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Analogous to precision medicine, precision nutrition aims
to tailor nutritional recommendations based on personal
needs to optimize health. The field of nutritional genomics,
which refers to the bidirectional interplay between dietary
nutrients and the genome, is providing some of the nec-
essary scientific evidence for precision nutrition. However,
the extent of the clinical utility of nutritional genomics
largely depends on the mode of disease/trait inheritance
and remains unclear for prevalent, complex diseases, such
as obesity, heart disease, and type 2 diabetes. Because
genomic technology is now readily accessible through af-
fordable personal DNA tests, it is now critical for nutri-
tionists to establish a basic understanding in nutritional
genomics to evaluate the validity of genetics-related “health
claims” being provided by direct-to-consumer genetic
testing companies. In this review, we provide examples of
successful nutritional genomics studies, review current
limitations, provide guidelines to evaluate health claims,
and lastly discuss possible avenues and future outlooks for
precision nutrition. Nutr Today. 2019;54(5):188-194

The prevalence of noncommunicable diseases (NCDs),
such as obesity, cardiovascular disease, diabetes, and
cancer, continues to rise globally.! In the United States,
recent estimates of these diseases range from 9.4% for
diabetes” to 37.7% for obesity.? In addition to the major
public health burden inflicted by NCDs is a substantial
economic burden, estimated to cost a staggering $94.9
trillion for chronic conditions in 2015-2050 in the United
States.” Pharmacological and lifestyle interventions, in-
cluding dietary, constitute the major effective strategies for
the prevention, management, and treatment of several
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NCDs, as agreed upon by global health guidelines, such as
the World Health Organization’s Guidelines for the Pre-
vention of Cardiovascular Disease.” Whether these strat-
egies could be tailored and personalized to meet an
individual’s need is a major area of interest, which fueled
the recent “precision medicine” movement.®

Precision medicine is largely focused on genetics as a
result of the completion of the Human Genome Project in
2003,” along with other significant advancements in bio-
informatics.® Through studying family pedigrees and twin
pairs, population geneticists have identified that genetics
is a substantial contributor, with varying importance, to
many NCDs and personal traits including those of nutri-
tion relevance.” For example, a classic twin study from the
1990s compared the correlation of body mass index (BMI)
between pairs of identical and fraternal twins who were
raised together and those who were raised apart and
identified that up to 70% of the variation in BMI is in-
fluenced by genetics.'” Because susceptibility to nutrition-
related NCDs and dietary preference is in part also regulated
by genetics, it became evident that nutritional needs and
advice may need to vary from person-to-person based
partly on one’s genetic profile. Thus, analogous to preci-
sion medicine, precision nutrition aims to craft and tailor
nutritional recommendations based on personal needs to
optimize health."*

The field of nutritional genomics, which refers to the
bidirectional interplay between dietary nutrients and the
genome,’ is providing some of the necessary scientific
evidence for precision nutrition. The field deals with
how genes may influence and modify the health impact
of dietary nutrients (nutrigenetics) and also how nutri-
ents may alter the expression or programming of specific
genes (nutrigenomics). Nutritional genomics can serve
2 main purposes: biological and clinical. First, insights
from nutritional genomics studies can advance our un-
derstanding of biological mechanisms that link dietary
nutrients to disease. For example, a finding that sugar-
sweetened beverages (SSBs) lead to a 12% increased risk
for gout among those with a specific defective form of the
SLC2A9 gene, which encodes a transporter that eliminates
uric acid, helped advance our understanding of the con-
tribution of fructose-containing SSBs in increasing blood
levels of uric acid (a risk factor for gout).'* These mech-
anistic understandings, however, are mostly possible when
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the genes being investigated have a known biological
function, which is often not the case. It is important to note
that other defective forms of the SLC249 gene exist, and
not all have been evaluated for a response by fructose
consumption. Second, findings from nutritional genomics
research can inform clinical practice for personalized
nutrition recommendations or precision nutrition. The
clinical application of nutritional genomics is currently at
its infancy.

The extent of the clinical utility of nutritional genomics
largely depends on the mode of disease/trait inheritance,
that is, how much of the disease/trait is regulated by ge-
netics and known genes.” For Mendelian diseases/traits,
specific genes, often with known functions, are domi-
nantly or recessively passed down from parent to off-
spring and directly influence the disease/trait.'® In these
cases, a genetic mutation results in the altered function,
localization, or presence of proteins that are involved in
molecular pathways essential to the disease/trait biology."
For example, in sickle cell anemia, a mutation in HBB,
a gene responsible for making hemoglobin in red blood
cells, impairs the functionality of this oxygen-carrying
protein.’* A nutrition-related example is lactase persis-
tence or the continued production of the lactase enzyme
past childhood, which enables dairy tolerance during
adulthood."® Carrying one of several genetic forms of LCT,
the gene encoding the lactase enzyme directly enhances
the expression of the lactase enzyme at the jejunal brush
borders in the small intestines. Carrying the form of LCT
that enhances lactase enzyme enables dairy tolerance dur-
ing adulthood without abdominal pain and distension.'”
Because of the known effect of the LC7 gene on the lactase
enzyme, the known biological role of this enzyme on lac-
tose digestion, and the known consequences of a mutated
form of the gene with lactose consumption on health and
well-being, personalizing dietary recommendations based
on the form of LCT is, for the most part, intuitive. These
links, however, are often less apparent for most other
diseases/traits as their genetic components are complex.
Most nutrition-related diseases/traits, particularly NCDs
of great public health concern such as obesity, have non-
Mendelian modes of inheritance as they are influenced
by numerous (tens, hundreds, and possibly thousands)
genes and are further shaped by the environment and are
therefore complex.® Recent advancements in genetics,
ranging from candidate gene association studies and large
genome-wide association studies, have enabled the genetic
mapping of specific genetic variants that partly contribute
to the complex diseases/traits that manifest as NCDs. These
genetic variants, that is, nucleotide alterations to the DNA
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sequence, are called single-nucleotide polymorphisms
(SNPs) and constitute one of several sources of variation in
the human genome.” Since 2007, when the first genome-
wide association study for age-related macular degener-
ation was published,'® more than 5500 genome-wide
association studies have been conducted for various
traits and diseases. These studies have identified more
than 71 500 genetic variant-trait or disease associations
described in more than 3500 publications and cataloged in
the NHGRI-EBI GWAS Catalog (https://www.ebi.ac.uk/
gwas/home)."” These associations include SNPs for dis-
eases, such as obesity, heart disease, and insomnia, and
traits, such as body weight, eye color, and sleep duration.
Similarly, genetic studies for nutrition-related traits have
all unraveled contributing genetic variants such as mac-
ronutrient intake,'® fish intake,'” and circulating vitamin K
concentrations.”” Unfortunately, in most cases, the bio-
logical mechanism explaining the link between the iden-
tified genes and the disease or trait of interest is not yet
known. As a result, a clear and “intuitive” relationship
linking nutrient to genetic variant to disease cannot be
established easily. With complex genetic architectures and
unclear underlying biology involving genetics and the
environment, the clinical utility of nutritional genomics for
some of the most pertinent diseases remains indiscernible.

Nevertheless, few nutritional genomics studies inves-
tigating complex diseases, such as heart disease, have
provided compelling evidence suggesting that diet may
still be successfully personalized based on genetics. These
findings indicate that certain foods or nutrients are bene-
ficial for some with a specific genetic profile, but detri-
mental for others with a different genetic profile. We have
compiled a list of such published nutritional genomics
studies.?! Here, we provide 2 examples to demonstrate 2
different forms of those studies.

The first example is related to coffee intake, CYP1A2,
and myocardial infarction.?® CYPIA2 is a gene that en-
codes an enzyme that metabolizes caffeine and exists in
2 forms: a rapid metabolizing and a slow metabolizing
form. In this study, the investigators find that among those
with the genetic variant encoding the slow metabolizing
form of the enzyme there is 64% higher odds of having
myocardial infarction when consuming 4 cups of coffee
per day compared to less than 1 cup of coffee per day.
Among those with the fast metabolizing form of the en-
zyme, however, there is no apparent link between cups of
coffee and myocardial infarction. The recommendation
based on these findings is limiting coffee intake for those
with the slow metabolizing form of the gene.

The second example is related to SSBs, an obesity ge-
netic risk score, and obesity.*® Rather than investigating
single genes, the investigators have generated a score
that aggregates multiple genes that predispose to obesity.
The findings indicate that, for individuals with a genetic
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predisposition to obesity, consuming SSBs results in a
much higher risk of becoming obese. In other words, a
genetic profile predisposing to obesity was exacerbated
by higher consumption of SSBs. Unlike the first example,
rather than focusing on a single gene, a score was devel-
oped aggregating multiple genes all known to influence
the obesity, the outcome, rather than the nutrient. Fur-
thermore, although the genes are known to associate with
obesity, their exact biological mechanisms are unknown.

These 2 examples, as well as others like them, should
be treated as preliminary for several reasons of which we
describe 4. First, unlike our Mendelian example, many
nutritional genomics findings for complex traits have weak
underlying biological mechanisms convincingly supporting
the interaction findings. Indeed, in most cases, potential
mechanisms are merely speculated, but not rigorously
tested. Second, few discovered gene-diet interactions have
been reevaluated, replicated, and independently validated
in additional studies. A recent study aimed at evaluating
the robustness of existing findings on gene-diet inter-
actions for type 2 diabetes failed to replicate all 8 previ-
ously identified findings despite mirroring the analytical
approach.** Even the widely accepted coffee-CYP142
interaction discovered in a Costa Rican population has
recently failed to replicate in a British population.?”> While
the lack of replication does not invalidate the original
findings, it begs the question whether findings from one
population (ie, Costa Rican population) are biologically
and clinically relevant for another population (ie, British
population). Third, the magnitude of an interaction in-
dicates whether it necessitates clinical translation. Some
interactions, despite being statistically significant, have
very small effects on an outcome of interest and, if so, are
meaningless to be brought forth to the clinic. For exam-
ple, we have observed that the influence of carbohydrate
consumption on your glucose levels varies depending on
the form of MTNRI1B, a gene encoding a melatonin re-
ceptor.?® Despite significance, this difference in glucose
levels is, however, only 0.003 mmol/L per each additional
1% additional intake of carbohydrate in the diet. Thus,
while this interaction may be revealing something about
the underlying biological link between carbohydrates,
MTNR1B, and glucose levels, it likely will not have a clinical
effect considering how small the effect is. Fourth, most of
these findings have been conducted using cross-sectional
data, when diet and a trait/disease were measured at the
same timepoint. Findings from cross-sectional analyses do
not translate to future change as the putative links between
diet, gene, and health outcome from association studies
do not imply cause and effect, and the involvement of
other genes cannot be ruled out.”” Thus, we cannot imply
that changing behavior today (ie, reducing SSB intake)
will result in improved health outcomes in the future (ie,
lower future risk of developing obesity). Double-blind
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randomized controlled trials have been conducted in the
past, such as for a common polymorphism in MTHFR,
which encodes an enzyme necessary for the digestion and
absorption of folate.”® The trial found that that treating
patients homozygous for this polymorphism with ribo-
flavin elicited a significant reduction in blood pressure.
Future randomized controlled trials are needed for rigorous
evaluation of interactions. For these reasons and others, the
benefits of nutrigenomics for complex nutrition-related
traits/diseases remain unclear because often the underlying
biological mechanisms are weak, the gene-diet interactions
that have been discovered have often not been replicated,
the magnitude of the interactions is often clinically irrele-
vant, and the identified cross-sectional interactions do
not guarantee that changing behavior will result in better
health outcomes in the future.

Genomic technology initially limited to research and
healthcare settings is now readily accessible through af-
fordable personal genomic tests, also known as direct-
to-consumer (DTC) or personal DNA tests. For this reason,
and the general public’s growing interest in personal
genetic information, it is now critical for nutritionists to
establish a basic understanding in nutritional genomics to
evaluate the validity of genetics-related “health claims”
being provided by DTC companies. In brief, DTC com-
panies function by having customers send biological
samples to the company, which then extracts DNA from
the sample and genotypes-specific genomic regions of
interest, and lastly renders a health report providing
(almost always) definitive “personalized” health reports.?’
Too often, unregulated nutrition-related DTC genetic test-
ing companies promise to deliver healthy diets best suited
for an individual’s genetic makeup and lifestyle and use
exaggerated, unscientific phrases such as “diet type rec-
ommendations” and “genotype-specific shopping list” to
market their products. This is unsurprising considering the
growing and competitive market anticipated to surpass
$2.5 billion by 2024, according to data from the Global
Market Insights, Inc.** Therefore, nutritionists need to
critically evaluate precision nutrition claims.

Five questions may be asked about nutrition genomics
claims to help guide conversations with clients and to
evaluate whether a “health claim” is warranted. Those
questions are described in the following section and
summarized in the Table.

“Can you show me the genes?” For each interaction “health
claim,” a corresponding list of gene(s) should be identified

Volume 54, Number 5, September/October 2019

Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.



1. Which genes?

A corresponding list of gene(s) should be identified to
understand the rationale for any health claim or
recommendation.

2. How many genes regulate the trait or disease?

Understanding the mode of inheritance (Mendelian vs
non-Mendelian) and complexity of the trait can help determine
whether recommendations are reliable.

3. Who was assessed in the publication?

Understanding the characteristics of the population where the
original finding was made is an important step in evaluating
whether a DTC health claim is applicable to a patient.

4. How much difference will it make?

It is important to evaluate whether the difference discovered
in the main finding is substantial enough for the health claim to
be emphasized. Only those findings that are both statistically
significant and clinically relevant because of their large effects
are worth pursuing for precision nutrition.

5. How does the recommendation fit with other accepted
health recommendations?

When evaluating DTC health reports, it is important to consider
whether the recommendation conflicts with well-accepted
health recommendations or essentially reinforces them.

to understand the rationale for the recommendation and
to identify the source study. This, however, is not always
easy to retrieve. Whereas some companies, like 23andMe
and DNA(it, are transparent about what genes serve as the
basis for each recommendation, other companies, such as
Habit and myDNAHealth, are less transparent and instead
use umbrella phrases like “metabolism-related genes,”
possibly as it constitutes part of their intellectual property.
Ambiguity at the level of the gene precludes the ability
to evaluate a health claim, and for that reason, a rec-
ommendation with no corresponding gene list can be
deemed unsuitable.

“How many genes regulate the trait or disease?” Con-
sidering trait or disease heritability, the extent that varia-
tion in a trait or disease is due to variation in genetics and
polygenicity, the number of genes contributing to the
genetic variation are important factors when determining
whether a DTC health claim is scientifically sound. As
findings in nutritional genomics remain limited, DTC com-
panies often base their recommendations for complex
traits and diseases on a handful of genetic findings. For
example, one company bases its recommendation for
“carbohydrate metabolism” or “type 2 diabetes” on 1 or
2 published interactions. This oversimplification entirely
disregards the complexity of human biology and physi-
ology and the truth regarding our incomplete knowledge
of the functionality of all our genes. How can we be certain
that a recommendation to “increase carbohydrate” based
on a single gene to lower diabetes risk, for instance, will
not be detrimental when considering another gene also
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involved in diabetes risk? Thus, understanding the mode
of inheritance (Mendelian vs non-Mendelian) and com-
plexity of the trait can help determine whether recom-
mendations are reliable.

“Who was assessed in the published finding?” Under-
standing the characteristics of the population where the
original finding was made is an important step in evalu-
ating whether a DTC health claim is applicable to a patient.
Visiting the original publication and replication studies
(if available) can help determine important population
characteristics including age, sex, race, and ethnicity. Es-
sentially, discoveries can often only be extended or gen-
eralized to people or patients of similar demographics,
and also, the larger the sample size included in the analysis
(ie, more people investigated in the study), the more likely
the results are valid rather than driven by chance. For ex-
ample, a study identified that the form of PPARG, a gene
involved in regulating adipogenesis, might influence the
effect of dietary fat on BMI based on data from 2141 women
from the Nurses’ Health Study, a predominantly European
cohort.* Considering the demographic of that population,
it is more possible to extend those findings to other women
of European ancestry residing in New England, but less
clear whether those findings can be generalized to other
demographics, such as an East Asian man living in Singapore.
Unfortunately, there is currently a disproportionately larger
number of genetic discoveries conducted only in cohorts
of predominantly European ancestry compared with other
ethnicities.’! Generalizing genetic findings from a partic-
ular ethnicity to another is particularly difficult. First, the
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relevant gene found in one ethnicity might not be prevalent
in another ethnicity. In the case of PPARG, whereas it has a
12% prevalence in European ancestry, it is rare in African
ancestry (only 0.05% prevalence). Visiting dbSNP, a data-
base of genomic variation, can help identify prevalence
across ethnicities (https://www.ncbi.nlm.nih.gov/snp) to
determine whether one finding is relevant to another
ancestry. Second, the SNP identified to interact with diet
often serves as a marker tagging another piece of genetic
data, and there is often uncertainty of the actual “causal”
genetic SNP causing the interaction.

“But how much difference will it make?” For a rec-
ommendation to be worthwhile, it is important to eval-
uate whether the difference discovered in the main
finding is substantial enough for the health claim to be
emphasized. Statistically significant findings and clinically
relevant findings are 2 different concepts. Only those
findings that are both statistically significant and clinically
relevant because of their large effects are worth pursuing
for precision nutrition. Often, statistically significant nu-
tritional genomics findings have very small effects, and
more often than not, DTC companies do not reveal to what
extent the recommendation will likely have an impact
based on the original findings. In the case of PPARG, the
original finding indicated a difference of 1.9 kg/m?*>° Again,
revisiting original sources of these findings can help de-
termine whether effort should be placed on the DTC health
claim or whether it is more effective to shift focus on other
well-known recommendations that are known to sub-
stantially improve human health.

“How does the recommendation fit with other well-
accepted health recommendations?” With few exceptions,
nutritional genomics discoveries essentially corroborate
current messages and recommendations from major health
guidelines. Many nutritional genomics studies tend to
indicate that genetic predisposition to disease may be
attenuated through positive lifestyle changes, whether it
be increasing fruit and vegetable intake, reducing intake
of SSBs, reducing red meat intake, increasing physical
activity, or better sleep hygiene.?*** 3 Thus, in evaluating
DTC health reports, it is important to consider whether the
recommendation conflicts with well-accepted health rec-
ommendations or essentially reinforces them. Claims that
conflict with widely accepted recommendations should
be carefully examined.

Surprisingly, current studies repeatedly show that
disseminating genetic data and information on genetic
risk does not always motivate behavioral change such as
improvements in diet and exercise.”’ >? Indeed, the larg-
est human intervention personalized genomic trial of diet,
genes, and health outcomes to date, the Food4Me study,
did not modify dietary behaviors in response to simple
personalized dietary advice delivered electronically.***!
Thus, it is possible that placing too much emphasis on
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genetics will likely result in a failed nutritional interven-
tion.”” Instead, nutritionists should continue to effectively
personalize dietary recommendations based on individ-
ualized needs and goals identified from in-depth patient
assessments, as is the current nutrition care process stan-
dard.*? Nutritional genomics should currently be mostly
used merely to reinforce health messages and possibly
motivate patients. Other sets of guidelines to aid in eval-
uating DTC results also exist and are set to be reviewed
every 2 years to include advancements in the field.*
Resources such as this review and other guidelines
should be considered when making personalized genetic
recommendations.

As the field of nutritional genomics continues to evolve
with emerging data, the role of nutritionists will likely
adapt and mature. Based on current trends, we provide
some possible avenues and future outlooks for precision
nutrition.

In recognition of the complexity and polygenicity of
common traits and diseases (ie, that traits/diseases may
be genetically regulated by multiple SNPs), nutritional
genomics studies are moving toward gene scores. These
scores, termed genetic risk scores or polygenic risk scores,
represent a count of the number of genes that predispose
to a disease or exhibit a certain trait. We provided an earlier
example pertaining to the study on SSBs, obesity genetics,
and obesity. Another example is a recent study that assessed
whether the efficacy of omega-3 fatty acid supplementation
differed among people with different genetic risk scores for
triglycerides.** Thus, it is very conceivable that future DTC
recommendations will be based on genetic risk scores,
such as scores for vitamin or mineral deficiencies, food
intolerances, and other gut health issues, and health reports
will provide nutrition care plans and personalized thera-
pies based on these genetic profiles. Currently, 23andMe is
providing scores for type 2 diabetes, a common and life-
threatening NCD genetically regulated by more than 120
SNPs, and subsequently offering optional online health
coaching tools, at an additional cost, for those who desire
guidance on how to attenuate their genetic risk through
lifestyle changes. Similar trends will likely continue as
more scores, aggregating a handful of genes or even genes
spanning the entire genome (termed genome-wide poly-
genic scores™), are being generated by genetic epidemi-
ologists. Worthy of noting is that the same disease, such as
type 2 diabetes, may have multiple scores associated with
them as complex NCDs may result from different “genetic
signatures.” In the case of type 2 diabetes, for example,
5 different clusters of genes, each related to a different
physiological pathway leading to type 2 diabetes, may
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result in the disease.*® The relevance of nutrition in each
of these distinct type 2 diabetes scores needs to be
evaluated.

Whereas current genotyping platforms only assess
specific regions of the genome, emerging technologies
are having better genetic resolution and coverage and
are designed to sequence every specific genetic variation
in the genome. Direct-to-consumer companies will likely
shift to whole genome sequencing as this technology
becomes better tested and more affordable. In addition,
whereas precision medicine and precision nutrition are
slanted toward genetics because it is measurable with
current technologies, developments in other technologies
including the epigenome and the gut microbiome will
enable other factors to be integrated into precision medi-
cine and nutrition. In fact, several studies have successfully
personalized nutrition without genetics based on other
factors such as the microbiome.”” In the future, DTC
companies will likely expand beyond genetic variation to
measure sources of human variation, such as epigenetics,
and provide personalized dietary recommendations based
on an entire host of genetic and nongenetic data.

There is a push toward expanding human genetic
studies beyond only individuals of European ancestry.
This will be made possible by large genetic biobanks that
are designed to capture genetic diversity such as the US-
based All-of-Us study, the China Kadoorie Biobank, and
the Qatar Biobank. These large global initiatives will en-
able testing whether findings discovered in predominantly
European populations hold true in large non-European
populations. The larger the population, the better, as
larger studies are more likely to lend robust results rather
than be driven by chance or error. Thus, it is conceivable
for DTC companies to start providing ancestry-specific
precision nutrition recommendations.

In addition, future studies in the field will also likely
emphasize on randomized controlled trials and longitu-
dinal study designs in recognizing limitations of current
cross-sectional nutritional genomic studies. ™" Random-
ized controlled trials may be risky and costly, but when
completed, they will provide irrefutable evidence of the
utility of some SNPs in DTC. As most studies rely on self-
reported dietary intake, which is prone to various limita-
tions and inaccuracies, future studies may involve more
objective assessment of dietary intake using biomarkers.
Advancements in both study design and dietary assess-
ment will likely yield more robust and impactful nutri-
tional genomics findings and address various current
limitations in the field.
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