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Abstract
The aim of this study was to investigate the paternal genetic intergenerational and transgenerational genetic 
effects of cadmium (Cd) exposure during pregnancy on estradiol (E2) and progesterone (Pg) synthesis in the 
ovarian granulosa cells (GCs) of offspring. Pregnant SD rats were intragastrically exposed to CdCl2 (0, 0.5, 2.0, 
8.0 mg/kg) from days 1 to 20 to produce the F1 generation, F1 males were mated with newly purchased females 
to produce the F2 generation, and the F3 generation was obtained in the same way. Using this model, Cd-induced 
hormone synthesis disorders in GCs of F1 have been observed [8]. In this study, altered serum E2 and Pg levels in 
both F2 and F3 generations showed a nonmonotonic dose‒response relationship. In addition, hormone synthesis-
related genes (Star, Cyp11a1, Cyp17a1, Cyp19a1, Sf-1) and miRNAs were observed to be altered in both F2 and F3. 
No differential changes in DNA methylation modifications of hormone synthesis-related genes were observed, and 
only the Adcy7 was hypomethylated. In summary, paternal genetic intergenerational and transgenerational effects 
exist in ovarian GCs E2 and Pg synthesis disorders induced by Cd during pregnancy. In F2, the upregulation of StAR 
and CYP11A1, and changes in the miR-27a-3p, miR-27b-3p, and miR-146 families may be important, while changes 
in the miR-10b-5p and miR-146 families in F3 may be important.
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Introduction
Cadmium (Cd) is a heavy metal that is widely used in 
industry, especially in the electronics, chemical and 
nuclear industries, that easily enters the environment 
through waste gas, wastewater, waste residue and other 
forms to cause pollution [1, 2]. Cd in the environment 
is not biodegradable and can enter the human body 
through the food chain and accumulate in the body after 
adsorption by crops, resulting in irreversible damage to 
multiple organ systems of the human body; the repro-
ductive toxicity damage of Cd has been very clear [3], and 
significant ovarian toxicity effects can occur during dif-
ferent periods of Cd exposure [4–6]. In addition, Cd can 
also cross the placental barrier to effect offspring [7]. Our 
group previously showed that Cd exposure during preg-
nancy can induce estradiol (E2) and progesterone (Pg) 
synthesis disorders in ovarian granulosa cells (GCs) of 
F1 female rats, and there are significant maternal genetic 
intergenerational and transgenerational effects [8]. Cd 
exposure during pregnancy can also cause significant 
reproductive damage in F1 and F2 male rats [9]. Emerg-
ing issues of concern in this study are as follows: It is 
well-established that male offspring are affected follow-
ing Cd exposure during pregnancy, but are ovarian GCs 
are compromised in their female offspring? That is, do 
intergenerational and transgenerational effects of pater-
nal inheritance present as offspring ovarian GCs hor-
mone synthesis disorders caused by Cd exposure during 
pregnancy.

Ovarian GCs are important functional cell populations 
for steroid hormone (Pg, E2) synthesis in the ovary. Star, 
Cyp11a1, Cyp17a1, and Cyp19a1 are key genes in E2 and 
Pg synthesis, and Sf-1 stimulates the expression of almost 
all genes involved in cholesterol mobilization and steroid 
hormone biosynthesis [10]. Many studies have shown 
that the expression of hormone synthesis genes changes 
to different extents when steroid hormone levels change 
after exposure to chemicals in the body, so genes in the 
hormone synthesis pathway are often important targets 
for chemicals, which affects hormone synthesis [11, 12]. 
During hormone synthesis disorder in ovarian GCs of 
F1 offspring exposed to Cd during pregnancy, the above 
hormone synthesis-related genes also showed different 
degrees of changes and were closely related to hormone 
phenotypic changes [8]. Therefore, this study will also 
focus on the expression of hormone synthesis-related 
genes during paternal inheritance of hormone synthesis 
disorders in ovarian GCs induced by Cd exposure during 
pregnancy.

Epigenetic modifications include but are not limited 
to DNA methylation, histone modifications, noncod-
ing RNAs (ncRNAs), and chromatin structure altera-
tions capable of regulating gene expression in multiple 
critical physiological and pathological processes [13]. 

MicroRNAs (miRNAs) play an important role in the reg-
ulation of E2 and Pg synthesis in ovarian GCs. MiR-132 
has been found to target and suppress the mRNA expres-
sion of Star which in turn suppresses steroid hormone 
production [14]; miR-31, which targets HSD17B14 and 
FSHR, affects apoptosis and steroid hormone metabolism 
in porcine ovarian GCs [15]; and miR-130a-3p regulates 
steroid hormone synthesis in goat ovarian GCs by target-
ing the PMEPA1 gene [16]. In addition, DNA methyla-
tion modifications are also important for the expression 
of genes involved in E2 and Pg synthesis. Expression of 
Cyp17a1 has been found to be regulated by methylation 
of CpG islands in its promoter region [17]; during follicu-
lar cell growth and development, follicle formation and 
luteinization, methylation patterns of Cyp19a1 are essen-
tial to maintain its normal function [18]. Previous studies 
have revealed the maternal genetic intergenerational and 
transgenerational effects of Cd exposure during preg-
nancy on apoptosis in ovarian GCs of offspring, which 
is accompanied by significant changes in miRNAs and 
DNA methylation profiles [19]. Therefore, this study also 
focused on changes in miRNAs and DNA methylation in 
offspring ovarian GCs following paternal genetic effect of 
Cd exposure during pregnancy on hormone synthesis.

In summary, the aim of this study was to observe 
whether this impairment of hormone synthesis in F1 
female offspring induced by Cd exposure during preg-
nancy can be transmitted paternally to female offspring 
and whether there are intergenerational and transgen-
erational effects of paternal inheritance. What are the 
changes in hormone synthesis-related genes, miRNAs, 
and DNA methylation modifications in ovarian GCs 
resulting from this genetic effect? This study can pro-
vide an important scientific basis for further study of 
Cd-induced ovarian toxicity multigenerational genetic 
effects, and epigenetic regulation mechanisms.

Methods
Animal model establishment
SPF adult Sprague‒Dawley rats (64 females, 32 males) 
were purchased from Shanghai SLAC Laboratory Animal 
Co., Ltd. (licence No. SCXK, 2012-0002). After one week 
of adaptive feeding, the rats were cohabited at a ratio of 
2:1, and vaginal plugs or vaginal smears were examined 
the next day. If a vaginal plug or sperm was found, the 
rats were regarded as pregnant, and the pregnant female 
rats were fed separately. Pregnant rats were randomly 
divided into 4 groups according to body weight, and 
exposed to 0, 0.5, 2.0, and 8.0 mg/kg CdCl2 every day for 
the whole course of pregnancy (GD1-GD20) by equal 
volume gavage (1 ml/300  g), and the F1 generation was 
delivered spontaneously. The F1 generation was routinely 
housed until adulthood (56 days old), and one male rat 
from each litter was randomly selected and cohabited 
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with a newly purchased healthy female rat to produce F2 
offspring at a male to female ratio of 1:1. The F3 genera-
tion was obtained in the same way as the F2 generation. 
After F2 and F3 female rats were routinely maintained 
until adulthood (56 days old), blood and ovarian GCs 
were collected during estrus. All rats were housed in 
a barrier environment (temperature 22 ± 1  °C, relative 
humidity 50 ± 5%).

Cultivation of rat ovarian GCs
Adult female Sprague‒Dawley rats were sacrificed during 
estrus. After alcohol disinfection of the back fur, bilateral 
ovaries were rapidly removed from the back of the rats 
under aseptic conditions, washed in DMEM/F12 culture 
medium containing double antibodies (100 U/ml peni-
cillin, 100  mg/L streptomycin), and incubated at 37  °C 
to remove fat and blood; then, new prewarmed DMEM/
F12 culture medium was replaced. Follicles were punc-
tured with a 25-gauge needle under a stereomicroscope 
to direct granulosa outflow. All the culture medium was 
collected and allowed to stand for 5 min. The supernatant 
was transferred to another centrifuge tube centrifuged at 
1000 rpm for 5 min, and the supernatant was discarded. 
The cell pellet was made into suspension with DMEM/
F12, and the cell suspension was slowly added to the pre-
pared 50% Percoll separation solution at a ratio of 1:1 and 
centrifuged at 400 g for 20 min. The middle white granu-
lar cell layer was aspirated and washed with PBS to obtain 
a pure granular cell pellet. A single cell suspension was 
prepared by adding an appropriate amount of DMEM/
F12 + 10% FBS medium containing double antibodies 
to the pellet, and the cell concentration was adjusted to 
1 × 106 cells/mL; samples were then transferred to a cul-
ture dish and placed in a 37 °C cell incubator for 48 h [20, 
21].

ELISA measurement serum E2 and pg levels
Serum was collected from F2 and F3 females (n = 8) to 
measure hormone levels (E2 and Pg). Enzyme-linked 
immunosorbent assay (ELISA) kits (Elabscience Bio-
technology, Wuhan, China) were used to measure the 
concentrations of these hormones at 450 nm. Details are 
provided in previous studies [22].

Reverse transcription and real-time quantitative PCR
Total RNA from F2 and F3 ovarian GCs (n = 6/per group) 
was extracted by using TRIzol reagent (Invitrogen, Cali-
fornia, USA). Two micrograms of RNA was reverse tran-
scribed into cDNA by the PrimeScript™ RT Kit or the 
Mir-XmiRNA First Strand Synthesis Kit (Takara Biotech-
nology, Dalian, China). qRT‒PCR was performed on a 
Light Cycler 480 real-time PCR system (Roche, Switzer-
land) with RR420 (for mRNA) or RR820 (for miRNA) 
(Takara Bio Inc., Shiga, Japan). β-actin or U6 was used 

as an internal control. Table S1 lists the primers used for 
qRT‒PCR.

Western blotting analysis
Total protein was extracted from F2 and F3 generation 
rat GCs (n = 6/group), and the total protein concentration 
was determined by a BCA kit (Beyotime Institute of Bio-
technology, China). SDS‒PAGE gels were prepared, and 
protein samples were loaded, processed by electropho-
resis and transferred to a PVDF membrane. Following 
incubation with primary and secondary antibodies, the 
membranes were visualized by enhanced chemilumines-
cence [19].

DNA methylation sequencing
Ovarian GCs (n = 3/per group) from the F2 control 
and 8.0  mg/kg groups were used for DNA methylation 
sequencing. Samples were digested by the methylation-
insensitive restriction enzyme, Mspl. The digested DNA 
fragments were end-repaired, A-tailed, and ligated with 
sequencing adapters; DNA fragments with inserts rang-
ing in length from 150 to 300  bp were selected by gel 
cutting; followed by bisulfite treatment (EZ DNA Meth-
ylation Gold Kit, Zymo Research) and PCR amplification 
to obtain DNA libraries. After quality inspection, Illu-
mina HiSeq was performed. Four fluorescently labelled 
dNTPs, DNA polymerase and adaptor primers were 
added to the sequenced flow cell for amplification. When 
each sequencing cluster extended the complementary 
strand, each fluorescently labelled dNTP was added and 
emitted its corresponding fluorescence. The sequencer 
captured the fluorescence signal and converted the light 
signal into the sequencing peak through computer soft-
ware to obtain the sequence information of the fragment 
to be tested.

Statistical analysis
Statistical analysis was performed by SPSS 21.0, quantita-
tive data were compared by t-test or one-way analysis of 
variance, and the LSD post-hoc test was used for com-
parisons between groups. Graphs were generated using 
GraphPad Prism 8.0. P < 0.05 was considered statistically 
significant.

Results
Serum E2 and pg levels during estrus in F2 and F3 adult 
female rats
Serum E2 and Pg levels were measured by ELISA in F2 
and F3 adult female rats during estrus. In the F2 gen-
eration, compared with the control group, E2 levels 
increased in the 0.5  mg/kg and 2.0  mg/kg groups and 
decreased in the 8.0 mg/kg group (P < 0.05), and serum Pg 
levels increased in the 0.5  mg/kg and 8.0  mg/kg groups 
(P < 0.05) (Fig.  1A). In the F3 generation, compared 
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with the control group, serum E2 levels increased in the 
0.5  mg/kg group and decreased in the 8.0  mg/kg group 
(P < 0.05); serum Pg levels increased in the 0.5 mg/kg and 
2.0 mg/kg groups and decreased in the 8.0 mg/kg group 
(P < 0.05) (Fig. 1B).

Expression of E2 and pg synthesis-related genes in F2 and 
F3 ovarian GCs
The mRNA and protein expression levels of hormone 
synthesis-related genes (Sf-1, Star, Cyp11a1, Cyp17a1, 
Cyp19a1) in F2 and F3 rat ovarian GCs were measured 
by qRT‒PCR and western-blotting. In the F2 generation, 
compared with the control group, the mRNA expres-
sion levels of Cyp11a1 and Cyp19a1 were decreased in 
the 0.5  mg/kg and 2.0  mg/kg groups but increased in 

the 8.0 mg/kg group; the mRNA expression levels of Sf1 
were increased in the 8.0 mg/kg group, and that of Star 
was decreased in the 0.5  mg/kg and 2.0  mg/kg groups 
(all P < 0.05). Compared with the control group, the pro-
tein expression levels of SF-1, StAR, and CYP11A1 were 
increased in the 0.5  mg/kg and 2.0  mg/kg groups; the 
protein expression levels of CYP17A1 were increased in 
the 8.0 mg/kg group (all P < 0.05) (Fig. 2).

In the F3 generation, compared with the control group, 
the mRNA expression of Star, Cyp11a1, and Cyp19a1 was 
increased in the 2.0  mg/kg group but decreased in the 
0.5 mg/kg and 8.0 mg/kg groups; the mRNA expression 
levels of sf1 were increased in the 0.5 mg/kg and 2.0 mg/
kg groups (all P < 0.05). Compared with the control group, 
the protein expression levels of StAR were decreased 

Fig. 1 Serum E2 and Pg levels during estrus in F2 and F3 adult females, *, P < 0.05, **, P < 0.01, ***, P < 0.001, n = 8. (A: F2 generation; B: F3 generation)
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in the 0.5  mg/kg group and increased in the 8.0  mg/kg 
group; the protein expression levels of CYP11A1 were 
decreased in the 0.5  mg/kg and 8.0  mg/kg groups and 
increased in the 2.0 mg/kg group; and the protein expres-
sion levels of CYP17A1 were increased in the 8.0 mg/kg 
group (all P < 0.05) (Fig. 3).

Screening and validation of E2 and pg synthesis-related 
miRNAs in F2 and F3 ovarian GCs
Based on the previous miRNA microarray data, database 
prediction, relevant literature reports and previous find-
ings, a total of 24 E2 and Pg synthesis-related miRNAs 
(as shown in Table  1) were selected and measured by 
qRT‒PCR.

In the F2 generation, compared with the control group, 
the expression of 138-5p, miR-1839-5p, miR-32-3p and 
miR-27b-3p was increased in all dose groups; the expres-
sion of miR-210-3p and miR-27a-3p was increased in 
the 2.0  mg/kg and 8.0  mg/kg groups; the expression of 
miR-152-3p was increased in the 0.5 mg/kg and 8.0 mg/
kg groups; the expression of miR-125b-1-3p, miR-24-3p 
and miR-27a-5p was increased in the 8.0  mg/kg group; 

the expression of miR-146a-3p and miR-146a-5p was 
increased in the 0.5  mg/kg and 2.0  mg/kg groups; and 
the expression of miR-146b-5p was increased only in 
the 0.5  mg/kg group (all P < 0.05). Compared with the 
control group, the expression of miR-1896, miR-207 
and miR-211-3p was decreased in all dose groups; the 
expression of miR-10b-5p, miR-212-5p, and miR-673-5p 
was decreased in the 0.5  mg/kg and 2.0  mg/kg groups; 
miR-702-3p was decreased in the 2.0  mg/kg group; 
miR-3558-5p was decreased in the 0.5  mg/kg group; 
miR-185-5p was decreased in the 0.5  mg/kg group but 
increased in the 8.0  mg/kg group; and miR-486 expres-
sion was increased in the 0.5 mg/kg group but decreased 
in the 2.0  mg/kg and 8.0  mg/kg groups (all P < 0.05) 
(Table 2).

In the F3 generation, compared with the control 
group, the expression of miR-152-3p and miR-32-3p was 
increased in each dose group; the expression of miR-
10b-5p and miR-702-3p was increased in the 0.5 mg/kg 
and 8.0 mg/kg groups; the expression of miR-212-5p was 
increased in the 8.0 mg/kg group; the expression of miR-
210-3p and miR-185-5p was increased in the 2.0 mg/kg 

Fig. 2 mRNA and protein expression levels of E2 and Pg synthesis-related genes in ovarian GCs of F2 adult female rats, *, P < 0.05, **, P < 0.01, ***, P < 0.001, 
n = 6. (A: mRNA expression level; B: protein expression level)
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group; and the expression of miR-1839-5p was increased 
in the 0.5  mg/kg group and decreased in the 8.0  mg/kg 
group (all P < 0.05). Compared with the control group, the 
expression of miR-207 was decreased in each dose group; 
the expression of miR-146a-5p and miR-146b-5p was 
decreased in the 2.0  mg/kg and 8.0  mg/kg groups; the 
expression of miR-1896 was decreased in the 0.5 mg/kg 
and 2.0 mg/kg groups; and the expression of miR-27a-3p 
and miR-27b-3p was decreased in the 2.0 mg/kg group; 
miR-24-3p and miR-27a-5p expression was decreased 
in the 0.5  mg/kg group; miR-125b-1-3p expression was 
decreased in the 0.5  mg/kg group but increased in the 
2.0 mg/kg and 8.0 mg/kg groups; miR-138-5p expression 
was decreased in the 2.0  mg/kg group but increased in 
the 0.5 mg/kg and 8.0 mg/kg groups; miR-211-3p expres-
sion was decreased in the 2.0 mg/kg group but increased 
in the 8.0  mg/kg group; and miR-3558-5p and miR-486 
expression was decreased in the 0.5  mg/kg group but 
increased in the 2.0  mg/kg and 8.0  mg/kg groups (all 
P < 0.05) (Table 3).

Methylation pattern of genome-wide DNA 
promoter in ovarian GCs
The results of genome-wide DNA methylation sequenc-
ing in GCs of the F2 generation showed that the mean 
CpG methylation level was 55.64% in the control group 
and 56.82% in the 8.0 mg/kg group. Differentially meth-
ylated region (DMR) analysis with Metilence software 
revealed a total of 593 DMRs, of which, the expression 
of 303 DMRs were upregulated and 290 were downreg-
ulated. Regional annotation of DMRs revealed a total of 
86 differentially methylated gene promoter regions, 39 
hypermethylated and 47 hypomethylated. However, Sf-1, 
Star, Cyp11a1, Cyp11a1, and Cyp19a1 were not found to 
be differentially methylated in their promoter regions.

Among genes that were differentially methylated, 
Adcy7, which was hypomethylated, is associated with 
E2 and Pg synthesis in ovarian GCs. Adcy7 belongs to a 
class of adenylyl cyclase’s that can regulate the expression 
of Star and Cyp11a1 through the cAMP/PKA signalling 
pathway. Compared with the control group, the mRNA 
expression level of Adcy7 was increased in the 0.5 mg/kg 

Fig. 3 mRNA and protein expression levels of E2 and Pg synthesis-related genes in ovarian GCs of F3 adult female rats, *, P < 0.05, **, P < 0.01, ***, P < 0.001, 
n = 6. (A: mRNA expression level; B: protein expression level)
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and 8.0 mg/kg groups in the F2 generation and increased 
in each dose group in the F3 generation (P < 0.05) 
(Table 4).

Discussion
The health hazard of environmental Cd pollution is a 
major public health problem in the world today, and its 
prevention and control still face major challenges. In 
the past 20 years, we have systematically investigated 
the reproductive toxicity of Cd in female gonads and its 
related epigenetic mechanisms, but there are still few 
studies on ovarian toxicity damage and its genetic effects 
in offspring caused by Cd exposure. We have previously 
shown that Cd exposure during pregnancy can cause 
ovarian GCs damage in offspring with clear maternal 
genetic intergenerational and transgenerational effects [8, 
19], the F1 and F2 males also showed significant repro-
ductive impairment [9]. In this study, we investigated 

whether the intergenerational and transgenerational 
effects of abnormal E2 and Pg synthesis in ovarian GCs 
of female offspring could be induced by Cd exposure dur-
ing pregnancy through paternal inheritance. The results 
showed that alterations in the levels of steroid hormone 
(E2 and Pg) synthesis were observed in F2 and F3 adult 
females. Genes and miRNAs associated with ovarian 
GCs hormone synthesis were also markedly altered dur-
ing this genetic effect. Several relevant issues are dis-
cussed as follows:.

Cd exposure during pregnancy can cause abnormal 
ovarian GCs hormone synthesis in offspring through 
paternal inheritance
We have previously shown that Cd exposure during 
pregnancy can cause toxic effects in the gonads of off-
spring males, and this study further observed the hor-
mone synthesis function of ovarian GCs in F2 female 
offspring after F1 male gonadal injury induced by Cd 
exposure during pregnancy. The results showed that 
compared with the control group, although serum E2 was 
increased in the 0.5 mg/kg and 2.0 mg/kg groups, it was 
significantly decreased in the 8.0 mg/kg group; while Pg 
was significantly increased in the 0.5 mg/kg and 8.0 mg/
kg groups, but not in the 2  mg/kg group. These results 
suggest that there is a paternal genetic intergenerational 
effect on hormone synthesis disorder in ovarian GCs of 
offspring induced by Cd exposure during pregnancy. We 
noticed a non-monotonic dose-response relationship 
between changes in serum hormone levels and expo-
sure dose. This phenomenon has also been reported 
in some studies by others [23]. It has been shown that 
DEHP exposure during pregnancy showed a nonmono-
tonic dose‒response relationship between the changes 
in serum E2 levels in F1 females, serum Pg levels in F2 
females and the number of follicles at different stages of 
the F3 generation and the exposure dose [24]. Nasiadek et 
al. found that the thickness of the endometrium did not 
gradually increase or decrease with increasing Cd expo-
sure doses in female rats exposed to Cd. At a low dose 
(0.09 mg/kg), endometrial thickening was observed, and 
at a higher dose (4.5  mg/kg), endometrial atrophy was 
evident [25]. At present, the specific mechanism of the 
nonmonotonic dose response has not been fully clarified.

In this study, we further observed the changes of hor-
mone synthesis levels in ovarian GCs of F3 female off-
spring produced by mating F2 male rats with normal 
female rats. The results showed that E2 was increased in 
0.5  mg/kg group and decreased in 8.0  mg/kg group, Pg 
was increased in 0.5  mg/kg and 2.0  mg/kg groups, and 
decreased in 8.0  mg/kg group compared with control 
group. These results suggest that male injury induced 
by Cd exposure during pregnancy can lead to trans-
generational effects in abnormal ovarian GCs hormone 

Table 1 Screening results of miRNAs
miRNAs Comprehensive screening results
rno-miR-10b-5p Star, TargetScan, miRDB, miRWalk, prelimi-

nary study results

rno-miR-125b-1-3p Sf-1, Star, Cyp11a1, Cyp19a1, previous 
miRNA microarray, miRWalk

rno-miR-138-5p Sf-1, TargetScan, RNAhybrid

rno-miR-146a-5p Star, miRDB, RNAhybrid

rno-miR-146b-5p Star, TargetScan, miRDB, RNAhybrid
Cyp19a1, literature Reports

rno-miR-146a-3p Star, TargetScan, RNAhybrid

rno-miR-152-3p Star, TargetScan, RNAhybrid

rno-miR-1839-5p Star, TargetScan, RNAhybrid

rno-miR-1896 Cyp17a1, miRWalk, RNAhybrid

rno-miR-207 Star, Cyp19a1, TargetScan, RNAhybrid, 
miRWalk

rno-miR-210-3p Sf-1, Cyp11a1, Cyp17a1, Cyp19a1, miRWalk, 
previous miRNA microarray

rno-miR-211-3p Sf-1, TargetScan, miRDB, RNAhybrid

rno-miR-212-5p Sf-1, Star, TargetScan, RNAhybrid

rno-miR-24-3p Cyp11a1, Cyp17a1, miRWalk, RNAhybrid

rno-miR-27a-3p Sf-1, Star, Cyp11a1, TargetScan, RNAhybrid, 
preliminary study results

rno-miR-27b-3p Sf-1, Star, Cyp11a1, TargetScan, RNAhybrid

rno-miR-27a-5p Sf-1, Star, Cyp11a1, Cyp19a1, TargetScan, 
RNAhybrid, miRWalk

rno-miR-3558-5p Star, TargetScan, RNAhybrid, previous 
miRNA microarray

rno-miR-486 Star, TargetScan, RNAhybrid

rno-miR-673-5p Sf-1, Star, Cyp11a1, TargetScan, RNAhybrid

rno-miR-702-3p Sf-1, TargetScan, miRDB, RNAhybrid

rno-miR-185-5p Sf-1, Star, TargetScan, RNAhybrid, previous 
miRNA microarray

rno-miR-32-3p Sf-1, Star, TargetScan, RNAhybrid, previous 
miRNA microarray

rno-miR-465-5p Sf-1, Star, Cyp19a1, TargetScan、RNAhybrid, 
previous miRNA microarray
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Table 2 Expression of estrogen and progesterone synthesis-related miRNAs in F2 ovarian GCs
Group (mg/kg) 0 0.5 2.0 8.0
rno-miR-10b-5p 1.010±0.172 0.625±0.125** 0.575±0.019** 1.159±0.133

X± 1.96 S 0.673–1.347 0.380–0.870 0.538–0.612 0.898–1.420

rno-miR-125b-1-3p 1.000±0.049 0.874±0.084 1.117±0.021 1.175±0.098*

X± 1.96 S 0.904–1.096 0.709–1.039 0.952–1.158 0.983–1.367

rno-miR-138-5p 1.006±0.128 2.284±0.190*** 2.541±0.395*** 3.512±0.278***

X± 1.96 S 0.755–1.257 1.912–2.656 1.767–3.315 2.967–4.057

rno-miR-146a-5p 1.001±0.056 4.122±0.207*** 2.078±0.220*** 0.880±0.045

X± 1.96 S 0.891–1.111 3.716–4.528 1.647–2.509 0.792–0.968

rno-miR-146b-5p 1.000±0.002 1.564±0.203*** 1.070±0.094 0.944±0.047

X± 1.96 S 0.996–1.004 1.166–1.962 0.886–1.254 0.852–1.036

rno-miR-146a-3p 1.013±0.203 3.076±0.253*** 2.423±0.208*** 1.014±0.147

X± 1.96 S 0.615–1.411 2.580–3.572 2.015–2.831 0.726–1.302

rno-miR-152-3p 1.000±0.027 1.436±0.285* 1.309±0.184 3.453±0.085***

X± 1.96 S 0.947–1.053 0.877–1.99 0.948–1.670 3.286–3.620

rno-miR-1839-5p 1.001±0.059 1.584±0.159*** 1.260±0.117* 1.643±0.077***

X± 1.96 S 0.885–1.117 1.272–1.896 1.031–1.489 1.492–1.794

rno-miR-1896 1.006±0.129 0.717±0.095** 0.469±0.032*** 0.623±0.080**

X± 1.96 S 0.753–1.259 0.531–0.903 0.406–0.532 0.467–0.780

rno-miR-207 1.000±0.038 0.793±0.085** 0.687±0.028*** 0.799±0.084**

X± 1.96 S 0.926–1.074 0.626–0.960 0.632–0.742 0.634–0.964

rno-miR-210-3p 1.000±0.027 1.083±0.085 1.251±0.080** 1.718±0.099***

X± 1.96 S 0.947–1.053 0.916–1.250 1.094–1.408 1.524–1.912

rno-miR-211-3p 1.011±0.178 0.611±0.018** 0.663±0.036** 0.589±0.049**

X± 1.96 S 0.662–1.360 0.576–0.646 0.591–0.733 0.493–0.685

rno-miR-212-5p 1.005±0.125 0.852±0.047* 0.823±0.048* 0.983±0.025

X± 1.96 S 0.760–1.250 0.760–0.944 0.729–0.917 0.934–1.032

rno-miR-24-3p 1.024±0.255 1.192±0.209 1.096±0.189 2.554±0.254***

X± 1.96 S 0.524–1.524 0.782–1.602 0.726–1.466 2.056–3.052

rno-miR-27a-3p 1.003±0.090 0.880±0.143 1.512±0.081** 1.806±0.254***

X± 1.96 S 0.827–1.179 0.600–1.160 1.353–1.671 1.308–2.304

rno-miR-27b-3p 1.001±0.055 1.298±0.084** 1.260±0.086** 1.609±0.086***

X± 1.96 S 0.893–1.109 1.133–1.463 1.091–1.429 1.440–1.778

rno-miR-27a-5p 1.020±0.253 0.928±0.149 0.935±0.086 1.697±0.339**

X± 1.96 S 0.524–1.516 0.636–1.220 0.766–1.104 1.033–2.361

rno-miR-3558-5p 1.026±0.269 0.539±0.076* 0.840±0.294 1.384±0.131

X± 1.96 S 0.499–1.553 0.390–0.688 0.264–1.416 1.127–1.641

rno-miR-673-5p 1.009±0.168 0.716±0.069* 0.596±0.158** 0.988±0.060

X± 1.96 S 0.680–1.338 0.581–0.851 0.286–0.906 0.870–1.106

rno-miR-702-3p 1.025±0.291 0.827±0.156 0.536±0.031* 1.103±0.186

X± 1.96 S 0.455–1.595 0.521–1.133 0.475–0.597 0.738–1.468

rno-miR-185-5p 1.009±0.164 0.636±0.011* 1.214±0.336 2.723±0.096***

X± 1.96 S 0.688–1.330 0.614–0.658 0.555–1.873 2.535–2.911

rno-miR-32-3p 1.001±0.066 2.525±0.161*** 1.510±0.200** 2.572±0.098***

X± 1.96 S 0.872–1.130 2.209–2.841 1.118–1.902 2.380–2.764

rno-miR-465-5p 1.008±0.155 1.032±0.041 0.883±0.258 0.956±0.123

X± 1.96 S 0.704–1.312 0.952–1.112 0.377–1.389 0.715–1.197

rno-miR-486 1.001±0.045 1.245±0.037** 0.832±0.012* 0.746±0.118**

X± 1.96 S 0.913–1.089 1.172–1.318 0.808–0.856 0.515–0.977

Note: Compared with control group, *, P < 0.05, **, P < 0.01, ***, P < 0.001, n = 6
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Table 3 Expression of estrogen and progesterone synthesis-related miRNAs in F3 ovarian GCs
Group (mg/kg) 0 0.5 2.0 8.0
rno-miR-10b-5p 1.003±0.100 1.572±0.167** 0.806±0.124 1.352±0.132*

 X± 1.96 S 0.807–1.199 1.245–1.899 0.563–1.049 1.093–1.611

rno-miR-125b-1-3p 1.000±0.034 0.873±0.0120* 1.302±0.076*** 1.122±0.059*

 X± 1.96 S 0.933–1.067 0.638–1.108 1.153–1.451 1.006–1.238

rno-miR-138-5p 1.000±0.014 1.164±0.057** 0.745±0.091*** 1.333±0.011***

 X± 1.96 S 0.973–1.027 1.052–1.276 0.567–0.923 1.311–1.355

rno-miR-146a-5p 1.000±0.011 0.875±0.153 0.390±0.050*** 0.560±0.110**

 X± 1.96 S 0.978–1.022 0.575–1.175 0.292–0.488 0.344–0.776

rno-miR-146b-5p 1.003±0.097 1.019±0.209 0.519±0.063** 0.663±0.003**

 X± 1.96 S 0.813–1.193 0.609–1.429 0.396–0.642 0.657–0.669

rno-miR-146a-3p 1.000±0.052 1.094±0.099 0.382±0.038*** 0.538±0.114***

 X± 1.96 S 0.898–1.102 0.900-1.288 0.308–0.456 0.315–0.761

rno-miR-152-3p 1.002±0.068 1.226±0.108** 1.165±0.072* 1.235±0.058**

 X± 1.96 S 0.869–1.135 1.014–1.438 1.024–1.306 1.121–1.349

rno-miR-1839-5p 1.000±0.033 1.731±0.165*** 0.815±0.065 0.761±0.110*

 X± 1.96 S 0.935–1.065 1.408–2.054 0.688–0.942 0.545–0.977

rno-miR-1896 1.003±0.098 0.538±0.027*** 0.637±0.067*** 0.894±0.016

 X± 1.96 S 0.811–1.195 0.485–0.59 0.506–0.768 0.863–0.925

rno-miR-207 1.003±0.095 0.833±0.069* 0.688±0.028*** 0.660±0.049***

 X± 1.96 S 0.817–1.189 0.698–0.968 0.633–0.743 0.564–0.756

rno-miR-210-3p 1.002±0.068 0.836±0.050 1.222±0.112* 0.826±0.129

 X± 1.96 S 0.869–1.135 0.738–0.934 1.002–1.442 0.573–1.079

rno-miR-211-3p 1.008±0.150 0.934±0.154 0.601±0.002** 1.231±0.015*

 X± 1.96 S 0.714–1.302 0.632–1.236 0.597–0.605 1.202–1.260

rno-miR-212-5p 1.002±0.069 0.879±0.110 0.927±0.075 1.148±0.020*

 X± 1.96 S 0.867–1.137 0.663–1.095 0.780–1.074 1.109–1.187

rno-miR-24-3p 1.001±0.065 0.623±0.140** 1.027±0.147 0.779±0.163

 X± 1.96 S 0.874–1.128 0.349–0.897 0.739–1.315 0.460–1.098

rno-miR-27a-3p 1.000±0.023 0.879±0.112 1.201±0.123* 1.056±0.059

 X± 1.96 S 0.955–1.045 0.659–1.099 0.960–1.442 0.940–1.172

rno-miR-27b-3p 1.002±0.085 0.914±0.047 1.218±0.007** 0.926±0.007

 X± 1.96 S 0.835–1.169 0.822–1.006 1.204–1.232 0.912–0.940

rno-miR-27a-5p 1.018±0.227 0.710±0.112* 1.155±0.074 0.765±0.093

 X± 1.96 S 0.573–1.463 0.490–0.930 1.010–1.300 0.583–0.947

rno-miR-3558-5p 1.000±0.020 0.561±0.057** 1.556±0.188** 1.578±0.237**

 X± 1.96 S 0.961–1.039 0.449–0.673 1.188–1.924 1.113–2.043

rno-miR-673-5p 1.018±0.224 0.766±0.150 1.120±0.129 0.954±0.177

 X± 1.96 S 0.579–1.457 0.472–1.060 0.867–1.373 0.607–1.301

rno-miR-702-3p 1.004±0.111 1.947±0.288*** 1.292±0.059 1.591±0.227**

 X± 1.96 S 0.786–1.222 1.383–2.511 1.176–1.408 1.146–2.036

rno-miR-185-5p 1.006±0.135 1.091±0.151 2.055±0.137*** 1.004±0.162

 X± 1.96 S 0.741–1.271 0.795–1.387 1.786–2.324 0.686–1.322

rno-miR-32-3p 1.001±0.057 0.647±0.088* 1.467±0.289** 1.302±0.004*

 X± 1.96 S 0.889–1.113 0.475–0.819 0.901–2.033 1.294–1.310

rno-miR-465-5p 1.000±0.025 0.550±0.104** 1.221±0.135* 1.246±0.156*

 X± 1.96 S 0.951–1.049 0.346–0.754 0.956–1.486 0.940–1.552

rno-miR-486 1.001±0.065 0.499±0.003** 1.429±0.213** 1.102±0.009

 X± 1.96 S 0.874–1.128 0.493–0.505 1.012–1.846 1.084–1.120

Note: Compared with control group, *, P < 0.05, **, P < 0.01, ***, P < 0.001, n = 6
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synthesis in offspring through paternal inheritance. The 
pattern of hormonal changes was also non-monotonic.

In previous maternal genetic studies, Pg synthesis 
function was significantly inhibited in F1 female off-
spring after Cd exposure during pregnancy, and Pg levels 
were still significantly inhibited in F2 females produced 
by mating the F1 female with healthy males, suggesting 
that abnormal steroid synthesis in offspring induced by 
Cd exposure during pregnancy can be transmitted to 
F2 offspring through maternal inheritance [8]. In addi-
tion, direct paternal exposure to Cd has also been shown 
to cause intergenerational effects of impaired hormone 
synthesis in ovarian GCs and transgenerational effects 
of reparative changes in hormone synthesis in ovarian 
GCs in offspring [26], which are also inconsistent with 
changes in this model. The above information suggests 
that different modes of exposure ( placental Cd expo-
sure during pregnancy or oral Cd exposure) or different 
modes of inheritance (paternal or maternal inheritance) 
bring about different intergenerational and transgenera-
tional effects that impact hormonal synthesis effects in 
offspring ovarian GCs. We believe that one of the main 
reasons for these differences is that the damage effects 
of parents caused by different exposure modes or differ-
ent genetic patterns are different, thus showing different 
genetic effects.

Paternal genetic effects of abnormal hormone synthesis 
and expression of hormone synthesis-related genes in 
ovarian GCs
Star, Cyp11a1, Cyp17a1 and Cyp19a1 are key genes in 
the hormone synthesis pathway and are often important 
targets of EDCs to that interfere with hormone synthesis. 
The protein expression levels of Star and Cyp11a1 were 
significantly decreased by acute bisphenol S exposure in 
mouse antral follicles in vitro [27]. The mRNA expression 
levels of Star and Cyp17a1 decreased in the ovaries of 
neonatal mice exposed to phthalate diester [28]. The pro-
tein expression of Cyp19a1 was significantly reduced in 
human GCs HGrC1 after 2 weeks of exposure to a mix-
ture composed of bisphenol A, PCBs, benzo [a] pyrene, 

and PFOS [29]. Previous studies have also observed 
significant decreases in Star and Cyp11a1 during hor-
mone synthesis impairment in ovarian GCs of offspring 
induced by Cd exposure. Therefore, we next investigated 
what changes occurred in hormone synthesis-related 
genes during paternal genetic effects of hormone synthe-
sis disorders in offspring induced by Cd exposure during 
pregnancy.

In the F2 generation, the changes in StAR and 
CYP11A1 were similar to the changes in serum E2 lev-
els, and they were speculated to be associated with E2 
changes. Meanwhile, CYP17A1 was upregulated only 
in the high-dose group, which is not consistent with the 
pattern of hormonal alterations, and therefore it is pre-
sumed that it does not play a major role. In addition, 
the increase in Sf-1 protein expression caused upregula-
tion of the mRNA expression of the other four factors, 
but the decrease in the mRNA levels of the four factors 
was found, thus, we speculated that Sf-1 may not play a 
major role in hormone synthesis disorders. We noticed 
that the mRNA and protein expression levels of some 
hormone synthesis-related genes are not consistent (e.g., 
Star, Cyp11a1, etc.). Complex regulatory mechanisms are 
known to exist during mRNA transcription and protein 
translation [30, 31], and therefore, protein translation 
regulatory mechanisms may be activated in the F2 gen-
eration, allowing protein levels to rise. This is consistent 
with our previous findings in maternally inheritance 
models [8].

In the F3 generation, we found that StAR and CYP11A1 
also showed the same expression pattern, i.e., protein 
expression levels decreased in the 0.5  mg/kg group and 
increased in the 2.0  mg/kg group, suggesting self-repair 
in the 0.5 mg/kg group, but not in the 2.0 mg/kg group. 
However, the changes in Star and CYP11A1 protein lev-
els were not consistent with the changes in serum hor-
mone levels, indicating that StAR and CYP11A1 do not 
play a major role in the regulation of hormone levels. 
In addition, CYP17A1 protein levels were also highly 
expressed in the F3 generation high-dose group, indicat-
ing that CYP17A1 can be stably inherited in this model. 
The mRNA levels of Sf-1 increased in the 0.5 and 2.0 mg/
kg groups, whereas the protein levels did not significantly 
change. These results suggest that the mRNA expression 
of Sf-1 in the F3 generation showed a reparative rise and 
had returned to normal by the protein levels. However, 
CYP17A1 and SF-1 are also inconsistent with the pattern 
of hormonal changes, so it is speculated that they also do 
not play a major role.

In summary, the changes of StAR and CYP11A1 may 
be important during the intergenerational effect of hor-
mone synthesis disorders in ovarian GCs of offspring 
induced by Cd exposure during pregnancy; while in F3 

Table 4 mRNA expression level of Adcy7 in GCs of F2 and F3 
generations
Group (mg/kg) Adcy7 (F2) Adcy7 (F3)
0 1.003±0.092 1.003±0.092

 X± 1.96 S 0.823–1.183 0.823–1.183

0.5 1.490±0.056*** 1.317±0.081**

 X± 1.96 S 1.380–1.600 1.160–1.474

2.0 1.084±0.136 2.794±0.120***

 X± 1.96 S 0.817–1.351 2.559–3.029

8.0 1.875±0.066*** 1.254±0.077*

 X± 1.96 S 1.746–2.004 1.103–1.405

Note: Compared with control group, *, P < 0.05, **, P < 0.01, ***, P < 0.001, n = 6
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generation, we have not found hormone synthesis-related 
genes that may be important.

Paternal genetic effects of hormone synthesis disorders 
and expression of hormone synthesis-related miRNAs in 
ovarian GCs
MiRNA is a single-stranded RNA with 18–24 nucleo-
tides that reduces the translation efficiency of a tar-
get mRNA by targeting complementary sites in the 3’ 
untranslated region (3’ UTR) of the mRNA [32]. In recent 
years, increasing evidence has shown that Cd exposure 
can cause changes in the expression profile of miRNAs, 
and differentially expressed miRNAs play a key role in 
regulating Cd damage to the kidney, liver, spleen, and 
reproductive system of animals [23–36]. In this study, 
24 hormone synthesis-related miRNAs were selected 
by combining miRNA microarray, database prediction, 
relevant literature and previous findings. qRT‒PCR 
results suggested that the expression of 14 miRNAs were 
upregulated and 9 were downregulated in the F2 genera-
tion; 16 were upregulated and 6 were downregulated in 
the F3 generation. These results suggest that hormone 
synthesis-related miRNA expression is altered during 
paternal inheritance of hormone synthesis disorders in 
ovarian GCs of offspring induced by Cd exposure during 
pregnancy.

In the F2 generation, the expression of miR-146a-3p, 
miR-146a-5p, miR-146b-5p, miR-1839-5p, miR-27a-3p, 
miR-27b-3p, and miR-32-3p were upregulated, corre-
sponding to changes in their target gene Star. Previous 
studies by our group have found that miR-27a-3p and 
miR-10b-5p can target Star to influence the regulation 
of E2 synthesis in the F1 generation following exposed to 
Cd during pregnancy [8], the results showed that miR-
27a-3p was still important in the paternal genetic inter-
generational effect of hormone synthesis disorders in 
ovarian GCs of offspring induced by Cd exposure dur-
ing pregnancy, but miR-10b-5p was not. In addition, 
miR-27a-3p and miR-27b-3p can also target CYP11A1, 
which is also closely related to the downregulation of its 
expression. In addition, Li et al. showed that miR-146b 
can directly target the 3′ UTR of Cyp19a1 to prevent its 
translation [37]. MiR-146b-5p showed corresponding 
changes with Cyp19a1 in the F2 generation, suggesting 
that miR-146b-5p may be associated with alterations in 
Cyp19a1.

In the F3 generation, we also found that miR-146a-3p, 
miR-146a-5p, and miR-146b-5p may be involved in the 
regulation of Star, indicating that the above miRNAs 
may be important in both paternal intergenerational 
and transgenerational effects of hormone synthesis dis-
orders in ovarian GCs induced by Cd exposure during 
pregnancy. In addition. miR-10b-5p, which did not play 
a major role in the F2 generation, may be associated with 

Star alterations in the F3 generation. The above results 
suggest that (1) miRNAs that play a major role between 
generations and across generations are different; (2) 
miRNAs that may play an important role are also differ-
ent with different genetic patterns (paternal and mater-
nal genetic models of Cd exposure during pregnancy); 
and (3) miRNAs that may be important are also different 
under different exposure modes, because under genetic 
models of previous paternal Cd exposure [26], we also 
found that certain miRNA expression patterns that may 
be different from those in this study model.

In summary, changes in the miR-27a-3p, miR-27b-3p, 
and miR-146 families may be important in paternal 
genetic intergenerational effects of Cd exposure-induced 
hormone synthesis disorders in ovarian GCs; changes in 
the miR-10b-5p and miR-146 families may be important 
in transgenerational effects of Cd-exposure-induced hor-
mone synthesis disorders in ovarian GCs.

Paternal genetic effects of hormone synthesis disorders 
and altered DNA methylation in ovarian GCs
DNA methylation is closely associated with the expres-
sion of hormone synthesis genes in ovarian GCs [38–43]. 
In this study, genome-wide DNA methylation sequencing 
was performed in GCs of the F2 control group and the 
8.0  mg/kg group, and a total of 593 DMRs were found, 
but no differential methylation of hormone synthesis-
related gene promoter regions was found. These results 
suggest that Cd exposure may affect the DNA methyla-
tion pattern of GCs in the F2 generation, but the DNA 
methylation changes may not be related to expres-
sion changes in hormone synthesis-related genes (Star, 
Cyp11a1, Cyp17a1, Cyp19a1, Sf-1). Notably, we found 
that the Adcy7 is hypomethylated, and Adcy7 is a type of 
adenylyl cyclase that regulates Star and Cyp11a1 expres-
sion through the cAMP/PKA signalling pathway. Fur-
ther testing revealed that the mRNA expression levels of 
Adcy7 were elevated in the 8.0 mg/kg group compared to 
the control group in the F2 generation and in each dose 
group in the F3 generation. These results suggest that 
DNA methylation may be important in the development 
of paternal genetic intergenerational and transgenera-
tional effects of Cd exposure-induced hormone synthesis 
disorders in ovarian GCs during pregnancy by altering 
the expression of Adcy7.

In addition, there are some questions that deserve our 
further consideration:

Alterations in miRNAs and DNA methylation may be 
important in E2 and Pg changes in the F2 and F3 genera-
tions. Indeed, miRNAs identified in this study that could 
play important roles are also extensively affected by DNA 
methylation. For example, aberrant DNA methylation of 
miR-146b-5p has been reported to be associated with the 
development of certain tumors [44]. In addition, aberrant 
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DNA methylation in imprinting control regions can also 
affect the expression of miRNAs associated with imprint-
ing control regions [45]. Moreover, changes in transcrip-
tion factors and m6A modifications may also play an 
important role in the regulation of miRNA expression 
[20, 46]. Therefore, in this study, numerous altered miR-
NAs in the F2 and F3 generations may also be regulated 
by multiple mechanisms as described above. This needs 
to be further explored in future studies.

Increasing evidence suggests that vitamin, nutraceu-
tical supplementation may play an important role in 
women ‘s health [47, 48]. Indeed, it has long been shown 
that vitamins E, C and A and β-carotene are effective in 
reducing Cd concentrations in organs and tissues and 
reducing Cd-induced toxic effects, including repro-
ductive toxicity [49]. In addition, Cd-induced gonadal 
injury in male rats has also been reported to be relieved 
by supplementation with nutrients such as vitamins and 
carotenoids [50–52]. However, there is still a lack of rel-
evant studies on whether the paternal genetic effects 
of hormone synthesis disorders in ovarian GCs of off-
spring induced by Cd exposure during pregnancy can be 
improved by vitamin supplementation or nutraceuticals, 
which is a research direction worthy of further attention.

In this study, we first investigated and elaborated that 
there may be intergenerational and transgenerational 
effects in the impairment of hormone synthesis in ovar-
ian GCs of female offspring caused by paternal inheri-
tance of Cd exposure during pregnancy. Important 
changes in hormone synthesis-related genes, miRNAs, 
and DNA methylation during this genetic effect were 
also reported for the first time. Of course, there are some 
limitations in this study: although genes or miRNAs that 
may be important in the process of paternal genetic inter-
generational and transgenerational effects of Cd exposure 
during pregnancy induced hormone synthesis disorders 
in ovarian GCs have been obtained by analyzing the 
experimental results, a clear causal relationship between 
these changes and genetic effects cannot be determined 
and needs to be further studied in the future.

Conclusion
In summary, there are paternal genetic intergenerational 
and transgenerational effects in ovarian GCs E2 and Pg 
synthesis disorders induced by Cd exposure during preg-
nancy. During intergenerational effects, the changes in 
Star and Cyp11a1 and the miR-27a-3p, miR-27b-3p and 
miR-146 families may be important. During transgenera-
tional effects, changes in the miR-10b-5p, miR-211-3p, 
and miR-146 families may be important.
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