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A B S T R A C T

Achieving optimal health is an aspirational goal for the population, yet the definition of health remains unclear. The role of nutrition in
health has evolved beyond correcting malnutrition and specific deficiencies and has begun to focus more on achieving and maintaining
‘optimal’ health through nutrition. As such, the Council for Responsible Nutrition held its October 2022 Science in Session conference to
advance this concept. Here, we summarize and discuss the findings of their Optimizing Health through Nutrition – Opportunities and Challenges
workshop, including several gaps that need to be addressed to advance progress in the field. Defining and evaluating various indices of
optimal health will require overcoming these key gaps. For example, there is a strong need to develop better biomarkers of nutrient status,
including more accurate markers of food intake, as well as biomarkers of optimal health that account for maintaining resilience—the ability
to recover from or respond to stressors without loss to physical and cognitive performance. In addition, there is a need to identify factors that
drive individualized responses to nutrition, including genotype, metabotypes, and the gut microbiome, and to realize the opportunity of
precision nutrition for optimal health. This review outlines hallmarks of resilience, provides current examples of nutritional factors to
optimize cognitive and performance resilience, and gives an overview of various genetic, metabolic, and microbiome determinants of
individualized responses.
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Statement of Significance
There is a critical need to help find nutrition solutions to optimize our health across the lifespan. However, there is a need to advance concepts
beyond the prevention of nutrient deficiencies and consider meeting the nutritional needs for optimal health. This review proposes a framework
centered around resilience and determinants of individualized responses for evaluating optimal health and nutrition outcomes while also
highlighting the gaps and opportunities in this emerging space.
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Introduction—Defining Optimal Health

Over the last few decades, the field of nutrition has grown
and evolved. Although we continue to define the critical roles
that nutrients play as fuel sources, enzyme cofactors, signaling
molecules, and vital infrastructure for our bodies, the cutting
edge of nutrition research is pushing beyond simply meeting
our bodies’ basic needs. Indeed, as the population is living
longer, an emerging focus for nutrition has been on obtaining
and maintaining optimal health over the life course. On 10
October, 2022, the Council for Responsible Nutrition (CRN)
held their annual Science in Session conference entitled Opti-
mizing Health through Nutrition – Opportunities and Challenges.
The audience consisted of scientists (with expertise in nutrition
and other disciplines, including biochemistry, toxicology, and
health care) and executives from dietary supplement and
functional food companies as well as nutrition graduate student
awardees of a CRN and ASN Foundation educational scholar-
ship to attend the symposium. CRN is a trade association rep-
resenting dietary supplement and functional food companies.
The goals for this meeting were to propose a definition for
optimal nutrition and identify strategies and tools for evaluating
optimal health and nutrition outcomes while highlighting the
gaps in this emerging space.

Now more than ever in history, our population’s health has
emerged as a global priority. Currently, 6 in 10 adults in the
United States have a chronic disease, and 4 in 10 have 2 or
more. In <10 y, the number of older adults is projected to in-
crease by ~18 million. This means that by 2030, 1 in 5
Americans is projected to be �65 y old. As the major risk factor
for many chronic illnesses is age, it is anticipated that the rates
of all age-related diseases, especially chronic diseases, will
skyrocket, potentially overwhelming the health care system. We
need to enable the health care system—and the population—to
be more proactive rather than reactive toward health outcomes.
There is a critical need to help find solutions to optimize health
across the lifespan to support living better longer, i.e., health-
span. Ensuring optimal nutrition is a significant and easily
modifiable variable in the solution for maintaining and
improving healthspan. We need to advance concepts beyond
essential health and consider meeting the nutritional needs for
optimal health. Although the nutrition science community is
moving toward the vision of nutrition to support optimal
health, many challenges and gaps still exist, but there are also
recent advances and exciting opportunities. The goal of the CRN
“Science in Session” workshop was to discuss these challenges,
gaps, and opportunities in order to advance the concept of
nutrition for optimal health. This review summaries these
findings and discussions.
949
Gaps and Opportunities

The DRIs for individual nutrients, including the Estimated
Average Requirement and the RDA, are life stage- and sex-
specific recommendations for Americans and Canadians. These
reference intakes were established in the 1990s by the Food and
Nutrition Board of the National Academies of Sciences, Engi-
neering, and Medicine to prevent deficiency disease and to
reduce the risk of chronic diseases [1]. However, incorporating
chronic disease endpoints has been extremely challenging, pri-
marily because data are largely lacking. Such end points were
used to set the DRIs for only a handful of nutrients [2]. Thus, the
current DRIs, including the RDAs that are aimed to cover the
nutrient needs of 98% of the population, do not account for the
amount of a nutrient that one needs in order to achieve and
maintain ‘optimal’ health.

What is holding us back from defining and realizing optimal
health?

A. Better biomarkers for nutrient status are needed. For some
nutrients—especially those that are homeostatically reg-
ulated—sensitive and specific biomarkers of nutrient sta-
tus need to be developed [3]. We often rely on self-report
dietary recalls or food frequency surveys to assess nutrient
status; these tools have inherent flaws and biases that limit
their accuracy and precision. The Office of Nutrition at the
National Institutes of Health has recently launched a pre-
cision nutrition initiative that prioritizes identifying more
objective markers of food and nutrient intake. This
initiative seeks to innovate both dietary assessment
methods and develop biological biomarkers of food and
nutrient intake using technologies, such as metabolomics
and machine learning methods [4–7].

B. A second gap includes a need to identify better biomarkers
of healthspan and optimal health. These biomarkers need
to move past identification of deficiency syndromes that
link nutrient shortfalls to essential health and toward
linking such shortfalls to optimal health. Moreover, there
are numerous nonessential bioactives and natural com-
pounds that will contribute to optimal health. This review
will introduce concepts of resilience as potential touch-
stones and markers of optimal health. The concept of
resilience encompasses the ability to respond to stress and
maintain performance as well as to maintain cognitive
processes as we age.

C. A third gap, and opportunity, centers around the concept
of precision nutrition in defining optimal health. To realize
the promise of optimal health, we need to appreciate that
optimal health is different for everybody—one size does
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not fit all. Understanding the drivers of differential and
individualized responses to food, nutrients, and bioactives
will be critical to realize the potential of precision nutri-
tion. There is a critical need to understand the interactions
among age, sex, environment, and genetic ancestry on how
an individual responds to factors derived from foods.
Emerging areas, including the roles of genotype, metab-
otypes, and the microbiome, will also be discussed in this
complex and evolving science. This research and science
will need to inform future RDA guidelines and recom-
mendations, where additional subgroups of susceptible
populations may be given specific, additional guidance
and new biomarkers of health, rather than over deficiency
syndromes, are considered.
Hallmarks of Optimal Health: Resilience,
Performance, and Cognition

Defining Resilience
The science of resilience is not a new concept—this scientific

concept was documented in the literature as early as the 1800s;
the terminology entered the biomedical sciences in the mid-
1900s and emerged in the early 2000s as a concept to be inter-
connected in multiple health domains. The questions dominating
its broad use and applicability tend to focus on how to define
resilience. In 2019, the Trans-NIH Resilience Working Group [8]
was formed with a goal to develop an NIH-wide definition of
resilience and to achieve consistency and harmony on the design
and reporting of resilience research studies. In 1993, an intro-
ductory manuscript to a special issue published on the science of
resilience included a quote stating, “resilience is at risk for being
viewed as a popularized trend that has not been verified through
research and is in danger of losing credibility within the scien-
tific community” [9]. The authors of the manuscript also warned
against definitional diversity with respect to measures of resil-
ience and urged researchers to clearly operationalize the defi-
nition of resilience in all research reports. Remarkably, this call
to action served as a primary aim of the Trans-NIH Resilience
Working Group when it was organized >25 y after the 1993
FIGURE 1. Overview of National Institutes of Health (NIH) resilience de
gov/pubs/resilienceinfographic4.pdf [10].
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special issue on resilience. One of the first activities of the
Trans-NIH Resilience Working Group was to host a workshop, in
March 2020, which led to the development of a definition of
resilience and a conceptual infographic. The definition was
intended to be applicable and useful across multiple domains,
and it states that resilience encompasses “A system’s capacity to
resist, recover, grow, or adapt in response to a challenge or
stressor” (Figure 1) [10]. A system can represent different do-
mains, levels, and/or processes. Over time, a system’s response
to a challenge might show varied degrees of reactions that likely
fluctuate in response to the severity of the challenge, the length
of time exposed to the challenge, and/or innate/intrinsic factors.
To show applicability of the definition in resilience research
studies, the Resilience Research Design Tool [11] was later
developed to help improve consistency in resilience research
reports and to facilitate harmony with respect to measures of
resilience outcomes. One of the goals of the resilience framework
is to reframe the way we ask research questions, particularly
about nutritional interventions like dietary supplements, so that
we can better understand health outcomes that are not based
solely on disease end points.

Going forward, as researchers across various scientific do-
mains and sectors come closer to a unified definition of resilience
and perhaps agree to the use of a standard checklist for designing
and reporting on resilience studies, there is greater opportunity
to harmonize the science and develop more empirical evidence
of resilience outcomes.
Optimizing stress response and performance with
nutrition

Optimizing performance also includes building resilience in
order to enhance the ability to perform tasks and ensuring
resilience in order to prevent illness, injury, and disease. Within
the US Department of Defense, researchers are able to study
different models of physical and psychological stress and the
application of different nutritional interventions with Service
Members throughout their careers. Various models of stress are
introduced, including initial military training (e.g., boot camp or
basic training), advanced military training courses (i.e.,
finition and concept model. Source material from https://ods.od.nih.

https://ods.od.nih.gov/pubs/resilienceinfographic4.pdf
https://ods.od.nih.gov/pubs/resilienceinfographic4.pdf
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Mountain Warfare, Jump School, Air Assault, etc.), service
academies (i.e., US Air Force Academy, US Military Academy at
West Point, or US Naval Academy), and extreme environments
(e.g., heat, cold, and alternobarics), along with examples of
various interventions and outcome measures collected to date.
The importance of nutrition on readiness and resilience was
identified in military populations more than a decade ago [12]
and continues to be of interest [13]. Two specific examples are
provided to further explore nutrition interventions aimed at
optimizing performance in the Department of Defense. The first,
a completed double-blind, randomized, placebo-controlled trial,
used a calcium and vitamin D fortified food product to optimize
bone health during initial military training of Marine Corps re-
cruits [14]. Using a supplement or food intervention (with pla-
cebo controls) for calcium and vitamin D, participants received
2000-mg calcium and 1000-IU vitamin D per day. The primary
outcomes of the study showed that bone markers and vitamin D
status improve, but the supplementation did not affect skeletal
parameters [14]. Vitamin D also augmented markers of innate
mucosal immunity [15].

A second, forthcoming study aims to evaluate the effective-
ness of adding spices and herbs to increase vegetable intake
among junior-enlisted Service Members. Their current research
is focused on the stressors and challenges to enhance resilience.
Using a cycle of basic science/discovery that advances to clinical
(or field) trials with various review steps (to evaluate outcomes
and redesign studies for greater efficacy) helps move the field of
nutrition science forward in a “total force fitness” approach.
Total force fitness was introduced as a framework to help Service
Members, their families, and military units reach and sustain
optimal, holistic health, and performance in a way that aligns
with their mission, culture, and identity [16]. Other examples of
frameworks focused on a holistic approach to research include
Whole Person Health proposed by the National Center for
Complementary and Integrative Health [17], Whole Health
developed by the Department of Veterans Affairs [18], and a
recent consensus study report by the National Academies enti-
tled Achieving Whole Health [19]. A focus on improving resil-
ience as a model outcome highlights the opportunities and
complexities of conducting optimal health and nutrition research
in this space.

Cognition and cognitive resilience
As the number and proportion of older adults in the popula-

tion increase, the prevalence of age-related deficits in mobility
and cognition also increases. Such deficits may be because of
normal aging or to pathologic processes. For instance, cognitive
impairments like declines in memory and speed of processing
may result from normal brain aging or neurodegenerative dis-
eases like dementia. When considering hallmarks of optimal
nutrition and health, improving resilience from cognitive decline
has strong promise and impact [20]. Although the etiology of
age-related mobility and cognitive changes is multifactorial, it is
well established that vulnerability to oxidative stress and
inflammation increases as we age. Strategies that target oxida-
tive stress and inflammation may improve resilience to processes
that lead to cognitive decline [21]. For example, a healthy diet
may help combat both oxidative stress and inflammation in the
body, but a diet rich in bioactive polyphenolics from fruit,
951
vegetables, walnuts, and coffee may be especially important in
improving resilience and health outcomes [22].

Polyphenols have antioxidant and anti-inflammatory activ-
ities, so consuming them could slow or prevent age-related
changes. As previously shown, foods high in polyphenols, e.g.,
dark-colored berry fruits, prevent age-related neuronal and
behavioral deficits in animal models of aging [23]. In particular,
studies from animal models of aging have found that poly-
phenolic compounds from walnuts and berries hold promise in
slowing—and perhaps even reversing—age-related motor and
cognitive declines [23]. These polyphenolics possess antioxidant
and anti-inflammatory properties and may also influence the
brain directly through various mechanisms, including altered
cell signaling and increased neurogenesis, arborization
(branching) of dendrites, and autophagy in the brain [24].

In recent randomized, double-blind, placebo-controlled pilot
studies in healthy older adults (ages 60–75 y), blueberry or
strawberry supplementation (1–2 cups/d for 90 d) was able to
improve some aspects of cognitive performance, but not gait or
balance. In a randomized, double-blind, placebo-controlled trial
in 44 healthy older adults (ages 60–75 y), supplementation with
freeze-dried blueberry powder (polyphenolic equivalent to ~1
cup/d of blueberries) for 3 months improved 1 measure of ex-
ecutive function (mental flexibility) and 1 measure of learning
and memory (verbal learning) [25]. In a similarly designed trial,
supplementation of freeze-dried strawberry powder (poly-
phenolic equivalent to ~1 cup/d of strawberries) in 39 healthy
older adults for 3 months improved 2 measures of learning and
memory (spatial memory and recognition memory) compared
with placebo but had no effect on executive function [26]. Both
trials found that berry powder supplementation did not affect
mobility, including measures of balance and gait, likely because
the study subjects had no mobility detriments at baseline. Berry
supplementation did not decrease serum levels of inflammatory
biomarkers compared with placebo, but when serum from
berry-supplemented subjects was applied directly to cultured
microglia cells, there was a reduction in LPS-induced inflam-
matory markers relative to placebo-treated subjects [27]. Inter-
estingly, the serum was protective when taken during fasting as
well as postprandially. Although these studies are preliminary,
they add to the evidence that berry supplementation may help
protect against age-related cognitive declines. In addition to
single nutrients, healthy dietary patterns have been shown to
slow the rate of cognitive decline [28]. In particular, the
Mediterranean-DASH diet intervention for neurodegenerative
delay diet, which highlights increased intake of plant-based
foods, such as berries and green leafy vegetables, is associated
with lower risk of cognitive impairment in older adults [29].

Further investigations examined mechanisms and other fac-
tors involved in the beneficial effects of berry fruits. For example,
changes in circulating levels of specific phenolic compounds
were correlated with changes in cognition [30]. Furthermore,
cognitive performance and inflammation were related, as
serum collected from berry-supplemented animals reduced
LPS-induced inflammatory-stress-mediated signals (e.g., NO) in
stressed highly aggressively proliferating immortalized micro-
glia in vitro relative to serum from placebo-fed controls, and
nitrite levels following supplementation were positively corre-
lated with cognitive performance (i.e., escape latency in a maze)
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[31]. Therefore, the inclusion of additional servings of
polyphenolic-rich foods, such as nuts and berries, in the diet may
be one strategy to forestall age-related neuronal deficits, perhaps
via decreases in inflammation and suppression of microglial
activation, to help increase cognitive resilience and preserve
cognitive function.

Other nonnutritive natural compounds derived from plants
should also be considered as bioactive compounds that
contribute to optimal health and improving resilience. The
BENFRA Botanical Dietary Supplements Research Center at
Oregon Health & Science University studies Botanicals
Enhancing Neurological and Functional Resilience in Aging. Two
botanicals of interest are Centella asiatica (gotu kola) and With-
ania somnifera (Ashwangandha). The Center has considerable
experience with Centella asiatica, which is used in Ayurvedic
medicine to improve memory. It is a popular dietary supplement
for “brain health” and shows potential to be developed as a FDA
approved “botanical drug” for the treatment of Alzheimer’s
disease. The rational use of botanicals, whether as dietary sup-
plements or botanical drugs, requires their evaluation through
optimized clinical trials [32,33]. These trials must be based on
sound preclinical studies providing evidence for functional ef-
fects, mechanisms of action, and active compounds. The use of
preclinical models is critical to inform the optimal design and
implementation of future nutrient or botanical clinical inter-
vention trials in healthy older adults and in patients with
neurologic diseases, such as Alzheimer’s disease. However, due
to the limitations of preclinical models in representing human
health, disease, and responses [34,35], evaluation of the efficacy
of an intervention through clinical trials in humans is essential.
Research needs to focus on product authentication, identification
of the biologically active compounds and their mechanisms of
action, and detection of relevant biomarkers that translate to
humans. Preclinical studies also need to address efficacy and
safety of the botanical to advance translational research in
cognitive resilience. Preclinical studies at Oregon Health & Sci-
ence University have confirmed the cognitive effects of Centella
asiatica in aged mice [36,37] and that the antioxidant response
gene Nrf2 is a molecular target of this herb [36,38]. Triterpenes
and caffeoylquinic acids have been identified as active com-
pounds in C. asiatica and may account for its neuroprotection
[39–42]. A phase I clinical trial examining the pharmacokinetics
of Centella asiatica compounds in older adults with mild cognitive
impairment was recently published [43]. A recently initiated
clinical trial (NCT05591027) will examine safety of C. asiatica
and also characterize the biologic signatures of its cognitive ef-
fects in a population of cognitively impaired older adults.

In the case of Ashwagandha, work at the BENFRA Center has
focused on water and hydroethanolic extracts of the root, as
these preparations are commonly used in dietary supplements
and in previously reported scientific studies. In one study, the
effects of aqueous and hydroethanolic extracts of Ashwagandha
root were compared in Drosophila melanogaster models of sleep,
cognition, locomotion (phototaxis), and stress-induced depres-
sion [44]. Treatment with the hydroethanolic extract improved
age-related sleep fragmentation (defined as an increase in sleep
bout number and a decrease in sleep bout length) in male flies.
Surprisingly, Ashwagandha root aqueous extract showed stron-
ger effects than the hydroethanolic extract in Drosophila mela-
nogaster models of cognition and locomotion (phototaxis) and a
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model of stress-induced depression. Treatment with the aqueous
extract of W. somnifera improved age-related locomotor declines
in females at lower doses than the hydroethanolic extract. The
aqueous extract also provided some resilience against
stress-induced depression both when given prophylactically
(only before stress) and continuously (before and during stress)
in a Drosophila model of depression. By contrast, the hydro-
ethanolic extract was only effective when given continuously.
The withanolides, commonly regarded as Ashwagandha’s active
compounds, are present in greater amounts in the hydro-
ethanolic than aqueous extracts [44]. Together, this suggests that
different Ashwangandha compounds may modulate the botani-
cal’s effects on cognition, mood, and sleep and that compounds
other than the well-known withanolides may be involved in
some of its biologic effects. Studies are underway to explore
these unknown active compounds in resilience to age-related
cognitive decline and stress. Knowledge of the bioactive com-
pounds associated with each potential clinical use of Ashwan-
gandha will be important in optimizing products for clinical
trials of Ashwangandha for those conditions.

In summary, as we pivot to emphasize the promotion of
optimal health, we need alternative indices of health besides
disease outcomes. An individual’s ability to be resilient,
including the ability to respond to stressors and to thrive and
retain functionality (i.e., cognitive function and immunity) while
maintaining a high quality of life, should be considered. More-
over, both essential nutrients (vitamins and minerals) as well as
other nonessential bioactive compounds should be considered as
key factors that promote optimal health.
Individualized Responses and Precision Health

As we define optimal health, it is clear that the potential so-
lutions will vary depending on many individual and environ-
mental factors. Nutritional interventions in healthy adults are
known to produce a variety of responses, and work is underway
to identify and characterize the different phenotypes that result
in unique metabolic needs, with the goal to design personalized
dietary approaches to maximize individual health. Although
reasonable skepticism regarding the consumer readiness for
precision and personalized nutrition exists, efforts to better
illuminate the goals and challenges to this emerging technology
are being openly discussed in the research community. For
instance, in August of 2021, the National Academy of Science,
Engineering, and Medicine held a public workshop titled
“Challenges and Opportunities for Precision and Personalized
Nutrition” [45]. At this workshop, participants raised important
perspectives on current opportunities and information gaps in
our understanding and approaches to variability in nutritional
responses, the shift in the personalized nutrition industry, and
numerous studies demonstrating the potential utility for research
in this area to aid in our understanding of variable nutritional
responses as well as how in certain circumstances they may be
beneficial in tooling both dietary guidance for glucose control
and therapeutic interventions for weight loss. Addressing these
knowledge gaps and refining our expectations and applications
for individualized nutrition will be critical to realizing the full
potential of this knowledge as another tool in our arsenal to
improve human health. In 2020, the NIH also launched a new
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strategic plan for nutrition that emphasizes Precision Nutrition
[46]. In 2022, the NIH invested $170M in a new Precision Health
program that leverages the All of Us research program and will
allow unprecedented opportunities to combine metabolism,
microbiome, diet assessment methods, and data sciences
together to provide new insights in precision nutrition. Instead of
a one-size-fits-all, we can envision a time where a person’s
unique characteristics (e.g., age, genetics, sex, metabolism,
health history, known environmental exposures, lifestyle) will be
effectively used in a proactive approach to health promotion and
disease prevention, and importantly, allowing personalized
strategies based on these characteristics. Significant strides in
science and technology made over the past decade will be
instrumental in our efforts to understand precision nutrition. In
this next section, we discuss contributors to individual variability
and precision nutrition, including the role of metabolism, ge-
notypes, and the gut microbiome.

Metabolic variability

Variability in responses to nutritional interventions in healthy
humans is well-known and suggests that individuals may benefit
frommore personalized dietary regimens to improve or maintain
health. Although the physiologic/genetic underpinnings of these
phenotypes and their responsiveness to changes in nutritional
status largely remain to be explored, tools to efficiently identify
nutritionally responsive phenotypes are emerging. Variable re-
sponses to dietary omega-3 FAs are one of the better characterized
nutritionally responsive phenotypes, and this research highlights
the complexity and nuance needed to fully appreciate physio-
logically relevant responses [47,48]. For instance, in a secondary
analysis of a randomized, double-blind, placebo-controlled trial
of short-termfish oil supplementation (2 g/d EPAþ1g/dDHA for
6 wk) in 83 individuals of African ancestry, a two-thirds by
one-third split in ‘high responders’ compared with ‘low re-
sponders’was reported with respect to intervention effect on red
blood cell long-chain ω-3 FA enrichment, reduction in plasma
triglyceride concentrations, and stimulated monocyte inflamma-
tory responses [49]. Although an individual’s adiposity, baseline
ω-3 FA status, consumed dose, and the ingestedω-3 form (i.e., TG,
phospholipid, and ethyl ester) contribute to the ω-3 response [50,
51], this variance may also be influenced by an individual’s
background diet. In particular, the consumption of less than
one-third cup of dark-green and orange vegetables and legu-
mes—and the health effects of their accompanying
nutrients—was associated with the low response in a secondary
analysis of the aforementioned intervention study [49].

Another experimental approach to examine interindividual
variability to a nutritional intervention is the mixed meal/
macronutrient challenge test [52–55]. Analogous to oral glucose
tolerance tests, in which the metabolic response to a standard-
ized carbohydrate challenge is investigated, a mixed macronu-
trient challenge can be used to probe the metabolic response to a
complex meal. Using standard clinical measurements, such a
challenge can be used to simultaneously assess insulin sensitivity
and fat tolerance [54]. However, by expanding the experimental
end points to include both physiologic and broad metabolic re-
sponses using modern metabolomic technologies, the potential
for phenotypic profiling of an individual’s response to such a
standardized meal is extraordinary. For instance, an individual’s
953
metabolic flexibility (i.e., the ability to switch among available
fuels, such as fats, carbohydrates, or proteins), their metabolic
health, and the potential for their response to interventions can
all be assessed [52,53,55]. Another powerful application of
metabolomic phenotyping in nutritional research is the appli-
cation to twin studies. By employing sets of both dizygotic and
monozygotic twins, these approaches have demonstrated the
power to segregate and quantify the genetic and environmental
factors driving covariance between physiologic and metabolic
traits and health outcomes [56,57].

In summary, characterizing the range and nature of both
fasting and postprandial nutritional phenotypes based on dif-
ferences in metabolism in healthy populations offers novel ap-
proaches to identify individuals that may benefit from more
individualized nutritional guidance to improve and/or maintain
their health. Moreover, tools exist today to begin this task. The
application of these tools in well-designed clinical trials will be
critical to effectively demonstrate their value in aligning nutri-
tional guidance and/or interventions with metabolic
phenotypes.
Genotype
Gene-by-diet interactions have the potential to have a

tremendous impact on human health. Throughout history,
humans evolutionarily adapted to their local environments to
move across the globe, including to their changing diets. How-
ever, transitions to the modern Western diet in the last 75 y have
resulted in maladaptations leading to a high prevalence of
various chronic diseases, including obesity, cancer, and car-
diometabolic diseases that disproportionately affect certain
populations and create ethnic health disparities [58,59]. For
example, the adoption of the Western diet brought about a dra-
matic increase in the intake of PUFAs, specifically dietary ω-6
PUFAs [60]. This shift was initiated by an American Heart As-
sociation recommendation in 1961 to replace dietary SFAs with
PUFAs [61]. Evidence supporting the recommendation included
randomized controlled trials and cohort studies conducted in
non-Hispanic White populations showing benefits of increasing
ω-6 PUFAs on levels of serum lipids and lipoproteins [62,63]. It
was also assumed that only a small proportion of these ω-6
PUFAs (2%–3% of energy ingested) could be converted to
proinflammatory/prothrombotic long-chain ω-6 PUFAs, such as
arachidonic acid [64], so adding 5%–10% energy as ω-6 PUFAs
(as recommended) would have limited detrimental inflamma-
tory/thrombotic effects due to saturation of the biosynthetic
pathway.

However, studies began to emerge a decade ago that showed
genetic ancestry plays a critical role in determining the meta-
bolic capacity of the long-chain ω-6 PUFA biosynthetic pathway.
Specifically, several studies revealed that populations with Af-
rican ancestry (compared with those of European or Amerind
ancestry) have much higher frequencies of genetic variants in the
FA desaturase (FADS) cluster on chromosome 11 (chr11q12-
13.1) that markedly enhance the conversion of dietary ω-6
PUFAs to the long-chain ω-6, arachidonic acid and proin-
flammatory/prothrombotic oxylipins (including eicosanoids),
and endocannabinoids metabolites [65–67]. This underlying
pathogenetic mechanism potentially results in a higher risk of
chronic disease in those of African ancestry compared with those
with European ancestry.
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With few exceptions, ω-6 long-chain PUFAs, such as arach-
idonic acid are proinflammatory/prothrombotic, and ω-3 long-
chain PUFAs, such as EPA and DHA are anti-inflammatory/
antithrombotic [68–70]. Given the fact that a much higher pro-
portion of populations of African ancestry has the capacity to
form higher levels of arachidonic acid and its metabolites from
dietary ω-6 PUFAs, it might be expected that ω-3 long-chain
PUFAs would have a greater capacity to balance the impact of
high dietary ω-6 PUFAs in these populations. Among clinical
trials carried out to date, the VITamin D and omegA-3 TriaL
(VITAL) is of particular interest when considering African
ancestry, as it included n ¼ 5106 African-American (AfAm)
participants out of n ¼ 25,871 total participants. Overall, sup-
plementation with marine ω-3 long-chain PUFAs (EPA þ DHA,
1g/d as ethyl esters) failed to prevent CVD (composite end point)
or cancer events among healthy middle-aged men and women
over 5 y of follow-up. Although ω-3 long-chain PUFA supple-
mentation failed to prevent CVD (composite end point) in the full
group analysis, in a follow-up subgroup analysis, Manson et al.
[71] demonstrated robust risk reductions in AfAm (HR: 0.23;
95% CI: 0.11, 0.47; P interaction by race, 0.001). Similarly,
subgroup reanalysis of the VITAL study data based on the FADS
framework compared the Kaplan–Meier curves for the MI end
point, faceted by fish consumption and the number of CVD risk
factors, for both European American and AfAm participants [47].
This reanalysis revealed a marked ~80% reduction in MI asso-
ciated with ω-3 long-chain PUFA supplementation in AfAm
participants with baseline CVD risk who did not consume fish
(low ω-3 intake) [47]. By contrast, and in accord with our FADS
framework and the mixed distribution of FADS haplotypes in
European American populations, these participants failed to
benefit similarly, regardless of baseline fish intake or baseline
CVD risk. Collectively, these data suggest that AfAm populations
may benefit from ω-3 long-chain PUFA supplementation, and
both ancestry and FADS variability should be factored into future
clinical trial designs. Such heterogeneity in the FADS cluster and
other genes should inform the design of future clinical trials and
may offer the opportunity to personalize recommendations of
long-chain ω-3 PUFA supplementation to individuals of different
ethnicities.
Microbiome
The human gut responds rapidly to significant changes in the

diet [72,73], and long-term dietary habits can exert strong effects
[74]. The influence of dietary components has had a long history
of impact on gut health and maintenance of high gut microbial
diversity [75,76]. However, the gut microbiomes in humans are
highly diverse and variable among individuals [77]. Moreover,
the influence of specific dietary components on the gut micro-
biome community structure (i.e., diversity and abundance of in-
dividual microbes) and microbial metabolic function may vary
among individual microbiomes [78]. Thus, diet–microbiome in-
teractions are highly individual and idiosyncratic, especially over
one’s lifetime [79]. Myriad dietary compounds are known to
modulate human gut microbiome structure and function, with
impact on disease [80]; among these, dietary fibers were first
established for their protective effects against chronic disease at
population scales, which are widely believed to be largely medi-
ated by the microbiome [81]. Although dietary fiber intake is
954
widely associated with positive health outcomes (chiefly, pre-
vention of the chronic diseases increasingly prevalent in Western
populations) [82–85], persistent public health and nutrition
messaging in many such nations has made only modest gains in
increasing consumption [86]. Thus, dietaryfibers remain, to date,
the only microbiome-focused nutrient with established dietary
guidelines for population-scale health. If populations are recal-
citrant to increasing their overall fiber intake, dietary fiber-based
strategies to improve health must seek to identify the fiber types
most active in stimulating the appropriate microbiome responses
to benefit host physiology [87,88]. This is not trivial in that 1) as a
category, “fiber” simply means the non–human-digestible plant
components and includes a vast array of molecular structures,
both soluble and insoluble [89]; and 2) the mechanisms by which
these divergent structures alter the structure and function of gut
microbiota, thereby influencing health, are poorly understood
[90]. Coupled with the fact that many fiber intervention studies
do not specify or characterize the fiber structures employed (e.g.,
fine polysaccharide structures, particle sizes), it is very chal-
lenging to discernwhich structural variables are influential on the
responses of gut microbiota, both in vitro and in vivo [91].
Consequently, the ways in which fiber structures differentially
influence ecology in the gut and metabolic function suggest that
specific fibers can be targeted to desirable microbial consumers,
thereby potentially being health beneficial at much smaller daily
doses and at population scales (“one size fits many”).

Fiber polysaccharide structures contain a dizzying array of
linkages among glycosyl residues that, in turn, generate strong
differences in higher-order structure of these substrates. Because
microbial carbohydrate-active enzymes are highly specific to the
bonds they hydrolyze, differences in genome content or regula-
tion of these carbohydrate-active enzymes can drive division of
labor in degradation of polysaccharide consumption [92]. The
Lindemann laboratory at Purdue University has demonstrated
that 1) metabolism of fibers is emergent across individuals but
structural differences select for similar microbiota across donors
[93] and 2) polysaccharides can structure communities and
maintain diversity against high-dilution pressure [94]. These
data strongly suggest that fiber fine structures are highly selec-
tive for consortia of fermenting microbes and sustain them in
diverse communities, potentially serving as a basis for targeting
these microbiota in the midst of complex and idiosyncratic
human gut communities [89,90,93,95–99]. The hypothesis is
that there are general ecologic strategies that microbes use to
gain advantage with respect to fiber fermentation and possible
downstream health benefits [92]. It is believed that these stra-
tegies are genetically encoded [100]; thus, they provide a
foundation for engineering fibers that will allow the gut micro-
biome to be manipulated for predictable outcomes across
disparate individuals.

To test the hypothesis that subtle differences in polysaccharide
structure select for distinct microbial communities, 2 subtly
different model polysaccharides, red and white sorghum arabi-
noxylan (RSAX and WSAX, respectively) were fermented with
identicalmicrobiota. RSAXwas slightlymore complex at the level
of branching diversity thanWSAX andmaintained amore diverse
microbiome in which members of Bacteroides spp., especially
B. ovatus,were dominant. In contrast,WSAXpromoted the growth
of Agathobacter rectalis and Bifidobacterium longum-dominated
communities. Interestingly, these polysaccharides selected for
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genomically identical strains across 3 unrelated donors. Along-
side the differences in community structure, RSAX and WSAX
were fermented to different metabolic outcomes. Further, when
fed to mice, WSAX and a human-derived microbial consortium
adapted to its use modified the cecal metabolism of mice in sex-
specific ways. Interestingly, the effects of transient human mi-
crobes could be seen in metabolite profiles and in postantibiotic
community resilience in the mice. Our data suggest that 1) poly-
saccharide fine structure deterministically selects for fermenting
communities; 2) fine polysaccharide variants often target largely
the same microbes across individuals; and 3) in turn, these dif-
ferences lead to divergent metabolic outcomes, which are
potentially impactful on host physiology and resilience to stress.
Together, these results suggest that well-characterized fiber
structures may be used to influence human health at population
scales and relatively small doses.

Conclusions, Actions, and Next Steps

Defining optimal health is going to be extremely dynamic in
nature. As our analytical technologies continue to advance,
where we can obtain structural, cellular, organ, and whole-body
data—and generate millions of data points around cellular and
health outcomes—there is a critical need for collaborative team
science approaches. Collaboration among data scientists, bi-
ologists, and nutrition experts will help decipher complex data
and identify new hypotheses and approaches. This team science
approach will be needed to help identify and interpret new
markers of resilience and optimal health and to better under-
stand the complexity of factors that lead to interindividual
response differences and individualized recommendations.
Critical research needs include:

� A harmonization of methods, research design, and outcome
measures

� An increase in diversity, equity, and inclusion lens, with more
research on understudied populations

� Methodology that facilitates integration of data streams

The field of nutrition is in a critical transition period. Public
awareness and interest in the role of nutrition in health have
grown exponentially. Yet, a high proportion of the population still
does not meet the current dietary guideline recommendations. A
transition to defining optimal health, with markers of resilience
and retaining optimal function, has the potential to helpmotivate
behavior change as tangiblemeasures of functionality and vitality
that can be individualized. However, these scientific efforts will
require team communication and close collaboration to properly
message and communicate to the population at large, and ulti-
mately, improve the health of the nation.
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