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itrite and nitrate are the stable end products of

the L-arginine-NO pathway, and the sum of
nitrite and nitrate (NO,) is a common way to
measure nitric oxide (NO) production or secretion.
To uncover any genetic influence on NO, we mea-
sured NO, in serum samples from monozygotic twin
pairs after an overnight fast. Heritability was esti-
mated as intraclass correlation coefficient. We
arrived at a heritability estimate of .32 (95% confi-
dence interval 0.17-0.45) for NO,. The numerical
heritability estimate was higher for females than for
males (0.38 vs. 0.21), and higher for nonsmokers
than for smokers (0.36 vs. 0.22). The heritability esti-
mate of NO, was lower than the heritability estimate
for other cardiovascular risk factors. This study sug-
gests a low degree of heredity for NO_levels.

Nitric oxide (NO) is an exceptionally versatile mole-
cule that influences diverse aspects of vascular biology
in health and disease. NO is synthesized from L-argi-
nine by a family of enzymes named nitric oxide
synthases (NOS), and once formed NO can interact
with a number of molecular targets with a variety of
biological effects. The effect on the endothelium was
first recognized. This molecule maintains a vasodila-
tor tone that is essential for the regulation of blood
flow and blood pressure after physical stimuli such as
shear stress or chemical stimuli (Furchgott, 1990;
Luscher, 1990; Moncada et al., 1989). Production of
NO by the endothelial cells or platelets inhibits leuko-
cyte adhesion as well as platelet aggregation and
adhesion (Moncada & Higgs, 1993). Thus, circulat-
ing NO has an important role in regulating vascular
tonus and blood flow, and reduction in NO release
may predispose to hypertension, thrombosis,
vasospasm and atherosclerosis. NO has now made it
from bench to bedside in cardiovascular medicine.

The most common way to measure NO is determin-
ing the sum of its plasma metabolites nitrite and nitrate
(NO,). A significant genetic contribution to NO, level
has been reported in a family study (Wang et al., 1997).
The degree of genetic influence can be estimated as heri-
tability, which reflects the genetic component of
fenotypic variation between individuals. Twin studies
are well suited for heritability calculations.

Cardiovascular disease itself and several of its risk
factors exhibit a significant degree of heredity (Nora
et al., 1991). In this study, we also provide a list of
nine other established cardiovascular risk factors, and
thus we are able to put the genetic contribution to
NO, levels into a wider cardiovascular perspective.
Thus, the purpose of this study was to estimate the
heritability of NO_ and to compare it with that of
other cardiovascular risk factors.

Methods

Subjects

Subjects were recruited from an extensive study of
monozygotic (MZ) twins initiated in the late 1970s
and the early 1980s. We have previously described the
population-based Norwegian Twin Panel from which
the twins were drawn (Berg, 1984). The present series
of 155 pairs (68 male pairs and 87 female pairs) were
between 38 and 57 years old (mean age 44 years).
Blood pressure was measured after at least 5 minutes
rest in the supine position (recorded as mean of three
measurements). Height and weight had been mea-
sured and body mass index (BMI) had been calculated
as weight (in kilograms) divided by the square of
height (in meters). Smoking habits and other health-
related variables had been extracted from a
self-administered questionnaire.

Laboratory Analyses

All persons were bled in the morning in the fasting
state. Serum samples were stored at =70 °C until ana-
lyzed. Serum nitrate and nitrite (NO,), the stable end
products of the L-arginine-NO pathway, were deter-
mined by a modification (Saetre et al., 2000) of the
fluorimetric assay described by Misko et al. (1993).
The sensitivity of this assay was 0.02 pM. The intra-
and interassay precision in our laboratory has previ-
ously been reported to be 4.4% and 12%,
respectively. The procedure was executed blindly at
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the Center for Clinical Research, Ulleval University
Hospital. NO_ values are not available for all twins
due to shortage of serum from some persons and this
explains variation between variables with respect to
number of persons examined.

Serum C-Reactive Protein (CRP) values were deter-
mined automatically using Dual-Radius Enhanced
Latex technology at this hospitals Department of
Clinical Chemistry (Eda et al., 1998).

Plasma total fibrinogen had been measured semi-
automatically in the same department by the standard
thrombin clotting time technique (Clauss, 1957).

Levels of plasma total homocysteine were deter-
mined by high-pressure liquid chromatography
(HPLC) and electrochemical detection at Oregon
Regional Primate Center, Beverton, Oregon (Berg et
al., 1992).

Serum total cholesterol, high density lipoprotein
cholesterol (HDL), and triglycerides were measured
enzymatically and results recorded as mmol/L. The
concentration of Lp(a) lipoprotein was determined by
quantitative immunoelectrophoresis (Berg, 1984).

All analyses apart from NO_, CRP, fibrinogen and
homocysteine determinations were conducted at the
Institute of Medical Genetics, University of Oslo.

Statistics
The distribution of NO_ was markedly skewed and we
therefore applied nonparametric tests. Mann-
Whitneys U test was used to compare differences in
NO, levels according to dichotomous variables.
Spearman’s rho was used to uncover correlations of
NO, values with other continuous variables and to
check for within-pair correlations in MZ twins. The
confidence interval of the correlation coefficient r was
based on the transformation Z = 1/2 In (1 + r)/(1 - 7).
Multiple regression analysis was applied to identify
variables independently associated to NO_ (after In
transformation of NO ).

All analyses were performed with the SPSS (SPSS
Inc., 2003) statistical software.

Two-tailed p values of less than .05 were consid-
ered statistically significant.

Results

Median levels of NO_ with 10th and 90th centiles for
females and males are presented in Table 1. Females
had slightly higher NO_levels than males, but the dif-
ference did not reach statistical significance (p = .08).
Smoking lowered NO_ levels (Table 2). The propor-
tions of smokers were essentially the same in the two
sexes (41.5% for males and 42.5% for females). Daily
alcohol intake appeared to lower NO_ levels, but this
effect did not reach statistical significance (Table 2).
Table 3 shows correlation coefficients between NO_
on one hand and several variables on the other hand,
that is, HDL, triglycerides, CRP, BMI, plasminogen,
Lp(a) lipoprotein, homocysteine and low density
lipoprotein cholesterol (LDL). Age did not correlate to
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]
Table 1

10th, 50th and 90th Centile of Serum NO, Measured as the Sum of NO,~
and NO,~ in Members of Healthy Norwegian Twins (n = 287)

Sex n 10th centile ~ 50th centile 90th centile
Females 163 29.0 39.0 55.5
Males 124 30.5 37.0 54.6
All 287 29.0 38.0 54.2

NO.. Only CRP (p < .001) and HDL (p = .01) were
associated to In NO_ in a multivariate model using
linear regression analyses.

The heritability of NO_ was .32. Table 4 shows the
heritability of other cardiovascular risk factors mea-
sured in this study. We performed substudies of
heritability according to gender and smoking habits.
The numerical heritability estimate was higher for
females than for males (.38 vs. .21), and lower for
smokers than nonsmokers (.22 vs. .36), but these dif-
ferences did not reach statistical significance.

Discussion

Multiple roles of NO in physiology and pathophysiol-
ogy have been revealed during the past decade. NO is
associated not only with cardiovascular disease, but
also with diseases of different other organ systems.
Some of the diseases exhibit strong genetic predisposi-
tion. The degree of heredity for factors governing this
molecule and its stable end products of the L-arginine-
NO pathway (NO,) is therefore of wide biological
interest. Endothelium-dependent flow-mediated dilata-
tion of the brachial artery (a NO-dependent response)
is impaired in young healthy individuals with a first-
degree relative who has died of cardiovascular disease
(Clarkson et al., 1997; Schachinger et al., 1999), indi-
cating an inherited effect. Twin studies offer a more
direct way to examine heritability. There are several
ways to measure heritability, and in this twin study we
calculated MZ intraclass correlation coefficients. This
may overestimate heritability, as MZ twins not only
share the same genes, but to a large extent also the
same environments. This has nonetheless proved to be
a practical and robust approach to determine heri-
tability (Berg, 1993).

We found a heritability for NO, of .32, which is in
line with a previous family study (Wang et al., 1997).
As far as we are aware, this is the first twin study of

]
Table 2

Median Serum Levels of NO, (With Interquartile Range) Among
Smokers (n=115) and Those With a Daily Alcohol Consumption (n = 38)

Variable Yes No pvalue
37.0(31.8,42.8) 40.0(35.0,40.0) .001
40.0(34.0,46.3) 37.0(32.0,43.0) .12

Smoking
Daily alcohol consumption
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]
Table 3

Correlation Coefficients in Decreasing Order (Spearman’s rho)
Between NO, and Other Cardiovascular Risk Factors in Healthy Twins

Variable rho pvalue
HDL-cholesterol -29 <.001
Triglycerides 23 <.001
CRP 22 <.001
BMI .16 .006
Plasminogen .16 .006
Homocysteine .15 .01
Lp(a) lipoprotein .15 .01
LDL cholesterol 12 .04
Total cholesterol .10 .08
Fibrinogen .08 17
Systolic BP -.08 .16
Age .008 .89

NO, levels, and direct comparisons to other twin
studies are not possible. A smaller study of Swedish
and Finnish twins found a heritability of .24 for flow-
mediated vasodilatation of the brachial artery, also
supporting a low genetic influence (Jartti et al., 2002).
Comparisons to other biological variables can be
helpful to point out which variables are (strongly)
influenced by genes and which are not. As shown in
Table 4, many other relevant variables in these MZ
twins have a higher estimate of heritability than NO..
Genes encoding the enzymes producing NO (nitric
oxide synthases [NOS]), such as endothelial NOS
(eNOS), inducible NOS (iNOS) and neuronal NOS
may all be of importance for NO_ levels. iNOS does
not contribute to NO production under normal cir-
cumstances, but does so during pathological processes
such as inflammation. eNOS appears to be especially

]
Table 4
Within-Pair Correlation Coefficients (With 95% Confidence Intervals) in

Decreasing Order in 155 Healthy MZ Twins for NO, and Other Risk
Factors of Cardiovascular Disease

Variable Within-pair correlation
Lp(a) lipoprotein ~1.0—
BMI .76 (.68-.82)
Total cholesterol .68 (.59-.76)
Systolic BP .64 (.54-72)
Homocysteine .53 (.41-.63)
Diastolic BP .51(.38-.62)
Triglycerides .46 (.33-.58)
CRP 40 (.26-.52)
NO, 32(17-45)
Fibrinogen 27 (12-41)

Note: A heritability of 1 implies genetic determination exclusively. Other within-pair
correlation coefficients are extracted from Berg (1993).

important for NO_ levels in serum. This enzyme is
continually expressed in the endothelium, and gener-
ates NO in response to shear stress and pulsative
stretch. Several polymorphisms exist in the gene
encoding this enzyme, and some of them have an
effect on NO_ (Wang et al., 1997). In a recent meta-
analysis it was concluded that some of these
polymorphisms are associated with cardiovascular
disease (Casas et al., 2004).

The numerical estimate of heritability was higher
in nonsmokers than in smokers, although this differ-
ence did not reach statistical significance. This is not
surprising, since smoking is an important environmen-
tal factor that influences NO_ levels. The reason for
the gender difference in heritability of NO_ observed
in this study is obscure and should be addressed in
future studies. Since the proportions of smokers were
the same for both sexes, it cannot be explained by
gender differences in smoking habits.

The short half-life of NO (seconds) makes direct
determination of this molecule difficult (Moshage et
al., 1995). Previous studies have shown that NO_
levels in blood after an overnight fast reliably reflects
endogenous NO production (Hibbs et al., 1992;
Rosselli et al., 1995) but serum NO, levels may also
reflect ingestion of nitrates/nitrites. Also, fluctuations
under normal circumstances are likely to decrease esti-
mates of heritability. In addition, our serum samples
had been stored for several years before determination
of NO,. If NO_ were unstable during long time
storage, the precision of NO_ measurements would
decrease. These factors could lead to underestimation
of the degree of inheritance.

NO, correlated significantly to several other vari-
ables. Several correlations to other established risk
factors could indicate that these risk factors influence
endothelial function through NO production and
release. The strong correlation between NO_and CRP,
a marker of inflammation and a strong predictor of
cardiovascular morbidity and mortality (Retterstol et
al., 2002; Ridker et al., 1997) was of particular inter-
est. In multivariate analyses only CRP and HDL were
significantly associated with NO_ levels. Association
between HDL and improved endothelial function has
been described previously (Watts et al., 1996).
However, it is also possible that other risk factors
affect the endothelium directly leading to changes in
NO production and release, and that any change in
NO, levels is secondary to these effects.

NO, levels were reduced in current smokers. This
is in line with previous reports (Landmesser et al.,
2004; Zeiher et al., 1995), indicating that the risk of
smoking could be mediated through the endothelium.
Interestingly, a study of a polymorphism in the eNOS
gene and smoking (Wang et al., 1996) uncovered a
gene—environment interaction affecting cardiovascular
risk. Alcohol appeared to increase the levels of NO_,
although this effect did not reach statistical signifi-
cance. Alcohol affects endothelial function (Puddey et
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al., 2001) and the effect on NO production and
release may contribute to the protective effect of
alcohol on the cardiovascular system.

Conclusions

In this study of MZ twins, the within-pair correlation
coefficient was .32 for NO_, the stable end-products
of NO production and release, indicating only a mod-
erate degree of heredity. Most other cardiovascular
risk factors have a greater genetic component.

NO, was significantly associated with other estab-
lished cardiovascular risk factors.
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