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Purpose of review

Considerable interest in personalized nutrition exists among the general public, policymakers, healthcare
organizations and the private sector, but there is also skepticism of its utility. The present review aims to
provide a summary of current controversies in the field of nutrigenomics, and to highlight recent research
on the potential impact of implementing genetic testing for personalized nutrition in practice.

Recent findings

Numerous companies already offer genetic testing for personalized nutrition based on research
developments in nutritional genomics. However, controversy exists over whether genetics contributes to
interindividual responses to diet; the utility of single genetic variants versus genetic risk scores; the ability of
DNA-based nutritional advice to elicit positive behavior change and health effects; and whether genetic
information makes a difference on the type of dietary advice provided. Potential factors contributing to the
discrepant viewpoints are discussed.

Summary

Despite the existing controversies, a solid body of evidence demonstrates that genetic testing for
personalized nutrition is a powerful tool to guide dietary recommendations to improve health and
performance, and to elicit positive behavior change.
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Since the publication of the first draft sequence of
the human genome, research innovations and pub-
lic interest in personalized health have paved the
way for the burgeoning market of consumer genetic
testing. Presently, numerous companies offer
genetic test kits that provide individuals with osten-
sibly personalized information about everything
from disease risk to athletic ability. One offering
with considerable potential to impact health is
DNA-based personalized nutrition. Findings from
the field of nutritional genomics, which aims to
understand why some people respond differently
from others to the same foods, beverages and sup-
plements that they consume, now make it possible
to develop personalized nutrition strategies for dis-
ease prevention and health optimization. With
companies seizing upon the opportunity to bring
these innovations to consumers, the global market
for nutrigenomics-based services is forecast to reach
$17 billion USD by 2023 [1].

Recent initiatives from public health agencies
and professional organizations indicate that interest
t © 2021 Wolters Kluwe

rs Kluwer Health, Inc. All rights rese
the general public and the private sector. For exam-
ple, the US National Institute of Diabetes and Kid-
ney Diseases, a part of the National Institutes of
Health (NIH), hosted a 2-day workshop in early
2021 entitled ‘Precision Nutrition: Research Gaps
and Opportunities’ that showcased, in addition to
developments in nutritional genomics research, the
NIH’s ‘All of Us’ landmark research program on
precision medicine [2

&

,3]. This program aims to
recruit one million individuals, with the goal of
developing an extensive database of health informa-
tion to substantiate the broad implementation of
precision medicine in the US healthcare system. In
r Health, Inc. All rights reserved.
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KEY POINTS

� Selection of the appropriate genetic variants is a
crucial methodological step for research studies
attempting to elucidate how genetic variation impacts
dietary responses, health and performance.

� Genetic variation is often associated with downstream
omic biomarkers. As genotyping only requires a single,
noninvasive sample, genetic testing represents a robust,
affordable marker of more complex omic variation that
is easy to implement in practice.

� Genetic risk scores are often used to capture the overall
contribution of genetic variation to chronic disease risk
but their utility in personalized nutrition is limited unless
the variants used to build the risk scores are known to
impact nutrient metabolism or responses to
dietary factors.

� Randomized controlled trials consistently show that
DNA-based, personalized nutrition advice is more
effective than general advice at modifying behavior,
and it is also more effective than personalized advice
that does not incorporate genetic information.

� Knowledge of an individual’s genotype enables
practitioners to provide targeted, personalized
recommendations that are more specific, and often
more stringent, than general advice, and can better
help the individual meet his or her health and
performance goals.

Genes and cell metabolism
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 addition, the American Nutrition Association and
the International Life Sciences Institute have both
published proposed definitions for personalized
nutrition and outlined steps for its implementation
in clinical practice [4

&

,5
&

].
Notwithstanding the substantial current inter-

est in personalized nutrition and nutritional geno-
mics, skepticism of the field exists, with some
healthcare professional organizations questioning
the readiness of genetic testing for incorporation
into practice. A consensus report by the Academy of
Nutrition and Dietetics concluded that, at present,
‘there is insufficient evidence from randomized
controlled trials regarding the effectiveness of incor-
porating nutrigenetic testing into nutrition counsel-
ing or care [6]’ . The conclusion was based on two
systematic reviews of randomized, controlled trials
on personalized nutrition that were published con-
currently with the consensus report [7,8]. As illus-
trated by a letter to the Editor in response to the
publication of the consensus report that highlighted
methodological flaws of the systematic reviews [9],
the Academy’s conclusion was controversial and the
debate on whether genetic testing for personalized
nutrition is ready for prime time continues. The
 Copyright © 2021 Wolters Kluwer H

290 www.co-clinicalnutrition.com
present review aims to provide a summary of current
controversies in the field, and to highlight recent
research on the potential impact of implementing
genetic testing for personalized nutrition
in practice.
CONTROVERSY: DO GENETIC
DIFFERENCES CONTRIBUTE TO
INTERINDIVIDUAL RESPONSES TO DIET?

The utility of genetic information versus other tools,
including both traditional biochemical markers and
more novel omics technologies, in guiding person-
alized nutrition interventions has been a matter of
debate [10,11]. Some examples of the controversy,
and potential contributing factors to help explain
discrepant points of view, are discussed below.
Selection of genetic markers

Postprandial lipid and glycemic responses are inde-
pendent predictors of cardiometabolic diseases, and
evidence over time has shown that genetic variation
can help predict variation in postprandial responses
across individuals. Recent examples are two
genome-wide association studies (GWAS) carried
out in the Netherlands Epidemiology of Obesity
cohort that have identified single nucleotide poly-
morphisms (SNPs) predicting postprandial triglyc-
erides and early-phase insulin responses to a liquid
mixed meal [12,13]. Despite this evidence, contro-
versy exists surrounding the utility of genetic infor-
mation for predicting postprandial responses to
diet. A recent example of this controversy comes
from the PREDICT 1 study [10]. One aim of the study
was to evaluate the contribution of different types of
data, such as genetic, metabolic and metagenomic
(gut microbiome) information, as well as meal con-
text and composition, to interindividual variability
in postprandial responses. The study population
consisted of approximately 1000 healthy individu-
als living in the United Kingdom, and a smaller
(approximately 100 participants) replication popu-
lation of persons living in the United States. To
explore the genetic contribution to postprandial
responses, the authors genotyped participants for
SNPs previously found to be associated with post-
prandial triglyceride and glycemic responses
[14,15]. Participants consumed standardized meals
varying in macronutrient composition, and their
responses to them were quantified. Genetic varia-
tion was the second most significant contributor to
postprandial glucose after meal composition, dem-
onstrating that individual genetic differences are
more important than the gut microbiome for pre-
dicting changes in postprandial blood glucose.
ealth, Inc. All rights reserved.
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However, genetics did not significantly contribute
to postprandial triglycerides [10]. Instead, serum
lipids and serum glycemic markers were the top
contributors to triglyceride and C-peptide
responses, respectively. Other significant contribu-
tors to both outcomes included anthropometry, gut
microbiome composition, blood pressure, etc. [10].

On the basis of the PREDICT 1 study findings,
some have argued that genetic variation is not an
important predictor of interindividual variability in
response to diet. A more accurate interpretation of
the study’s results, however, would conclude that
genetic variation is an important predictor of post-
prandial glucose, second only after meal composi-
tion, but may not contribute as much to
postprandial triglycerides. The difference in the abil-
ity of genetics to predict glucose versus triglycerides
may be partly a result of the distinct physiological
mechanisms behind postprandial increases in both
biomarkers. However, methodological consider-
ations such as genetic variant selection may also
contribute to the observed differences. Indeed, the
SNPs chosen to predict postprandial glucose came
from a comprehensive meta-analysis of nine GWAS
[15]. Meanwhile, the genetic variants selected to
predict postprandial triglycerides were based on a
single GWAS of triglyceride responses to a high-fat
meal, which was different in composition from the
meals tested in PREDICT 1, and the markers identi-
fied in that study have not been replicated to the
extent that the SNPs chosen for postprandial glucose
have [15]. As such, it may be premature to conclude
that genetics does not predict postprandial triglyc-
eride responses. It is possible that SNPs strongly
linked to triglyceride responses were not included
in the PREDICT 1 study, and this would explain why
genetics appeared to be a weak predictor of post-
prandial triglycerides in that study – the right
genetic variants may not have been analyzed.

Another example of inadequate selection of
genetic variants comes from the DIETFITS study
[16]. DIETFITS was a large randomized, controlled
trial examining the effects of a genotype-guided
low-carbohydrate diet, compared with a typical
low-fat diet, on weight loss. The authors reported
that genetic variation did not interact with macro-
nutrient content of the diet to affect weight loss, and
popular media headlines promoted this as evidence
that DNA-based personalized nutrition elicits no
more successful weight loss responses than general
advice. However, an examination of published sup-
plementary data from the DIETFITS study indicates
that there was considerable variability in response to
the study diets, suggesting an important role for
individual factors, such as genetic variation, in
explaining the wide range of weight loss responses
 Copyright © 2021 Wolters Kluwe
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[16]. Furthermore, the rationale for genetic variant
selection for DIETFITS is unclear. The SNPs chosen
for analysis appear to have come from unpublished
research, making it difficult to ascertain their valid-
ity as potential predictors of weight loss responses
[16]. Indeed, the three SNPs used to predict response
to a low-fat or low-carbohydrate diet have never
been associated with weight loss response to either
low-fat or low-carbohydrate diets in any study.
Meanwhile, genetic variants that have been exten-
sively researched, such as SNPs within FTO, and are
well known to mediate the association between
dietary macronutrients and body composition, were
excluded from the research. Given all of this, a more
appropriate conclusion for the DIETFITS study may
be that the SNPs selected for analysis failed to
account for differences in weight loss across
study participants.

Taken together, PREDICT 1 and DIETFITS offer
evidence that selection of the right genetic markers
for analysis is crucial, and can lead to erroneous
conclusions if the wrong variants are chosen.
Indeed, PREDICT 1 indicates that whenever robust,
extensively replicated SNPs are chosen, as was the
case for only postprandial blood glucose, genetic
variation is an important contributor to certain out-
comes [10].
Utility of genetics versus other omics

Technical developments in systems biology have led
to a rapidly growing body of research on how varia-
tion at different levels of the omics spectrum
impacts individual responses to diet. Indeed, PRE-
DICT 1 is one example of research incorporating
different omics tools, and other recent studies have
examined the association between various omics
and variation in responses to diet [17–20]. Although
variation across the omics spectrum undoubtedly
helps explain why some individuals respond differ-
ently from others to the same dietary exposures, it is
important to point out that genetic variation often
is closely associated with downstream epigenetic,
proteomic, metabolomic and even metagenomic
variation. As genetic variation can be measured
easily and economically from a single, noninvasive
bodily fluid or cheek cell sample, genetic testing
represents a robust, affordable marker of more com-
plex omic variation that is easy to implement in
practical settings and on a large scale. A recent
example of genetic variation underlying down-
stream omics effects comes from a study that used
a sophisticated multiomics approach to elucidate
the mechanism behind a well studied gene–diet
interaction involving APOA2, saturated fat intake,
and obesity [17]. The authors used methylomics to
r Health, Inc. All rights reserved.
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identify different DNA methylation patterns in indi-
viduals with the risk genotype for rs5082, and found
that these methylation differences occurred only
with saturated fat intakes above the study popula-
tion median of 22 g/day. Using transcriptomics, the
authors then determined that the observed differ-
ences in methylation resulted in lower expression of
the APOA2 gene in CC homozygotes than TT homo-
zygotes. They then used a metabolomics approach
to examine whether lower expression of the gene,
and subsequent limited production of the APOA2
protein, resulted in different concentrations of
metabolites in the pathways affected by APOA2.
These results indicated differences between the gen-
otypes in several pathways implicated in lipid and
amino acid metabolism, which have been linked
to appetite and energy balance [17]. Overall, this
study highlights the profound implications of the
interaction between one SNP and one nutrient on
physiological pathways that affect obesity risk. Fur-
thermore, it underscores the fact that to identify
individuals who may be at a greater risk of obesity
with a higher saturated fat intake, a simple genetic
test for APOA2 rs5082 is all that is required. This
option is arguably easier to implement in practice
than more complex and invasive omics testing.
CONTROVERSY: ARE SINGLE GENETIC
VARIANTS AS USEFUL AS GENETIC RISK
SCORES?

As common noncommunicable diseases tend to be
complex and multifactorial in etiology, many
rightly argue that the contribution of single genetic
variants to disease risk is negligible. However, the
ensuing conclusion that genetic tests for personal-
ized nutrition focusing on single genetic variants are
far too crude to provide meaningful information can
be countered by the evidence to date. As the previ-
ously mentioned study on APOA2 (rs5082), satu-
rated fat intake and obesity risk makes evident, a
single genetic variant interacting with one nutrient
can have profound effects on risk of chronic diseases
like obesity, an observation that has been replicated
in at least six distinct populations representing dif-
ferent ethnic groups [17,21,22].

Despite compelling evidence from studies like
the one mentioned above, some researchers and
practitioners believe that genetic risk scores, which
combine multiple genetic variants into an algo-
rithm to predict overall risk, are superior to single
markers. Indeed, in recent years, the field of nutri-
tional genomics has adopted the use of genetic risk
scores in research studies. An important consider-
ation when using genetic risk scores is that,
although it is true that many genetic variants can
 Copyright © 2021 Wolters Kluwer H
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affect disease risk, this does not necessarily translate
into multiple genetic variants modifying the effect
of a dietary factor on disease risk. There are various
examples of studies that have examined how diet
modifies genetic risk for given diseases. For example,
a recent analysis of data from the Nurses’ Health
Study reported that a higher intake of fruit and
vegetables ameliorated a person’s genetic risk of
obesity, as calculated based on 77 markers previ-
ously associated with BMI [23]. Another recent study
of participants of the UK Biobank examined the
association between a plant-based dietary pattern,
genetic risk and cardiovascular disease [24]. Their
findings suggested that plant-based diets ameliorate
cardiovascular disease risk, regardless of genetic sus-
ceptibility [24].

Although both of these studies are examples of
how genetic risk scores can add to our understand-
ing of the relationship between diet and disease, it is
important to point out that it remains unclear
whether any of the variants included in the genetic
risk scores modify the metabolism of any dietary
components. This limits their utility as part of
genetic tests for personalized nutrition as no truly
focused, actionable recommendations for dietary
intake can be built upon them. They simply show
that prudent dietary advice is associated with a
lower risk of disease among those with an increased
genetic susceptibility. Yet, in most cases, even those
without a genetically increased risk of disease also
benefit from the same prudent dietary advice. As
such, providing the same prudent dietary advice,
regardless of genetic profile, is not consistent with
the goals of personalized nutrition. A more suitable
approach to capture gene–diet interactions of
potential practical utility using polygenic scores
would be to build genetic algorithms that include
variants known to impact metabolism of specific
dietary factors.
CONTROVERSY: DOES DNA-BASED
PERSONALIZED NUTRITION ELICIT
BEHAVIOR CHANGE TO A GREATER
EXTENT THAN GENERAL ADVICE?

One of the controversies on genetic testing for per-
sonalized nutrition revolves around its utility for
behavior modification [25]. Although some studies
show that personalized advice of any kind is better
than general advice at changing food intake habits
[26], studies that have specifically examined the
effects of genetic information on behavior change
consistently show that DNA-based advice is more
effective than general advice at modifying behavior,
and also more effective than personalized advice
that does not incorporate genetic information [27].
ealth, Inc. All rights reserved.
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The first randomized, controlled trial to com-
pare the effects of providing DNA-based advice
versus general dietary advice on behavior found that
DNA-based advice resulted in successful, sustained
dietary behavior change [28]. Research since then
has confirmed these findings. For example, the
Nutrigenomics, Overweight/Obesity and Weight
Management (NOW) NOW trial evaluated the effect
of a nutrigenomics-informed lifestyle year-long
intervention versus a population-based interven-
tion on dietary adherence, dietary intake and body
weight [29

&&

,30
&

]. All participants were included
into the Group Lifestyle Balance (GLB) Program,
formerly called the Diabetes Prevention Program,
which is considered a gold standard intervention for
weight management and diabetes risk reduction. In
addition, the control group received population-
based dietary advice, and the treatment group
received DNA-based dietary advice. The specific
areas of recommendation included intake of total
energy, protein, saturated fat, monounsaturated fat,
polyunsaturated fats, total unsaturated fat, total fat
and sodium; and participants were also informed
about snacking behavior. Dietary intake was assessed
at baseline, 3, 6 and 12 months. The authors reported
a sustained behavior change that was specific to the
group receiving DNA-based advice only [29

&&

].
Regarding body weight, the group receiving DNA-
basedadvice lost agreater relativebody fatpercentage
at 6 months, although this differenced was attenu-
ated to nonsignificant by the 12th month [31

&&

].
Taken together, these studies underscore the util-

ity of genetic testing for personalized nutrition as a
powerful tool to elicit behavior change. The findings
of the NOW trial also suggest that DNA-based advice
may lead to faster improvements in body composi-
tion than general advice [31

&&

]; this is not only
encouraging for individuals who are attempting to
lose weight but it may have clinical utility in situa-
tions where accelerated weight loss is necessary,
including many nonelective surgical procedures.
CONTROVERSY: DOES GENETIC
INFORMATION MAKE A DIFFERENCE ON
THE TYPE OF DIETARY ADVICE
PROVIDED?

One additional controversy surrounding genetic
testing for personalized nutrition involves the view
that having genetic information does not affect the
specific dietary advice provided, as individuals are
counseled to adhere to public health recommenda-
tions for a specific aspect of their diet, regardless of
their genetic profile. This assumption is incorrect.
One example comes from research on the effects of
genetic variation in CYP1A2, caffeine metabolism
 Copyright © 2021 Wolters Kluwe
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and various health and performance-related out-
comes, where individuals who are slow caffeine
metabolizers based on their CYP1A2 genotype expe-
rience different effects after caffeine consumption
than fast metabolizers [32]. Indeed, the largest ran-
domized controlled trial to date on caffeine and
athletic performance highlights the importance of
considering genotype when providing caffeine rec-
ommendations [33,34,35

&

]. Caffeine, which is a
widely used ergogenic aid, exerted different effects
on athletes depending on their CYP1A2 genotype,
with fast metabolizers experiencing significant
improvements in endurance performance as indi-
cated by a cycling time trial, whereas slow metabo-
lizers actually performed worse after caffeine
supplementation [33,34]. The implications of these
findings for caffeine recommendations in practical
settings are evident: some individuals could be
advised to consume caffeine for enhanced athletic
performance whereas others should be advised to
avoid caffeine before endurance events.

Another example of genetic variation impacting
recommendations for a specific nutrient comes from
research on FTO genotype and weight loss responses
to diets varying in macronutrient composition.
Indeed, results from the POUNDS LOST trial indi-
cate that the FTO variant rs1558902 modifies weight
loss responses to a high-protein diet [36]. Among
carriers of the T allele, participants lost about 2% of
their fat mass regardless of the protein content of
their diet. Meanwhile, at the end of the 2-year trial,
AA homozygotes lost 220% more body fat on the
high-protein diet compared with the low-protein
diet [36]. These findings have been replicated by
several studies, including in different ethnic groups
and in observational study designs and randomized,
controlled trials [37,38]. Findings from the Food4Me
study, a large trial on the effects of personalized
nutrition recommendations on various health out-
come, also showed that FTO-based advice resulted in
greater weight loss [39]. Taken together, these
results have important implications for dietary
weight loss recommendations. Knowing a person’s
FTO genotype allows healthcare providers to guide
the individual towards a high-protein diet if they
carry the response allele; meanwhile, carriers of the
T allele would be better counseled to adhere to a less
restrictive, more macronutrient-balanced hypo-
caloric diet for weight loss.
CONCLUSION

Despite controversies regarding not only its readi-
ness for incorporation into practice, but its overall
utility, a solid body of research evidence clearly
demonstrates that genetic testing for personalized
r Health, Inc. All rights reserved.
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nutrition is a powerful tool to guide dietary recom-
mendations to improve health and performance,
and to elicit positive behavior change. Efforts to
more clearly and comprehensively report gene–diet
interactions in the research literature will enable
greater transparency and more successful knowl-
edge translation for widespread incorporation of
personalized nutrition into healthcare practice
[40

&

]. Ongoing research efforts, together with con-
siderable interest from public health organizations,
are increasing and strengthening the nutrigenomics
knowledge base that informs the development of
DNA-based recommendations. Given the strong
public interest and large market size of the person-
alized nutrition field, ample opportunities to
harness the power of personalized nutrition for
health and performance must be matched by a
robust understanding of the science behind genetic
tests for personalized nutrition. As the consensus
report by the Academy of Nutrition and Dietetics
concluded, dietitians and other nutrition and
healthcare professionals must stay abreast of devel-
opments in this rapidly evolving field [6]. Incorpo-
rating nutritional genomics into the curricula
of dietetics and other healthcare professional train-
ing programs, and developing opportunities for
continuing education among practitioners, are
required to ensure the adequate, evidence-based
incorporation of personalized nutrition into prac-
tice for maximum benefit. To that end, organiza-
tions, such as Dietitians of Canada and the
American Nutrition Association have now devel-
oped training programs in nutritional genomics
that are targeted specifically towards healthcare pro-
fessionals [41,42].
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