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INTERACTIONS BETWEEN GENES

AND NUTRITION

Metabolic responses to dietary change are complex and vary
considerably among individuals. Genetic factors are known
to account for a portion of the normal population variation
in parameters ranging from fasting serum cholesterol con-
centration to basal metabolic rate. Genetic variables thus are
likely to contribute to individual responses to dietary change
and must be considered during in-depth analyses of the bio-
chemical effects of specific nutritional interventions. Studies
on the genetic basis of variable dietary response in humans
are complicated, however, by the inability to adequately con-
trol for a number of confounding environmental factors. For
example, the background (prestudy) diet is often difficult to
quantify but may have important effects on the response to
a specific dietary intervention. Also, although diet can be
rigorously controlled if resources permit, other environ-
mental variables that affect the dietary response are more
difficult to quantify and regulate.

The biochemical nature of the interactions between di-
etary response and genetic factors is not well understood,
although nutrients have been shown to exhibit specific ef-
fects on various levels of gene expression including tran-
scription and messenger RNA (mRNA) processing and sta-
bility (1). More research is needed on the effects of
individual nutrients on the expression of specific genes and
on modulation of gene expression by other genes in order to

understand the metabolic basis of individual differences in
nutritional responses.

Major gene disorders such as familial hypercholester-
olemia have been well characterized despite the fact that they
account for only a small percentage of the total population
variability in dietary response. Polygenic diversity is also of
primary importance in nutrition studies, because multiple
genes likely account for a significant portion of the total
genetic variance contributing to response phenotypes. For
example, individual susceptibility to the hyperlipidemic ef-
fects of dietary cholesterol and saturated fatty acids, excess
alcohol intake, and obesity is believed to have a considerable
genetic component. Despite their potential importance, pro-
gress in the identification and characterization of the many
genes contributing to variability in dietary response has been
limited.

GENES INFLUENCING OBESITY AND

BODY FAT DISTRIBUTION

Factors influencing obesity and body fat distribution may be
important considerations in dietary studies because of the
increasing prevalence of obesity in developed countries (2)
and associations between weight gain and increased suscep-
tibility to cardiovascular disease (3). The distribution of
body fat appears to be an important determinant of the mor-
bidity that is associated with obesity, and abdominal visceral
fat in particular is believed to play a critical role in the met-
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abolic complications that are commonly observed in obese
patients (4–6).

Genetic (7) and environmental (8) factors are both im-
portant determinants of interindividual variability in abdom-
inal visceral fat levels and total body fat content. Interven-
tion studies using identical twins first suggested the influence
of genetic factors on body fat storage and mobilization (9),
and subsequent research has identified numerous candidate
genes that may influence the level and distribution of body
fat. A summary of all genes and anonymous genetic markers
potentially related to obesity syndromes and obesity-related
phenotypes is presented within the human obesity gene map
(10). To date approximately 133 candidate loci have been
identified from various lines of evidence, including associ-
ation and linkage studies as well as cross-breeding experi-
ments and animal models of obesity. Identifying suscepti-
bility genes associated with candidate loci and evaluating
the relative contributions of known candidate genes to obe-
sity in different human populations will likely be an impor-
tant focus of future research (11).

STUDY DESIGNS IN GENETIC

RESEARCH

Ascertainment of Study Subjects
The purpose and goals of a genetic study examining various
phenotypes associated with diet will determine the selection
strategy for subjects as well as the type of data that will be
collected. Unrelated individuals in matched case-control de-
signs can provide useful genetic information and can be used
in association studies to detect relationships between specific
measures of a particular phenotype and polymorphisms in
candidate genes. However, it is often important to observe
the transmission of the phenotype of interest from parents to
their children and to identify regions of the genome that are
shared by siblings or family members who exhibit similar
response phenotypes.

Family studies are often crucial to defining the contri-
butions of genetic factors to complex phenotypes (such as
dietary response). Such studies may evaluate as few as two
affected siblings or as many as several hundred individuals
spanning multiple generations. The goals and specific aims
of the research, however, are what dictate the type and
number of families that would be optimal. Different family
structures have advantages and limitations (see Table 4–1)
that must be considered before investigators commit to the
expensive and time-consuming tasks of recruitment and
screening (12). The method of ascertainment to be used in
an investigation must be specified a priori and will be de-
pendent on the research questions being investigated (Table
4–2). Commonly used family groups include monozygotic
(MZ) and dizygotic (DZ) twins, sibling pairs, nuclear fam-
ilies (parents and their children), multiplex (multiple-

generation) families, and extended pedigrees containing
more distant relatives. (Also see Chapter 9, ‘‘Children as
Participants in Feeding Studies.’’)

Initial Genetic Analyses
Before researchers conduct DNA-based studies with the ul-
timate goal of localizing and characterizing genes that influ-
ence dietary response, it is prudent to determine as much as
possible about the genetic basis of the trait of interest. An
obvious first step is to define the relative contributions of
genetic and environmental factors to the phenotype(s) under
study. Heritability analyses estimate the proportion of the
total phenotypic variance that is caused by genetic variation,
as opposed to environmental variation and measurement
error. Twin studies, which compare MZ and DZ twins, are
used for estimating the proportion of a complex phenotype
that is attributable to genetic factors (13, 14). The basic
premise is that MZ twins, which result from the division of
a single fertilized ovum, share 100% of their genes and are
thus genetically identical, whereas DZ twins are expected to
share only about 50% of their genes and hence are no more
genetically similar than siblings of the same parents born
after separate pregnancies. Greater concordance (ie, simi-
larity with respect to the phenotype) between MZ twin pairs
relative to DZ twin pairs is believed to reflect a genetic con-
tribution to the trait (15, 16). This is a particularly important
issue for complex phenotypes, which may be significantly
influenced by the environment. It may be an oversimplifi-
cation to assume that the greater similarity between MZ
twins relative to DZ twins is solely attributable to genetic
factors.

Environmental influences may differ between MZ and
DZ twins even though twin pairs are generally assumed to
share a common environment. Even the concordance of the
prenatal environment may not be the same for MZ and DZ
twins. MZ twins are formed from a division of a single fer-
tilized ovum. If the division occurs at an early stage—be-
tween the zygote and the formation of the embryonic disc—
the two embryos will have separate sets of fetal membranes,
resulting in dichorionic-diamniotic twins. More commonly,
the division occurs after the blastocyst has been formed, re-
sulting in monochorionic-diamniotic twins. Rarely, if the di-
vision occurs much later, it results in monochorionic-
monoamniotic twins. All dizygotic twins, however, are
dichorionic-diamniotic, because they result from the sepa-
rate fertilization of two ova by two spermatozoa, and each
embryo develops within its own set of fetal membranes. Be-
cause the placenta develops from the chorionic structures,
those MZ twins who share a single placenta will experience
a greater similarity of maternal/paternal effects than DZ and
MZ twins who develop with separate placentas.

Further studies on the genetics of nutrition and dietary
response may be able to delineate models of inheritance to
determine the number of genes (and their relative magni-
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TABLE 4-1

Population Sampling Strategies for Genetic Research in Dietary Studies

Study Group Attributes and Applications

Twins Monozygotic (MZ) and dizygotic (DZ) twins are useful for estimating the proportion of a
complex phenotype that is attributable to genetic factors (in heritability and
concordance analyses), because they share different proportions of their genes (MZ
100%, DZ 50%) but are assumed to experience similar environmental exposures.
Discordant twin pairs provide information regarding environmental influences on
complex traits. Environmental influences, however, may differ between MZ and DZ
twins and may complicate comparisons.

Nuclear families Children and their parents are perhaps the easiest family structure to obtain and tend
to be most representative of a particular phenotype in the general population. Nuclear
families have traditionally been used to localize genes responsible for single-gene
(Mendelian) diseases but may not be appropriate for complex phenotypes. This is
because it may be labor intensive to identify complete nuclear families in which to
observe hereditary transmission for traits with late age of onset, and it may be difficult
to detect major genes if multiple genes contribute significantly to the phenotype.

Extended pedigrees Such pedigrees are often ascertained through a single proband and then extended to
more distant relatives. A single large pedigree may provide evidence for linkage,
thereby reducing the potential problem of genetic heterogeneity (genetic differences)
among families. Transmission of the phenotype of interest and inheritance of genetic
markers may be traced across several generations, providing important information for
segregation, linkage, and mapping studies. Extended pedigrees may not be
representative of most families because the gene(s) contributing to a particular
phenotype in a single pedigree may be relatively rare in the general population. Genetic
heterogeneity may complicate phenotypic expression if additional genes influencing the
phenotype are introduced by spouses into the extended family.

Siblings Affected sibling-pair methods have recently become popular for localizing disease
susceptibility genes because these methods are amenable to nonparametric (model-
free) methodologies; they use allele-sharing methods that are conceptually and
computationally simple. Discordant siblings provide significant power to detect linkage,
which reduces the number of individuals needed in the analyses. Despite their
popularity, sib-pair methods have several disadvantages, including reliance on identity-
by-state (IBS) estimates of allele sharing rather than identity-by-descent (IBD), and
potentially large sample sizes because many sibling pairs may be required to detect
genes having relatively modest effects on complex phenotypes.

Inbred or isolated populations Inbred or genetically isolated populations may facilitate the identification of genes
influencing a complex trait due to reduced genetic heterogeneity—only a small number
of genes influencing the trait may be present in that population. Conversely, genes
affecting the trait may not be identifiable because many of the susceptibility genes
that affect the general population may not be present in the isolate.

Unrelated individuals Unrelated individuals may be used in association studies that compare the frequency
of alleles between affected individuals (cases) and healthy individuals of similar age
and gender (controls). Subjects are typically recruited based on the phenotype of
interest which may be present or absent (in the case of disease). However,
recruitment may also sample individuals from the extremes of the population
distribution for a given trait. Unrelated individuals do not provide information on the
transmission of genes or phenotypes from parents to children and thus are not
suitable for linkage analyses.

Source: "Well-Controlled Diet Studies in Humans, A Practical Guide 
to Design and Management", American Dietetic Association, © 1999.
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TABLE 4-2

Study Designs for Genetic Research in Dietary Studies1

Objective Potential Study Groups

Estimate the proportion of a complex
phenotype that is attributable to genetic
factors.

Monozygotic (MZ)/dizygotic (DZ) twins
Siblings raised separately

Explain inheritance patterns and the
number of genes contributing to a
particular trait.

Nuclear families ascertained through
(1) an affected parent
(2) two or more affected siblings

Extended pedigrees

Localize genes influencing a complex
phenotype.

Affected sibling pairs
Nuclear and extended families
Inbred or genetically isolated populations

Examine relationships between DNA
variants and phenotypes of interest.

Unrelated individuals (cases vs controls)
Trios (a subject and his or her parents)

1Adapted from DS Postma and DA Meyers, in SB Liggett and DA Meyers, eds, The Genetics of Asthma (New York: Marcel Dekker, Inc; 1996), p
447, by permission of Marcel Dekker, Inc.

tude) influencing a particular trait. Segregation analyses at-
tempt to explain the inheritance patterns of a given trait in
families (pedigrees) by ‘‘fitting’’ various models to the ob-
served patterns of inheritance and expression (17). Models
range from simplistic, in which a single gene is sufficient to
account for the observed familial correlations, to highly
complex, in which many genes interact in controlling inher-
itance and phenotypic expression.

Localizing and Identifying Genes
Two basic approaches may be implemented to identify genes
influencing individual metabolic responses to diet. The study
of candidate genes is restricted to examining known genes
of presumed metabolic relevance (18). Genes become can-
didates for involvement in complex traits when detailed bio-
logical and physiological information about the phenotype
suggests that the action or product of the gene may be in-
volved in early developmental pathways (presymptomatic),
in the biochemical and cellular processes of progression, or
in clinical manifestations (19). Complex phenotypes that
may be pertinent to dietary studies include metabolic pro-
cesses (such as thrombogenesis, the regulation of plasma
low-density lipoprotein [LDL] kinetics, or calcium absorp-
tion), and may extend to common chronic diseases such as
atherosclerosis and heart disease. The candidate gene ap-
proach is often limited because many important genes in-
volved in regulating dietary response are unknown or have
not been well characterized, and because investigators often
have differing opinions regarding which genes should be
considered viable candidates for influencing a particular phe-
notype. (See Figure 4–1 for an example of gene structure.)

An alternate approach for localizing genes associated
with complex phenotypes such as metabolic response to diet
involves a genome-wide scan in families or affected sibling
pairs using genetic markers at regularly spaced intervals
throughout the genome (eg, 20, 21). Linkage statistics can
help to define initial candidate regions that must be further
characterized by fine-mapping and physical mapping tech-
niques to locate the gene(s) of interest.

Linkage analyses are commonly used to identify genes
contributing to a particular phenotype or disease; the strength
of the evidence for linkage is compared to the strength of
the evidence for no linkage (22). Linkage is caused by the
close proximity of two genes (or markers) along a chromo-
some and is inferred to exist when cosegregation is de-
tected more often than would be expected by chance be-
tween a genetic marker and a gene affecting the phenotype
of interest.

Traditional linkage approaches for localizing genes con-
tributing to single-gene disorders may not be appropriate for
the study of complex phenotypes such as dietary response,
which is likely influenced by many genes. This is because
alleles (alternate forms of a gene that differ in their DNA
sequence) associated with individual differences in response
may be common in the general population and any one gene
may contribute only modestly to the response phenotype.
Affected sib-pair methods have become popular for local-
izing genes that confer increased susceptibility to complex
diseases. Such methods have increased in popularity because
they are amenable to nonparametric (model-free) statistical
methodologies and use techniques that are relatively simple
from both conceptual and computational standpoints (23–
25). For these reasons, nonparametric methods may gener-
ally be appropriate for nutrition studies, which often ex-
amine complex phenotypes.

Source: "Well-Controlled Diet Studies in Humans, A Practical Guide 
to Design and Management", American Dietetic Association, © 1999.
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FIGURE 4-1. (A) Schematic drawing representing the overall structure of a typical gene. The gene depicted is the human
ADP-ribosylation factor 5 (ARF5) gene with exon and intron sizes drawn approximately to scale. Nucleotide sequence has been
determined for the main portion of the gene (solid line) but is unavailable for part of the flanking regions (dashed line). The 5�
flanking region contains the promoter—the region of the DNA to which an RNA polymerase binds to initiate transcription
(production of messenger RNA). Exons contain the information that is translated into the amino acid sequence of the gene
product (protein), whereas introns (intervening sequences) are removed from the messenger RNA and thus do not encode
amino acid sequence. The 3� flanking region contains the polyadenylation signal that functions in processing the messenger
RNA transcript once it has been synthesized. (B) Nucleotide sequence of the human ARF5 gene with exons depicted in
uppercase letters and introns/flanking regions in lowercase letters. The predicted amino acid sequence (abbreviated) is listed
above the corresponding DNA sequence, the termination codon is indicated by asterisks, and the polyadenylation signal
(aataaa) is underlined. Reprinted with permission of Academic Press from McGuire et al (94).

Identification and Analysis of DNA
Sequence Variation
Once potential candidate genes have been identified, through
either a compilation of genes of known function or a genome
scan, genetic polymorphisms (variations in the DNA se-
quence) within these genes may be examined. In the event
that the candidate genes have not been well characterized,
an exhaustive search must be conducted for DNA variation
within the candidate gene region. A variety of scanning tech-
niques is available for the initial detection of unknown mu-
tations (26).

Characterized genetic polymorphisms may be geno-
typed in a particular study population in one of several ways.
Restriction fragment length polymorphisms (RFLPs) are ge-
netic variants that occur within a restriction site, a short DNA
sequence recognized by restriction enzymes that cut the
DNA only at that specific sequence (Figure 4–2). Many
copies of the region can be generated by polymerase chain
reaction (PCR) amplification, followed by restriction en-
zyme digestion and resolution of the resulting fragments on
acrylamide or agarose gels (eg, 27, 28). Polymorphisms that
do not occur within restriction sites can be assayed with
allele-specific oligonucleotides and the oligonucleotide

Source: "Well-Controlled Diet Studies in Humans, A Practical Guide 
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FIGURE 4-2. Representation of a restriction fragment length polymorphism (RFLP). To characterize an RFLP genetic marker,
many copies of the DNA region containing the RFLP can be generated using the polymerase chain reaction. (A) A short DNA
sequence (5�-GAATTC-3�) that is recognized by the restriction enzyme Eco RI (isolated from the bacterium Escherichia coli ) is
located within the amplified fragment of DNA on the left. The restriction enzyme will cut both strands of the DNA within this
sequence between the bases indicated by open arrowheads. A single base substitution (in bold) has altered the restriction
site (5�-GACTTC-3�) such that Eco RI will not cut the DNA fragment on the right. (B) The fragment on the left has been cut into
two smaller fragments. One fragment is 400 base pairs in length whereas the other fragment is 600 base pairs long. The
fragment on the right has not been cut and remains 1,000 base pairs long. (C) The fragments resulting from the restriction
digestion can be separated and visualized on an agarose or polyacrylamide gel. The DNA is applied to the gel in the wells at
the top and migrates toward the bottom of the gel when an electric current is applied. Fragments are separated by size and
when visualized produce a characteristic banding pattern.

ligation assay (OLA) (29). Emerging techniques such as
genetic bit analysis (GBA) (30) and DNA chip technologies
(31, 32), which use miniaturized arrays of custom DNA frag-
ments (DNA chips), are automated, high-throughput meth-
odologies that have the capacity to rapidly generate genotype
and DNA sequence information.

Genetic polymorphisms can then be analyzed by statis-
tical methods in populations or families with respect to par-
ticular outcomes (such as lipoprotein response to diet). For
example, association studies compare the frequency of al-
leles between unrelated individuals who exhibit the pheno-
type of interest (cases) relative to those who do not (con-
trols). An allele is considered to be associated with a given
phenotype if that allele occurs at a significantly higher fre-
quency in the case group relative to the controls (17).

Many genetic polymorphisms identified in population
surveys do not alter gene function or expression either be-

cause they do not result in an amino acid substitution in the
corresponding protein (silent or synonymous substitutions)
or because they occur in noncoding regions of the gene such
as introns. However, such markers may be statistically as-
sociated with a particular phenotype because they are in
linkage disequilibrium with true functional mutations. Al-
leles exhibiting linkage disequilibrium often occur at loci
that are physically close to one another (tightly linked) and
tend to be inherited together because they are located on the
same chromosome.

Transmission disequilibrium tests (TDT) may help avoid
some of the potential problems that may be encountered in
simple association studies as a result of linkage disequilib-
rium. Most TDT statistics examine the transmission of al-
leles from heterozygous parents to those children exhibiting
the phenotype of interest. The transmission of an allele as-
sociated with the phenotype will be greater than that ex-

Source: "Well-Controlled Diet Studies in Humans, A Practical Guide 
to Design and Management", American Dietetic Association, © 1999.
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pected under random (Mendelian) segregation if the marker
is located close to the phenotype-associated gene (33, 34).

DIETARY AND GENETIC INFLUENCES

ON PLASMA LIPIDS AND LIPOPROTEINS

Metabolic and Genetic Basis
of Dietary Cholesterol Responsiveness
Variability among individuals in response to diet-induced
hypercholesterolemia has been observed in numerous animal
species and has been attributed to a variety of genes that
regulate lipid and lipoprotein metabolism. Insights from
animal models first suggested the influence of genetic factors
in cholesterol responsiveness to diet (35) and have subse-
quently identified biochemical mechanisms and novel can-
didate genes that may alter dietary sensitivity (36, 37).

Cholesterol absorption efficiency and alterations in bile
acid synthetic capacity appear to be significant correlates
of the hypercholesterolemic effect of dietary fat and cho-
lesterol in animals. For example, an inbred substrain of
New Zealand white rabbits (CRT/mlo) can markedly upreg-
ulate or increase bile acid synthesis in response to a choles-
terol challenge. By increasing expression of cholesterol 7
�-hydroxylase, the putative rate-limiting enzyme in bile acid
synthesis, CRT/mlo rabbits are able to dispose of excess di-
etary cholesterol and thus resist hypercholesterolemia and
atherosclerosis (38).

Similarly, elevated expression of sterol 27-hydroxylase,
another important enzyme regulating bile acid synthesis, ap-
pears to mitigate diet-induced hypercholesterolemia in ba-
boons (Papio spp.) subjected to a high-cholesterol, high-fat
diet (39). African green monkeys (Cercopithecus aethiops)
may downregulate intestinal cholesterol absorption by re-
ducing bile acid production in response to increased dietary
cholesterol. Regulation of cholesterol 7 �-hydroxylase ac-
tivity and abundance may attenuate bile acid secretion; this
may be an important adaptive strategy for reducing choles-
terol absorption in nonhuman primate species (40).

Early metabolic studies in humans recognized vari-
ability in dietary response among individuals and attempted
to quantify intrinsic cholesterol responsiveness to diet (41, 42).
Marked heterogeneity of response to dietary cholesterol and
fatty acid intake has been consistently observed in virtually
all dietary studies despite rigorous dietary control (43–47).
For example, increases in LDL-cholesterol (LDL-C) varied
from 0% to 62% in young men consuming 80 or 320 mg
cholesterol per 1,000 kcal in an otherwise constant diet (47).
Similarly, Mistry et al (43) demonstrated that consumption
of 1,500 mg cholesterol per day for 2 weeks increased
plasma total cholesterol concentrations by 4 to 75 mg/dL in
32 subjects, but in 5 subjects the diet produced no change
or a slight decrease in cholesterol. Most studies indicate that
approximately 10% of individuals are hyperresponders (ie,
show significant changes), whereas a similar proportion ex-

hibit little or no change in plasma cholesterol in response to
specific alterations in dietary fat and cholesterol.

Although dietary responsiveness appears to be inversely
correlated with habitual cholesterol consumption (a greater
response is typically associated with lower baseline choles-
terol levels) (48), investigations of individual response to
dietary cholesterol suggest that multiple metabolic variables
may play a role. These variables may include: failure to
downregulate endogenous cholesterol synthesis in response
to dietary cholesterol (43, 45, 49); linear increases in cho-
lesterol absorption with increasing dietary cholesterol intake
(50); and, in individuals most sensitive to the hypercholes-
terolemic effects of dietary fat (51), low fractional catabolic
(degradation) rates of LDL apoB, suggesting a marked
downregulation of hepatic LDL receptors.

The numerous genes involved in the complex pathways
of lipoprotein metabolism are likely to contribute to varia-
tion in dietary responsiveness (52). Individual responses to
changes in dietary fatty acid and cholesterol intake may be
driven by genetic factors regulating cholesterol absorption
and excretion, chylomicron remnant clearance, and down-
regulation of the LDL receptor and HMG-CoA reductase. In
addition, metabolic responses to dietary change, including
alterations in apolipoprotein A-I (apoA-I) and apoB syn-
thesis and the activity of hepatic lipase and lipoprotein li-
pase, are subject to genetic variation. Increasing knowledge
of the human genome and advances in molecular biology
are anticipated to uncover novel genes and genetic mecha-
nisms that influence complex phenotypes (53) and provide
the framework for testing the involvement of putative can-
didate genes in dietary response.

Candidate Genes Regulating Plasma
Lipid Response to Diet
Numerous studies have reported associations between
common genetic variation at the apolipoprotein E (apoE)
gene and variation in plasma lipid levels, atherosclerotic in-
volvement, and cardiovascular disease (54–56). ApoE is a
key component of plasma lipid metabolism and plays a cen-
tral role in the catabolism of triglyceride-rich lipoprotein
remnants (57). The variant forms of apoE have been shown
to effect differences in total serum cholesterol levels because
of differential binding affinities for lipoprotein receptors in
the liver and differences in the metabolism of lipoproteins.

The average effect of the e4 allele is to raise total plasma
cholesterol levels, possibly through efficient uptake and con-
version of lipoprotein particle remnants to LDL (58, 59).
Substantial data indicate an association between the e4 allele
and elevated levels of LDL-C and total cholesterol that are
strongly related to atherosclerotic potential (60, 61). Con-
versely, the e2 allele is often associated with lower plasma
cholesterol levels and may thus have a protective effect
against the development of coronary disease (62, 63).

Clinical and population studies on the effects of the
apoE gene on sensitivity to dietary fat and cholesterol report

Source: "Well-Controlled Diet Studies in Humans, A Practical Guide 
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that the e4 allele is associated with marked increases in
LDL-C in response to dietary cholesterol (64–66). Although
Kesaniemi et al (67) reported an increase in cholesterol ab-
sorption in subjects with an apoE e4 allele, inconsistent re-
sults have been reported from a number of additional studies,
such as Lefevre et al (68), suggesting that multiple genes are
involved in determining dietary sensitivity and that the rela-
tive physiological effects of these genes may differ among
populations (69, 70).

Additional genes that may affect dietary fat and choles-
terol absorption and/or influence lipoprotein metabolism in-
clude apolipoprotein A-IV (apoA-IV), apolipoprotein B
(apoB), and lipoprotein lipase. A glutamine r histidine sub-
stitution (Gln360His) near the C-terminus of the apoA-IV
protein distinguishes apoA-IV-1 and apoA-IV-2 alleles that
are present in white populations at frequencies of approxi-
mately 90% and 8%, respectively (71). The glutamine (in
the apoA-IV-1 form) r histidine (in apoA-IV-2) amino acid
substitution adds a positive charge to the apoA-IV protein
but does not appear to alter its primary or secondary struc-
ture. The average effect of the A-IV-2 allele is to raise high-
density cholesterol (HDL) and to lower triglyceride levels
(72). A recent dietary-modification study (73) suggested that
the A-IV-2 allele may attenuate short-term hypercholester-
olemic responses to high levels of dietary cholesterol.

Genetic variation within the apoB gene is associated
with alterations in plasma lipid and triglyceride levels and
is also linked to obesity, high cholesterol levels, and an in-
creased risk of coronary artery disease (74, 75). Specific mu-
tations in apoB may alter the binding affinity of low-density
lipoproteins for the low-density lipoprotein receptor and thus
significantly affect rates of LDL catabolism and clearance
(76, 77). Individuals homozygous for the absence of an
Xba I restriction site in the apoB gene appear to exhibit the
greatest sensitivity to dietary saturated fat and cholesterol
(69). However, the precise mechanism for the relationship
between the Xba I polymorphism and dietary sensitivity re-
mains unclear because the site does not appear to alter the
receptor binding region of apoB.

Susceptibility to hypertriglyceridemia in response to
obesity and alcohol intake also appears to be influenced by
genetic factors. For example, a mutation in the lipoprotein
lipase gene that causes asparagine to be replaced by serine
at position 291 may predispose individuals to elevated
plasma triglyceride levels in conjunction with certain phys-
iological characteristics such as increased body mass index
(BMI) (78).

High-Density Lipoprotein Turnover
Studies
Environmental and hormonal influences account for a
significant fraction of the variance for HDL-cholesterol
(HDL-C) in the general population; however, family studies
provide evidence that genetic factors are also important.
Twin studies have shown a much higher correlation between

HDL-C levels in MZ twins (0.68–0.74) relative to DZ twin
pairs (0.34–0.46) (79–81).

A series of lipoprotein turnover studies in the laboratory
of one of the authors (De Oliveira) has been examining the
genetic and environmental influences of HDL-C response to
diet by studying HDL turnover (a measure of HDL metab-
olism) under metabolic ward conditions in MZ and DZ
twins. Intrapair correlations can be more accurately esti-
mated in an inpatient setting because environmental vari-
ables can be minimized and repeat sampling can be con-
ducted. The HDL turnover studies evaluate healthy
individuals with various HDL levels to determine the rela-
tive contributions of synthesis and catabolism of HDL pro-
teins in determining plasma HDL levels. During the 4-week
trials, subjects consume a carefully controlled (metabolic)
diet, receive a protein tracer injection, and donate blood and
urine samples on an approximately daily basis during the
final 2 weeks of the diet period. Information about the lo-
gistical aspects of conducting dietary studies with twins is
provided in Tables 4–3 and 4–4.

Differences in the intrapair correlations for a given pa-
rameter such as the rate of HDL metabolism between MZ
and DZ twins can be used to estimate heritability. Herita-
bility estimates use MZ and DZ twins to determine the rela-
tive contribution of genetic factors to a particular phenotype
under the assumption that the environments for both iden-
tical and fraternal twins are similar. However, this assump-
tion may not be valid because identical twins are often sub-
jected to more similar microenvironments (diet, activity,
education) than fraternal twins and may even have a greater
similarity of dietary habits. In fact, food and nutrient intake
may be influenced by the genetic background of the indi-
vidual. Dairy products, for example, are eaten less often by
persons with lactase deficiency. Genetic mechanisms also
may affect food selection apart from the components of total
energy intake that are related to body weight and energy
requirement; the distribution of dietary energy among mac-
ronutrient sources (ie, protein, fat, and carbohydrate) has
been reported as more similar in MZ twins than in DZ twins
(82). (Also see reference 81.)

Furthermore, twin studies have traditionally been con-
ducted with free-living individuals not subject to dietary
control or repeat sampling. Violation of the identical envi-
ronments assumption and lack of dietary control may affect
the intrapair correlations and may bias (inflate) estimates of
genetic heritability. Despite the possibility that MZ twins
may share a more similar environment than DZ twins, twin
studies are highly suggestive of genetic influences on
HDL-C levels.

Heritability Estimates, Sample Sizes,
and Power Calculations
Heritability estimates have been used extensively to examine
the genetic components of a broad range of phenotypes, and
a variety of complex traits and disease syndromes have been

Source: "Well-Controlled Diet Studies in Humans, A Practical Guide 
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TABLE 4-3

Challenges of Conducting Controlled Diet Studies with Twins

Issues and Implications Relevant Information and Potential Solutions

Twins are relatively rare in populations:
It can be difficult to recruit adequate
numbers to achieve sufficient statistical
power within a satisfactory time frame.
Recruiting activities may require extra
time, money, and labor.

Twins comprise about 1% of live births. The rate of twinning varies according
to ethnic group and geographical region, a factor that can affect recruitment
strategies.

Demographically diverse study populations should be recruited for twin
studies, as for other research projects, unless justified on scientific grounds.

Recruitment techniques for twin studies include: advertisements in local and
national newspapers, magazines, and radio stations; signs posted at
colleges and hospitals; informal ‘‘word-of-mouth’’ referrals from enrolled
participants; recruitment materials included in mailings from twins
organizations; and materials distributed at information booths at national
twins meetings.

Accrual of twin pairs can be slow, with consequences for budget, personnel,
data collection, and interpretation and publication of results. Slow accrual
indicates that recruitment efforts, and possibly the scientific goals of the
protocol, should be evaluated.

Recruitment materials can highlight (in realistic terms) the unique
opportunities and benefits of participation, such as: confirming zygosity
status, learning about personal health and medical situations, experiencing
once more a common living situation with their twin (perhaps after years of
being geographically separated).

Twins may be surprisingly receptive to participation in research protocols
because they often have long experience of other people’s curiosity and may
even have a sense of being a part of a ‘‘natural experiment.’’

Study outcomes usually require complete
data for both twins:
If one twin leaves the study, the partial
data for both twins would not be usable in
most cases. Screening procedures thus
must ensure that both twins are eligible
and likely to complete the study.
Management techniques to enhance
compliance and retention are critical to
prevent loss of data.

Recruitment for twin studies is rendered more difficult than for other types of
controlled diet studies by the requirements that both members of the pair
must fit the eligibility criteria and be able and willing to participate.

The obstacles to enrollment of twins are similar to those faced by other
individuals. These include family commitments, financial problems, work
schedules, reluctance to undergo study procedures, and unwillingness to eat
the study food.

Logistical support with arrangements may help potential participants to
overcome difficulties in enrollment. This support structure may include
providing transportation subsidies, allowing spouses and relatives to visit
periodically and to stay nearby, providing long-distance telephone services,
and covering other expenses associated with participating.

Financial incentives may be helpful if allowed by the research institution.

Family social obligations (such as weddings and graduations) or emergencies
(such as sickness or death) are likely to affect both members of a twin pair.
Allowing a one-day absence with prepacked study meals can help to address
such situations.

Continued

shown to have significant heritable components. These es-
timates are expressed as h2, which is derived from the frac-
tion of trait variance caused by heritable factors. Values
range from 0 (no genetic contribution) to 1 (complete genetic
control). Assuming a trait is 100% genetic (h2 � 1), the

correlation between DZ twins would be 50% of the corre-
lation between MZ twins. However, if a trait were not influ-
enced by genetic factors (h2 � 0), correlations between MZ
and DZ twins would be identical. To estimate statistical
power in the HDL-C study mentioned earlier, the heritability

Source: "Well-Controlled Diet Studies in Humans, A Practical Guide 
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TABLE 4-3

Issues and Implications Relevant Information and Potential Solutions

Particular care must be exercised in the initial selection of participants. A
thorough medical and social history often will help researchers in identifying
which twins can be considered for enrollment, and whether problems are
likely to develop. The twin pair must be considered as the unit of recruitment,
and both individuals must be good candidates for compliance and retention.
It is prudent to require a series of ‘‘run-in’’ activities that will evaluate the
cooperation of both members; these may include attending clinic visits,
participating in interviews, filling out questionnaires, and eating several
sample study meals.

The potential subjects should be provided with a detailed explanation of all
study protocols. The importance of good compliance should be discussed in
detail.

Identification errors are likely to occur:
Monozygotic twins are expected to be
visually identical, but dizygotic twins also
can look very much alike. Twins also often
have similar-sounding names with
identical first and last initials.
Misidentification errors thus can occur
during the distribution of food and
medication and during the collection and
labeling of biological samples such as
blood or urine.

Conduct rigorous training for staff regarding the rationale of the protocol and
the procedures involved. This should include advance consideration of
procedures and activities susceptible to error.

Hold a joint briefing for subjects and staff before the study begins, including
question and answer sessions. This enhances the psychological
‘‘investment’’ of the subjects in the outcome of the study.

Expand the role of subjects to include an appropriate degree of responsibility
for their own protocols. This can include checking labels and procedure times
and telling the staff about misidentifications.

Build safeguards into the protocol, study materials, and procedures,
including: double-checking labels and verifying names before distributing food
and medications and conducting procedures; using full first and last names,
rather than initials, for labeling food items, sample tubes, etc; establishing
unique identifiers for collected samples; color-coding dietary treatments, food
and medicine labels, and other items.

Labeling or identification errors made with one twin probably will be repeated
with the other twin (for example, in providing food items or timing blood
draws).

Each twin has individual rights as a
research subject:
Decisions to participate or withdraw must
be made independently by each twin.

Investigators must guard against coercive pressures either from the co-twin or
from members of the research team.

Respect for the individual integrity of each member of the twin pair must be
maintained; staff should avoid referring to participants as ‘‘the twins’’ or ‘‘the
set.’’

The information presented in this table draws on the experience of one of the authors (De Oliveira) at the General Clinical Research Center,
Rockefeller University, New York, NY, in conducting controlled feeding studies in twins.

of HDL-C was hypothesized to be 0.5–1.0. Given this as-
sumption, a sensitivity analysis ensured that the study pos-
sessed adequate power to detect differences between MZ and
DZ twin intrapair correlations at a significance level of
P � 0.05.

Fisher’s Z transformation may be used to evaluate the
null hypothesis (H0: rMZ � rDZ) that the intrapair correlation
coefficients for MZ (rMZ) and DZ (rDZ) twins are identical
(83). The distribution of this quantity is approximately
normal with a mean of 1⁄2loge[(1�r)/(1–r)] and a variance
of 1/(n–3). H0 represents a simple test that compares two

normally distributed statistics with known variances 1/(nMZ–
3) and 1/(nDZ–3) using the following formula:

1 � r 1 � rMZ DZ1 1⁄2log � ⁄2loge e� � � �1 � r 1 � rMZ DZ
Z �

1 1
��n �3 n �3MZ DZ

The experimental design used equal numbers of MZ and
DZ twins. Assuming rMZ � rDZ, the Z for the one sided al-

Source: "Well-Controlled Diet Studies in Humans, A Practical Guide 
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TABLE 4-4

Registries and National Organizations for the Identification and Recruitment of Twins

Organization Name and Address Telephone/Fax/E-mail Address/Internet Address

International Twins Association (ITA) Telephone: (612) 571-3022
6898 Channel Road
Minneapolis, MN 55432

The Twins Foundation Telephone: (401) 729-1000
PO Box 6043 Fax: (401) 751-4642
Providence, RI 02940-6043 E-mail: twins@twinsfoundation.com

Internet: http://www.twinsfoundation.com

National Organization of Mothers of
Twins Clubs (NOMOTC)

Telephone: (505) 275-0955 or (800) 243-2276
Internet: http://www.nomotc.org

PO Box 23188
Albuquerque, NM 87192-1188

Parents of Multiple Births Association of
Canada (POMBA)

240 Graff Ave, Box 22005
Stratford, Ontario, Canada N5A 7V6

Telephone: (519) 272-2203
Fax: (519) 272-1926
E-mail: office@pomba.org
Internet: http://www.pomba.org

Twins Days Festival Committee, Inc Telephone: (330) 425-3652
PO Box 29 Fax: (330) 426-7280
Twinsburg, OH 44087

Note: Many twin registries and other similar organizations require that information provided for research purposes be kept confidential. Written
consent for use of the information may be required. Some organizations have committees that review and approve research proposals seeking
to recruit from their membership. Once approved, the recruitment requests are posted in newsletters and other publications.

ternative was 1.645 at � � 0.05. We estimated rMZ to be
0.90 based on preliminary data from 12 MZ twin pairs where
the intrapair correlations (under our experimental condi-
tions) were 0.94 for LDL and 0.92 for HDL (84). Under the
assumption that h2�1.0, rDZ was determined to be 0.45.
Substituting these values into the above equation yielded a
value for n of 8.55. Similarly, under the assumption that
h2�0.50, rDZ�0.68 and n�15.72. Therefore, a sample size
of 16 MZ and 16 DZ twins was predicted to be adequate to
detect 50% heritability of LDL-C, HDL-C, and any other
parameters in the protocol given that the assumption
rMZ�0.90 is valid.

ETHICAL AND SOCIAL ISSUES

IN GENETIC STUDIES

OF DIETARY RESPONSE

Participant Recruitment

Target Individuals and Exclusion Criteria
Recruitment strategies for genetic studies of dietary response
depend on the specific research questions of the particular
study. Experimental designs should include both men and
women with adequate representation of minority groups.

Often it may be advisable to conduct separate analyses
on men and women if there are fundamental gender-specific
differences in the etiology and/or pathophysiology of the
parameter(s) of interest. Under special circumstances,
single-gender studies may be appropriate to investigate phe-
notypes influenced by sex hormones, such as the effects of
estrogen on the genesis of osteoporosis. Medical history and
laboratory screening should be conducted to evaluate the
overall health status of potential participants. A variety of
general exclusion criteria such as the presence of renal, he-
patic, hematologic, and immunologic disorders may be ap-
propriate. Specific exclusion criteria for metabolic studies
should include alcohol consumption and use of medications
known to alter physiological levels of compounds associated
with the phenotype under study.

Verifying Family Relationships
Misspecification of family relationships can be problematic
in genetic studies and is of particular concern when twins or
sibling pairs are examined. Unreported half-sibling (‘‘half-
sib’’) relationships are often readily evident in nuclear fam-
ilies as departures from Mendelian segregation (the child in
question will possess alleles not present in either of the pur-
ported parents). However, it may be difficult to determine
the actual biological relationships between two individuals
believed to be full siblings (‘‘full-sibs’’) if no additional

Source: "Well-Controlled Diet Studies in Humans, A Practical Guide 
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family members (particularly parents) are available. One
method, which can be used with data from genome-wide
scans that examine many highly polymorphic markers, is to
compare the distributions of alleles for the individuals in
question with the distributions of alleles observed for known
true full-sibling pairs. Alleles identical by state will be found
more frequently among true full-sibs than among half-sibs
(20).

Zygosity determination is an important issue in twin
studies because misclassification of twins will bias the re-
sulting heritability estimates. Zygosity has traditionally been
determined by self-description and direct observation of
physical similarity (85). Initial screenings of study subjects
customarily include queries regarding the degree of physical
similarity among siblings (ie, questions about whether they
are repeatedly confused by family members and friends, or
whether they are considered like ‘‘two peas in a pod’’; posi-
tive answers often suggest monozygosity) (86, 87). Al-
though these methods have been frequently used and found
to be fairly reliable (88), questionnaires and self-reports may
be inconclusive. A more accurate approach would include
verification of zygosity status by molecular genetic tech-
niques. Previous investigations used blood group typings or
other serological markers, but with the advent and rapid de-
velopment of DNA-based ‘‘fingerprinting’’ technologies (re-
viewed in 89), more robust and reliable approaches are now
available.

Informed Consent
Within the scientific community it is generally accepted that
adequate informed consent must be obtained when investi-
gators conduct research. This includes informing prospective
participants that biological specimens (tissue, blood, saliva,
or other bodily fluids that can serve as a source of DNA)
will be used for genetic analyses. Informed consent proce-
dures use easily understood language to disclose detailed
information regarding: the nature and objectives of the re-
search project, potential risks and anticipated benefits that
may result from participation, future contact for additional
information, the extent to which confidentiality of all re-
search data including genetic results will be maintained, and
procedures that will be implemented to minimize inadvertent
release of personal information (90, 91).

Participants are told that they have the right to refuse to
enroll in the study, as well as the option to withdraw at any
time in the future. They are apprised of their right to make
specific inquiries about the investigation should they choose
to participate. Information is also provided to prospective
subjects regarding the conditions for long-term storage of
biological samples and potential future use of their DNA
in research that may be unrelated to the objectives of the
present investigation (92). Informed consent may not be re-
quired for retrospective access to residual samples previ-
ously collected in conjunction with clinical care, provided
the samples are anonymous (lack identifiers) or are anony-

mized (identifiers removed). Once potential participants
have been adequately informed, agreements to participate in
the research should be strictly voluntary and should be ob-
tained under conditions free of coercion and undue influence.
(Note: Other aspects of informed consent and research ethics
are discussed in Chapter 5, ‘‘Ethical Considerations in Dietary
Studies.’’)

Ethics and Issues of Confidentiality
There is growing public concern regarding the confidenti-
ality of personal medical and genetic information that may
be generated as a consequence of participation in research
programs. Research records and the identity of program par-
ticipants must be strictly controlled by the investigators and
must remain confidential on publication of research findings.
Although ordinary clinical results such as measurements of
blood pressure and cholesterol levels are typically provided
to each participant (or to his or her personal physician with
written permission), genetic findings should not be incor-
porated into the medical records of participants. Privacy and
strict confidentiality of the genetic data are necessary to pre-
vent personal and social stigmatization as well as possible
discrimination in insurance or employment (93).

Participants are not usually given the option to receive
genetic information about themselves. However, the ability
to obtain personal information may be medically beneficial
to the participant as well as his/her family. The benefit occurs
because individuals who know that they have a genetic pre-
disposition to disease may choose to make beneficial life-
style changes (selecting a more healthful diet, increasing
physical activity, discontinuing tobacco and alcohol use) or
to seek preventive treatments that may decrease their risk of
developing symptoms. Conversely, such information may
lead to ethical dilemmas and difficult personal or reproduc-
tive decisions. Personal genetic information should therefore
be presented by a certified genetic health care professional
or genetic counselor who can educate the subjects as to the
benefits and limitations of molecular diagnostic tests and
provide counsel regarding therapeutic options or personal
issues.

CONCLUSION

The effects of genetic variation on individual response to
dietary change often are of interest in nutrition studies, even
if this is not the primary focus of the investigation. Consid-
eration of appropriate and specific genetic effects is likely
to enhance the study overall and may strengthen or corrob-
orate the main conclusions. Interactions may be detected be-
tween changes in metabolic parameters and genetic vari-
ables, which then may provide insight into the interpretation
of discrepant outcomes. Even in large family- or population-
based dietary studies that do not examine genetic factors, it
is of paramount importance to properly collect and store bio-
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logical samples (blood samples or buccal swabs) that may
serve as a source of DNA for future retrospective exami-
nations of gene-nutrient interactions. Likewise it is vital to
obtain proper informed consent that will allow for possible
future genetic research.

Novel candidate genes for a variety of complex phe-
notypes and human diseases are likely to emerge as the
Human Genome Project advances and methods for mapping
and characterizing genes become more refined. Because
most dietary response phenotypes appear to be influenced
by multiple genes (each with a relatively small effect) that
may interact with other genes and/or the environment, con-
tinuing developments in genome technology and statistical
methods of analysis will aid our ability to decipher the com-
plexities of dietary response in humans.

GLOSSARY OF TERMS

Alleles: alternate forms of a gene or genetic locus that
differ in DNA sequence. Such differences may or may not
affect the function of the RNA or protein product.

Candidate genes: genes believed to influence the ex-
pression of complex phenotypes because of known biolog-
ical and/or physiological properties of their products.

Genome-wide scan: scans used to localize genes con-
tributing to complex diseases by analyzing many highly
polymorphic DNA markers spaced at approximately regular
intervals throughout the genome. Statistical (linkage) anal-
yses are then used to identify one or more chromosomal
regions in which susceptibility genes are believed to reside.

Genotype: the genetic constitution of an organism. The
term is often used to refer to the identity of the two alleles
at a specific gene or genetic locus.

Heritability (h2): for a quantitative trait, the proportion
of the total phenotypic variation that is attributable to genetic
factors. Heritability in the broad sense represents the degree
to which a trait is genetically determined; heritability in the
narrow sense is the degree to which a trait is transmitted
from parents to offspring.

Identity by state (IBS): alleles are considered to be
identical by state if they appear to be identical (for example,
alleles at microsatellite markers may appear to be the same
size and hence inferred to be identical). Conversely, alleles
are identical by descent (IBD) if they are descended from
the same allele in an ancestral generation. For linkage anal-
yses, IBD information is more informative than IBS.

Linkage analysis: linkage between a genetic marker
and a disease susceptibility gene is detected when specific
forms (alleles) of the marker and the gene are inherited to-
gether (cosegregate) more often than would be expected by
chance and is caused by the close proximity of the marker
and the gene on a chromosome.

Linkage disequilibrium: the nonrandom transmission
from parents to offspring of alleles from genes that are lo-
cated on the same chromosome. Alleles at tightly linked (lo-
cated close together) loci are often inherited together; there-

fore linkage disequilibrium is useful for identifying regions
of the genome that historically have been inherited as a
linkage group and may identify the approximate location of
genes that contribute to disease.

Oligonucleotide ligation assay (OLA): a gel-free assay
normally used to characterize known biallelic polymor-
phisms in a large population. Oligonucleotides (short syn-
thetic fragments of DNA) that are specific to each form of
the DNA sequence (each allele) at a particular genetic locus
are used to determine the allelic composition of that locus
in a large number of individuals.

Phenotype: the observable physical appearance or other
properties of an organism that are primarily determined by
the genotype but may be influenced by the environment.

Polymerase chain reaction (PCR): a method that has
revolutionized the fields of genetics and molecular biology
because it can be used to make many copies of (amplify) a
particular region of DNA that can then be used in a number
of molecular biology applications.

Restriction fragment length polymorphism (RFLP):
a genetic marker based on DNA fragments that differ in
length due to the presence or absence of specific sequences
(restriction sites) that are recognized by certain enzymes. A
restriction enzyme will cut the DNA if its recognition se-
quence is intact but will be unable to cut the DNA if the
restriction site has been altered by a mutation (Figure 4–2).

Segregation analysis: analysis whose objective is to ex-
plain the inheritance pattern of a particular trait in families
by inferring the number of genes influencing the trait, the
relative contribution of these genes to the observed pheno-
type, frequencies of the ‘‘normal’’ and ‘‘disease-associated’’
alleles, and the proportion of individuals with a given ge-
notype that will exhibit the expected phenotype under spe-
cific environmental conditions (penetrance).

Transmission disequilibrium test (TDT): a method
used to test for linkage between a genetic marker and a com-
plex phenotype when an association between the phenotype
and a genetic variant at the marker has previously been de-
tected. The TDT examines the transmission of the disease-
associated allele from a heterozygous parent to an affected
child. A particular allele in linkage disequilibrium with the
disease susceptibility allele will be transmitted more fre-
quently to affected children than would be expected if all
alleles were transmitted randomly.
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