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Abstract

This review summarizes the key results of recently published studies on the effects of dietary change and nutritional inter-
vention on the human microbiome from around the world, focusing on the USA, Canada, Europe, Asia, and Africa. It first
explores mechanisms that might explain the ability of fiber-rich foods to suppress the incidence and mortality from west-
ernized diseases, notably cancers of the colon, breast, liver, cardiovascular, infectious, and respiratory diseases, diabetes,
and obesity (O’Keefe in Lancet Gastroenterol Hepatol 4(12):984-996, 2019; Am J Clin Nutr 110:265-266, 2019). It sum-
marizes studies from Africa which suggest that disturbance of the colonic microbiome may exacerbate chronic malnutrition
and growth failure in impoverished communities and highlights the importance of breast feeding. The American section
discusses the role of the microbiome in the swelling population of patients with obesity and type 2 diabetes and examines
the effects of race, ethnicity, geography, and climate on microbial diversity and metabolism. The studies from Europe and
Asia extoll the benefits of whole foods and plant-based diets. The Asian studies examine the worrying changes from low-
fat, high-carbohydrate diets to high-fat, low-carbohydrate ones and the increasing appearance of westernized diseases as in
Africa and documents the ability of high-fiber traditional Chinese diets to reverse type 2 diabetes and control weight loss.
In conclusion, most of the studies reviewed demonstrate clear changes in microbe abundances and in the production of fer-
mentation products, such as short-chain fatty acids and phytochemicals following dietary change, but the significance of the
microbiota changes to human health, with the possible exception of the stimulation of butyrogenic taxa by fiber-rich foods,
is generally implied and not measured. Further studies are needed to determine how these changes in microbiota composition
and metabolism can improve our health and be used to prevent and treat disease.
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Source and Selection of Articles Reviewed

The aim of this review is to summarize recently published
research from human studies on the gut microbiota-mod-
ulating effects of diet. It includes sections on microbiome
research of populations from around the globe in the USA,
Canada, Europe, Asia, and Africa that address specific
public health challenges. References for this review were
identified through searches of PubMed for peer-reviewed
articles published in English from 2014 to August 31, 2019
by use of the terms “Human Nutrition (or Nutrition) and the
(Human) Microbiome in USA, Canada, Europe, Asia, and
Africa,” appearing in the title or abstract. Articles resulting
from these searches, as well as relevant references cited in
those articles, were reviewed. The conclusions highlight the
future needs and implications for scientists and clinicians in
this fast-developing field of research, and the need for high-
quality, large-scale controlled human dietary intervention
studies.

Human Gut Microbiome and Its Metabolites
in Health and Disease

The human gut contains trillions of bacterial cells that are
reported to be at a ratio of approximately 1:1 with our own
cells [1]. Thus, they form a vibrant living population that
has a metabolic activity similar to the liver. There is conse-
quently a move to describe the microbiota as a whole a new
human organ. Their intimate association with the intesti-
nal mucosa, which is also highly biologically active with a
high cellular turnover rate, can be expected to have a major
impact on human health and the prevention or precipitation
of disease. The gut microbiota has a symbiotic relationship
with the host, playing a role in maintaining health and meta-
bolic homeostasis through the production of many metabo-
lites. The collective genomes of these microorganisms that
inhabit the gut refer to the metagenome. The development of
the gut microbiome begins at birth and in healthy individu-
als is largely completed within 3 years, but can be modified
by environmental factors, particularly diet composition and
volume, and antibiotic therapy [2]. This review will focus
on the modulatory effects of diet.

Research on the microbiome has expanded rapidly world-
wide providing novel insights into both human and animal
diseases and interventions designed to alleviate them [3, 4].

Bacterial populations inhabit the entire length of the
human gut from the oral cavity to the rectum. The density
and composition of the resident microbial communities,
however, differ markedly between anatomical sites and
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depend on transit rates, host secretions, environmental con-
ditions, substrate availability, and the integrity of the gut
wall [5]. Overall the predominant bacterial groups in the
microbiome are gram-positive Firmicutes and gram-negative
Bacteroidetes [6]. The bacteria that reside in the distal parts
of the gut contribute to host health through biosynthesis
of vitamins and essential amino acids and by production
of important metabolites from nondigestible food compo-
nents [7]. Short-chain fatty acid (SCFA) metabolites, nota-
bly butyrate, propionate and acetate are the by-products of
bacterial fermentation of indigestible carbohydrates, mostly
fiber, and act as the major energy source for the colonic
epithelial cells and therefore strengthen the mucosal barrier
and defense [8].

Dietary Fiber and the Microbiome

The microbiota is dependent on food residues for survival
and metabolism. Recent reviews by ourselves [9] have
shown that the fermentation of carbohydrate residues,
namely fiber, releases metabolites that not only provide
food for the colonic epithelium, but also exert a remark-
able variety of regulatory effects on colonic mucosal
inflammation and proliferation. This helps explain the
epidemiological studies from throughout the world that
have shown that high fiber consumption maintains colonic
health and prevents colon cancer [9]. Furthermore, high
fiber intakes provide high rates of butyrogenesis, which
exceed the metabolic requirements of the colonic mucosa
and enter the blood stream to exert epigenetic and immu-
nomodulatory effects on other organs in the body (Fig. 1).
This, in turn, explains the association between high fiber
intakes and a reduction in incidence and mortality from
all westernized diseases, including cancers of the colon,
breast, liver [10, 11], cardiovascular, infectious, and res-
piratory diseases, diabetes, and obesity [12—14]. Similar
conclusions were drawn by Reynolds based on nearly 135
million person-years of data from 185 prospective studies
and 58 clinical trials with 4635 adult participants compar-
ing the highest dietary fiber consumers with the lowest.
Here, they found a 15-30% lower rate in all-cause and
cardiovascular-related mortality, in addition to a lower
incidence and mortality in colorectal and breast cancer,
coronary heart disease, stroke, and type 2 diabetes. These
studies were recently quoted by O’Keefe in his viewpoint
for Lancet GI [10] where he updated the evidence support-
ing Burkitts fiber hypothesis that the deficiency of fiber in
the westernized diet can explain much of the morbidity
and mortality associated with westernized diseases.
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Fig. 1 Illustration of some

of the actions of butyrate
released by colonic microbial
fermentation of fiber on host
metabolism, inflammation, and
carcinogenesis
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reg of regulatory genes for inflammation, cell
proliferation, apoptosis, and differentiation,
suppress neoplastic transformation

Nutrition and the Gut Microbiome in Africa

Diseases of undernutrition and overnutrition that pose
widespread health challenges in Africa are viewed as
being “microbiota-dependent,” and hence, their mitigation
would benefit from “microbiota-directed” interventions
[15]. Understanding the role of the microbiota in their
pathogenesis is indispensable in informing intervention
strategies. Research of the past 5 years on human micro-
biome and nutrition in Africa, as reviewed in this section,
is dominated by intervention trials of childhood under-
nutrition and exploration of the effect of urbanization on
the rising incidences of westernized diseases. In general,
studies on undernutrition (summarized in Table 1) investi-
gate impairments of the developing gut microbiome asso-
ciated with malnutrition and its treatment sequelae while
research on westernized diseases aims at finding how the
changes in diet and lifestyle affect the gut microbiome
and contribute to the increasing risk of these diseases in
communities where the incidences were historically low.

Undernutrition and the Gut Microbiome

Undernutrition is a global health challenge accounting
for 45% of childhood mortality and higher morbidities in
sub-Saharan Africa and South Asia [16]. Malnutrition is a
complex of disorders arising from inadequate nutrition that
include gut microbiota dysbiosis, metabolic, immune and
intestinal barrier dysfunction, as well as micronutrient defi-
ciencies. It is often exacerbated by enteropathogenic and
HIV infections, enteropathy, diarrhea, and chronic inflam-
mation. It manifests as severe or moderate, acute or chronic,
edematous or nonedematous forms, all of which are managed

VaS
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Butyrate

counter-carcinogen
oncogene suppression

Mucosal defense.
Mucus production
Tight jcts integrity
Defensins, glucoronidase

immunomodulatory

GPCR binding, Treg activation, +FOXP3 IL-10 expression,
anti inflammatory, apoptopic, cell cycle arrest,
antiproliferative anti-neoplastic

O’Keefe Nature Rev 2016

through hospitalization and subsequent nutritional rehabili-
tation coupled with antibiotic therapy [17]. The challenge
in Africa is that, despite the implementation of the World
Health Organization (WHO)-recommended treatment proto-
col, there is still high mortality among children undergoing
treatment. It is thought that severe acute malnutrition (SAM)
is complicated by co-occurrence in a vicious cycle with
infections culminating in death [18]. Malnutrition results in
adverse health outcomes such as stunting, immune dysfunc-
tion, and cognitive impairments [15]. In 2011, Gordon and
colleagues proposed a hypothetical model of relationships
between the gut microbiota, the immune system, and diet,
which underlie the development of malnutrition [19]. Years
later, they provided evidence that gut microbiota dysbiosis is
causally linked to childhood undernutrition, based on longi-
tudinal studies involving Malawian infants and children with
varying degrees of undernutrition and corresponding growth
rates of gnotobiotic mice to which the kids’ fecal samples
had been transplanted [15, 20]. Since then, several inter-
vention and observational studies [21], completed (Table 1)
[22-32] and ongoing [33], have sought to understand the
role of gut microbiota in nutritional outcomes, childhood
morbidities, and enteropathy associated with malnutrition
in limited resources settings to improve outcomes. Vray and
associates embarked on alternative “renutrition” strategies
for the management of moderate acute malnutrition among
children across Madagascar, Niger, Central African Repub-
lic, and Senegal [34].

Iron-containing micronutrients powders (MNP) are
widely used in sub-Saharan Africa in the prevention of
iron deficiency anemia and micronutrient deficiencies
in infants [23]. However, there is concern that their iron
content may have adverse effects in children simultane-
ously treated with antibiotics. Antibiotic use is remarkably

@ Springer
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common in impoverished communities in Kenya, with an
average of 4.9 antibiotic courses per child year. In rural Tan-
zania, more than 50% of infants receive antibiotics by the
age of 6 months, chiefly for diarrheal and respiratory dis-
eases. In a controlled intervention trial, Paganini et al. gave
small groups (n 6-8) healthy infants who were still being
breast-fed various combinations of MNP with and without
iron (5 mg), and with and without antibiotics (amoxicillin
125 mg/day; ampicillin 125 mg/day + cloxacillin 125 mg/
day; or trimethoprim 40 mg/day + sulfamethoxazole 200 mg/
day). They were concerned to find that iron supplementation
increased the appearance of pathogens such as pathogenic
E. coli and decreased Bifidobacterium abundance. In other
separate studies Jaeggi et al. and Tang et al. made similar
observations that iron supplementation increased entero-
pathogen levels and intestinal inflammation in weaning
infants [24, 25]. Notably, a randomized clinical trial inves-
tigating the effect of antibiotics on the gut microbiome
diversity in Burkina Faso preschool children also reported
that the use of Azithromycin affected the composition of the
intestinal microbiome [22]. Although these findings discour-
age use of iron-containing micronutrient powders during
antibiotic therapy, they raise concern over the empiric use
of antibiotics and nutritional supplements in impoverished
communities, where more attention should arguably be paid
to improving food, sanitation, and housing.

Malawi has exceedingly high rates of infant mortality
from malnutrition [35]. Consequently, there is a desperate
need for developing efficacious interventions to ameliorate
SAM. To investigate this, Malawian infant twin pairs dis-
cordant and concordant for marasmus and kwashiorkor have
been involved as microbiota donors in a series of longitudi-
nal studies designed to understand underlying mechanisms
of SAM [20, 31, 32]. Remarkably, undernutrition-associ-
ated phenotypes such as stunting [29] and diet-dependent
enteropathy [32] could be transferred to gnotobiotic mouse
models through transplantation of fecal samples or culture-
purified bacteria obtained from sick infants. Bearing in mind
the previously described low efficacy of ready-to-use thera-
peutic foods (RUTFs) [20], there is hope that identification
of distinct microbial biomarkers that characterize different
states of malnutrition, such as those indicative of stunting
and enteropathy, as well as those that can ameliorate these
pathologies, is indispensable in evaluating interventions, in
different socioeconomic settings and geographic locations
[2, 32]. Indeed, the gut microbiota maturity, defined using
bacterial taxonomic biomarkers, discriminatory for age and
predictive for growth, has been described [2]. Its potential
as a lead in studying the effects of host and environmen-
tal factors on the gut microbiota development and associ-
ated diseases has been demonstrated [15, 32]. Such studies
portray the coupling of infant twin microbiota donors with
gnotobiotic mouse models as powerful tools in investigating

the role of gut microbiome in childhood undernutrition and
its interventions.

Breast milk is a source of nutrients and bioactive sub-
stances required for normal growth and development of the
infant [36]. It contains pro-, and prebiotics such as milk
oligosaccharides [37] that are viewed as potential micro-
biota-directed therapeutics for childhood undernutrition.
These oligosaccharides are beneficial substrates to the gut
microbiota contributing to enhanced gut bacteria function,
protection from pathogen infection, and improved immune
response. Gordon and co-workers analyzed human milk oli-
gosaccharides (HMOs) from breast milk of 6-month post-
partum mothers in two independent randomized controlled
clinical trials of undernourishment in Malawi [29]. The first
birth cohort study tested the efficacy of lipid-based nutrient
supplements (LNS) to prevent severe stunting among infants
(LCNI-5 study), while the second investigated supplement-
ing maternal and infant diet with micronutrient-fortified
LNS (iLiNS-DYAD-M study).

Initially, breast milk samples were selected from moth-
ers in the LCNI-5 study whose children exhibited healthy
growth (height-for-age Z score [HAZ]>0; n=29) or
severe stunting (HAZ < —3; n=59). The HMO abundance
and composition were found to be associated with infant
growth since the breast milk from mothers whose children
were severely stunted had significantly lower levels of
total, sialylated, and fucosylated HMOs compared to those
from mothers whose infants had healthy growth. Among
the mothers lacking the FUT?2 gene, i.e., unable to produce
alpha-1,2-linked fucosylated HMOs (“nonsecretor”” pheno-
type), those whose infants were severely stunted produced
milk HMOs deficient in fucosylated and sialylated com-
ponents compared to milk HMOs from mothers of healthy
infants. Similar observations were made in mothers enrolled
in the iLiNS-DYAD-M study. However, in “‘secretor” moth-
ers in the latter study, only the sialylated milk HMOs, neither
total nor fucosylated, were elevated significantly in those
with healthy infants (n =20) compared to the ones with
stunted infants (n =40).

To investigate the role of sialylated milk HMOs in infant
growth, the researchers used bacteria from fecal microbiota
of a stunted infant donor to colonize germ-free mice and pig-
lets feeding on prototypic Malawian diet (control) selectively
supplemented with sialylated bovine milk oligosaccharides
(S-BMOs) or inulin. Their objective was to determine pre-
clinically whether the sialylated HMOs are causally related
to healthy growth. After colonizing 5-week-old male germ-
free mice with a defined community of 25 bacterial strains,
and monitoring body weight and composition for 5 weeks,
weight and lean body mass gain were significantly increased
by S-BMO supplementation and not inulin. Of the 25 bacte-
rial strains, only Escherichia coli and Bacteroides fragilis
responded transcriptionally to S-BMO supplementation
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in vivo; however, interaction with all the community mem-
bers was necessary to mediate growth promotion. Further,
observations of decreased levels of serum and liver acyl-
carnitines and increased concentrations of serum insulin,
leptin, and triglycerides in S-BMO-treated mice compared
to controls, over the initial 5-week period, suggested that
S-BMO supplementation modulated metabolism in host tis-
sues. Overall, this study demonstrated the causal relationship
between S-BMOs and growth as well as the potential of
S-BMOs as supplements that have to be tested for improv-
ing growth outcomes. In a randomized trial, Davis et al. [26]
investigated the relationships between HMOs, microbiota,
infant morbidity, and growth in Gambian mother—infant
dyads. Without providing causation mechanisms, the fuco-
sylated HMOs were found to be associated with morbidity
while sialylated HMOs were predictive of growth. Prevo-
tella was associated with decreased morbidity, as had been
observed in a previous Malawian children cohort study cited
[38].

Westernized Diseases and the Gut Microbiome

Nutrition and the gut microbiome have been implicated in
the etiology of many westernized diseases [9, 39]. How-
ever, the role of the gut microbiome in the rising incidences
of colorectal cancer (CRC) in countries undergoing dietary
and lifestyle transitions, typical of sub-Saharan Africa, is
just unfolding. The age-standardized incidence of CRC per
100,000 has been traditionally <5 [40], but, despite varia-
tions between African countries, larger incidences of > 10
have been reported in some countries [41]. In Zimbabwe,
an observational study was recently undertaken to assess the
link between CRC risk and dietary changes from traditional
to Western during urbanization [41]. Owing to retention of
fiber intake in the urban population, the levels of butyrate
and butyrogenic bacteria were similar between rural and
urban participants, yet the levels of bile acids indicative of
high-fat diet were higher among urban participants. This
study demonstrated the potential to prevent a CRC epidemic
through retention of traditional high-fiber foods, a sustained
adjustment of diet that would reverse the pattern of meta-
bolic markers associated with CRC risk.

In a previous comparative diet switch study of rural Afri-
cans to a high-fat, low-fiber diet, and African Americans to
a high-fiber, low-fat diet, reciprocal changes in microbiota,
its metabolic activity, and mucosal biomarkers of CRC risk
were observed within 2 weeks [42]. In yet another com-
parative metagenomic study, not related to a disease, but
attempting to understand how the microbiome has evolved
to support hosts living in different environments, the gut
microbiome of the Hadza hunter-gatherers of Tanzania was
compared with that of the urban Italians [43]. The Hadza
gut microbiome was enriched with genes with the functional
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capacity to ferment carbohydrates into short-chain fatty
acids (SCFAs) and synthesize SCFAs from amino acids,
while the urban Italian gut microbiome showed functional
potential in xenobiotics metabolism [43, 44]. It has been
assessed that the current diet of the Hadza is rich in fiber,
containing 75—-100 grams of fiber per day mostly from pulp
and seeds of baobab fruits [45]. Their microbiome features
reflected the diet, lifestyle, and environment of the study
participants, that is, the unindustrialized and traditional rural
lifestyle and foraging diet of the hunter-gatherers versus the
industrialized and westernized diet and lifestyle of urban
Italians. Taken together, there is strong evidence that the gut
microbiota metabolizes the plant- and animal-based diet into
products that may, respectively, protect against and promote
westernized diseases in African populations [42], and will
shift compositionally and functionally in favor of the diet
and environment at hand [43], thus affecting health.

Nutrition and the Gut Microbiome
in the USA and Canada

Nutrition can impact the general well-being of people of
every age, race, and ethnicity. Notably, industrialized nations
bear witness to an obesity epidemic, setting the stage for
vast increases of serious chronic illnesses, such as nonal-
coholic fatty liver disease leading to liver failure and meta-
bolic syndrome, which predisposes individuals to diabetes
and its multiple micro- and macro-vascular complications.
While lifestyle changes through diet and exercise are encour-
aged to combat the metabolic syndrome, several research-
ers in Canada and the USA have focused on modulation of
the gut microbiota as a viable strategy to manage weight
and improve metabolic health. These studies are described
below and summarized in Table 2.

Prebiotics/Probiotics

Prebiotics, nondigestible fermentable oligo- and polysac-
charides that act as a food source for probiotics (living
microbes) were used as possible means of modulating the
gut microbiota to manage obesity and improve metabolic
health. Three studies investigated the effects of prebiotics
administered in different formulations on body composition,
appetite control, metabolic markers, and gut microbiota in
adults and children. Reimer et al. [46] studied the effect
of three kinds of isocaloric snack bars, one containing the
prebiotic, 8 grams inulin-type fructans (ITF), one containing
whey protein, a control bar, and combination of ITF + whey
protein bars administered twice daily for 12 weeks in 96
overweight or obese adults. In a separate study, a daily dose
of prebiotic oligofructose-enriched inulin (OI) or an isoca-
loric amount of control maltodextrin as powder dissolved in
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water was consumed prior to the evening meal for 16 weeks
in 38 overweight and obese but otherwise healthy children
[47]. ITF, whey protein, and the combination snack bars
all improved long-term appetite control but only whey pro-
tein was associated with modest reduced body fat in the
adult participants. There was no significant additive effect
in weight loss or appetite regulation when ITF and whey
protein were administered in combination. A significant
increase in Bifidobacterium was observed only with the ITF-
containing snack bars. Among children who consumed the
OlI prebiotic, researchers observed normalized weight gain,
reduced whole body and trunk body fat, and decreased pri-
mary fecal bile acids, cholic acid and chenodeoxycholic acid
compared to placebo. However, there was no reduction in
absolute body weight. Bifidobacterium also increased with
Ol intake compared to placebo. A criticism of the study in
children is the distribution of race of the participants was
82% Caucasian and 18% African American and Hispanic.
In the third prebiotic study, the effect of a daily dose of 15
grams of yellow pea fiber consumed prior to large meals
for 12 weeks in overweight/obese adults with stable weight
was examined [48]. The consumption of the yellow pea fiber
resulted in small improvements in body fat and glucose tol-
erance along with a reduction in body weight primarily as fat
mass but no significant changes in microbiota were detected
at this dose.

Probiotics have been used to increase the proportion
of intestinal microbes known to have beneficial effects on
human gut mucosa. However, due to their short colonization
time, their beneficial effects are limited. In an attempt to pro-
duce a probiotic with long-term sustainability, Maldonado-
Gomez et al. [49] investigated orally administered Bifido-
bacterium longum. In this double-blind, placebo-controlled,
human crossover study, 23 adults consumed a daily dose
of 10'° viable cells of B. longum AH1206 or maltodextrin
placebo in random succession with 1 to 3 weeks washout
between 2-week treatments and 4-week test of persistence.
In 30% of participants, the strain remained detectable in
feces for at least 6 months without causing gastrointestinal
symptoms or impacting the resident gut microbiota. The
long-term persistence of AH1206 was dependent on indi-
vidualized features of the resident gut microbiota. These
results suggest that bacterial species can be established
and sustained in the gut of certain individuals, given the
opportunity and suitable environment. Krumbeck et al. [50,
51] described testing of a probiotic preparation involving
an in vivo selection (IVS) method compared with commer-
cially prepared probiotic administered with (synbiotic) and
without a prebiotic. In the first study, researchers isolated
a bacterial strain of Bifidobacterium (IVS-1) in fecal sam-
ples following 9-week administration of increasing doses of
prebiotic galactooligosaccharides (GOS) to volunteers. A
retrospective analysis of fecal microbiota in one participant
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demonstrated eightfold enrichment in Bifidobacterium post
intake. The autochthonist (bacteria already resident in the
host) IVS-1 functionality was tested in rats administered
the bacterial strain alone, the GOS prebiotic alone, or the
combination of the pre- and probiotics. IVS-1 outperformed
the resident Bifidobacterium in terms of replication in the
presence of GOS. Investigators concluded that IVS can be
used to successfully formulate a synergistic synbiotic that
will overtake other strains naturally resident in the gut [50].
In the second study, researchers used a randomized, double-
blind, placebo-controlled, parallel-arm clinical trial to evalu-
ate I'VS bifidobacterial strains and commercial bifidobacte-
rial probiotic preparations with and without GOS prebiotic
versus placebo in improving intestinal permeability among
94 obese adults. Improvements in intestinal permeability
were shown with both probiotic treatments and GOS. The
treatment effects were primarily directed to permeability of
the colon. This six-arm study did not demonstrate a synergic
effect in the two products containing both pre- and probiot-
ics. However, authors stated that the IVS probiotic prepara-
tion was more effective than the commercial probiotic in
establishing residence in the human gut [51]. The latter two
studies represent research examining autochthonist versus
commercially prepared probiotics and exploring potential
synergism with specific prebiotics. Clearly, these investiga-
tors promote the use of individually isolated probiotic strains
naturally resident in the gut over the introduction of foreign
strains that are commercially prepared. This practice would
be closely aligned with holistic approaches to health care
and traditional indigenous healing practices.

Traditional Foods and Ethnicity

While host genetics and lifestyle influence the gut microbi-
ome, we know that diet is the major factor shaping it. Investi-
gators in this study were interested in how seasonality affects
the gut microbiome among Canadian Inuit people, assum-
ing that variations in food sources available during different
seasons would contribute to large shifts in gut microbiome
composition [52].

Stool samples collected from toilet tissue were analyzed
for microbiome composition among Canadian Inuit volun-
teers living in Resolute Bay, Nunavut, and Canadian indi-
viduals of primarily European descent living in Montreal,
Quebec. Important findings were that 45-61% (the greatest
proportion) of variability in microbiome composition was
due to individual identity. Examining both groups together,
11% of the variability over the course of 12 months was
explained by diet. Among Inuit alone, 17% of the variability
was due to diet. Sex explained 3-4% of the variability in
microbiomes, and geography contributed 3—5% to the vari-
ability. Microbiomes of women varied more than men, and
microbiomes among Nunavut residents were more varied
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than Montreal residents. Unexpectedly, there were no signifi-
cant seasonal shifts in microbiome composition in either the
Inuit in Nunavut or the European descent Montreal groups.
Aside from the above results, the study revealed that Can-
ada’s indigenous population living in its northern remote
areas is no longer solely reliant on “traditional” food items.
Westernized foods are available year-around, which could be
the reason why seasonality did not seem to affect microbi-
ome composition in this study. However, the Inuit microbi-
ome did vary over time more than the Montreal diet. Authors
suspect greater food security in Montreal and the fact that all
foods are available year-round in that area were the reasons
for less variability over time in that group. Circumstances
in Nunavut resemble those of other indigenous communi-
ties in the circumpolar north. Elders and other community
residents report less reliance on subsistence lifestyle with
the advent of big box stores (e.g., Costco, Walmart, Sam’s
Club) in more urbanized areas, increased mechanization
and commercial air transport, Internet orders through com-
panies that provide free or substantially reduced shipping
fees, and the availability of “westernized” prepared foods
in the local community stores. A second important study
outcome was the assessment of dietary intake measured as
mean frequency of consumption (number of times eaten per
participant) of each food category per day. The Nunavut
group consumed substantially more eggs (mean frequency
0.91 vs. 0.18) than the Montreal group, while the Montreal
group consumed more dairy products (mean frequency 1.9
vs. 0.88) and alcoholic beverages (mean frequency 0.96 vs.
0.22). There was also notably less consumption of fruits and
vegetables (mean frequency 0.85 vs. 2.72) among the Nuna-
vut group than the Montreal group. Importantly, the Nunavut
group diet consisted largely of game meats—raw, cooked,
and fermented. The foods traditionally fermented include
walrus and whale meat, fish, seal, and caribou. The meat and
fat that is caught in the summer is buried in the ground over
the autumn and winter months ready for consumption in the
next year. These traditional foods are similar to traditional
foods consumed by indigenous peoples (Inupiat and Yup’ik)
in northern circumpolar regions of Alaska. In Alaska, raw,
cooked, and fermented game sources include moose, cari-
bou, and marine mammals, such as whale meat and blubber,
sea lion, walrus, seal and seal oil, wild birds and bird eggs,
and multiple ocean and river fish. However, all communi-
ties have local markets, which stock “western” prepared/
preserved foods with long shelf life, decreasing reliance on
traditional indigenous food sources.

The developing gastrointestinal microbiota in the first
years of life is important for immune function, nutrient
metabolism, and protection from pathogens [53, 54]. Early
evidence suggests that diet influences the infant gut micro-
biome [55]. There is preliminary evidence that gut microbial
composition in adults and children varies by age, dietary

intake, ethnicity, geography, and adoption of western life-
styles [56, 57]. In 2017, Stearns et al. [58] explored the
effects of race/ethnicity separate from geographic region on
the gut microbiota in early life. Participants from two pro-
spective Canadian birth cohorts were included. Researchers
used 1-year fecal samples from 173 Caucasian infants and
182 infants of South Asian ancestry living in Canada in the
main analysis. Results demonstrated that the gut microbiome
of infants is influenced by race/ethnicity, age, weight gain,
and breast-feeding. South Asian mothers lived in Canada for
an average of 8 years (vs. a lifetime for Caucasian mothers),
were younger, more likely to be vegetarian, and more likely
to be diagnosed with gestational diabetes than the Cauca-
sian mothers. South Asian infants had higher abundance of
several members of lactic acid bacteria (LAB) contained in
the feces, specifically Bifidobacterium, Lactococcus, Strep-
tococcus, and Enterococcus than in the Caucasian infants
feces. LAB are responsible for the breakdown of carbo-
hydrates to lactate and acetate [57, 59]. The abundance of
the Atopobium cluster of Actinobacteria was also higher in
South Asian vs. Caucasian infants. This group of bacteria
is saccharolytic and has been observed in abundance in the
microbiome of individuals with a fiber-rich diet [60]. Cau-
casian infants showed greater abundance of members of
Firmicutes from the order Clostridiales, shown to increase
in response to diets rich in animal protein and fat [61]. This
study demonstrates race/ethnicity and infant feeding prac-
tices play important roles in the development of the infant
gut microbiome. While race/ethnicity is not modifiable,
the infant diet is and its alteration can assist in promoting
healthy gut microbiota.

Nutrition and the Gut Microbiome in Europe

Numerous recent clinical studies performed by research
groups in Europe examine the effects of whole foods and
additives on the gut microbiome and human health. While
European diets are quite diverse, the general trend toward
“Westernization” of diet (e.g., high intake of fat and low
consumption of milk) causes similar health problems in most
European countries (e.g., rising incidences of obesity, car-
diovascular diseases, and colon cancer). In this context of
nutrition, gut microbiome and human health, a selection of
recent studies is discussed (Table 3).

Nuts (walnuts in particular) are known to have health ben-
efits in that their consumption was shown to lower plasma
lipid levels [62]. The aim of one study was to investigate
how walnut intake alters the gut microbiome composition
and diversity. In a randomized controlled trial (crossover
design) of 96 healthy participants, a walnut-enriched diet
was administered for 8 weeks followed by a switch to nut-
free diet. [63]. A second group of 98 participants followed
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the dietary pattern in reverse order, and fecal samples were
collected for 16S rRNA gene sequencing analysis. No dif-
ference was found in alpha-diversity, but with regard to
beta-diversity a distinct clustering of the walnut and control
groups was observed. However, the walnut diet explained
only about 5% of observed difference compared to the con-
trol diet. In the walnut group, a significantly increased abun-
dance of Ruminococcaceae and Bifidobacteria coincided
with a decrease in Clostridium sp. Cluster XIVa species
compared to control diet. Thus, walnut intake may promote
compositional shifts of the gut microbiota to potentially
probiotic and SCFA-producing species that may account
for health benefits associated with walnut consumption.
However, the link to health-promoting, walnut-dependent
metabolites remains speculative, since this study reported
compositional differences and did not quantify actual micro-
bial metabolites.

A vegetarian diet rich in vitamins and fibers has been
shown to be beneficial to the immune system [64]. The aim
of another recent study was to investigate the effect of a
3-month lacto-ovo-vegetarian diet on the gut microbiota
and the immune system in healthy omnivorous volunteers
[65]. Fifteen healthy omnivorous volunteers switched to a
lacto-ovo-vegetarian diet for 3 months, and blood and fecal
samples were collected pre- (month 0) and post-intervention
(month 3). Control groups consisted of healthy volunteers
staying on their omnivorous diet or vegetarian diet, respec-
tively. All fecal samples were analyzed by metagenomic
shotgun sequencing. While no difference in alpha-diversity
was detected, a few genus-level changes were associated
with the vegetarian diet intervention. After 3 months of
lacto-ovo-vegetarian diet, the abundance of Alistipes was
reduced, coinciding with increased abundance of Roseburia
inunilivorans, Ruminococcus lactis, Lactobacillus plan-
tarum, and Streptococcus thermophiles in the fecal micro-
biota. However, it needs to be noted that the authors did
neither comment on compliance of study participants that
switched from an omnivorous to a vegetarian diet nor pro-
vided details on how/whether dietary intake was recorded,
which are crucial parameters to evaluate the obtained results.
An additional comparison of both control groups (long-term
omnivores and vegetarians) revealed compositional differ-
ences at genus and species levels, supporting the idea that
long-term dietary patterns are a major driver of gut micro-
biota assembly. In conclusion, a switch to the vegetarian diet
had an impact on gut microbiota composition, but its func-
tional relevance on gut microbial co-metabolism remains to
be elucidated.

It is reported that Bifidobacteria can have functional ben-
efits by cross-feeding other members of gut microbiota spe-
cialized on production of butyrate, an essential short-chain
fatty acid for colon epithelial cells [66]. The aim of this
recent study was to analyze how consumption of fermented

dairy products (FDP)—a yogurt fortified with the probi-
otic Bifidobacterium animalis subsp. lactis, BB-12, may be
associated with positive impact on human health [67]. In
this prospective intervention study, 150 healthy participants
received FDP fortified with BB-12 twice a day for 30 days
in total. Fecal samples were collected at days 0 and 30 and
16S rRNA gene sequencing analysis performed. While no
change in alpha-diversity after FDP intake was shown, a
correlation analysis of species occurring together identified
five major microbial networks and distinct compositional
shifts following FDP intake were observed. A paired com-
parison revealed that abundance of 39 taxa increased and 24
taxa decreased after FDP intake. An increased abundance
after FDP intake was demonstrated for Coriobacteriaceae
(ability to metabolize lactose to lactate), Bifidobacteriaceae
(probiotic, anti-inflammatory), Staphylococcaceae, and Ery-
sipelotrichaceae. Decreased numbers were demonstrated
for Lachnoclostridium_unclassified (involved in bile acid
metabolism), and Roseburia genera (potential SCFA pro-
ducers), for example. When investigating changes in lac-
tose-fermenting taxa (e.g., Bifidobacterium, Lactobacillus,
Lactococcus), which are likely to be affected by altered
FDP intake, the authors identified two clusters of study
participants: Cluster 1 showed a weaker increase in rela-
tive abundance of lactose-fermenting bacteria compared to
the individuals from cluster 2 and less changes in overall
fecal microbiota composition. In contrast, a higher number
of taxa in the fecal microbiota of individuals from cluster
2 were affected by FDP intake, suggesting that cluster 2
can be termed “responders.” Interestingly, these responders
showed a lower abundance of lactose-fermenting bacteria
in the fecal microbiota at baseline compared to cluster 1 (or
“nonresponders”), which may explain the observed cluster-
specific increase in lactose-fermenting bacteria. Overall,
significant shifts in gut microbiota composition suggest
changes induced by 30 days of FDP intake, but the effect on
microbial metabolism, in particular with regard to human
health, remains unclear.

According to the National Health and Nutrition Examina-
tion Survey of the USA, dietary phosphate intake of Ameri-
cans exceeds the daily recommended intake of 700 mg phos-
phorus for adults and the elderly [68]. This is mainly a result
of the increased consumption of food prepared or treated
with phosphate additives, ranging from baked goods to cola
beverages [69]. A recent study by Trautvetter et al. [70]
aimed at analyzing the impact of high phosphorus intake
on gut-related parameters. The randomized controlled trial,
double-blinded intervention (monosodium phosphate with/
without calcium carbonate supplements) with 62 healthy
participants consisted of a pre-intervention phase (con-
sumption of placebo for 2 weeks) and an intervention for
8 weeks (monosodium phosphate with or without calcium
carbonate). Fecal samples were collected after placebo and
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intervention, and 16S rRNA gene sequencing, fecal water
cytotoxicity, and targeted short-chain fatty acids were ana-
lyzed. Significantly higher levels of total short-chain fatty
acids and acetate in feces were detected after 8 weeks on
monosodium phosphate with calcium carbonate compared
to monosodium phosphate without calcium carbonate. How-
ever, no differences in epithelial cell cytotoxicity and only
minor differences in gut microbiota composition between
men from both groups, but not women were found (e.g.,
higher abundance of Clostridium XVIII in men receiving the
highest levels of monosodium phosphate and calcium car-
bonate compared to the other groups). These results suggest
that there is no strong effect of a high phosphorus diet on
gut microbiota composition and metabolism, despite small
increases in short-chain fatty acid production.

Nutrition and the Gut Microbiome in Asia

Weight management, obesity, and metabolic disorders
are also a concern in Asian populations as diet and life-
styles change. The following Asian studies break down
the effects of food components and different diets on the
gut microbiome and how they may influence health (sum-
marized in Table 3).

Fat

In China, the nutritional transition from a traditional low-
fat, high-carbohydrate diet to a diet relatively higher in
fat and lower in carbohydrate has been associated with
a dramatic increase in the risk of obesity, type 2 diabe-
tes, cardiovascular diseases, and colon cancer in the past
30 years [71]. Studies have shown that human gut micro-
biota diversity and richness are reduced when compar-
ing high-fat diets with more traditional diets of relatively
higher proportions of carbohydrates [72, 73]. Wan et al.
[74] performed a 6-month randomized controlled feeding
trial of 217 healthy young adults, varying the amounts of
fat in isocaloric diets containing lower fat (20% energy),
moderate fat (30% energy), and higher fat (40% energy).
At the phylum level, the moderate- and higher-fat diets
decreased the ratio of Firmicutes to Bacteroidetes after
intervention. At the genus level, the higher-fat diet
decreased the abundance of Faecalibacterium, increased
the abundance of Alistipes and Bacteroides, while the
lower-fat diet increased the Faecalibacterium and Blautia
abundance after the intervention. Concentration of fecal
butyrate was increased after the lower-fat diet interven-
tion and decreased after the higher-fat intervention. The
changes in relative abundance of Blautia were negatively
associated with the changes in serum total cholesterol,
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low-density lipoprotein cholesterol, and nonhigh-density
lipoprotein cholesterol, whereas the change in Bacteroides
abundance was positively correlated with the changes in
these blood lipid markers. Higher-fat consumption by
healthy young adults whose diet is in a state of nutrition
transition appeared to be associated with unfavorable
changes in gut microbiota, fecal metabolomic profiles,
and plasma proinflammatory factors, which might confer
adverse consequences for long-term health outcomes [74].
It should, however, be noted that these diets were kept
isocaloric, so it would be fair to replace low fat with high
carbohydrate, and high fat with low carbohydrate. Further,
the low-carbohydrate diet would have lower fiber. In this
context, international studies that reflect different envi-
ronmental conditions are important to identify the effects
of diet composition on the gut microbiota. For example,
Ocvirk et al. recently showed that the high-fat, low-carbo-
hydrate, and fiber diet of the Alaska Native people (AN)
was associated with a very different colonic microbiota
composition. In this study, the fecal microbiota showed a
compositional predominance of Blautia and fecal levels of
short-chain fatty acids were significantly lower compared
to a low-risk rural African population. The importance of
this is that AN have the highest documented risk of colon
cancer in the world, and the incidence of other western-
ized diseases such as obesity, diabetes, and cardiovascular
diseases is also high. This highlights the concern about
conclusions that dysbiotic signatures may play a causative
role in westernized diseases [75].

Fiber

The need to determine whether associations between diet,
the microbiome, and westernized diseases were indeed
causal led to very interesting human trial-experimental ani-
mal mechanistic studies reported by Zhao et al. in Science.
In a randomized clinical study of Chinese patients with type
2 diabetes mellitus, 43 patients received either the usual care
based on the 2013 recommendations of the Chinese Diabe-
tes Society (control) or a high-fiber diet (approximately 50
grams/day) composed of whole grains, traditional Chinese
medicinal foods, and prebiotics (WTP) for 84 days [76].
Daily energy and macronutrients were similar across groups.
Both groups received acarbose as the standardized medica-
tion (transforms part of the starch in the diet into a fiber by
reducing its digestion and making it more available as fer-
mentable carbohydrate in the colon). A group of 15 SCFA-
producing strains that were selectively promoted by the WTP
diet were detected (Fig. 2) [76]. Promoting this active group
of SCFA producers not only enhanced a beneficial function
but also maintained a gut environment that keeps detrimen-
tal bacteria such as indole- and hydrogen sulfide-producing
strains at bay. Hemoglobin Alc (HbAlc) levels (primary
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Fig.2 From the study of Zhao et al., 43 patients with T2DM were
randomized for 84 days to a traditional Chinese high-fiber diet.
Eighty nine percent of the high-fiber group showed normaliza-
tion of their HbAlc compared to 29% of the control group. Shotgun

outcome measure in this study) were significantly decreased
in both groups from baseline in a time-dependent manner,
but by day 28 of the study the decrease was greater in the
WTP group, partly via increased glucagon-like peptide-1.
There was a temporal difference in fasting blood glucose
levels—only the WTP group achieved a significant reduction
by day 28, although at the end of the intervention there was
no difference between groups. The WTP group also showed
greater reduction in body weight and better blood lipid pro-
files than the control group. In another Chinese study, Zhang
et al. performed a hospitalized dietary interventional trial for
30 days of 40 children diagnosed with genetic (diagnosed
with Prader—Willi syndrome (PWS)) and simple obesity.
Some of the children in the PWS group continued on the
diet intervention for 60 days. A WTP diet in combination
with appropriate amounts of vegetables, fruits, and nuts
induced significant weight loss and concomitant structural
changes of the gut microbiota together with reduction in
serum antigen load and alleviation of inflammation [77].
This dietary intervention shifted the dysbiotic gut micro-
biota to a healthier structure with relatively lower levels of
bacteria that can produce potentially toxic metabolites from
the fermentation of dietary fats and proteins, and higher level
of bacteria that can produce potentially beneficial products
from the fermentation of carbohydrates.

Chinese Traditional Herbal Formulas

A traditional Chinese herbal formula, Gegen Qinlian
Decoction (GQD), is believed to alleviate type 2 diabetes.
A 12-week randomized double-blinded placebo-controlled
clinical trial in 187 patients with type 2 diabetes by Xu et al.
[78] found that low (48 grams), moderate (144 grams), and

Butyrate producing bacterium CAG0224
Faecalibacterium prausnitzii CAG0106
Lachnospiraceae bacterium CAG0045
Eubacterium rectale CAG0079
Eubacterium rectale CAG0153
Eubacterium eligens CAG0037
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Ruminococcus sp. CAG0033
Sutterella sp. CAG0133
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Lactobacillus delbrueckii CAG0236
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Actinobacteria
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: Lactobacillus reuteri CAG207
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sequencing identified 15 specific SCFA-producing strains (see above)
that were promoted by dietary fiber which were also associated with
better improvement in hemoglobin Alc levels and diminished indole
and hydrogen sulfide producers [76]

high doses (240 grams) of GQD induced structural changes
of the gut microbiota composition and enriched the amounts
of “beneficial” bacteria, such as Faecalibacterium spp., high
butyrate producers, in a dose-dependent manner. Another
herbal formulation, the prebiotic Deshipu stachyose granules
(DSG), a mixture of a-galactooligosaccharides derived from
the dietary roots of Lycopus lucidus Turcz, was reported to
facilitate intestinal peristalsis and defecation relieving con-
stipation in mice [79]. A study designed to investigate the
effect of DSG on gut microbiota and bowel function in 100
adult volunteers found that DSG at a dosage of 5 grams per
day for 14 days could instructively regulate the gut micro-
biota with significant increases in “probiotic” species bifi-
dobacteria and lactobacilli and a remarkable decrease in
the potential pathobiont Clostridium perfringens. DSG also
could effectively improve the bowel function of patients suf-
fering from constipation with a marked increase in defeca-
tion frequency from 1.78 times per week to 3.02 times per
week [80].

Green tea has been claimed to hold health benefits includ-
ing anti-colorectal cancer activity and is characterized by
the presence of large amounts of polyphenols, also known
as catechins, such as epigallocatechin-3-gallate, epigallo-
catechin, epicatechin gallate, and epicatechin [8§1]. Yuan
et al. [82] investigated the effect of green tea liquid (GTL)
consumption (400 ml per day for 2 weeks) on the gut and
oral microbiome in 12 healthy volunteers. They found an
increased FIR:BAC (Firmicutes-to-Bacteroidetes ratio),
elevated SCFA-producing genera, and reduction in bacterial
LPS synthesis in feces following a 1-week washout period.
GTL also altered the salivary microbiota and reduced the
functional pathways abundance relevant to carcinogenesis
and reduced the fecal levels of Fusobacterium.
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Ketogenic Diets

A ketogenic diet (KD) consists of a diet very low in carbo-
hydrates and high in fat. This reduction in carbohydrates
puts the body in a state of ketosis due to the need to increase
the mobilization and oxidation of fat for energy. A KD has
been advocated for the treatment for chronic epilepsy. Xie
et al. [83] performed a comparison between 14 infants with
epilepsy and 30 healthy control infants before and after KD
treatment to explore whether the gut microbiota of infants
with refractory epilepsy differed with that of age-matched
healthy infants. The therapeutic effect of the KD on refrac-
tory epilepsy and the changes in the gut microbiota were
also studied. After being on the KD treatment for a week,
64% of epileptic infants showed an improvement with a 50%
decrease in seizure frequency. The gut microbiome structure
in epileptic infants differed dramatically from that in healthy
infants. Proteobacteria, which were significantly higher
in epileptic infants, decreased dramatically after the KD.
Cronobacter predominated in the epileptic infants group and
remained at a low level both in the healthy infants and in the
epileptic infants after the KD. Bacteroides increased signifi-
cantly in the epileptic infants after KD, in which Prevotella
and Bifidobacterium also grew in numbers and kept increas-
ing [83].

Summary

The studies discussed provide irrefutable evidence from
around the world that the human microbiome can be modi-
fied by dietary change in children and adults. While the
associations between specific dietary components and
health and disease are strong, a lot more work on causality
is needed before specific microbes, or groups of microbes,
can be used therapeutically. The evidence for a balanced
diet and balanced microbiota being able to prevent western-
ized diseases and extend good-quality life span is, however,
compelling [11].
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