing doses of ACR in
the 8-week-old AF1 groups (Fig. 3D-I and 3P), while the
green fluorescence intensity of CYP19 in the 8-week-old
AF2 groups was significantly decreased (Fig. 3J-O
and 3R).

In accordance with aromatase protein levels,
RT-PCR results showed that the relative mRNA levels of
CYP19 were significantly increased in the 8-week-old
AF1 females in the 2.5 and 10 mg/kg/day groups compared
with the control CF1 group (Fig.3Q). However, CYP19
mRNA levels in the ovaries from 8-week-old AF2 females
were reduced significantly in all treated groups compared
to the control group CF2 (Fig. 3S).

Fig. 2. Plate I: Histological sections from

Plate | (F1W8)

8-week-old females of the first generation
(F1W8) from treated and control groups.
Ovaries from control (CF1) displayed
normal growing follicles and few corpora
lutea (CL) (arrows) (A-C). In ovaries
from females AF1, proportional increase
of the number of corpora lutea (CL) with
vacuolations and degenerative luteal cells
(arrows), blood vessel congestion and
vacuolated oocyte (OC) (arrowheads) can
be observed with the dose (2.5 mg/kg)
(D-F). Rising number of corpora lutea
(CL) (arrows), blood congestion and
pyknosis in granulosa cells (GC)
(arrowheads) can be seen in the dose
10 mg/kg (G-I). Scale bar=60 pm.
Plate II: Histological evaluation of ovary
structure in 8-week-old females of the
second generation (F2W8). Ovaries from
control (A-C) CF2 show normal growing
follicles and few corpora lutea (CL)
(arrows). AF2 females treated with the
dose (2.5 mg/kg) showed an increased

number of corpora lutea  (CL),
degenerated follicles (DF) and cysts (C)
(arrows), reduction in growing follicles.
Congestion of blood vessels and
vacuolation of granulosa cell's layers
(arrowheads) can also been seen (D-F).
In (10 mg/kg) ovary showing rising in
cysts (C) and corpora lutea (CL) number
(arrows). Oocytes (OC) vacuolation,
irregular thinning zona pellucida (ZP) and
pyknosis in the granulosa cells nuclei
(arrowheads) (G-I). Scale bar=60 pm.
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Fig. 3. The ovarian CYP19 localization and expression in 8-week-old female offspring from the first (FIW8) and the second (F2W8)
generation compared to control. FIW8: Stained sections from control CF1 (A-C), AF1 females treated with the dose 2.5 mg/kg (D-F)
and 10 mg/kg (G-I). F2W8: Stained sections from AF2 females treated with the dose 2.5 mg/kg (3-L) and 10 mg/kg (M-0). Sections of
ovary was performed by immunofluorescence using specific CYP19 antibody stained with FITC (green), cell nuclei are stained with
Hoechst (blue). Scale bar=20 ym. The relative CYP19 intensity in 8-week-old AF1 females and AF2 females compared with control
females are presented in the graphs (P) and (R), respectively. Effect of ACR on the mRNA expression level of the CYPI19 gene
in 8-week-old AF1 females (Q) and in 8-week-old AF2 females (S) compared with control females. Values are means + S.E.M.

*P<0.05; ** P<0.001; ***P<0.0001.

Effect of acrylamide on ovarian cell apoptosis

While no significant number of TUNEL-positive
cells was found in the ovaries from 8-week-old
AFI1 females treated with 2.5 mg/kg ACR (Fig. 4D-F),
a significantly greater number of TUNEL-positive cells
were observed in the groups treated with 10 mg/kg
(Fig. 4G-I) in comparison to the control group (Fig. 4A-C
and Fig. 4]). However, ACR treatment led to a significant
increase in the number of TUNEL-positive cells in both
treated groups of 8-week-old AF2 females (Fig. 4N-S)
compared to the control group (Fig. 4K-M and Fig. 4T).

Discussion

In the present study, female rats were orally
exposed to 2.5 and 10 mg/kg ACR during pregnancy and
the ovary function and structure in the F1 and F2 female
offspring at week 8 of age were analyzed. We found that
ACR does not have any effect on sex ration of the
AF1 female offspring, while it significantly increased

only for the dose of 10 mg/kg/day in AF2 female
offspring. Although the sex of a species is genetically
normally inherited and fixed for life, this critical
demographic parameter can be induced by environmental
factors during early steps of development [35], and
affects the growth rate and the evolutionary trajectories of
populations. In fact, the primary genetic sex can be
challenged during early development in response to
environmental factors, commonly reported in insects,
fish, amphibians and reptiles [36]. This phenomenon may
be attributed to epigenetic mechanisms, notably DNA
methylation, as reported in many previous studies [37].
The indicated the high
frequency of corpora lutea along with an increased
number of antral follicles that reached the selectable stage
mainly at a dose of 2.5 mg/kg/day and the occurrence of
pyknosis in granulosa cell nuclei of the antral follicles.
The TUNEL assay showed a significantly high rate of
apoptosis in stromal cells, except in the 2.5 mg/kg/day
group. These characteristics of reproductive aging remind

histological study
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Fig. 4. The TUNEL reaction in 8-week-old female offspring from the first (FIW8) and second (F2W8) generations compared to control.
Stained sections from control CF1 (A-C), AF1 females treated with the dose 2.5 mg/kg (D-F) and the dose 10 mg/kg (G-I). (J) The
TMR relative intensity in 8-week-old AF1 females compared with control CF1. The TUNEL reaction in 8-week-old females of control
CF2 (K-M), AF2 females treated with the dose 2.5 mg/kg (N-P) and the dose 10 mg/kg (Q-S). Sections of ovary apoptosis was
performed by confocal images of follicles with TUNEL fluorescence in both granulosa and oocyte nuclei stained in (red) TMR, cell nuclei
are stained with Hoechst (blue). Scale bar=50 pm. The TMR relative intensity in 8-week-old AF2 females compared with control

CF2 (T). Values are means + S.E.M. *** P<(.0001.

us of a specific stage of the female reproductive lifespan
that precedes menopause and those previous studies
named the menopause transition stage. This stage, also
called perimenopause, is defined as the transition from
reproductive age to menopause and can be divided into
early perimenopause and late perimenopause, ending by
the last menstrual period and leading to the beginning of
the postmenopause stage [38]. In contrast to the late
perimenopausal stage, early menopause is mainly defined
by high estrogen levels [39] which is in agreement with
our results as we found an upregulation of estradiol-

CYPI194 gene and increased
expression of its corresponding protein. This stage is also
called the “end of female fertility” (EFF) [40] because it

is characterized by a great decrease in fertility but passes

producing enzyme

unnoticed by women since normal and regular menstrual
cycles are maintained [40]. As an example, when
menopause occurs at age 45, the EFF had already started
at 35, and the beginning of subfertility had already started
at 25 [40]. When the EFF period approaches, a gradual
increased

disruption occurs, characterized by an

proportion of growing follicles reaching the selectable
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stage and a rise in FSH, accompanied by declines in the
levels of the inhibin B and Anti-Mullerian Hormone
(AMH) proteins [40-42]. As these biomarkers of ovarian
reserve are declining, ovarian aromatase expression
increases with age in regularly cycling women compared
with younger women, whereas follicular phase estrogen
is preserved or increased successively [41]. These
findings are consistent with our results, since we found
in CYPI9 gene and CYP19 protein
expression. It is known that the ovary is the site of

an increase

dynamic morphogenetic changes that begin during
intrauterine life and continue during childhood and
adulthood [43]. Thus, our data suggest that ACR
exposure during pregnancy may reduce the reproductive
lifespan by accelerating gradually in proportion to the
dose of ACR, leading to decreased female fertility and
premature reproductive aging. In fact, it has been
described that high levels of estrogen and progesterone in
females are associated with ovarian aging [44,45].
Moreover, in the current study, we showed using the
TUNEL assay that the stromal cells are the main source
of apoptotic cells. This finding is in agreement with prior
published studies that reported that some of the
characteristics of aged ovaries are increased level of
apoptosis and fibrosis in the ovarian stroma associated
with an aberrant accumulation of endocrine cells that
highly expressed CYP17al, CYP19al, and luteinizing
(Lhcgr) [46].
Additionally, the high pyknosis we observed in granulosa

hormone/choriogonadotropin  receptor
cell nuclei is consistent with previous studies that
described the decreased number of granulosa cells in
antral follicles of aging ovaries [47]. A previous study
reported  statistically correlations
between ACR use

premenopausal women of normal weight [34], both

important positive

and high estradiol levels in
ACR exposure and high estradiol have long been linked to
an increased risk of premenopausal breast cancer
[33,50,51].

We also examined the developmental effects of
ACR on AF2 females. We found that if multigenerational
exposure to ACR induced ovarian aging in females of the
first generation (AF1), it accelerated potential early
menopause in females of the second generation (AF2).
Indeed, ACR exposure significantly reduced the levels of
key ovarian markers, such as the estradiol-producing
enzyme CYP19A1. In addition, ACR exposure increased
AF?2 female ovarian histological abnormalities, such as
the appearance of cysts and the near-absence of
The number of

primordial and growing follicles.

apoptotic cells in the stroma was highly elevated. These
ovarian conditions have considerable similarity to the
typical late menopausal transition patterns, also called
late perimenopause, that may occur at any time of the
reproductive lifespan of any female [39]. Studies on
ovarian aging patterns have documented that women may
undergo menopause prematurely due to chemotherapy,
genetic disorders or environmental factors [53-55]. Our
histological examination indicated an elevation in corpora
lutea and the appearance of cysts, while almost no
This
hypothesis, since the key aspect of the late menopausal

growing follicles were seen. confirms our
transition stage is the decrease in oocyte number below
the threshold required for ovarian function [56]. The
increased number of corpora lutea may be due to the
gradual increase in proportion of growing follicles
reaching the selectable stage and ovulated as this period
of late perimenopause approaches, which was reported
previously [40,41]. Many chemicals have also been
shown to induce follicular atresia, as well as a decline in
the reserve of follicle “pools”, leading to premature

menopause [52].
Conclusions

The current study demonstrated that ACR
exposure during pregnancy may cause decreased female
fertility and premature reproductive aging among the first
generation of female offspring by inducing endocrine
function disruptions,

alterations, histopathological

an up- and downregulation of estradiol-producing
enzyme CYP]94 gene and protein, and excessive
apoptosis. This damage could be most severe among the
female offspring of the second generation because
successive generations of exposure may have accelerated
the occurrence of the early menopausal transition stage,
evidencing the transgenerational inheritance effect of

ACR on reproductive longevity.
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