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Abstract
Objectives—Hyperglycemia induces oxidative stress and increases inducible nitric oxide
synthase (iNOS) expression. We hypothesized that oxidative stress is responsible for
hyperglycemia-induced iNOS expression.

Study Design—iNOS-luciferase activities, nitrosylated protein, lipidperoxidation markers 4-
HNE and MDA were determined in PYS-2 cells exposed to 5 mM glucose or high glucose (25
mM) with or without SOD1 (copper zinc superoxide dismutase 1) treatment. Levels of iNOS
protein and mRNA, nitrosylated protein, and cleaved caspase-3 and -8 were assessed in wild-type
embryos and SOD1 overexpressing embryos from non-diabetic and diabetic dams.

Results—SOD1 treatment diminished high glucose-induced oxidative stress, as evidenced by 4-
HNE and MDA reductions, and it blocked high glucose-increased iNOS expression, iNOS-
luciferase activities, and nitrosylated protein. in vivo SOD1 overexpression suppressed
hyperglycemia-increased iNOS expression and nitrosylated protein, and it blocked caspase-3 and
-8 cleavage.

Conclusions—We conclude that oxidative stress induces iNOS expression, nitrosative stress,
and apoptosis in diabetic embryopathy.
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INTRODUCTION
Pregestational diabetes significantly increases the risk of a range of congenital
malformations, including neural tube defects (NTDs) and cardiovascular defects 1–3. Both in
vivo and in vitro studies have demonstrated that hyperglycemia by itself, and not other
aberrant changes associated with diabetes, mediate the teratogenicity of diabetes 4–7. It has
been shown that hyperglycemia enhances ROS production and decreases endogenous
antioxidant enzyme expression, resulting in oxidative stress 7–21.

Suppressing oxidative stress via SOD1 overexpression in SOD1-Tg mice significantly
ameliorates maternal diabetes-induced NTDs 22. In addition, both in vivo and in vitro
antioxidant treatments have been shown to prevent hyperglycemia-induced
malformations 12, 19–21. There is ample evidence, therefore, that hyperglycemia-induced
oxidative stress is responsible for the induction of embryonic malformations in diabetic
embryopathy 15, 23, 24. However, there is still an urgent need to determine the downstream
events of oxidative stress in diabetic embryopathy. This knowledge is a key to
understanding the full-range of mechanisms underlying maternal diabetes-induced
malformations and their potential prevention.

Aberrant gene expression has been shown to be associated with diabetic embryopathy 18, 25.
Studies from our laboratory 13 and others 26 have demonstrated that iNOS (but not eNOS)
gene expression is significantly increased in embryos exposed to hyperglycemia. It also has
been shown that iNOS largely mediates the teratogenicity of diabetes, because targeted
deletion of the inos gene significantly reduces maternal diabetes-induced NTDs 26. Our
group has demonstrated that the activation of the c-Jun N-terminal kinases 1 and 2 (JNK1/2)
leads to an increase in iNOS gene expression 13. Because JNK1/2 is activated by oxidative
stress in diabetic embryopathy 15, 16, 27, we have proposed that hyperglycemia-induced
oxidative stress causes increased iNOS gene expression in diabetic embryopathy.

Increased iNOS gene expression has at least two adverse effects on the developing embryo.
First, iNOS induction generates very high concentrations of nitric oxide (NO), which, in
turn, induces the generation of reactive nitrogen species that leads to nitrosative stress.
Abnormal levels of nitric oxide (NO) are associated with adverse pregnancy outcomes in
diabetic pregnancies 28. Furthermore, levels of nitrosylated proteins in embryos exposed to
hyperglycemia are significantly higher than in embryos cultured under euglycemic
conditions 16. The second adverse consequence of increased iNOS gene expression is that it
may induce cell apoptosis. For example, targeted inos gene deletion abolishes maternal
diabetes-induced cell apoptosis in embryonic organs that are known to be particularly
vulnerable to hyperglycemic insults 26. Extensive evidence also supports the assertion that
enhanced apoptosis downstream of oxidative stress is the central pathological mechanism in
maternal diabetes-induced NTDs. We have shown that mitigating oxidative stress via
antioxidant treatments blocks maternal diabetes-induced apoptosis, thus, reducing the
incidence of malformations under in vivo diabetic conditions 12, 19–21. Apoptosis, therefore,
may bridge the connection between oxidative stress and enhanced iNOS expression in
diabetic embryopathy.

The adverse effects of hyperglycemia on the developing embryo are development-stage
dependent. Extensive efforts have been focused on the key organogenesis period, embryonic
day 7 (E7) to E11 in the mouse. During this critical time, maternal hyperglycemia adversely
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impacts embryonic vasculogenesis and neural tube closure resulting in vasculopathy and
NTDs 12, 14, 16. The yolk sac and the neural tube are the two most susceptible tissues in the
developing embryos to hyperglycemic damage. In diabetic embryopathy, early vasculopathy
correlates with late structural malformations, such as NTDs 16. Aberrant changes in NO and
iNOS have been implicated in diabetic embryonic vasculopathy 28.

We 15 and others 26, 29 have employed a mouse model of diabetic embryopathy at C57BL/6J
background, which exhibits a NTD rate of about 25% in embryos exposed to maternal
hyperglycemia. Embryonic vasculopathy at early stages (E7–E9) in this mouse model also
has been characterized under hyperglycemic conditions 16. The connection between
oxidative stress and increased iNOS-nitrosative stress has not been explored. Because both
SOD1 overexpression in vivo 22 and iNOS deficiency in iNOS knockout mice 26 reduce
hyperglycemia-induced malformations, we used SOD1-Tg mice to test whether SOD1
overexpression in vivo blocks hyperglycemia-increased iNOS expression, consequent
nitrosative stress, and apoptosis.

Material and methods
Animals and reagents

C57BL/6J mice (median body weight 22 g) were purchased from the Jackson Laboratory
(Bar Harbor, Maine). Streptozotocin (STZ) from Sigma was dissolved in sterile 0.1 M
citrate buffer (pH 4.5). Sustained-release insulin pellets were purchased from Linplant
(Linshin, Canada). SOD1-Tg mice in C57BL/6J background were revived from frozen
embryos by the Jackson Laboratory (Stock number: 002298). The PYS-2 cell line from
parietal yolk sac was purchased from ATCC (Cat# CRL-2745).

Cell culture, transient transfection and luciferase assay
PYS-2 cells were cultured in DMEM (Invitrogen) plus 2% FBS. Cells were plated overnight
to reach about 80% confluency and were transfected with 0.8 μg mouse iNOS promoter
luciferase constructor (iNOS-luc) using Lipofectamine™ 2000 (Invitrogen). The iNOS-luc
that contains the mouse iNOS promoter from −1588 to +165, plus the luciferase coding
sequence, was provided by Dr. Sang Geon Kim, Seoul National University, South Korea.
After co-transfection with Renilla-luc (normalization control, Promega), PYS-2 cells were
incubated for 24h with 5 mM glucose or 25 mM glucose in the presence or absence of 400
or 800 Unit of human SOD1 (Sigma). Luciferase activities were measured by a dual
luciferase kit (Promega) according to the manufacturer's instructions.

Mouse models of diabetic embryopathy
The procedures for animal use were approved by the Institutional Animal Care and Use
Committee of University of Maryland School of Medicine. Eight-week old Wildtype (WT)
mice were intravenously injected daily with 75 mg/kg STZ over two days to induce diabetes.
Once a level of hyperglycemia indicative of diabetes (≥250 mg/dl) was achieved, insulin
pellets were subcutaneously implanted in these diabetic mice to restore euglycemia prior to
mating. The mice were then mated with SOD1-Tg male mice at 3:00 PM to generate WT
and SOD1-overexpressing embryos. The morning when a vaginal plug was present was
designated as embryonic day 0.5 (E0.5) On E5.5, insulin pellets were removed to permit
frank hyperglycemia (>250 mg/dl glucose level), so the developing conceptuses would be
exposed to a hyperglycemic conditions from E7 onwards. WT, non-diabetic female mice
with vehicle injections and sham operation of insulin pellet implants were served as non-
diabetic controls. On E8.75, mice were euthanized, and conceptuses were dissected out of
the uteri for analysis. To avoid any redundancy, data of malformation incidences were not
collected because these have been published elsewhere 22.
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Genotyping of Embryos
Embryos from WT diabetic dams mated with SOD1-Tg male mice were genotyped
according to the Jackson Laboratory’s protocol using the yolk sac DNA.

Western Blotting
Embryos at E8.75 from different experimental groups were sonicated in 80 μl ice-cold lysis
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 10 mM NaF, 2 mM Na
orthovanadate, 1 mM PMSF and 1% Triton 100) containing a protease inhibitor cocktail
(Sigma, St. Louis, MO). Equal amounts of protein were resolved by SDS-PAGE and
transferred onto Immobilon-P or Immobilon-PSQ (for cleaved caspase) membranes
(MILLIPORE). Membranes were incubated for 18 h at 4 °C with the following primary
antibodies at 1:1000 to 1:2000 dilutions in 5% nonfat milk: anti-iNOS and anti-SOD1 (Cell
Signaling, Beverly, MA); anti-nitrotyrosine and anti-caspase-3 (CHEMICON International,
Billerica, MA); rat anti-caspase-8 (Alexis Biochemicals, San Diego, CA); and anti-β-actin
(Abcam, Cambridge, MA). Signals were detected using an Amersham ECL Advance
Detection Kit (GE Healthcare, Piscataway, NJ). Chemiluminescence emitted from the bands
was directly captured using a UVP Bioimage EC3 system (UVP, Upland, CA).
Densitometric analysis of chemiluminescence signals was performed by VisionWorks LS
software (UVP, Upland, CA).

Real-time PCR (RT-PCR)
Total RNA was isolated from embryonic tissues of cultured conceptuses or conceptuses
retrieved from non-diabetic or diabetic mice using an RNeasy Mini Kit (Qiagen, Valencia,
CA). RT-PCR assays for iNOS and β-actin were performed using ABI TaqMan Gene
Expression Assays (assay ID: Mm01309897_m1 and Mm00607939_s1, respectively,
Applied Biosystems, Foster City, CA). Briefly, RNA was reverse transcribed by using the
high-capacity cDNA archive kit (Applied Biosystems). RT-PCR and subsequent
calculations were performed by the StepOnePlus Real-time PCR system (Applied
Biosystems), which detected the signal emitted from fluorogenic probes during PCR.

Statistical Analysis
Densitometric data were presented as means ± SE (standard error). One way ANOVA was
performed using SigmaStat 3.5 software. After using a one-way ANOVA in Figure 1, 2, 3
and 4, Tukey was used for multiple comparison testing to estimate the significance of the
results. Statistical significance was accepted at p< 0.05.

Results
SOD1 treatment suppresses high glucose-increased iNOS transcription and protein
expression

We previously have demonstrated that high glucose significantly increases iNOS-luc
activities in PYS-2 cells 13. To test whether mitigating oxidative stress using SOD1
treatment blocks high glucose-induced iNOS transcription, cells were cultured under 5 mM
or 25 mM glucose with 0, 200, 400, and 800 Unit human SOD1. Consistent with our
previous finding 13, 25 mM glucose (high glucose conditions) significantly increased iNOS-
luc activities when compared to that of 5 mM glucose group (normoglycemic conditions)
(Fig. 1A). SOD1 treatment suppressed high glucose-increased iNOS-luc activities in a dose-
dependent manner (Fig. 1A). Both 400 Unit and 800 Unit SOD1 suppressed high glucose-
increased iNOS-luc activities to the levels of that found in the normoglycemic group (Fig.
1A). Correlated with the observed increase of iNOS transcription, endogenous iNOS protein
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expression was up-regulated by high glucose (Fig. 1B). On the other hand, high glucose-
increased iNOS protein expression was significantly blunted by SOD1 treatment (Fig. 1B).

SOD1 treatment blocks high glucose-induced lipidperoxidation and nitrosative stress
Previously, we demonstrated that in vivo SOD1 overexpression in SOD1-Tg mice
suppressed maternal hyperglycemia-induced lipidperoxidation downstream of PKC
activation in diabetic embryopathy 30. The two lipidperoxidation markers, 4-HNE and
MDA, are indices of oxidative stress. To test whether SOD1 treatment could effectively
mitigate high glucose-induced oxidative stress, we determined 4-HNE- and MDA-modified
protein levels and found that high glucose conditions significantly increased levels of 4-
HNE- and MDA-modified protein (Fig. 2A, B). Both 400 Unit and 800 Unit SOD1
significantly reduced high glucose-increased 4-HNE- and MDA-modified protein (Fig. 2A,
B). Because SOD1 treatment blocked high glucose-induced iNOS expression (Fig. 1), we
next analyzed the levels of nitrosylated protein, which are the consequences of increased
iNOS expression. As previously reported 13, levels of nitrosylated protein were elevated
under high glucose conditions (Fig. 2C), indicating that high glucose induces nitrosative
stress. SOD1 significantly blocked high glucose-increased nitrosylated protein in a dose
dependent manner (Fig. 2C).

SOD1 overexpression in vivo abrogates maternal hyperglycemia-induced iNOS gene and
protein expression

Published data demonstrate that both SOD1 overexpression in SOD1-Tg mice 22 and
targeted deletion of the inos gene in iNOS knockout mice 26 significantly ameliorate
maternal diabetes-induced malformations. These findings strongly suggest a link between
oxidative stress and iNOS in diabetic embryopathy. To test whether increased iNOS
expression is downstream of oxidative stress, we assessed the levels of iNOS mRNA and
protein in WT embryos from non-diabetic control (NC), WT embryos and SOD1
overexpressing embryos from diabetic WT dams mated with SOD1-Tg males. Consistent
with earlier published findings from our group 13 and others 26, maternal hyperglycemia
significantly increased the expression of iNOS protein and mRNA in WT embryos (Fig. 3A,
B). Maternal hyperglycemia-increased iNOS protein and mRNA expression were
diminished in SOD1 overexpressing embryos (Fig. 3A, B). Blood glucose levels in diabetic
mice (443.4 ± 14.6 mg/dl) were more than twice as high as those in NC mice (140.9 ± 5.2
mg/dl).

SOD1 overexpression in vivo prevents hyperglycemia-induced nitrosative stress and
caspase activation in diabetic embryopathy

Increased iNOS expression leads to nitrosative stress. Because SOD1 overexpression
diminished maternal hyperglycemia-induced iNOS expression (Fig. 3), we reasoned that
SOD1 overexpression would also abrogate maternal hyperglycemia-induced nitrosative
stress. To this end, we determined the levels of nitrosylated protein in WT embryos from
non-diabetic control (NC), WT embryos and SOD1 overexpressing embryos from diabetic
WT dams mated with SOD1-Tg males. In WT embryos, maternal hyperglycemia
significantly increased nitrosylated protein, which manifested one major band in our
Westerns (Fig. 4A). In SOD1 overexpressing embryos, maternal hyperglycemia-increased
nitrosylated protein was diminished (Fig. 4A). Apoptosis is the central causative event in the
induction of embryonic malformations in diabetic embryopathy. We previously
characterized the involvement of the initiator caspase (caspase-8) and effector caspase
(caspase-3) in maternal hyperglycemia-induced apoptosis in embryonic cells 31. To
determine whether mitigating oxidative stress in SOD1-Tg mice could block the activation
of the maternal hyperglycemia-induced caspase activation, we measured caspase-3 and -8
cleavage. Maternal hyperglycemia induced robust cleavage of both caspase-3 and -8 (Fig.
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4B); whereas, SOD1 overexpression in SOD1 overexpressing embryos abolished maternal
hyperglycemia-induced caspase-3 and -8 cleavage (Fig. 4B).

Comment
Studies have demonstrated that oxidative stress 15 and iNOS upregulation 13, 26 downstream
of hyperglycemia are two critical events involved in the induction of diabetic embryopathy.
In the present study, we establish for the first time a causative relationship between
oxidative stress and iNOS upregulation in diabetic embryopathy. More notably, we found
that suppressing oxidative stress using both in vitro recombinant human SOD1 treatment
and in vivo SOD1 overexpression blocks hyperglycemia-increased iNOS expression and
consequent nitrosative stress. Our results, thus, provide strong support that hyperglycemia-
induced oxidative stress causes iNOS upregulation and its associated nitrosative stress.

Maternal hyperglycemia induces oxidative stress in embryonic cells by enhancing ROS
production and impairing the capability of endogenous antioxidant enzymes 8–11. Previous
studies 22, 32 have demonstrated that both in vitro SOD1 treatment and in vivo SOD1
overexpression in SOD1-Tg mice can effectively reduce high glucose- or maternal
hyperglycemia-induced oxidative stress. Using the lipidperoxidation markers, 4-HNE and
MDA, we have further demonstrated in this study that SOD1 treatments abrogate high
glucose-induced oxidative stress in vitro. We previously have reported that SOD1
overexpression in SOD1-Tg mice significantly reduces maternal diabetes-induced
embryonic malformations 22.

Two of the most susceptible tissues in the early stages of development, such as E8.75, to
hyperglycemic insults are the yolk sac and the neural tube. Our previous studies have
demonstrated that exposing PYS-2 cells to high glucose conditions faithfully reflects the
changes observed in early stage embryos exposed to maternal hyperglycemia 13. Thus, the
PYS-2 cell line, which is an embryonic yolk sac cell line, is an ideal in vitro tool for
studying gene transcription in diabetic embryopathy. E8.75 is a critical time of neurulation.
At this stage of development, the neural tube consists of the majority of the developing
embryo. For these reasons, the E8.75 embryo is an ideal model for studying the causes of
NTDs. Both SOD1 overexpression in SOD1-Tg mice 22 and targeted deletion of the inos
gene 26 significantly reduce maternal hyperglycemia-induced NTDs. Our present studies,
using E8.75 embryos, reveal the causative link between oxidative stress and iNOS
upregulation in the context of maternal hyperglycemia-induced NTDs.

We have previously reported that high glucose induces iNOS transcription in a dose
dependent manner and the induction of iNOS transcription reaches a plateau at 25 mM (450
mg/dl) glucose 13. Therefore, we used 25 mM glucose, and 200, 400 and 800 Units/ml of
SOD1 in our iNOS luciferase studies. Two of these SOD1 doses, 400 and 800 Units/ml
SOD1, significantly reduced high glucose-induced iNOS transcription. Thus, our subsequent
studies used these two doses. We crossed WT females with SOD1-Tg males to generate
SOD1 overexpression embryos. Both WT and SOD1 overexpressing embryos were exposed
to the same maternal diabetic conditions. Thus, this experimental design avoids any
potential maternal influence due to the SOD1 transgene.

Using genetic approaches, we previously reported strong evidence that JNK1/2 activation is
responsible for iNOS upregulation in diabetic embryopathy 13. Moreover, we also have
shown that dietary antioxidant supplements 21 can abrogate maternal hyperglycemia-
induced JNK1/2. These data suggest that JNK1/2 activation is downstream of oxidative
stress in this disease process. Therefore, we propose the oxidative stress-JNK1/2-iNOS
pathway, which leads to apoptosis and diabetic embryopathy. Future investigations should
aim to determine the roles of transcription factors downstream of JNK1/2 activation in
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regulation of different nitric oxide synthases, such as iNOS and eNOS, in diabetic
embryopathy. iNOS upregulation results in nitrosative stress, which is manifested by
increased levels of nitrosylated proteins 13. ROS reacts with nitric oxide generated by excess
iNOS leading to nitrosative stress, which is the most detrimental form of oxidative stress.
Indeed, under maternal diabetes, oxidative stress and nitrosative stress form a twin cyclone,
leading to maximal cellular damage and, ultimately, to embryonic malformations.

Maternal hyperglycemia-induced apoptosis is caspase dependent, and the pro-apoptotic
signaling emanating from oxidative stress triggers activation of the initiator caspase,
caspase-8 31. Our results link oxidative stress-induced iNOS upregulation and consequent
nitrosative stress to caspase-3 and -8 cleavage. This is consistent with the prior observation
that targeted deletion of inos gene blocks maternal hyperglycemia-induced caspase-3
activation and apoptosis 26. Enhanced apoptosis is the central mechanism in the induction of
diabetic embryopathy. Microarray studies have revealed that an array of apoptotic genes is
induced in diabetic embryopathy 18, 25. Further studies are warranted to determine whether
iNOS-mediated apoptosis is transcription or non-transcription dependent.

In summary, we have used both in-vitro and in-vivo approaches in this current study to
demonstrate that mitigating oxidative stress suppresses high glucose- or maternal
hyperglycemia-induced iNOS upregulation and nitrosative stress. The results further
strengthen the oxidative stress hypothesis in diabetic embryopathy and reveal that oxidative
stress is indeed responsible for iNOS upregulation and nitrosative stress in this disease.

Because oxidative stress causes diabetic embryopathy15, antioxidants have been implicated
in therapeutic interventions for this disease. Animal studies have shown that antioxidants are
effective in prevention of diabetic embryopathy12, 19–21. However, the effectiveness of
antioxidants, particularly vitamins, in human diabetic embryopathy is controversy33, 34. Due
to the obesity epidemic35–38, diabetes-associated adverse pregnancy outcomes are urgent
public health problems. Glycemic control during pregnancy is difficult to achieve and
maintain39, 40. Thus, mechanistic studies will provide the basis for the development of new
interventions. Consistent with our previous study13, the present study shows that iNOS and
its associated nitrosative stress mediate the adverse effect of oxidative stress downstream of
hyperglycemia. Inhibition of iNOS and nitrosative stress may be a new strategy in
prevention of human diabetic embryopathy.
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Figure 1.
Copper zinc superoxide dismutase 1 (SOD1) treatment blocks high glucose-induced iNOS
expression. In A, SOD1 dose-dependently suppressed high glucose-induced iNOS-luciferase
activities, which were normalized by Renilla-luciferase activities and expressed as iNOS/
Renilla. * indicates significant difference (p < 0.05) when compared to the high glucose
(450 mg/dL or 25 mM) alone group. n = 5. In B, SOD1 treatment suppressed high glucose-
increased iNOS protein expression. Representative images were shown in the upper panel
and the data of densitometric analysis were presented in the bottom graph. * indicates
significant difference (p < 0.05) when compared to other groups. n = 3 (three independent
experiments).
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Figure 2.
Copper zinc superoxide dismutase 1 (SOD1) treatment suppresses high glucose-induced
lipidperoxidation and nitrosative stress. A, levels of 4-hydroxynonenal (4-HNE)-modified
protein; B, levels of malondialdehyde (MDA)-modified protein; C, levels of nitrosylated
protein, indices of nitrosative stress; Upper panels of A, B and C were representative images
of Western blotting. Graphs of lower panels at A, B and C were data of densitometric
analysis. * indicates significant difference (p < 0.05) when compared to other groups. n = 3.
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Figure 3.
Copper zinc superoxide dismutase 1 (SOD1) overexpression in vivo abrogates maternal
hyperglycemia-induced iNOS expression. Levels of iNOS mRNA ( A) and iNOS protein (B)
were determined in E8.75 WT embryos from non-diabetic controls (NC), WT embryos and
SOD1 overexpressing embryos from diabetic mellitus (DM) WT mice mated with SOD1-
Transgenic (Tg) male mice. SOD1 overexpressing embryos harbor the human SOD1
transgene and SOD1 was detected by a human specific antibody. The upper panel of B was
representative images of Western blotting. The graph in the lower panel of B was data of
densitometric analysis. * indicates significant difference (p < 0.05) when compared to other
groups. In A, n = 6, and in B, n = 3. Experiments were repeated three times with embryos
from three different mothers in each group.
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Figure 4.
Copper zinc superoxide dismutase 1 (SOD1) overexpression in vivo abolishes maternal
hyperglycemia-induced nitrosative stress and caspase activation. Levels of nitrosylated
protein (A), and cleaved caspase-8 and caspase-3 (B) were determined in E8.75 WT
embryos from non-diabetic controls (NC), WT embryos and SOD1 overexpressing embryos
from diabetic mellitus (DM) WT dams mated with SOD1-Transgenic (Tg) males.
Representative images of Western blotting were shown in A (upper panel) and B. The graph
in the lower panel of A was data of densitometric analysis. * indicates significant difference
(p < 0.05) when compared to other groups. n = 3. In B, experiments were repeated three
times with embryos from three different mothers in each group, and identical results were
obtained. Cleaved products of caspase-8 and -3 were only present in WT embryos of DM
dams.
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