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Sodium excretion as a modulator of genetic associations with
cardiovascular phenotypes in the European Project on Genes
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Hypertension is a chronic age-related disorder, affecting

nearly 20% of all adult Europeans. This disease entails

debilitating cardiovascular complications and is the leading

cause for drug prescriptions in Europeans older than

50 years. Intensive research over the past two decades has

so far failed to identify common genetic polymorphisms

with a major impact on blood pressure or associated

cardiovascular phenotypes, suggesting that multiple genes

each with a minor impact, along with gene–gene and gene–

environment interactions, play a role. The European Project

on Genes in Hypertension (EPOGH) is a large-scale, family-

based study in which participants from seven different

populations were phenotyped and genotyped according to

standardized procedures. This review article summarizes

the initial 5-year findings and puts these observations into

perspective against other published studies. The EPOGH

demonstrated that phenotype–genotype relations strongly

depend on host factors such as gender and lifestyle, in

particular salt intake as reflected by the 24-h urinary

excretion of sodium. The EPOGH therefore highlights the

concept that phenotype–genotype relations can only be

studied within a defined ecogenetic context. J Hypertens
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Introduction identified by linkage analysis have been successful for
Cardiovascular disorders are the direct cause of death for

over 60% of Europeans. Hypertension, a chronic age-

related disorder, affects nearly 20% of all adults, entails

debilitating cardiovascular complications and is causally

involved in nearly 70% of all strokes [1]. From the

viewpoint of health economics, both in Europe and the

United States, hypertension is the leading cause for drug

prescriptions in patients older than 50 years [2].

Hypertension arises through the complex interaction be-

tween genetic, environmental and lifestyle factors [3].

Searches for causative variants in chromosome regions
rare monogenic forms of hypertension or hypotension.

Technological advances in high-throughput genomics

and proteomics and molecular medicine led to the dis-

covery of 17 human genes that cause Mendelian forms of

blood pressure dysregulation [4]. However, monogenic

forms of hypertension are extremely rare. By contrast,

linkage studies have been much less successful in locat-

ing genetic variants that affect common complex dis-

orders, because each variant individually contributes only

modestly to risk of disease. Until recently, 18 whole-

genome scans with focus on blood pressure or hyperten-

sion [5,6] have been performed in sib-pairs or families of
orized reproduction of this article is prohibited.
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African, Asian, or Caucasian origin. These studies ident-

ified more than 30 loci distributed over almost all the

chromosomes, which showed linkage with human hyper-

tension [5,6]. However, few of these loci were replicated

in at least two independent populations. Until now, none

of these genome-wide scans have led to the discovery of

common genetic variants, which may have a large impact

on blood pressure in the population at large.

Another approach to identify genetic causes of disease is

to search for association with specific candidate genes.

More than 150 candidate genes have been studied in

relation to hypertension and other cardiovascular pheno-

types. Often, strong associations are reported that are not

confirmed in subsequent studies. However, a negative

finding or a minor genetic effect in a general population

may become a major gene effect in a subgroup of people

with the appropriate genetic and environmental back-

ground. This can occur because of the network of feed-

back mechanisms regulating complex traits. Hence if the

effects of locus A are masked by the exposure to factor B,

the power to detect locus A is likely to be reduced if one

does not consider factor B in the analysis. Gene–environ-

ment and gene–gene interactions (biological) are cur-

rently a topic of great interest in the field of genetic

epidemiology. Better accounting for these interactions

probably holds promise for advancing our understanding

of the pathophysiology of blood pressure and related

cardiovascular phenotypes.

The European Project on Genes in Hypertension

(EPOGH) is a European family-based epidemiological

survey with the following objectives: to search for inter-

actions between genes and the environment in the

pathogenesis of hypertension and related intermediate

phenotypes; and to produce a representative population-

based database of complex cardiovascular phenotypes in

relation to multiple genotypes and environmental factors.

In this review, based on data from the EPOGH, we will

focus on the empirical observations of the interactions

between different cardiovascular phenotypes, the genes

encoding various components of the renin–angiotensin–

aldosterone system (RAAS) and the adducin cytoskele-

ton, and sodium excretion as an index of salt intake. The

hypothesis of effect modification of the aforementioned

genes by sodium intake was made a priori for the follow-

ing reasons: RAAS and adducin play a key role in sodium

homeostasis [7,8]; and, via various mechanisms, high

sodium might affect blood pressure, affect sympathetic

tone, promote cardiac growth and change wall properties

of the large arteries [9–11].

Blood pressure, endogenous ouabain
and adducin
Many genetic [8,12] and lifestyle [13] factors potentially

interfere with the sodium–potassium pump, which plays

an important role in sodium homeostasis and blood
opyright © Lippincott Williams & Wilkins. Unautho
pressure regulation. For example, substitution of glycine

by tryptophan at position 460 of the a-subunit of the

heterodimeric cytoskeleton protein adducin (Gly460Trp)

leads to increased sodium–potassium pump activity [12]

and induces sodium retention [14]. Endogenous ouabain

is a steroid hormone, which is released from the hypo-

thalamus and the adrenal gland [15,16]. It behaves as a

modulator of the sodium–potassium pump and exerts

direct actions on the vasculature, the heart and tubular

sodium reabsorption [15,16]. We therefore investigated

the plasma concentration of endogenous ouabain in a

Flemish population sample (n ¼ 379) in relation to blood

pressure, the Gly460Trp polymorphism of the a-adducin

gene, and other determinants of sodium homeostasis

[17]. Plasma ouabain (median, 140 pmol/l) correlated

independently and positively with male gender (number

of men, 182; P ¼ 0.002), smoking (number of smokers,

116; P ¼ 0.05), urinary potassium excretion (mean,

69 mmol/day; P < 0.0001), and the Trp mutation in the

a-adducin gene (number of Trp carriers, 161; P <
0.0001). Both before and after adjustment for covariables,

continuous as well as categorical analyses revealed a

significant interaction (P � 0.02) between plasma oua-

bain and urinary sodium excretion (mean, 194 mmol/day)

in relation to blood pressure (mean systolic/diastolic

pressure, 123/76 mmHg). In individuals with plasma

ouabain values below the median, blood pressure in-

creased (P � 0.01) by 2.2 mmHg systolic and 1.4 mmHg

diastolic for each 50 mmol/day increment in urinary

sodium excretion (Fig. 1) [17]. No association between

blood pressure and urinary sodium excretion was found

when plasma ouabain exceeded the median.

One possible interpretation of our findings is that

endogenous ouabain might play a central role in the

homeostatic regulation of blood pressure in response to

changes in sodium intake. First, in sodium-deplete sub-

jects, endogenous ouabain may enhance sodium reten-

tion. Several studies [18] have shown that very low

subnanomolar concentrations of ouabain may stimulate

– not inhibit – the renal sodium–potassium pump. At

higher levels, during elevated salt intake, endogenous

ouabain may act as a compensatory factor protecting

against the development of sodium-sensitive high blood

pressure, a hypothesis consistent with the commonly held

view that this substance inhibits the sodium pump and

promotes natriuresis [19]. Thus, plasma ouabain probably

behaves as a blood pressure modulating factor, either

inhibiting the pressor effect of an excessive salt intake or

counteracting the depressor action of sodium depletion.

Our study was observational in nature, not designed to

reveal causality, and should therefore be considered as

hypothesis generating. Nevertheless, if confirmed by

experimental studies and other epidemiological obser-

vations, our findings might have clinical implications for

the management of human hypertension and the pre-

vention of cardiovascular disorders.
rized reproduction of this article is prohibited.
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Fig. 1
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are given.
Left ventricular structure
Angiotensin II and aldosterone, generated by the angio-

tensin-converting enzyme (ACE) and aldosterone synth-

ase, respectively, not only regulate sodium and water

homeostasis, but also influence cardiovascular remodel-

ing [20]. We therefore investigated genetic polymorph-

isms of ACE, the angiotensin II type 1 (AGTR1) and

type 2 (AGTR2) receptors and aldosterone synthase

(CYP11B2) in relation to the left ventricular mass index

(LVMI), analyzed as a continuous trait. Overall, these

analyses included about 820 subjects from 220 nuclear

families from Cracow (Poland), Novosibirsk (Russia) and

Mirano (Italy) [21,22].

We first tested heterogeneity across the three popu-

lations. We found significant differences between the

two Slavic centers and Mirano in LVMI (94.9 versus

80.3 g/m2), sodium excretion (229 versus 186 mmol/

day), and the prevalence of the ACE D allele (52.1 versus

58.5%) and the AGTR2 A allele (45.8 versus 55.1%).

There was significant heterogeneity between Slavic
opyright © Lippincott Williams & Wilkins. Unauth
and Italian subjects in the phenotype–genotype relations

with the ACE gene, but not with the aldosterone synthase

or AGTR genes.

The D/I polymorphism, an insertion or deletion of

287 base pairs at intron 16 of the ACE gene on chromo-

some 17, is the most frequently investigated polymorph-

ism in relation to left ventricular mass [23]. Our results

demonstrated that in the two Slavic centers ACE II

homozygosity was significantly associated with higher

LVMI in population-based as well as family-based

analyses. By contrast, in Mirano, LVMI was slightly

higher in DD homozygotes (P ¼ 0.05), but only in the

population-based approach [21]. In line with published

data [24], we demonstrated that ACE II homozygotes had

lower plasma ACE activity than D-allele carriers. We

speculated that the margin of adaptation of the RAAS in

response to chronic high salt intake, as observed in Slavic

populations, might be smaller in II homozygotes than in

D-allele carriers. In line with this hypothesis, some

investigators found that patients homozygous for the I

allele experienced a significantly greater rise in blood

pressure in response to a high salt intake compared with

DD homozygotes [25,26]. Impaired suppression of the

RAAS might act as a stimulus, increasing LVMI [27].

Thus, the relation between the LVMI and the ACE D/I

polymorphism differs across populations, possibly

because of intermediate regulatory mechanisms respon-

sive to varying levels of salt intake.

In the EPOGH cohort, within and across populations, we

did not find any relation between the LVMI and the

urinary excretion of aldosterone or the CYP11B2 �344C/

T polymorphism [21]. The interaction between the

CYP11B2 �344C/T polymorphism and sodium excretion

in relation to the LVMI was weak and did not attain

statistical significance (P ¼ 0.08). However, we measured

only one single nucleotide polymorphism in the promoter

area of the gene and we can therefore not exclude that full

assessment of CYP11B2 haplotypes would have yielded

stronger relations with the cardiac phenotypes.

As angiotensin II acting through the AT1 receptor

stimulates sodium reabsorption and cell growth, the

hypothesis that AGTR1 gene variants might be associated

with left ventricular mass is plausible. Many polymorph-

isms of AGTR1 have been identified, but the A1166C

polymorphism has been most extensively studied in

relation to blood pressure, arterial stiffness and left ven-

tricular mass [28]. Although this variant is located in the

30-untranslated region of the gene, it might be in linkage

disequilibrium with a hitherto undiscovered functional

variant. In our study, the AGTR1 A1166C polymorphism

was unrelated to the LVMI, even if we accounted for

sodium excretion [22]. In keeping with the present

observations, most [29,30], but not all [31], clinical

researchers were unable to demonstrate an association
orized reproduction of this article is prohibited.



C

238 Journal of Hypertension 2006, Vol 24 No 2
between left ventricular mass and the AGTR1 A1166C

polymorphism. This might be due to insufficient sample

size in echocardiographic studies or the low prevalence of

the CC genotype.

The AT2 receptor probably counterbalances the vaso-

constrictor and anti-natriuretic effects produced by angio-

tensin II via the AT1 receptor [32]. The AGTR2 gene

maps to the X chromosome [32]. Regulatory elements of

the transcription of AGTR2 are located in the promoter

area and the first intron [33]. The AGTR2 G1675A poly-

morphism, which is located in intron 1, is likely to be

functional in that the G allele is probably associated with

increased AGTR2 transcription and therefore with

increased expression of the AT2 receptor. We observed

that in men the effect of the AGTR2 G1675A polymorph-

ism on the left ventricular mass differed according to

sodium excretion [22]. In women, this gene–environ-

ment interaction did not reach statistical significance.

Continuous analyses demonstrated that in male G-allele

carriers the LVMI and left ventricular internal diameter,

but not the wall thickness, increased with higher sodium

excretion. Further analyses involving only untreated men

and dichotomized according to the median sodium

excretion showed that, when sodium excretion was less

than 240 mmol/day (median), the LVMI was lower in G-

allele than A-allele carriers (Fig. 2) [22].

Only few studies have addressed the possible associa-

tion of left ventricular mass with the AGTR2 G1675A
opyright © Lippincott Williams & Wilkins. Unautho
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to LVMI), waist-to-hip ratio, systolic blood pressure, current smoking, alcoh
polymorphism in humans [34,35]. In accordance with our

findings, the G-allele frequency in these studies varied

from 43 to 51%. In 120 men with normal or mildly

elevated blood pressure and a mean age of 26 years,

Schmieder et al. [34] found that hypertensive but not

normotensive G-allele carriers had a lower left ventricular

mass than A-allele carriers, due to a reduced wall thick-

ness. Herrmann et al. [35] observed a higher prevalence

of the G allele in 55-year-old to 74-year-old Scottish men

(n ¼ 336) without electrocardiographic left ventricular

hypertrophy enrolled in the GLAOLD study compared

with those with hypertrophy. However, these researc-

hers could not confirm their findings using electrocardio-

graphic and echocardiographic phenotyping in 629 men,

25–74 years old, investigated in the framework of the

GLAECO study [35], even if the subjects older than

55 years were studied separately.

None of the previous studies in humans accounted for

sodium intake. The hypothesis that the AT2-mediated

effects of angiotensin II on the LVMI are modulated

by sodium intake is plausible, although the exact

mechanism remains to be elucidated. Indeed, in animal

experiments, dietary sodium depletion enhanced the

expression of AT2 receptors [36]. The latter may play

a counter-regulatory role that opposes the sodium-retain-

ing effect of angiotensin II mediated via the AT1 recep-

tor. Moreover, in sodium-depleted rodents, stimulation of

the AT2 receptor produced natriuresis [37], whereas the

opposite might occur in sodium-replete animals [38].
rized reproduction of this article is prohibited.
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The left ventricular mass is calculated from the left

ventricular internal diameter and the wall thickness.

The left ventricular diameter, to some degree, reflects

the circulating fluid volume, whereas the wall thickness

might be more indicative of processes confined to the

myocardium itself. We found that the interaction

between the G1675A polymorphism and sodium

excretion in relation to the LVMI was mediated via

the left ventricular internal diameter. This suggests that

renal AT2 receptors, via their influence on sodium bal-

ance and the circulating plasma volume, might also

contribute to the explanation of our findings. On the

other hand, we also confirmed an independent effect of

the ACE D/I genotype on the LVMI. As we noticed in a

previous publication [21], this effect was mediated via

wall thickness and it was also dependent on sodium

intake. Thus, overall, our findings support the hypothesis

that the AGTR2 G1675A and the ACE D/I polymorphisms

independently influence the left ventricular mass, and

that salt intake modulates this genetic effect. However,

because of the exploratory nature of our analyses, which is

inherent to all observational studies, our findings need

replication in future human and experimental research.

Heart rate variability
Sympathetic tone increases with stimulation of the RAAS

and is under the influence of salt intake [39]. We there-
opyright © Lippincott Williams & Wilkins. Unauth

Fig. 3

CYP11B2 C-344T

Pint = 0.04

209

348

202

340

n = 148

157

1.4

1.0

0.8
CC CT TT

L
F

 : 
H

F

Na > P50
Na ≤ P50

Low-frequency to high-frequency ratio in the supine position (LF : HF) and o
the supine position (DLF : HF) in relation to the CYP11B2 and AT1R polym
based on country-specific and sex-specific medians of sodium (Na) excretio
excretion analyzed as a continuous variable was derived by generalized estim
covariates.
fore investigated whether polymorphisms in the genes

encoding aldosterone synthase (CYP11B2 C�344T) and

the type-1 angiotensin II receptor (AGTR1 A1166C)

affect the autonomic modulation of heart rate variability

at varying levels of salt intake [40]. We measured the low-

frequency (LF) and high-frequency (HF) components of

heart rate variability and their ratio (LF : HF) in the

supine and standing positions in 1797 participants (401

families), randomly recruited from six European popula-

tions, whose average urinary sodium excretion ranged

from 163 to 245 mmol/day. When we did not account for

sodium excretion, neither the population-based nor the

family-based analyses revealed any significant association

between heart rate variability and the genetic polymorph-

isms. However, in subjects with sodium excretion below

190 mmol/day, the supine heart rate, LF component

and LF : HF ratio increased and the HF component

decreased with the number of CYP11B2 �344T alleles.

The orthostatic changes in the LF, HF and LF : HF com-

ponents were blunted in carriers of the AGTR1 1166C

allele (Fig. 3). In subjects with sodium excretion above

190 mmol/day, these associations with the CYP11B2 and

AGTR1 polymorphisms were non-significant or in the

opposite direction, respectively (Fig. 3).

Our findings [40], in keeping with other reports in the

literature [41,42], support the hypothesis that genetic
orized reproduction of this article is prohibited.
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Fig. 4
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polymorphisms and lifestyle factors leading to expansion

of the circulating plasma volume might affect the

autonomic nervous regulation of the cardiovascular sys-

tem. An excessive salt intake might be associated with an

expanded circulating plasma volume [43], which in turn

might mask the genetic influence of the CYP11B2
C�344T polymorphism on heart rate variability. Salt

intake modulates the expression of AT1 receptors [44].

Depending on salt intake, the AGTR1 1166CC genotype

may or may not be associated with a tendency for volume

expansion, which might explain the differential auto-

nomic modulation of heart rate variability in CC homo-

zygotes. Thus, the CYP11B2 C�344T and AGTR1
A1166C polymorphisms affect the autonomic modulation

of heart rate variability in the supine and standing pos-

itions, respectively, but these genetic effects depend on

sodium intake.

Arterial wave reflection
Angiotensin II and aldosterone also influence vascular

remodeling in response to high blood pressure. In 622

EPOGH subjects from three European populations,

we therefore investigated whether the ACE D/I and

CYP11B2 C�344T polymorphisms influence arterial

wave reflections, a measure of vascular stiffness [45].

The peripheral and central augmentation indexes were

significantly higher in CYP11B2 �344C allele carriers

than in �344T homozygotes in population-based
opyright © Lippincott Williams & Wilkins. Unautho
(Fig. 4) and family-based analyses. However, this effect

of the CYP11B2 polymorphism only occurred in subjects

with a higher than median urinary sodium excretion

(210 mmol/day). The association between systolic aug-

mentation and the ACE D/I polymorphism did not reach

statistical significance [45].

Previous studies demonstrated that, in humans, a high

salt intake is associated with increased arterial stiffness

and vascular hypertrophy [11]. Furthermore, stroke-

prone spontaneously hypertensive rats fed 0.9% NaCl

in drinking water, compared with a control group given

tap water, had increased expression of mRNA for

CYP11B2 in the arterial wall, but lower levels of circulat-

ing aldosterone [46]. Thus, an excessive salt intake might

contribute to increased arterial stiffness by inappropri-

ately sustaining the expression of the CYP11B2 gene in

the arterial wall, especially in �344C allele carriers.

Discussion
Several features characterize the EPOGH project: the

emphasis on intensive phenotyping of continuous traits

under strict quality control; a pathophysiogical approach

with integration of epidemiological and experimental

research; the recognition that host and environmental

factors and heterogeneity among populations modify the

complex relations between phenotypes and genotypes;

and the construction of a common database and bank of
rized reproduction of this article is prohibited.



C

Genetic associations with cardiovascular phenotypes Kuznetsova et al. 241
biological samples, which is representative for several

European populations.

Our statistical analyses accounted for the fact that blood

pressure and associated cardiovascular phenotypes are

continuous traits, of which the genetic determination

differs according to gender, age, lifestyle and various

environmental factors [21,22,40,45]. Throughout life,

genetically determined host factors continuously inter-

act with environmental influences. Any resulting change

in a given phenotype is initially counteracted by self-

organizing homeostatic mechanisms, which encompass

intracellular signaling, metabolic and hormonal regula-

tion at the cell and the tissue level, as well as systemic

feedback loops involving the whole body. Moreover,

many genes may influence the same phenotype or a

single mutation may be associated with grossly discordant

phenotypes. Even in monogenic disorders with typical

Mendelian inheritance [47], penetrance may vary accord-

ing to race, age, dietary salt intake, or hormonal milieu.

Mendelian principles or the biometrical assumptions

underlying the decomposition of variance into genetic,

environmental and random components may not apply to

multigenic quantitative traits, such as hypertension

[3,48,49]. Along these lines, for instance, the EPOGH

demonstrated that individuals with the same genetic

predisposition had different left ventricular mass [21,

22], heart rate variability [40] or vascular stiffness [45],

depending on whether they ate a high-sodium or a low-

sodium diet. As exemplified by the present results,

environmental factors modify the actions of genes. Thus,

population studies that take into account gene–environ-

ment and gene–gene interactions will increasingly be

used to study complex cardiovascular phenotypes. Within

the EPOGH consortium, the emphasis will shift from

simple phenotype–genotype association studies cross-

sectionally to the identification of functional haplotypes

in relation to prospective outcomes, such as the incidence

of hypertension, heart failure, and fatal and non-fatal

cardiovascular events. To achieve this goal, the consor-

tium will continue to use a multidisciplinary approach,

also involving experimental work in transfected cells and

animal models. The consortium will also actively seek to

expand its network across Europe and other parts of the

world, including China and South Africa.

In conclusion, we suggest that genetic research should

be based on a close integration of basic and clinical

medicine. Basic scientists will continue to generate

the physiological and pathophysiological knowledge to

understand phenotype–genotype relations, and to gen-

erate new a priori hypotheses to be tested in human

subjects. Conversely, epidemiological observations, un-

accounted for by pathophysiological pathways and con-

firmed in independent population samples, must be

further explored in animal experiments and genomic or

proteomic research at the molecular level.
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