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Endothelial NO Synthase Gene Polymorphisms
and Hypertension

A Meta-Analysis

Elias Zintzaras, Georgios Kitsios, Ioannis Stefanidis

Abstract—Studies investigated the association between endothelial NO synthase gene polymorphisms and hypertension-
reported contradicted or nonconclusive results. A meta-analysis of 35 genetic association studies that examined the
relation between hypertension and the G894T, 4a/b, T786C, and G23T polymorphisms of the endothelial nitric oxide
synthase gene was carried out. Subgroup analysis by ethnicity and potential sources of heterogeneity and bias were
explored. The meta-analysis included genotype data on 7779/10 498, 2216/3222, 2491/3913, and 833/587 cases/controls
for G894T, 4b/a, T786C, and G23T, respectively. For the 4b/a polymorphism, overall, the heterogeneity between studies
was not significant (P�0.82), and the allele b was associated with a 15% decreased risk of hypertension relative to allele
a (odds ratio: 0.85; 95% CI: 0.74 to 0.98). Overall and in whites, the recessive model for allele b produced significant
results (odds ratios: 0.78; 95% CI: 0.68 to 0.90 and OR: 0.76 95% CI: 0.62 to 0.92, respectively), whereas the dominant
model produced nonsignificant results. In studies involved East Asians and blacks, an association was not demonstrated.
Regarding the G894T, T768C, and G23T polymorphisms, in no case (ie, overall, in whites, or in East Asians) was a
statistically significant association and heterogeneity found. There was no substantial source of bias in the selected
studies. In conclusion, there is evidence of association only between 4b/a polymorphism and hypertension; however,
studies exploring combinations of the polymorphisms may help us better understand the genetics of hypertension.
(Hypertension. 2006;48:700-710.)
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Hypertension is a multifactorial disease involving both
environmental and genetic components.1 Clinical and

animal studies have suggested that an alteration in NO
metabolism may be a contributing factor in the pathogenesis
of hypertension.2–4 Thus, abnormalities in the activity of the
enzyme endothelial NO synthase (eNOS) that synthesize NO
in endothelial cells may lead to NO deficiency. The gene
encoding eNOS is located on chromosome 7 (7q35-q36) and
contains 26 exons with an entire length of 21kb. G894T
(Glu298Asp in exon 7), intron 4 (4b/a), (T-786)C (T786C),
and G23T are the most clinically relevant polymorphisms in
the eNOS gene that have been described.5

The genetic association studies that examined whether the
polymorphisms in the eNOS gene are associated with hyper-
tension have provided controversial or inconclusive results,
partly because each study involved few cases and few controls
and, therefore, there was not enough information to demonstrate
association. Furthermore, the interpretation is complicated by the
fact that different populations, sampling strategies, genotyping
procedures, and number of loci included in the analyses have
been used. To shed some light on these contradictory results,

as well as to decrease the uncertainty of the effect size of
estimated risk, a meta-analysis6 of all of the available studies
related the G894T (Glu298Asp), 4b/a, (T-786)C (T786C),
and G23T polymorphisms and their associations with hyper-
tension for various genetic contrasts was carried out. In
addition, the heterogeneity between studies and the existence
of potential bias were explored. Cumulative and recursive
cumulative meta-analyses were also performed.

Methods

Selection of Studies
All of the studies published before May 2006 were identified by
extended computer based searches of PubMed and EMBASE data-
bases. The following search criterion was used: (“eNOS” or “endo-
thelial nitric oxide synthase” or “NOS3”) and “polymorphism” and
(“hypertension” or “blood pressure”). The retrieved studies were
then read in their entirety to assess their appropriateness for inclusion
in the meta-analysis. All of the references cited in the studies were
also reviewed to identify additional published work not indexed by
the PubMed and EMBASE databases. Case reports, editorials, and
review articles were excluded. The search was restricted to articles in
English.
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Case–control studies that determined the distribution of G894T,
4b/a, T786C, and G23T genotypes in cases with essential hyperten-
sion and in a healthy/normotensive control group were eligible for
inclusion in the meta-analysis. Case subjects were considered to be
hypertensive if their systolic or diastolic blood pressure was
�140 mm Hg or �90 mm Hg, respectively; were reported to have
hypertension; or were on antihypertensive therapy. In studies with
overlapping cases/controls, the most recent study, the largest in size
study, or the study with more information on origin of cases/controls
was included in the meta-analysis. Only studies in human subjects
that have used validated genotyping methods were considered.
Finally, genome scans were excluded because they investigate
linkage.7,8

Data Extraction
From each study, the following information was abstracted: first
author, journal, year of publication, ethnicity of the study population,
demographics, clinical characteristics, matching, validity of the
genotyping method, and the number of cases and controls for each
G894T, 4b/a, T786C, and G23T genotype. The frequencies of the
alleles and the genotypic distributions were extracted or calculated
for both the cases and the controls. In addition, it was recorded
whether the genotyping in each study was blinded to clinical status.
When studies investigated �1 polymorphism, information on link-
age disequilibrium and haplotype estimation was recorded.

Meta-Analysis
Before the main analysis, the significance of association for: (1) the
allele contrast (G894T G versus T, 4b/a b versus a, T786C T versus
C, and G23T G versus T), (2) the recessive (G894T GG versus
GT�TT, 4b/a bb versus ba�aa, T786C TT versus TC�CC, and
G23T GG versus GT�TT), and (3) dominant models (G894T
GG�TG versus TT, 4b/a bb�ba versus aa, T786C TT�TC versus
CC, and G23T GG�GT versus TT) were evaluated for each study
separately. All of the associations were indicated as odds ratios
(ORs) with the corresponding 95% CI. Based on the individual ORs,
a pooled OR was estimated.

The heterogeneity between studies in terms of degree of associa-
tion was tested using the Q-statistic, which is the weighted sum of
squares deviations of the OR study estimates from the pooled
estimate.8–10 When the ORs are homogeneous, Q follows a �2

distribution with r-1 (r is the number of studies) degrees of freedom.
If P�0.10, then the heterogeneity was considered significant. Het-
erogeneity was quantified with the I2 metric [I2�(Q�d.f.)/Q], which
is independent of the number of studies in the meta-analysis.11 I2

takes values between 0% and 100% with higher values denoting
greater degree of heterogeneity (I2�0% to 25%: no heterogeneity;
I2�25% to 50%: moderate heterogeneity; I2�50% to 75%: large
heterogeneity; I2�75% to 100%: extreme heterogeneity). The pooled
OR was estimated using fixed effects (FEs; Mantel–Haenszel) and
random effects (REs; DerSimonian and Laird) models.12 The calcu-
lation of pooled OR and Q used as weighting factor (wi) the inverse
variance of �i�lnOR (ie, wi�1/var[�i]) of each study i. RE modeling
assumes a genuine diversity in the results of various studies and
incorporates to the calculations a between-study variance. Therefore,
when there is heterogeneity between studies, the pooled OR was
estimated using the RE model.

A cumulative and recursive cumulative meta-analysis was carried
out for each polymorphism to evaluate the trend of RE OR for the
genetic contrast under investigation in time.13,14 In cumulative
meta-analysis, studies were chronologically ordered by publication
year, then the pooled OR was obtained at the end of each year, that
is, at each information step. In recursive cumulative meta-analysis,
the relative change in pooled OR in each information step (OR in
next year/OR in current year) was calculated. Thus, cumulative and
recursive cumulative meta-analysis provide a framework for updat-
ing a genetic effect from all of the studies and a measure of how
much the genetic effect changes as evidence accumulates.

A differential magnitude of effect in large versus small studies for
the genetic contrast under investigation was checked using the Egger
regression test for funnel plot asymmetry and the Begg–Mazumdar
test, which is based on Kendall’s �.15–18 Given that these tests are
underpowered, they were always considered statistically significant
for P�0.10 rather than for P�0.05.15,16

In addition to the main (or overall) analysis, which included all of
the available data, subgroup analysis for each ethnicity was also
performed. Ethnicity was categorized into 2 main groups: (1) white
descents, and (2) East Asian descents.19 However, the consistency of
genetic effects across these traditionally defined ethnicities does not
necessarily mean that ethnicity-specific genetic effects are exactly
the same. The distribution of the genotypes in the control group was
tested for Hardy–Weinberg equilibrium (HWE; P�0.05).7 Studies
with controls not in HWE were subjected to a sensitivity analysis.20

In sensitivity analysis, the effect of excluding specific studies was

Search results
PubMed: 137 studies
EMBASE: 120 studies

73 Studies common in
PubMed & EMBASE

38 studies remaining
after abstract selection

20 studies included

18 studies excluded from PubMed and
EMBASE search
Reasons for exclusion:
Data not extractable for cases and
controls: 6 studies
Studies including only cases or
normotensives: 3 studies
Article not in English: 7 studies
Not essential hypertension: 1 study
Linkage study: 1 study

64 studies found in
PubMed (not in EMBASE)

25 studies remaining
after abstract selection

11 studies included

14 studies excluded from
PubMed search
Reasons for exclusion:
Data not extractable for cases and
controls: 2 studies
Studies including only cases or
normotensives: 5 studies
Article not in English: 4 studies
Subjects overlapping with other
study published in the same year
and ethnicity is not specified: 1
study
Not essential hypertension: 2
studies

47 studies found in
EMBASE (not in PubMed)

7 studies remaining
after abstract selection

2 studies included

5 studies excluded from
EMBASE search
Reasons for exclusion:
Data not extractable for cases
and controls: 1 study
Studies including only cases or
normotensives: 3 studies
Article not in English and data
not provided: 1 study

Figure 1. Flow chart of retrieved studies and studies excluded, with specification of reasons.
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examined. Analyses were performed using Meta-Analyst (Lau),
StatsDirect (Microsoft Corp), and CVF90 with the Institute of
Museum and Library Sciences library.21,22

Results

Eligible Studies
The literature review identified 137 titles in PubMed and
120 in EMBASE that met the search criteria. The full

articles of the retrieved studies were read to assess their
appropriateness for meta-analysis according to the inclu-
sion criteria. Data from 33 articles that investigated the
association between any of the G894T, 4a/b, T786C, and
G23T polymorphisms and hypertension met the inclusion
criteria, and they were included in the meta-analysis.
Figure 1 presents a flow chart of retrieved studies and
studies excluded, with specification of reasons. Two arti-

TABLE 1. Characteristics of Eligible Studies Considered in the Meta-Analysis

Reference Ethnicity Polymorphisms

Cases

No. (M/F)
Age, y,

mean�SD
BMI,

mean�SD
SBP, mm Hg,

mean�SD
DBP, mm Hg,

mean�SD

52 White G23T 198 (97/101) 53.0�10.4 25.4�3.4 161�22 100�14

24 White G894T, G23T 309 (212/97) 49.4�1.2 25.7�0.4 157.0�1.5 95.8�1.2

25 East Asian G894T 4b/a, G23T 623 (346/277) 218 56.3�11.6 23.8�5 162�18 93.5�13.8

41 East Asian 4b/a 123 (75/48) 53.53�10.1 24.26�3.85 178.4�22.8 106.7�14.4

26 East Asian G894T 549 (305/244) 63.1�9.8 23.7�2.8 164.0�18.2 100.8�9.2

27 White G894T 91 (nr) nr nr nr nr

4b/a 112 (nr)

28 East Asian G894T, 4b/a 183 (83/100) 56.9�9.6 25.4�3.5 160�20 95�11

50 East Asian T786C 401 (230/171) 56.5�11.5 23.9�5.1 161.8�18.5 93.6�13.7

44 East Asian 4b/a 107 (82/25) 53.1�0.91 nr nr nr

29 East Asian G894T, T786C 1539 (nr) 60.1�12.3* 22.7�2.9* nr nr

38 White G894T 119 (82/37) 59.4�15.6 26.8�3.6 144.3�14.1 90.7�7.8

39 White G894T 116 nr nr nr nr

23 White G894T 43 (nr) 29.3�5.0* 26.4�5.8* nr nr

Blacks G894T 49 (nr) 28.6�5.2* 29.4�8.0* nr nr

45 East Asian 4b/a 80 (nr) 59.7�10.1* 23.4�2.2* nr nr

30 White G894T 505 (248/257) 51.4�6.1 28.7�4.8 154.8�20.2 93.2�10.8

4 White T786C 106 (106/0) 53�11.4 nr 151�13 94�10

53 White G23T 108 (74/34) nr nr nr nr

42 White 4b/a 217 59�9 28.22�3.49 148�26 86�14

51 White T786C 137 (115/22) 49�9 26.4�2.7 151�11 99�5

46 White 4b/a 82 (0/82) 35.5�8.9 nr nr nr

47 East Asian 4b/a 110 (nr) 54.4�8.6* 23.1�3.1* nr nr

32 White G894T, T786C 105 (71/34) 52.08�8.31 34.27�6.21 nr nr

31 East Asian G894T 135 (nr) 37.1�8.5* 22.2�2.7* nr nr

40 Arabs G894T 20 (nr) nr nr nr nr

33 White G894T 172 (115/57) 49.2�12.1 26.9�3.4 nr nr

34 White G894T 2229 (1333/896) 57.4�14.3 28.9�4.6 151.7�17.6 90.0�10.8

35 White G894T 79 (nr) 54.3�12.3 nr nr nr

4b/a 109 (66/43)

36 White G894T, 4b/a 93 (46/47) 44.2�4.7 27.3�3.9 nr nr

43 White 4b/a 255 (144/111) 64.6�9.9 29.3�5.2 148�22 84�11

48 Turks 4b/a 129 (53/76) 45.0�6.4 nr nr nr

49 East Asian 4b/a 195 (90/105) nr nr nr nr

1 White, black G894T, T786C 4b/a 112 (44/68) nr nr nr nr

G894T 4b/a-T786C 91 (37/54)

37 Mixed G894T 617 45.2�11.0* 26.0�4.8* nr nr

(Continued )

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; nr, not reported.
*Data concerned both cases and controls.
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cles1,23 provided data on 2 separate study ethnicities: whites
and blacks. Thus, data were obtained from 35 studies. Data were
extracted by 2 investigators (G.K. and I.S.), and disagreements
were resolved after a discussion between the 3 authors. Twenty-
one studies dealt with G894T,1,23– 40 16 with 4a/
b,1,25,27,28,35,36,41–49 7 with T786C,1,4,29,32,50,51 and 4 with
G23T.24,25,52,53 Seven studies in 4a/b,1,25,27,28,35,36 4 studies in
T786C,1,29,32 and 2 studies in G23T24,25 also investigated G894T.
Two studies1 investigated 3 polymorphisms together: G894T,

4a/b, and T786C. The design in 24 studies was case–control,* in
7 studies was population-based cohort,4,29,31,36,43,45 and in 4
studies was cross-sectional.23,37,34,47 The studies were published
between 1995 and 2006.

For the determination of the genetic polymorphisms of
G894T, T786C, and G23T, validated genotyping methods were
used in all of the studies; namely, PCR and restriction of the

*References 1, 24–28, 30, 32, 33, 35, 38–42, 44, 46, 48–53.

TABLE 1. (Continued)

Controls

No. (M/F)
Age, y,

mean�SD
BMI,

mean�SD
SBP, mm Hg,

mean�SD
DBP, mm Hg,

mean�SD

106 (47/59) 44.3�9.5 22.4�2.5 123�10 76�8

123 (77/55) 44.3�2.1 24.4�0.7 123.7�2.0 76.5�1.4

703 (403/700) 240 54.2�13.2 23.1�2.7 125.8�11.9 76.9�10.6

120 (89/31) 51.5�7.2 22.96�2.89 115.9�12.4 70.9�10.6

513 (310/203) 54.8�11.3 22.4�2.8 117.2�12.7 75.0�9.2

149 (nr) 184 (nr) nr nr nr nr

193 (67/126) 54.4�11.9 23.2�3.0 125�10 76�8

456 (267/189) 54.0�13.2 23.0�2.6 125.5�11.3 73.7�9.6

362 (248/114) 50.5�0.44 nr nr nr

2516 (nr) 60.1�12.3* 22.7�2.9* nr nr

85 (48/37) 55.6�14.3 26.5�3.3 125.7�12.0 81.2�7.1

222 nr nr nr nr

678 (nr) 29.3�5.0* 26.4�5.8* nr nr

251 (nr) 28.6�5.2* 29.4�8.0* nr nr

75 (nr) 59.7�10.1* 23.4�2.2* nr nr

519 (257/262) 51.9�6.2 26.5�4.2 142.8�20.7 85.8�10.7

599 (599/0) 44�8.3 nr 125�15 81�10

118 (nr) nr nr nr nr

202 57�8 26.61�3.55 127�18 75�10

48 (30/18) 42�16 23.8�3.2 123�10 78�7

188 (188F) 33.6�7.8 nr nr nr

722 (nr) 54.4�8.6* 23.1�3.1* nr nr

94 (nr) nr nr nr nr

789 (nr) 37.1�8.5* 22.2�2.7* nr nr

10 (nr) 37�7 nr nr nr

200 (117/83) 45.3�11.3 25.3�3.1 nr nr

1990 (758/1232) 42.4�14.9 25.4�4.2 120.9�10.9 76.8�6.9

102 (60/42) 84 (nr) 38�1.5 nr nr nr

201 (89/112) 31.5�4.7 24.5�3.9 nr nr

140 (81/59) 60.3�11.8 27.6�4.7 131�12 79�8

129 (70/59) 35.6�6.8 nr nr nr

182 (74/108) 48�10 nr nr nr

113 (78/35) nr nr nr nr

87 (56/31)

960 45.2�11.0* 26.0�4.8* nr nr
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PCR product with the enzyme corresponding to each poly-
morphism† or PCR with allele-specific probes.23,24,29,32,51,52 The
polymorphism 4a/b was genotyped using electrophoretic differ-
entiation.1,25,27,28,35,36,41–49 Five studies stated that the controls
were age or sex matched.29,30,38,48,53 Studies were conducted in
various populations of racial descent: 19 involved whites,‡ 11
involved East Asians,§ 2 involved blacks,1,23 1 involved Turks,48

1 involved Arabs,40 and 1 was mixed.37 One study involved male
cases,4 1 study involved female cases,46 and 2 studies24,33

provided data for males and females separately. A list of details
abstracted from the studies included in the meta-analysis is
provided in Tables 1 through 5.

Summary Statistics
Overall, the studies provided 7779/10 498 cases/controls for
G894T, 2216/3222 cases/controls for 4b/a, 2491/3913 cases/
controls for T786C, and 833/587 cases/controls for G23T.
Eleven studies23,25,28,35,47,50 did not provide data for all of
the genotypes separately: 5 studies23,25,28,35 provided data on
G894T T-carriers and non–T-carriers, 4 studies25,28,35,47 pro-
vided data on 4b/a a-carriers and non–a-carriers, 1 study50

provided data on T786C C-carriers and non–C-carriers, and 1
study25 provided data on G23T T-carriers and non–T-carriers.
Two studies provided data only for allele frequency.38,44 The
genotype distributions and the allele frequencies are shown in
Tables 2 through 5. The distribution of genotypes in the
control group deviated from HWE in 1 study for G894T24

(Table 2); however, HWE deviation could not be tested for all
of the studies.23,25,28,35,47,50 Because lack of HWE indicates
possible genotyping errors and/or population stratification, a
sensitivity analysis was, therefore, carried out excluding this
study. In addition, articles where HWE could not be assessed
were treated as studies that deviate from HWE in the
sensitivity analysis. Although the majority of studies re-
viewed in this meta-analysis reported on �2 of the investi-
gated polymorphisms, only 3 of them provided analyses of
haplotypes.1,32 One study27 reported the existence of linkage
disequilibrium between G894T and 4b/a, 1 study25 between
4b/a and G23T, and 2 studies between G894T and T786C,29,32

whereas, 1 study50 reported a lack of linkage disequilibrium
between G894T and T786C.

Main Results, Subgroup, and Sensitivity Analyses
Table 6 and Figure 2 show the results for the association
between the different polymorphisms and the risk of hyper-
tension. For the G894T polymorphism and its relationship to
hypertension, the allele contrast G versus T showed nonsig-
nificant heterogeneity among studies (P�0.13; I2�29%) and
the FE and RE pooled ORs were not significant, at 1.00 (95%
CI: 0.95 to 1.06) and 1.01 (95% CI: 0.93 to 1.10), respec-
tively. In subgroup analysis, the association was not signifi-
cant for whites and East Asians. The recessive and dominant
models for the effect of allele G produced the same overall
pattern as the allele contrast. The recessive model for blacks
also showed no association.

For the 4b/a polymorphism, overall, the heterogeneity
between studies was not significant (P�0.82; I2�0%), and
the 4b/a allele b was associated with a 15% decreased risk of
hypertension compared with the a allele (FE OR: 0.85; 95%
CI: 0.74 to 0.98). In subgroup analysis, the association was
marginally significant for whites (FE OR: 0.83; 95% CI: 0.69
to 0.99). Overall and in whites, the recessive model for allele
b produced significant results (FE OR: 0.78; 95% CI: 0.68 to
0.90 and FE OR: 0.76; 95% CI: 0.62 to 0.92, respectively).
However, for those studies involving East Asians, the RE
pooled OR was not significant. The dominant model pro-
duced nonsignificant associations (P�0.05).

Regarding the relationship between the T768C polymor-
phism and hypertension, the heterogeneity between studies
was not significant (P�0.39; I2�4%), and the analysis did
not detect an association for the allele contrast T versus C (FE
OR: 0.92; 95% CI: 0.82 to 1.02). However, there is a trend for
association in whites (FE OR: 0.84; 95% CI: 0.70 to 1.01).
The recessive and dominant models produced nonsignificant
associations overall in whites and East Asians.

Finally, in no case (ie, overall or in whites) was a
statistically significant association between the G23T poly-
morphism and the risk of developing hypertension for the
contrasts under investigation found. In addition, there is no
significant heterogeneity among studies (P�0.17; I2�44%).
The sensitivity analysis did not alter the pattern of results in
all of the polymorphisms and contrasts.

Potential Bias
None of the studies included in the meta-analysis stated that
genotyping was performed blinded to clinical status. In
cumulative meta-analysis for the recessive model, only 4b/a
polymorphism showed evidence of an association as evidence
accumulates (see Figure 3). In recursive cumulative meta-
analysis for the recessive model, the relative change in OR for
the G894T polymorphism fluctuated around the value of
OR�1.0. The relative change in OR for 4b/a polymorphism
showed a downward trend as evidence accumulates, whereas
for T(�786)C and G23T it showed an increase (see Figure 4).

The Egger test and the Begg–Mazumdar test for the recessive
model indicated that there is no differential magnitude of effect
in large versus small studies for each polymorphism being
investigated (P�0.10); however, for 4b/a polymorphism there is
indication of an effect: the Begg–Mazumdar test showed a
significant result (P�0.03), whereas the Egger test showed a
marginal significance (P�0.09; see Figure 5).

Discussion
This meta-analysis examined the eNOS G894T, 4a/b, T786C,
and G23T polymorphisms and their relationship to suscepti-
bility for hypertension. The strength of the present analysis
was based on the accumulation of published data giving
greater information to detect significant differences. In the
present study, the effect of allele frequency and the effects of
the dominant and recessive models were estimated. In addi-
tion, the consistency of genetic effects across populations
from different ethnicities was investigated. Main and sub-
group analyses in whites and East Asians for the allele

†References 1, 4, 25, 27, 28, 30, 31, 33, 35–40, 50, 53.
‡References 1, 4, 23, 24, 27, 30, 32–36, 38, 39, 42, 43, 46, 51–53.
§References 25, 26, 28, 29, 31, 41, 44, 45, 47, 49, 50.
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TABLE 2. The Distribution of the G894T Genotype for Cases and Controls (in Parenthesis Are the Respective Percentages)

All
Studies,
Reference

Distribution of G894T eNOS Genotype Allele Frequency

P HWE
Controls

GG GT TT G T

Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls

24 140 (45) 35 (28) 122 (39) 67 (54) 47 (15) 21 (17) 402 (65) 137 (55) 216 (34) 109 (44) 0.02

25 492 (78) 631 (89) 131 (21)* 72 (10)* na

26 461 (83) 433 (84) 84 (15) 76 (14) 4 (0) 4 (0) 1006 (91) 942 (91) 92 (8) 84 (8) 0.94

27 40 (43) 70 (46) 43 (47) 68 (45) 8 (8) 11 (7) 123 (67) 208 (69) 59 (32) 90 (30) 0.45

28 139 (75) 164 (84) 44 (24)* 29 (15)* na

29 1300 (84) 2103 (83) 227 (14) 393 (15) 12 (0) 20 (0) 2827 (91) 4599 (91) 251 (8) 433 (8) 0.55

38 76 (64) 63 (74) 43 (36) 22 (26) na

39 59 (51) 112 (51) 48 (41) 92 (41) 9 (8) 18 (8) 0.85

23, white 22 (51) 303 (45) 21 (49)* 678 (55)* na

23, black 40 (82) 201 (80) 9 (18)* 50 (20)* na

30 244 (48) 262 (50) 220 (43) 215 (41) 41 (8) 42 (8) 708 (70) 739 (71) 302 (29) 299 (28) 0.37

31 119 (88) 679 (86) 16 (11) 100 (12) 0 (0) 10 (1) 254 (94) 1458 (92) 16 (5) 120 (7) 0.46

32 45 (42) 38 (40) 42 (40) 36 (38) 18 (17) 20 (21) 132 (62) 112 (59) 78 (37) 76 (40) 0.15

40 4 (20) 5 (50) 10 (50) 5 (50) 6 (30) 0 0.93

33 84 (48) 93 (46) 71 (41) 88 (44) 17 (9) 19 (9) 239 (69) 274 (68) 105 (30) 126 (31) 0.73

34 1099 (49) 973 (48) 925 (41) 848 (42) 205 (9) 169 (8) 3123 (70) 2794 (70) 1335 (29) 1186 (29) 0.61

35 37 (46) 36 (35) 42 (53)* 66 (64)* na

36 51 (54) 111 (55) 40 (43) 78 (38) 2 (2) 12 (5) 142 (76) 300 (74) 44 (23) 102 (25) 0.06

37 325 (52) 536 (55) 250 (40) 368 (38) 42 (6) 56 (5) 900 (72) 1440 (75) 334 (27) 480 (25) 0.51

1, white 48 (42) 53 (46) 54 (48) 53 (46) 10 (8) 7 (6) 150 (66) 159 (70) 74 (33) 67 (29) 0.36

1, black 57 (62) 45 (51) 31 (34) 36 (41) 3 (3) 6 (6) 145 (79) 126 (72) 37 (20) 48 (27) 0.65

Total 4633 (62) 6262 (67) 2342 (31) 2593 (28) 409 (5) 397 (4) 10151 (77) 13288 (80) 2943 (22) 3220 (19)

The significant level (P ) for HWE testing for controls is shown. na indicates not applicable.
*Data concerned GT�TT.

TABLE 3. The Distribution of the 4b/a Genotypes for Cases and Controls (in Parenthesis Are the Respective Percentages)

All
Studies,
Reference

Distribution of 4b/a eNOS Genotype Allele Frequency

P HWE
Controls

Bb Ba Aa b a

Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls

25 170 (77) 192 (80) 48 (22)* 48 (20)* 0.07

41 97 (78) 111 (92) 24 (19) 0 (0) 2 (1) 9 (7) 218 (88) 222 (92) 28 (11) 18 (7) 0.72

27 89 (79) 147 (79) 23 (20) 35 (19) 0 (0) 2 (1) 201 (89) 329 (89) 23 (10) 39 (10) 0.22

28 143 (78) 156 (80) 40 (21)* 37 (19)* na

44 88 (82) 290 (80) 19 (18) 72 (20) na

45 57 (71) 56 (75) 23 (29) 17 (23) 0 2 (2) 0.13

42 136 (62) 149 (73) 73 (33) 48 (23) 8 (3) 5 (2) 345 (79) 346 (85) 89 (20) 58 (14) 0.63

46 51 (62) 123 (65) 29 (36) 63 (34) 2 (2) 2 (1) 131 (80) 309 (82) 33 (20) 67 (18) 0.36

47 90 (82) 578 (80) 20 (18)* 144 (20)* na

43 184 (72) 100 (71) 62 (24) 38 (27) 9 (3) 2 (1) 430 (84) 238 (85) 80 (15) 42 (15) 0.20

35 69 (63) 66 (78) 40 (36)* 18 (21)* na

36 59 (63) 132 (65) 33 (35) 65 (32) 1 (1) 4 (1) 151 (81) 329 (81) 35 (18) 73 (18) 0.12

48 97 (75) 105 (81) 31 (24) 22 (17) 1 (1) 2 (2) 0.38

49 158 (81) 151 (83) 37 (19) 27 (15) 0 4 (2) 0.14

1, white 78 (70) 86 (81) 30 (27) 14 (13) 3 (2) 5 (4) 186 (83) 186 (88) 36 (16) 24 (11) 0.98

1, black 56 (62) 57 (67) 29 (32) 24 (28) 5 (5) 4 (4) 141 (78) 138 (81) 39 (21) 32 (18) 0.60

Total 1081 (71) 1196 (76) 402 (26) 327 (21) 28 (1) 31 (1) 1672 (83) 1788 (86) 330 (16) 286 (13)

The significant level (P ) for HWE testing for controls is shown.
*Data concerned ba�Aa.
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contrast; the recessive and dominant models for G894T,
T786C, and G23T polymorphisms have produced nonsignif-
icant results; and heterogeneity was ranging from none to
high. There was consistency of genetic effects across differ-
ent ethnicities, because they were not differentiated from the
overall effect. However, the results for G23T were derived
from a very small number of studies. Overall and in whites,
significant results and lack of heterogeneity were observed
for polymorphism 4b/a under a recessive model for allele b,
conferring protection. In contrast, the association was not
significant in East Asians, but the number of studies was
small to draw safe conclusions. In all of the polymorphisms
under investigation, the ORs for the allelic and dominant
models were estimated based on fewer studies than the
recessive model.

The overall lack of association between G894T, T786C,
and G23T polymorphisms and hypertension and the discrep-
ancy of results between whites and East Asians for 4b/a might
be because of other unidentified functional mutations that
exist in the eNOS gene that affect the susceptibility to
hypertension.26 It has been reported that the polymorphisms
might be in linkage disequilibrium, and interaction of the
polymorphisms within haplotypes can be a major determinant
of disease susceptibility rather than the individual poly-
morphism. Thus, individual eNOS genotypes might not be
reliable markers of risk for developing hypertension. Then, a
meta-analysis of eNOS haplotypes, combinations of poly-

morphisms, may provide more reliable information than
single polymorphisms.54 Genome scans and genome search
meta-analysis55 have provided evidence for genetic linkage in
hypertension; however, none of the loci with suggestive
linkage included the eNOS gene. Discrepant results could be
because of other loci that may have an effect on the genetic
susceptibility to hypertension that is also in linkage disequi-
librium with the examined polymorphisms of eNOS gene.
Although there is a strong genetic contribution to hyperten-
sion,4 other complex mechanisms1 and environmental inter-
actions (eg, smoking) may play a role in the pathogenesis of
hypertension.56 However, a meta-analysis of eNOS and is-
chemic heart disease involving �23 000 subjects57 showed
that individuals homozygous for the Asp298 and intron-4a
alleles of eNOS are at moderately increased risk of ischemic
heart disease.

Sampling variability and stratification in case–control
study design can be a possible confounding factor on the role
of genetic markers. In addition, misclassification in case–
control studies might exist, because selection of participants
can be based on a limited number of blood pressure measure-
ments. The strict selection criteria ensure a clear case and
control definition for meta-analysis, because if the possibility
for a case to be considered as a control is minimized, then, the
estimation of risk is unbiased. Prevalence of essential hyper-
tension rises gradually with age, and it is maximized in
elderly individuals.58 In addition, age is independently asso-

TABLE 4. The Distribution of the T786C Genotype for Cases and Controls (in Parenthesis Are the Respective Percentages)

All
Studies,
Reference

Distribution of T786C eNOS Genotype Allele Frequency

P HWE
Controls

TT TC HWE T C

Cases Controls Controls Controls Cases Controls Cases Controls Cases Controls

50 324 (80) 362 (79) 77 (19)* 94 (20)* na

29 1215 (78) 2023 (80) 311 (20) 462 (18) 13 (0.) 31 (1.) 2741 (89) 4508 (89) 337 (10) 524 (10) 0.43

4 34 (32) 240 (40) 48 (45) 277 (46) 24 (22) 82 (13) 116 (54) 757 (63) 96 (45) 441 (36) 0.89

51 38 (27) 16 (33) 69 (50) 22 (45) 30 (21) 10 (20) 145 (52) 54 (56) 129 (47) 42 (43) 0.65

32 26 (24) 27 (28) 50 (47) 46 (48) 29 (27) 21 (22) 102 (48) 100 (53) 108 (51) 88 (46) 0.88

1, white 37 (33) 36 (31) 62 (55) 61 (53) 13 (11) 16 (14) 136 (60) 133 (58) 88 (39) 93 (41) 0.22

1, black 49 (54) 41 (47) 36 (40) 41 (47) 5 (5) 4 (4) 134 (74) 123 (71) 46 (25) 49 (28) 0.16

Total 1723 (69) 2745 (70) 653 (26) 1003 (25) 114 (4) 164 (4) 3374 (80) 5675 (82) 804 (19) 1237 (17)

The significant level (P) for HWE testing for controls is shown.
*Data concerned TC�CC.

TABLE 5. The Distribution of the G23T Genotype for Cases and Controls (in Parenthesis Are the Respective Percentages)

All
Studies,
Reference

Distribution of G23T eNOS Genotype Allele Frequency

P HWE
Controls

GG GT TT G T

Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls

52 94 (47) 46 (43) 83 (41) 46 (43) 21 (10) 14 (13) 271 (68) 138 (65) 125 (31) 74 (34) 0.65

24 135 (43) 66 (53) 138 (44) 46 (37) 36 (11) 11 (8) 408 (66) 178 (72) 210 (33) 68 (27) 0.48

25 78 (35) 79 (32) 140 (64)* 161 (67)* na

53 40 (37) 50 (42) 52 (48) 55 (46) 16 (14) 13 (11) 132 (61) 155 (65) 84 (38) 81 (34) 0.70

Total 347 (41) 241 (41) 413 (49) 308 (52) 73 (8) 38 (6) 811 (65) 471 (67) 419 (34) 223 (32)

The significant level (P) for HWE testing for controls is shown.
*Data concerned GT�TT.
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ciated with increased rates of hypertension. Thus, the absence
of high blood pressure in young patients does not exclude the
possibility of developing hypertension later. In many studies,
young individuals were frequently included as controls.
Therefore, a control group may include cases that are still at
risk for developing hypertension. In the meta-analysis pre-
sented here, stratification because of ethnicity was taken into
account, and the cases and controls were well defined with

similar inclusion criteria, although they unavoidably cover a
wide spectrum of disease in terms of duration, demographics,
and other manifestations.

Perspectives
The present meta-analysis supported an association between
hypertension and eNOS 4b/a polymorphism: the allele b
under a recessive model provided evidence of protection,

TABLE 6. ORs and Heterogeneity Results for the Genetic Contrasts of G894T, 4b/a, T786C,
and G23T eNOS Polymorphisms for Hypertension

Polymorphism Population FE OR (95% CI) RE OR (95% CI) Studies I2, %
P

Q Test

G894T

G vs T All 1.00 (0.95 to 1.06) 1.01 (0.93 to 1.10) 16 29 0.13

Sensitivity 0.99 (0.93 to 1.05) 0.99 (0.93 to 1.05) 14 0 0.52

Whites 1.01 (0.94 to 1.08) 1.01 (0.92 to 1.11) 10 17 0.29

East Asians 1.06 (0.92 to 1.22) 1.06 (0.92 to 1.22) 3 0 0.65

Recessive model All 0.98 (0.92 to 1.05) 1.01 (0.87 to 1.17) 20 69 �0.01

Sensitivity 1.00 (0.93 to 1.08) 1.00 (0.93 to 1.08) 14 0 0.79

Whites 1.06 (0.97 to 1.16) 1.13 (0.96 to 1.34) 11 50 0.03

East Asians 0.86 (0.76 to 0.98) 0.78 (0.52 to 1.18) 5 87 �0.01

Blacks 1.38 (0.85 to 2.22) 1.38 (0.86 to 2.22) 2 0 0.49

Dominant model All 0.97 (0.84 to 1.12) 0.96 (0.83 to 1.15) 15 0 0.86

Sensitivity 0.96 (0.82 to 1.11) 0.95 (0.82 to 1.11) 14 0 0.83

Whites 0.98 (0.83 to 1.15) 0.97 (0.83 to 1.14) 9 0 0.86

East Asians 1.19 (0.64 to 2.21) 1.10 (0.59 to 2.04) 3 0 0.67

4b/a

b vs a All 0.85 (0.74 to 0.98) 0.85 (0.74 to 0.98) 12 0 0.82

Whites 0.83 (0.69 to 0.99) 0.83 (0.69 to 0.99) 6 0 0.58

East Asians 0.94 (0.71 to 1.24) 0.94 (0.71 to 1.25) 4 0 0.54

Recessive model All 0.78 (0.68 to 0.90) 0.78 (0.67 to 0.91) 15 12 0.32

Sensitivity 0.76 (0.64 to 0.90) 0.76 (0.64 to 0.91) 11 11 0.34

Whites 0.76 (0.62 to 0.92) 0.76 (0.60 to 0.95) 7 23 0.25

East Asians 0.83 (0.67 to 1.04) 0.82 (0.62 to 1.08) 6 33 0.19

Dominant model All 1.38 (0.85 to 2.24) 1.28 (0.71 to 2.29) 11 14 0.31

Whites 0.86 (0.45 to 1.61) 0.84 (0.43 to 1.64) 6 0 0.58

East Asians 8.30 (1.86 to 36.97) 5.68 (1.62 to 19.85) 3 0 0.77

T786C

T vs C All 0.92 (0.82 to 1.02) 0.91 (0.81 to 1.03) 6 4 0.39

Whites 0.84 (0.70 to 1.01) 0.84 (0.69 to 1.01) 4 4 0.37

Recessive model All 0.93 (0.82 to 1.05) 0.93 (0.82 to 1.05) 7 0 0.63

Sensitivity 0.91 (0.79 to 1.03) 0.91 (0.79 to 1.04) 6 0 0.65

Whites 0.81 (0.62 to 1.07) 0.81 (0.62 to 1.07) 4 0 0.74

East Asians 0.94 (0.82 to 1.09) 0.94 (0.82 to 1.09) 2 0 0.35

Dominant model All 0.87 (0.66 to 1.16) 0.88 (0.62 to 1.24) 6 27 0.23

Whites 0.76 (0.55 to 1.06) 0.76 (0.53 to 1.09) 4 15 0.32

G23T

G vs T Whites 0.88 (0.72 to 1.08) 0.89 (0.68 to 1.17) 3 44 0.17

Recessive model All 0.93 (0.75 to 1.16) 0.93 (0.70 to 1.22) 4 35 0.20

Sensitivity 0.84 (0.64 to 1.11) 0.85 (0.61 to 1.19) 3 35 0.21

Whites 0.84 (0.64 to 1.11) 0.85 (0.61 to 1.19) 3 35 0.21

Dominant model Whites 0.88 (0.58 to 1.35) 0.89 (0.58 to 1.36) 3 0 0.46
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Figure 2. RE OR estimates with the corresponding 95% CI for the recessive models of (A) G894T allele G, (B) 4b/a allele b, (C) T786C allele
T, and (D) G23T allele G and the risk of hypertension. The OR estimate of each study is marked with a �. The size of the square represents
the weight that the corresponding study exerts in the meta-analysis. The CIs of pooled estimates are displayed as a horizontal line through
the diamond; this line might be contained within the diamond if the confidence interval is narrow. The horizontal axis is plotted on a log scale.

Figure 3. Cumulative meta-analysis: the RE-pooled
OR with the corresponding 95% CI at the end of
each year; information step is shown.
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mainly when analysis was confined to whites. There was no
detectable influence of the G894T, T786C, and G23T poly-
morphisms. The results of the present meta-analysis should
be interpreted with some degree of caution, because the
numbers of studies and participants were relatively small.
Wide genome scans and family-based tests for association,
together with large case–control studies that investigate
combinations of the polymorphisms59 and gene–environment
interaction,60 should be performed to make conclusive claims
about the genetics of hypertension.

Disclosures
None.
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