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Diabetes aﬀects oocyte nuclear and cytoplasmic quality. In this study, we generated a type 1 diabetes (T1D)
mouse model by STZ injection to study the eﬀects of T1D on zona pellucida and genomic DNA methylation of
oocytes and granulosa cells. T1D mice showed fewer ovulated oocytes, reduced ovarian reserve, disrupted estrus
cycle, and signiﬁcantly ruptured zona pellucida in 2-cell in vivo embryos compared to controls. Notably, diabetic
oocytes displayed thinner zona pellucida and treatment of oocytes with high concentration glucose reduced the
zona pellucida thickness. Diﬀerential methylation genes in oocytes and granulosa cells were analyzed by methylation sequencing. These genes were signiﬁcantly enriched in GO terms by GO analysis, and these GO terms
were involved in multiple aspects of growth and development. Most notably, the abnormal methylation genes in
oocytes may be related to oocyte zona pellucida changes in diabetic mice. These ﬁndings provide novel basic
data for further understanding and elucidating dysgenesis and epigenetic changes in type 1 diabetes mellitus.

1. Background
Diabetes mellitus (DM) is a chronic endocrine metabolic disease,
which is a serious threat to human health. It can cause many complications, including diabetic eye disease, diabetic nephropathy, diabetic
foot disease and diabetic embryopathy (Baker and Piddington, 1993; La
Vignera et al., 2011; Pamir et al., 2003). Diabetes aﬀects reproduction
in both men and women, and the oﬀspring of diabetic parents often
have a high predisposition to diabetes and other metabolic diseases
(Morino et al., 2005; Petersen et al., 2005). Although the adverse eﬀects
of maternal diabetes on health of the oﬀspring may be the result of the
poor intrauterine environment, epigenetic modiﬁcations in oocytes of
diabetic mothers are also implicated (Ge et al., 2014). In females, diabetes caused a decrease in nuclear and cytoplasmic quality, leading to
reduced fertility. Maternal diabetes causes mitochondrial dysfunction
and meiotic defects in murine oocytes as well as decreased glucose

uptake in cumulus cells (Wang et al., 2009, 2012). We further showed
that the diabetic condition adversely aﬀects the ER distribution pattern
during mouse oocyte maturation and early embryo development. In
addition, our previous studies showed that maternal diabetes has adverse eﬀects on DNA methylation of the maternally imprinted gene
Peg3 in oocytes, but methylation in the oﬀspring's oocytes is normal (Ge
et al., 2013). High-glucose concentrations also altered DNA methylation
levels of Peg3 and Adiponectin in human oocytes matured in vitro (Wang
et al., 2018).
Although the adverse eﬀects of diabetes on female oogensis, oocyte
quality, mitochondrial function, fertilization and pregnancy have been
extensively studied (Chang et al., 2005; Park et al., 2008; Wang et al.,
2009; Corrigan et al., 2009; Dabelea and Crume, 2011; Benkhalifa
et al., 2014; Moreli et al., 2016), in-depth research is still needed to
further explore the underlying mechanisms. The zona pellucida (ZP), an
extracellular matrix with a ﬁnal thickness of about 7 μm around
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Estradiol and testosterone were measured by Estradiol Radioimmunoassay Kit and [125I] Testosterone Radioimmunoassay Kit from
Beijing North Institute of Biological Technology. The experimental
procedures were performed as described in the manufacturer's instructions.

growing oocytes, ovulated oocytes and early embryos (Odor and
Blandau, 1969), is a critical structure for determining oocyte quality,
fertilization and embryo development. There are 3 glycoproteins in the
mouse zona pellucida, ZP1, ZP2 and ZP3; ZP4 in mice is a pseudogene
(Rankin et al., 2001). The three glycoproteins make up three layers in
the zona pellucida: inner layer (IL), outer layer (OL) and middle layer
(ML) (Keefe et al., 2003; Shen et al., 2005). The zona pellucida has 4
functions: it plays a role in mediating the exchange of information and
nutrients between granulosa cells and oocytes; it plays a role in sperm
and oocyte recognition and binding; in mediating acrosomal reaction;
after fertilization, the zona pellucida is modiﬁed to prevent multiple
sperm from entering the oocyte; and it also has protective eﬀects on the
early embryo (Murayama et al., 2006). The zona pellucida thickness of
embryos is correlated with the developmental ability and embryo implantation rates (Sameni et al., 2018; Shen et al., 2005).
From gamete maturation, fertilization, early embryonic development to birth, the DNA methylation includes two rounds of clearance
and re-establishment (Lee et al., 2014). The exact establishment of DNA
methylation in the oocyte genome is important to ensure embryo development and oﬀspring health. Abnormal DNA demethylation or improper establishment of the DNA methylation region can lead to abnormal gene expression in the embryo's tissue, and even small
methylation modiﬁcation abnormalities may cause diseases (Carmell
et al., 2007). Although there have been fragmentary reports on the
adverse eﬀects of diabetes on oocyte DNA methylation as mentioned
above, the whole genome DNA methylation status of oocytes and
granulosa cells in diabetic mice are still unclear.
In this study, we generated a type 1 diabetes (T1D) mouse model by
STZ injection, and examined the estrus cycle, ovulation, ovarian reserve, zona pellucida changes and genomic methylation of granulosa
cells and oocytes. We found that T1D mouse 2-cell embryos showed
disrupted zona pellucida in vivo, and that both cumulus cells and oocytes showed DNA methylation changes that were involved in multiple
aspects of oocyte growth and development, which may be the reasons
for reduced fertility, in addition to retarded ovulation and reduced
nuclear and cytoplasmic quality of oocytes.

2.3. Determining the stage of estrous cycle
We measured the mouse estrous cycle according to previous studies,
with slight changes (Byers et al., 2012; Felicio et al., 1984). Brieﬂy, the
stages of the estrous cycle were veriﬁed by vaginal cytology. We ﬂushed
mouse vagina with 200 μl physiological saline, followed by transfer to a
dry glass slide. The stages of the estrous cycle were determined based
on the presence or absence of leukocytes, corniﬁed epithelial, and nucleated epithelial cells.
2.4. Oocyte/granulosa cell collection and in vitro oocyte maturation
and fertilization
We collected the GV or MII oocytes according to previous reports,
with slight changes (Li et al., 2018). Brieﬂy, to collect GV oocytes,
ovaries from mice were minced. To collect MII oocytes, mice were superovulated by intraperitoneal injection of 8 IU equine chorionic gonadotropin (PMSG; Tianjin Animal Hormone Factory), and after
46–48 h, 8 IU human chorionic gonadotropin (hCG; Tianjin Animal
Hormone Factory) was injected intraperitoneally. The oocytes and
granulosa cells were collected at 13–14 h of hCG injection. The GV
oocytes were placed in M2 medium (Sigma) supplemented with IBMX
and glucose (3 mg/ml) for 12h, then placed in M2 medium with glucose
(3 mg/ml). For IVF, we obtained spermatozoa from the cauda epididymides of ICR male mice followed by incubation in HTF medium at
37 °C, 5% CO2 in air for 1 h. Then the MII oocytes and spermatozoa
were co-incubated in HTF medium for 4–6 h; then the embryos were
transferred to the KSOM medium for further culture (Millipore, Germany).

2. Methods

2.5. Quantiﬁcation of ovarian follicles

All ICR mice were purchased from SPF (Beijing) Biotechnology Co.,
Ltd. and maintained at 12D:12L in a temperature-controlled room. All
procedures described were reviewed and approved by the ethical
committee of the Institute of Zoology, Chinese Academy of Sciences. All
animal care and use procedures were in accordance with guidelines of
the Institutional Animal Care and Use Committee of the Institute of
Zoology, Chinese Academy of Sciences.

We quantiﬁed the number of follicles according to previous studies
(Hu et al., 2016; Liu et al., 2007). Ovaries from mice of T1D and T1DC
groups were ﬁxed in 4% paraformaldehyde (pH 7.5) overnight at 4 °C,
then dehydrated, and embedded in paraﬃn. The samples were sectioned at a thickness of 8 μm and every ﬁfth section was mounted on
slides for hematoxylin and eosin (H&E) staining for morphological
analysis. We counted the diﬀerent developmental stages of follicles,
including primordial, primary, secondary and antral follicles, according
to the standards established by Peterson and Peters (Pedersen and
Peters, 1968). When counting, only the follicles with oocyte nucleus
were scored and the number of follicles were multiplied by a correction
factor of 5 to calculate the total follicles.

2.1. Diabetic mouse model
We generated a type 1 diabetes (T1D) mouse model according to
previous studies, with slight changes (Ge et al., 2013). Female ICR mice
(7-8w) were placed into cages with 2–3 days acclimation. Then mice
were assigned to two treatment groups, type 1 diabetes (T1D) mouse
group and control (T1DC) group, which were injected intraperitoneally
with a diabetogenic dose of STZ (230 mg/kg body weight) and buﬀer
solution, respectively, and kept until 3-4w. We examined fasting blood
glucose (overnight fasting), and only glucose levels at ≥17 mM were
considered to be diabetogenic. The body weight was checked every 5
days up to 30 days.

2.6. Assay for zona pellucida thickness and hardening
The zona pellucida (ZP) thickness measurement and zona pellucida
(ZP) hardening assays were conducted according to previous reports
(Gulyas and Yuan, 1985; Sameni et al., 2018; Zhang et al., 2017), with
minor changes. Brieﬂy, the oocytes were imaged by microscopy, and
the thickness of each ZP was measured at eight points and the average
was calculated. A total of 20 oocytes were treated with 100 ml drop of
PBS containing 1 mg/ml achymotrypsin (Sigma C4129) covered with
mineral oil at 30 °C. For the ﬁrst 30 min, oocytes were monitored every
2 min, then every 5 min until 3 h. When oocytes adhered to the bottom
of the dish, they were considered as oocytes with complete ZP dissolution. The time of 50% oocyte ZP with complete dissolution was
assessed as T50.

2.2. Hormone measurements
Plasma hormones were measured according to previous studies,
with slight changes (Li et al., 2018). Brieﬂy, after injection with STZ
(230 mg\kg) or buﬀer solution 3–4 w, the insulin concentration in
plasma was measured by mercodia mouse insulin ELISA kit (Mercodia).
2
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2.7. Double-enzyme digestion Single Cell Reduced Representation Bisulfate
Sequence (DedSCRRBS)
To investigate genome DNA methylation levels of oocytes and
granulosa cells, we used DedSCRRBS method. A total of 26 oocytes or a
certain number of granulosa cells were used as samples. The granulosa
cell DNA extraction was conducted by an Oral swab genomic DNA
extraction kit (Tiangen DP322-03) according to the manufacturer's instructions. Bisulphite conversion was performed on oocytes or granulosa cell DNA samples using an Invitrogen MethylCode Kit according to
the manufacturer's instructions. Then the bisulphite conversion was
performed by polymerase chain reaction (PCR) ampliﬁcation for two
times followed by 0.8X Agencourt Ampure XP beads for DNA puriﬁcation. The selected size products (200–700 bp) were puriﬁed by
QIAquick gel extraction kit according to the manufacturer's instructions. The sequencing Data was converted to Raw Data using CASAVA
software, using Trim Galore! software ﬁltered low-quality sequences
and joint sequences, and the ﬁltered sequence was Clean Data.
Sequence alignment and methylation calls were performed using
Bismark software with the mouse genome data (version no: GRCm38/
mm10) (Krueger and Andrews, 2011). In the analysis, CpGs with read
depth < 5 were discarded. All detected methylation levels of CpG sites
were statistically calculated using an R package methylKit. The methylKit package was used to calculate the level of methylation of each
sample correlation coeﬃcient (Pairwise Pearson Correlations), and
used for cluster analysis and PCA analysis. Genes containing at least 5
diﬀerentially methylated C loci at the same location of multiple cell
genomes, covering no less than 5×, and with 20% diﬀerence in average
methylation level of these loci, were referred to as diﬀerentially location-related genes. The genes were analyzed by R package clusterProﬁler for GO analysis and functional clustering was performed by PANTHER database.
Fig. 1. Basic information for diabetic mice. (A) The body weight in T1D mice
was signiﬁcantly lower than that of T1DC mice (P < 0.05), and maintained for
30 days. (B) The stages of the estrous cycle were longer in T1D mice than in
T1DC mice (P < 0.05). (C) MⅡ oocytes superovulated from T1DC and T1D
groups. (D) Histology of ovarian sections from T1DC and T1D groups, stained
with H&E (40x). (E) The number of MⅡ oocytes superovulated from T1D mice
was signiﬁcantly lower than that in the T1DC group (P < 0.05). (F)
Quantitative analysis of follicles from T1DC and T1D groups. Compared with
the T1DC group, the T1D group had lower numbers of primordial follicles, preantral follicles and antral follicles (P < 0.05). Data are means ± SEM.

2.8. Direct bisulphite sequencing
The bisulﬁte-treated samples were used for PCR ampliﬁcation according to our previous report with minor modiﬁcations (Liang et al.,
2011). The samples were bisulphite conversed by DNA MethylationDirect Kit (Zymo Research). MethPrimer was used to design relevant
diﬀerentially segmented primers according to the diﬀerentially methylated genes (Li and Dahiya, 2002). The primers used in this study are
shown in Supplemental Table 1. The bisulphite conversional DNA was
used directly as template for PCR. 25 μl reaction mixture that included
10× PCR buﬀer 2.5 μl, dNTP mix(2.5 mM) 2 μl, DNA 1 μl、forward
primer 2 μl, reverse primer 2 μl, Taq HS DNA polymerase 0.125 μl and
water 15.375 μl. The procedure of PCR was performed as follows: 94 °C
1 min, 94 °C 30 s, 55 °C 15 s, 72 °C 1 min, 72 °C 7 min, 16 °C 10 min, and
followed by 40 cycles. The PCR products with A tailing were directly
cloned with the pM18-T vector. Positive cloning by PCR detection was
sequenced. We used BISMA (Bisulﬁte Sequencing DNA Methylation
Analysis) to analyze the BS-Sequencing data (Rohde et al., 2010).

Table 1
Plasma hormone levels in diabetic and control mice.

Insulin (uIU/mL)
Estradiol (pg/mL)
Testosterone (ng/mL)

T1DC

T1D

14.48 ± 3.27
11.12 ± 1.09
4.38 ± 2.01

8.44 ± 2.49*
26.84 ± 14.5
1.03 ± 0.2*

Table note: Data are means ± SEM. *P < 0.05.

2.9. Statistical analysis

injection at a high dose (230 mg/kg). We examined fasting blood glucose (overnight fasting), and only glucose levels at ≥17 mM were
considered as to be diabetogenic. After injection of STZ, the body
weight of T1D mice was signiﬁcantly lower than that of the T1D control
(T1DC) during the test (P < 0.05) (Fig. 1A). Through hormone measurements, we found that the insulin and testosterone levels in the
plasma of T1D mice were signiﬁcantly lower compared to the T1DC
mice (P < 0.05) (Table 1), while the plasma concentration of estradiol
showed no signiﬁcant diﬀerence (Table 1).

At least 20 mice were used in each group. Data from at least three
repeated experiments were analyzed by independent sample T test with
SPSS software. Diﬀerences at the P < 0.05 level were considered statistically signiﬁcant.
3. Results
3.1. Diabetic mice showed weight loss and disordered hormones

3.2. Diabetic mice showed disordered estrous cycle

To explore the eﬀects of diabetes on oocyte zona pellucida and
genome methylation in oocytes and granulosa cells, we generated a
T1D mouse model. The T1D mouse model was obtained by STZ

After 3–4 w STZ injection, T1D mice and T1DC mice were mated
3
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Fig. 2. Zona pellucida and in vitro fertilization of oocytes in T1D and T1DC mice. (A) In vivo, the zona pellucida of 2-cell embryos ruptured. (B) In vitro
fertilization of oocytes in the T1D and T1DC groups showed no zona pellucida rupture at the 2-cell stage. However, compared with the T1DC group, the in vitro
fertilization rate in the T1D group decreased signiﬁcantly (P < 0.05) (C), while the 2-cell rate of fertilized eggs did not change (D). Data are means ± SEM.

and antral follicles in the T1D group (P < 0.05) (Fig. 1D,F). The
number of primary follicles in the T1D group was lower than that in the
T1DC group, but there was no signiﬁcant diﬀerence. This result explains the low ovulation rate in T1D mice, which is due to the reduced
follicle reserve in the ovaries at the high glucose environment.

with male ICR mice. We found that T1D mice rarely had a vaginal plug,
and no obvious signs of estrus were observed in the vulva. We further
determined the estrous phase of mice in the T1D group and T1DC group
at a ﬁxed time each day for 2 weeks. As shown in Fig. 1B, mice in the
T1D group showed a signiﬁcantly longer estrous cycle compared to the
T1DC group (P < 0.05), but the estrus days were signiﬁcantly fewer
than in the T1DC group (P < 0.05). These results indicate that with the
same mating scheme, it is diﬃcult for the T1D group to successfully
mate due to the prolonged estrus cycle, and shortened estrous.

3.4. Zona pellucida rupture in 2-cell in vivo embryos of diabetic mice
When collecting 2-cell embryos from diabetic mice, we found that
the zona pellucida ruptured (Fig. 2A) (Jing et al., 2019). This might be
caused by the oocyte's fragile zona pellucida or by the high glucose
environment in the oviduct or both. Firstly, we performed in vitro
fertilization of mice in the T1D group and the T1DC group, and found
that the zona pellucida of 2-cell embryos did not rupture in vitro
(Fig. 2B), while the fertilization rate of the T1D group was signiﬁcantly
lower than that of the T1DC group (P < 0.05) (Fig. 2C), and the 2-cell
rate of the T1D group also showed a decreasing trend, but there was no
signiﬁcant diﬀerence (Fig. 2D). This means that zona pellucida rupture
in 2-cell in vivo embryos was probably related to both the high glucose

3.3. Diabetic mice showed fewer ovulations and reduced ovarian reserve
To detect ovulations in the T1D group and the T1DC group, we
performed superovulation in the two groups. The number of ovulated
oocytes in the T1D group was signiﬁcantly lower than that in the T1DC
group (P < 0.05) (Fig. 1C), and the diﬀerence between the two groups
was as high as 5.68 times (T1D: 5.86 ± 1.34, T1DC: 33.33 ± 4.03)
(Fig. 1E). Histological analysis of ovaries showed that there was a signiﬁcantly decreased number of primordial follicles, pre-antral follicles
4
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Fig. 3. Zona pellucida thickness and hardening
assay. The GV and MⅡ oocytes from the T1D group
both had thinner zona pellucida, compared to the
T1DC group (P < 0.05) (A and C), while zona
pellucida hardness showed no change (B and D).
Oocytes from the high glucose group had thinner
zona pellucida, compared to the control group
(P < 0.05),while zona pellucida hardness showed
no change (E and F).Data are means ± SEM.

in vitro was suﬃcient to aﬀect the oocyte's zona pellucida.

Table 2
NO. of covered CpG sites.
NO. of covered CpG sites (million)(cov≥5)
T1DC
T1D
T1DC-GC
T1D-GC

2.0568
2.1154
2.7737
2.8264

±
±
±
±

4. Overview of double-enzyme digestion single cell reduced
representation

0.04
0.06
0.08
0.14

4.1. Bisulfate sequence
To investigate the genome DNA methylation proﬁles of oocytes and
granulosa cells, we used the Double-enzyme digestion Single Cell
Reduced Representation Bisulfate Sequence (DedSCRRBS) method. The
numbers of covered CpG sites in the oocytes of the T1D group and T1DC
group were 2.1154 ± 0.06 (million) and 2.0568 ± 0.04 (million),
respectively (Table 3), showing consistent uniformity and sequencing
quality. Similarly, the numbers of covered CpG sites in granulosa cells
in the T1D group and T1DC group were also very consistent (T1D-GC:
2.8264 ± 0.14 million, T1DC-GC: 2.7737 ± 0.08 million) (Table 2).
Meanwhile, the genome DNA methylation levels in oocytes and granulosa cells were not signiﬁcantly diﬀerent between the T1D group and
the T1DC group (Fig. 4A,B). Diﬀerentially methylated regions (DMRs)
were found between diﬀerent groups in oocytes and granulosa cells
(P < 0.001). We identiﬁed a total of 100 DMRs in granulosa cell group
and 2470 DMRs in oocyte group. Cluster analyses were conducted in
the T1D group and T1DC group and shown by heat maps (Fig. 4C,D);
both oocytes and granulosa cells displayed signiﬁcant diﬀerences between the two groups.

Table note: Data are means ± SEM. *P < 0.05.

environment and zona pullucida changes in T1D mice.
3.5. The zona pellucida from diabetic mouse oocytes showed decreased
thickness but normal hardness
To further clarify the changes in the oocyte zona pellucida of diabetic mice, we determined the zona pellucida thickness and hardness in
MII stage and GV stage oocytes. In the MII stage oocytes, the zona
pellucida from the T1D group was signiﬁcantly thinner (P < 0.05),
with normal hardness ( Fig. 3A,B). Also, in GV stage oocytes, the T1D
group showed signiﬁcantly thinner zona pellucida (P < 0.05) with
normal hardness (Fig. 3C,D). These results suggest that type 1 diabetes
aﬀects zona pellucida fragility.
3.6. High glucose in vitro maturation medium caused thinner zona pellucida

4.2. Diﬀerential genes and GO analysis

To further conﬁrm whether the high glucose environment caused
the changes in the zona pellucida in T1D mice, GV oocytes were cultured in M2 medium with IBMX and glucose for 12h, and then placed in
M2 medium with glucose. After treatment with high glucose medium
for 24h, the oocyte zona pellucida from the high glucose group showed
signiﬁcantly reduced thickness (P < 0.05), with normal hardness
(Fig. 3E and Fig. 3E,F). This indicates that high glucose culture for 24 h

When comparing oocyte DNA methylation proﬁles between the T1D
group and the T1DC groups, a total of 1021 diﬀerentially hypermethylated genes involving 634 GO terms and 509 diﬀerentially
hypomethylated genes involving 252 GO terms were found, among
which 53 were both diﬀerentially hypermethylated genes and
5
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Fig. 4. The methylation level and methylation site cluster maps. The methylation level of the whole genome in oocytes (A) and granulosa cells (B) of the T1D
group and the T1DC group. Heat map by cluster analysis, in oocytes (C) and granulosa cells (D).

response to stimulus (Fig. 5D).

Table 3
GO enrichment analysis in granulosa cells.
GO accession

Description

p Value

4.3. Bisulphite sequencing of several diﬀerentially methylated genes

GO:0071514
GO:0090287

genetic imprinting
regulation of cellular response to growth factor
stimulus
regulation of gene expression by genetic imprinting
regulation of transmembrane receptor protein serine/
threonine kinase signaling pathway

7.52E-08
1.06E-05

Several diﬀerentially methylated genes in oocytes and granulosa
cells were validated in the T1D group and T1DC group by direct bisulphite sequencing. The diﬀerentially methylated genes veriﬁed in the
granulosa cell group included Acot9, Fzd1, H13 and Htr2c. The diﬀerentially methylated genes identiﬁed in the egg group included Hmg20b,
Id4, Pi16, Rab3a, Ramp1, and Shank3. These genes all showed a differential methylation level (Table 4).

GO:0006349
GO:0090092

2.88E-05
4.94E-05

diﬀerentially hypomethylated genes (some genes are shown in supplemental data; some GO terms are shown in Supplemental Table 2 and
Table 3). When comparing granulosa cell DNA methylation proﬁles
between the T1D group and T1DC groups, a total of 85 diﬀerentially
hypermethylated genes and one diﬀerentially hypomethylated gene
involving 4 GO terms were revealed (Table 3, Fig. 5B). We used PANTHER database for biological process clustering, and showed that differentially hypermethylated genes and diﬀerentially hypomethylated
genes in oocytes involved 13 areas: biological adhesion, biological
regulation, cell proliferation, cellular component organization or biogenesis, cellular processes, developmental processes, immune system
processes, localization, metabolic processes, multicellular organismal
processes, reproduction, response to stimulus, and rhythmic processes;
signiﬁcant abnormal methylation of zona pellucida genes were observed (Fig. 5A,C). In granulosa cells, a total of 86 diﬀerentially methylated genes for biological process clustering involving 9 areas were
obtained: biological adhesion, biological regulation, cellular component organization or biogenesis, cellular processes, localization, metabolic processes, multicellular organismal processes, reproduction,

5. Discussion
Diabetes has become a serious threat to human health. It causes not
only endocrine disorders, but also serious harm to the human reproductive system. In this study, we generated a type 1 diabetes (T1D)
mouse model, which was characterized by weight loss, sex hormone
disorder, estrous cycle disorder, and reduced fertility. The diabetic mice
showed decreased ovulation and ovarian reserve, decreased thickness
of oocyte zona pellucida, rupture of early embryo zona pellucida, abnormal genome DNA methylation in oocytes and granulosa cells.
The reduced fertility of diabetic mice could be due to endocrine
disorders, which is reﬂected in the hormone disorder and estrous cycle
disorder in our T1D group. At the same time, the ovulation and ovarian
reserve in the T1D group were also reduced. This was consistent with
previous reports that diabetes causes abnormal follicular development,
decreased ovarian reserve, and reduced ovulation in mice, rats and
humans (Erbas et al., 2014; Wu et al., 2017). Another important consequence of diabetes is to foster a complex metabolic environment,
6
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Fig. 5. Cluster analysis of diﬀerent methylation genes. Biological process clustering of hypermethylated genes (A) and hypomethylated genes (C) in oocytes. The
red circle indicates developmental process and reproduction. (B) GO-analysis of diﬀerent methylation genes in granulosa cells. (D) Biological process clustering of
diﬀerent methylation genes in granulosa cells. The red circle indicates reproduction. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)

T1DC group. Diﬀerential methylation genes in oocytes and granulosa
cells were analyzed by methylation sequencing. These genes were signiﬁcantly enriched in GO terms by GO analysis, and these GO terms
were involved in multiple aspects of growth and development. In the
T1D group, we observed abnormal oocyte and embryo zona pellucida
and genome DNA methylation. Studies reported that the zona pellucida
in mouse oocytes was only from the growing oocytes (Oehninger, 2003;
Sinowatz et al., 2001). We paid special attention to whether there was a
correlation between the two aspects. We analyzed the relationship between zona pellucida genes (ZP1, ZP2 and ZP3) and the abnormal
methylation genes by STRING (Supplemental Fig. 1), and found that
abnormal methylation genes may be related to oocyte zona pellucida
changes Fig. 1. In granulosa cell group, a total of 85 diﬀerentially hypermethylated genes and one diﬀerentially hypomethylated gene involving 4 GO terms were analyzed between T1D group and T1DC
group. And the DNA methylation patterns in T1D and T1DC granulosa
cells were not highly distinct as the oocytes group. This might be related to the continuous proliferation of granulosa cells during follicular
development, and the abnormal granulosa cells will be eliminated by
selection mechanism.

Table 4
Average methylation levels of genes.

Hmg20b (XM_030244905.1)
Id4 (NM_031166.2)
Pi16 (XM_006525015.3)
Rab3a (XM_006509603.3)
Ramp1 (NM_178401.3)
Shank3 (XM_017316714.1)
Acot9 (NM_001313718.1)
Fzd1 (NM_021457.3)
H13 (NM_001159552.1)
Htr2c (NM_008312.4)

T1DC

T1D

10.76%
28.82%
6.15%
29.08%
6.81%
4.7%
19.90%
24.70%
0.79%
7.17%

15.83%
0
22.26%
25.88%
29.30%
32.5%
31.53%
51.76%
57.14%
13.88%

which might cause changes in mitochondrial distribution, mitochondria
DNA copy number and mitochondrial morphology (Wang et al., 2009;
Lin et al., 2010; Ge et al., 2013; Benkhalifa et al., 2014; Turner and
Robker, 2015).
In our type 1 diabetes (T1D) mouse model, 2-cell embryos showed
zona pellucida rupture, which might be another reason for reduced
fertility. We wondered whether this change was caused by the internal
oviductual environment of diabetes or changes in the zona pellucida of
oocytes. To pursue this question we ﬁrstly performed in vitro fertilization of mice in the T1D group and the T1DC group, and found no zona
pellucida rupture in 2-cell embryos in the T1D group, although the
fertilization rate was decreased. For further clariﬁcation, we next examined the thickness and hardness of the zona pellucida in MII stage
and GV stage oocytes, and showed that the zona pellucida from the T1D
group was signiﬁcantly thinner, but displayed normal hardness. Indeed,
when oocytes were cultured in vitro with high glucose medium for 24h,
the oocyte zona pellucida thickness was signiﬁcantly reduced, suggesting that high glucose was the main reason for the abnormal zona
pellucida in T1D mouse oocytes and embryos. Thus, decreased zona
pellucida thickness in oocytes and zona pellucida rupture in early embryos caused by high glucose might be one of the main reasons for
reduced fertility in diabetic mice.
China has a huge diabetic population. Epidemiological investigations have found that the current prevalence of type 2 diabetes in China
may be related to epigenetic changes caused by previous famines
(Zimmet and Shi, 2018). We compared genome wide DNA methylation
levels of oocytes and granulosa cells between the T1D group and the

6. Conclusions
In conclusion, T1D mice showed reduced ovulation and ovarian
reserve, a disordered estrus cycle, decreased oocyte zona pellucida
thickness, and rupture of zona pellucida in 2-cell in vivo embryos.
Diabetes also aﬀected genomic DNA methylation of oocytes and granulosa cells, providing basic data for further understanding and elucidating dysgenesis of type 1 diabetes mellitus.
Declaration of competing interest
The authors declare that no conﬂict of interest exists.
Acknowledgements
This study was supported by NSFC (No 31871504).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
7

Molecular and Cellular Endocrinology 500 (2020) 110627

L. Li, et al.

doi.org/10.1016/j.mce.2019.110627.

development in mice with oocyte-speciﬁc expression of Foxo3a. Development
(Cambridge, England) 134, 199–209.
Moreli, J.B., Santos, J.H., Lorenzon-Ojea, A.R., Correa-Silva, S., Fortunato, R.S., Rocha,
C.R., Rudge, M.V., Damasceno, D.C., Bevilacqua, E., Calderon, I.M., 2016.
Hyperglycemia Diﬀerentially Aﬀects Maternal and Fetal DNA Integrity and DNA
Damage Response. International journal of biological sciences 12, 466–477.
Morino, K., Petersen, K.F., Dufour, S., Befroy, D., Frattini, J., Shatzkes, N., Neschen, S.,
White, M.F., Bilz, S., Sono, S., et al., 2005. Reduced mitochondrial density and increased IRS-1 serine phosphorylation in muscle of insulin-resistant oﬀspring of type 2
diabetic parents. J. Clin. Investig. 115, 3587–3593.
Murayama, Y., Mizuno, J., Kamakura, H., Fueta, Y., Nakamura, H., Akaishi, K., Anzai, K.,
Watanabe, A., Inui, H., Omata, S., 2006. Mouse zona pellucida dynamically changes
its elasticity during oocyte maturation, fertilization and early embryo development.
Hum. Cell 19, 119–125.
Odor, D.L., Blandau, R.J., 1969. Ultrastructural studies on fetal and early postnatal mouse
ovaries. I. Histogenesis and organogenesis. Am. J. Anat. 124, 163–186.
Oehninger, S., 2003. Biochemical and functional characterization of the human zona
pellucida. Reprod. Biomed. Online 7, 641–648.
Pamir, N., Lynn, F.C., Buchan, A.M., Ehses, J., Hinke, S.A., Pospisilik, J.A., Miyawaki, K.,
Yamada, Y., Seino, Y., McIntosh, C.H., et al., 2003. Glucose-dependent insulinotropic
polypeptide receptor null mice exhibit compensatory changes in the enteroinsular
axis. Am. J. Physiol. Endocrinol. Metabol. 284, E931–E939.
Park, J.H., Stoﬀers, D.A., Nicholls, R.D., Simmons, R.A., 2008. Development of type 2
diabetes following intrauterine growth retardation in rats is associated with progressive epigenetic silencing of Pdx1. The Journal of clinical investigation 118,
2316–2324.
Pedersen, T., Peters, H., 1968. Proposal for a classiﬁcation of oocytes and follicles in the
mouse ovary. J. Reprod. Fertil. 17, 555–557.
Petersen, K.F., Dufour, S., Shulman, G.I., 2005. Decreased insulin-stimulated ATP
synthesis and phosphate transport in muscle of insulin-resistant oﬀspring of type 2
diabetic parents. PLoS Med. 2, e233.
Rankin, T.L., O'Brien, M., Lee, E., Wigglesworth, K., Eppig, J., Dean, J., 2001. Defective
zonae pellucidae in Zp2-null mice disrupt folliculogenesis, fertility and development.
Development 128, 1119–1126 Cambridge, England.
Rohde, C., Zhang, Y., Reinhardt, R., Jeltsch, A., 2010. BISMA–fast and accurate bisulﬁte
sequencing data analysis of individual clones from unique and repetitive sequences.
BMC Bioinf. 11, 230.
Sameni, H.R., Javadinia, S.S., Safari, M., Tabrizi Amjad, M.H., Khanmohammadi, N.,
Parsaie, H., Zarbakhsh, S., 2018. Eﬀect of quercetin on the number of blastomeres,
zona pellucida thickness, and hatching rate of mouse embryos exposed to actinomycin D: an experimental study. Int. J.Reprod. Biomed. 16, 101–108.
Shen, Y., Stalf, T., Mehnert, C., Eichenlaub-Ritter, U., Tinneberg, H.R., 2005. High
magnitude of light retardation by the zona pellucida is associated with conception
cycles. Hum. Reprod.(Oxford, England) 20, 1596–1606.
Sinowatz, F., Kolle, S., Topfer-Petersen, E., 2001. Biosynthesis and expression of zona
pellucida glycoproteins in mammals. Cells Tissues Organs 168, 24–35.
Turner, N., Robker, R.L., 2015. Developmental programming of obesity and insulin resistance: does mitochondrial dysfunction in oocytes play a role? Molecular human
reproduction 21, 23–30.
Wang, Q., Chi, M.M., Moley, K.H., 2012. Live imaging reveals the link between decreased
glucose uptake in ovarian cumulus cells and impaired oocyte quality in female diabetic mice. Endocrinology 153, 1984–1989.
Wang, Q., Ratchford, A.M., Chi, M.M., Schoeller, E., Frolova, A., Schedl, T., Moley, K.H.,
2009. Maternal diabetes causes mitochondrial dysfunction and meiotic defects in
murine oocytes. Mol. Endocrinol.(Baltimore, Md) 23, 1603–1612.
Wang, Q., Tang, S.B., Song, X.B., Deng, T.F., Zhang, T.T., Yin, S., Luo, S.M., Shen, W.,
Zhang, C.L., Ge, Z.J., 2018. High-glucose concentrations change DNA methylation
levels in human IVM oocytes. Hum. Reprod.(Oxford, England) 33, 474–481.
Wu, Y., Li, Y., Liao, X., Wang, Z., Li, R., Zou, S., Jiang, T., Zheng, B., Duan, P., Xiao, J.,
2017. Diabetes induces abnormal ovarian function via triggering apoptosis of granulosa cells and suppressing ovarian angiogenesis. Int. J. Biol. Sci. 13, 1297–1308.
Zhang, X., Liu, X., Chen, L., Wu, D.Y., Nie, Z.W., Gao, Y.Y., Miao, Y.L., 2017. Caﬀeine
delays oocyte aging and maintains the quality of aged oocytes safely in mouse.
Oncotarget 8, 20602–20611.
Zimmet, P., Shi, Z., 2018. Epidemic T2DM, early development and epigenetics: implications of the Chinese Famine. 14, 738–746.

References
Baker, L., Piddington, R., 1993. Diabetic embryopathy: a selective review of recent trends.
J. Diabetes Complicat. 7, 204–212.
Benkhalifa, M., Ferreira, Y.J., Chahine, H., Louanjli, N., Miron, P., Merviel, P., Copin, H.,
2014. Mitochondria: participation to infertility as source of energy and cause of senescence. The international journal of biochemistry & cell biology 55, 60–64.
Byers, S.L., Wiles, M.V., Dunn, S.L., Taft, R.A., 2012. Mouse estrous cycle identiﬁcation
tool and images. PLoS One 7, e35538.
Carmell, M.A., Girard, A., van de Kant, H.J., Bourc'his, D., Bestor, T.H., de Rooij, D.G.,
Hannon, G.J., 2007. MIWI2 is essential for spermatogenesis and repression of
transposons in the mouse male germline. Dev. Cell 12, 503–514.
Chang, A.S., Dale, A.N., Moley, K.H., 2005. Maternal diabetes adversely aﬀects preovulatory oocyte maturation, development, and granulosa cell apoptosis.
Endocrinology 146, 2445–2453.
Corrigan, N., Brazil, D.P., McAuliﬀe, F., 2009. Fetal cardiac eﬀects of maternal hyperglycemia during pregnancy. Birth defects research. Part A, Clinical and molecular
teratology 85, 523–530.
Dabelea, D., Crume, T., 2011. Maternal environment and the transgenerational cycle of
obesity and diabetes2. Diabetes 60, 1849–1855.
Erbas, O., Pala, H.G., Pala, E.E., Oltulu, F., Aktug, H., Yavasoglu, A., Taskiran, D., 2014.
Ovarian failure in diabetic rat model: nuclear factor-kappaB, oxidative stress, and
pentraxin-3. Taiwan. J. Obstet. Gynecol. 53, 498–503.
Felicio, L.S., Nelson, J.F., Finch, C.E., 1984. Longitudinal studies of estrous cyclicity in
aging C57BL/6J mice: II. Cessation of cyclicity and the duration of persistent vaginal
corniﬁcation. Biol. Reprod. 31, 446–453.
Ge, Z.J., Liang, X.W., Guo, L., Liang, Q.X., Luo, S.M., Wang, Y.P., Wei, Y.C., Han, Z.M.,
Schatten, H., Sun, Q.Y., 2013. Maternal diabetes causes alterations of DNA methylation statuses of some imprinted genes in murine oocytes. Biol. Reprod. 88, 117.
Ge, Z.J., Zhang, C.L., Schatten, H., Sun, Q.Y., 2014. Maternal diabetes mellitus and the
origin of non-communicable diseases in oﬀspring: the role of epigenetics. Biol.
Reprod. 90, 139.
Gulyas, B.J., Yuan, L.C., 1985. Cortical reaction and zona hardening in mouse oocytes
following exposure to ethanol. J. Exp. Zool. 233, 269–276.
Hu, M.W., Meng, T.G., Jiang, Z.Z., Dong, M.Z., Schatten, H., Xu, X., Wang, Z.B., Sun, Q.Y.,
2016. Protein phosphatase 6 protects prophase I-arrested oocytes by safeguarding
genomic integrity. PLoS Genet. 12, e1006513.
Jing, Y., Li, L., Li, Y.Y., Ouyang, Y.C., Sun, Q.Y., Zhang, C.L., 2019. Embryo quality, and
not chromosome nondiploidy, aﬀects mitochondrial DNA content in mouse blastocysts. 234, 10481–10488.
Keefe, D., Liu, L., Wang, W., Silva, C., 2003. Imaging meiotic spindles by polarization
light microscopy: principles and applications to IVF. Reprod. Biomed. Online 7,
24–29.
Krueger, F., Andrews, S.R., 2011. Bismark: a ﬂexible aligner and methylation caller for
Bisulﬁte-Seq applications. Bioinformatics (Oxford, England) 27, 1571–1572.
La Vignera, S., Condorelli, R.A., Vicari, E., D'Agata, R., Calogero, A.E., 2011. Seminal
vesicles and diabetic neuropathy: ultrasound evaluation in patients with couple infertility and diﬀerent levels of glycaemic control. Asian J. Androl. 13, 872–876.
Lee, H.J., Hore, T.A., Reik, W., 2014. Reprogramming the methylome: erasing memory
and creating diversity. Cell stem cell 14, 710–719.
Li, L.C., Dahiya, R., 2002. MethPrimer: designing primers for methylation PCRs.
Bioinformatics (Oxford, England) 18, 1427–1431.
Li, Q.N., Li, L., Hou, G., Wang, Z.B., Hou, Y., Liu, Z.H., Schatten, H., Sun, Q.Y., 2018.
Glucocorticoid exposure aﬀects female fertility by exerting its eﬀect on the uterus but
not on the oocyte: lessons from a hypercortisolism mouse model. Hum. Reprod.
(Oxford, England) 33, 2285–2294.
Liang, X.W., Ge, Z.J., Guo, L., Luo, S.M., Han, Z.M., Schatten, H., Sun, Q.Y., 2011. Eﬀect
of postovulatory oocyte aging on DNA methylation imprinting acquisition in oﬀspring oocytes. Fertil. Steril. 96, 1479–1484.
Lin, S., Lin, K., Li, W., Zhou, X., Huang, T., 2010. Maternal diabetes increases apoptosis in
mice oocytes, not 2-cell embryos. Endocrine 37, 460–466.
Liu, L., Rajareddy, S., Reddy, P., Du, C., Jagarlamudi, K., Shen, Y., Gunnarsson, D.,
Selstam, G., Boman, K., Liu, K., 2007. Infertility caused by retardation of follicular

8

