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B Abstract Cardiovascular disease (CVD) risk is the result of complex interac-
tions between genetic and environmental factors. During the past few decades, much
attention has focused on plasma lipoproteins as CVD risk factors. The current evi-
dence supports the concept that gene-environment interactions modulate plasma lipid
concentrations and potentially CVD risk. The findings from studies examining gene-
diet interactions and lipid metabolism have been highly promising. Several loci (i.e.,
APOAL1, APOA4, APOE, and LIPC) are providing proof-of-concept for the potential
application of genetics in the context of personalized nutritional recommendations
for CVD prevention. However, the incorporation of these findings to the clinical en-
vironment is not ready for prime time. There is a compelling need for replication
using a higher level of scientific evidence. Moreover, we need to evolve from the
simple scenarios examined nowadays (i.e., one single dietary component, single nu-
cleotide polymorphism, and risk factor) to more realistic situations involving inter-
actions between multiple genes, dietary components, and risk factors. In summary,
there is need for both large population studies and well-standardized intervention

studies.
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INTRODUCTION

Lipoprotein metabolism comprises complex biological pathways. Their home-
ostasis is achieved by the coordinated action of a large number of nuclear factors,
binding proteins, apolipoproteins, enzymes, and receptors (Figure 1). These path-
ways are also intertwined with energy metabolism and are subjected to hormonal
controls that are essential for adjustment to environmental and internal condi-
tions. Lipoprotein metabolism is commonly subdivided into three components:
the exogenous pathway, the endogenous pathway, and the reverse cholesterol
transport.

Figure 1 Human lipoprotein metabolism. Abbreviations: Al, apolipoprotein A-I;
Al apolipoprotein A-II; AIV, apolipoprotein A-IV; AV, apolipoprotein A-V; ABCAL,
ATP-binding cassette, subfamily A, member 1; ABCGS, ATP-binding cassette, sub-
family G, member 5; ABCGS, ATP-binding cassette, subfamily G, member 8; ACAT2,
cytosolic acetoacetyl-CoA thiolase; apo, apolipoprotein, APOBECI, apolipopro-
tein B mRNA editing enzyme; B48, apolipoprotein B-48; B100, apolipoprotein B-
100; CII, apolipoprotein C-II; CIII, apolipoprotein C-III; CD36, CD36 antigen; CE,
cholesteryl esters; CETP, cholesteryl ester transfer protein; chylos, chylomicron; chylo-
R, chylomicron remnants; CYP7A1, cholesterol-7-alpha-hydroxylase; E, apolipopro-
tein E; FA, fatty acid; FABP2, intestinal fatty acid—binding protein; FFA, free fatty
acid; HDL, high-density lipoprotein; HMGCR, 3-hydroxy-3-methylglutaryl-CoA re-
ductase; HTGL, hepatic triglyceride lipase; IDL, intermediate density lipoproteins;
LDL, low-density lipoprotein; LDLR, LDL receptor; Lp(a), lipoprotein a; LPL,
lipoprotein lipase; mmLDL, minimally modified LDL; MTP, microsomal triglyc-
eride transfer protein; NPC1L1, Niemann-Pick Cl-like 1; oxLDL, oxidized LDL,;
PLTP, phospholipid transfer protein; SCARBI, scavenger receptor type I B; Sit,
sitosterol; TG, triglycerides; UC, unesterified cholesterol; VLDL, very-low-density
lipoprotein.
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Metabolism of Lipoproteins Carrying Exogenous Lipids

Most of our knowledge about the relation between plasma lipid concentrations and
cardiovascular disease (CVD) risk comes from studies in the fasting state. However,
humans are almost continuously in the postprandial state. The increased awareness
of the atherogenic properties of postprandial triglyceride-rich lipoproteins (TRLs)
and the dramatic interindividual variability in the postprandial lipoprotein response
have stimulated research to gain more in-depth knowledge about the genetic and
nongenetic factors modulating absorption, transport, and catabolism of dietary
lipids (46, 50, 81). Dietary fats represent 30%—40% of the energy intake in the
Western world, mostly in the form of triacylglycerols (TAGs) (~100 g per day).
Under normal circumstances, the digestive system is very efficient in both di-
gesting and absorbing the TAGs. Several enzymes contribute to the degradation,
with most of the activity being driven by pancreatic lipase in the duodenum.
Following its absorption into the enterocyte, fatty acids are transported intracel-
lularly by the intestinal fatty acid—binding protein (IFBP). Then the resynthesis
of TAGs for assembly of chylomicrons (CMs) occurs predominantly in the sn2-
monoacylglycerol pathway and (in a lesser amount) in the glycerol-3-phosphate
pathway. TAG synthesis occurs primarily in the smooth endoplasmic reticulum
(SER) (76).

Cholesterol is another major dietary lipid absorbed in the enterocyte. Its home-
ostasis is maintained by a delicate equilibrium between dietary cholesterol ab-
sorption, de novo synthesis, and fecal excretion (46). The process of intestinal
cholesterol absorption from foods has been difficult to understand, and only very
recently, specific sterol carriers have been identified and characterized, such as the
Niemann-Pick Cl1-like 1 (NPCI1L1) (1, 29). In addition, other proteins, such as the
scavenger receptor type I B (SCARB1) (61) and the ABC transporters (ABCGS
and ABCG8) (87), have been implicated in cholesterol absorption.

Both dietary TAG and cholesterol are secreted into the bloodstream as part of
CM particles (101). The apolipoproteins associated with nascent CMs are apoB48,
apoA-I, apoA-1V, apoC-II, and apoC-III. CM synthesis requires apoB48, which
is translated from an apoB 100 mRNA that is post-transcriptionally edited to end
protein synthesis at codon 2153. This involves enzymatic deamination through
the action of apoB mRNA editing enzyme (APOBEC1) (33). Microsomal triglyc-
eride transfer protein (MTP) plays an important role in this process by binding
to apoB and determining the complete synthesis and lipidation of nascent apoB
when enough lipids are available (49). CMs are secreted into lymph vessels and
then enter the blood circulation. Once the intestinal lipoproteins are in contact with
other plasma lipoproteins [i.e., high-density lipoproteins (HDLs)], there is rapid
transfer of proteins and lipid subfractions in order to facilitate their metabolic fate,
which occurs in two main steps. First, the TAGs of CMs are hydrolyzed by lipopro-
tein lipase (LPL) in extrahepatic tissues to form CM remnants. CM remnants are
removed from the plasma by hepatic receptors that bind to the apoE present in the
particle (101).
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Endogenous Lipoprotein Metabolism

The liver is the central organ for endogenous lipoprotein metabolism, beginning
with the synthesis of very-low-density lipoproteins (VLDLSs). As early as 1976,
Havel & Kane (40) provided the basis for our understanding of VLDL assembly
and secretion by proposing a mechanism involving the fusion of newly synthesized
apoB with a droplet of TAG produced in the SER compartment. Most of the TAG
utilized for the assembly of VLDL in the secretory apparatus of the hepatocyte
is mobilized by lipolysis of the cytosolic TAG pool, followed by re-esterification.
The lipases involved include arylacetamide deacetylase and/or TAG hydrolase.
Some of the re-esterified products of lipolysis gain access to an apoB-rich VLDL
precursor to form mature VLDL. Some, however, are returned to the cytosolic
pool in a process that is stimulated by insulin and inhibited by MTP. Phospho-
lipids also contribute to VLDL TAG in a process that involves ADP-ribosylation
factor-1 (ARF-1)-mediated activation of phospholipase D. Phospholipases may
prime membrane transport steps required for second-step fusion and/or channel
phospholipids into a pathway for VLDL triglyceride production. VLDL produc-
tion is controlled primarily at the level of presecretory degradation. Recently, it
was discovered that the LDL receptor modulates VLDL production through its in-
teractions with nascent VLDL in the secretory pathway (36). VLDL particles are
precursors of intermediate-density lipoproteins and finally of LDL particles. LDL
is known to be heterogeneous, comprising a number of distinct subpopulations
defined on the basis of a number of characteristics, including particle density, size,
charge, and chemical composition (60).

Reverse Cholesterol Transport

The classical HDL-dependent protective mechanism involves promoting efflux
of excess cholesterol from cells in the arterial wall and returning it to the liver
for excretion into the bile, a process known as reverse cholesterol transport.
HDL is synthesized by both the liver and the intestine. Its precursor form is
discoidal in shape and matures in circulation as it picks up unesterified choles-
terol, and probably phospholipids, from cell membranes by a mechanism medi-
ated by the ATP-binding cassette, subfamily A, member 1 (ABCA1) transporter.
Unesterified cholesterol is esterified to cholesteryl ester within the HDL par-
ticle by the enzyme lecithin-cholesterol acyltransferase (LCAT) and the small
HDL3 particle becomes a larger HDL2 particle. HDL cholesteryl ester can be
taken up selectively by the liver or by organs synthesizing steroid hormones,
such as the adrenals, through the action of the scavenger receptor class B type I
(SCARBI). Cholesteryl ester can also be selectively transferred to apoB-containing
lipoproteins in exchange for TAG through the action of cholesteryl ester transfer
protein (CETP). Conversely, phospholipid transfer protein (PLTP) mediates trans-
fer of phospholipids from apoB-containing lipoproteins to HDL. The TAG re-
ceived by HDL?2 is hydrolyzed by hepatic lipase and the particle is converted
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back to HDL3, completing the HDL cycle in plasma. Other members of the
family of triglyceride lipase genes also influence the metabolism of HDL (3,
4,22).

CANDIDATE GENES FOR LIPID METABOLISM

Genetic variability has been identified in humans for all the known lipid-related
genes, and some of those variants have been studied for the past two decades,
resulting in a plethora of reports and associations with abnormal lipid metabolism
and plasma lipoprotein profiles. A detailed description of the biological role of each
of the products from those candidate genes is beyond the scope of this review; they
have been the focus of other publications (13, 69, 82). Some of the most impor-
tant known genes involved in lipoprotein metabolism are ABCA1; ATP-binding
cassette, subfamily G, member 5 (ABCGS); ATP-binding cassette, subfamily
G, member 8§ (ABCGS); acetylcholesterol acyltransferase 1 (ACAT1); cytosolic
acetoacetyl-CoA thiolase (ACAT2); APOA1; APOA2; APOA4; APOAS; APOB;
APOBECI; APOCI; APOC2; APOC3; APOC4; APOE; APOH; APOJ; APOL1-
APOLG6; putative low-density lipoprotein (LDL) receptor adaptor protein (ARH);
CD36 antigen (CD36); CCAAT/enhancer-binding protein-alpha (CEBPA); CETP;
cubilin (CUBN); cholesterol-7-alpha-hydroxylase (CYP7AL1); estrogen receptor 1
(ERS1); intestinal fatty acid binding protein (FABP2); 3-hydroxy-3-methylglutaryl-
CoA reductase (HMGCR); LCAT; hepatic lipase (LIPC); hormone-sensitive lipase
(LIPE); endothelial lipase (LIPG); lipoprotein a (LPA); LDL receptor (LDLR);
lipoprotein lipase (LPL); low-density lipoprotein receptor-related protein 1 (LRP1);
LRP2; LRPS; liver X receptor-alpha (LXRA); MTP; NPC1L1;low-density lipopro-
tein, oxidized, receptor 1 (OLR1); perilipin (PLIN); phospholipid transfer protein
(PLTP); paroxonase 1 and 2 (PON1 and PON2); peroxisome-proliferator acti-
vator receptor-alpha (PPARA); PPAR-delta (PPARD); PPAR-gamma (PPARG);
SCARBI; retinoid X receptor-alpha (RXRA); SREBP cleavage-activating protein
(SCAP); sterol regulatory element-binding protein 1 (SREBP1); upstream stimu-
latory factor protein 1 (USF1), and VLDL receptor (VLDLR). This list is not, by
any means, closed. In fact, its ranks are being continuously populated with new
candidate genes emerging from the active research ongoing in this area. When it
comes to the associations of genetic variants at these loci with plasma lipid levels
in the general population, the genes with findings that are more consistent are
the APOE in terms of associations with total cholesterol and LDL-C concentra-
tions (38, 86), CETP with HDL-C levels (80), and the LPL and APOAS loci with
TAG levels (47, 91, 118). Most other loci have shown significant associations with
different plasma lipids; however, for many of them there is lack of replication,
producing doubts about their significance as global genetic markers. Moreover,
most of them have to be tested in the context of gene-environment interactions.
There is still some confusion concerning the nomenclature of the identified gene
variants (mutations or polymorphisms). To prevent this confusion some authors
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(2) recommend using the terms “sequence variant” or “allelic variant” for any
genomic change regardless of their frequency of phenotypic effects. However, in
large epidemiological studies, the term “polymorphism” is still used as it was orig-
inally defined (a locus in which the least common allele occurs with a frequency
of at least 1%). Thus, polymorphisms can be caused by mutations ranging from a
single nucleotide base change to variations in several hundred bases, such as large
deletions and/or insertions. The simpler and most common type of polymorphism,
known as single nucleotide polymorphism (SNP), results from a single base mu-
tation replacing one base for another. SNPs are estimated to represent about 90%
of all human DNA polymorphisms. SNPs occur with a very high frequency, with
estimates ranging from about 1 in 1000 bases to 1 in 100-300. Overall, it has
been estimated that the human genome contains about ten million SNPs (18). Not
long ago, the number of identified polymorphisms in candidate genes for lipid
metabolism was small and there were dozens of studies focusing on a very limited
number of specific genetic variants in different populations. This provided the op-
portunity to check the replication of the observed associations and potentially to
increase the level of evidence, as in the case of the association between the APOE
polymorphism and plasma LDL-C (86).

Currently, the vast number of SNPs available for candidate genes adds a level
of complexity to the data interpretation as more investigators may focus their as-
sociation studies on different SNP sets even for a single locus. In this regard,
Humphries et al. (48) have strongly recommended making a distinction between
functional SNPs (i.e., those altering an amino sequence or a transcription factor-
binding element) and nonfunctional SNPs to avoid the use of nonfunctional genetic
variants in association studies. They suggested that before SNPs are included in
an epidemiological study, their functionality should be supported by good in vitro
data. However, as these in vitro data may be difficult to obtain, some researchers
have proposed the use of bioinformatic tools to infer functionality (100). One of
the problems with the results obtained from association studies using apparently
nonfunctional SNPs (that in some cases act as markers of the unknown functional
variant) is their different degree of linkage disequilibrium with the true functional
SNP among different populations (78). Thus, a nonfunctional variant may have
a different impact in association studies depending on the linkage disequilibrium
with the functional polymorphism and thus would contribute to the lack of repli-
cation of these studies in different populations. Lack of replication is the most
excruciating problem in the hundreds of published reports of gene-lipid associa-
tions involving lipid metabolism (51). However, an important cause of variability
is the potential influence of environmental factors. Moreover, taking into account
the classical definition of phenotype (observable physical or biochemical charac-
teristics of an organism, determined by both genetic makeup and environmental
influences), an important reason to explain the controversial findings from studies
involving genotype-phenotype association is that the majority of initial studies an-
alyzing the association between SPNs and lipid traits did not consider the potential
gene-environment interactions.
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REGULATION OF LIPID METABOLISM:
GENES VERSUS ENVIRONMENT

The homeostasis of lipid metabolism is the result of interactions between mul-
tiple genes and environmental (nongenetic) factors. Although currently there are
no precise estimates about the specific contribution of genetic and environmental
factors (tobacco smoking, alcohol consumption, dietary intake, physical activity,
etc.) to dyslipidemia, it is thought that there are very few cases in which alterations
of lipid metabolism are induced by genetic variation that will develop regardless of
environmental factors. Even in those cases, environmental factors may affect the
age of onset and severity of the disease (8). Overall, gene-environment interaction
refers to the differential phenotypic effects of different environments on individu-
als with the same genotype or to the differential effects of the same environment
on individuals with different genotypes (88). Genetic variation and the different
individuals’ responses to environmental factors present an opportunity and a chal-
lenge to cardiovascular prevention. On the other hand, some researchers prefer
to use the concept of “context-dependent” genetic effect that involves gene-gene
interactions (epistasis) as well as gene-environment interactions (56). Whether
as a specific term, or integrated in the context-dependent concept, the study of
gene-environment interactions will largely contribute to deciphering the underly-
ing mechanisms for lipid-related disorders and to facilitating cardiovascular dis-
ease prevention. Along these lines, from a public health perspective, nutrition is
the most important environmental factor interacting with our genes to increase or
decrease the likelihood of developing lipid disorders.

The interactions involving dietary factors are called gene-diet interactions. Al-
though the presence of a genetic component determining the differences in in-
terindividual dietary response to specific nutritional recommendations and dietary
interventions has been proposed for several decades (44), it has not been until
recent years that researchers began to explore its molecular basis. In the next sec-
tions, a detailed description of the fundamentals and the main recent examples of
gene-diet interactions involving lipid metabolism is provided.

GENE-DIET INTERACTIONS

Interindividual Variability

It is well known that the effect of dietary changes on plasma lipid concentrations
differs significantly between individuals (53, 58). Some individuals (hyporespon-
ders) appear to be relatively insensitive to dietary intervention, whereas others
(hyperresponders) have enhanced sensitivity (57). In assessing the impact of these
different interindividual responses to the same diet, Schaefer et al. (106) reported
the effects of National Cholesterol Education Program (NCEP) Step 2 diets on
plasma lipoprotein profiles in 72 men and 48 women. Compared with the baseline
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diet (an average American diet), consumption of an NCEP Step 2 diet was asso-
ciated with significant decreases in LDL-C and HDL-C in both men and women.
However, alarge variability in lipid response to the diet was observed, with changes
in LDL cholesterol ranging from +3% to —55% in men and from +13% to —39%
in women. On average, such diets do achieve significant reductions of LDL-C
concentrations; however, the magnitude of change varies substantially among in-
dividuals, with many showing either little change or even increases in LDL-C.
From these data, it is clear that what is good at the population level is not necessar-
ily good at the individual level. Moreover, low-fat diets can also result in reduced
plasma HDL and/or increased TAG concentrations (58) that may be particularly
harmful for some subjects. For example, it has been shown that individuals with
a predominance of small, dense LDL particles (subclass pattern B), a phenotype
that is associated with an increased risk of coronary heart disease, benefit more
from a low-fat diet (59, 60) than do those with the subclass pattern A (larger LDL).
Indeed, the latter group exhibited a more atherogenic pattern B subclass after con-
suming a low-fat diet. Currently there is still substantial controversy about what
is the best diet to prevent heart diseases: the traditionally recommended low-fat
diet, the Mediterranean diet based on a relatively high contribution of monoun-
saturated fatty acids (MUFAs), or even the emerging low-carbohydrate diet (20).
However, although the general dietary recommendations have partially addressed
the problem of special populations (i.e., children, pregnant women, elderly sub-
jects), a key factor that has not been taken into account is the individual variation
concerning such general recommendations. In this regard, increasing numbers of
intervention studies are focusing on the interindividual differences in response to
diet rather than showing the mean effect. The results of these studies show re-
peatedly the aforementioned dramatic variability in responses to diets designed
to change plasma lipid profile. Moreover, increasing evidence supports that this
variability in response is an intrinsic characteristic of the individual rather than
the result of different dietary compliance with the experimental protocols. One of
these studies, recently published by Jacobs et al. (52), demonstrates that individ-
ual TAG responses to a high-fat or to a low-fat diet are vastly different. Whereas
some subjects have distinctly lower plasma TAG concentrations after consuming
a high-fat diet, others had clearly lower TAG concentrations after consuming a
low-fat diet. The authors suggest that many patients with hypertriglyceridemia are
not treated optimally if general advice for either a low-fat or a high-fat diet is given;
they conclude that the most beneficial alternative is to fit a dietary recommenda-
tion to each patient individually based on the patient’s response to a low-fat or a
high-fat diet (52). Therefore, studying the reasons for this variation in response to
diet will allow us to better identify individuals who can benefit from a particular
dietary intervention. Obviously, this is not an easy task. Parks et al. (90) proposed
the use of an algorithm (discriminant function analysis) to predict which patients
would experience significant elevations in plasma TAG after consuming a very
low-fat, high-carbohydrate diet. Although three variables (baseline body mass in-
dex, fasting TAG, and insulin concentrations) accurately classified 90% of those
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who would experience an elevation in TAG > 10% (P < 0.05) and 67% of those
who experienced no change in the Parks et al. study (90), the predictive algorithm
was not useful in subsequent studies (52).

Currently, considerable support exists for the notion that the interindividual
variability in response to dietary modification is determined by genetic factors,
especially for lipid and lipoprotein phenotypes (65). Indirect evidence supporting
this hypothesis comes from the general observation that the phenotypic response
to diet is determined partly by the baseline value of the phenotype that is itself
affected by genetic factors (5, 58). However, taking into account the complexity
of lipid metabolism, the main problem is how to uncover and elucidate the many
potential gene-diet interactions.

Measurement of Gene-Diet Interaction

The nature versus nurture controversy in lipid metabolism is being replaced by
systematic evaluation of nature-nurture interaction. Methods used in genetics and
epidemiology to study gene-environment interaction continue to evolve, and both
unmeasured genotype approach (genetic epidemiology) and measured genotype
approach (molecular epidemiology) have been used to detect gene-environment
interactions in humans. The unmeasured genotype approach is based on statistical
analysis of the distribution of phenotypes in individuals and families and does not
rely on any direct measure of DNA variation (30). The purpose of such studies is
to provide clues to the importance of genetic factors embodied in the concept of
heritability and measured by analysis of variance or correlation. No specific genes
are measured at this stage. Heritability is defined as the proportion of phenotypic
variance attributable to genetic variance. A value of 1.0 indicates that all of the
population variation is attributable to genetic variation. A value of 0.0 indicates that
genes do not contribute at all to phenotypic individual differences. The quantity
(1.0 minus heritability) gives the environmental contribution to the trait, and it is
the proportion of phenotypic variance attributable to environmental variance or the
extent to which individual differences in the environment contribute to individual
differences in behavior. Several twin and family studies have analyzed the genetic
and environmental influence on lipid traits (42).

With advances in molecular genetics, the study of gene-environment interac-
tions is now performed at the gene level. With this approach, genetic variation in
one or in various candidate genes is investigated to discern the role of these can-
didate genes in determining gene-diet interactions. Direct measurement of DNA
variants (i.e., SNPs) is needed to give precision and meaning to the genetic ef-
fects in gene-diet interactions. The concept of gene-diet interactions can be used
in several different ways (37, 105). For example, statistical interaction exists if
the degree or direction of the effect of one dietary factor (e.g., dietary fat) differs
according to values of a second factor (gene variants). In recent years, an epidemi-
ologic framework for evaluating gene-diet interaction has been proposed (9). In
a simple gene-diet interaction model, in which both the susceptibility genotype



Annu. Rev. Nutr. 2005.25:341-390. Downloaded from www.annualreviews.org
by St. Mary's University - San Antonio, TX on 01/04/12. For personal use only.

SNPs, LIPIDS, AND DIETARY INTERACTION 351

at a single locus and the dietary exposure are considered dichotomous, one can
construct an extended 2-by-2 table incorporating genetic and environment fac-
tors in studying disease etiology (e.g., hypercholesterolemia). The interaction of
these two factors can be measured as a departure from a multiplicative model of
disease risk (12, 105). Using such an approach, it is relatively easy to find par-
simonious models by keeping statistical interactions to a minimum. However, in
the study of lipid metabolism, rather than dichotomous traits, it is common to
predict continuous variables such as plasma cholesterol concentrations as well as
to analyze continuous variables to measure dietary intake. Then, in addition to a
logistic regression model, covariance regression models with interaction terms are
needed (12). Hierarchical multilevel interaction models then can be fitted, and the
presence of a gene-diet interaction is identified by the detection of a statistically
significant interaction term between the dietary exposure and the corresponding
genetic variable. However, from a strict point of view it is not clear what ultimately
constitutes interaction or synergy on the biological level; any statistical approach
is inherently arbitrary and model-dependent (37).

Methodological Issues in Assessing Gene-Diet Interaction

Gene-diet interactions in epidemiological studies are currently detected based on
the statistical significance of the interaction terms. Taking into account that a
statistically significant association does not imply causality, special attention to
bias is required. This issue is crucial and determines the study design as well
as adequate control of misspecification. In terms of study design, intervention
studies—mainly randomized controlled trials—offer the highest level of evidence
(62). In intervention studies, as opposed to observational studies, the study con-
ditions are controlled directly by the investigators, including the amount of food
or nutrient administered as well as the time period. This control minimizes the
possibility of bias and increases the level of causality. However, in observational
studies (i.e., cohort, case-control, cross-sectional), the researcher does not provide
food to study participants and obtains information about the type and amount of
food consumed by dietary questionnaires, a method that increases the likelihood of
confounding and decreases the level of evidence provided. However, some authors
have pointed out the importance of Mendelian randomization (the random assort-
ment of genes from parents to offspring that occurs during gamete formation and
conception) in increasing the level of evidence provided by observational studies
in which genetic polymorphisms are determined and dietary intake is estimated
(28). Mendelian randomization can increase the level of evidence of observational
studies because it results in population distributions of genetic variants that are
generally independent of environmental factors that typically confound epidemi-
ological associations between putative risk factors and disease. In some circum-
stances, this can provide a study design akin to randomized comparisons. In fact,
Tobin et al. (114) have suggested that the approach should be termed ‘“Mendelian
deconfounding.”
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Misclassification of Dietary Exposures

Precise measurement of an individual’s exposure to dietary factors is often diffi-
cult because of the individual’s poor recall or ignorance of previous exposures, the
complex pattern of nutrient intake, and the lack of good biological indicators of
exposure levels for many nutrients. Therefore, in the study of gene-diet interaction,
the consequences of a dietary mismeasurement can lead to bias in the estimation
associated with interaction effects and possible loss of precision and power in the
estimation of interactions. Nondifferential misclassification usually leads to biases
of interaction toward the null value, and differential misclassification may produce
biased interactions in either direction (increasing or decreasing risk). Therefore,
high-quality dietary information in epidemiological studies is a key factor for
establishing causality. More information about validity of the specific dietary in-
struments (i.e., diet records, 24-hour recalls, food-frequency questionnaires) can
be found in Reference (83). In addition, another important question to be raised
relates to which type of dietary information is more relevant in gene-diet interac-
tion studies. Should we be using nutrients, foods, or dietary patterns? There is not
a unique response, and it depends on the aims of the study and on the specific hy-
pothesis that is under investigation. Each one of these approaches has advantages
and methodological limitations (83).

Misclassification of Genetic Data

When measuring individuals’ genotypes at the DNA level, misclassification can
occur as the result of several factors. One of them is error in the laboratory deter-
mination. With the application of high-throughput methods, a number of which are
under development, quality control procedures in the laboratory are particularly
important. A misclassification of the genotype (i.e., a data set containing less than
95% reproducibility) can bias the measure of the association and largely affect
gene-nutrient interactions. Quality control measures include internal validation,
blinding, duplicates, test failure rate, inspection of whether genotype frequencies
conform to Hardy-Weinberg equilibrium, and blinding of data entry (64). Another
factor that may contribute to misclassification of genetic data is linkage disequi-
librium. In addition to these factors, in the last few years it has been proposed that
individual SNPs are not the best approach to measure the individual’s genotype;
the simultaneous analysis of different genetic variants (haplotypic approach) has
been suggested as more appropriate (102). Moreover, Neale et al. (78) propose a
shift toward a gene-based approach in which all genetic variants in the intragenic
and regulatory regions of a candidate gene are considered jointly.

Sample Size Considerations

One of the most frequent errors in epidemiological studies aimed at investigating
gene-diet interactions in lipid metabolism is the lack of statistical power (Type
IT error). In an epidemiological study of a given sample size, the power to detect
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statistical interactions is less than the power to detect main effects, and the variance
of the interaction estimate also will be greater than the variance of the main effects
estimate under a no-interaction model. More information about sample size and
power calculation needed to detect gene-environment interaction for categorical
and continuous variables can be found in Reference (35).

Nutrigenetics and Nutrigenomics

In the field of gene-diet interactions, two different concepts have emerged: nutri-
genetics and nutrigenomics. Nutrigenetics examines the effect of genetic variation
(mainly SNPs) on the interaction between diet and specific phenotypes. This in-
cludes the identification of gene variants associated with differential responses to
nutrients. The goal of nutrigenetics is to generate recommendations regarding the
risks and benefits to the individual of specific dietary components. It has been
also termed “personalized nutrition.” Nutrigenomics focuses on the effect of nu-
trients on the genome, proteome, and metabolome. Nutrigenomics involves the
characterization of gene products and the physiological function and interactions
of these products, promoting an increased understanding of how nutrition influ-
ences metabolic pathways and homeostatic control (77, 119). Several approaches
are available for analyzing the effects of dietary factors, including differential gene
expression, as well as proteomic methods to determine changes in protein levels
and protein modifications (116). The role of genes implicated in lipid metabolism
may be further studied by developing transgenic and gene-targeted animals treated
with different diets, as well as by using other gene expression strategies. The com-
bination of these technologies will contribute to the study of the function and
nutritional regulation of different lipid metabolism-related genes as well as to the
identification of new targets for therapeutic approaches (77).

LESSONS FROM MONOGENIC DISORDERS

Monogenic disorders are highly penetrant; however, even for these diseases there is
evidence of dietary modulation having significant effects over the expression of the
mutation and the disease risk associated with the genetic defect. The classical ex-
ample involves familial hypercholesterolemia (FH). FH is a codominant inherited
disorder of lipid metabolism characterized by very high concentrations of LDL-C,
tendon xanthomas, arcus lipoides corneae, and increased risk of premature coro-
nary heart disease (7). The clinical phenotype is more severe for homozygotes
than for heterozygotes. Fortunately, homozygotes are rare (~1 per million) and
the term FH is usually applied to the more common heterozygous condition (1 per
500 individuals in most countries). It has been known since the 1970s that the FH
phenotype results from mutations in the LDLR gene, resulting in defective up-
take of plasma LDL and dramatic elevation in plasma LDL-C levels (14). To date,
more than 800 mutations have been reported to cause FH (http://www.ucl.ac.uk/fh;
http://www.umd.necker.fr). Despite its mostly monogenic basis, the phenotypic
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expression in FH subjects varies dramatically (117). One obvious explanation is
that this variability may be due to the severity of the specific mutation within the
LDLR gene. Mutations have been categorized into five different classes. The so-
called null-alleles result in failure to produce any protein, whereas other mutations
lead to impairments in binding capacity, in post-translational processing, or in
recycling (31).

The effects of mutation type on lipoprotein levels and on the risk for CVD have
been studied extensively, with controversial results (10). However, the clinical
presentation differs substantially even among individuals who share an identical
LDLR mutation (120). Therefore, additional factors are presumed to influence the
course of FH and lead to the dramatic variation in clinical manifestations. In arecent
work, Bertolini et al. (11) investigated the presence of modifying genes affecting
lipoprotein metabolism as a possible explanation of these differences. They found
a significant modulation of common polymorphisms on clinical phenotypes of
FH such as (a) plasma LDL-C (APOE, MTP, and APOB); (b) plasma HDL-C
(LIPC, FABP-2, and LPL); (¢) plasma TAG (APOE and APOA4), and (d) coronary
artery disease (CAD) (FABP-2). In addition, Bertolini et al. (11) also suggested an
important contribution of dietary factors to the variability in the FH phenotypes.
There is indirect and direct evidence that diet modifies the effect of the genetic
variation on FH phenotypes. This evidence comes from observational studies in
the United States (123), Europe (108), and Asia (96, 109). In the United States,
Williams et al. (123) screened 1134 individuals from 18 pedigrees in large families
from Utah. In four pedigrees with FH, male heterozygotes had a mean serum
cholesterol level of 352 mg/dL, myocardial infarction at an average age of 42
years, and coronary death at an average age of 45 years. However, the four ancestral
males born before 1880 who were the known founders of the LDLR mutations
for each of the pedigrees survived to ages 62, 68, 72, and 81 years. This suggests
that some healthy lifestyle factors protected these men against the expression of a
mutation that has led to coronary disease by age 45 years in all of their heterozygous
great-grandsons. Specifically, the previous generations of these families consumed
diets that were lower in total fat—particularly saturated fat—than the diets of their
contemporary descendants. These findings were corroborated in the Netherlands
(108) in a large Dutch pedigree. Similar observations, using a different approach,
were made in Asian populations (95, 109).

Direct evidence that diet modulates the effect of LDLR mutations in FH pa-
tients came from experimental studies involving dietary modifications. However,
in a systematic review that included published and unpublished randomized con-
trolled trials from 1978 to 2000 in which a cholesterol-lowering diet in children
and adults with FH was compared to other forms of dietary treatment or to no
dietary intervention, Poustie et al. (98) concluded that there is a lack of adequate
data to demonstrate that dietary intervention modulates clinical phenotypes. Nev-
ertheless, scores of individual studies show significant differences (41). One of
the main limitations of the systematic review by Poustie et al. (98) is the lim-
ited number of included studies owing to the strict inclusion criteria. Although
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pharmacological treatment with statins is currently the most potent intervention
to reduce LDL-C concentrations in FH patients (21, 122), consensus panels from
several Western countries recommend a healthy diet to decrease LDL-C concen-
trations and reduce CAD risk in these patients. In addition, it has been reported that
a healthy diet can increase the LDL-C-lowering efficacy of hypocholesterolemic
drugs (21). Moreover, it has been recommended that prevention of CAD in FH
patients should be initiated in childhood. However, because treatment with statins
has several limitations in patients younger than age 18 in most countries, a dietary
approach is most important in the treatment of children with FH. An NCEP-ATPIII
diet, supplemented with plant stanols/sterols (121), has a very appropriate nutrient
composition, and according the current dietary guidelines can be recommended
for all FH subjects, including children over age 2 (21). This dietary intervention
to lower LDL-C concentrations is a good example of how diet can help to mod-
ify a genetically determined trait and it provides a strong basis to propose that
other gene-dietary interactions can be detected in subjects whose genetic disease
predisposition is due to common genetic SNPs in genes related to lipid metabolism.

COMMON GENETIC VARIANTS AND THEIR
INTERACTION WITH DIETARY FACTORS

The evidence for gene-diet interactions between common SNPs at candidate genes
and dietary factors in the field of lipid metabolism is continuously increasing.
This evidence is presented below, following a discussion about the significance of
statistical interactions and biological interactions.

Biological Interactions Versus Statistical Interactions

As pointed out for monogenic diseases, diet can play a pivotal role in the expression
of the final phenotype. Understanding these simpler monogenic-nutrient interac-
tions should help us to gain further insight into the more complex interactions
for common genetic variants involved on the phenotypic expression of common
lipid disorders. However, it should be noted that the term “gene-diet interactions”
could be used in different ways (105): as biological interaction and as statistical
interaction. The term “biological interaction” is commonly applied in monogenic
diseases and is currently used in some dietary interventions in clinical practice to
prevent the disease. For example, in subjects with mutations in the phenylketonuria
gene, dietary restriction of the harmful nutrient (phenylalanine) has been success-
fully implemented in clinical practice for many years (19). Therefore, biological
interaction exists when two or more factors influence a phenotype at the same
time, and it does not necessarily entail statistical interaction (113). Apart from bi-
ological interactions, the primary interest of researchers nowadays has focused on
statistical interactions. A statistical interaction exists if the degree or direction of
the effect of one factor (e.g., an SNP) differs according to values of a second factor
(e.g., a nutrient). Accordingly, the vast majority of reports examining gene-diet
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interactions involving common genetic variants and plasma lipid variables focus on
statistically significant interactions (10, 12). However, biological interaction needs
to be taken into consideration when designing preventive and therapeutic dietary
interventions to modify specific phenotypes in genetically susceptible individuals.
To illustrate the differences between statistical and biological interactions, two
examples in the framework of the Framingham Study are presented. A classical
example of gene-diet statistical interaction is the one found between the —75G/A
polymorphism of the APOA1 gene and polyunsaturated fatty acid (PUFA) intake
in the Framingham Study (85). In women, a statistically significant gene-diet in-
teraction (P < 0.05) was found between PUFA intake (<4% of energy from fat,
4%—-8%, and >8%) and the APOA1 SNP in determining plasma HDL-C concen-
trations (Figure 2). This interaction shows that PUFA intake modulates the effect
of the —=75A/G SNP on HDL-C concentrations. Thus, in carriers of the A allele,
higher PUFA intakes were associated with higher HDL-C, whereas the opposite
effect was observed in G/G homozygotes.

On the other hand, an example of a biologically significant but statistically
insignificant interaction was found between the CETP TaqIB polymorphism and

20 PUFA (% energy)
= O0<4% B4%-8% HW>8% |
c -
£
g P for interaction = 0.011
&) 1.6
2
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T 14

1.2 1

1.0
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-75G/A polymorphism in the APOAI gene

Figure 2 Statistical interaction between the —75G/A polymorphism in the APOA1
gene promoter and polyunsaturated fatty acid (PUFA) intake (<4%, 4%—-8% and >8%
of energy) in determining plasma HDL-C concentrations in women participating in the
Framingham Study. Means of HDL-C were adjusted by age, body mass index, alcohol
consumption, tobacco smoking, energy, and saturated fat and monounsaturated fat
consumption. The reported P value was obtained for the interaction term between
APOA1 genotype and PUFA in the multivariate lineal regression model including the
covariates.
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alcohol consumption in determining plasma HDL-C concentrations (D. Corella
& J.M. Ordovas, unpublished data). We genotyped a population-based sample
of 1411 men and 1505 women from the Framingham Study. B1B1 individuals
had lower HDL-C concentrations compared with B1B2 and B2B2 individuals
(P < 0.001) (82). Three categories of alcohol intake were considered according
to reported daily intake: no alcohol intake, moderate intake, and high intake. No
statistically significant interaction between the CETP-TaqIB genotype and alco-
hol intake was found. However, as observed in Figure 3, a biologically significant
gene-diet interaction was observed. Thus, B1B 1 subjects could have higher HDL-C
concentrations when consuming alcohol than B2 carriers who do not consume
alcohol. Taking into account that low HDL-C concentrations are considered a

1.9
Alcohol consumption
[ ] Noconsumption [ Moderate [ High

o 19 : .
3 P for interaction = 0.750
E
E
@)
—
a
T 13

1.0

B1B1 B1B2 B2B2
CETP-Taq|B polymorphism

Figure 3 Biological interaction between the TaqIB polymorphism in the cholesteryl
ester transfer protein (CETP) gene and alcohol intake in determining plasma high-
density lipoprotein cholesterol (HDL-C) concentrations the Framingham Study. Three
groups of alcohol intake were defined according to the reported amount of alcohol con-
sumed per day: no consumption (alcohol consumption = 0 g/day), moderate (<26.4 g
alcohol/day for men, <13.2 g/day for women), and high consumption (>26.4 g alco-
hol/day for men, >13.2 g alcohol/day for women). Means of HDL-C were adjusted
by gender age, body mass index, tobacco smoking, and energy intake. The reported P
value was obtained for the interaction term between the CETP genotype and alcohol
intake in the multivariate lineal regression model including the covariates.
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cardiovascular risk factor, dietary interventions aimed at increasing HDL-C in
genetically susceptible B1B1 individuals could be a preventive measure. Our re-
sults clearly show that alcohol consumption can increase HDL-C concentrations
in B1B1 individuals in a dose-dependent manner.

Gene-Diet Interactions Modulating Plasma Lipoprotein
Concentrations

We summarize below the current evidence for gene-diet interactions in the field of
lipid metabolism using as outcomes plasma lipid concentrations but also disease
phenotypes such as obesity, cardiovascular diseases, and diabetes. Among dietary
factors, total fat, specific fatty acids, carbohydrates, total energy intake, and alcohol
intake are discussed. The evidence from observational as well as intervention
studies is presented. Moreover, differences between studies in the fasting state as
well as in the postprandial state are considered.

RESULTS FROM INTERVENTION STUDIES Intervention studies in which subjects re-
ceive a controlled dietary intake provide the best approach to ascertain true dietary
intake under highly controlled conditions. However, these well-controlled feed-
ing studies have several important logistic limitations, including the small number
of participants and the brief duration of the interventions. Hundreds of interven-
tion studies have examined gene-diet interactions on different parameters of lipid
metabolism. However, the level of replication among studies that analyze the same
genetic variation tends to be low. Potential reasons for the lack of replication are
the different characteristics of study subjects, length of intervention, sample size
limitation, and heterogeneity in the design. In a systematic review of literature
published from 1966 to 2002, Masson et al. (72) identified 17 reviews on gene-
diet interactions and 74 relevant articles that included dietary intervention studies
in which measurements were taken of the lipid and lipoprotein response to diet in
different genotype groups. They analyzed the published articles according to seven
groups of genetic loci: APOA1, APOC3, and APOAA4 cluster; APOB; APOE; en-
zymes (LPL, LIPC, and CYPA7); LDLR; other genes, including CETP, FABP;
and neuropeptide Y. At each locus, one or more polymorphisms were included
and the mainly short-term response to a defined dietary intervention [i.e., high-
fat diet versus a low-fat diet, high saturated fatty acid (SFA) versus high PUFA,
high MUFA versus low MUFA, etc.] was examined. After a comparative analysis
of the individual findings, Masson et al. (72) concluded that there is evidence to
suggest that variations in APOAI, APOA4, APOB, and APOE contribute to the
heterogeneity in the lipid response to dietary intervention. However, the effects
of the reported gene-diet interactions are not consistently seen and are sometimes
conflicting. For example, for the APOE locus, 46 studies were analyzed. Of those,
significantly different LDL-C responses to changes in the fat content of the diet by
APOE genotype were reported in 11 studies. Table 1 includes a summary of this
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systematic review as well as an enumeration of more recent reports (after 2002)
(6, 27, 39, 43, 55, 63, 68, 72, 75, 79, 92, 94, 97, 99, 112, 120) examining gene-
diet interactions in the fasting state. In addition to the above-mentioned reasons
contributing to the lack of replication of these types of studies, it should be noted
that the composition of the dietary intervention greatly varies between studies. It
would be appropriate to standardize a minimum set of variables when considering
the design of future intervention studies in order to fix certain conditions (e.g.,
patients characteristics, medications, and composition and length of the dietary
treatment and sample size) and to allow better comparison among studies and
even potentially to carry out meta analyses, something that it is impossible under
the current experimental conditions.

RESULTS FROM OBSERVATIONAL STUDIES In observational studies, large numbers
of subjects can be studied and long-term dietary habits can be estimated. However,
the level of evidence of the results obtained from these studies traditionally has
been considered to be lower than that of experimental studies. This level can be
increased by taking into consideration the principle of Mendelian randomization
that was discussed in the “Methodological Issues Assessing Gene-Diet Interaction”
section above. Table 2 summarizes the findings of a number of observational
studies involving gene-diet interactions on lipid metabolism in the fasting state
(15-17, 23-25, 32, 34, 45, 66, 73, 84, 85, 89, 95, 103, 104, 110, 111, 115).
In general, as pointed out for the intervention studies, replication of results is
still very low. However, taking into account that larger sample sizes are required
in observational studies as compared with intervention studies, one factor that
has limited replication is the lack of published studies analyzing the same SNPs
and dietary factors. In addition, these findings need an increased interface with
nutrigenomic studies to acquire mechanistic knowledge for the reported statistical
interactions.

GENE-DIET INTERACTIONS IN THE POSTPRANDIAL STATE Humans are typically in
a nonfasting state. Postprandial lipemia, characterized by a rise in TRLs after eat-
ing, is a dynamic, nonsteady-state condition (49). Over 25 years ago, Zilversmit
(125) proposed that atherogenesis was a postprandial phenomenon as postprandial
lipoproteins and their remnants could deposit into the arterial wall and accumulate
in atheromatous plaques. Several studies have investigated the potential inter-
action between some polymorphisms in candidate genes and diet on postprandial
lipids. Table 3 summarizes the findings of these studies involving APOA 1, APOAS,
APOC3,APOE, LPL, NPY, and SCARBI gene variants (26, 54, 67,70, 71, 74, 93,
102, 107, 125). In postprandial studies, subjects usually receive a fat-loading test
meal in which composition varies depending on the nutrient(s) to be tested. After
the test meal, blood samples are taken again to measure postprandial lipids. Meal
absorption is a complex phenomenon, and because postprandial hyperlipidemia
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and hyperglycemia are simultaneously present in the postabsorptive phase,
particularly in diabetics and in subjects with impaired glucose tolerance, the dis-
tinct role of these two factors is a matter of debate (26). Consistency is still very
low and, similar to the conclusions reached above for the other experimental ap-
proaches, replication is a major need for postprandial studies, where the number
of subjects and the complexity of the designs may add even more bias than that of
other experimental approaches.

FUTURE OPPORTUNITIES FOR PERSONALIZED
NUTRITION: WHAT NEEDS TO BE DONE?

Although the current evidence from both experimental and observational nutrige-
netics studies is not strong enough to start making specific personalized nutritional
recommendations based on genetic information, we have many examples of com-
mon SNPs that modulate the individual response to diet as proof of concept of
how gene-diet interactions can influence lipid metabolism. It is critical that these
preliminary studies go through further replication in nutrigenetic designs. Over-
all, the evidence from intervention trials showing gene-diet interactions in lipid
metabolism is weak. Many of the trials were short term, of poor experimental
design for the stated purpose, and conducted on small sample sizes. To assess
the modulation by specific SNPs of the effects of dietary interventions on lipid
metabolism, there is a need for well-designed, adequately powered, randomized
controlled studies, or studies that are of equivalent level, of greater duration, and in
which careful consideration is given to which patients to include. Emphasis should
be placed on carrying out appropriate studies to increase consistency. Moreover,
nutrigenomic research should also investigate the potential mechanisms involved
in the gene-diet interactions reported by nutrigenetic studies. In a few years, both
nutrigenetics and nutrigenomics will increase the level of evidence of some of
the observed interactions, and personalized nutrition will be both possible and
potentially successful (119). One of the first applications of personalized nutri-
tion seems to be centered in dislipidemic patients who require special intervention
with dietary treatment. It is known that these individuals will display dramatic
heterogeneity in response to the currently recommended therapeutic diets and that
the recommendations will need to be adjusted individually. This process could be
more efficient if the recommendations are carried out based on genetic and molec-
ular knowledge. Moreover, compliance with dietary advice may increase when it
is supported with information based on nutritional genomics and when the patient
feels that the advice is personalized. However, a number of important changes in
the provision of health care are needed in order to achieve the potential benefits
associated with this concept, including a teamwork approach, with greater integra-
tion among physicians, dieticians, and genetic counselors. After more experience
is gained from patients and/or individuals at high risk, these approaches could be
applied toward primary prevention.
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SUMMARY AND CONCLUSIONS

In summary, the current evidence supports the concept that gene-diet interactions
modulate plasma lipid concentrations and, potentially, cardiovascular risk. How-
ever, the application of these findings to the clinical environment is not ready for
prime time. Current and future findings need to be replicated using experimental
approaches providing the highest level of scientific evidence. Moreover, most of the
past and current studies are being conducted using the simplest scenarios, i.e., one
single dietary component, one single SNP, and one single risk factor. We have to
evolve toward more realistic situations involving interactions of multiple genes, di-
etary components, and risk factors. This will require large genetic epidemiological
studies and intervention studies involving groups of individuals selected for specific
genotype combinations and phenotypic characteristics. Another current major gap
relates to the inaccuracies of the dietary instruments used in epidemiological stud-
ies and the databases used to translate foods into nutrients. These areas need further
development to achieve more precision and consistency from nutrigenomic studies.
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