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Abstract

Adiponectin has a variety of metabolic effects on obesity, insulin sensitivity, and atherosclerosis.

To identify genes influencing variation in plasma adiponectin levels, we performed genome-wide

linkage and association scans of adiponectin in two cohorts of subjects recruited in the Genetic

Epidemiology of Metabolic Syndrome Study. The genome-wide linkage scan was conducted in

families of Turkish and southern European (TSE, n = 789) and Northern and Western European

(NWE, N = 2,280) origin. A whole genome association (WGA) analysis (500K Affymetrix

platform) was carried out in a set of unrelated NWE subjects consisting of approximately 1,000

subjects with dyslipidemia and 1,000 overweight subjects with normal lipids. Peak evidence for

linkage occurred at chromosome 8p23 in NWE subjects (lod = 3.10) and at chromosome 3q28

near ADIPOQ, the adiponectin structural gene, in TSE subjects (lod = 1.70). In the WGA analysis,

the single-nucleotide polymorphisms (SNPs) most strongly associated with adiponectin were

rs3774261 and rs6773957 (P < 10−7). These two SNPs were in high linkage disequilibrium (r2 =

0.98) and located within ADIPOQ. Interestingly, our fourth strongest region of association (P < 2
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× 10−5) was to an SNP within CDH13, whose protein product is a newly identified receptor for

high-molecular-weight species of adiponectin. Through WGA analysis, we confirmed previous

studies showing SNPs within ADIPOQ to be strongly associated with variation in adiponectin

levels and further observed these to have the strongest effects on adiponectin levels throughout the

genome. We additionally identified a second gene (CDH13) possibly influencing variation in

adiponectin levels. The impact of these SNPs on health and disease has yet to be determined.

INTRODUCTION

Adiponectin is a protein secreted exclusively by adipocytes and is one of the most abundant

gene products in adipose tissue, accounting for 0.01% of total plasma protein (1). Plasma

adiponectin levels are negatively correlated with BMI, especially visceral adiposity (2), and

are lower in subjects with type 2 diabetes mellitus (T2DM) and coronary artery disease than

in those without (3,4). Metabolic studies carried out in both animals and humans suggest

that adiponectin has a variety of metabolic effects, including antidiabetic,

antiatherosclerotic, and antiinflammatory (2), and may partially mediate the relationship

between obesity and insulin resistance or T2DM (3,5–9).

The secretion and regulation of plasma adiponectin concentrations is under complex control

(10). Its expression and/or secretion is increased by leanness, cold exposure, adrenalectomy,

insulin-like growth factor 1, ionomycin, and thiazolidenediones, and decreased by obesity,

tumor necrosis factor-α, glucocorticoids, β-adrenergic agonists, and cyclic adenosine

monophosphate (11–13). Family studies indicate that genetic factors partly regulate

adiponectin concentration (14,15). At least six genome-wide linkage scans for adiponectin

levels have been published to date (2,10,16–19), implicating regions on chromosomes 3q,

5p, 8q, 9p, 11q, 14p, and 15q. Although the specific mechanisms through which genes

influence variation in adiponectin concentrations have not yet been clarified, strong

candidate genes include the adiponectin structural gene (ADIPOQ) as well as genes

encoding adiponectin-regulatory proteins. Furthermore, the role of genetic variants

regulating adiponectin on health outcomes, including insulin resistance, T2DM, and

coronary artery disease, has not been unequivocally determined (12).

The development of low-cost high-throughput genotyping technology has made possible the

identification of common genetic variants influencing health outcomes on a genome-wide

scale. The Genetic Epidemiology of Metabolic Syndrome (GEMS) Study is a multicenter

study designed to identify the genetic determinants of metabolic syndrome and related traits.

It is well suited for this purpose because it included two arms: a family-based sample for

linkage analysis and a population-based sample for association analysis. In the first arm of

the GEMS Study, two sets of families with differing ancestral origins (i.e., families of

Turkish and southern European (TSE) origin and of Northern and Western European (NWE)

origin) were recruited for the purpose of carrying out linkage analysis of metabolic

syndrome and related traits. In the second arm of the GEMS Study, an additional set of

unrelated subjects was recruited and a whole genome association (WGA) analysis was

carried out using ~500,000 single-nucleotide polymorphisms (SNPs). In this report, we used

the rich resources of the GEMS Study to perform a comprehensive assessment of the genetic
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determinants of adiponectin levels on a genome-wide basis. By conducting both genome-

wide linkage and association analyses, we were able to put into context the relative strengths

of genetic influences on plasma levels of adiponectin.

METHODS AND PROCEDURES

The GEMS Study was initiated in 1999 for the purpose of identifying genes associated with

the metabolic syndrome and related traits. The study included two types of samples: two sets

of families recruited for a linkage study and a set of unrelated cases and controls recruited

for an association study. Relevant to this report, the linkage study was carried out to

determine whether quantitative trait loci (QTLs) having fairly large effects on adiponectin

variation could be detected along the genome, while the association study was conducted to

identify specific SNPs associated with variation in adiponectin levels and to see if these

SNPs colocalized to previously detected linkage regions. Standardized questionnaires were

administered to study participants to obtain information about medical history, medication

use, and tobacco and alcohol use. Subjects received a physical exam during which height,

weight, and waist circumference were measured according to a standardized protocol. Blood

samples were collected after a 12-h fast. Serum adiponectin level was measured using an

enzyme-linked immunosorbent assay (R&D systems, Minneapolis, MN) (20). For all the

following analyses, adiponectin was transformed by its cube root to reduce skewness and

normalize the distribution (Supplementary Figure S1). Prior to genetic analyses, mean levels

of adiponectin and other traits were compared between groups using “Proc Reg” in SAS

version 9 (SAS Institute, Cary, NC).

Linkage study

Families were recruited into the GEMS Study from six study sites, located in Australia,

Canada, Finland, Turkey, Switzerland, and the United States. Details of the recruitment

procedures, subject characteristics, and inclusion/exclusion criteria have been previously

described (20,21). Eligible families consisted of a minimum of two siblings (an affected sib-

pair) with atherogenic dyslipidemia (ADL), which was defined by the simultaneous

presence of high triglyceride (≥75% percentile for age, sex, and country) and low HDL-

cholesterol (HDL-C) (≤25% percentile for age, sex, and country) levels in plasma.

Individuals were ineligible for participating in the study if they had a BMI ≥35 kg/m2, were

positive for human immunodeficiency virus, were recipients of an organ transplant, were

diagnosed with familial hypercholesterolemia, or were heavy users of alcohol (>8 units/day).

The mean number of examined individuals within enrolled families ranged from 3.7

(Australia) to 18.9 (Turkey), and the overall family size ranged from 2 to 180. Prior to

linkage analysis families were split into two groups based on ancestral origin. All 39

families from Turkey and a few families of Southern European origin from Canada (n = 8)

and Australia (n = 12) were considered to be of TSE origin, while the remaining families

were considered to be of NWE origin. In total, 3,069 subjects aged 18–70 years from 450

families were phenotyped across all sites (789 subjects from 59 TSE families and 2,280

subjects from 391 NWE families).

DNA was extracted using the Puregene system (Gentra Systems, Minneapolis, MN) at the

Center for Human Genetics at Duke University Medical Center. A set of 448 microsatellite
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markers at an average density of 10 centimorgans (cM) were genotyped on 2,870 individuals

at the University of Western Australia in Perth. The average heterozygosity of markers was

0.76. Marker locations were obtained from the Marshfield sex-average genetic map. This

analysis is based on 437 markers located across the 22 autosomes. The number of genotyped

subjects ranged from 2,057 to 2,827 for each marker. Genotyping call rates ranged from

71.7 to 98.5% for all markers. Two markers had genotyping call rates <80% (71.7 and

79.2% for D6S477 and D18S481, respectively). Ninety-four percent (412/437) of all

markers had a genotyping call rate >90%.

Linkage analyses were carried out using a variance decomposition approach as implemented

in SOLAR (Sequential Oligogenic Linkage Analysis Routines). This approach partitions the

total variance of the quantitatively distributed phenotype (e.g., adiponectin levels) into

components attributable to measured environmental effects (e.g., age and sex), additive

polygenetic effects, and for linkage, an additive QTL effect. The additive polygenic and

QTL effects are parameterized as random effects. The background polygenic effect is

measured as a function of the phenotypic covariance among related family members, while

the additive QTL effects are measured as the variance attributable to allele-sharing among

relative pairs at the specific locus of interest. The hypothesis of linkage is tested by the

likelihood-ratio test, in which the likelihood of a full model, which includes the linkage

component, is compared to the likelihood of a nested model, in which the linkage effect is

constrained to be zero (22). The identity-by- descent probabilities between family members

were computed using an MCMC approach as implemented in LOKI. Analyses were

conducted using several sets of covariates: age, sex with no additional covariates (model 1);

age, sex, and BMI (model 2); and age, sex, BMI, smoking, and alcohol use (model 3).

Because of the sensitivity of the variance component linkage approach to distributional

assumptions, we computed P values (and lod scores) empirically by simulating a large

number of single unlinked markers to the observed data and evaluating the probability of

observing lod scores as high as those detected with the real markers by chance alone. These

simulations were conducted using the lodadj module within the SOLAR software program

(22). All lod scores presented in this article correspond to the empirical conversions of the

nominal lod scores.

Prior to carrying out the linkage analysis, we estimated the power of detecting linkage by

simulating QTLs of known effect size within our pedigree structures. Results from our

power calculations revealed that our sample provides ~80% power to detect lod scores >3

for QTLs accounting for 35% of the total variance in adiponectin levels in TSE families and

25% of the total variance in adiponectin levels in NWE families. For lod scores >2, our

samples would provide ~80% power to detect QTLs accounting for 29% of the total

variance in adiponectin levels in TSE and 23% in NWE families.

Association study

In the second arm of the GEMS Study, a set of 1,025 cases with ADL and 1,008

normolipidemic controls were recruited from the five GEMS sites with subjects of NWE

origin for a case–control study. Subjects with diabetes were excluded from this arm of the

study. Normolipidemic controls were required to have both low triglyceride (lower 50%
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percentile) and high HDL-C (upper 50% percentile) with adjustment of age and sex. Cases

included GEMS probands recruited into the family-based study supplemented by additional

individuals with ADL identified from each study site. The controls were frequency matched

to cases by sex and study site and had a BMI greater than 25 kg/m2. Controls were 5 years

older than cases to reduce the possibility of controls developing dyslipidemia. All controls

(and 674 of the cases) were newly recruited into the association arm of the study and did not

participate in the family (linkage) study arm.

Genotyping was performed using the Affymetrix 500K chip. After subject QC, 1,847

subjects from the original sample remained. Exclusions (n = 186) were due to a less than

90% sample call rate (n = 161), gender inconsistencies (n = 12) or inconsistent genotypes

with a different platform (n = 13). After marker QC, 475,439 markers remained. Excluded

markers were either monomorphic (n = 12,441), had a Hardy–Weinberg P < 10−7 (n =

11,352) or had a call rate of <70% (n = 205). Additional SNPs were excluded because of

low genotype call rates (<0.90, n = 22,733) and/ or minor allele frequency (<0.01, n =

54,316), leaving a total of 398,625 markers included in our final analysis.

The WGA analysis for adiponectin was performed in an additive linear regression model

with adjustment for age, sex, study site, and dyslipidemia status. In addition to reporting

marker-wise statistical test results, genome-wide levels of statistical significance were

computed by applying a Bonferroni correction. Linkage disequilibrium structure was

evaluated at selected chromosomal regions using the Haploview software program (23).

RESULTS

Table 1 shows the baseline characteristics and mean (±s.d.) adiponectin concentrations of

GEMS subjects according to ethnicity and sex for the linkage and association samples. In

the family-based (linkage) sample, TSE subjects were 3–5 years younger and had lower

levels of BMI and lower diabetes prevalence compared to NWE subjects. Plasma

adiponectin levels were significantly higher in NWE than TSE subjects and higher in

women than men. The ethnicity difference in adiponectin levels persisted even after

adjustment of sex and BMI (P < 0.0001). In the association sample, controls were 5 years

older than cases and had a significantly higher adiponectin levels and lower BMI.

Linkage analysis results

The heritability of age- and sex-adjusted adiponectin levels was 0.68 ± 0.06 for the TSE and

0.67 ± 0.04 for the NWE populations. These estimates increased slightly with further

adjustment for BMI (0.71 ± 0.04 for the TSE and 0.68 ± 0.04 for the NWE populations) and

for BMI, smoking, and alcohol consumption (0.73 ± 0.04 for the TSE and 0.69 ± 0.04 for

the NWE populations).

The major results of the genome-wide multipoint linkage analysis of adiponectin levels for

each population are shown in Table 2, which summarizes all linkages with lod scores of 1.50

or higher in either the TSE or NWE populations. In the NWE families, the peak lod score

(age- and sex-adjusted) was 2.78, occurring at chromosome 8p23 between markers D8S264

(0.7 cM) and D8S277 (8.3 cM). Further adjustment for BMI increased the lod score to 3.10
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(Figure 1a) at this locus, although evidence for linkage declined (lod = 2.60) with additional

adjustment for smoking and alcohol. The lod scores of 1.80 or higher were also observed

slightly centromeric to this locus on chromosome 8p at 39 cM pter (near marker D8S1145,

37cM). In the TSE families, the peak lod score was 1.80, occurring on chromosome 3q28 at

D3S2418 (215.8 cM; 187.7 Mb) in the region flanked by markers D3S1262 (201.1 cM) and

D3S1311 (224.9 cM) (Figure 1b). Further adjustment for BMI decreased the lod score to

1.70 at this locus, with a further decrease in the evidence for linkage (lod = 1.43) with

additional adjustment for smoking and alcohol. This location maps to ~0.23–0.25 Mb from

ADIPOQ (188.04–188.06 Mb), the structural gene that encodes the adiponectin protein. An

lod score of 1.50 was also observed on chromosome 3p26–3p24 (36.6 cM) in the region

flanked by markers D3S4545 (26.3 cM) and D3S3038 (44.8 cM).

WGA results (NWEs)

The WGA results for adiponectin in the 1,845 (of 1,847 with genotypes) subjects with

measured adiponectin levels are summarized in Figure 2. The 10 most strongly associated

SNPs, which fell within five distinct chromosomal regions, are listed in Table 3. Five of

these top 10 SNPs are located within genes — three SNPs in ADIPOQ, (P = 3.7 × 10−6 to

4.8 × 10−8), one SNP in LYZL1 (P = 9.9 × 10−6), and one in CDH13, a recently identified

receptor for hexameric and high-molecular-weight species of adiponectin (24) (P = 2.0 ×

10−5).

As indicated in the QQ plot (Figure 3), the P values for the two most strongly associated

SNPs, rs3774261 and rs6773957, differed markedly from their expectations under the null

hypothesis of no association (marker-wise significance levels of 3.44 × 10−8 and 3.02 ×

10−8, respectively). Additional adjustment for dyslipidemia status altered these results only

slightly (5.15 × 10−8 and 4.78 × 10−8, respectively). Subgroup analyses were further carried

out in ADL cases (n = 921) and controls (n = 924) separately. Both rs3774261 and

rs6773957 remained strongly associated with adiponectin levels in ADL cases (P = 6.8 ×

10−6 and 8.7 × 10−6), and moderately so in controls (P = 0.004 and 0.003) (Table 4).

Moreover, as shown in Figure 4, the direction and magnitude of the genotype effect on

adiponectin levels were consistent in both cases and controls. Inclusion of BMI in the model

did not change the effect of SNP on adiponectin levels (data not shown). An additional

analysis was carried out allowing for an SNP × dyslipidemia interaction effect, but this

provided no evidence that the effect of SNP was modified in the presence of dyslipidemia

(data not shown). The WGA analyses were repeated under both a dominant and a 2 df

genotypic model, the latter partitioning the genotype effect into an additive and dominance

deviation component. In both cases, SNPs, rs3774261 and rs6773957, remained the most

strongly associated SNPs, albeit at slightly reduced levels of statistical significance (P =

2.42 × 10−7 and 2.57 × 10−7 for dominant model, P = 2.16 × 10−7 and 2.24 × 10−7 for

genotypic model, for rs3774261 and rs6773957, respectively).

Haploview analyses revealed rs3774261 and rs6773957 to be highly correlated (r2 = 0.98)

and located within the adiponectin structural gene ADIPOQ, with one in intron 2 and the

other in the 3′-UTR region (Figure 5). SNP rs3774261 accounted for 1.2% of the total

variance of plasma adiponectin level in the pooled sample, 2% in cases and 0.9% in
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controls. We further evaluated the associations of these two ADIPOQ SNPs with other

metabolic parameters, including HDL-C, triglyceride, fasting glucose, insulin, and BMI.

Neither of the SNPs achieved statistical significance with any of the parameters (all P >

0.01) (data not shown).

Similar subgroup analyses were carried out for rs7195409, the SNP located within CDH13.

As with the ADIPOQ SNPs, there was no strong evidence for a stronger genotype effect on

adiponectin in dyslipidemia cases compared to controls (data not shown).

The associations of adiponectin levels with SNPs in the two other adiponectin receptors

were also examined. Adiponectin levels were not associated with SNPs within adiponectin

receptor 1 (ADIPOR1; 1q32.1) (marker-wise P values = 0.49–0.95) and receptor 2

(ADIPOR2: 12p13.31) (P values 0.35–0.99). SNPs in both of these receptors were reported

to be associated with T2DM in an Amish population (25). Adiponectin levels were not

associated with any SNPs flanking the linkage peak at 8p21–23.

DISCUSSION

We have carried out a comprehensive analysis of the entire genome to identify the genetic

determinants of plasma adiponectin levels using both linkage and association analyses.

Although other linkage (10,16–19) and association (26,27) analyses have been carried out

on adiponectin, many have focused on particular candidate genes, including ADIPOQ. Our

analyses provide evidence of the major loci contributing to adiponectin variation from a

genome-wide perspective.

The most striking result from our analyses was the identification of ADIPOQ as the locus

having the largest influence throughout the genome on adiponectin variation. Significant

associations were observed in the WGA analysis on several SNPs within ADIPOQ, with two

of these meeting genomewide levels of statistical significance. In linkage analysis, this

region (3q27–29) also showed the strongest evidence for linkage in the TSE families, albeit

with only a modest lod score of 1.70. The failure to detect linkage to adiponectin levels in

the NWE families in our study may reflect the low power in these families to detect QTLs

by linkage analysis.

Genetic studies have previously implicated the ADIPOQ locus for a role in influencing

variation in adiponectin levels. Very strong evidence for linkage of serum adiponectin levels

to this region has previously been published in Hispanic families from the IRAS Family

Study (lod = 6.35) (18) and suggestive/ tentative evidence for linkage has also been reported

from at least two other European white populations (2,17). In the Amish population where a

peak lod of 2.13 was observed right at the ADIPOQ locus, the linkage peak could be

partially explained by two SNPs within the adiponectin structural gene (2), although this

was in contrast to the IRAS Family Study, where none of the associated SNPs contributed to

the linkage signal (18).

SNPs in ADIPOQ have been associated with T2DM and obesity in several prior studies. In a

Japanese population, ADIPOQ SNPs rs2241766 and rs1501299 have been associated with

T2DM (28), while SNPs rs266729 and rs1501299 were reported to be associated with
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obesity in a French population (29), and SNPs rs182052 and CA-11156 were reported to be

associated with obesity in Hispanics (30). Kissebah et al. reported linkage of seven

metabolic syndrome-related traits to the 3q27 ADIPOQ region, suggesting that this region

was also associated with obesity and insulin sensitivity (31). Several prior studies have also

reported associations of ADIPOQ SNPs with plasma adiponectin levels, including

rs2241766 (exon 2) (2,27), rs1501299 (intron 2) (2,32), and several SNPs in the promoter

regions of ADIPOQ (27).

Low adiponectin levels have previously been associated with various components of the

metabolic syndrome, including dyslipidemia (33), and indeed HDL-C levels were strongly

correlated with plasma adiponectin levels in the GEMS case– control study (r = 0.40, P <

0.0001). However, there was no evidence in our study that the effects of any of the ADIPOQ

SNPs on adiponectin levels were modified in the presence of dyslipidemia because the effect

sizes of the SNPs did not differ significantly between subjects with and without

dyslipidemia.

An additional intriguing result from the WGA analysis was the association observed

between rs7195409, located in intron 7 of CDH13, and adiponectin levels. CDH13 is a

member of the cadherin superfamily and was recently found to be expressed in vascular

endothelial cells and smooth muscle cells, where it interacts with hexameric and high-

molecular weight species of adiponectin but not trimeric or globular species (24,34). The

magnitude of association (P = 2.0 × 10−5) did not achieve conventional genome-wide

thresholds for statistical significance, but the identification of this gene is intriguing in light

of recent evidence that T-cadherin, the product of CDH13, specifically binds with hexamer

and high-molecular weight isoforms of adiponectin at vascular endothelial and smooth

muscle cells (24). The significance of these isoforms of adiponectin are not entirely clear,

but they may activate NF-κB pathways, therefore, regulating antiapoptotic activity (34).

Despite the moderately high heritability of adiponectin (68–70% in our study), our genetic

analyses did not uncover any additional genes contributing to variation in this trait. It is

sobering that the most strongly associated SNPs in our analysis accounted for <2% of the

variance in adiponectin levels in this population. Possibly, the associated SNPs are in

linkage disequilibrium with a true functional SNP in the region and this functional variant

has a larger effect. More broadly, however, it seems likely that simple sequence variants at a

single locus capture only a small part of the total genetic contribution to trait variation—

other genetic effects may stem from interaction among single loci and between individual

loci and environmental factors, or from epigenetic factors that influence gene expression.

Additionally, it is possible that much of the genetic effect on adiponectin is attributable to

multiple rare variants, each associated with a relatively large effect. GWAS studies are not

well suited for detecting rare variants and sequencing of candidate regions (e.g., ADIPOQ)

may be required. We did, however, observe strong evidence for linkage in the NWE families

to chromosome 8p23 (BMI-adjusted lod = 3.10; D8S264/ D8S1825). To our knowledge, no

previous studies have detected significant linkage (lod >3) to adiponectin levels on

chromosome 8p23; however, linkages to BMI have been reported within or around this

region, including in Nigerians (35), in European whites from the Framingham Heart Study

(36), and in a meta-analysis of five independent genome-wide scans (37). An attractive
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candidate gene in this region is lipoprotein lipase (LPL, 8p22, 39.3 cM, physical map

position: 19.9 Mb), which encoded an enzyme that plays a critical role in transporting fats

and breaking down fat-carrying particles and preheparin LPL mass. Although LPL mass has

been found to be significantly correlated with insulin sensitivity (38–40) and adiponectin

levels (41,42), we did not observe any association between SNPs in LPL and adiponectin in

this population.

Our observation of higher plasma adiponectin levels observed in subjects from NWE

families compared to subjects from TSE families is intriguing and cannot be explained

simply by differences in BMI between the two populations (20,43). Differences in

adiponectin levels across ethnic groups have previously been reported—e.g., Japanese >

Chinese (10) and Hispanic Americans > African Americans (18). It is possible that these

differences stem from differences in other metabolic measures between populations or that

they result from differences in other lifestyle factors (20). Higher adiponectin levels

observed in women compared to men are also widely observed, and this sex dimorphism

might be partially explained by the selective inhibition effect from testosterone in both

human and mice (44,45). In the population-based study, although BMI is higher in cases

than in controls, the difference of adiponectin levels between cases and controls could not be

explained by age, sex, and BMI (P < 0.001). This is consistent with a prior study showing

that adiponectin concentrations are correlated with serum lipids independently of BMI and

that following weight loss, changes in adiponectin are significantly correlated with changes

in HDL-C and triglyceride, independently of changes in BMI and insulin sensitivity (46).

In conclusion, our results support an effect of DNA variation at the ADIPOQ locus

influencing plasma adiponectin levels. However, the degree to which DNA sequence

variants at this locus influence health and disease remains to be seen. Furthermore, our

analyses indicated that SNPs at the ADIPOQ locus were the most strongly associated with

adiponectin variation throughout the entire genome. The association of adiponectin with

CDH13 is a novel observation and of particular interest in light of recent studies identifying

this gene as a third adiponectin receptor.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Multipoint linkage analysis of adiponectin levels with (a) chromosome 8 markers in the

NWE sample and (b) chromosome 3 markers in the TSE sample (both adjusted for age, sex,

and BMI). NWE, Northern and Western European; SOLAR, Sequential Oligogenic Linkage

Analysis Routines; TSE, Turkish and southern European.
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Figure 2.
Whole genome association for plasma adiponectin level in the Genetic Epidemiology of

Metabolic Syndrome Study association sample.
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Figure 3.
QQ plot for whole genome association analysis of plasma adiponectin in population-based

sample.
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