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Abstract
Several measures of lipoprotein phenotype are significant predictors of cardiovascular risk.
Although such lipoprotein phenotypes are under strong genetic control, it is not clear to what
extent they are controlled by the same - and by different - genes and whether these relationships
may be altered in different dietary environments. Therefore, we measured six lipoprotein traits
(three LDL traits - LDLC and apoB concentrations and LDL size - and three HDL traits - HDLC
and apoA1 concentrations and HDL size) on each of three diets differing in level of fat and
cholesterol. In bivariate analyses, all but two metabolically related trait pairs were genetically
correlated, though none were completely correlated, implying additive genetic effects by both
pleiotropic and unique genes. In comparing genetic correlations for the same pair of traits across
diet, we detected evidence of diet effects on genetic control of these metabolically related traits;
specifically, increasing level of dietary cholesterol was associated with a significant decrease in
the genetic correlation of apoA1 with HDL size, and a significant increase in the genetic
correlations of LDL size with LDLC and apoB. The results suggest a complex network of genes
affecting lipoprotein metabolism: the genes may exert both unique and pleiotropic effects; the
genes may exert detectable effects in many or only in specific dietary environments.

INTRODUCTION
Despite many improvements in therapeutic approaches and lifestyle recommendations,
cardiovascular disease (CVD) remains the leading killer of men and women in the US and
Europe. CVD is a multifactorial disease, with a multiplicity of etiologies and risk factors
associated with clinical manifestations. Perhaps the most commonly-recognized risk factors
for CVD are various dyslipidemias, including high circulating levels of total and low-density
lipoprotein cholesterol (LDLC) and low levels of high-density lipoprotein cholesterol
(HDLC).

LDLs and HDLs actually are themselves heterogeneous mixtures of lipid-bearing particles.
Heterogeneity includes aspects of composition (both lipid and protein), particle size, and
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metabolism. A number of approaches have been explored to separate LDLs and HDLs into
their component subclasses that might better predict associated CVD risk.

Lipoprotein metabolism is regulated by environmental factors, especially diet, and by a
complex array of genes that encode apolipoproteins and other proteins directly involved in
lipoprotein metabolism, as well as proteins governing metabolism in general [1–4]. A more
thorough understanding of the factors governing lipoprotein metabolism and their
interactions may provide useful insights into approaches to modulating CVD risk associated
with dyslipidemia.

The pedigreed baboon model closely resembles the human situation in many key respects,
including the pathology of atherosclerotic lesions and the metabolism of lipoproteins [5]; the
rich diversity of pedigree relationships in our colony offer the prospect of teasing out genetic
and environmental factors that control of lipoprotein metabolism and associated risk of
CVD. A number of years ago, our group initiated studies of diet-genotype interactions using
a dietary paradigm that employed a standardized shift in level of dietary fat and cholesterol
[6,7]. The ultimate goal of this research has been to improve our understanding of the
complex network of factors, particularly genetic, that influence the traits and their responses
to specific dietary changes.

The purpose of the present study was to characterize the genetic control of lipoprotein
predictors of CVD and to ascertain the effects of changing the dietary environment. In
particular, we have sought evidence of diet effects on genetic control of coordinated
variation in these metabolically-related traits.

METHODS
Animals and diet protocol

We subjected 716 baboons to a standard diet protocol that involved feeding them each of
three defined diets, differing in levels of fat and cholesterol, for seven weeks prior to taking
a blood sample. The diets included: Basal, low in fat and cholesterol; HFHC, high in fat and
cholesterol; and HFLC, high in fat but low in cholesterol. The basal diet was from Harlan-
Teklad (Madison WI) and contained 7% (w/w) fat and 0.02 mg/g cholesterol; the two high-
fat diets were constructed from a defatted meal to which was added lard (to 40%, w/w); the
two high-fat diets differed by whether cholesterol (to 6.4 mg/g) was added or not, as
described previously [8]. Animals were fasted overnight, immobilized with ketamine, and
bled from the femoral vein to obtain the three diet samples. Blood was allowed to clot and
subjected to low-speed centrifugation to isolate serum samples which were prepared in
multiple single-use aliquots [9] and stored at −80°C until use.

Baboons were maintained by the veterinary resources staff in the Southwest Primate
Research Center at Southwest Foundation for Biomedical Research. This institution is
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
International. The protocol was approved by the Institutional Animal Care and Use
Committee and conformed to the Public Health Service Policy on Humane Care and Use of
Laboratory Animals.

Measurement of lipid and lipoprotein traits
Serum cholesterol levels were measured enzymatically in a clinical chemistry analyzer using
commercial reagents [10]. ApoB-containing lipoproteins were precipitated with heparin-
Mn+2 [11]; HDLC was measured in the supernatant and then LDLC was calculated as the
difference between total and HDL cholesterol values. Because a small amount of cholesterol
in very large HDLs, that accumulate in some baboons, is also precipitated under these
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conditions, we used gradient gel electrophoresis to adjust HDLC and LDLC values for this
infrequent contaminant as described [12]. Non-denaturing acrylamide gradient gel
electrophoresis was performed as described [13,14] in order to resolve LDLs and HDLs on
the basis of size. Lipoprotein cholesterol was stained with Sudan black B and global
measures of LDL and HDL size distributions – median diameters – were determined as
described [13]: HDL median diameter (Hmed) was defined as the diameter where half the
HDL absorbance (8.2–24 nm) was on smaller, and half was on larger, particles; LDL median
diameter (Lmed) was similarly determined for the LDL size range (24–36 nm).
Concentrations of apolipoproteins A1 (ApoA1) and B (ApoB) were quantified
immunoturbidometrically by use of commercial reagents in a clinical chemistry analyzer
[15,16].

Statistical genetic analyses
All statistical genetic analyses described below were done using routines in the software
package SOLAR [17]. The 18 lipid and lipoprotein traits were each pre-adjusted for the
effects of a standard set of covariates (age, sex, and weight) that have proven to be
significant in many previous studies, even if one or more was not significant in a specific
instance. The residual was then normalized by fitting to a Gaussian distribution and
standardized such that mean and standard deviation were zero and one, respectively. These
are the traits that were subjected to further analyses.

Pedigree-based quantitative genetic analyses were implemented in SOLAR. Univariate
analyses were performed to estimate the proportions of phenotypic variance explained by
covariates and the additive effects of genes (heritability, h2, calculated as σ2

G/σ2
P ).

Bivariate models included estimates of heritability for both traits and the phenotypic
correlation was partitioned into the additive genetic (ρG) and residual environmental (ρE)
correlations, using the formula: ρP = ρG· √h2

1· √h2
2 + ρE· √(1-h2

1) · √(1-h2
2) [18]. We tested

for diet-genotype interactions for each trait measured on two diets by testing either for
absence of complete pleiotropy or for equality of genetic variances; thus, we compared the
loge likelihoods of the full model to nested ones in which we fixed ρG=1 or σ2

G(Trait 1)=
σ2

G(Trait 2), respectively. A significant difference between the models implied diet-
genotype interaction. We tested for pleiotropic additive genetic effects on different traits
measured on the same diet by comparing the loge likelihoods of the full model to those for
models in which ρG was constrained to be zero; a significant difference between the two
models implied pleiotropy. Similarly, we also tested the significance of ρE and ρP.

We tested for diet effects on additive genetic correlations in quadrivariate analyses by two
approaches. The models included the same pair of traits measured on each of two diets
differing in level of either fat or cholesterol. As an exploratory step, we first used a two
sample t-test and treated the genetic correlation between two lipoprotein-related traits as a
summary statistic (maximum likelihood estimates of the standard error were used to obtain
the appropriate standard deviation for each correlation). We then tested the hypothesis that
this statistic was the same in two dietary environments. Alternately, we compared the loge
likelihood of a full model to that for a model in which the genetic correlation for the two
traits was constrained to be the same on each of the two diets. For either test, a significant
difference between additive genetic correlations on the two diets implied that the magnitude
of pleiotropic effects was altered by diet composition.
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RESULTS
Lipid and lipoprotein traits

The sample included 452 female and 264 male baboons; average ages and weights were 14.4
y and 18.7 kg for females and 11.4 y and 29.0 kg for males. We obtained data on a global
particle size distribution trait (median diameter) and two concentration variables (cholesterol
and apolipoprotein) for HDLs and LDLs for these baboons fed three diets. Table 1 shows
the proportions of trait variance attributable to the standard set of covariates (age, sex, and
weight) and to the additive effects of genes for these traits on each of the diets. On average,
the selected covariates explained 9% of the raw phenotypic variance, but these values
ranged from 1–27%. Thus, the bulk of total trait variance remained after covariate
adjustment. Each of the covariate-adjusted traits was significantly heritable in these models
and, on average, about half the total phenotypic variance (range 27–69%) was attributable to
the additive effects of genes. The residual variance not explained in the models averaged
~40% in this study.

Tests of diet effects on genetic regulation of LDL and HDL traits
Each of the six traits was investigated for the possibility of diet effects on genetic variance
(i.e., diet-genotype interaction). Given the expectation that genetic effects on a trait in two
environments will be the same, we can posit two criteria that should be true and that can be
tested in bivariate analyses: 1) the genetic correlation (ρG) between a trait on different diets
should equal one (i.e., complete pleiotropy) and 2) the genetic variances (σ2

G) on each diet
should be identical. The violation of either of these criteria constitutes prima facie evidence
of diet-genotype interaction. We tested the hypothesis of complete pleiotropy by comparing
the likelihood of a model in which ρG was fixed at 1 to a model in which ρG was freely
estimated. We tested the second hypothesis by comparing the likelihood of a model in which
the genetic standard deviations for each trait were constrained to be equal to a model in
which they were freely estimated. Based on these criteria, changing dietary fat level
significantly affected genetic control of HDLC, whereas changing dietary cholesterol level
significantly affected genetic control of each trait except Hmed (Table 2). Thus, all but one
of the six traits showed evidence of diet-genotype interaction for the two dietary
perturbations that were tested in this study.

Tests of genetic contribution to metabolic correlations
To explore diet-genotype interactions affecting metabolic pathways, we investigated traits
reflecting different aspects of each lipoprotein class; such traits were expected to be
metabolically related. Thus, we studied, within diet, the intercorrelations of the three HDL
(Hmed, HDLC, apoA1) and LDL (Lmed, LDLC, and apoB) traits. We conducted bivariate
analyses for each of the three possible trait pairs and Table 3 lists some of the parameters
estimated in the models, including heritabilities of the two traits and their phenotypic,
environmental, and genetic correlations (ρP, ρE, ρG, respectively). The phenotypic
correlations averaged 0.49 but were quite variable, ranging from 0.022 to 0.864. Phenotypic
correlations were strongest in each case for the pair of concentration variables and
correlations involving lipoprotein size were consistently stronger for cholesterol, compared
to apolipoprotein, concentrations. Generally, correlations were stronger for HDL traits, by
comparison with LDL traits.

The genetic correlations averaged 0.64 and ranged from 0.028 to 0.922. The genetic
correlations followed the same pattern as for the phenotypic correlations. Particularly
noteworthy were the substantially lower significance levels observed for the correlations of
size with concentration variables among LDL traits, compared to HDL traits. Nevertheless,
all but two of the genetic correlations were significant at the 0.05 level, implying that
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pleiotropic genes (or sets of genes) were responsible for an important component of
covariation in these lipoprotein traits. However, there was strong evidence in each case
against complete pleiotropy for all correlations (data not shown), implying that additional
genes uniquely influenced variation in each trait. In some cases, the strength of a genetic
correlation appeared to differ across diets. For example, the genetic correlation for Bmed
and LDLC on HFLC diet was 0.257, but was much higher (0.600) on the HFHC diet.
Therefore, we explored the possibility that diet might affect the genetic control of
lipoprotein metabolism (i.e., genetic correlations among related traits) using quadrivariate
analyses.

Tests of diet-genotype interaction effects on lipoprotein metabolism
Each trait reflects a summation of metabolic pathways that influence it. Some of the
pathways may be unique to the trait, but others may influence several related traits in
common, as is suggested above by the significant intercorrelations among traits. In the
absence of diet-genotype interactions, we would expect the genetic correlations (i.e., the
proportions of shared genetic variance) for pairs of traits to be the same across diets and this
hypothesis was tested in quadrivariate analyses that included the same pair of lipoprotein
traits from each of two diets that differed in the level of either fat or cholesterol. Table 4
gives estimates of the within-diet genetic correlations for each of the trait pairs and these
values were similar to those obtained in the bivariate models (i.e., compare to Table 3). In
addition, P-values from two tests of the hypothesis that dietary composition had no effect on
trait genetic correlations are given in Table 4: 1) a two-sample t-test and 2) a loge likelihood
ratio test (see methods section). Although two of the latter models failed to converge, the
results of both tests are in agreement that changing level of dietary fat had no effect on the
genetic correlations, suggesting that genes exerted similar pleiotropic effects on these traits
in the two dietary environments. However, the genetic correlations for three of the trait pairs
were significantly altered when the level of dietary cholesterol was changed (i.e., HFLC vs.
HFHC). Specifically, the correlations for Bmed/ApoB and Bmed/LDLC were significantly
strengthened, and the correlation for Hmed/ApoA1 was significantly reduced, in the high-
cholesterol environment (P-values ranged from 0.00004 to 0.008). Similar tests of the
environmental correlations, however, revealed no significant diet effects on these
correlations (data not shown).

DISCUSSION
It has long been known that high circulating levels of LDLs and low circulating levels of
HDLs are strongly associated with risk of CVD and, for nearly as long, it has been
recognized that these major classes of lipoproteins are each quite heterogeneous [19].
Lipoprotein particle heterogeneity results from variation in type and proportion of various
lipid and protein components of the particle and interindividual heterogeneity stems from
variation in concentrations of this broad diversity of lipoprotein species. Recent mass
spectrometry studies of isolated HDL particles have identified an average of one or more
molecules per particle of as many as 48 different proteins to occur on HDL [20]. However,
some of these proteins may occur in particle-specific clusters [21]. A number of approaches
have been developed to separate the major lipoprotein classes into subfractions that might be
more directly related to atherogenesis and risk of CVD.

In this study we have analyzed, within each lipoprotein class, concentration measures of
cholesterol and protein plus a measure of lipoprotein size distribution. We have chosen
cholesterol concentration because of its frequent associations with CVD across numerous
studies [22]. We have chosen apoA1 and apoB concentrations as the dominant and defining
protein components of HDLs and LDLs, respectively, recognizing that there are many other
component proteins whose individual variation may or may not be adequately indicated by
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the predominant protein. A number of studies, however, suggest that concentrations of these
two class-defining apolipoproteins are stronger predictors of CVD than are cholesterol
concentrations [23,24]. This may be due in part to the fact that protein concentrations are
more closely associated with particle concentrations, which drive diffusion into the intima,
than are cholesterol concentrations [25]. We have chosen median diameter as a global
indicator of lipoprotein size distributions; this trait reflects aspects of lipid/protein ratio and
particle concentration. Variation in particle size phenotypes has been reported to be
associated with CVD risk in several prospective studies [26–30], though whether such
variation satisfies the additional criterion of independence is less certain [31,32]. Therefore,
we believe these six traits measure a number of different aspects of lipoprotein phenotype
and potentially they reflect most, but undoubtedly not all, metabolic pathways that influence
lipoprotein variation and the associated risk of CVD.

As was expected [7], each of the six traits was strongly heritable, with genes explaining
approximately half the total phenotypic variance in this study. This approximate level of
heritability held for each of three diets – differing in levels of fat and cholesterol – that were
tested in this study. To assess diet effects on genetic control of lipoprotein metabolism, we
first investigated effects on individual traits measured on two diets. Not surprisingly
[7,10,18,33], traits were very strongly correlated across diets; ρG ranged from 0.97 to 1.00
for traits measured on basal and HFLC diets (differing in level of fat) and from 0.84 to 0.98
for traits measured on HFLC and HFHC diets (differing in level of cholesterol). Highly
significant genetic correlations notwithstanding, we found evidence of diet-genotype
interaction for HDLC with changing levels of fat and for all but Hmed with changing levels
of cholesterol, suggesting the metabolic pathways responsible for variation in each of these
traits are governed both by common and, to some extent, unique sets of genes in the
contrasting dietary environments. The results also suggested that altering the level of dietary
cholesterol (in the high fat environment) was more likely to affect genetic control of
lipoprotein metabolism.

To further characterize the genetic regulation of these traits, we next investigated the
intercorrelations of metabolically related traits within each diet. Accordingly, we conducted
bivariate genetic analyses that paired, within lipoprotein class, each of the three related
traits. It is noteworthy that all but two of the 18 ρG were significant at the P=.05 level and
that 14 were significant at the P=.001 level. The square of ρG gives an estimate of the
proportion of genetic variance that is shared between each pair of traits and in this study that
proportion exceeded 50% for more than half the 18 pairwise comparisons. The product of
proportion of genetic variance shared and heritability (i.e., ρG2*h2) yields an estimate of the
proportion of the total residual phenotypic variance that is attributable to shared genes. After
adjusting for covariate effects, we calculate that such shared genetic variance accounts for
an average 26% of total phenotypic variance (range 0–58%). These results demonstrate that
a significant and substantial component of lipoprotein metabolism is under the control of
pleiotropic genes jointly influencing multiple related traits. A genetic basis for covariation of
lipoprotein traits has also been reported previously in human subjects, notably to help
explain the atherogenic lipoprotein phenotype component of metabolic syndrome [34–36].

We addressed the question of diet-genotype interaction for lipoprotein metabolism (as
reflected in pleiotropic traits) using quadrivariate analyses. In these analyses we tested
whether the genetic correlation for a trait pair differed significantly, depending on the
dietary environment. Dietary effects on proportion of shared genetic variance were
interpreted as evidence of diet-genotype interaction. Pleiotropic genes, influencing multiple
related traits, are presumed to be fundamentally important to the metabolism of the major
lipoprotein classes. Our findings did not support any significant effects on pleiotropic
genetic effects due to changes in level of dietary fat. However, we detected significant
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effects of changes in levels of dietary cholesterol such that increasing dietary cholesterol
tended to decrease the degree of genetic correlation between HDL size and concentration but
to increase the genetic correlations between LDL size and concentration.

In a recent study, we identified a number of loci exerting pleiotropic effects on subsets of
126 baboon lipoprotein traits [7]. For some traits the predominant locus effects on the trait
was the same for each diet [for example, the QTLs for Lp(a) concentration and PON1
activity]. However, we also identified some loci whose effects were predominant only on
specific diets. For example, a locus on chromosome 1 exerted significant effects on LDLC
levels on the two low cholesterol diets, but not the HFHC diet (the primary QTL in this case
was located on chromosome 19; see
http://baboon.sfbrgenetics.org/Bab_SupplementalData/Rainwater2009.php). Furthermore,
we localized a pleiotropic QTL for LDLC and Lp-PLA2 (i.e., lipoprotein-associated
phospholipase A2) to the baboon orthologue of human chromosome 2p when animals were
fed basal diet, but to chromosome 19 when fed HFHC diet [33,37]. Teasing out a gene
whose expression is responsive to dietary environment may provide useful insights into
lipoprotein metabolism and potential methods to modify CVD risk associated with
dyslipidemia.

Several limitations of this study restrict our ability to generalize the results. (1) The diet was
very consistent, but lard is a complex mixture of fatty acids. Although certainly pertinent to
human diet, we were unable to distinguish the effects of specific fatty acids that could
potentially be particularly important to lipoprotein metabolism and risk of CVD. (2) We
measured only a limited subset of clinical characteristics - those which have proven
significant predictors of variation in lipoprotein traits in previous studies. Because the
residual unexplained variance averaged ~40% in our models, it is likely we have not
measured all relevant clinical indicators of metabolic status that are important to lipoprotein
metabolism. It is possible that identification of these additional clinical indicators in future
studies will further clarify our models and interpretations.

Overall, our results indicate the existence of a complex network of genetic effects on
lipoprotein metabolism: some genes influence variation in multiple traits within a
lipoprotein class and some appear to exert effects only on specific traits; some genes
influence traits in several dietary environments and some appear to exert significant effects
only on specific diets. We found that the proportion of shared genetic variance was
surprisingly high for most lipoprotein traits and it averaged 26% of total phenotypic variance
in this study. We tested two perturbations of the dietary environment: increasing levels of fat
and cholesterol. Generally, we found more consistent evidence of diet-genotype interactions
for individual traits when changing levels of dietary cholesterol, compared to dietary fat.
Similarly, changing levels of dietary cholesterol exerted significant effects on pleiotropy for
several trait pairs. These findings, implying complex diet effects on the network of genes
influencing lipoprotein metabolism, are likely to pertain similarly to lipoprotein metabolism
in free-living humans, even if not readily detectable. It will be an objective of our future
studies to identify the genes and characterize the pathways that underlie the present
observations.
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