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SUMMARY

We present an overview of dietary selection pressures on
the gut microbiome, from the perspective of undernutrition

and overnutrition, and reflect on the wealth of data on
global dietary patterns to understand the geographical dif-
ferences in gut microbiome community structure.

The human gut microbiota harbors a heterogeneous and
dynamic community of microorganisms that coexist with
the host to exert a marked influence on human physiology
and health. Throughout the lifespan, diet can shape the
composition and diversity of the members of the gut
microbiota by determining the microorganisms that will
colonize, persist, or become extinct. This is no more pro-
nounced than during early-life succession of the gut
microbiome when food type and source changes relatively
often and food preferences are established, which is largely
determined by geographic location and the customs and
cultural practices of that environment. These dietary se-
lection pressures continue throughout life, as society has
become increasingly mobile and as we consume new foods
to which we have had no previous exposure. Dietary se-
lection pressures also come in the form of overall reduc-
tion or excess such as with the growing problems of food
insecurity (lack of food) as well as of dietary obesity
(overconsumption). These are well-documented forms of
dietary selection pressures that have profound impact on
the gut microbiota that ultimately may contribute to or
worsen disease. However, diets and dietary components
can also be used to promote healthy microbial functions in
the gut, which will require tailored approaches taking into
account an individual’s personal history and doing away
with one-size-fits-all nutrition. Herein, we summarize
current knowledge on major dietary selection pressures
that influence gut microbiota structure and function across
and within populations, and discuss both the potential of
personalized dietary solutions to health and disease and
the challenges of implementation. (Cell Mol Gastroenterol
Hepatol 2022;13:7-18; https://doi.org/10.1016/
j.jecmgh.2021.07.009)
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Assembly of the microbiota begins at birth and can
take between 1 and 3 years to mature to a
composition more reflective of the adult microbiome.' ™ The
early gut microbial colonization process is thought to
contribute to early education and imprinting of the infant’s
metabolic and immunological development and subsequent
physiological homeostasis in life. Conversely, marked de-
viations in gut microbiota configuration or function are
thought to underlie the onset and progression of several
health disorders.”® Thus, a robust and diverse gut micro-
biota remains vital to the preservation of human health. It is
not entirely understood what defines a healthy adult gut
microbial profile as variability in species richness, diversity
and stability are often used as markers,” and these vary
greatly between individuals in general, and especially across
geographic locations.™”

Diet has long been recognized as a major external
determinant of these interindividual differences. Changes in
the gut microbiota or the metabolism of dietary compo-
nents by gut microbiota may affect the absorption of dietary
nutrients. Indeed, consumption of various nutrients affects
the gut microbial community structure and provides sub-
strates for microbial metabolism. In turn, the gut microbiota
can produce small molecules that are absorbed by the host
and affect several vital physiological processes.”®’ Human
lifestyle or geographical differences beget gut microbiota
differences and these can be due to associated differences
in diet or cooking practices.'® For instance, there are dif-
ferences in microbial richness in rural individuals
consuming plant-based diets compared with consumers of
high-meat and high-fat Western diets."’ Western diets
trigger the loss of specific gut taxa, particularly those that
can degrade complex carbohydrates, while these are highly
abundant in the gut of individuals who consume rural

Abbreviations used in this paper: MAC, microbially accessible carbo-
hydrate; MDCF, microbiota-directed complementary food; SCFA,
short-chain fatty acid.
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diets.'” The progressive loss of microbial diversity over
many generations™® in urban-industrialized societies coin-
ciding with the upsurge of chronic diseases is thought to
correlate with the decline in the consumption of dietary
fiber,'* but this is likely multifactorial and is a combination
of decreases in some dietary components and increases in
others.

Short-term dietary changes can cause rapid but revers-
ible shifts in the gut microbiota composition, while longer-
term changes can alter the genomic composition and
metabolic activities of microbiota.'>'® However, the al-
terations in the gut microbiota in response to different types
of diet and lifestyle interventions are distinct. Even more,
interindividual differences in microbial response to diets
tend to dominate analyses, indicating that it is almost
impossible to design a universal dietary plan for all in-
dividuals.*® Thus, microbiota features have emerged as
crucial biomarkers to predict responsiveness to dietary in-
terventions that should be taken into consideration during
the design of personalized nutrition stra‘cegies.17 Herein, we
summarize current knowledge on major dietary selection
pressures that influence gut microbiota structure and
function across populations, and strategies for selectively
tuning the gut microbiota in a personalized approach be-
tween individuals. The gut microbiota is highly plastic in its
composition and function, and as such dietary manipulation
represents an attractive and low-risk strategy to alter the
gut microbiota ecosystem. Ultimately, research along this
avenue will revolutionize the field of nutrition including
advances in precision nutrition and the development of
next-generation microbiota-based therapeutics to combat
specific diseases and improve health.

Global Dietary Patterns: Rural Vs Urban

Diet plays a critical role in shaping the gut microbial
community structure and function, with an overall impact
on health. Dietary habits or practices have been observed to
be strongly connected with geography, cultural practices,
lifestyle, and socioeconomic status. Studies from different
populations have revealed wide variations in the relative
proportions of core taxa in the gut microbial community of
individuals (Figure 1). Important headways in this area
began to emerge roughly a decade ago.

An early population study by Filippo et al'® investigated
the impact of diet on the microbiota by analyzing the gut
microbiota of rural children from Burkina Faso compared
with the microbiota from counterparts in an industrialized
environment in Italy. Rural Burkinabe children who
consumed a plant-rich diet were markedly enriched in
Bacteroidetes, which are credited for breakdown of poly-
saccharides, and were depleted in Firmicutes. Conversely
these observations were not seen in the Italian children.
Also, high proportions of complex carbohydrate degraders
such as Prevotella and Xylanibacter, which strongly asso-
ciate with increased levels of fecal short-chain fatty acids
(SCFAs), were present in the rural children. The Burkinabe
children also displayed increased microbial richness and
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diversity and a notably reduced representation of patho-
genic Enterobacteriaceae taxa. These observed differences
were not linked to ethnic backgrounds, as the gut micro-
biota of children dwelling in urban Burkina Faso resembled
more closely the gut microbiota of the Italian children than
the rural children.'"® This was among the first studies to
highlight that rural vs urban lifestyles supersede ethnic
distinctions when it comes to the microbiome. This concept
that gut microbiota of rural dietary lifestyle vary from those
of urban-Westernized dietary practice was further rein-
forced by the Gomez et al*® study, in which they demon-
strated that the gut microbiota of traditional hunter-
gatherer BaAka communites and the agriculturist Bantu
communities in Central Africa Republic have distinct pat-
terns from the gut microbiota of Westernized Americans.
However, the Bantu microbiota harbor more Western-like
features, an outcome suggesting an ongoing shift from a
traditional practice toward a modern agricultural Western-
like pattern. This finding is very consistent with the life-
style of the Bantu people, who practice a combination of
traditional hunter-gatherer and urban-Westernized diets or
dietary style.™”

The impact of urbanization or Westernization in shaping
the gut microbiota has been recognized in multiple studies
focusing on diverse aspects of the gut microbiome.”*** A
meta-analysis study of datasets of fecal samples from ur-
banized and preagricultural populations revealed that spe-
cific gut taxa appear to have been acquired or shed possibly
due to dietary alterations that accompany the urbanization
process.”" For instance, Treponema, an anaerobic bacterium
involved in the degradation of resistant and complex fiber,
was a common feature among traditional human commu-
nities, suggesting that they could be symbionts that became
extinct over periods of urbanization."*** Another striking
study that aimed to study this concept prospectively, and
which possibly explains reduced microbial diversity and
richness in industrialized populations, identified the decline
in consumption of microbially accessible carbohydrates
(MACs), which represent the complex portion of dietary fi-
ber. Remarkably, the study found that in a humanized
mouse model, a reduction in MAC consumption over gen-
erations could result in a progressive loss of microbial taxa
including some fiber-fermenting species. The reintroduction
of dietary MACs was so unsuccessful in recovering the lost
gut microbial taxa that the authors concluded the MAC-
degrading bacteria had become extinct."® The long-term
consequences of the complete loss of specific microbial
taxa remain to be investigated. Collectively, data from these
studies demonstrate that the gut microbiota is structurally
and functionally more diverse among less developed native
populations than in urban-industrialized populations,®®~*°
although causality needs to be validated. Interestingly,
studies of the rural Amish in the United States and the
nomadic Irish travelers in Ireland have suggested that the
microbiota differences in these rural populations compared
with urbanized populations may actually not be diet-related,
but rather be related to regular interaction with outdoor
animals such as livestock.””*°
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Figure 1. Geographic locations and populations represented in existing studies on global dietary effects on the gut
microbiome. Symbols of the same color represent populations included in a given study.

Global Dietary Patterns: Seasonal
Variation

A newly investigated area and added layer to the study
of diets and gut microbiomes at the population level is the
impact of seasonal variations in food availability. In Western
societies, grocery stores stock the same meats and produce
year-round, importing products that may be otherwise out
of season locally. In the absence of such conveniences,
however, food can only be consumed in the season in which
they grow.

Nothing has exemplified this more than the study of the
Hadza in Africa. Initial studies compared the Hadza hunter-
gatherer population in Tanzania to urbanized populations,
and results were consisted with many of the previously
mentioned studies. The Hadza consume a diet rich in com-
plex polysaccharides and display increased levels of mi-
crobial diversity, represented by high proportions of
Bacteroides in comparison with Italian urban dwellers.'?

A follow-up metagenomic analysis of the Hadza micro-
biome revealed an enrichment of carbohydrate-active en-
zymes, which are consistent with a foraging, polysaccharide-
rich diet, yet retains the metabolic capability to metabolize
branched-chain amino acids.?’ Further, targeted metab-
olomic fecal profiling in this dataset showed unique
enrichment in hexoses, glycerophospholipids, sphingolipids,
and acylcarnitines, while the most available natural amino

acids, fatty acids, and derivatives were poorly enriched,
perhaps reflecting a gut microbiota phenotype less likely to
develop or promote inflammation.>" The retained functional
potential of the Hadza gut microbiome to metabolize both
complex carbohydrates and proteins may be due to the
seasonal changes in food availability, which was later
studied by Smits et al’“ in this same Hadza population. Here,
they discovered indeed that the Hadza gut microbiome un-
dergoes seasonal cycling in composition that coincides with
the wet and dry season, with Prevotellaceae and Spi-
rochaetaceae as the 2 most seasonally variable taxa. The
proportion of Prevotellaceae dropped in the wet season,
which correlated with a marked reduction of carbohydrate-
active enzymes present in the metagenome, specific for
plant carbohydrates.* Seasonal cycling was not observed in
any of the urbanized populations represented in this study,
which is likely due to the relatively stable and consistent
supply of most foods year-round. As a result, they also
found that many bacterial species were completely absent
from the gut microbiomes of industrialized populations
compared with those that eat seasonally.
Season-dependent shifts in the microbial community
composition in response to dietary changes have been
demonstrated in several other populations as well. One of
the earliest studies was conducted in the communal-living
Hutterite population of North Dakota, whose summer diets
are rich in high-fiber fresh fruits and vegetables. The
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summer gut microbiota of the Hutterites correlated with
significantly increased abundance of Bacteroidetes, and a
corresponding depletion in the abundances of Actino-
bacteria and Firmicutes compared with the winter season.*
Similar seasonal character in the microbial community
composition has also been demonstrated in the traditional
nomads of Mongolia,***° in middle-aged Japanese in-
dividuals,*® and more recently, in a cross-sectional study of
a Ukrainian population.37 One study, however, was unable
to detect seasonal variability in the microbiota composition
in the hunter-gatherer Canadian Inuit population, which
may be attributed to an increasing availability of Western-
ized foods throughout the year.*®

Overall, studying global dietary patterns across degrees
of urbanization, global location, and specific food availability
contributes at the macro level to the immense heterogeneity
seen in the gut microbiomes across the globe. This is a food
type-specific observation driven by the types of foods
consumed under the previous parameters, and when those
foods are consumed. This is often how the gut microbiome
is studied in the context of diet. However, another important
dietary factor that can influence gut microbiome composi-
tion is presence or absence of food. At the extremes, this is
manifested either as undernutrition or as overnutrition and
overconsumption, both considered malnutrition pheno-
types, which are global crises of public health concern.

Gut Microbiota in Undernutrition

Undernutrition is broadly characterized by inadequate
intake of one or several nutrients or poor food quality, and
can be initiated or worsened by persistent enteric in-
fections.” Undernutrition is usually assessed using World
Health Organization public health indicators such as un-
derweight (low weight for height < -2 SD), wasting (low
weight for age < -2 SD), or stunting (low height for age
< -2 SD), or having any macronutrient deficiencies. While
stunting represents a form of chronic malnutrition, under-
weight and wasting are forms of acute malnutrition.”” The
clinical manifestations of undernutrition include marasmus,
a wasting syndrome without edema, and kwashiorkor,
which results from protein deficiency and mostly marked by
edema.

Pediatric undernutrition during the first 1000 days of
life contributes to short-term and lifelong adverse outcomes
including linear growth retardation, neurodevelopmental
delay, poorer school progression, increased future risks of
degenerative diseases, and mortality. Children experiencing
undernutrition are typically treated with commercial
nutrient-rich “ready-to-use therapeutic food” in combina-
tion with antibiotics, and that has resulted in a notable
decline in mortality from approximately 40% to 5%.""*?
However, survivors of undernutrition are often unable to
recover completely even after improvements in their body
weight or mass.** Moreover, long-term follow-ups report
high mortality rates after seemingly successful nutritional
interventions.**** This suggests that in addition to food
insecurity, a network of interacting determinants that
operate within and across generations may potentially
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reflect the incidence of childhood undernutrition in various
populations.*>*® Indeed, the gut microbiota has been
implicated as a major contributing factor in associated
pathological events, driven by marked deviation in the
normal assembly of the early gut microbiota.*” *’

Several observational and interventional studies from
diverse geographies have reported taxonomic and func-
tional changes of the gut microbiota, enrichment in potential
pathobionts and proinflammatory species, depletion in
obligate anaerobes, and nutrient malabsorption in under-
nutrition.*”*** Monira et al®’ provided one of the early
snapshots into gut microbiota compositional changes of
malnourished children. Their cross-sectional study that
compared the gut microbiota of undernourished and well-
nourished healthy children from Bangladesh observed
markedly less diverse microbiota (decreased fecal micro-
biota community richness), a bloom in potentially patho-
genic Proteobacteria including Klebsiella, Escherichia, and
Neisseria and reduction in «-diversity in undernourished
children.”" A separate cross-sectional study also demon-
strated how the gut microbiota shifts in response to
differing nutritional status. The study, conducted in 20 rural
Indian children, disclosed a distinct group of 23 genera with
varying proportions that correlate with the different nutri-
tional settings spanning from healthy to severe acute
malnutrition. Remarkably, relative proportions of Escher-
ichia, Streptococcus, Shigella, Enterobacter, and Veillonella
genera progressively increased in proportion with the
decreasing nutritional index of children. Microbial genes
associated with amino acid and carbohydrate transport and
metabolism, as well as with energy production and con-
version, positively correlated with nutritional status, thus
identifying efficient nutrient utilization as a key dis-
tinguishing feature of healthy children in comparison with
malnourished children.?

Subramanian et al®® analyzed the microbiota composi-
tion and community development of a healthy Bangladeshi
birth cohort during the first 2 years of life by 16S ribosomal
RNA amplicon sequencing from monthly collected fecal
samples. Using a machine learning model, age-
discriminatory microbial species and strains that defined a
healthy microbiota maturation index for this cohort were
identified, and that index was also shared by other unre-
lated healthy Bangladeshi children. Children with severe or
moderate undernutrition showed notable deviations from
this healthy age-associated microbiota index as their gut
microbiota communities exhibited delayed development.
Their microbiota resembled those of immature healthy
children.®® Indeed, clinical studies provide further evidence
that microbiota immaturity in children with severe acute
undernutrition is not durably fixed even when administered
either one of the two widely used food interventions. They
revert to immature microbiota configurations following
withdrawal of interventions,"””® suggesting persistent
developmental abnormality. Further corroboration of a
similar immature microbiota was observed in undernour-
ished children from Malawi by Blanton et al.*’ The re-
searchers conducted fecal transplants from either
undernourished children or age-matched healthy
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counterparts into germ-free mice and fed them on the
typical Malawian diet of the donors. The germ-free mice
harboring microbiota from undernourished children devel-
oped poorly, manifested by decreased weight and lean body
mass and alteration in bone morphometry. Microbial species
including Ruminoccocus gnavus and Clostridium symbiosum
were identified as predictive of improved weight and lean
mass gain in Malawian children. Colonization of these
growth-discriminatory taxa into young germ-free mice
harboring an immature microbiota improved their growth
and metabolic abnormalities.*”* In a separate study, adult
germ-free mice transplanted with the microbiota from an
undernourished child exhibited a wasting phenotype.*’
Collectively, these studies were the first to associate gut
microbiota maturity with age-dependent anthropometric
measures and disease pathogenesis related to nutrition
status.

A more recent meta-analysis involving 5 geographic sites
reported a significant loss of obligate or strict anaerobes in
childhood undernutrition when age, sex, and recruitment
center were controlled. Importantly, relative proportions of
several species from Bacteroidaceae, Eubacteriaceae, Lach-
nospiraceae, and Ruminococceae families were depleted,
whereas several aerotolerant species such as Escherichia
coli, Enterococcus faecalis, and Staphylococcus aureus were
consistently enriched. Furthermore, assessment of gut redox
potential demonstrated significantly higher levels in un-
dernourished children than in healthy control subjects.
Together, their data provide insights potentially connecting
the loss of specific gut microbes to gut redox changes in
severely undernourished children.”® Other studies have
sought to understand whether there are differences in gut
microbial patterns among the different clinical phenotypes
of undernutrition.***®*” Culturomic and metagenomic an-
alyses demonstrated a decreasing microbial diversity
gradient with the kwashiorkor microbiota when compared
with children suffering from marasmus. Kwashiorkor gut
microbiota was consistently overrepresented with potential
pathogenic groups including Proteobacteria and Fusobac-
teria, and a complete loss of Methanobrevibacter smithii,**°®
whereas beneficial polysaccharide-rich taxa in Bacteroides
were notably underrepresented in marasmus.”® A possibil-
ity for this may be that kwashiorkor is protein malnutrition
during critical growth periods specifically, while marasmus
is protein and energy malnutrition indicating a total
reduction in calories including from fiber-rich foods.

Existing commercial therapeutic diets used to treat un-
dernourished children are largely designed to increase
nutrient intake but do not take into account how they
impact the growth trajectory of the gut microbiota. This may
explain to some extent why nutritional interventions are
moderately effective in improving childhood growth as well
as in sustaining long lasting health benefits. Growing evi-
dence that the gut microbiota affects multiple aspects of
human metabolism and physiology has stimulated efforts to
develop microbiota-directed ready-to-use therapeutic foods
as interventions to promote health. Owing to the profound
and rapid impacts of diet in shaping microbial community
dynamics and function, microbiota-directed foods present a
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promising choice for nutritional rehabilitation.”®*° Consis-

tent with that notion, it was recently investigated whether
microbiota-directed complementary foods (MDCFs), which
are customized diets, could intentionally manipulate the
immature microbiota of malnourished children toward a
healthy microbiota, while potentially alleviating the long-
lasting consequences of malnutrition. Preclinical animal
models were used to screen various formulations of MDCFs
based on locally sourced Bangladeshi ingredients to identify
the effective MDCFs mostly likely to reverse immature
microbiota features and aid recovery. The 3 most promising
MDCFs were further tested in a randomized small-scale 1-
month clinical trial in malnourished Bangladeshi children.
One of the customized diets (MDCF-2) showed a significant
microbiota shift that promoted high levels of biomarkers
and mediators associated with growth, bone formation,
brain development, and immune function in malnourished
children toward a state similar to the microbiota commu-
nities present in age-matched healthy community chil-
dren.®"°* The sustainability of the improved gut microbiota
maturity in the long term remains the next important
question that needs to be established through rigorous
clinical studies incorporating individualized information. In
line with that notion, Chen et al®® recently published the
results of a 3-month efficacy trial evaluating the effects of
the newly identified MDCF-2 against a standard supple-
mentary food on measures of growth on a larger cohort of
children (n = 124) experiencing moderate acute malnutri-
tion for 3 months. The study outcome reinforced the earlier
observations that MDCF-2 has promising metabolic benefits
by stimulating child growth and brain development.
Importantly, these improvements could be sustained 1
month following cessation of the dietary intervention.®®
Moving forward, the exact mechanisms of how MDCF-2
improves ponderal growth in malnourished children are
required. Further, largely powered intervention trials with
MDCF-2 in different locations, as well as longer monitoring
periods on growth rate and cognition after cessation of in-
terventions, are clearly warranted to assess the replicability
and the long-lived effects of MDCF-2.°*%* Notwithstanding,
these findings, along with ongoing efforts, not only empha-
size the interplay between microbiota development and
healthy growth of a child, but also demonstrate the impor-
tance of choosing the correct nutritional ingredients to
repair and improve the perturbed guts of undernourished
children.

Gut Microbiota In Overnutrition

On the other end of the caloric quantum, overnutrition is
the excessive intake of food leading to adverse health
events. Obesity is now considered one such adverse health
event that is rising globally at an alarming rate. A primary
driving force for obesity is adoption of a Western lifestyle,
which is characterized by increased consumption of fat,
simple carbohydrates, and sugar, accompanied by decreased
physical activity. The obese individual is predisposed to a
wide array of chronic diseases, not limited to diabetes, heart
diseases, and some cancer types. Numerous studies
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conducted in the past decade have demonstrated that the
gut microbiota may be a crucial intermediary connecting
diet and obesity, yet the pathological molecular processes
remain poorly defined.>”® Although Wostmann et al”’
observed that 30% more calories were required by germ-
free mice to maintain their body mass than conventionally
raised counterparts, the first suggestion that the gut
microbiota makes appreciable contributions to obesity was
reported 2 decades later. A series of seminal studies from
Jeffrey Gordon’s team demonstrated that (1) when germ-
free mice were colonized with microbiota they had a 47%
increase in body fat within 2 weeks’? (2) in a genetic
mouse model of hyperphagia-induced obesity, these mice
had a distinct microbiota composition compared with their
lean counterparts despite being fed the same diet’?; and (3)
the obese mouse or human phenotype could be transferred
to germ-free mice.”*’® Together, these findings provided
early evidence that the gut microbiota is different in obese
mice and humans compared with lean counterparts, and
that obesity could potentially be transferred via the gut
microbiota.

Many studies have supported the connection between a
high ratio of Firmicutes to Bacteroides and obesity,”° ™" yet
contrary observations have also been reported, particularly
in humans.®’"® The lack of consistency raises several
important questions regarding the role of environmental
factors including diet, lifestyle, and host genetics in het-
erogeneous populations. Further, interstudy variations and
the absence of a standardized definition of the obese
phenotype can confound data analysis.®® Of note, a recent
publication provided evidence that the differential gut
microbiota phenotypes of obesity correlate with race and
ethnicity, or its associated determinants including dietary
components or socioeconomic status.®” Thus, this study may
potentially explain some of the discrepancies reported on
changes in microbiota composition and obesity, and high-
lights that individual circumstances and physiology are
important driving forces in understanding how a given diet
will impact one’s microbiome. Alternatively, it could be
possible that taxonomic composition from 16S ribosomal
RNA gene sequence analyses insufficiently capture the
complexity of the microbiota relationship in obesity.
Perhaps more insights may be obtained by examining a core
set or clusters of microbial genes in the microbiome and on
metabolites produced that are altered or overrepresented in
obese individuals. At the species level, the abundance of
SCFA producers such as Eubacterium ventriosum and Rose-
buria intestinalis have been shown to correlate with
obesity,”® whereas Oscillospira spp. and Akkermansia muci-
niphila are leanness-associated taxa®”’’ deficient in obese
individuals. Recently, daily oral administration of
A. muciniphila was studied in a double-blind, placebo-
controlled pilot study. Here, the study investigators found
that in overweight and obese, insulin-resistant volunteers,
the A. muciniphila-treated group had improved insulin
sensitivity and decreased total cholesterol compared with
the placebo group.”’ Another metagenome-wide association
study showed significantly decreased proportions of Bac-
teroides  thetaiotaomicron, a  glutamate-fermenting
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commensal in obese individuals and negatively correlate
with serum glutamate levels.”? Furthermore,
B. thetaiotaomicron treatment in mice protected against
adiposity, pointing to another possible future microbiota-
mediated therapeutic avenue for obesity treatment.

Several interconnecting mechanisms implicating the gut
microbiota and its associated loss of richness in obesity
have been proposed. The colonic fermentation and SCFA
production in regulation of gut hormones and influencing
energy expenditure is well-recognized.”®> Notably, gut
microbial-derived SCFAs bind to G protein-coupled re-
ceptors GPR41 and GPR43 to regulate energy expenditure.”
SCFAs can also induce lipogenesis through the activation of
ChREBP (carbohydrate responsive element-binding protein)
and SREBP1 (sterol regulatory element binding transcrip-
tion factor 1). Separately, the gut microbiota has been
shown to decrease liver fatty acid oxidation by suppressing
AMPK (adenosine monophosphate kinase) consequently
resulting in increased fat storage.”” Mouse and human
studies have also found that gut microbiota are involved in
dietary lipid digestion and host absorption of lipids either
directly’®®” or by altering host gene expression particularly
in the small bowel.”® Gut microbiota has also been demon-
strated to provoke obesity-associated inflammation via
“leakage” of bacterial products such as lipopolysaccharides
into systemic circulation which interact with Toll-like re-
ceptors leading to metabolic endotoxemia.”

Observations from these microbiota-obesity interaction
studies indicate that manipulation of the gut microbial
ecosystem could offer potential treatment regimen for
obesity and possibly diabetes. In this regard, 2 human
studies have demonstrated transient improvement in insu-
lin sensitivity after allogenic fecal transplant from lean,
metabolically healthy individuals to individuals with meta-
bolic syndrome, even though no concomitant changes in
body weight were observed.'’”'’" More mechanistic studies
are needed to demonstrate how the gut microbiota can be
manipulated, either by diet alone or synergistically with a
diet + probiotic regimen, to potentially prevent the onset of
metabolic derangements, and also help manage or reverse
existing conditions. It is already well established that a diet
and exercise interventions alone can reduce risk and
reverse metabolic defects; however, it is possible that the
additional knowledge about the gut microbiota’s interaction
with these metabolic pathways may offer accelerated or
complementary benefit to preexisting approaches. The true
benefit, however, will come only with more tailored ap-
proaches to the individual’s microbiome, which as we have
established, is determined by a constellation of lifestyle and
even genetic factors.

Precision And Personalized Nutrition

At this point, it is clear that the gut microbial ecosystem
is an important driver of heterogeneity among individuals in
response to dietary or lifestyle interventions, and why uni-
versal dietary approaches are sometimes ineffective. This
concept was exemplified in a recent study by Johnson et al'”
using participants’ fecal microbiota and detailed daily
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dietary intake history for 17 days. The study demonstrated
that individuals have highly individualized microbiota re-
sponses to various foods, which is dependent on their pre-
vious dietary history. In other words, a certain microbiota
profile can become “fixed” to a degree if a certain dietary
pattern is consistently adhered to for a certain duration of
time. This is compatible with the concept that the gut
microbiota is largely influenced by a person’s dietary
choices, which as noted earlier in this review, can be influ-
enced by many external factors, and the longer a certain diet
is consumed the more adapted the microbiota becomes. This
is of course malleable, but it is unclear how long it takes to
durably shift a “fixed” microbiome to adapt new composi-
tion or functions. Therefore, designing personalized diets
must take into account person-specific information
including age, gender, geographic location, metabolic status,
baseline microbiota membership and function, and estab-
lished dietary preferences. Consistent with that notion, in an
earlier study, Zeevi et al'” utilized machine learning algo-
rithms incorporating personalized information to demon-
strate that the gut microbiota can be used to predict
individualized glycemic responses to the same administered
foods. This study was groundbreaking in that it called to
task the currently acceptable dietary models that focus only
on caloric density or glycemic index in determining whether
a food item is healthy or not, and now brought in a new
variable: the gut microbiome. Further, the algorithm was
able to design tailored diets that successfully lowered the
postprandial glycemic responses for each participant based
on their prior tests on different types of foods. These re-
sponses were also validated in a follow-up trial with a
different population.’®” Similarly, a short-term randomized
crossover study in healthy participants that compared the
effects of a very specific food component, sourdough bread
or white bread consumption, in healthy participants
revealed that the glycemic responses to the different bread
types were largely person-specific and could markedly be
predicted by microbiota features at baseline.'”® Such
studies not only highlight the individuality of gut micro-
biomes, but also why one-size-fits-all dietary recommenda-
tions are flawed. The most comprehensive study
investigating predictors of postprandial responses to diet so
far is the PREDICT 1 (Personalized Responses to Dietary
Composition Trial 1) trial. Metabolic responses to meals of
varying macronutrient content were assessed and the meal
compositions were associated with clinical biochemical
profiles, continuous glucose monitoring, genetics, micro-
biome, and lifestyle characteristics in a large-scale human
cohort including twin pairs. The differences in interindi-
vidual responses could reliably be explained by environ-
mental factors such as diet content, meal timing, and
physical activity, rather than by host genetics, underscoring
the need to consider personalized nutritional recommen-
dations even in genetically identical twins."'**

Collectively, these findings highlight that at the popula-
tion level people may have similar responses to local diets,
but at the individual level, rarely do people respond exactly
the same, for example in their glycemic response, to the
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same foods. Many of these studies point to the gut micro-
biome as the determinant, or at least an important deter-
minant, in these individualized responses. If that is indeed
the case, this completely changes how we need to think
about dietary interventions for diabetes, obesity and also
undernutrition. Perhaps the first step is to understand the
individual’s microbiome composition and their dietary his-
tory and preferences before prescribing a particular nutri-
tional regimen. Although the evidence presented are very
promising and support this concept, an incomplete under-
standing of the mechanistic underpinnings of personalized
responses to diet, and the exact contribution of the gut
microbiota to this complexity, may delay its ultimate
translation into clinical practice. It is also inherently difficult
to apply personalized dietary approaches at scale. It is also
important to note that the majority of evidence so far
regarding the gut microbiome’s role in personalized re-
sponses to diet comes from gut-resident bacteria, while the
potential involvement of other gut-dwelling microorganisms
such as parasites, viruses, fungi, phage, and archaea are
currently unknown. Equally important are the contributions
of microbial metabolites that mediate diet-microbiota
signaling in shaping personalized responses. While we
would be remiss to not point out these challenges, person-
alized nutrition based at least in part on gut microbiome
profiles and function is a concept that warrants further
investigation and support. With more data across human
populations, patterns and ultimately applicable protocols
will emerge that strike a viable balance between personal-
ized and scalable.

Conclusions

The plasticity of the microbiota makes microbiota-
targeted dietary interventions an attractive approach for
disease prevention and treatment. However, the effects of
diet on the gut microbiota in health and disease have pre-
dominantly been drawn from animal studies. More human
studies involving large and well-powered cohorts are
needed to confirm their relevance and ultimately translation
into disease-specific nutrition guidelines, as well as tailored
approaches for the general population seeking to improve
health. Precision health and nutrition are an important
future direction in this regard. The measurement of multiple
aspects of individuality including geography, cultural prac-
tices, food preference, duration of dietary adherence, med-
ical history, and baseline microbiome composition should be
considered when designing microbiota-focused precision
nutrition protocols or therapeutic foods. The challenge will
be to identify optimal combinations of these variables and
this will require transdisciplinary approaches including big
data bioinformatics tools and analytical methods to address
the issue of the multiple permutations that could exist.
Several lines of investigation are already underway in this
area and hold great promise for changing future approaches
to nutrition through the design of person-specific diets and
next-generation diet-derived therapeutics by incorporating
a greater understanding of the gut microbiome.
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