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INTRODUCTION  
 

Maternal feeding before and during pregnancy can affect 

and modify fetal growth and some physiological 

parameters [1, 2], and healthy behavior during pregnancy 

and quality of food intake are positively related to the 

childôs height and weight [3, 4]. Thus, low birth weight 

can be considered as an indication of non-optimal 

prenatal development, which increases the risk of 

exposure to many diseases in later life, including type 2 

diabetes and obesity [5ï7]. Based on several reported 

studies, it is clear that any environmental disturbances 

have a harmful effect on fetal life, which subsequently 

leads to permanent diseases [8, 9]. Interestingly, clear 

connections between low exposure to the environment at 

the early stage of life and resulting occurrence of 

noncommunicable diseases, such as cardiovascular 

disease, obesity, diabetes, and cancer, and reproductive 

effects have been elaborated [10, 11]. For example, it is 

undoubtedly becoming apparent that exposure of female 
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ABSTRACT 
 

In this study we investigated the effects of multigenerational exposures to acrylamide (ACR) on ovarian 
function. Fifty-day-old Wistar albino female rats were divided into the control and ACR-treated groups (2.5, 10, 
and 20 mg/kg/day) from day 6 of pregnancy until  delivery. The obtained females of the first (AF1) and second 
generation (AF2) were euthanized at 4 weeks of age, and plasma and ovary samples were collected. We found 
that in utero multigenerational exposure to ACR reduced fertility  and ovarian function in AF1 through inducing 
histopathological changes as evidenced by the appearance of cysts and degenerating follicles, oocyte 
vacuolization, and pyknosis in granulosa cells. TMR red positive cells confirmed by TUNEL assay were mostly 
detected in the stroma of the treated groups. Estradiol and IGF-1 concentrations significantly decreased as a 
result of decreased CYP19 gene and its protein expression. However, ACR exposure in AF2 led to early ovarian 
aging as evidenced by high estradiol and progesterone levels among all treated groups compared to control 
group, corresponding to the upregulation of the CYP19 gene and protein expression. The apoptotic cells of the 
stroma were greatly detected compared to that in the control group, whereas no significant difference was 
reported in ESR1 and ESR2 gene expression. This study confirms the developmental adverse effects of ACR on 
ovarian function and fertility  in at least two consecutive generations. It emphasizes the need for more effective 
strategies during pregnancy, such as eating healthy foods and avoiding consumption of ACR-rich products, 
including fried foods and coffee. 
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fetuses to excess androgen results in enlarged adult 

ovaries that are polyfollicular, anovulatory, and hyper 

androgenic and mimic those in polycystic ovary 

syndrome (PCOS) [12]. In contrast, high fetal estrogen 

level reduces ovarian size and function but increases 

adult anovulation [13ï15]. This proves that the 

endocrine system during gestation closely controls the 

production of a wide variety of biological processes, and 

low-level exposure to endocrine-disrupting chemicals 

(EDCs) at these crucial windows of growth have the 

opportunity to alter vital incidents of enterprise [16]. 

Previous studies have found that prenatal exposure to 

certain organic compounds have adverse effects on the 

health of future generations. Particularly, prenatal 

susceptibility to xenobiotics, including environmental 

contaminants (e.g., smoke, sulfur dioxide, and carbon 

monoxide), medications (e.g., synthetic glucocorticoids), 

and categories of foods and drinks (e.g., ethanol and 

caffeine), could change the maternal status and/or harm 

the placenta, which indirectly affects fetal development. 

These xenobiotics will specifically cause irregular 

epigenetic modifications and expressions on vital fetal 

genes or disruption, which can also lead to the 

programming of fetal hypothalamic-pituitary axis 

modification [17]. The epigenetic modifications caused 

by prenatal exposure to xenobiotics for many 

generations may persist [18, 19]. Thus, exposures can be 

passed inheritably to future generations that have never 

been exposed to the compound. It has been suggested 

that this uncoded inheritability is induced by incomplete 

erasure during early pregnancy [20]. While the 

transmission is probable since imprinted epigenetic 

information is involved in this process, it is still to be 

identified [21, 22]. 

In contrast, millions of people worldwide have 

infertility as a result of reproductive disorders [23]. In 

both men and women, developmental exposure to EDC 

may have harmful effects to reproductive health. 

However, our understanding of the negative effects of 

chemicals on health in women is less than those in men 

[24]. Based on the formation of ACR in food during 

high temperatures and its presence in water and 

cosmetics [25, 26], this potential EDC may constitute a 

major problem for human health and could notably 

affect female fertility by influencing the ovary structure 

and function. Although understanding the effect of ACR 

on reproduction is important from both the theoretical 

and practical viewpoint, the mechanisms of its effects 

on different generations are still unknown [27ï31]. 

Therefore, the present study aimed to investigate 

ovarian developmental toxicity on two generations of 

rats induced by ACR effect. We tried to observe  

the morphological, histopathological, and hormonal 

changes in the ovaries of the first and second 

generations. Furthermore, we explored the ovarian 

apoptotic cell death level and levels of expression of 

some key genes and proteins involved in the regulation 

of the folliculogenesis and steroidogenesis. 

 

RESULTS 
 

Effect of acrylamide on ovary weight (ovary index) 
 

The ovary weight significantly increased with all doses 

in the AF1 groups compared to that in the control group 

CF1 (Figure 1A), whereas the ovary weight of AF2 

females significantly decreased with all treatments 

(Figure 1B). 

 

 
 

Figure 1. (A) The ovary weight in AF1 groups compared to that in the control group CF1 recorded a significant elevation with all doses of ACR 

(2.5, 10, and 20 mg/kg/day). (B) The ovary weight in AF2 groups recorded a significant decrease in ovary weight with all doses compared to 
that in the control group CF2. 
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Effect of acrylamide on ovarian histopathological 

changes 

 

Ovarian sections from 4-week-old females from the 

control group showed a normal structure of the ovary, 

which contained a large number of growing follicles at 

various stages of maturity (Figure 2Aï2C). However, 

AF1 females that were treated with ACR showed the 

appearance of cysts and degenerating follicles (Figure 

2D, 2E). The ooplasm sometimes appear segmented, 

and each segment contains fragments of highly 

compacted nuclei with formation of micronucleus 

(Figure 2F). Histological ovarian sections from females 

of the second generation (AF2) showed a high number 

of corpora lutea as evidenced by early sexual maturity 

compared to the control group (Figure 2G, 2H). Most 

granulosa cells have a high number of pyknotic nuclei 

and seem detached from the oocyte (Figure 2I). The 

deterioration and damage in the oocyte detected in most 

developing follicles were accentuated. 

 

Effect of acrylamide on progesterone, estradiol, 

testosterone and IGF-1 release 

 

The plasma progesterone, estradiol, testosterone, and 

IGF-1 levels from different groups of rats are presented 

in Figure 3. plasma progesterone levels were 

significantly increased in AF1 females with both doses 

 

 
 

Figure 2. Histopathological changes in the ovaries from the first (F1W4) and the second generation (F2W4) compared to 
those in the control group (stained with H&E). (AςC) Photomicrographs at different magnifications of the same ovarian tissue section 

in females of control (CF1) showed normal structure containing normal growing follicles (arrows), normal oocytes (OC) (arrowheads),  
and a diminished number of pyknotic nuclei in granulosa cells (GC). (D, E) Photomicrographs of ovarian sections in treated females of  
F1W4 showing the presence of cysts (C), degenerated follicles (DF). (F) Segmented oocytes (arrowheads) enclosed by an irregular zona 
pellucida (ZP) with formation of micronucleus (MN). (G, H) Photomicrographs of ovarian sections in treated females of F2W4 showing a 
significant increase in growing follicle number and presence of corpora lutea (CL), there were a number of cysts (C) (arrows) and altered 
oocytes enclosed with abnormal zona pellucida (ZP), (I) in addition an elevation of pyknotic nuclei in granulosa cells (GC) (arrowheads). 
Scale bar = 60 ˃m. 
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of 2.5 and 20 mg/kg/day compared to those in control 

CF1 (P < 0.05), while no significant difference was 

observed in the treatment with the dose of 10 mg/kg/day 

(Figure 3A). Similarly, progesterone levels significantly 

increased in AF2 groups with all doses of ACR 

treatment (2.5, 10, and 20 mg/kg/day) compared to that 

in the control CF2 group (Figure 3B). 

 

A statistically significant decrease in plasma estradiol 

level was observed in all groups of treated females in 

AF1 compared to that in the control group (Figure 3C), 

while the estradiol level in AF2 significantly increased 

with all ACR doses of treatment (2.5 and 10 mg/kg/day) 

(Figure 3D). The results of plasma IGF-1 levels were 

similar to that of estradiol since this hormone was 

significantly decreased in all treated groups of AF1 

compared to that in the control group (Figure 3E). 

However, only the dose of 10 mg/kg/day increased IGF-

1 level in AF2 females compared to that in the control 

group CF2 (Figure 3F). Plasma testosterone levels were 

significantly decreased in AF1 females treated with 

doses of 2.5 mg/kg/day and 20 mg/kg/day (Figure 3G), 

while no significant variation was observed in all 

groups of AF2 females (Figure 3H). 

 

Effect of acrylamide on CYP 19 and GDF-9 protein 

expression 

 
Protein CYP19 (aromatase) 

The confocal microscopy images showed that green 

fluorescence intensity of CYP19 was significantly 

reduced (P < 0.05) in ovaries of AF1 females exposed 

to the different ACR doses (Figure 4I, 4II) and 

compared to untreated control females. However, the 

results showed that the protein expression level of 

CYP19 was significantly increased (P < 0.05) in ovaries 

of AF2 rats exposed to the different doses of ACR 

compared to untreated control rat AC2 (Figure 4III, 

4IV). 

 

Protein GDF-9 

The results showed that green fluorescence intensity of 

GDF-9 in ovaries from treated AF1 females was similar 

to that in control group CF1, except the dose of 20 

mg/kg/day, in which the signal was weaker than that in 

the control group (Figures 5I, 4II). With increasing 

ACR doses, no significant difference in the GDF-9 

protein expression was noted between the ACR-treated 

females of the AF2 and control groups (Figure 4III, 

4IV). 

 

Effect of acrylamide on ovarian cell apoptosis 

A significant increase in the TUNEL positive cells was 

observed in the ovarian sections of all 4-week-old 

females of the first generation (AF1) when treated with 

the different doses (Figure 6I, 6II). Similarly, TUNEL-

positive cells were also detected in the ovarian sections 

of AF2 females from the different treated groups 

compared to control (Figure 6III, 6IV). The TUNEL 

positive cells were mainly detected in the stroma cells, 

whereas almost no significant signal was detected in 

theca and granulosa cells. 

 

Effect of acrylamide on CYP 19, ESR1, and ESR2 

gene expression 

 

CYP19 gene 

CYP19 mRNA levels were significantly decreased in 

the ovaries of all groups of AF1 (2.5, 10, and 20 

mg/kg/day) compared to those of controls CF1 (Figure 

7A). However, these CYP19 mRNA levels were 

significantly increased in all groups of AF2 compared to 

the control group CF2 (Figure 7B). 

 

ESR1 gene 

The ESR1 levels in AF1 were significantly increased 

only in the rats exposed to the dose of 2.5 mg/kg/day 

compared to those in the control group (Figure 7C). 

However, the ESR1 mRNA levels in AF2 significantly 

decreased with the dose of 20 mg/kg/day compared 

those in the control CF2 group (Figure 7D). 

 

ESR2 gene 

Real-time PCR results showed that ACR treatment 

upregulated the mRNA expression of ESR2 gene in AF1 

with both doses of 2.5 and 10 mg/kg/day (Figure 7E) 

but downregulated it in AF2 with the dose of 20 

mg/kg/day (Figure 7F). 

 

DISCUSSION 
 

The research community has been concerned about the 

influence of environmental compounds on fetal or 

neonatal development since the perinatal phase is a time 

of considerable weakness for fetal and neonatal growth 

[32]. In fact, during pregnancy and lactation, the use of 

medications or toxic substances remains a public health 

issue, since it can damage the growth of some fetal 

organs and/or structures, including the ovary. During 

the embryonic stage or childhood, adverse external 

stimuli may result in life-long programming, leading to 

changes in tissue and/or organ function or gene 

expression during the developmental stage. From 

puberty to maturity, these changes can be preserved and 

even extended to the next generations and can affect 

future generationsô health [33, 34]. Particularly, EDCs 

are abundant globally, exposing humans to them on a 

daily basis. The endocrine system is extremely sensitive 

to EDCs, which interfere with metabolism, growth, and 

reproduction at various stages of life, particularly during 

the embryonic and pubertal stages. Many EDCs are 

known to target the female reproductive system, 
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Figure 3. Hormone levels in the plasma of female offspring rats exposed to ACR during their fetal life compared to those in 
controls. (A) Plasma progesterone levels (ng/mL) in AF1 significantly increased in 2.5 and 20 mg/kg/day doses compared to the control 

group, while the increase in 10 mg/kg/day dose was nonsignificant. (B) Plasma progesterone levels (ng/mL) in AF2 were significantly elevated 
in all ACR dose (2.5, 10, and 20 mg/kg/day) groups compared to that in the control group CF2. (C) Plasma estradiol levels in AF1 groups 
recorded a high significant decrease in all doses of ACR. (D) A Plasma estradiol levels significantly increased in all AF2 treated groups 
compared to the control group CF2. (E) Plasma IGF-1 levels significantly decreased in all treated groups of AF1 compared to the control 
group. (F) We found a significant increase in plasma IGF-1 levels in the AF2 group treated with 10 mg/kg/day, whereas no significant variation 
was found in 2.5 and 20 mg/kg/day groups compared to the control group CF2. (G) Plasma testosterone levels in AF1 groups show a 
significant decline in 2.5 mg/kg/day and 20 mg/kg/day, whereas no significant variation was noted in 10 mg/kg/day. (H) No significant 
changes were observed in plasma testosterone levels in all AF2 treated groups compared to the control group CF2. 
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especially the ovary, which is considered the most 

important organ in a womanôs reproductive and 

endocrine processes [35]. Many reproductive health 

issues have been linked to EDC exposure, including 

miscarriage, premature ovarian failure, and elevated sex 

steroid hormone levels. Some EDCs and their effects on 

adult ovarian function have been widely studied over 

time [36]. Among the EDCs, ACR is a potential 

toxicant whose primary source is fried, baked, and 

roasted foods, which are generally, consumed by 

infants, adolescents, and adults worldwide [26, 37ï40]. 

In our current study, the focus was on the effect of ACR 

during pregnancy on the ovarian function extended over 

two successive generations as the ovaries are considered 

one of the most sensitive organs to toxic substances and 

exposure during the fetal stage. It may pass through 

generations and affect the efficiency of reproductive 

organs [41, 42]. Our results indicated that ACR induced 

a significant increase in the weight of the ovaries from 

AF1 compared to that in the control group. This 

increase in ovary weight is consistent with previous 

studies that demonstrated that the treatment of pregnant 

 

 
 

Figure 4. (I) Effect of developmental ACR exposure on immunolocalization of ovarian CYP19 localization in AF1 treated groups compared to 
control CF1. Normal control CF1 females (AςC). Immunolocalization of CYP19 protein in AF1 females treated with the dose of 2.5 mg/kg  
(DςF), 10 mg/kg (GςI), and 20 mg/kg (JςL). (II) CYP19 relative intensity in 4-week-old AF1 females compared with control CF1. (III) Effect of 
developmental ACR exposure on immunolocalization of ovarian CYP19 localization in AF2 treated groups compared to control CF2. The 
normal control CF2 females (AςC), immunolocalization of CYP19 protein in AF2 females treated with the dose of 2.5 mg/kg (DςF), 10 mg/kg 
(GςI)), and 20 mg/kg (JςL). (IV) The CYP19 relative intensity in 4-week-old AF2 females compared with control (CF2). Sections of the ovary was 
performed by immunofluorescence using specific CYP19 antibody stained with FITC (green), and cell nuclei were stained with Hoechst (blue). 
Scale bar = 20 µm. 


