
REVIEW ARTICLE

A meta-analysis of three polymorphisms in the endothelial
nitric oxide synthase gene (NOS3) and their effect on the risk
of diabetic nephropathy

Zhen Zeng • Lina Li • Zhao Zhang •

Yang Li • Zhiyun Wei • Ke Huang •

Lin He • Yongyong Shi

Received: 17 October 2009 / Accepted: 24 December 2009 / Published online: 5 January 2010

� Springer-Verlag 2010

Abstract A number of association studies have inves-

tigated the role of the nitric oxide synthase 3 (NOS3)

gene in the development of diabetic nephropathy (DN).

However, results have been inconclusive, largely because

the studies have focused on a variety of different poly-

morphisms and generate inconsistent results. We per-

formed a meta-analysis of 28 association studies focusing

on three polymorphisms in the NOS3 gene (G894T

(Glu289Asp), 4b/a, and T-786C) and the risk of DN

published before July 2009, covering a total of 10,364

subjects. Although significant heterogeneity was initially

found in the analysis of G894T, it did not remain when

analysis was done by ethnic subgroups. 894T was nega-

tively associated with DN in Caucasian populations of

European origin (OR = 0.896, 0.817–0.983, 95% CI),

but was positively associated with DN in East Asian

(OR = 2.02, 1.20–3.42, 95% CI) and other populations.

Association of the 4b/a variant was observed when studies

involving microalbuminuria were excluded (OR = 1.19,

1.02–1.39, 95% CI). The T-786C variant showed an

overall weak association (OR = 1.16, 1.01–1.34, 95% CI)

with little heterogeneity. In summary, our meta-analysis

of the effect of NOS3 gene polymorphisms on the risk of

DN supports the involvement of the NOS3 gene in the

pathogenesis of DN.

Abbreviations

DN Diabetic nephropathy

DWN Diabetes without nephropathy

DM Diabetes mellitus

NOS3 Nitric oxide synthase 3

ESRD End-stage renal disease

VNTR Variable number tandem repeat

LD Linkage disequilibrium

NADT No antihypertensive drug treatment

SI South Indian

NI North Indian

RFLP Restriction fragment length polymorphism

TDT Transmission disequilibrium test
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Introduction

Diabetic nephropathy (DN), affecting about one-third of

both type 1 and type 2 diabetic patients, is one of the most

serious complications of diabetes, and is the leading cause

of end-stage renal disease (ESRD) in developed countries

(Jacobs and Selwood 1995; Jawa et al. 2004). This

life-threatening disorder is characterized by persistent

albuminuria, raised arterial blood pressure, a lowered

glomerular filtration rate, and high risk of cardiovascular

morbidity and mortality (Jawa et al. 2004).

Susceptibility to DN involves many elements, among

which the genetic factor has been shown to be significant

(Canani et al. 1999; Seaquist et al. 1989). Vascular endo-

thelial dysfunction resulting from impaired nitric oxide

synthase 3 (NOS3) in the endothelial cells of blood vessels

has been suggested as playing an important role in the

pathogenesis of DN (Harrison 1997; Yamada et al. 1995;

Palm et al. 2009; Santilli et al. 2004; Nakagawa 2007), and

recently, Japanese and American scientists have found that

diabetic mice develop advanced DN when NOS3 gene was

knockout (Nakagawa et al. 2007; Mohan et al. 2008; Zhao

et al. 2006; Kanetsuna et al. 2007). NOS3 gene, located in

chromosome 7q36, consists of 27 exons and spans 23.5 kb.

NOS3 converts L-arginine to L-citrulline and releases nitric

oxide (NO) (Moncada and Higgs 1993). NO is a simple

molecular structure with important regulatory activities,

including vasodilation in glomerular, which is important

for the regulation of the glomerular filtration rate (Schmidt

and Walter 1994; Klahr 2001).

There have been a number of association studies of

polymorphisms in NOS3 and DN. Three polymorphisms in

particular [T-786C (rs2070744), in the promoter region;

4b/a, a 27 bp-repeat VNTR in intron 4 and G894T

(rs1799983), which causes a substitution of 298Asp for

298Glu in exon 7 and is also known as Glu298Asp] in

NOS3 have attracted much attention as being potentially

relevant and the vast majority of such association studies

have investigated at least one of these three.

Although functional experiments support the involve-

ment of NOS3 in the pathogenesis of DN, results of

association studies have remained inconsistent. The pur-

pose of our meta-analysis was to evaluate the overall out-

comes of all such eligible studies and to identify the source

of the discrepancies. Previous studies showed no strong LD

between G894T and T-786C in diabetic patients and/or

healthy subjects in various populations (Ahluwalia et al.

2008; Ezzidi et al. 2008; Kankova et al. 2007; Liu et al.

2005). The LD between 4b/a and the two other polymor-

phisms was found to exist in some populations (Ezzidi

et al. 2008; Kankova et al. 2007; Mollsten et al. 2006), but

not in others (Ahluwalia et al. 2008). Given the absence of

strong LD among the three polymorphisms, we analyzed

each of them in the meta-analysis.

Materials and methods

Data collection

The literature included in the current analysis was selected

using HuGE Navigator (Yu et al. 2008) Literature Finder

and by searching the PubMed database with combined

keywords ‘‘diabetic nephropathy’’ ‘‘diabetes’’ ‘‘endothelial

nitric oxide synthase’’ and the abbreviation of the gene

‘‘eNOS’’ ‘‘NOS3’’ ‘‘ECNOS’’. All references cited by

identified eligible studies and previous reviews were

scrutinized to find additional work not indexed by PubMed.

If necessary, raw data not included in papers were obtained

from the author. The analyzed data cover all English and

Chinese language publications up to July 2009.

Inclusion criteria

All the studies included satisfied all the following criteria:

they (1) were association studies between any of the three

polymorphisms in the NOS3 gene and DN; (2) used

diabetic patients without nephropathy as controls; (3)

provided genotypes or alleles distribution in both case and

control groups; (4) were independent studies and the sub-

ject groups investigated did not overlap with each other; (5)

were published in peer-reviewed journals and were indexed

by PubMed or cited by articles indexed by PubMed.

Authors were contacted where clarification was required.

Data extraction

We extracted the following information from each study:

first author, journal, publication year, study design, eth-

nicity of subjects, genotyping method, patient source,

definitions and type of diabetes, definitions and number of

cases and controls, clinical characteristics (gender, age, and

diabetes duration) and matching. The numbers of genotype

or allele distribution were extracted or calculated for both

cases and controls. Diabetic nephropathy was defined as

presenting persistent microalbuminuria, macroalbuminuria,

or various stages of chronic renal insufficiency. Units of

urinary albumin excretion were defined as in Jawa et al.

(2004).

Statistical analyses

The meta-analysis examined the overall and subgroup

association of alleles or genotypes and the risk of DN for
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each polymorphism. Both dominant and recessive models

were applied for genotypic analysis.

Studies were subdivided by ethnicity (Caucasian,

including Caucasian of European origin; East Asian,

including Chinese, Japanese, Korean and Singaporean; and

Mixed, including Asian Indian and Tunisian), genotyping

procedures (RFLP versus others), type of diabetes (type 1

or 2), case definitions (including or excluding microalbu-

minuria), control definitions [diabetes duration of more

than 10 years or no antihypertensive drug treatment

(NADT)], matched clinical characteristics between cases

and controls [gender, age, diabetes duration, age at diabetes

onset, body mass index (BMI) and HbA1c], status of

Hardy–Weinberg equilibrium (HWE) (yes or no) to find the

source of any heterogeneity.

HWE was tested in diabetic patients without

nephropathy within each study. Deviation from HWE was

tested using the v2 test. The effect size was represented by

an odds ratio (OR) with 95% confidence interval (CI).

Cochran’s Q statistic test (DerSimonian and Laird 1986)

and I2 test were used to assess heterogeneity in combined

studies or between the subgroups of studies. Publication

bias was checked using the Begg test (Begg and

Mazumdar 1994) and the Egger test was used for funnel

plot asymmetry (Egger et al. 1997a). The random effect

model was used to calculate pooled OR (DerSimonian

and Laird 1986) with Woolf’s 95% CI (Woolf 1955). P

values of overall OR were generated using the Z test.

Sensitivity analysis was conducted by removing each

study and analyzing the others to ensure no single study

was totally responsible for overall results. The signifi-

cance level was set at 0.05, and all P values were two-

tailed.

The meta-analysis was performed using Comprehensive

Meta Analysis software (Version 2.2.046, BIOSTAT,

Englewood, NJ, USA).

Results

Data summary

Different search approaches identified 27 references

meeting the criteria. Three of these were discarded after

further scrutiny: one because of patient overlap (Komatsu

et al. 2002), the second because the ambiguous disease

status (Ohtoshi et al. 2002) and the third because of unclear

genotype/allele distribution (Nath et al. 2009). A total of 24

references (Ahluwalia et al. 2008; Ezzidi et al. 2008;

Kankova et al. 2007; Liu et al. 2005; Mollsten et al. 2006;

Cai et al. 1998; Weekers et al. 1999; Neugebauer et al.

2000; Zanchi et al. 2000; Fujita et al. 2000; Degen

et al. 2001; Li et al. 2001; Taniwaki et al. 2001; Ukkola

et al. 2001; Lin et al. 2002; Taverna et al. 2002; Shimizu

et al. 2002; Ksiazek et al. 2003; Rippin et al. 2003; Shin

Shin et al. 2004; Dong et al. 2007; Mollsten et al. 2009;

Tiwari et al. 2009; Mamoulakis et al. 2009) were eligible,

including 30 studies. One TDT study (Zanchi et al. 2000)

and one perspective study (Weekers et al. 1999) were

excluded on the basis that they used the same samples for

the case–control study in each report. Twenty-eight studies

eventually met all the criteria for inclusion, and of these 15

focused on the G894T variant, 23 on 4b/a, and 7 on T-

786C. Together, these studies included 5,425 cases and

4,939 control subjects. In most of the studies control sub-

jects exhibited HWE (supplementary tables). The analyses

revealed no publication bias for any of the variants (sup-

plementary figures).

Association of the G894T (Glu298Asp) variant

with DN

The 15 relevant studies included 6,725 individuals (3,585

cases and 3,140 controls) (supplementary table 1). One

study (Zanchi et al. 2000) lacked genotype data and was,

therefore, excluded from the genotypic analysis. More

894T alleles were found in Caucasian (28.7–36.6%) and

Mixed (12.3–34.5%) than in East Asian (5.9–11.7%) con-

trol subjects. For the allelic analysis, there was very sig-

nificant heterogeneity among studies (P \ 0.001,

I2 = 63.1%), most of which was explained by ethnicity

(P = 0.008, I2 = 79.1%) with other factors being much

less important (Table 1).

The susceptible allele was found to be different in dif-

ferent populations. Among Caucasians, 894T was nega-

tively associated with DN (P = 0.020, OR = 0.896,

0.817–0.983, 95% CI), and there was a complete absence

of heterogeneity (P = 0.789, I2 = 0%). In contrast, 894T

was positively associated with DN among East Asians

(P = 0.008, OR = 2.02, 1.20–3.42, 95% CI) and presented

no heterogeneity (P = 0.640, I2 = 0%). In the Mixed

populations, heterogeneity still existed (P = 0.001,

I2 = 80.6%). The sensitivity analysis showed that one

study, by Tiwari et al. (SI), was responsible for the hetero-

geneity in the Mixed populations. When this study was

removed, the Mixed populations also showed significant

association for 894T (P = 0.001, OR = 1.30, 1.12–1.52,

95% CI) without heterogeneity (P = 0.784, I2 = 0%),

which was consistent with the results for the East Asian

population (Fig. 1). The recessive model results for 894G

were consistent with the allelic analysis [Caucasian

P = 0.018, OR = 0.859, 0.757–0.975, 95% CI; East Asian

P = 0.005, OR = 2.25, 1.27–3.98, 95% CI; Mixed (with

the study of Tiwari et al. (SI) excluded) P = 0.018,

OR = 1.29, 1.04–1.58, 95% CI]. The dominant model

generated a negative result.
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Association of the 4b/a variant with DN

The 23 studies involving the 4b/a variant included 8,270

individuals (4,465 cases and 3,805 controls) (supplemen-

tary table 2). Four studies [Fujita et al., Li et al., Dong et al.

(Chinese), Mamoulakis et al.] did not use the recessive

model for the 4a allele because the small sample sizes did

not provide sufficient data to calculate OR. The frequency

of the 4a allele was higher in the control subjects of the

Caucasian (13.6–22.4%) than of the East Asian population

(6.9–14.3%), and varied widely across the Mixed popula-

tion (10.7–23.2%). No significant association of the 4a

allele (P = 0.090, OR = 1.10, 0.96–1.23, 95% CI) and

only slight heterogeneity among studies (P = 0.089,

I2 = 29.8%) were observed. Ethnicity did not significantly

contribute to the heterogeneity. There was no association in

the Caucasian, East Asian or Mixed populations. However,

we found that when studies involving microalbuminuria in

cases were exclude, the association increased to a signifi-

cant level (P = 0.028, OR = 1.19, 1.02–1.39, 95% CI)

without heterogeneity (P = 0.467, I2 = 0%) (Fig. 2). The

results of the recessive model of genotypic analysis for 4a

were consistent with the allelic analysis. We also found

significant association in the subgroup without microalbu-

minuria (P = 0.018, OR = 2.14, 1.14–4.00, 95% CI).

However, removing each of two studies (Zanchi et al.

2000; Ahluwalia et al. 2008) eliminated the association for

both the allelic and recessive models of genotypic analysis

(data not shown). The dominant model generated negative

outcomes.

Association of the T-786C variant with DN

A total of 3,045 subjects were investigated for T-786C,

made up of 1,473 cases and 1,572 controls (supplementary

table 3). The -786C allele was more prevalent in controls

in Caucasian population (35.2–39.7%) than in the other

populations (17.3–25.7%). In the allelic analysis, there was

no significant heterogeneity among studies (P = 0.208,

I2 = 28.8%). The -786C allele showed an overall associ-

ation with DN (P = 0.035, OR = 1.16, 1.01–1.34, 95%

CI) (Fig. 3). However, in the sensitivity analysis, 5 out of

the 7 studies produced a P value above 0.05. In particular,

when the study by Tiwari et al. (SI) was excluded,

heterogeneity decreased (P = 0.336, I2 = 12.4%) and the

association became stronger (P = 0.005, OR = 1.20,

1.06–1.36, 95% CI) (Fig. 4). In the genotypic analysis, the

recessive model for the association of the -786C allele

showed heterogeneity (P = 0.034, I2 = 56.0%). When the

analysis was restricted to three Caucasian studies of

European origin, heterogeneity disappeared (P = 0.307,

I2 = 15.3%) and the association was significant

(P = 0.006, OR = 1.61, 1.15–2.25, 95% CI). The domi-

nant model showed negative results.

Haplotype analyses

Four studies investigated the haplotypic association of the

three polymorphisms and the risk of DN. They all studied

the Mixed population, involving 1,788 subjects (906 cases

and 882 controls) (supplementary table 4). Significant

heterogeneity was detected (P = 0.004, I2 = 77.5%).

When the study of Tiwari et al. (SI) was removed, no

heterogeneity existed in the remaining three studies

(P = 0.310, I2 = 14.6%), and the most prevalent G–b–T

haplotype showed a significant protective role in the risk of

DN (P = 0.002, OR = 0.765, 0.646–0.905, 95% CI)

(Fig. 5).

Table 1 Heterogeneity between subgroups divided by different

characteristics in studies of the G894T polymorphism

Characteristics Subgroups Pooled

OR

P value I2

Ethnicity Caucasian 0.896 0.008 79.121

East Asian 2.025

Mixed 1.074

DM type 1 0.919 0.319 0.000

2 1.047

Genotyping method RFLP 1.088 0.180 44.423

Others 0.903

Microalbuminuria

in cases

Y 0.998 0.775 0.000

N 0.948

DM [10 years

in controls

Y 0.995 0.932 0.000

N 0.983

HWE Y 1.041 0.136 55.074

N 0.774

NADT Y 0.992 0.991 0.000

N 0.990

Matched for HbA1c Y 1.022 0.809 0.000

N 0.963

Matched for gender Y 1.130 0.420 0.000

N 0.952

Matched for age Y 1.054 0.299 7.458

N 0.911

Matched for

DM duration

Y 1.100 0.573 0.000

N 0.966

Matched for age

of DM onset

Y 1.087 0.269 18.236

N 0.929

Matched for BMI Y 1.147 0.272 16.954

N 0.938

Pooled OR in each subgroup, P value of Q test between different

subgroups, and associated I2 are shown

Y Yes, N no or no data
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Discussion

The pathogenesis of the development and progression of

DN is far from being clear at present. Variants of the NOS3

gene may play a role in the NO abnormalities and con-

tribute to the disease (Prabhakar 2004; Freedman et al.

2007). However, results of genetic association studies were

confusing because of the difficulty in replicating significant

associations. Different characteristics among studies such

as ethnicities, DM type, definition of case and control,

introduced heterogeneity and made the results of associa-

tion studies hard to be interpreted. A meta-analysis aiming

at finding out the origin of heterogeneity and assessing

overall effects of these variants on DN was performed. The

meta-analysis covered 10 364 subjects and 28 independent

studies on three NOS3 gene polymorphisms (G894T, 4b/a,

and T-786C) reported since 1998, and supported an overall

association of the NOS3 gene with DN.

In the analysis of G894T, ethnicity was responsible for

heterogeneity, and the ORs between different DM types,

genotyping methods, and case/control definitions were

consistent. The 894T allele showed negative association

with DN in Caucasian populations but was positively

associated with DN in East Asian and Mixed populations.

One way to explain this is that G894T may not have a

significant effect on the disease, but is in LD with other

causative mutations which have not been identified, and the

allele associated with the real causative mutations varies

across ethnic groups. Another possible explanation is that

maybe the variant is influential for the disease, but the

genetic backgrounds of the different populations, for

instance, different property of other proteins in related

pathways, may result in different responses and outcomes.

In addition, distinct living environment, habits, and diets,

may also mediate the results.

Studies of the 4b/a polymorphism exhibited modest

heterogeneity and no overall association. In the subgroup

with no microalbuminuria, we observed a significant

association without heterogeneity. Given previous findings

that patients with microalbuminuria may not necessarily go

onto contract progressive nephropathy but may continue to

suffer only the milder condition, or even return to normal

health (Perkins et al. 2003), the exclusion of such patients

probably enhanced the detecting power.

The T-786C polymorphism shows an overall associa-

tion, but five of the seven relevant studies did not survive

the sensitivity analysis test. The results for both the 4b/a

and T-786C polymorphisms do not significantly differ

Fig. 1 Meta-analysis of association studies of the G894T polymor-

phism and DN. Pooled overall OR and ORs within subgroups of

different ethnicities are shown. The OR of each study is marked with

a black square. Pooled ORs are indicated by either red diamonds
(P \ 0.05) or red horizontal lines (P [ 0.05)
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among ethnicities (data not shown). Most of the results

generated in allelic analyses of the three polymorphisms

were confirmed by the recessive model for the associated

alleles. Apart from G894T in the Caucasian populations

discussed above, all the minor alleles of the three

polymorphisms were associated with DN. The possible

protective effect of the combination of the three major

alleles is supported by haplotype analyses.

It is worth noting that the study of Tiwari et al. inves-

tigating the population of south India (SI) showed results

Fig. 2 Meta-analysis of association studies of the 4b/a polymorphism and DN. Pooled OR and the OR within the subgroup with cases excluding

microalbuminuria are shown

Fig. 3 Meta-analysis of association studies of the T-786C polymorphism and DN. Pooled overall OR is shown

378 Hum Genet (2010) 127:373–381
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contrary to other studies in many of the analyses and

appeared generally to be the main source of heterogeneity.

When this study was excluded from the analyses, associ-

ations become stronger with no heterogeneity. The genetic

difference of these DM patients from SI may result from a

founder effect or from their distinct origin. Omitting this

population stratification may decrease the power for

detecting genetic risk factors in association studies, as has

been demonstrated in studies in the Chinese Han popula-

tion (Shi et al. 2004). Thus in some of the analyses, results

are shown after excluding this study (Figs. 1, 5).

There are a number of studies have previously investi-

gated the functional aspects of the three polymorphisms, but

some conclusions are controversial. For G894T, it was

reported that protein products with 894T were more sus-

ceptible to enzymatic cleavage (Tesauro et al. 2000). Tes-

auro et al. (2000) and Fairchild et al. (2001), however, failed

to find difference in NO generation between the two alleles in

transiently transfected COS7 cells. Noiri et al. (2002)

observed a significant lower NO production in stably trans-

fected Chinese hamster ovary 894T cells. While Ritt et al.

(2008) found G894T had no impact on basal NO activity in

the renal circulation of patients with or without DM,

Ahluwalia et al. (2008) found serum NO levels were sig-

nificantly lower in diabetic 894T allele carriers. For 4b/a,

Wang et al. (2002) reported that this 27 bp repeat in intron 4

might have a cis-regulating effect on the NOS3 promoter.

Tsukada et al. (1998) detected significant decreased plasma

NO metabolites levels in 4a allele carriers in healthy sub-

jects. But the finding was not repeated by Ahluwalia et al.

(2008) in diabetic patients. The T-786C variant has been

suspected to influence the promoter activity in NOS3.

Nakayama et al. (1999) found that the -786C allele was

associated with a significant reduction in NOS3 gene tran-

scription rate using luciferase reporter gene assay. Miyamoto

et al. (2000) identified a protein (replication protein A1,

RPA1) that might function as a repressor of transcriptional

activity of the NOS3 gene with the -786C allele. They also

found significant diminished serum NO products levels

among the -786C allele carriers. The same conclusion was

reached by Ahluwalia et al. (2008) among diabetic patients.

Although these findings regarding G894T, 4b/a, and

T-786C had some implications, none of them has been

convincingly proved as determinants responsible for the

development of DN, their associations are still very likely

to be due to in LD with other causative mutations in the

NOS3 gene.

Taking certain limitations and bias into account, the

results of our meta-analysis should be treated with caution.

Overall, we did not detect substantial publication bias

(supplementary figures), but underlying bias may be within

subgroups. And since we only included Chinese and Eng-

lish studies, it may introduce language bias (Egger et al.

1997a, b). In addition, most of included studies are retro-

spective. A contradictory fact exists in the study design. To

ensure that patients in control group have less chance to

develop DN later, individuals with long DM duration

should be recruited as controls. However, in DM duration

matched case group, the lower survival of DN patients

carrying the ‘‘risk’’ allele may cause bias that will reduce

Fig. 4 Sensitivity analysis of the T-786C polymorphism. The pooled

OR is presented with each study removed

Fig. 5 Meta-analysis of the G–b–T haplotype and the risk of DN
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power. This contradiction can only be solved by perspec-

tive study design. What’s more, although we extracted 13

characteristics from eligible studies and estimated their

contributions to the heterogeneity separately, the combined

effect of different characteristics can hardly be estimated.

Also, we cannot take some environmental factors such as

living habits and diets into account. Finally, in some sub-

groups, especially in East Asians of G894T, the sample

size is small. Results of these subgroups should be treated

very carefully.

To conclude, the current meta-analysis supports the

effects of three polymorphisms in the NOS3 gene on the

risk of DN. We also found that genetic heterogeneity exists

among ethnicities. In order to further demonstrate the

involvement of NOS3 gene in the progress of DN, the

screening of new functional variants is necessary. And it is

warranted to undertake TDT studies in different popula-

tions with larger sample size and more matched clinical

characteristics to avoid environmental and other con-

founding factors. However, to identify the exact role of

NOS3 gene polymorphisms in the pathogenesis of DN and

to clarify the function of NOS3 in the disease mechanisms

of DN, there is an important role for studies such as

functional analyses and animal disease modeling.
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