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Abstract Adiponectin is an insulin sensitiser in muscle and

liver, and low serum levels characterise obesity and insulin

resistance. Eight tagging single nucleotide polymorphisms

(tSNPs) in the ADIPOQ gene and promoter were selected,

and association with serum adiponectin was tested, in two

independent samples of Caucasian women: the Chingford

Study (n = 808, mean age 62.8 ± 5.9 years) and Twins UK

(n = 2,718, mean age 47.4 ± 12.6 years). In the Chingford

cohort, -11391 G/A, -10066 G/A (rs182052), -7734 C/A

(rs16861209), +276 G/T (rs1501299) and +3228 C/T

(rs1063537) were significantly associated with fasting serum

adiponectin (Ps = 1.00 9 10-4 to 1.40 9 10-2). Associa-

tions with all except +3228 C/T were replicated in the Twins

UK cohort (Ps = 3.19 9 10-9 to 6.00 9 10-3). In Ching-

ford subjects, the 12 most common 8-SNP haplotypes

(frequency 1.90%) explained 2.85% (p = 5.00 9 10-2) and

in Twins UK subjects, the four most common 5-SNP haplo-

types (frequency [ 5.00%) explained 1.66% of the variance

(p = 5.83 9 10-7). To investigate effects of -11391 G/A

(rs17300539) and -11377 C/G (rs266729) on promoter

activity, 1.2 kb of the ADIPOQ promoter region was cloned

in a luciferase reporter plasmid, and the four haplotypes were

transfected in differentiated 3T3-L1 adipocytes. No signifi-

cant allelic effects on promoter activity were found.
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ADIPOQ adiponectin gene

BMI body mass index

CEU Centre d’Etude du Polymorphisme

Humain Utah

DELFIA dissociation-enhanced lanthanide

fluorescence immunoassay

DEXA dual-emission X-ray absorption

DMEM Dulbecco’s modified Eagle’s medium

DZ dizygous

ELISA enzyme-linked immunosorbent assay

GEE generalised estimating equations

HGVbase human genome variation database

LD linkage disequilibrium
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MAF minor allele frequency

MZ monozygous

NCBI National Center for Biotechnology

Information

QTL quantitative trait locus

SNP single nucleotide polymorphism

TDT transmission disequilibrium test

tSNP tagging SNP

Introduction

Adipose tissue is the major depot for energy storage and an

active endocrine organ, secreting a variety of proteins that

influence metabolism (Ahima and Flier 2000). Adiponectin,

the major adipocyte secretory protein, is one of several

adipokines with roles in insulin sensitivity. It is a potent

insulin sensitiser in muscle and liver, regulating energy

homeostasis and glucose tolerance (Yamauchi et al. 2001).

Although adiponectin derives exclusively from adipose tissue

(Arita et al. 1999), obese subjects have significantly lower

plasma adiponectin concentrations than nonobese subjects

(Valle et al. 2005). Hypoadiponectinaemia is also a general

feature of metabolic syndrome traits: insulin resistance and

type 2 diabetes (Duncan et al. 2004), cardiovascular disease

(Kumada et al. 2003), hypertension (Iwashima et al. 2004)

and dyslipidemia (Kazumi et al. 2004).

Adiponectin levels have a strong genetic component,

with heritability estimated between 30% and 50%

(Comuzzie et al. 2001). Adiponectin is the product of the

ADIPOQ gene, which spans approximately 15.8 kb and

three exons. It is sited on chromosome 3q27, which has

been linked to a susceptibility locus for metabolic syn-

drome, type 2 diabetes and cardiovascular disease (Vionnet

et al. 2000; Francke et al. 2001).

The gene is very polymorphic; associations with

adiponectin level and/or the metabolic syndrome have been

reported for genetic variants in many populations, but often

with conflicting results. Two promoter SNPs, -11391 G/A

and -11377 C/G, have been reported to show the strongest

associations with serum adiponectin (Bouatia-Naji et al.

2006; Vasseur et al. 2002; Vasseur et al. 2005; Pollin et al.

2005). The exon-2-synonymous +45 T/G and +276 G/T

SNP in intron 2 have been reported to be associated with

serum adiponectin, (Bouatia-Naji et al. 2006; Pollin et al.

2005; Menzaghi et al. 2002; Hara et al. 2002; Heid et al.

2006; Qi et al. 2005; Menzaghi et al. 2004), obesity and

insulin sensitivity (Menzaghi et al. 2002), type 2 diabetes

(Hara et al. 2002) and coronary artery disease (Qi et al.

2005). However, some of these associations could not be

confirmed in other studies (Filippi et al. 2004; Ohashi et al.

2004; Vozarova de Courten et al. 2005).

Most investigations to date have been relatively small

case–control studies. Few have been based on healthy

individuals from the general population, in which primary

genetic effects of ADIPOQ variants preceding the devel-

opment of disease could be evident. Here we present a

systematic investigation involving single nucleotide poly-

morphisms (SNPs) tagging a 16.95-kb region, including the

ADIPOQ gene, in two independent samples of healthy

Caucasian women: the Chingford Study (n = 808, mean

age 62.8 ± 5.9 years) and Twins UK (n = 2,718, mean

age 47.4 ± 12.6 years). We selected a set of eight tagging

SNPs (tSNPs) representing 12 common variants, which

include SNPs previously reported to be associated with

adiponectin. We tested single SNP and haplotype associ-

ations in both cohorts.

Although associations between ADIPOQ promoter

SNPs and adiponectin have been reported (Bouatia-Naji

et al. 2006; Vasseur et al. 2002, 2005), only one attempt

has been made to identify a variant influencing gene

expression (Bouatia-Naji et al. 2006), and no potentially

functional variants have been investigated in adipocytes.

We found the strongest association between -11391 G/A

and adiponectin in our two cohorts and proceeded to

analyse the effects of four -11391 G/A/-11377 C/G

haplotypes on promoter activity in differentiated 3T3-L1

adipocytes.

Materials and methods

Subjects

The Chingford Longitudinal Study cohort comprises 1,003

women derived from a large general practice in North

London, described in detail previously (Hart and Spector

1993). They are similar to the UK population for most

demographic variables. Twins UK (St. Thomas’ UK Adult

Twin Registry) comprises unselected, mostly female,

volunteers ascertained from the general population

through national media campaigns in the UK (Spector and

Williams 2006). The study cohort comprised 2,718 ran-

domly selected subjects [822 monozygous (MZ), 1,896

dizygous (DZ)]. Means and ranges of quantitative phe-

notypes in Twins UK were similar to an age-matched

sample from the general population in the UK (Andrew

et al. 2001).

Phenotypes and DNA were collected in the same man-

ner and using the same methods in both cohorts. Informed

consent was obtained from participants before they entered

the study, which was approved by the local research ethics

committee. The number of individuals in both study

cohorts with data on various phenotypic variables is shown

in Table 1.
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Zygosity, body composition and biochemical analyses

Zygosity in Twins UK subjects was determined by stan-

dardised questionnaire and confirmed by deoxyribonucelic

acid (DNA) fingerprinting. Anthropometric measurements

were taken, as described previously (Jamshidi et al. 2006).

Total and central body fat measurements were obtained by

dual-emission X-ray absorptiometry (DEXA) body com-

position scans (Hologic QDR-2000, Vertec, Waltham,

MA, USA). Blood samples for analyses were drawn after

a minimum 8-h overnight fast, and serum was stored at

-45�C until analysed. Serum leptin concentration was

determined using a radioimmunoassay (Linco Research,

St Louis, MO, USA). Fasting serum total adiponectin

levels were determined using an enzyme-linked immuno-

sorbent assay (ELISA) (Chingford) (R&D Systems,

Minneapolis, MN, USA) or two-site dissociation-enhanced

lanthanide fluorescence immunoassay (DELFIA) (Twins

UK) using antibodies and standards from R&D Systems.

Genotyping for SNP validation and tSNP selection

We undertook a careful literature review, and our candidate

tSNPs included those previously reported to be signifi-

cantly associated with serum adiponectin. Eleven validated

SNPs with minor allele frequency (MAF) [ 0.05 on

chromosome 3:188,042,000 to 188,058,94 were identified

in the National Center for Biotechnology Information

(NCBI) database (http://www.ncbi.nlm.nih.gov/SNP) and

one additional SNP, +2109 A/-, in the Human Genome

Variation (HGV) database (http://hgvbase.org/). These 12

SNPs were genotyped in 94 randomly selected unrelated

Twins UK subjects using polymerase chain reaction (PCR)

and restriction digest. Primers and PCR conditions are

given in Electronic Supplementary Materials (ESM) Table

S1. The rs numbers and relative positions of the SNPs

are shown in Fig. 1. We used the programme htSNP2 to

identify an optimal subset of tSNPs (Chapman et al. 2003),

as described previously (Spencer-Jones et al. 2005). A set of

eight tSNPs that predicted remaining SNPs with a minimum

r2 of 0.85 was selected. The relative positions of tSNPs

with respect to the first coding base in exon 2 are shown

in parentheses: rs16861194 (-11426 A/G), rs17300539

(-11391 G/A), rs182052 (-10066 G/A), rs16861209

(-7734 C/A), rs822395 (-4041 A/C), rs1501299 (+276

G/T), rs3821799 (+639 C/T) and rs1063537 (+3228 C/T).

Genotyping in cohorts

The eight tSNPs were genotyped in the complete cohorts

by Pyrosequencing (Biotage, Uppsala, Sweden). Geno-

typing accuracy, as assessed by inclusion of duplicates

(pairs of MZ twins) in the arrays, was 98%, and negative

controls (water blanks) were included on each plate.

Genotyping success rates varied between 87% and 96%.

Primers and PCR conditions for SNP genotyping in

the full cohort by Pyrosequencing are given in ESM

Table S2.

Statistical analysis

Preliminary analyses were performed using STATA 8

(StataCorp, College Station, TX, USA). Where needed,

phenotypic variables were log transformed to obtain better

approximations of the normal distribution prior to analysis.

Hardy–Weinberg equilibrium was tested by a v2 test with 1

df in Chingford subjects or in Twins UK using one twin of

each pair chosen at random to prevent inflated significance.

For tSNP selection, pairwise linkage disequilibrium (LD)

coefficients were calculated using the graphic overview of

linkage disequilibrium (GOLD) and reported as r2 (Abec-

asis and Cookson 2000).

Regular regression analysis was used to test genotype–

phenotype association in the Chingford cohort. In the

Table 1 General characteristics

of subjects

SD standard deviation, MZ
monozygous twins, DZ
dizygous twins
a Number of subjects with

phenotype data on at least one

variable and genotype data on at

least one tagging single

nucleotide polymorphism

Variable Chingford Twins UK

na Mean ± SD na MZ/DZ Mean ± SD

Age, years 808 62.8, 5.9 2,718 822/1,896 47.4, 12.6

Postmenopausal, % 758 100 2,401 620/1,781 47.6

Adiponectin, lg/ml 800 20.35, 12.56 1,834 288/1,546 8.21, 4.0

Leptin ng/ml 798 20.75, 16.54 2,718 822/1,896 16.6, 12.0

BMI, kg/m2 808 26.8, 4.7 2,702 820/1,882 24.8, 4.4

Weight, kg 808 69.2, 12.7 2,703 820/1,883 65.4, 11.8

Waist, cm 807 80.4, 10.1 2,653 797/1,856 78.4, 10.2

Total fat, g 773 29,523, 9,932 2,664 786/1,878 23,463, 8,804

Total fat, % 773 42.5, 7.6 2,625 765/1,860 35.6, 8.0

Central fat, g 785 2,093, 967 2,643 781/1,862 1,333, 727

Central fat, % 785 35.8, 10.6 2,643 781/1,862 31.2, 11.5
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Twins UK cohort, generalised estimating equations (GEE)

(Trégouët et al. 1997) were used, which allows for the

relatedness between twins and yields unbiased standard

errors and p values. For individual SNP association analy-

ses, we first performed a 2-df overall test of genotypic

association. In the presence of a significant association,

additive, dominant and recessive models (all 1-df) were

further tested to find the best mode of inheritance. Age and

menopausal status were included as covariates in the

models. Associations were also confirmed by sib-trans-

mission disequilibrium test (TDT) based on DZ twin pairs

discordant for genotype. We first tested SNP associations

with phenotypes in the Chingford cohort and subsequently

tested replication of significant associations in the larger

Twins UK sample. The Chingford cohort (812 unrelated

female subjects) provided 80% power for an alpha = 0.05

to detect a quantitative trait locus (QTL) effect as low as

1.2% if the locus is tagged with an r2 C 0.85. The Twins

UK cohort (with adiponectin and genotype data on 1,834

individual twins) provided more than 80% power for an

alpha = 0.05 to detect a QTL effect as low as 0.65% if the

locus is tagged with an r2 C 0.85. Haplotypes were inferred

using PHASE software (Stephens et al. 2001). Haplotype

frequencies of eight tSNPs were determined in the Ching-

ford cohort and frequencies of the five showing positive

association with adiponectin in Chingford, were determined

in the Twins UK cohort. Association of haplotypes with

serum adiponectin was then tested in each cohort.

Cell culture

We maintained 3T3-L1 contact-inhibited preadipocytes

in high-glucose Dulbecco’s modified Eagle’s medium

(DMEM), 10% fatal bovine serum at 37�C with 5% CO2

and differentiated by treating 3-day postconfluent cells

with media containing 0.5 mM 3-isobutyl-1-methyl-xan-

thine, 0.25 lM dexamethasone and 1 lg/ml insulin for

2 days. On day 2, the media were replaced with DMEM

and 10% fatal bovine serum containing insulin (1 lg/ml)

for a further 48 h before returning the cells to normal cell

culture conditions. All reagents were from Sigma-Aldrich,

Gillingham, Dorset, UK.

Promoter-activity assays

Transient transfection and reporter assays were performed

to investigate whether there were differences in promoter

activity among the different haplotypes derived from the

-11391 G/A (rs17300539) and the adjacent -11377 C/G

SNP (rs266729). For each of the four haplotypes, the cor-

responding ADIPOQ promoter (from position -1,169 bp

to +15 bp relative to the transcriptional start site) was

generated by PCR using genomic DNA as template and

then inserted into a plasmid (pGL3-basic vector, Promega,

Southampton, UK) containing a firefly luciferase reporter

gene. All constructs were verified by DNA sequencing.

Differentiated 3T3 cells were transiently transfected with

each of the promoter constructs using FuGENE 6 trans-

fection reagent (Roche Diagnostics, Welwyn, UK). A

plasmid containing a Renilla luciferase gene under the

control of a thymidine kinase promoter (pRL-TK, Pro-

mega) was cotransferred into the cells to serve as a

reference for transfection efficiency. At 24 h after trans-

fection, cells were lysed and the activities of firefly

luciferase and Renilla luciferase in the lysates were mea-

sured with the use of a dual-luciferase assay kit (Promega).
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Fig. 1 Genomic map of the

ADIPOQ gene with locations of

the validated single nucleotide

polymorphisms (SNPs)

genotyped in 94 subjects.

Tagging SNPs in bold. Boxes
represent exons, open boxes
represent untranslated regions
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Promoter activity was determined according to the ratio of

firefly luciferase activity to Renilla luciferase activity.

Three independent experiments were performed. In each

experiment, transfection and luciferase assays were carried

out in triplicate for each construct.

Results

All 12 selected SNPs in the ADIPOQ region tested in 94

Twins UK subjects were polymorphic, with MAF [ 0.05.

Figure 1 shows the positions of these SNPs. All except

rs2241766 (+45 T/G, exon 2) were located in noncoding

regions, and their genotype frequencies were consistent

with Hardy–Weinberg proportions. Some SNPs showed

strong pairwise LD (ESM Table S3), suggesting the

feasibility of tSNP selection. Eight tSNPs were selected

by htSNP2 (Chapman et al. 2003), which can predict

the unmeasured loci with r2 C 0.85 (see ‘‘Methods’’).

The allele frequencies were similar in both cohorts, and

none of the loci showed deviation from Hardy–Weinberg

equilibrium.

Table 2 presents analysis of the association of individual

tSNPs with fasting serum adiponectin. In the Chingford

cohort, the major allele of -10066 G/A and the minor

alleles of -11391 G/A, -7734 C/A, +276 G/T and +3228

C/T were significantly associated with elevated adiponec-

tin, explaining between 1.00% and 1.70% of the variance.

These five tSNPs were then genotyped in the larger Twins

UK cohort. Associations with four tSNPs, -10066 G/A,

-7734 C/A, -11391 G/A and +276 G/T, were replicated,

explaining between 0.93% and 1.88% of the variance. With

the exception of -10066 G/A, these were also confirmed

by TDT based on DZ twin pairs discordant for genotype

(Table 3).

We then determined haplotype frequencies of the eight

selected tSNPs in the Chingford cohort and the five

tSNPs showing positive association with adiponectin in

Chingford, in the Twins UK cohort. In Chingford, 86

haplotypes were represented (ESM Table S4). We tested

association of the 12 most frequent haplotypes with serum

adiponectin (Table 4). Two showed significant increases

compared with the most common haplotype: numbers 5

and 12. Overall, these 12 haplotypes explained 2.85% of

the variance in adiponectin levels (p = 5.00 9 10-3). In

the Twins UK cohort, 18 haplotypes were represented

(ESM Table S5). We tested association of the four most

frequent with serum adiponectin (Table 4). One, number 4,

was associated with an increase compared with the most

common haplotype, and overall, the four haplotypes

explained 1.66% of the variance in adiponectin levels

(p = 5.83 9 10-7).

The influence of -11391 G/A and adjacent SNP

-11377 C/G (14 bp 30) on ADIPOQ promoter activity was

tested using a luciferase reporter gene system. A third SNP,

rs16861194 (-11423 A/G, also reported as -11426 A/G),

Table 2 Chingford and Twins UK cohorts: associations of ADIPOQ tagging single nucleotide polymorphisms (tSNPs) with fasting serum

adiponectin

tSNP Number Mean ± SD serum adiponectin lg/ml P value Explained

variance (%)
11/12/22 11 12 22 Codominant Additive Dominant Recessive

Chingforda

-11423 A/G 654/111/5 20.41, 11.84 21.17, 14.75 18.55, 12.31 NS NS NS NS –

-11391 G/A 624/129/7 19.74, 12.25 23.15, 12.31 27.03, 13.00 6.00 9 10-4 1.00 9 10-4 1.00 9 10-4 NS 1.70

-10066 G/A 315/317/90 21.81, 12.48 19.44, 11.47 20.07, 14.38 1.00 9 10-2 6.00 9 10-3 3.00 9 10-3 NS 1.40

-7734 C/A 585/140/8 19.80, 12.11 22.87, 12.28 24.29, 14.31 4.00 9 10-3 1.00 9 10-3 1.00 9 10-3 NS 1.37

-4041 A/C 293/341/93 20.39, 12.14 20.39, 12.69 20.07, 10.77 NS NS NS NS –

+276 G/T 391/302/53 19.51, 12.70 21.61, 11.63 20.38, 11.68 3.10 9 10-3 6.00 9 10-3 1.00 9 10-3 NS 1.28

+639 C/T 197/356/140 19.22, 12.89 20.75, 12.08 20.48, 10.79 NS NS NS NS –

+3228 C/T 607/164/10 19.90, 12.25 21.87, 11.78 24.87, 12.10 3.60 9 10-2 1.00 9 10-2 1.40 9 10-2 NS 1.00

Twins UKb

-11391 G/A 1,434/246/5 8.00, 3.90 9.48, 4.14 9.32, 3.48 1.23 9 10-8 5.66 9 10-9 3.19 9 10-9 NS 1.88

-10066 G/A 722/797/187 8.67, 4.35 8.07, 3.78 7.27, 3.28 2.50 9 10-3 1.00 9 10-3 6.00 9 10-3 7.00 9 10-3 1.03

-7734 C/A 1,363/278/10 8.05, 3.89 9.11, 4.42 9.94, 3.70 3.70 9 10-5 9.69 9 10-6 8.09 9 10-6 NS 0.93

+276 G/T 927/605/94 7.89, 3.77 8.74, 4.32 8.39, 3.48 2.00 9 10-4 2.80 9 10-4 6.18 9 10-5 NS 1.04

+3228 C/T 1,244/367/18 8.22, 4.00 8.40, 4.22 8.22, 3.22 NS NS NS NS –

SD standard deviation, NS not significant p \ 0.05
a Linear regression analysis
b Generalised estimating equations analysis
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was included in the 1.2-kb plasmid insert, with the com-

mon allele A present on the four -11391/-11377

haplotypes. We did not test allelic effects of this SNP on

promoter activity, as we (Table 2) and others found no

association between this SNP and adiponectin levels in

population studies. The relative activities of promoter

constructs carrying the four allelic combinations are shown

in Fig. 2. The results are expressed as mean ± standard

deviation (SD) of the average of the three independent

experiments done in triplicate. All four promoter constructs

showed increased activity over basic, but there were no

significant differences in activity between the four

haplotypes.

Discussion

We analysed tSNPs covering the full span of ADIPOQ

in two large groups of healthy female Caucasians. We

observed strong replicated associations of four SNPs with

Table 3 Twins UK cohort: transmission disequilibrium test ADIPOQ tagging single nucleotide polymorphisms (tSNPs) with fasting serum

adiponectin

tSNP Number Mean ± SD serum adiponectin lg/ml P value

11 12 22 Additive Dominant

-11391 G/A 98 7.99, 3.69 9.98, 4.03 9.08, 3.96 1.69 9 10-4

-10066 G/A 227 8.72, 4.76 8.00, 4.03 7.80, 3.69 NS

-7734 C/A 104 7.86, 3.71 9.70, 4.07 9.70, 4.15 7.82 9 10-4

+276 G/T 184 7.62, 3.63 8.54, 4.44 9.44, 4.31 3.62 9 10-2

+3228 C/T 114 8.50, 4.09 8.71, 4.42 7.24, 2.33 NS

11 12/22

-11391 G/A 95 7.99, 3.69 9.86, 4.06 8.60 9 10-5

-10066 G/A 162 8.72, 4.76 7.95, 3.84 NS

-7734 C/A 98 7.86, 3.71 9.60, 4.12 3.25 9 10-4

+276 G/T 159 7.62, 3.63 8.56, 4.53 2.53 9 10-2

+3228 C/T 109 8.50, 4.09 8.70, 4.33 NS

SD standard deviation, NS not significant p \ 0.05

Table 4 Chingford and Twins

UK cohorts: ADIPOQ tagging

single nucleotide polymosphism

(tSNP) haplotype association

with serum adiponectin

NS not significant p \ 0.05
atSNP sequence is -11426A/G,

-11391G/A, -10066G/A, -

7734C/A, -4041A/C, +276G/

T, +639C/T, +3228C/T
btSNP sequence is -11391G/A,

-10066G/A, -7734C/A,

+276G/T, +3228C/T

Haplotype Beta P value Overall p value Explained

variance (%)

Chingforda

1. 11211111 – – 5.00 9 10-4 2.85

2. 11111221 1.522 NS – –

3. 11111111 1.512 NS – –

4. 11112111 3.170 NS – –

5. 12122221 6.719 4.00 9 10-3 – –

6. 11111122 4.824 NS – –

7. 11212111 -2.272 NS – –

8. 11112121 -6.734 NS – –

9. 21211111 2.024 NS – –

10. 21211221 7.965 NS – –

11. 11211122 -1.493 NS – –

12. 12122122 12.253 6.00 9 10-3 – –

Twins UKb

1. 11111 – – 5.83 9 10-7 1.66

2. 11121 0.42 NS – –

3. 11112 0.14 NS – –

4. 22221 3.50 1.39 9 10-8 – –
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adiponectin concentrations: -11391 G/A (promoter),

-10066 G/A and -7734 C/A (both intron 1) and +276 G/T

(intron 2). We also demonstrated significant single haplo-

type associations with serum adiponectin in the Chingford

and Twin cohorts and overall haplotype effects accounting

for up to 2.85% of variance in adiponectin levels.

Our transfection experiments demonstrated activity in

the proximal promoter of the ADIPOQ gene, but it was

not possible to distinguish individual effects of the -11391

G/A and -11377 C/G SNPs on activity.

The main strength of our study lies in the use of two

large samples of healthy women with serum adiponectin

measurements, which permitted replication of significant

associations. The Twins UK sample had the advantage of

enabling confirmation of associations by sib-TDTs in DZ

twins discordant for genotype, which are insensitive to the

effects of population stratification and admixture. We

found the twin subjects to be representative of the UK

female population as a whole; the only difference was that

MZ twins had a slightly lower weight and a smaller vari-

ance for weight than DZ twins and singletons (Andrew

et al. 2001). Both samples had adequate statistical power to

detect SNPs with small effects and together comprise one

of the largest systematic studies of ADIPOQ SNP associ-

ation with serum adiponectin.

On the HapMap database (Data Rel#22/phase II Apr

2007), there are 25 polymorphic SNPs with MAF [ 0.05 in

the 16.5-kb region spanning our eight SNPs (including

1.5 kb 50 and the 30UTR). According to our analysis of the

90 Centre d’Etude du Polymorphisme Humain Utah (CEU)

Trios genotypes using Haploview/Tagger, these are tagged

by 15 tSNPs, six of which are included in our eight tSNPs.

We confirmed previously reported associations of elevated

adiponectin with -11391 A (Vasseur et al. 2002; Woo

et al. 2006); -10066 G (Woo et al. 2006) and +276 T

(Vasseur et al. 2002; Menzaghi et al. 2002; Hara et al.

2002; Qi et al. 2005) and found a new association with

-7734 A. Most previous investigations involved relatively

small studies comparing patients with type 2 diabetes,

hyperglycaemia, coronary artery disease or obesity to

control subjects. Our study included the first examination

of ADIPOQ variants in more than 3,000 healthy subjects

with measured adiponectin levels. The closest comparable

study is that of Heid et al. (2006) based on 1,727 healthy

Caucasians. They used the tSNP programme of Stram et al.

(2003) to select tSNPs but interrogated a larger chromo-

somal region, genotyping 53 SNPs in 81 subjects to select

18 tSNPs.

Vasseur et al. (2002) suggested that the association

between +276T and higher serum adiponectin mostly

results from LD with -11391A or -11377C. However,

according to the current release of HapMap 90 Trios

genotypes (HapMap Data Rel#22/phase II Apr 2007),

-11377 C/G is not in LD with +276 G/T (also r2 = 0.10

in our 94 twins, ESM Table S3), and association with

+276T resulting from LD with -11391A seems no more

likely (r2 = 0.17 in our 94 twins, ESM Table S3). The

association of the +45/+ 276 T-G haplotype with lower

plasma adiponectin level found by Menzaghi et al. (2002)

was found to be eliminated in the presence of -11391G

(Vasseur et al. 2002) (or failed to appear in the absence of

the -11391A; Woo et al. 2006), so here, -11391A seemed

to be critical, interacting with the +45/+ 276 loci to

influence adiponectin levels. In a recent twin study, heri-

tability of adiponectin independent of body mass index

(BMI) was shown to be partly accounted for by the +45

T/G but not the -11377 C/G SNP (Cesari et al. 2007). All

of this evidence seems to favour a role for -11391 G/A in

gene expression or as the marker of a functional site. This

is in line with our own results, because Chingford, Twins

UK and the TDT results all show -11391 G/A to be the

most significant locus.

Haplotypes can improve power to detect disease sus-

ceptibility regions if they are directly responsible for the

observed variation in the trait through the combined effect

of multiple variants or if they are in much higher LD with

the functional polymorphism than the individual markers

(Bader 2001). In population studies, -11391G (Vasseur

et al. 2002), -11377G (Hoefle et al. 2007) and -11391/

-11377 G-G haplotypes (Vasseur et al. 2002; Schwarz

et al. 2006; Petrone et al. 2006) have been consistently

associated with low adiponectin levels. Heid et al. (2006)

examined 15 SNP haplotypes in approximately 1,500
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Fig. 2 Luciferase reporter expression of the rs17300539 (-11391 G/A)

and rs266729 (-11377 C/G) ADIPOQ gene promoter polymorphisms in

3T3-L1 cells. The 3T3-L1 cells were transfected with the pGL3 basic

vector containing four allelic combinations of promoter SNPs -11391

G/A and -11377 C/G. Firefly luciferase activity was normalised for

transfection efficiency by cotransfection with a Renilla luciferase

control plasmid. The results are expressed as mean ± standard devi-

ation of the average of the three independent experiments done in

triplicate
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subjects, and those associated with the highest adiponectin

levels carried -11391A. We identified two haplotypes in

Chingford, nos. 5 and 12, and one in Twins UK, no. 4, that

were associated with significant elevation of serum

adiponectin compared with the most common (reference)

haplotypes (Table 4). All haplotypes carried alleles

-11391A and -7734A. The situation with regard to the

other SNPs is confusing. Chingford no.12 and Twins no. 4

had only -11391A and -7734A in common, yet Chingford

no. 5, less strongly associated than haplotype 12 with

adiponectin, had four alleles in common with Twins no. 4

-11391A/-7734A/+ 276T/+ 3228C. However, the con-

sistent representation of -11391A in haplotypes associated

with elevated adiponectin in both Chingford and Twin

samples suggests that this is the strongest candidate for a

functional effect and strengthens the evidence from single

SNP associations, described above, that -11391 G/A might

drive adiponectin concentration. With no definitive reports

having yet shown this to be the case, we made the first

attempt to investigate functionality of -11391 G/A and

nearby -11377 C/G in adipocytes.

In the only previously reported functional investigation,

Bouatia-Naji et al. (2006) showed that wild-type G-C

construct had significantly lower ADIPOQ promoter

activity than A-C (p = 2 9 10-3), compatible with lower

serum adiponectin in -11391 allele G carriers. However,

this was demonstrated in COS7 cells, which do not natu-

rally express adiponectin. Previous characterisation of the

human ADIPOQ promoter did not identify any putative

binding sites for transcription factors at or around SNPs

-11391 and -11377 (Schaffler et al. 1998). We have

shown that promoter activity resides in the proximal 1.2-kb

region. We have not been able to show that the -11391/

-11377 G-G constructs had lower promoter activity than

the other haplotypes in differentiated adipocytes. The total

length of the ADIPOQ promoter is 2.1 kb, but Kita et al.

(2005) demonstrated by deletion analysis that the region

from -676 to +41 relative to transcription start site

(-11060 to -10343 relative to translation start defining

SNPs) is sufficient for basal transcriptional activity in 3T3-

L1 adipocytes. LD with an unknown functional site in

the promoter region remains the most likely explanation for

the consistent associations of the -11391 and -11377

SNPs with serum adiponectin. Alternatively, the SNPs

may mark a functional site within the gene, which may

emerge through sequencing haplotypes associated with

elevated adiponectin that we identified in the population

studies.

In conclusion, considerable human genetic epidemio-

logical data support an important role for adiponectin

in glucose and lipid homeostasis. Studies published to

date indicate that polymorphisms at the adiponectin locus

are predictors of circulating adiponectin levels, insulin-

sensitivity and atherosclerosis. However, no consistent

effect on BMI or risk of type 2 diabetes is evident (for

review see Menzaghi et al. 2007). The challenge is to find

out which SNPs are crucial in affecting adiponectin

secretion and activity and to understand the molecular

mechanisms involved in maintaining the high levels that

protect against the development of metabolic disease.
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