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Aims Hypoplastic coronary artery disease is a rare congenital abnormality that is associated with sudden cardiac death.
However, molecular mechanisms responsible for this disease are not clear. The aim of the present study was to
assess the role of nitric oxide synthase-3 (NOS3) in the pathogenesis of hypoplastic coronary arteries.

Methods
and results

Wild-type (WT), NOS32/2, and a novel cardiac-specific NOS3 overexpression mouse model were employed. De-
ficiency in NOS3 resulted in coronary artery hypoplasia in foetal mice and spontaneous myocardial infarction in post-
natal hearts. Coronary artery diameters, vessel density, and volume were significantly decreased in NOS32/2 mice at
postnatal day 0. In addition, NOS32/2 mice showed a significant increase in the ventricular wall thickness, myocardial
volume, and cardiomyocyte cell size compared with WT mice. Lack of NOS3 also down-regulated the expression of
Gata4, Wilms tumour-1, vascular endothelial growth factor, basic fibroblast growth factor and erythropoietin, and
inhibited migration of epicardial cells. These abnormalities and hypoplastic coronary arteries in the NOS32/2

mice were completely rescued by the cardiac-specific overexpression of NOS3.

Conclusion Nitric oxide synthase-3 is required for coronary artery development and deficiency in NOS3 leads to hypoplastic
coronary arteries.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Nitric oxide synthase † Coronary artery development † Congenital heart disease

Introduction
Congenital coronary anomalies affect up to 5% of the general
population.1,2 Most of them do not have clinical signs or symptoms,
and are often unrecognized. However, severe congenital coronary
artery malformation is associated with myocardial ischaemia, in-
farction, and sudden cardiac death.3 Hypoplastic coronary artery
disease (HCAD), a rare congenital coronary abnormality, is
defined by malformation of one or more major branches of the
coronary arteries with a marked decrease in the luminal diameter
and length.4– 6 Hypoplastic coronary artery disease can be asymp-
tomatic, but is often associated with myocardial infarction and
sudden cardiac death under stress, such as during intense physical

activity.3,7 However, the molecular mechanisms responsible for the
embryonic development of HCAD are still unknown.

Nitric oxide (NO) is produced from the guanidino group of
L-arginine in an NADPH-dependent reaction catalysed by a
family of NO synthase (NOS) enzymes.8 Originally identified as a
vasodilatory agent, NO is now recognized as an important signal-
ling molecule involved in a wide range of physiological processes
including apoptosis, angiogenesis and cell growth.8,9 There are
three distinct isoforms of NOS: neuronal NOS (nNOS, NOS1), in-
ducible NOS (iNOS, NOS2), and endothelial NOS (eNOS,
NOS3). Interestingly, NOS3 is expressed in cardiomyocytes
during early mammalian embryonic heart development.10 Immuno-
histochemical analysis revealed that the heart starts to express
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NOS3 at E9.5 and the expression remains high until E13.5. Starting
from E14.5 the levels of NOS3 expression decrease in both atria
and ventricles.10 The expression of NOS3 in the heart peaks
during coronary artery development,10,11 suggesting its potential

importance. However, the role of NOS3 in embryonic coronary
artery development is still not clear.

The signalling milieu within the developing heart is critical to
coronary vasculogenesis.11 Transcription factors, such as Gata4

Figure 1 Generation of mice with cardiomyocyte-specific overexpression of human nitric oxide synthase-3 during embryonic development.
(A) Construct used for the generation of mice with cardiomyocyte-specific overexpression of hu-NOS3 under the control of b-myosin heavy
chain. (B) NOS3 protein levels in the heart at E12.5, P0 and 5 months of age by western blot analysis. Tg; 2/2 and Tg;+/+ indicate
NOS3Tg;NOS32/2 and NOS3Tg, respectively. (C) The expression of the hu-NOS3 transgene was restricted in the heart at P0. Hu-NOS3
mRNA was analysed by RT–PCR. (D) NOS3 immunostaining at E12.5 showing the expression of the Hu-NOS3 transgene. Endogenous
NOS3 expression was mostly located in the endocardium and capillary endothelium in the NOS3+/+ mice. NOS32/2 mice showed no detect-
able expression of NOS3. NOS3Tg;NOS32/2 mice showed strong NOS3 expression in the myocardium, but not in the endocardium or ca-
pillary endothelium. NOS3Tg mice showed strong NOS3 expression in the myocardium (transgene), endocardium, and capillary endothelium
(endogenous). Scale bar ¼ 30 mm.
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and Wilms tumour-1 (Wt1),12,13 as well as growth factors, includ-
ing the vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), and erythropoietin (EPO),14,15 are essential
in the formation of coronary arteries.11,15 We have previously
shown a key role of NOS3 to capillary vessel development in
the heart.16 In the present study, we hypothesized that NO pro-
duction from NOS3 within the embryonic heart is a critical signal-
ling molecule in the development of coronary arteries and
deficiency in NOS3 results in hypoplastic coronary arteries.

Methods
For complete methods, see Supplementary material online.

Results

Characterization of NOS3Tg and
NOS3Tg;NOS32/2 mice
To study the specific role of NOS3 transgenic mouse (NOS3) in
coronary artery development, a cardiac-specific NOS3Tg was gen-
erated under the control of a b-myosin heavy chain promoter.17

Expression of human NOS3 was detected only during embryonic
development and specifically in the heart of NOS3Tg mice
(Figure 1A–D). The NOS3Tg mice were then crossed with
NOS32/2 to create the NOS3Tg;NOS32/2 mouse, an animal
that lacks NOS3 in all organs except the heart during embryogen-
esis (Figure 1B and D). cGMP, a critical downstream signalling mol-
ecule of NOS3, was significantly decreased in the NOS32/2

Figure 2 Myocardial infarction and postnatal survival in NOS32/2 mice. (A) Evidence of spontaneous myocardial infarction in NOS32/2 mice
at P0. Triphenyltetrazolium chloride (TTC) staining shows a large area of tissue death near the apex of the heart. The images are adjacent cross
sections of the heart near the apex. Troponin I staining shows a significant loss of troponin I in the infarct myocardium. Haematoxylin/eosin
staining shows the waviness of fibres near the border of the myocardium with intense eosinophilic cytoplasm. ECG tracing shows significant
ST-elevation (arrows) and QRS inversion (arrowheads), representing signs of myocardial ischaemia, and possible cardiac hypertrophy, respect-
ively. White bar: 1 mm. Black bar: 40 mm. (B) Spontaneous myocardial infarction in NOS32/2 animals at P0. *P , 0.01 vs. NOS3+/+,
NOS3Tg;NOS32/2 and NOS3Tg mice. Tg; 2/2 and Tg;+/+ indicate NOS3Tg;NOS32/2 and NOS3Tg, respectively. (C and D) Heart function
assessed by echocardiography in NOS3+/+, NOS32/2, NOS3Tg;NOS32/2, and NOS3Tg mice at P0; n ¼ 5–6 mice per group. *P , 0.01 vs.
NOS3+/+ mice. †P , 0.01 vs. NOS32/2. (E) Thirty-day survival after birth in NOS3+/+, NOS32/2, NOS3Tg;NOS32/2, and NOS3Tg mice.
*P , 0.001 vs. NOS3+/+, NOS3Tg;NOS32/2, and NOS3Tg mice.
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compared with NOS3+/+ hearts at postnatal day 0 (P0) (data not
shown).

Deficiency in NOS3 results in
spontaneous myocardial infarction
Deficiency in NOS3 resulted in 73% mortality within the first 4
days after birth (Figure 2E). To assess if myocardial infarction
was the cause of death, P0 hearts were subjected to triphenylte-
trazolium chloride (TTC), troponin I, and haematoxylin/eosin

(H/E) staining. Triphenyltetrazolium chloride staining showed
that the NOS32/2 mice had a large area of tissue death near
the apex of the heart (Figure 2A). Troponin I is a part of the
troponin complex that is integral to muscle contraction and
decreased levels of troponin I represent cardiomyocyte
death.18 Our data showed troponin I immunostaining was
decreased in the area of infarct in the NOS32/2 mice
(Figure 2A). Haematoxylin/eosin staining showed typical wavy
fibres near the border of the infarct area with disappearance
of nuclei and intense eosinophilic cytoplasm (Figure 2A), which

Figure 3 Immunohistochemical analysis of coronary artery development at P0. (A) Heart sections were stained with vascular smooth muscle
a-actin to identify coronary arteries. Coronary arteries were smaller and less abundant in NOS32/2 and NOS3+/2 compared with the
NOS3+/+ mice. Cardiac-specific overexpression of NOS3 (NOS3Tg;NOS32/2) restored coronary abundance in the NOS32/2 mice. Coronary
arteries are indicated by red arrows. Scale bar ¼ 60 mm. (B–D) Left and right coronary artery diameter and abundance measured at 50 mm
from the aortic orifice were significantly decreased NOS32/2 and NOS3+/2 compared with the NOS3+/+ mice, which was restored in
the NOS3Tg;NOS32/2 mice; n ¼ 5 hearts per group.*P , 0.01 vs. NOS3+/+, †P , 0.01 vs. NOS3+/2. ‡P , 0.01 vs. NOS32/2. Tg; 2/2
and Tg;+/+ indicate NOS3Tg;NOS32/2 and NOS3Tg, respectively. (E) The coronary artery volume was significantly decreased NOS32/2

and NOS3+/2 compared with the NOS3+/+ mice, which was restored in NOS3Tg;NOS32/2 mice. n ¼ 5 hearts per group. *P , 0.01 vs.
NOS3+/+. †P , 0.01 vs. NOS32/2.

NOS3 and hypoplastic coronary arteries 923
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/35/14/920/524699 by guest on 08 August 2022



are signs of acute myocardial infarction.19 ECG monitoring
showed ST-elevation and QRS inversion in neonatal NOS32/2

mice, indicating myocardial ischaemia and possible cardiac
hypertrophy, respectively (Figure 2A). Spontaneous myocardial
infarction was seen in 8/15 (53%) NOS32/2 animals at P0
(Figure 2B). Consequently, left ventricular ejection fraction and

fractional shortening were significantly decreased in the
NOS32/2 compared with NOS3+/+ mice (P , 0.05, Figure 2C
and D). These abnormalities in the NOS32/2 mice including
myocardial infarction, cardiac dysfunction, and postnatal mortal-
ity were all rescued by cardiac-specific overexpression of NOS3
(NOS3Tg;NOS32/2 mice, Figure 2A–E).

Figure 4 Three-dimensional reconstruction of coronary artery development at P0. (A) Coronary arteries shown in green were less abundant
in NOS32/2 and NOS3+/2 compared with the NOS3+/+ mice. Cardiac-specific overexpression of NOS3 restored coronary artery abundance
in the NOS32/2 mice. Atria were excluded from the reconstruction in order to view the origins of the coronary arteries. (B and C ) Ventricular
wall thickness and myocardial volume were significantly increased in NOS32/2 and NOS3+/2 compared with NOS3+/+ mice. Cardiac over-
expression of NOS3 (NOS3Tg;NOS32/2) restored myocardial thickness and volume to similar levels as in the NOS3+/+ mice. (D and E) Cross
section of cardiomyocyte cell size and nucleus size was significantly increased NOS32/2 and NOS3+/2 compared with NOS3+/+ mice. Cardiac
overexpression of NOS3 (NOS3Tg;NOS32/2) restored myocardial thickness to similar levels as in the NOS3+/+ mice; n ¼ 4 hearts per group.
*P , 0.01 vs. NOS3+/+mice, †P , 0.01 vs. NOS3+/2 mice, ‡P , 0.01 vs. NOS32/2. Tg; 2/2 and Tg;+/+ indicate NOS3Tg;NOS32/2 and
NOS3Tg, respectively.
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Deficiency in NOS3 impairs coronary
artery development
NOS32/2 and NOS3+/2 hearts at P0 showed less branching and sig-
nificant decrease in the left and right coronary artery diameters
(Figure 3A–D). Three-dimensional reconstructions of the heart

showed a significant decrease in the coronary volume in the
NOS32/2 mice (P , 0.01, Figures 3E and4A andSupplementary mater-
ial online, Videos S1–3). Cardiomyocyte-specific NOS3 overexpression
completely rescued these defects in the NOS32/2 mice (Figures 3A–E
and 4A and Supplementary material online, Videos S4 and 5).

Figure 5 Coronary artery development at E15.5. (A) Three-dimensional reconstruction of E15.5 hearts. Coronary arteries shown in green
were less abundant in NOS32/2 compared with NOS3+/2 and NOS3+/+ mice. Cardiac-specific overexpression of the NOS3 restored cor-
onary artery abundance in the NOS32/2 mice. Atria were excluded from the reconstruction in order to view the origins of the coronary ar-
teries. (B–E) Coronary artery vessel diameter, abundance, and volume were significantly decreased in the NOS32/2 mice compared with
NOS3+/2 and NOS3+/+, which were restored in NOS3Tg;NOS32/2 mice; n ¼ 5 hearts per group. Tg; 2/2 and Tg;+/+ indicate
NOS3Tg;NOS32/2 and NOS3Tg, respectively. (F) Ventricular wall thickness was significantly increased in NOS32/2 compared with
NOS3+/2 and NOS3+/+ mice. Cardiomyocyte-specific overexpression of NOS3 (NOS3Tg;NOS32/2) restored myocardial thickness to
similar levels as in the NOS3+/+ mice; n ¼ 4 hearts per group. For (B)–(F), *P , 0.01 vs. NOS3+/+ mice, †P , 0.01 vs. NOS32/2.
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Since a decrease in the coronary artery volume may have been a
result of a smaller myocardial mass, myocardial volume, and thick-
ness were analysed. However, both myocardial volume and thick-
ness were increased in NOS32/2 and NOS3+/2 compared with
the NOS3+/+ mice (P , 0.01, Figure 4B and C). To determine
whether the increased myocardial volume and thickness are a
result of cardiac hypertrophy, cardiomyocyte cell size and nuclear
size of P0 hearts were measured. The cardiomyocyte cell size and

nuclear size were progressively increased in NOS32/2 and
NOS3+/2 compared with the NOS3+/+ mice (P , 0.01, Figure 4D
and E). Therefore, our data showed an increased myocardial mass
accompanied by severe coronary artery hypoplasia. These defects
in the NOS32/2 mice were completely rescued by cardiomyocyte-
specific NOS3 overexpression (P , 0.01, Figure 4B–E).

The coronary artery network is established by E15.5 in mice.11

To assess the onset of the coronary artery malformations, we

Figure 6 Myocardial mRNA expression of transcription and growth factors. (A–D) E12.5 hearts were collected and mRNA levels of Gata4,
VEGFa, bFGF, and EPO were analysed by real-time RT–PCR. The mRNA levels of Gata4, VEGFa, bFGF, and EPO were significantly decreased in
NOS32/2 compared with NOS3+/+ mice, which were restored by cardiac-specific NOS3 overexpression in the NOS3Tg;NOS32/2 hearts;
n ¼ 6–7 per group. *P , 0.01 vs. NOS3+/+ mice. †P , 0.01 vs. NOS32/2 mice. Tg; 2/2 and Tg;+/+ indicate NOS3Tg;NOS32/2 and
NOS3Tg, respectively. (E–H) E12.5 ex vivo heart cultures were used to investigate NOS3 signalling. Cultured NOS3+/+ and NOS32/2

hearts were treated with 100 mM ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) a soluble guanylate cyclase inhibitor, or 2 mM
8-Br-cGMP, a cGMP analogue, for 6 h. ODQ decreased Gata4 and Wt1 mRNA levels in NOS3+/+ hearts, whereas 8-Br-cGMP restored
Gata4 and Wt1 mRNA levels in NOS32/2 hearts; n ¼ 3–4 heart cultures per group. *P , 0.05 vs. controls.
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Figure 7 The characterization and quantification of Wt1+ epicardial progenitor cells. (A) E12.5 hearts were immunostained for Wt1 and
representative images from NOS3+/+, NOS32/2, NOS3Tg;NOS32/2, and NOS3Tg hearts are shown. The majority of Wt1+ cells are in
the epicardium with limited expression in the myocardium. Scale bar ¼ 60 mm. (B) Quantitative analysis showed a significant reduction in
Wt1+ epicardial cells in NOS32/2 compared with NOS3+/+ hearts, which was restored by cardiac-specific NOS3 overexpression in the
NOS3Tg;NOS32/2 hearts; n ¼ 4–5. (C) Wt1 mRNA levels were analysed in E12.5 hearts by real-time RT–PCR. Wt1 mRNA expression
was significantly decreased in the NOS32/2 compared with NOS3+/+ hearts, which was restored in NOS3Tg;NOS32/2 hearts; n ¼ 6–7
per group. For (B) and (C), *P , 0.01 vs. NOS3+/+ mice, †P , 0.01 vs. NOS32/2. Tg; 2/2 and Tg;+/+ indicate NOS3Tg;NOS32/2 and
NOS3Tg, respectively.
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further analysed coronary artery development at E15.5. Coronary
artery abundance, vessel diameter, and volume were all significant-
ly decreased, whereas the myocardial thickness was increased in
NOS32/2 compared with the NOS3+/2 and NOS3+/+ mice at
E15.5 (P , 0.01, Figure 5A–F). These results suggest that the
onset of the defect is prior to E15.5. Consistent with our P0

data, these defects were completely rescued by cardiomyocyte-
specific NOS3 overexpression (P , 0.01, Figure 5A–F). Since cor-
onary artery formation at E15.5 was not impaired in the
NOS3+/2 mice, all subsequent molecular analyses on early coron-
ary artery development were carried out in NOS32/2 in compari-
son with the NOS3+/+ mice.
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Down-regulation of transcription and
growth factors in E12.5 NOS32/2 hearts
Capillary networks in the embryonic heart begin to develop at
E12.5, and are regulated by transcription and growth factors that
are critical to heart morphogenesis and coronary artery forma-
tion.11 Our data showed that the mRNA levels of Gata4, VEGFa,
bFGF, and EPO were significantly decreased in the NOS32/2 com-
pared with NOS3+/+ hearts, and were completely restored in the
NOS3Tg;NOS32/2 hearts (P , 0.05, Figure 6A–D). Treatment with
ODQ, (1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one) a soluble
guanylyl cyclase inhibitor significantly decreased Gata4 and Wt1
mRNA expression in the NOS3+/+ hearts (P , 0.05, Figure 6E
and F ). Conversely, NOS32/2 hearts treated with 8-bromo-cGMP,
a cGMP analogue showed a significant increase in Gata4 and Wt1
mRNA levels (P , 0.05, Figure 6G and H ). These data suggest that
NOS3 regulates the expression of Gata4 and Wt1 through a
cGMP-dependent signalling pathway.

Deficiency in NOS3 decreases
epicardium-derived cells migration
Epicardium-derived cells (EPDCs) express Wt1 and their migration
into the myocardium is essential to the formation of coronary ar-
teries.13,20 The number of Wt1+ epicardial cells was significantly
decreased in NOS32/2 compared with NOS3+/+ hearts at
E12.5 (P , 0.01, Figure 7A and B). In addition, myocardial Wt1
mRNA levels were also significantly decreased in NOS32/2 com-
pared with the NOS3+/+ mice (P , 0.01, Figure 7C). The
decreased myocardial expression of Wt1 and number of Wt1+

epicardial cells were rescued in the NOS3Tg;NOS32/2 mice
(P , 0.01, Figure 7A–C). To study the role of NOS3 in EPDCs mi-
gration, a co-culture system was employed (Figure 8A). Epicardium-
derived cells were isolated from E13 embryos overexpressing
enhanced green fluorescence protein (eGFP). The cultured
EPDCs were typical cobble stone shape and 100% positive for epi-
cardin and Wt1. Cardiomyocytes was verified by a-actinin staining
(Figure 8B). eGFP+ EPDCs were then co-cultured with either E13
NOS3+/+ or NOS32/2 cardiomyocytes treated with adenoviral
lacZ or adenoviral NOS3 for 72 h. Our data showed that the mi-
gration of eGFP+ EPDCs was significantly decreased towards the
NOS32/2 compared with the NOS3+/+ cardiomyocytes

(Figure 8C and D). However, EPDC migration was increased in car-
diomyocytes treated with adenoviral NOS3 compared with adeno-
viral lacZ controls (Figure 8C and D). Finally, to assess the migration
and proliferation of EPDCs in the developing heart, ex vivo heart
explants were employed. Our data showed that ex vivo EPDC mi-
gration and proliferation were significantly decreased in the
NOS32/2 compared with NOS3+/+ hearts (P , 0.01, Figure 8E
and F ).

Discussion
Growing evidence suggests that NO plays an important role in em-
bryonic heart development. To this end, we and others have pre-
viously shown that lack of NOS3 results in congenital septal
defects and bicuspid aortic valves in mice.21 –24 In addition,
impaired capillary and microvessel development has been shown
in the heart and lungs of the NOS32/2 mice, respectively.16,25

The present study was carried out to further examine the role
of NOS3 in coronary artery development. We demonstrated for
the first time that the deficiency of NOS3 leads to hypoplastic cor-
onary arteries. These results show that NOS3 plays a critical role
in normal coronary artery development (Figure 8G). To rescue the
coronary phenotype in the NOS32/2 mice, we generated a mouse
with cardiomyocyte-specific overexpression of NOS3 during em-
bryonic development. The NOS3Tg mice had a normal cardiac
and coronary artery phenotype. Importantly, cardiomyocyte-
specific overexpression of NOS3 completely rescued the abnor-
mal coronary artery development, cardiac hypertrophy, and post-
natal survival in the NOS32/2 mice. The data strongly suggest that
normal coronary artery development is driven by local NO signal-
ling from endothelial cells and/or cardiomyocytes within the devel-
oping heart.

A classic pathway by which NO mediates its biological function
is through cGMP-dependent protein kinase G (PKG) signalling.26

Activation of PKG has been shown to up-regulate Gata4 and
Wt1.27,28 Thus, a deficiency in NOS3 decreases NO and cGMP
production, and may lead to decreased PKG activation and down-
regulation of Gata4 and Wt1 expression. Gata4 is a master regula-
tor of heart development, and controls the expression of many
growth factors including VEGFa, bFGF, and EPO, that are

Figure 8 Migration of epicardium-derived cells. (A) Epicardium-derived cells were isolated from E13 hearts and co-cultured with cardiomyo-
cytes as shown. The number of epicardium-derived cells migrated towards the cardiomyocytes was determined. (B) A representative confocal
tiled image of the epicardium-derived cells and cardiomyocyte co-culture. Epicardium-derived cells (green) and cardiomyocytes were isolated
from enhanced green fluorescence protein transgenic and C57BL6 wild-type mice, respectively. Cardiomyocytes were stained with cardiac
a-actinin (red). (C) Quantitative analysis from (D) shows that epicardium-derived cell migration was significantly decreased in NOS32/2 com-
pared with NOS3+/+ cardiomyocyte co-cultures, which was restored by adenoviral NOS3 treatment; n ¼ 3–5 per group. *P , 0.01 vs.
NOS3+/+ mice. †P , 0.01 vs. respective Ad-lacZ-treated groups. (D) NOS3 expression in cardiomyocytes promoted epicardium-derived
cell migration. Representative confocal tiled images of eGFP+ epicardium-derived cells co-cultured with NOS3+/+ and NOS32/2 cardiomyo-
cytes, which were treated lacZ or NOS3 adenoviral constructs. (E) Representative images of the epicardium-derived cell outgrowth of E12.5
NOS3+/+ and NOS32/2 hearts. Scale bar ¼ 250 mm. (F) Quantitative analysis shows that maximum epicardium-derived cell migration distance
was significantly decreased in NOS32/2 hearts compared with NOS3+/+ hearts; n ¼ 7–8, *P , 0.01 vs. NOS3+/+ heart. (G) The proposed
signalling pathway of NOS3 on coronary artery development. NOS3 promotes the expression of Gata4 and Wt1 via cGMP-dependent mechan-
isms. The production of growth factors (vascular endothelial growth factor-a, basic fibroblast growth factor, and erythropoietin) by Gata4 and
epicardium-derived cells migration by Wt1 contribute to the critical role of NOS3 on coronary artery development.
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important for coronary vessel formation.12,29,30 Our data showed
that deficiency in NOS3 down-regulated the expression of
Gata4, VEGFa, bFGF, and EPO in the embryonic heart. Additional-
ly, Wt1, a transcription factor critical for epithelial and mesenchy-
mal transition and coronary artery formation, was also
down-regulated and the number of EPDCs was decreased in the
NOS32/2 hearts. Furthermore, lack of NOS3 decreased EPDCs
migration towards the cardiomyocytes. Our results suggest that
NOS3 promotes normal coronary artery development via
increases in the expression of transcription and growth factors,
and EPDCs migration into the myocardium (see Figure 8G).

NOS32/2 mice have a high rate of postnatal mortality. We have
previously shown that within 10 days after birth, mortality was 85,
38, and 13% for NOS32/2, NOS3+/2, and NOS3+/+ mice, re-
spectively.21 Most animals died within the first 3 days after birth.
Consistent with our finding, Han et al.25 showed that 40% of
NOS32/2 offspring succumbed within the first hour of birth.
However, they did not monitor their animal survival beyond 1
hour of birth. In the present study, the mortality of the
NOS32/2 mice was 73% in the first 4 days after birth, which is
in agreement with the previous studies.21,25 Additionally, we
demonstrated a dose-dependent cardiac dysfunction at P1 with
the loss of one or both NOS3 alleles.21 Interestingly, this gene
dose-dependent response was also observed in the coronary
artery formation of NOS32/2, NOS3+/2, and NOS3+/+ mice at
P0 in the present study. These data suggest that hypoplastic coron-
ary arteries may contribute at least in part to postnatal cardiac dys-
function and mortality in the NOS32/2 mice.

Hypoplastic coronary artery disease is often associated with
myocardial infarction and sudden cardiac death when the heart is
stressed.7 In the present study, coronary artery malformation is ac-
companied by spontaneous myocardial infarction in postnatal
NOS32/2 mice. Our study demonstrated that NOS3 deficiency
results in hypoplastic coronary arteries, a condition that mirrors
HCAD in humans. Interestingly, recent studies have shown that a
common 894G.T single nucleotide polymorphism, which
reduces NOS3 activity, is associated with an increased risk of con-
genital heart disease, especially conotruncal heart defects.31 In add-
ition, environmental factors and maternal conditions including
psychological stress, hypertension, and diabetes, which decrease
NOS3 expression and/or activity, are associated with increased
risks of congenital heart disease.32– 34 Thus, it is possible that
decreased NOS3 signalling may promote the development of con-
genital heart disease in patients with these environmental and ma-
ternal conditions. Although further studies are required to analyse
NOS3 gene mutation in patients with HCAD, the present study
suggests that NOS3 is critical to coronary artery development
and deficiency or mutation of NOS3 gene may lead to HCAD.
Our study is the first to implicate NOS3 deficiency in the patho-
genesis of HCAD and may help to design strategies in the diagno-
sis, prevention, and treatment of HCAD in humans.

Supplementary material
Supplementary material is available at European Heart Journal
online.

Funding
This work was supported by grants from Heart and Stroke Foundation
of Ontario (HSFO, NA-6774) and the Canadian Institutes of Health
Research (CIHR) to Q.F., who is a HSFO Career investigator.

Conflict of interest: none declared.

References
1. Yamanaka O, Hobbs RE. Coronary artery anomalies in 126 595 patients undergo-

ing coronary arteriography. Cathet Cardiovasc Diagn 1990;21:28–40.
2. Baltaxe HA, Wixson D. The incidence of congenital anomalies of the coronary

arteries in the adult population. Radiology 1977;122:47–52.
3. Taylor AJ, Rogan KM, Virmani R. Sudden cardiac death associated with isolated

congenital coronary artery anomalies. J Am Coll Cardiol 1992;20:640–647.
4. Amabile N, Fraisse A, Quilici J. Hypoplastic coronary artery disease: report of one

case. Heart 2005;91:e12.
5. Roberts WC, Glick BN. Congenital hypoplasia of both right and left circumflex

coronary arteries. Am J Cardiol 1992;70:121–123.
6. Zugibe FT, Zugibe FT Jr, Costello JT, Breithaupt MK. Hypoplastic coronary artery

disease within the spectrum of sudden unexpected death in young and middle age
adults. Am J Forensic Med Pathol 1993;14:276–283.

7. De Giorgio F, Abbate A, Stigliano E, Capelli A, Arena V. Hypoplastic coronary
artery disease causing sudden death. Report of two cases and review of the litera-
ture. Cardiovasc Pathol 2010;19:e107–e111.

8. Moncada S, Palmer RM, Higgs EA. Nitric oxide: physiology, pathophysiology, and
pharmacology. Pharmacol Rev 1991;43:109–142.

9. Razavi HM, Hamilton JA, Feng Q. Modulation of apoptosis by nitric oxide: implica-
tions in myocardial ischemia and heart failure. Pharmacol Ther 2005;106:147–162.

10. Bloch W, Fleischmann BK, Lorke DE, Andressen C, Hops B, Hescheler J,
Addicks K. Nitric oxide synthase expression and role during cardiomyogenesis.
Cardiovasc Res 1999;43:675–684.

11. Reese DE, Mikawa T, Bader DM. Development of the coronary vessel system. Circ
Res 2002;91:761–768.

12. Crispino JD, Lodish MB, Thurberg BL, Litovsky SH, Collins T, Molkentin JD,
Orkin SH. Proper coronary vascular development and heart morphogenesis
depend on interaction of GATA-4 with FOG cofactors. Genes Dev 2001;15:
839–844.

13. Martinez-Estrada OM, Lettice LA, Essafi A, Guadix JA, Slight J, Velecela V, Hall E,
Reichmann J, Devenney PS, Hohenstein P, Hosen N, Hill RE, Munoz-Chapuli R,
Hastie ND. Wt1 is required for cardiovascular progenitor cell formation
through transcriptional control of Snail and E-cadherin. Nat Genet 2010;42:89–93.

14. van den Akker NM, Molin DG, Peters PP, Maas S, Wisse LJ, van Brempt R, van
Munsteren CJ, Bartelings MM, Poelmann RE, Carmeliet P, Gittenberger-de
Groot AC. Tetralogy of fallot and alterations in vascular endothelial growth
factor-A signaling and notch signaling in mouse embryos solely expressing the
VEGF120 isoform. Circ Res 2007;100:842–849.

15. Tomanek RJ, Sandra A, Zheng W, Brock T, Bjercke RJ, Holifield JS. Vascular endo-
thelial growth factor and basic fibroblast growth factor differentially modulate
early postnatal coronary angiogenesis. Circ Res 2001;88:1135–1141.

16. Zhao X, Lu X, Feng Q. Deficiency in endothelial nitric oxide synthase impairs
myocardial angiogenesis. Am J Physiol Heart Circ Physiol 2002;283:H2371–H23718.

17. Rindt H, Gulick J, Knotts S, Neumann J, Robbins J. In vivo analysis of the murine
beta-myosin heavy chain gene promoter. J Biol Chem 1993;268:5332–5338.

18. Fishbein MC, Wang T, Matijasevic M, Hong L, Apple FS. Myocardial tissue tropo-
nins T and I. An immunohistochemical study in experimental models of myocar-
dial ischemia. Cardiovasc Pathol 2003;12:65–71.

19. Ito T, Yamada S, Tamura T, Shiomi M. Discrimination of recent ischemic myocar-
dial changes in WHHLMI rabbits from the findings of postmortem degeneration.
Exp Anim 2005;54:413–419.

20. Mikawa T, Gourdie RG. Pericardial mesoderm generates a population of coronary
smooth muscle cells migrating into the heart along with ingrowth of the epicardial
organ. Dev Biol 1996;174:221–232.

21. Feng Q, Song W, Lu X, Hamilton JA, Lei M, Peng T, Yee SP. Development of heart
failure and congenital septal defects in mice lacking endothelial nitric oxide syn-
thase. Circulation 2002;106:873–879.

22. Nadeau M, Georges RO, Laforest B, Yamak A, Lefebvre C, Beauregard J, Paradis P,
Bruneau BG, Andelfinger G, Nemer M. An endocardial pathway involving Tbx5,
Gata4, and Nos3 required for atrial septum formation. Proc Natl Acad Sci U S A
2010;107:19356–19361.

23. Lee TC, Zhao YD, Courtman DW, Stewart DJ. Abnormal aortic valve develop-
ment in mice lacking endothelial nitric oxide synthase. Circulation 2000;101:
2345–2348.

Y. Liu et al.930
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/35/14/920/524699 by guest on 08 August 2022

http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehs306/-/DC1
http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehs306/-/DC1


24. Fernandez B, Duran AC, Fernandez-Gallego T, Fernandez MC, Such M, Arque JM,
Sans-Coma V. Bicuspid aortic valves with different spatial orientations of the leaf-
lets are distinct etiological entities. J Am Coll Cardiol 2009;54:2312–2318.

25. Han RN, Babaei S, Robb M, Lee T, Ridsdale R, Ackerley C, Post M, Stewart DJ.
Defective lung vascular development and fatal respiratory distress in endothelial
NO synthase-deficient mice: a model of alveolar capillary dysplasia? Circ Res
2004;94:1115–1123.

26. Malan D, Ji GJ, Schmidt A, Addicks K, Hescheler J, Levi RC, Bloch W,
Fleischmann BK. Nitric oxide, a key signaling molecule in the murine early embry-
onic heart. FASEB J 2004;18:1108–1110.

27. Suzuki YJ, Nagase H, Day RM, Das DK. GATA-4 regulation of myocardial survival
in the preconditioned heart. J Mol Cell Cardiol 2004;37:1195–1203.

28. Marcet-Palacios M, Ulanova M, Duta F, Puttagunta L, Munoz S, Gibbings D,
Radomski M, Cameron L, Mayers I, Befus AD. The transcription factor Wilms
tumor 1 regulates matrix metalloproteinase-9 through a nitric oxide-mediated
pathway. J Immunol 2007;179:256–265.

29. Laverriere AC, MacNeill C, Mueller C, Poelmann RE, Burch JB, Evans T. GATA-4/
5/6, a subfamily of three transcription factors transcribed in developing heart and
gut. J Biol Chem 1994;269:23177–23184.

30. Heineke J, Auger-Messier M, Xu J, Oka T, Sargent MA, York A, Klevitsky R,
Vaikunth S, Duncan SA, Aronow BJ, Robbins J, Crombleholme TM,
Molkentin JD. Cardiomyocyte GATA4 functions as a stress-responsive regulator
of angiogenesis in the murine heart. J Clin Invest 2007;117:3198–3210.

31. van Beynum IM, Mooij C, Kapusta L, Heil S, den Heijer M, Blom HJ. Common
894G.T single nucleotide polymorphism in the gene coding for endothelial
nitric oxide synthase (eNOS) and risk of congenital heart defects. Clin Chem
Lab Med 2008;46:1369–1375.

32. Lisowski LA, Verheijen PM, Copel JA, Kleinman CS, Wassink S, Visser GH,
Meijboom EJ. Congenital heart disease in pregnancies complicated by maternal
diabetes mellitus. An international clinical collaboration, literature review, and
meta-analysis. Herz 2010;35:19–26.

33. Andersen MR, Simonsen U, Uldbjerg N, Aalkjaer C, Stender S. Smoking
cessation early in pregnancy and birth weight, length, head circumference,
and endothelial nitric oxide synthase activity in umbilical and chorionic
vessels: an observational study of healthy singleton pregnancies. Circulation
2009;119:857–864.

34. Michel T, Vanhoutte PM. Cellular signaling and NO production. Pflugers Arch 2010;
459:807–816.

CARDIOVASCULAR FLASHLIGHT
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

doi:10.1093/eurheartj/eht355
Online publish-ahead-of-print 29 August 2013

Renal artery fibromuscular dysplasia: in vivo optical coherence tomography
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A 66-year-old woman with long-term essential hypertension pre-
sented with poorly controlled blood pressure in spite of six antihyper-
tensive drugs. Percutaneous renal denervation was indicated as a
treatment of resistant arterial hypertension. Renal angiography
showed ‘strings of beads’ appearance characteristic of fibromuscular
dysplasia (FMD) in the mid-segment of the right renal artery (Panel A).

Optical coherence tomography (OCT) confirmed the diagnosis
of medial fibroplasia showing the ‘strings and beads’ appearance in
the longitudinal reconstruction (Panel B). Cross-sectional images
showed several luminal stenosis due to media layer hyperplasia
and fibrosis, with areas of intimo-media layer dissections and aneur-
ysm formations, alternating with segments of normal three-layer ap-
pearance (Panels C–I). (Panel C) Three-layer appearance of the
arterial wall (intima: white arrow, media: blue arrow, adventitia:
yellow arrow) at the bottom and medial fibroplasia (asterisks)
with an intimal dissection (red arrow) communicating with a little
aneurysm formation at the top. Medial fibroplasia contains areas
of low backscattering probably related with muscle cells and areas
of high backscattering in the inner half of the media corresponding
with collagen deposition. (Panel D) three-layer appearance. (Panel E)
intimo-medial dissection (red arrow). (Panel F) Luminal stenosis sec-
ondary to focal medial fibroplasia (asterisk). (Panel G) Ruptured medial fibroplasia with an aneurysm formation. (Panel H) Another intimo-
medial dissection (red arrow). (Panel I) Small medial fibroplasia that protrudes into the lumen of the renal artery. As this case illustrates,
OCT provides unique insights on the underlying pathology of FMD, showing detailed ‘in vivo’ histology information.
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