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Abstract
Aims/hypothesis Nitric oxide (NO) is synthesised not only
from L-arginine by NO synthases (NOSs), but also from its
inert metabolites, nitrite and nitrate. Green leafy vegetables
are abundant in nitrate, but whether or not a deficiency in
dietary nitrite/nitrate spontaneously causes disease remains
to be clarified. In this study, we tested our hypothesis that
long-term dietary nitrite/nitrate deficiency would induce the
metabolic syndrome in mice.
Methods To this end, we prepared a low-nitrite/nitrate diet
(LND) consisting of an amino acid-based low-nitrite/nitrate
chow, in which the contents of L-arginine, fat, carbohydrates,

protein and energy were identical with a regular chow, and
potable ultrapure water. Nitrite and nitrate were undetectable
in both the chow and the water.
Results Three months of the LND did not affect food or water
intake in wild-type C57BL/6J mice compared with a regular
diet (RD). However, in comparison with the RD, 3 months of
the LND significantly elicited visceral adiposity, dyslipidaemia
and glucose intolerance. Eighteen months of the LND signifi-
cantly provoked increased body weight, hypertension, insulin
resistance and impaired endothelium-dependent relaxations to
acetylcholine, while 22 months of the LND significantly led to
death mainly due to cardiovascular disease, including acute
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myocardial infarction. These abnormalities were reversed by
simultaneous treatment with sodium nitrate, and were signifi-
cantly associated with endothelial NOS downregulation,
adiponectin insufficiency and dysbiosis of the gut microbiota.
Conclusions/interpretation These results provide the first ev-
idence that long-term dietary nitrite/nitrate deficiency gives
rise to the metabolic syndrome, endothelial dysfunction and
cardiovascular death in mice, indicating a novel pathogenetic
role of the exogenous NO production system in the metabolic
syndrome and its vascular complications.

Keywords Acute myocardial infarction . Cardiovascular
death . Diet . Endothelial dysfunction .Metabolic syndrome .

Mice . Nitrate . Nitric oxide . Nitrite

Abbreviations
AMPK Adenosine monophosphate-activated protein

kinase
CT Computed tomography
eNOS Endothelial nitric oxide synthase
EWAT Epididymal white adipose tissue
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
iNOS Inducible nitric oxide synthase
LND Low-nitrite/nitrate diet
nNOS Neuronal nitric oxide synthase
NOS Nitric oxide synthase
PPAR-γ Peroxisome proliferator-activated receptor-γ
RD Regular diet
WAT White adipose tissue
WT Wild-type

Introduction

The metabolic syndrome is defined as a constellation of inter-
related cardiovascular risk factors of metabolic origin, includ-
ing visceral obesity, dyslipidaemia, hypertension, glucose in-
tolerance and insulin resistance [1]. The metabolic syndrome
is highly prevalent in industrial countries worldwide, and it
has been reported that, in accordance with the most recent
harmonised definition of the metabolic syndrome, 23% of
the adult population (≥20 years of age) in the USA suffered
from the metabolic syndrome in 2009–2010 [2, 3]. Greater
global industrialisation is associated with rising rates of obe-
sity, which are expected to dramatically increase the preva-
lence of the metabolic syndrome worldwide, especially as the
population ages [1]. The metabolic syndrome is associated
with increased risks of myocardial infarction, stroke, cardio-
vascular disease mortality and all-cause mortality [4]. It also
confers higher risks of peripheral vascular disease, type 2 di-
abetes, renal disease, hepatic disease and cancer [5–9]. Several
factors, including excessive food energy intake, lack of

physical activity, genetic susceptibility and ageing, have been
thought to be involved in the pathogenesis of the metabolic
syndrome. However, the precise mechanisms in its develop-
ment remain to be fully elucidated [1].

Nitric oxide (NO) exerts multiple biological actions, and is
one of the most crucial signalling molecules in mammalian
physiology and pathology [10–15]. It is endogenously synthe-
sised from a precursor L-arginine by a family of NO synthases
(neuronal [nNOS], inducible [iNOS] and endothelial [eNOS])
with stoichiometric production of L-citrulline. NO has a very
short half-life of several seconds and is rapidly oxidised to
nitrite (NO2

−) and subsequently to nitrate (NO3
−). Although

nitrite and nitrate were in the past regarded as mere inert me-
tabolites of NO, recent studies have revealed that nitrate is
reduced to nitrite and then to NO, so they serve as NO donors
[16–18]. Green leafy vegetables, such as spinach and lettuce,
and beetroot, are abundant in nitrate, and vegetables are the
dominant source of dietary nitrate in humans, contributing to
60–80% of dietary nitrate intake [19, 20]. Potable tap water also
contains nitrate and a small quantity of nitrite, and 15–20% of
dietary nitrate intake is derived from tap water [19, 20]. It has
been reported that cardiac and hepatic ischaemia–reperfusion
injury in mice [21–23], cardiac allograft rejection in rats [23]
and platelet aggregation in mice [24] are exacerbated by a low-
nitrite/nitrate diet (LND) (a commercially available low-nitrite/
nitrate chow plus potable ultrapure water, or the low-nitrite/
nitrate chow alone) compared with a regular diet (RD). These
results suggest that dietary nitrite/nitrate deficiency modulates
disease conditions.Whether or not this deficiency spontaneous-
ly causes disease, however, remains to be clarified. In this study,
we tested our hypothesis that long-term dietary nitrite/nitrate
deficiency would give rise to the metabolic syndrome in mice.

Methods

Mice This study was approved by the Animal Care and
Use Committee, University of the Ryukyus, Japan, and
was carried out according to the Institutional Policy on
the Care and Use of the Laboratory Animals. The experi-
ments were performed in 6-week-old male wild-type (WT)
C57BL/6J mice (Kyudo, Tosu, Japan). All the mice were
maintained in temperature- and humidity-controlled rooms
illuminated from 08:00 h to 20:00 h. Food and water intake
was measured by placing the animals in metabolic cages
for 24 h (see electronic supplementary material [ESM]
Methods for further details).

Diet We prepared a purified amino acid-based low-nitrite/ni-
trate chow in which the contents of L-arginine, fat, carbohy-
drates, protein and energy were identical to a regular chow
(Purina 5001; LabDiet, St Louis, MO, USA), and potable
ultrapure Milli-Q water in which nitrite and nitrate levels were
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undetectable (Merck Millipore, Darmstadt, Germany)
(Tables 1 and 2). We randomly assigned the mice to diet
groups, and either the low-nitrite/nitrate chow plus ultrapure
water (LND) or the regular chow plus tap water (RD) was fed
ad libitum to the mice from 6 weeks of age for 1.5–22 months
(see ESM Methods).

Nitrite and nitrate levels The nitrite and nitrate contents of
the chows were analysed using the diazotisation method and
the cadmium reduction-diazotisation method, respectively
(Japan Food Research Laboratories, Tokyo, Japan). The nitrite
and nitrate levels in the plasma and drinking water were
assessed using the HPLC-Griess system (ENO-20; Eicom,
Kyoto, Japan) (see ESM Methods).

Blood pressure Systolic blood pressure was measured by the
tail-cuff method under conscious conditions in a blinded man-
ner (Model MK-2000; Muromachi Kikai, Tokyo, Japan) (see
ESM Methods).

Glucose tolerance testGlucose 1 g/kg body weight was intra-
peritoneally injected into the mice under general anaesthesia
with sodium pentobarbital (50 mg/kg, i.p.; Sigma-Aldrich, St
Louis, MO, USA) after 18 h of fasting. Whole blood samples
were collected from the tail, and blood glucose levels were
evaluated using a portable blood glucose analyser (Glucocard
MyDia; Arkray, Kyoto, Japan) (see ESM Methods).

Insulin tolerance test and plasma insulin levels The mice
received 0.3 U/kg body weight of insulin (soluble human insu-
lin, Humulin R; Eli Lilly, Indianapolis, IN, USA) injected into
the intraperitoneal cavity under general anaesthesia with sodi-
um pentobarbital (50 mg/kg, i.p.). The fasting plasma insulin
levels were assessed using a commercially available ELISA kit
(AKRIN-031; Shibayagi, Gunma, Japan) (see ESMMethods).

Visceral fat weight After euthanasia, epididymal white adi-
pose tissue (EWAT) was removed and weighed (see ESM
Methods).

Adipocyte hypertrophy and inflammation Epididymal and
peri-renal white adipose tissue (WAT) was stained with an
H&E solution. The circumferential length of each adipocyte
was measured using a light microscope equipped with a CCD
camera and morphometric analysis software (DS-Ri1CCD
camera and NIS-Elements D 3.2 software; Nikon, Tokyo,
Japan). To evaluate inflammation in the adipose tissues, aggre-
gates of inflammatory cells (inflammatory foci consisting of
more than ten inflammatory cells) were counted in the maximal
cut surface of the EWATand peri-renal WATsections on a light
microscope at ×40 magnification (see ESM Methods).

Plasma lipid profile Plasma lipid profile was assessed using a
Dri-Chem autoanalyser (FDC4000; Fuji Film, Tokyo, Japan).
Plasma LDL-cholesterol levels were determined by HPLC
(Skylight Biotech, Akita, Japan) [25] (see ESM Methods).

Western blot analysis Western blot analysis was performed
as previously reported [26] to detect nNOS, iNOS and eNOS,
phosphorylated eNOS at serine 1177 and at threonine 495
(BD Transduction Laboratories, Franklin Lakes, NJ, USA),
adiponectin, peroxisome proliferator-activated receptor-γ
(PPAR-γ), adenosine monophosphate-activated protein ki-
nase (AMPK), sirtuin 1 (Cell Signaling Technology,
Danvers, MA, USA), p-AMPK (Santa Cruz Biotechnology,
Dallas, TX, USA) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (Sigma-Aldrich) (see ESM Methods). The
validation of antibodies was performed by the supplier.

Serum cytokine and chemokine levels Serum cytokine/
chemokine levels were measured using a Bio-Plex system
(23-Plex, M60-009RDPD; Bio-Rad, CA, USA) [27].

16S ribosomal RNA gene sequencing The faecal DNA sam-
ples were run through a next-generation sequencer, as previously
reported [28]. The number of each bacterial strain contained in
the faecal contents was estimated as the genome equivalent by
quantitative real-time PCR of 16S ribosomal RNA genes,
followed by pyrosequencing of the 16S amplicons [28] (see
ESM Methods).

Organ chamber experiment Thoracic aortic rings were
mounted in microtissue organ bath chambers (MTBO-1;
Labo Support, Osaka, Japan) filled with Krebs-Henseleit

Table 1 Composition of regular and low-nitrite/nitrate chow

Constituent Regular chow Low-nitrite/nitrate chow

Protein (% kJ) 28.5 28.5

Fat (% kJ) 13.5 13.5

Carbohydrate (% kJ) 58.0 58.0

L-arginine (g/kg) 14.1 14.1

Nitrite (μmol/kg) <6.5 <6.5

Nitrate (μmol/kg) 548.3 <4.8

Values are expressed as the mean values of two samples

Table 2 Nitrate and nitrite levels in tap water and ultrapure water

Constituent Tap water Ultrapure water

Nitrite (μmol/l) 3.30 <0.01

Nitrate (μmol/l) 6.07 <0.01

Values are expressed as the mean values of two samples
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solution, and the isometric contractile force of the rings was
measured (see ESM Methods).

Micro-computed tomography imaging Mice were anesthe-
tised with 2% isoflurane (Wako Pure Chemical Industries,
Osaka, Japan), and computed tomography (CT) images were
acquired by three-dimensional micro-CT (R_mCT2; Rigaku
Corporation, Tokyo, Japan) (see ESM Methods).

Statistical analyses Most of our results are expressed as
mean ± SEM. Statistical analyses were performed using a
Student’s t test, or ANOVA followed by Bonferroni’s post
hoc test. The results of sequencing reads of gut bacteria are
expressed as the median and interquartile range, and the sta-
tistical analysis was carried out using a Wilcoxon rank-sum
test [29]. Kaplan–Meier survival curves were compared using
the logrank test. A value of p < 0.05 was considered to be
statistically significant (see ESM Methods).

Results

Three month LND markedly reduced plasma nitrite/
nitrate levels The 3 month LND markedly reduced plasma
nitrite/nitrate levels compared with the RD (Fig. 1a). To ex-
amine the underlying mechanism, we evaluated NOS levels in
isolated aorta and visceral fat. eNOS protein levels in the aorta
were comparable in the two diets (Fig. 1b), whereas, intrigu-
ingly, levels in EWAT were markedly lower with the LND
than the RD (Fig. 1c), accounting for the markedly reduced
plasma nitrite/nitrate levels induced by the LND. No nNOS or
iNOS was found in EWATwith either diet (ESM Fig. 1a).

Three month LND resulted in metabolic syndrome-like
conditions There were no significant differences in food intake
(Fig. 1d), water intake (ESM Fig. 1b), or body weight (ESM
Fig. 1c) between the 3 month LND and RD. However, the
3 month LND significantly increased EWAT weight (Fig. 1e),
epididymal white adipocyte size (Fig. 1f) and plasma levels of
total cholesterol (Fig. 2a), LDL-cholesterol (Fig. 2b) and small
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Fig. 1 Effects of 1.5–4.5 months
of the LND on plasma nitrite/
nitrate, eNOS levels, food intake
and visceral fat in WT mice. (a)
Plasma nitrite/nitrate levels
(n = 8–12). (b, c) eNOS protein
levels in the aorta (b; n = 6) and
EWAT induced by 3 months of
the LND (c; n = 10). (d, e) Food
intake (n = 10–12) and
relationship of EWAT to body
weight (n = 10–12). (f)
Epididymal white adipocyte size
induced by 3 months of the LND
(n = 10). Scale bars, 50 μm.
White bars, RD; black bars, LND.
*p < 0.05, **p < 0.01,
***p < 0.001
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dense LDL-cholesterol (ESM Fig. 1d), and non-significantly
elevated plasma triacylglycerol levels compared with the RD
(p = 0.54) (Table 3). Furthermore, the 3 month LND signifi-
cantly augmented blood glucose levels after i.p. glucose injec-
tion and aggravated blood glucose-lowering responses to i.p.
insulin injection (Fig. 2d, g). Arterial blood pressure levels
were similar with both diets (ESM Fig. 2a).

We next studied the time course of the metabolic effects at
1.5, 3 and 4.5 months after the start of the LND. The effects on
EWAT weight (Fig. 1e), plasma total cholesterol levels
(Fig. 2a), blood glucose levels after glucose injection
(Fig. 2c–e) and blood glucose-lowering responses to insulin
(Fig. 2f–h, ESM Fig. 1e–g) were time-dependent and appeared
to reach a plateau at 3 months. There were no significant

differences in fasting plasma insulin levels between the mice
fed the LND or the RD at any of the time points (ESM Fig. 2b).
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Fig. 2 Effects of 1.5–4.5 months
of the LNDon plasma lipid, blood
glucose and insulin response. (a)
Plasma total cholesterol levels
(n = 10–12). White bars, RD;
black bars, LND. (b) Plasma
LDL-cholesterol (LDL-c) levels
induced by 3 months of the LND
(n = 12). (c–e) Blood glucose
levels after i.p. injection of 1 g/kg
glucose after 1.5 (c), 3 (d) and 4.5
(e) months of the LND
(n = 11–12). (f–h) Percentage
change in blood glucose levels
after i.p. injection of 0.3 U/kg
insulin after 1.5 (f), 3 (g) and 4.5
(h) months of the LND
(n = 8–12). White bars and white
circles, RD; black bars and black
squares, LND. *p < 0.05,
**p < 0.01, ***p < 0.001

Table 3 Plasma triacylglycerol levels at 1.5, 3 and 4.5 months after the
start of RD or LND

Diet Plasma triacylglycerol levels (mmol/l)

1.5 months 3 months 4.5 months

RD (n = 6–12) 1.23 ± 0.07 0.94 ± 0.05 1.06 ± 0.07

LND (n = 6–12) 1.25 ± 0.07 1.41 ± 0.19 1.21 ± 0.19

Statistical analysis was performed by two-way factorial ANOVA follow-
ed by Bonferroni’s post hoc test for multiple comparisons, and no signif-
icant differences were seen
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Adiponectin levels in EWAT were markedly lower for the
3 month LND compared with the RD (Fig. 3a). The EWAT
levels of PPAR-γ, total AMPK and p-AMPK, but not sirtuin
1, were also markedly reduced after 1 week of the LND in
comparison to the RD (Fig. 3b–e).

Simultaneous oral treatment with 2 mmol/l sodium nitrate
for 3 months significantly reversed the reduced plasma nitrite/
nitrate levels induced by the LND (Fig. 4a). It also non-
significantly improved the LND-induced gain in EWAT
weight (p = 0.06) (Fig. 4b), and significantly ameliorated the
epididymal white adipocyte hypertrophy, hyper-small dense
LDL-cholesterolaemia, impaired glucose tolerance, reduced
blood glucose-lowering responses to insulin, eNOS downreg-
ulation and adiponectin insufficiency induced by the LND
(Fig. 4c–h, ESM Fig. 2c).

Dysbiosis of gutmicrobiota was noted in the LND-fedmice
Although there was no significant difference between the two
diets in the number of total sequencing reads (ESM Fig. 3a),
there were significantly fewer operational taxonomic units,
which represent the kind of gut bacteria, with the LND than
the RD, suggesting less diversity of gut microbiota (Fig. 5a).
Significantly different gut bacteria in each rank are shown in
Fig. 5b, c and ESM Fig. 3b–j. In the phylum rank, there were
more Actinobacteria with the LND than the RD (ESMFig. 3b).
In the class rank, there were more Actinobacteria and fewer
Betaproteobacteria with the LND (ESMFig. 3c, d). In the order

rank, Bifidobacteriales was more numerous with the LND, and
Burkholderiales and Bacillales were less numerous (ESM
Fig. 3e, f). In the family (ESM Fig. 3g, h), the genus (Fig. 5b,
c) and the species (ESM Fig. 3i, j) ranks, more than three gut
bacteria were more prevalent, and more than two gut bacteria
were less prevalent with the LND. On the other hand,
Bacteroides fragilis was to a certain degree present with the
RD, but absent with the LND (median and interquartile range
312 [118–446] for the RD vs 0 for the LND; n = 5). There were
no significant differences between the two diets in Firmicutes,
Bacteroidetes or Firmicutes/Bacteroidetes ratio, which might
change in disease states of the metabolic syndrome [30–33],
or Akkermansia muciniphila, which might improve the meta-
bolic syndrome [34, 35] (data not shown). Bacteroides
uniformis CECT 7771, which might improve the metabolic
syndrome [36], was not detected in either diet.

An 18 month LND resulted in more severe metabolic syn-
drome and endothelial dysfunction Although the metabolic
effects of the LND appeared to reach a plateau at 3 months, we
explored the effects of an extremely long period of LND
(18 months) for confirmation. There were no significant dif-
ferences in food or water intake between the 18 month LND
and RD (ESM Fig. 4a, b), but, notably, 18 months of the LND
resulted in more severe metabolic syndrome, eliciting a sig-
nificant gain in body weight, which was not seen until
4.5 months after the start of the LND (Fig. 6a). Micro-CT
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imaging indicated that body fat was markedly increased, by
3.2 times, in the 18 month LND-fed mice (Fig. 6b, c), and this
was specifically due to an increase in visceral fat (Fig. 6d) and
not subcutaneous fat (ESM Fig. 4c). The 18 month LND ele-
vated levels of plasma small dense LDL-cholesterol and blood
glucose following glucose injection, and significantly blunted
blood glucose-lowering responses to insulin (Fig. 6e–g, ESM
Fig. 4d). In addition, it significantly increased levels of fasting
blood glucose, fasting plasma insulin and arterial blood pres-
sure (Fig. 7a–c), findings that were not observed until
4.5 months after the start of the LND. eNOS protein levels

in the EWAT were also significantly decreased with the
18 month LND (ESM Fig. 4e).

As the 18 month LND induced severe metabolic syndrome,
we next examined vascular reactivity. In isolated aortas, con-
tractions in response to phenylephrine, an adrenergic α1-recep-
tor agonist, and endothelium-independent relaxations to
diethylamine NONOate, an NO donor, were comparable be-
tween the two diets (ESM Fig. 4f, g), whereas endothelium-
dependent relaxation in response to acetylcholine, a physiolog-
ical eNOS activator, was significantly impaired with the LND
(Fig. 7d). eNOS protein levels were significantly diminished in
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the aortas (Fig. 7e), and there was a non-significant tendency
with the LND towards lower levels of phosphorylation of
eNOS at serine 1177 (p = 0.12), which is an index of eNOS
activation, without affecting the phosphorylation levels of
eNOS at threonine 495, which is an index of eNOS inactivation
(ESM Fig. 4h, i).

Simultaneous treatment with sodium nitrate for 18 months
inhibited these metabolic abnormalities, the endothelial dys-
function and the aortic and EWAT eNOS downregulation in-
duced by the LND (Figs 6, 7a–e, ESM Fig. 4c–e).

There were no significant increases in the serum levels of
23 inflammatorymarkers measured using the Bio-Plex system
between the 1.5 month LND and RD (Table 4). There were
also no significant differences in the number of inflammatory
foci in the EWAT and peri-renal WAT between the 3 month
LND and RD (data not shown). However, the 18 month LND
non-significantly increased the number of inflammatory foci
in the EWAT (p = 0.08) and significantly augmented those in
the peri-renal WAT compared with the RD (Fig. 7f, g).

A 22 month LND led to cardiovascular death We experi-
enced sudden death in some of the LND-fed mice. During the
22 months of follow-up, none (0/24) of the RD-fed mice, but
31.8% (7/22) of the LND-fed mice, died. The survival rate was
significantly worse in the LND-fed than in the RD-fed mice,

and co-treatment with sodium nitrate improved the reduced
survival (Fig. 8a). We performed a post mortem histopatholog-
ical analysis to identify the cause of death in the seven dead
LND-fed mice. We were not able to investigate the cause of
death in one mouse because of strong post mortem putrefac-
tion. We judged that one mouse had died of an acute anterior
wall myocardial infarction (Fig. 8b), and that one mouse died
of malignant lymphoma of the lung, liver (Fig. 8g), kidney and
spleen. In the other four mice, we noted coronary perivascular
fibrosis, pulmonary congestion and acute renal tubular necrosis
(Fig. 8d–f), findings that are observed in cardiac sudden death.
Myocardial fibrosis, which might have resulted from myocar-
dial infarction, was seen in one mouse (Fig. 8c), malignant
lymphoma of the liver and spleen was observed in one mouse,
and no other pathological findings that could explain the cause
of death were seen in any of the mice.

Discussion

In previous studies, the effects of an LND on cardiac and liver
ischaemia–reperfusion injury [21–23], cardiac allograft rejec-
tion [23] and platelet aggregation [24] were investigated using
a commercially available low-nitrite/nitrate chow, but the con-
tents of L-arginine, fat, carbohydrates, protein and energywere
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considerably different between the commercially available
low-nitrite/nitrate chow and a regular chow. In this study, we
employed a low-nitrite/nitrate chow in which the contents of
those ingredients were identical with the regular chow.

We previously bred mice in which all three NOS iso-
forms were completely disrupted (triply n/i/eNOSs−/−

mice) [37], and indicated that both their plasma nitrite/
nitrate concentrations and urinary nitrite/nitrate excretion
were extremely low, at less than 10% of the normal levels
of WT mice [38]. These results suggested that in vivo NO
synthesis is predominantly regulated by endogenous
NOSs, and that the contribution of the exogenous NO

production system to that regulation might be minor.
However, contrary to these suggestions, another study
showed that a 1 week LND, compared with an RD, mark-
edly decreased plasma nitrite/nitrate levels in WT mice
showing normal NOS activities [21]; however, the possible
underlying mechanisms remain to be clarified.

In this study, we obtained a similar finding in that
1.5–4.5 months of the LNDmarkedly reduced plasma nitrite/
nitrate levels in WT mice. We then examined the causative
mechanisms, and found that eNOS levels in the visceral fat,
but not in the aorta, were markedly suppressed in the 3 month
LND-fed mice, accounting for the markedly depressed plasma
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nitrite/nitrate levels induced by the LND. We also found that
adiponectin levels in the visceral fat were remarkably low in the
3 month LND-fed mice. Adiponectin has been reported to up-
regulate eNOS [39], so the adiponectin insufficiency may have
mediated the visceral adipose eNOS downregulation induced
by the LND. It has also been reported that eNOS enhances
adiponectin levels in adipocytes [40]. Thus, there may be a
vicious cycle of adiponectin insufficiency and eNOS downreg-
ulation, and this vicious cycle may contribute to the markedly
diminished plasma nitrite/nitrate levels induced by the LND.

The levels of PPAR-γ, total AMPK and p-AMPK were
significantly lower in the EWAT in the 1 week LND-fed mice
compared with the RD-fed mice. As it has been reported that
PPAR-γ and AMPK increase levels of adiponectin levels in
adipocytes [41, 42], it is conceivable that reduced PPAR-γ
and AMPK in the visceral fat were involved in the adiponectin
insufficiency induced by the LND.

The 3 month LND-fed mice exhibited visceral obesity with
adipocyte hypertrophy, hyper-LDL-cholesterolaemia and
hyper-small dense LDL-cholesterolaemia and glucose intoler-
ance, and the 18 month LND-fed mice manifested body
weight gain, hypertension, insulin resistance and endothelial
dysfunction. These changes eventually resulted in death due
to cardiovascular disease, including acute myocardial infarc-
tion. These abnormalities were reversed by concurrent nitrate
supplementation, indicating that the observed effects were in-
deed caused by dietary nitrite/nitrate deficiency. It is thus ev-
ident that long-term dietary nitrite/nitrate deficiency can cause
the metabolic syndrome, endothelial dysfunction and cardio-
vascular death in mice. The 3 and 4.5 month LND significant-
ly reduced blood glucose-lowering responses to insulin, but
did not significantly affect fasting plasma insulin levels. Thus,
before 18months, the effects of LNDon glucose tolerance could
be due to the result of those on pancreatic beta cell function.
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A clustering of cardiovascular risk factors (i.e. the metabol-
ic syndrome) could have contributed to the development of
endothelial dysfunction and cardiovascular death in the LND-
fedmice. On the other hand, hyper-LDL-cholesterolaemia and
hyper-small dense LDL-cholesterolaemia, both of which are
independent cardiovascular risk factors [43], were also noted
in the LND-fed mice. The small dense LDL-cholesterol parti-
cle can easily penetrate the vascular wall because of its small
particle size, and is related more strongly to the risk of cardio-
vascular disease. It is thus likely that those factors may also
have been independently involved in the occurrence of endo-
thelial dysfunction and cardiovascular death in the LND-fed
mice.

The 18 month LND-fed mice displayed an impairment of
endothelium-dependent relaxation in response to acetylcho-
line, a physiological eNOS activator, along with aortic
eNOS downregulation, suggesting the presence of coronary

vasospasm. Coronary vasospasm-elicited myocardial ischae-
mia can lead to fatal cardiac arrhythmia and/or cardiogenic
shock. On the other hand, the dead LND-fed mice showed
acute myocardial infarction, myocardial fibrosis that might
have resulted from myocardial infarction and coronary
perivascular fibrosis. They also exhibited pulmonary conges-
tion and acute renal tubular necrosis, both of which are seen in
sudden cardiac death. Taking these findings together, we
thought that 83.3% (5/6) of the dead LND-fed mice showed
changes consistent with cardiovascular death.

The data obtained at 3 and 4.5 months are the most impor-
tant and significant, as the changes in glucose metabolism,
lipid biology, body fat distribution and gut microbiome oc-
curred independent of food intake and body weight. On the
other hand, the morbidity and mortality experiments at 18 and
22 months, respectively, are complicated by greater weight
gain in the LND group, making it difficult to separate the
effects of obesity from those of the nitrite/nitrate deficiency.

We conducted the glucose and insulin tolerance tests under
anaesthesia. Whereas it has been reported that high-fat diet-
fed C57BL/6J mice showed glucose intolerance compared
with their RD-fed counterparts whether they were tested under
conscious or anesthetised conditions [44], it has also been
indicated that the use of anaesthesia could influence glucose
tolerance in C57BL/6J mice [45]. Therefore, the use of anaes-
thesia could be a limitation of this study.

An increased number of inflammatory foci, decreased
eNOS levels and lower adiponectin levels were noted in the
visceral fat of the LND-fed mice, and improvements in the
LND-inducedmetabolic syndrome by nitrate supplementation
were linked to ameliorations of these changes. As it has been
reported that inflammation, eNOS downregulation and
adiponectin insufficiency contribute to the occurrence and
progression of the metabolic syndrome [46–48], it is possible
that those factors were involved in the development of the
metabolic syndrome induced by the LND.

The following lines of evidence suggest a causal role of
dysbiosis of the gut microbiota in the development of the
metabolic syndrome. First, it has been reported that the com-
position of gut microbiota differs largely between lean indi-
viduals and patients with the metabolic syndrome [33].
Second, it has been indicated that transplantation of gut mi-
crobiota from obese humans with metabolic abnormalities in-
to germ-free mice results in the development of obesity and
metabolic abnormalities in the mice [49]. Third, it has been
shown that the transfer of gut microbiota from lean healthy
human participants into individuals with the metabolic syn-
drome improves insulin resistance in the latter group [33]. In
our study, there were significantly fewer operational taxonom-
ic units with the LND than with the RD, suggesting less di-
versity of gut microbiota in the LND-fed mice. There also
were significantly different constituents of gut microbiota in
a variety of the hierarchy ranks with the LND and the RD. In

Table 4 Serum levels of 23 inflammatory markers in mice fed the RD
and LND for 1.5 months

Marker Serum levels (pg/ml) p value

RD LND

IL-1α 31.3 ± 4.5 28.0 ± 3.0 0.55

IL-1β 643.9 ± 67.2 558.5 ± 72.1 0.40

IL-2 110.4 ± 18.2 93.4 ± 19.2 0.54

IL-3 27.5 ± 4.6 23.5 ± 4.2 0.53

IL-4 51.7 ± 8.3 46.6 ± 9.3 0.69

IL-5 89.5 ± 14.2 72.8 ± 13.1 0.40

IL-6 67.3 ± 8.6 55.7 ± 8.3 0.34

IL-9 580.2 ± 54.8 544.4 ± 33.7 0.60

IL-10 217.9 ± 56.5 134.3 ± 23.4 0.19

IL-12p40 459.1 ± 26.7 401.8 ± 31.3 0.18

IL-12p70 1084.5 ± 118.6 800.0 ± 139.3 0.14

IL-13 724.3 ± 104.6 714.4 ± 108.3 0.95

IL-17 342.7 ± 30.0 275.5 ± 30.2 0.13

TNF-α 847.6 ± 103.5 632.7 ± 107.4 0.17

IFN-γ 111.6 ± 14.5 85.7 ± 15.7 0.24

MCP-1 746.2 ± 72.7 590.0 ± 70.2 0.14

MIP-1α 74.4 ± 8.4 59.0 ± 10.0 0.26

MIP-1β 131.6 ± 19.0 105.1 ± 16.8 0.31

G-CSF 184.7 ± 22.4 128.6 ± 18.2 0.07

GM-CSF 456.9 ± 19.2 437.8 ± 25.7 0.56

KC 137.6 ± 16.9 118.7 ± 8.1 0.33

Eotaxin 1459.7 ± 75.0 1397.2 ± 104.0 0.63

RANTES 34.2 ± 2.2 23.4 ± 1.3 0.0004

n = 8–10 mice for each group

G-CSF, granulocyte-colony stimulating factor; GM-CSF, granulocyte/
macrophage-colony stimulating factor; KC, keratinocyte-derived chemo-
kine; MCP, monocyte chemotactic protein; MIP, macrophage inflamma-
tory protein; RANTES, regulated on activation normal cell expressed and
secreted
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agreement with these results, Vrieze et al. indicated that less
diversity and fewer distinct constituents of gut microbiota
were recognised in individuals with the metabolic syndrome,
and that the improvement of insulin resistance after transfer of
the gut microbiota was accompanied by an amelioration of the
reduced diversity and distinct constituents of gut microbiota
[33]. It is thus possible that dysbiotic gut microbiota were
involved in the pathogenesis of the metabolic syndrome in-
duced by the LND.

We completely matched the energy contents in the two
diets, and food consumption was comparable between the
LND and RD at 1.5, 3, 4.5 and 18 months after the start of

the diet, suggesting a similar energy intake in the LND and
RD. Nevertheless, the LND-fedmice developed the metabolic
syndrome. Therefore, we may have succeeded for the first
time in identifying specific dietary ingredients that cause the
metabolic syndrome even in the absence of excessive intake
of energy.

In summary, we were able to demonstrate that long-term
dietary nitrite/nitrate deficiency gave rise to the metabolic
syndrome, endothelial dysfunction and eventually cardiovas-
cular death in mice, indicating a novel pathogenetic role of the
exogenous NO production system in the metabolic syndrome
and its vascular complications.
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