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1.1
Nutrigenomics: Just Another “omic”?

The age of nutrigenomics is already upon us. Various new programs in molecular
nutrition research have been launched in Europe, Asia, and the US under the
heading of nutrigenomics. We may for this review consider nutrigenomics as the
science that seeks to provide a molecular understanding for how diets and com-
mon dietary constituents affect mammalian metabolism and health by altering
gene/protein expression on basis of an individual’s genetic makeup.

Although nutrigenomics represents in the first place just another “omic,” it
clearly induces a conceptual shift in nutritional sciences by moving the genome
into the center of all the processes that essentially determine mammalian metabo-
lism in health and disease. Moreover, for the first time, nutritional science speaks
the same language and uses the same tools as the other biomedical sciences and
this is going to change the face of nutrition research. Nutritional sciences is func-
tional genomics “par excellence” and will thereby move the discipline into the
heart of biological sciences. Unlike other environmental factors, nutrients, non-
nutrient components of foods, and xenobiotics in foods have huge variability in
dose and time and hit a rather static genome, affecting the function of a large
number of proteins encoded by the respective mRNA molecules that are expressed
in a certain cell, organ or organism. Alterations of mRNA levels and in turn of the
corresponding protein levels are critical parameters in controlling the flux of a nu-
trient or metabolite through a biochemical pathway. Nutrients and non-nutrient
components of foods, diets, and lifestyle can affect essentially every step in the
flow of genetic information from gene expression control to protein synthesis, pro-
tein degradation, and allosteric control and consequently alter metabolic functions
in the most complex ways (Fig. 1.1).

The advent of high-throughput technologies has led to the rapid accumulation of
biological data, ranging from complete genomic sequences, transcripts, proteome
and metabolome profiles as well as the first protein—protein interaction maps.
Referred to as “omics”, these parallel approaches are usually classified by the mea-
sured target molecules. Transcriptomics determines the transcript levels or pat-
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Fig. 1.1. Nutrigenomics as the paradigm for
research on environment—genome interactions.
Nutritional factors can affect essentially every
step from information storage and retrieval, to
processing and the execution of biological

processes. The emerging new profiling
technologies as well as data processing and
interpretation tools make the corresponding
adaptive changes of mammalian metabolism
on a global scale accessible.

terns of subclasses or even of all expressed genes of a given genome. Likewise, pro-
teomics refers to the analysis of the protein complement and metabolomics (also
called metabonomics) determines in parallel the accessible metabolites in a cell,
tissue, organ, or organism. The data output of these approaches is enormous and
often overwhelms our ability to understand the underlying biological processes.
Nutritional science in the past was characterized by well-defined experimental
studies based on the experience and knowledge that there is hardly anything else
as difficult to standardize as mammalian nutrition. In terms of the biological read-
outs of nutritional studies, in most cases only a few parameters could be deter-
mined simultaneously. The conceptual shift in biological science towards applica-
tion of high-throughput profiling technologies poses a particular challenge to
nutrition researchers as they now have additionally to handle huge data sets de-
rived from the “omic” approaches. How can we use this information to build met-
abolic topology maps that are easy to comprehend and to interpret and that allow
us to navigate to the specific information that we need? Here nutritional science
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clearly relies on the new systems biology tools of pathway construction that are
based on concepts of control theory, numerical analysis, and stochastic processes.
Although systems biology is dependent on “omics” and technologies for data in-
put, it really encompasses the design and use of new analysis tools, and the devel-
opment of new ways to represent data in a meaningful manner. Nutritional sys-
tems biology is the high end of systems biology when it comes to describing the
highly diverse changes in metabolism occurring at the same time in different
organs or even within an organ in its different cell populations.

1.1.1
What makes Nutrigenomic Research Exceptional?

In contrast to applications of the profiling technologies in drug discovery or toxicol-
ogy testing, nutrigenomics deals with some exceptional problems. Drug and xeno-
biotic testing usually determines the consequences of just one compound on the
background of a limited number of relevant genes but an otherwise fairly stable
environment. Of course, the test compounds may undergo extensive metabolism
and the bioactivity could as an integrated read-out result from both the parent
compound and the metabolite(s). However, assessing the metabolic response to
complex foods is like looking at hundreds of test compounds at the same time
and a highly diverse response over time and spatial location (i.e. organ, cell type
in an organ).

The human genome and the genetic variation within the human population
are the result of high and persistent evolutionary pressures via processes of gene
mutation, selection, and random drift. Nutrition has thereby shaped the human
genome like no other environmental factor. Individual dietary components can af-
fect gene mutation rates and nutrient availability affects, for example, fetal viability
and modifies the penetrance of deleterious genetic lesions [1-5].

As part of the evolutionary pressure it was essential for life that mammals can
adapt quickly to changes in their nutritional environment while maintaining me-
tabolism to satisfy the needs of a high rate of ATP production and the production
of all building blocks required for cell and tissue renewal and maintenance. Adap-
tation to food availability in terms of energy as well as individual (essential) nu-
trients requires very fast but also sustained responses that simultaneously change
a huge set of interconnected metabolic processes. This is mainly achieved by
hormones that can be classified by their chemical nature (i.e. peptide hormones,
amino acid derivatives, or steroids) and/or the mode and time frame of their
action. When looking at the effects of a diet on the genetic response, individual nu-
trients such as carbohydrates, lipids, proteins, or minerals such as calcium directly
affect hormone secretion and these hormones adjust cellular functions via specific
receptors and a multitude of intracellular signaling events for allowing the re-
quired metabolic changes to occur within milliseconds and/or by sustained re-
sponses over hours. Moreover, certain nutrients and metabolites directly affect
gene expression via interaction with specific cellular targets, including nuclear re-
ceptors and response elements, and thereby mediate the integration of extracellular
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signals (hormones) and signals from the intracellular environment. Allosteric con-
trol mechanisms of protein functions are also an integral part of this synchroniza-
tion of signal inputs from the extracellular and intracellular environment. Figure
1.2 provides a simplified view of the integrative nature of the input signals for
adjusting metabolism to alterations in the nutritional environment. They key ques-
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Fig. 1.2. A simplified model depicting the integrative nature of
signal processing for transmitting changes in the nutritional
environment into the adaptation of the transcriptome,
proteome, and metabolome of a cell system.
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tion is whether the “omics” technologies combined with advanced data analysis
and interpretation tools allow us to reconstruct and understand the underlying
sensing and signal integration mechanisms and their multidimensional wiring
that in the end permit cells to regulate rates of nutrient transport and storage
capacity, to fine-tune the flux of intermediates through metabolic routes and
branching points, and to restructure the cellular transcriptome and proteome.

1.1.2
Transcript Profiling in Nutrition Research

For historical reasons, transcript profiling has dominated high-throughput ge-
nomic studies in mammalian systems since this technology has been around for
quite some time [6-9]. Moreover, various commercial systems for easy-to-handle
array-based screening applications are available [6-10]. Transcript-profiling experi-
ments so far have often followed a simple experimental design in which, for exam-
ple, cells or organisms are exposed to an altered nutritional environment (absence
or presence of a particular compound) and are then assayed for changes in gene
expression [11-13]. These first-generation experiments led to the general conclu-
sion that the cells often respond to quite different environmental conditions with
an overlapping response of a battery of genes, although these outputs most proba-
bly originate from multiple signaling pathways.

Most microarray studies in the nutrigenomics area so far have the character of
snapshots. Based on the high costs of the arrays, pooled RNA samples and/or
only a few arrays have been used for analysis. To come from the snapshot approach
to more consistent and reliable data, time-series of changes in gene expression as
well as repeated and statistically valid measurements are required. As the costs of
commercial arrays are expected to drop considerably in the future and as more
small-scale targeted and cheaper arrays become available, better microarray data
are expected to be produced. It is also essential that the procedures of how the
study was conducted and how the array experiments have been performed are
well described and data need to be collected and deposited in a standardized for-
mat. ArrayExpress (www.ebi.ac.uk/arrayexpress) [14] is the database for collecting
information about microarray experiments and is provided by the European Bio-
informatics Institute (EBI). ArrayExpress is the world’s first database for storage
of microarray information that conforms agreed community standards of MIAME
(Minimum Information About a Microarray Experiment) devised by the Micro-
array Gene Expression Data (MGED) Society (www.mged.org) [15]. Since the nu-
tritional science community has no tradition yet in using transcriptome analysis
tools it is advised to adopt these standards quickly. Under the umbrella of the
European Nutrigenomics Organization (www.nugo.org) a first nutrigenomics-
specified MIAME version has been developed and this should in the future allow
via ArrayExpress the sharing of vast amounts of microarray-based data with the
global science community. In addition, many journals require or recommend au-
thors of microarray data-based papers to submit their data to a MIAME-compliant
database.
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In its application as a screening approach to nutrition- or nutrient-dependent
gene expression analysis, transcript profiling may lead to numerous newly identi-
fied genes/mRNA species that respond — not necessarily as expected — to the par-
ticular treatment. Before starting to bring a biological meaning into the observa-
tion it is highly recommended to use an independent method such as reverse
transcriptase polymerase chain reaction (RT-PCR) or Northern blotting to check
the magnitude of the changes in the mRNA level of the identified target gene(s),
as the reliability of gene expression changes depends on a variety of parameters
and particularly on the applied normalization method. In most cases, array data
slightly underestimate the changes in transcript levels but there is also often a con-
siderable number of transcripts that are not confirmed as significantly changed
in level when assayed by other methods. Nevertheless, global transcript profiling
can be seen as an expedition into the terra incognita of molecular nutrition by
identifying novel genes, mechanisms and/or pathways by which a dietary maneu-
ver changes cell physiology. The downside of transcriptomics is that one can get
lost in the attempt to understand why the changes happen and although hours of
scanning of the relevant literature is a rewarding learning exercise it may not pro-
vide the answer.

Although currently mainly used in basic science applications, global gene ex-
pression analysis is beginning to move from the laboratories to large-scale clinical
trials as a tool in diagnostics [16—18]. In the field of human nutrition, signatures or
unique patterns of gene expression profiles are expected to be used to describe a
nutritional condition or may even allow disease states — even preclinical ones — to
be determined [19]. The potential of this technology to improve diagnosis and
tailored treatment of human diseases becomes obvious in the area of cancer diag-
nosis. Several comprehensive studies have demonstrated the utility of gene expres-
sion profiles for the classification of tumors into characteristic and clinically rele-
vant subtypes and the prediction of clinical outcomes [16-18, 20, 21]. Applied to
human nutrition, gene expression profiling is of course limited (a) by the available
cells that should preferentially be obtained by non-invasive techniques, (b) by the
genetic heterogeneity of the human population, and (c) by the highly diverse di-
etary habits and lifestyles. Nevertheless, transcriptome analysis studies for explor-
ing whether characteristic patterns or signatures reflecting the nutritional status in
a human population can be obtained need to be performed to explore the scientific
and diagnostic value of this technology.

1.1.3
Proteome Profiling in Nutritional Sciences

The term ‘“proteome” was introduced as the complement of the genome and re-
lates to the goal of determining all transcribed and translated open reading frames
from a given genome. Analysis of the proteome is beginning to emerge as a second
high-throughput tool for nutrition research. The revival of two-dimensional gel
electrophoresis (2D-PAGE) but with high resolution, the advanced instrumentation
and elegant software tools now available for gel analysis, and the enormous ad-
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vancements in mass spectrometry have made proteomics applications a practical
alternative screening method in the nutrigenomics tool box.

2D-PAGE separates proteins according to charge (isoelectric point: pI) by isoelec-
tric focusing (IEF) in the first dimension and according to size (molecular mass) by
sodium dodecyl sulfate PAGE (SDS-PAGE) in the second dimension. It therefore
has a unique capacity for the resolution of complex mixtures of proteins, permit-
ting the simultaneous analysis of hundreds or even thousands of gene products
[22]. However, not all proteins are resolved and separated equally well by 2D-
PAGE. Very alkaline, hydrophobic, and integral membrane proteins as well as
high molecular weight proteins are still a problem. In some cases, a prefractiona-
tion according to cellular compartment (membranes, microsomes, cytosol, mito-
chondria) or according to protein solubility by classical means may be necessary
[23, 24]. In addition, proteins of low cellular abundance, which may be particularly
important in view of their cellular functions for example in signaling pathways, are
still very difficult to be resolved in the presence of large quantities of housekeeping
proteins [25]. However, new concepts are constantly being developed that employ
for example tagging techniques [26] or enrich the minor proteins prior to separa-
tion in 2D gels.

The most common procedure for the identification of a protein spot in a gel is
currently the peptide mapping or “fingerprint” analysis, but other techniques and
approaches can also be applied. For peptide mapping, protein-containing spots are
excised from the gel before the gel is altered chemically to make the protein acces-
sible for hydrolysis by a protease such as trypsin [27]. Based on this site-specific
enzymatic hydrolysis, a distinct and characteristic pattern of peptide fragments of
a given protein serves as the peptide mass fingerprint. The mixture of peptides iso-
lated by digestion with the protease is usually submitted to matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analysis
to determine the corresponding peptide masses that are characteristic for a given
protein. The mass spectrum obtained is submitted to computer programs that
apply various algorithms for interpretation of the peptide pattern and to predict
the protein based on a comparison with masses predicted by “virtual digestion” of
identified open reading frames in a given genome [28]. Post-translational modifica-
tions of proteins such as addition of phosphate groups, hydroxylations at lysine or
proline residues, glycosylations, or addition of fatty acids may also be identified by
fragment analysis and structural TOF (FAST) or other techniques. Deviations of
measured from predicted masses may be due to polymorphisms in coding se-
quences with subtle amino acid substitutions or even more pronounced with de-
letions or insertions. Such changes in the primary sequence can be resolved but
strongly depend on the type of substitution and may require internal peptide
Edman sequencing or more advanced mass analysis by electrospray ionization
mass spectroscopy.

It needs to be emphasized here that proteome analysis is straightforward if one
assesses the effects of a treatment for example in cultured cells or cell lines since
here a homogeneous population of cells is analyzed. When tissue samples are
utilized that contain different cell populations with different expression profiles,
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proteome analysis becomes a difficult task and may require the separation of the
different cell populations by means of cell-specific surface markers and immuno-
affinity techniques or by laser-driven microdissection approaches [29, 30]. The fu-
ture of more simple proteome analysis tools may be the use of antibody libraries
that contain specific antibodies raised against any expressed open reading frame
and taking proteome analysis onto the format of high-throughput microplate as-
says that allow essentially every protein to be identified and quantified easily [31].

There are only very few examples of proteome analysis studies in nutrition re-
search. However, proteome analysis is an interesting tool that assesses changes of
the steady-state protein levels as the prime functional units without the need for
proof and the worry that changes in the transcript level may not translate into cor-
responding changes in the level of the encoded protein. Combining transcriptome
and proteome techniques in analysis of the same sample has the charm of assess-
ing both layers of information flow in adaptation of metabolism and to separate
true co-regulation processes and seemingly uncoupled changes in mRNA and cor-
responding protein level simultaneously.

1.1.4
Metabolite Profiling in Nutritional Science

Various new approaches to assess globally the pattern and concentrations of a vast
spectrum of metabolites in biological samples are currently under development.
Metabolomics or metabolite profiling techniques are mainly based on gas chroma-
tography combined with mass spectrometry (GC/MS) or liquid chromatography in
combination either with electrospray ionization/mass spectrometry (LC/ESI/MS)
or with nuclear magnetic resonance spectroscopy (LC/NMR). In contrast to ge-
nome, transcriptome, and proteome profiling technologies, which monitor target
molecules of similar chemical nature such as DNA, RNA, and proteins, metabolite
profiling has to deal with metabolites that vary considerably in chemical nature,
molecular weight, and physical properties. This is a real challenge for analytical
techniques and consequently there is no single analytical platform that allows the
multiparallel analysis of the complete metabolome. However, GC/MS- and LC/
NMR-based technologies have proven to be valid in producing robust metabolite
profiles from biological samples. Similar to data from transcriptome and proteome
analysis, metabolite fingerprints may be used to generate and refine metabolic
pathway maps and to identify co-regulation phenomena of whole metabolic net-
works or functional modules. A variety of statistical methods and visualization
tools, such as the principal component analysis, can be used to describe the mostly
pleiotropic changes in metabolite spectra.

It needs to be emphasized that at the current state of technology only around
20% of the metabolites present in the mammalian cell can be identified and reli-
ably annotated. To determine the nature of the fast growing number of the yet un-
known analytes requires a huge international effort to turn metabolomics into a
more powerful tool. The number of metabolites in a typical eukaryotic organism
is predicted to range from 4000 to 20000 individual compounds [32]. Although
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this number is impressively high and may be frightening, metabolite spectra re-
duce the number of components to deal with compared with the much higher
number of mRNA and protein entities dealt with when performing transcript and
proteome profiling.

Similar to the other high-throughput approaches, data obtained from metabolo-
mics need highly standardized formats for disposition and their linkage to inter-
pretation tools. A consortium recently has outlined these requirements and has
given a framework by using examples from plant metabolomics [33].

As in most areas of post-genomic profiling technologies, nutritional science is
way behind other fields such as microbiology, plant sciences, or drug and environ-
mental toxicology in applying metabolomics approaches. It is obvious that body
fluids such as serum or urine that can be obtained easily are primarily used in
both animal and human studies to assess the signatures of the contained metabo-
lites. In most cases 'H nuclear magnetic resonance (NMR) spectroscopic analysis
is applied to the body fluid samples from animal or human studies [34, 35]. The
obtained complex metabolic profiles are usually submitted to multivariate statis-
tical analysis to obtain patterns. Such a pattern-recognition analysis of NMR
spectroscopic data can be performed without the need to assign all of the spectral
peaks to specific metabolites before analysis and even provides time-related meta-
bolic changes. Various examples applied in toxicology research — mainly in rodent
models with urine sample NMR analysis — demonstrate the power of the tech-
niques. The most impressive metabonomics study in humans was performed with
serum samples of normal volunteers and patients at various stages of coronary
heart disease. Based on pattern-recognition analysis not only the presence but also
the severity of the disease could be determined based on the NMR spectra [36]. It
can be envisaged that the technology will soon be taken into population screening.

A first urine sample NMR-based screen of 150 volunteers from Britain and Swe-
den has recently been reported [37]. The urine samples analysed via principal com-
ponent analysis displayed characteristic differences related to dietary and cultural
habits between the subjects of both countries. Various centers dedicated to nutri-
tional sciences in Europe and the US have identified metabolomics as their strate-
gic field in the nutrigenomics area and we expect to see a rapid increase in the
number of studies in this area. It is anticipated that metabolite screens will be
used to identify signatures that resemble certain dietary habits, that define the
intake of particular food components, or that classify disease states linked to nutri-
tion and nutrient intake.

1.1.4.1 Metabonomics Goes Dynamic

The next level of metabolite analysis uses advanced mass spectrometry and NMR
to assess the route of individual metabolites by isotope tracer techniques. The
labeling of a compound in vivo with stable isotopes enables the biosynthesis of dif-
ferentially mass-labeled metabolite mixtures, which then can be detected by mass
isotopomer ratio analysis to follow the flow of atoms through metabolites and
pathways and help to identify the molecular switches that guide the compounds
through metabolic chains [38]. The beauty of the application of mass isotopomer
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analysis in combination with powerful calculation algorithms for the quantification
of intracellular metabolic fluxes has recently been demonstrated for central carbon
metabolism in Escherichia coli. The proposed new method proved to be reliable and
capable of obtaining information on the biochemical changes involved in the
regulation of acetate and glucose metabolism in E. coli K12 cells [39]. As nutri-
tional science has expertise in applying stable isotopes in human studies for the
characterization of metabolic processes, metabolomics combined with isotopomer
ratio analysis to assess metabolic isotope fluxes, for example in genetically well-
characterized individuals or subgroups, is the arena for the next generation of nu-
trition researchers.

1.1.5
Cell Biology and Genetic Tools for Nutrigenomics Research

Conceptually, nutrigenomics research is based on either gene-driven or phenotype-
driven approaches. The gene-driven approaches use genomic information for iden-
tifying, cloning, expressing, and characterizing genes and their products at the mo-
lecular level. As we are still far from understanding the role of every encoded open
reading frame in a mammalian genome, animal models are of central importance
for assigning genes to functions. Phenotype-driven approaches characterize phe-
notypes of naturally occurring variants to identify the genes, the relevant single-
nucleotide polymorphisms (SNP) or haplotypes that are either responsible for or
associated (in statistical terms) with the particular phenotype. In most cases this
is done without knowing the exact underlying molecular mechanisms. Of course,
the two strategies are highly complementary at virtually all levels of analysis and
lead collectively to the correlation of genotypes and phenotypes. Because nature
has not provided human inborn errors of metabolism that demonstrate the pheno-
typical consequences of individual gene or protein malfunction, the role of single
genes or groups of genes in the makeup of metabolism needs to be analyzed in
more simple models than humans. Targeted gene inactivation (“knock-out”) or se-
lective overexpression (‘“knock-in”") models employing experimental animals from
fruitflies (Drosophila melanogaster) to nematodes (Caenorhabditis elegans) or mice
and rats or human cell lines will eventually reveal the roles that individual genes
play in the orchestrated way metabolism works. These approaches have already
produced a large number of animal lines missing one or several genes or over-
expressing others. The availability of the large-scale knockout collections will accel-
erate the wet-laboratory work necessary to provide an understanding of the biolog-
ical roles of the various players in nutrition-triggered signal transduction and gene
regulation processes. Although very elegant as genetic tools to unravel metabolic
changes, unfortunately, these maneuvers quite often do not produce the predicted
or any distinct phenotype.

The more advanced transgenic technologies in animals through controlled cell-
or organ-specific and/or time-dependent gene inactivation or induction of expres-
sion allow the analysis of phenotypical consequences in even more elegant ways.
They appear also particularly helpful when simple gene disruption is lethal for
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the developing fetus or newborn. In simple cell models and even complex organ-
isms (the best example being Caenorhabditis elegans) RNA interference techniques
(RNAIi) have made it easier to suppress or at least markedly reduce expression of
the protein of interest in order to assess the phenotypic consequences [40, 41].

Assigning gene to function is the most critical part and this relies currently on
genetic models. In combining the technologies of targeted gene inactivation and
RNAI or selective overexpression with the “omics” technologies, the annotation of
gene functions is greatly improved but the redundancy in biological systems also
becomes visible.

Understanding the consequences of operational shifts in genetic circuits and cel-
lular systems is and will remain a challenge. In emerging new and sophisticated
metabolic network analysis tools, the metabolites are represented by intercon-
nected nodes that show correlative behavioral changes and the actions of these
metabolic networks are studied on the basis of the strength of correlations between
the metabolites that make up the network [42, 43]. To understand these nodular
systems and to determine the connectivity of the layers of the transcriptome, pro-
teome, and metabolome, comprehensive approaches to measure metabolites, pro-
teins, and/or mRNA simultaneously from the same sample are required.

How do we cope with the data generated by the high-throughput data acquisition
and systems approaches? Well, the best answer appears to be to have someone on
the research team who is expert in the area of analysis of these data and who is
willing to learn a bit of nutritional science, with the nutritionists willing to learn a
bit of advanced statistics and bioinformatics.

1.2
Nutrigenetics — Examples and Limitations

Nutrigenetics aims to understand the effect of genetic variations on the interaction
between the diet and disease or on nutrient requirement. Consequently the major
goal is to identify and characterize gene variants associated or responsible for
differential responses to nutritional factors. In the final stage, nutrigenetics could
provide the rationale for recommendations regarding the risks and benefits of a
particular diet or dietary components based on the individual's genetic makeup.
The quite impressive variations in the phenotype of “classical” monogenetic dis-
eases such as phenylketonuria or familial hypercholesterolemia, however, tells us
what kind of challenge we are facing when nutrigenetic approaches are applied to
common multifactorial disorders such as diabetes, cardiovascular disease, or can-
cer. Although the methods for detecting single-nucleotide polymorphisms (SNPs)
or haplotypes are improved constantly and the next generation of microarrays that
cover 500000 SNPs on one chip will be available soon, phenotype analysis and as-
signing alterations in protein functions to an SNP or haplotype is going to be the
pinhole. Although mostly inconclusive, preliminary results involving gene—diet in-
teractions for cardiovascular diseases and cancer suggest that the concept could
work and that we will be able to harness the information contained in our genome.
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Most of the available data are derived from molecular epidemiology studies. As all
multifactorial nutrition-dependent diseases require a long period of exposure to the
same or similar dietary patterns to develop a disease phenotype [44] epidemiologi-
cal studies are the tool of choice to assess genetic variation and disease develop-
ment or progression.

1.2.1
Genes, Diet, and Cardiovascular Disease

Dyslipidemia is commonly associated with the development of atherosclerosis and
can be caused by improper function of a variety of proteins that control lipid ho-
meostasis, such as nuclear factors, binding proteins, apolipoproteins, enzymes, lipo-
protein receptors, and hormones (see also chapter 15). Polymorphisms have been
identified in most of these components and many of the underlying genes have
been explored in terms of diet-gene interactions [45-47]. Amongst these, the apo-
lipoprotein E gene (apoE) is the most intensively studied with regard to its effects
on low-density lipoprotein (LDL)-cholesterol levels in response to dietary interven-
tions. Genetic variation at the apoE locus results from three common alleles in the
population, E4, E3, and E2. However, other genetic variants at the apoE locus have
been described as well [48].

Besides the fact that LDL-cholesterol levels were highest in subjects carrying the
apoE4 isoform [49, 50], this association was especially prominent in populations
consuming diets rich in saturated fats and cholesterol [51]. These epidemiology
data, therefore, indicate that high LDL-cholesterol levels are manifested primarily
in the presence of an atherogenic diet but that an individual's response to dietary
saturated fat and cholesterol may differ depending on the individual apoE alleles.
However, it needs to be stressed that especially for apoE, investigations of diet—
gene interactions have yielded quite diverse outcomes [46, 47]. Significant diet—
apoE interactions occurred in studies focusing on males, suggesting a significant
gene—gender interaction [46, 47]. Baseline lipid levels seem to affect the outcome
and significant associations were frequently found only in subjects who were mod-
erately hypercholesterolemic. More consistent effects were reported on the impact
of alcohol intake on LDL-cholesterol depending on the apoE genotype in men [52].
A negative association between alcohol consumption and LDL-cholesterol was
found for carriers of apoE2, whereas subjects with apoE4 displayed a positive corre-
lation. Within these genotype studies apoAl has emerged as a primary candidate
for genetic variability in high-density lipoprotein (HDL) levels and its gene product
plays a crucial role in lipid metabolism and for cardiovascular disease risk [53].

In women it has been found that a G to A transition in the apoAl gene is asso-
ciated with an increase in HDL-cholesterol levels depending on the dietary intake
of polyunsaturated fatty acids [54]. Similar to this G/A single-nucleotide polymor-
phism in apoAl, increased HDL levels were found to be associated with a homozy-
gous —514(CC) polymorphism in the hepatic lipase gene in response to higher fat
contents in the diet [55]. This increase in the level of protective HDL particles was
interpreted as a defense mechanism that was not found in subjects carrying the TT
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genotype. Interestingly the TT genotype is common in certain ethnic groups, such
as African-Americans, and might help to explain their limited ability to adapt rap-
idly to new nutritional environments [56].

1.2.2
Genes, Diet, and Cancer

Similar to cardiovascular diseases, dietary factors were shown to contribute signifi-
cantly to the development of cancers [57] with the most prominent effects on co-
lon, gastric, and breast cancer (see also chapter 17). Although there are general
guidelines to reduce cancer risk at the population level, a specific protective food
or food component has not been identified [58, 59]. Numerous studies using quan-
titative dietary assessments in large cohort studies and assessing genetic variation
in the cohorts such as the European Prospective Investigation into Cancer and
Nutrition (EPIC) with 519978 participants in 23 centers in 10 European countries
[60] are being conducted to understand and define the role dietary factors play in
the causes of cancer development on the basis of genetic variations.

One of the polymorphisms that is significantly associated with cancer risk is the
homozygous (TT) form of the methylenetetrahydrofolate reductase (MTHFR) gene.
The cytosine to thymidine substitution, which converts an alanine residue to a va-
line, is relatively common and results, in its homozygous form, in hyperhomocys-
teinemia and an increased cardiovascular disease risk but simultaneously reduced
cancer risk [61, 62]. The MTHFR-TT genotype displays a reduced enzymatic
activity; less 5,10-methylenetetrahydrofolate is used for the remethylation of homo-
cysteine to methionine and hence more substrate appears to be available for thymi-
dine synthesis. In contrast, an increased misincorporation of desoxyuridine nucleo-
tides into DNA in folate deficiency was shown to be mutagenic and this could, for
example, explain the increased colon cancer risk observed in humans with a low
folate status [63]. This example shows the complexity of the problem and the diffi-
culty of transferring these observations to the level of recommendations.

Regarding homocysteine as an atherogenic factor, the recommendation for indi-
viduals with the MTHFR-TT genotype must be to normalize the enzyme activity
and reduce homocysteine levels by higher rates of remethylation to methionine. It
has to be suggested, however, that under conditions where MTHFR activity is nor-
malized, one-carbon flux into the thymidylate cycle may be reduced and, thus, the
protective function of the TT polymorphism with regard to cancer development
may be lost. Although this hypothesis has not yet been proven, an increased risk
for the development of colorectal adenomas was shown for the TT genotype associ-
ated with a low folate, vitamin B;, and B¢ intake [64].

Another gene for which polymorphisms seem to predispose to cancers by expo-
sure to food carcinogens is the N-acetyltransferase (NAT) gene (see also chapter 19).
NAT is a phase 2 enzyme that is found in two isoforms (NAT1 and NAT2) and is
involved in the acetylation of heterocyclic aromatic amines (HAA) as found in
heated products. Several polymorphisms have been characterized in NAT1 and
NAT2 and some of these polymorphisms have been related to NAT activities of



16

1 Nutritional Genomics: Concepts, Tools and Expectations

LN

so-called “slow”, “intermediate,” or “fast acetylators.” Although the outcome of
studies investigating the association between acetylator phenotype and cancer risk
are quite controversial, the NAT?2 fast acetylator genotype consistently revealed a

”

higher risk of developing colon cancer in people who consumed relatively large
quantities of red meat, which may reflect the greater ability of fast acetylators to
activate aromatic amines within the colon mucosa [65, 66].

Glutathione-S-transferases (GST) have also been studied in detail with respect to
individual cancer risk (see also chapter 19). GSTs are subdivided into the four
classes alpha (A), pi (P), mu (M), and theta (T) and for each class various polymor-
phisms have been described. GSTM1- and GSTT1-null genotypes appear to confer
a high risk for several types of cancer [67]. By their ability for detoxification GSTs
play a crucial role in xenobiotic metabolism and respond to a variety of dietary fac-
tors with changes in expression level [68]. In humans, it has been suggested that
the cancer protective effects (e.g. of cruciferous vegetables) may depend on the
ability to induce GSTs and other phase 2 enzymes [69, 70]. On the other hand, be-
sides toxic compounds they also conjugate isothiocyanates, the active ingredients
of cruciferae, leading to their excretion. Indeed, a significant protective effect of a
high broccoli consumption was only found in subjects with the GSTM1-null geno-
type [71]. The response to isothiocyanates requires the nuclear factor-erythroid 2
p45-related factor 2 (Nrf2). In Nrf2*/* but not Nrf2~/~ mice isothiocyanates from
broccoli caused a modest increase in GSTM1 and a significant increase in GSTA1/2
and GSTA3 protein [72]. Strain-specific Nrf2 mRNA expression and a T to C tran-
sition in the promoter that co-segregates with susceptibility phenotypes in mice
[73] and the detection of three SNPs and one triplet repeat in the human Nrf2 pro-
moter [74] makes Nrf2 a candidate itself for individual responses to dietary factors
with chemopreventive properties.

Altogether, the examples demonstrate that we are far away from a reasonable
dietary advice for an individual or a subpopulation on the basis of the genetic
makeup. It is important to keep in mind that gene—nutrient interactions can occur
at any time during the process of a disease development and the multistage
process of carcinogenesis is a perfect example. Dietary factors can affect essentially
every step in cancer initiation and development starting at the level of an initial
mutation, by blocking promotion or by stopping progression from the premalig-
nant state to carcinomas or by preventing invasion or metastasis. Only long-term
studies with appropriate population sizes, well-reported dietary intakes and reliable
genotype and phenotype analysis will help to prove the concept of nutrigenetics,
with its final goal of providing a solid scientific basis for individualized “genotype-
based” dietary advice.

13
Conclusions

Nutritional genomics is still in its infancy, but it is predicted to rapidly move to
the systems-based “holistic” level by using high-throughput technologies and ad-
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vanced data analysis tools. Transcript, proteome, and metabolite profiling technolo-
gies are constantly being improved and are becoming more convenient but in the
end require a substantial investment in equipment and specialized personnel. Al-

though the new technologies already generate insights into nutrition-dependent

signal transduction mechanisms and gene regulation phenomena, it is obvious

that at present, these studies more often generate hypotheses than deliver true
answers. In spite of the apparent profusion of data that overwhelm us already,
magnitudes of new data are needed to reach the goal of a comprehensive under-

standing of signal transduction and gene regulation phenomena that allow the

adaptation of mammalian metabolism for maintaining health or that may eventu-

ally lead to disease.
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