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Diet-microbiota interactions as
moderators of human metabolism

Justin L. Sonnenburg' & Fredrik Bickhed®*

It is widely accepted that obesity and associated metabolic diseases, including type 2 diabetes, are intimately linked to
diet. However, the gut microbiota has also become a focus for research at the intersection of diet and metabolic health.
Mechanisms that link the gut microbiota with obesity are coming to light through a powerful combination of translation-
focused animal models and studies in humans. A body of knowledge is accumulating that points to the gut microbiota as a
mediator of dietary impact on the host metabolic status. Efforts are focusing on the establishment of causal relationships
in people and the prospect of therapeutic interventions such as personalized nutrition.

orldwide, obesity has more than doubled since 1980 accord-
Wing to the World Health Organization. In 2014, more than

1.9 billion adults were overweight, and over 600 million of
those people were obese. Obesity results from a positive energy balance,
which occurs when the amount of energy ingested exceeds the amount
expended, and it is a strong risk factor for other metabolic complications
such as type 2 diabetes. Type 2 diabetes is increasing in prevalence in
low-income countries, and in 2014, approximately 422 million adults
worldwide had diabetes. The condition is characterized by high blood
sugar, resistance to insulin and a relative lack of insulin. Insulin resist-
ance is also associated with an increased flux of free fatty acids that
contribute to diabetic dyslipidaemia, which is characterized by a high
concentration of triglycerides in blood plasma, a low concentration of
high-density lipoprotein (HDL) cholesterol and an increased concen-
tration of small, dense low-density lipoprotein cholesterol particles'.
Dyslipidaemia is one of the major risk factors for cardiovascular disease
in people with diabetes. Accordingly, abnormal metabolism of glucose
and lipids is the hallmark of metabolic syndrome, which is defined by
central (abdominal) obesity and the presence of two or more of four
factors — elevated triglycerides, reduced HDL cholesterol, high blood
pressure, and increased fasting blood glucose. As governments and
health organizations struggle to find solutions to these largely prevent-
able health issues, a rapidly expanding area of research that is focused
on the microbes that live within our digestive tract is offering fresh and
interesting insights and potential avenues for intervention.

The human gut is a bioreactor with a microbiota that typically encom-
passes hundreds or thousands of bacterial taxa, which predominantly
belong to two phyla: Firmicutes and Bacteroidetes’”. Tremendous
strides have been taken over the past decade towards mapping the
composition and basic functional attributes of the gut microbiota of
people from industrialized countries™. This ensemble of organisms has
coevolved with the human host and complements the coding potential
of our own genome with 500-fold more genes®. However, the annota-
tion, and consequently the biological function, of many of these remain
poorly defined.

The observation that germ-free mice, which lack a microbiota, have
reduced adiposity and improved tolerance to glucose and insulin when
compared with conventional (colonized) counterparts’ jump-started
a decade of research that focused on the clarification of underlying
mechanisms. Germ-free mice are protected from diet-induced obesity

when fed a Western-style diet* '°, which further supports a link between

the gut microbiota and the host metabolism. The altered microbiota
that is observed in genetically obese mice'"' is sufficient to promote
increased adiposity in lean mice that receive a microbiota transplant',
demonstrating that the microbiota contributes to the regulation of adi-
posity. The importance and generalizability of these initial findings are
strengthened by reports of alterations in the gut microbiota of obese
people*" ™, which confer the obese or adiposity phenotypes when
transferred to mice'*".

Here, we review the large body of data that is shaping our understand-
ing of how the gut microbiota can alter the absorption, metabolism and
storage of calories. Despite broad agreement that gut microbes modify
how the human body responds to components of diet to influence
metabolism, the mechanisms that underlie this process are exception-
ally complex and the data can be difficult to reconcile. The picture that is
emerging suggests that obesity is associated with reduced diversity of the
gut microbiota'*". Systemic inflammation and microbial metabolites,
such as bile acids and short-chain fatty acids, are also commonly impli-
cated. The ability to easily access and reprogramme the composition and
function of the microbiota make it an attractive target for intervention.

Diet as an important modulator of the gut microbiota
Extensive research on the gut microbiota has shown that diet modulates
the composition and function of this community of microbes in humans
and other mammals'**, with the earliest literature® published almost
100 years ago. Human intervention studies from the past decade have
revealed the extent to which different aspects of the microbiota can be
influenced through dietary change; this can be summarized by three
main themes.

The first theme is that the microbiota of the human gut responds
rapidly to large changes in diet. The existence of these fast, diet-induced
dynamics is supported by evidence from people who switch between
plant- and meat-based diets, who add more than 30 grams per day of
specific dietary fibres to their diet or who follow either a high-fibre-low-
fat diet or a low-fibre-high-fat diet for 10 days; in all cases, the compo-
sition and function of the microbiota shifted over 1-2 days'****. Such
marked shifts in response to nutrient availability are perhaps unsur-
prising given that populations of microbes can double within an hour
and the gut extensively purges the community every 24-48 hours. This
responsiveness might represent an advantageous feature of enlisting
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microbes as part of the digestive structure — especially when consider-
ing the possible day-to-day variation in food that is available to foragers.
It might also be an inescapable consequence of dealing with a complex
and competitive microbial community that undergoes rapid turnover.

The second theme is that, despite these rapid dynamics, long-term
dietary habits are a dominant force in determining the composition
of an individual’s gut microbiota. Despite detectable responses of the
microbiota within 24 hours of dietary intervention, a 10-day feeding
study in 10 people™ failed to alter the major compositional features and
the overall classification of each participant’s microbiota. Some, but not
all, cross-sectional studies reported that long-term dietary trends are
linked to features of microbiota composition****"%,

The third theme is that a particular change in diet can have a highly
variable effect on different people owing to the individualized nature
of their gut microbiota. For example, Ruminococcus bromii-related taxa
bloomed in response to resistant-starch intervention in most of the 14
obese men in one study; the lack of response in the other individuals
might reflect an absence of such taxa in those people™. A dietary inter-
vention that includes a boosted intake of fibre and a decreased intake
of energy can increase microbiota diversity — as defined by the gene
content of the faecal metagenome — for individuals who start with a
low microbiota gene content, but not those who start with a high gene
content™. These individualized responses might fit into categories that
enable a precision rather than a personalized approach to understanding
responsiveness to diet.

The influence of diet on aspects of microbiota function might also
help to explain how a specific metabolic input can alter microbiota com-
position over time. In a study that focused on the enzymatic activity of
trimethylamine lyase, mice that harbour microbiotas with low produc-
tion of trimethylamine (TMA) could be converted into high producers
when their diet was supplemented with the TMA-containing compound
L-carnitine for 10 weeks”. Similarly, a microbiota-encoded degradation
system for porphyran, a polysaccharide that is found in certain spe-
cies of edible seaweed, is rare in the microbiotas of Western people but
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Figure 1 | Interactions between the diet and the gut microbiota dictate
the production of short-chain fatty acids. Dietary fibre is a source of
complex carbohydrates, which are required for the production of short-
chain fatty acids such as acetate, butyrate and propionate. When the
diversity of the microbiota is high and the diet contains many types of
complex carbohydrates (top right), a relatively high percentage of complex
carbohydrates will be accessible to the microbiota. But when the diversity
of the microbiota is low and the diet contains many types of complex
carbohydrates (left), only a low percentage of these complex carbohydrates
are accessible to the microbiota. If the fibre composition of the diet is
matched to the needs of a low-diversity microbiota (bottom right) by
limiting the types of complex carbohydrate that are available, the levels of
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prominent in those of populations that regularly consume seaweed”.
This suggests that certain metabolic inputs can select for pathways as
well as the organisms that harbour those pathways. One corollary of this
interpretation is that there must be a reservoir of selectable functions
— either present at low levels within the gut microbial community or
able to invade from an environmental source. It is important to note that
numerous other non-dietary mechanisms, such as interstrain killing
that is mediated by the type VI secretion system, infection with bac-
teriophages and priority effects of colonization through which strains
are able to exclude one another on the basis of relatedness of particular
genetic loci, can underlie microbial community dynamics and might
interact with or operate in parallel to dietary-mediated effects™ .

Several issues can complicate the unravelling of mechanisms and the
interpretion of data in dietary intervention studies in humans. People
are notoriously poor at adhering to dietary regimes, and it is difficult
to accurately measure the extent of their adherence because the self-
assessment of food intake can be clouded by numerous factors. Budget
limitations often mean that researchers must choose either tightly con-
trolled studies of small cohorts, for example, in which food is provided,
or larger cohort studies that could be confounded by the free will of the
participants and by their self-assessment. Because dietary change often
involves both the elimination and addition (that is, the substitution) of
dietary components, even the most successful intervention studies can
raise questions about which diet modification was responsible for the
change in the microbiota. A further complication is that many of the
dietary changes in such studies also have the potential to directly influ-
ence host metabolism in a microbiota-independent way.

As an alternative, animal models enable researchers to tightly control
the diet of subjects and to have multiple biological replicates that repre-
sent the response of a single microbiota. Experimental models that lack
a gut microbiota offer further power for determining whether the effects
of diet in the host depend on the microbiota. For example, germ-free
rats harvest less energy from a polysaccharide-rich diet* and germ-free
mice have a reduced adiposity despite an increased intake of food by
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production of certain short-chain fatty acids, such as propionate, might
increase. However, the diversity of the microbiota will probably remain low
and it might not be able to provide as many functions as a diverse microbiota.
Consumption of a complex diet (top right) might result in increased levels

of production of multiple types of short-chain fatty acids and helps to recruit
additional diversity to the gut microbiota. The level of propionate production
is correlated with the abundance of Bacteroides species in the gut, which

is consistent with the involvement of these bacteria in the production of
propionate'*”. Fermentation of fibre in the colon has been shown to decrease
pH levels, which can help to increase the diversity of the gut microbiota or
results in the reinforcement by certain taxa of a pH that favours their own
growth1267129‘
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comparison with their colonized counterparts’, which demonstrates
that the microbiota helps to extract energy from food. These results are
consistent with the fact that the fermentation of dietary fibre represents
one of the dominant microbial metabolic activities in the colon, the
region of the gut in which the microbiota is most dense®>*.

The short-chain fatty acid end-products of fermentation in the gut
can be absorbed into the circulation to serve as both microbiota-gen-
erated calories and important regulatory molecules, and it has been
estimated that people who consumed a typical British diet in the 1980s
received 6-10% of their energy from short-chain fatty acids”. By con-
trast, people who eat large quantities of plants, the main source of
dietary fibre®, such as those in certain African communities that con-
sume up to sevenfold more fibre than people the industrialized world®,
might generate considerably more short-chain fatty acids, which there-
fore probably contribute more to the whole-body energy requirement.
This is in agreement with the increased abundance of taxa that ferment
polysaccharides in the gut microbiota of African populations®. Certain
recurrent physiological states in mammals, such as the non-hibernating
period in bears*' and advanced pregnancy®, result in a markedly altered
microbiota with an increased capacity to harvest energy from the diet
without metabolic derangement. It should also be noted that the effects
observed in animal models extend beyond a simple improvement in
calorie harvest. The microbiota of mice suppress the expression of intes-
tinal angiopoietin-like protein 4, an inhibitor of the enzyme lipopro-
tein lipase, which increases lipoprotein-lipase activity in adipose tissue
and promotes the storage of fat’. Accordingly, mice that are deficient in
Angptl4 have increased adiposity, even under germ-free conditions’.

Experiments that use a Western-style diet, which is devoid of fibres
and rich in calories from saturated fat and sucrose, demonstrate that
the gut microbiota regulates obesity through additional pathways®. For
example, germ-free mice are protected from diet-induced obesity when
fed high levels of sucrose and lard®, a diet that alters the composition of
the gut microbiota. The presence of the microbiota is both necessary
and sufficient for obesity: the transfer of microbiota from mice fed a
Western diet to germ-free mice transfers the obese phenotype®. By con-
trast, germ-free mice that are fed a high-fat diet with less sucrose are
only partly protected against obesity*, and all protection from obesity
(that is, microbiota-dependent obesity) is lost when sucrose is omitted
from the diet”. The molecular mechanisms that underpin this finding
are unknown. The source of dietary fat also seems to be important.
Saturated and unsaturated fats have profoundly different effects on the
gut microbiota, and the altered microbiota that results from feeding
unsaturated fats can offer protection from lard-induced weight gain*.
These findings suggest that simple carbohydrates and fats could exert
unexpected effects on the host metabolism through the microbiota. Fur-
ther research is required to clarify how microbial taxa and ecosystems
interact with specific macronutrients.

Emerging evidence suggests that the deleterious metabolic effects of
processed foods might involve more than just macronutrients. Emul-
sifiers and artificial sweeteners have been shown to be involved in the
development of metabolic syndrome features through their modulation
of the microbiota in mice***. In a study in seven people, artificial sweet-
eners given at high doses resulted in insulin resistance after only 7 days";
however, this dramatic finding needs to be reproduced in a larger study.
These data provide evidence that artificial food additives might contrib-
ute to metabolic disease through disruption of the microbiota. Notably,
an important and unwavering commonality of Western dietary trends
is the paucity of plant-based dietary fibre*, an important fuel for the
microbiota. The absence of dietary fibre together with an abundance of
nutrients that negatively affect the microbiota could be of considerable
importance for understanding metabolic diseases.

Microbial ecology in metabolic disease

The interaction of numerous species, the allocation of resources and the
dynamic response to perturbation within the gut provide many of the
hallmarks of a complex ecosystem. The application of macroecological
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concepts to the gut microbiota might therefore be instructive in guiding
scientific inquiry and understanding®, particularly when considering
the associations between microbiota diversity and metabolic output
(such as the link between short-chain fatty acids and obesity and meta-
bolic disease). For example, many macroecology data suggest that the
extent of biodiversity within an ecosystem can serve as an important
measure of stability and robustness™, which are relevant to research that
looks at the link between gut microbes and health.

Three metagenomic studies'**"* have shown that improved meta-
bolic health is associated with a relatively high microbiota gene con-
tent and with an increased microbial diversity. These data indicate that
the extent of the diversity might be an important factor for metabolic
health, which is consistent with findings from microbiota studies that
have focused on traditional human societies. The gut microbiota of
eight hunter—gatherer or rural farming populations in various parts of
the world showed increased bacterial diversity compared with those
of Western populations'*******, Notably, the microbial taxa that are
absent from the Western gut are found in many populations of tra-
ditional people that have been separated for thousands of years on
different continents. The parsimonious explanation for this is that
industrialization has been accompanied by an overall decline in gut
microbiota biodiversity as well as the loss of specific phylogenetic groups
— a potential consequence of modern lifestyles, medical practices and
processed foods. It is unclear whether certain taxa are keystones that
promote diversity. It is also unknown whether the increased diversity
is only a reflection of a healthy and varied diet or whether it directly
contributes to protection from metabolic disease. One theory is that
the microbiota of industrialized nations are experiencing a widespread
change in functional capacity (for instance, altered production of short-
chain fatty acids), which is contributing to modern health issues such
as obesity”***. Dietary reinforcement, and specifically the provision of
diverse complex carbohydrates, could provide the key to sustaining, and
perhaps recovering, a diverse resident ecosystem that is capable of the
functions that the human body expects or requires (Fig. 1). A caveat is
that diversity can be measured in many ways that include or exclude the
relative abundances of species and the functions encoded within them.
It is also important to note that a high level of biodiversity does not
always correspond to a health-promoting ecosystem: for example, bac-
terial vaginosis is characterized by a diversity greater than that observed
in a healthy state®. Undoubtedly, an understanding of diversity within
the context of organism identity, location and function enriches the util-
ity of measures that fail to capture important details when used alone.

Fuel for the microbial ecosystem

Many of the plant polysaccharides that are found within dietary fibre
are structurally complex. It is therefore unsurprising that the numer-
ous enzymes that are required to de-modify, liberate, transport and
metabolize component monosaccharides are not encoded within the
human genome®. Furthermore, the time that would be required to
perform these steps is probably not compatible with the rapid transit
that occurs in the small intestine, the region of the gut in which simple
carbohydrates are digested and absorbed. Consequently, complex car-
bohydrates travel to the distal gut for fermentation by its dense com-
munity of microbes.

Many complex plant carbohydrates qualify as dietary fibre, according
to laboratory tests. However, the amount of fibre that can be metabolized
(for example, through the enzymatic degradation of glycosidic linkages
and the fermentation of liberated monosaccharides into short-chain fatty
acids) will depend on many factors, including the composition of the
microbiota. Carbohydrates that can be metabolized by the microbiota are
known as microbiota-accessible carbohydrates® and can be contrasted
with those that pass through the digestive tract without undergoing
metabolic transformation. This metabolic accessibility is an important
distinguishing characteristic: it defines a carbohydrate as a resource that
drives the interspecies economy within the gut and it implies that meta-
bolic products, such as short-chain fatty acids, will be generated.

© 2016 Macmillan Publishers Limited. All rights reserved.



Fibre CA/CDCA |TBMCA
. ] ¥ ‘ | S
Short-chain fpEazicA Saturated fats
fatty acids

Mitochondrion

...o Glucagon-like
o @ peptide 1

Insulin

Pancreas resistance

Notably, high diversity in the microbiota corresponds with high
levels of short-chain fatty acid production in rural farmers in Burkina
Faso"’, as well as with the enrichment of genes in the microbiome of
hunter-gatherers that are associated with the metabolism of complex
carbohydrates®. In a multigenerational study in mice, the consumption
of a Western-style diet exacerbated the loss of microbiota diversity com-
pared with a diet that was rich in microbiota-accessible carbohydrates,
and the extinction of taxa corresponded with a predicted loss in diver-
sity of glycoside hydrolases™. Several studies in humans indicate that
there is a population-specific ‘ceiling’ on microbiota diversity and meta-
bolic output. For example, following a vegan diet for at least 6 months
or a high-fibre-low-fat diet for 10 days were insufficient to substantially
increase microbiota diversity or production of faecal short-chain fatty
acids™. A plant-based diet could significantly alter the composition of
the gut microbiota, although a change in diversity was not observed".
When fed high levels of resistant starch, individuals who fail to show
abloom in Ruminococcus bromii and its relatives also have the highest
levels of undigested starch in their stool, which supports the idea that
the composition of the microbiota determines whether a carbohydrate
is accessible to the microbiota™. Overall, these data suggest that the
production of short-chain fatty acids is affected by the existing diversity
within a microbiota.

Eating whole grains for just 3 days can improve tolerance to glucose in
some people, and these ‘responders’ show an increased representation
of specific glycoside hydrolases within the gut microbiome compared
with non-responders who received the same dietary intervention®. This
indicates that the microbiota might need to already have the capacity to
degrade certain complex carbohydrates in the diet to reap the potential
benefits of microbiota-accessible carbohydrates. Notably, individuals
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-Carnitine Figure 2 | Mechanisms of signalling from the
Choline gut microbiota to the host. The gut microbiota
interacts with dietary components and metabolites
L to form bioactive metabolites that signal to the
e e host through distinct mechanisms. Short-chain
TMAs fatty acids that are produced by the fermentation

of fibre are an important source of energy (ATP)
for colonocytes. They are also a substrate for
gluconeogenesis, which modulates central
metabolism, and are involved in signalling to the
host by inhibiting histone deacetylase (HDAC)
or by activating G-protein-coupled receptors
such as GPR41 and GPR43, which triggers the
release of the hormone glucagon-like peptide-1.
The primary bile acids cholic acid (CA) and
chenodeoxycholic acid (CDCA) are metabolized
into the secondary bile acids deoxycholic acid
(DCA) and lithocholic acid (LCA), which
activates signalling to the host through the
G-protein-coupled bile acid receptor 1 (GPBARI;
also known as TGR5). Tauro-B-muricholic acid
(TBMCA) is deconjugated into f-muricholic
acid (BMCA; not shown), which alleviates the
inhibition of the farnesoid X-activated receptor
(FXR; also known as the bile acid receptor) by
TBMCA. Microbially produced endotoxins (also
known as lipopolysaccharides) are taken up

into chylomicrons that are formed from dietary
saturated fats and subsequently they promote
inflammation in the host that induces insulin
resistance. L-Carnitine and choline, compounds
that are found in red meat, are metabolized into
TMAs that are oxidized further into TMAO by
the enzyme flavin-containing monooxygenase 3
(FMO3) in the liver (inset).

whose microbiota and glucose tolerance respond to a whole-grain inter-
vention tend to consume diets that are higher in fibre. The complex
carbohydrates that are associated with whole grains and that were meta-
bolically accessible to the microbiotas of the responders might therefore
have been inaccessible to non-responders who also did not routinely
consume high-fibre diets.

Microbial metabolites
Microbes that live in the gut continually produce numerous small
molecules through primary and secondary metabolic pathways®,
many of which are dependent on the diet of the host. Although some
of these compounds are retained within the gut ecosystem, others will
be absorbed into the circulation and then chemically modified (that
is, co-metabolized) by the host, and eventually secreted in the urine®.
Much research has focused on short-chain fatty acids, which have been
implicated in diverse roles in obesity and metabolic syndrome. Path-
ways that generate short-chain fatty acids were found to be enriched
in metagenomic studies of obesity, and levels of short-chain fatty acids
were elevated in overweight or obese people and animal models'>**%’,
which is consistent with these products of microbial fermentation pro-
viding extra calories to the host. By contrast, increased levels of the
short-chain fatty acid propionate promoted intestinal gluconeogen-
esis® or were associated with the microbiota following gastric bypass®,
which conferred protection from diet-induced obesity on transfer to
germ-free recipient mice. The direct delivery of propionate to the colon
through propionate-esterified carbohydrate reduced weight gain in a
randomized 24-week study of 60 overweight adults”.

Short-chain fatty acids can signal to the host through at least four
distinct pathways (Fig. 2). First, short-chain fatty acids, particularly
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butyrate, are an energy substrate for colonocytes”’*, and in response
to reduced energy availability, germ-free mice slow down the transit
through the small intestine to allow more time for nutrient absorption”.
Second, propionate is a substrate for gluconeogenesis and can induce
intestinal gluconeogenesis, which signals through the central nervous
system to protect the host from diet-induced obesity and associated
glucose intolerance®®. Third, butyrate and acetate, another short-chain
fatty acid, can act as histone deacetylase inhibitors’”. (Acetate acts in
peripheral tissues, in which the concentration of butyrate might not
be high enough to exert an effect.) Fourth, short-chain fatty acids sig-
nal through G-protein-coupled receptors such as GPR41 (also known
as FFAR3) and GPR43 (also known as FFAR2), which affects several
important processes that include inflammation’® and enteroendocrine
regulation””. However, the generation of short-chain fatty acids is only
one aspect of microbial metabolism in the gut.

The microbial metabolism of phosphatidylcholine, a phospholipid
that is abundant in cheese, seafood eggs and meat, and of L-carnitine”,
an amino acid that is abundant in red meat, produce high levels of TMA.
Once it has been absorbed from the gut into the bloodstream, TMA
circulates to the liver and is enzymatically oxidized to TMA N-oxide
(TMAO), a compound that has been associated with poor cardiovas-
cular outcomes in humans and the acceleration of atherosclerosis in
mice””*” (Fig. 2). TMA production serves as an excellent example
of the interaction between the diet and the microbiota. For example,
microbiotas that are capable of producing TMA make the metabolite
only when compounds that contain trimethyl ammonium are present
in the diet, and some microbiotas (such as those of vegans) are poor
producers of TMA?”, even when precursor compounds are transiently
provided through the diet. Together, these data suggest that the micro-
biota evolves to adapt to specific macronutrients. Many of the experi-
ments that demonstrated the atherogenic nature of TMAO involved
supplementing the low-fat diets of animals with the compound. Other
metabolites probably contribute to metabolic disease — as supported
by evidence from people who have undergone bariatric surgery, a pro-
cedure that produces long-term weight loss and improved metabolism
and reduces the risk of cardiovascular disease and death®* but that is
associated with elevated levels of circulating TMAQ'. The increased
levels of TMAO in such patients might reflect the creation of a more
aerobic gut environment that is conducive to generation of this metabo-
lite. It is therefore essential to determine the conditions under which
TMAO promotes cardiovascular disease and whether TMAO directly
affects cardiovascular disease in humans.

Bile acids, formed by the microbiota from host cholesterol, are
another group of metabolites with a profound effect on human health®.
They are metabolized by the microbiota in the lower part of the small
intestine and the colon to generate secondary bile acids®. They were
originally thought only to act as soaps that solubilize dietary fats to pro-
mote their absorption, but over the past two decades, it has become clear
that they serve as signalling molecules and bind to distinct receptors
such as G-protein-coupled bile acid receptor 1 (also known as TGR5)
and the bile acid receptor FXR™ (Fig. 2). The microbiota regulates TGR5
signalling by producing agonists®’ and FXR signalling by metaboliz-
ing antagonists*’. TGR5 and FXR both have a major impact on host
metabolism® and, accordingly, an altered microbiota might affect host
physiology by modulating the signals that pass through these recep-
tors. The capacity to metabolize tauro-B-muricholic acid, a naturally
occurring FXR antagonist™Y, is essential for the microbiota to induce
obesity and steatosis, as well as impaired tolerance to glucose and insu-
1in®*. Atleast some of this effect is mediated by an altered microbiota®.
Bariatric surgery is associated with an altered microbiota and metabo-
lism of bile acids'®”. Mechanistic links between bile acids and bariatric
surgery demonstrate that functional FXR signalling is required for a
reduction in body weight and an improvement in glucose tolerance
after vertical sleeve gastrectomy®. Similarly, TGRS is required for the
improved metabolism of glucose following this procedure. Germ-free
mice that received a faecal transplant from people who had undergone
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Roux-en-Y gastric bypass 10 years earlier gained less fat than did mice
that were colonized by microbiota from obese people'®. Some of the
beneficial effects of bariatric surgery might therefore be mediated by the
altered microbial metabolism of bile acids, which affects their capacity
for signalling. Other mechanisms and metabolites might have equally
important roles.

The microbiota produces a vast number of metabolites and much
work remains to be done to investigate fully their functions in physi-
ology and pathophysiology. Examples of such metabolites include:
ethylphenyl sulfate, which is connected to the exacerbation of autistic
behaviour in a mouse model’’; indole propionic acid, which is linked
to improved function of the epithelial barrier in the gut™; and indoxyl
sulfate and p-cresyl sulfate, both of which are associated with poor car-
diovascular outcomes in people with uraemia (p-cresyl sulfate is also
associated with insulin resistance)”*. These metabolites undoubtedly
give a glimpse of how this poorly explored universe of molecules can
affect the host. The relevance of some of these metabolites in humans
is yet to be established. Although several bioactive metabolites are the
derivatives of amino acids, neither the effect of the quantity and qual-
ity of protein in the diet on metabolite synthesis nor the ensembles of
microbial genes that are responsible for metabolite production are well
understood.

Inflammation and diet

Obesity and insulin resistance are associated with the increased infiltra-
tion of macrophages into and the inflammation of adipose tissue””".
Because the gut microbiota is known to contribute to the obese phe-
notype, at least in mice, it might also contribute to increased adipose
inflammation. A model of adipose inflammation that is dependent on
the microbiota but independent of diet is supported by evidence from
Swiss Webster mice. While consuming a standard diet, these animals
develop a similar amount of adiposity to C57Bl6 common laboratory mice
that are fed a high-fat diet for 8 weeks. When germ-free Swiss Webster
and C57BI6 mice are fed their respective adiposity-inducing diets, both
exhibit reduced adiposity, lower levels of endotoxins (known as lipopoly-
saccharides) in the circulation and decreased macrophage infiltration
into white adipose tissue, as well as improved metabolism of glucose**.
Obesity in mice is also associated with increased numbers of T cells™'”
and mast cells'” and reduced numbers of regulatory T cells'”. In mouse
models, the fermentation of fibre and the generation of short-chain fatty
acids seem to promote anti-inflammatory responses both within the gut
and systemically through regulatory T cells'*"'%. Although dietary fibre
and the production of short-chain fatty acids exert a positive metabolic
impact through non-immunological mechanisms in a mouse model of
diet-induced obesity®, it is unclear whether similar interactions that are
mediated through the immune compartment contribute to metabolic
changes. The supplementation of high-fat diets with fermentable fibres
protects mice from obesity and associated diseases'” but the mechanism
that underlies this action remains unclear.

The gut microbiota also interacts with the innate immune system to
induce adipose inflammation, and mice that lack Toll-like receptor signal-
ling, through loss of either of the adaptor proteins MyD88 or TRIF (also
known as TICAM1), have reduced levels of inflammation in adipose tis-
sue and are protected from insulin resistance that is induced by saturated
fatty acids™. Mice that are deficient in the gene Myd88, but not the gene
Trif, are protected from diet-induced obesity, which therefore separates
obesity from insulin resistance and suggests that they are controlled by
different mechanisms. Mice raised in conventional conditions that are fed
saturated fatty acids exhibit increased levels of endotoxins in the circula-
tion in comparison to mice that consume polyunsaturated fatty acids.
Dietary fat has been demonstrated to increase the amount of endotoxins
in the blood plasma of both mice'” and humans'”, probably by allowing
endotoxins to be transported across the epithelium on chylomicrons'*.
These higher levels of endotoxins activate Toll-like receptors in adipose
tissue that, in turn, induce the expression of the chemokine CCL2, which
is required for macrophage infiltration*. The source of dietary fat might

© 2016 Macmillan Publishers Limited. All rights reserved.
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Figure 3 | Strategies for modulating the gut microbiota to improve
human health. a, The collection and comparison of multi-omics data
from healthy people and those who are affected by metabolic disorders
will implicate various genes, pathways and molecules as potential targets
for intervention. Relevant experimental models (in vitro, organoid or
animal models) are then used to elucidate underlying mechanisms and
to pilot therapeutic approaches to modulating the gut microbiota, which
lay the foundations for intervention studies or drug trials in humans. b,
Studies in humans can also be a starting point for the identification of

therefore have specific interactions with the microbiota that lead to altered
interactions with the innate immune system and contribute to metabolic
diseases. Mice fed a diet supplemented with fish oil are protected from
obesity and insulin resistance. Furthermore, mice that consume lard and
receive the microbiota of those fed fish oil are protected against obesity*,
which demonstrates that the modified microbiotas themselves have a
protective effect.

A switch to a diet rich in saturated fatty acids shifts the composition of
the microbiota*. Levels of the bacterium Bilophila wadsworthia increase
when mice are fed a diet rich in milk fat or supplemented with the bile acid
taurocholic acid'"". Similarly, increased levels of Bilophila and a reduced
abundance of Desulfovibrio were observed in mice that were fed lard
compared with fish oil as a source of fat"!. B. wadsworthia increases gut
inflammation in mice that lack in the anti-inflammatory cytokine inter-
leukin (IL)-10. Insulin resistance that is induced through a high-fat diet is
associated with reduced levels of T helper 17 (Ty;17) cells that are positive
for IL-17 and retinoic acid receptor-related orphan receptor yt (RORyt)'.
It is tempting to speculate that one of the underlying mechanisms involves
the fat-induced restriction of a specific taxon known as the segmented
filamentous bacteria, which induce the expression of IL-23 in enterocytes.
IL-23 causes the release of IL-22 from innate lymphoid cells in the ileum,
which subsequently induces the production of the proteins serum amy-
loid A1 and serum amyloid A2 from the epithelium in a paracrine fashion
— aprocess that is required for the activation of Ty;17 cells in the ileum'”.
In mice, IL-22 has been shown to protect against metabolic disease, which
further suggests a link between the altered gut microbiota, T;;17 cells and
IL-22 signalling and the mediation of metabolic disease. However, it is
unknown whether taxa that induce specific immune responses, such as
the segmented filamentous bacteria in mice, protect against metabolic
disease. Despite efforts, there are no reports on the role of segmented fila-
mentous bacteria in people, but other bacteria in the human microbiota
might have developed similar functions.

Dietary interventions and diet-based therapeutics

The gut microbiota provides a powerful route to influencing human
health. It has many attributes with biomedical potential, such as a
connection to multiple facets of human biology, malleability and
accessibility for therapeutic targeting or diagnostics. The microbes
of the gut can therefore be likened to an easily accessible control
centre for the modulation of human physiology. However, owing to

.00 @3
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strategies to modulate the gut microbiota through components of the diet,
which are generally considered to be ‘safe’ interventions. Data-processing
algorithms, such as machine learning, can be used to identify aspects of the
clinical profile of individuals (including data on the microbiota) that help
to predict the response of others to dietary interventions. After validation
of these predictive elements in independent cohorts, the best intervention
can be determined and then implemented to improve human health.

Such predictive elements can also be used to guide mechanistic studies in
experimental models.

D

Organoid Animal

the complexity and individuality of each microbiota, the rate at which
this potential can be realized is unknown.

Diet and, in particular, polysaccharides serve as primary modula-
tors of the composition and function of the microbiota. Polysaccha-
rides, which are widely consumed components of human food, are
therefore functionally analogous to small-molecule drugs. Because
of their relative safety (that is, their lack of acute toxicity), availability
and low cost, it might be feasible systematically and empirically to
determine which dietary polysaccharides, alone or in combinations,
can improve human health in different situations.

Such an empirical approach is compatible with emerging concepts
in precision health”'". Although the dietary interventions affect the
metabolic responses of hosts in an individualized manner, elements
of the microbiome can help to predict the response. One study used
continuous blood-glucose monitoring to follow postprandial gly-
caemic responses in 800 people''*. The responses of individuals to
particular foods were highly variable. However, when compared
with microbiome profiles and with measurements of metabolism
and behaviour, using a machine-learning approach, the response
of an individual to a given food could be predicted — even in an
independent cohort. Similarly, individuals show large differences in
glucose metabolism in response to an intervention that is based on
whole grains®. Improved tolerance to glucose could be explained
largely through enrichment of the genus Prevotella within the micro-
biota. Prevotella could also improve the glucose metabolism of mice
that were fed carbohydrate-rich diets but not a high-fat diet that was
devoid of fermentable polysaccharides. These findings point to the
possibility of a mechanism-free, empirical approach for determin-
ing a dietary intervention that is appropriate for a given individual
or group. They also highlight the potential of a next generation of
probiotics (sets of microbiota-derived living microbes that will be
tailored to interact with a given diet) as a method for converting
non-responders into responders. A further outcome of this approach
might be the use of predictive elements of metadata to guide the gen-
eration of hypotheses and to determine priorities for investigation
into underlying mechanisms.

Perspective
It is becoming clear that an altered gut microbiota is associated with

metabolic diseases in humans that range from obesity to type 2 diabetes

7 JULY 2016 | VOL 535 | NATURE | 61

© 2016 Macmillan Publishers Limited. All rights reserved.



REVIEW

and cardiovascular disease. Causality has also been demonstrated in
animal models. To move forwards, it will be essential to understand
whether the gut microbiota is causally linked to host metabolism in
humans. Prospective studies should be performed to determine whether
the gut microbiota is altered before or after the onset of disease. This will
require large cohorts that allow considerable numbers of participants
to develop the disease under investigation, and it will probably involve
the high-resolution monitoring of host and microbial parameters to
determine the progression of derangements.

Another approach is to transfer microbiotas from humans to mice,
and this is particularly powerful when focused on twin cohorts to con-
trol for human genetics**'>*". In one-such study, transplantation of the
microbiota from obese individuals to germ-free mice transfers the obese
phenotype, as determined by increased weight gain, whereas adminis-
tration of Christensenella minuta prevents weight gain®. In a separate
study, bacterial representatives from the microbiota of lean individu-
als were associated with an increased production of short-chain fatty
acids, whereas the microbiota of obese individuals had an increased
abundance of genes that are involved in biosynthesis of branched-chain
amino acids, which are associated with impaired sensitivity to insu-
lin'*. Importantly, the lean microbiota could only invade and prevent
increased adiposity when the recipient mice consumed a diet that was
low in fat and high in fruits and vegetables. Consistent with the idea
that the microbiota reinforces the diet, supplementation with Prevotella
produces an improved tolerance to glucose only when mice are fed a
standard diet that is rich in fibre, and not a Western-style diet, which
is devoid of fibre™.

A similar dependency on diet was observed in children with a type
of malnutrition known as kwashiorkor'"®. Twins that are discordant for
kwashiorkor have distinct microbiotas, and germ-free mice that have
been colonized with a ‘kwashiorkor’ microbiota experience weight loss
when they are fed a typical Malawian diet, which is based on tomatoes
and corn. However, when the mice are fed a peanut-based, ‘ready-to-use’
therapeutic food, their weight transiently increases and their microbiota
normalize'"”. It is becoming increasingly important to consider how the
diet can modify microbiota-linked disease states in mice to generate
hypotheses about underlying molecular mechanisms that can then be
tested and validated in people. Faecal microbiota transplantation, which
has been shown to cure recurrent infection with Clostridium difficile'"’,
has also been used to directly address whether the gut microbiota can
affect the metabolism of the host. Eighteen insulin-resistant obese men
were randomly designated to receive either an autologous (control) fae-
cal microbiota transplant or a similar transplant from a lean, insulin-
sensitive donor. Insulin clamps that were performed before and after
the intervention revealed that the insulin sensitivity of a subset of the
participants had significantly improved 6 weeks after the transplant'".
It is unclear whether the positive responses of these individuals are
dependent on characteristics of the donors or the recipients as well as
what the duration of the responses should be. Research in larger cohorts
is required to verify the effects of faecal microbiota transplantion and
to answer remaining questions. For example, experiments could be
performed using specific bacteria from lean microbiotas with the aim
of developing next-generation probiotics. It is clear that stratification
might be required to identify groups that are likely to respond to such
interventions™'",

To improve the understanding of how the microbiota affects the
metabolism in humans, metagenomics, transcriptomics, proteom-
ics and metabolomics data from key target tissues and the microbiota
during various disease states and interventions should be combined to
provide a map of co-occurrences. These data enable the formation of
testable hypotheses that can be pursued in validated animal models,
and they will form the foundation for precision interventions (Fig. 3).

It will also be important to gain a more nuanced understanding of the
foundational principles of the microbiota, such as the cross-sectional or
longitudinal spatial organization of interactions between the host and its
microbes in the intestine''. The majority of studies in humans and mice
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rely on faecal samples, which provide some representation of what is
occurring throughout the digestive tract; however, aspects of microbial
communities and host responses that are specific to the small intestine
might be obscured by faecal sampling'**'*’. For example, it could miss
information on how the microbiota affects nutrient absorption in the
small intestine through its impact on glucose transporters and bile acids,
which are essential for the absorption of lipids and fat-soluble vitamins.

Microbial metabolites probably act as mediators for the host metabo-
lism and can be either beneficial (for example, butyrate) or detrimental
(TMAO). Such molecules might therefore provide fresh therapeutic
approaches in which beneficial metabolites could be supplemented
pharmacologically or the bacteria that produce them are developed into
probiotics. And receptor antagonists could be developed from detri-
mental metabolites if the relevant receptor has been identified. Another
possibility is to target the microbial enzymes that produce metabolites
with inhibitors. An inhibitor of TMA lyase that stops the microbial
synthesis of TMA and therefore reduces the levels of circulating TMAO
prevents the development of atherosclerosis in mice'*'. However, such
inhibitors are yet to be tested in humans, and it is unlikely that one
metabolite acts alone to promote or prevent metabolic diseases. Strate-
gies that promote or prevent suites of metabolites are more likely to have
wider applicability and larger effects on host metabolism.

It is reasonable to consider what proportion of metabolic problems in
humans could be addressed by properly caring for the gut microbiota.
The use of antibiotics in early life is associated with obesity in both
people and mice, which suggests that the disruption of microbial eco-
systems at crucial points in time might affect physiology in later life and
also that the amendment of medical practices could have a substantial
impact®'*. However, changes in the diet might be more important for
reaping the health benefits that the microbiota can provide. Increased
levels of polysaccharides are likely to be of benefit to people who fol-
low a typical Western-style diet, most of whom consume far below the
recommended amounts of dietary fibre*®; meta-analyses show that
the increased consumption of fibre significantly decreases the risk of
mortality'”'"**. Controlled dietary interventions that document the util-
ity of various supplements, probiotics, nutrients and foods in modu-
lating aspects of the gut microbiota and human health are required.
The measurement of multiple aspects of individuality, including the
microbiota, will provide insight into the characteristics of people who
respond beneficially to a given intervention and will pave the way for
microbiota-focused precision nutrition. A deeper understanding of the
gut microbiota, an important aspect of failing health, has the potential
to contribute big gains in our understanding of metabolic health and
weight loss. m
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