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The aim of this study was to investigate the role of nitric oxide

(NO), and the expression of endothelial nitric oxide synthase

(eNOS) and vascular endothelial growth factor (VEGF) genes in

developing hearts at embryonic day 13.5 of embryos from

diabetic mice. The protein and mRNA expression levels of eNOS

and VEGF were significantly altered in the developing hearts of

embryos from diabetic mice. The NO level was significantly

decreased, whereas the VEGF concentration was significantly

increased in the developing hearts of the embryos from diabetic

mice. In vitro study showed a significant reduction in eNOS

expression and cell proliferation in cardiac myoblast cells

exposed to high glucose concentrations. Further, high glucose

induced apoptosis in myoblast cells. Ultrastructural changes

characteristics of apoptosis, including cell blebbing, aggrega-

tion of ribosomes and vacuoles in the cytoplasm were also

evident in myoblast cells exposed to high glucose. It is

suggested that hyperglycemia alters the expression of eNOS

and VEGF genes that are involved in the regulation of cell

growth and vasculogenesis, thereby contributing to the cardiac

malformations seen in embryos from diabetic mice. Exp Biol Med

233:1421–1432, 2008
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Introduction

Diabetes mellitus is associated with an increased risk

for congenital malformations which are the major causes for

mortality and morbidity in the offspring of diabetic

pregnancy (1–4). The congenital malformations in diabetic

pregnancy have been extensively investigated in both

experimental and clinical studies (5–8). These studies have

suggested that hyperglycemia is the major teratogenic factor

in diabetic pregnancy (9, 10) and the degree of severity of

congenital malformations depends on the glycemic control

during the peri-conception period and the first trimester, in

particular during the first seven weeks of pregnancy (11,

12). Several teratological pathways such as alterations in the

polyol metabolism (13) and reactive oxygen species (14, 15)

have been shown to be associated with fetal malformations

in diabetic pregnancy.

Maternal diabetes has been shown to impair the

development and migration of neural crest cells (NCC)

which perturb the epithelial mesenchymal transformation

(EMT) causing other abnormalities in the developing heart

(16). Recently, we have reported that the altered expression

of Bmp4, Msx1 and Pax3 genes involved in the develop-

ment of cardiac neural crest cells (CNCC) could contribute

to the pathogenesis of maternal diabetes-induced congenital

heart defects (17). However, the molecular mechanisms by

which teratogenicity of hyperglycemia causes cardiac

malformations remain undefined.

Vascular endothelial growth factor (VEGF) plays a key

role in vasculogenesis and angiogenesis. A number of

angiogenic stimuli have been found to induce VEGF

expression, such as cytokines, hormones, phorbol esters,

oncogenes, transitional metals, iron chelators and hypoxia

(18). In addition, VEGF expression is regulated by nitric

oxide (NO). The VEGF-mediated angiogenesis requires NO

production from activated endothelial nitric oxide synthase
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(eNOS). NO produced by eNOS plays an important role in

the regulation of cell growth and apoptosis as well as in

vasodilation and antithrombotic actions (19). Cardiomyo-

cytes constitutively express eNOS starting from early

embryonic stages and produce NO under normal physio-

logical conditions (20, 21). Although there is evidence that

deficiency of eNOS (22) and overexpression of VEGF (23)

result in congenital heart defects in mutant and transgenic

mice respectively, the role of these genes has not been

specifically linked to cardiac malformations in offspring of

diabetic mice. Thus, the present study was carried out to

analyze if the expressions of eNOS and VEGF genes are

altered in the developing heart of the embryos from diabetic

mice.

Materials and Methods

Experimental Animals. Diabetes mellitus was in-

duced in 8 week-old female Swiss Albino mice (Laboratory

Animals Centre, Singapore) by an intraperitoneal injection

of streptozotocin (STZ, 75 mg/kg body weight; Sigma,

USA) on three successive days. Only mice with non-fasting

blood glucose level exceeding 16 mmol/l were used as

experimental diabetic mice. Control mice maintained the

normal blood glucose levels (4–6 mmol/l) before and during

pregnancy. Timed mating was carried out by placing four

female diabetic or control mice with one normal male mouse

in a cage overnight. Noon, on the day where a copulation

plug was observed, was counted as embryonic day 0.5

(E0.5). On E13.5 (about 60 pairs of somites), pregnant mice

were anaesthetized with pentobarbital (50 mg/kg body wt,

intraperitoneally) and embryos were collected after Caesar-

ean section. The developmental stage, E13.5 was chosen for

this study, as it corresponds to ;6 weeks of human

gestation (24, 25), when all 4 chambers of the heart were

clearly distinguishable, and the outflow tract (OFT) was

evident (17, 26). Embryos with malformations from diabetic

mice and normal embryos from non-diabetic mice were

used as the experimental and control groups, respectively. A

total of 80 pregnant mice (60 diabetic and 20 control) were

used for this study. All procedures involving animal

handling were in accordance with the guidelines of the

Institutional Animal Care and Use Committee (IACUC),

National University of Singapore.

H9C2 Cell Line. The H9C2 cell line (rat cardiac

myoblast) obtained from the American Type Culture

Collection (ATCC) was used in this study. The DMEM

for the H9C2 cell line was obtained from Sigma, USA.

Immunohistochemistry. As described previously

(17), the cryosections were incubated overnight with rabbit

polyclonal VEGF (1:200; Santa Cruz Biotechnology, Santa

Cruz, CA) and mouse monoclonal eNOS (1:250; BD

Biosciences, San Diego, CA) antisera in PBS containing

0.1% Triton X-100 (PBS-TX). Sections were then washed

in PBS and incubated in the anti-rabbit IgG or anti-mouse

IgG (1:200; Sigma) for 1 hour at room temperature at 238C

(RT). The sections were subsequently processed using ABC

kit (Vector Laboratories, Burlingame, CA, USA) for 1 hour

at RT, and reaction products were finally visualized using

3,3-diaminobenzidine tetrahydrochloride (DAB; Sigma, St.

Louis, MO) as the substrate. Tissue sections were counter-

stained by 0.5% methyl green nuclear stain for 10 min,

dehydrated by immersion in alcohol and then cleared with

xylene before mounting in medium (Permount; Fisher

Scientific, Pittsburgh, PA). Control sections were incubated

as described above but without the primary antibody.

Photomicrographs were taken with a light microscope

(Olympus BX51, Olympus, Japan).

Immunofluorescence. Cardiac myoblast cells were

fixed with 4% PF in PBS for 15 min at RT and incubated

with mouse monoclonal eNOS antiserum (1:100; BD

Biosciences, San Diego, CA) in blocking solution for 1

hour at RT. Subsequently, cells were treated with the anti-

mouse IgG conjugated with FITC (1:200, Sigma) in PBS for

1 hour at RT and counterstained with DAPI for 5 min.

Photoimages of stained cells were captured in a confocal

laser scanning microscope equipped with a digital camera

(Olympus FV 1000, Japan).

Western Blot Analysis. Developing hearts were

dissected out from embryos and homogenized. The tissue

homogenates were centrifuged at 14,000 g for 15 min and

the supernatant was collected. Protein concentrations of the

supernatants were determined by the Bradford method using

bovine serum albumin (BSA) as a standard (27). Samples of

supernatants were denatured at 958C for 3 min for

electrophoresis. SDS-polyacrylamide gel electrophoresis

was performed in 10% gel with 5% stacking gel and with

0.25 M Tris-glycine (pH 8.3), as the electrolyte buffer

(Mini-Protein II apparatus; Bio-Rad, Hercules, CA). Protein

bands were electroblotted for 1 hour onto 0.45 lm

polyvinylidene difluoride (PVDF) membranes (Bio-Rad)

using a semi-dry transfer apparatus (Bio-Rad). The

membranes were blocked for 1 hour at RT with 5% nonfat

dried milk powder in Tris-buffered saline (TBS; pH 7.6),

then incubated separately with VEGF (1:1000) or eNOS

(1:1000) antibodies in a blocking solution overnight at 48C

and subsequently with horseradish peroxidase (HRP)

conjugated anti-rabbit IgG for VEGF (1:5000; Amersham

Biosciences, Little Chalfont, UK) and HRP-conjugated anti-

mouse IgG for eNOS (1:5000; Amersham Biosciences,

Little Chalfont, UK). Specific binding was revealed by

enhanced chemiluminescence (ECL kit; Amersham Bio-

sciences), according to the manufacturer’s instructions. For

loading control, the membrane was incubated with mono-

clonal anti-actin (1:6000; Sigma-Aldrich, St. Louis, MO)

antibody in a blocking solution overnight at 48C and then

incubated with secondary antibody HRP conjugated anti-

mouse for actin (1:10,000). Precision prestained standards

(Bio-Rad) were used as molecular weight markers. X-ray

films (Amersham Biosciences) were scanned with a

computer-assisted densitometer (model G-710; Bio-Rad)
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to quantify band optical density (Quantity One software;

Bio-Rad).

Real-Time Reverse Transcriptase Polymerase
Chain Reaction (Real-Time RT-PCR). Total RNA was

extracted from the developing hearts of embryos from

control and diabetic mice and the cardiac myoblast cells

exposed to different glucose concentrations (5.5 mM as

control, 33 mM and 44 mM) at different time periods (24

and 48 hours) using the RNeasy mini kit (Qiagen, Valencia,

CA). Reverse transcription was performed by adding 2 lg

of total RNA to 25 lL of reaction mixture (containing 13

first-strand buffer, 1 U/lL RNasin, 10 mM dNTP mix, and

200 U M-MLV reverse transcriptase; all reagents were

purchased from Invitrogen, Carlsbad, CA), which allows

Figure 1. (A–F) Sagittal sections show the immunoreactivity for VEGF in the developing heart of embryos from control and diabetic mice.
Compared with control (A–C), the immunoreactivity for VEGF appears to be upregulated in the ventricular myocardium (D), endocardial cells
lining the cushion (E), and in the OFT (F) in the embryos from diabetic mice. In addition, embryos from diabetic mice display abnormal vascular
endothelium (F: arrow). Bar A–F 50 lm. At, atrium; Ao, aorta; EC, endocardial cushion; V, ventricle. A color version of this figure is available in
the online version of the journal.
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reverse transcription for 50 min at 428C. The reaction was

stopped by heating at 958C for 5 min and stored at�208C.

Quantitative RT-PCR was performed on a thermocycler

using the FastStart DNA Masterplus SYBR Green I kit

(LightCycler 3, Roche Diagnostics, Indianapolis, IN),

according to the manufacturer’s instructions. Forward and

reverse primer sequences for each gene and their product

size are as follows: mouse VEGF (161 bp; forward primer:

Figure 2. (A–F) Sagittal sections show the immunoreactivity for eNOS in the developing heart of embryos from control and diabetic mice.
Compared with control (A–C), the immunoreactivity for eNOS appears to be downregulated in the ventricular myocardium (D), in the cells lining
the AV canal and at the surface of cardiomyocytes (E), as well as the cells of the OFT (F) in embryos from diabetic mice. In addition,
experimental embryos display thin compact myocardium (D). Bar A–F 50 lm. Ao, aorta; EC, endocardial cushion; V, ventricle. A color version of
this figure is available in the online version of the journal.
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gacttgtgttgggaggagga; reverse primer: cgtgtttctggaagtgag

ca), mouse eNOS (206 bp; forward primer: gaccctcaccgc

tacaacat; reverse primer: gccttctgctcattttccag), rat eNOS

(243 bp; forward primer: tggcagccctaagacctatg; reverse

primer: agtccgaaaatgtcctcgtg), mouse b-actin (165 bp;

forward primer: tgttaccaactgggacgaca; reverse primer:

ggggtgttgaaggtctcaaa) and rat b-actin (285 bp; forward

primer: tcatgaagtgtgacgttgacatccgt; reverse primer: cct

agaagcatttgcggtgcaggatg). The RT-PCR was carried out at

annealing temperature of 558C for mouse primers or 608C

Figure 3. (A, B) Western blot analysis of eNOS and VEGF protein
expressions in the developing heart of embryos from control and
diabetic mice. (A) b-actin (43 kDa), eNOS (140 kDa) and VEGF (25
kDa) immunoreactive bands. (B) Bar graphs representing eNOS and
VEGF show significant changes in the optical density in the
developing hearts of embryos from diabetic mice. (C) Real-time
RT-PCR analysis of eNOS and VEGF mRNA expression in the
developing heart of embryos from control and diabetic mice. Bar
graph representing the fold changes of eNOS and VEGF mRNA
levels quantified by normalization to the b-actin as an internal control.
* P , 0.05; ** P , 0.01.

Figure 4. (A) Determination of NO by colorimetric assay in the
developing hearts of embryos from control and diabetic mice. NO
level is significantly decreased in the developing heart of embryos
from diabetic mice. (B) Determination of VEGF by EIA in the
developing hearts of embryos from control and diabetic mice. VEGF
production is significantly increased in the developing heart of
embryos from diabetic mice. * P , 0.05; ** P , 0.01.

Table 1. The Mean Value in Cells Treated with
Different Glucose Concentrations for Varying Time

Periodsa

Glucose
concentrations
(mM)

Average absorbance

24 hours 48 hours 72 hours 96 hours

5.5 (control) 1.02 1.11 1.04 0.91
11 0.97 1.21 1.03 0.89
22 1.20 1.02 1.01 0.95
33 1.04 0.86 0.85 0.69*
44 0.38** 0.35** 0.38** 0.36**

a Data represent the mean.
* P , 0.05; ** P , 0.001 vs corresponding control.
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Figure 5. MTS assay show the relative absorbance in cells treated with different concentrations of glucose at 24 hours (A), 48 hours (B), 72
hours (C) and 96 hours (D). Cell viability is significantly decreased in cells treated with 33 mM glucose for 96 hours (D) and 44 mM glucose for all
time periods (A–D). * P , 0.05; ** P , 0.001.

Table 2. Percentage of Cells in Different Phases of the Cell Cycle Treated with Different Glucose Concentrations
at 24 Hours and 72 Hoursa

Glucose
concentrations (mM)

Different cell cycle phase analysis

Sub-G1 (%) G0/G1 (%) S (%) G2/M (%)

5.5 (control) 24 hours 1.18 6 0.19 77.63 6 1.17 6.58 6 0.75 12.55 6 0.31
33 1.04 6 0.03 80.37 6 0.36 6.04 6 0.24 10.89 6 0.13
44 62.18 6 1.37** 27.15 6 0.42 4.48 6 0.30 4.40 6 0.37
5.5 (control) 72 hours 13.22 6 0.39 78.90 6 0.24 2.33 6 0.14 4.43 6 0.40
44 98.97 6 0.15** 0.85 6 0.11 0.03 6 0.02 0.02 6 0.01

a Data represent the mean 6 SE.
** P , 0.001 vs corresponding control.
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for rat primers for 45 cycles. The fold change of mRNA

was analyzed by the 2�DDCt method (28).

Analysis of Nitric Oxide by Colorimetric As-
say. The total amount of nitric oxide (NO) in the heart

samples was assessed by the Griess reaction with a

colorimetric assay kit (U.S. Biologicals, Swampscott,

MA). Hearts from the embryos of diabetic and control mice

were homogenized in a homogenizing buffer (T-PER;

Pierce Biotechnology, Inc., Rockford, IL) and the super-

natant was collected. Eighty lL of each sample was added

with 10 lL of enzyme cofactor followed by 10 lL of nitrate

reductase and incubated for 4 hours at RT, according to the

manufacturer’s instructions. Griess reagents (100 lL) were

added to the above solution, and the color was allowed to

develop for 10 min at RT. The optical density of the samples

was measured at 540 nm with a microplate reader (GENios;

Tecan Austria GmbH, Grödig/Salzburg, Austria). The nitrite

concentration (in micromolar) was determined from a nitrite

standard curve.

Analysis of VEGF by Enzyme Immunoabsorb-
ent Assay (EIA). The amount of VEGF concentration in

the developing hearts of embryos from control and diabetic

mice was determined using the VEGF EIA kit (Chemicon

International Inc., Temecula, CA). Fifty lL of supernatant

of homogenized heart samples was mixed with 50 lL of

diluent, added to the precoated 96-well plate, and incubated

with rabbit anti-VEGF antibody for 3 hours at RT. Then, 25

lL of VEGF conjugate was added to each well and

incubated for 30 min at RT. After washing with buffer, 50

lL of diluted streptavidin-alkaline phosphatase was added

to each well and incubated for 30 min at RT. Subsequently,

equal volumes of color reagent A and color reagent B

solution were added to each well and kept for 20 min at RT.

The optical density was measured at 490 nm. The amount of

VEGF (in nanograms per ml) detected in each sample was

compared to a VEGF standard curve.

Analysis for Cell Viability. Cell viability was

determined by a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carbox-

ymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner

salt (MTS) assay. In a 96-well plate, cells (7 3 103 cells

per well) were incubated in 100 ll of DMEM and exposed

to different concentrations of glucose for varying time

periods. The media were replaced with 20 ll of master mix

of MTS in DMEM for 3 hours. The MTS-containing media

was collected and absorbance at 490 nm was measured with

a microplate reader (GENios firmware).

Cell Cycle Analysis. Cells exposed to different

concentrations of glucose for varying time periods were

collected by centrifugation and resuspended in 0.5 ml PBS.

The cell suspension was added into the 4.5 ml of cold 70%

ethanol for overnight at 48C. Then, 1 ml of cocktail solution

(8 ml of PBS, 10 ll of Triton-X, 2 ml of RNase A and 200

ll of propidium iodide, PI) was added into the cell

suspension at RT for 30 min. The cell suspension was

filtered and transferred into the Dako tubes for flow

cytometry analysis using the DAKO machine.

Transmission Electron Microscopy (TEM). Cells

were fixed in 2.5% glutaraldehyde in PB at 48C overnight,

osmicated with 1% osmium tetroxide for 1 hour, dehydrated

in an ascending series of ethanol and finally embedded in

Araldite. Ultrathin sections obtained were double stained

Figure 6. (A, B) Cell cycle analysis show the different phases of the
cell cycle treated with 5 mM glucose (control) and 44 mM glucose
concentrations at 24 hours and 72 hours. The sub-G1 phase
(apoptotic phase) is significantly increased in cells treated with 44
mM glucose concentrations at 24 hours (A) and 72 hours (B). ** P ,
0.001.
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with lead citrate and uranyl acetate and viewed under a

Philips CM120 electron microscope.

Statistical Analysis. Statistical analysis was per-

formed using GraphPad Prism program. The results were

analyzed by a two-tailed Student’s t test to determine the

statistical significance of differences between control and

experimental samples. For three or more groups, the data

were analyzed using one way ANOVA followed by a post

hoc Tukey’s multiple comparison test. Data are expressed as

the mean 6 SD. Differences were considered to be

statistically significant at P , 0.05.

Results

Embryos with malformations from STZ-induced dia-

betic mice were used in the present study. The number of

embryos per litter was significantly decreased (P , 0.001)

in diabetic mothers (8 6 1.0) when compared to controls

(10 6 0.5). Embryos (E13.5) obtained from control mice

showed clear demarcation of heart chambers and great

vessels, whereas embryos of diabetic mice showed a range

of cardiac malformations.

In control embryos, VEGF expression was localized to

the cells of trabecular layers of myocardium, atrioventricular

(AV) canal as well as to the endocardial cells lining the

endocardial cushions (EC) and vascular endothelium (Fig.

1A–C). In experimental embryos with cardiac malforma-

tions, intense expression of VEGF was localized in the cells

lining the OFT, AV canal and mesenchymal cells in the EC

Figure 7. (A–F) The staining of eNOS expression in cells treated with different glucose concentrations at 24 hours. (A-C) Representative
cardiac myoblast cells treated with 5 mM glucose (control) concentration. (C) The staining is localized only in the cytoplasm, but not in the nuclei.
(D–F) The number of eNOS positive cells appears to be decreased in culture treated with 44 mM glucose concentration when compared to the
control culture. (F) The staining is localized in the both cytoplasm and the nuclei of the cells. Bar A–F 50 lm.
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(Fig. 1D–F). The heart appeared to be severely affected

showing an aberrant OFT (Fig. 1F), which is characterized

by formation of abnormal vascular endothelium, apparently

through vasculogenesis. In normal embryos, the eNOS

expression was detected in cells lining the AV canal,

cardiomyocytes, endothelial cells and the cells of OFT

region. eNOS was also expressed in the atria and ventricles

(Fig. 2A–C). In contrast, eNOS expression in cardiomyo-

cytes in the ventricular myocardium, the endothelial cells

lining the AV canal and the cells of the OFT region

appeared to be reduced in embryos of diabetic mice (Fig.

2D–F). Furthermore, the protein and mRNA expression

levels of eNOS and VEGF were significantly altered in

developing hearts of embryos from diabetic mice, compared

to that of controls (Fig. 3A–C).

The total amount of NO in the developing heart of

embryos from control and diabetic mice was estimated

using a colorimetric assay kit that detects nitrite (NO2
–), a

stable reaction product of NO. The total amounts of NO in

the developing heart samples were significantly decreased

(P , 0.05) in embryos of diabetic mice when compared to

that of controls (Fig. 4A). The amount of VEGF produced in

the developing heart at E13.5 of control and diabetic mice

was determined using Chemikine VEGF EIA kit. Analysis

by EIA revealed that VEGF concentration in the developing

hearts was significantly increased (P , 0.01) in embryos

from diabetic mice, when compared with the controls (Fig.

4B).

MTS assay was performed to assess the viability of

cells treated with different concentrations of glucose for

varying time periods (Table 1; Fig. 5). The cell viability was

found to be significantly decreased in culture treated with 33

mM glucose for 96 hours (Table 1; Fig. 5D) and 44 mM

glucose at all time periods (Table 1; Fig. 5A–D). Cell cycle

analysis showed that about 62% of cells were in subG1

phase at 24 hours of 44 mM glucose concentration (Table 2;

Fig. 6A) where as at 72 hours, it was shown that 99% of

cells were in subG1 phase (Table 2; Fig. 6B). In contrast,

cells treated with 33 mM glucose at 24 hours showed that

about 1% of cells were in subG1 phase which was almost

similar to the control cells (Table 2).

The number of eNOS positive cells was reduced in

culture treated with 44 mM glucose concentration (Fig. 7D–

F) when compared to the control culture (Fig. 7A–C) at 24

hours. In addition, the staining was localized in the both

cytoplasm and the nuclei of the cells (Fig. 7F). In contrast,

the morphology of the cells exposed to 33 mM glucose

concentration was very similar to the control cells and the

staining was localized only in the cytoplasm, but not in the

nuclei (Fig. 7C). In addition, the mRNA expression of eNOS

was significantly decreased (P , 0.001) in cells treated with

44 mM glucose concentration when compared to the control

cells at 24 hours and 48 hours (Fig. 8A). However, there was

no significant change in the mRNA expression of eNOS in

cells treated with 33 mM glucose concentration when

compared to control cells at 24 hours and 48 hours (Fig. 8A).

Gel electrophoresis was performed in order to confirm the

specific gene being amplified (Fig. 8B).

Ultrastructural study showed that healthy H9C2 cells

were large and had normal nuclei (Fig. 9A, B). In contrast,

the apoptotic cells had shrunken and became rounded and

exhibited margination of nuclear chromatin at the nuclear

envelope after treatment with 44 mM glucose concentration

for 24 hours. In addition, the nucleus also appeared to be

condensed and segregated into several fragments. There

were also cell blebbing, aggregation of ribosomes and

vacuoles in the cytoplasm (Fig. 9C, D).

Discussion

About 10% of fetuses from diabetic pregnancy display

congenital malformations in various organ systems includ-

ing cardiovascular, gastrointestinal, genitourinary and

neurological systems (12, 29). Congenital heart defects

involving the ventricular septal defects (VSD) and persistent

truncus arteriosus (PTA) are frequently observed in infants

of diabetic mothers, but the molecular basis of the defects

remain obscure (30). Therefore, the present study was

carried out to understand the mechanism of development of

cardiac malformations in embryos of diabetic mice.

Maternal diabetes has been shown to induce general-

ized defects in CNCC development in offspring (16). The

Figure 8. (A) Real-time RT-PCR analysis of eNOS mRNA expres-
sion in cells treated with different glucose concentrations at 24 hours
and 48 hours. (A) Bar graph representing the fold changes of eNOS
mRNA level quantified by normalization to the b-actin as an internal
control. (B) The gel electrophoresis shows b-actin (285 bp; lanes 1–
2) and eNOS (243 bp; lanes 3–6) genes being amplified. Lane 7:
100-bp DNA ladder. ** P , 0.001.
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CNCC play multiple roles during heart development and are

particularly essential for OFT development. They are also

required for the regulation of proliferation and differ-

entiation of the myocardial cells (31). We have recently

reported that maternal diabetes alters the expressions of

genes involved in the development of CNCC which could

contribute to pathogenesis of congenital heart defects in

embryos (17). The morphological phenotype observed in

the heart of embryos from diabetic mice appears reminiscent

to those seen in the offspring of diabetic mothers (32, 33).

The variety of cardiac defects observed in the present study

suggests a complex pathogenesis, although several of these

abnormalities seem to have resulted from perturbed EMT

(34).

Recently, an in vitro study has shown that elevation of

VEGF by hypoxia blocks the EMT which involves the

formation of EC during cardiac development, leading to the

cardiac malformations (35). Maintenance of appropriate

VEGF levels is required during AV canal morphogenesis

(36). Cooper et al. (1991) have shown an increase in VEGF

production as well as an upregulation of VEGF receptors in

diabetic rats (37). Hyperglycemia results in a dramatic

upregulation of VEGF expression in a variety of cell types

(38, 39), which is due to a transcriptional activation of the

VEGF gene (40). The present study showed that maternal

diabetes significantly increases the protein and mRNA

expressions of VEGF in the developing heart and this

upregulation appears to be associated with cardiac malfor-

mations observed in embryos from diabetic mice as the

embryonic heart development was shown to be disrupted by

modest increase in VEGF levels in a transgenic mouse (23).

Further, exposure of developing mouse embryos to hyper-

glycemia has recently been shown to inhibit EMT in culture

(41). Atrioventricular septal defects resulting from aberrant

Figure 9. (A–D) Ultrastructural features of cardiac myoblast cells treated with 5.5 mM glucose (control) and 44 mM glucose concentrations at 24
hours. (A, B) Control cells show normal nuclei. (C, D) Cells treated with 44 mM glucose concentration for 24 hours show blebbing, segregation of
nucleus, aggregation of ribosomes and vacuoles in the cytoplasm. Bar A, C 5 lm; B, D 2 lm.
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EC formation via EMT defects have also been reported in

infants of diabetic mothers (41). Thus, upregulation of

VEGF levels in the developing heart of embryos from

diabetic mice seems to have deleterious effects on the EC,

which is critically dependent on the timing, level and

location of altered VEGF expression (42), resulting in

cardiac malformations.

During early embryonic heart development, apoptosis

occurs in several areas, including AV endocardial cushions,

the OFT, AV septum, and trabeculae, as well as papillary

muscles of the ventricles (43, 44). It is widely demonstrated

that apoptosis is a highly regulated process and increased

apoptosis results in cardiac malformations. We have

recently reported that cardiomyocyte apoptosis is increased

in the heart, including AV endocardial cushion and

ventricular myocardium, resulting in congenital heart

defects in the embryos of diabetic mice (17). The present

study revealed that apoptotic cell death was increased in

cardiomyoblasts exposed to the high-glucose concentration

in vitro. NO produced by eNOS plays an important role in

the regulation of cell growth and apoptosis as well as

vasodilatation and antithrombotic actions (19). The defi-

ciency in eNOS increases cardiomyocyte apoptosis which

results in congenital heart defects during development (22).

In the present study, the decreased NO production was

associated with downregulation of eNOS in the developing

heart of embryos from diabetic mice, indicating the

involvement of NO deficiency in the development of

cardiac malformations via increased cardiomyocyte apop-

tosis in diabetic offspring. However, NO has been shown to

be pro- or anti-apoptotic on the cellular redox state (45).

Further, increased NO was shown to be associated with

diabetic embryopathy (46). Hence, further research on the

association between cardiac malformations and NO levels

may be warranted in diabetic pregnancy.

Cell cycle analysis and viability assay revealed that cell

cycle progression and survival of cardiomyocytes are

impaired by high glucose concentrations. This could be

due to increased cellular oxidative stress as the generation of

reactive oxygen species (ROS) was shown to be increased

significantly in the cardiac myocytes when exposed to high

glucose concentrations (47). ROS formation induces

oxidative stress and is associated with caspase-3 activation

and apoptosis. Moreover, hyperglycemia-induced ROS has

been shown to play a critical triggering role in apoptotic cell

death in the diabetic myocardium (48). Results from the

present study appear to suggest that high glucose impairs the

cell cycle progression and cell viabilities and enhances

apoptosis in cardiomyocytes via excessive generation of

ROS, forming one of the bases for cardiac malformations as

seen in embryos from diabetic mice.

In summary, the present study demonstrated that

maternal diabetes induces altered expressions of eNOS

and VEGF in the embryos of diabetic mice. Cells treated

with high glucose concentrations were found to induce cell

death. It is postulated that hyperglycemia may alter the

expression of eNOS and VEGF genes that are involved in

the regulation of cell growth and vasculogenesis, thereby

contributing to cardiac malformations seen in the develop-

ing heart of embryos from diabetic mothers. Prevention and

treatment of diabetic offspring is a challenging task for

clinicians, therefore a thorough analysis study of eNOS and

VEGF as potential targets would improve the therapeutic

strategies. Further investigations are required to unravel the

molecular mechanisms by which hyperglycemia induces

oxidative stress and the concomitant perturbed expression

patterns of genes of various signaling pathways in the

developing heart of embryos from diabetic mothers.
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