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In this paper, the nutrigenomics approach is discussed as a research tool to study the physio-
logical effects of nutrition and consequently how nutrition affects health and disease
(endpoints). Nutrigenomics is the study of the effects of foods and food constituents on gene
expression; the analyses include analysis of mRNA, proteins and metabolites. Nutrigenomics
may be useful in dealing with the challenges that nutrition research is facing; by integrating the
description of numerous active genes and metabolic pathways stronger evidence and new
biomarkers for subtle nutritional effects may be obtained. Also, a new definition of disease and
health may be needed. The use of tests challenging homoeostasis is being proposed to help
define health. Challenge tests may be able to demonstrate in a better way subtle beneficial
effects of nutrition on health. The paper describes some basic concepts relevant to nutrition
research as well as some of the possibilities that are offered by nutrigenomics technology.
Some of its applications are described.

Nutrigenomics: Challenge testing: Nutrition intervention: Anti-inflammatory

Endpoints and biomarkers are needed in nutrition research
to show efficacy of nutrition on health and disease. The
term endpoint originates from medicine where clinical
trials investigate the effects of an intervention (taking a
drug or any other treatment) on a disease-related outcome
studied in a patient population. An endpoint typically is a
characteristic of the disease. The term biomarker is often
used to refer to a protein measured in blood whose con-
centration reflects the severity or the presence of some
disease state. More generally, a biomarker is anything that
can be used as an indicator of a particular disease state or
some other physiological state of an organism. In nutrition
research, endpoints are being investigated that reflect
physiological effects. Since the term biomarker is a general
term and can be applied in many different settings, various
biomarker definitions have been put forward: the ILSI
PASSCLAIM project for instance has made a distinction
between biomarkers of nutrition exposure, biomarkers
of nutrition status and biomarkers of disease(1). The latter
is, however, too narrow a definition, because nutrition

research does not focus on disease treatment but rather on
prevention of disease and optimisation of health.

In this paper, we introduce a new conceptual approach
on how to study the effects of nutrition on health, namely
by combining nutrigenomics technology with challenge
testing. Such an approach may ultimately lead to develop-
ing new biomarkers for health(2,3).

Biomarkers for health

Showing a beneficial physiological effect of nutrition is
essentially different from evaluating drug efficacy and
safety. In general, the effects of nutrition are subtle and the
relation to a disease, if relevant, will occur only after a
long-term exposure. In addition, the target population is
typically not consisting of patients where intervention
leads to a reduction of disease symptoms; in nutrition trials
usually, apparently healthy people are being used. These
may consist of a representative sample of the general
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population varying in their health status, their suscept-
ibility to the intervention and subsequently in their benefit
to health. In addition, nutrition consists of a mixture
of active ingredients, rather than a one compound drug,
designed to target one specific receptor or process. In
cases, like for instance, evaluating the effects of fruit and
vegetables, combination of various naturally occurring
compounds may induce effects rather than one specific
compound. Such mixtures may result in various inter-
actions working through multiple mechanisms active in
various organs. Therefore, studying the effects of nutrition
on health is essentially different.
The definition of health was originally based on the

concept of disease; health is a state of complete physical,
mental and social well-being and not merely the absence of
disease or infirmity(4). More recently, health was defined
more in biological terms, where health was described as
the ability to adapt to one’s environment(4,5). As such,
health is not a fixed entity, but a state that can vary with
the circumstances that people are situated in. Important in
the new approach for nutrition research is the possibility to
test an organism’s ability to adapt or its resilience. Such an
approach may make better use of complex biomarkers.
As such, it may be important to take into account various
processes that contribute to an organism’s ability to
adapt(6,7).
Complex biomarkers can be studied in a better manner

by nutrigenomics technology. Nutrigenomics has been
developed as the application of high-throughput analytical
tools (genetic, gene expression and metabolic) in nutrition
research. The term ‘high throughput tools’ in nutri-
genomics, refers to tools that enable thousands to millions
of screening tests to be conducted at a single time. When
such high throughput screening is applied in nutrition
research, it allows the examination of how nutrients
affect the activity of, in principle, all genes, proteins and
metabolites. Nutrigenomics involves the characterisation of
all gene products and the physiological functions and
interactions of these products(8).
Nutrigenomics, however, has its limitations; it is an

emerging science still in its beginning stages. The tools to
study protein expression and metabolite production have
not been developed to the point to enable efficient and
reliable measurements. Also, results obtained at various
levels need to be integrated to produce results that are
meaningful and validated. These technologies are still in
the process of development(6).

Studying complex nutrition effects

The ability of nutrigenomics technology to describe in a
better way the complex effects of nutrition on multiple
physiological processes was tested by studying a specific
mixture of compounds, called an anti-inflammatory dietary
mix (AIDM)(9). The mixture was designed with the aim to
target various metabolic pathways reported to affect low-
grade inflammation. Low-grade inflammation in indivi-
duals who are overweight is thought to be one of the
mediating processes in metabolic disease development.
Several studies support a link between oxidative stress and

inflammation in atherogenesis(10). Adipose tissue is crucial
for inflammatory status associated with obesity, primarily
due to macrophage infiltration(11) and subsequent secretion
of both pro- and anti-inflammatory adipokines(12). Reduced
adiponectin levels and increased C-reactive protein (CRP)
levels are associated with inflammatory status and CVD
and type-2 diabetes disease risk(13,14). The established
inflammatory marker high sensitivity-CRP originates from
the liver and adiponectin from adipose tissue. The
Mediterranean diet contains several compounds that have
been associated with an anti-inflammatory effect and a re-
duction of CVD and type-2 diabetes(15). These compounds
consist of high contents of antioxidant polyphenols, vita-
mins, long chain unsaturated fatty acids and carotenoids.

The nutrition intervention was set up as a cross-over
study using men with a higher than normal body mass
index and having a somewhat higher inflammatory state as
evaluated by their increased high sensitivity-CRP levels.
The compounds were selected based on their described
specific anti-inflammatory effect; each compound targeted
a specific pathway in the inflammatory process. The mix-
ture of compounds, referred to as AIDM, was based on
Mediterranean diet and contained active ingredients like
resveratrol, PUFA contained in fish oil, antioxidant vita-
mins and extracts of tomato and green tea. The effects on
classical single biomarkers for inflammation, such as high
sensitivity-CRP, were analysed. Also, AIDM effects were
investigated in more detail by large-scale analysis of gene
expression, proteins and metabolites in blood, urine and
adipose tissue biopsies.

The highest scoring network in the analysis without gene
expression data illustrates the effects of AIDM on inflam-
mation (immune response), oxidative stress (production of
reactive oxygen species) and lipid metabolism (quantity of
lipid). The network indicates a central role for transcription
factor NF-kB in the effects of AIDM. A more detailed
biological interpretation of the data has been described in
Bakker et al.(9).

We substantiated the effects further by testing their
efficacy on endpoints in two animal models. First, an
established model for cholesterol-induced atherosclerosis
was used; ApoE*3 Leiden transgenic mice(16,17), display-
ing a human-like lipoprotein profile, were fed a high
cholesterol diet inducing atherosclerotic plaques that
resemble human plaques in morphology and cellular com-
position. Atherosclerosis development was studied in the
aortic root using histological evaluation and quantification.
Secondly, AIDM was evaluated in an inflammation model,
male human-CRP transgenic mice(18). The effects of
AIDM on basal and IL-1b-stimulated CRP expression were
investigated.

AIDM reduced cytokine-induced human CRP and
fibrinogen expression in human-CRP transgenic mice after
a 6-week treatment. AIDM also strongly reduced plasma
cholesterol (by 43% within 2 weeks), TAG (by 41% after
2 weeks), and serum amyloid A concentrations compared
with placebo. More importantly, long-term treatment
(16 weeks) of ApoE*3-Leiden mice with AIDM markedly
reduced the development of atherosclerosis by 96%
compared with placebo. The effect on atherosclerosis
was paralleled by a reduced expression of vascular
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inflammation markers and adhesion molecules inter-
cellular adhesion molecule-1 and E-selectin. This meant
that dietary supplementation of AIDM improves lipid and
inflammatory risk factors of CVD and strongly reduces
atherosclerotic lesion development in transgenic mice(19).

Challenging homoeostasis

An emerging concept for assessing individual health and
susceptibility to disease is the use of perturbations or
challenges to homoeostasis. This means that biomarkers
responding to physiological challenges may show a very
different response in one healthy individual v. another,
more susceptible, individual. The best known example of a
perturbation test is the oral glucose tolerance test(20), which
monitors the ability of the body to respond to glucose
intake. The oral glucose tolerance test is used as one of
the key surrogate endpoints for diagnosing type 2 diabetes
and was used to assess effects of nutrition in laboratory
animals.
As an analogy, a postprandial challenge test was used to

quantify the postprandial response of multiple metabolic
processes by metabolomics and proteomics technology(21).
In the same human study described earlier(9), the post-
prandial challenge consisted of a standardised 500ml
dairy shake containing 59, 30 and 12 energy percent of
lipids, carbohydrates and protein, respectively. At several
time points after the challenge, blood samples were col-
lected and analysed using GC–MS metabolic profiling (145
plasma metabolites), multiplex proteomics (seventy-nine
plasma proteins) and a series of clinical chemistry analyses
including liver enzymes, creatinine, albumin, insulin,
glucose, cholesterol and TAG among others. Multiple
processes related to metabolism, oxidation and inflamma-
tion reacted to the postprandial challenge, as demonstrated
by changes of 106 metabolites, thirty-one proteins and five
clinical chemistry parameters. This same postprandial
challenge was applied in the AIDM dietary intervention.
Of the 231 quantified parameters, thirty-one had different
responses over time between treated and control groups,
revealing differences in amino acid metabolism, oxidative
stress, inflammation and endocrine metabolism. The results
showed that acute, short-term metabolic responses to the
postprandial challenge were different in subjects on the
supplement mix as compared with the controls. The post-
prandial challenge showed metabolic changes that differed
between the two treatments, which were not observed
in non-perturbed conditions. Thus, a metabolomics-based
quantification of a standardised perturbation provides more
(differential) information on metabolic changes due to the
treatment than such a quantification under homoeostatic
conditions(21).
Emerging technologies in biological research provide

an enormous wealth of data. At the same time, researchers
are challenged to interpret this data in an integrated
and meaningful manner. Multiple parameters describe
processes and interactions between processes. We have
developed an analysis and visualisation method, named the
‘health space’, which projects subjects’ health status in a
multidimensional space, based on predefined multivariate

parameterisation of the axes. This allows researchers to
analyse responses according to the underlying biological
processes, defining parameterisation in a biologically
meaningful manner. We applied this method to the
AIDM nutrition intervention. Selection of the ‘overarching
processes’ oxidation, metabolism and inflammation was
adopted from the human study as was the selection of
significant affected parameters and the grouping of these
molecules in the three processes(22).

The plasma clinical chemistry, metabolomics and pro-
teomics results of a human nutritional intervention study
were visualised in a three-dimensional space, where the
three axes represented the ‘overarching processes’ oxida-
tion, metabolism and inflammation. The method is based
on the construction of three Partial Least Squares
Discriminant Analysis models, one for each of the above
processes. In order to compare the scores per process, the
scores of the three models were subsequently scaled
around zero (the average of the AIDM group) and one
(average of the placebo group). The difference between 0
and 1 was used to separate relatively healthy subjects from
less healthy subjects, assuming that people become heal-
thier using the anti-inflammatory mix. The ‘health space’
showed that several subgroups responded differently.
One subgroup reacted mainly by modulating its metabolic
stress profile, while a second subgroup showed a specific
inflammatory and oxidative response to treatment. There-
fore, this approach referred to as the ‘health space’ model
allows visualisation of multiple results and to interpret them.

Conclusion

Application of nutrigenomics techniques (large-scale pro-
filing of genes, proteins and metabolites) showed that an
AIDM was able to influence processes of inflammation,
oxidative stress and metabolism in human subjects. These
changes were observed prior to changes in accepted bio-
markers. The use of metabolic, protein and gene profiling
strongly facilitated accurate and detailed quantification
and description of the molecular processes involved.
The studies presented suggested that integrated measures
describing complete pathways may enable the description
of subtle changes induced by nutrition over a short period
of time. Challenge tests may further increase sensitivity
to show subtle effects of nutrition on health relevant
processes in human subjects.
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