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Abstract
Polychlorinated biphenyls (PCBs) are a class of organic pollutants that have been widely found in the environment. The 
chemical 2,3′,4,4′5-pentachlorobiphenyl (PCB118) is an important dioxin-like PCB compound with strong toxicity. PCB118 
can accumulate in adipose tissue, serum and milk in mammals, and it is highly enriched in the follicular fluid. In this study, 
pregnant mice were exposed to 0, 20 and 100 μg/kg/day of PCB118 during pregnancy at the fetal primordial germ cell migra-
tion stage. The methylation patterns of the imprinted genes H19, Snrpn, Peg3 and Igf2r as well as the expression levels of 
Dnmt1, 3a, 3b and 3l, Uhrf1, Tet2 and Tet3 in fully grown germinal vesicle oocytes were measured in offspring. The rates of 
in vitro maturation, in vitro fertilization, oocyte spindle and chromosomal abnormalities were also calculated. The results 
showed that prenatal exposure to PCB118 altered the DNA methylation status of differentially methylated regions in some 
imprinted genes, and the expression levels of Dnmt1, 3a, and 3l, Uhrf1 and Tet3 were also changed. In addition, PCB118 
disturbed the maturation process of progeny mouse oocytes in a dose-dependent manner. Therefore, attention should be paid 
to the potential impacts of PCB118-contaminated dietary intake during pregnancy on the offspring’s reproductive health.
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Introduction

Polychlorinated biphenyls (PCBs) are considered a class 
of harmful environmental pollutants with a total of 209 
homologs. PCBs can be divided into two broad catego-
ries based on their toxic potential: dioxin-like PCBs (DL-
PCBs), which share the same toxic mechanism as dioxins; 
and non-dioxin-like PCBs (NDL-PCBs). Both DL-PCBs 
and NDL-PCBs are environmental contaminants (Renieri 
et al. 2019; Schrenk and Chopra 2017). PCBs are widely 
found in environmental media due to their strong environ-
mental durability and accumulation through the food chain 
(Beyer and Biziuk 2009). Dietary intake accounts for at least 
90% of the exposure of humans to dioxins and PCBs, and 
the main source is animal-derived foods (Malisch and Kotz 
2014). PCBs have been discovered in gravida’s breast milk, 
maternal blood, placenta, cord blood serum and even fol-
licular fluids (Huang et al. 2019; Muller et al. 2019; Zhong 
et al. 2019); exposure to PCBs during pregnancy can result 
in profound and lifelong influences on human health (Iszatt 
et al. 2019; Wang et al. 2016). The detection of PCBs in 
pregnant individuals, follicular fluids and human breast milk 
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indicates that PCBs could easily enter the fetus through the 
placenta and lactation process, exposing the pregnant mice, 
the fetus and developing fetal germ cells directly to PCBs 
(Skinner 2008).

The compound 2,3′,4,4′,5-pentachlorobiphenyl (PCB118) 
is a mono-ortho PCB homolog with a chlorine substitution 
in the ortho position and partially retains dioxin-like and 
non-dioxin-like characteristics; it is severely toxic in vivo 
and in environmental residues (Zhang et al. 2019). The sum 
of seven PCB homologs (PCBs 28, 52, 101, 118, 138, 153 
and 180) is commonly used as a standard to determine the 
total PCBs in environmental, tissue and food samples. These 
seven PCBs are referred to as “indicator PCBs”, six of which 
are NDL-PCBs and only PCB118 is a DL-PCB (Renieri 
et al. 2019). Studies have reported that environmental fac-
tors, including chemical contaminants, will change the epi-
genetic modifications, and this kind of change will be passed 
on to future generations (Feil and Fraga 2012). Therefore, we 
wanted to investigate whether PCB118 intrauterine exposure 
affected the epigenetic modification of offspring’s oocytes.

DNA methylation is one of the most widely studied epige-
netic marks, affecting chromatin structure and gene expres-
sion (Li et al. 1993). Genome-wide DNA methylation under-
goes reprogramming during fertilization and preimplantation 
embryo development; a similar process also occurs dur-
ing primordial germ cell (PGC) migration and embryonic 
development (Guo et al. 2015; Saitou et al. 2012). Genomic 
imprinting is a widely recognized epigenetic phenomenon 
that selectively expresses a parental allele as a result of DNA 
methylation in the differentially methylated regions (DMRs). 
Gene imprinting is a special form of epigenetic modifica-
tion that does not involve changes in the DNA sequence. 
Mammalian genomic imprinting undergoes three stages: 
erasure, re-establishment and maintenance during germ cell 
formation (LaSalle et al. 2013). The four imprinted genes 
measured in our experiments, H19, Snrpn, Peg3 and Igf2r, 
play important roles in animal embryo development, fetal 
growth and disease (Reik and Walter 2001). In the process 
of mammalian reproduction, imprinted genes are selectively 
maintained as a very important genetic modification phe-
nomenon (Kelsey and Feil 2013). Studies have shown that 
mouse preimplantation embryo exposure to dioxin alters 
the methylation status of some imprinted genes (Wu et al. 
2004). If the methylation of imprinted genes is subjected to 
any error in erasure, re-establishing and maintenance, it may 
cause defects in embryonic growth and development as well 
as various diseases (Brzezinski et al. 2017).

Studies have shown that environmental contaminants can 
cause changes in the DNA methylation pattern of oocytes, 
which in turn affects oocyte development and maturation 
(Chao et al. 2012). Oocyte maturation includes nuclear 
maturation and cytoplasmic maturation, but the compli-
cated mechanisms of oocyte maturation are still not well 

known (Chaigne et al. 2012; Krisher 2004). The oocyte’s 
nuclear envelope breakdown and the first polar body extru-
sion (PBE) are both key processes of oocyte maturation. 
The in vitro fertilization rate is also among the important 
criteria for assessing oocyte quality (Chaigne et al. 2012; 
Krisher 2004). However, the toxicity of prenatal exposure 
of PCB118 to the reproductive health of the offspring is 
unclear. Previous studies have noted that exposure to envi-
ronmental contaminants can directly affect not only the 
reproductive health of individuals but also the next genera-
tions, and this indirect exposure may differ from the origi-
nal initial exposure (Fernie et al. 2003). Therefore, we used 
PCB118 to study whether its exposure to pregnant mice 
could alter the methylation of some imprinting genes in the 
offspring’s oocytes and disturb the normal maturation pro-
cess of the oocytes.

Materials and methods

Animals and chemicals

All experimental procedures in this study were conducted 
in accordance with the guidelines of the Ethics Committee 
of Shandong Normal University. ICR mice were housed in a 
temperature-controlled room on a 12 h light/dark cycle and 
fed a regular diet. During the experiment, mice were treated 
humanely, and suffering was alleviated. ICR male mice at 
age 9 weeks and female mice at age 7 ~ 8 weeks were pro-
vided by Peng Yue Experimental Animal Breeding Co., Ltd., 
Jinan, China. PCB118 was purchased from LGC Standards 
GmbH (Wesel, Germany) and certified to be 99.8% pure. 
All other chemicals used in the present study were obtained 
from Sigma Chemical Co., unless indicated otherwise.

The production of F1 offspring and PCB118 
treatment

After a week of adaptive feeding, female and male mice 
were selected to mate by a ratio of 2:1 at 6:30 pm. The next 
morning, we assessed the vaginal plugs of the female mice, 
and plug detection was considered day 0.5 of gestation (Cui 
et al. 2011). Then, the pregnant female mice were randomly 
divided into three groups, and the dose range was selected 
to be consistent with the PCB concentration reported in the 
breast milk of women in industrialized countries (Leeuwen 
and Malisch 2002; Pocar et al. 2012). We then set the low-
dose group of mice to a PCB118 gavage dose of 20 μg/kg/
day and the high-dose group of mice to a PCB118 gavage 
dose of 100 μg/kg/day. The pregnant mice were exposed 
to PCB118 during the fetal PGC migration stage, from 
pregnant day 7.5 to day 12.5. After weaning, the F1 male 
and female mice were separated and fed a regular diet until 
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7 ~ 8 weeks of age. Table 1 shows the experimental process 
in a brief schematic illustration.

Oocyte collection

Before the female mice were killed, we pulled a capillary 
glass tube to produce an appropriate glass needle for col-
lecting mouse oocytes in prewarmed M2 medium. Then, 
the females were killed, and GV oocytes were retrieved 
from follicles and released into the M2 medium; only fully 
grown GV oocytes (Ma et al. 2013) were collected for subse-
quent experiments. To prevent contamination with cumulus 
cells, oocytes were washed extensively with multiple M2 
culture droplets. After extensive washes, oocytes with still 
attached cumulus cells were discarded, and oocytes free of 
cumulus cells were washed again with M2 culture droplets. 

Five oocytes were collected for each of the subsequent 
experiments.

Bisulfite treatment

Bisulfite treatment of oocyte DNA was carried out accord-
ing to the previous procedures with slight modifications (Ge 
et al. 2014; Liang et al. 2011). After sodium bisulfite treat-
ment and nested polymerase chain reaction (PCR) ampli-
fication, methylated cytosine was read as cytosine during 
subsequent sequencing, while cytosine not modified by 
methylation was converted to uracil (Booth et al. 2014). 
Briefly, the steps are as follows: oocytes derived from dif-
ferent pregnant mice were collected in 0.2 ml tubes, and 
1.5 μl of lysis buffer was added, followed by incubation at 
37 °C for 40 min. Then, in individual tubes, the cleavage 

Table 1  The experimental 
procedure is shown in a brief 
schematic illustration

Female mouse mating 
and confirmation

PCB118 exposure during pregnancy 
(GD 7.5~12.5; 0, 20 and 100 μg/kg/day)

Obtaining F1 offspring
from female mice

Obtain the organ 
coefficient

Collecting livers, brains, 
kidneys and ovaries

Methylation levels of 
imprinting genes in 
offspring’s oocytes

In vitro maturation of 
oocytes

mRNA expression in 
offspring’s oocytes

Superovulation to 
obtain MII oocytes Collecting GV oocytes

Spindle assembly and 
chromosome alignment

GD gestation day
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products were denatured in 0.3 M NaOH at 37 °C. Subse-
quently, the product of each tube was mixed with low melt-
ing point agarose gel to form gel beads. The agarose beads 
containing cell lysate were carefully transferred into a clean 
2 ml tube before adding 600 μl freshly made bisulfite buffer, 
followed by incubation for 4 ~ 16 h at 50 °C in the dark. The 
reaction products were washed with 1 ml fresh Tris–EDTA 
(TE) buffer for 3 × 15 min. For desulfonation, agarose beads 
were treated with 500 μl of 0.3 M NaOH for 2 × 15 min and 
washed with TE buffer and  ddH2O for 2 × 15 min. Then, the 
beads were used immediately for nested PCR.

Nested PCR amplification

After bisulfite treatment, each bead was used as template 
DNA for four imprinted genes in the first-round PCR, and 
1 μl of the first-round PCR products was used as a template 
in the second round PCR. All reactions contained 0.4 mM 
primers, 0.2 mM dNTPs, 50 mM KCl, 10 mM Tris–HCl, 
1.5 mM  MgCl2 and 1.25 units (1 unit for the second round) 
of Taq Hotstart polymerase (TaKaRa, Japan). The second 
round of PCR was similar to the first round. The primers 
for H19, Snrpn, Peg3 and Igf2r amplification are listed in 
Table S1 (Genewiz, China). To confirm the specificity of 
the PCR products, 5 μl each from the second round of PCR 
product was separated by 1.2% agarose gel.

Combined bisulfite restriction analysis (COBRA)

For each gene, 2.5 μl of the second round of specific PCR 
products from all individual amplifications was individually 
digested with one or two appropriate restriction enzymes 
(NEB, England). We used  TaqαI (recognition site T/CGA) 
and RsaI (GTAC/) for H19; BstUI (CG/CG) for Snrpn; and 
 TaqαI and BstUI for Peg3 and Igf2r. Due to enzymatic diges-
tion, the methylated cytosine in the gene was cleaved, and 
the unmethylated cytosine retained the integrity of the gene. 
After 1 h of digestion, all digested fragments were electro-
phoresed on 2.5% agarose gels.

Cloning and DNA sequencing

After COBRA analysis, samples without somatic cell con-
tamination were mixed and purified (Tiangen, China). Then, 
5 μl of each of the mixed DNA samples was cloned into the 
pMD18-T vector (TaKaRa, Japan). The overnight-linked 
product was added to DH5α E. coli competent cells (Tian-
gen, China). The transformed E. coli was coated in ampi-
cillin-containing medium and cultured overnight at 37 °C, 
and the positive clones were used for DNA sequencing after 
culture shaking overnight.

The gene expression of oocytes

Total RNA was extracted from at least 120 oocytes by a 
Micro Elute Total RNA Kit (Omega, America) according to 
the manufacturer’s instructions. Then, the first cDNA strand 
was synthesized by using PrimeScript RT reagent Kit with 
gDNA Eraser (TaKaRa, Japan), and TB Green Premix Ex 
Taq II (TaKaRa, Japan) was used for quantitative real-time 
PCR (qRT-PCR), which was carried out using fast real-time 
PCR systems (Roche, Switzerland). At least three repeats 
were analyzed for each gene, and the housekeeping gene 
of Gapdh was used as a control gene. The expression level 
was evaluated by  2−ΔΔCt. Primers are shown in Table S2 
(Genewiz, China).

In vitro maturation and in vitro fertilization 
of mouse oocytes

The GV oocytes were collected from F1 generation mice 
at 7–8 weeks of age for the IVM and IVF experiments. For 
IVM, oocytes were washed extensively with multiple M2 
culture droplets and finally collected in M16 medium. The 
washed oocytes were transferred into well-balanced cul-
ture droplets and cultured in a  CO2 incubator at 37 ℃, 5% 
 CO2, 95% air and 100% humidity. After 4 h of in vitro cul-
ture, the numbers of germinal vesicle breakdown (GVBD) 
oocytes were counted, and after culture for 12 h, the oocytes’ 
first PBE rates were determined. Prior to IVF, each female 
mouse was intraperitoneally injected with 10 IU pregnant 
mare serum gonadotropin (PMSG, Shu-sheng, China). After 
46 ~ 48 h, 10 IU human chorionic gonadotrophin (hCG, 
Shu-sheng, China) was injected. Twelve to 14 h after injec-
tion, the bilateral fallopian tubes were placed in M2 culture 
droplets. The needle tip of the syringe was used to open the 
oviduct ampulla, and then the second metaphase II (MII) 
oocytes with the first polar body were used for IVF. After 
6 ~ 8 h of culture, the fertilization rate was calculated by 
the ratio of the number of pronuclear stage-3 (PN-3 stage) 
embryos to the total number of MII oocytes.

Immunofluorescence and confocal microscopy

MII oocytes were fixed in 4% paraformaldehyde in phos-
phate-buffered saline for 30 min at room temperature. 
After being permeabilized with 0.5% Triton X-100 at 
room temperature for 25 min, oocytes were blocked in 1% 
bovine serum albumin-supplemented PBS for 1 h at room 
temperature and incubated overnight at 4 °C with 1:200 
anti-α-tubulin (D20G3, CST, USA) antibody. After three 
washes in PBS containing 0.1% Tween-20 and 0.01% Tri-
ton X-100, oocytes were incubated with 1:500 correspond-
ing FITC-conjugated secondary antibody (S0008, Affinity 
Biosciences, USA) for 1 h at room temperature. Oocytes 
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were stained with 4′,6-diamidino-2-phenylindole (DAPI, 
10 μg/ml in PBS, Beyotime Institute of Biotechnology, 
China) for 10 min. Then, the oocytes were mounted on 
glass slides and examined with a Leica TCS SP8 confocal 
laser scanning microscope.

For 5-methylcytosine (5mC) and 5-hydroxymethylcy-
tosine (5hmC) staining, before blocking, the oocytes were 
incubated with 4 N HCl solution at room temperature for 
10 min, and then oocytes were neutralized with 100 mM 
Tris–HCl (pH 8.5) for 10 min at room temperature and 
immunostained with 1:200 5mC (ab214727, Abcam, 
USA) or 1:200 5hmC (39770, Active Motif, USA). The 
secondary antibodies used were 1:500 corresponding 
FITC-conjugated (S0008, Affinity Biosciences, USA) or 
1:500 Alexa Fluor 594 (S0006, Affinity Biosciences, USA) 
antibodies. Other procedures used by a standard immu-
nostaining protocol, except DAPI staining, were performed 
for 15 min.

The average value of the fluorescence intensity was 
measured using Image-Pro Plus 6.0 as described in previ-
ous reports (Xu et al. 2012). Images were converted to 
8-bite grayscale and inverted, and optical density correc-
tion was performed. The integrated optical density (IOD) 
and area of oocyte germinal vesicles were measured by 
Image-Pro Plus. The average fluorescence intensity for 
oocytes was represented by “sum IOD/sum area”. To quan-
tify fluorescence intensity, the intensity levels of PCB118-
treated oocytes were compared to the mean intensity level 
of control oocytes.

RNA extraction, library preparation and sequencing

Nine oocytes from 3 F1 mice of three litters per dose group 
aged 7 ~ 8 weeks were mixed and frozen in lysis buffer and 
submitted to LC Sciences (Hangzhou, China) for transcrip-
tome sequencing and analysis. Total RNA was extracted 
using TRIzol reagent (Invitrogen, CA, USA) accord-
ing to the manufacturer’s procedure. The RNA quantity 
and purity were determined using the Bioanalyzer 2100 
and RNA 6000 Nano LabChip Kit (Agilent, CA, USA). 
mRNAs were enriched by poly-T oligo-attached magnetic 
beads (Invitrogen, CA, USA) and then fragmented into 
small pieces. These cleaved RNA fragments were reverse-
transcribed to create the cDNA library using an mRNA-
Seq sample preparation kit (Illumina, San Diego, USA); 
the average insert size for the paired-end libraries was 
300 bp (± 50 bp). The library was sequenced by the Illu-
mina HiSeq 4000 platform.

Data availability: The RNA-seq data have been depos-
ited at GEO and are accessible through Series accession 
number GSE133488.

RNA‑seq data analysis

After the sequencing experience and following the removal 
of low-quality reads that contained adaptor contamination, 
low-quality bases and undetermined bases were removed, and 
the sequenced reads were aligned to the mouse genome using 
HISAT2. StringTie was used to determine the expression lev-
els for mRNAs by calculating fragments per kilobase of tran-
script per million mapped reads (FPKM). The differentially 
expressed mRNAs and genes were selected with log2 (fold 
change) > 1 or log2 (fold change) < − 1 and with statistical 
significance (P value < 0.05) by Ballgown (Pertea et al. 2016).

The selected differentially expressed genes (DEGs) were 
subjected to gene ontology (GO) enrichment; 162 GO terms 
with P < 0.01 were considered significantly enriched, and we 
selected 30 terms to explain our results above. Finally, the 
DEGs were enriched by the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways.

Statistical analysis

All data were analyzed using SPSS 18.0 statistical software. 
At least three repeats were conducted for each treatment. 
Average data are presented as the mean ± standard deviation 
(SD), and the significance between groups was tested using 
one-way ANOVA and LSD tests. The methylation level is 
presented as a percentage, and the significance between 
groups was determined by using the Chi square test. We used 
the two R packages, Cluster Profiler and org.Mm.e.g.db, for 
GO and KEGG pathway enrichment analysis. If the P value 
was < 0.05, it was considered to be significantly different 
between the two groups.

Results

Prenatal exposure did not affect the body weight 
of the pregnant mice and female offspring, 
or the birth weight, sex ratio and litter size in F1 
mouse

The body weights of pregnant mice (Fig. S1A) were measured 
until the F1 generation was born, and no significant difference 
(P > 0.05) was observed. The body weights of the F1 mice 
(Fig. S1B) were measured once a week until the 7th week, 
and there were also no significant differences (P > 0.05). On 
the first day of birth in each dose group, we calculated the 
total birth weight (Fig. S1C), male–female ratio (Fig. S1D) 
and litter size (Fig. S1E). There were no significant differ-
ences (P > 0.05) between the treated group and the control 
group. These findings indicated that neither the 20 μg/kg/
day nor the 100 μg/kg/day exposure to PCB118 affected the 
above-mentioned indices of the offspring mice. For pregnant 
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mice, n = 23, 25 and 28 in the 0, 20 and 100 μg/kg/day groups, 
respectively; for F1 offspring mice, n = 12, 13 and 15 litters in 
the 0, 20 and 100 μg/kg/day groups, respectively.

Prenatal exposure reduced the organ coefficients 
of F1 mouse

Compared with the control group, the organ coefficients of 
the offspring mice showed a decreasing trend (Fig. 1). The 
liver coefficients in the 0, 20 and 100 μg/kg/day groups were 
5.7495 ± 0.4119, 5.4170 ± 0.6276 and 5.1703 ± 0.6254%, 
respectively (n = 21, 18 and 15, respectively). The liver 
coefficient was substantially reduced in the 100 μg/kg/
day treatment group (P < 0.01). The brain coefficients in 
the 0, 20 and 100 μg/kg/day groups were 1.2009 ± 0.1338, 
1.1079 ± 0.1343 and 1.1029 ± 0.0810%, respectively (n = 25, 
22 and 13, respectively), and were significantly reduced dur-
ing gestation in both treatment groups (P < 0.05). The kid-
ney coefficients in the 0, 20 and 100 μg/kg/day groups were 
1.3394 ± 0.1927, 1.2273 ± 0.1484 and 1.2047 ± 0.1030%, 
respectively (n = 22, 21 and 10, respectively). Similar 
to the coefficient of the brain, the kidney coefficient also 
showed a significant decrease in the treatment groups 
(P < 0.05). The ovary coefficients in the 0, 20 and 100 μg/
kg/day groups were 0.0117 ± 0.0033, 0.0098 ± 0.0036 and 

0.0094 ± 0.0035%, respectively (n = 12, 12 and 13, respec-
tively). There was no significant difference between the two 
treatment groups and the control group (P > 0.05), although 
there was a decreasing trend.

Prenatal exposure altered DNA methylation 
patterns in F1 mouse oocytes

The COBRA analysis used approximately 20 mice from ten 
litters per dose group. The results indicated that one sample 
of H19 (Fig. 2a) in the 20 μg/kg/day treatment group and two 
samples in the 100 μg/kg/day treatment group were not com-
pletely digested by the enzymes RsaI and  TaqαI. We used the 
red box to mark the three samples, and Snrpn (Fig. 2b), Peg3 
(Fig. 2c) and Igf2r (Fig. 2d) in the same three samples for 
treatment groups were also not completely digested by either 
enzyme. Because these samples had the same pattern as the 
cumulus cells, we considered that these three samples might 
be contaminated by cumulus cells, and thus we excluded 
them from the following experiments. All the other samples 
of H19 genes in all experimental groups were not simultane-
ously cut by both the enzymes  TaqαI and RsaI, indicating that 
the DNA methylation level in DMRs of H19 in oocytes may 
not be affected by different dose treatments and that the other 
samples were not contaminated by cumulus cells. Interest-
ingly, after COBRA analysis, we found that some samples 
were not completely digested by  TaqαI and BstUI in all dose 
groups; these samples are identified by blue triangles. In both 
treatment groups, the number of samples that were not com-
pletely digested showed an increased trend, indicating that 
DNA methylation levels in DMRs of Snrpn, Peg3 and Igf2r 
may be affected by PCB118 treatment.

Bisulfite sequencing results are shown in Fig. 3b–e, 
and the genomic location of the sequenced regions is 
shown in Fig. 3a. The methylation status of the DMRs 
of the paternal imprinting gene H19 was similar between 
the control and two treatment groups, with methylation 
rates of 0%, 0.89% and 0.89%. This finding indicated that 
the DNA methylation level in the DMRs of H19 in GV 
oocytes was not significantly affected by treatment with 
different doses of PCB118 (P > 0.05), which is consistent 
with the results of the above-mentioned COBRA analy-
sis. However, the DNA methylation level in the DMRs of 
Snrpn showed a significant reduction from 97.95% (control 
group) to 92.82% (20 μg/kg/day treatment group, P < 0.05) 
and 88.72% (100 μg/kg/day treatment group, P < 0.001). 
For the imprinting gene Peg3, the methylation level of 
DMRs in GV oocytes showed a significant decrease from 
92.41% (control group) to 86.21% (20 μg/kg/day treatment 
group, P < 0.05) and 75.86% (100 μg/kg/day treatment 
group, P < 0.001). Meanwhile, the methylation level of 
Igf2r DMRs in oocytes also showed a significant decrease 
from 93.33% (control group) to 84.76% (20 μg/kg/day 

Fig. 1  Exposure to PCB118 during pregnancy reduced the organ 
coefficients of liver, brain, kidney and ovary in offspring mice. The 
liver coefficient was extremely significantly reduced in the 100 μg/kg/
day treatment group (control, n = 21; 20  μg/kg/day, n = 18; 100  μg/
kg/day, n = 15). The brain coefficient was significantly reduced dur-
ing gestation in the treatment groups (control, n = 25; 20 μg/kg/day, 
n = 22; 100 μg/kg/day, n = 13). Similar to the brain, the kidney organ 
coefficient showed a significant decrease in both treatment groups 
(control, n = 22; 20  μg/kg/day, n = 21; 100  μg/kg/day, n = 10). The 
ovary coefficient also showed a decreasing trend in the two treat-
ment groups, although there was no significant difference between the 
control and treatment groups (control, n = 12; 20  μg/kg/day, n = 12; 
100  μg/kg/day, n = 13). The error bar represents the mean ± SD. 
*Significant difference, P < 0.05; **extremely significant difference, 
P < 0.01; *** extremely significant difference, P < 0.001; n.s, P > 0.05
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Fig. 2  DNA methylation patterns of DMRs of imprinted genes in 
oocytes of F1 offspring mice detected by COBRA. COBRA results of 
H19 (a), Snrpn (b), Peg3 (c) and Igf2r (d), and oocytes from 20 mice 
from ten litters per dose group. The sizes of the target fragments are 
423 bp, 419 bp, 444 bp and 206 bp, respectively. The red box indi-

cates that these samples may be contaminated by cumulus cells and 
were excluded from the subsequent experiments. The blue triangle 
indicates that the samples were not completely digested by different 
enzymes. M, DNA ladder; C, cumulus cells. The number with a red 
arrow on the left is the size of the DNA ladder bands
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treatment group, P < 0.05) and 76.19% (100 μg/kg/day 
treatment group, P < 0.01). We found that the DNA meth-
ylation patterns in the DMRs of Snrpn, Peg3 and Igf2r 

in oocytes of different treatment groups were reduced to 
different degrees (Fig. 3f). This finding indicates that the 
DNA methylation level in the DMRs of Snrpn, Peg3 and 
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Igf2r may be affected by maternal exposure to PCB118 in 
oocytes from offspring mice.

Prenatal exposure affected the mRNA expression 
in fully grown GV oocytes from F1 mouse

Previous experiments have shown that prenatal PCB expo-
sure altered the methylation levels of Peg3, Igf2r and Snrpn 
in a dose-dependent manner in the offspring’s oocytes. 
Therefore, we analyzed the gene expression levels by using 
qRT-PCR and used approximately six mice from three litters 
per group for each analysis. The expression of H19, Snrpn, 
Peg3 and Igf2r in F1 mouse oocytes is shown in Fig. 4a. 
Snrpn, Peg3 and Igf2r expression levels in the 20 μg/kg/
day treatment group showed an increased trend; however, 
only Igf2r expression was significantly higher than in the 
control group (P < 0.05). The expression levels of the three 
imprinting genes in the 100 μg/kg/day treatment group were 
all significantly increased compared with the control group 
(P < 0.01). However, H19 expression in GV oocytes of the 
offspring was not significantly affected (P > 0.05).

To investigate how PCB118 exposure of pregnant moth-
ers affected the methylation patterns of some imprinting 
genes in offspring’s oocytes, we analyzed the expression 
levels of Dnmt1, 3a, 3b and 3l, Tet2, Tet3 and Uhrf1 in 
oocytes. The Tet1 gene was hardly expressed in GV oocytes 
(Iqbal et al. 2011), while only Tet2 and Tet3 were detected 
compared to the control group. As shown in Fig. 4b, Dnmt1, 
3a and 3l expression levels in both treatment groups were 
significantly lower than those in the control group (P < 0.05, 
P < 0.01 or P < 0.001). However after exposure, Dnmt3b 
expression in GV oocytes of the offspring was not affected 
(P > 0.05). The expression levels of Uhrf1 were decreased 
in both treatment groups compared to that in the control 
group (Fig. 4c), and a significant difference was observed 
when comparing the control group with the 100 μg/kg/day 
treated group (P < 0.01). The expression levels of Tet2 and 
Tet3 are shown in Fig. 4d. Compared with the control group, 

the mRNA expression level of Tet3 increased significantly 
in both treatment groups (P < 0.05 or P < 0.001), while the 
expression of Tet2 showed no significant difference when 
treated with PCB118 (P > 0.05). This finding indicates that 
the mRNA expression levels of Dnmt1, 3a, and 3l, Uhrf1 
and Tet3 might be affected by maternal exposure to PCB118 
in GV oocytes from offspring mice.

Prenatal exposure affected the global methylation 
level of GV oocytes from F1 mouse

To verify whether PCB118 exposure during pregnancy 
changed the global methylation level of offspring mouse 
oocytes, we measured the average fluorescence intensity of 
5mC and 5hmC levels in GV oocytes from F1 offspring after 
prenatal PCB118 exposure. As shown in Fig. 5a, b, the 5mC 
fluorescence intensity in the 0, 20 and 100 μg/kg/day groups 
was 1.00 ± 0.24, 0.86 ± 0.27, and 0.75 ± 0.19, respectively 
(n = 25, 21 and 23, respectively). Compared with the con-
trol group, the 5mC level significantly decreased in both 
PCB118 treatment groups (P < 0.05 or P < 0.01), whereas 
the 5hmC fluorescence intensity showed an increased trend 
(Fig. 5c, d). The 5hmC fluorescence intensity in the 0, 20 
and 100 μg/kg/day groups was 1.00 ± 0.16, 1.11 ± 0.24 and 
1.13 ± 0.25, respectively (n = 43, 33 and 36, respectively). 
The 5hmC level significantly increased in both PCB118 
treatment groups (P < 0.05 or P < 0.01). Our results indi-
cated that PCB118 exposure during pregnancy could alter 
the global methylation level in F1 mouse oocytes.

Prenatal exposure decreased GVBD, first PBE 
and IVF outcome in F1 mouse oocytes

After maternal exposure to PCB118, both the GVBD and 
PBE rates decreased. The GVBD rate in the 100 μg/kg/day 
treatment group showed a significant difference compared 
with the control group (P < 0.05, Table 2). The PBE rate in 
both the treatment groups showed a significant difference 
compared with the control group (P < 0.05 or P < 0.01, 
Table 2). The fertilization rate is one of the most impor-
tant indicators for the quality of mature oocytes. Eggs with 
two pronuclei were considered to be the result of success-
ful fertilization. The representative images and enlarged 
images of two pronuclei embryos are presented in Fig. 6a. 
We quantified the IVF results, and the box plot shows the 
reduced IVF rate for each experimental group (Fig. 6b). The 
fertilization rates in the 0, 20 and 100 μg/kg/day groups were 
73.23 ± 8.11, 60.54 ± 9.39 and 46.86 ± 13.81%, respectively 
(n = 16, 14 and 10, respectively). Compared with the control 
group, significant differences were detected in both treat-
ment groups (P < 0.01 or P < 0.001). The data implied that 
PCB118 exposure impaired the fertilization ability of F1 
mouse oocytes.

Fig. 3  DNA methylation patterns of DMRs of imprinted genes 
in oocytes of F1 offspring mice detected by bisulfite sequencing. a 
The relative position of mouse imprinting H19, Snrpn, Peg3 and 
Igf2r DMRs. Black squares marked with numbers represent exons, 
and the arrow indicates the transcription direction of the gene. Dif-
ferent methylation regions are depicted as open boxes. Amplified 
regions represented with circles are enlarged below each gene. The 
result of bisulfite sequencing indicates the methylation patterns of 
the imprinted genes H19 (b), Snrpn (c), Peg3 (d) and Igf2r (e). The 
percentage number indicates the DNA methylation level of imprint-
ing genes in each dose group. Black circles, methylated CpG sites; 
white circles, unmethylated CpG sites. f Methylation levels in each 
dose group. The DNA methylation levels of CpG sites of H19, Snrpn, 
Peg3 and Igf2r in oocytes of offspring mice are represented as per-
centages. *Significant difference, P < 0.05; **extremely significant 
difference, P < 0.01; *** extremely significant difference, P < 0.001, 
n.s, P > 0.05

◂
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Prenatal exposure affected the spindle organization 
and chromosome alignment in F1 mouse oocytes

To further explore the effects of PCB118 in utero exposure 
on the quality of offspring mouse oocytes, we next assessed 
meiotic spindle organization. The spindles in MII oocytes 
were detected by staining with α-tubulin (green) and could 
be divided into three phenotypes (bipolar, unipolar and 

nonpolar), depending on the shapes. Figure 7A-a shows 
well-aligned chromosomes (blue) at the equatorial plate 
of a normal spindle; the normal spindle shape is shown in 
Fig. 7A-b. In contrast, abnormal spindles present disrupted 
spindle morphology with misaligned chromosomes. The 
effect of PCB118 on the spindle shape of mouse oocytes is 
shown in Fig. 7B, and we used 18 mice from six litters per 
group for analysis. In the control group, the percentages of 

Fig. 4  qRT-PCR for gene expression levels in F1 mouse oocytes. a 
The expression of H19, Snrpn, Peg3 and Igf2r after PCB118 treat-
ment at different doses. b The expression of Dnmt1, 3a, 3b and 3l 
after PCB118 treatment at different doses. c Uhrf1 expression after 
PCB118 treatment compared with the control group. d The expres-

sion of Tet2 and Tet3 after PCB118 treatment compared with the con-
trol group. The error bar represents the mean ± SD, n = 6 mice from 
three litters per group. *Significant difference, P < 0.05; **extremely 
significant difference, P < 0.01; ***extremely significant difference, 
P < 0.001; n.s, P > 0.05
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bipolar, unipolar and nonpolar spindles were 70.36 ± 3.93, 
23.13 ± 3.64 and 7.13 ± 1.56%, respectively. In the 20 μg/
kg/day treatment group, the percentages of bipolar, unipolar 
and nonpolar spindles were 40.28 ± 7.71, 34.62 ± 6.22 and 
24.80 ± 6.38%, respectively. In the 100 μg/kg/day treatment 
group, the percentages of bipolar, unipolar and nonpolar 
spindles were 28.46 ± 2.79, 32.64 ± 4.85 and 38.68 ± 5.00%, 
respectively. The percentages of bipolar spindles in the 

treatment groups were lower than those in the control group 
(P < 0.001), and the percentages of unipolar spindles in the 
treatment groups were higher than those in the control group 
(P < 0.01). The percentages of nonpolar spindles were much 
higher in both dose groups than the control group (P < 0.001).

The effect of PCB118 on the spindle length of F1 mouse 
oocytes at the MII stage is shown in Fig. 7C. The lengths 
of spindles in the 0, 20 and 100 μg/kg/day treatment groups 

Fig. 5  Prenatal exposure affected the global methylation level in off-
spring GV oocytes. a Representative images of 5mC (green) immu-
nofluorescence staining in the control and prenatal PCB118-exposed 
offspring’s oocytes, scale bar = 10  μm. b Fluorescence intensity 
analysis of 5mC levels in the control and prenatal PCB118-exposed 
offspring’s oocytes (control, n = 25; 20  μg/kg/day, n = 21; 100  μg/
kg/day, n = 23). c Representative images of 5hmC (red) immuno-

fluorescence staining in the control and prenatal PCB118-exposed 
offspring’s oocytes, scale bar = 10 μm. d Fluorescence intensity anal-
ysis of 5hmC levels in the control and prenatal PCB118-exposed off-
spring’s oocytes (control, n = 43; 20 μg/kg/day, n = 33; 100 μg/kg/day, 
n = 36). Data are presented as the mean ± SD. *Significant difference, 
P < 0.05; **extremely significant difference, P < 0.01

Table 2  The rate of in vitro 
maturation of F1 mouse oocytes

Exposure to PCB118 during pregnancy reduced the rate of GVBD and PBE of F1 mouse oocytes. Com-
pared with the control group, GVBD and the first PBE rates were significantly reduced in offspring in 
a dose-dependent manner after PCB118 treatment during pregnancy. The error bar represents the mean 
± SD. n=25 for the control group, n=12 for the 20 μg/kg/day group and n=13 for the 100 μg/kg/day group. 
Compared with the control group, *Significant difference, P < 0.05; **extremely significant difference, 
P < 0.01; n.s, P > 0.05

Treatment groups Total oocytes GVBD % PBE %

Control 747 642 (85.94 ± 11.52%) 511 (68.41 ± 10.00%)
20 μg/kg/day 583 441 (81.52 ± 12.11%)n.s 330 (61.17 ± 10.49%)*
100 μg/kg/day 420 335 (79.76 ± 13.88%)* 249 (59.29 ± 10.85%)**
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were 29.39 ± 3.85, 26.76 ± 5.36 and 25.89 ± 4.20 μm, respec-
tively (n = 23, 25 and 24, respectively). The spindle length of 
MII stage mouse oocytes in the treatment groups was shorter 
than that in the control group (P < 0.05 or P < 0.01). The 
effect of PCB118 on the area of spindles of mouse oocytes 
at the MII stage is shown in Fig. 7D. The areas of spin-
dles in the 0, 20 and 100 μg/kg/day treatment groups were 
351.86 ± 25.98, 333.09 ± 35.39 and 320.48 ± 39.56 μm2, 
respectively (n = 23, 25 and 24, respectively). The spindle 
area of MII stage oocytes in the 20 μg/kg/day treatment 
group was slightly smaller compared with the control group, 
but there was no significant difference (P > 0.05). The area 
of spindles in the 100 μg/kg/day treatment group was sig-
nificantly smaller than that in the control group (P < 0.01).

The localization of chromosomes in the F1 mouse MII 
stage oocytes was analyzed by immunofluorescence assays. 
Chromosomes (blue) were accurately arranged at the equato-
rial plate in most oocytes from the control group, as shown 
in Fig. 7E-a. The chromosome arrangement in the 20 μg/kg/

day treatment group (not accurately arranged at the equato-
rial plate of the oocyte) is shown in Fig. 7E, b–c and that 
of the 100 μg/kg/day treatment group (not organized at the 
equatorial plate of the oocyte) is shown in Fig. 7E, d–f. Fur-
thermore, the quantity of oocytes with abnormally arranged 
chromosomes was evaluated and is shown in Fig. 7F, and 
we used 18 mice from six litters per group for analysis. 
The quantity of oocytes with abnormally arranged chromo-
somes in the 0, 20 and 100 μg/kg/day treatment groups were 
29.90 ± 3.16, 54.44 ± 3.20 and 68.40 ± 5.67%, respectively. 
The quantity of oocytes with abnormally arranged chromo-
somes in the PCB118 exposure groups was significantly 
higher than that of the control group (P < 0.001).

Prenatal exposure altered the transcriptome in F1 
mouse oocytes

To explore the mechanism(s) by which PCB118 affected 
oocyte development, we used the RNA-seq method to detect 

Fig. 6  Exposure to PCB118 
during pregnancy decreased the 
IVF efficiency of F1 offspring 
mouse oocytes. a Representa-
tive images of two pronuclei 
embryos. The white triangle 
refers to two pronuclei, and 
the white arrow indicates 
unfertilized oocytes, scale 
bar = 100 μm. b The box chart 
shows the reduced IVF rate 
after PCB118 exposure. The 
scale bar represents min to max. 
n = 16 for the control group, 
n = 14 for the 20 μg/kg/day 
group and n = 10 for the 100 μg/
kg/day group. **Significant dif-
ference, P < 0.01; ***extremely 
significant difference, P < 0.001
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Fig. 7  Exposure to PCB118 during pregnancy affected the morphol-
ogy of spindles (green) and chromosomes (blue) of F1 offspring 
mouse oocytes. A Spindle morphology of ovulated oocytes without 
maternal treatment with PCB118 (a–c), in  vivo matured oocytes 
were obtained from offspring mice produced by mothers treated with 
20  μg/kg/day PCB118 (d–f). Oocytes were obtained from offspring 
mice produced by mothers treated with 100  μg/kg/day PCB118 
(g–i). The scale bar represents 10 μm. B Percentage of oocytes with 
bipolar, unipolar and nonpolar spindles under different conditions 
(n = 18 mice from six litters per group). C Effects of different doses 
of PCB118 on spindle length in offspring’s oocytes (control, n = 23; 
20 μg/kg/day, n = 25; 100 μg/kg/day, n = 24.). D The area of spindles 
in offspring’s oocytes after maternal treatment with PCB118 at differ-

ent concentrations (control, n = 23; 20 μg/kg/day, n = 25; 100 μg/kg/
day, n = 24.). E The F1 offspring mouse oocyte chromosome arrange-
ment was changed after PCB118 treatment of pregnant mice. a Chro-
mosomes accurately arranged at the equatorial plate (control); (b–c) 
Abnormally arranged chromosomes in the 20  μg/kg/day PCB118 
group; (d–f) Abnormally arranged chromosomes in the 100  μg/kg/
day PCB118 group. The scale bar represents 10  μm. F The rate of 
oocytes with abnormally arranged chromosomes in the treatment 
groups (n = 18 mice from six litters per group). The error bar repre-
sents the mean ± SD. *Significant difference, p < 0.05; **extremely 
significant difference, p < 0.01; *** extremely significant difference, 
p < 0.001; n.s, p > 0.05

the transcriptome of oocytes from three offspring groups 
(control, 20 μg/kg/day and 100 μg/kg/day, respectively, n = 9 
oocytes from 3 mice of three litters per dose group). The 

gene expression levels were assessed by FPKM. We found 
that, compared with the control group, there were 1925 
DEGs in the two treatment groups (Fig. 8A, Table S3), and 
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Fig. 8  Transcriptome sequencing results showed differential gene 
expression in F1 offspring mouse oocytes. A Heat map of genes 
found to be altered among the three groups (control, 20  μg/kg/day 
and 100  μg/kg/day); B Venn diagram shows the overlap of differen-
tially expressed genes between the two comparisons; C Gene ontol-
ogy enrichment analysis for the common DEGs in the two treatment 
groups; D KEGG enrichment analysis for the common DEGs in the 

two treatment groups. The meaning of the counts refers to the num-
ber of DEGs enriched to a specifically definite term, and the rich fac-
tor indicates the number of differentially expressed genes enriched in 
this pathway divided by the total number of genes in the pathway. E 
The chord diagram reveals the enrichment levels of genes related to 
cell cycle regulation and sister chromosome segregation. We used nine 
oocytes from three mice of three litters per dose group for the analysis

the number of the common DEGs was 619 (Fig. 8B, sug-
gesting that exposure to PCB118 during pregnancy had a 
serious impact on the development of the oocytes from the 
offspring. The subsequent enrichment analysis found 162 

terms, including biological processes related to cytoskel-
etal protein assembly, ubiquitination, chromatin separation 
and cell cycle regulation (Fig. 8C, Table S4). Our KEGG 
results also showed abnormalities in the pathways regulating 
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the actin cytoskeleton (Fig. 8D, Table S5). These findings 
showed that the effect of PCB118 treatment resulted in dis-
ordered spindle structures and abnormal meiotic processes 
affecting oocyte development.

The chord diagrams showed that there was a correlation 
trend in the DEGs involved in cell cycle regulation and sister 
chromosome segregation between the 20 μg/kg/day group 
(Fig. 8E-a, Table S6) and 100 μg/kg/day group (Fig. 8E-
b, Table S6), indicating that there is a uniform treatment 
effect in the two groups after PCB118 treatment. At the 
same time, further analysis of these genes revealed that the 
expression levels of genes related to actin aggregation and 
depolymerization were significantly upregulated (11/12), 
and the expression of genes related to positive regulation 
of cytoskeleton organization was also upregulated (10/11), 
indicating that these biological processes may be signifi-
cantly activated.

Discussion

PCB118 exposure during pregnancy reduces the organ coef-
ficients of the liver, brain, kidney and ovary of F1 offspring 
mice, indicating that PCB118 has an effect on fetal develop-
ment (Fig. 1). While most previous research has focused on 
the effects of PCB homologs on the nervous and reproduc-
tive systems of mice, the effects of PCB118 exposure during 
pregnancy on PGCs have been unclear. Studies have shown 
that PCB exposure interferes with the development of human 
oocytes (Petro et al. 2012) and causes sperm malformation, 
decreasing sperm motility and fertility (Guo et al. 2000). 
Our results indicated that PCB118 intrauterine exposure also 
affected the reproductive health of the offspring.

DNA methylation and demethylation are important pro-
cesses of epigenetic regulation. In this study, pregnant mice 
were exposed to PCB118 at 7.5–12.5 days of gestation, 
which are not only the gender determination stage of the off-
spring, but also the migration and the large-scale DNA dem-
ethylation stages in PGCs (Guibert et al. 2012). At this time, 
the transcription of Dnmt3a and Dnmt3b is inhibited, and 
Uhrf1 recruits Dnmt1 in the replication process and keeps 
the expression of DNA methyltransferase at a low level (Wu 
and Zhang 2014). Our study demonstrated that PCB118 in 
utero exposure may interfere with the methylation remod-
eling of germ cells, as well as the further reproductive health 
of progeny mice. The results showed that the methylation 
levels of the imprinted genes Snrpn, Peg3 and Igf2r were all 
reduced in a dose-dependent manner (Figs. 2 and 3). Studies 
have reported that the presence of DNA methylation on gene 
regulatory sequences, such as promoters or enhancers, will 
silence gene expression (Dor and Cedar 2018). Our experi-
ments confirmed that the decrease in the methylation levels 
of the promoter regions in the Snrpn, Peg3 and Igf2r genes 

of offspring mice affected the expression levels of these 
genes (Fig. 4a). DNA methylation is regulated primarily by 
DNA methyltransferase. Dnmt1 is primarily responsible for 
maintaining methylation during DNA replication. Dnmt3a 
and Dnmt3b are de novo methylation synthetases whose 
function is catalyzing the formation of methylation at new 
sites (Chen et al. 2012). In addition, studies have shown that 
the interaction of Dnmt3a and Dnmt3l is important for the 
establishment of de novo methylation of maternal imprinted 
genes (Hata et al. 2002; Kaneda et al. 2004). Additionally, 
Uhrf1 plays an important role in de novo methylation, which 
can be used as a cofactor for DNA methyltransferase inter-
fering with DNA methylation synthesis (Bostick et al. 2007). 
In our study, the expression levels of Dnmt1, 3a and 3l as 
well as Uhrf1 were significantly reduced in the offspring 
mouse oocytes (Fig. 4b, c). This finding indicated that the 
interaction of these enzymes regulated the epigenetic pro-
cess of the maternal imprinted genes after pregnancy expo-
sure, as we noted.

DNA demethylation has been widely studied in recent 
years. The Ten-eleven translocation protein family can cata-
lyze the continuous oxidation of 5mC, gradually forming 
5hmC, and finally remove the methyl from the DNA (Ito 
et al. 2011). Previous research confirms that the paternal 
genome mainly removes methylation modifications through 
Tet3-mediated active demethylation and passive dilution in 
DNA replication, while the maternal genome is primarily 
through DNA replication to erase the methylation passively. 
In addition, Tet3-mediated active demethylation is involved 
in the reprogramming process of the maternal genome (Shen 
et al. 2014). In our study, the expression level of Tet3 in the 
offspring’s oocytes was significantly upregulated (Fig. 4d), 
indicating that Tet3 might be involved in active demethyla-
tion during PCB118 exposure. Our results indicated that the 
global methylation level of offspring mouse oocytes also 
decreased after pregnancy exposure to PCB118 (Fig. 5). In 
summary, we speculated that maternal PCB118 exposure 
may cause changes in the expression levels of Dnmt1, 3a, 
and 3l and Tet3 in progeny oocytes, thus further changing 
the epigenetic modification of oocytes.

Previous studies have shown that epigenetic transition 
is indispensable for germ cell development and meiosis, 
in which DNA methyltransferase plays an important role 
(Kota and Feil 2010). In addition, studies have reported 
that the use of environmental contaminants caused a block 
of oocyte maturation, which might be due to the alteration 
of epigenetic modification in mouse oocytes, and accurate 
epigenetic modifications play important roles in ovarian fol-
liculogenesis and germ cell development (Chao et al. 2012; 
Lu et al. 2019; Zhang et al. 2016). Therefore, we also studied 
the maturation progress of offspring mouse oocytes. The 
results showed that PCB118 exposure during pregnancy dis-
turbed the normal process of oocyte maturation in offspring 
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(Table 2), which may stem from various reasons. PCB accu-
mulation has been found in human follicular fluids, and the 
content of PCB118 in follicular fluid tends to accumulate 
over time (Huang et al. 2019; Pauwels et al. 1999). Studies 
have shown that residual PCBs in human follicular fluids 
can reduce endometrium thickness, IVF rate and embryo 
cleavage rates (Jirsova et al. 2010). Similar to these studies, 
we found that in utero exposure to environmental contami-
nants significantly reduced the IVF rate of the oocytes of the 
offspring (Fig. 6). One factor may be that PCB118 exposure 
during pregnancy results in accumulation of this substance 
in the progeny follicular fluid, hence reducing oocyte quality 
and IVF rate. Previous studies revealed that Aroclor-1254, a 
mixture of PCBs, disturbed the progression of oocyte devel-
opment and affected the morphology of the spindle, while 
the apoptotic rate of cumulus cells increased significantly 
and the number of follicles in different developmental stages 
decreased (Liu et al. 2015, 2016). The correct assembly 
of the spindle was shown to be very important for oocyte 
maturation and chromosome segregation, which determines 
oocyte quality and fertilization ability (Huelgas-Morales and 
Greenstein 2018; Sanfins et al. 2003). Our results suggested 
that PCB118 exposure during pregnancy also disturbed the 
spindle assembly and chromosome segregation of the off-
spring mouse oocytes (Fig. 7), thereby reducing the IVF rate 

of oocytes. Therefore, our findings on the effects of PCB118 
exposure on mouse oocytes resemble those reported in pre-
vious studies, but our study focuses on the transmission of 
adverse effects on reproductive health from mother to child, 
which might be affected by epigenetic changes.

To investigate the effect of prenatal exposure of PCB118 
on the maturation process of offspring mouse oocytes, 
we performed genome-wide transcriptome sequencing of 
mouse oocytes from each group. Studies have shown that the 
cytoskeleton plays an important role in the oocyte maturation 
process, which is mainly manifested in the nuclear position-
ing at metaphase, the anchoring of the spindle and the sepa-
ration of chromosomes during meiosis (Uraji et al. 2018). In 
addition, cytoskeletal protein mutations can cause the first 
metaphase I block of oocytes and fertilization disorder in 
human oocytes (Feng et al. 2016). Transcriptome sequenc-
ing analysis showed that, compared with the control group, 
the expression levels of the oocyte cytoskeleton-regulating 
genes and oocyte maturation-related genes in offspring mice 
were significantly changed (Fig. 8). Because of the ceased 
genomic transcription in GV oocytes, the transcriptomes of 
fully grown oocytes are only moderately affected by epige-
netic factors (Sha et al. 2018; Yu et al. 2017). According 
to the results obtained by transcriptome analysis, we sus-
pect that exposure to PCB118 during pregnancy changed 

Fig. 9  Exposure to PCB118 
during pregnancy affected the 
epigenetic modifications and 
maturation of F1 offspring 
mouse oocytes. PCB118 expo-
sure occurred during pregnancy 
when the offspring mice were 
in the period of PGC migration 
and were directly affected by the 
exposure of PCB118. The epi-
genetic modifications of oocytes 
were altered by the expression 
of Dnmt1, 3a, and 3l, Uhrf1 and 
Tet3 in offspring mice, and it 
might also affect the process of 
oocyte maturation
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cytoskeletal organization in offspring mouse oocytes and 
also interfered with the maturation process. However, the 
mechanism(s) affecting oocyte maturation remains to be 
further explored.

Briefly, our data showed that PCB118 exposure during 
pregnancy caused oocyte epigenetic modifications and matu-
ration disorders in offspring mice, providing evidence for the 
hypothesis that the reproductive system might be affected 
by exposure to environmental pollutants. We showed that 
PCB118 intrauterine exposure may affect the expression of 
Dnmt1, 3a and 3l and the demethylation regulator Tet3 in 
oocytes of offspring. At the same time, Uhrf1, a coregulator 
of DNA methyltransferase that binds to Dnmt1 to regulate 
DNA methylation, is also affected. We showed that the com-
bination of these epigenetic regulatory factors altered the 
epigenetic modification of progeny oocytes and affected the 
maturation process of oocytes (Fig. 9).
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