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Nancy Fogg-Johnson and Jim Kaput ffects of the Human Genome Project are surfacing in antici-

pated and unanticipated areas. One of the key discoveries from

the project is the existence of individual differences in gene

sequences that result in differential response to environmental factors,

such as diet. Those genetic differences, single nucleotide polymorphisms

(SNPs, pronounced snips), are the key genetic enabler of the emerging

scientific discipline called nutrigenomics or nutritional genomics. In the

broad arena of health and wellness, one of the major impacts on the food

industry, throughout the value chain from agricultural crops through

consumer products, is this emerging understanding of human nutrition

at the molecular level of gene expression.
The science of nutrigenomics is the study of how naturally occurring

chemicals in foods alter molecular expression of genetic information in
each individual. In addition to bioinformatics, three scientific method-
ological approaches underpin nutrigenomics. Those methodological ap-
proaches are based on nutrition, molecular biology, and genomics. Inte-
gration of these disciplines is leading to identification and understanding
of individual and population differences and similarities in gene expres-
sion, or phenotype, in response to diet (Fig. 1). The implications for the
food industry range from market opportunities for customized or nutri-
ent-enhanced crops through to products customized for individual nutri-
tional needs.

The Science
Scientists have long suspected that genetic differences among individu-

als were responsible for variations in response to environment, particular-
ly diet—which is arguably one of the major, constant environmental fac-
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Fig. 1—Scientific disciplines contributing to nutrigenomics
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tors to which our genes are exposed throughout life. Those
variations allowed some individuals to consume diets that
seemed destined to lead to chronic disease but did not, while
other individuals consuming similar diets evidenced expected
or even more aggressive chronic disease patterns.

When a gene is activated, or expressed, a protein is pro-
duced. Through molecular biology and the tools of genomics,

tions between the food and the specific genotype.
Understanding these interactions has significant implica-

tions: turning genes on or off or changing the abundance of
certain genes in response to different dietary chemicals may af-
fect the balance between health and illness. Causes of chronic
diseases, such as cardiovascular disease, cancer, or cognitive de-
cline in aging, are not well understood because they are multi-

scientists have identified genes responsi-
ble for production of nutritionally im-
portant proteins such as digestive en-
zymes, transport molecules responsible
for ferrying nutrients and cofactors to
their site of use, and numerous other
molecules responsible for metabolism
and utilization of our dietary compo-
nents, including macronutrients, vita-
mins, minerals, and phytochemicals.

Gene expression patterns produce a
phenotype, which represents the physi-
cal characteristics or observable traits of
an organism, e.g., hair color, weight, or
the presence or absence of a disease.
Phenotypic traits are not necessarily
produced by genes alone. Phenotypic
expression is influenced by nutrition.
For example, diets alter cholesterol lev-
els and types (LDL, HDL, and their ra-
tios), homocysteine levels, and obesity
(nutritional component), and these re-
sponses differ among individuals (ge-
netic component).

At the molecular level, variations in
Growth in Knowledge

Similar to the proverbial “blindfolded description of an ele-
phant,” significant contributions from genomics, molecular bi-
ology, and nutritional disciplines have been made toward un-
derstanding the different components of complex, chronic dis-
ease phenotypes. However, a comprehensive, integrated picture
still eludes us. This is specifically true for the effect of food on
health and disease process. Epidemiological studies repeatedly
have demonstrated associations between diet and cardiovascu-
lar disease, cancer, and other chronic diseases. However, the
specific cause–effect linkages between nutrient type and
amount and health or disease phenotype are only beginning to
emerge. The promise of nutrigenomics is that scientific re-
search can deliver scientific evidence of health benefits of spe-
cific nutrients and foods for specific individuals or groups.
Consumers are beginning to expect such assurances. The po-
tential of nutrigenomics for the food industry is to provide
good-tasting products formulated to the scientific targets.
Consumers have and will continue to expect sensory satisfac-
tion from foods—even foods for health.

Since health or disease processes are the common meeting
point for genomic, molecular, and nutrition research, the re-
mainder of this article will discuss nutrigenomics in light of
the advances from these three disciplines in understanding
disease, health, and wellness.

Genomic Analyses
The analogy of pharmacogenomics to nutrigenomics is

readily evident. The goals of these areas are similar: customiza-
tion of therapy, prevention and management of disease, and

The key element that
distinguishes nutrigen-
omics from nutrition re-
search is that the observ-
able response to diet, or
phenotype, is analyzed or
compared in different
individuals (or genotypes).
Classical nutrition
research essentially treats
everyone as genetically
identical. . . .

one DNA building block result in variations in gene structure.
That variation, or SNP, can lead to variations in the protein
structure after the gene or its variant is expressed. Some struc-
tural variations in a protein may have an impact on its func-
tion, while some may not. Multiple genes may contain one or
more SNPs, in distinctive patterns, associated with phenotypic
patterns of nutritionally related health states, such as homocys-
tenemia, high (or low) cholesterol, or variations in HDL and
LDL cholesterol and their subunits. Patterns of multiple SNPs
are called haplotypes.

The key element that distinguishes nutrigenomics from nu-
trition research is that the observable response to diet, or phe-
notype, is analyzed or compared in different individuals (or
genotypes). Classical nutrition research essentially treats every-
one as genetically identical, even while realizing that some in-
dividuals require more or less of specific nutrients. Molecular
biology and biochemical approaches often assume the same:
that an enzyme or flux through a metabolic or signal transduc-
tion pathway is the same in each individual. Similarly, the key
element that distinguishes nutrigenomics from both molecular
and genomics research is that nutrigenomics analyzes genetic
expression in response to variations in diet (Fig. 2 on p. 62).

Molecular and genomic research often assumes that the en-
vironment does not influence genetic expression. Nutrigenom-
ics combines these concepts. An individual enzyme, pathway,
or collection of pathways will be unique to groups or each in-
dividual, depending on the variation (defined by SNPs, haplo-
types, and other polymorphisms) inherited. The expression or
activity of these variant forms of normal genes differs depend-
ing on the amount and type of food ingested and the interac-

factorial in nature. While we have clues
to some dietary and other environmen-
tal or lifestyle factors that appear to con-
tribute to occurrence of those and other
chronic diseases, effects are not consis-
tent among individuals. Thus, clear
cause–effect relationships are still
emerging.

Occurrences of chronic diseases are
“encoded” by a combination of factors,
all acting on the body over time to cre-
ate the disease phenotype of variable se-
verity. These factors may include a num-
ber of genes, common genetic variants
(i.e., SNPs, haplotypes), environmental
factors, risk-conferring behaviors, and
socioeconomic status. The genetic fac-
tors contributing to complex disease are
difficult to identify because they typical-
ly exert small effects over long periods
of time. Moreover, other unrelated genes
and environmental factors, such as diet
and lifestyle, can modify the magnitude
of their effect.
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market segmentation based on personalized criteria. Through
analysis of gene expression, SNPs, haplotypes, and biochemical
and physiological results, scientists have verified individual and
group differential responses to diet. This section will review se-
lected examples of monogenic and complex, or polygenic, dis-
eases, gene–diet interaction, and implications for the food in-
dustry.

Genomic mapping and cloning strategies have revolutionized
the process of localizing and identifying genes involved in mo-
nogenic disease and spurred the use of similar strategies for ana-
lyzing genes involved in complex diseases and phenotypes
(Lander, 1996).

To date, almost 1,000 human disease genes have been identi-
fied and partially characterized—97% of these genes are now
known to cause monogenic diseases (Jimenez-Sanchez, 2001).
Examples of monogenic diseases are sickle cell anemia, pro-
duced by a single amino acid change in hemoglobin that reduces
hemoglobin’s affinity for oxygen, and phenylketonuria, caused
by a mutation in phenylalanine hydroxylase that leads to build-
up of toxic levels of phenylalanine. However, the molecular basis
of chronic disease is not fully understood, in spite of the more
than 600 association studies published to date (Hirschhorn et
al., 2002), the “failure” to identify single genes responsible for
chronic diseases led to the common variant/common disease
(CV/CD) hypothesis (Lander, 1996; Collins et al., 1997), which
is largely responsible for the current genome-centric approach
to the study of chronic diseases (Hirschhorn et al., 2002; Cargill
and Daley, 2002; Taylor et al., 2001).

This hypothesis, in its simplest form, is that combinations of
naturally occurring gene variants (i.e., alleles of unlinked genes)
rather than mutations produce any given chronic disease. The
link to nutrigenomics is that some of these naturally occurring
gene variants will alter metabolism of nutrients, which in turn
will alter the regulation genes involved in maintaining health or
promoting disease.

Methods similar to those that identify single-gene defects
have identified several minor, or low-penetrance, genes involved
in chronic disease (Hirschhorn et al., 2002). An example of such
a gene variant is the Pro12Ala polymorphism in the peroxisome
proliferator activated receptor (PPAR-�) associated with type 2
diabetes (Altshuler et al., 2000). However, numerous other ge-
netic studies designed to identify chromosomal regions encod-
ing genes involved in complex diseases have yielded inconsistent
results. Indeed, in 600 association studies mentioned above, only
six gene–disease associations can be consistently replicated. The
common study design errors in these studies include small sam-

ple size, poorly matched control groups, population stratifica-
tion, overinterpretation of data, and others (Cardon and Bell,
2001; Lander and Kruglyak, 1995; Tabor et al., 2002; Risch,
1997). These methods and approaches are being improved to
eliminate such errors and to reliably identify genes associated
with complex phenotypes (Collins-Schramm et al., 2002; Parra
et al., 1998; McKeigue et al., 2000; Deng et al., 2001; Pfaff et al.,
2001; Reich and Goldstein, 2001).

Noticeably missing from discussions of the limitations of
these genetic mapping techniques and gene association studies
are the effects of environmental variables such as diet. Patter-
son et al. (1991) observed the importance of environment on
expression of phenotypic traits in F2 and F3 generation tomato
plants grown in Davis or Gilroy, Calif., vs plants grown near
Rehovot, Israel. Only four of 29 quantitative trait loci (QTL)
were found in all three sites, and 10 QTL were found in only
two sites. QTL identify multiple regions within all chromo-
somes that collectively contribute to a complex phenotype
(Risch et al., 1993). Since individual QTL encode many genes,
identifying the causative genes within the QTL is challenging
(Tabor et al., 2002). So far, the QTL mapping that accounts for
differences in diet have not been done, largely because control-
ling for diet in large-population association studies is often not
possible.

However, several recent association studies have included
dietary variables in studies testing whether a single gene vari-
ant is associated with a complex phenotype:

• Hypertension. A variant (designated AA) of the angio-
tensinogen (ANG) gene is linked with circulating ANG protein,
which in turn, is associated with increased blood pressure. The
Dietary Approaches to Stop Hypertension (DASH) diet posi-
tively affects individuals with the AA genotype, but the same
diet was less effective in reducing blood pressure in individuals
with a GG genotype. A large percentage (~60%) of African-
Americans have the AA variant, with the remainder heterozy-
gotic (AG) at this position (Svetkey et al., 2001).

• Cardiovascular Health. Apo-A1 plays a central role in lip-
id metabolism and coronary heart disease. A G to A transition
in the promoter of APOA1 gene is associated with increased
HDL-cholesterol concentrations, but the results across studies
are not consistent. Ordovas et al. (2002) found that the A allele
(or variant) was associated with decreased serum HDL levels.
The genetic effect was reversed, however, in women who ate
more polyunsaturated fatty acids (PUFA) relative to saturated
fats (SF) and monounsaturated fats (MUFA). In men, this
type-of-fat effect was significant when alcohol consumption
and tobacco smoking were considered in the analyses. If con-
firmed by other studies, the APOA1 gene shows a classical
gene–environment interaction. Such interactions may help ex-
plain why candidate gene studies show inconsistencies. Food
intake therefore may alter susceptibility to diseases mediated by
increased HDL-cholesterol levels.

• Cancer. Methylenetetrahydrofolate reductase (MTHFR) is
a key gene in one-carbon metabolism and indirectly in all me-
thylation reactions. Several laboratories have noted that the
C667T polymorphism (ala to val), which reduces enzymatic
activity, is inversely associated with occurrence of colorectal
cancer (Slattery et al., 1999; Chen et al., 1999; Ulrich et al.,
1999). Dietary recalls were used to assess intake of folate, vita-
min B-12, vitamin B-6, or methionine (and in one study, alco-
hol) in individuals with the CC or TT phenotypes. Low intakes
of these vitamins were associated with increased risk for cancer

Nutrigenomics

Fig. 2—Scientific principle of nutrigenomics
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among those with the MTHFR TT genotype. MTHFR variants
are also implicated in cardiovascular disease (Fig. 3 on p. 64).

Approximately 50 genetic diseases in humans are caused by
defective enzymes (Ames et al., 2002). A subset of these en-
zymes are altered by naturally occurring SNPs which increase
the Michaelis constant, Km, of coenzyme for enzyme. Km is a
biochemical measure of the affinity of coenzyme (or substrate)
for enzyme—an increased Km results in decreased affinity. In
certain cases, increasing the coenzyme concentration may ame-
liorate the decreased enzymatic activity. The medical applica-
tions for such cases would be that if genetic tests were available
for the variant gene and if that variant was shown to be the
only cause of a disease process, a physician or nutritional ex-
pert could recommend increasing or decreasing intake of a
specific vitamin or food.

For example, increased dietary intake of nicotinic acid or
nicotinamide might increase NADPH coenzyme concentra-
tions enough to alter the equilibrium of GPDH ↔ GPDH–
NADPH (Table 1). The same approach will not work for
ALDH because the NAD substrate concentration could not be
increased enough to overcome the increased Km caused by the
substitution of lysine for glutamic acid at position 487.

Elson-Schwab and Ames (2003) have established a Web site
(www.kmmutants.org) that summarizes nutritional informa-
tion for a large number of coenzyme-containing enzymes.

Molecular Analyses
Molecular studies in cell culture systems also have contrib-

uted details of signal transduction and biochemical pathways,

nuclear receptors and transcription factors, and cell type–spe-
cific responses that contribute to, or are altered in many chron-
ic diseases. For example, at least 47 proteins, including mem-
brane receptors and transporters, kinases, phosphotases, and
transcription factors, are involved in insulin signaling
(www.grt.kyushu-u.ac.jp/spad/pathway/insulin.html or
www.biocarta.com/pathfiles/h_insulinPathway.asp).

Since insulin affects many disparate pathways and physio-
logical functions, the complexity is large and difficult to under-
stand. Similar to the old biochemical pathway charts, these
pathways are detailed as if the components are invariant. How-
ever, we now understand that the components vary. The Hu-
man Genome Project has demonstrated that variations in
genes exist, and biochemical analyses have shown that such
variations will alter enzymatic activities. As one example, ste-
roid 5 �-reductase (designated SRD5A2), a key enzyme in an-
drogen metabolism in the prostate, has 13 naturally occurring
variants in the human population. Nine of these variants re-
duce SRD5A2 activity by 20% or more, and three increase ac-
tivity by more than 15% (Makridakis et al., 2000). Since
SRD5A produces dihydrotestosterone (DHT) and DHT regu-
lates genes in the prostate, variants in steroid 5 �-reductase
may affect incidence or severity of prostate cancer (Reichardt,
1999).

A second limitation of molecular approaches is that diet or
environment will also affect the expression (Cousins, 1999; De
Caterina et al., 2001) and, in some cases the abundance, of the
enzymes and proteins (Clarke and Abraham, 1992). Altering
the concentrations of enzymes in the pathways will alter flux

Table 1—Examples of potential vitamin-responsive SNPsa

Enzyme Cofactor �����bp �����AA %f Kmb

MTHFR FAD C609T P187S ~15 Increase

ALDH NAD — E487K ~50c 150-fold increase

GPDH NADP C131G A44G 11 5-fold increased

aMTHFR = methylene tetrahydrofolate reductase; ALDH = aldehyde dehydrogenase; GPDH = glucose 6-
phosphate dehydrogenase; �bp = change in base paid; �AA = change in AA; %f = percent of reference
activity; and Km = Michaelis constant
bIncreased Km for cofactor = decreased affinity
cHeterozygote + homozygote
dMay be aided by increased intake

through pathways and ultimately the physiology of
the organism.

Molecular studies have demonstrated that di-
etary chemicals or their metabolites bind directly to
nuclear receptors (transcription factors) and alter
gene expression (Table 2). For example, specific re-
ceptors exist for eiconosoids and vitamins (Lu et al.,
2001; Dauncey et al., 2001; Aranda and Pascual,
2001; Chinetti et al., 2000; Chawla et al., 2001;
Francis et al., 2002) (see http://receptors.ucsf.edu/
NR/). In addition, some of these receptors have
been shown to bind xenobiotics: the phytoestrogen
genistein binds at a higher affinity to estrogen re-
ceptor ER� compared to ER� (Kuiper et al., 1997).
Since these receptors are expressed in many tissues
throughout the body (Enmark et al., 1997), increas-
ing genistein in the diet will have effects in multiple
tissues.

Since each of these receptors has the potential to
have variant forms, the effects of dietary chemicals
on gene expression cannot be generalized from a
single model to all humans. At present, the knowl-
edge base of genetic variations is ahead of complete
understanding of implications of those differences
for nutritional biochemistry and health and well-
ness. While relationships are emerging, a vast
amount of biology remains to be elucidated.

Nutritional Analyses
Environmental factors have long been known to

contribute to development of chronic diseases, and
these factors traditionally have been identified
through epidemiological studies (Willett, 2002;

Table 2—Some nuclear receptorsa,b

Steroid Vitamin Bile, cholesterol, xenobiotics

Androgen (AR) Retinoic acid (RAR) Franosoid X (FXR)

Brassinosteroid (BR) Retinoid X (RXR) Liver X (LXR)

Estrogen (ER) Vitamin D (VDR) Pregnane X (PXR)

Mineralocorticoid (MR)

Progesterone (PR)

Thyroid Orphan receptors Eiconosoid

Thyroid (TXR) >40 ligands uncharacterized Peroxisome proliferator–
activated receptor (PPAR)

aSome receptors, like PPAR, have several related variants
bFrom http://receptors.ucsf.edu/NR/.
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Fleshner and Klotz, 1998; Maffeis, 1999). Such analyses, how-
ever, do not prove causality but rather identify potential envi-
ronmental factors that are associated with incidence or severity
of the disease. Separating the many variables in diet that might
cause, mitigate, or promote disease is difficult. The key limita-
tions for nutritional approaches are that the genotypes of indi-
viduals in any given study vary (see Genomic Analyses section),
controlled feeding studies are expensive and logistically diffi-
cult to execute, and, as is well known in nutritional research,
diet recalls are notoriously inaccurate.

In addition to the association studies that account for diet
as a variable in the analyses, several laboratories have done
classical nutritional crossover studies to begin dissecting di-
etary variables and their effects on specific metabolic responses
and risk factors. That is, instead of dietary recalls, physiological
analyses of metabolic parameters are determined after feeding
different diets in the same individual:

Krauss and colleagues reported a series of studies (Krauss,
2001) showing that the low-density-lipoprotein (LDL) patterns
are influenced by low-fat diets. They and others established
that individuals with small, dense LDL particles (phenotype B)
have an increased risk of coronary artery disease relative to
those individuals exhibiting large, less dense LDL particles
(phenotype A). Thirty-eight men exhibiting phenotype A LDL
were switched from a diet containing 32% fat to one contain-
ing 10% fat. Twelve of these 38 exhibited phenotype B LDL af-
ter 10 days on the low-fat diet (Dreon et al., 1999), suggesting
that for these 12, low-fat diets were not beneficial. These results
should be interpreted with caution, since risk factors other
than concentrations of LDL, triglycerides, HDL, and apolipo-
protein A1 were not analyzed. That is, other risk factors, unas-
sociated with serum lipid particles may be positively influ-
enced by low-fat diets, and their contribution may be more im-
portant for long-term health. Nevertheless, these results sug-
gest that a one-size-fits-all diet may not be appropriate.

Laboratory animal studies often reveal novel information
that can be applied to human research. Rats and mice are par-
ticularly useful for such studies because they have relatively
short generation times, their genetics have been intensively
studied, and planned breeding can be done to test genetic hy-
potheses. Variables such as unique genotype can be controlled
in studies with laboratory animals, and biological samples can

be accessed more readily. On the other hand, most human mo-
lecular genetic studies are substantially more complex and dif-
ficult to execute. The human and mouse genome projects dem-
onstrate the relatedness of the two species, and comparative
genomic methods are being used to understand observed dif-
ferences in physiology.

Nutritionists have long used outbred or individual inbred
strains of rats and mice for analyzing the effects of diet on
health, which is equivalent to studying, respectively, popula-
tions or individuals. During the past 10 years, an experimental
system based on comparative genomics was developed and
tested that identifies genes involved in chronic diseases (Kaput
et al., 1994; Park et al., 1997). The key to this strategy is to
compare profiles of all genes (in one or more tissues) expressed
differently between inbred strains of mice with different dis-
ease susceptibilities in response to control diet and to diets
known to influence disease processes. A highly controlled feed-
ing regimen ensures knowledge of the nutritional status at the
time of sacrifice.

Inbred mouse strains represent the differences in disease
susceptibilities observed between individual humans but allow
for replication. Altering highly controlled environmental con-
ditions, including diets, changes the regulation of genes that
produce disease in susceptible mice but not in mice that are
more resistant to the disease (Park et al., 1997). Once expres-
sion profiling or proteomic analyses identify diet-regulated
genes, those genes are further analyzed by determining whether
they are located within regions of chromosomes known to be
involved in disease development. Several other laboratories
have examined gene expression in model animals in response
to diet, but the comparative approach is not routinely used.

The limitation of this approach had been that mice are not
humans, and the results could not be extrapolated to humans.
However, both the mouse (Waterston et al., 2002) and human
(Lander et al., 2001; Venter et al., 2001) genomes are now se-
quenced, and it will be possible to use computational methods
to predict responses in humans from the mouse data. Subse-
quent direct experimental verification will be necessary, but
such experiments can be designed to be more inclusive and tar-
geted.

Diet, Health, and Nutrigenomics
When asked, 75–90% of consumers state that they make

food choices with the intent of benefiting their or their family’s
health. Health management and market segmentation through
diet are possible, well established, and continue to grow.

Consumers seeking cholesterol management solutions have
an array of foods available, including oatmeal, fat type and
amount, carbohydrate type and amount, and stanols/sterols.
Dairy products and soy for bone health, cancer, weight man-
agement, and cardiovascular health represent additional well-
established and emerging health segments.

Dietary choices based on genetics are not new. Phenylketo-
nuria and alcohol dehydrogenase deficiency are well-known
conditions and can be avoided by avoiding consumption of
phenylalanine and alcohol, respectively. Currently, food selec-
tion for health is based largely on generalized information,
and, in some cases, more specific information derived from ef-
fects of diet on biomarkers such as bone density, cholesterol,
serum triglycerides, or blood glucose, among others.

Epidemiological studies support the role of diet in health
but have not revealed cause–effect linkages that are emerging

Fig. 3—Potential health effects of diet modification on phenotypic expression of
methylenetetrahydrofolate reductase SNP
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through the combination of the previously discussed scientific
disciplines. Each of those disciplines contributes to unique, yet
interrelated understanding of chronic disease and the role of
diet in phenotypic expression of wellness or disease. The role
of fatty acid intake and metabolism in depression (DHA/EPA);
obesity, colon cancer, heart disease (PPARs); and partitioning
of energy into adipose or muscle tissue (CLA) are but a few ex-
amples of gene–diet interactions for which phenotype variabil-
ity is being unraveled. Food clearly represents a nearly ideal
channel through which to realize the benefits that nutrigenom-
ics promises.

Diagnostics
Diagnostics will play a critical and fundamental role in en-

abling nutrigenomics, both at the research level as well as at
market introduction. For consumers, the initial introduction
to practical application of nutrigenomics will be through diag-
nostics, initially genotyping, with identification of SNPs, fol-
lowed by diagnostic monitoring of biomarkers to monitor ef-
fects of dietary changes. Presently, biomarker diagnostics such

to the overall metabolic effect of an individual chemical.
Hence, at least some adverse reactions will not be caused by a
single gene defect or variant but by the combination of many
gene products in different pathways involved in the metabo-
lism of the chemical. In these cases, it will be much more diffi-
cult to identify all genes involved and the combination of SNPs
responsible for the reaction.

Currently, several commercial entities are offering SNP
analyses of “key” genes involved in oxidant status, obesity or
other complex phenotypes, even though no associated chronic
(as opposed to monogenic) disease can be explained fully by
these SNPs at the molecular level. Development of diagnostic
testing to document genotype and SNPs and biomarkers to
monitor dietary effects on gene expression, biochemistry, and
physiology is clearly needed. Equally clear is the fact that this
linkage of genotype–phenotype–biomarker diagnostic capabil-
ity is beginning to occur and will be fundamental in the trans-
lation of nutrigenomics beyond the laboratory to the consum-
er market.

The most immediate application of gene testing may not be

Food clearly represents a
nearly ideal channel
through which to realize
the benefits that
nutrigenomics promises.

as cholesterol levels are more readily
available and familiar to consumers. Ge-
netic testing for the general population
is becoming available, albeit the number
of SNPs validated for dietary effects on
phenotype is limited.

The Human Genome Project and
subsequent SNP and haplotype (HAP)
map projects are revealing that although
all humans are 99.9% identical, the
0.1% difference produces significant dif-
ferences. A subset of these differences is
purely cosmetic (skin and hair color,
size, etc). In seeking the SNPs and hap-
lotype patterns that reveal dietary effects on phenotype, it is
conceivable that scientists will discover other subsets of SNPs
that may modify individual sensitivity to the otherwise safe
chemicals, such that adverse reactions to some isolated gener-
ally recognized as safe (GRAS) chemical or combinations of
chemicals may occur.

A few cautionary examples exist: for 46% of the end-stage
renal patients, a Chinese herb (Aristolochia fangchi) used for
appetite suppression reportedly contained nephrotoxins and
urothelial carcinogens (www.cfsan.fda.gov/~dms/ds-
botl3.html); and an L-tryptophan preparation contained con-
taminants causing eosinophilia–myalgia syndrome in more
than 1,500 individuals (Talalay, 2001). Some of these chemicals
will induce damage regardless of the genotype of the individu-
al. Other individuals may have and show susceptibility because
of a single gene defect or variant in one key pathway. For cases
where a single gene or limited number of genes is involved in
the adverse reaction, genetic testing will be able to identify in-
dividuals susceptible to one or more chemicals.

However, it is also likely that certain chemicals will induce
damage only in individuals having an unlucky combination of
SNP (or other polymorphisms) in multiple genes. The “aver-
age” dietary chemical interacts with membrane, cell, and se-
rum transporters, may be metabolized to produce other bioac-
tive compounds, or may alter regulation via specific or non-
specific interactions, e.g., selenium (Suzuki and Ogra, 2002).
Proteins or enzymes that mediate any of these individual steps
will likely have naturally occurring variations that contribute

for a complex phenotype such as obesity
or diabetes, but may be for “subpheno-
types” such as insulin levels, glucose tol-
erance test result, or some defined and
well-accepted “intermediate” biomarker
of a disease. Genes that have the most
influence on these subphenotypes may
be more easily identified and therefore
may be developed as diagnostics for pre-
dicting effects of specific food intake on
specific subphenotypes.

Two precautions are worth noting:
(1) each set of such genes defines only
one subphenotype, and chronic diseases

show complex sets of different subphenotypes (an example is
the cluster of symptoms called Syndrome X whose symptoms
have significant overlap with symptoms found in obesity, type
2 diabetes, and cardiovascular disease (Meigs, 2000); and (2)
there are likely to be certain populations which have such dif-
ferent subphenotypes caused by different genetic contribu-
tions.

The promise of genetic testing for general nutrient intake
and phenotype effects may not be met for some considerable
time, since many of the association studies necessary to test the
genes and dietary chemicals are costly and time consuming. As
noted above, at present the knowledge base of genetic varia-
tions is ahead of complete understanding of implications of
those differences for nutritional biochemistry and health and
wellness. A vast amount of biology remains to be elucidated.

Epidemiological studies have associated serum levels of C-
reactive protein, cholesterol, and homocysteine, along with
high serum levels of fibrinogen, and low serum albumin levels
(Danesh et al., 1998), to risk of cardiovascular disease (Pearson
et al., 2002; Grundy et al., 1999). In any given study, however,
these risk factors may or may not be associated with overt dis-
ease. As noted above, different combinations of subphenotypes
may produce the same overall disease pattern. Hence, the
American Heart Association considers these markers as condi-
tionally important in cardiovascular disease (CVD) and had
not recommended routine measurements (Pearson et al., 2002;
Grundy et al., 1999). Testing for level of C-reactive protein was
recommended in late January 2003 for individuals with specif-
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ic clinical conditions. LDL phenotype patterns A and B provide
examples of how these other CVD-linked conditional biomar-
kers could be affected by diet and genotype or their interac-
tions (Dreon et al., 1999). Until the regulation of the genes in-
volved occurs and the effects of diet and environment are bet-
ter characterized, it will not be possible to link SNP or other
diagnostics to levels of these markers.

One has only to evaluate monthly scientific publications to
see that a considerable scientific effort has been and is under-
way to unravel these associations. As the body of knowledge
continues to develop, entrepreneurs and corporations with
foresight will seize the early opportunities to begin creating
and capturing the nutrigenomics value chain.

Regulatory, Legal and
Ethical Considerations

Knowledge resulting from the scientific combination that
underpins nutrigenomics leads to a potential change in the

the responsibility for proving a product unsafe, while relieving
manufacturers of the responsibility to prove safety and efficacy.

It is beyond the scope of this article to explore the ramifica-
tions of that shift, but suffice it to say that the need for safety
and efficacy data will only increase with the application of nu-
trigenomics approaches and methods. Since traditional nutri-
ents and some phytonutrients will be considered as GRAS, the
distinction between medicine and food will be further blurred.
Nutrigenomics, by definition, will require clinical validation of
effects, including safety, in the target market segment. Clearly
there is an opportunity and a growing need for consideration
of a regulatory framework that will accommodate emerging
science as well as deliver consumer benefits and afford con-
sumer protection.

The combination of emerging science of nutrigenomics and
the weight of scientific evidence over the eight years since
DSHEA was enacted strongly suggests that new regulatory
frameworks are needed. While scientists suspected that food,

Nutrigenomics

As the body of knowledge
continues to develop,
entrepreneurs and corpo-
rations with foresight will
seize the early opportuni-
ties to begin creating and
capturing the nutri-
genomics value chain.

borderline between medicine and foods,
as defined by the Food and Drug Ad-
ministration. The distinction between
those current definitions will be chal-
lenged with growing evidence of nutri-
ent effects on disease processes at the
cellular level and a role for nutrients in
disease prevention and management.

Modern pharmaceuticals evolved
from thousands of years of traditional
lore concerning the uses of plants and
herbs as medicines. Research efforts over
the past 100 years have led to the wide-
spread adoption of Paul Ehrlich’s Prin-
ciples of (Chemo)therapy (Talalay,
2001):

• Drugs need not be of natural origin
and could be developed by planned
chemical synthesis.

• Systematic exploration of structure/function relationship
distinguishing therapeutic activity from toxicity is needed.

• Maximization of ratio of dose required to cure disease to
that producing toxicity (broad therapeutic index) is needed.

• The importance of developing animal models of diseases
for quantitative measurements of both therapeutic potency
and toxicity is needed.

Highly sophisticated methods are now used to identify,
characterize, and test potential drugs for effectiveness in hu-
mans to meet the criteria of these principles. However, the
growing interest, acceptance, and use by the American public
of dietary supplements, not to mention herbal medicines
(Blendon et al., 2001), has outpaced the scientific, medical (Sil-
verstein and Spiegel, 2001), and food industry’s ability and ca-
pacity to carefully analyze the chemicals, their combined and
independent activities, and their effectiveness and safety (Tala-
lay, 2001; Matthews et al., 1999).

Although government regulation to ensure purity, truth in
labeling, safety, and effectiveness began with the Pure Food and
Drugs Act of 1906, with major revisions in 1938 (the Federal
Food, Drug, and Cosmetic Act) and 1962 (Harris-Kefauver
amendments), the Dietary Supplement Health and Education
Act (DSHEA) of 1994 essentially terminated all government
controls of safety and efficacy for dietary supplements (Talalay,
2001). DSHEA changed the regulatory climate, shifting to FDA

like drugs, had cellular-level effects, the
extent of that truth could not be sup-
ported with scientific evidence. Today,
the proof is here and is growing. We are
not suggesting that food be regulated as
drugs. We are suggesting that thoughtful
consideration be given to heretofore un-
expected effects of nutrients and foods
on health. Such consideration, if man-
aged with foresight, ideally would sup-
port research to identify genes, adjunct
diagnostic tests, and foods that would
afford opportunity for optimal consum-
er health and wellness.

Translation to the Market
Marketing, selling, and delivering the

benefits of nutrigenomics will require
multiple disciplines, market channels,

and points of consumer contact. Market segmentation for
health and wellness based on dietary choices already is occur-
ring according to dietary composition and health effects. Ex-
amples include cardiovascular health and oats, stanols/sterols,
and fat amount and type.

At the consumer level, nutrigenomics will first be encoun-
tered as diagnostic testing for genetic patterns of SNPs, cou-
pled with food products or supplements, and diagnostic moni-
toring of biomarkers that will track genetic response to diet.
Consumer counseling will be essential to translate the mean-
ing and recommended actions suggested by one’s genetic pro-
file.

Successful incorporation of any food into an individual’s
diet will depend completely on whether the food fits an exist-
ing dietary pattern and has excellent sensory properties. In
other words, like many other health trends in the food indus-
try, nutrigenomics will thrive and deliver the benefits inherent
in the concept only if the products deliver consumer benefits
and satisfy consumer preferences.

Questions of ethics, privacy, compliance, insurance reim-
bursement, value creation and capture, and economic return,
and, as noted above, the need for additional physiological and
biochemical studies to identify and validate effects of dietary
modification on phenotypic expression must be resolved.

The science from various disciplines that constitute nu-
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trigenomics continues to emerge and is being integrated into
useful information on which the food industry can act. Clearly,
this is not the food industry as is has been in the past. Allianc-
es, partnerships, or consortia among varied commercial part-
ners will be essential to deliver on the scientific and commer-
cial potential of nutrigenomics.
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