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Background Adducin is a membrane skeleton protein

consisting of a- and b- or a- and g-subunits. Mutations in

a- and b-adducin are associated with hypertension. In

the European Project on Genes in Hypertension, we

investigated whether polymorphisms in the genes encoding

a-adducin (Gly460Trp), b-adducin (C1797T) and g-adducin

(A386G), alone or in combination, affected pulse pressure

(PP), an index of vascular stiffness.

Methods We measured peripheral and central PP by

conventional sphygmomanometry and applanation

tonometry, respectively. We randomly recruited 642

subjects (162 nuclear families and 70 unrelated individuals)

from three European populations. In multivariate analyses,

we used generalized estimating equations and the

quantitative transmission disequilibrium test.

Results Peripheral and central PP averaged 46.1 and

32.6 mmHg, respectively. Among carriers of the

a-adducin Trp allele, peripheral and central PP were 5.8 and

4.7 mmHg higher in g-adducin GG homozygotes than in

their AA counterparts, due to an increase in systolic

pressure. g-Adducin GG homozygosity was associated with

lower urinary NaR/KR ratio among

a-adducin Trp allele carriers and with higher urinary

aldosterone excretion among a-adducin GlyGly

homozygotes. Sensitivity analyses in founders and

offspring separately, and tests based on the transmission

of the g-adducin G allele across families, confirmed the

interaction between the a- and g-adducin genes.

Conclusions Ina-adducin Trp allele carriers, peripheral and

central PP increased with the g-adducin G allele. This

epistatic interaction is physiologically consistent with the

heterodimeric structure of the protein and its influence

on transmembranous sodium transport. J Hypertens
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Introduction
Adducin is an ubiquitously expressed membrane-

skeleton protein, which consists of either a- and b- or

a- and g-subunits, which to a large extent are similar in

amino acid sequence and domain organization [1]. Point

mutations of the a- and b-adducin subunits account for

up to 50% of the blood pressure difference between

Milan normotensive (MNS) and hypertensive (MHS)

rats [2]. Enhanced Naþ,Kþ-ATPase activity [3,4] and

increased renal tubular sodium reabsorption [5] explain

the rise in blood pressure in MHS rats.

In previous studies, we demonstrated that human carriers

of the mutated a-adducin 460Trp allele are characterized
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by an increased risk of hypertension [6] and slight

impairment of renal function [7]. Additional observations

in Belgian [8] and other European populations [9] gave

rise to the hypothesis that the b-adducin C1797T

polymorphism might also be associated with hyperten-

sion, especially in post-menopausal women. Further-

more, the Gly460Trp polymorphism in the a-adducin

gene seems to confer a genetic background favouring

thickening of the intima–media of the femoral artery [10]

and influencing the distensibility of the large arteries

[11].

Pulse pressure is an age-related index reflecting vascular

stiffness, the amplitude and velocity of reflected waves

and cardiac stroke volume [12]. In view of the evidence

outlined above [6–11], we investigated, in randomly

recruited participants of the European Project on Genes

in Hypertension (EPOGH), whether genetic variation in

the three adducin subunits, alone or in combination,

impacted on peripheral and central pulse pressures.

Our analysis accounted for salt intake, estimated from

the urinary excretion of sodium, and for other host and

environmental determinants of cardiovascular function.

In the context of this paper, epistasis refers to non-

additive gene–gene interactions.

Methods
Study population
The European Project on Genes in Hypertension

(EPOGH) was conducted according to the principles

outlined in the Helsinki Declaration for investigation

of human subjects [13]. The Ethics Committee of each

institution approved the protocol. Participants gave

informed written consent.

Three EPOGH centres opted to take part in vascular

phenotyping. They randomly recruited nuclear families

of Caucasian extraction, including offspring with a mini-

mum age of 10 years in Belgium and 18 years in the two

other countries. Overall, the response rate was 82%. Of

870 participants recruited in Cracow (Poland, n ¼ 302),

Hechtel-Eksel (Belgium, n ¼ 380) and Pilsen (Czech

Republic, n ¼ 188), we discarded 17 from analysis

because the recorded pulse wave was of insufficient

quality, and 26 because of missing genotypes. In addition,

we detected nine cases of inconsistency in Mendelian

segregation. The Belgian sample included seven

extended families spanning more than two generations.

Because there is no generally agreed algorithm to con-

struct the variance–covariance matrix for correlated data

within extended pedigrees using generalized estimating

equations (see below), we selected from each complex

family the most informative nuclear unit with the largest

number of phenotypes and genotypes. This procedure

removed 176 Belgian subjects from our analyses. Thus,

the overall number of participants analysed statistically

totalled 642.

Phenotypes and genotypes
After subjects had rested for 15 min, four observers (one

in Belgium, one in the Czech Republic and two in

Poland), recorded the radial arterial waveform at the

dominant arm by applanation tonometry for 8 s. We used

a high-fidelity SPC-301 micromanometer (Millar Instru-

ments, Inc., Houston, Texas, USA) interfaced with a

laptop computer running the SphygmoCor software,

version 6.31 (AtCor Medical Pty Ltd, West Ryde, New

South Wales, Australia). We discarded recordings when

the systolic or diastolic variability of consecutive wave-

forms exceeded 5%, or when the amplitude of the pulse

wave signal was less than 80 mV. We calibrated the pulse

wave by measuring blood pressure in the contralateral

arm immediately before the recordings. From the radial

signal, the SphygmoCor software calculates the aortic

pulse wave by means of a population-based and validated

transfer function [14]. For statistical analysis, we used

the average of the central waveforms over the 8-s

measurement period. The blood pressure phenotype

was the average of five consecutive readings obtained

at one home visit. Peripheral and central pulse pressures

were defined as the differences between systolic and

diastolic blood pressure, derived from the brachial

blood pressure measured at the subjects’ homes and

from the aortic pulse wave, respectively. From the home

readings, we calculated mean arterial pressure as diastolic

pressure plus one-third of pulse pressure. We defined

hypertension as a blood pressure of at least 140 mmHg

systolic or 90 mmHg diastolic, or as the use of anti-

hypertensive drugs. The observers involved in phenotyp-

ing were unaware of the subjects’ genotype.

We administered a standardized questionnaire to obtain

information on each subject’s medical history, smoking

and drinking habits and use of medications. The parti-

cipants collected a 24-h urine sample in a wide-neck

plastic container, for the measurement of sodium, potas-

sium, creatinine and aldosterone. The participants did

not receive any prior advice with regard to their salt

intake. One 24-h urine collection might be insuffi-

cient to characterize an individual’s habitual sodium

intake, but it does accurately reflect the average salt

consumption of groups of subjects [15]. For statistical

analysis of the urinary phenotypes, we excluded 23

subjects because, according to published criteria [16],

their urine samples were under- or overcollected or

because they were on antihypertensive treatment

(n ¼ 123).

Blood was sampled in ACD buffer and stored at �808C.

DNA was extracted according to standard methods.

Genotyping was carried out on an ABI Prism 7700

Sequence Detection System (Applied Biosystems Inc.,

Foster City, California, USA) using a 50 nuclease detec-

tion assay. Primers and probes for the a-adducin

Gly460Trp (rs4961 dbSNP) and the b-adducin
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C1797T (rs4984 dbSNP) polymorphisms have been

described previously [6,9].

For g-adducin (rs3731566 dbSNP), the forward and

reverse primers were 50-TGGAGGTGGGAATTGAAG-

AGA-30 and 50-CCCGAATCTGAATTGAAAAACAA-30,
respectively. The A and G probes were 50FAM-TGTCA-

AATAGTAAGCTTTT-MGB-30 and 50VIC-TGTCAA-

GTAGTAAGCTTT-MGB-30. Each 25 ml of polymerase

chain reaction (PCR) fluid contained: 50 ng genomic

DNA, 1200 nmol/l primers, 400 nmol/l FAM-probe and

120 nmol/l VIC-probe. The amplification conditions

were: 508C for 2 min; 958C for 10 min; followed by 42

cycles at 928C for 15 s and at 608C for 1 min.

Statistical methods
Database management and most statistical analyses were

performed with SAS software version 8.1 (SAS Institute

Inc., Cary, North Carolina, USA). Population means and

proportions were compared by Tukey’s multiple means

test and the x2 statistic with Bonferroni’s adjustment for

multiple comparisons, respectively. If Shapiro–Wilk’s

statistic showed significant departure from normality,

we analysed logarithmically transformed variables. We

searched for possible covariates of the pulse pressures,

using stepwise multiple regression with the P value for

independent variables to enter and to stay in the model

set at 0.10.

In a population-based approach, we tested the association

of continuous traits with the genotypes of interest by use

of generalized estimating equations (GEE). This

approach allows adjustment for covariates as well as for

the non-independence of observations within families

[17]. In GEE, we also tested for heterogeneity across

populations, using appropriate interaction terms with the

genotypes. Furthermore, in family-based analyses, we

performed a transmission disequilibrium test for quanti-

tative traits (QTDT). We evaluated the within- and

between-family components of phenotypic variance,

using the orthogonal model as implemented by Abecasis

et al. [18] in the QTDT software, version 2.3 (http://www/

sph.umich.edu/cgs/abecasis/QTDT/download).

Results
Characteristics of the participants
Table 1 gives the characteristics of participants by coun-

try. Overall, the study population included 572 subjects

from 162 nuclear families and 70 unrelated individuals.

Mean (�SD) age of the 303 founders and 339 offspring

was 51.8 � 8.6 years and 30.0 � 10.7 years, respectively.

The number of sibs per nuclear family amounted to 1 in

30 families, 2 in 110 families, and ranged from 3 to 8 in 22

families. The Belgian participants were older than the

Slavic subjects. Compared to Polish subjects, fewer

Belgians were on antihypertensive drug treatment. Czechs

more frequently reported regular alcohol intake (�5 g/day)

than Belgians and Polish subjects. Urinary sodium

excretion was on average 48 mmol/day and 32 mmol/day

higher in Poland than in Belgium and the Czech

Republic, respectively. The urinary aldosterone excretion

was lowest in Poland. Figure 1 shows the sex- and
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Table 1 Characteristics of the study participants by country

Belgium Czech Republic Poland

Number 194 162 286
Anthropometric characteristics

Age (years) 46.7 � 14.6 38.0 � 13.5x 37.3 � 13.9x

Female gender (%) 56.7 54.3 53.9
Body mass index (kg/m2) 25.8 � 4.1 26.2 � 4.7 25.4 � 4.9

Haemodynamic measurements
Peripheral pulse pressure (mmHg)a 46.7 � 10.7 45.0 � 10.3 46.4 � 9.4
Central pulse pressure (mmHg) 34.4 � 9.3 29.3 � 9.1x 33.4 � 10.7y

Systolic pressure (mmHg)a 123.4 � 15.2 122.5 � 15.8 125.7 � 15.3
Diastolic pressure (mmHg)a 76.7 � 10.9 77.5 � 10.4 79.3 � 10.4x

Pulse rate (beats/min) 62.7 � 9.4 67.1 � 9.8x 73.4 � 11.4x,y

Questionnaire data
Hypertensives (%)b 29.4 29.0 39.9x,y

Antihypertensive treatment (%) 13.4 20.4 22.7x

Current smokers (%) 29.4 25.3 27.3
Alcohol intake � 5 g/day (%) 28.4 43.2x 18.9y

Urinary measurementsc

Volume (l/day) 1.59 � 0.74 1.92 � 0.74x 1.47 � 0.55y

Sodium (mmol/day) 197 � 66 213 � 89 245 � 89x,y

Potassium (mmol/day) 70 � 28 62 � 26x 64 � 23x

Naþ/Kþ ratio (units) 3.0 � 1.0 3.6 � 1.4x 4.1 � 1.4x,y

Aldosterone (nmol/day) 21.0 (18.6 – 23.4) 18.0 (16.0 – 20.0) 10.4 (8.4 � 12.4)x,y

Creatinine (mmol/day) 10.8 � 3.6 14.0 � 4.2x 12.0 � 4.2x,y

Values are arithmetic means � SD, geometric means (95% confidence interval) or the percentage of subjects. P values for the between-country differences were adjusted
for multiple comparisons by Tukey’s test (means) or Bonferroni’s method (proportions). xP � 0.05 versus Belgium; yP � 0.05 versus the Czech Republic. aAverage of five
measurements obtained at one home visit; bWe defined hypertension as a blood pressure of at least 140 mmHg systolic or 90 mmHg diastolic or as the use of
antihypertensive drugs; cThe number of subjects with a 24-h urine collection was 166 in Belgium, 112 in the Czech Republic and 218 in Poland.

http://www/sph.umich.edu/cgs/abecasis/QTDT/download
http://www/sph.umich.edu/cgs/abecasis/QTDT/download


age-dependency of the peripheral and central pulse

pressures which, in the whole study population, averaged

46.1 � 10.1 and 32.6 � 10.1 mmHg, respectively.

Stepwise multiple regression demonstrated that periph-

eral pulse pressure significantly and independently

increased with male gender (regression coefficient

[b] � SE; 2.22 � 0.84 mmHg; P ¼ 0.008), mean arterial

pressure (0.17 � 0.04 mmHg/mmHg; P ¼ 0.0001) and

that it was higher in patients on antihypertensive treat-

ment (3.25 � 1.10 mmHg; P ¼ 0.003). Peripheral pulse

pressure also tended to increase with current smoking

(1.54 � 0.86 mmHg; P ¼ 0.08) and to decrease with

pulse rate (�0.07 � 0.04 mmHg/beat; P ¼ 0.07). Central

pulse pressure increased with age (0.25 � 0.03 mmHg/

year; P ¼ 0.0001), mean arterial pressure (0.23 �

0.03 mmHg/mmHg; P ¼ 0.0001) and current smoking

(1.78 � 0.71 mmHg; P ¼ 0.01), whereas it decreased with

male gender (�2.20 � 0.69 mmHg; P ¼ 0.002), pulse rate

(�0.22 � 0.03 mmHg/beat; P ¼ 0.0001) and regular alco-

hol intake (�2.00 � 0.79 mmHg; P ¼ 0.01). We adjusted

the population-based and family-based analyses of pulse

pressures for all aforementioned covariates as well as for

country (peripheral pulse pressure) or observer (central

pulse pressure).

In all countries, aldosterone excretion adjusted for sex

and age was closely correlated with urinary sodium and

potassium. With additional adjustment for country, the

overall partial correlation coefficients were �0.11 for

sodium, 0.28 for potassium and �0.37 for the Naþ/Kþ

ratio (P < 0.01, for all). In the population-based and
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Peripheral and central pulse pressures by sex and age class. Values are unadjusted means � SD. The number of subjects contributing to each mean
is given.

Table 2 Genotype and allele frequencies by country ordered according to the prevalence of the major allele

Gene Country Allele Genotype

a-Adducin Gly Trp GlyGly GlyTrp TrpTrp
Belgium 283 (72.9) 105 (27.1) 106 (54.6) 71 (36.6) 17 (8.8)
Czech Republic 258 (79.6) 66 (20.4) 102 (63.0) 54 (33.3) 6 (3.7)
Poland 481 (84.1) 91 (15.9) 199 (69.6) 83 (29.0) 4 (1.4)

b-Adducin C T CC CT TT
Czech Republic 271 (83.6) 53 (16.4) 112 (69.1) 47 (29.0) 3 (1.9)
Belgium 347 (89.4) 41 (10.6) 156 (80.4) 35 (18.0) 3 (1.6)
Poland 514 (89.9) 58 (10.1) 232 (81.1) 50 (17.5) 4 (1.4)

g-Adducin A G AA AG GG
Czech Republic 174 (53.7) 150 (46.3) 50 (30.9) 74 (45.7) 38 (23.5)
Belgium 216 (55.7) 172 (44.3) 69 (35.6) 78 (40.2) 47 (24.2)
Poland 322 (56.3) 250 (43.7) 90 (31.5) 142 (49.7) 54 (18.9)

Values indicate number of alleles or genotypes (%). Braces join countries with similar allele frequencies.



family-based analyses involving urinary phenotypes in

untreated subjects (n ¼ 496), we adjusted for country,

sex, age, body mass index, alcohol intake and, in women,

also for the use of oral contraceptives. The adjustment of

urinary aldosterone additionally accounted for sodium

and potassium excretion.

The within-country frequencies of the genotypes

(Table 2) complied with Hardy–Weinberg equilibrium

(0.07 � P � 0.91). The genotype and allele frequencies

were similar across countries for the g-adducin gene.

In Belgium and the Czech Republic, respectively, the

a-adducin Trp allele and the b-adducin T allele were

more prevalent than in the other countries.

Population-based association study
Because across centres there was no heterogeneity in the

phenotype–genotype relations (0.06 � P � 0.99), we

combined all countries. Furthermore, for none of the

phenotype–genotype associations, did we find significant

interactions with gender (0.28 � P � 0.96), age

(0.36 � P � 0.99) or generation (parents versus offspring;

0.52 � P � 0.88).

In single-gene analyses involving all subjects (Table 3),

founders (0.29 � P � 0.86) or offspring (0.29 � P � 0.92),

the GEE approach did not reveal any significant associa-

tion between peripheral or central pulse pressure and the

three adducin polymorphisms. This was also the case for

the urinary excretion of sodium, potassium and aldoster-

one (0.06 � P � 0.98). However, multiple-gene analyses

demonstrated significant interactions between the a-

and g-adducin genotypes in relation to the peripheral

and central pulse pressures, the urinary Naþ/Kþ ratio and

aldosterone excretion (Table 4). Amonga-adducin GlyGly

homozygotes, the aldosterone excretion decreased with

the number of g-adducin G alleles (Table 4). This trend

explained the overall borderline significant interaction

between a- and g-adducin in relation to urinary aldoster-

one. Among carriers of the a-adducin Trp allele, the

peripheral and central pulse pressures were 5.8 mmHg

[95% confidence interval (CI) 2.3–9.3; P ¼ 0.001] and

4.7 mmHg (CI 2.0–7.4; P ¼ 0.0002) higher in g-adducin

GG homozygotes than in their AA counterparts. These

genetic effects on pulse pressure were due to increases in

systolic pressure, averaging 5.0 mmHg (CI 2.9–7.1;

P ¼ 0.02) peripherally and 4.9 mmHg (CI 3.3–6.5;

P ¼ 0.002) centrally. Furthermore, among a-adducin

Trp carriers, the urinary Naþ/Kþ ratio was 0.8 units

(CI 0.4–1.2; P ¼ 0.004) lower in g-adducin GG homo-

zygotes than in A-allele carriers. In a-adducin GlyGly

homozygotes, the g-adducin polymorphism influenced

neither peripheral nor central pulse pressures nor the

urinary Naþ/Kþ ratio (Table 4).

Pulse pressure and adducin Cwynar et al. 965

Table 4 Pulse pressures and urinary phenotypes by a- and g-adducin genotypes

a/g-Adducin genotypes Number

Pulse pressures

Number

Urinary phenotypes

Peripheral Central Naþ/Kþ ratio Aldosterone excretion

Mean � SE Pint Mean � SE Pint Mean � SE Pint Mean (95% CI) Pint

GlyGly/AA 137 46.9 � 0.9 32.8 � 0.7 103 3.6 � 0.1 18.1 (15.5–20.7)
GlyGly/AG 178 46.2 � 0.7 32.4 � 0.6 129 3.7 � 0.1 14.1 (12.3–16.1)
GlyGly/GG 92 45.9 � 1.1 31.5 � 0.7 77 3.6 � 0.1 12.5 (10.4–14.9)

GlyTrp þ TrpTrp/AA 72 43.6 � 1.1 31.4 � 0.9 55 4.2 � 0.2 14.0 (11.7–16.8)
GlyTrp þ TrpTrp/AG 116 45.7 � 0.8 32.1 � 0.7 92 3.4 � 0.1 14.4 (12.6–16.5)
GlyTrp þ TrpTrp/GG 47 49.4 � 1.4 0.02 36.1 � 1.1 0.004 40 3.4 � 0.1 0.004 15.2 (12.1–19.0) 0.05

Pulse pressures were adjusted as in Table 3. Urinary phenotypes in 496 untreated subjects were adjusted for country, sex, age, body mass index, alcohol intake and, in
women, also for the use of oral contraceptives. The adjustment of urinary aldosterone additionally accounted for sodium and potassium excretion. Pint is the probability of the
interaction between a- and g-adducin. Braces join trios of means which are similar.

Table 3 Peripheral and central pulse pressures by genotypes

Polymorphism Pulse pressures Number Adjusted means � SE P

a-adducin Gly460Trp GlyGly/GlyTrp þ TrpTrp GlyGly GlyTrp þ TrpTrp
Peripheral 407/235 46.4 � 0.5 45.7 � 0.7 0.40�
Central 407/235 32.3 � 0.4 32.6 � 0.6 0.69�

b-adducin C1797T CC/CT þ TT CC CT þ TT
Peripheral 500/142 45.9 � 0.5 47.1 � 0.9 0.24y

Central 500/142 32.2 � 0.4 33.2 � 0.7 0.24y

g-adducin A386G AA/AG/GG AA AG GG
Peripheral 209/294/139 45.8 � 0.7 46.0 � 0.6 47.1 � 0.9 0.46z

Central 209/294/139 32.3 � 0.5 32.3 � 0.4 33.0 � 0.6 0.34z

Pulse pressures were adjusted for sex, age, pulse rate, mean blood pressure, current smoking, alcohol intake, antihypertensive treatment and country (peripheral pulse
pressure) or observer (central pulse pressure). P values were derived by GEE. �, For comparison between GlyGly versus GlyTrp þ TrpTrp; y, for comparison between CC
versus CT þ TT; z, for comparison across the g-adducin genotypes.



Sensitivity analyses in founders and offspring separately,

confirmed the associations of peripheral and central pulse

pressures (Fig. 2) and the urinary Naþ/Kþ ratio (Fig. 2)

with the g-adducin polymorphism in the presence of the

mutated a-adducin Trp allele. There was no significant

interaction between a- and b-adducin in relation to any

of the aforementioned phenotypes (0.10 � P � 0.99).

Furthermore, in all subjects combined, the results for

pulse pressure remained consistent if we additionally

adjusted for hypertension status, irrespective of whether

we kept mean arterial pressure in the model.

Family-based association study
Abecasis’ orthogonal model did not reveal population

stratification in any country (0.07 � P � 0.95). In all

informative offspring, none of the aforementioned phe-

notypes was significantly associated with the transmission

of the a-adducin Trp allele (P � 0.22), the b-adducin T

allele (P � 0.14) or the g-adducin G allele (P � 0.07).

However, in offspring carrying the mutated a-adducin

Trp allele, transmission of the g-adducin G allele was

associated with significant increases in peripheral pulse

pressure (Table 5) and systolic pressure measured at the
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Peripheral and central pulse pressures and urinary Naþ/Kþ (NaK) ratio and aldosterone excretion by g-adducin genotype and generation in carriers of
the a-adducin Trp allele. For adjustments of pulse pressures and urinary phenotypes, see Tables 3 and 4, respectively. Vertical lines denote SEs.
The number of subjects contributing to each mean is given.

Table 5 Association between phenotypes and transmission of the
g-adducin G allele to offspring carrying the a-adducin Trp allele

Phenotypes
Number of offspring

(informative/all)

Statistical parameters

b Units x2 P

Pulse pressures
Peripheral 83/128 þ4.6 mmHg 8.75 0.006
Central 83/128 þ2.2 mmHg 2.70 0.10

Urinary phenotypes
Naþ/Kþ ratio 75/115 �0.6 units 5.36 0.02
Aldosterone excretion 75/115 þ9.6 % change 0.33 0.56

The orthogonal model accounted for between- and within-family components of
phenotypic variability. The parameter estimate (b) for the within-family variability
component indicates the direction and size of the association when the g-adducin
G allele was transmitted. For adjustments of the pulse pressures and the urinary
phenotypes, see Tables 3 and 4, respectively.



level of the brachial artery (effect size þ 5.0 mmHg;

x2 ¼ 9.23; P ¼ 0.002) with a similar, but non-significant

trend in central pulse pressure (Table 5). Furthermore,

among carriers of the a-adducin Trp allele, transmission

of the g-adducin G allele was associated with a decrease

in the urinary Naþ/Kþ ratio (Table 5), while among

GlyGly homozygotes G allele transmission was associated

with a slight decrease in the aldosterone excretion (effect

size �17.4%; x2 ¼ 3.28; P ¼ 0.07).

Discussion
The key finding of our study was an epistatic interaction

between the a- and g-adducin genes, which in three

European populations of Caucasian extraction impacted

on pulse pressure and the relative concentrations of

sodium and potassium in urine. Indeed, the g-adducin

G allele was associated with higher peripheral and central

pulse pressures and lower urinary Naþ/Kþ ratio in a-

adducin Trp allele carriers, and with lower aldosterone

excretion in a-adducin GlyGly homozygotes. These find-

ings emerged from a population-based association study.

Sensitivity analyses in founders and offspring separately

and a family-based QTDT approach subsequently con-

firmed these relations.

Adducin is a heterodimeric cytoskeleton protein and

consists of subunits that share a similar structure, but

are translated from three different genes [1]. ADD1 (a),

ADD2 (b) and ADD3 (g) map to 4p16.3, 2p13–p14,

and 10q24.2–q24.3, respectively [1,19]. The a- and

g-subunits are constituents of cell membranes at the

actin–spectrin junctions across all tissues, whereas

expression of the b-subunit occurs mainly in the brain

and erythropoietic organs [1]. Thus, our present findings

subscribe to what is known from a molecular point of view.

Previous studies in populations and patients demon-

strated that the a-adducin Gly460Trp polymorphism,

alone or in combination with variation in the genes

encoding b-adducin [8], angiotensin-converting enzyme

or aldosterone synthase, influences the prevalence and

incidence of hypertension [6], the serum creatinine con-

centration [7], proteinuria [7], intima–media thickness of

the femoral artery [10], distensibility of the large arteries

[11] and the risk of cardiovascular events [20]. On the

other hand, other researchers [21–24], mostly in single-

gene studies, failed to demonstrate an association

between blood pressure analysed as a continuous or

dichotomous trait and the a-adducin polymorphism.

The mechanisms underlying our present observations,

which link peripheral and central pulse pressures with

changes in the urinary Naþ/Kþ ratio and aldosterone excre-

tion, remain to be elucidated. However, based on current

knowledge, several pathophysiological pathways might be

implicated.First, investigations in rats [2], in vitro transfec-

tion studies [3], dietary [25] and pharmacological [26]

interventions in hypertensive patients, and epidemio-

logical studies [6–8] revealed a coherent sequence of

events leading from a point mutation in the a-adducin

subunit to a cellular dysfunction characterized by higher

activity of the sodium pump [3], hence increased tubular

sodium reabsorption in the kidney [27], and ultimately

hypertension [6]. In keeping with this body of evidence,

we found that the increase in pulse pressure was due to an

elevation in systolic pressure without decrease in diastolic

pressure. From a haemodynamic point of view, these

findings suggested that, in addition to systolic blood

pressure, also mean blood pressure was elevated, either

due to an increase in stroke volume, peripheral resistance

or both factors. Analysis of our data confirmed the eleva-

tion of mean blood pressure (data not shown) with the g-

adducin G allele in a-adducin Trp carriers.

Furthermore, it is conceivable that the constitutive acti-

vation of the sodium pump in a-adducin Trp allele

carriers not only occurs in renal tubular cells, but that

it might also be present in vascular smooth muscle cells or

adrenal glomerulosa cells. The carboxy-terminal region

of the adducin subunits contains the binding site for

calmodulin and is required for the interaction with spec-

trin and actin [1]. In vascular myocytes, enhanced

Naþ,Kþ-ATPase activity might reduce the sarcolemmal

Naþ/Ca2þ exchange and, through calcium-dependent

pathways, modulate excitation–contraction coupling

and the expression of growth-related genes [28]. A similar

mechanism might also apply to adrenal glomerulosa cells.

Indeed, potassium stimulates the secretion of aldosterone

via depolarization of the cell membrane, which activates

voltage-dependent calcium channels [29]. Via activation

of the Naþ,Kþ-ATPase activity, mutations in the adducin

genes might influence the cytosolic calcium concentra-

tion in adrenal cells and interfere with the regulation of

the aldosterone biosynthesis [30].

Dependent on the a-adducin genotype, we noticed dis-

sociation between the urinary Naþ/Kþ ratio and the

aldosterone excretion. Indeed, in a-adducin GlyGly

homozygotes, the urinary Naþ/Kþ ratio was similar across

the g-adducin genotypes, whereas aldosterone excretion

was 31% lower in GG than AA homozygotes. Conversely,

with the mutated a-adducin Trp allele in the back-

ground, the urinary Naþ/Kþ ratio was 19% lower in g-

adducin G allele carriers than in AA homozygotes, with

no significant differences in the aldosterone excretion.

The observation, that in young as well as older rats g-

adducin is expressed in the adrenal gland at higher

concentrations than in most other tissues, is likely to

be relevant to our present findings [31]. In addition to the

adrenal aldosterone biosynthesis, adducin might also

affect other regulators and hormones underlying the

urinary Naþ/Kþ ratio. For instance, in renal tubular cells,

the serine–threonine kinase WNK4 acts as a molecular

switch of various ion transporters, which can vary the

Pulse pressure and adducin Cwynar et al. 967



balance between NaCl reabsorption and Kþ secretion

[32]. Although in the distal nephron the electrogenic

epithelial sodium channel provides the driving force

for Kþ secretion [33], changes in Naþ,Kþ-ATPase

activity due to mutations in adducin might also impact

on transepithelial ion transport. Furthermore, we pre-

viously demonstrated that, in the population at large, the

plasma concentration of endogenous ouabain, a steroid

hormone released from the adrenal gland and possibly

from the hypothalamus [34], increases with the number

of mutated a-adducin Trp alleles [35]. At very low

concentrations within the nanomolar range, endogenous

ouabain may enlarge the membrane pool of active sodium

pumps [36] and activate mediators of cell growth [28,34].

To what extent the aforementioned pathways might

increase pulse pressure, either via renally mediated

effects on the circulating plasma volume and cardiac

output or via structural or functional alterations in the

vasculature, must be further clarified.

The present study has to be interpreted within the

context of its limitations and strengths. We measured

only one single nucleotide polymorphism per gene and

we may therefore have underestimated the full functional

impact of the adducin genes on pulse pressures. We did

not measure the intermediate phenotypes, which might

link pulse pressure with changes in sodium and potas-

sium homeostasis, such as the plasma concentration of

endogenous ouabain. Because of this, our pathophysio-

logical interpretations should be considered as hypoth-

esis-generating and should withstand the test of

confirmatory evidence and experimental investigation.

Peripheral and central pulse pressures are quantitative

traits, which arise through complex interaction between

multiple genes and environmental factors and are prone

to measurement error. In the present study, only four

experienced observers performed all measurements of

central pulse pressure, with high intra-observer intra-

session reproducibility. We derived the peripheral pulse

pressure from five conventional blood pressure readings

at the subjects’ homes, for which a quality assurance and

quality control programme was implemented across all

EPOGH centres, with satisfactory results [37]. More

importantly, the peripheral and central pulse pressures

were measured on different occasions with different

techniques, but nevertheless both phenotypes were con-

sistently influenced by the polymorphisms in the a- and

g-adducin genes. There was also a high degree of internal

consistency between the results of the population-based

and family-based analyses, which started from divergent

assumptions with implementation of different statistical

algorithms, and between the findings within each country

(data not shown) and in the whole study sample. The

QTDT approach is not sensitive to population stratifica-

tion or admixture. Our findings can also be readily gen-

eralized, because we recruited population samples

randomly in three different European countries.

In conclusion, in carriers of the mutated a-adducin Trp

allele, peripheral and central pulse pressures increase with

the g-adducin G allele. This epistatic interaction is phy-

siologically consistent with the heterodimeric structure of

the cytoskeleton protein adducin. The underlying mole-

cular mechanisms remain to be elucidated, but might

involve dysregulation of transmembranous active sodium

transport [3,4] at the renal, adrenal or systemic level.
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Introduction
Genetic elements contribute to 30–50% of the blood

pressure variability in human essential hypertension [1].

Studies aiming to identify contributing genes will allow

us to recognize those vulnerable individuals, and to

classify patients in subgroups with definite genetic and

pathogenic mechanisms, to achieve better prevention

and therapeutics. Genes involved in renal sodium hand-

ling are of particular interest because alterations in renal

function and sodium reabsorption are associated with

long-term increases in blood pressure. Good examples

are the genes encoding for adducin a, b and g subunits.

Adducin is ubiquitously expressed and is involved in

multiple functions, including cell motility and synaptic

transmission [2,3]. The role of adducin includes stimula-

tion of Naþ-Kþ-ATPase activity, the key enzyme for

tubular Na transport [4].

The hypothesis that adducin is important in hypertension

originated with the development of an experimental

genetic model, the hypertensive Milan rat strain [5].

The proposed molecular mechanism in the Milan rat

strain involved adducin polymorphism, leading to

increased Naþ-Kþ ATP-ase activity and enhanced renal

tubular sodium reabsorption, facilitating the develop-

ment of hypertension. An a-adducin allele was shown

to co-segregate with blood pressure in the Milan rat strain

[6].

Initial clinical studies associated the a-adducin poly-

morphism (consisting of tryptophan instead of glycine

at amino acid number 460, Gly460Trp) with hyperten-

sion [7]. This was followed by a report of selective

association with hypertension in Caucasian populations

characterized by low plasma renin activity [5]. Hyperten-

sives with at least one copy of the Gly460Trp allele and

low plasma renin activity showed enhanced proximal

tubular reabsorption and a more pronounced fall in blood

pressure after chronic diuretic treatment or acute sodium

depletion [8–10]. This suggested a genetic basis for

selective anti-hypertensive therapy in groups of patients

characterized by specific mechanisms, such as those

involved in the renal handling of sodium.

In the Milan rat strain, the g-adducin polymorphism was

later associated with hypertension through non-additive

gene–gene (epistatic) interaction with the a-subunit [5].

Two recent reports in the Journal of Hypertension [11,12]

provide clinical correlates for the a- and g-adducin

epistatic interaction. In a population of never-treated

hypertensive subjects, Gly460Trp polymorphism was

associated with very small increases in blood pressure

and lower plasma renin activity and ouabain, supporting

the hypothesis that the a-adducin allele stimulates Naþ

reabsorption, and of altered renal sodium retention in

hypertension. In turn, the Ala386Gly g-adducin allele

was associated with higher blood pressures in the

Gly460Trp population [11]. In a population-based study

of three different European groups, epistatic interactions

between a- and g-adducin were associated with altera-

tions in peripheral and central pulse pressure, and index

of vascular stiffness as a consequence of chronically

increased blood pressure [12]. In carriers of the

Gly460Trp polymorphism, the peripheral and central

pulse pressure increased with the presence of the

g-adducin Ala386Gly allele. In addition, a-adducin

GlyGly homozygoty was associated with a lower urinary

Naþ/Kþ ratio among a-adducin Trp allele carriers

and with higher urinary aldosterone excretion among

a-adducin GlyGly homozygotes. The proposed associa-

tion between adducin alleles, low renin hypertension,

renal sodium reabsorption and response to diuretics, now

confirmed by family studies, appears of to be interest

because of its promise of identifying a subgroup of

essential hypertensive patients with specific genetic attri-

butes and increased sensitivity to a particular class of anti-

hypertensive medications.

The original adducin hypothesis, as formulated 10 years

ago, generated numerous replication and expansion stu-

dies. Unfortunately, as is the case with most if not all

initial studies on the genetics of hypertension, the results

of replication studies and a further analysis of the genetic

and environmental context are not encouraging.

Frequency of the a-adducin allele in human populations
The prevalence of adducin variants differs among popu-

lations, and is much higher in oriental (Chinese and

Japanese) and lower in black South Africans than in
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Caucasians [5,8,13–15]. More importantly, the frequency

of the Gly460Trp allele in a Scandinavian population was

even lower in hypertensives than in normotensive con-

trols [16].

Association of a-adducin polymorphism and
hypertension
The initial positive studies reported an association of

adducin polymorphism and hypertension in an Italian

population [7]. Follow-up studies of different populations

did not replicate the initial report, with the exception of

one study of a Black population born and living in Africa

[14]. No association between the Gly460Trp allele and

hypertension occurred in Asian (Chinese or Japanese)

[15,17], Scottish [18], Scandinavian [16] or American

populations [19,20]. The conclusion, from a series of

studies supported by the Family Blood Pressure Program,

was that the a-adducin gene did not have a major impact

on the occurrence of hypertension [21]. Yet another

report found an association in Whites, but not in Blacks,

where the adducin polymorphism appeared to be protec-

tive against hypertension [22].

Association of a-adducin polymorphism with low renin
hypertension and salt sensitivity
Attempts to link the Gly460Trp in specific subgroups of

patients have also been inconsistent. The report of an

association of Gly460Trp polymorphism with salt sensi-

tivity and lower renin activity [8,23] was confirmed in

Japanese populations [13,24–26] but the findings did not

hold for Scottish [27] or Hispanic [28] populations. In the

Hispanic population, the Gly460Trp allele associated, in

a subset of hypertensives with salt sensitivity, only with

greater salt-dependent modulation of NO excretion [28].

Context-dependent effects
Age and gender condition the adducin–hypertension

association. The association of Gly460Trp polymorphism

with low renin hypertension holds only for young subjects

[24]. A report of a large cohort of a Japanese population

concluded that the Gly460Trp polymorphism associates

with hypertension only in females [29].

Pharmacogenetic studies and association with end
organ damage
The initial pharmacogenetic studies that focused on

blood pressure responses to thiazide diuretics have not

been confirmed [30]. In a population-based, case–control

study of a single nucleotide polymorphism in survivors of

myocardial infarct or stroke, diuretics were associated

with a lower risk of myocardial infarction and stroke

but not with mean levels of blood pressure [31]. This

suggests that in salt-sensitive hypertensives, diuretic

therapy decreases the incidence of cardiovascular events

through mechanisms other than the direct lowering of

blood pressure, and that blood pressure differences may

not predict the effects of drugs on cardiovascular end

points. In an Irish population, the Gly460Trp variant did

not associate with nephropathy or hypertension in type 1

diabetic patients [32]. Moreover, the a-adducin poly-

morphism has been recently associated with a significant

protective effect on myocardial infarct [33].

In conclusion, follow-up studies have not replicated or

confirmed the initial hypothesis of a major role of adducin

polymorphisms in essential hypertension, and the role of

adducin genes in hypertension remains elusive. Failure

to confirm the role of candidate genes is not restricted to

adducin, and has been recently reported for the ACEI/D

and the AGT M235T polymorphisms [34,35]. Problems

with studies of genetic associations in complex hetero-

geneous disorders are not limited to studies on essential

hypertension. The frustration was so high that the ques-

tion was raised as to whether or not association studies

should be published at all in high-impact Journals [36].

Experts in the field are reaching an emerging consensus

on these problems, and on the solutions to avoid confu-

sion and further disappointments. Below, some of the

problems and the proposed solutions are identified.

The problems
Complexity of the disease: influence of the environment
and genetic context
A complex combination of processes, metabolic systems

and intermediate traits, involving a redundancy of balan-

cing pressor and depressor roles, controls blood pressure.

Hypertension is probably a polygenic disease with com-

plex interactions of networked genes with environmental

stimuli, and a few alleles in a handful of genes are not

likely to explain increased blood pressure. The patho-

genic mechanisms are very complex and include ele-

ments of the metabolic syndrome, obesity and

cardiovascular risk factors. Because of this, the influence

of any genetic factor such as adducin is likely to be small,

and dependent on the genetic context and environmental

factors. This is why apparently there is a decreased

support for genetic linkage with increasing sample size.

Population heterogeneity
The prevalence, age of onset, severity and complications

of hypertension are not similar among ethnic groups, indi-

catingthecontributionofdifferentsetsofgenes.Theeffect

of only one gene is likely to be small and inconsistent

across different genetic and environmental backgrounds.

A genetic variation may only have a significant effect in

particular subgroups of the population defined by some

other genetic or environmental context, with minimal or

no association in other subgroups of the population.

The expectations that initial findings will hold in differ-

ent populations, indicating a universal association

between the gene and the phenotype, usually fail. For

the reasons stated above, differences among populations

are not surprising but rather expected [37].
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Complexity of pharmacogenetics
Does the adducin variant alone identify a subset of

hypertensive patients who are particularly likely to ben-

efit from diuretic therapy? The results of follow-up

studies have also been discouraging. Hypertension is

characterized by large inter-patient variability in response

to drugs, and there are multiple genetic variants influen-

cing response to anti-hypertensive therapy, including

inter-individual variability in rates of drug metabolism.

For example, numerous polymorphisms related to gut,

liver, blood and renal function have been implicated in

the response to diuretics, indicating the complex inter-

play of many pathways [38].

The solutions
Address the aetiological heterogeneity of essential
hypertension
A single locus model is not adequate for analysis of a

complex phenotype.

When there is aetiological heterogeneity, analysis of

subgroups can enhance gene finding or hidden genetic

heterogeneity because different hypertension genes

operate in different subsets of families. Gene–gene,

gene–genetic background and gene–environment inter-

actions may be at play.

In addition, adequate genetic analysis and phenotype

definition will not be possible until basic mechanisms and

interactions are understood. Future studies should ana-

lyse the contribution of adducin not only on the patho-

physiology of sodium handling, but also focus on the

functional characteristics related to sodium transport,

such as sodium pump activity and blood pressure

responses to changes in sodium balance. Many cells

express adducin subunits and this protein could play

additional roles in multiple functions, such as the regula-

tion of neurotransmitter activity [39].

Improve study design
There is an urgent need for a limited and generally

accepted set of methods that permit appropriate assess-

ment and comparison of individual results. To validate a

hypothesis, further tests are necessary and require inde-

pendent replication. Because negative evidence in repli-

cation studies is expected from statistical theory [37], the

size of the sample and the power of the statistical tests

utilized become crucial for analysis and selection of

competing hypothesis.

Replication should reproduce the original definition of

cases and controls, and include a population of similar

extraction and similar ethnic background, using the same

inclusion and exclusion criteria. The phenotype should

be carefully defined, in terms of age of onset and present

age, gender, disease severity and body size.

Environmental exposure and lifestyle must be similar to

that of the original report [37].

Mutual influences among the metabolic effects of genetic

variations are the norm rather than the exception, and

there is a need to study gene–gene interactions and

multiple polymorphisms within large epidemiological

samples. Will the study of haplotypes (chromosomal

segments preserved intact over many generations that

may account for the vast majority of diversity in popula-

tions) be powerful predictors of disease [33]?

Subjects on antihypertensive treatments should be

included because familial components of blood pressure

variance are important, and this information is lost, redu-

cing the evidence of linkage, if treated patients are

excluded [40,41]. To deal with treatment effects we need

special analytical methods [41].

Association studies of high quality should include large

sample sizes and high statistical power, report associa-

tions that make biological sense containing an initial

study as well as an independent replication, and system-

atically investigate the interaction among genes and the

environment [42].

Although associations in population-based studies are

useful, family-based analysis is more powerful for detect-

ing linkage and/or linkage disequilibrium [35,43].

Focus on pharmacogenetics of selected populations
Will the patient’s genetic profile be important in the

future to decide how to treat hypertension? Work in

pharmacogenetics promises to improve the safety and

efficacy profile of commonly used medications and help

individualize treatment, selecting drug therapies that

maximize effectiveness and safety. Many questions

remain to be answered before this fantasy becomes

reality. Drug treatment based on genomic traits must

be scrutinized rigorously because therapeutic recommen-

dations may be valid for selected populations only [34].

Develop a multidisciplinary approach
Boerwinkle [21] has called for a collaborative multidisci-

plinary approach, with the combination of information

obtained from similar studies, the sharing and combining

of results before publication and the combining of data

resources being necessary. Such an approach should also

eliminate any positive publication bias and the tendency

to over interpret marginal results.

Conclusions
It is discouraging that in spite of intense efforts (9113

PubMed-listed publications for ‘human hypertension/

genetics’; 131 publications for ‘human hypertension/

genetics/adducin’) the field has not advanced beyond

initial hopes that have been crushed by disappointments.
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It appears that increased funding and further molecular

and statistical sophistication will not be sufficient to

overcome the obstacles, and may very well add to the

confusion. On the other hand, we cannot abandon genetic

studies on hypertension and other complicated diseases.

Recognition of the complexity of hypertension and the

difficulties ahead, improved study design, data sharing

and collaborative studies, coupled with stringent criteria

for acceptance in high impact Journals, should slowly

advance our understanding of a disease of such immense

importance for clinical practice and public health.
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