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ABSTRACT Increasing incidence of cardiovascular disease in traditionally low-risk Alaskan
Eskimos is a cause for concern. The purpose of this study was to examine the genetic and environ-
mental correlations of low-density lipoprotein (LDL) subfractions with obesity-related factors in
Alaskan Eskimos, using data from the first 954 participants of the Genetics of Coronary Artery
Disease in Alaska Natives Study. Estimates of genetic and environmental influence were calcu-
lated using a maximum likelihood variance component method implemented in SOLAR. Mean
values of weight, body mass index (BMI), and waist were 73.4 = 0.5 kg, 27.6 + 0.2 kg/m?, and
88.0 * 0.4 cm, respectively. LDL, and its small (LDL1), medium (LDL2), and large (LDL3) sub-
fractions, had mean values of 115.8 = 1.2 mg/dl, 8.3 = 0.4 mg/dl, 19.6 + 0.8 mg/dl, and 71.5 +
1.5 mg/dl, respectively. Bivariate analysis displayed significant genetic correlations between
LDL subfractions and obesity-related factors: LDL1 with BMI (rhog = 0.67, P < 0.05), waist
(rhog = 0.80, P < 0.001), and subscapular and tricep skinfolds (rhog = 0.93, P < 0.005, and rhog
=0.78, P < 0.05, respectively); LDL2 with BMI (rhog = 0.52, P < 0.05), waist (rhog = 0.46, P <
0.05), and tricep skinfold (rhog = 0.60, P < 0.05); and mean LDL size with BMI (rhog = —0.36),
waist (rhog = —0.42,), and subscapular and tricep skinfolds (rhog = —0.44 and —0.43, respec-
tively) (P < 0.005). These results show that a common set of genes is influencing LDL size and obe-
sity-related factors in Alaskan Eskimos. Am. J. Hum. Biol. 18:525-531, 2006. © 2006 Wiley-Liss, Inc.

Mortality rates due to cardiovascular dis-
ease (CVD) among Alaskan Eskimos have his-
torically been low. This lower incidence was
attributed to a greater dietary intake of fish
oils, which are excellent sources of omega-3
fatty acids (Kromhout et al., 1985). In the past
decade, this trend has changed with the West-
ernization of diet and lifestyle. Heart disease
is now the third leading cause of death in
Alaskan Eskimos, behind accidental injuries
and cancer (Day and Lanier, 2003).

Obesity, particularly in the abdominal
region of the body, is one of the major risk fac-
tors for CVD (Rexrode et al., 1998), as an
obese person is 2—3 times more likely to ex-
hibit CVD than a nonobese person (Stein and
Colditz, 2004). Approximately 33% and 16% of
Alaskan Eskimo women and men are obese,
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respectively. This is of great concern, particu-
larly for women, as it was observed that, in
comparison to Americans of other races, Alas-
kan Eskimo women have a greater prevalence
of obesity (Risica et al., 2000a). Also, women
from this region have a visceral adiposity com-
parable to the world’s highest reported aver-
ages (Risica et al., 2000b). Increased fat depo-
sition in the abdominal area enhances the flow
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of free fatty acids into the liver via the portal
vein, thus increasing the production of triglyc-
erides in the liver (Ginsberg, 2000). An eleva-
tion in triglycerides occurs with the simulta-
neous suppression of high-density lipoprotein
(HDL) production and low-density lipoprotein
(LDL) particle size (Sonnenberg et al., 2004).

Low-density lipoproteins transport triglyc-
erides and cholesterol esters in the plasma
(Nabel, 2003), and are composed of well-
defined and different-sized subfractions. As
per nuclear magnetic resonance (NMR) spec-
troscopy, these particles are differentiated into
LDL1-LDL3 based on their size, with LDL1
being the smallest (Otvos et al., 1992). Small,
dense LDLs are established CVD risk factors,
and are associated strongly with other lipid
and obesity-related phenotypes. The signifi-
cance of smaller LDL particles is that they
have less affinity for their receptors (Herron
et al., 2004), and remain longer in the plasma,
providing a greater chance of being deposited
on arterial walls (Rainwater et al., 2003). Fur-
thermore, small LDLs are more susceptible to
oxidation than other forms. Oxidized LDL
demonstrates greater atherogenicity because
of its increased uptake by macrophages (Her-
ron et al., 2004).

LDL size may be a better tool for measuring
individual CVD risk than total LDL (Johnson
et al., 2004). Generally, the plasma level of
LDL is used as one of the primary criteria for
the diagnosis of CVD. However, two individu-
als may have the same level of LDL but differ
in their susceptibility to atherosclerosis, due
to the different concentrations of small and
large LDLs. The size of LDL is under substan-
tial genetic influence. Heritabilities in family-
based studies showed that genetic factors are
responsible for 30-60% of the variation in
LDL size (Bosse et al., 2004). On the other
hand, the influence of other phenotypes such
as weight, body fat, triglycerides, and HDL
cholesterol on LDL size cannot be ignored
(Kang et al., 2002). For example, LDL size is
sensitive to changes in triglyceride and HDL
concentrations (James et al., 1997), and these
two phenotypes are considered to be independ-
ent predictors of LDL size (Kang et al., 2002).
Adiposity measures such as body mass index
(BMI), waist-to-hip ratio (WHR), and subscap-
ular-to-triceps ratio (STR) were negatively
associated with LDL size (Rainwater et al.,
1999). In Rainwater et al. (1999), the strong-
est correlation of LDL size was with WHR (an
indicator of central fat deposition). Thus, the
purpose of this study was to investigate ge-
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netic and environmental correlations between
LDL and its subfractions and obesity pheno-
types in Alaskan Eskimos.

METHODS
Experimental design

The Genetics of Coronary Artery Disease in
Alaska Natives (GOCADAN) Study involves
populations from villages in the Norton Sound
region on the northwestern coast of Alaska.
Two GOCADAN investigators visited each vil-
lage, conducted interviews, and explained the
nature of the study to household members.
Participants (n = 1,214) over 18 years of age
were recruited and demographics were
collected during the first visit. Participants
attended clinics for a medical examination and
blood draw after a 12-hr fast. Also, information
regarding medical history, dietary intake, cur-
rent physical activity, and anthropometrics
was obtained. Blood was drawn by venipunc-
ture, and samples were stored in aliquots at
—80°C for future analyses. This study was
approved by Institutional Review Boards from
all participating institutions, and informed
consent was obtained from participants.

Study population

Participants resided in the villages of Teller,
Golovin, Elim, Koyuk, Shaktoolik, Unalakleet,
White Mountain, Brevig Mission, and Nome,
and were primarily Inupiat Eskimo (Howard
et al., 2005). Relative pairs used in this study
are listed in Table 1. For these analyses, data
were available for 954 individuals (420 men
and 534 women) ranging in age from 17-92,
with an average age of 43 = 0.5 years.

Demographic and phenotypic data

Demographic and genealogical data collected
during the surveys included names, genders,
dates, and places of birth, current home of the
participant and his/her spouse, and first-degree
relatives of all household members. This infor-
mation was sent to the Southwest Foundation
for Biomedical Research (SFBR, San Antonio,
TX) and entered into the PEDSYS pedigree
database system (Dyke, 1994).

Anthropometric measurements included
height, weight, and waist and hip circumfer-
ence. Height was measured to the nearest
quarter inch while a participant was standing,
using a vertical mounted ruler. Weight was
determined to the nearest tenth of a pound,
using a balance scale (model 683-P, Detecto).
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TABLE 1. Relative pairs in this study

Number of

Relationship pairs

Unrelated 26,712
Self 1,033
Parent-offspring 436
Siblings 328
Grandparent-grandchild 141
Avuncular 396
Half-siblings 274
Great grandparent-grandchild 6
Grand avuncular 20
Half-avuncular 458
First cousins 215
Half-grand avuncular 89
First cousins, once removed 72
Half-first cousins 391
Half-first cousins, once removed 299
Half-second cousins 84
Double-first cousins 1
Half-second cousins, once removed 39
Half-first cousins, twice removed 23
Half-great-grand avuncular 8
Double-half grand avuncular 1
Half-third cousins 3
First cousins and half-second cousins 2
Half-first cousins and half-first 2

cousins, once removed
Unknown relationship 16
Grandparent-grandchild and

half-grand avuncular
Self-unknown inbred mating type

—

Half-avuncular and half-first cousins, 1
once removed

Half-first cousins and half-second cousins 2

Half-siblings and 2
half-second cousins

Total 31,056

Waist and hip circumferences were measured
to the nearest quarter inch at the level of the
umbilicus with the subject in supine position
and at the level of maximal protrusion of the
gluteal muscles, respectively. Measurements
were converted to International System of Units
(SI) units.

Skinfolds (subscapular and triceps) were
measured to the nearest millimeter with a
Lange caliper. The subscapular measurement
was taken 1 cm inferior to the angle of the
right scapula while the participant was stand-
ing with shoulders relaxed and arms hanging
loosely at his/her sides. The triceps skinfold
was determined directly over the right triceps
muscle, halfway between the acromial and
olecranon processes, with the arms hanging
comfortably at the participant’s side.

Total cholesterol, HDL cholesterol, LDL cho-
lesterol, very-low-density lipoprotein (VLDL)
cholesterol, and triglycerides were measured
by an autoanalyzer (Hitachi 717, Amposta,
Spain). Lipoprotein subfractions type, size,
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and concentrations were measured by NMR
spectroscopy (Otvos et al., 1992). This method
is based on the NMR signal emitted by the ter-
minal methyl groups on the lipids contained in
the particle core and the shell. Subfractions of
LDL were categorized based on their sizes:
small (18.3-19.7 nm), medium (19.8-21.2 nm),
or large (21.3-23 nm) LDL.

Statistical genetic methods

Quantitative genetic analyses were per-
formed utilizing the maximum likelihood-
based variance decomposition method, imple-
mented in the computer program SOLAR
(Almasy and Blangero, 1998). According to
classical quantitative genetics principles, the
total phenotypic variance (¢2) can be parti-
tioned into its genetic components (¢2) and
nongenetic or environmental components (¢3):

2 _ 2 2
op = 0g + 0g-

The heritability of a phenotype refers to the
ratio of the variance contributed by additive
genetic effects to the total phenotypic variance,
and is denoted by h? = 623/ (Hopper and
Mathews, 1982). For heritabilities of traits
related to LDL size and obesity, likelihood ratio
tests were used to obtain P-values. In the proc-
ess, the null hypothesis, in which the additive
genetic variance (62) equals zero, was tested
against an alternate hypothesis in which the
additive genetic variance was estimated. Twice
the difference in logarithmic likelihoods was
distributed asymptotically as a 1:3 mixture of a
12 variable, with 1 degree of freedom and a
point mass at zero (Self and Liang, 1987).

Univariate quantitative genetic analysis was
used to estimate residual heritability, using sex,
sex-specific age, and age squared as covariates.
Bivariate genetic analysis was conducted to
examine the genetic correlations between LDL,
its subfractions, and obesity-related factors.

The phenotypic correlation between pheno-
types can be expressed in terms of core genetic
and environmental correlations:

pp = pa(vVhivh3) + pe(v/(1 —hi)
x V/(1-h3))

where h? and h3 are the heritabilities of the
two phenotypes being studied, and pg and pg
are the additive genetic and environmental
correlations between traits, respectively (Lange
and Boehnke, 1983).
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TABLE 2. Descriptive statistics for anthropometrics
and lipids in GOCADAN (n = 954)*

V.S. VORUGANTI ET AL.

TABLE 3. Heritabilities (h?) of anthropometric and
lipid-related measurements

Phenotype Men? Women? P-value
Obesity
Weight (kg) 76.3(0.73) 71.1(0.69) <0.01
BMI (kg/m?) 26.4(0.23) 28.5 (0.26) <0.01
Waist circum- 87.4(0.59) 88.6(0.58) NS
ference (cm)
Skinfold (mm)
Subscapular 14.6 (0.36) 20.8(0.40) <0.01
Triceps 12.8 (0.30) 21.7(0.33) <0.01
LDL concentration (mg/dl)
Small 10.5 (0.69) 6.6(0.51) <0.01
Medium 22.0(1.23) 17.7(1.13) <0.01
Large 65.4 (2.16) 76.3 (2.00) <0.01
Total 117.2(1.74) 114.7(1.52) NS
Mean LDL size 21.2(0.034) 21.5(0.03) NS
Other lipids (mg/dl)
Chylomicrons 0.16 (0.02) 0.13(0.02) NS
IDL 2.9 (0.25) 3.8(0.25) <0.05
HDL 54.7(0.79) 64.6 (0.75) <0.01
Triglycerides 121.5(2.93) 123.0(2.54) NS

'BMI, body mass index; LDL, low-density lipoprotein; IDL, in-
termediate-density lipoprotein; HDL, high-density lipoprotein.
2Mean + SEM.

An unrestricted model, where all parame-
ters are estimated, is compared with two re-
stricted models: one in which the genetic cor-
relation is constrained to zero (pg = 0, or no
shared gene effects), and the other in which
the genetic correlation is constrained to 1
(pg = 1, or complete pleiotropy). The basic pre-
mise of this model is that the genes controlling
expressions of the two traits completely over-
lap with each other. The alternative hypothesis
is that some genes influencing trait 1 do not
affect trait 2, and vice versa. Additive genetic
correlations that are significantly different
from zero might suggest pleiotropy (same set of
genes influencing two or more traits).

An independent Student’s ¢-test was applied
to evaluate comparisons between men and
women, using SPSS (version 10.0, SPSS, Inc.,
Chicago, IL).

RESULTS

Descriptive statistics of anthropometrics
and lipids are shown in Table 2. Sex-specific
comparisons showed that men weighed more
but had lower BMI, and smaller skinfold
thicknesses, than women. Lipoprotein mea-
surements displayed higher circulating small
and medium LDL in men compared to women.
Women, on the other hand, had greater
plasma concentrations of large LDL, interme-
diate density lipoprotein (IDL), and HDL cho-
lesterol than men. Plasma triglyceride levels

American Journal of Human Biology DOI 10.1002/ajhb

Effects of

Phenotype h?> SEM P-value covariates
Obesity

Weight (kg) 0.64 0.06 <0.0001 0.044

BMI (kg/m?) 0.57 0.07 <0.0001 0.037

Waist circum- 0.55 0.07 <0.0001 0.030

ference (cm)

Skinfold (mm)

Subscapular 0.53 0.07 <0.0001 0.124

Triceps 047 0.07 <0.0001 0.269
LDL concentration (mg/dl)

Small 0.20 0.06 <0.0001 0.039

Medium 0.31 0.08 <0.0001 0.026

Large 0.30 0.07 <0.0001 0.058

Total 0.36  0.07 <0.0001 0.108
Mean LDL size (nm) 0.45 0.09 <0.0001 0.075
Other lipids (mg/dl)

HDL 0.51 0.07 <0.0001 0.117

Triglycerides 0.31 0.08 <0.0001 0.020

did not differ significantly between genders.
In the univariate analysis, significant herit-
abilities were exhibited by all obesity-related
(47-64%) and LDL-related (20-45%) pheno-
types (Table 3).

Genetic correlations between LDL, its sub-
fractions, and obesity-related anthropometric
measures are shown in Table 4. Significant
and positive genetic correlations were ob-
served between small to medium LDL and
obesity-related factors. Large LDL was not ge-
netically correlated with any obesity-related
factors. Table 5 shows the genetic correlations
between LDL size and obesity-related traits.
Mean LDL size was significantly correlated
with all obesity-related traits. When these cor-
relations were further analyzed, adjusted for
effects of triglycerides, the correlations re-
mained significant, but pg values decreased.
Genetic correlations between LDL subfrac-
tions, their mean size, and other lipids are
depicted in Table 6. Small LDL displayed neg-
ative correlations with HDL. Medium LDL
had significant associations with HDL (nega-
tive) and triglycerides (positive). Large LDL
was correlated positively with HDL, and with
a nonsignificant negative relationship with
triglycerides. Mean LDL size was correlated
positively with HDL cholesterol, and nega-
tively with triglycerides. All tests for complete
pleiotropy were significantly different from 1,
suggesting that no two traits tested were gov-
erned by completely overlapping genes, and
that additional nonshared genes were also
responsible for the variation in each of these
traits.
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TABLE 4. Genetic correlations (rhog) between plasma

concentrations of LDL subfractions and

obesity-related measures
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TABLE 5. Genetic correlations (rhog) between mean
LDL size and obesity-related traits (with and without
triglyceride as covariate)

LDL
concentration
(mg/dl) Phenotype rhog! P-value
Small Weight 0.65 (0.27) <0.05
BMI 0.67(0.25) <0.01
Waist 0.80 (0.22) <0.01
Subscapular 0.93 (0.27) <0.01
skinfold
Triceps 0.78 (0.22) <0.01
skinfold
Medium Weight 0.46 (0.22) <0.05
BMI 0.52(0.22) <0.05
Waist 0.46 (0.23) <0.07
Subscapular 0.44 (0.22) NS
skinfold
Triceps 0.60 (0.19) <0.05
skinfold
Large Weight —0.29 (0.18) NS
BMI —0.21(0.19) NS
Waist —0.13(0.19) NS
Subscapular —0.21(0.20) NS
skinfold
Triceps —0.27(0.20) NS
skinfold
Total Weight 0.22(0.16) NS
BMI 0.34(0.16) <0.05
Waist 0.49 (0.16) <0.005
Subscapular 0.23 (0.17) NS
skinfold
Triceps 0.07(0.18) NS
skinfold
Mean + SEM.
DISCUSSION

This study demonstrated significant genetic
correlations between small-to-medium-sized
LDL particles and obesity-related factors,
indicating that a common set of genes might
be regulating these phenotypes in Alaskan Es-
kimos. Obesity, its related factors, and LDL
are strong cardiovascular risk factors. How-
ever, the mode of action is complex. Weisberg
et al. (2003) suggested that macrophage infil-
tration into the adipose tissue might be the
basis for the development of several obesity-
related pathologies. According to their study,
increasing adiposity tends to raise the number
of macrophages in adipose tissue (Weisberg
et al., 2003). These bone marrow-derived cells
induce a rise in proinflammatory markers and
fat accumulation in blood vessels (Lehrke and
Lazar, 2004), thereby increasing the risk of
CVD. In addition, visceral adiposity results in
a greater flow of free fatty acids to the liver,
where these fatty acids tend to alter lipid
levels, such as increase triglycerides, lowered
HDL levels, and reduction in LDL size
(Sonnenberg et al., 2004).

LDL size (nm) Phenotype rhog! P-value
Age and sex Weight —0.37(0.11) <0.005
as covariates ~ BMI —0.36 (0.11) <0.005
Waist —0.42(0.11) <0.005
Subscapular —0.44 (0.11) <0.005
skinfold
Triceps —0.43(0.13) <0.005
skinfold
Age, sex, and Weight —0.26 (0.13) <0.06
triglycerides BMI —0.27(0.13) <0.06
as covariates Waist —0.34(0.13) <0.05
Subscapular —0.37(0.13) <0.01
skinfold
Triceps —0.35(0.14) <0.05
skinfold

!Mean + SEM.

TABLE 6. Genetic correlations (rhog) between plasma
concentrations of LDL subfractions and other lipids

LDL

concentration Other lipids

(mg/dl) (mg/dl) rhog! P-value

Small HDL -0.49(0.24)  <0.07
Triglycerides 0.24(0.34) NS

Medium HDL —0.65(0.20)  <0.01
Triglycerides 0.88(0.19) <0.01

Large HDL 0.58(0.16)  <0.01
Triglycerides  —0.35(0.23) NS

Total HDL -0.07(0.18) NS
Triglycerides 0.18(0.25) NS

Mean LDL size =~ HDL 0.50(0.10)  <0.001
Triglycerides ~ —0.72(0.07)  <0.001

Mean + SEM.

The size of LDL is a major determinant in
the risk for CVD, and varies with age, sex,
and central obesity (Austin et al., 2003).
Small, dense LDL is considered the most cru-
cial, as it is more atherogenic than other forms
(Berneis et al., 2005). Studies by Freedman
et al. (2004), Nikkila et al. (1996), and John-
son et al. (2004) observed that men had lower
levels of large LDL and higher concentrations
of small-to-medium LDL than women, indicat-
ing an increased risk of CVD. These same
results were echoed in our study, with men
exhibiting elevated levels of smaller LDLs. In
contrast, women had higher levels of both
small and large LDL subfractions in a study
by Friedlander et al. (2000).

In this study, the additive genetic heritabil-
ity for LDL subfractions and their mean size
ranged from 0.20-0.45, indicating a substan-
tial influence of genetic factors on LDL size.
Similar estimates for LDL cholesterol, ranging
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from 0.38-0.62, were reported in other popula-
tions that included Caucasian-American fami-
lies from the Take Off Pounds Sensibly (TOPS)
Study (Sonnenberg et al (2004), African Amer-
ican and Hispanic families (Hokanson et al.,
2003), and Amish families (Pollin et al., 2004).
Mean LDL size was also shown to be heritable
in several studies, mainly, families from the
Genetic Epidemiology of Hypertriglyceridemia
(GET) Study (Edwards et al., 1999; Austin
et al., 2004), participants in the Genetic Epide-
miology Network of Arteriopathy (GENOA)
Study (Kullo et al., 2005), Ashkenzi Jews from
the Longevity Genes Project (Barzilai et al.,
2003), and families from San Antonio Family
Heart Study (SAFHS) (Rainwater et al., 2001).

Small LDL had strong genetic correlations
with weight and BMI, suggesting that 42% (p&
= (0.65)7 = 0.42) to 47% (p& = (0.67)> = 0.47)
of additive genetic variance in small LDL is
shared with weight and BMI. Abdominal obe-
sity poses a greater CVD risk than other
types, irrespective of ethnicity and gender.
Individuals with large waist circumferences
have a greater risk of developing CVD than
those with a normal or smaller waist (Vega,
2002). In the present study, the genetic corre-
lations between small LDL and waist circum-
ference was 0.80, indicating that 64% (p& =
(0.80)% = 0.64) of the additive genetic contribu-
tion to small LDL is shared with waist circum-
ference. Other studies also found that abdomi-
nal adiposity, as measured by waist circumfer-
ence, was positively associated with CVD,
despite controlling for BMI (Rexrode et al.,
1998). Similar results were presented by
James et al. (1997) in a group of Caucasian
men and women. Their study observed posi-
tive correlations between small LDL and ab-
dominal adiposity, as measured by waist-to-
hip ratio. Medium LDL showed modest
genetic correlations with weight, BMI, and
waist circumference, yet approximately 25%
of the additive genetic variance in these phe-
notypes could be attributable to shared genes.
However, large LDL showed negative, but
nonsignificant, genetic and environmental
correlations with obesity-related factors. Rain-
water et al. (1999), in the SAFHS, also
reported a negative relationship of large LDL
with obesity-related phenotypes.

Obesity is associated with high triglycerides
and low HDL (James et al., 1997). These
altered lipid levels, coupled with decreased
LDL size, are thought to result from the over-
production of VLDL in the liver, which is regu-
lated by the flow of free fatty acids from vis-
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ceral adipose tissue. The negative genetic cor-
relation between small-to-medium LDL and
HDL in this study may indicate substantial
genetic influence on altered lipid levels.

LDL size also is influenced, to a large
extent, by plasma triglycerides (Wallace et al.,
2000). In Edwards et al. (1999) and Kullo
et al. (2005), significant positive genetic corre-
lations were observed between LDL size and
HDL cholesterol, and a negative correlation
between LDL size and triglycerides. In the
present study, positive genetic correlations
between triéglycerides and medium LDL were
observed (p& = (0.88)% = 0.77), suggesting that
77% of the additive genetic variance in me-
dium LDL is shared with triglycerides. How-
ever, mean LDL size was positively correlated
with HDL cholesterol, and negatively with tri-
glycerides, indicating that the same set of
genes responsible for the increase in triglycer-
ides may be responsible for the decrease in
LDL size. The relationship between triglycer-
ides and LDL size is further corroborated by
the fact that quantitative trait loci (QTLs) for
both of these phenotypes were linked to the
same region on human chromosome 7q35—q36
in the TOPS Study (Sonnenberg et al., 2004).
Additionally, we investigated genetic correla-
tions between LDL size and obesity-related
traits, with triglycerides as a covariate. This
is important, as both LDL size and adiposity
are highly sensitive to changes in triglycerides
(James et al., 1997). The genetic correlations
remained significant despite a decrease in pg,
suggesting that the correlations may be inde-
pendent of the effect of triglycerides.

Significant genetic correlations of LDL sub-
fractions with obesity-related factors and
other lipids demonstrate considerable genetic
influence on these phenotypes. Understanding
the core of these genetic relationships and the
identification of chromosomal regions contain-
ing genes that control variation in these phe-
notypes will help gain insights into the com-
plex nature of cardiovascular disease.
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