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Abstract
Aims/hypothesis Evolving research suggests that common
and rare alleles jointly constitute the genetic landscape of
complex disease. We studied the association between 43
pathway-related candidate genes with ‘intermediate pheno-

type’ (i.e. corresponding plasma protein) and diabetic
nephropathy in a customised microarray of 1,536 SNPs.
Methods In this case–control study of type 2 diabetic
Chinese individuals with and without diabetic nephropathy,
cases (n=545) were defined on the basis of a spot urinary
albumin/creatinine ratio (ACR)>113 mg/mmol; the value
for controls (n=503) was ACR<3.3 mg/mmol. Genotyping
was performed using Illumina GoldenGate assay.
Results No single nucleotide polymorphism (SNP) remained
significant in single locus analysis after correction for
multiple testing. Therefore, we explored the best ∼1% SNPs.
Of these 13 SNPs, four clustered to a 5′ end NADPH oxidase
homologue 4 (NOX4) haplotype (GGCC frequency=0.776)
with estimated OR for diabetic nephropathy of 2.05 (95%
CI 1.04–4.06) (heterozygous) and 2.48 (1.27–4.83) (homo-
zygous) (p=0.0055). The haplotype was correlated with
plasma Cu/Zn superoxide dismutase (SOD) concentration,
suggesting increased oxidative burden. Endothelin-1 SNP
(rs1476046G>A, frequency=0.252) was correlated with
plasma C-terminal pro-endothelin-1 concentrations with an
estimated OR for diabetic nephropathy of (heterozygous)
1.26 (0.96–1.66) and (homozygous) 1.87 (1.13–3.12) (p=
0.0072). Nitric oxide synthase 1 (NOS1) 5′ haplotype
(TGTC frequency=0.38) also revealed a suggestive association
with diabetic nephropathy: heterozygous 1.26 (0.95–1.67),
homozygous 1.57 (1.04–2.35) (p=0.0073). A rare NADPH
oxidase homologue 1 (NOX1)-coding non-synonymous SNP
(Arg315His, frequency=0.006) was found exclusively among
cases.
Conclusions/interpretation Our preliminary observations sug-
gest that common haplotypes from NOX4 and endothelin-1
SNP correlated with plasma Cu/Zn SOD and C-terminal pro-
endothelin-1 concentrations, respectively, and might have con-
ferred diabetic nephropathy susceptibility. Common NOS1 and
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rare NOX1 variants also revealed a suggestive association with
diabetic nephropathy. Future studies to validate our observa-
tion are needed.
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Abbreviations
ACR Albumin/creatinine ratio
LD Linkage disequilibrium
MAF Minor allele frequency
NOS Nitric oxide synthase
NOX NADPH oxidase homologue
Q–Q Quantile–quantile
SNP Single nucleotide polymorphism
SOD Superoxide dismutase

Introduction

Diabetic nephropathy is a major vascular complication of
long-standing type 2 diabetes. While metabolic (e.g.
glycaemic burden) and haemodynamic (e.g. blood pressure)
factors are important in the pathogenesis of diabetic
nephropathy [1], accumulating data (estimates of heritabil-
ity, distinct familiar clustering and disparate ethnic suscep-
tibility) suggest that genetic determinants are also important
[2]. However, the exact identity of susceptibility genes in
diabetic nephropathy have remained elusive.

Numerous diabetic nephropathy candidate genes have
been investigated in association studies and a few genes
(e.g. angiotensin-converting enzyme) have shown promise
[3]. However, like most complex diseases, replication of
these positive observations has been difficult [4]. In type 1
diabetes, a panel of 115 candidate genes has recently been
studied using a family-based approach (transmission dis-
equilibrium test) [5]. The investigators noted that the results
were non-conclusive due to its relative small sample size
(total 72 families) and hence limited statistical power. In
type 2 diabetes, preliminary ‘hypothesis-free’, genome-
wide association studies using relatively low resolution first
generation microarray (81,315 single nucleotide polymor-
phism [SNP] loci) have been attempted. These investigators
adopted a two-stage approach, i.e. full genotyping in the
first 94 case–control ‘training pairs’, with follow-on
genotyping of promising SNPs in a larger validation cohort
[6]. A separate team of investigators analysed DNA pooled
from some 105 cases (thereby precluding genotype-based
analysis at genome scale) [7]. In these studies, ELMO1 and
PVT1 genes were novel candidates conferring susceptibility
to diabetic nephropathy, respectively. Very recently, associ-
ation of PVT1 with diabetic nephropathy was also reported

in patients with type 1 diabetes [8], making it a promising
candidate gene awaiting further replication. Notably, these
studies were performed in Japanese individuals or American
Indians, whose distribution of genetic variation may differ
(especially the latter) from Chinese individuals [9].

In the field of diabetic nephropathy, very few studies have
investigated the relationship between genotype and ‘interme-
diate phenotype’ (i.e. corresponding plasma protein concen-
trations). Given the less complex search space, a relationship
between genotype and intermediate phenotype may be more
readily demonstrable and may support a likely association
between genotype and final phenotype (i.e. diabetic nephrop-
athy). In addition, recent insights suggest that the genetic
landscapes of complex diseases are likely to be a composite
map of common variants with small effect size and rare
variants with large effect size [10]. However, commercial
arrays have preferentially incorporated common alleles, i.e.
low-frequency alleles are often under-represented [11].
Given the current technical limitation, studying population-
specific low-frequency founder alleles is only feasible using a
candidate gene approach. Therefore, in a case–control study
of diabetic patients with and without diabetic nephropathy,
we selected SNPs with evenly distributed allele frequency
(i.e. common and rare) from 43 pathway-related, putative
candidate genes and studied their association with interme-
diate phenotype (i.e. corresponding plasma protein concen-
trations) and diabetic nephropathy in a customised
microarray of 1,536 SNPs among 1,048 Chinese patients.
To the best of our knowledge, such a ‘candidate gene-wide
association’ approach has not been adopted before for
diabetic nephropathy among Chinese.

Methods

Participants We recruited 1048 participants with type 2
diabetes from three secondary care hospitals and two
primary care clinics for a case–control study. Diabetes
was diagnosed according to the American Diabetes Asso-
ciation criteria [12]. Most of the cases, i.e. patients with
diabetic nephropathy were recruited from the secondary
care hospitals, whereas most of the controls, i.e. diabetic
patients without nephropathy came from the primary care
clinics. Participants attending the primary care clinics and
who developed diabetic nephropathy would be referred to
the secondary care hospital for further management. Thus,
controls were chosen to represent the exposure experience
of the source population giving rise to the cases. The
phenotype of these participants has been described in detail
elsewhere [13]. Briefly, cases were participants with overt
diabetic nephropathy (n=545) as defined by the presence of
proteinuria ≥1.0 g/day (equivalent to spot urinary albumin/
creatinine ratio [ACR] ≥113 mg/mmol or persistently
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elevated serum creatinine). The controls consisted of
unrelated individuals (n=503) with ACR ≤3.3 mg/mmol
and consistently normal serum creatinine. To minimise
confounding by population admixture, only Chinese
patients were enrolled. Measurement of standard laboratory
biochemistry was performed as described in Electronic
supplementary material (ESM).

Ethics approval This study followed the recommendations
of the Declaration of Helsinki and was approved by the
Domain Specific Review Board, National Health Group,
Republic of Singapore. Written, informed consent was
obtained from all participants.

Procedure Selection of candidate genes (for details, see
ESM and ESM Table 1) was based on current understand-
ing of the pathophysiology of diabetic nephropathy. At the
planning phase of the study, some of the widely used public
domain databases (e.g. HapMap) on genetic variation of
these candidate genes were at an early stage of release.
Nevertheless, variants regarded as likely haplotype tag
SNPs for Han Chinese were preferentially selected for
optimal coverage. All haplotype tag SNPs chosen would
have fulfilled the minimal pairwise-tagging threshold of
r2≥0.8. Approximately 10 kb 5′ upstream of the putative
transcription start site (to capture the gene regulatory
region) and 5 kb 3′ downstream of the last exon were
included in the gene region considered for SNP selection.
To optimise our SNP map, we also applied other strict
inclusion and exclusion criteria to the SNP selection
process (see ESM).

All SNPs were genotyped using customised (GoldenGate;
Illumina, San Diego, CA, USA) microarray assay. Subse-
quently, to confirm the allele assignment for an interesting
but low-frequency NADPH oxidase homologue 1 (NOX1)
SNP (rs2071756G>A, frequency 0.006), all samples were
re-genotyped using another platform, namely TaqMan
assay (Applied Biosystems, Carlsbad, CA, USA). The
allele call was completely concordant. Polymorphic SNPs
that met the quality control criteria of the assay were
included for statistical analysis.

To follow up on potentially interesting SNPs (i.e. the
best ∼1% according to p values on single locus analysis),
we investigated genotype–intermediate phenotype relation-
ship by correlating endothelin-1 SNP rs1476046G>A with
plasma C-terminal pro-endothelin-1 concentrations (i.e.
akin to the measurement of NT-proBNP instead of mature
BNP in the diagnosis of heart failure [14, 15]) among the
868 individuals (448 cases, 420 controls) whose plasma
samples were available and deemed suitable for laboratory
measurement. Similarly, the relationship between nitric
oxide synthase 1 (NOS1) (neuronal) and NOX4 haplotypes
was also correlated with plasma Cu/Zn superoxide dis-

mutase (SOD). This was done because NOS1 and NOX4 are
associated with oxidative stress and Cu/Zn SOD is a
powerful enzymatic scavenger of superoxide [16]. Hence,
elevated plasma Cu/Zn SOD (in response to oxidative
stress) could serve as a surrogate maker for oxidative
burden.

Cases by definition had renal impairment, which was
known to affect endothelin and Cu/Zn SOD function.
Indeed, we observed vast differences in plasma C-terminal
pro-endothelin-1 and Cu/Zn SOD concentrations between
cases and controls (see Results). Therefore, we stratified
our analysis of genotype–intermediate phenotype by dia-
betic nephropathy status, i.e. cases or controls, since
pooling them together may not be biologically justifiable.

Statistical analysis Data are expressed as mean±SD. All
statistical analyses were calculated using STATA version
9.0 (StataCorp, College Station, TX, USA), Haploview
version 4.0 (http://hydra.usc.edu/gxe, accessed 1 April
2009) and PHASE version 2.1 (http://stephenslab.uchicago.
edu/software.html, accessed 1 April 2009). Continuous
variables were tested for normality of distribution. Student’s
t test and ANOVA (or Kruskal–Wallis test for non-normal
distribution) were used to compare continuous variables
between two or more groups respectively.

We used χ2 analysis to test for deviation of genotype
distribution from Hardy–Weinberg equilibrium (p<0.05)
and to determine whether frequency distribution of allele
or genotype differed between cases and controls. The
Cochrane–Armitage trend test (3×2 tables formed by cross-
classifying participants by genotype and disease status) was
also used to test for association between genotype and
diabetic nephropathy. For genotypes with low minor allele
frequency (MAF) (homozygous minor genotype count <5 in
either cases or controls), the Monte Carlo permutation test
was performed. Bonferroni method was used for statistical
correction of multiple hypothesis testing. False discovery
rate analysis was also performed to identify SNPs that may
reveal potentially important associations with diabetic
nephropathy. Quantile–quantile (Q–Q) plots were produced
by plotting the ranked values of the test statistic against the
expected order statistic, F−1[i/(N+1)], under the global null
hypothesis that no true association exists [17]. The Q–Q
plot also reveals cryptic relatedness or population stratifi-
cation, if present. The power of the study was estimated
using QUANTO freeware, version 5.1 (http://hydra.usc.
edu/gxe, accessed 1 April 2009).

The computer program PHASE was used to construct
the haplotype from genotype. Phase-inferred haplotypes
were tested for association with diabetic nephropathy using
a trend test. Linkage disequilibrium (LD) between the two
SNPs was also estimated using D′ and r2. A value of r2>
0.80 was considered to indicate a significantly strong LD
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between the SNPs. Finally, regularised regression analysis
of variable-sized sliding windows haplotypes developed by
our co-authors was also performed to further optimise
power for detection of susceptibility genes [18]. Briefly, in
this novel statistical approach, the maximum size of a sliding
window was determined by local haplotype diversity and
samples size. Subsequently, the problem of multiple degrees
of freedom in the haplotype test was managed by regularised
regression analysis. Using both simulated and experimental
data, this approach was found to be more efficient and
effective than other currently available methods.

Results

Participant characteristics Clinical characteristics of the
study groups are summarised in Table 1. Cases and controls
were similar in distribution of sex, age, duration of diabetes
and HbA1c. Not surprisingly, systolic BP, diastolic BP
and BMI were higher among the cases. As expected, more
cases than controls suffered from retinopathy (23% non-
proliferative, 56% proliferative vs 16% and 14% respectively;
p<0.001), since diabetic nephropathy is strongly associated
with retinopathy.

SNP selection and association A total of 1,536 SNPs was
selected to represent the 43 candidate genes (ESM Table 1).
Eventually, only 932 of the 1,048 individuals recruited
(cases 487, controls 445) and 914 SNPs (59.5%) were
available for final analysis (for details on samples and SNP

elimination based on quality control considerations, see
ESM). The MAF distribution of the 914 SNPs included in
final analysis is shown in ESM Fig. 1 and suggested that
low-frequency and common alleles were well represented
in the final analysis.

Using the most conservative Bonferroni method for
statistical correction of multiple hypothesis testings, the
corrected global, experiment-wise p value would be 5.4×
10−5 (i.e. 0.05÷914 SNPs tested). In our present study,
none of the SNPs or haplotypes revealed such robust
statistical evidence. Similarly, false discovery rate analysis
did not suggest any particular SNP with an important
association with diabetic nephropathy (details not shown).
The Q–Q plot of the Cochrane–Armitage test statistics for
individual SNPs revealed that there was no cryptic
relatedness or appreciable population substructure (ESM
Fig. 2). On the other hand, the Q–Q plot did not suggest
any strong evidence of association with diabetic nephrop-
athy, either. Therefore, our data should be considered as
preliminary and at best indicative (but non-conclusive).
Having said so, we explored the relationship between
diabetic nephropathy and the best ∼1% (i.e. 13) SNPs in
our study. Variants from four gene regions (NOX4,
endothelin-1, NOS1 and NOX1) were potentially interesting.
Besides coding non-synonymous rs2071756C>T (Arg315His)
from NOX1 (X chromosome), all are intronic SNPs.

NOX4 Of these 13 SNPs, four (rs614128G>C, rs490934G>C,
rs3017887C>A and rs553635C>T spanning ∼15 kb in
chromosome 11, 11q14.2-q21) clustered to form a 5′ end
NOX4 haplotype block. The LD patterns of these four SNPs
are shown in ESM Table 2 and ESM Fig. 3. The haplotype
GGCC (frequency 0.776) had an estimated OR for diabetic
nephropathy of 2.05 (95% CI 1.04–4.06) (heterozygous) and
2.48 (1.27–4.83) (homozygous) (p=0.0055) (Table 2). Con-
sistent with other reports, we observed that plasma Cu/Zn
SOD concentrations in cases was much higher than in
controls (29.9±45.7 vs 8.9±18.6 nmol/L, p<0.001) [19].
Interestingly, homozygosity of this NOX4 haplotype (and
component SNPs) was also associated with increased plasma
Cu/Zn SOD concentration among cases, suggesting increased
oxidative burden (Table 3).

Endothelin-1 Suggestive association was also observed for
rs1476046G>A (Table 4), with an estimated OR for
diabetic nephropathy of (heterozygous) 1.26 (0.96–1.66)
and (homozygous minor allele) 1.87 (1.13–3.12) (p=
0.0072 for trend). Plasma C-terminal pro-endothelin-1
concentrations among cases was much higher than among
controls (84.9±50.3 vs 48.0±16.8 pmol/L, p<0.001).
Interestingly, the minor allele of rs1476046G>A correlated
with the decrement in plasma C-terminal pro-endothelin-1
concentration among controls (p=0.014 for trend) (Table 5).

Table 1 Clinical characteristics of study participants whose genotype
data met the quality control criteria

Characteristic Study groups

Controls Cases p value

n 445 487

Male sex (%) 57 55 0.57

Age (years) 61±10 63±10 0.02

Systolic BP (mmHg) 134±15 146±21 <0.001

Diastolic BP (mmHg) 77±8 80±10 0.001

BMI (kg/m2) 25.1±3.7 25.8±4.5 0.001

HbA1c (%) 7.8±1.3 8.3±3.0 0.07

Duration (years) 15±6 15±7 0.34

Retinopathy (%)

Normal 70 21 <0.001

Non-proliferative 16 23

Proliferative 14 56

Unless otherwise stated, values are mean±SD
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Linear regression analysis suggested that every copy of
the minor allele (A) was associated with an approximately
3.60±1.35 pmol/L reduction in plasma C-terminal pro-
endothelin-1 concentrations. This relationship was absent
among cases. In addition, variable-sized sliding windows
haplotypes analysis revealed that an endothelin-1 5′ haplotype
AA (frequency: 0.129, formed by rs3087459A>C and
rs1476046G>A, spanning ∼3.6 kb in chromosome 6) appeared
to confer increased susceptibility to diabetic nephropathy
(OR 1.71 [1.28–2.27], p=0.00020) (Table 2). Pairwise LD
between the two endothelin-1 SNPs, however, was modest
(D′=0.66, r2=0.27) (ESM Fig. 4). The endothelin-1 haplo-
type also showed borderline significant correlation (p=0.081)
with plasma C-terminal pro-endothelin-1 concentrations in
controls (Table 5).

NOS1 Four other alleles (rs527590C>T, rs693534G>A,
rs3782219C>T and rs9658255C>G, spanning ∼17 kb in
chromosome 12, 12q24.2-q24.31) clustered to form a
haplotype over the 5′ ends of NOS1. The LD patterns of
these four SNPs are shown in ESM Table 3 and ESM
Fig. 5. The haplotype TGTC (frequency 0.38) appeared to
confer increased susceptibility to diabetic nephropathy,
with an OR of (heterozygous) 1.26 (95% CI 0.95–1.67)
and (homozygous) 1.57 (1.04–2.35) (p=0.0073 for trend)
(Table 2). However, NOS1 genotype and haplotype did not
show any correlation with plasma Cu/Zn SOD concentra-
tion (ESM Table 4).

NOX1 A rare coding non-synonymous SNP from NOX1
(rs2071756G>A, R315H, MAF 0.006) was found exclusively

Gene Frequency Case Control χ2 p value OR
(one copy vs none)

OR
(two copies vs none)

NOX4

GGCC 0.777 0.803 0.749 7.723 0.0055 2.05 (1.04–4.06) 2.48 (1.27–4.83)

CCAT 0.197

GGAT 0.017

Endothelin-1

AA 0.132 0.156 0.098 17.03 0.00020 1.69 (1.22–2.33) 2.65 (0.94–7.52)

CA 0.150

AG 0.669

NOS1

TGTC 0.379 0.408 0.347 7.197 0.0073 1.26 (0.95–1.67) 1.57 (1.04–2.35)

CGCC 0.314

CACG 0.283

Table 2 Distribution of
endothelin-1, NOS1 and NOX4
haplotype frequencies among
cases and controls

OR values given with 95% CI

SNP/haplotype per
study group

n SOD per genotype (nmol/l)

Homozygous major Heterozygous Homozygous minor p value

rs614128G>C

Cases 448 32.8±52.2 21.5±22.5 56.7±62.7 0.006

Controls 420 7.6±8.3 11.4±29.0 5.8±5.2 0.110

rs490934G>C

Cases 448 33.0±52.2 22.0±23.6 56.2±64.5 0.011

Controls 420 7.6±8.3 11.5±29.2 6.1±5.2 0.109

rs3017887C>A

Cases 448 33.5±53.0 21.5±22.3 48.0±61.4 0.012

Controls 420 7.6±8.3 11.1±28.7 7.4±7.9 0.178

rs553635C>T

Cases 448 33.3±52.9 21.7±22.4 48.0±61.4 0.015

Controls 420 7.6±8.3 11.2±28.8 7.4±7.9 0.164

Haplotype GGCC

Cases 448 33.4±53.3 21.5±22.0 53.0±61.5 0.006

Controls 420 7.6±8.4 11.1±28.6 7.1±7.7 0.172

Table 3 Plasma SOD
concentrations (nmol/l) per
NOX4 SNPs and haplotype
among cases and controls

Values are mean±SD

p values are for trend
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among cases only (allele frequency 0.016 [p=0.046] and 0.007
[p=0.12] for men and women respectively) (ESM Table 5).
Using the online resource PolyPhen (http://coot.embl.de/
PolyPhen, accessed 1 April 2009) to bio-informatically predict
whether rs2071756G>A may have functional impact on the
corresponding protein [20], we noted that rs2071756G>A
may be benign (i.e. be well tolerated).

Other SNPs The remaining three SNPs, rs865716A>G
from SCARB1, rs12720136C>T from EDNRB and
rs2799103A>G from TGFB2, demonstrated a provisionally
interesting association with diabetic nephropathy and are
shown in ESM Table 5. Using Quanto 5.1, we estimated
that our study has ∼80% power to detect a relative risk of
≥1.6 conferred by any susceptibility allele with a frequency
of ≥0.25 at α<5.4×10−5.

Discussion

To the best of our knowledge, this is the first systematic
survey of SNPs (both common and rare) from 43 highly
probable diabetic nephropathy candidate genes along
several putative biological pathways in type 2 diabetes
Chinese individuals. We observed that common variants

from NOX4 and endothelin-1 were associated with differ-
ential plasma Cu/Zn SOD and C-terminal pro-endothelin-1
concentrations (i.e. intermediate phenotype) respectively.
We also found preliminary indications that these variants
might potentially be associated with diabetic nephropathy,
although the possibility that these were chance observa-
tions could not be confidently ruled out. Similarly, the
NOS1 5′ haplotype and NOX1 (a low-frequency coding
non-synonymous SNP) may be potentially interesting
diabetic nephropathy candidate genes among Chinese. Our
preliminary observations will need to be replicated in other
populations.

Growing evidence suggests that NADPH oxidase-
derived reactive oxygen species might play an important
role in the initiation and progression of diabetic nephro-
pathy [21]. NADPH oxidase is an enzyme complex with
the following subcomponents: cytochrome b-245, alpha
polypeptide (CYBA, also known as p22phox), cytochrome
b-245, beta polypeptide (CYBB, also known as gp91phox

[renal homologue is known as NADPH oxidase homologue
4, NOX4]), neutrophil cytosolic factor 1 (NCF1, also
known as p47phox), neutrophil cytosolic factor 2 (NCF2,
also known as p67phox), neutrophil cytosolic factor 4
(NCF4, also known as p40phox) and GTPase-Rac1 [22].
NOX4 has been described in renal cells such as tubular
epithelial cells and glomerular mesangial cells [23]. In the
vasculature of streptozotocin-induced ApoE−/− mice, hyper-
glycaemia was associated with enhanced Nox4 gene
expression and increased oxidative stress that was reversed
by SOD [24]. Hence, NOX4 is an attractive candidate gene
for diabetic nephropathy. Our group and others have
previously reported an inconsistent association between
candidate SNPs of CYBA and diabetic nephropathy [11].
However, to the best of our knowledge, NOX4 has not been
studied as a potential diabetic nephropathy candidate gene.
Hence, the suggestive relationship observed by us between
NOX4 and diabetic nephropathy could be novel. Moreover,
we observed that homozygosity of the risk allele/haplotype
was associated with increased Cu/Zn SOD concentrations
among cases (Table 3). This suggests that the risk allele
might be associated with increased oxidative burden and

SNP/haplotype per
study groups

n Plasma C terminal pro-endothelin-1 per genotype (pmol/l)

Homozygous major Heterozygous Homozygous minor p value

rs1476046G>A

Cases 448 86.5±47.7 81.3±50.6 92.9±59.5 0.309

Controls 420 48.6±15.9 47.2±18.1 39.5±14.0 0.014

Haplotype AA

Cases 448 84.8±50.0 83.9±50.5 97.9±56.7 0.655

Controls 420 48.9±17.1 44.4±15.3 40.5±7.3 0.081

Table 5 Plasma C terminal
pro-endothelin-1 concentrations
per endothelin-1 SNP
rs1476046G>A genotypes and
related endothelin-1 haplotype
AA (formed by rs3087459A>C
and rs1476046G>A) among
study groups

Values are mean±SD

p values are for trend

Table 4 Distribution of genotypes and allele frequencies of
endothelin-1 SNP rs1476046G>A among cases and controls

Endothelin-1 variants
and allele frequencies

Study groups

Controls Cases χ2 p value

rs1476046G>A

AA 0.06 0.10 7.47 0.024

GA 0.39 0.42

GG 0.55 0.48

Frequency

A frequency 0.252 0.309 7.258 0.0071

G frequency 0.748 0.691
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hence a corresponding elevation of plasma Cu/Zn SOD as
‘response to injury’ rescue mechanism. Interestingly, the
NOX4 haplotype associated with diabetic nephropathy in
our study stretched over the gene region that captured the 5′
putative regulatory motifs, first and second exons (ESM
Fig. 3). Taken together, genetic variation in NOX4 might be
associated with differential oxidative burden, thereby
modulating diabetic nephropathy susceptibility.

Endothelin-1, the predominant isoform in cardiovascular
and renal systems, is the most powerful endogenous
vasoconstrictor with profibrotic and proinflammatory
effects [25]. It has been found to affect three pivotal aspects
of renal physiology: (1) vascular and mesangial tone; (2)
sodium and water excretion; and (3) cell proliferation and
matrix formation [26]. In vitro experiments using rat
mesangial cells revealed that hyperglycaemia could stimu-
late endothelin-1 promoter activity and gene expression
[27]. A recent study on twins suggested that the heritability
of plasma endothelin-1 concentration was approximately
0.58 [28]. Therefore, endothelin-1 is important in the
pathogenesis of diabetic nephropathy and a promising
candidate gene. However, the relationship between
endothelin-1 gene and renal impairment appears to be
inconsistent. Thus Freedman et al. [29] reported negative,
whereas Kanková et al. [30] and Pinto-Sietsma et al. [31]
reported positive association, suggesting the need for
further studies [32]. Notably, these studies did not attempt
to correlate endothelin-1 gene with plasma endothelin-1
concentrations. In our study, we observed that endothelin-1
minor allele rs1476046G>A was associated with decreased
plasma C-terminal pro-endothelin-1 concentrations (inter-
mediate phenotype) among controls (Table 5). This rela-
tionship, however, could not be established among cases
(possibly due to confounding by multiple medications and
other co-morbidities). We speculated that the absence of
specific genotype-mediated attenuation in plasma C-terminal
pro-endothelin-1 concentrations among cases may contrib-
ute to diabetic nephropathy susceptibility (given that
endothelin-1 overactivity could be detrimental). Interesting-
ly, the endothelin-1 5′ haplotype (formed by rs3087459A>C
and rs1476046G>A [ESM Fig. 4]) that was associated
with diabetic nephropathy stretched over the gene region
where a putative functional insertion/deletion SNP
(rs10478694A/−) in the 5′ untranslated region within the
first exon has been described (rs10478694A/− was not
genotyped in our study due to technical limitation of assay
platform) [33]. rs10478694A/− has been associated with
hypertension [34], orthostatic intolerance [35] and differ-
ential endothelin-1 gene expression in vitro [36]. However,
the LD pattern of rs10478694A/− with surrounding genetic
variants is presently unknown. Hence, we were unable to
estimate whether rs3087459A>C or rs1476046G>A could
be legitimate proxies for rs10478694A/−. Taken together,

rs1476046G>A (and related haplotype) could be functional
(i.e. associated with differential plasma C-terminal pro-
endothelin-1 concentration) and might confer susceptibility
to diabetic nephropathy.

Animal studies suggest that nitric oxide synthase 1
(NOS1) is the dominant isoform in the generation of nitric
oxide in diabetic nephropathy [37]. Recent observations in
streptozotocin-induced diabetic rats have also revealed
ongoing overactivity of NOS1 secondary to loss of normal
control by renal macula densa [38]. Overactive NOS1 may
contribute to renal hyperfiltration, which has been postu-
lated to result in flow-mediated vascular injury [39]. Hence,
NOS1 is a highly relevant biological candidate gene for
diabetic nephropathy. As far as we know, little is known
about NOS1 gene and diabetic nephropathy. A NOS1
intronic microsatellites marker (NOS1B) has been reported
to be associated with end-stage renal disease in African-
American families (more pronounced among non-diabetic
end-stage renal disease patients) [29]. In our study, the
NOS1 haplotype that revealed suggestive association with
diabetic nephropathy stretched over the exon containing the
putative transcription start site, and the surrounding 5′
regulatory consensus sequence for cis-acting transcription
factors (e.g. transcription factor AP-2 alpha (activating
enhancer binding protein 2 alpha) [TFAP2A], nuclear
respiratory factor 1 [NRF-1] and nuclear factor kappaB
[NFκB]) [40] (ESM Fig. 5). Nevertheless, we did not
observe any differential plasma Cu/Zn SOD concentrations
associated with the candidate NOS1 haplotype. This could
be due to the underlying complex and contradictory role of
nitric oxide in the natural history of diabetic nephropathy
[41]. Opposing forces (modified by flux in metabolic
control) gain dominance at different phases of the disease
thereby confounding the relationship between NOS1 geno-
type and intermediate phenotype. Taken together, NOS1
appeared to be a potentially promising diabetic nephropathy
candidate gene. Hence, replication of our observation and
follow-up functional genetic studies are eagerly awaited.

A NOX1 low-frequency coding non-synonymous SNP
(rs2071756G>A, R315H, MAF 0.006) was found exclu-
sively among cases (ESM Table 5). This allele may
represent the evolving group of recently recognised
population-specific (i.e. founder), low-frequency and inter-
mediate effect size variant associated with complex disease
[10]. It has been suggested that several such rare variants
may jointly make an appreciable contribution to population-
attributable risk (i.e. the ‘common disease, rare variant’
hypothesis) [42]. In fact, it is believed that both common
and rare alleles are probably complementary variants that
jointly constitute the genetic landscape of complex disease
like diabetic nephropathy [10]. Biologically, NOX-derived
ROS is implicated in the pathogenesis of diabetic nephrop-
athy, although the exact NOX isoform responsible is still
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being debated [22]. Moreover, a recent genome scan among
West African sib pairs affected by type 2 diabetes also
revealed possible association between NOX1 and renal
function (measured using creatinine clearance) [43]. There-
fore, further study on this SNP is warranted.

Our study has the following strengths: first, in addition to
genetic association, we investigated the relationship between
genotype, intermediate phenotype (i.e. corresponding plasma
protein using novel assays) and disease. Within the frame-
work of Mendelian randomisation [44], our result would
have provided a reliable estimate of the impact of circulating
C-terminal pro-endothelin-1 and Cu/Zn SOD levels on
diabetic nephropathy. Second, in keeping with the modern
theory of genetic architecture of complex traits, we
systematically studied common and low-frequency SNPs
from 43 pathway-guided candidate genes based on state-
of-the-art understanding of diabetic nephropathy pathogen-
esis (ESM Fig. 1). As far as we know, our study strategy
(i.e. the study of rare and common alleles simultaneously) is
unique for diabetic nephropathy. Third, to ensure accuracy
of allele assignment, we genotyped the low-frequency
NOX1 allele reported to be associated with diabetic
nephropathy using two independent platforms (i.e. Illumina
GoldenGate assay and Applied Biosystems TaqMan).
Fourth, to optimise haplotype analysis, we adopted the
novel variable-size sliding window haplotype analysis
method developed by our co-authors to maximise study
power. Fifth, we recruited participants with ‘extreme
phenotype’ (established and severe renal impairment vs
completely normal renal function in spite of long-standing
diabetes) to enhance the efficiency of candidate gene
discovery. Sixth, and finally, our study is probably the
largest case–control study of this kind for diabetic nephrop-
athy in Chinese to date.

There are several, important limitations to our study.
First, although our sample size is one of the largest to date,
it is still insufficient to detect weak association (i.e. OR<
1.6). Most irrefutable disease-susceptibility variants identi-
fied so far have allelic ORs between 1.1 and 1.5 [45]. Hence,
our study could be under-powered. Second, although the 43
candidate genes were carefully chosen, recent ‘hypothesis-
free’ genome-wide association studies of complex disease
have often revealed novel genes that were previously
unsuspected [46]. Therefore, due to ignorance of the cause
of the disease, we may have missed unsuspected diabetic
nephropathy candidate genes. Third, our choice of genetic
variation was limited by technical feasibility of our genotyping
platform. We did not study copy number variation and SNPs
may not be adequate proxies for that [47]. Last, it is possible
that we did not adequately address the issue of confounding
by population admixture in genetic association. Nevertheless,
we did try to minimise population stratification by limiting
recruitment to Singaporean Chinese, most of whom are

descendants of immigrants from Southern China. Moreover,
Q–Q plot did not reveal systematic deviation of test statistic
(F) from what was expected, suggesting there was no cryptic
relatedness or population stratification (ESM Fig. 2) [48].

In conclusion, our preliminary observations suggest that
common haplotypes from NOX4 and endothelin-1 SNP
correlated with plasma Cu/Zn SOD and C-terminal pro-
endothelin-1 concentrations respectively and might confer
diabetic nephropathy susceptibility. Common NOS1 and
rare NOX1 variants also revealed suggestive association
with diabetic nephropathy. Future studies are needed to
validate our preliminary observations.
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