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Abstract

DNA damage and DNA damage response (DDR) in neurulation stage embryos under maternal
diabetes conditions are not well understood. The purpose of this study was to investigate whether
maternal diabetes and high glucose in vitro induce DNA damage and DDR in the developing
embryo through oxidative stress. In vivo experiments were conducted by mating superoxide
dismutase 1 (SOD1) transgenic male mice with wild-type (WT) female mice with or without
diabetes. Embryonic day 8.75 (E8.75) embryos were tested for the DNA damage markers,
phosphorylated histone H2A. X (p-H2A.X) and DDR signaling intermediates, including
phosphorylated checkpoint 1 (p-Chk1), phosphorylated checkpoint 2 (p-Chk2), and p53. Levels of
the same DNA damage markers and DDR signaling intermediates were also determined in the
mouse C17.2 neural stem cell line. Maternal diabetes and high glucose in vitro significantly
increased the levels of p-H2A.X. Levels of p-Chk1, p-Chk2, and p53, were elevated under both
maternal diabetic and high glucose conditions. SOD1 overexpression blocked maternal diabetes-
induced DNA damage and DDR in vivo. Tempol, a SOD1 mimetic, diminished high glucose-
induced DNA damage and DDR in vitro. In conclusion, maternal diabetes and high glucose in
vitro induce DNA damage and activates DDR through oxidative stress, which may contribute to
the pathogenesis of diabetes-associated embryopathy.
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1. Introduction

Maternal diabetes-associated birth defects occur in 6-10% of live births, representing a
significant maternal-fetal health problem[1-3]. Neural tube defects and congenital heart
defects are the most common types of birth defects induced by maternal diabetes[1-3].
Previous studies have demonstrated that embryos exhibit high levels of oxidative stress
under maternal diabetic or high glucose conditions[1-7]. Reactive oxygen species of
oxidative stress adversely modify protein, lipid, and DNA that lead to cellular dysfunction
and thereby contribute to the pathogenesis of diabetes-associated complications[8, 9].
Studies have shown that both type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus
(T2DM) induce DNA damage[10]. However, the role of maternal diabetes on embryonic
DNA damage remains unclear.

Oxidative stress is the vital cause for DNA damage[11]. Oxidative stress may induce about
10,000 DNA alterations per cell per day[12]. In order to maintain genetic stability in the
event of DNA damage, The DNA damage response (DDR) and the DNA repair pathway are
activated for recognition of DNA damage lesions and promoting DNA damage repair[11,
12]. DDR is comprised of two main pathways: the Ataxia-telan-giectasia mutated (ATM)-
Checkpoint 2 (ATM-Chk?2) and ATR-Rad3-related (ATR)-Checkpoint 1 (Chk1) (ATR-
Chk1)[11]. ATM-Chk2 dependent DDR is activated primarily in response to double
stranded DNA breaks (DSBs)[11]. Activated ATM possesses kinase activity, which
phosphorylates multiple substrates including Chk2, p53, and histone H2A.X[12]. The ATR-
Chk1 pathway is activated by UV, IR, methyl methanesulfonate (MMS) and mitomycin
(MMC) in response to stalled DNA replication forks and DNA damage and causes
phosphorylation of Chk1 at serine 345[11]. The phosphorylation of Chk1 enhances its
kinase activity and phosphorylates its downstream substrates and facilitates cell cycle arrest
and DNA damage repair[11]. Both ATM-Chk2 and ATR-Chk1 pathway can be triggered by
oxidative stress[11].

Because maternal diabetes mainly affects the neural stem cells in the developing embryo,
the present study aims to determine whether maternal diabetes or high glucose in vitro
induces DNA damage and DDR in mouse embryos and neural stem cells, respectively. We
found that maternal diabetes and high glucose in vitro induced DNA damage by increasing
phosphorylation of H2A.X, activating the DDR signaling pathway and its downstream
effector p53. Furthermore, oxidative stress was responsible for DNA damage and DDR
activation. Thus, DNA damage and DDR activation may play critical roles in high glucose-
induced apoptosis and maternal diabetes-induced embryopathy.

2. Materials and Methods

2.1. Animals and reagents

Wild-type (WT) C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor,
ME). SOD1-Tg mice in the C57BL/6J background were revived from frozen embryos by the
Jackson Laboratory (Stock number: 002298). Streptozotocin (STZ) from Sigma (St. Louis,
MO) was dissolved in sterile 0.1 M citrate buffer (pH4.5). The procedures for animal use
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were approved by the University of Maryland School of Medicine Institutional Animal Care
and Use Committee.

2.2. Mouse models of diabetic embryopathy

The mouse model of diabetic embryopathy has been described previously[13]. Briefly, ten-
week old WT female mice were intravenously injected daily with 75 mg/kg STZ over two
days to induce diabetes. Using STZ to induce diabetes is not a complicating factor because
STZ is cleared from the bloodstream rapidly (STZ serum half-life, 15 minutes), and
pregnancy is not established until one-to-two weeks after STZ injections. Diabetes was
defined as a 12 hours fasting blood glucose level of = 14 mM. To generate SOD1 embryos,
we crossed SOD1-Tg male mice with nondiabetic or diabetic WT female mice. Male and
female mice were paired at 3:00 P.M., and pregnancy was established by the presence of the
vaginal plug next morning, and noon of that day was designated as day 0.5 (E0.5). WT
female mice were treated with vehicle injections as nondiabetic controls. On E8.75 (at 6:00
P.M.), mice were euthanized and conceptuses were dissected out of the uteri, embryos with
the yolk sacs were removed from the deciduas and then yolk sacs were removed from the
embryos. The embryos were used for analyses.

2.3. Cell culture

C17.2 mouse neural stem cells, originally obtained from ECACC (European Collection of
Cell Culture), were maintained in DMEM (5 mM glucose) supplemented with 10% fetal
bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin at 37° in a humidified
atmosphere of 5% CO,. The C17.2 cells are newborn mouse cerebellar progenitor cells
transformed with retroviral v-myc.

2.4. Western blotting analysis

Equal amounts of protein from embryos or cells were resolved by the SDS-PAGE gel
electrophoresis and transferred onto Immunobilon-P membranes (Millipore, Billerica, MA).
Membranes were incubated in 5% nonfat milk for 45 minutes and then were incubated for
18 hours at 4°C with the following primary antibodies at dilutions of 1:1000 in 5% nonfat
milk: p-Chk1, Chk1, p-Chk2, Chk2, p53, p-H2A.X, H2A.X and SOD1(Cell Signaling
Technology). Membranes were then exposed to goat anti-rabbit or anti-mouse secondary
antibodies. To confirm that equivalent amounts of protein were loaded among samples,
membranes were stripped and probed with a mouse antibody against p-actin (Abcam).
Signals were detected using the SuperSignal West Femto Maximum Sensitivity Substrate kit
(Thermo Scientific). All experiments were repeated three times with the use of
independently prepared tissue lysates.

2.5. Statistics

Data are presented as means + S.E.M. Three embryos from three separate dams were used
for the in vivo studies and cell cultures experiments were repeated three times. One-way
ANOVA was performed using the SigmaStat 3.5 software, a Tukey test was used to estimate
the significance. Statistical significance was accepted when P < 0.05.
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3.1. Maternal diabetes and high glucose induce phosphorylation of H2A.X

The histone variant H2A.X is extensively phosphorylated at Serine 139, which is referred to
v-H2A. X, by the ATM and ATR kinase at DNA break sites[12]. Therefore, phosphorylation
of H2A. X represents one of the earliest DNA damage-induced markers, and is essential for
the sustained recruitment of various checkpoint and DNA repair proteins to the DNA
damage sites[12]. Maternal diabetes significantly increased p-H2A.X levels in developing
embryos (Fig. 1A). The C17.2 mouse neural stem cell line was used to determine whether
high glucose in vitro induces phosphorylation of H2A.X. The C17.2 cells were cultured
either under normal glucose (5 mM glucose) or high glucose (16.7, 25 and 33.3 mM
glucose) conditions. High glucose increased the levels of p-H2A.X in a dose-dependent
manner (Fig. 1B). Moreover, mannitol was used as an osmatic control of high glucose. High
mannitol concentrations had no effect on the levels of p-H2A.X (Fig. 1C). Thus, our data
indicate that maternal diabetes or high glucose triggers DNA damage in vivo and in vitro,
respectively.

3.2. Inhibiting oxidative stress blocks maternal diabetes- and high glucose-induced DNA

damage

Our previous studies have demonstrated that oxidative stress mediates the adverse effects of
maternal diabetes, and the antioxidant enzyme, SOD1 overexpression in SOD1 Tg mice
blocks maternal diabetes-induced oxidative stress in the developing embryo [14-16]. To test
whether oxidative stress is involved in maternal diabetes-induced DNA damage, wild-type
(WT) and SOD1 overexpressing embryos from nondiabetic and diabetic dams were used to
determine the levels of p-H2A.X. SOD1 overexpression suppressed the increase of p-H2A.X
levels by maternal diabetes (Fig. 1A). Furthermore, the SOD1 mimetic Tempol abrogated
high glucose-induced H2A. X phosphorylation in vitro (Fig. 1D). These findings suggest that
mitigating oxidative stress abrogates maternal diabetes- and high glucose-induced DNA
damage.

3.3. Maternal diabetes induces Chk1 and Chk2 phosphorylation through oxidative stress

In order to reveal the involvement of Chk1 and Chk2 in the maternal diabetes-induced DDR
in diabetic embryopathy, the phosphorylation levels of Chk1 and Chk2 in the developing
embryo were determined. Maternal diabetes significantly induced the phosphorylation of
Chk1 and Chk2, and this effect was blocked by overexpression of SOD1 (Fig. 2A and B).

The phosphorylation of Chk1 and Chk2 was validated through in vitro experiments. High
glucose increased the phosphorylation of Chk1 and Chk2 in a dose-dependent manner (Fig.
3A). Mannitol had no effect on the phosphorylation of Chk1 and Chk2 in cultured cells (Fig.
3B). Furthermore, Tempol abolished high glucose-induced phosphorylation of Chk1 and
Chk2 (Fig. 3C).

3.4. Maternal diabetes and high glucose induce p53 accumulation via oxidative stress

The phosphorylation of p53 is the result of Chk1 and Chk2 phsophorylation. The stabilized
p53 due to phsophorylation subsequently accumulates in cells, and, thus, promoted its
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transcription factor activity that triggers cell cycle arrest or cell death[17]. Indeed, consistent
with Chk1 and Ckh2 phosphorylation, p53 protein levels were significantly increased in
embryos exposed to maternal diabetes compared with embryos from nondiabetic dams (Fig.
4A). Overexpression of SOD1 in embryos reduced the level of p53 to that in embryos from
nondiabetic dams (Fig. 4A). Similarly, high glucose induced the increase of p53 in the
C17.2 mouse neural stem cells. This finding was not seen in its osmotic control, mannitol
(Fig. 4B and C). Moreover, Tempol suppressed high glucose-induced increase of p53 (Fig.
4D).

4. Discussion

This study provides evidence that maternal diabetes induces DNA damage and DDR during
the neurulation stage of developing embryos. The DNA damage marker p-H2A.X was
increased in the developing embryo by maternal diabetes and this elevation was suppressed
by overexpression of SOD1. In addition, the data indicate that the DDR pathways are
activated by maternal diabetes manifested by increased phosphorylation of Chk1, p-Chk2,
and p53 accumulation. Overexpression of SOD1 in embryos diminished DDR activation.
The occurrence of DNA damage and DDR in the developing embryo by high glucose of
diabetes was recapitulated through in vitro studies with mouse neural stem cells. High
glucose induced DNA damage and DDR in neural stem cells, and these effects were
abrogated by the application of the SOD1 mimetic Tempol. These findings indicate that
maternal diabetes induces DNA damage and DDR in the developing embryo, and these
events may ultimately contribute to maternal diabetes-associated birth defects, particularly
neural tube defects.

Human studies have shown that diabetes-induced DNA damage occurs in a variety of cells
and tissues, including lymphocytes[18, 19], mononuclear cells[20], leukocytes[21],
erythrocytes[22], islet cells[23], and visceral adipose tissue[24]. Animal studies have shown
that diabetes increases the levels of the oxidative DNA damage marker 8-o0xo-dG in the rat
renal cortex[25, 26], testis[27], and corpus cavernosum[28]. However, the extent of DNA
damage in diabetes-associated embryos remains unclear. Rats with severe diabetes show
higher levels of DNA damage in leukocytes of the offspring[29, 30]. Other groups have
shown that the mutation frequency of the neutral target gene lacl in fetuses is increased
under maternal diabetic environments and high glucose conditions in vitro[31, 32]. The
increase in fetal DNA mutations can be attributed to high glucose-mediated DNA
damage[31, 32]. Our study provides direct evidence that maternal diabetes induces DNA
damage during the neurulation stage of embryos by establishing the presence of increased p-
H2A.X and DDR activation. Furthermore, we ascertained that maternal diabetes-induced
oxidative stress contributed to the DNA damage by diminishing the adverse effects in
embryos and neural stem cells with the implementation of SOD1 and Tempol, respectively.
These findings are consistent with those of previous studies in other systems[33]. For
example, thalidomide is a teratogenic compound and thalidomide-induced oxidative stress
increases the DNA damage in rabbit embryos[33]. Collectively, our findings further support
the oxidative stress hypothesis in the induction of diabetic embryopathy[1, 2].
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Maternal diabetes-induced DNA damage may involve multiple types of DNA breaks or
lesions. This is further supported by the fact that some groups have observed single stranded
DNA breaks (SSBs) in peripheral blood lymphocytes from human samples of type 1 and
type 2 diabetes mellitus[18-20, 22]. The occurrence of DSBs by identifying a well-validated
DSB marker, p-H2A.X, in peripheral blood lymphocytes from a group of type 1 diabetes
mellitus adolescent patients[34]. These results are consistent with our findings because we
also observed an increase of p-H2A.X in mouse embryos from diabetic mothers.

The DDR pathways are activated by oxidative stress and they are used to detect DNA
lesions, signal their presence, and arrest cell cycle progression to promote DNA damage
repair[11]. Human studies have shown that DNA repair capacity is inhibited in lymphocytes
by oxidative stress induced by type 1 and type 2 diabetes mellitus[18, 19, 22]. Diabetes-
induced oxidative DNA damage is associated with the down-regulation of 8-oxoG-DNA
glycosylase (OGGL1), a DNA repair enzyme[25]. Collectively, we propose that maternal
diabetes-induced DNA damage results from a decrease in DNA repair capacity. In future
studies, we may aim to investigate the mechanisms underlying maternal diabetes-induced
DNA repair dysfunction in embryos.

The DDR pathways are activated for DNA repair purposes[11]. However, when DNA
damage exceeds the cellular capacity to repair or the repair pathways are suppressed, the
accumulation of DNA damage will overwhelm cells and result in cell death or
apoptosis[29]. The present study shows that when there is maternal diabetes-induced DNA
damage, p53 accumulates in embryos. p53 is a transcription factor that induces cellular
growth arrest or apoptosis[17]. Our previous studies have demonstrated that neural stem cell
apoptosis in the developing neuroepithelium is the causal event for maternal diabetes-
induced neural tube defects[1, 2]. We have elucidated the roles of oxidative stress, ER
stress, and their molecular mediator in embryonic apoptosis[1, 2, 4, 6, 7, 35, 36]. DNA
damage and the accumulation of p53 may be other important factors in maternal diabetes-
induced embryonic apoptosis.

In summary, our study provides the first direct evidence that high glucose of diabetes or
high glucose in vitro leads to DNA damage, DDR activation, and p53 accumulation in the
neurulation stage of embryos and neural stem cells, respectively. These findings suggest that
DNA damage may participate in maternal diabetes-induced apoptosis in developing embryo.
These discoveries may help us understand the mechanisms that underlie maternal diabetes-
induced birth defects, particularly neural tube defects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Maternal diabetes and high glucose in vitro induce H2A.X phosphorylation. A.

Phosphorylation of H2A. X in E8.75 embryos from nondiabetic or diabetic dams, in the
presence or absence of SOD1 overexpression. B. Phosphorylation of H2A.X in neural stem
cells treated with glucose (5, 16.7, 25, 33.3 mM) for 48 hours. C. Phosphorylation of H2A.X
in neural stem cells treated with normal glucose (5 mM) plus mannitol (0, 11.7, 20, 18.3
mM) for 48 hours. D. Phosphorylation of H2A.X in neural stem cells treated with normal (5
mM) or high glucose (25 mM) for 48 hours, in the presence or absence of Tempol (100 uM).
Within each panel, the membrane was probed first for the phosphorylated protein and
sequentially stripped for probing of the total protein content and p-actin. The quantification
of the blot is shown in the bar graph. Experiments were repeated three times (n = 3). Values
are the means = SEM from three separate experiments. * indicates significant differences (P
< 0.05) compared to the other three groups (A, D) or the normal glucose (5 mM) groups (B).
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Maternal diabetes induces Chk1 and Chk2 phosphorylation in embryos. A. Phosphorylation
of Chk1 in E8.75 embryos from nondiabetic or diabetic dams, in the presence or absence of
overexpression of SOD1. B. Phosphorylation of Chk2 in E8.75 embryos from nondiabetic or
diabetic dams, in the presence or absence of overexpression of SOD1. Within each panel,
the membrane was probed first for the phosphorylated protein and sequentially stripped for
probing total protein and B-actin. The quantification of blot was showed in the bar graph.
Experiments were repeated three times (n = 3). Values are the means + SEM from three
separate experiments. * indicates significant differences (P < 0.05) compared with other

three groups.
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Figure 3.
High glucose induces Chk1 and Chk2 phosphorylation in neural stem cells. A.

Phosphorylation of Chk1 and Chk2 in cultured cells treated with glucose (5, 16.7, 25, 33.3
mM) for 48 hours. B. Phosphorylation of Chk1 and Chk2 in cultured cells treated with
normal glucose (5 mM) plus mannitol (0, 11.7, 20, 18.3 mM) for 48 hours. C.
Phosphorylation of Chk1 and Chk2 in cultured cells treated with normal (5 mM) or high (25
mM) glucose for 48 hours, in the presence or absence of Tempol (100 uM). Within each
panel, the membrane was probed first for the phosphorylated protein and sequentially
stripped for probing total protein and B-actin. The quantification of blot was showed in the
bar graph. Experiments were repeated three times (n = 3). Values are the means £ SEM from
three separate experiments. * indicates significant differences (P < 0.05) compared with
other three groups (C) or the normal glucose (5 mM) groups (A).
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Figure 4.
Maternal diabetes and high glucose in vitro induce p53 accumulation. A. Levels of p53 in

E8.75 embryos from nondiabetic or diabetic dams, in the presence or absence of SOD1
overexpression. B. Levels of p53 in neural stem cells treated with glucose (5, 16.7, 25, 33.3
mM) for 48 hours. C. Levels of p53 in neural stem cells treated with normal glucose (5 mM)
plus mannitol (0, 11.7, 20, 18.3 mM) for 48 hours. D. Levels of p53 in neural stem cells
treated with normal (5 mM) or high glucose (25 mM) for 48 hours, in the presence or
absence of Tempol (100 uM). Within each panel, the membrane was probed first for the p53
protein and sequentially stripped to probe for f-actin. The quantification of the blot is shown
in the bar graphs. Experiments were repeated three times (n = 3). Values are the means +
SEM from three separate experiments. * indicates significant differences (P < 0.05)
compared to the other three groups (A, D) or the normal glucose (5 mM) groups (B).
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