




SNP association) we used SOLAR version 4.0 to analyze the
data (15).

Bivariate genetic analysis

Phenotypic, genetic, and environmental correlations were
calculated between plasma FAs and other adiposity-related traits
as summarized by the following model:

rhoP ¼ rhoG
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where h1
2 and h2

2 are heritabilities of the 2 phenotypes being
studied, and rhoG and rhoE are the additive genetic and environ-
mental correlations between the traits, respectively (16).

A model in which all parameters are estimated was compared
with a model in which the genetic correlation is constrained to
zero. To test for complete pleiotropy between the 2 traits, a model
in which the genetic correlation was constrained to one was
compared with a model in which all parameters are estimated.
Twice the difference of logarithm likelihood of the 2 models
asymptotically yields a distribution of chi square with 1 df (17).
Evidence of pleiotropy (a common set of genes influencing more
than one trait) was indicated by a genetic correlation significantly
different from 0.

Measured genotype analysis

Genotype frequencies for each SNP were calculated by using
all individuals (18) and were tested for departures from Hardy-
Weinberg equilibrium. Estimates of linkage disequilibrium (LD)
between SNPs were determined by calculating pairwise D# and
r2 statistics. As a first step in investigating the association between
the SNPs in candidate genes and circulating FAs, we used a mea-
sured genotype analysis (19), as implemented in SOLAR. This
approach extends the classic variance components-based bio-
metrical model to account for both the random effects of kinship



125). Genome-wide scans for the 4 FA types are shown in
Figure 1. The genome-wide scan for FAs showed several in-
teresting chromosomal regions harboring quantitative trait loci
(QTLs), with the evidence of suggesting significant linkage
(Table 2). The most significant linkage was found for total
MUFAs on chromosome 8p12–p21 between markers D8S1771
and D8S505 [logarithm of odds (LOD) score = 3.8]. The one-
LOD support interval for this QTL spanned’20 cM (44–64 cM).
This region of chromosome 8 showed evidence of suggestive
linkage not only for the sum of all PUFAs and MUFAs but also
for fractions of PUFAs and MUFAs such as PUFAs (18:2n26)
(LOD = 3.4) and MUFAs (18:1n29) (LOD = 2.5) (Figure 2).
Evidence of suggestive linkage (LOD . 2) was found on chro-
mosome 6q for total PUFAs. For the sum of all measured FAs,
suggestive linkage was observed on chromosome 10q (Table 2).
Circulating FAs are partly reflective of dietary FA intake (8). To
adjust for that, we conducted genetic analyses using dietary FAs
as an additional covariate. Linkage signals did not differ signif-
icantly, except for SFAs. This suggests that these signals are
specific for plasma FAs and are not affected by dietary intakes.

Bivariate genetic analysis

Bivariate genetic analysis showed significant genetic corre-
lations between plasma FAs and adiposity-related traits (Table
3). The SFA myristic acid (C-14) was positively correlated with
BMI, percentage fat, waist circumference, 2-h insulin, and
glucose; triglycerides and palmitic acid (C-16) were correlated

with 2-h glucose and triglycerides, and the long-chain SFA





DISCUSSION

In this study, we showed that there is a strong genetic com-
ponent to the variation in plasma FA distribution. In addition, we
identified a QTL on chromosome 8 (8p12–p21) that appears to

significantly modulate the variation in the proportion of un-
saturated FAs.We also found evidence of a significant association
between SNPs in candidate genes in this region and plasma FAs
and identified an SNP that may have a functional effect on PUFA

FIGURE 2. Evidence of significant linkage for plasma unsaturated fatty acids on chromosome 8. Chromosomal location (cM) is represented on the x axis,
and logarithm of odds (LOD) score is shown on the y axis. SOLAR version 4.0 (Southwest Foundation for Biomedical Research, San Antonio, TX) was used
to conduct the linkage analysis (15). MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.

TABLE 3

Significant genetic correlations between circulating fatty acids and anthropometric and biochemical markers (n = 761)1

Trait 1 Trait 2 rhoG 6 SE rhoP 6 SE

Myristic acid BMI 0.552 6 0.172 0.257 6 0.043

Waist circumference 0.433 6 0.172 0.241 6 0.043

Percentage fat 0.601 6 0.172 0.260 6 0.043

Insulin, 2 h 0.690 6 0.263 0.244 6 0.053

HDL cholesterol 20.36 6 0.153 20.350 6 0.032

Triglycerides 0.732 6 0.132 0.563 6 0.032

Palmitic acid Glucose, 2 h 0.565 6 0.233 0.193 6 0.04

Triglycerides 0.329 6 0.133 0.362 6 0.032

Stearic acid Percentage fat 20.357 6 0.143 20.165 6 0.04

Fasting glucose 20.39 6 0.193 20.123 6 0.04

HDL cholesterol 0.41 6 0.173 0.124 6 0.04

Insulin, 2 h 20.543 6 0.253 20.156 6 0.05

Triglycerides 20.57 6 0.122 20.316 6 0.042

MUFAs, 18:1n29 Fasting glucose 20.387 6 0.18TD
(6)Tj
/F5 1 Tf
1.1666 0 TD
(0.12)Tj
/F0975 180.57 
6.0319 0 TD
(2)Tj
/F5 1 Tf
0.8322 0 TD
6(9)-11300.7(F)0(a)17.4(sting)-329.1(gluco7.998J
/F6 1 Tf
20.5214 0 TD
(2)Tj
/F5 1 Tf
0.8322 0164.46613)Tj
/F14 1 Tf
2.575 0 TD
(6)Tj
/F5  Tf
23.4307 0 TD
(6)Tj
/F5 1 Tf
1.1666 0 TD
(0.17)Tj
/F3 13
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concentrations. To the best of our knowledge, this is the only
study thus far to report a strong genetic influence on all circu-
lating FA types and a significant association between plasma FAs
and SNPs in positional candidate genes, with evidence of
a functional effect of these SNPs on plasma FAs.

Plasma FA distribution showed higher plasma SFAs than
MUFAs or PUFAs in the study participants; women had higher
percentages of plasma SFAs and lower percentages of PUFAs

than did men. Historically, Alaskan Eskimos have consumed
more n23 FAs because of their traditional diets. It was hy-
pothesized that this explained the low CVD mortality that has
been observed among this population (8). However, recent
trends have shown an increase in CVD mortality (9). A shift
toward nontraditional foods rich in saturated fats and lower rates
of physical activity may have been major factors influencing this
change in CVD profile (8).

TABLE 4

P values for the association of polymorphisms in candidate genes on chromosome 8 and plasma fatty acid distribution and adiposity-related phenotypes

(n = 761)1

Gene SNP TFAs MUFAs PUFAs SFAs 18:1n–7 18:1n29 18:2n26 BMI % Fat Waist Triglycerides

ADRB3 rs35361594 0.226 0.267 0.371 0.767 0.304 0.413 0.206 0.025 0.009 0.043 0.545

APOJ rs10503814 0.173 0.028 0.017 0.619 0.727 0.381 0.037 0.414 0.165 0.799 0.742

rs11136000 0.604 0.364 0.802 0.382 0.509 0.611 0.368 0.002 0.005 0.003 0.04

rs1982229 0.992 0.409 0.742 0.916 0.097 0.041 0.388 0.252 0.555 0.126 0.135

rs538181 0.033 0.076 0.274 0.584 0.197 0.841 0.279 0.161 0.065 0.600 0.784

rs569205 0.032 0.110 0.263 0.505 0.512 0.910 0.385 0.095 0.022 0.390 0.859

rs7812347 0.874 0.016 0.722 0.657 0.080 0.024 0.883 0.128 0.032 0.057 0.502

rs9331891 0.008 0.188 0.057 0.331 0.295 0.218 0.230 0.780 0.688 0.986 0.073

LPL rs1059611 0.172 0.086 0.828 0.975 0.376 0.994 0.041 0.718 0.517 0.253 6.4 · 1026

rs1121923 0.380 0.199 0.467 0.565 0.863 0.615 0.177 0.024 0.011 0.034 0.636

rs13702 0.745 0.023.2(0.331)-2and 0.565 0.863 Tf
0.3272s · 10 · 10



Bivariate analysis was conducted to investigate whether there
is a genetic influence on the relation between plasma FAs and
adiposity traits. Significant genetic correlations between FAs and
adiposity traits indicate that a common set of genes might be
influencing FAs as well as the adiposity traits. Although several
studies have found positive correlations between FAs and adi-
posity traits, this is the first study to identify genetic correlations
between them. In addition, the phenotypic correlations of plasma
FAs with adiposity traits observed in the current study are
consistent with previous studies (5, 24).

Heritabilities for all plasma FAs ranged from 0.35 to 0.55,
which indicates a significant additive genetic contribution. The
heritability estimates for PUFAs in the study by Tanaka et al (6)
ranged between 0.28 and 0.38, which is similar to our findings.
Given the importance of plasma FAs in the pathogenesis of CVD
and T2DM, the search for a QTL influencing the variation in
plasma FA is a critical first step toward identifying candidate
genes. The strongest evidence for a QTL was obtained for total
MUFAs on chromosome 8p, with a one-LOD support interval of
’20 cM. The QTL coincides with a QTL for total PUFAs,
which makes this region unique for unsaturated FA concen-
trations. This region contains several strong positional candidate
genes of potential interest. Most promising are b3-adrenergic
receptor (ADRB3), lipoprotein lipase (LPL), apolipoprotein J or
clusterin (APOJ or CLU), macrophage scavenger receptor 1
(MSR1), and tumor necrosis factor superfamily member 10B
(TNFRSF10B). ADRB3 encodes a G-protein coupled cell surface
receptor (ADRB3) that plays an important role in lipolysis and
energy expenditure (25). Associations between human obesity
and the Trp26Arg polymorphism in ADRB3 have been consis-
tently reported by several studies across populations (26, 27).
Although SNPs in ADRB3 were not associated with circulating
FAs in our current study, SNP rs35361594 showed an associa-
tion with BMI, percentage body fat, and waist circumference.
This SNP, located in the flanking 5# untranslated region of the
ADRB3, has not been previously associated with obesity.

LPL variation has been associated with hypertriglyceridemia,
BMI, and body fat (28). LPL encodes an enzyme that hydrolyzes
chylomicron triglycerides to free FAs (29). LPL variant

Asn291Ser was found to increase the risk of dyslipidemia with
advancing age and weight gain (30). Furthermore, in the Med-
iterranean population, Corella et al (27) also found a gene-gene
interaction between ADRB3 and LPL SNPs influencing BMI in
women. In our study, SNP rs285 was found to have strong
statistical evidence for a functional effect and was associated
with higher concentrations of the PUFA 18:2n26. This poly-
morphism is in the sixth intron and generates a PvuII restriction
enzyme site (31). Although this SNP (located in an intron) may
not have a direct effect on the protein structure, it potentially
could mediate an effect on gene transcription or it could be in
strong LD with a functional variant. Another LPL SNP, rs328,
results in a nonsense substitution at Ser447. In our study, this
SNP was strongly associated with plasma triglycerides, with its
minor allele (G) being associated with lower concentrations of
triglycerides. Not only was this variant previously associated
with a lower risk of coronary heart disease, but it was also as-
sociated with lower concentrations of triglycerides and higher
HDL concentrations (36). Moreover, the same polymorphism
was associated with lower blood pressure in adults (32). APOJ,
another gene in our one-LOD support interval, codes for a gly-
coprotein that exists in plasma with HDL subfractions and has
antiinflammatory properties. Polymorphisms of APOJ have been
associated with tumorigenesis and Alzheimer disease (33–35).
In addition, it plays a role in lipid transport, and its poly-
morphisms have been associated with high HDL concentrations
(36, 37). In our study, the SNP rs9331891, which had a strong
probability of functional effect on total FAs, was associated with
higher concentrations of total FAs. Given its antiinflammatory
properties and its role in lipid transport, APOJ appears to play an
important part in atherosclerosis. In a study conducted in angi-
ography patients, individuals with coronary stenosis had higher
APOJ concentrations than those without stenosis (36).

Also within this one-LOD support interval are TNFRSF10B
and MSR1. Also known as death receptor 5 (DR5)/tumor ne-
crosis factor (TNF)–related apoptosis-inducing ligand-receptor 2
(TRAIL-R2), it encodes for TNFSRF10B, which mediates apo-
ptosis through an intracellular adaptor molecule FADD (38).
Free FAs are known to induce steatosis in liver and subsequently

TABLE 5

Bayesian quantitative trait nucleotide (BQTN) analysis of plasma fatty acid distribution and polymorphisms in candidate genes on chromosome 81

Trait Gene SNP

Minor allele/

frequency

Mean effect

size2
Probability of a

functional effect (BQTN)3
Location of the SNP

in the gene

%

Total fatty acids APOJ rs569205 A/0.484 0.74 0.68 Flanking 5# UTR
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