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When we consider the matter, we start to see that we cannot
finally separate out any phenomena from the context of other
phenomena. We can only speak in terms of relationships.. . .
The problem of misperception, which, of course, varies in
degree, usually arises because of tendency to isolate aspects of
an event or experience and see them as constituting its totality.
This leads to a narrowing of perspective and from there to false
expectation.

Dalai Lama, in Ethics for the New Millennium

INTRODUCTION

Efforts to explain the causes of human diseases often recapitulate
the nature versus nurture debate. The successes of identifying
genetic and molecular causes of monogenic diseases during the
past century and the completion of the human genome project have
led many to a “genome-centric” view and approach to the study of
chronic diseases: mutations or misregulation of certain genes cause
chronic diseases. The rise in the incidence of obesity and type 2
diabetes mellitus (T2DM) over the past 10 to 15 y, however,
suggests that exposure to certain environmental factors or agents
causes diseases. Although the naturists and nurturists acknowledge
the importance of both influences, experimental designs are often
discipline specific: either genes or environment are analyzed but
not both simultaneously.

A growing number of scientists are advocating and developing
integrative approaches to the study of chronic disease and indeed
to biology, because neither nature nor nurture alone can explain the
molecular processes of human health or disease.1 Nutritional
genomics, or nutrigenomics, is such an integrative science. The
working definition of nutrigenomics is that it seeks to provide a
genetic and molecular understanding for how common dietary
chemicals (i.e., nutrients) affect the balance between health and
disease by altering the expression and/or structure of an individ-
ual’s genetic makeup.2 Dietary chemicals include nutrients and
bioactive chemicals that do not directly produce energy but ex-
clude man-made chemicals such as pesticides. This new branch of
genomic and nutritional research can best be summarized with the
following five tenets:2

● Common dietary chemicals act on the human genome, di-
rectly or indirectly, to alter gene expression or structure.

● Under certain circumstances and in some individuals, diet
can be a serious risk factor for a number of diseases.

● Some diet-regulated genes (and their normal, common vari-
ants) are susceptibility genes and likely to play a role in the
onset, incidence, progression, and/or severity of chronic
diseases.

● The degree to which diet influences the balance between
healthy and disease states may depend on an individual’s
genetic makeup.

● Dietary intervention based on knowledge of nutritional re-
quirement, nutrition status, and genotype (i.e., “individual-
ized nutrition”) can be used to prevent, mitigate, or cure
chronic disease.

I review key concepts that have emerged from epidemiologic,
nutritional, molecular, and genetic experiments examining associ-
ations between genes and disease. The results and lessons from
these different fields of research will affect the design, strategies,
and approaches for nutritional genomic research and specifically
for identifying diet-regulated and genotype- � diet-regulated
genes involved in susceptibility, onset, incidence, progression,
and/or severity of chronic diseases.

IDENTIFYING CANDIDATE GENES: GENETIC AND
MOLECULAR APPROACHES

During the previous century, genetic, biochemical, and molecular
biology studies identified almost 1000 mutations that cause dis-
eases in humans. Ninety-seven percent of these diseases are caused
by monogenic mutations, i.e., a mutation in one gene is sufficient
to cause the disease.3 Positional cloning technologies developed
since about 1980 have accelerated progress in identifying genes
that cause these relatively rare diseases.4,5 Genes involved in
chronic diseases such as T2DM, obesity, cardiovascular diseases
(CVD), the metabolic syndrome, cancers, and others, however,
have not been unequivocally linked to causation of these diseases
by using these genetic approaches. More than 600 studies exam-
ining associations of polymorphisms (single nucleotide polymor-
phisms [SNPs] and other types) in candidate genes with disease or
with a subphenotype of a chronic disease have been published as
of 2002.6 Only six gene–disease associations were replicated in
more than three studies, even though some of the candidate genes
produce disease when mutations ablate or overexpress RNA or
protein.

Data from quantitative trait loci (QTL) mapping7,8 illustrates
one of the reasons that candidate gene–disease association studies
are not replicated: most cases of chronic diseases are not caused by
mutations in single genes but rather are due to complex interac-
tions among variants of several to many genes (Figure 1A). QTL
mapping can be done in humans, but the process is best explained
with laboratory animals. Briefly, two parental inbred mouse
strains, selected for differences in some observable or measurable
phenotype, are bred to produce an F1 generation. F1 mice are
backcrossed to each of the parental strains, thereby producing an
F2 generation differing in disease susceptibility because chromo-
somal rearrangements occur during meiosis. The incidence of
disease or severity of subphenotypes of the disease are measured in
F2 mice and statistically associated with chromosomal regions
from each of the original parental strains. A given pair of inbred
mice may have 10 to 15 regions that contribute to the complex
phenotype in those strains, and different pairs of strains may reveal
new QTLs.9 Seventy-five QTLs for obesity and 85 for body weight
in mice10 were known as of late 2002. QTLs from different studies
overlap, suggesting that some, but not all, of the mechanisms for
obesity may be shared. Obesity is not an unique case, because
there are many QTL for T2DM, CVDs, lipid levels, insulin levels,
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etc. QTLs for many complex traits in mice are found at
http://www.jax.org.

If one or more of the genes within the QTL regions were
mutated, each parental strain would have an increased risk to
develop the particular disease. This does not occur. Rather, the
sum total of the minor contributions from causative genes within
different QTLs produce the specific trait or disease. Two hy-
potheses were proposed to explain gene variants within QTLs.
The common disease/common variant hypothesis4,5 posits that
combinations of normally occurring gene variants produce dis-
ease. These gene variants occur in greater than 1% of the
population. Others dismiss this theory, suggesting that combi-
nations of rare (�1% in the population) allelic variants cause
common diseases. This theory is called the multilocus/
multiallele hypothesis.11

DIETARY CHEMICALS INFLUENCE EXPRESSION OF
GENETIC INFORMATION

Regardless of the outcome of this controversy, many gene-
association, QTL studies, and genetic laboratory animal studies
neglect to directly test an important variable in the expression of
genetic information and a major contributor to disease develop-
ment, namely the influence of diet on the expression of genetic
information. Although many chemicals in foods are nutrients, i.e.,
are metabolized to energy or involved in key metabolic reactions
(e.g., vitamins), some naturally occurring chemicals in foods are
ligands for transcription factors and directly alter gene expression,
whereas other dietary chemicals alter signal transduction pathways
and chromatin structure to indirectly affect gene expression.2,12

Epidemiologic studies have repeatedly shown that intake of dif-
ferent diets are associated with the incidence and severity of
chronic diseases.13,14 Overconsumption of energy,14 proteins,
types of fats or carbohydrates,15–17 or lack of key micronutrients18

are associated with obesity, T2DM, CVD, certain cancers, devel-
opmental defects, and neurologic diseases such as Alzheimer’s.

Association studies are analyzing diet or responses to dietary
changes with SNPs in candidate genes. The candidate genes are
usually selected based on known physiology or biochemistry.
Variants in these candidate genes are assumed to alter the risk of
developing the disease and therefore are considered susceptibility
genes. Dietary chemicals may preferentially interact with one or
more variants (i.e., susceptibility genes) to increase or decrease
disease risk (Figure 1B). Table I lists the candidate genes analyzed
for association with response to different diets in about 100 stud-
ies. However, the results of these studies duplicate those from the
more than 600 gene–disease association studies6: few, if any, of
the diet–SNP associations are replicated among studies. The same
limitations that apply to candidate gene–disease association stud-
ies apply to candidate gene–diet studies19–21: sample sizes that
lack appropriate statistical power, control groups that are not
appropriately matched to cases, population stratification that oc-
curs because of genetic admixtures among the study participants,
and overinterpreting data (among others).22–25

Other variables also may influence candidate gene–disease
association studies1,11,19–21: 1) the diversity of molecular processes
that may produce chronic disease and the consequences of select-
ing one or a few candidate genes, 2) the physiologic response to
the presence of a disease may alter expression of genetic
information, 3) genotype � environment interactions, and 4)
the use of model organisms in the search for candidate genes.
These variables illustrate concepts that are fundamental to the
field of nutritional genomics and the design of human and
laboratory animal studies.

CHRONIC DISEASES MAY RESULT FROM DIFFERENT
MOLECULAR PATHWAYS

Many experimental designs assume that all cases of a chronic
disease result from the same molecular pathway, i.e., all cases of
diabetes, CVD, obesity, or other chronic diseases result from
mutations in, or misregulation of, only one small set of genes.
Genetic and molecular studies over the past 30 y have established
that several different pathways may cause a disease. The simpli-
fication that all cases of chronic disease occur by the same pathway
will confound statistical association studies and limit applicability
of results from laboratory animal experiments that rely on a single
strain. To illustrate the point, consider oncogenes. Cancer genes
are involved in the mechanism of initiating and/or promoting
uncontrolled growth, and they usually play a role in regulatory
processes involved in growth control. Almost 1700 genes
(http://caroll.vjf.cnrs.fr/cancergene/HOME.html) fit the descrip-
tion of oncogene, although many may act only in specific tissues

FIG. 1. Genotype � environment interactions. Example of gene expression
in healthy (A) and unbalanced nutritional (B) states. (A) Gene �1 is a
global transcription factor regulating �2 (and other transcription) factors.
In turn, �2 regulates �3 and �4 expressions. Another transcriptional
regulator, �1, affects �2 expression. Genes encoding �1, �1, �1, and �2 are
not regulated by transcription factors influenced by dietary chemicals. (B)
Unbalanced nutrition alters the expression (----) of �1, ultimately decreas-
ing the amount of �3 (O) but increasing the expression of �4 ( ). Gene �1
is expressed in response to changes in metabolism or the altered concen-
tration of a dietary ligand (U). Some transcription factors or expression of
individual genes may not be affected directly or indirectly by dietary
chemicals (e.g., �1, �1 and �1, �2), whereas others (�1 through �4 and �1)
may be affected. The effects on transcription may result from increased
concentrations of ligand derived from the diet acting on a reference or
variant (single nucleotide polymorphism) gene sequence. Changing the
concentration of effector proteins (�3, �4, �1) will alter metabolic flux and
concentrations of metabolites, inducing further changes in cell physiology.
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or cells. Changes in expression or activity levels occur by muta-
tions, DNA rearrangements, and constitutive activation and ulti-
mately may be caused by genomic instability.26

Different tumors may be initiated and/or promoted by one or
more different oncogenes, each activating its own cascade of
altered regulatory processes. Cancers of the same organ or cell
type that appear to be morphologically and histologically similar
may have unique molecular expression profiles. Glioblastoma pro-
vides one example. Data from high-density oligonucleotide arrays
showed that epidermal growth factor receptor positive tumors
express 90 genes differently from epidermal growth factor receptor
negative tumors.27 Hierarchical cluster analyses also found two
additional subtypes of epidermal growth factor receptor negative
glioblastoma. Other cancers show similar heterogeneity, e.g., there
are three types of classical Hodgkin’s disease tumors.28

CVD, obesity, diabetes, and other chronic diseases are also
caused by multiple and diverse molecular pathways. Mutations in
many different genes such as leptin (Lep or ob), leptin receptor
(Lep or db), agouti signaling peptide (Ay), attractin (Atrn), insulin
signaling protein (Tub), and carboxypeptidase-E (Cpe) cause obe-
sity in mice and humans.10 Comparison of mice deficient in leptin
(Lepob/Lepob) with mice showing ectopic expression of agouti
(Avy/�) demonstrated that Lepob/Lepob mice have smaller lean body
mass, are infertile or sterile, and have many other morphologic and
physiologic characteristics that are categorically opposite to each
other.29 These single gene mutations produce the same physical
appearance of obesity, but by different molecular pathways. Phys-
iologic or molecular comparisons of other diseases such as CVD
show similar molecular heterogeneity.21

PRESENCE OF DISEASE MAY ALTER EXPRESSION OF
GENETIC INFORMATION

The presence of a disease may also influence expression of genetic
information differently depending on genetic background or the
presence of a disease phenotype. Stoehr and coworkers30 intro-
duced the ob (mutant leptin) allele into euglycemic and glucose-
tolerant, lean BTBR mice by marker-assisted backcrosses with
C57BL/6J-ob/ob mice. BTBR-ob mice were diabetic with espe-

cially severe hyperglycemia relative to B6-ob mice. The pheno-
typic expression of a diabetic subphenotype differs among geno-
type (BTBR-ob/ob versus C57BL/6J-ob/ob) and the presence of
obesity (BTBR versus BTBR-ob/ob). Genes involved in inflam-
mation in adipose tissue and hepatic lipogenic enzymes were
expressed more abundantly in obese diabetic (BTBR-ob/ob) mice
than in obese-non-diabetic mice (C57BL/6J-ob/ob), and lipogenic
genes in adipose tissue and hepatic gluconeogenic genes were
suppressed in diabetic mice.31 The increased expression of lipo-
genic genes in liver may protect obese C57BL/6J mice from
diabetes development. The implications for human studies are
important: not only must individual genotypes be assessed, the
health of the individual (e.g., body mass index, serum lipid levels,
glucose, and insulin levels) must also be included in analyses of
the data for refining association analyses or interpreting data from
laboratory animals.

GENOTYPE � ENVIRONMENT INTERACTIONS

The concept of gene � environment interactions is not new to
nutrigenomics,32 but its definition and use are not always consis-
tent. The precise, statistical definition of gene–environment inter-
action is “a different effect of an environmental exposure on
disease risk in persons with different genotypes” or “a different
effect of a genotype on disease risk in persons with different
environmental exposures.”33 Many association and molecular
studies have assumed that SNP or haplotype profile is associated
with the same phenotype in all individuals. Such an association
may be true if the polymorphism produces a major phenotypic
effect as occurs in phenylketonuria. Phenylketonuria is a defect in
the enzyme phenylalanine hydroxylase that results in an accumu-
lation of phenylalanine in the blood (http://www.ncbi.nlm.nih.gov/
htbin-post/Omim/dispmim?261600), which often results in neuro-
logic damage. Phenylketonuria can be managed with diets low in
phenylalanine.

However, SNP or haplotype may be expressed differently
within different genotypes. This is best illustrated with data from
laboratory animals. C57BL/6J and BTBR parental strains exhibit
normal insulin levels and glucose responses, but C57BL/6J �

TABLE I.

GENES ANALYZED IN RESPONSE TO DIET OR IN DIET ASSOCIATION STUDIES

Challenge/association Gene OMIM Reference

Lipid, diet, smoking, sex Apolipoprotein-A1 107680 21, 43, 45
Lipid, diet, sex Apolipoprotein-A4 107690 21, 43–45
Lipid, diet, sex Apolipoprotein-B 107730 21, 43–45
Lipid, diet, smoking, sex Apolipoprotein-C3 107720 21, 43–45
Lipid, diet, smoking, activity Apolipoprotein-E 107741 21, 43–45
Smoking Apolipoprotein-H 138700 21
Lipid, diet, smoking, activity Lipoprotein lipase 238600 21, 43–45
Lipid, diet, smoking, alcohol, sex Cholesterol ester transfer protein 118470 21, 43–45
Lipid Lecithin:cholesterol acyltransferase 606967 45
Lipid, diet LDL receptor 606945 43, 45
Diet Hepatic lipase 151670 43, 44
Diet Cholesterol 7�-hydroxylase 118455 43
Diet Intestinal fatty acid-binding protein 600422 43, 44
Diet Neuropeptidase Y 162640 43
Diet M/N blood group 111300 43
Alcohol Alcohol dehydrogenase-3 103730 21
Smoking, activity Paraoxonase 168820 21
Diet Microsomal transfer protein 157147 44

LDL, low-density lipoprotein
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BTBR F1 males have elevated fasting insulin levels, are insulin
resistant with impaired oral glucose tolerance, and have attenuated
insulin-stimulated glucose uptake into muscle tissue.34 These re-
sults may be explained by epistatic or gene–gene interactions
between previously silent alleles in B6 and BTBR mice. Expres-
sion of these silent alleles altered expression of other genes in-
volved in insulin regulation in F1 mice. Recombinant inbred and
F1 mice produced by mating non-diabetic SM/J and A/J also
showed symptoms of diabetes.35

The molecular explanation for these genetic results is that
proteins or enzymes produced by a gene or its variant do not act
alone but are usually a part of a pathway, and many pathways are
interconnected. A decrease in activity of one member of a pathway
may be compensated for by another member of the same pathway
or by variations in a connected pathway. Compensation in the
activity of parts to maintain the overall balance within the system
is called buffering.36,37 Two other uncomplicated examples of
compensation are that all autosomal genes in humans come in
pairs, one on each chromosome, and both may be expressed, and
some genes are duplicated in the genome to produce proteins with
overlapping activities.36

A dietary chemical may preferentially alter the expression of a
susceptibility gene or its variant that in turn affects various gene–
gene interactions. The consequence of such gene � environment
interactions not only may be apparent on the gene of interest but
also may affect the action of that gene on other interacting genes.
Different functional classes of genes may have greater importance
than others: affecting the expression of a nuclear receptor may
affect more processes than altering the expression of a gene
encoding an enzyme in a metabolic pathway (Figure 1). An ex-
ample is the phytosterol genistein, which, in addition to inhibiting
certain tyrosine kinases, binds to estrogen receptors,38 and both
reactions will affect the expression of different genes. The con-
centration of other transcriptional ligands is controlled by their in
vivo synthesis from a dietary chemical precursor.39 Steroids, for
example, are produced through a core of 10 linked reactions from
cholesterol. The concentration of any given steroid ligand40 will be
greatly influenced by specific combinations of alleles for the
enzymatic steps in biosynthetic, branch, and degradative pathways.
Alleles of these interacting and linked genes may be different
among individuals, thus creating differences in the levels of ste-
roids and therefore expression of genes that these steroids regulate.
Analyzing an SNP or set of SNPs in one gene of this pathway is
unlikely to provide a reliable association with the amount of the
end product.

Epigenetic processes, such as DNA methylation, also may
cause gene expression changes but without altering gene sequenc-
es.41 DNA methylation plays an important role in genetic imprint-
ing. Cooney and colleagues42 showed that methyl supplements fed
to pregnant mice increase the level of DNA methylation in the
agouti long terminal repeat (LTR) in offspring, suggesting that
dietary effects on gene expression may begin in utero. Increased
DNA methylation is predicted to decrease gene expression by altering
chromatin structure.

The effects of complex mixtures of dietary chemicals on gene
expression and epigenetic processes therefore may explain some of
the variability observed in human candidate gene association stud-
ies. Qualitative and quantitative differences in dietary chemical
intake among free-living organisms such as humans are difficult to
assess or measure accurately.

MODEL SYSTEMS AND THE SEARCH FOR NON-
OBVIOUS CANDIDATE GENES

Gene–diet interactions have been found in humans.21,43–45 As one
specific example, Krauss46 relied on phenotype to show genotypic
differences. Individuals with small, dense, low-density lipoprotein

particles (phenotype B) have an increased risk of coronary artery
disease as compared with those individuals exhibiting large, less
dense, low-density lipoprotein particles (phenotype A). The ex-
pression of phenotype A depended on diet: 12 of 38 men who
switched from a 32% fat diet to a diet containing 10% fat devel-
oped the phenotype B pattern.47 At least three distinct genotypes
were present in this small group, one each for the A or B pheno-
type and a third that was responsive to low-fat, high-carbohydrate
diets. This genotype produced the A phenotype when these indi-
viduals ate a diet containing 32% fat, but a B phenotype when fed
the 10% fat, a result that can be explained by genotype � envi-
ronment interactions.

Humans, however, are not good model organisms because of
the genetic variation among individuals, their long lifespan, and
difficulty in controlling and monitoring dietary intakes. An alter-
native approach to the study of diet–gene interactions is to use
laboratory animals in which one can control (or choose) the
genotype and systematically alter the environmental factors. Many
genetic studies using laboratory animals employ only one diet in
their studies, thereby reducing the variables that might confound
the results. Alternatively, nutritionists typically employ outbred
strains or one genotype and change the diet. However, because
many cases of chronic diseases are influenced by different diets,
environment � genotype interactions will not be found unless diet
and genotype are controlled and changed in the experimental
design.

Inbred strains of mice provide unambiguous evidence of the
importance of genotype � diet interactions. Nishina and cowork-
ers showed that different inbred mouse strains differ in suscepti-
bility to diet-induced atherosclerosis.48 The difference in response
between a strain that developed atherosclerotic lesions (e.g.,
B57BL/6J mice) and one that did not (e.g., BALB/cJ) was the effect
of cholic acid on high-density lipoprotein cholesterol levels.49 In
addition, cholic acid reduced expression of 7�-hydroxylase and leci-
thin:cholesterol acyltransferase activity in B6 mice but not in BALB/c
mice. Hence, strains with normal metabolism on a non-atherogenic
diet were differentiated by a dietary challenge.

I and my colleagues developed, tested, and use a strategy that
changes diet and genotype to identify diet versus genotype versus
diet � genotype-regulated genes.50–54 We recently analyzed differ-
ences in gene expression in livers of A/a versus Avy/A segregants (i.e.,
littermates) of BALB/cStCrlfC3H/Nctr � VYWffC3Hf/Nctr-Avy/a

matings in response to ad libitum and calorically restricted (70% of ad
libitum) diets (Kaput et al., unpublished observations). The A/a (ag-
outi) versus Avy/A genotypes are identical except for ectopic expres-
sion of the agouti gene in Avy/A mice, which causes obesity, subphe-
notypes of diabetes, hyperphagia, and susceptibility to cancer in
certain tissues. Gene expression in livers was measured with arrays of
at least 18 000 cDNAs or expressed sequence tags. Of the 323 genes
with known functions found to be reproducibly and differentially
regulated across the four groups of mice (Table II), 4.7% were
regulated by genotype regardless of the diet, 6.2% were regulated by
differences in caloric intake regardless of the genotype, and the
remaining genes were differently regulated based on diet and geno-
type. Table II presents examples of genes regulated by diet only
(N-Ras), by genotype (cyclin MCS2), and by genotype � diet inter-
actions (Jak2). Diet � genotype interactions are highly complex and
difficult to predict, thus demonstrating the need for highly controlled
genotypes and environmental conditions that allow for identifying
different regulatory patterns based on diet and genotype.

As a means to identify genes that may be causal for chronic
diseases, we compared the chromosomal position of genes differ-
entially expressed based on diet, genotype, and genotype � diet
interactions with QTLs for diabetes and obesity. Thirty-two genes
overlapped diabetic QTLs. These candidate genes belonged to
different functional classes: 10 were enzymes in several pathways,
7 encoded genes involved in cellular structures, 5 were involved in
signal transduction, 5 were transcription, replication, or splicing
factors, and 1 was an immune response gene. Literature searches
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showed that many, but not all, of the genes obtained by this
unbiased, stepwise screening procedure were analyzed in models
of diabetes or were in pathways known to be affected in diabetic
humans or laboratory animals. Our hypothesis was that genes
regulated by diet and overlapping QTLs for diseases or phenotypes
influenced by diet are better candidate genes than those that are
differentially expressed or found within the QTL.

Others have developed a strategy that directly combines gene
expression with quantitative trait loci analyses.55 In brief, RNA
from tissues from high-fat–fed C57BL/6 and DBA mice and a
subset of their F2 offspring were analyzed with oligonucleotide
arrays, and the expression results were treated as quantitative
traits. The pattern of expressed QTLs (eQTLs) and the genes
within them identified new candidate genes for obesity. This
approach links genetic mapping methods with gene expression
data and will be a useful tool for identifying gene–gene interac-
tions involved in complex traits. The limitation of this method for
nutrigenomics is that each F2 mouse is a genetically unique
individual (n � 1), and the effects of diet can be compared only
with crossover experiments in easily regenerated cells (e.g., white
blood cells).

PROSPECTIVE

The lessons from genetic association studies in humans, laboratory
animal experiments, and these early nutrigenomic studies are that
identifying genes that cause chronic disease will be challenging
because of the complexity of genotypes, diets, and their interac-
tions. These obstacles are not insurmountable but may require a
nutrigenomics project on the scale of the human genome project to
find genes that cause chronic diseases and the nutrients that reg-
ulate or influence their activity. Such a large-scale project could be
taken in multiple steps:

1. Identification of genes regulated by diet, genotype, and gene
� environment interactions in multiple strains of laboratory
animals. The large number of inbred mouse strains (e.g.,
Jackson Laboratory, http://www.jax.org) that are phenotyp-
ically characterized (http://aretha.jax.org/pub-cgi/phenome/
mpdcgi?rtn�docs/home) provides the ability to compare
among susceptible and non-susceptible genotypes for most
chronic diseases. Outcrossing to wild mice may provide a
means to overcome the limited genetic diversity within
inbred strains. Defined diets must be used to ensure repro-

ducibility across experiments. Comparative genomic meth-
ods being developed in academia and private industry will
provide the tools to compare results across species.

2. Identify and validate SNPs in many genes involved in me-
tabolism and those that regulate their expression and activity.
The Environmental Genome Project is developing such infor-
mation for 200 genes that respond to xenobiotics. A similar
project is needed for nutritional genomics research efforts.

3. Large-scale human studies. Due to the complexity of geno-
types within the population and the cost of assessing hap-
lotypes within individuals, perhaps the best design for hu-
man studies would be standard crossover designs to
minimize genotypic variation between individuals.47 This
approach nevertheless will require a large sample size and
controlled or monitored dietary intakes. Overall physical
condition also must be monitored because disease may
influence gene expression independently of diet.

Although the complexities of chronic disease research are
significant, nutrigenomic approaches offer the best hope for un-
derstanding the molecular processes that maintain health and pre-
vent disease development.
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