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Abstract

The modern food system feeds six billion people with safety, and nutrition. Yet, the current rise in
diet-related mising health and devaluing many aspects of modern increase the nutritional quality
of individual foods will health and in guiding individuals to achieve superior is the scientific field
of the genetic basis for varying and the diverse responses to foods. Although some of nants will be
simple and amenable to personal predict health, in practice most will not. As a result, the secret to
personalizing diet and health. Human from imaging to proteomics and metabolomics are
understand and accurately assess the nutritional The business models are also emerging to bring
these ties to industrial practice, in which consumers will personal health and seek personal
solutions.
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Introduction

The human genome initiative provides life science with a blueprint including goals of basic
research and opportunities to translate this research to improvements in human health
(Collins et al. 2003). Nutrigenomics, as a subset of the broader field of genomics, actively
addresses the genetic basis of response to diet and, in parallel, the variations in dietary
responsiveness among humans that are assignable to genotype. Much like
pharmacogenomics views its logical translation—personalized medicine—the logical
translation of nutrigenomics, both in principle and in detail, is the establishment of a more
personalized approach to diet and health. However, diet has a much broader mandate than
simply curative therapeutics of disease. Diet as a cornerstone of an individual's overall
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environment has a major influence on health in the widest sense, from the prevention of
diseases to performance, enjoyment, and the overall quality of life. Foods will be the carriers
of this value once science has related the various aspects of health to diet. Understanding
both the role of diet in the varying expression of a genome and the role of genetics in the
varying responses to diet are fundamental to understanding human health.

It is known that individuals respond differently to the same dietary intake. For example, it
has been known for the past 20 years that dietary cholesterol can cause changes in plasma
cholesterol (Miettinen & Kesaniemi 1989), but this is dependant upon the individual (Glatz
etal. 1993). In fact, it has been shown that some variation in response to dietary cholesterol
is genotype-dependent (Ordovas 2009). Nutrition's greatest opportunity and its most difficult
challenge will be in establishing these basic relationships and applying them to improving
the health of all individuals, at all ages, with the most obvious goal of actively preventing
disease. Nonetheless, nutrigenomics can only provide part of the answer to personalizing
diet. Other nongenetic factors are also intimately involved in an individual's phenotype, their
health status, and their risks of and trajectories toward different disease states.
Understanding the postgenomic and posttranscriptional events from single cells all the way
to whole body behaviors will also take part in the scientific underpinning of personalizing
diet and health. Once diet and health are understood, foods will need to be the central
providers and value generators of this systems approach to personalizing diet and health.

Food research is going to have its hands full in moving to personalized health, yet this is not
news. Food, as both a scientific field and a practical venture, has been changing
continuously for the past 100 years. The twentieth century experienced a massive
transformation in all aspects of the agricultural enterprise. Societies themselves changed
from rural, farm-dominated lifestyles to urban, technology-driven lifestyles. Agriculture
changed from many small family farms to a few corporate industries. Food as a business
went from a commodity-focused model, in which processing was performed mostly by
consumers in-house, to a product-focused model employing centralized, in-factory
processing. The food marketplace went from a clearing house for raw commodities to a
packaged, personal product showcase. The health challenges of diet went from solving
nutrient deficiencies caused by inadequate food choices to caloric imbalances caused by
inappropriate food choices. In turn, consumers' concerns of food changed from fear of acute
safety to fear of long-term health deterioration.

It is fashionable today to view all of these major changes in agriculture and food as being a
net failure simply because of the visibility of some of the health problems remaining. It is
true that twentieth century agriculture and food did not solve all of life's problems.
Nonetheless, the successes are undeniable and the epic challenge of feeding six billion
largely urbanized people, most of whom will live to an unprecedented lifespan, is vivid
proof of what is achievable. In fact, the knowledge gained during the past century of food
research on the composition of commodities and food materials, the structure-function
relationships of those biomaterials, and the technologies to disassemble and reformulate
complex, stable foods are precisely the capabilities needed to move adroitly into a more
personalized future. As health sciences identify the basis of human diversity and diagnostic
sciences commercialize technologies to bring personalizing health assessment to practice,
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the dexterity available to food manufacturing is ready to develop equally personalized diets
as health solutions. The first steps of functional foods, although clumsy, provide evidence of
how rapidly, seamlessly, and eventually effectively those solutions will emerge.

The systemic response of metabolism to the combined effects of nutrient status, genetic
background, epigenetic changes, lifestyle choices, and environmental fluctuations within an
individual at a specific point in time (e.g., metabolic phenotype) is potentially a more
sensitive and actionable reflection of nutritional and metabolic status. With such nutritional
and metabolic status indicators in place, intelligent interventions, including foods,
supplements, and lifestyle modifications, would be recommended to guide an individual's
metabolic phenotype in a more beneficial or personally desired direction. Such a vision
would bring a fundamentally different perspective to human diet management and empower
a much more detailed, interactive, and ultimately valuable industrial engine to delivering
health. At this point in time, it is appropriate to ask, where are we in the scientific
development of the needed tools and knowledge?

In this review, nutrigenomics is defined as the combination of three complementary areas:
(a) the direct relationship between nutrients and DNA to modify genetic expression, (b)
epigenetic interactions in which nutrients modify the structure of DNA (DNA methylation
and chromatin remodeling), affecting gene expression, and (c) genetic variations within
humans that relate to the variations between humans in their response to diet (single
nucleotide polymorphisms). The combination of these nutrient-gene mechanisms define an
individual's metabolic phenotype— measurable physical and biochemical characteristics,
including nutrient status and requirements (German et al. 2003).

Nutrigenomics and Food

The arrival of genomics is unquestionably altering our view of humans and informing the
next generation of disease care. However, for food science as an integrative field of science,
genomics will create an even wider range of opportunities. The same tools that probe genetic
and metabolic diversity of humans in their health-related responses to food can be used to
identify the diversity of personal sensory preferences to foods and sensitivities and
intolerances to food materials, as well as apply the same toolsets to probe food materials
themselves. Nutrigenomics will inform research into the nutritional requirements and
responses of humans and the genetic basis of their diversity across a wide range of traits.
Agricultural genomics of food commodities will in turn inform our understanding of the
biology, chemistry, and functionality of all the biomaterials that make up food (Sequencing
et al. 2009). The genomes of production animals will guide research into everything from
the efficiency of absolute production yields to redesigning the composition of edible tissues
to their protection from pathogens and toxins (Lemay et al. 2009, Sequencing et al. 2009).
One final subset of genomics is becoming increasingly interesting to food: metagenomics or
the genomics of microbial ecosystems. The genomes of microorganisms are already
redefining all aspects of microbial food safety and are beginning to guide the science of food
microbiology and its applications to professional microorganisms from enhanced
bioprocessing of foods to the explicit inclusion of live microorganisms for their food health
value (Sela et al. 2008).

Annu Rev Food Sci Technol. Author manuscript; available in PMC 2015 April 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

German et al.

Page 4

Genomics is also the centerpiece of systems biology as the science of understanding living
organisms and entire living ecosystems. Food is society's most important industrial system,
and many of the principles being developed in other fields of systems biology will apply to
food. One of the most obvious examples of a systems approach to food is lactation and milk.
The Darwinian pressure to supply a complete system of nourishment for offspring has
driven the development of an unparalleled bioreactor in mammals, the mammary gland
(Lemay et al. 2009). The structures, functions, and benefits of the components of milk
arising through evolution have guided nutrition research for over a century. The arrival of
mammalian genomes and the insights into molecular evolution that they provide will drive a
new era of research in which the biology of the mammary gland and lactation will guide a
much broader view of food research from ingredient functionality to bioprocessing.

Nutrigenomics: Essential and Nonessential Nutrients

The task of discovering the essential nutrients for human health is scientifically complete.
The public health mandate is now to ensure that everyone in the population chooses a diet
replete with these nutrients. The food strategy of ensuring adequacy of all of the essential
nutrients in a diverse population is to overdose everyone. This approach is based on an
important biological advantage. Because individual humans normally regulate each essential
nutrient relatively well across a wide range of intakes, it is possible to resolve the problem of
essential nutrients by ostensibly slightly overdosing most of the population. In spite of this,
subsets of the population still suffer from deficiencies or suboptimal intakes of essential
nutrients. This continuing problem of nutrient deficiency is due to overt poverty, food
choices, genetic polymorphisms that increase or modify needs, conditions or medications
that alter nutrient utilization or metabolism, or malabsorption syndromes such as celiac
disease. In some examples, such as vitamin D, unusual diets and lifestyle choices that
minimize alternative sources (e.g., sun exposure) are the basis of isolated inadequacies and
even deficiencies. In addition, using a one-size-fits-all model, population-based fortification
of one nutrient can lead to detrimental consequences. For example, the fortification of folic
acid in the food supply has not only concealed vitamin B12 deficient-anemia, but evidence
is emerging that this may result in impaired cognitive functioning in subsets of the
population (Refsum & Smith 2008, Winkels et al. 2008).

How will food recommendations deal with the biological reality that some individuals, even
following normal dietary guidelines, do not achieve effective nutrient adequacy? The causes
in many cases are genetic, and the field of nutrigenomics is actively tracking them down,
from the effects of dietary fat composition on plasma lipids (Ferguson et al. 2010, Joffe et al.
2010) and risk for obesity (Joffe et al. 2010) to the effect of epigenetics on the widespread
increased rates of food allergy (Allen & Martin 2010) (Table 1). The application of this
science will almost invariably require a more personalized approach to delivering essential
nutrients. Solving the problems of personalizing essential nutrient intakes will be simple
because they can be delivered as supplements. Personalizing the overall diet will not be as
simple.

Nutritional health depends on more than essential nutrient intake. In fact, the global
epidemic of noncommunicative diseases is largely driven by diets in which essential
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nutrition is adequate, but chronic imbalances of diet in a background of varying lifestyles
and genetics are causing metabolic diseases. In addition to the essential nutrients,
nonessential nutrients and other environmental factors also interact with the genome and
postgenomic products (Table 2). Such factors include diet composition, fiber, food structure,
and antioxidant capacity (Dominguez et al. 2010, O'Sullivan et al. 2010, Papathanasopoulos
& Camilleri 2009, Puchau et al. 2009), as well as environmental and metabolic regulation,
including gut microbiota composition (Vijay-Kumar et al. 2010), prebiotics (Cani et al.
2009), metabolic phenotype (Peppa et al. 2010), and activity (llanne-Parikka et al. 2010).
The goal of personalizing nutrition based on individuals' genotypic and metabolic variations
will first require the identification of responders from nonresponders to diet. Individually
and in concert, food commaodities will be produced to meet the growing health, metabolism,
performance, and cognitive demands of the consumer.

and Phenotype

Humans are different in their needs for and responses to the various components of a diet.
The active subject of research is exactly how and why. Identifying which of those
differences are due to heritable genetic sequence variations is a key area of ongoing
nutrigenomics research. The most complete picture emerging to date is the variation around
the metabolism of folic acid (Zeisel 2007). The common polymorphism in the methylene
tetrahydrofolate reductase (MTHFR) gene is associated with a functional difference in
metabolism in carriers. This variation affects both the absolute requirement of individuals
for the nutrient folate and has been recognized to be associated with an increasing number of
phenotypic outcomes, including heart disease (Gohil et al. 2009) and cancer (Galvan-Portillo
et al. 2009). Most importantly for the success of applying the genetics to nutrition, evidence
is emerging that folate supplementation in those carrying genetic risk due to MTHFR
reduces the incidence of various health problems associated with low folic acid status
(Galvan-Portillo et al. 2009).

Genotyping determines individual (or species) genetic variation, ranging in nucleotide
coverage from single allele and genome-wide determination of particular genetic differences
[e.g., single nucleotide polymorphisms (SNPs)] to complete genomic sequencing (Venter et
al. 2001). The tools used to conduct genotyping experiments include hybridization methods,
allele-specific polymerase chain reaction (PCR) [e.g., fluorescence resonance energy
transfer (FRET) primers], primer extensions (e.g., pyrosequencing), oligonucleotide ligation
(e.g., microarray ligation), rolling circle amplification, and endonuclease cleavage (e.g.,
restriction site analysis) (Syvanen 2001). By mapping genetic differences among individuals
and comparing them to phenotypic data, genome-wide association studies have led to the
discovery of hypothesis-generating associations between genetic variation and phenotypes
(Hindorff et al. 2009). Complete sequencing and mapping of all genetic variation in
association with phenotypes are proceeding with projects like the Human Variome Project
(Cotton 2007) and the 1,000 Genomes Project (Zhang & Dolan 2010). Variations in the
genome are associated with susceptibility or resistance to disease, and metabolic responses
to diet, pharmacology, and environment. Thus, metabolic phenotype is influenced in part by
developmental plasticity, by imprinting early in life, and by the interactions of
environmental factors over time. Both intrauterine signaling and early childhood
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environmental exposures influence full genotypic expression and ultimately metabolic
phenotype (Montmayeur & le Coutre 2009). For example, a polymorphism in a fatty acid
desaturase gene involved in long-chain polyunsaturated fatty acid (PUFA) synthesis is
associated with higher 1Q associated with breastfeeding, illustrating the crucial effects of
early imprinting (Caspi et al. 2007). The epigenetic control of gene expression by dietary
and environmental factors in utero determines lifelong health trajectories through DNA
methylation (Kim et al. 2009). In addition, nutrigenomic imprinting early in life modulates
gene expression during development and maturity, and enables an organism to respond to
environmental cues and adjust its phenotypic development to match its environment
(Gluckman et al. 2009). Such phenotypic plasticity demonstrates how natural selective
pressures influence the metabolic outcomes resulting from the interactions between genetic
variation and the environment. The high degree of developmental plasticity (Gluckman et al.
2009) and technology (Omenn 2010) has led to the widespread prevalence of positively
selected traits. However, by sharing the same genes and epigenetic regulation but not the
environment of our Paleolithic ancestors, contemporary humans are accosted with the
epidemics of metabolic diseases (Eaton et al. 2010). The goal of nutrigenomics is not to
persuade individuals to consume the diets and adopt the lifestyles of ancient hunter-
gatherers, but to identify phenotypic responses in the population caused by the interaction
between diet and genomic variation.

Probing Nutrigenomic Diversity: The Tools at Hand

The tools of systems biology are being used to examine the genetic variations in humans that
affect metabolic status and health, the variations in microbial pathogens that are threats to
food safety, the variations in microbial communities within humans that affect their health,
and the diversity of food and food commaodities. In addition to identifying genotypic
variation, a systems biology approach encompasses the use of highly sensitive, high-
throughput and comprehensive postgenomic technologies—transcriptomics, proteomics, and
metabolomics—combined with bioinformatics and multivariate statistics all directed to
discover how human phenotypes vary in response to diet and how those phenotypes could
be improved.

Gene Expression as an Output: Transcriptomics

Transcriptomics simultaneously measures thousands of transcripts from a tissue or biofluid
(Nguyen et al. 2002). DNA microarray technology and quantitative real time PCR have
successfully evaluated the interactions between diet and genes measured as changes in
genetic expression. Compared with traditional biochemical methods, transcriptomics is a
more sensitive and informative tool to assess nutrient status, including minor deficiencies
(Harvey & McArdle 2008) and metabolic responses to diet (Fukasawa et al. 2010). For
example, the upregulation of transcripts-related adverse changes in skeletal muscle function
and structure suggested that the current recommended daily allowance (RDA) for protein is
too low. This inadequacy of the RDA was not seen before with typical measurements of
protein sufficiency, including nitrogen balance and isotope labeling studies (Thalacker-
Mercer et al. 2010). Expression technology can also reveal the interactions between diet and
metabolic outcomes. Energy balance (Kallio et al. 2007), dietary structure (Crujeiras et al.
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2008, Fukasawa et al. 2010), and composition (Konstantinidou et al. 2010, Wang et al.
2008) have been shown to alter expression of genes involved in insulin sensitivity, lipid
metabolism, oxidation, immunity, and inflammation.

The tools of genomics research are being used in identifying functional molecular markers
in everything from human and animal health to accelerating crop improvement in efficiency,
nutrient quality, disease resistance, and safety (EFSA 2008, Kogel et al. 2010, Polesani et al.
2010). The knowledge gained from identifying the alleles at all loci in a population allow
breeders to design a genotype in silico based on the desired phenotype.

Protein as an Output: Proteomics

Proteomics is dedicated to describing the entire complement of proteins and their
modifications of cells, tissues, and organisms (Mischak et al. 2007). Unlike the human
genome, which is relatively fixed and steady throughout the human body, the human
proteome is far more complex and dynamic, varying over time and among cells. It is the
proteins themselves and their modifications that elicit their biochemical, physiological, and
structural functions in tissues and cells. Mass spectrometry platforms are used to detect,
identify, and quantify thousands of proteins in a sample (Cravatt et al. 2007). Still viewed as
the most challenging of the ‘omics fields, proteomics has struggled to reach a proof-of-
principle success story, in part because scientists are still coming to grips with the analytical
challenges posed by the true breadth and extent of protein diversity in biology. The use of
proteomics for biomarker identification and validation was imagined to revolutionize
clinical diagnostics. However, this most obvious application still faces several challenges
ranging from appropriate platforms (Rifai et al. 2006) to study design (Mischak et al. 2007)
to regulatory oversight (Regnier et al. 2010). Nonetheless, significant progress has been
made, and diagnostic products based on the simultaneous measurement of multiple proteins
are beginning to emerge (Kolberg et al. 2009). Notably, true proteomics is currently used as
the means to identify a subset of proteins that are carried forward as diagnostics.

Although consensus has yet to be achieved for the standardization and application of
proteomic technologies for use in the clinical setting, this field has revealed cutting-edge
breakthroughs for the fields of nutrition and food science. Proteomics is capable of exposing
many of the molecular mechanisms resulting from dietary interventions compared with
traditional biochemical methods. Parallel proteomic analysis from the livers of grape seed
extract—supplemented rats revealed 140 differentially expressed proteins, uncovering effects
of grape seed extract on a variety of biochemical processes, including zinc transport,
lipogenesis, G-protein signaling, and sulfur metabolism (Baiges et al. 2010).

For the fields of food science, biotechnology, and nutrition, proteomics is strategically
positioned for discovering functional foods with metabolic effects. This is especially
relevant in the research of plant- and animal-secreted proteins for breeding next generation
crop plants (Agrawal et al. 2010), in identifying novel clinical biomarkers (Pavlou &
Diamandis 2010), and in discovering therapeutic targets (Katz-Jaffe et al. 2009). The
secretome describes the global study of proteins that are secreted by a cell, tissue, or
organism at any given time or under certain conditions (Hathout 2007). During cellular
posttranslational modification, proteins become chemically modified, which plays a key role
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in product secretion. Furthermore, posttranslational modification also influences protein
biological and physiological functions such as cell signaling, cell recognition, and cell
protection. Rather than simply providing amino acid substrates, the complex proteins in milk
are secretory, which, as intact or partially digested products, exert bioactive functions
(Affolter et al. 2010, Froehlich et al. 2010, Kanwar et al. 2009, Mok et al. 2007). Food
science and biotechnology are beginning to exploit the health enhancing effects of bioactive
proteins and peptides of milk.

as an Output: Metabolomics

Metabolomics—the measurement of small molecules in biofluids, tissues, and cells using
spectroscopic analytical platforms—nhas been included in the National Institutes of Health
(NIH) roadmap as a core technology in the overall initiative to guide the development of
diagnostics and assist in delivering the therapeutic solutions to human metabolic diseases
(Zerhouni 2003). Metabolomics is more helpful in identifying the complexities of metabolic
regulation than measurements of single biomarkers using traditional biochemical methods
(Bakker et al. 2010). The metabolome, like the proteome, is not definable in the same sense
as the genome. Unlike the genome, which remains static, metabolites change in every cell
and body fluid, notably in response to food intake, for example (Zivkovic & German 2009).
All of our cells and biofluids contain a finite number of key metabolites, and metabolic
homeostasis is generally maintained so that the actual variations in any given metabolite
pool are typically minor relative to the abundance of the metabolites. These basic molecules
and their fluxes through human metabolism, i.e., those that all humans have in relatively
constant amounts (Bernini et al. 2009), include substrates, intermediates, and products of
endogenous metabolism (Holmes et al. 2008). Hence, the metabolome will remain a
discussable biological construction in which pragmatic clinical utility will require that
assumptions, protocols, and reference conditions are standardized. Nonetheless,
metabolomics is already proving to be informative in revealing the complex metabolic
effects to diet (Vinaixa et al. 2010), in predicting responders to drugs (Winnike et al. 2010)
and changes in body composition during energy restriction (Smilowitz et al. 2009), and in
identifying metabolic aberrations associated with disease (Yap et al. 2010).

Application of metabolomics specifically to the field of nutrition faces a number of
challenges. The ongoing development of analytical platforms is beyond the scope of this
review (Buscher et al. 2009, Dettmer et al. 2007, Issaq et al. 2009, Wikoff et al. 2009, Zhang
et al. 2009), and the challenges of identification are being addressed in part through
increasingly accurate libraries of metabolite spectra (mass, nuclear magnetic resonance, etc.)
and chemical properties of diverse biological samples (Forsythe & Wishart 2009). Defining
the molecules that constitute this core metabolite pool is an immediate priority. The Human
Metabolome Project (Forsythe & Wishart 2009) has established the first draft of this
endogenous metabolome. The problem of quantification is more daunting. Whether in early
discovery research or in clinical applications, probing an individual's nutritional status will
invariably require that the amount of metabolites, not their simple presence or absence, is
accurately determined. Studies that take quantitative measures of metabolites are already
revealing both the complexity of metabolism and the value of measuring it.
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Genomics of Food

The molecular tools used to elucidate the metabolic effects of genetic-nutrient interactions
are proving to be valuable across the food and agricultural sciences. The genetic structure
and expression of bovine genes identified numerous quantitative trait loci (QTL) affecting
nutrient quality and quantity (Naslund et al. 2008, Roy et al. 2006). Additionally,
recombinant technology has led to the production of food commaodities with bioactive
ingredients found in breast milk. Human genes for milk proteins with known bioactive
functions expressed in rice (Tang et al. 2010, Zavaleta et al. 2007) are resistant to heat and
acid/basic environments, thereby maintaining biological activities identical to their native
counterparts (Lonnerdal 2006). Interestingly, molecules found in milk, such as the products
of lactoferrin digestion, lactoferricin and lactoferrampin, exert their activities after exposure
to physiological processing. Recently, microbial peptide fusion to crystalline proteins
produced from genes cipA and cipB of Photorhabdus luminescens subsp. akhurstii led to
high-level expression and purification of these two proteins (Tang et al. 2010). Together, the
bioactive properties of milk, guided by natural selection and the applications of
biotechnologies to isolate them, are increasingly being viewed as a first generation
ingredient list for the production of functional and medical foods that address the targeted
health needs of individuals from diarrheal to metabolic diseases.

Commodity Genomes

Plants

Humans are not the only genomes of interest to food. The genomes of commaodity plants,
animals, yeast, molds, bacteria, and viruses are guiding scientists to understand nutrient
contents, stability, processing strategies, and safety.

Plant genomes tend to be monstrous due to polyploidy. Hence, the sequencing of entire plant
genomes lags somewhat behind other life forms simply because of the scale of the projects.
Nonetheless, a variety of agriculturally important genomes are complete or nearing
completion, and are forming the basis of a major knowledge resource for food research.
From the perspective of production agriculture, these genomes have already shown value.
Quantity traits for yield, pest resistance, and water stress are increasingly deliverable as
genetic inserts (Cui et al. 2008, Deshmukh et al. 2010, Fu et al. 2010, Zhang et al. 2009).
Similarly, there are striking examples of how specific crop plants can be manipulated to
improve their basic nutritional value (Hirschi 2009). However, nutritionists are still
struggling with the basic strategies for moving beyond the identification of genes associated
with essential nutrients to maximizing their agricultural suitability and nutrient
bioavailability. The genome of an organism represents the culmination of its evolutionary
history and the ensemble of genes emerging under the Darwinian selection pressures that
guided the organism's development. For plants, this pressure was applied, in part, by the
need to avoid the ubiquitous pathogens and aggressive predation by the other organisms in
their environment. Understanding these predatory influences and the strategies that different
plants have developed in the context of their overall genomes will be critical to appreciating
the net nutritional value when plants and plant parts are consumed (Lagaert et al. 2009). It is
also in this context of composition and protective strategies of plants that we need to
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understand the ingenuity of the vast array of food processing techniques that humans
invented as they first gathered and subsequently grew and harvested plant commaodities
(Anastasio et al. 2010, Reale et al. 2007, Sieuwerts et al. 2008).

The anthropological history of humans is consistent with a carnivorous hunter-predator wed
to an omnivorous gatherer. A diet rich in diverse animal products was clearly a part of our
evolutionary history (Braun et al. 2010). Humans migrated to and succeeded in a remarkable
breadth of environmental ecosystems literally from equator to pole (Wells & Stock 2007).
One intriguing additional complexity on human diets and evolution was the tantalizing
discovery of the confounding effects of cooking on the quality of diets (Carmody &
Wrangham 2009). Unquestionably, whether raw or cooked, the rich nutrient quality of
animal products was one of the enabling factors to the apparently healthy Paleolithic diet
and the spread of humans around the globe (Jonsson et al. 2009).

The challenges for modern animal products as food is to understand productivity and
bioactivity, and to defend their higher production cost using health and other value
attributes. The genomes of the major domestic agricultural animals—fish, chicken, swine,
beef, lamb, goat—are complete or in the final phases of assembly and annotation. Chicken
and bovine emerged as production animals for good reasons, and their genomes encode for
both the animals themselves and for the associated nourishing products, eggs and milk.
Productivity of the chicken is already a remarkable achievement in feed conversion and egg
production, and genomics is accelerating progress in research focused on minimizing
disease for production costs and food safety (Cheng 2010).

The bovine genome has only recently been completed but already considerable information
is emerging from genomics research on lactation and its various biological and nutritional
qualities (Lemay et al. 2009, Sequencing et al. 2009). Companion research is taking
advantage of sequence information to assemble the milk proteome (Affolter et al. 2010).
Genetic analyses are beginning to describe the natural variability in bovine species,
revealing the basis for differences in key nutrients in milk (van Hulzen et al. 2009).
Expanding to a systems biology approach, the bioprocess of lactation offers researchers
invaluable insight about the structures and functions of safe and effective bioactive
ingredients. Expression arrays can monitor the effects of breeding and dietary manipulation
(Carriquiry et al. 2009).

Microorganisms

Microbial fermentation is one of the mainstays of historic food processing (Poutanen et al.
2009), owing benefits to food stability, safety, and bioavailability, as well as myriad
advantages to the organoleptic properties of foods (Galvez et al. 2010). The concept that
living microorganisms or their direct products are valuable constituents of human diets
beyond the provision of specific vitamins is not new, yet it remains relatively unexplored
both scientifically and technologically.

Variation in the gut microbiota within and between individuals is large (Turnbaugh &
Gordon 2009). Modulation of gut microbiota could be a key component of personalized
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nutrition, as gut microbiota and their byproducts have been shown to alter host metabolome,
genome, transcriptome, proteome, and health status (Lewis & Burton-Freeman 2010). The
gut microbiome of individuals contributes to the variation in systemic energy balance.
Plasma urinary metabolites reflect human gut microflora metabolism and the obesity
phenotype (Calvani et al. 2010). The metabolism of indigestible carbohydrates by gut
microbiota can alter energy extraction from the diet by the host (O'Keefe 2008). Short chain
fatty acids produced by microflora represent 7% of the substrates that enter gluconeogenesis
(Ford & Simmons 2008) and 5%-15% of the total human energy requirement (Neish 2009).
However, it is unknown how different dietary components enhance the selective growth of
one microbial population over another to produce desirable systemic metabolic
consequences. The intimate link between gut microbiota composition and health is
demonstrated by the prepathogenic state induced by the inoculation of germ-free mice with
human bacteria (Martin et al. 2007, Rezzi et al. 2008), the priming of the innate immune
system by microbiota-produced peptidoglycans (Clarke et al. 2010), and the association of
specific bacterial populations with obesity (Lewis & Burton-Freeman 2010, Turnbaugh et al.
2008, Vrieze et al. 2010).

Diet can alter host microbial composition based on carbohydrate and fiber content,
cruciferous vegetable and fat intake (Benus et al. 2010, Carroll et al. 2009, Hildebrandt et al.
2009), and through direct inoculation via fermented or functional foods (Sanders & Marco
2010). Prebiotics have been shown to alter host microbiota (Candela et al. 2010). For
example, oligosaccharides in human milk selectively feed the beneficial gut bacteria
Bifidobacterium longum subsp. infantis to the exclusion of other bacteria (Sela et al. 2008),
and the prebiotic panose shows in vitro stimulation of Bifidoba terium growth and reduction
in Bacteroides and Clostridium growth (Mékel&inen et al. 2009). Modulation of gut bacteria
with prebiotics has been shown to reduce intestinal barrier dysfunction, endotoxemia, and
systemic and liver inflammation induced by a high-fat diet (Cani et al. 2009) and improve
cholesterol homeostasis (Martinez et al. 2009). It is clear that human gut microbiota have
profound effects on human metabolism, gene expression, and health. Identifying these
microbial-food interactions has biological potential and holds innovative promise for
developing new metabolically targeted foods, which will lead to improved health,
metabolism, and protection.

Intestinal Function: from Immunity to Microbiology

Dietary compounds and nutrients have widespread effects on gene expression in all tissues,
including the intestine. Their effects can be either direct (e.g., as ligands for nuclear
transcription factors) or indirect. The indirect effects of dietary compounds on intestinal
function and gene expression can be manifested in a number of ways as whole compounds
or as modified, metabolized, or hydrolyzed molecules (e.g., peptides). For example,
consumption of human milk oligossaccharides, which are completely indigestible by the
developing neonate, are actually consumed by specific strains of bifidobacteria that are
posultated to maintain a healthy gut (Zivkovic et al. 2010). Although still in its infancy, the
relationship between dietary components and the modulation of gut microflora has recently
received a great deal of interest as a result of the Human Microbiome Project (Turnbaugh et
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al. 2007) as well as in research highlighting the importance of the interaction between diet
and the intestinal microbiome as a new dimension of human health.

The modulation of the immune system in the gastrointestinal tract by food compounds is
involved in the induction of oral tolerance or the suppression of immune response to food
antigens. Food proteins (e.g., antigens) may have direct effects on intestinal immune cells,
inducing phenotypic maturation and the secretion of specific cytokine profiles, which in turn
have a net effect on T cell activation and immune response (MacDonald et al. 2009). It also
appears that the timing of introduction of foods in early childhood can determine the risk of
developing food allergies and autoimmune disease (Prescott et al. 2008), and that these
effects are mediated in part by the host-microbe interactions.

Dietary compounds also play a key role in the establishment of infant gut microflora.
Specific constituents in human milk guide the colonization of the infant gut by selectively
promoting the growth of specific microbial populations. B. longum subsp. infantis found in
the intestine of breast-fed infants is the first bacterial strain to be characterized as selectively
supported by constituents in human milk (LoCascio et al. 2007). The genomic sequence and
metabolic characterization of B. infantis revealed multiple genes in four discrete clusters that
are required to digest, metabolize, and ferment the oligosaccharides in human milk and thus
support its ecological niche in the infant.

Adipose Tissue: Efficiency or Dysfunction?

Adipose tissue is not a new theme of nutrition-related research. The importance of this
dynamic tissue to metabolic health and disease has brought adipose to modern celebrity
status. The attention is warranted by the dramatic increase in the global prevalence of
obesity (Balkau et al. 2007). The variations in the development and consequences of obesity
are due in part to the complex interactions of genetic predisposition (Bochukova et al. 2010,
Cauchi et al. 2009, Cheung et al. 2010, Walters et al. 2010) and genetic-nutrient interactions
(Garaulet et al. 2009, Warodomwichit et al. 2009). The burgeoning field of nutrigenomics
has taken on a tremendous feat to discover interactions between genetic variation and diet to
produce measurable phenotypes ultimately stratified into subject cohorts as responders and
nonresponders to various food-based solutions. For example, carriers of the ADIPOQ
-11391 G>ASNPhad both lower BMIand risk of obesity when monounsaturated fat
(MUFA) was =13% of total energy intake. However, the effect of genetic variation on
disease risk was not found in =11391A carriers in which MUFA intake was <13% of total
energy (Warodomwichit et al. 2009). Intake of MUFA 213% of total energy was associated
with higher fasting plasma concentrations and HOMA-IR (a measurement of insulin
resistance) individuals carrying the major allele rs4850704 CLOCK gene (Garaulet et al.
2009).

As the field of nutrigenomics offers great insight in the interactions between genes and diet,
many challenges remain. Research in the field of nutrigenomics does not only require large
and long validation studies necessary to identify all of the nutrient-gene interactions and
their phenotypic outcomes. The clinical relevance attributed to the genetic causes of obesity
is quite small and are not translatable to all individuals in the population (Cauchi et al. 2009,
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Cheung et al. 2010, Han et al. 2010, Wen et al. 2010). Obesity is a complex multifactorial
metabolic disease such that its causes, and approaches for its treatment and prevention, will
vary within the population. Nutrigenomics alone cannot identify all of the variation that
determines metabolic responses to food. Metabolic regulation is a result of the complex
interactions between genomics, metabolic phenotype, and environment—Iargely diet.

Attempts to elucidate gene-diet interactions have largely focused on composition, yet food
structure influences the rate at which dietary composition—substrates and intermediates of
metabolic pathways—flux into circulation and influence hormones and enzymes that
regulate metabolic pathways. For example, a low- versus high-glycemic index dietary
challenge administered after a bout of exercise increased the gene expression and protein
levels of the fatty acid transporter (FAT/CD36) of skeletal muscle (Cheng et al. 2009),
partially explaining how low-glycemic meals enhance fatty acid oxidation (Stevenson et al.
2009). Using an integrated ‘omics approach, carbohydrate structure alters the serum
metabolic profile, involving lysophosphatidylcholine species, and mRNA expression of
stress reactions-related and adipose tissue differentiation-related genes in adipose tissue,
demonstrating that high glycemic carbohydrates elicit proinflammatory responses involved
in adversely altering insulin and glucose metabolism (Lankinen et al. 2010). Manufacturing
foods that will target metabolic pathways of interest requires understanding how food
composition and structure interact with the dynamic complexity of all metabolic processes.

Skeletal Muscle: are Athletes Born or Made?

Epidemiologic data show profound benefits of exercise to health, protection from disease,
even longevity (Sun et al. 2010), yet this would seem paradoxical. If you want to increase
the longevity of your car, you keep it in the garage. Why does moving your muscles
improve the health of not only your muscle but apparently everything else? Skeletal muscle
has been studied for its impact on multiple aspects of metabolism, physiology, and
immunology. These studies provide interesting roles for skeletal muscle in everything from
glucose clearance and diabetes protection to fat oxidation and protection from obesity.
However, these are all acute effects. It took studies on organelle-biogenesis to reveal the
mechanism behind long-term, systemic protection. The understanding of cellular responses
to exercise links genetic regulation of mitochondria biogenesis to tissue protection
(Handschin & Spiegelman 2008, Narkar et al. 2008). In effect, stimulation of muscle via
exercise signals the transcription coactivator PGC1-a, which simultaneously controls the
complete system of mitochondrial biogenesis and a variety of muscle phenotypic features
(Calvo et al. 2008). In parallel, PGC1-a stimulates the expression of a wide range of genes
that protect against precisely the consequences of mitochondrial activity and reactive oxygen
(Handschin & Spiegelman 2008). In turn, the activity of these genes facilitates protection
from a wide range of cellular toxins. Demonstrating this molecular mechanism, the single
insertion of PGC1-a in a murine genetic model produces the same exercise protection from
sarcopenia during aging without the exercise (Wenz et al. 2009).
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Nutrigenomics and the Liver

Probing the liver's status with measures of its metabolic products has been a hallmark of
diagnostics for decades (e.g., the measurement of plasma lipoprotein cholesterol as a marker
of heart disease risk). How much variation is genuinely genetic, and how much is
postgenomic and diet dependent? Several recent articles characterized the general effects of
high-fat diets as well as the specific effects of individual fatty acids and plant-derived
compounds on hepatic gene expression, particularly those involved in lipid metabolism.
Researchers found a multiphasic adaptation response to high-fat feeding in a mouse model
of obesity and metabolic syndrome, which was characterized by an inflammatory, lipotoxic
early phase and a steatotic, adipogenic late phase (Radonjic et al. 2009). The inflammatory
effects associated with the early phase were largely regulated by NFkp, whereas the steatotic
phase was largely mediated by PPARYy, suggesting two distinct transcriptional programs at
work in the acute response compared with the chronic response to high-fat feeding in mouse
liver. In rats, a long-term, high-fat diet was associated with greater weight gain, a greater
increase in adiposity, and increased expression of metabolic genes in adipose tissue and
muscle of female rats compared with male rats (Priego et al. 2008). In male rats, the
increased expressions of PPARa and CPT1 in the liver were associated with higher liver
triglyceride content and higher blood insulin compared with female rats, suggesting gender-
related differences in fuel partitioning between the major metabolic organs in response to
high-fat feeding in rats. Researchers also found that longer-chain, more unsaturated fatty
acids had much stronger effects on gene expression in mouse liver than did shorter-chain,
more saturated fatty acids, which were mostly mediated by PPARa (Sanderson et al. 2008).

A number of recent nutrigenomic studies have revealed important features of metabolic
regulation mediated by PPARs. PPARq is known to be responsive to dietary fatty acids, but
recent evidence points to its sister transcription factor, PPARP/S, as the sensor of plasma-
free fatty acids in the liver. Researchers showed that transcriptional activation of PPARp/S
genes Lpin2, a gene involved in lipid metabolism, followed plasma-free fatty acid
concentrations, whereas this was not the case for PPARa (Sanderson et al. 2009). A more
recent study by the same group further showed that PPARpB/S deletion resulted in
upregulation of pathways related to innate immunity and inflammation, and downregulation
of pathways related to lipoprotein metabolism and glucose utilization, which was correlated
with increased plasma glucose and triglycerides (Sanderson et al. 2010).

In contrast to the metabolic response of dietary fats alone, consumption of grape seed
proanthocyanidins on the background of a high-fat diet attenuated the increased expression
of hepatic genes related to lipogenesis and lipoprotein secretion, and normalized plasma
triglycerides and LDL-cholesterol in rats (Quesada et al. 2009). Grape seed flavonoids were
also found to regulate the expression of genes involved in oxidative stress (Puiggros et al.
2009). Sesame seed lignans, however, increased the expression of genes involved in fatty
acid oxidation in male rats, as well as increasing the expression of other proteins involved in
fatty acid transport (Ide et al. 2009).
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Personalizing Health and Nutrition

The ultimate goal of personalizing nutrition is to enable each individual to be guided by
predictive knowledge of their personal health to diets that prevent disease and maximize
health potential. To achieve such a goal, the science needed will extend from new accurate
and predictive measures of health based on molecular signatures of metabolites, proteins,
transcripts, genes, and microbiota (Panagiotou & Nielsen 2009). The need for personalized
nutrition is derived from the recognition that people are metabolically, physiologically, and
genetically different and therefore have different responses to food compounds (Panagiotou
& Nielsen 2009). These differences are not just genetic but also extend to age, current
lifestyle, and prior lifestyle (Zivkovic et al. 2009). For example, it is clear that the diet of an
elderly person should be different than the diet of an elite athlete, as these two groups have
unique needs and requirements. The differences between individuals are not simply a
reflection of acute needs for fuel and protection.

The increasing incidence of diet-related metabolic disorders such as obesity, being
overweight, hypertension, and diabetes in Western populations, although considered
epidemic, are affecting the population differently and indeed some populations appear
unaffected (Alberti 2001, Watzke & German 2009). Hence, the health and economic cost of
noncontagious disease has made the need for a more personalized approach to nutrition
particularly apparent. Personalization of aspects of diet as simple as total caloric intake are
needed, as research shows that for many, their diets today are unbalanced simply in terms of
calories and macronutrients (Popkin 2006, Watzke & German 2009). Despite the visible
effects of an unbalanced diet and individual awareness of the problem, people continue to
struggle with changing their health trajectories (Petrovici & Ritson 2006, Watzke & German
2009). The question for the entire agriculture and health sector, however, from consumers to
industries, from health regulators to educators, is how do you personalize this massive
global enterprise?

The Commercialization of Personalized Diets

Achieving personal health will require that entire diets are personal not just occasional
foods. This means that at the most basic level nutritional needs are integrated in some way
with all foods consumed in a day. Entire diet plans that deliver all foods in a day to each
individual match this nutritional need, but such approaches destroy the traditional joy of the
diversity in the open food marketplace and are unlikely to be sustainable for this reason
alone. Knowledge-based foods systems that combine the ability to formulate dietary needs
for each individual and yet allow for personal choices are needed. Once basic nutritional
needs are met, opportunities to providing for the more personal aspirations for health will
invariably arrive. Developing diets based on individual metabolic, performance, and even
cognitive needs are first steps, and food products and devices are already reaching the
marketplace. The substantial research accomplishments in genetic diversity of humans will
be valuable, but likely only for a subset of consumers for whom genotype is particularly
predictive. Food companies have created diets for such individuals based on genetic analysis
of up to 30 gene polymorphisms (McCabe-Sellers et al. 2009). This technology allows
individuals to make meal choices and produce this meal from basic ingredients.
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Sensation is food's greatest asset. Food is critical to one's quality of life, and the freedom to
choose foods that we each find delicious is synonymous with success at every
socioeconomic level. The food marketplace is driven by personal choice. And, from a
nutrition perspective, sensation drives compliance. Individuals, whose diets are imbalanced,
still find that foods that make up the diet are attractive. How can these disparate forces be
reconciled? How can the foods that are most personally healthy be most personally
delicious? Is it even possible? From a biological perspective, only the sensation of taste is
innate (Chandrashekar et al. 2006). That is, we are born liking the tastes of sweet, salty, and
umami and born disliking bitter and sour. These taste preferences are thought to be the
logical drivers of nutrition (essential fuel, salt, amino acids, and toxicity), secondary plant
metabolites, and spoilage (Hevezi et al. 2009, Liman 2006). The balance of sensory
preferences—olfaction, texture, and sound—are almost completely learned (Beauchamp &
Mennella 2009). That is, however delightful or repulsive you find a particular aroma, you
have personally acquired that preference within your lifetime. Scientific research is rapidly
building a detailed mechanistic understanding of these innate and learned processes and how
they differ and how different commodities interact with these sensations (Crowhurst et al.
2008). Understanding the sensation of foods and the variation in human responses is
providing clues to how particular individuals self-select inappropriate diets (Garcia-Bailo et
al. 2009). An obvious next step is to simultaneously match genetic health needs with sensory
preferences into organoleptic-based, personalized foods.

Conclusion

The nutritional status of humans remains a major challenge for public health agencies,
clinical practices, and the food industry, as people around the world are suffering diet-
related illness due to inappropriate food choices and lifestyles. Routine assessment could
provide the means to recognize individual variations in nutritional status, but a merging of
scientific knowledge and commercial innovation will be needed to bring such assessment to
practice. Technologies of assessment from genotyping to metabolomics and imaging to
activity measurement are bringing diagnostic sciences to health practice. Engineering
innovations are actively developing analytical platforms capable of providing these
measures fast and cheap in accessible biological fluids. In parallel, the scientific community
is beginning to apply these tools to annotating how these genetic, metabolic, and
physiological profiles differ in individuals according to their health. Electronic databases are
being designed to house the results of this initiative as public knowledge resources. The first
generations of these innovations are likely to be in more acute health problems. For
example, the dysregulations in hepatic lipid metabolism are at the center of a new diet-
disease paradigm (metabolic syndrome, type 2 diabetes, obesity) and are amenable to a first
generation of personalizing health through metabolic assessment. The first proofs of
principle building the knowledge to bring actionable diagnostics to food and diet practice are
now appearing. In time, personalizing diets to enable each individual to achieve their own
aspirations for health will realize a major change in the human condition. We will look back
and ask what took so long?
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Table 1
I nteractions between essential nutrients and gene polymor phisms on clinical outcomes
Nutrient Gene polymor phism Effects on nutrient status Clinical manifestations References
Calcium Calcium sensing receptor (CASR) | Loss of function for calcium, Association with bone (Laaksonen et al.
A986S associated with higher serum mineral density 2009)
calcium, and higher urinary
calcium excretion
Selenium Missense mutation in selenium Causes defective Defective thyroid function | (Hesketh 2008)
binding protein 2 (SBP2) selenocysteine insertion
sequence (SECIS)-driven
selenocysteine incorporation,
downregulates expression of
selenoproteins
Iron Human hemochromatosis protein Bothl87C>G or 845G>A Iron overload, liver (Hulgan et al.
(HFE) 187C>G or 845G>A associated with iron overload cirrhosis, and 2008)
(hemochromatosis) cardiomyopathy,
especially in diets high in
iron
Folate 5,10-methylenetetrahydrofolate Causes a 70% reduction in Hyperhomocysteinemia is | (Ericson et al.
reductase (MTHFR) 677C>T MTHFR activity, associated with increased 2009, Friso &
hyperhomocysteinemia and risk of coronary heart Choi 2002, Hustad
reduced plasma folate disease, neural tube et al. 2004,
concentration defects, occlusive Messika et al.
vascular disease and 2010, Simopoulos
breast cancer. In carriers, 2010)
sufficient folate dietary
intake decreases risk of
colorectal cancer, and
deficiencies increase risk
of colorectal cancer
Sodium Angiotensin gene (AGT) The A substitution in AGT Carriers of the A allele (Simopoulos 2010)
nucleotide -6 G>A, affects the interaction between | respond to low sodium
at least one trans-acting diets with reductions in
nuclear factor and its blood pressure; GG
promoter, resulting in genotype is not salt-
increased gene transcription sensitive
and increased angiotensin
protein levels
Vitamin D Vitamin D binding protein DBP-1 | SNPs for DBP-1 and DBP-2 Unclear whether carriers (Sinotte et al.
(rs7041, exon 11 T>G) and are inversely related to levels would benefit from 2009)
DBP-2 (rs4588, exon 11C>A) of circulating 25(0OH) vit Dz in | dietary supplementation
premenopausal women Or sun exposure
Vitamin K Vitamin K epoxide reductase Associated with vitamin K Increased risk of arterial (Suh et al. 2009)
complex subunit 1 (VKORC1)j - recycling, vitamin K- vascular disease such as
+2255T>C dependent clotting factors and | stroke, coronary heart
Warfarin resistance disease, and aortic
dissection
Vitamin A p-carotene 15,15’-monoxygenase | Carriers of 267S or 267S + Increased risk for vitamin | (Leung et al. 2009)

(BCMO1) R267S (rs12934922)
andA379V/(rs7501331)

379Vhave reduced activity in
converting B-carotene to
retinal

A deficiency, when B
carotene is the major
dietary source

Vitamin B12 (cobalamin)

Methionine synthase TCN2
776C>G and 67A>G

Causes hyperhomocysteinemia

Associated with birth
defects

(Brouns et al.
2008)

Carbohydrates

Beta-2-adrenergic receptors Q27E

Unknown

Higher risk of obesity in
female carriers with

Annu Rev Food Sci Technol. Author manuscript; available in PMC 2015 April 29.

(Martinez et al.
2003)



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

German et al.

Page 28

Nutrient

Gene polymor phism

Effects on nutrient status

Clinical manifestations

carbohydrate intake >49%
of energy

References

Omega 3 and 6 fatty
acids

Fatty acid desaturase, FADS SNP
rs 174537

Lower plasma arachidonic and
eicosapentaenoic acids and
higher plasma alpha linolenic
and linoleic acids in carriers of
the minor allele versus
noncarriers.

The minor allele
homozygotes (TT) have
lower plasma total
cholesterol and LDL-C
compared with
noncarriers

(Tanaka et al.
2009)
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I nteractions between nonessential nutrients and genomic and postgenomic products

Nutrient

Target

Outcome

References

Isothiocyanates

Glutathione S-transferase (GST) subtypes
M, T, and P

Deletions in GSTM1 and GSTT1
result in defective enzymatic
activities and decreased carcinogen
detoxification capacities; high
isothiocyanate intake by GSTM1 and
Tl carriers had decreased colorectal
cancer risk

(Seow et al. 2002)

Carotenoids

Manganese superoxide dismutase
(MnSOD) AlaléVal

Reduced MnSOD activity and lower
response to oxidative stress; dietary
carotenoids increase risk of cancer for
carriers

(Mikhak et al. 2008)

Lipoic acid

Gene expression for B cell receptor, T cell
differentiation signaling pathway, and free
radical scavengers

Supplementation reduces high fat
diet-induced chronic oxidative stress
and immuno-suppression in mice
jejunum

(Cui et al. 2008)

Catechin

Gene expression for adhesion molecules,
energy and lipid metabolism, lipid
trafficking

Supplementation reduces
atherosclerotic lesion development in
apo E-deficient mice

(Auclair et al. 2009)

Gene expression for mitochondrial activity

Supplementation with regular
exercise ameliorates age-associated
decline in physical performance in
mice

(Murase et al. 2008)

Cholesterol

7-alpha hydroxylase (CYP7A1) A278C

Larger increase in plasma HDL-C in
carriers in response to a cholesterol-

rich diet; elevated LDL-C is found in
homozygous carriers

(Hofman et al. 2004)

Fiber

Adiponectin (ADIPOQ) rsI501299

Lower plasma ADIPOQ levels in
carriers when fiber intake was low;
associated with increased risk of
childhood obesity

(Ntalla et al. 2009)

Saturated fat (SFA)

Scavenger receptor class B type | (SRB-I)
gene, -1 G->A

Higher plasma LDL-C in
heterozygote carriers in response to
an SFA-rich diet; carriers had greater
reductions of plasma LDL-C after
switching from a high SFA diet to
high carbohydrate diet compared with
noncarriers; possible increased risk
for atherosclerosis when consuming a
SFA-rich diet.

(Perez-Martinez et
al. 2005)

Apolipoprotein E (ApoE), E2 and E4
alleles

Larger increases in plasma LDL-C in
response to SFA intake in E2 and E4
carriers; impact of SFA intake on
incidence of myocardial infarction is
more evident in the E2 and E4 allele
carriers than noncarriers

(Minihane 2010)

Sesame seed lignans

Gene expression for hepatic genes involved
in fatty acid oxidation and fatty acid
transport

Unknown

(Puiggros et al.
2009)

Grape seed proanthocyanidins

Gene expression for hepatic genes related
to lipogenesis and lipoprotein secretion

Normalized plasma triglycerides and
LDL-C on a high fat diet

(Quesada et al.
2009)
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Nutrient Target Outcome References
Choline Epigenetic modification Reduction in methylation influences (Mehedint et al.

on neurogenesis, including increased
neural tube closure defects in infants
of mothers with choline deficiency;
maternal choline intake during early
pregnancy is associated with
increased hippocampal progenitor cell
proliferation, decreased apoptosis,
and enhanced visual-spatial and
auditory memory in rodents'
lifetimes; prevents memory loss
during aging

2010, Zeisel 2009)

Soy isoflavones

Gene expression for cell adhesion,
apoptosis, autophagy, cell cycle, cell
differentiation, DNA associated proteins,
mRNA processing and splicing, transport,
and inflammatory responses

Protection against oxidative stress
and cancer

(Barve et al. 2008)
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