Pharmacology & Therapeutics 128 (2010) 499-508

Contents lists available at ScienceDirect

P}rlr'umu logy

Pharmacology & Therapeutics Therpeini

journal homepage: www.elsevier.com/locate/pharmthera

Pathophysiological relevance of NO signaling in the cardiovascular system: Novel
insight from mice lacking all NO synthases

Masato Tsutsui **, Hiroaki Shimokawa °, Yutaka Otsuji ¢, Nobuyuki Yanagihara d

2 Department of Pharmacology, Graduate School of Medicine, University of the Ryukyus, 207 Uehara, Nishihara, Okinawa 903-0215, Japan
b Department of Cardiovascular Medicine, Tohoku University Graduate School of Medicine, Japan

¢ Second Department of Internal Medicine, School of Medicine, University of Occupational and Environmental Health, Japan

4 Department of Pharmacology, School of Medicine, University of Occupational and Environmental Health, Japan

ARTICLE INFO ABSTRACT

Keywords: Nitric oxide (NO) exerts a variety of biological actions under both physiological and pathological conditions.
Nitric oxide NO is synthesized by three distinct NO synthase (NOS) isoforms, including neuronal (nNOS), inducible (iNOS),
Nitric oxide synthase and endothelial NOS (eNOS), all of which are expressed in the human cardiovascular system. The roles of
Cardiovascular disease endogenous NO in the cardiovascular system have been investigated in pharmacological studies with NOS
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inhibitors and in studies with mice that lack each NOS isoform. However, in the pharmacological studies, the
specificity of the NOS inhibitors continues to be an issue of debate, while in each of the NOS isoform-deficient
mice, a compensatory mechanism by other NOSs that are not genetically deleted is apparently involved. Thus,
the authentic roles of endogenous NO are still poorly understood. To address this issue, genetically engineered
mice in which all three NOS genes are completely disrupted have been developed. In the triply n/i/eNOS~/~
mice, but not in singly eNOS™~ mice, several cardiovascular phenotypes, including arteriosclerosis/
atherosclerosis, myocardial infarction, and dyslipidemia, have been described. Furthermore, by using the
triply NOS™/~ mice, the roles of the NOS system in endothelium-dependent hyperpolarization and stain-
induced NO production have been elucidated. These results provide novel insight into the cardiovascular role
of the endogenous NO/NOS system at the molecular level. This review, based on the research outcomes
obtained from the triply NOS™~ genetic model, summarizes the latest knowledge of the pathophysiological
relevance of NO signaling in the cardiovascular system.

© 2010 Elsevier Inc. All rights reserved.

Contents
1. Introduction . . . . . . ..o e e e e e e e 499
2. Cardiovascular phenotypes in triply NOS™/ ™ MiCe. . . . . . . . . v v v 501
3. Elucidation of the role of nitric oxide synthases in the cardiovascular system using triply NOS™~ mice . . . 504
4,  Therapeuticrelevance . . . . . . . . . . . . . e e e e e e e e e e e e e e e 505
5. Future perspectives . . . . . . . . . . . e e e e e e e e e e e e e e 506
6. Concluding remarks. . . . . . . . . .. e e e e e e e e e 507
Funding . . . . . . . L e e e e e e e 507
Conflict of interest . . . . . . . . . . L L e e 507
References. . . . . . . . . . L e e e 507

Abbreviations: NO, nitric oxide; NOS, nitric oxide synthase; nNOS, neuronal nitric
oxide synthase; iNOS, inducible nitric oxide synthase; eNOS, endothelial nitric oxide 1. Introduction
synthase; WT, wild-type; apoE, apolipoprotein E; MI, myocardial infarction; LDL, low-
density lipoprotein; EDHF, endothelium-derived hyperpolarizing factor; H>0,, hydro- Since the endothelium-derived relaxing factor was identified as

ide; BH,, tetrahydrobiopterin; AT;, angiotensin II type 1; ARB, angiotensin I - . . .
f;;eple rr(:cﬂepior bfocierra varoblopterin: At anglotensin 1 type anglotensin nitric oxide (NO) in 1987, NO research has achieved remarkable

* Corresponding author. Tel.: +81 98 895 1133; fax: +81 98 895 1411. development. Recently, more than 7000 NO-related articles are
E-mail address: tsutsui@med.u-ryukyu.acjp (M. Tsutsui). published per year.

0163-7258/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.pharmthera.2010.08.010


http://dx.doi.org/10.1016/j.pharmthera.2010.08.010
mailto:tsutsui@med.u-ryukyu.ac.jp
http://dx.doi.org/10.1016/j.pharmthera.2010.08.010
http://www.sciencedirect.com/science/journal/01637258

500 M. Tsutsui et al. / Pharmacology & Therapeutics 128 (2010) 499-508

NO is formed from its precursor L-arginine by a family of NO
synthases (NOSs) with stoichiometric production of L-citrulline
(Furchgott, 1984; Ignarro, 1990; Moncada et al, 1991; Bredt &
Snyder, 1994; Murad, 1997; Shimokawa, 1999; Tsutsui et al., 2009).
The NOS system consists of three distinct NOS isoforms, encoded by
three distinct NOS genes, including neuronal (nNOS; also known as
NOS-1), inducible (iNOS; also known as NOS-2) and endothelial NOS
(eNOS; also known as NOS-3).

It was initially indicated that nNOS and eNOS are constitutively
expressed mainly in the nervous system and the vascular endothe-
lium, respectively, synthesizing a small amount of NO in a calcium-
dependent manner both under basal conditions and upon stimulation,
and that iNOS is induced only when stimulated by microbial
endotoxins or certain proinflammatory cytokines, producing a greater
amount of NO in a calcium-independent manner (Furchgott, 1984;
Ignarro, 1990; Moncada et al., 1991; Bredt & Snyder, 1994; Murad,
1997; Shimokawa, 1999; Tsutsui et al., 2009). However, it was
subsequently revealed that iNOS is constitutively expressed even
under physiological conditions (Park et al., 1996; Buchwalow et al.,
2002), and that in addition to eNOS and iNOS, nNOS also plays
important roles in the cardiovascular system (Morishita et al., 2002;
Nakata et al., 2005, 2007; Tsutsui, 2004).

The roles of NO in vivo have been investigated in pharmacological
studies, with r-arginine analogues having been widely used as
pharmacological tools to inhibit NOS activity. However, the L-arginine
analogues possess multiple non-specific actions (Suda et al., 2002,
2004). Indeed, although long-term treatment with the r-arginine
analogues, such as N®-nitro-L-arginine methyl ester (L-NAME), had
long been believed without doubt to simply inhibit vascular NO
synthesis and cause arteriosclerotic vascular lesion formation, the
long-term vascular effects of the L-arginine analogues are not solely
mediated by the simple inhibition of NO synthesis. Activation of the
tissue renin-angiotensin system and increased oxidative stress,
independent of endogenous NO inhibition, are involved in the long-
term vascular effects of the r-arginine analogues. These findings
warrant a re-evaluation of previous pharmacological studies using
those analogues.

The roles of NO in vivo have also been investigated in studies with
mice that lack each NOS isoform (Bredt & Snyder, 1994; Furchgott,
1984; Ignarro, 1990; Moncada et al., 1991; Murad, 1997; Shimokawa,
1999). However, in each of the NOS isoform-deficient (NOS~~) mice,
a compensatory mechanism by other NOSs that are not genetically
disrupted appears to operate (Son et al., 1996). Indeed, although it is

Table 1
Mice Lacking the NOS Genes That Have Thus Far Been Established.

NOS”- Mice Sites of gene deletion References

nNOS™ Exon 2 (#1) Huang et al. (1993)
Exon 6 Gyurko et al. (2002)
Exon 6 Packer et al., PNAS (2003)
iNOS™~ Proximal 585 bases of promoter MacMicking et al. (1995)
plus exons 1-4 (#2)
Near exons 1-5 Wei et al. (1995)
Exons 12 and 13 and a part of ~ Laubach et al. (1995)
exon 11 (#3)
eNOS™~ Exons 24-26 (#4) Huang et al. (1995)
Exon 12 (#5) Shesely et al. (1996)
Exons 24 and 25 Godecke et al. (1998)
n/iNOS” #1 and #3 Tranguch and Huet-Hudson (2003)
#1 and #2 Morishita et al. (2005)
n/eNOS™” #1 and #4 Son et al. (1996)
#1 and #5 Tranguch and Huet-Hudson (2003)
#1 and #4 Morishita et al. (2005)
i/eNOS™ #3 and #5 Tranguch and Huet-Hudson (2003)
#2 and #4 Morishita et al. (2005)
n/i/eNOS™”  #1, #2 and #4 Morishita et al. (2005)

NOS, nitric oxide synthase; nNOS, neuronal NOS; iNOS, inducible NOS; eNOS,
endothelial NOS; NOS", NOS-deficient.

Table 2
Studies with Triply n/i/eNOS™~ Mice.

Findings References

Nephrogenic diabetes insipidus in triply NOS”~ mice

Pivotal role of NOS system in atorvastatin-induced
vascular NO production

Spontaneous myocardial infarction in triply
NOS™" mice

Crucial role of NOS system in endothelium-dependent
hyperpolarization

Enhanced bone mineral density and increased bone
turnover in triply NOS”~ mice

Dyslipidemia, atherosclerosis, and sudden death in
triply n/i/eNOS™”" mice fed a high fat diet

Morishita et al. (2005)
Nakata et al. (2007)

Nakata et al. (2008)
Takaki et al. (2008)
Sabanai et al. (2008)

(Yatera et al., 2010)

well established that eNOS exerts anti-arteriosclerotic effects (Bredt &
Snyder, 1994; Furchgott, 1984; Ignarro, 1990; Moncada et al., 1991;
Murad, 1997; Shimokawa, 1999), the eNOS™/~ mice do not
spontaneously develop arteriosclerotic/atherosclerotic vascular lesion
formation (Moroi et al., 1998). In the eNOS™~ mice, compensatory
up-regulation of vascular nNOS is evident (Huang et al, 2002;
Lamping et al., 2000; Takaki et al., 2008), and NOS activity and NOx
production are fairly well preserved (Morishita et al., 2005). Thus,
even at the present time when NO research has evolved strikingly, the
ultimate roles of endogenous NO still remain to be fully understood.

All types of NOS™~ animals, including singly, doubly, and triply
NOS™~ mice, have thus far been generated (Table 1) (Godecke et al,,
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Fig. 1. Hemodynamics in wild-type (WT) and NOS~/~ mice. (A) Systolic blood pressure
measured by the tail-cuff method under conscious conditions (n=9-16). *P<0.05 vs.
WT C57BL/6 mice. (B) Heart rate measured by the tail-cuff method under conscious
conditions (n=9-16). *P<0.05 vs. WT C57BL/6 mice.

Data from Morishita et al. (2005).
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1998; Gyurko et al., 2002; Huang et al.,, 1993, 1995; Laubach et al., 1995;
MacMicking et al., 1995; Morishita et al., 2005; Shesely et al., 1996; Son
et al., 1996; Tranguch & Huet-Hudson, 2003; Wei et al., 1995). Among
them, the triply n/i/eNOS™~ mice are without the compensatory
interaction of NOSs, and therefore a useful experimental tool to study
the roles of endogenous NO derived from the NOS system. In the triply
NOS™~ mice, but not in the eNOS™~ mice, several cardiovascular
phenotypes, including arteriosclerosis/atherosclerosis, myocardial in-
farction, and dyslipidemia, have been described (Table 2). Furthermore,
by using the triply NOS™~ genotype, the roles of the NOS system in
endothelium-dependent hyperpolarization and in NO production
induced by a statin (3-hydroxy-3-methyl-glutaryl-CoA reductase
inhibitor, cholesterol-lowering drug) have been elucidated (Table 2).
These findings provide new insights into the significance of the NO/NOS
system in human cardiovascular diseases. This review, based on the
research outcomes obtained from the triply NOS™~ mutant model,
summarizes the current knowledge of the pathophysiological relevance
of NO signaling in the cardiovascular system.

2. Cardiovascular phenotypes in triply NOS™/~ mice
2.1. Hypertension and bradycardia

Measurement of blood pressure by the tail-cuff method under
conscious conditions showed that the triply NOS™/~ mice were
significantly hypertensive as compared with wild-type (WT) mice.
The degree of hypertension in the triply NOS™~ mice was similar to
that in the eNOS gene-disrupted singly and doubly NOS™/~ mice
(Fig. 1A). These results suggest that hypertension is a common
characteristic of the eNOS gene disruption and is caused by the lack of
endothelium-derived NO with the resultant increase in peripheral
vascular resistance (Ortiz & Garvin, 2003).

Heart rate was significantly lower in the triply NOS~~ than in the
WT mice, and the degree of bradycardia in the triply NOS ™~ mice was
also equivalent to that in the eNOS gene-disrupted singly and doubly
NOS~/~ mice (Fig. 1B), indicating that bradycardia, also, is a common
phenotype of the eNOS gene deletion. Although there is no conclusive
explanation for the decreased heart rate in association with the eNOS
deletion, previous studies revealed that eNOS-derived NO could affect
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Fig. 2. The different vasculoprotective roles of three NOS isoforms in a mouse carotid
artery ligation model. Studies with each NOS isoform™/~ mice have demonstrated that
eNOS inhibits neointimal formation, that iNOS attenuates constrictive vascular
remodeling, and that nNOS suppresses both neointimal formation and constrictive
vascular remodeling. Thus, individual NOS isoforms have different vasculoprotective
actions against vascular lesion formation in mice in vivo. —, inhibition.

Diagram from Tsutsui (2004).

A

Normal WT Dead triply n/i/leNOS-KO

100 pm

Hematoxylin-eosin
4 e
o

A
‘4’(;! 'l iy

[ piid 8
‘Fa

"_ ,’.

s e T '

@]

_WT_ nNOSO

n/ileNOS-KO

Oy

3% e

e | =

|

INOS-KO eNOS-KO (! TN
=5 Rt

Coronary artery
(Toluidine-blue)

ol =0 £Fn B

WT nNOS iNOS eNOS n/ileNOS
-KO -KO -KO -KO

. .
A e _.e-..:_l i ‘1_> 1
100 pm
ke
Q
© *
%m 10
=
n 2
P
L ©
O >
-
1] -
ge 5
£ 9
5 8
o=
Q
£
=)
b4

Fig. 3. Spontaneous myocardial infarction (MI), coronary arteriosclerosis and mast cell
infiltration in triply NOS™~ mice. (A) Acute MI and coronary arteriosclerotic lesion
formation in the triply NOS~/~ mouse that died at 8 months of age (Masson-trichrome
staining). Blue in the heart cross-section of the dead triply NOS™/~ mouse indicates
antero-septal acute MI. Adjacent coronary artery shows marked luminal narrowing,
wall thickening, and perivascular fibrosis (blue). (B) Arteriosclerotic lesion formation in
serial sections of the infarct-related coronary artery. (C) Mast cell infiltration in the
coronary artery adventitia (toluidine-blue staining) (n=10-33). Red arrows indicate
mast cells. *P<0.05 vs. WT.

Data from Nakata et al. (2008).
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baroreflex resetting or could be involved in establishing the baro-
receptor setpoint (Ortiz & Garvin, 2003).

2.2. Vascular lesion formation

Expression of nNOS is up-regulated in the neointima, endothelial
cells and macrophages in both early and advanced human atheroscle-
rotic lesions (Wilcox et al., 1997). Although the regulatory roles of
eNOS and iNOS on vascular lesion formation have been widely studied,
little was known about the role of nNOS. A previous study addressed
this point in nNOS™/~ mice and demonstrated that the nNOS gene
deficiency caused a worsening of neointimal formation and constric-
tive vascular remodeling (a reduction in vascular cross-sectional area)
following carotid artery ligation (Fig. 2) (Morishita et al., 2002). In
agreement with that evidence, nNOS™~/apolipoprotein E (apoE) ™/~
mice showed accelerated atherosclerotic vascular lesion formation as
compared with apoE ™/~ mice (Kuhlencordt et al., 2006). These results
suggest that nNOS also plays a role in suppressing arteriosclerotic/
atherosclerotic vascular lesion formation (Tsutsui, 2004). Up-regula-
tion of nNOS may play a compensatory role in the presence of reduced
eNOS activity (e.g. inflammation and arteriosclerosis) to maintain
vascular homeostasis. It has been reported that vascular nNOS
expression is induced by inflammatory/proliferative stimuli (angio-
tensin II, interleukin-1p3, and platelet-derived growth factor), hypoxia,
hypertensive situation, and statin treatment (Boulanger et al., 1998;
Ebrahimian et al., 2003; Nakata et al., 2005, 2007; Ward et al., 2005).

Arteriosclerotic vascular lesion formation was studied in the triply
NOS~/~ mice at 2 and 5 months of age. At 2 months of age, no
significant vascular lesions were seen, whereas, at 5 months of age,
significant arteriosclerotic vascular lesion formation (neointimal
formation, medial thickening, and perivascular fibrosis) was noted
in the triply NOS ™~ mice, but not in the eNOS™~ mice, as compared
with the WT mice, in both large epicardial coronary arteries and
coronary microvessels. Atherosclerotic lesion formation with lipid
accumulation was also observed in the aorta. These results indicate
the protective role of the NOS system in arteriosclerosis. A comparable
extent of hypertension was seen in the eNOS™~ and triply NOS™/—

genotypes, whereas vascular lesion formation was observed only in
the triply NOS™/~ genotype, but not in the eNOS™/~ genotype,
indicating a minor role of hypertension in the vascular lesion
formation in the triply NOS™~ genotype.

2.3. Myocardial infarction

Neither the deletion of the eNOS gene nor the pharmacological
inhibition of eNOS activity induces MI in animals. However, the triply
NOS™/~ mice experienced spontaneous myocardial infarction (MI)
(Fig. 3A). This is the first in vivo demonstration showing that the
defective NOS system is involved in the occurrence of spontaneous MI.
Human MI results not only from thrombotic disruption of coronary
atheromatous plaques, but also from other causes, including coronary
intimal hyperplasia, medial thickening, and coronary vasospasm
(Antman & Braunwald, 2005; Vanhoutte & Shimokawa, 1989). In
the triply NOS™~ mice that died of MI, marked coronary intimal
hyperplasia and medial thickening were noted (Fig. 3A,B). Further-
more, in the dead triply NOS™~ mice, a marked infiltration of mast
cells at the coronary artery adventitia was also observed (Fig. 3C).
Histamine released from adventitial mast cells is thought to cause
coronary vasospasm with resultant MI in humans (Laine et al., 1999).
It is thus possible that coronary intimal hyperplasia, medial
thickening, and vasospasm are involved in the pathogenesis of
spontaneous MI in the triply NOS™/~ mice (Fig. 4).

In the triply NOS™~ mice, endothelium-dependent relaxations to
acetylcholine, which is a physiological eNOS activator, were com-
pletely lacking, and contractions to phenylephrine, which is an o
adrenergic agonist, were markedly potentiated (Nakata et al., 2008).
These vascular dysfunctions could also be involved in the pathogen-
esis of spontaneous MI in the triply NOS™~ mice (Fig. 4).

2.4. Cardiovascular risk factors
Metabolic syndrome is defined as a constellation of interrelated

cardiovascular risk factors of metabolic origin, including visceral obesity,
hypertension, hypertriglyceridemia, impaired glucose tolerance, and
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Fig. 4. Mechanisms for spontaneous MI caused by the defective NOS system in mice in vivo. Genetic disruption of all NOSs caused metabolic syndrome, hypoadiponectinemia, hyper-
low-density-lipoprotein (LDL)-emia, coronary adventitial mast cell infiltration, and vascular dysfunction. Those factors could contribute to the pathogenesis of spontaneous MI.
Importantly, long-term pharmacological blockade of the angiotensin Il type 1 (AT;) receptor significantly reduced the incidence of MI, along with amelioration of those risk factors. It
is therefore possible that the AT, receptor pathway is involved in its molecular mechanism.

Diagram from Tsutsui et al. (2008).



M. Tsutsui et al. / Pharmacology & Therapeutics 128 (2010) 499-508 503

insulin resistance (Nakamura et al., 2001; Takeno et al., 2008).
Accumulation of 3 or more risk factors dramatically increases the risk
of morbidity by arteriosclerotic cardiovascular diseases by 11-fold,
indicating that metabolic syndrome is an important therapeutic target
for the prevention and treatment of cardiovascular diseases (Nakamura
et al.,, 2001; Takeno et al., 2008). The triply NOS™~ mice manifested
phenotypes that closely resemble metabolic syndrome in humans
(Nakata et al., 2008). It is therefore possible that the NOS system plays
important roles in preventing metabolic syndrome.

Adiponectin is an anti-atherogenic adipocytokine, improving
hypertriglyceridemia, glucose metabolism, and insulin resistance,
and inhibiting the progression of arteriosclerosis (Kadowaki et al.,
2006; Matsuzawa et al., 2004; Shioji et al., 2007). Under the condition
of obesity with adipocyte hypertrophy, synthesis of adiponectin is not
increased, but rather decreased, and in patients with metabolic
syndrome, the circulating levels of adiponectin are reduced, in
contrast to increases in other adipocytokines. The deficiency of
adiponectin is thought to play a pivotal role in metabolic syndrome
and its vascular complications (Matsuzawa et al., 2004). In the triply
NOS™~ mice, plasma adiponectin levels were significantly reduced
(Nakata et al., 2008). This suggests that the adiponectin deficiency
may contribute to the development of metabolic abnormalities and
vascular lesion formation in the triply NOS™~ mice (Fig. 4).

2.5. Sudden cardiac death

A previous study showed that during the 11 months of follow-up,
all (100%) of the WT mice lived, whereas only 15% of the triply NOS™/~
mice survived (Fig. 5A) (Nakata et al., 2008). The survival rate was
significantly worse in accordance with the number of disrupted NOS
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genes in the order of singly, doubly, and triply NOS™~ mice.
Postmortem histopathological analysis revealed that ~55% of the triply
NOS ™/~ mice possibly died due to spontaneous MI (Fig. 5B), indicating
the pivotal role of the NOS system in sudden cardiac death (Pabla &
Curtis, 1995, 1996). The second and third causes of death in the triply
NOS~/~ mice were renal disease (~25%) and ileus (~10%), respectively
(Fig. 5B). We have demonstrated that the triply NOS™~ mice manifest
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nephrogenic diabetes insipidus associated with renal tubuloglomer-
ular lesion formation (Morishita et al., 2005). In some dead triply
NOS™/~ mice, we detected severe renal tubuloglomerular lesions but
no other causative pathological abnormalities. In this case, we judged
that the mice died probably due to renal disease (Fig. 5B).

2.6. Diet-induced dyslipidemia

A recent study has examined the effect of the Western-type
cholesterol-rich diet on lipid metabolism in triply NOS™/~ mice
(Yateraetal., 2010). In response to the high-cholesterol diet, the triply
NOS™/~ mice, but not the singly or doubly NOS™~ mice, exhibited
marked increases in serum total cholesterol levels (Fig. 6A). These
increases were due to alterations in the serum levels of low-density
lipoprotein (LDL) cholesterol (Fig. 6B) and small dense LDL particles
(Fig. 6C), both of which are important cardiovascular risk factors
(Sniderman et al., 2003), but not due to alterations in the serum levels
of high-density lipoprotein (HDL) cholesterol or triglyceride. These
results suggest that the NOS system plays a key role in the regulation
of lipid metabolism. Consistent with this evidence, NO supplementa-
tion by overexpression of the eNOS gene in transgenic mice decreases
plasma total and LDL cholesterol levels (van Haperen et al., 2002).

It was next examined whether the cholesterol-rich diet would
elicit atherosclerotic vascular lesion formation. Although in the WT,
singly, and doubly NOS™~ genotypes, the high-cholesterol diet
tended to induce lipid accumulation in the aortas, these effects did
not reach statistically significant levels (Fig. 7). However, in the triply
NOS~/~ genotype, the high-cholesterol diet significantly and mark-
edly caused aortic lipid accumulation (Fig. 7). In addition, the high-
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staining. White and black bars represent the regular and high-cholesterol diets,
respectively. WT, C57BL/6. *P<0.05 vs. the regular diet; TP<0.05 vs. WT mice fed the
high-cholesterol diet.

Data from Yatera et al. (2010).

cholesterol diet also significantly and markedly elicited atheromatous
plaque formation in the aortic sinus only in the triply NOS™/~ geno-
type. In those atheromatous plaque lesions, conglomerated foamy
macrophages and necrotic lipid cores with fibrous caps were noted.
These findings are recognized in the advanced stage of human
atherosclerosis. Thus, the features of the atherosclerotic lesions that
were developed in the triply NOS™~ mice are similar to those
described in humans (Libby, 2008), and therefore represent an
important model for human dyslipidemia and atherosclerosis.

Since some triply NOS™~ mice died during the cholesterol-rich
feeding, a postmortem histopathological analysis was performed to
identify the cause of death. Markedly accelerated coronary vascular
lesion formation and pulmonary congestion were noted in all the
dead triply NOS™~ mice, and old myocardial infarction and giant
organized thrombi in both ventricles were found in some of them.
Thus, it is likely that the triply NOS™/~ mice died of cardiovascular
death.

Finally, the mechanism(s) for dyslipidemia in the triply NOS™ ™~ mice
fed the cholesterol-rich diet was investigated. Dietary cholesterol is
absorbed into the body through the cholesterol transporter Nieman-Pick
C1-like 1 (NPC1L1) in the small intestine, and circulating LDL cholesterol
in the blood is bound to the LDL receptor in the liver, taken up and broken
down by hepatocytes. The expression levels of the small intestinal
NPC1L1 were not altered in the triply NOS™~ mice, whereas the ex-
pression levels of the hepatic LDL receptor were markedly reduced only
in the triply NOS™~ mice (Fig. 8A), in parallel with alterations in the
serum LDL cholesterol levels. Sterol regulatory element-binding
protein-2 (SREBP-2) was discovered as a transcriptional factor that
controls LDL receptor gene expression (Hua et al., 1993). The activity of
SREBP-2 was also diminished only in the triply NOS~'~ mice (Fig. 8B). It
is possible that the lower expression of the hepatic LDL receptor
mediated by reduced SREBP-2 activity is involved in the diet-induced
dyslipidemia in the triply NOS ™~ genotype. These results demonstrate
that complete disruption of the NOS system causes severe diet-induced
dyslipidemia, lipid-rich atherosclerotic lesion formation, and sudden
cardiac death in mice in vivo through the down-regulation of the hepatic
LDL receptor, demonstrating the critical role of the whole endogenous
NO/NOS system in the regulation of lipid metabolism.

2.7. Nephrogenic diabetes insipidus

The first reported phenotype in the triply NOS™~ mice was
abnormality of the kidney (Morishita et al., 2005). The triply NOS™/~
mice showed hypotonic polyuria, polydipsia, and reduced anti-
diuretic response to exogenous vasopressin. Those findings were
accompanied by impaired renal cAMP production, defective mem-
brane expression of the aquaporin-2 water channel, and tubuloglo-
merular lesions. These phenotypes closely resemble the human
disorder nephrogenic diabetes insipidus, demonstrating a novel
aspect of the important roles of endogenous NO in maintaining
renal homeostasis.

3. Elucidation of the role of nitric oxide
synthases in the cardiovascular system using triply NOS~/~ mice

3.1. Role of nitric oxide synthase
system in endothelium-dependent hyperpolarization

The endothelium plays an important role in maintaining vascular
homeostasis by synthesizing and releasing several relaxing factors,
such as prostacyclin, NO, and endothelium-derived hyperpolarizing
factor (EDHF). It was previously demonstrated in animals and humans
that endothelium-derived hydrogen peroxide (H,0,) is an EDHF that
is produced in part by eNOS. On the other hand, a recent study showed
that genetic disruption of all NOS isoforms abolishes EDHF responses
in mice (Takaki et al., 2008). The contribution of the NOS system to
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Fig. 8. LDL receptor expression levels (A) and sterol regulatory element-binding
protein-2 (SREBP-2) activity (B) in the liver of WT and NOS™/~ mice fed a high-
cholesterol diet (Western blotting) (n=6-11). WT, C57BL/6 *P<0.05 vs. WT.

Data from Yatera et al. (2010).

EDHF-mediated responses was examined in the eNOS~/~, n/eNOS ™/,
and n/i/eNOS™~ mice. EDHF-mediated relaxation and hyperpolariza-
tion in response to acetylcholine of mesenteric arteries were
progressively reduced as the number of disrupted NOS genes
increased, whereas vascular smooth muscle function was preserved.
Loss of eNOS expression alone was compensated for by other NOS
genes, and endothelial cell production of H,O, and EDHF-mediated
responses were completely absent in the triply n/i/eNOS™~ mice,
even after antihypertensive treatment with hydralazine. NOS uncou-
pling, which is caused by a deficiency of tetrahydrobiopterin (BH,), a
cofactor of NOS, was not involved, as modulation of BH4 synthesis had
no effect on EDHF-mediated relaxation, and the BH,/dihydrobiopterin
(BHy) ratio was comparable in the mesenteric arteries and the aorta.
These results demonstrate that EDHF-mediated responses are totally
dependent on the NOSs system in mouse mesenteric arteries.
Collectively, this study provides a novel concept of the diverse roles
of the endothelial NOS system mainly contributing to the EDHF/H,0,
responses in small-sized arteries while serving as a NO-generating
system in large arteries (Fig. 9).

3.2. Role of nitric oxide synthase system in
statin-induced vascular nitric oxide production

A previous study examined whether statins enhance vascular NOS
expression, and if so, how much each NOS isoform-derived NO
accounts for atorvastatin-induced NOx production (Nakata et al.,
2007). Organ culture experiments using mouse aortas with endothe-
lium were performed. In the isolated aortas of the WT mice, treatment
with atorvastatin for 2 days significantly enhanced the protein
expression of all three NOSs and NOx accumulation in a culture
medium. A significant increase in atorvastatin-induced NOx accumu-
lation in the culture medium was also seen in isolated aortas of the
doubly i/eNOS~/~ (expressing nNOS alone), the n/eNOS™/~ (expres-
sing iNOS alone), and the n/iNOS™/~ mice (expressing eNOS alone),
and the extent of the increase was ~25%, 25%, and 50%, respectively, as
compared with the WT mice. On the other hand, no significant
increase in atorvastatin-induced NOx accumulation in the culture
medium was seen in the isolated aortas of the triply NOS™~ mice.
These results suggest that atorvastatin up-regulates the vascular
expression of all NOS isoforms, and that nNOS, iNOS, and eNOS
account for ~25%, 25%, and 50%, respectively, of the atorvastatin-
induced NOx production.

4. Therapeutic relevance

Several lines of evidence suggest an association of the defective
NOS system with cardiovascular risk factors, coronary arteriosclerosis,
and MI in humans. First, it has been reported that plasma and/or
urinary NOX levels, which are markers of NO production derived from
all three NOSs in vivo, are reduced in patients with cardiovascular risk
factors and in those with coronary arteriosclerosis (Kurioka et al.,
2000; Node et al., 1997; Piatti et al., 2003; Tanaka et al., 1997). Second,
plasma concentrations of asymmetric dimethylarginine (ADMA),
which is an endogenous NOS inhibitor, have been shown to be
elevated in patients with cardiovascular risk factors, with arterio-
sclerosis, and with risk of MI (Cooke, 2005). Finally, it has been
revealed in humans that the gene polymorphisms of individual NOS
are associated with cardiovascular risk factors, arteriosclerosis, risk of
MI, and low plasma NOx levels (Cook, 2006). These results may imply
a clinical significance of the findings with the triply NOS™ ™ mice.

The renin-angiotensin system plays an important role in the
pathogenesis of cardiovascular diseases (Dzau et al., 2002; Ernsberger
& Koletsky, 2006). In the triply NOS™~ mice, the renin-angiotensin
system, as evaluated by tissue levels of angiotensin-converting enzyme
and angiotensin II type 1 (AT;) receptor and plasma levels of renin and
angiotensin II, was activated (Nakata et al., 2008). Based on these results,
it was studied whether the AT, receptor blocker (ARB) ameliorates
cardiovascular abnormalities of the triply NOS™~ mice. The long-term
oral treatment with an ARB olmesartan potently inhibited coronary
arteriosclerotic lesion formation, adventitial mast cell infiltration, and
the occurrence of MI in the triply NOS™/~ mice, with a resultant
improvement of the prognosis. Furthermore, the treatment with
olmesartan reversed all the abnormal metabolic phenotypes, along
with amelioration of hypoadiponectinemia. These results suggest the
beneficial effect of ARB on the cardiovascular abnormalities of the triply
NOS™~ mice. Although the long-term treatment with hydralazine
lowered the blood pressure levels of the triply NOS™~ mice to the same
extent as with olmesartan, the beneficial cardiovascular effects of
hydralazine were significantly less than those of olmesartan, in terms
of coronary lesion formation, mast cell infiltration, morbidity of MI,
survival rate, and metabolic phenotypes. It is therefore conceivable that
the beneficial effects of olmesartan are mediated by not only the
reduction in blood pressure but also the blockade of the AT; receptor.
ARBs are widely used in the treatment of hypertension. Recent large
randomized trials have revealed that ARBs reduce the progression of
coronary atherosclerosis (Hirohata et al., 2010) and major cardiovascular
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Diagram from Takaki et al. (2008).

events (i.e., cardiovascular death and MI) (Yusuf et al, 2008). The
observations in the triply NOS™~ mice support such a benefit of ARBs in
the clinical setting.

NO donors are employed in the treatment of ischemic heart
disease. A single sublingual administration of nitroglycerin relieves an
anginal attack, and short-term intravenous administration of NO
donors in the acute phase f MI has been shown to reduce infarct size
and ameliorate cardiac function, cardiac remodeling and mortality
(Bussmann et al., 1981; Jugdutt & Warnica, 1988; Rapaport, 1985).
However, when NO donors are continuously applied for an extended
period of time, no positive results have been obtained. Large
randomized clinical trials have revealed that the long-term oral
treatment with NO donors fails to improve the mortality rate in
patients with acute MI (GISSI-3, 1994; ISIS-4, 1995), and small non-
randomized observational studies have reported that it rather
exacerbates the prognosis in patients with old MI (Ishikawa et al.,
1996; Kanamasa et al., 2000). These deleterious actions of the long-
term treatment with NO donors may be due to the nitrate tolerance
caused by long-term continuous administration of NO donors, to the
cardiac overload associated with increased neurohumoral factors, or
to the rebound phenomenon induced by its abrupt cessation (Daiber
et al.,, 2008). On the other hand, it has been reported that long-term
oral treatment with nicorandil, which has actions of both a NO donor
and an ATP-sensitive K™ channel opener and becomes less likely to
elicit the nitrate tolerance, significantly reduces cardiovascular death
and the occurrence of MI in patients with stable angina pectoris (IONA
Study Group, 2002). Whether nicorandil may be favorable in a broad
spectrum of cardiovascular disorders remains to be determined in
future studies.

5. Future perspectives

What are the major pending problems in this research area?
Recent advances in recombinant DNA technology enable us to study

the effects of the site- and time-specific knockout of target genes by
the use of Cre/loxP or Flp/Frt recombination. On the other hand, our
triply NOS™/~ mice are conventional null knockout mice, and no
conditional mice devoid of all subtypes of NOSs have been generated.
This issue remains to be studied in future research.

How should we utilize various lines of NOS~~ mice in the future?
There are all types of NOS™/~ animals, including singly, doubly, and
triply NOS™/~ mice (Table 1). Furthermore, many types of NOS gene-
transgenic (TG) animals, including conditional and non-conditional
TG mice with endothelium-specific or cardiomyocyte-specific over-
expression of each NOS isoform, have also been generated (Table 3)
(Brunner et al., 2001; Burkard et al., 2007; Heger et al., 2002; Janssens
et al.,, 2004; Loyer et al., 2008; Mungrue et al., 2002a; Ohashi et al.,
1998; Packer et al., 2005; Takamura et al., 1998; van Haperen et al.,
2002). Analysis with various combinations of those genetically
manipulated mice will further improve our knowledge about the

Table 3
Mice Overexpressing the NOS Gene That Have Thus Far Been Established.
TG Mice  Overexpression site  Promoter used References
nNOS-TG  myocardium o«-MHC Burkard et al. (2007)
(conditional)
myocardium o-MHC Loyer et al. (2008)
(conditional)
brain CaMKllo Packer et al. (2005)
iNOS-TG  myocardium o-MHC (Mungrue et al., 2002a,b)
(conditional)
myocardium a-MHC Heger et al. (2002)
pancreatic 3 cell insulin Takamura et al. (1998)
eNOS-TG  endothelium preproendothelin-1 ~ Ohashi et al. (1998)
endothelium eNOS van Haperen et al. (2002)
myocardium o-MHC Brunner et al. (2001)
myocardium o-MHC Janssens et al. (2004)

CaMKI, calcium-calmodulin multifunctional kinase II; MHC, myosin heavy chain; TG,
transgenic.



M. Tsutsui et al. / Pharmacology & Therapeutics 128 (2010) 499-508 507

significance of the defective NO/NOS system in human cardiovascular
disorders.

6. Concluding remarks

The mouse is the most ideal genetically modifiable mammalian
presently available (Mungrue et al., 2002b). Studies with the triply
NOS™~ model provide pivotal insights into the cardiovascular roles
of NOSs at the molecular level. The obtained results have demon-
strated that the entire endogenous NOS system plays a pathogenetic
role in a variety of cardiovascular diseases, including arteriosclerosis/
atherosclerosis, myocardial infarction, and dyslipidemia. Moreover,
the findings have indicated that the NOS system plays a crucial role in
endothelium-dependent hyperpolarization and statin-induced vas-
cular NO production. The evidence could contribute to a better
understanding of the pathophysiological relevance of NO signaling in
the cardiovascular system. In the triply NOS™/~ mutant model, long-
term treatment with the ARB significantly suppressed coronary
arteriosclerotic lesion formation and the occurrence of spontaneous
MI, and improved the prognosis, suggesting the therapeutic impor-
tance of ARBs to prevent cardiovascular diseases in humans. Further
studies are certainly needed to clarify whether the outcomes in the
triply NOS™~ genetic model can be translated to human patients
with cardiovascular disorders.

Funding

This work was supported in part by Grants-in-Aid for Scientific
Research (20390074 and 17390071) and a grant-in-aid for explor-
atory research (16650097) from the Japan Society for the Promotion
of Science, Tokyo, Japan, and by grants from the Daiichi Sankyo
Pharmaceutical Co, Tokyo, Japan, the Research Foundation for
Treatment of Metabolic Abnormalities, Osaka, Japan, the Novartis
Foundation for the Promotion of Science, Tokyo, Japan, the Japan
Heart Foundation Grant for Research on Arteriosclerosis Update,
Tokyo, Japan, and the University of Occupational and Environmental
Health for Advanced Research, Japan.

Conflict of interest
None declared.

References

Antman, E. M,, & Braunwald, E. (2005). ST-elevation myocardial infarction: pathology,
pathophysiology, and clinical features. In D. P. Zipes, P. Libby, R. O. Bonow, & E. Braunwald
(Eds.), Braunwald's Heart Disease (pp. 1141—1166)., 7th edition. Philadelphia: Elsevier
Saunders.

Boulanger, C. M., Heymes, C., Benessiano, J., Geske, R. S., Levy, B. I, & Vanhoutte, P. M.
(1998). Neuronal nitric oxide synthase is expressed in rat vascular smooth muscle
cells: activation by angiotensin II in hypertension. Circ Res 83(12), 1271—1278.

Bredt, D. S., & Snyder, S. H. (1994). Nitric oxide: a physiological messenger molecule.
Annu Rev Biochem 63, 175—195.

Brunner, F., Andrew, P., Wolkart, G., Zechner, R., & Mayer, B. (2001). Myocardial
contractile function and heart rate in mice with myocyte-specific overexpression of
endothelial nitric oxide synthase. Circulation 104(25), 3097—3102.

Buchwalow, 1. B., Podzuwedit, T., Bocker, W., Samoilova, V. E., Thomas, S., Wellner, M.,
et al. (2002). Vascular smooth muscle and nitric oxide synthase. FASEB | 16(6),
500—508.

Burkard, N., Rokita, A. G., Kaufmann, S. G., Hallhuber, M., Wy, R,, Huy, K,, et al. (2007).
Conditional neuronal nitric oxide synthase overexpression impairs myocardial
contractility. Circ Res 100(3), e32—e44.

Bussmann, W. D., Passek, D., Seidel, W., & Kaltenbach, M. (1981). Reduction of CK and
CK-MB indexes of infarct size by intravenous nitroglycerin. Circulation 63(3),
615—622.

Cook, S. (2006). Coronary artery disease, nitric oxide and oxidative stress: the “Yin-
Yang” effect, a Chinese concept for a worldwide pandemic. Swiss Med Wkly 136(7-
8),103—113.

Cooke, J. P. (2005). ADMA: its role in vascular disease. Vasc Med 10(Suppl 1), S11—S17.

Daiber, A., Wenzel, P., Oelze, M., & Munzel, T. (2008). New insights into bioactivation of
organic nitrates, nitrate tolerance and cross-tolerance. Clin Res Cardiol 97(1),
12—-20.

Dzau, V. ., Bernstein, K., Celermajer, D., Cohen, ]., Dahlof, B., Deanfield, J., et al. (2002).
Pathophysiologic and therapeutic importance of tissue ACE: a consensus report.
Cardiovasc Drugs Ther 16(2), 149—160.

Ebrahimian, T., Mathieu, E., Silvestre, ]. S., & Boulanger, C. M. (2003). Intraluminal pressure
increases vascular neuronal nitric oxide synthase expression. | Hypertens 21(5),
937—942.

Ernsberger, P., & Koletsky, R. J. (2006). Metabolic effects of antihypertensive agents:
role of sympathoadrenal and renin-angiotensin systems. Naunyn Schmiedebergs
Arch Pharmacol 373(4), 245—258.

Furchgott, R. F. (1984). The role of endothelium in the responses of vascular smooth
muscle to drugs. Annu Rev Pharmacol Toxicol 24, 175—197.

Godecke, A., Decking, U. K., Ding, Z., Hirchenhain, J., Bidmon, H. ]., Godecke, S., et al.
(1998). Coronary hemodynamics in endothelial NO synthase knockout mice. Circ
Res 82(2), 186—194.

Gyurko, R, Leupen, S., & Huang, P. L. (2002). Deletion of exon 6 of the neuronal nitric
oxide synthase gene in mice results in hypogonadism and infertility. Endocrinology
143(7), 2767—2774.

Heger, J., Godecke, A., Flogel, U., Merx, M. W., Molojavyi, A., Kuhn-Velten, W. N., et al.
(2002). Cardiac-specific overexpression of inducible nitric oxide synthase does not
result in severe cardiac dysfunction. Circ Res 90(1), 93—99.

Hirohata, A., Yamamoto, K., Miyoshi, T., Hatanaka, K., Hirohata, S., Yamawaki, H., et al.
(2010). Impact of olmesartan on progression of coronary atherosclerosis a serial
volumetric intravascular ultrasound analysis from the OLIVUS (impact of
OLmesarten on progression of coronary atherosclerosis: evaluation by intravascu-
lar ultrasound) trial. ] Am Coll Cardiol 55(10), 976—982.

Hua, X., Yokoyama, C., Wu, J., Briggs, M. R., Brown, M. S., Goldstein, J. L., et al. (1993).
SREBP-2, a second basic-helix-loop-helix-leucine zipper protein that stimulates
transcription by binding to a sterol regulatory element. Proc Natl Acad Sci U S A 90
(24), 11603 —11607.

Huang, P. L, Dawson, T. M., Bredt, D. S., Snyder, S. H., & Fishman, M. C. (1993). Targeted
disruption of the neuronal nitric oxide synthase gene. Cell 75(7), 1273 —1286.
Huang, P. L., Huang, Z., Mashimo, H., Bloch, K. D., Moskowitz, M. A., Bevan, J. A, et al.
(1995). Hypertension in mice lacking the gene for endothelial nitric oxide synthase.

Nature 377, 239—242.

Huang, A., Sun, D., Shesely, E. G., Levee, E. M., Koller, A., & Kaley, G. (2002). Neuronal
NOS-dependent dilation to flow in coronary arteries of male eNOS-KO mice. Am J
Physiol Heart Circ Physiol 282(2), H429—H436.

Ignarro, L. J. (1990). Biosynthesis and metabolism of endothelium-derived nitric oxide.
Annu Rev Pharmacol Toxicol 30, 535—560.

IONA Study Group. (2002). Effect of nicorandil on coronary events in patients with
stable angina: The Impact Of Nicorandil in Angina (IONA) randomised trial. Lancet
359(9314), 1269—1275.

Ishikawa, K., Kanamasa, K., Ogawa, I, Takenaka, T., Naito, T., Kamata, N., et al. (1996).
Long-term nitrate treatment increases cardiac events in patients with healed
myocardial infarction. Secondary Prevention Group. Jpn Circ J 60(10), 779—788.

Janssens, S., Pokreisz, P., Schoonjans, L., Pellens, M., Vermeersch, P., Tjwa, M., et al.
(2004). Cardiomyocyte-specific overexpression of nitric oxide synthase 3 improves
left ventricular performance and reduces compensatory hypertrophy after
myocardial infarction. Circ Res 94(9), 1256—1262.

Jugdutt, B. I, & Warnica, J. W. (1988). Intravenous nitroglycerin therapy to limit
myocardial infarct size, expansion, and complications. Effect of timing, dosage, and
infarct location. Circulation 78(4), 906—919.

Kadowaki, T., Yamauchi, T., Kubota, N., Hara, K., Ueki, K., & Tobe, K. (2006). Adiponectin
and adiponectin receptors in insulin resistance, diabetes, and the metabolic
syndrome. J Clin Invest 116(7), 1784—1792.

Kanamasa, K., Hayashi, T., Takenaka, T., Kimura, A, Ikeda, A., & Ishikawa, K. (2000). Chronic
use of continuous dosing of long-term nitrates does not prevent cardiac events in
patients with severe acute myocardial infarction. Cardiology 94(3), 139—145.

Kuhlencordt, P. J., Hotten, S., Schodel, J., Rutzel, S., Hu, K., Widder, J., et al. (2006).
Atheroprotective effects of neuronal nitric oxide synthase in apolipoprotein E
knockout mice. Arterioscler Thromb Vasc Biol 26(7), 1539—1544.

Kurioka, S., Koshimura, K., Murakami, Y., Nishiki, M., & Kato, Y. (2000). Reverse
correlation between urine nitric oxide metabolites and insulin resistance in
patients with type 2 diabetes mellitus. Endocr ] 47(1), 77—81.

Laine, P., Kaartinen, M., Penttila, A., Panula, P., Paavonen, T., & Kovanen, P. T. (1999).
Association between myocardial infarction and the mast cells in the adventitia of
the infarct-related coronary artery. Circulation 99(3), 361—369.

Lamping, K. G., Nuno, D. W., Shesely, E. G., Maeda, N., & Faraci, F. M. (2000). Vasodilator
mechanisms in the coronary circulation of endothelial nitric oxide synthase-
deficient mice. Am J Physiol Heart Circ Physiol 279(4), H1906 —H1912.

Laubach, V. E., Shesely, E. G., Smithies, O., & Sherman, P. A. (1995). Mice lacking
inducible nitric oxide synthase are not resistant to lipopolysaccharide-induced
death. Proc Natl Acad Sci U S A 92(23), 10688 —10692.

Libby, P. (2008). The vascular biology of atherosclerosis. In P. Libby, R. Bonow, D. Mann, & D.
Zipes (Eds.), Braunwald's Heart Disease (pp. 985—1002). Philadelphia: Saunders Elsevier.

Loyer, X., Gomez, A. M., Milliez, P., Fernandez-Velasco, M., Vangheluwe, P., Vinet, L.,
et al. (2008). Cardiomyocyte overexpression of neuronal nitric oxide synthase
delays transition toward heart failure in response to pressure overload by
preserving calcium cycling. Circulation 117(25), 3187—3198.

MacMicking, J. D., Nathan, C., Hom, G., Chartrain, N., Fletcher, D. S., Trumbauer, M., et al.
(1995). Altered responses to bacterial infection and endotoxic shock in mice
lacking inducible nitric oxide synthase. Cell 81(4), 641—650.

Matsuzawa, Y., Funahashi, T., Kihara, S., & Shimomura, 1. (2004). Adiponectin and
metabolic syndrome. Arterioscler Thromb Vasc Biol 24(1), 29—33.

Moncada, S., Palmer, R. M. ], & Higgs, E. A. (1991). Nitric oxide: physiology, patho-
physiology, and pharmacology. Pharmacol Rev 43, 109—142.



508 M. Tsutsui et al. / Pharmacology & Therapeutics 128 (2010) 499-508

Morishita, T., Tsutsui, M., Shimokawa, H., Horiuchi, M., Tanimoto, A., Suda, O., et al.
(2002). Vasculoprotective roles of neuronal nitric oxide synthase. FASEB ] 16(14),
1994—1996.

Morishita, T., Tsutsui, M., Shimokawa, H., Sabanai, K., Tasaki, H., Suda, O., et al. (2005).
Nephrogenic diabetes insipidus in mice lacking all nitric oxide synthase isoforms.
Proc Natl Acad Sci U S A 102(30), 10616—10621.

Moroi, M., Zhang, L., Yasuda, T., Virmani, R, Gold, H. K., Fishman, M. C, et al. (1998).
Interaction of genetic deficiency of endothelial nitric oxide, gender, and pregnancy
in vascular response to injury in mice. J Clin Invest 101(6), 1225—1232.

Mungrue, I. N., Gros, R, You, X, Pirani, A, Azad, A., Csont, T. et al. (2002a).
Cardiomyocyte overexpression of iNOS in mice results in peroxynitrite generation,
heart block, and sudden death. J Clin Invest 109(6), 735—743.

Mungrue, 1. N., Husain, M., & Stewart, D. J. (2002b). The role of NOS in heart failure:
lessons from murine genetic models. Heart Fail Rev 7(4), 407 —422.

Murad, F. (1997). What are the molecular mechanisms for the antiproliferative effects
of nitric oxide and ¢cGMP in vascular smooth muscle? Circulation 95(5),
1101—-1103.

Nakamura, T., Tsubono, Y., Kameda-Takemura, K., Funahashi, T., Yamashita, S.,
Hisamichi, S., et al. (2001). Magnitude of sustained multiple risk factors for
ischemic heart disease in Japanese employees: a case-control study. Jpn Circ | 65
(1), 11-17.

Nakata, S., Tsutsui, M., Shimokawa, H., Suda, O., Morishita, T., Shibata, K., et al. (2008).
Spontaneous myocardial infarction in mice lacking all nitric oxide synthase
isoforms. Circulation 117(17), 2211—2223.

Nakata, S., Tsutsui, M., Shimokawa, H., Tamura, M., Tasaki, H., Morishita, T., et al. (2005).
Vascular neuronal NO synthase is selectively upregulated by platelet-derived
growth factor. Arterioscler Thromb Vasc Biol.

Nakata, S., Tsutsui, M., Shimokawa, H., Yamashita, T., Tanimoto, A., Tasaki, H., et al.
(2007). Statin treatment upregulates vascular neuronal nitric oxide synthase
through Akt/NF-kappaB pathway. Arterioscler Thromb Vasc Biol 27(1), 92—98.

Node, K., Kitakaze, M., Yoshikawa, H., Kosaka, H., & Hori, M. (1997). Reduced plasma
concentrations of nitrogen oxide in individuals with essential hypertension.
Hypertension 30(3 Pt 1), 405—408.

Ohashi, Y., Kawashima, S., Hirata, K., Yamashita, T., Ishida, T., Inoue, N., et al. (1998).
Hypotension and reduced nitric oxide-elicited vasorelaxation in transgenic mice
overexpressing endothelial nitric oxide synthase. J Clin Invest 102(12), 2061—2071.

Ortiz, P. A., & Garvin, J. L. (2003). Cardiovascular and renal control in NOS-deficient
mouse models. Am ] Physiol Regul Integr Comp Physiol 284(3), R628 —R638.

Pabla, R., & Curtis, M. J. (1995). Effects of NO modulation on cardiac arrhythmias in the
rat isolated heart. Circ Res 77(5), 984—992.

Pabla, R., & Curtis, M. J. (1996). Endogenous protection against reperfusion-induced
ventricular fibrillation: role of neuronal versus non-neuronal sources of nitric oxide
and species dependence in the rat versus rabbit isolated heart. ] Mol Cell Cardiol 28
(10), 2097—2110.

Packer, M. A., Hemish, ]., Mignone, J. L., John, S., Pugach, I, & Enikolopov, G. (2005).
Transgenic mice overexpressing nNOS in the adult nervous system. Cell Mol Biol
(Noisy-le-grand) 51(3), 269—277.

Park, C.S., Park, R., & Krishna, G. (1996). Constitutive expression and structural diversity
of inducible isoform of nitric oxide synthase in human tissues. Life Sci 59(3),
219-225.

Piatti, P., Di Mario, C., Monti, L. D., Fragasso, G., Sgura, F., Caumo, A, et al. (2003).
Association of insulin resistance, hyperleptinemia, and impaired nitric oxide
release with in-stent restenosis in patients undergoing coronary stenting.
Circulation 108(17), 2074—2081.

Rapaport, E. (1985). Influence of long-acting nitrate therapy on the risk of reinfarction,
sudden death, and total mortality in survivors of acute myocardial infarction. Am
Heart ] 110(1 Pt 2), 276 —280.

Sabanai, K., Tsutsui, M., Sakai, A., Hirasawa, H., Tanaka, S., Nakamura, E., et al. (2008).
Genetic disruption of all nitric oxide synthase isoforms enhances bone mineral
density and bone turnover in mice in vivo: Involvement of the renin-angiotensin
system. | Bone Miner Res 23(5), 633 —643.

Shesely, E. G., Maeda, N., Kim, H. S., Desai, K. M., Krege, ]. H., Laubach, V. E., et al. (1996).
Elevated blood pressures in mice lacking endothelial nitric oxide synthase. Proc
Natl Acad Sci U S A 93(23), 13176—13181.

Shimokawa, H. (1999). Primary endothelial dysfunction: atherosclerosis. ] Mol Cell
Cardiol 31, 23—37.

Shioji, K., Moriwaki, S., Takeuchi, Y., Uegaito, T., Mutsuo, S., & Matsuda, M. (2007).
Relationship of serum adiponectin level to adverse cardiovascular events in
patients who undergo percutaneous coronary intervention. Circ J 71(5), 675—680.

Sniderman, A. D., Furberg, C. D., Keech, A., Roeters van Lennep, J. E., Frohlich, ]., Jungner,
I, et al. (2003). Apolipoproteins versus lipids as indices of coronary risk and as
targets for statin treatment. Lancet 361(9359), 777—780.

Son, H., Hawkins, R. D., Martin, K., Kiebler, M., Huang, P. L., Fishman, M. C,, et al. (1996).
Long-term potentiation is reduced in mice that are doubly mutant in endothelial
and neuronal nitric oxide synthase. Cell 87(6), 1015—1023.

Suda, 0., Tsutsui, M., Morishita, T., Tanimoto, A., Horiuchi, M., Tasaki, H., et al. (2002).
Long-term treatment with N(omega)-nitro-L-arginine methyl ester causes arte-
riosclerotic coronary lesions in endothelial nitric oxide synthase-deficient mice.
Circulation 106(13), 1729—1735.

Suda, O., Tsutsui, M., Morishita, T., Tasaki, H., Ueno, S., Nakata, S., et al. (2004). Asymmetric
dimethylarginine produces vascular lesions in endothelial nitric oxide synthase-
deficient mice. Arterioscler Thromb Vasc Biol 24(9), 1682—1688.

Takaki, A., Morikawa, K., Tsutsui, M., Murayama, Y., Tekes, E., Yamagishi, H., et al.
(2008). Crucial role of nitric oxide synthases system in endothelium-dependent
hyperpolarization in mice. ] Exp Med 205(9), 2053 —2063.

Takamura, T., Kato, I, Kimura, N., Nakazawa, T., Yonekura, H., Takasawa, S., et al. (1998).
Transgenic mice overexpressing type 2 nitric-oxide synthase in pancreatic beta
cells develop insulin-dependent diabetes without insulitis. J Biol Chem 273(5),
2493 —2496.

Takeno, M., Yasuda, S., Otsuka, Y., Morii, I., Kawamura, A., Yano, K., et al. (2008). Impact
of metabolic syndrome on the long-term survival of patients with acute myocardial
infarction: potential association with C-reactive protein. Circ J 72(3), 415—419.

Tanaka, S., Yashiro, A., Nakashima, Y., Nanri, H., Ikeda, M., & Kuroiwa, A. (1997). Plasma
nitrite/nitrate level is inversely correlated with plasma low-density lipoprotein
cholesterol level. Clin Cardiol 20(4), 361—365.

Tranguch, S., & Huet-Hudson, Y. (2003). Decreased viability of nitric oxide synthase
double knockout mice. Mol Reprod Dev 65(2), 175—179.

Tsutsui, M. (2004). Neuronal nitric oxide synthase as a novel anti-atherogenic factor.
J Atheroscler Thromb 11(2), 41—48.

Tsutsui, M., Nakata, S., Shimokawa, H., Otsuji, Y., & Yanagihara, N. (2008). Spontaneous
myocardial infarction and nitric oxide synthase. Trends Cardiovasc Med 18(8),
275—279.

Tsutsui, M., Shimokawa, H., Otsuji, Y., Ueta, Y., Sasaguri, Y., & Yanagihara, N. (2009).
Nitric oxide synthases and cardiovascular diseases: insights from genetically
modified mice. Circ J 73(6), 986—993.

van Haperen, R., de Waard, M., van Deel, E., Mees, B., Kutryk, M., van Aken, T., et al.
(2002). Reduction of blood pressure, plasma cholesterol, and atherosclerosis by
elevated endothelial nitric oxide. J Biol Chem 277(50), 48803 —48807.

Vanhoutte, P. M., & Shimokawa, H. (1989). Endothelium-derived relaxing factor and
coronary vasospasm. Circulation 80(1), 1—9.

Ward, M. E., Toporsian, M., Scott, J. A., Teoh, H., Govindaraju, V., Quan, A, et al. (2005).
Hypoxia induces a functionally significant and translationally efficient neuronal NO
synthase mRNA variant. J Clin Invest 115(11), 3128—3139.

Wei, X. Q., Charles, L. G., Smith, A., Ure, ]., Feng, G. J., Huang, F. P,, et al. (1995). Altered
immune responses in mice lacking inducible nitric oxide synthase. Nature 375
(6530), 408—411.

Wilcox, J. N., Subramanian, R. R,, Sundell, C. L., Tracey, W. R., Pollock, J. S., Harrison, D. G.,
etal. (1997). Expression of multiple isoforms of nitric oxide synthase in normal and
atherosclerotic vessels. Arterioscler Thromb Vasc Biol 17(11), 2479—2488.

Yatera, Y., Shibata, K., Furuno, Y., Sabanai, K., Morisada, N., Nakata, S., et al. (2010).
Severe dyslipidemia, atherosclerosis, and sudden cardiac death in mice lacking all
NO synthases fed a high-fat diet. Cardiovasc Res 87, 675—682.

Yusuf, S, Teo, K., Anderson, C., Pogue, J., Dyal, L., Copland, L., et al. (2008). Effects of the
angiotensin-receptor blocker telmisartan on cardiovascular events in high-risk
patients intolerant to angiotensin-converting enzyme inhibitors: a randomised
controlled trial. Lancet 372(9644), 1174—1183.



	Pathophysiological relevance of NO signaling in the cardiovascular system: Novel insight from mice lacking all NO synthases
	Introduction
	Cardiovascular phenotypes in triply NOS−/− mice
	Hypertension and bradycardia
	Vascular lesion formation
	Myocardial infarction
	Cardiovascular risk factors
	Sudden cardiac death
	Diet-induced dyslipidemia
	Nephrogenic diabetes insipidus

	Elucidation of the role of nitric oxide synthases in the cardiovascular system using triply NOS−/− mice
	Role of nitric oxide synthase system in endothelium-dependent hyperpolarization
	Role of nitric oxide synthase system in statin-induced vascular nitric oxide production


	Therapeutic relevance
	Future perspectives
	Concluding remarks
	Funding
	Conflict of interest
	References


