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Abstract

Sections

Obesity is caused by along-term difference between energy intake

and expenditure — animbalance that is seemingly easily restored

by increasing exercise and reducing caloric consumption. However,

as simple as this solution appears, for many people, losing excess
weightis difficult to achieve and even more difficult to maintain. The
reason for this difficulty is that energy intake and expenditure, and

by extension body weight, are regulated through complex hormonal,
neural and metabolic mechanisms that are under the influence of

many environmental factors and internal responses. Adding to

this complexity, the microorganisms (microbes) that comprise the

gut microbiota exert direct effects on the digestion, absorption

and metabolism of food. Furthermore, the gut microbiota exerts a
miscellany of protective, structural and metabolic effects both on the
intestinal milieu and peripheral tissues, thus affecting body weight

by modulating metabolism, appetite, bile acid metabolism, and the
hormonal and immune systems. In this Review, we outline historical and
recentadvancesin understanding how the gut microbiotaisinvolvedin
regulating body weight homeostasis. We also discuss the opportunities,
limitations and challenges of using gut microbiota-related approaches
asameans to achieve and maintain a healthy body weight.
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Key points

o Two decades ago, pioneering studies showed that prebiotic-induced
changes in the gut microbiota affect adipose mass in rats.

o Numerous dietary factors, such as fat, proteins and fibre, shape the
gut microbiota and eventually contribute to the regulation of host
energy metabolism through specific microbial metabolites.

e So far, no proof has been provided that one specific bacteria or group
of bacteria can predict the onset of obesity or body weight loss in
humans.

o The regulation of host energy metabolism is under the influence of
many metabolites produced and/or modified by the gut microbiota,
and some of these molecules might become drug candidates.

o Demonstrating whether particular microbiota compositions are
beneficial or detrimental for body weight management remains a
challenge and requires future studies to design personalized, targeted
modulation of microbiota.

Introduction
One of thefirstindications that changing the gut microbiota composi-
tion has the potential to positively influence the progression of several
diseases, such as obesity and type 2 diabetes mellitus (T2DM), came from
studies using soluble fibre in obese rodents. These compounds were
named prebiotics, as they act like fertilizers that stimulate the growth
of certain bacteria that are beneficial for health'. Subsequently, mice
lacking agut microbiota (germ-free) were shown to develop less adipose
mass and were less prone to obesity compared with conventional mice
(that is, mice with a gut microbiota)**. Follow-up studies in humans
demonstrated altered microbial compositionsinindividuals with obe-
sity and proposed the ratio between two dominating phyla, Firmicutes
and Bacteroidetes (or Bacillotaand Bacterioidota, according to the new
nomenclature), as an explanation for the phenotype®®. The search for
‘good’ and ‘bad’ bacteria had begun. Today, advances in the field have
made it clear that these simplistic views no longer hold up and that
numerous other factors and interactions must be taken into account
when considering the role of the gut microbiota on metabolic health.
In this Review, we reconstruct the progress made in the field by
first summarizing its history and then reporting on the more recent
literature discussing how the composition of the microbiota is impli-
cated in obesity. We also cover several mechanisms by which either
the presence of specific bacteria and/or metabolites produced by the
gut microbiota could be responsible for the differential responses
to weight management. We then examine the role of specific dietary
regimens and how they can influence weight management by acting
on the gut microbiota. Finally, we open the debate on the remaining
challenges and limitationsin the field.

Pioneering studies

The direct role of gut microorganisms (microbes) on the regulation
of host energy metabolism has been comprehensively studied using
germ-free mice. The development of germ-free animals started in
the 1940s (reviewed in ref.”) and, by 1964, studies on germ-free and
conventional rats and chicks suggested that the gut microbiota was

interfering with the absorption of fats®’. The earliest demonstration of
specific changes ingut peptides controlling appetite being associated
with gut microbes was published in1989. Goodlad et al. observed that
germ-free rats had higher circulating levels of ‘enteroglucagon’ and
peptide tyrosine tyrosine (PYY) than conventional rats™.

In 2000, Daubioul et al. discovered that changing the gut micro-
biotacompositionin obesefa/fa Zucker rats by using soluble fibre, such
asthe prebioticsinulinor oligofructose (that s, inulin-type fructans),
was associated with decreased adipose mass, hepatic steatosis and
glycaemia™. In2002, in afirst attempt to discover mechanisms linking
microbiotaand the high fermentation of inulin-type fructans compared
with poorly fermented fibre such as cellulose, the same group discov-
ered thatinulin-type fructansincreased the caecal content and propi-
onate concentrationin the portal vein'2. Soon after, in 2003, propionate
was shown to be one of the key short-chain fatty acids (SCFAs) able to
bindand activate free fatty acid receptor 2 (FFAR2) and FFAR3 (ref. ).
Theactivation of these G protein-coupled receptors (GPCRs) is depend-
ent on the length of the SCFA chains. In humans, the order of potency
for FFAR2 has acetate (C2) and propionate (C3) as equipotent, followed
by butyrate (C4), valerate (C5) and formate (C1), whereas FFAR3 has a
stronger affinity to the longer SCFAs (C4 =C3=C5>C2=C1)"*'",

Nowadays, SCFAs produced by the gut microbiotaare commonly
accepted to promote the secretion of gut peptides such as glucagon-
like peptide 1(GLP1) and PYY'. These hormones are produced by enter-
oendocrine L cells, located most abundantly in the ileum and colon,
where the majority of gut microbes are present in high quantities and
ableto ferment fibre such as inulin-type fructans”. Strikingly, in 1998,
Kok etal.”® discovered that rats fed with inulin-type fructans exhibited
statistically significantly higher GLP1content in the caecum compared
with rats not fed these fibres. GLP1is a gut peptide that reduces food
intake, lowers glycaemia and increases insulin sensitivity. In 2004,
experiments by Cani etal.” in rats demonstrated that the fermentation
of solublefibre (suchasinulin-type fructans) was associated with lower
foodintake and reduced body weight and adipose mass gain compared
with rats eating a normal diet containing fibre but not enriched with
inulin-type fructans. This phenotype was directly linked with specific
changesingut peptidesinvolvedinthe regulation of appetite, such as
statistically significantly increased production of the anorexigenic pep-
tides GLP1and PYY, while the orexigenic peptide ghrelinwas decreased,
validating the link between gut microbiota, host adiposity and food
intake™"?* (Fig.1).

Duringthe same period, in2004, aseminal study by Bickhed et al.
unequivocally showed that gut microbes were directly involved in host
energy metabolism. They found that germ-free mice gained statistically
significantly less body weight and adipose mass than conventional
mice’ (Fig.1). Conversely, the authors discovered that colonizing germ-
free mice with gut microbes increased their blood levels of glucose,
insulinand leptin, and stimulated lipid storage in adipose tissue while
promoting triglyceride hepatic synthesis’.

The effect of gut microbes on obesity was also demonstrated
using genetically obese ob/ob mice.In 2005, Ley et al.’ were the first to
suggest that obesity could be characterized by ashiftin the microbiota
composition. Compared with lean mice, ob/ob mice had a 50% reduc-
tioninthe abundance of Bacteroidetes (now renamed as Bacterioidota)
and aproportionalincrease in Firmicutes (now Bacillota), introducing
the concept of an obesity-related increase in the Firmicutes to Bacte-
roidetes ratio (F:B ratio). Ley et al. also suggested that, in ob/0b mice,
obesity affects the diversity of the gut microbiota’. In2006, Turnbaugh
etal.®showed that the gut microbiota of ob/ob miceis enriched ingenes
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@ ob/ob mice have less Bacteroidetes and more
Firmicutes than lean littermates. First introduction
of the concept of Firmicutes to Bacteroidetes ratio

@ Bacterial metabolites: SCFAs are
shown to bind to FFAR2 and FFAR3

® Germ-free rats have higher
circulating levels of
‘enteroglucagon’ and PYY than
conventional rats

® Germ-free
mice eat more
but gain less

@ Using germ-free animals
@ Using conventional mice
Using human samples

@ First demonstration that high-fat
diet changes gut microbiota

® First stuc_jy showing thgt ) body weight Identification of a core
] m‘odylat[ng the gut m|crgb|ota and adipose ® Discovery of metabolic microbiome using
@ First germ-free rats used to with inulin-type fructans is mass than endotoxaemia: demonstration metagenomics and twins

associated with decreased
adiposity, glycaemia and steatosis

investigate the role of

microbes on host metabolism mice

@ First demonstration that gut
microbiota is interfering with
the absorption of fats using
germ-free rats

@ First data showing a link
between microbiota
fermentation, propionate
and hepatic lipogenesis

Introduction of the concept of
diversity and stability over time
of the human microbiota

conventional

concordant for their lean or
obese phenotype

that a microbial component
triggers metabolic disorders

® Colonizing germ-free First study linking gut
mice with the gut microbiota with host
microbiota from ob/ob genetics
mice induced higher ‘
adipose mass gain
than with microbiota
from lean mice

@ Rapid increase of

® publications in the field
of gut microbiota,
obesity, T2DM and other

@ First demonstration of diseases

gut permeability during
obesity and T2DM

@ Satietogenic effects of inulin-type
fructans and increased GLP1and PYY

Fig.1|Pioneeringresearchin the field of gut microbiota, obesity and
related disorders. The figure shows a timeline that describes the history of
key discoveries made in the field. Red circles show studies that used germ-free
animals. Blue circles show studies that used conventional mice. Yellow circles

Firmicutes to Bacteroidetes ratio

higher in individuals with obesity

and lowered after weight loss
show studies that used human samples. FFAR, free fatty acid receptor; GLP1,
glucagon-like peptide 1; PYY, peptide tyrosine tyrosine; SCFAs, short-chain fatty
acids; T2DM, type 2 diabetes mellitus.

involved in the absorption and conversion of non-digestible polysac-
charides into available substrates for the host, leading to increased
energy bioavailability. They demonstrated that colonizing germ-free
mice with the gut microbiotafrom ob/ob mice induced higher adipose
mass gain than the gut microbes from lean mice, and that this effect
was independent of food intake® (Fig. 1).

Ley et al. also compared the gut microbiota of individuals who
were lean or with obesity and discovered that those with obesity had
lower Bacteroidetes and more Firmicutes than lean controlindividuals,
confirming their observations in mice?. They found that the F:B ratio
could be partially restored in individuals with obesity after 52 weeks
of diet-induced weight loss using a low-calorie diet restricted in fat or
carbohydrate”. However, the relative change in specific bacterial strains
orthelink with body weight were not studied. Soon after the publication
of the F:B ratio as a putative characteristic of obesity, the concept was
challenged as potentially not universally applicable. In 2008, a similar
study by Duncan et al. was not able to support the F:B ratio hypothesis
as they did not find the proportions of Bacteroidetes and Firmicutes
to be different between faecal samples of individuals who were lean or
with obesity, even after weight loss*.

In 2008, Khachatryan et al. published the first study linking gut
microbiota with host genetics by comparing 19 individuals with famil-
ial Mediterranean fever (a common monogenic recessively inherited
autoinflammatory disorder) with 8 healthy individuals and providing
convincing evidence that gut bacterial diversity was considerably dis-
tinctand depended on the allele carrier status of the host?. The notion
that the microbiota s influenced by genetics was later solidified by other
studies using twins. Furthermore, host genetics were shown toinfluence

the composition of the human gut microbiome in ways thatimpact host
metabolism?.1n 2009, Turnbaugh et al. investigated the gut microbiota
ofatotal of 154 monozygotic or dizygotic twin pairs who were concor-
dantfortheirlean or obesity phenotype by using metagenomic analysis,
thereby enabling the study of both taxonomic and functional changes”
(Fig.1). This study was the firstinvestigating how host genotype but also
environmental exposure and adiposity might be linked to both the gut
microbiota composition and activity. Besides having revealed shared
features of the microbiotaamong family members, they also found that
eachindividual has their own microbial community signature but with
anequivalent degree of co-variation between twin pairs. This study was
pioneerindiscovering thatindividuals share microbial genes, whichled
to the proposition of the existence of a ‘core microbiome’ at the gene
rather than at the taxonomic level”. Altogether, these data supported
the hypothesis that smaller changes or more specific modulation of the
gutmicrobiotacommunity areinvolved in the development of obesity
rather than a simple wide change at the phylum level. Another major
advance in the field derived from this study was that human obesity
is associated with a different representation of bacterial genes and
key metabolic pathways” (Fig. 1). The study also proposed that diver-
sity (in composition and function) could be associated with different
physiological states (obesity versus leanness).

Of note, the concept of microbial diversity in the gut had been
introduced in1998 by Zoetendal et al. using temperature gradient gel
electrophoresis, a specific technique that, at the time, enabled the
authors to propose that the microbiotafromagivenindividual is highly
stable over time (atleast 6 months)* (Fig.1). Nowadays, the concept of
decreased microbial diversity is widely used in numerous pathological
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situations, with a few exceptions. One of these exceptions is the low
diversity found in the microbiota of infants, which is dominated by a
single species found in high prevalence (Bifidobacterium spp.) but is
not anindication of an unhealthy situation.

Supportingevidence for therole of the gut microbiotain the aetiol-
ogy of obesity also comes from several studies that used subtherapeutic
doses of antibiotics in mice during early life, showing that they moder-
ately increase body weight and adipose mass in mice”. Furthermore,
the effects were more pronounced when the antibiotic treatment was
given to mice frombirth*°. Subtherapeutic antibiotic treatmentalso had
atendency toincrease the effects of a high-fat diet (HFD) on obesity in
mice®’. Furthermore, transferring the gut microbiota from mice treated
with a subtherapeutic dose of antibiotic to germ-free mice induced
similar effects on body weight and adipose mass®, here again arguing
foracausalrole of the microbiota during obesity. The use of germ-free
mice remainsimportant for the scientific community; however, astudy
conducted in 2022 nicely highlighted that the housing conditions of
mice (specific pathogen-free versus germ-free facilities) can make a dif-
ferenceinthe context of obesity and might eventually lead to discrepant
resultsinthe literature®*.

Dietary factors affecting the microbiota

Many factors can influence the gut microbiota, including lifestyle,
age, host genetics, mode of birth and health status (reviewed in ref. *).
However, the major factor shaping gut microbiota compositionis the
dietary habit of its host. The adoption of modern sedentary lifestyles
and Westernized diets during the past several decades has undoubt-
edly contributed to growing health concerns. Owing to the complexity
of the matter, the consequences of the different dietary components
(for example, macronutrients and micronutrients, salt, and food addi-
tives) on gut microbiota modulation are still largely unknown although,

since 2015, studies focusing on this have helped untangle this complex
landscape (Fig. 2).

Dietary fats
Alarge-scale dietary trial in mice, the largest of its kind, showed that
dietary fat,and not proteins or carbohydrates, regulates energy intake
and causes adiposity in mice**. In this study, the gut microbiota was not
investigated; however, asmaller, morein-depth study from 2022 con-
firmed thatdietary fat, and not sugar, is the major determinant of body
adiposity inmice and then demonstrated that diets with different sugar
and fat contentsinduced specific changesinthe abundance of certain
bacterial taxa®. An earlier study conducted in2007 (ref. ) had already
found that HFD feeding in mice induced specific changes in the gut
microbiota composition. These changesincluded alower abundance
of Bacteroides-like mouse intestinal bacteria, closely related to the
Bacteroides-Prevotella group, of bacteriain the Eubacteriumrectale-
Clostridium coccoides group and of Bifidobacterium spp. compared with
control diet-fed mice. Inaseries of follow-up studies, a HFD containing
mostly saturated and omega-6 polyunsaturated fatty acids was con-
firmed to induce specific changes in the gut microbiota® *°. A direct
link between HFD-induced changes in the gut microbiota and obesity
was supported by work showing that mice treated with broad-spectrum
antibiotics and fed a HFD were partially resistant to obesity, inflam-
mation and insulin resistance***'. In addition, germ-free mice were
also partially resistant to HFD-induced metabolic disorders, thereby
strongly suggesting an interaction between dietary fatty acids and
the susceptibility to develop obesity and associated disorders**>*,
Although saturated fatty acids are associated with the onset of
metabolic disorders, mice fed an isocaloric HFD containing omega-3
fatty acids (that is, fish oil) were protected against low-grade inflam-
mation, metabolic endotoxaemia, insulin resistance and obesity
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compared with mice fed the same caloric diet but containing fatty
acids fromlard** (Fig.2). Thetype of dietary fat was also shownto be a
major driver of the microbial community structure, affectingboth the
composition and diversity of the gut microbiota**. Furthermore,
the gut microbiota of fish oil-fed mice confers protection against lard
diet-induced adiposity and inflammation when transferred by faecal
microbiota transplantation (FMT). Among the putative bacteriaasso-
ciated with a beneficial effect of the omega-3 treatment, anincreased
abundance of Bifidobacterium spp., Lactobacillus spp.and Akkermansia
muciniphilawere identified*‘. These three types of bacteria were also
associated with the beneficial effects of prebiotics, such as inulin-type
fructans, in obesity”** (Figs.2and 3).In particular, A. muciniphila has
been associated with beneficial effects in obesity (reviewed in ref. *5).

Theinfluence of the quantity and quality of dietary fatty acids on
the gut microbiota composition and its metabolic consequences have
been the subject of further investigations. An interesting systematic
review from 2019 found striking results®’; for instance, the six inter-
ventional trials analysed did not show strong effects of the quantity or
quality of dietary fat on the intestinal microbiota composition or health
ofthe study participants. Conversely, all observational studies showed
that differencesin dietary fat quantity and quality were associated with
changesinthe microbiota and health. In addition, high total fat or high
saturated fatty acid ingestion negatively affected microbiotarichness
and diversity, and diets with increased amounts of monounsaturated
fatty acids were linked with adecrease in total bacterial numbers. Sur-
prisingly, dietary polyunsaturated fatty acids did not affect microbial
richness nor diversity®.

Dietary protein

Dietary proteins are also involved in the modulation of gut microbiota
composition and activity (reviewed inref.*°). Although the majority of
dietary proteins are absorbed in the smallintestine (>90%), afraction
escapes digestion and reaches the colon, whereit serves asasubstrate for
microbial metabolism. Diets rich in protein are often suggested
for weight loss; however, the overall understanding of how increased
amounts of proteins reaching the colon affect the composition and
function of the microbiota is limited®'. Even well-designed studies in
humans have shown contradictory results regarding the microbiota
composition upon increased dietary protein consumption, findings
thatare attributed to diverse factors*’. Besides quantity, the quality of
proteins should also be considered. For example, a diet representative
of the complex composition of dietary protein consumed by humans
inwestern countries directly contributed toincreased weight gain and
insulinresistancein mice. The detrimental effect of the protein mixture
was linked with the microbial production of branched-chain fatty acids
as well as with elevated plasma and hepatic levels of acylcarnitines,
indicative of aberrant mitochondrial fatty acid oxidation®.

However, the overall microbial community has been suggested
to be shaped by therelative availability of nitrogen in the gut environ-
ment. This hypothesis implies that dietary protein intake should be
seen as one of the many factors contributing to the host-microbiome
dynamic. Exploring the interactive contributions between different
protein, carbohydrate and lipid profiles will be the major challenge
when developing specific dietary strategies for weight loss®.

How the microbiota affects body weight

Although much remains unknown, important mechanisticinsightsinto
how the gut microbiotamodulates host metabolism and weight status
have been gained over the past decade. These studies have revealed
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Fig.3 | Weight-loss interventions and the microbiota. Behavioural, dietary
and surgical weight-loss interventions for obesity affect the microbiota. These
effects on the microbiota in turn affect host weight by producing or modulating
compounds derived from bacteria, diet or host that influence the metabolic
pathways of the host. FMT, faecal microbiota transplantation; GLP, glucagon-
like peptide; LPS, lipopolysaccharides; PYY, peptide tyrosine tyrosine; SCFAs,
short-chain fatty acids.

bothdirectactions (the microbiotaalters the amount of calories avail-
ableforabsorption) andindirect mechanisms (the microbiota produces
or modulates bacterial, dietary or host-derived compounds that influ-
ence host metabolic pathways). Although an exhaustive list of microbial
metabolites falls outside of the scope of this Review'®, we summarize
some important players in the context of host metabolism.

Another direct way for bacteria to influence host physiology has
been proposed, that is, bacterial translocation to various tissues and
organs (including human adipose tissue) due to increased intestinal
permeability**". However, how the presence of bacteria and bacterial
DNA in peripheral tissues affects host metabolism remains elusive.

Short-chain fatty acids

SCFAs are produced by certain gut bacteriaasaresult of carbohydrate
fermentation. Acetate, propionate and butyrate are the primary SCFA
products and are produced inanapproximate molar ratio of 60:20:20.
These SCFAs regulate the luminal pH and mucus production, provide
fuel for epithelial cells, and modulate mucosal immune function. In
addition, they can enter the systemic circulation and directly affect
metabolism or the function of peripheral tissues'***°. Although
SCFAs provide a direct source of extra calories, the elevated genera-
tion of SCFAs is thought to beneficially contribute to systemic energy
regulation by decreasing hepatic glucose and lipid production®. As
mentioned earlier, SCFAs stimulate the secretion of the anorexigenic
hormones PYY and GLP1in the colon, thereby facilitating gut-brain
axis signalling by activating FFAR2 and FFAR3 to regulate immunity,
intestinal transit time, inflammation and metabolism'*">*%%° (Fig. 4).
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host metabolismin obesity. Several factors influence the gut microbiota
composition and its activity (that is, metabolite production). Fasting, diet,
surgery and physical activity have been shown to contribute to changes in the
production of short-chain fatty acids (SCFAs), endocannabinoids, tryptophan
metabolites and bile acids by the microbiota. These factors act on specific

G protein-coupled receptors (GPCRs) such as free fatty acid receptor 2 (FFAR2),
FFAR3, GPR119 and TGRS, causing enteroendocrine cells to produce increased
amounts of gut hormones such as glucagon-like peptide 1 (GLP1), peptide

Macrophage

Antlbody‘

tyrosine tyrosine (PYY) and GLP2. These gut hormones in turn contribute to

the regulation of several host functions: reduction in appetite, glycaemia,
plasmalevels of lipids, inflammation, increased lipid oxidation and satiety.
Inaddition, these changes control gut barrier function (thatis, GLP2 and
endocannabinoids) to reduce leaky gut and the leakage of lipopolysaccharide
(LPS) to the circulation. Dashed lines show effects that might be linked to several
mechanisms or have unknown mechanisms. AhR, aryl hydrocarbon receptor;
PAMPs, pathogen-associated molecular patterns; TGRS, Takeda G protein-coupled
receptor 5.

The currentliterature on SCFAs in humans focuses mainly on fibre
supplementation and endogenous SCFA production, and is hampered
by difficulties in measuring SCFA production, differences in mode of

administration and/or site of production, variation in dietary fibres
tested, differences in diet composition, and variation in metabolic
phenotype between individuals®®', Although acute and chronic SCFA
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administration studiesin rodents show beneficial effects onweightloss,
weight-gain prevention or attenuation of weight gain*’, datainhumans
arestill very limited®. Nevertheless, aseries of studies demonstrated that
increasing colonic propionate prevents weight gain and/or regulates
appetite sensationsinadults with overweight, suggesting thatincreasing
SCFA production could be avaluable strategy in preventing obesity® ®*.

Bile acids

Whenfoodisingested, primary bile acids, such as cholic acid and cheno-
deoxycholic acid, are released into the small intestine, where they
facilitate dietary fat and fat-soluble vitamin absorption. In addition,
bileacids serve as signalling molecules and are increasingly recognized
as key regulators of systemic metabolism. Interactions with nuclear
hormone receptors (such as farnesoid X receptor®, vitamin D recep-
tor®, pregnane X receptor® and constitutive androstane receptor®®)
and membrane receptors (for example, Takeda G protein-coupled
receptor 5) can regulate the secretion of PYY, GLP1 and fibroblast
growth factor 19 (FGF19, FG15 in mice), cholesterol metabolism, and
systemic energy expenditure’ (Fig. 4). Bile acids are profoundly
altered by bariatric surgery, possibly contributing to the metabolic
effects of the surgery”’.

Intheintestinal lumen, bile acids serve as substrates for biotrans-
formation by gut microbes. Modificationsinclude deconjugation (the
removal of amino acid residues) via bile salt hydrolase (BSH) activity
and further metabolization viaremoval of hydroxyl groups (dehydroxy-
lation), oxidation (dehydrogenation), or epimerization’’>. Modified
bile acids are referred to as secondary bile acids and include deoxy-
cholicacid, lithocholic acid and ursodeoxycholic acid (a secondary bile
acid inhumans, thoughaprimary bileacid in rodents). AHFD increases
faecal and circulating secondary bile acids™"°. Bacterial metabolism
changes the bioavailability and bioactivities of bile acids, and con-
sequently their effect on the metabolic responses they are involved
in”’. Interestingly, microbiota-bile acid crosstalk has been suggested
to contribute to the rebound weight gain after calorie restriction’.
Moreover, very-low-caloric diet-induced weight loss hasbeen shown to
increase postprandial levels of deoxycholic acid and decrease resting
energy expenditure inindividuals with obesity and insulin resistance”.

Endocannabinoid-like compounds
The endocannabinoid system consists of different bioactive lipids
expressedinvirtually all cellsand organs. They have numerous regula-
toryroles,includinginthe control of energy, glucose and lipid metabo-
lismbutalso inimmunity and inflammation through the activation of
various receptors (reviewed in refs. 5%"), In 2010, the endocannabinoid
system and other related bioactive lipids and receptors were demon-
strated, for the first time, to be regulated by the gut microbiota,
thereby representing another mechanism by which gut microbes exert
control over the gutbarrier®? (Fig. 4). Furthermore, germ-free mice or
conventional mice, either lean or as models of obesity and T2DM, were
shown to have a specific microbiota and endocannabinoid system
tone® 5, Reciprocally, the endocannabinoid system from the host can
alsoregulate the microbiotacomposition and activity, and contribute
to regulating adipose tissue browning, energy expenditure and the
regulation of food intake via the gut-brain axis® %, Thus, these findings
demonstrate animportant dialogue and intertwined complex system.
In2017, anelegant study showed that chemical mimicry of eukary-
otic signalling molecules could be common among commensal
bacteria as demonstrated by the finding that N-acyl amide synthase
genes are enriched in gastrointestinal bacteria and the lipids that

they encode interact with GPCRs¥. For instance, commensal ago-
nists regulate glucose homeostasis as well as gastric emptying and
appetite through GPR119-dependent hormone release from entero-
endocrine cells and are believed to do so as efficiently as human
ligands®. Recently, numerous studies have pointed to the role and
specificinteractions between the endocannabinoidome (comprising
endocannabinoids and related molecules as well as their enzymes and
targets) and host metabolism (Fig. 4).

Tryptophan metabolites and AhR ligands

Microbial-derived tryptophan catabolites have been linked with appe-
tite regulation in several models®®** (Fig. 4). Tryptophanis an essential
amino acid, utilized for protein synthesis. Inaddition, tryptophanisa
key player in the effects of the microbiome on weight and metabolism”
asevidence suggests that tryptophan and relevant metabolites are able
tosignal bothlocally (to the intestinal mucosa) and to distant organs,
including the brain®*. Several microbial tryptophan catabolites, such as
tryptamine, indole-3-aceticacid and 3-indolepropionicacid, are natural
ligands of the aryl hydrocarbon receptor (AhR)*, a sensor of environ-
mental and physiological signals and a potent modulator of gut barrier
integrity, immunity and metabolism®*”’. Faecal samples of individuals
with the metabolic syndrome display low levels of tryptophan-based
metabolites and this phenotypeis associated with reduced activity of
AhR”, The decreased ability of the microbiota to produce AhR ligands
leads to defective mucosal barrier integrity and reduced GLP1secretion
(Fig. 4), and ultimately could facilitate the development of metabolic
syndrome, T2DM, increased BMI and high blood pressure®.

Lipopolysaccharides

In2007, in the context of obesity, specific bacterial components (such
as lipopolysaccharides (LPS)) were identified as circulating inflamma-
tory factors originating from the gut microbiota. The ability of LPS
to trigger low-grade inflammation and insulin resistance induced by
HFD feeding in mice*® led to the concept of metabolic endotoxaemia.
Importantly, metabolic endotoxaemiais now considered a pathologi-
calfeature of arange of chronic conditions, including obesity, T2DM,
non-alcoholic fatty liver disease, chronic kidney disease and athero-
sclerosis (Figs. 3 and 4). Subsequently, LPS from certain bacteria was
found to promote a metabolically beneficial state of endotoxaemiaby
antagonizing Toll-like receptors, which can counteract metabolically
detrimental endotoxaemia’®. LPS from different types of bacteria can
interact; therefore, these interactions should be considered when
assessing the effects on host metabolism.

Microbiota modulation for weight loss

The availability of inexpensive, calorically dense foods and the reduc-
tion in physical activity in our daily lives have certainly been major
contributors to the current rise in obesity rates. Lifestyle interven-
tions combining hypoenergetic diets and regular exercise are there-
fore currently the primary approach to weight loss and metabolic risk
reduction (Fig. 2). However, adhering to weight-loss interventions
is a challenge for many people with overweight or obesity. Weight-
loss success varies from person to person and depends on a complex
interplay between environmental, genetic, neural and endocrine fac-
tors. The inter-individual variability in weight-loss responses could
partly depend on the baseline gut microbiota composition. Human
studies have proposed that an individual’s microbiota composition
could predict diet-induced weight-loss responses®. In this section,
we discuss some of the approaches currently used or considered for
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weight management and their link with the gut microbiota (Fig. 2).
Although the emphasis of this Review is on weight management and
weight loss, people with overweight or obesity might benefit from
lifestyle modifications that shift microbiotacompositionand improve
metabolicrisk factors, physical functions and quality of life, regardless
of their effects on body weight.

Diet

Ketogenic diet. The ketogenic dietisadietary regimen with low carbo-
hydrate and high fat intake. Typically, these diets are comprised of
approximately10% carbohydrates, 70% fats and 20% proteins. This bal-
anceisachieved by replacing grains, fruit, starchy vegetables, legumes
and sweets with carbohydrate-free or very-low-carbohydrate foods
suchasnon-starchy vegetables, cheese, avocados, nuts and seeds, eggs,
meat, seafood, and olive or coconut oil for cooking and dressing. This
diet forces the body to alter its metabolism to use fatty acids, rather
than carbohydrates, as its primary energy source, producing ketone
bodies as a molecular by-product and leading to a state of ketosis.
However, the types of fat selected will affect the outcome; therefore,
notall ketogenic diets are the same.

Ketone bodies have attracted public interest for their proposed
benefitsinimproving metabolism, promoting weight loss, decreasing
inflammation and attenuating neuropsychiatric disorders such as (epi-
leptic) seizure activity and depression'*°7'%%, Although, over the years,
many studies in humans have demonstrated the efficacy of a ketogenic
dietin promoting weightloss, the underlying mechanisms are still not
completely understood'®®. Additional research in mice showed that
ketone bodies directly affect the gut microbiota'®*'®,

In an inpatient crossover study published in 2020 (ref.'®) adult
menwith overweight or obesity (without diabetes mellitus) were moni-
tored while they spent 2 monthsinametabolic ward, where their diets
and exercise levels were controlled. For the first 4 weeks of the study,
the participants were given either a standard diet consisting of 50%
carbohydrates, 15% proteins and 35% fats, or aketogenic diet comprised
of 5% carbohydrates, 15% proteins and 80% fats, resulting in elevated
circulating plasma levels of ketone bodies. After 4 weeks, the two
groups switched diets. Shifting between standard and ketogenic diets
dramatically changed the abundance of Actinobacteria, Bacteroidetes
and Firmicutes phyla, and 19 genera were different between groups.
Bifidobacteria, in particular Bifidobacterium adolescentis, decreased
the most on the ketogenic diet'®. Interestingly, these changes were
probably driven by the carbohydrate restriction rather than the high fat
intake as they were distinct from those observed in mice fed a high-
fatand high-carbohydrate diet, which is known to promote metabolic
disease in these animals*"1°%'%7,

Follow-up diet experiments in mice showed that supplementa-
tion of ketone bodies was sufficient to reproduce many of the specific
microbial changes seen with the ketogenic diet even in mice fed a
diet containing carbohydrates, and therefore not ketogenic in itself.
These findings indicate that diet induces changes in the microbiota
that alter the host metabolism and that these changes have down-
stream, reciprocal effects on the microbiota'®'%®, Of note, both mono-
colonization of germ-free mice with B. adolescentis and human FMT
into germ-free mice showed that a decrease in Bifidobacterium was
linked with a reduction of inflammation as evidenced by a marked
decrease in pro-inflammatory marker T helper 17 cells both in the gut
and invisceral adipose tissue'®.

One ofthe caveats of aketogenic dietis the lack of beneficial fibre
and polyphenols coming from fruits and cereals. Moreover, animal data

alsoindicates that aketogenic diet might be associated with long-term
metabolic adverse effects such as glucose intolerance, dyslipidae-
mia and signs of hepatic steatosis'®’. Furthermore, individuals who
consume a ketogenic diet are suggested to have an increased biotin
requirement®. Inan elegant study conducted in 2022, researchers per-
formed metagenomic analyses on>1,500 individuals and linked severe
obesity withamarked deficiency in microbes producing biotinand its
transporters. These microbes and biotin abundances were found to
correlate with numerous host metabolic parametersrelated to weight
and adipose mass (thatis, BMI, adipose mass, waist circumference and
visceral adiposity) but also with glucose metabolism (that is, fasting
glucose, HbA,,, triglycerides and insulin resistance markers) and inflam-
mation. In mouse experiments using germ-free or antibiotic-treated
animals and HFD-fed mice, the absence or depletion of the gut micro-
biotaaltered thelevels of circulating biotin. Weight loss after bariatric
surgery was associated with increased bacterial biotin producers and
improved host systemic biotin in both humans and mice. Finally, oral
supplementation with biotin and prebiotic to HFD-fed mice improves
body weight and glucose metabolism but also increased microbial

diversity and the potential of bacterial production of biotin™.

Mediterranean diet. The beneficial effects of a Mediterranean diet
(MedDiet) were scientifically described over 50 years ago'?. The Med-
Dietis characterized by low amounts of meat and refined cereal prod-
ucts, moderate amounts of fish and dairy, and high amounts of fruits,
vegetables, legumes, whole grains and nuts (Figs.2and 3), and is linked
withadecreased incidence of cardiovascular disease and related mor-
tality'. Nowadays, the MedDiet is accepted to be associated with lower
mortality and lower risk of obesity, T2DM, low-grade inflammation,
cancer, and many other diseases than in the general population'*™¢,

Theinteractionbetween diet and gut microbiota and the potential
beneficial effects of MedDiet on metabolic disorders associated with
obesity are reviewed in ref. 7. One important randomized controlled
study examined healthyindividuals with overweight or obesity who had
asedentary lifestyle and habitually consumed low amounts of fruits and
vegetables. During an 8-week follow-up, 43 individuals were assigned to
the MedDiet group and received a personalized diet matched with their
usual energy intake and 39 individuals were on their routine diet"®. The
MedDiet led to double the quantity of fibre ingested, reduced the ratio
of animal protein to vegetables, lowered the circulating levels of satu-
rated fatty acids and increased those of polyunsaturated fatty acids.
Metabolomic analysis showed shifts in the faecal, blood and urinary
metabolome after MedDiet adherence in this study population. Besides
the metabolome, the gut microbiota composition after the MedDiet
was characterized by more Faecalibacterium prausnitzii and Roseburia
and less Ruminococcus gnavus and Ruminococcus torques than in the
control group. Of note, the individuals responding to the MedDiet in
terms of reduced insulin resistance had more Bacteroides uniformis and
Bacteroidesvulgatusand less Prevotella copriat baseline™®, Strikingly,
all of these effects were observed independently of energy intake,
thereby strongly underlining the importance of the type of nutrients
instead of their caloric content. Although the exact mechanisms are not
yet fully elucidated, the available evidence suggests clear links between
gut microbes, their metabolites and the efficacy of a MedDiet™’.

Fibre-enriched diets. Dietary fibre consists of a group of complex
carbohydrates found mostly in vegetables, fruits and legumes, which
can be found in high amounts in the MedDiet, vegetarian diet and
vegan diet. The association between fibre intake and health is now
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well recognized, with decades of research data supporting benefi-
cial effects of (primarily soluble) dietary fibre. These include direct
effects on gut functions and digestion but also indirect effects on
blood glucose control, cardiovascular functions, diabetes melli-
tus and obesity'?°. Despite the many positive health associations of
fibre, the average intake of the general population remains far below
recommendations.

The causal relationship between fibre intake, gut microbiota
changes and metabolic regulation remains elusive owing to the hetero-
geneity of the studies available. The effects can mostly be attributed
toanincreased abundance of SCFA producers and specific changesin
the gut microbiota' ', Indeed, the effect of fibre is directly depend-
ent on the type and might or might not be directly related to changes
ingutfunctions and digestion such as intestinal transit or defecation,
which limit the digestion of other components (reviewed in refs. %),

Intermittent fasting. Intermittent fasting is an umbrella term for an
increasingly popular dietary strategy that cycles between set periods
of fasting (ranging from 12 h to several days) and periods in which eating
is permitted (Fig. 3).

Interesting insights into fasting have been gained by studying
Muslims during the holy month of Ramadan, during which individuals
fast from dawn to sunset, including water avoidance. After Ramadan,
individuals had increased levels of beneficial gut bacteria such as
A.muciniphila, F. prausnitzii and Roseburia* ", Fasting also increased
microbial richness and diversity as well as levels of the beneficial SCFA
butyrate. Areview of 27 trials conducted in 2020 showed that intermit-
tent fasting in populations of individuals with overweight or obesity
reduced weight by 0.8-13% over a period of 2 weeks to 1year, without
adverse effects™?. However, arandomized clinical trial from that same
year found that time-restricted eating did not confer weight loss or
cardiometabolic benefits™>.

Although this method shows promise for the treatment of obesity,
the studies so far have been smalland of short duration. Thus, longer-
term research is still needed to understand the sustainable role that
intermittent fasting can play in weight loss and if these effects are
purely mediated by microbiota-dependent mechanisms.

Personalized diets. While dietary guidelines aimed at providing the
general population with a standard blueprint for good nutritional
practices have their merit, some studies, like the large-scale nutrition
study PREDICT, indicate that this kind of one-size-fits-all approach
might not be suitable for everyone. Different people, even identi-
cal twins, can respond to the same foods very differently. Thus, indi-
viduals characterized by a high Prevotella-to-Bacteroides (P:B) ratio
lose more weight on diets rich in dietary fibre than individuals with
low Prevotella abundance (low P:B ratio)™*. The difference in weight
loss between high and low P:B ratio groups was explained by interac-
tions between the actual diet consumed and the efficacy of energy
harvest by the microbiota, as the microbiota of obese mice wasrichin
genes encoding enzymes that break down otherwise indigestible die-
tary polysaccharides to SCFAs. Thus, the bacteriain obese mice seemed
toassisttheir hostin extracting extracalories fromingested food that
could thenbe used as energy®. Of note, many other metabolites besides
SCFAs are produced by the microbiota and could probably be affected
by microbial activity. These metabolites might eventually be linked to
the different metabolic responses observedin the PREDICT study but
havee not yet been investigated (for instance, 3-indolepropionic acid
orimidazole propionate)'®. Although the link between intestinal SCFA

concentrations and obesity is stillamatter of debate™*'”, this example
indicates that different people will have different levels of success on
different diets and that personalized nutrition holds promise for more
efficient obesity management strategies.

The role of the microbiota in the glycaemic response (not neces-
sarily linked to body weight) was explored in anotherimportant study.
Blood levels of glucose were continuously monitored over aweek ina
cohortof-800 individuals who were representative of the adult West-
ern population (without diabetes mellitus): 54% with overweight and
22% with obesity™®. The effect of -47,000 meals on glucose response
in the volunteers was assessed and the results were integrated with
many other parameters, including the gut microbiota, anthropomet-
rics, blood parameters, dietary habits and physical activity. Machine
learning was used to show that the gut microbiota could accurately
predict personalized postprandial glycaemic responses to real-life
meals in the cohort and this was validated in another independent
cohort of 100 individuals. This study also showed that the profile of
gut microbes canbe used to help to design personalized interventions
and dietary interventions to modify postprandial glucose and related
metabolic alterations'.

Medication

Weightlossis difficult to accomplish and even more difficult to main-
tain. Although lifestyle-based weight-loss strategies incorporating
diet, exercise and behaviour change can be initially successful, the
basal metabolic rate will gradually decrease at around 6 months inan
attempt to compensate for the loss of energy. This decrease is followed
by a progressive weight regain over the following months™’. Nowonder
so much effort is put into finding pharmacological solutions to help
achieve and maintain adequate weight loss.

To be classified as an anti-obesity drug, a product should result
inat least 5% mean weight loss in >35% of patients after 1 year of treat-
ment. The anti-obesity drugs currently approved for long-term use
by the FDA and the EMA are orlistat, naltrexone-bupropion extended
release, liraglutide and semaglutide. In addition, the FDA has also
approved phentermine-topiramate controlled release. Aninteresting
newcomer that is up for approval is tirzepatide, a novel once-weekly
dual glucose-dependent insulinotropic peptide and GLP1 receptor
agonist, the first investigational medicine to deliver more than 20%
weightloss onaveragein aphase lll study. Interestingly, this drug acts
onone ofthe key targets of the gut microbiota, that is, GLP1, therefore
suggesting that targeting the endogenous production of GLP1 by the
gut should also be considered. An overview of the mechanisms of
action, long-term efficacy and safety of these current anti-obesity
drugs can be foundin ref.*°,

Several medications affecting body weight have been demon-
strated to have potential effects on the gut microbiota. For example,
both mouse and human studies have shown that treatment with met-
formin (ananti-diabetic drug that has been linked to losing weight but
isnot considered aweight-loss drug as such) has adirect effect onthe
gut microbiota™"'*2, Furthermore, treatment with orlistat enriched
bacterial taxa that were correlated with endocrine, glucose and lipid
metabolism and inflammation pathways in both mouse and human
studies™*™*, In addition, liraglutide resulted in more lean-related
microbial phenotypes in mice and humans™*®**,

Although data are limited and causal links still have to be inves-
tigated, these studies suggest that modulation of the gut microbiota
is a potentially important component in the mechanism of action of
anti-obesity drugs.
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Bariatric surgery

Bariatric surgery is the most effective and long-lasting available inter-
vention to achieve substantial and sustained weight loss as well as
improved metabolic and overall health. Mechanical restriction and
caloric malabsorption are generally put forward as the main mecha-
nisms of weight loss; however, other mechanisms, such as increased
blood levels of gut hormonesinvolved insatiety, altered gut microbiota,
changesinbile acid metabolism, and/or changes in energy expenditure,
have also been proposed"®'* (Fig. 3). In addition, bariatric surgery
induces profound changes in gut microbiota composition that are
believed to contribute to weight loss and metabolic improvement.
A study conducted in 2022, in which mice were colonized with faecal
samples from patients before and after bariatric surgery, showed that
asubset of gut microorganisms could improve glucose tolerance inde-
pendently of changes in adipose mass by mediating intestinal glucose
absorption"°. The preoperative gut microbiota has also been suggested
to have aneffect onbariatric surgery results, thereby explaining some
of the variation in response among individuals and suggesting the
potential of the microbiota as a predictor of outcome®™**2, One inter-
esting phenomenon observed after bariatric surgery is the increase
in serum total bile acids.

At the taxa level, an increase in Bacteroidetes, Proteobacteria
(including Escherichia coli) and Verrucomicrobia (A. muciniphila) and
adecreasein members of the phylum Firmicutes (including Lactobacil-
lus, Clostridium, Faecalibacterium and Roseburia) have been consist-
ently observed in humans after gastric bypass procedures compared
with the same patients preoperatively or patients with obesity who
have not undergone bariatric surgery™’. However, at the genus level,
the data are much more controversial and sometimes not related
to theimprovement of the phenotype or showing opposite effects on
the microbiota composition™*™,

As most studies on bariatric surgery do not assess food intake
before or after surgery nor adjust for changes in diet and digestion
post-surgery, further research efforts will be needed to deepen the

understanding of gut microbial changes after bariatric surgery'®.

Faecal microbiota transplantation

Giventheevidence of potential causation between gut microbiota and
obesity, FMT is often considered a potential future therapeutic strategy
for the treatment of obesity and metabolic syndrome (Fig. 3). The idea
isto completely replace the gut microbiota from patients with obesity
with that of lean and healthy donors. A retrospective chart review of
patients who underwent FMT for recurrent Clostridium difficileinfection
conductedin2016 showed that the BMI of stool donors did not signifi-
cantly affect that of the recipients'®. In 2019, a meta-analysis of three
randomized placebo-controlled studies investigating the effect of FMT
fromlean donors to people with obesity on the improvement of meta-
bolic parameters reported mixed results™’. While two studies reported
improved peripheral insulin sensitivity and one study observed lower
HbA,. levelsin patients with obesity receiving donor FMT versus patients
receiving the placebo control, no differences were found in fasting
plasmaglucose, hepaticinsulin sensitivity, BMI or cholesterol levels'.
Ameta-analysis conductedin2020 with theinclusion of three additional
trials (a total of 154 patients with obesity) could only confirm that, at
6 weeks post-FMT, HbA, levels were significantly reduced. No difference
in anthropometric parameters that characterize obesity were found
at 6 or 12 weeks after the procedure’. Overall, FMT from lean donors
tothose with obesity significantly increased the abundance of species
such as Roseburia intestinalis, A. muciniphila and Clostridium spp.”.

Weekly administration of FMT capsules in a double-blind randomized
placebo-controlled study for adults with obesity resulted in gut
microbiota engraftment in most recipients for at least 12 weeks'®'.

To date, clear evidence of the clinical benefits of using FMT in
patients with obesity and metabolic syndromeis still limited. However,
a study conducted in 2020 of 24 treatment-naive individuals with
metabolic syndrome showed that FMT from donors after Roux-en-Y
gastricbypassincreases brain expression of the dopamine transporter
(DAT), whereas oral butyrate supplementation reduced DAT binding.
However, no effects were observed on body weight and insulin sensi-
tivity. The authors found a positive correlation between the levels of
B. uniformis and DAT binding, whereas increases in Prevotella spp.
showed an inverse association'*,

Theresponse to FMT hasbeen speculated to depend on theinitial
microbial composition of recipients or donors and on their dietary
habits following the procedure'®>'*, For example, a double-blind
randomized trial conducted in 2021 including patients with severe
obesity and metabolic syndrome combined both FMT and daily fibre
supplementation to attempt to modulate cardiometabolic outcomes.
After 6 weeks, patients receiving daily low-fermentable fibre supple-
ments (microcrystalline cellulose) had significant improvements in
insulin sensitivity associated with increased bacterial richness and
increased engraftment of donor microbes. Interestingly, patients sup-
plemented with high-fermentable fibre (an equal mixture of soluble
cornfibre, resistant wheat starch type 4 and acaciagum) did not show
these improvements'.

Using mouse models of weight loss and recurrent obesity, a study
conducted in 2016 identified intestinal microbiome alterations after
HFD feeding that persist over long periods of time and enhance the
rate of weight regain during the post-dieting phase'””. FMT experiments
confirmed that the accelerated weight-regain phenotype could be
transferred to germ-free mice and that the weight-gainmagnitude could
be predicted by the microbiome composition'. In humans undergo-
ing a weight-loss intervention, autologous FMT, collected during the
weight-loss phase and administered in the regain phase, might help
preserve weight loss and glycaemic control as shown in a random-
ized controlled trial conducted in 2021 including 90 participants with
abdominal obesity or dyslipidaemia (DIRECT PLUS trial)'*®,

Remaining challenges and limitations
Millions of years of human-microbial coevolution have inevitably led
tointerdependency. Theinfluence the microbiotaexertsonitshostis
now recognized as a critical factor in both disease pathogenesis and
health promotion. The dynamic and complex host-microorganism
and microorganism-microorganism interactions have made it very
difficult to determine which bacteria, or combinations of bacteria,
are beneficial and which are not. While the literature is flooded with
descriptive microbiota-health associations, studies enabling a transi-
tion from statistical associations to causal relationships with diseases
and healtharestill scarce. Inaddition, distinguishing opportunists from
real pathogens or bystanders from beneficial bacteria remains difficult.
In our opinion, these simple categorizations cannot be applied in
the context of obesity. At the taxonomic level, numerous studies report
changes in the relative abundance of bacteria at the phylum or family
levels, but this approach has strong limitations: numerous genera and
species might be affected and deeper analyses are needed to better reflect
the reality of the metabolic activities of the microbes. Along the same
line, we need better characterization of the microbiota composition.
Identifying functional groups of microbes and metabolites is probably
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the minimal requirement to obtain consistent assessments across stud-
iesand draw (partial) conclusions. Indeed, identifying functional groups
instead of simply using taxa linked to different health outcomes could
help explain some of the contradictory reportsin the current literature
andavoid themin future analyses. This topicis fairly new and merits fur-
ther specific discussions. Given the complexity of thisresearchfield, we
cannotrestrict therole of one type of microorganismto that of a‘friend’
or a‘foe’. One should always consider the other major confounding fac-
tors and interactions between microbes or microbial communities that
affectwhy someindividuals are better responders (or non-responders) to
weight-lossinterventions. Many studies share common general conclu-
sionsand are sometimes eveninconcordanceintermsof which bacteria
or phyla are associated with obesity; however, the number of (reported
andunreported) confounding factors described earlier convey a certain
caution when it comes to making statements of causality.

Although the field has undoubtedly benefited from the many
studies and interventions, as described in this Review, we can also
argue that, in the literature, there are as many interventions as there
are specific responses from the gut microbiota. Indeed, a ternary
classification of microbes as pathogens, commensals or beneficial is
not applicable in this context. Moreover, the pathogenicity of a given
microorganism is highly dependent on multiple variables, not only
related to the bacteria itself but also related to the host. This remark
is not restricted to the context of obesity as microbiota ecological
principlesalso apply to other non-communicable diseases. That being
said, specific gut microbes have beenidentified for which causality and
effect have been demonstrated often enough, such that they can now
be considered beneficial for host health. One of the best-developed
examplesis A. muciniphila (reviewed in ref. **) but F. prausnitziiis also
arising as a potentially health-promoting bacterial species. For some,
like A. muciniphila, beneficial effects are found in different pathologies.
By contrast, others are only considered potential next-generation ben-
eficial bacteriain certain specific conditions such as Eubacterium hallii
(renamed as Anaerobutyricum soehngenii), which has only been only
associated with better healthin obese and T2DM mice or inindividuals
withmetabolic syndrome as compared with placebo treatment'**”°and
E. halliiwas more abundantinindividuals respondingto FMT in terms
of improved insulin resistance'. Besides these few examples, many
other potential beneficial candidates, such as Odoribacter laneus",
Holdemanella biformis”>"* and B. uniformis'”, have been proposed'”®
and certainly deserve a place in amore specialized review.

One of the major questions for the future use of beneficial bacteria
iswhether to propose atargeted approach using asingle bacteriumor
acocktail. Although more might seem better than less, acombination
of bacteria (that is, a cocktail) could potentially have an antagonistic
effect and affect the activity of individual types or compromise their
potential effectsin vivo. Here, again, we must not lose sight of the big-
ger picture and not view weight loss as the only end goal. Weight man-
agement should be part of a larger overall integrative plan that seeks
to understand and treat the complex cluster of potential alterations
or metabolic disorders that can occur in obesity. Such an approach
should consider individual circumstances, history of treatment and,
possibly, gut microbiota composition and activity. We cannot con-
clude the present Review without mentioning theimportance of other
microorganisms, which should also be investigated for their potential
rolesin obesity, metabolic health and healthin general. Although most
often used as asynonym for ‘gut bacteria’, the gut microbiotais much
morediverse andincludes archaea, fungi, viruses and protists that have
important roles alongside bacteria”’ ¢,

Conclusions

Sofar, no proofhas been obtained of a specific microbial culpritin the
onset of obesity or the failure to resolve overweight. However, without
diminishing the role of heredity and environmental factors, the gut
microbiota clearly makes an important contribution to the develop-
ment of metabolic disorders and obesity. Maintaining homeostasis
andnormalmetabolismisimpossible without restoringthe diversity and
normal functions of the gut microbiota. Dietary interventions, prebi-
otics, probiotics and medication can be useful to achieve this aim.
However, further research is still needed to develop useful recom-
mendations on how to effectively modulate the gut microbiotaona
personalized basis.

Published online: 17 January 2023
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