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Overweight-related metabolic diseases are an important threat to health in the Western
world. Dietary habits are one of the main causative factors for metabolic syndrome,
CVD and type 2 diabetes. The human gut microbiota is emerging as an important player
in the interaction between diet and metabolic health. Gut microbial communities contribute
to human metabolism through fermentation of dietary fibre and the result of intestinal sac-
charolytic fermentation is production of SCFA. Acetate, propionate and butyrate positively
influence satiety, endocrine system, glucose homeostasis, adipogenesis, lipid oxidation,
thermoregulation, hepatic gluconeogenesis, endothelial function and gut barrier integrity,
and these mechanisms have all been linked to protection from type 2 diabetes, hypertension
and cardiovascular health. The gut microbiota is also involved in bile acid metabolism and
regulating their cell signalling potential, which has also been shown to modify pathways
involved in metabolic health. Similarly, the gut microbiota renders recalcitrant plant poly-
phenols into biologically active small phenolic compounds which then act systemically to
reduce metabolic disease risk. This review summarises how dietary patterns, specific foods
and a healthy lifestyle may modulate metabolic health through the gut microbiota and
their molecular cross-talk with the host.

Gut microbiota: short-chain fatty acids: bile acids: fibre: polyphenols

The human gut microbiota

The human gut microbiota is a diverse collection of
microbes inhabiting the gastrointestinal tract, encom-
passing up to 1000 different species and with a gradient
of concentration going from about 10> bacteria/gram
of content in the stomach to 10° bacteria/gram in the
duodenum and jejunum, 10® bacteria/gram in the ileum
and 10'""!? bacteria/gram in the large intestine.
DNA-based tools for measuring the composition and
function of gut microbiota (i.e. next-generation sequen-
cing, quantitative polymerase chain reaction, fluorescent
in situ hybridisation) have largely allowed us to overcome
the technical limitations of direct cultivation of microbes
and provided large amounts of information on gut
microbial profiles and activities'”. The main resident
bacterial populations in the human gut belong to the
phyla  Firmicutes, Bacteroidetes, Actinobacteria,

Proteobacteria and Verrucomicrobia. Gut microbiota
composition has also been described in terms of a limited
number of ‘enterotypes’, according to which the human
gastrointestinal tract is colonised by loose groups of
co-occuring microbes centred around the genera
Prevotella, Bacteroides and/or Ruminococcus'®. Despite
the relatively few bacterial phyla, the gut microbiota is
a highly complex ecosystem, with each bacterial species
and even strain being capable of carrying out specific
functions within the diverse microbial community.
Resident bacteria colonise the human body in a highly
host-specific manner, meaning that there is elevated
inter-individual variation in terms of species and strain
composition, abundance and metabolic output®. This
specificity is also determined by host genotype, age, sex
and health state®. Many disease states are characterised
by alterations in microbiota composition and metabolic
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function®”. Nevertheless, gut microbes are deeply
affected by the host’s lifestyle. The environmental input
represented by physical activity®, diet® and circadian
rhythm”*® has been shown to drive changes in microbial
profiles and activities, such as production of fermentation
end-products such as SCFA, biotransformation of diet-
ary compounds (i.e. plant phenolics) and xenobiotics,
conversion of bile acids (BA) and modulation of circulat-
ing BA pool® (Fig. 1).

The gut microbiota contributes to human physiology
mainly through immune and metabolic functions.
Resident bacteria constitute an effective barrier from
pathogen invasion through direct competition for nutri-
tional substrate and ecological niches as well as the pro-
duction of antimicrobial substances. Gastrointestinal
microbes contribute to immune system maturation,
development of immune tolerance mechanism and main-
tenance of epithelial barrier integrity'”. Gut bacteria
provide the human organism with add1t10nal metabolic
enzymes, which allow fermentation and biotransforma-
tion of dietary compounds, which would otherwise
remain undigested and generate metabolites that exert
their physiological role systemically(ll 1) Saccharolytic
fermentation takes place in the prox1mal part of the
colon, while proteolytic fermentation appears to be
located in the distal region of the large intestine. The
result of carbohydrate fermentation is the production of
beneficial SCFA, while, conversely, proteolytic fermenta-
tion generates amines, ammonia, N-nitroso compounds,
sulphides 1ndoles and other toxic or potentially carcino-
genic compounds

The main SCFA produced in the human colon are
acetate, propionate and butyrate, in a molar ratio
about 3:2:2. Acetate is the main SCFA produced by
gut microbes and is an essential nutrient for the growth
of many bacteria. Once it is produced acetate is absorbed
and enters systemic circulation to the peripheral tissues,
where it serves as a substrate for cholesterol metabolism
and lipogenesis, as well as satiety regulation. Recently,
acetate has been shown to play an important role in
the browning of white adipose tissue, thermogenes1s
and protection from obe51ty 19 Propionate is absorbed
through the portal vein to the liver and is converted into
glucose through hepatic gluconeogenesis. It also plays an
important role in regulating the inflammatory and endo-
crine output of adipose tissue, again protecting from
obesity and metabolic disease’ 5) Butyrate is the main
source of energy for enterocytes and it has an anti-cancer
activity through the promotion of apoptosis and
repression of proliferation by inhibition of histone
de-acetylation. Butyrate is also involved in maintaining
the integrity of the gut wall, protecting against ‘leaky
gut’ and associated inflammation and regulation of
T-cell function and inflammatory response'®.

Biotransformation of dietary plant polyphenols by the
gut microbiota through hydrolysis, dehydroxilation,
demethylation and other enzymatic activities generates
polyphenols catabolites with increased bioavailability,
which are then absorbed through the intestinal mucosa
and carry out biologlcal effects in several districts of
the organism””. Small phenolic compounds originated

from polyphenol metabolism by gut bacteria were
shown to have an anti-inflammatory, detoxifying,
anti-cancer and anti-protein glycation activity in vitro
and in laboratory animals’

The gut microbiota explicates its metabolic function
also through conversion of primary BA to secondary
and tertiary BA, as a result of enzymatic activities such
as bile salt hydrolase and 7-a-dehydroxilase!"”.
Circulating BA mediate their systemic effect through
stimulation of BA receptors (i.e. nuclear receptors, such
as farnesoid X receptor (FXR), vitamin D receptor, preg-
nane X receptor and G-protein coupled membrane recep-
tors, such as the G protein-coupled BA receptor
GP-BARI1/TGRS, muscarinic receptor, Formyl-peptide
receptors receptor) in several tissues of the body, includ-
ing smooth and striated muscle, heart, macrophages,
neurons and adipose tissue. BA stimulated cell signalling
involves not only the entherohepatic axis (i.e. regulation
of BA synthesis and turnover) but also lipid metabolism,
energy expenditure and glucose homeostasis. Different
BA were previously shown to dlfferentlall impact on
the earlier mentioned physiological effects“”. The pool
of circulating BA strongly depends on gut microbiota
activity and dietary input can apparently influence both
hepatic BA neosynthesis and intestinal production of
secondary and tertiary BA®Y

Dietary compounds deeply affect the growth and
metabolism of gut bacteria, since fermentation of nutri-
ents is one core function of the human gut microbiota.
The study of the contribution of microbes to systemic
metabolic pathways has been recently made possible
thanks to the employment of integrating ‘-omics’ tech-
nologies, such as metabolomics in addition to micro-
biota metagenomics analysis® ). Particularly through
measuring the gut microbiota response to a definite diet-
ary component or food in terms of generated
microbially-derived metabolites, as well as concomitant
changes in bacterial composition and systemic clinical
parameters, it is now possible to gain information regard-
ing bacterial functions in the human organism.

Gut microbiota and obesity

The concept of microbial dysbiosis, as firstly introduced
to explain the shifts in gastrointestinal bacterial makeup
and in relation to intestinal dysfunction characteristic of
inflammatory bowel disease, has more recently been
extended to describe the differences in gut microbiota
observed between healthy individuals and individuals
affected by different chronic extra-intestinal discases,
including CVD, obesity, metabolic syndrome, auto-
immune pathologies (i.e. psoriasis, rheumatoid arthritis,
asthma) allergies neurodegenerative disease and some
cancers®”. Research done on the gut microbiota over
the last decade made progress in understanding the role
of resident bacteria in relation to Western metabolic dis-
eases linked to overweight and associated pathologies.
Studies comparing gut microbial profiles of obese and
lean mice described an ‘obese microbiota phenotype’,
which was shown to differ from the ‘lean microbiota
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Fig. 1. SCFA regulation of metabolic health through diet:gut microbiota interaction. Healthy habits, including
diet (i.e. Diet high in fibre and plant bioactives), physical exercise and appropriate sleep/wake alternation
directly influence microbial fermentation and other microbial metabolic activities. Production of SCFA,
biotransformation of plant phenolics, conversion of bile acids and metabolism of xenobiotics directly influence
systemic metabolism, including central appetite regulation (i.e. through secretion of intestinal hormones GLP-1
and PYY), lipogenesis and adipogenesis, and modulate systemic and hepatic inflammation.

phenotype’ for reduced prevalence of Bacteroides, one of
the main bacterial phylum in the mouse and in the
human gut and for concomitant increased prevalence of
the phylum Firmicutes**>®. Further analysis identified
specific bacterial candidates that differentiate obese and

lean individuals at a higher taxonomic level within the
Firmicutes phylum. The Mollicutes class was found
higher in Western diet-induced obese mice compared
with controls, and its abundance was reduced especially
after dietary intervention with carbohydrate restriction
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and weight loss®”. Authors suggested that the observed
microbiota profile in mice consuming a Western-style
diet was due to the functional advanta e of Mollicutes
to process high-sugar Western foods®”. These studies
also reveal the contribution of diet in shapmg gut micro-
biota in relation to obesity and obesity-correlated diseases.
The initial animal studies showing altered Firmicutes:
Bacteroidetes ratio in genetically obese leptin deficient
oblob mice were confirmed in obese human subjects and
raised attention towards gut microbiota monitoring in
association with metabolic health and obesity. Also, the
role of diet in inducing obesity-associated gut microbiota
changes was highlighted by showing how the ‘obese micro-
biota phenotype’ reverted to ‘lean microbiota phenotype’
upon dietary restriction (i.e. carbohydrate- or fat-
restricted diet). Work by Cani and Delzenne focused on
the importance of low- 8%rade chronic inflammation linked
to obesity. Cani et al.*® showed that in high-fat-fed obese
mice had circulating levels of bacterial lipopolysaccharide,
defined as ‘metabolic endotoxemia’, as well as metabolic
syndrome symptoms (i.e. glucose homeostasis impairment,
insulin resistance, inflammation) and dysbiotic microbiota
(particularly decreased Bifidobacterium spp). The authors
hypothesised increased intestinal permeability and conse-
quent ‘leaky gut’ as the cause of metabolic endotoxemia.
In further studies, Cani and coworkers demonstrated
that restoration of gut barrier integrity and lowering of cir-
culating lipopolysaccharide concentration could be
achieved by dietary supplementation of dietary fibre (i.e.
oligofructose) to a high-fat diet®”. High-fat + oligofruc-
tose restored the levels of Bifidobacterium spp and pro-
moted the growth of Akkermansia muciniphila, increased
faecal SCFA, promoted epithelial barrier integrity
through tight junction proteins expression, decreased
plasma lipopolysaccharide, increased satiety through gut
hormones expression (i.e. glucagon-like peptide-1,
glucagon-like peptide-2, Peptide YY (PYY)), stimulated
endocannabinoid system, and improved glucose homeo-
stasis®>?. Several human studies confirmed the 1ncreased
intestinal permeability in association with obesny 3:34)
Obesity-associated dysbiosis was also seen in correl—
ation with the altered bacterial metabolic activity of
gut bacteria, represented by changes in the production
of fermentation end-products SCFA. The main SCFA,
acetate, propionate and butyrate, were seen to be raised
in faecal samples of obese animals and human sub-
jects®39) although the same trend was not observed in
plasma. In obese mice, with spontaneous metabolic syn-
drome, the concentration of plasma SCFA was observed
to be 51%n1ﬁcant1y lower compared with the lean counter-
parts®®. Higher plasma SCFA were seen as positively
affecting gut hormone secretion and satiety regulation.
Inulin consumption was shown to promote SCFA pro-
duction and fat oxidation in overweight men®”. Raised
plasma acetate, propionate and butyrate concentration,
following intraperitoneal infusion of SCFA in similar
concentrations to the ones reached after inulin consump-
tion, was also shown to improve fat oxidation, increase
energy expenditure, induce gut satiety hormone PYY
and induce 11p01y51s( ®. These studies highlight the
importance of fermentation to mediate diet:gut

microbiota interaction in obesity and associated condi-
tions. They also provide new mechanistic insight to the
now recognised inverse relationship between dietary
fibre intake and obesity/metabolic disease and give fur-
ther confirmation on the beneficial role of foods which
stimulate SCFA production. However, they also raise
questions about the validity of faecal concentration of
SCFA as a biomarker of intestinal fermentation, as dis-
cussed by Verbeke er al.®”. SCFA concentration meas-
urement in faecal samples is not representative of
SCFA colonic production and absorption. Therefore,
considering the effect of intestinal fermentation end-
products on systemic metabolism, appetite regulation,
lipid and glucose homeostasis, immunity and inflamma-
tion, measurement of SCFA production should be
carried out by integrating information coming from
metabolite analysis in different compartments of the
organisms, in order to gain knowledge on the nutriki-
netic of foods involving gut microbial metabolism.

Gut microbiota: healthy diet interaction and metabolic
health

Healthy dietary habits, specifically diets with low energy
coming from fat and protein and high energy coming
from carbohydrates, specifically complex carbohydrates
and dietary fibre, are widely recognised for their protect-
ive effect against CVD risk and there is mounting evi-
dence that many of the effects of these diets include a
contribution from gut microbial metabolic activities.
Epidemiological and dietary interventions have exten-
sively demonstrated that a Mediterranean-style diet
lowers CVD, improves mental health and reduces inflam-
mation and cancer(‘“”1 Mediterranean dietary patterns
are characterised by low energy intake, energy intake
largely derived from carbohydrates and less from fats
and proteins, the prevalence of complex carbohydrates
over simple carbohydrates/sugars and of monounsatu-
rated and polyunsaturated fats over saturated fats, as
well as fish, pulses and dairy over red meat. Dietary
fibre and polyphenols are both pillars of the
Mediterranean diet and have both been shown to inde-
pendently contribute to lower disease risk and mortal-
ity***> " Such dietary traits are not unique to the
Mediterranean diet but are also found in some trad-
itional oriental diets, such as the Okinawan diet in
Japan, characterised by life-long energy restriction, low
meat intake, high vegetable-based foods and high fish
consumption. Adherence to Okinawan diet was observed
to be protectlve agamst all-cause mortality and age-
related diseases“®. This is logical from a molecular and
biochemical point of view, as these diverse diets share
common characteristics now known to regulate body
weight and metabolic disease risk, such as low energy
intake throughout life and high intake of dietary fibre,
polyphenols and other plant bioactives.

When trying to find a link between healthy high-fruit
and vegetables diets and gut microbiota modulation of
systemic health, we need to consider that whole vegetable
foods are made up of a complex mixture of bioactive
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compounds such as dietary fibres, plant sterols and poly-
phenols, as well as vitamins and minerals, which render
the response of each individual and individual’s gut
microbiota to each food highly specific. The effects of
plant-derived foods on the gut microbiota are multiple
and intertwined. Beneficial effects are likely to be
mediated by more than one plant bioactive compounds,
maybe even acting synergistically, and by microbial con-
sortia, rather than individual species and strains.
Epidemiological and intervention studies succeeded to
consistently prove the connection between high fruit
and vegetables consumption, beneficial gut microbial
profiles and health®”.

Recent dietary interventions in subjects at high risk of
developing CVD have shown that diets high in fruit and
vegetables improve cardiovascular health and impact on
the gut microbiota®®*?. In particular the FLAVURS
study showed that increasing the consumption of fruit
and vegetables up to six 80 g portions daily caused a sign-
ificant increase in total urinary flavonoids, vitamin C and
other phytochemicals, as well a significant increase in total
dietary fibre intake, calculated as NSP food diary esti-
mate®©%>". Gut microbial C. leptum-R. bromiilflavefaciens,
Bifidobacterium and Bacteroides/ Prevotella all increased in
people consuming high fruit and vegetables™”.

A healthy diet, specifically diet with a low energy com-
ing from fat and protein and a high energy coming from
carbohydrates, specifically complex carbohydrates and
dietary fibre, was previously associated with a specific
gut microbiota composition. De Filippo ef al.®® showed
that Burkina Faso children, who consumed a traditional
high-fibre, high-vegetables/pulses/tuberous and low-
protein, low-fat diet, harboured a gut microbiota with sign-
ificantly higher Bifidobacterium and Prevotella spp, and
significantly lower prevalence of potentially pathogenic
Enterobacteriaceae (Klebsiella, Salmonella, Shigella and
Escherichia coli spp) compared with Italian children con-
suming a high-fat high-simple sugar diet®?. Interestingly,
Burkina Faso individuals were also colonised by the
cellulose-degrader Xylanibacter, thus reflecting the role of
diet in favouring colonisation of the human gastrointes-
tinal tract by bacteria with a specific metabolically
advantageous function. High prevalence of Prevotella
spp was described in a further study as one of the main
microbial features that differentiated individuals follow-
ing a long-term low-fat/high-carbohydrates diet from
individuals consuming a high-fat/high-protein/low-fibre
diet®?. Differences in gut microbiota composition were
observed in another study that compared geographical
and cultural setups in South America and in the USA.
The study showed that the differences could be explained
by the populations’ dietary habits. Particularly high
intake of carbohydrate-based traditional foods was
thought to be responsible for the distinction of
Amerindians and Malawians from US Americans in
terms of microbiota profile, consisting in higher abun-
dance of Prevotella spp, as well as Ruminococcus spp,
Lactobacillus spp and some Actinobacteria in non-US
Americans compared with US Americans®?. One long-
term human dietary intervention study on the effect of
different types of fat and carbohydrates on the gut

microbiota showed that high-carbohydrate/low-fat diets
increased faecal Bifidobacterium and Bacteroides spp
compared with high-fat/low-carbohydrate diet.

In summary diet low in complex carbohydrates and
plant-derived compounds, and high in simple sugars,
fat and proteins modulate the gut microbiota by promot-
ing the growth of detrimental facultative anaerobic bac-
teria, such as members of the Enterobacteriaceae
family, and of potentially opportunistic pathogens, such
as Bacteroides spp. Conversely diets high in complex car-
bohydrates and fibre favours the growth of polysacchar-
ide degraders and related bacteria, such as Prevotella,
Bifidobacterium, Lactobacillus Ruminococcus spp. and
some Lachnospiraceae.

Dietary fibre

Many, although not all, dietary sources of fibres are ‘pre-
biotic’, since they selectively stimulate the growth and/or
the activity of some beneficial commensal bacteria in the
gut®. Plants represent the highest font of dietary fibres,
due to their structural complex polysaccharides, some of
which are insoluble (i.e.: cellulose, hemicellulose, resist-
ant starch, xylans, lignin) and some soluble (pectins,
B-glucans, gums, mucilage, fructans). Vegetable-derived
fibres are resistant to human enzyme digestion and
often represent a substrate for bacterial fermentation in
the large intestine. The result of dietary fibre fermenta-
tion is a cascade of events with the gut microbiota as a
protagonist, including increase of intestinal biomass
(particularly due to promoted growth of some beneficial
bacterial populations, such as bifidobacteria and lactoba-
cilli), production of SCFA, lowering of intestinal pH,
reinforcement of tight junction and intestinal epithelial
integrity, anti-proliferative effect on colonocytes, binding
of intestinal carcinogens, binding and biotransformation
of polyphenolic compounds®®®. The effect of prebiotics
on the human gut microbiota is an increase in the levels
of beneficial bacteria belonging to the Bifidobacterium
and Lactobacillus genera, but also of other commensal
bacteria that possess carbohydrate degrading enzymatic
milieu, such as members of the Bacteroidetes phylum®”.
Considering the complexity of gut microbiota organisa-
tion, prebiotic dietary fibres exert their effect at multiple
levels and on the gut microbiota as a whole, not just tar-
geting individual bacterial genera, which are commonly
associated with the final benefits coming from prebiotics.
Mechanisms of cross-feeding are involved in the pre-
biotic fermentation of many dietary fibres and in most
cases, the starting nutritional substrate for one group of
bacteria is the metabolic end-product of other bacterial
populations®®. The diversity of fibres coming from dif-
ferent sources drives the diversity of response of gut
microbes and, consequently, diversity of microbial meta-
bolic input to human metabolism. Generalisation of the
concept of prebiotic effect ignores the specificity of action
of different prebiotic-like dietary fibres and underesti-
mates the importance of dietary diversity to make the
most of gut microbiota metabolic potential. Different
mechanisms of action of distinct prebiotics were recently
shown by Weitkunat ez al."'?, through comparison of the
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effect of supplementation with prebiotic inulin or guar
gum to high-fat fed mice. The authors showed that differ-
ent bifidobacterial populations were stimulated by two
different prebiotics, with inulin promoting B. animalis
and guar gum increasing B. pseudocatenulatum, respect-
ively. Also, different impact on obesity-related biomar-
kers was observed between the two prebiotics, since
inulin, but not guar gum, induced beige markers
(Pgcla, Ucpl, Cidea) in white adipose tissue, thus pro-
moting thermogenesis, reduced hepatic steatosis,
decreased high-fat diet-induced weight gain and improved
insulin sensitivity. In the same study, a similar effect was
observed when mice were supplemented with the SCFA
acetate and propionate, thus suggesting the role of bacter-
ial fermentation end-products of bifidobacteria (i.e. acet-
ate) to mediate the beneficial effects of inulin?.
Different outcomes on gut microbiota composition,
microbial metabolic response and systemic consequences
were previously observed in human dietary supplementa-
tion studies by employing different dietary sources of
fibres. Whole grain foods, defined as foods containing
the endosperm, the germ and the bran components of
the grain in the same relative proportion as in the intact
kernel®, constitute a font of fibre, especially arabinoxy-
lans, B-glucans and resistant starch, as well as bioactive
compounds, mainly polyphenols. Significant increases
of faecal bifidobacteria and in some cases of lactobacilli
species were observed after dietary intervention with
whole grain wheat®>®" whole grain oats®*%? and
whole grain maize®”. Supplementation with oats to the
diet, as shown by Connolly et al.°”, induced a decrease
in total- and LDL-cholesterol levels concomitantly with
the prebiotic effect. Dietary intervention with a diverse
combination of whole grains has also shown to increase
other beneficial bacterial groups, besides bifidobacteria
and lactobacilli, such as high butyrate-producers within
the C. leptum cluster®. Only rarely quantitative changes
in faecal bacterial composition after whole grain con-
sumption was accompanied by an increase in faecal
SCFA. Barley supplementation to the diet was shown
capable to induce a significant increase in faeccal SCFA,
together with augmented Clostridiaceae, Ruminococcus
spp and Roseburia sp®®. These observation highlight
the importance of monitoring the fate of SCFA produced
by intestinal bacterial saccharolytic fermentation, since
sometimes the excreted SCFA are not informative of
the concentration of circulating plasma SCFA and of
the impact that SCFA have systemically. Also, the dose
of fibre, as well as the origin, is an important factor to
be considered when trying to understand the effect that
diverse sources of dietary fibre have on the gut micro-
biota in relation to metabolic health. Zhang er al.®”
demonstrated how a very high intake of dietary fibre
through whole grain foods, legumes, prebiotic oligosac-
charides as well as different types of fruit and vegetables,
in order to deliver an estimate dose of 50 grams of daily
intake of fibre, was efficacious to induce deep changes in
gut microbiota composition (increased prevalence of
fibre degraders, including Bifidobacterium genus),
together with marked improvement of obesity-associated
characteristics (weight loss and improvement of

dyslipidaemia) after 3 months of dietary intervention in

genetically obese children®®”.

Polyphenols

Polyphenols are plant secondary metabolites that can be
found in a variety of vegetable foods, including fruit,
vegetables, beverages (coffee, tea and wine), cocoa,
herbs, cereals, seeds. Once ingested their bioavailability
strongly depends on the physical structure of the plant
that carries them and on biotransformation by the gut
microbiota. After ingestion nearly the totality of plant
phenolics reach the large intestine unabsorbed, where
they accumulate to reach a millimolar concentration
range*”. Thanks to colonic microbes polyphenols are
turned into bioactive compounds which explicate their
effect systemically. However, similar to dietary fibres,
polyphenols are a very large and heterogeneous group
of compounds, which require an equally heterogeneous
microbial enzyme setting for their cleavage, hydrolysis
and dihydroxylation in order to become bioactive, as
found in their circulating form. Polyphenols also modu-
late the composition of gut microbiota in a prebiotic-like
manner, by stimulating the growth of beneficial bacteria
and by inhibiting pathogens'”. Human studies on the
effect of polyphenols on gut microbiota have suggested
that different type of polyphenols with different origin
specifically stimulate distinct gut microbial populations.
However, a consistent stimulatory effect on the growth
of Bifidobacterium and Lactobacillus spp was observed
after intake of isoflavones, proanthocyanidins, ellagitan-
nins, stilbenes (i.e. resveratrol) at a concentration
between 100 and 1000 mg daily®®. An increase in
Ruminococcaceae, Akkermansia and Clostriudium coc-
coides spp, was observed respectively in association
with consumption of proanthocyanidins, pomegranate
ellagitannins and isoflavones®-’?. Health effects of
high polyphenol food supplementation were shown in a
dietary supplementation study with a cocoa drink,
where beneficial modulation of gut microbiota (i.e.
increased bifidobacteria and lactobacilli and decreased
Clostridium hystolyticum spp) was observed alongside a
significant reduction of circulating TAG and C-reactive
protein in healthy human subjects’". Similarly, red
wine polyphenols induced an increase in beneficial
bacterial populations (Bifidobacterium, Lactobacillus,
Bacteroides, Clostridium coccoides, Eubacterium rectale,
Eggertella, Prevotella) and reduction of plasma TAG
and cholesterol, as well as decreased systolic blood
pressure’?.

One limitation of studies of the impact of polyphenol
consumption on the gut microbiota in relation to
human health is that they often fail to monitor the fate
of the bioactive form of polyphenols, such as small phen-
olic compounds and other microbial metabolites, gener-
ated by bacterial transformation of native polyphenols.
The use of high-resolution metabolomic techniques has
the power to integrate the analysis of systemic polyphe-
nol microbial metabolites, by providing a direct quantita-
tive measure of the compounds that originate from gut
microbes and enter circulation in response to polyphenol
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digestion. Koutsos ez al.”® showed an application of the

synergic measure of gut microbiota composition and
metabolite profile in a colonic fermentation model
where whole apples were employed as a growth substrate
and 20 % feces were used as inoculum'’®. The authors
observed prebiotic-like effects of whole apples after 24
h anaerobic fermentation (i.e. an increase in
Biﬁdobacterium and Lactobacillus spp), together with
an increase of microbial proanthocyanidin metabo-
lites”?. Application of metabolite profile analysis to
human dietary intervention studies has the capability to
find a link between gut microbial metabolism of plant
phenolics and their physiological effect in vivo.
Recently, Trost et al.”® highlighted how specific blood
and urine apple polyphenol metabolites associate with
the presence of certain bacterial genera, thus stressing
the attention on the importance of a co-metabolic pro-
cess involving both human and bacterial enzymes to cat-
abolise phenolic compounds’®

Bile acids

Primary (1°) BA are synthesised in the liver from choles-
terol and released into the small intestine in response to
food intake to aid lipid absorption and cholesterol catab-
olism. Within the gut, they are converted into secondary
(2°) BA by the microbiota via deconjugation, dehydro-
genation and dehydroxylation. Importantly, this process
is regulated by negative feedback through ileal and hep-
atic nuclear FXR activation by BA. The gut microbiota,
therefore, regulates the production of 2° BA via trans-
formation and synthesis of 1° BA via the enterohepatic
FXR-fibroblast growth factor 15 axis 1. Recent studies
in animal models have shown that g)roblotic bile salt
hydrolase activities””, p (\4 henols”® and prebiotic
fibres such as oat B-glucans”’”’® can modulate the gut
microbiota and the profile of BA returning through the
enterohepatic circulation (Fig. 2). Indeed, resveratrol, a
well-studied  polyphenol  characteristic  of  the
Mediterranean diet, has recently been shown to reduce
production of the cardiotoxicant trimethylamine-N-
oxide and associated vascular disease by increasing hep-
atic BA neosynthesis via gut microbiota modulation of
the enterohepatic FXR-fibroblast growth factor 15 axis
in mouse models of CVD®. Studies by Joyce and cow-
orkers have shown the potential of probiotics possessing
different bile salt hydrolysing enzymes to impact on the
enterohepatic circulation of BAs and regulate metabolic
pathways responsible for glucose and lipid metabolism,
intestinal  integrity, inflammation and circadian
rhythm7>"_ In particular, in germ-free laboratory ani-
mals, colomsatlon with one individual bile salt hydrolys-
ing positive bacteria can have a profound impact on the
expression of genes related to circadian rhythm, lipid
metabolism, intestinal homeostasis and immune
function'”

Similarly, other studies have shown certain fibres (e.g.
B-glucans/oats) and complex plant food polyphenols such
as the proanthocyanidins or condensed tannins, may
sequester BAs, tightly binding them in the small intestine
and driving them distally into the colon where they may

be excreted or further transformed by the resident micro-
biota into 2° BA or modified chemical structures. Indeed,
BA sequestering agents are recognised pharmaceutical
agents of considerable clinical and market importance
in treating the metabolic disease as they lower choles-
terol, reduce obesity, improve insulin sensitivity and
induce thermogenesis®”. Similarly, antibiotic attenu-
ation of the gut microbiota alters GATA4-controlled
expression of apical sodium-dependent BA transporter,
1ncreas1n§ absorption and decreasing hepatic synthesis
of BA®Y. In animal models of obesity, exercise has
been confirmed to alter the composition of the gut micro-
biota and BA metabolism®**. This observation if
confirmed in human subjects, would provide powerful
support for current healthy diet/healthy life guidelines.
Furthermore, BA themselves also have a direct modula-
tory affect upon the gut microbiota®, with taurochol-
ate, for example, increasing the relative abundance of
bacteria associated with inflammation in animal models
of inflammatory bowel disease. Therefore, diet and exer-
cise, by directly modulating the gut microbiota and their
role in the enterohepatic circulation of BA have the
potential to alter circulating BA profiles and their subse-
quent ability to regulate host lipid, glucose and xeno-
biotic  metabolism, energy  usage/storage and
appropriate immune response (Fig. 2). Qualitative and
quantitative changes in intestinal and plasma BA
profile in response to dietary fibre-induced gut micro-
biota modulation was shown to positively impact on
endothelial function in a murine model for CVD®.
The study showed that fructan supplementation induced
an increase in Bifidobacterium spp and Akkermansia
muciniphila, modulation of BA composition, increase in
intestinal endocrine L-cells and glucagon-like peptide-1
production, all acting on the nitric oxide synthase/nitric
oxide pathway. However, we currently lack direct evi-
dence in human subjects that foods, diets and life-style
interventions which modulate the gut microbiota also
modulate circulating BA profiles and influence cardio-
metabolic health. Similarly, because CBA have rarely
been measured in nutritional interventions designed to
assess the efficacy of foods/diets to reduce the risk of
chronic diet-associated disease, the mechanistic role of
modified BA signalling in improving host health, despite
demonstration in animal studies, has yet to be demon-
strated clearly in at-risk human populatlons The project
entitted CABALA_DIET&HEALTH®® is a current
research project designed to specifically address these
shortcomings and aims to establish circulating BA
profiles as biomarkers of metabolic health, modulated
by diet and exercise.

Bariatric surgery is currently the most effective therapy
for morbid obesity, and indeed obesity-associated dia-
betes often goes into remission rapidly following gastro-
intestinal re-modelling®’*®.  Recent studies have
suggested that early changes in BA metabolism, particu-
larly increases in ursodeoxycholic acid (UDCA) and its
glycine and taurine conjugates in the first month after
surgery act as insulin-sensitising agents®”. Work by
others shows that deoxycholic acid (DCA) is characterls-
tic of obesity®”. Transformation of conjugated cholic
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Fig. 2. Bile acid (BA) regulation of metabolic health through diet:gut microbiota interaction. BAR, BA receptor; CA, cholic acid, CDCA,
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acid into DCA by the colonic microbiota has been shown
to determine the percentage of DCA in blood®".
Importantly, both UDCA and DCA, as secondary BA,
are produced by the gut microbiota, respond to changes
in diet in animal models and are closely linked to profiles
of gut bacteria and their bile salt hydrolysing and 7a/
B-hydroxylation capabilities. They also show differential
abilities to activate FXR and TGRS, two key BA recep-
tors responsible for lipid, glucose, BA and immune
homeostasis. Indeed, oral feeding of UDCA to non-
diabetic human subjects lowers blood postprandial glu-
cose levels and increases secretion of glucagon-like
peptide-1, an important incretin involved in regulating
glucose-induced insulin secretion, in addition to control-
ling gastric emptying®?. In rats, UDCA ingestion ame-
liorates  fructose-induced metabolic  syndrome®?.
Similarly, rectal delivery of BA increases satiety and
reduces food intake by stimulating glucagon-like
peptide-1 and PYY®Y. UDCA, therefore with low agon-
ist potential for the G protein-coupled BA receptor and
FXR, is amongst the more promising modulators of
insulin/glucose homeostasis, steroid and lipid/BA metab-
olism, intestinal function and inflammation pathways
directly regulated by these receptor molecules, suggesting
competitive exclusion or synergistic signals may play an
important role here.

Animal studies have shown that energy restriction
diets, associated with longevity and low incidence of

chronic diet associated disease, can radically modulate
circulating BAs both in quantity (increasing total serum
BA by 162 %) and in profile®. Similarly, oral ingestion
of UDCA decreases age-related adiposity and inflamma-
tion in mice®®. Cheng er al.®” using LC/MS quantifica-
tion of 217 plasma metabolites in 647 individuals
followed up after 20 years found that the BA taurochol-
ate was associated with lower odds of longevity (reaching
the age of 80 years), although apparently not through
CVD or cancer incidence. However, they noted that cur-
rent lack of understanding of factors governing circulat-
ing BA concentrations limited the usefulness of
taurocholic acid (TCA) as a marker of overall BA activ-
ity®”. Profiles or ratios of circulating BA have been sug-
gested to reflect the risk of colorectal cancer and to be
sufficiently reproducible for epidemiological studies®®.
More recently, Ho et al.®® using targeted metabolomics
of plasma from 2383 Framingham Offspring cohort par-
ticipants, found that circulating BA profiles were strongly
associated with insulin resistance in obese but not lean
individuals®”. Using 183 metabolites identified from
untargeted MS-based metabolomics, Alonso er al.'°”
identified two conjugated CBA (glycolithocholate sulfate
and glycocholenate sulfate) as significant biomarkers of
CVD risk in 1919 African-American participants of the
Atherosclerosis Risk in Communities study but con-
cluded that further study and replication were
needed"?.
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CBA profiles are therefore emerging as important sig-
nalling molecules intricately involved in mammalian
cholesterol and lipid metabolism, glucose homeostasis,
thermogenesis, inflammation and intestinal function.
Diet:microbiota interactions in the gut are likely to
play a key role in influencing both hepatic BA neosynth-
esis and production of 2° BA in the intestine. Dietary
change has been shown to alter both faecal BA profiles
and the ability of the gut microbiota to generate 2°
BA®Y but we still know little about how diet:microbe
interactions in humans regulates CBA profiles. Human
dietary intervention studies could highlight the link
between BA profiles and metabotype with gut microbiota
signatures in order to highlight the molecular basis of BA
regulation of immune and metabolic homeostasis.

Conclusions

The interest in studying the gut microbiota has enor-
mously increased over the past decade, especially since
the scientific community has recognised the key role of
intestinal microbial commensals in multiple physio-
logical functions of the human organism. Particularly
the gut microbiota has been identified as an important
metabolic organ that provides us with important path-
ways, which directly have an impact on the way the
human body bio-transforms dietary components. Hence
current nutrition intervention studies looking at the
impact of diet on human health and disease risk include
monitoring of gastrointestinal microbial members and
their metabolic input, alongside measures of clinical
parameters. Despite the amount of data that can be gener-
ated by high-throughput microbial molecular techniques,
mining information on the role of thousands of bacterial
populations inhabiting the human gut still remains a chal-
lenge. Studies on extreme animal and human phenotypes
or pathological states have allowed advances in this field,
by providing patterns of association between bacterial
groups and certain concomitant systemic features.
However, the topic remains wide and often clear consid-
erations regarding the function of resident taxonomic
groups cannot be easily drawn and the etiological contri-
bution of gut microbial populations to human health and
disease is still uncertain. Nevertheless, progress has been
made on the causative link between gut microbiota and
health, especially thanks to intervention studies that mon-
itored changes in microbial composition and activities in
response to a specific dietary challenge.
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