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Aims The precise role of the nitric oxide synthase (NOS) system in lipid metabolism remains to be elucidated. We
addressed this point in mice that we have recently developed and that lack all three NOS isoforms.
Methods Wild-type (WT), singly, doubly, and triply NOS™'~ mice were fed either a regular or high-cholesterol diet for 3—5

and results months. The high-cholesterol diet significantly increased serum low-density lipoprotein (LDL) cholesterol levels in all
the genotypes when compared with the regular diet. Importantly, when compared with the WT genotype, the serum
LDL cholesterol levels in the high-cholesterol diet were significantly and markedly elevated only in the triply NOS™~
genotype, but not in any singly or doubly NOS™'~ genotypes, and this was associated with remarkable atherosclero-
sis and sudden cardiac death, which occurred mainly in the 4—5 months after the high-cholesterol diet. Finally, hepatic
LDL receptor expression was markedly reduced only in the triply NOS ™/~ genotype, accounting for the diet-induced

dyslipidaemia in the genotype.

Conclusion These results provide the first direct evidence that complete disruption of all NOS genes causes severe dyslipidaemia,
atherosclerosis, and sudden cardiac death in response to a high-fat diet in mice in vivo through the down-regulation of
the hepatic LDL receptor, demonstrating the critical role of the whole endogenous NOS system in maintaining lipid
homeostasis.
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1. Introduction

Nitric oxide (NO) plays an important role in maintaining cardiovascu-
lar homeostasis.'~* Three distinct NO synthase (NOS) isoforms exist
and are encoded by three distinct genes, including neuronal (nNOS or
NOS1), inducible (iNOS or NOS2), and endothelial NOS (eNOS or
NOS3). Initial NO studies indicated that nNOS and eNOS are consti-
tutively expressed mainly in the nervous system and the vascular
endothelium, respectively, synthesizing a small amount of NO in a
calcium-dependent manner both under basal conditions and upon

stimulation, and that iINOS is induced only when stimulated
by microbial endotoxins or certain proinflammatory cytokines,
producing a greater amount of NO in a calcium-independent
manner.'~* However, recent studies have revealed that both nNOS
and eNOS are also subject to expressional regulation, and that
iINOS is constitutively expressed even under physiological conditions.”
Furthermore, it has become apparent that in addition to eNOS
and iINOS, nNOS is also expressed in the cardiovascular system,
exerting important cardiovascular actions.* Thus, NO research is
taking a new turn.
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The roles of the NOS system in vivo have been investigated in
pharmacological studies with NOS inhibitors and in studies with
NOS isoform-deficient mice. However, because of the non-specificity
of the NOS inhibitors and the compensatory interactions among the
NOS isoforms, the authentic roles of the entire NOS system still
remain to be fully elucidated. To address this important issue, we
have recently developed mice in which all three NOS isoforms are
completely deleted.>® The triply nNOS/INOS/eNOS-deficient (n/i/
eNOS™'7) mice are unexpectedly viable and appear normal, but
their survival and fertility rates are markedly reduced when compared
with wild-type (WT) mice. The triply NOS™~'~ mice also exhibit
marked hypotonic polyuria, polydipsia, and renal unresponsiveness
to an antidiuretic hormone, vasopressin, all of which are character-
istics consistent with nephrogenic diabetes insipidus.>® In addition,
we have recently revealed that the triply NOS ™'~ mice spon-
taneously develop myocardial infarction.”® However, the role of the
NOS system in the regulation of lipid metabolism is not fully under-
stood. Thus, in this study, we examined the effect of a Western-type
cholesterol-rich diet on lipid metabolism in our triply mutant mice.

2. Methods

2.1 Animal preparation

This study was reviewed and approved by the Ethics Committee of Animal
Care and Experimentation, University of Occupational and Environmental
Health, Japan, and University of the Ryukyus, Japan, and was carried out
according to the Institutional Guidelines for Animal Experimentation
and the Law (No. 105) and Notification (No. 6) of the Japanese Govern-
ment. This investigation conformed with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). Male WT C57BL/6 and
129SV (Charles River, Yokohama, Japan) and NOS™'~ mice were fed
either a regular diet (0.075% cholesterol) or a high-cholesterol diet
(1.25% cholesterol) for 12 weeks, from 4 to 16 weeks of age. In the
experiment in which the survival rate was examined, the mice were fed
either the regular diet or the high-cholesterol diet for 20 weeks, from 4
to 24 weeks of age. We generated doubly and triply NOS™~ mice by
crossing singly NOS ™/~ mice, as reported previously.” Systolic blood
pressure was measured by the tail-cuff method under conscious con-
ditions (Model MK-2000, Muromachi Kikai Co., Ltd, Tokyo, Japan).

2.2 Morphology

The animals were euthanized by inhalation of an overdose of diethyl ether
(Wako Pure Chemical Industries, Osaka, Japan). The aorta was cannulated
and perfused with a 4% paraformaldehyde solution under physiological
pressure.” The hearts, brains, lungs, kidneys, and spleens were embedded
in paraffin, and 5 wm-thick slices were stained with haematoxylin—eosin
or Masson-trichrome solutions. The sections were scanned with a light
microscope equipped with a two-dimensional analysis system (IBAS,
Carl Zeiss, Jena, Germany).”

2.3 Oil red O staining

The thoracic and abdominal aortas were used for en face staining to visu-
alize the accumulation of neutral lipids (cholesteryl ester and triglycer-
ides). The aortas were cut open with the luminal surface facing up and
fixed in 10% formalin. They were thoroughly cleaned of adventitial fat
using microforceps and spring iris scissors under a stereoscopic micro-
scope. The inner aortic surface was stained with an oil red O solution
for 30 min at room temperature. After rinsing with 50% isopropyl
alcohol and distilled water, the oil red O-stained area was analysed by
scion image beta 4.02 software (Scion, Frederick, MD, USA). The

extent of lipid accumulation was evaluated by the ratio of the
lipid-accumulating lesion area to the total aortic area.

2.4 Immunostaining

Sections of paraffin-embedded tissue were incubated with an anti-mouse
monoclonal macrophage galactose-specific lectin-2 (Mac-2) antibody
(Cedarlane Laboratories, Ontario, Canada), as we reported previously.”

2.5 Lipid metabolism

The blood was collected after 15 h of fasting. The serum lipid profile was
assessed by a Dri-Chem autoanalyzer (Fuji Film Co., Tokyo, Japan). The
size of plasma low-density lipoprotein (LDL) cholesterol particles was
determined by the high-sensitivity lipoprotein profiling system using high-
performance liquid chromatography.'®

2.6 Angiotensin-converting enzyme activity

Immediately after the euthanasia, the hearts were quickly dissected and
cryopreserved at —80°C. Cardiac angiotensin-converting enzyme (ACE)
activities were assessed by an ACE activity assay kit (Life Laboratory,
Yamagata, Japan).

2.7 Eight-isoprostane
Urine was collected with metabolic cages and stored at —80°C. Urinary

8-isoprostane levels were measured with an enzyme immunoassay kit
(Oxford Biomedical Research, Oxford, MI, USA).

2.8 C-reactive protein level

Serum C-reactive protein levels were analysed by a mouse C-reactive
protein ELISA kit (Funakoshi Co., Ltd, Tokyo, Japan).

2.9 Western blot analysis

The livers and the serums were freshly isolated and frozen in liquid nitro-
gen. The liver sections were homogenized at 4°C with 500 L of buffer
containing 1.1 wmol/L leupeptin, 0.7 pmol/L aprotinin, 120 wmol/L phe-
nylmethanesulfonyl fluoride, 0.7 umol/L pepstatin, 1 mmol/L iodoaceta-
mide, and 1 mmol/L diisopropylfluorophosphate. The serums were
diluted with the same buffer 50 times in volume. Western blot analyses
for serum apolipoprotein E (apoE) and for hepatic LDL receptor and
sterol regulatory element-binding protein-2 (SREBP-2) were performed
as we reported previously."" Activation of SREBP-2 is mediated by a post-
translational cleavage in which the immature protein (120 kDa) is enzy-
matically truncated into a smaller mature protein (68 kDa) that enters
the nucleus and increases transcription of the LDL receptor gene. Thus,
the SREBP activity was assessed by the expression levels of the activated
form of SREBP-2 (68 kDa), as reported previously."* Protein concen-
trations were determined by the Bradford method."

2.10 Real-time polymerase chain reaction

The intestines were rinsed twice with sterile PBS, and the duodena were
separated and opened longitudinally. The duodena were scrapped on ice,
frozen in liquid nitrogen, and stored at —80°C. Total RNA was extracted
by an Isogen reagent (Nippon Gene, Tokyo, Japan), and reverse transcrip-
tion was realized with a QuantiTect Reverse Transcription kit (Qiagen,
Tokyo, Japan). mMRNA levels were determined by real-time quantitative
polymerase chain reaction (PCR) on an ABI prism 7000 sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA) using a Quanti-
Tect Probe PCR Kit (Qiagen) and primers for murine Niemann-Pick
C1-like 1 (NPCI1L1) (sense 5-GCA AGG TGA TCA GGA GGT
TGA-3; antisense 5'-ATC CTC ATC CTG GGC TTT GC-3)."* The
PCR conditions were 95°C for 15 min, followed by 40 cycles of 15s at
94°C and 60 s at 60°C.
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2.11 Statistical analysis

Results are expressed as mean + SEM. Survival curves were analysed by
the Kaplan—Meier method. Differences in other parameters were evalu-
ated by ANOVA followed by the Scheffe post hoc test for multiple com-
parisons, or by unpaired t-test. A value of P < 0.05 was considered to be
statistically significant.

3. Results

3.1 Severe dyslipidaemia in triply n/i/
eNOS ™/~ mice fed a high-cholesterol diet

We first investigated the effect of the Western-type cholesterol-rich
diet for 3 months on the serum lipid profiles in the eight strains (WT
C57BL/6, singly nNOS ™'~ iNOS ™™, eNOS /™, doubly n/iNOS ™,
n/eNOS ™', i/eNOS ™', and triply n/i’eNOS™’~ mice). The high-
cholesterol diet significantly increased the serum levels of total
cholesterol (Figure 1A), LDL cholesterol (Figure 1B), and small dense
LDL particles (Figure 1C) in all the genotypes studied when compared
with the regular diet. Intriguingly, when compared with the WT gen-
otype, the serum levels of total cholesterol, LDL cholesterol, and
small dense LDL particles in the high-cholesterol diet were all
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Figure 1 Serum lipid profile in WT and NOS™/~ mice fed a
regular or high-cholesterol diet for 3 months (n = 6—11). White
and black bars indicate the regular and high-cholesterol diets,
respectively. WT, C57BL/6; LDL, low-density lipoprotein; HDL, high-
density lipoprotein. *P < 0.05 vs. the regular diet; TP < 0.05 vs. WT
mice fed the high-cholesterol diet; *P < 0.05 vs. WT mice fed the
regular diet.

significantly and markedly higher only in the triply n/i/leNOS ™'~ gen-
otype, but not in any singly or doubly NOS™/~ genotypes, and these
levels were similar to those in apoE '~ mice that manifest severe
hyperlipidaemia.”"® In contrast, the serum levels of high-density lipo-
protein (HDL) cholesterol (Figure 1D) or triglyceride (Figure 1E) in the
high-cholesterol diet did not significantly differ in any of the
genotypes.

3.2 Atherosclerosis in triply n/ileNOS ™'~
mice fed a high-cholesterol diet

We next examined whether the cholesterol-rich diet would elicit ather-
osclerotic vascular lesion formation in the eight strains. 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 (Figure 2). However, in the triply n/i/
eNOS™~ genotype, the high-cholesterol diet significantly and markedly
caused aortic lipid accumulation (Figure 2). In addition, the high-
cholesterol diet also significantly and markedly elicited atheromatous
plaque formation in the aortic sinus only in the triply n/ileNOS ™'~ gen-
otype (see Supplementary material online, Figure S7). In those atheroma-
tous plaque lesions, subendothelial aggregation of Mac-2-positive
macrophage-derived foam cells (Figure 3G—I) and a necrotic lipid core
covered by a well-formed fibrous cap (Figure 3D—F) were noted.
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Figure 2 Lipid accumulation in longitudinally opened aortas of
WT and NOS ™/~ mice fed a high-cholesterol diet (oil red O stain-
ing) (n = 6—11). Red colour indicates positive staining. White and
black bars represent the regular and high-cholesterol diets, respect-
ively. WT, C57BL/6. *P < 0.05 vs. the regular diet; TP < 0.05 vs. WT
mice fed the high-cholesterol diet.
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Figure 3 Subendothelial conglomeration of macrophage-derived
foam cells (G—I) and a necrotic lipid core covered by a fibrous
cap (D—F) in the aortic sinus of triply n/i/eNOS ™/~ mice fed a high-
cholesterol diet (A—C). Serial sections were used in each column.
Upper, middle, and lower panels indicate haematoxylin—eosin,
Masson-trichrome, and Mac-2 staining, respectively. Brown colour
is positive in Mac-2 immunostaining.

3.3 Reduced survival in triply n/ileNOS™'~
mice fed a high-cholesterol diet

Since we experienced the sudden death of the triply n/i/eNOS ™'~ mice
during the cholesterol-rich feeding, we examined the survival rate. The
survival rate with the high-cholesterol diet for 5 months was significantly
and markedly reduced only in the triply n/i/eNOS ™~ genotype [37.5%
(15/40)] when compared with the WT genotype (Figure 4A). We then
performed a post-mortem histopathological analysis of the 15 dead
triply n/i/eNOS ™'~ mice to identify the cause of death. In all the dead
mice, marked neointimal formation and perivascular fibrosis of the cor-
onary artery were noted, and their extents were both significantly
greater when compared with living control WT mice fed the regular
diet and with living triply n/i/eNOS '~ mice fed the high-cholesterol
diet (Figure 4B). Furthermore, old myocardial infarction was detected
in one mouse (Figure 5A), giant organized thrombi in both the left and
right ventricles were seen in two mice (Figure 5B), and pulmonary con-
gestion was observed in all the dead mice (Figure 5C). On the other hand,
no pathological finding that explains the cause of death was present in
the brain, kidney, or spleen.

3.4 Blood pressure in WT and NOS™/~
mice fed a high-cholesterol diet

Arterial blood pressure (mmHg) was significantly elevated in the
eNOS™~ (1184 + 2.5), i/eNOS™'~ (117.8 +12), n/eNOS™/~
(1234 + 5.9), and n/ileNOS '~ mice (126.7 + 11.2) when compared
with the WT mice (103.4 + 5.2) (n = 7-9, each P < 0.05). There was
no significant difference in the hypertension levels among those
genotypes.
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Figure 4 Survival rate (A) and coronary arteriosclerotic lesion for-
mation (B) of triply n/i/leNOS™’~ mice that died during a high-
cholesterol diet. (A) Survival rate (n = 15-40). *P < 0.05 vs. WT
C57BL/6. (B) Coronary vascular lesion formation in living control
WT mice fed a regular diet and living and dead triply n/i/
eNOS™'~ mice fed the high-cholesterol diet (n=6-15). WT,
C57BL/6. *P < 0.05 vs. living WT mice fed the regular diet;
P < 0.05 vs. living n/i/leNOS ™~ mice fed the high-cholesterol diet.

3.5 Cardiac ACE activity in WT and
NOS ™'~ mice fed a high-cholesterol diet

We next examined whether or not the renin—angiotensin system is
activated in the high-cholesterol diet-fed triply n/i/eNOS™'~ mice.
The cardiac ACE activities in the high-cholesterol diet were signifi-
cantly enhanced only in the triply n/i/leNOS ™~ genotype, but not
in any singly or doubly NOS™/~ genotypes, when compared with
the WT genotype (see Supplementary material online, Figure S2). In
the triply n/i/eNOS ™'~ genotype, the cardiac ACE activities tended
to increase in the high-cholesterol diet than in the regular diet,
although the difference did not reach a statistically significant level
(see Supplementary material online, Figure S2).

3.6 Urinary 8-isoprostane level in WT and
NOS '~ mice fed a high-cholesterol diet

The urinary levels of 8-isoprostane, a marker of oxidative stress, in the
high-cholesterol diet, were also significantly increased only in the
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Figure 5 Post-mortem histopathological analysis of triply n/i/
eNOS ™~ mice that died during a high-cholesterol diet. (A) Old
myocardial infarction (blue colour). (B) Giant organized thrombi in
the left and right ventricles (arrows). (C) Pulmonary congestion.
(A) Masson-trichrome staining and (B and C) haematoxylin—eosin
staining.

triply n/i/leNOS™~ genotype compared with the WT genotype (see
Supplementary material online, Figure S3). In the triply nfileNOS ™/~
genotype, the urinary 8-isoprostane levels were significantly higher
in the high-cholesterol diet than in the regular diet (see Supplemen-
tary material online, Figure S3).

3.7 Serum C-reactive protein level in WT
and NOS™/~ mice fed a high-cholesterol
diet

There was no significant difference in the serum C-reactive protein
levels, a marker of inflammation, in the WT or NOS™/~ genotypes
fed the regular or high-cholesterol diet (see Supplementary material
online, Figure $4). This negative result might be because C-reactive
protein is a useful marker of inflammation in humans, but not in

mice."”

3.8 Serum apoE levels and small intestinal
cholesterol transporter expression in triply
n/ileNOS™'~ mice fed a high-cholesterol
diet

We finally studied the mechanism(s) for the diet-induced dyslipidaemia
in the triply n/i/eNOS ™'~ mice. There was no significant difference in
serum apoE levels in the WT and triply n/i/eNOS™’~ genotypes.
Also, no significant difference was noted in the expression levels of
the cholesterol transporter NPC1L1 in the small intestine in the two
genotypes (Figure 6B).

3.9 Hepatic LDL receptor expression and
SREBP-2 activity in triply nlileNOS™'~ mice
fed a high-cholesterol diet

Notably, the expression levels of the hepatic LDL receptor, which
introduces circulating LDL into hepatocytes, were significantly and
markedly reduced only in the triply n/i/eNOS ™~ genotype, but not
in any singly or doubly NOS™/~ genotypes, when compared with
the WT genotype (Figure 6C). Furthermore, the activity of SREBP-2
(68 kDa, activated form), which regulates the expression of the LDL
receptor, was also significantly lower only in the triply n/i/eNOS™'~
genotype (Figure 6D).

4. Discussion

The major novel findings of the present study are that mice devoid of
all three NOS genes develop severe diet-induced dyslipidaemia, ather-
osclerotic vascular lesion formation, and cardiovascular death via
reduced expression of the hepatic LDL receptor. To the best of
our knowledge, this is the first study that demonstrates that the defec-
tive NOS system is linked to the pathogenesis of diet-induced
dyslipidaemia.

4.1 Role of the NOS system in the
regulation of lipid metabolism

Non-selective L-arginine analogues, such as N“-nitro-L-arginine or
N®-nitro-L-arginine methyl ester, have been widely used as pharmaco-
logical tools to inhibit NO synthesis derived from the whole NOS
system. Although the role of the NOS system in lipid metabolism
has been studied with those L-arginine analogues, the obtained
results are conflicting, such that the NOS system has been suggested
to be both essential'® and non-essential'® for lipid metabolism in rats.
This inconsistency may be due to their multiple non-specific
actions.?0=%3 Indeed, we clarified the NO-independent vascular
actions of L-arginine analogues. Although long-term treatment with
L-arginine analogues had long been believed without doubt to
simply inhibit vascular NO synthesis and cause arteriosclerotic vascu-
lar lesion formation, we found that the long-term vascular effects of
L-arginine analogues are not solely mediated by the simple inhibition
of NO synthesis.”**
system and increased oxidative stress, independent of endogenous

Activation of the tissue renin—angiotensin

NO inhibition, are involved in the long-term vascular effects of
those analogues.”** These findings questioned the previous theory
regarding the effects of L-arginine analogues and warranted
re-evaluation of previous studies using those analogues.9'24 Thus,
the authentic role of the NOS system in lipid metabolism still
remains to be fully elucidated.
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Figure 6 Serum apoE levels (A), cholesterol transporter NPC1L1 mRNA expression levels in the small intestine (B), LDL receptor expression levels
in the liver (C), and SREBP-2 activity in the liver (D) in WT and NOS™~ mice fed a high-cholesterol diet (n = 6—11). WT, C57BL/6. *P < 0.05 vs. WT.

In this study, 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. These increases
were due to alterations in the serum levels of LDL cholesterol and
small dense LDL particles, both of which are important cardiovascular
risk factors,25 but not alterations in the serum levels of HDL cholesterol
ortriglyceride. These results indicate that the whole NOS system plays a
key role in the regulation of lipid metabolism. Consistent with the evi-
dence, NO supplementation by overexpression of the eNOS gene in
transgenic mice decreases plasma total and LDL cholesterol levels.”®

Several lines of evidence suggest the association of the defective
NOS system with dyslipidaemia in humans. First, it has been reported
that plasma NO, (nitrite plus nitrate) levels, which are markers of NO
production derived from all three types of NOS in vivo, are reduced in
patients with hyperlipidaemia.”” Secondly, it has been revealed that
lower plasma NO, levels are significantly correlated with higher
plasma total and LDL cholesterol levels.”’” Finally, plasma concen-
trations of asymmetric dimethylarginine, which is an endogenous
NOS inhibitor, have been shown to be elevated in hypercholestero-
laemic individuals.”® These results may imply the clinical significance
of the present findings with the triply mutant mice.

The reason why the singly or doubly NOS™'~ mice fed the high-
cholesterol diet did not show significant dyslipidaemia may be due
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to a compensatory mechanism by other NOSs that are not disrupted
genetically. Indeed, we have revealed that other NOSs are expressed
>2% and that NOS activity and
NOx production are fairly well preserved in those genotypes.”

in the singly and doubly NOS ™/~ mice,

4.2 Atherosclerosis and sudden cardiac
death in triply NOS™'~ mice fed a
high-cholesterol diet

Since atherogenic lipoproteins were increased in the triply NOS™/~
mice, we next studied atherosclerotic vascular lesion formation.
Cholesterol deposits, atheromatous plaques, conglomerated foamy
macrophages, and necrotic lipid cores with fibrous caps were present
in the aorta of the triply NOS™~ mice fed the high-cholesterol diet,
all of which findings are recognized in both the early and advanced
stages of human atherosclerosis. Thus, the features of the atherosclero-
tic lesions that were developed in the triply NOS ™/~ mice are similar to
those described in humans,®® and therefore represent an important
model for human dyslipidaemia and atherosclerosis.

Since some triply NOS ™~ mice died during the cholesterol-rich
feeding, we then performed a post-mortem histopathological analysis
to identify the cause of death. Markedly accelerated coronary vascular
lesion formation and pulmonary congestion were noted in all the dead
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triply NOS ™~ mice, and old myocardial infarction and giant orga-
nized thrombi in both ventricles were found in some of them. Thus,
it is likely that the triply NOS ™'~ mice died due to the cause of car-
diovascular death, such as myocardial ischaemia-evoked malignant
arrhythmia or heart failure.

4.3 Considerations of statin therapy
in triply NOS™'~ mice fed
a high-cholesterol diet

Statins (3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors)
are potent blockers of cholesterol biosynthesis and widely used in the
treatment of hypercholesterolaemia. A number of large clinical trials
have demonstrated their clinical usefulness for preventing cardiovas-
cular events, such as myocardial infarction and sudden cardiac
death. Thus, it is interesting to speculate the potential effect of
statin therapy in the triply NOS™'~ mice. However, our preliminary
study indicated that long-term treatment with a statin did not signifi-
cantly decrease plasma LDL cholesterol levels in the triply NOS™'~
mice (unpublished observations). Previous studies also reported
that statins do not reduce, but rather elevates, plasma LDL levels in
high-cholesterol diet-fed apoE '~ mice.>' Whether statin therapy is
beneficial in the treatment of atherosclerosis and cardiovascular
death in the triply NOS™'~ mice fed the high-cholesterol diet
through lipid lowering-independent actions remains to be examined
in a future study.

4.4 Mechanism for diet-induced
atherosclerosis in triply n/ileNOS™'~ mice

Whereas blood pressure was significantly elevated in the eNOS-
disrupted singly, doubly, and triply NOS™'~ mice to a comparable
extent, significant atherosclerosis was noted only in the triply
NOS™'~ genotype, suggesting a minor role of hypertension in the
development of the diet-induced atherosclerosis in the genotype.
On the other hand, significant increases in cardiac ACE activities
and urinary 8-isoprostane levels were noted in the high-cholesterol
diet-fed triply NOS ™'~ mice. Thus, it is conceivable that the activation
of the renin—angiotensin system and increased oxidative stress may
be involved in the diet-induced atherosclerosis.

4.5 Mechanism for diet-induced
dyslipidaemia in triply n/i/leNOS™'~ mice
Finally, we examined the mechanism(s) for dyslipidaemia in the triply
NOS ™~ mice fed the cholesterol-rich diet. Since the extent of the
diet-induced dyslipidaemia in the triply NOS™~ mice was equivalent
to that in apoE’~ mice, we first analysed the serum apoE levels.
However, no defect of serum apoE was seen in the triply NOS™~
mice. We next examined the kinetics of the cholesterol absorption
and degradation machineries. Dietary cholesterol is absorbed into
the body through the cholesterol transporter 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 hepato-
cytes. The expression levels of the small intestinal NPC1L1 were not
altered in the triply NOS ™'~ mice, whereas the expression levels of
the hepatic LDL receptor were markedly reduced only in the triply
NOS™~ mice, in parallel with alterations in the serum LDL choles-
terol levels. SREBP-2 was discovered as a transcriptional factor that
controls LDL receptor gene expression.* The activity of SREBP-2
was also diminished only in the triply NOS™~ mice. Thus, it is

possible that the lower expression of the hepatic LDL receptor
mediated by reduced SREBP-2 activity is involved in the diet-induced
dyslipidaemia in the triply NOS™'~ genotype.

In conclusion, we were able to prove that complete disruption of
the entire NOS system causes severe diet-induced dyslipidaemia,
lipid-rich atherosclerotic lesion formation, and sudden cardiac death
in mice in vivo through the down-regulation of the hepatic LDL recep-
tor, demonstrating the critical role of the whole endogenous NO/
NOS system in the regulation of lipid metabolism.
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Supplementary material is available at Cardiovascular Research online.
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