
Introduction

Hypertension affects one billion people world-
wide and results in more than seven million deaths
each year. Blood pressure is regulated by genetic
and environmental factors (Mein et al.2004). Di-
etary salt intake is regarded as an important envi-
ronmental risk factor for hypertension
(Weinberger 2004). Epidemiological analyses
provided a link between salt intake and high blood
pressure (Meneton et al. 2005; De Wardener et al.
2002). Blood pressure is elevated dramatically by
salt intake in some subjects, while others seem not
to be influenced as much. These two subgroups of
people are referred to as salt-sensitive and
non-salt-sensitive, respectively (Franco et al.

2006). The different response to salt intake, which
is called salt-sensitivity, is considered to have a
genetic basis. The genetic factors play a vital role
in predisposing individuals to hypertension
(Binder 2007). In recent years there has been ex-
citing progress in elucidating the underlying mo-
lecular mechanisms, which expanded our
knowledge and provided new clues to the preven-
tion and treatment of hypertension.

Human essential hypertension is a polygenic

disease. Previous studies, using Milan hyperten-

sive (MHS) rats as model systems, showed that

MHS rats are smaller and have a faster Na-K

cotransport, as compared to normotensive controls

(MNS). Cross immunization experiments led to

the subsequent identification of adducin (Salardi
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et al. 1988; Gardner et al. 1987). Adducin is com-

posed of � and � subunits, and later the � isoform

was found, whose genes are located on different

chromosomes (Joshi et al. 1991; Tripodi et al.

1995; Dong et al. 1995). The human, rat, and

mouse adducin genes showed a high degree of

conservation across species (Suriyapperuma et al.

2000). Isoforms of adducin can differentially

modulate Na-K pump activity (Tripodi et al.

1996). It is proposed that there is an association

between �-adducin gene and high blood pressure

and sodium metabolism (Cusi et al. 1996). Com-

parison between the genotypes of MHS and MNS

rats revealed that 2 point mutations (Phe316Tyr

for �-adducin and Gln529Arg for �-adducin)

within the adducin genes are involved in blood

pressure variation (Bianchi et al. 1994).

Polymorphisms in adducin gene may be in part re-

sponsible for hypertension, in particular

salt-sensitive hypertension, in human subjects. In

order to verify this hypothesis, many studies were

performed (Cusi et al. 1997; Kamitani et al. 1998;

Ishikawa et al. 1998; Kato et al. 1998; Glorioso

et al. 1999; Wang et al. 1999; Barlassina et al.

2000; Bianchi et al. 2000; Liu et al. 2000;

Melander et al. 2000; Psaty et al. 2000; Beeks et al.

2001; Ciechanowicz et al. 2001; Grant et al. 2002;

Sugimoto et al. 2002; Castejon et al. 2003;

Siarrone et al. 2003; Beeks et al. 2004b; Shin et al.

2004; Tamaki et al. 2005; Manunta et al. 2008).

However, so far the results are not consistent.

Therefore, we aimed to define quantitatively the

association between �-adducin Gly460Trp poly-

morphism and genetic predisposition to

salt-sensitivity in all of the published case-control

studies. We summarized the literature, extracted

the data, and performed a meta-analysis, to pro-

vide new insights into the relationship between

�-adducin polymorphism and salt-sensitive hy-

pertension.

Materials and methods

Literature

We searched the scientific databases published in

many languages: PubMed (from 1950), EMBASE

(from 1966), LILACS (from 1982, in Spanish and

Portuguese), Japana Centra Revuo Medicina

(from 1983, in Japanese), J-Stage (from 1957, in

Japanese), KoreaMed (from 1997, in Korean),

CNKI (from 1979, in Chinese), and Wanfang Data

(from 1982, in Chinese). These databases include

journal articles, degree dissertations, and meeting

abstracts. Literature searches were updated in

April 2009.

Search strategy

We used a search strategy to identify all possible

studies by searching the Medical Subject Head-

ings (MeSH) terms and other relevant words: (1)

adducin/adducine/ADD1/ADD; (2) G460W/G46

0T/Gly460Trp/Glycine460Tryptophan; (3) poly-

morphism/variant/variation/mutation; (4) hyper-

tensive/hypertension/blood pressure; (5) salt/

saline/sodium; (6) and sensitive/sensitivity. The

full-text papers were retrieved and carefully re-

viewed by all of us.

Inclusion criteria

The studies used for meta-analysis must meet all

the following inclusion criteria: (1) case-control

design; (2) salt-sensitive phenotype confirmed by

sodium loading tests; (3) Gly460Trp genotype

confirmed by molecular biology experiments; (4)

sufficient data presented to calculate the odds ratio

(OR) with confidence interval (CI) and P value;

(5) not republished data; (6) not animal studies.

We independently assessed the articles for inclu-

sion/exclusion, resolved disagreements, and

reached consistency.

Statistical analysis

The deviation from Hardy-Weinberg equilibrium
(HWE) for distribution of the allele frequencies
was analyzed by Fisher’s exact test. The associa-
tion between Gly460Trp polymorphism and
salt-sensitivity was estimated by calculating sum-
mary ORs. A value of OR > 1 indicates that the
Trp allele is more frequent in salt-sensitive sub-
jects. I

2 was used to evaluate the variation that was
caused by heterogeneity rather than by chance. A
random- or fixed-effects model was used to calcu-
late pooled effect estimates in the presence

(P � 0.1) or absence (P > 0.1) of heterogeneity, re-
spectively. Studies were also categorized into sub-
groups based on ethnicity. Publication bias was
examined visually in a funnel plot of log OR
against its standard error (SE). The funnel plot
asymmetry was tested by Egger’s test (P < 0.05
was considered statistically significant). Data
analyses were performed using Cochrane system-
atic review software-Review Manager (Version
4.3, Copenhagen: The Nordic Cochrane Centre,
The Cochrane Collaboration, 2008).
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Results

Characteristics of studies

The literature search identified a total of 239 po-

tential relevant studies. After the abstracts were

read, 212 studies were excluded because of the

following reasons: animal studies (60 studies); not

case-control design (86 studies); genotype distri-

bution not reported (26 studies); not related to

adducin gene (40 studies). Then a total of 27 rele-

vant studies seemed to meet the search criteria.

The full text articles were retrieved and carefully

reviewed to assess the quality according to the in-

clusion criteria. From these studies, 20 were ex-

cluded for not taking the standard salt-sensitivity

test or lack of genotyping data. Seven case-control

studies fulfilled the inclusion criteria. The studies

involved a total of 820 subjects, including 454

salt-sensitive and 366 non-salt-sensitive subjects

(Castejon et al. 2003; Ciechanowicz et al. 2001;

Cusi et al. 1997; Liu et al. 2000; Lu et al. 2007; Lu

et al. 2008). The flow chart of selection of studies

and reasons for exclusion is presented in Figure 1.
The selected studies were published between

1997 and 2008. The patients were not previously
treated with hypotensive drugs, and were free of
other diseases. Any medication was discontinued
at least 3 weeks before the experiments. The salt
loading and depletion experiments were under-
taken according to the standard protocols sug-
gested by Sullivan (1991) and Weinberger et al.
(1986). If the blood pressure change was more
than 10 mm Hg at the end of the salt-loading and
salt-depletion period, patients were classified as
salt-sensitive. PCR methods were used to analyze
the genotype of subjects. The deviation from
HWE for distribution of the allele frequencies was
analyzed by Fisher’s exact test. No significant de-
viation from HWE was observed in all studies.
The similarity of the criteria for recruitment of
subjects, protocols for salt sensitivity test, and

methods for genotyping, ensured that the studies
were of high quality, which enabled us to perform
the meta-analysis and minimized the potential er-
rors. The characteristics of the included studies are
listed in Table 1. The forest plot is shown in Fig-
ure 2.

Meta-analysis results

We extracted the phenotype/genotype data and
performed the meta-analysis. A random- or
fixed-effects model was used to calculate pooled

effect estimates in the presence (P � 0.1) or ab-
sence (P > 0.1) of heterogeneity, respectively. For
the overall analysis including all the subjects, the
result showed that the Trp allele carriers did not
have an increased risk of salt-sensitivity, as com-
pared to Gly allele carriers [OR (95%CI): 1.40
(0.96, 2.04), P = 0.08]. The forest plot is shown in
Figure 2. Then the subgroup meta-analysis was
performed based on ethnicity. In contrast, the re-
sult showed that the association between
Gly460Trp and salt-sensitivity is statistically sig-
nificant in Asian people [OR (95%CI):1.33 (1.06,
1.69), P = 0.02], but not in Caucasian people [OR
(95%CI):1.98 (0.57, 6.92), P = 0.28]. The results
of subgroup analysis are shown in Figure 3.
Among all the 7 studies, the information from Cusi
et al. (1997) seemed to be an outlier. If their data
were excluded from the meta-analysis, the result
would be similar and the conclusion would remain
the same: Gly460Trp polymorphism is not associ-
ated with salt-sensitivity in Caucasian people [OR
(95%CI): 1.06 (0.55, 2.04), P = 0.87] (not shown
in the forest plot).

Potential publication bias

Begg-Mazumdar’s funnel plot was generated to

evaluate the potential publication bias (Figure 4).

Egger’s test was used to provide statistical evi-

dence of funnel plot asymmetry . The result did not

suggest publication bias in the studies (P = 0.661).
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Figure 1. Flow chart of selection of studies and specific reasons for exclusion from the meta-analysis.
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Table 1. Characteristics of 7 included studies

Study Ethnicity Salt-
sensitivity test

Genotyping
method

Sub-
jects

SS/NSS SS NSS P for
HWEGG GT TT GG GT TT

Cusi et al. 1997 Caucasian Acute oral saline
loading test

PCR-SSCP EH 46/42 26 18 2 39 3 0 0.84

Liu et al. 2000 Asian Acute vein sa-
line loading test

PCR-SSCP EH 91/69 27 45 19 22 29 18 0.38

NT 25/39 8 12 5 12 18 9 0.66

Ciechanowicz
et al. 2001

Caucasian Acute oral saline
loading test &
chronic diuretic
test

PCR-RFLP EH 44/24 34 9 1 18 6 0 0.94

Castejon et al.
2003

Caucasian Chronic oral sa-
line loading test

PCR-MS NT 35/55 24 11 0 39 16 0 0.09

Lu et al. 2007 Asian Acute oral saline
loading test &
chronic diuretic
test

PCR-RFLP EH 83/67 17 40 26 21 36 10 0.87

Lu et al. 2008 Asian Acute oral saline
loading test &
chronic diuretic
test

PCR-RFLP EH 109/91 22 54 33 28 48 15 0.78

EH: essential hypertension; NT: normotensive control; SS: salt-sensitive; NSS: non-salt-sensitive; PCR-SSCP: Polymerase Chain Reac-

tion-Single Strand Conformation Polymorphism; PCR-RFLP: Polymerase Chain Reaction-Restriction Fragment Length Polymorphism;

PCR-MS: Polymerase Chain Reaction-Mutagenically Separated; HWE: Hardy-Weinberg equilibrium

Figure 2. Forest plot of the included studies

Figure 3. Subgroup analysis showing the results for individual ethnic subgroups



Discussion

The pathogenesis and development of essential

hypertension has a genetic and environmental ba-

sis. Essential hypertension is a polygenic disease,

whose phenotype is heterogeneous. Sodium has

been generally accepted as one of the most impor-

tant contributors to hypertension. It has been also

shown that sodium affects subjects with essential

hypertension as well as normotensive subjects

(Castejon et al. 2003). The intermediate pheno-

type of blood pressure is modulated by genetic

factors (such as gene polymorphisms) as well as

environmental factors (such as dietary sodium, po-

tassium, calcium, etc.). The genetic predisposition

to salt-sensitivity was studied in recent years.
In a previously published systematic review,

Beeks et al. (2004a) summarized the literature and
assessed the role of genetic polymorphisms in salt
sensitivity of blood pressure. Detailed investiga-

tion was done on the �-adducin Gly460Trp, ACE

I/D, angiotensinogen M235T, G protein �3
C825T, aldosterone synthase gene, and

11�-hydroxysteroid dehydrogenase type 2 G534A

polymorphisms. The 460Trp variant of �-adducin
is probably associated with a sodium-sensitive
form of hypertension (Beeks et al. 2004a). How-
ever, the relationship between adducin Gly460Trp
polymorphism and salt-sensitivity remained con-
troversial. One of the reasons for the apparent dis-
crepancies may be the methods used for
genotyping and definition of the phenotype. More-
over, most studies were limited to the Caucasian
population. In many of the studies, the geno-
type/phenotype data were not given.

In the present study, we aimed to define quanti-

tatively the association between salt-sensitivity

and �-adducin Gly460Trp polymorphism in all

published case-control studies by using meta-

analysis. The variability in case-control studies

may be a problem for genetic association investi-

gations. Therefore we used very strict inclusion

criteria in this study to ensure that only

high-quality work be used for the meta-analysis, in

order to minimize the errors. Although the overall

result showed no increased risk of salt-sensitivity

for adducin Trp allele carriers, it did show that the

association between Gly460Trp and salt-sensitiv-

ity is statistically significant in Asian people but

not in Caucasian people. The paper by Cusi et al.

(1997) seemed to be an outlier, but its exclusion

did not change the conclusion.

The discrepancies of the data from different

populations may be due to a number of causes.

Firstly, the subjects of the study by Cusi et al.

(1997) are not the same as in the other studies. The

recruited subjects lived within the metropolitan

area of Milano. In another study from the same

group, it was found that the roles of �-adducin

polymorphism in blood pressure and sodium han-

dling regulation were not the same in patients from

Sassari and from Milano (Glorioso et al. 1999), in-

dicating the intrinsic differences between ethnical

groups. Therefore, polygenetic factors (ethnical

differences and genetic backgrounds) may be the

primary cause of salt sensitivity (Sharma 1996).

Secondly, the subjects’ ages were not the same.

Both epidemiological and intervention researches

indicated that the effect of sodium on blood pres-

sure increases with age (Campese 1994). The sub-

jects recruited by Cusi et al. (1997) were older than

the subjects in other studies. Therefore, age may

be another cause for the discrepancies.

Previous epidemiological studies demon-

strated ethnical and geographical differences in

both incidence and severity of essential hyperten-
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Figure 4. Funnel plot of standard error against log odds ratio (OR)



sion. The prevalence and mortality rate of essen-

tial hypertension is greater in Africans than in

Caucasians (Comstock 2008). Africans respond to

shifts in sodium balance more frequently than

Caucasians do (Luft et al. 1979; Sullivan et al.

1988). Wright et al. (2003) examined ethnical dif-

ferences in the relation between salt-sensitivity,

erythrocyte sodium, calcium, potassium, magne-

sium, and sodium pump activity in African and

Caucasian American women. They found that the

magnitude of blood pressure increase is greater in

closely matched African than in Caucasian Ameri-

can hypertensives. All these data brought up an

important concern about the role of ethnical and

geographical variation in the nature of this genetic

susceptibility locus. The reason for this discrep-

ancy is not yet clear and perhaps attributed to the

complex crosstalk between different genetic path-

ways.

Meta-analysis has a vital advantage compared

to individual studies, as all the studies available

with relatively small number of subjects can be

pooled together, which dramatically increases the

power of statistical analysis. However, the present

meta-analysis does have some limitations. The

data were from a relatively small number of stud-

ies. Moreover, publication bias may exist in all the

studies, which may be due to the limited number

of subjects available and the difficulties to get neg-

ative results published. The result of the present

meta-analysis, therefore, should be interpreted

with caution. Multi-centered, large-population,

and well-designed epidemiologic studies are re-

quired to evaluate reliably the role of �-adducin

Gly460Trp polymorphism in salt-sensitive hyper-

tension.

In summary, the present research suggested

that �-adducin Gly460Trp polymorphism is asso-

ciated with salt-sensitivity in Asian people but

probably not in Caucasian people. Further studies

are needed to confirm the association and to eluci-

date its mechanisms. Screening for adducin Trp

carriers may be beneficial for early detection and

clinical interventions. Our results may provide

useful information for the studies of adducin poly-

morphism and salt-sensitive hypertension in the

future.
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