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Abstract

This study assessed major gene effects for baseline HDL-C, LDL-C,
TG, and their training responses (post-training minus baseline)
in 527 individuals from 99 White families and 326 individuals
from 113 Black families in the HERITAGE Family Study. The base-
line phenotypes were adjusted for the effects of age and BMI, and
the training response phenotypes were adjusted for the effects of
age, BMI, and their respective baseline values, within each of the
sex-by-generation-by-race groups, prior to genetic analyses. In
Whites, we found that LDL-C at baseline and HDL-C training re-
sponse were under influence of major recessive genes (account-
ing for 20-30% of the variance) and multifactorial (polygenic
and familial environmental) effects. Interactions of these major
genes with sex, age, and BMI were tested, and found to be non-
significant. In Blacks, we found that baseline HDL-C was influ-

enced by a major dominant gene without a multifactorial com-
ponent. This major gene effect accounted for 45% of the variance,
and exhibited no significant genotype-specific interactions with
age, sex, and BMI. Evidence of major genes for the remaining
phenotypes at baseline and in response to endurance training
were not found in both races, though some were influenced by
major effects that did not follow Mendelian expectations or were
with ambiguous transmission from parents to offspring. In sum-
mary, major gene effects that influence baseline plasma HDL-C
and LDL-C levels as well as changes in HDL-C levels in response
to regular exercise were detected in the current study.

Key words
Major gene effect - multifactorial effect - lipids - baseline - training
response

Introduction

Atherogenic lipid profile, i.e., low levels of plasma high-density
lipoprotein (HDL) cholesterol (HDL-C) and elevated levels of
plasma low-density lipoprotein (LDL) cholesterol (LDL-C) and
triglyceride (TG), is an important risk factor for cardiovascular
disease. This profile promotes coronary artery atherosclerosis,

the most frequent cause of cardiac ischemia and infarction [22].
Regular endurance exercise is known to increase HDL-C and de-
crease TG levels, although it seldom changes LDL-C levels [9].
Similar observations have been made in the HERITAGE Family
Study (HERITAGE) in response to 20 weeks of endurance exercise
[18]. Furthermore, these changes were associated with changes
in body fatness rather than in aerobic fitness per se [15], and the
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training program was found to be particularly beneficial in men
with abdominal obesity and with low HDL-C and elevated TG
levels [6]. Although the mechanisms whereby exercise training
influences plasma lipids are not well-understood, they are char-
acterized by familial resemblance, and could be in part under ge-
netic control. Evidence of major genes (statistically referred sin-
gle genes with large effects) on baseline HDL-C, LDL-C, and TG
has been reported in recent family studies [7,16,19]. However, it
is still unclear whether a major gene effect is also contributing to
the inter-individual variability in each of these complex lipid
phenotypes in response to endurance exercise training. The main
purpose of the current study is to test the hypothesis of a major
gene effect on plasma HDL-C, LDL-C and TG not only at baseline
but also in response to endurance exercise training, as well as to
test for genotype-specific covariate effects.

Methods

The HERITAGE Family Study participants were recruited through
extensive media publicity and advertisements, and details have
been published elsewhere [3]. The main inclusion criteria in-
cluded the following: (1) subjects were healthy in order to com-
plete a 20-week endurance exercise training program; (2) sub-
jects were sedentary at baseline; (3) age <65 years for parents
and between 17-40 years for offspring; (4) resting SBP
<159 mmHg and resting DBP <99 mmHg; (5) no antihyperten-
sive or lipid lowering drug therapy. Body mass index (BMI) had
to be less than 40 kg/m2. However, some participants whose
BMI were slightly higher than 40 kg/m? were approved for par-
ticipation by supervising physicians, because they were consid-
ered to be in good health and were able to complete the required
training program. The Institutional Review Boards at five partic-
ipating centers of HERITAGE approved the study protocol, and
written informed consents were obtained from all the partici-
pants. In this study, a total of 527 individuals (261 men and 266
women) from 99 White families (86 families with both parents
and at least one offspring) and 326 individuals (117 men and
209 women) from 113 Black families (17 families with both pa-
rents and at least one offspring) had baseline data. Table 1 gives
the sample sizes within the four sex-by-generation groups for
Whites and Blacks, respectively.

The exercise-training program has been described in detail pre-
viously [23]. Each subject was administered a comprehensive
battery of tests prior to the 20-week training program including
plasma lipids and lipoproteins. Subjects then completed 60 ses-
sions of endurance exercise (3 sessions per week for a total of 20
weeks) on cycle ergometers that were computer controlled to
maintain the subjects’ heart rates at levels associated with fixed
percentages of their VO,,,,. The training program started at 55%
VO,max for 30 min per session, and gradually increased to 75%
VO,max for 50 min per session during the last 6 weeks of training.
All training sessions were supervised on site and adherence to
the protocol was strictly monitored. The full test battery was ad-
ministered again after completion of the training program.

Blood samples were obtained from an antecubital vein into vacu-
tainers containing EDTA in the morning after a 12-hour fast with
participants in a semirecumbent position, twice before (24 hours

apart) and twice after (24 and 72 hours after the last exercise ses-
sion) the training program. The blood samples collected at each
clinical center were prepared according to a standard protocol
before being sent to the Lipid Research Center of Laval University
Medical Center. Cholesterol and TG levels were determined in
plasma and in lipoprotein fractions by enzymatic methods using
a Technicon RA-500 analyzer (Bayer Corp Inc, Tarrytown, NY,
USA) [21]. The HDL fraction was obtained after precipitation of
LDL in the infranatant (density > 1.006 g/mL) with heparin and
MnCl, [4]. The cholesterol and TG contents of the infranatant
fraction were measured before and after the precipitation step.

Extensive quality control procedures were implemented to en-
sure high quality lipid data, including repeat of lipid assays in
5% of all samples and analyses of split samples prepared at each
clinical center. Results from plasma samples containing chylomi-
crons were discarded for the analyses as being suggestive of a
non-fasting status. To adjust for possible acute and chronic plas-
ma volume changes associated with exercise, plasma total pro-
teins were assayed using the biuret method (Roche Molecular
Biochemicals, Dallas, TX, USA) on the initial pre-training sample
and on both post-training samples. Post-training plasma lipid
values were corrected based on pre-training to post-training
plasma total protein levels. The two baseline lipid values were
averaged and compared with the average of the two corrected
post-training lipid values. The training response is defined as
the simple difference between the averaged post-training values
and the averaged baseline values.

The reproducibility of baseline HDL-C and LDL-C measures in
HERITAGE was shown to be high. The intraclass correlations
(ICC) for repeated measures were 0.94, and the analytical errors
(ANER) were 0.06 and 0.19 mmol/L for baseline HDL-C and LDL-
C, respectively. The coefficients of variation (CV) for repeated
measures were 6.2% for baseline HDL-C and 6.5% for baseline
LDL-C. The ICC, ANER, and CV for repeated measures of baseline
TG were 0.87,0.21 mmol/L, and 22.9%, respectively [8].

The data adjustments were performed by race within each of the
groups of fathers, mothers, sons, and daughters, using a stepwise
multiple regression procedure. All HDL-C, LDL-C and TG mea-
surements were adjusted for the effects of age, age?, age?, and
baseline BMI, while the response to training phenotypes (post-
training minus baseline) were adjusted for the effects of age,
age?, age3, baseline BMI, and the respective baseline values. For
each of the regressions, only terms that were significant at the
5% level were retained. The adjusted phenotypes were standard-
ized to zero mean and unit variance for the segregation analysis.
Also prior to segregation analysis, data skewness, kurtosis, and
outlier(s) were carefully inspected. Outliers were defined as
isolated observations beyond 3 SD and at least 1SD away from
the adjacent observation, and were assigned missing for genetic
analysis.

Pedigree Analysis Package (PAP) was used to test for a major gene
hypothesis [14]. The general model includes a major effect, a
multifactorial (polygenic and familial environmental) compo-
nent, and a non-familial residual. The major gene is assumed to
have alleles A and a, which constitute genotypes AA, Aa, and aa.
The A allele leads to low phenotype values. It is assumed that the
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locus is in Hardy-Weinberg equilibrium. PAP estimates the A al-
lele frequency p and the genotypic means a4, Uaq and pgq. The
overall mean p, can be derived from the equation p,p? +
U2 p(1-p) + Hga(1-p)?. Genotype by environment interactions
can be tested allowing for genotype specific covariate effects,
which are modeled as regression coefficients. In this study, the
effects of sex, age, and BMI are denoted as Bycy, Bage and By, and
the effects can be genotype-specific: Bsexjaa Brsexjaa Brsexjaa Bragejans
B(age)Aav B(uge)aav B(BMI)AAv B(BMI)Aav and B(BMI)aa- The SD estimated in
the model (o) is assumed to be equal for each genotype, and in-
cludes both polygenic and residual variance components. The
multifactorial heritability (H) estimated in the model is express-
ed as a function of the common variance (¢?). The multifactorial
heritability is usually expressed as the percentage of the total
phenotypic variance (h?) and can be computed using the equa-
tion (Ho?)/(o? + 6%y,4), Wwhere 62, is the variance due to the major
gene, (Haa = oY’ P? + (Haa = Ho)?2 P(1-p) + (Haa = Ho)*(1-p)?. In addi-
tion to these major locus and multifactorial parameters, there are
three transmission probabilities T4, Taq and 1., each is the prob-
ability of an individual transmitting an A allele given to genotype
shown. These are explicitly modeled in order to test whether the
segregation pattern follows Mendelian expectations. Under
Mendelian assumptions, the probabilities are 1, 1/2, and 0, re-
spectively. The three t’s are equal if there is no transmission of
the major effect. In order to infer a major gene, the following re-
quirements have to be met: (1) rejection of the no major effect
hypothesis (p =1, taa= Laqa = Haa); (2) Nnon-rejection of Mendelian
v’s; and (3) rejection of equal transmission probabilities [17].
The maximum likelihood method was employed to estimate
parameters, and the likelihood ratio test was used to test hypoth-
eses of nested models. Finally, the most parsimonious model was
the one with the smallest Akaike’s Information Criterion (AIC),
which is defined as minus twice the log likelihood plus twice
the number of independently estimated parameters [1]. Segrega-
tion analyses were thus carried out in Whites and a smaller sam-
ple size of Blacks, separately.

Results

Means and SD of unadjusted baseline HDL-C, LDL-C, TG and their
changes in response to training are given in Table 1 for Whites
and Blacks. Based on comparisons of group means, no generation
differences were noted, but sex differences in mean baseline
HDL-C were found, with higher levels in women than in men
within generation (although the father-mother comparison was
nonsignificant in Blacks). Generation differences of mean base-
line LDL-C also were significant, with higher levels in parents
than in offspring, within sex. Mean baseline TG levels exhibited
both sex and generation differences, being significantly higher
in men than in women within generation, and significantly high-
er in parents than in offspring within sex. The mean changes in
levels of HDL-C, LDL-C, and TG in response to training were gen-
erally modest, without sex and generation differences, except
that mean TG response levels in Whites were significantly lower
in fathers than in mothers.

In Whites and Blacks, both age and BMI (accounting for 10-40%
of the variance in fathers, mothers, sons, and daughters) were
significant predictors of baseline HDL-C and LDL-C, and BMI (ac-

counting for 10-30% of the variance in the four groups) alone
was a significant predictor of baseline TG. Baseline HDL-C was
not a significant predictor of HDL-C training response in women,
but it accounted for about 20% of the variance in Black men. For
LDL-C training response, significant percentages of variance
accounted for by the baseline LDL-C along with age and BMI
were 10-20% in the four groups. Baseline TG and BMI were sig-
nificant predictors of its training response, accounting for 10-
30% of the variance in the four groups.

For baseline HDL-C in Whites, the hypotheses of no familial re-
semblance (sporadic model, p=1, T44=1, Taq= 0.5, T4 =0, taa= Haq
=Ugq 0, H=0), no major effect (solely multifactorial effect model,
P=1,Taa=1, 14,=0.5, 154=0, thaa=Haq = Hae ©, H) and no multifac-
torial effect (solely major effect model, p, tT44=1, T44=0.5, T4, =0,
Haa Haw Hao 0, H=0) were all rejected (as vs. mixed Mendelian
model, p, taa=1, T4 = 0.5, T4 =0, taa, Haw Hae O, H), Suggesting that
both the major and multifactorial effects were significant. Tests
of the transmission probabilities showed that neither the Men-
delian (general model, p, Tas Taw Taw Haa Haw Moo O, H Vs. mixed
Mendelian, p, ta4=1, T4,=0.5, 750 =0, Waa Maw Mae O, H) NOT the en-
vironmental (non-transmitted model, p="Ta="Ta0=Taw Haa Haw
Hae 0, Hvs. general model, p, Taa, Tae Taw Haa Hae Haw 0, H) T's could
be rejected. Thus, the transmission from parents to offspring was
ambiguous, and there was no evidence of a major gene effect.
The major effect and multifactorial component accounted for
32% and 47% of the variance, respectively. For baseline HDL-C in
Blacks, both the no familial resemblance and the no major effect
hypotheses were rejected, whereas the hypothesis of no multi-
factorial effect was not rejected, suggesting a solely major effect.
Tests of the transmission probabilities resulted in the rejection of
the environmental hypothesis but non-rejection of the Mendeli-
an hypothesis. While the dominant hypothesis (p, t4a= 1, T4, = 0.5,
Taa=0, Haa, Haa = Hao 0, H) Was not rejected, the recessive model (p,
Tan= 1, Tag= 0.5, Tae=0, Uaa=Haw Hae O, H) Was rejected. Although
no aggregate effects of age (B(age)AA = B(age)Aa = B(age)aa Vs. B(age)AA =
B(age)Aav B(age)aa)' sex (B(sex)AA = B(sex)Aa = B(sex)aa Vs. B(sex)AA = B(sex)Aw
Bsexyaa)» and BMI (Bgmnaa = Bamnaa = Bramnaa VS- Bemnaa = Bemnaa
Besmnaa) Were expected due to prior phenotypic adjustments, we
tested for possible interactions with major genotypes. No signifi-
cant age, sex and BMI interactions with genotypes were found.
The most parsimonious hypothesis was the dominant hypothesis
(Table 2). The dominant major gene effect explained 45% of the
phenotypic variance.

For baseline LDL-C in Whites, both major and multifactorial ef-
fects were significant. Test of the transmission probabilities
showed that the Mendelian t's were not rejected, while the equal
7's hypothesis was rejected. Whereas the recessive model was
not rejected, the dominant model was rejected. No significant
age, sex, and BMI interactions with genotypes were found. The
most parsimonious hypothesis was the recessive model (Table
2). The recessive gene accounted for 27% of the phenotypic var-
iance, with 12% of the sample carrying the homozygous aa geno-
type, whereas the multifactorial effect accounted for 42% of the
variance. For baseline LDL-C in Blacks, there was a significant
familial component, but there were no distinctive major and
multifactorial effects possibly due to insufficient sample size. A
multifactorial component and shared environmental factors
may appreciably contribute to the familiality found here.
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Table 1 Data description for unadjusted plasma HDL-C, LDL-C, and TG (all in mmol/L)

Variables No. Means sD No. Means sD
Whites Fathers Mothers

- Age (years) 99 53.5*# 5.3 95 52.0*# 5.1
- BMI (kg/m?) 98 28.4 4.4 94 27.6* 5.0
- HDL-C: baseline 97 0.91* 0.21 94 1.19* 0.28
- HDL-C: response 92 0.03 0.10 91 0.05 0.12
- LDL-C: baseline 97 3.49% 0.78 94 3.29% 0.69
- LDL-C: response 92 -0.04 0.41 91 0.02 0.35
- TG: baseline 97 1.93%* 1.00 94 1.43*# 0.69
- TG: response 92 -0.15* 0.52 91 0.05* 0.45

Sons Daughters

- Age (years) 162 25.3* 6.0 171 25.4* 6.3
- BMI (kg/m?) 160 25.6™* 49 168 23.7% 45
- HDL-C: baseline 157 0.93* 0.19 170 1.12% 0.25
- HDL-C: response 139 0.04 0.09 157 0.05 0.14
- LDL-C: baseline 157 2.79% 0.78 170 2.72% 0.73
- LDL-C:rResponse 139 -0.002 0.32 157 0.004 0.40
- TG: baseline 157 1.32%# 0.75 170 1.07*# 0.50
- TG: response 139 -0.02 0.41 157 0.03 0.34
Blacks Fathers Mothers

- Age (years) 29 50.0*# 7.2 60 46.6** 6.6
- BMI (kg/m?) 29 27.5 5.2 59 29.4 5.2
- HDL-C: baseline 29 1.01 0.52 58 1.17 0.32
- HDL-C: response 24 0.03 0.10 49 0.02 0.13
- LDL-C: baseline 29 3.28* 0.80 58 3.11% 0.79
- LDL-C: response 24 -0.08 0.35 49 -0.03 0.34
- TG: baseline 29 1.50%# 0.87 58 1.08*# 0.58
- TG: response 24 0.07 0.84 49 -0.03 0.24

Sons Daughters

- Age (years) 88 27.0* 7.2 149 27.6" 7.5
- BMI (kg/m?) 86 27.4 5.8 147 27.9 7.0
- HDL-C: baseline 85 0.98* 0.22 143 1117 0.26
- HDL-C: response 64 0.02 0.11 113 0.04 0.15
- LDL-C: baseline 85 2.83* 0.82 143 2.66* 0.67
- LDL-C: response 64 0.03 0.40 113 0.04 0.36
- TG: baseline 85 1.15*# 0.72 143 0.83*# 0.33
- TG: response 64 -0.01 0.49 113 -0.05 0.25

* Significant (p <0.05) mean differences for father-mother or son-daughter (within generation) comparisons. # Significant (p <0.05) mean differences for father-son or

mother-daughter (within sex) comparisons.

For baseline TG in both races, all of the hypotheses of no familial
resemblance, no major effect, and no multifactorial effect were
rejected, suggesting significance of both the major and multifac-
torial effects. In Whites, both the Mendelian and environmental
t's were rejected, the major effect did not follow Mendelian ex-
pectations, and thus could not resolve as a major gene effect.
The major effect and multifactorial component accounted for
72% and 14% of the variance, respectively. In Blacks, both the
Mendelian and environmental t's were not rejected. The major
effect, with an ambiguous transmission from parents to off-
spring, could not be inferred as a major gene effect. The major ef-

fect accounted for 73 % of the variance. Together, a major gene ef-
fect for baseline TG was not found in both races.

For HDL-C training response in Whites, both the no familial re-
semblance and the no major effect hypotheses were rejected,
and the hypothesis of no multifactorial effect was not rejected,
suggesting a single locus model. Tests of the transmission proba-
bilities resulted in the rejection of the environmental hypothesis
but non-rejection of the Mendelian hypothesis. While the reces-
sive hypothesis was not rejected, the dominant model was at the
borderline significance. No significant age, sex, and BMI interac-
tions with genotypes were found. The most parsimonious hy-
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Table 2 Evidence of major genes for baseline HDL-C (Blacks), HDL-C
training response (Whites), and baseline LDL-C (Whites)
based on most parsimonious hypotheses

Parameters* HDL-C HDL-C LDL-C
baseline, response, baseline,
Blacks Whites Whites

p 0.89 0.84 0.66

Tan (1) (1M (M

Tg (0.5) (0.5) (0.5)

Taa (0) (0) (0)

Maa -0.38 -0.05 -0.18

o 1.24 (- 0.05) (-0.18)

Wag (1.24) 2.80 1.49

c 0.74 0.93 0.87

H (0) 0.19 0.58

Mode of inheritance dominant recessive recessive

Percent variance (%)

- major gene effect 45 19 27

- multifactorial 0 16 42

effect
- environment 55 65 31

*p, the A allele frequency; tap= 1, Ta, = 0.5, ., = 0, Mendelian transmission proba-
bilities; taa, taa Haar geNOLYpic means; o, SD; H, multifactorial heritability

pothesis was the recessive hypothesis (Table 2). The recessive
major gene explained 19% of the phenotypic variance, with 3%
of the sample having homozygous aa genotype, and the multi-
factorial effect accounted for 16% of the phenotypic variance. No
familial component for HDL-C training response was found sig-
nificant in Blacks.

For LDL-C training response, no distinctive major effect was
found in Whites, and no familiality was evidenced in Blacks. For
TG training response, a major effect (along with a multifactorial
effect in Whites but not in Blacks) was significant in each of
Whites and Blacks. Whereas the Mendelian t's were rejected,
the environmental t's were not rejected. This would suggest that
the major effect might be environmental in origin. The major ef-
fect accounted for 32% and 47% of the variance in Whites and
Blacks, respectively.

Discussion

In the current study, baseline variation in HDL-C levels was influ-
enced by a major effect as well as a multifactorial effect in
Whites. Since we could not reject an environmental transmission
of the major effect, we were unable to conclude that this major
effect was caused by a gene. Interestingly, a major dominant
gene effect was firmly resolved in a relatively smaller sample of
Blacks. Previously, five family studies found evidence for a major
gene effect on HDL-C, but the mode of inheritance varied in dif-
ferent samples; it was recessive in 3074 nuclear families in the
multiethnic Jerusalem Lipid Research Center Study [10] and
1082 families from the NHLBI Family Heart Study [8] dominant

Table 3 Result summary for segregation analysis of HDL-C, LDL-C,
and TG at baseline and in response to training

Phenotypes Major Multi- Major Multi-
effect factorial effect factorial
(Whites) (Whites) (Blacks) (Blacks)

HDL-C

- baseline yes yes major gene  no

- response major gene  yes no no

LDL-C

- baseline major gene  yes no yes

- response no yes no no

TG

- baseline yes yes yes yes

- response yes yes yes no

in 55 Utah pedigrees [13], but neither dominant nor recessive in
a large multigenerational kindred in the Bogalusa Heart Study
[2], and codominant in 25 large Mexican American families from
the San Antonio Family Heart Study (SAFHS) [19]. Mahaney and
colleagues performed a multipoint genome-wide linkage scan in
Mexican Americans, and mapped a major gene influencing HDL-
C on chromosome 16 q [20].

Regular endurance exercise training can raise HDL-C levels in hy-
pertriglyceridemic individuals but has relatively little effect on
HDL-C levels in subjects with isolated low HDL-C levels [24]. Ac-
cording to a recent report based on the HERITAGE cohort, it may
be particularly helpful in men with centralized obesity and con-
comitant low HDL-C and elevated TG levels [6]. In the present
study, we found a major gene effect (that did not replicate in
Blacks though) along with a multifactorial component (heritabil-
ity of 16%) for HDL-C training response in Whites. The major
gene appeared to have a recessive mode of inheritance, and
accounted for 19% of the phenotypic variance. A relatively small
percentage (3 %) of the sample carried the homozygous genotype
leading to higher HDL-C increases in response to training.

We also found that baseline LDL-C levels are under the influence
of both major gene and multifactorial (h? = 42 %) effects in Whites
(but not in Blacks). The recessive gene, accounting for 27 % of the
phenotypic variance, was independent of the effects of sex, age,
and BMI, with no evidence of genotype interactions with sex,
age, and BMI. An estimated 12% of the sample was homozygous
for a genotype leading to elevated LDL-C levels. Evidence of a ma-
jor gene for LDL-C levels has been obtained previously in two
large family studies. Friedlander and Kark found a recessive ma-
jor gene (q=0.108) along with a significant polygenic component
in a random sample of more than 3074 nuclear families in the
Jerusalem Lipid Research Clinic Study [11]. More recently, Coon
and colleagues found a recessive major gene effect (q=0.52, ex-
plaining 24% of the variation) with a polygenic heritability of
28% in 1039 Caucasian families of the NHLBI Family Heart Study
[5]. Our current finding of a recessive major gene for elevated
baseline LDL-C levels is consistent with the results from these
two studies. In addition, evidence of major effects for baseline
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TG and its training response in both races was obtained, but the
transmission of these major effects between generations could
not be resolved as Mendelian. There were two previous reports
of major genes for baseline TG levels in 176 families from Seattle
[12] and in 55 families from the United Kingdom [7].

In summary, as shown in Table 3, major gene effects for baseline
plasma HDL-C (in Blacks) and LDL-C (in Whites) levels were
found. More interestingly, a major recessive gene for changes in
plasma HDL-C levels in response to regular endurance exercise
was revealed for the first time in White families from the HERI-
TAGE Family Study. A genome-wide linkage scan to identify
quantitative trait loci for these traits, especially HDL-C training
response, is warranted in this and other studies.
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