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Abstract: Candidate-gene association studies that examined the asso-
ciation between polymorphisms of endothelial nitric oxide synthase
(NOS3) gene (G894T, 4b/a, and T786C) and diabetic nephropathy or
diabetes leading to severe nephropathy produced inconclusive results.
Thus, a meta-analysis of all candidate-gene association studies with
endothelial nitric oxide synthase genotyping (7401 cases and 8046
controls) was conducted. Other study designs, such as family-based
association studies and genome-wide linkage and association studies
were also reviewed for supportive evidence of implication of endothe-
lial nitric oxide synthase gene in diabetic nephropathy. The meta-analysis
showed that G894T is significantly associated with diabetic nephropathy
and diabetes leading to severe nephropathy in type 2 diabetics and in East
Asians, respectively. Concerning the 4b/a polymorphism and its relation-
ship to diabetes leading to severe nephropathy, a significant association was
shown for East Asians. Heterogeneity between studies was in general high.
There was no differential magnitude of effect in large versus small studies.
One genome-wide linkage scan provided evidence of linkage nearby the
endothelial nitric oxide synthase locus. Studies exploring gene and envi-
ronment interactions with endothelial nitric oxide synthase polymorphisms
may help understand better the genetics of diabetic nephropathy. Genet
Med 2009:11(10):695–706.
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Gene and gene variants
Vascular endothelial nitric oxide (NO) regulates endothelial

function and precipitates vasodilatory effects in multiple organs,
including the kidney.1 NO is produced by the oxidation of
L-arginine to L-citrulline by NO synthase (NOS). There are
three isoforms of NOS: endothelial NOS (eNOS), neuronal
NOS, and inducible NOS.2,3 Each isoform is coded by separate
genes with a different pattern of expression.4 The eNOS gene
(NOS3) is located on chromosome 7q35-36, and it comprises 26
exons and 25 introns, with an entire length of 21kb.4 Variants of
eNOS gene contribute to endothelial dysfunction and attenuate
the NO production.5 Dysfunctional eNOS may play a critical
role in the pathogenetic pathway, leading to diabetic vascular

complications including diabetic nephropathy (DN).6 Several
polymorphisms of the eNOS gene have been identified, and their
association with various diseases has been investigated, includ-
ing coronary artery disease, myocardial infarction, coronary
spasm, hypertension, end-stage renal disease (ESRD), and
DN.4,7–10 The most clinically relevant polymorphisms that have
been described in the eNOS gene11 are the following: (i) a
G894T substitution in exon 7 that results in a Glu to Asp
substitution at codon 298,7 (ii) an insertion-deletion in intron 4
consisting of two alleles (the a-deletion has 4 tandem 27-bp
repeats, and the b-insertion has 5 repeats),12 and (iii) a T786C
substitution in the promoter region, which is strongly linked to
4b/a. The allele C of T786C polymorphism decreases promoter
activity to less than half of normal activity, influencing thereby
the progression of renal disease.8,13 Recent findings have im-
plicated these polymorphisms of eNOS gene in DN.5

Disease
DN is a chronic microangiopathic complication of both type

1 (T1DM) and type 2 diabetes mellitus (T2DM) and is the
primary cause of ESRD.14 The syndrome is typically observed
in patients with diabetes duration of �15 years. The disease has
higher prevalence in men and is characterized by a progressive
clinical course, ultimately leading to death. The typical clinical
course includes the following consecutive stages15: microalbu-
minuria, macroalbuminuria (or proteinuria), and chronic renal
failure, which ends up in ESRD. Existence of microalbuminuria
is very frequently not accompanied by any histological lesions
in the glomeruli, and it may even be reversible in a considerable
number of cases. Therefore, overt DN is strictly defined based
on the existence of proteinuria and/or renal failure.16 The risk
for DN is greater when blood glucose is poorly controlled.
However, the development of DN cannot be predicted only
from glycemic control: 30% of diabetics ever develop DN, even
if blood glucose control is excellent.17 Complications of chronic
renal failure are more likely to occur earlier and progress more
rapidly when the cause of renal failure is diabetes. Even after
initiation of dialysis or after transplantation, patients with diabetes
tend to do worse than those without diabetes. However, the etiol-
ogy of DN is multifactorial and involves both environmental and
genetic factors.18 A familial clustering of DN indicated that a
genetic predisposition is implicated in the pathogenesis of DN in
both types of diabetes.19–23 Nevertheless, the genetic component of
the pathophysiologic process of DN has not yet been deciphered.24

Because numerous genetic and environmental factors, along with
their interactions, are considered to be implicated in the pathogen-
esis of DN, polymorphisms of individual genes are expected to
confer a modest risk to susceptibility of DN.

Genetic association studies that examined whether variants in
eNOS gene are associated with DN or with diabetes leading to
severe nephropathy (DSN) have yielded conflicting or incon-
clusive results. The lack of replication might be due to small
sample sizes, different populations, sampling strategies, geno-
typing procedures, and number of loci included in the studies.25
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To shed some light on these controversial results and to provide
better power to detect smaller effect sizes, a comprehensive
meta-analysis of all available candidate-gene population-based
association studies relating variants of the eNOS gene to the risk
of developing DN, or DSN, was performed.25,26 In the meta-
analysis, a spectrum of genetic contrasts was explored. In ad-
dition, the heterogeneity between studies and the existence of
potential bias were investigated.25,27 Cumulative meta-analysis
were also performed.25,28 Other study designs such as family-
based association studies and genome-wide linkage and associ-
ation studies were also reviewed for evidence that supports
implication of eNOS gene in DN.

METHODS

Identification and eligibility of relevant studies
Candidate-gene case-control studies that determined the ge-

notype distribution of G894T, 4b/a, and T786C polymorphisms
in cases with diabetes and nephropathy, and (i) in diseased
controls (subjects with diabetes and free of DN) or (ii)
in healthy controls, were eligible for inclusion in the meta-
analysis. The former showed association with DN and the latter
showed association with DSN. Cases with diabetes were con-
sidered as suffering from DN on the basis of a persistent
albuminuria (i.e., macroalbuminuria, equivalent to an overt glo-
merular proteinuria) or a persistent microalbuminuria with or
without chronic renal insufficiency and in the absence of non-
diabetic renal disease or patients with ESRD or renal transplan-
tation. Cases groups consisting exclusively of subjects with
microalbuminuria were excluded from the meta-analysis. The
diseased control group consisted of subjects with diabetes and
free of diabetic kidney disease, i.e., normoalbuminuria and
normal renal function. Only studies in human subjects that used
validated genotyping methods were considered.29 Case reports,
editorials, and review articles were also excluded. In studies
with overlapping cases or controls, the most recent and/or the
largest in size study with extractable data were included in the
metaanalysis. Family-based association studies, genome-wide
linkage scans, and genome-wide association studies were in-
cluded in the search for additional evidence implicating the
eNOS gene in the pathogenesis of DN.

We searched PubMed (until December 2008) for English
language articles using the following search criteria: gene or
polymorphism, eNOS or endothelial nitric oxide synthase or
nitric oxide synthase) and diabetic nephropathy or nephropathy
or ESRD. The retrieved studies were then read in their entirety
to assess their appropriateness for inclusion in the meta-analy-
sis. All references cited in the studies were also reviewed to
identify additional published work not indexed by the PubMed
database.

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, and T786C genotypes. 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 performed blinded to clinical status. When studies investi-
gated more than one polymorphism, information on linkage
disequilibrium (LD) and haplotype estimation (or combined
genotypes) was recorded.

Data synthesis and analysis
The meta-analysis examined the association between each

polymorphism and the risk of DN, or the risk of DSN, for the:
(i) allele contrast, (ii) recessive, (iii) dominant, and (iv) additive
models.24,30,31 The associations were indicated as a pooled odds
ratio (OR) with the corresponding 95% confidence interval (CI).

The heterogeneity between studies was tested using the Q-
statistic.32 If PQ �0.10, then heterogeneity was considered statis-
tically significant. Heterogeneity was quantified with the I2 metric,
which is independent of the number of studies in the meta-analysis.
I2 takes values between 0 and 100%, with higher values denoting
greater degree of heterogeneity.33 The pooled OR was estimated
using random effects (RE) models.34 RE modeling assumes a
genuine diversity in the results of various studies, and it incorpo-
rates to the calculations a between-study variance. When there is
lack of heterogeneity, the RE model coincides with the fixed
effects model.25

A cumulative meta-analysis was performed to evaluate the
trend of OR in time.25,28 In cumulative meta-analysis, studies
were chronologically ordered by publication year, then the
pooled ORs were obtained at the end of each year, i.e., at each
information step. Cumulative meta-analysis provides a frame
work for updating a genetic effect from all studies as evidence
accumulates.25 The cumulative meta-analysis was performed
for the allele contrast of polymorphisms investigated in more
than five information steps. A differential magnitude of effect in
large versus small studies25 for the allele contrast of the most
commonly studied polymorphism (4a/b) was checked using the
test proposed by Harbord et al.35

The meta-analysis consisted of the main (overall) analysis,
which includes all available data, subgroup analyses by race (or
ethnicity), and diabetes type. A sensitivity analysis, which ex-
amines the effect of excluding specific studies, was also per-
formed.25 The distribution of the genotypes in the healthy
control group was tested whether it is in Hardy-Weinberg
equilibrium (HWE) using an exact test.36 The meta-analysis was
subjected to sensitivity analysis for studies with the controls not
in HWE.37 Analyses were performed using Meta-Analyst
(Joseph Lau, Boston, MA, 1998), and Compaq Visual Fortran
90 (International Mathematics and Statistics Library).

RESULTS

Eligible studies and study characteristics
The literature review identified 92 titles in PubMed. The full

articles of the retrieved studies were read to assess their appro-
priateness for meta-analysis according to the inclusion criteria.
Data from 20 articles that investigated the association between
any of the G894T, 4a/b, and T786C polymorphisms and DN or
DSN met the inclusion criteria, and they were included in the
meta-analysis.2–6,13,38–51 Two articles involved only patients
with microalbuminuria, and therefore these articles were exclud-
ed.52,53 The genotype distribution of one study54 was identical with
the one in Nagase et al.,44 and in one study,55 the subjects over-
lapped with the subjects of the study by Buraczynska et al.43 Figure
1 presents a flowchart of retrieved studies and studies excluded,
with specification of reasons. The studies were published be-
tween 1999 and 2008.

A list of details abstracted from the studies included in the
meta-analysis is provided in Table 1. Four articles investigated
association with both DN and DSN. Thus, data were obtained
from 24 studies. In investigating association with DN, 5 studies
dealt with G894T, 10 with 4b/a, and 3 with T786C. For DSN,
five studies dealt with G894T, nine with 4b/a, and two with
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T786C. Three studies investigated the three polymorphisms
together and two studies two polymorphisms (G894T and 4a/b).
In all studies, valid genotyping methods were used: polymerase
chain reaction (PCR) and restriction of the PCR product with
the corresponding enzyme or PCR with allele specific probes
(G894T and T786C), and electrophoretic differentiation (4b/a).
Thirteen studies involved cases with T2DM and three with
T1DM. The remaining studies did not specify the diabetes type,
and all of them investigated DSN. Nine studies on DSN con-
cerned patients with ESRD, and one study involved cases with
microalbuminuria (18% of cases).40 Three studies in DN, and
one study in DSN, stated that the controls were gender and sex
matched. Studies were conducted in various populations of
racial descent: 5 involved whites, 14 East Asians, and 5 other
ethnicities (Asian Indians, Arabs, and mixed). Data were ex-
tracted by the two authors, and disagreements were resolved
after discussion.

The search criteria and the review of the cited references also
identified 2 family-based association studies for eNOS in DN,4,56

12 genome-wide linkage scans,57–68 and 3 genome-wide associa-
tion studies69–71 (two of them were overlapping,70,71 and conse-
quently, only the most recent one was evaluated70).

Summary statistics
The studies in DN provided 1942/1461 cases/controls for

G894T, 2663/2232 cases/controls for 4b/a, and 857/845 cas-
es/controls for T786C. One study4 provided data only for the

allele frequencies. The frequency (%) of alleles 894T, 4b,
and T786C in cases/controls were 33.8/30.7, 17.0/15.5, and
28.8/25.8, respectively.

The studies in DSN provided 755/1541 cases/controls for
G894T, 674/1231 cases/controls for 4b/a, and 510/736 for
T786C. One study3 provided data only for the 894T carriers.
The frequency (%) of alleles 894T, 4b, and T786C in cases/
controls were 34.8/21.7, 18.0/13.4, and 25.8/19.7, respectively.
The frequency of the risk allele for each individual study
polymorphism for cases and controls is given in Table 1.

In one study,44 the distribution of the genotypes in control
group was not in HWE (P � 0.05), indicating genotyping errors
and/or population stratification25; therefore, a sensitivity analy-
sis was performed excluding this study. Three studies provided
analyses of eNOS haplotypes.4–6 One study6 reported lack of
significant LD among the three studied polymorphisms.

Main results, subgroup, and sensitivity analyses
Table 2 shows the meta-analysis results for both DN and

DSN for each polymorphism. Figure 2, a–c shows the results
for the association between the different polymorphisms and the
risk of DN, and Figure 3, a and b shows the results for DSN. We
now analyze and further discuss the significant findings for each
polymorphism in turn.

Overall, for the G894T polymorphism and its relationship to
DN, only the allele contrast (T versus G) showed a marginally
significant association (OR � 1.36, 95% CI: 1.02–1.81), and the
heterogeneity between studies was significant (PQ �0.01, I2 �
83%). In subgroup analysis for patients with T2DM, significant
results were derived for all genetic contrasts except for the
codominant model. The other subgroup analyses yielded non-
significant results.

Regarding the relationship between the G894T polymor-
phism and the DSN, the heterogeneity between studies was
significant (PQ �0.01, I2 � 83%), and the analysis detected an
association for the allele contrast: OR � 2.59, 95% CI: 1.37–
4.88. All remaining genetic contrasts also produced significant
results. The results for T2DM were not consistent with the
overall results; however, these results were based only on two
studies and definitive conclusions cannot be drawn. In subgroup
analysis for East Asians, the allele contrast showed significant
association: OR � 3.47, 95% CI: 2.35–5.12. The dominant
models, additive models, and codominant effects were also
significant. The sensitivity analysis for HWE did not alter the
pattern of results.

For the 4b/a polymorphism in DN, overall, the allele contrast
showed significant heterogeneity between studies (PQ � 0.04,
I2 � 48%), and the association was not significant (OR � 1.14,
95% CI: 0.96–1.39). However, the recessive and additive mod-
els were marginally significant. In no other case were found any
significant results.

Concerning the 4b/a polymorphism and its relationship to
DSN, overall, the allele contrast showed heterogeneity between
studies (PQ �0.01, I2 � 72%), and the association was signif-
icant (OR � 1.56, 95% CI: 1.15–2.12). The rest genetic models
also produced significant associations. In subgroup analysis,
only East Asians showed significant associations for the reces-
sive and additive models. The information provided for T2DM
or whites was very limited, and the nonsignificant results pro-
duced for these subgroups should be interpreted with caution.

The overall analysis detected a marginal association between
the T786C polymorphism and the risk of DN only for the allele
contrast (OR � 1.18, 95% CI: 1.01–1.37) and lack of hetero-
geneity (PQ � 0.73, I2 � 0%). For DSN, a marginal significant
association was only derived for the dominant model (OR �

Fig. 1. Flowchart of retrieved studies and studies ex-
cluded, with specification of reasons.
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Table 2 Random effects odds ratios and heterogeneity results for the genetic contrasts of G894T, 4b/a, and T786C eNOS
gene polymorphisms for diabetic nephropathy (DN) and diabetes (DM) leading to severe nephropathy (DSN)

Population Studies OR 95% CI I2, % (PQ)

G894T

DN

T vs. G All 5 1.36 1.02–1.81 83 (�0.01)

DM type 1 2 1.32 0.64–2.72 NA (�0.01)

DM type 2 3 1.31 1.12–1.53 0 (0.41)

Whites 2 1.32 0.64–2.72 NA (�0.01)

Recessive model All 4 1.40 0.97–2.02 54 (0.12)

DM type 2 3 1.69 1.22–2.34 0 (0.88)

Dominant model All 4 1.19 0.87–1.61 67 (0.03)

DM type 2 3 1.32 1.06–1.64 3 (0.36)

Additive model All 4 1.44 0.90–2.30 68 (0.04)

DM type 2 3 1.81 1.28–2.57 0 (0.89)

Codominant All 4 0.99 0.79–1.23 42 (0.16)

DM type 2 3 1.10 0.79–1.54 46 (0.16)

DSN

Allele contrast All 4 2.59 1.37–4.88 83 (�0.01)

All in HWE 3 2.41 1.14–5.09 86 (�0.01)

DM type 2 2 1.78 0.96–3.30 NA (0.08)

East Asians 3 3.47 2.35–5.12 0 (0.68)

Recessive model All 5 1.87 1.34–2.61 0 (0.71)

All in HWE 4 1.82 1.30–2.54 0 (0.97)

DM type 2 2 1.83 1.30–2.57 0 (0.91)

East Asians 3 2.90 0.69–12.62 0 (0.79)

Dominant model All 4 3.01 1.59–5.70 87 (�0.01)

All in HWE 3 3.49 1.10–11.07 90 (�0.01)

DM type 2 2 1.92 0.97–3.79 NA (0.08)

East Asians 4 3.78 1.95–7.35 67 (0.06)

Additive model All 4 2.24 1.57–3.20 0 (0.65)

All in HWE 3 2.16 1.51–3.11 0 (0.79)

DM type 2 2 2.12 1.47–3.06 NA (0.95)

East Asians 3 5.11 1.20–21.82 0 (0.85)

Codominant All 4 3.04 1.09–8.47 90 (�0.01)

All in HWE 3 3.17 0.84–11.97 93 (�0.01)

DM type 2 2 1.72 0.66–4.50 NA (0.01)

East Asians 3 4.47 1.91–10.43 67 (0.05)

(Continued)
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Table 2 Continued

Population Studies OR 95% CI I2, % (PQ)

4b/a

DN

b vs. a All 10 1.14 0.96–1.37 48 (0.04)

DM type 1 3 1.18 0.92–1.51 58 (0.09)

DM type 2 7 1.14 0.85–1.52 51 (0.06)

Caucasians 3 1.18 0.92–1.51 58 (0.09)

East Asians 5 1.23 0.71–2.11 54 (0.07)

Recessive model All 10 1.68 1.07–2.66 35 (0.13)

DM type 1 3 1.32 0.85–2.05 0 (0.48)

DM type 2 7 2.09 0.88–4.95 49 (0.07)

Caucasians 3 1.32 0.85–2.05 0 (0.48)

East Asians 5 1.89 0.67–5.35 0 (0.54)

Dominant model All 10 1.07 0.90–1.27 33 (0.14)

DM type 1 3 1.17 0.89–1.52 52 (0.12)

DM type 2 7 0.98 0.77–1.26 22 (0.26)

Caucasians 3 1.17 0.89–1.52 53 (0.12)

East Asians 5 1.18 0.71–1.97 40 (0.15)

Additive model All 10 1.68 1.06–2.67 35 (0.13)

DM type 1 3 1.35 0.87–2.10 0 (0.37)

DM type 2 7 2.03 0.86–4.79 48 (0.07)

Caucasians 3 1.35 0.87–2.10 0 (0.37)

East Asians 5 1.93 0.68–5.47 0 (0.49)

Codominant model All 10 0.97 0.80–1.18 39 (0.10)

DM type 1 3 1.09 0.88–1.35 24 (0.27)

DM type 2 7 0.85 0.64–1.13 30 (0.20)

Caucasians 3 1.09 0.88–1.35 24 (0.27)

East Asians 5 1.03 0.71–1.49 5 (0.38)

DSN

Allele contrast All 9 1.56 1.15–2.12 72 (�0.01)

DM type 2 3 1.69 0.95–3.00 61 (9.08)

Caucasians 2 1.57 0.49–5.02 NA (�0.01)

East Asians 5 1.49 0.95–2.33 55 (0.06)

Recessive model All 9 3.18 1.78–5.68 19 (0.27)

DM type 2 3 3.31 0.70–15.65 36 (0.21)

Caucasians 2 3.44 0.43–27.7 NA (0.02)

East Asians 5 5.40 1.15–25.26 0 (�0.70)

Dominant model All 9 1.52 1.11–2.09 65 (�0.01)

DM type 2 3 1.50 0.99–2.25 29 (0.25)

Caucasians 2 1.55 0.43–5.52 NA (�0.01)

East Asians 5 1.44 0.96–2.17 39 (0.16)

(Continued)
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1.63, 95% CI: 1.03–2.55). However, the results were based only
on two studies; thus, inferences should be made with caution.

Potential bias
None of the studies included in the meta-analysis stated that

genotyping was performed by genotyping personnel blinded to
clinical status. For the allele contrast of G894T in DN, there is
statistical difference between the OR of the first study4 versus
the OR of the subsequent studies (P � 0.02). The pooled OR
without the first study was RE OR � 1.20, 95% CI: 0.93–1.55.

Although cumulative meta-analysis for 4b/a polymorphism
in DN indicated a downward trend of association in the whole
studied period (2000–2008; Fig. 4), it is evident that this trend
is attributed to the first three studies (published in 2000). When
the data of the period 2002–2008 were considered separately,
there was an upward trend in cumulative OR for this period (in
2002, OR � 0.92, 95% CI: 0.63–1.34; in 2003, OR � 1.00,
95% CI: 0.80–1.25; in 2006, OR � 1.03, 95% CI: 0.89–1.20;
and in 2008, OR � 1.03, 95% CI: 0.91–1.15). For the recessive

and additive models, exclusion of one study6 diminished the
significance of the associations found, and the ORs were as
follows: OR � 1.29, 95% CI: 0.92–1.79 and OR � 1.28, 95%
CI: 0.92–1.79, respectively. In both contrasts, there were statis-
tical differences between the OR of the excluded study6 versus
the OR of the remaining studies (P � 0.02 and P � 0.03,
respectively). The test by Harbord et al.35 for 4b/a in DN
indicated that there is no differential magnitude of effect in
large versus small studies (P � 0.24).

However, for the 4b/a polymorphism in DSN, cumulative
meta-analysis indicated a trend of association as information
accumulates (Fig. 4). The test by Harbord et al.35 for 4b/a in
DSN indicated that there is no differential magnitude of effect
in large versus small studies (P � 0.75).

Evidence from family-based and genome-wide
study designs

The two family-based association studies investigated differ-
ent variants. The one study4 examined the T786C and 4b/a

Table 2 Continued

Population Studies OR 95% CI I2, % (PQ)

Additive model All 9 3.76 1.85–7.66 37 (0.13)

DM type 2 3 3.63 0.71–18.60 39 (0.20)

Caucasians 2 3.86 0.33–45.0 NA (0.01)

East Asians 5 5.76 1.23–26.99 0 (0.67)

Codominant model All 9 1.30 1.04–1.64 32 (0.16)

DM type 2 3 1.20 0.95–1.50 0 (0.62)

Caucasians 2 1.26 0.49–3.26 NA (0.01)

East Asians 5 1.36 1.00–1.85 0 (0.41)

T786C

DN

T vs. C All 3 1.18 1.01–1.37 0 (0.73)

DM type 2 2 1.15 0.97–1.38 NA (0.50)

Recessive model All 3 1.86 0.70–4.92 82 (�0.01)

DM type 2 2 1.93 0.29–12.64 NA (0.01)

Dominant model All 3 1.17 0.96–1.42 0 (0.76)

DM type 2 2 1.21 0.97–1.50 NA (0.65)

Additive model All 3 1.83 0.77–4.39 75 (0.02)

DM type 2 2 2.02 0.35–11.63 NA (0.01)

Codominant model All 3 0.98 0.66–1.44 71 (0.03)

DM type 2 2 1.13 0.77–1.67 NA (0.10)

DSN

Allele contrast All 2 1.50 0.99–2.29 NA (0.14)

Recessive model All 2 1.40 0.87–2.26 NA (0.82)

Dominant model All 2 1.63 1.03–2.55 NA (0.14)

Additive model All 2 1.59 0.97–2.59 NA (0.80)

Codominant model All 2 1.59 0.94–2.69 NA (0.10)
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polymorphisms and indicated no significant transmission from
parents to offspring of T and C alleles of T786C polymorphism
in advance nephropathy and proteinuria (OR � 1.41, 95% CI:
0.91–2.19 and OR � 0.87, 95% CI: 0.57–1.33, respectively).
For the 4b/a polymorphism, the transmission was significant for
advanced nephropathy, but it was not for proteinuria (OR �
1.89, 95% CI: 1.07–3.34 and OR � 1.04, 95% CI: 0.60–1.80,
respectively). The other study56 investigated four different vari-
ants of eNOS than those described earlier: C1067T, A26G,
G894T, and A15G; none of these variants produced a significant
transmission (OR � 1.15, 95% CI: 0.63–2.09, OR � 1.08, 95%
CI: 0.63–1.84, OR � 1.10, 95% CI: 0.61–1.98, and OR � 1.14,
95% CI: 0.64–2.05, respectively). Only one genome-wide link-
age scan60 provided evidence of linkage at the chromosomal
region 7q36, which harbors the eNOS gene. None of the ge-
nome-wide association studies69,70 showed association with
eNOS gene polymorphisms.

DISCUSSION

Why some diabetics develop nephropathy, whereas others do
not, despite having a long-term hyperglycemia,17 remains an

unresolved question. Because known environmental factors do
not fully explain this, researchers have sought the answer at the
genetic background of the host. Polymorphisms in the eNOS
gene that lead to decreased NO expression have been implicated
with DN. The mechanism responsible for the potential associ-
ation between eNOS polymorphisms and risk of DN is not
known yet. However, variants of eNOS gene may cause defec-
tive NO synthesis and decreased NO levels, enhancing the
susceptibility to glomerular disease and deteriorating the renal
function.6,42 Therefore, this metabolic pathway of diabetes may
be involved in renal complications of diabetes. To partly ad-
dress the main limitation of the published candidate-gene asso-
ciation studies—the low sample sizes in single studies, because
usually thousands of individuals are needed to provide convinc-
ing information—a meta-analysis of all eligible studies was
performed.

This meta-analysis examined the eNOS G894T, 4a/b, and
T786C polymorphisms and their relationship to susceptibility
for DN. Its strength was based on the accumulation of published
data giving greater information to detect significant differences.
In total, the meta-analysis involved 11 studies for DN and 13
studies for DSN, which provided 5462/4538 cases/controls and

Fig. 2. Random effects (RE) odds ratio (OR) estimates with the corresponding 95% confidence interval (CI) for the allele
contrast (a) G894T allele T, (b) 4b/a allele b, and (c) T786C allele T and the risk of DN. The OR estimate of each study
is marked with a solid black square. 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 CI is narrow. The horizontal axis is plotted on a log scale.
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1939/3508 cases/controls, respectively. Non-English, nonin-
dexed, and nonpublished studies literature were not reviewed,
thus introducing some bias.72 Studies demonstrating significant
results are more likely to be published, especially in English-
language indexed journals, as opposed to studies presenting
negative findings, which are more likely to be published in a
local journal, often nonindexed.73 In this study, the effect of
allele frequency and the effects of the dominant, recessive, and
additive models were estimated. In addition, the consistency of
genetic effects across populations from different ethnicities was
investigated.26 Subgroup analysis by diabetes type, and sensi-
tivity for studies not in HWE, was performed. However, in main
analyses and subgroup analyses, the testing of associations was
based on different amount of information in each instance.
Therefore, any comparisons between the effect sizes should be
interpreted with caution.

For DN, the main analysis showed a marginal association
only for 4b/a polymorphism; however, there was no overall

effect stratified by subgroup. The G894T and T786C polymor-
phisms produced marginal or no associations, except for T2DM
in G894T. Genetic effects were consistent for whites and East
Asians. The overall lack of (or weak) association between
G894T, 4b/a, and T786C polymorphisms and DN might be due
to other unidentified functional mutations that exist in the eNOS
gene that affect the susceptibility to DN. It has been reported
that polymorphisms in LD and their interactions within haplo-
types can be the major determinants of disease susceptibility
instead of the individual polymorphisms.10,74 Individual eNOS
genotypes might not be reliable markers of risk for developing
DN; consequently, a meta-analysis of haplotypes could provide
more reliable information. The family-based and genome-wide
studies did not provide evidence that supports implication of eNOS
in DN, with the exception of one genome-wide linkage scan.

For DSN, the main and subgroup analysis in East Asians
produced significant results for G894T and 4b/a. The subgroup
analyses for T2DM showed significant association for G894T
and nonsignificant for 4b/a; however, these findings were based
on a very small number of studies, and the results should be
interpreted with caution. Sensitivity analysis for HWE in
G894T did not alter the pattern of results. There is no differen-
tial magnitude of effect in large versus small studies. A major
finding of this meta-analysis was that associations differ for
DSN and DN. This implies that eNOS gene may also indicate
susceptibility to diabetes. It has been shown that eNOS poly-
morphisms are implicated in insulin resistance and T2DM75,76;
however, replication studies providing strong evidence of this
association do not exist.

The meta-analysis included only one study with a case group
consisting of patients with persistent macroalbuminuria or mi-
croalbuminuria,40 but the proportion of patients with microalbu-
minuria was very small (18%); thus, the pooled estimated risk
of DN is not underestimated. The different methods used in the
studies to determine urinary albumin excretion and the respec-
tive cutoffs to define macroalbuminuria or microalbuminuria
were equivalent and clinically validated.14

In the meta-analysis, only the unadjusted pooled ORs were
calculated, because data for possible confounding factors that

Fig. 3. Random effects (RE) odds ratio (OR) estimates
with the corresponding 95% confidence interval (CI) for
the allele contrast (a) G894T allele T and (b) 4b/a allele b
and the risk of DSN. The OR estimate of each study is marked
with a solid black square. 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 hor-
izontal line through the diamond; this line might be con-
tained within the diamond if the confidence interval is
narrow. The horizontal axis is plotted on a log scale.

Fig. 4. Cumulative meta-analysis for diabetic nephropa-
thy (DN) and diabetes leading to nephropathy (DSN): the
random effects pooled odds ratio (OR) with the corre-
sponding 95% confidence interval (CI) at the end of each
year-information step is shown.
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influence the estimates of associations (e.g., age, sex, and life-
style) were not provided. Sampling variability and stratification
in genetic association studies could be a possible confounding
factor on the role of genetic markers. The strict selection criteria
ensure a clear case and control definition for meta-analysis,
because when the possibility for a case to be considered as a
control is minimized, then the estimation of risk is unbiased.
The cases and controls of each study were well defined with
similar inclusion criteria, although they unavoidably cover a
wide spectrum of disease, in terms of duration, demographics,
and other clinical manifestations. The existence of diversity of
these factors across studies may result to the presence of het-
erogeneity. In addition, the risk effect may depend on the
interaction with other risk factors: smoking, alcohol consump-
tion, exercise, control of diabetes, and body mass index, all of
which modulate the development of DN.77,78 Prevalence of DN
depends on age, and it is maximized in elderly individuals.
Thus, the absence of DN in young diabetics does not exclude the
possibility of developing DN later. In many studies, younger indi-
viduals were frequently included as controls. Therefore, if a control
group may include cases that are still at risk for developing DN,
then there is a fundamental risk of bias in these studies.

The retrospective design of studies included might have
introduced survival-related bias. If a genetic variant not only
increases the risk of DN but also influences survival, it is
possible that risk-allele carriers will have advanced disease and
die prematurely. Because DN is a disease with dismal progno-
sis, carriers of the risk genotype will be underrepresented at the
time of enrolment in a case-control study. Prospective cohort
studies of diabetic patients being followed up for the develop-
ment of DN could address this issue.

In conclusion, this study supported lack of association be-
tween eNOS polymorphisms and DN and strong association
among eNOS G894T, eNOS 4b/a, and DSN. The results of this
meta-analysis regarding DN should be interpreted with some
degree of caution, because the numbers of studies and partici-
pants were relatively small. However, DN is a complex disease
with multifactorial etiology. Therefore, the contributing patho-
genetic role of lifestyle factors and dietary intake should also be
considered. The existence of gene-environment interactions
may explain the discrepancy of results of individual genetic
association studies, and therefore candidate-gene and genome-
wide25 association studies that investigate gene-environment
interactions79 might further elucidate the genetics of DN.
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