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A B S T R A C T

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 me-
thylation 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 compli-
cations, 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, dia-
betes 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 ad-
verse 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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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 im-
plantation rates (Sameni et al., 2018; Shen et al., 2005).

From gamete maturation, fertilization, early embryonic develop-
ment 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 de-
velopment and offspring health. Abnormal DNA demethylation or im-
proper establishment of the DNA methylation region can lead to ab-
normal 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 re-
serve, 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 oo-
cytes 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. Methods

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.

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 (230mg/kg body weight) and buffer
solution, respectively, and kept until 3-4w. We examined fasting blood
glucose (overnight fasting), and only glucose levels at ≥17mM were
considered to be diabetogenic. The body weight was checked every 5
days up to 30 days.

2.2. Hormone measurements

Plasma hormones were measured according to previous studies,
with slight changes (Li et al., 2018). Briefly, after injection with STZ
(230mg\kg) or buffer solution 3–4 w, the insulin concentration in
plasma was measured by mercodia mouse insulin ELISA kit (Mercodia).

Estradiol and testosterone were measured by Estradiol Radio-
immunoassay Kit and [125I] Testosterone Radioimmunoassay Kit from
Beijing North Institute of Biological Technology. The experimental
procedures were performed as described in the manufacturer's in-
structions.

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 nu-
cleated 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 su-
perovulated by intraperitoneal injection of 8 IU equine chorionic go-
nadotropin (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 (3mg/ml) for 12h, then placed in M2 medium with glucose
(3mg/ml). For IVF, we obtained spermatozoa from the cauda epidi-
dymides 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, Ger-
many).

2.5. Quantification of ovarian follicles

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 sec-
tioned 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.

2.6. 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 100ml drop of
PBS containing 1mg/ml achymotrypsin (Sigma C4129) covered with
mineral oil at 30 °C. For the first 30min, oocytes were monitored every
2min, then every 5min until 3 h. When oocytes adhered to the bottom
of the dish, they were considered as oocytes with complete ZP dis-
solution. The time of 50% oocyte ZP with complete dissolution was
assessed as T50.

L. Li, et al. Molecular and Cellular Endocrinology 500 (2020) 110627

2



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 in-
structions. Bisulphite conversion was performed on oocytes or granu-
losa 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 pur-
ification. The selected size products (200–700 bp) were purified by
QIAquick gel extraction kit according to the manufacturer's instruc-
tions. 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 me-
thylKit 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 loca-
tion-related genes. The genes were analyzed by R package clusterPro-
filer for GO analysis and functional clustering was performed by PAN-
THER database.

2.8. Direct bisulphite sequencing

The bisulfite-treated samples were used for PCR amplification ac-
cording to our previous report with minor modifications (Liang et al.,
2011). The samples were bisulphite conversed by DNA Methylation-
Direct Kit (Zymo Research). MethPrimer was used to design relevant
differentially segmented primers according to the differentially me-
thylated 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
1min, 94 °C 30 s, 55 °C 15 s, 72 °C 1min, 72 °C 7min, 16 °C 10min, 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).

2.9. Statistical analysis

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 sta-
tistically significant.

3. Results

3.1. Diabetic mice showed weight loss and disordered hormones

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

injection at a high dose (230mg/kg). We examined fasting blood glu-
cose (overnight fasting), and only glucose levels at ≥17mM 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 mea-
surements, 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).

3.2. Diabetic mice showed disordered estrous cycle

After 3–4 w STZ injection, T1D mice and T1DC mice were mated

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, pre-
antral follicles and antral follicles (P < 0.05). Data are means ± SEM.

Table 1
Plasma hormone levels in diabetic and control mice.

T1DC T1D

Insulin (uIU/mL) 14.48 ± 3.27 8.44 ± 2.49*
Estradiol (pg/mL) 11.12 ± 1.09 26.84 ± 14.5
Testosterone (ng/mL) 4.38 ± 2.01 1.03 ± 0.2*

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

3.3. 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 sig-
nificantly decreased number of primordial follicles, pre-antral follicles

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 ex-
plains the low ovulation rate in T1D mice, which is due to the reduced
follicle reserve in the ovaries at the high glucose environment.

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

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.
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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 dia-
betic 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

To further confirm whether the high glucose environment caused
the changes in the zona pellucida in T1D mice, GV oocytes were cul-
tured 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

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

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

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 gran-
ulosa 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 be-
tween the two groups.

4.2. Differential genes and GO analysis

When comparing oocyte DNA methylation profiles between the T1D
group and the T1DC groups, a total of 1021 differentially hy-
permethylated 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

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.

Table 2
NO. of covered CpG sites.

NO. of covered CpG sites (million)(cov≥5)

T1DC 2.0568 ± 0.04
T1D 2.1154 ± 0.06
T1DC-GC 2.7737 ± 0.08
T1D-GC 2.8264 ± 0.14

Table note: Data are means ± SEM. *P < 0.05.
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differentially hypomethylated genes (some genes are shown in sup-
plemental 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 PAN-
THER database for biological process clustering, and showed that dif-
ferentially hypermethylated genes and differentially hypomethylated
genes in oocytes involved 13 areas: biological adhesion, biological
regulation, cell proliferation, cellular component organization or bio-
genesis, 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 ob-
served (Fig. 5A,C). In granulosa cells, a total of 86 differentially me-
thylated genes for biological process clustering involving 9 areas were
obtained: biological adhesion, biological regulation, cellular compo-
nent organization or biogenesis, cellular processes, localization, meta-
bolic processes, multicellular organismal processes, reproduction,

response to stimulus (Fig. 5D).

4.3. Bisulphite sequencing of several differentially methylated genes

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

5. Discussion

Diabetes has become a serious threat to human health. It causes not
only endocrine disorders, but also serious harm to the human re-
productive 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, ab-
normal 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 con-
sequence of diabetes is to foster a complex metabolic environment,

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).

Table 3
GO enrichment analysis in granulosa cells.

GO accession Description p Value

GO:0071514 genetic imprinting 7.52E-08
GO:0090287 regulation of cellular response to growth factor

stimulus
1.06E-05

GO:0006349 regulation of gene expression by genetic imprinting 2.88E-05
GO:0090092 regulation of transmembrane receptor protein serine/

threonine kinase signaling pathway
4.94E-05
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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 fertili-
zation 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 ex-
amined 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, sug-
gesting 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 em-
bryos caused by high glucose might be one of the main reasons for
reduced fertility in diabetic mice.

China has a huge diabetic population. Epidemiological investiga-
tions 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

T1DC group. Differential methylation genes in oocytes and granulosa
cells were analyzed by methylation sequencing. These genes were sig-
nificantly 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 be-
tween 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 hy-
permethylated genes and one differentially hypomethylated gene in-
volving 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 re-
lated to the continuous proliferation of granulosa cells during follicular
development, and the abnormal granulosa cells will be eliminated by
selection mechanism.

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 gran-
ulosa cells, providing basic data for further understanding and eluci-
dating dysgenesis of type 1 diabetes mellitus.
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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.)

Table 4
Average methylation levels of genes.

T1DC T1D

Hmg20b (XM_030244905.1) 10.76% 15.83%
Id4 (NM_031166.2) 28.82% 0
Pi16 (XM_006525015.3) 6.15% 22.26%
Rab3a (XM_006509603.3) 29.08% 25.88%
Ramp1 (NM_178401.3) 6.81% 29.30%
Shank3 (XM_017316714.1) 4.7% 32.5%
Acot9 (NM_001313718.1) 19.90% 31.53%
Fzd1 (NM_021457.3) 24.70% 51.76%
H13 (NM_001159552.1) 0.79% 57.14%
Htr2c (NM_008312.4) 7.17% 13.88%
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