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Abstract

Objectives The aim of this study was to determine
whether the serum nitrite plus nitrate (NO,) level correlates
with biomarkers that are known components of the meta-
bolic syndrome (MetS).

Methods Serum NO, levels were measured using a
commercial kit in 608 Japanese men and women between
the ages of 39 and 85 years. Multivariate adjustments for
age, smoking status, alcohol consumption and exercise
were made in the analysis of covariance (ANCOVA). The
components of the metabolic syndrome were defined based
on the following criteria: body mass index (BMI)
>25.0 kg/mz, glycated hemoglobin (HbAlc) >5.6%,
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systolic blood pressure >130 mmHg or diastolic blood
pressure >85 mmHg, high-density lipoprotein-cholesterol
(HDL-C) <1.03 mmol/l for men and <1.29 mmol/l for
women and triglyceride >1.69 mmol/l.

Results The logarithmically transformed age-adjusted
serum NO, (InNO,) value was significantly higher in the
low HDL-C group (1.76 £ 0.05 pmol/l; p < 0.05) than
MetS component groups (1.65 £+ 0.01 pumol/l) in men, but
no difference was found in women. The means of serum
InNO, after multivariate adjustment were 1.64, 1.65, 1.64,
1.66, and 1.81 pmol/l for 0, 1, 2, 3, and 4-5 MetS com-
ponents for all subjects, respectively. The results of
ANCOVA confirmed that the serum InNO, level was sig-
nificantly correlated with the clustering of MetS
components in both men and women (p < 0.0001 for
trend).

Conclusion Our results suggest that an increase in the
clustering of MetS components was associated with the
increase in serum NO levels in our general population.

Keywords Analysis of covariance -
Cyclic guanosine 3'5’-Monophosphate (¢cGMP) -
Metabolic syndrome - Nitric oxide

Introduction

Metabolic syndrome (MetS), which has become increas-
ingly prevalent in the developed countries of the world,
including Japan [1, 2], is a common metabolic disorder most
often defined as the presence of at least two of the following
risk factors: obesity, hypertension, hyperglycemia (insulin
resistance), decreased high-density lipoprotein cholesterol
(HDL-C) and elevated triglycerides (TG) [National
Cholesterol Education Program (NECP) Adult Treatment
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Panel II (ATP-II) [3]; World Health Organization
(WHO)]. People with MetS are known to be at increased risk
of coronary heart disease and type 2 diabetes.

Nitric oxide (NO) is an inorganic free radical gas syn-
thesized by the oxidation of L-arginine in a process
catalyzed by nitric oxide synthase (NOS). Nitric oxide
synthase is classified into three subtypes — neuronal NOS
(nNOS), mainly found in the brain, endothelial NOS
(eNOS), found in the vascular endothelium, and inducible
NOS (iNOS) mainly expressed in activated macrophages
during the inflammatory state [4]. NO is known to be the
principal mediator of several functions, including vasodi-
lation, anticoagulation, leukocyte adhesion, smooth muscle
proliferation and the antioxidative capacity of endothelial
cells [5-8].

In an experimental setting, Cook et al. [9] observed
hypertension and insulin resistance in eNOS null mice,
while Tsutsui et al. [10] observed a number of disorders,
such as hypertension, arteriosclerosis, insulin resistance,
visceral obesity and aging, in a recently developed line of
genetically engineered mice that lacked all three NOS
subtypes. In a clinical —epidemiological setting, Konukoglu
et al. [11] suggested that the circulating NO level was
lower in obese female subjects with hypertension than in
the normal control subjects. Moreover, Kondo et al. [12]
found that a reduction in NO bioactivity occurs with
abdominal fat accumulation in women.

Based on these studies, we anticipated that the serum
nitrite plus nitrate (NO,) level might decline in patients
with MetS due to reduced NO production or an increase in
the NO consumption level. Although there have been very
few epidemiological studies examining the correlation
between circulating NO and MetS in general populations,
Cui et al. [13] recently reported that the urinary extraction
of cyclic guanosine 3’, 5'-monophosphate (cGMP), a sec-
ond messenger of NO, was inversely correlated with the
clustering of a number of MetS risk factors. However, to
date, no data are available on the association between the
circulating NO, level and any indicator of circulating NO
level, and MetS risk factors in a general population. The
purpose of this study was to explore whether the serum
NO, level correlates with MetS risk factors using com-
munity-based epidemiological data.

Materials and methods

Study subjects

We studied a population of 608 Japanese (209 men and 399
women) aged between 39 and 85 years who were living in

a rural area of Hokkaido, Japan in August 2005 who par-
ticipated in an annual health checkup program, including a

serological test and physical examination. The survey
included a self-administered questionnaire, anthropometric
measurements, including height and weight for the calcu-
lation of body mass index [BMI; weight in kg/(height in
m)?], and the collection of blood samples. The question-
naire addressed such lifestyle characteristics as physical
activity, smoking status and alcohol consumption. Physical
activity was divided into two categories (>1 h a week vs.
<1 h). Smoking status was represented using the
Brinkman Index calculated from data obtained from the
questionnaires on the number of cigarettes smoked per day
and length of the smoking habit (in years). Individuals who
answered that they drink habitually were defined as current
drinkers and the others as non-drinkers. All subjects gave
their informed consent to answering the questionnaire and
provided residual blood for analysis. The Ethics Committee
of Nagoya University Graduate School of Medicine,
Nagoya, Japan approved the study protocol.

Biochemical analysis

A portion of each collected blood sample was immediately
examined for glycated hemoglobin (HbAlc), total choles-
terol (TC), HDL-C and TG; the remainder was stored at
4°C for a maximum length of 5 days until assayed for NO,
concentrations. Since NO is unstable and quickly auto-
oxidized to nitrate and nitrite after production, the con-
centrations of NO, in serum were measured using a
commercial kit (Nitrate/Nitrite Colorimetric Assay kit, Cat
No. 780001; Cayman Chemical, Ann Arbor, MI). Briefly,
the subjects’ serum samples were ultrafiltered (molecular
cut-off of 10,000) at 6000 g for 60 min at 4°C. The ul-
trafiltrate was incubated for 3 h with nitrate reductase and
its cofactor and then allowed to react with Griess reagents
for 20 min. Absorbance was measured at 540 nm with a
microplate reader (Molecular Devices, Crawley, UK). The
within-day and between-day coefficients of variation for
this assay were less than 5% at a concentration of 50 pmol/l
[14]. Since serum NO, concentrations were found to be
skewed in distribution, they were normalized with a loga-
rithmic transformation in advance of all the analyses.

Metabolic syndrome risk factors

Whereas the waistline was used to define obesity in the
committee that evaluated the diagnostic standards for MetS
[3, 15] have reported that the Asian criterion of obesity is
BMI > 25.0 kg/mz, or a waist circumference of >80 cm
for women and >90 cm for men. By referring to this report
and the final report on the ATP guidelines of the NCEP,
which defines the characteristics of the MetS components,
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we adopted the following cutoff limits: (1) a high BMI, i.e.,
BMI > 25.0 kg/m?; (2) high blood pressure, i.e., systolic
blood pressure >130 mmHg and/or a diastolic blood
pressure >85 mmHg; (3) a high HbAlc, i.e, a percentage
>5.6%; (4) a low HDL-C, i.e., a concentration of <1.03
mmol/l for men or <1.29 mmol/l for women; (5) a high
TG, i.e., a concentration of >1.69 mmol/l. The subjects
were classified based on the accumulated number of MetS
risk factors (0, 1, 2, 3 and >4).

Statistical analysis

All statistical analyses were conducted using the SPSS
statistical package for Windows ver. 11.0 (SPSS, Chicago,
IL), and two-sided p values of <0.05 were considered to be
statistically significant. Age-adjusted means of the basic
characteristics of subjects were first examined in a general
linear model (GLM) for any differences between men and
women. In the second GLM analysis, differences in the
least-square means of the logarithmically transformed age-
adjusted serum NO, levels (InNO,) were examined for
each MetS component followed by further adjustments for
such covariates as physical activity, smoking status and
alcohol drinking habits. In the third GLM analysis, the
serum NO, level was treated as a dependent variable,
which was predicted by the main predictor, the

accumulated number of MetS components and other
covariates. This GLM modeling was initially conducted for
all subjects in the main analysis and then for men and
women separately in the sub-analysis.

To test the trend in NO,, levels, we used a linear contrast
on the assumption that the number of MetS components
was equally spaced from none to >4. A comparison of NO,
levels was also conducted between those with <3 MetS
components (component 0, 1, 2 and 3 groups) and those
with >4 in the GLM analysis.

Results

The sex-specific characteristics of 608 subjects are shown
in Table 1. While there were significant differences
between men and women in age, TC, HDL-C and HbAlc,
no such differences were observed in serum InNO, values
or systolic and diastolic blood pressure. Men and women
with high BMI accounted for 33.0 and 30.8% of the study
population, with high blood pressure, for 64.6 and 62.4%,
with high TG, for 22.5 and 14.8%, with low HDL-C, for
7.7 and 2.3% and with high HbAlc, for 17.7 and 9.5%.
Age- and multivariate-adjusted InNO, values for each
MetS component are summarized in Table 2. Significant
differences in age-adjusted InNO, can be seen between
HDL-C <1.03 mmol/l and HDL-C >1.03 mmol/l for men

Table 1 Age-adjusted, sex-

. . Men Women p for difference®
specific mean values of basic
characteristics and the presence Number 209 399
of metabolic risk factors
Mean + SEM
Age (year) 634 £ 0.7 60.5 £ 0.5 0.001
Serum NO, (umol/1) 1.65 £ 0.01 1.65 £ 0.01 0.975
BMI (kg/m?) 23.8 £0.2 23.7£0.2 0.655
BMI (kg/m?) >25 33.0% 30.8%
Systolic blood pressure (mmHg) 1335+ 1.3 1353 £ 0.9 0.234
Systolic blood pressure (mmHg) >130 60.8% 59.9%
Diastolic blood pressure (mmHg) 81.8 £ 0.7 81.0 £ 0.5 0.381
Diastolic blood pressure (mmHg) >85 40.2% 36.8%
High blood pressure (%) 64.6 62.4
Total cholesterol (mmol/l) 5.27 £ 0.06 5.59 £ 0.04 <0.0001
HDL cholesterol (mmol/l) 1.40 £ 0.02 1.58 £ 0.02 <0.0001
HDL cholesterol <1.03 for men, 7.7 2.3
<1.29 for women (%)
Triglyceride (mmol/l) 1.28 £ 0.04 1.15 £ 0.03 0.009
BML Body mass index; SEM, Triglyceride (mmol/l) >150 22.5% 14.8%
standard error of the mean; HbAIC (%) 5.20 £ 0.04 5.03 £0.03 <0.0001
HDL, high-density lipoprotein; HbAIC (%) >5.6 17.7 9.5
HbAIC, glycated hemoglobin People who exercise (yes) (%) 37.3 36.8
General linear model analysis — pgyinkman Index 548.1 + 24.0 553 + 173 <0.0001
® Logarithmically transformed Drinking (%) 60.8 20.6

serum NO,
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(1.76 £ 0.05 vs. 1.65 = 0.02 pmol/1). This difference
remained significant after additional adjustments for
physical activity, smoking status and alcohol drinking
habit. The serum NO, level showed no significant associ-
ations with other MetS components.

The relationship between serum NO, levels and the
accumulated number of MetS components is shown in
Table 3. The means of serum InNO, after multivariate
adjustments were 1.64, 1.65, 1.64, 1.66, and 1.81 pmol/l
for 0, 1, 2, 3, and >4 MetS components, respectively, for
all subjects. Significant associations between the number of
MetS components and multivariate-adjusted InNO, were
shown for all subjects, along with a significant trend toward
an increase in NO, levels according to the accumulation of
MetS components (Fig. 1). The sex-specific subanalysis
also showed a significant association and linear trend
(Table 3; Fig. 1).

Discussion

Metabolic syndrome has attracted increasing attention due
to its growing prevalence among people in developed
countries. Our primary concern in this study was to
investigate the relationship between the varying levels of

circulating NO and MetS, as the latter places individuals at
an elevated risk for coronary heart disease and other dis-
eases related to plaque buildups in the vascular wall. There
have been some reports on the relationship between cir-
culating or exhaled NO and such MetS-induced diseases as
arteriosclerosis, coronary heart disease and type 2 diabetes
[16-18]. To date, however, the underlying kinetics of the
circulating NO levels in individuals with MetS has not yet
been resolved. In this context, Cui et al. [13] examined the
relationship between MetS and urinary excretion of cGMP
and found that a clustering of MetS risk factors was
inversely associated with urinary cGMP excretion.

In our study, we assumed that the production or avail-
ability of NO declines in proportion to the prevalence of
clustering MetS risk factors in a healthy general popula-
tion. Unexpectedly, however, our results showed that
serum NO, levels tended to increase with the accumulation
of MetS components, and this occurred in both the main
analysis and the sex-specific sub-analysis, even though
there were no correlations of serum NO, levels with high
BMI, high blood pressure, high TG or high HbAlc.
Notably, serum NO, levels were significantly higher in
those individuals having >4 MetS components than in the
others, whereas there were no significant differences in
serum NO, levels among the component 0, 1, 2 and 3

Table 2 Age- and multivariable-adjusted InNO, (iumol/l) for each metabolic syndrome (MetS) component

Men Women
No Yes p for difference” No Yes p for difference®

High BMI

Number 140 69 276 123

Age-adjusted NO 1.65 £ 0.02 1.67 £ 0.03 0.727 1.65 £+ 0.01 1.66 £ 0.02 0.694

Multivariable-adjusted NO® 1.65 + 0.02 1.66 + 0.03 0.753 1.65 + 0.01 1.67 £ 0.02 0.514
Hypertension

Number 74 135 150 249

Age-adjusted NO 1.65 £ 0.02 1.66 £ 0.02 0.578 1.65 £ 0.02 1.65 £ 0.01 0.973

Multivariable-adjusted NO® 1.64 £+ 0.03 1.66 £ 0.02 0.627 1.66 £ 0.02 1.65 £ 0.02 0.936
High triglyceride

Number 162 47 340 59

Age-adjusted NO 1.66 + 0.02 1.67 + 0.03 0.714 1.65 + 0.01 1.67 £ 0.03 0.464

Multivariable-adjusted NO® 1.65 £ 0.02 1.67 £ 0.03 0.673 1.65 £+ 0.01 1.66 £ 0.03 0.777
Low HDL

Number 193 16 390 9

Age-adjusted NO 1.65 £ 0.01 1.76 £ 0.05 0.043 1.65 £+ 0.01 1.68 £ 0.07 0.671

Multivariable-adjusted NO® 1.64 £ 0.02 1.77 £ 0.05 0.025 1.65 £+ 0.01 1.67 £ 0.07 0.762
High HbAlc

Number 172 37 361 38

Age-adjusted NO 1.65 £ 0.02 1.7 £ 0.03 0.170 1.65 £+ 0.01 1.67 £+ 0.03 0.465

Multivariable-adjusted NO® 1.65 £ 0.02 1.7 + 0.03 0.186 1.65 £+ 0.01 1.67 £+ 0.03 0.698

* General linear model analysis

® Adjusted for age, Brinkman Index, drinking (yes) and exercise (yes)
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Table 3 Age- and multivariable-adjusted InNO, (umol/l) according to number of metabolic syndrome components

Number of metabolic syndrome components

p for difference®  p for trend”

0 1 2 3 >4

Total

Number 151 230 146 67 14

Age-adjusted NO 1.64 +£ 0.02 1.653 £0.01 1.64+0.02 1.66=+0.03 1.81+0.05 0.064 <0.0001

Multivariable-adjusted NO°  1.65 £ 0.02  1.656 & 0.01 1.65 +0.02 1.66 + 0.03 1.81 £0.05 0.081 <0.0001
Men

Number 46 70 55 29 9

Age-adjusted NO 1.62 £ 0.03 1.67 + 0.01 1.65 £ 0.03 1.64 +£0.04 1.82+0.07 0.099 <0.0001

Multivariable-adjusted NO°  1.62 + 0.03  1.67 £ 0.01 1.65 £ 0.03 1.64 +£0.04 1.82+0.07 0.109 <0.0001
Women

Number 105 160 91 38 5

Age-adjusted NO 1.65 + 0.02 1.65 + 0.02 1.64 +£ 0.02 1.67+0.03 1.78+0.09 0.557 <0.0001

Multivariable-adjusted NO°  1.66 £ 0.02  1.65 &+ 0.02 1.65 £ 0.02 1.67+£003 1.77 £0.09 0.681 <0.0001

InNO,, Logarithmically transformed age-adjusted serum NO,levels
? General linear model analysis

® Test for trend was performed using a linear contrast assuming equal spacing from 0 to >4

¢ Adjusted for age, Brinkman index, drinking (yes) and exercise (yes)

Fig. 1 Individual values and Men
box plots of serum 25

logarithmically transformed o
age-adjusted serum NO,levels _g
(InNO,; pmol/l) and metabolic 2 20
syndrome components. Open ]
squares in box plot show i:
averages Q 15

£

5

% 10

Number of metabolic syndrome components

groups (data not shown). This result explicitly indicates
that a surge in NO, levels observed in the >4 MetS com-
ponents group contributed largely to the significant overall
linear trend toward an increase in NO, levels associated
with the clustering of MetS components.

Although a clear explanation for why our results con-
tradicted our initial expectation remains to be explored,
evidence supporting this relationship has been reported
earlier. Rydén et al. [19] found that eNOS expression in the
omental tissue of obese patients was significantly elevated.
Maejima et al. [17] demonstrated that hypertensive diabetic
subjects had a significantly higher serum NO;™ level than
normotensive diabetic ones and ascribed those higher lev-
els to advanced diabetic microvascular complications,
indicating a compensatory mechanism for reducing the
vascular response to various intrinsic vasoactive agents. In
line with these previous findings, our results raise the
possibility of an up-regulation in which the circulating NO
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levels are affected by a positive feedback regulation of NO-
related homeostasis in those at a high risk for MetS. More
recently, Osawa et al. [20] reported that the survival rate
declined in proportion to NO, levels in 127 subjects aged
65-101 years. This finding can be interpreted as providing
additional evidence for the positive association of high
NO, levels with a high risk for adverse health outcomes,
although no causal explanation was reported by these
authors. To confirm the role of NO, in individuals with a
high clustering of MetS components, such as seen in this
study, we are currently continuing our investigation of
these subjects; the results from repeated NO, measure-
ments and follow-up observations should facilitate an
interpretation of the results reported here.

High-density lipoprotein cholesterol has been reported
to induce activation of the PI3-kinase—Akt kinase pathway
and MAP kinase to cause an increase in eNOS protein [21].
However, our results are not consistent with this previous
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report; we found a significant difference in age-matched
NO, levels in men with HDL-C <1.03 mmol/I versus those
with HDL-C >1.03 mmol/l, suggesting that low HDL-C
was associated with higher NO, levels. We assume that the
discrepancy between our results and those of the previous
investigation can be attributable to the study designs, i.e.,
in vitro experiment versus systematic body reactions.
Furthermore, it is possible that the reason for the lack of a
similar difference in NO, levels associated with HDL-C in
women may be related to menopause, which can induce
oxidative stress following the depletion of estrogens [22],
resulting in the attenuation of the relationship between the
serum NO, and HDL-C levels.

Our results also contradict those of Cui et al. [13], who
reported an inverse correlation between the urinary excre-
tion of cGMP and the clustering of metabolic risk factors.
However, any evaluation of urinary cGMP as a substitute
for NO bioavailability requires some caution. Since urinary
cGMP excretion is likely to depend on the renal function
[23, 24], the renal dysfunction of cGMP and NO, excretion
in urine may result in the increase of circulating NO,
levels. Moreover, it has been reported that a creatinine
adjustment of urinary biological indicators assayed in spot
urine is not a reliable tool for conversion into 24-h urinary
excretion [25].

There were some limitations to this study. Because of
the relatively small sample size of the subpopulation with
>4 MetS components (n =9 for men and n =735 for
women), the possibility remains that a few subjects with an
extremely high NO, level brought about the observed
strong trend. While the box plots (Fig. 1) indicate that no
extreme outliers in the >4 MetS components group resulted
in an overestimation of the association by severely affect-
ing the NO, distribution, a definitive conclusion in this
respect may not be drawn until we have confirmed the
reproducibility of the results among our subjects in the
follow-up investigation now underway or in other general
populations. Another concern is the possibility that NO
metabolites degenerated in the serum samples stored at 4°C
for the maximum length of 5 days after collection. By
assaying NO, in paired serum samples from five healthy
adults, one immediately after the collection and the other
stored at 4°C for 5 days until ultrafiltrated, we confirmed
that there was no significant within-individual variation in
NO, (37.4 £ 14.1 versus 37.8 £ 13.9 umol/l, p = 0.96) in
that time interval.

The subjects included in this study participated in annual
health check-ups and represented approximately 6% of the
residents in the relevant age range. Moreover, most of these
had undergone repeated check-ups in previous years,
resulting in the possible interventional effect of con-
founding the relationship between NO, levels and the
clustering of MetS components. The impact of these

limitations will be evaluated in a future investigation for
which we plan a follow-up and the recruitment of new
subjects.
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