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Summary
Western diets, with high consumption of simple sugars and saturated fats,
contribute to the rise in the prevalence of obesity. It now seems clear that high-fat
diets cause obesity, at least in part, by modifying the composition and function of
the microorganisms that colonize in the gastrointestinal tract, the microbiota. The
exact pathways by which intestinal microbiota contribute to obesity remain largely
unknown. High-fat diet-induced alterations in intestinal microbiota have been
suggested to increase energy extraction, intestinal permeability and systemic
inflammation while decreasing the capability to generate obesity-suppressing
short-chain fatty acids. Moreover, by increasing systemic inflammation, microglial
activation and affecting vagal nerve activity, ‘obese microbiota’ indirectly influence
hypothalamic gene expression and promote overeating. Because the potential of
intestinal microbiota to induce obesity has been recognized, multiple ways to
modify its composition and function are being investigated to provide novel
preventive and therapeutic strategies against diet-induced obesity.
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Introduction

In recent years, we have seen the emergence of many
popular theories that explain the current global pandemic
in obesity. Whatever the cause, one fact remains: Major
drivers include an increased availability and consumption
of energy-dense diets that are high in fat (1–3). To study
how high-fat diets (HFD) cause obesity, a number of animal
models have been developed (4–7). In such models of diet-
induced obesity (DIO), it has been shown that HFD feeding
impacts upon hypothalamic pathways, altering expression
of genes pivotal for feeding control (8,9). However, the
exact mechanisms behind these effects are largely unknown.

One popular theory for DIO, for which there is a
considerable evidence base, implicates the composition of
intestinal microbiota and its genome (microbiome) which
are modifiable by the diet (10–13). Intestinal microbiota is
a complex ecosystem mainly composed of bacteria that
colonize in the gastrointestinal tract and consist of at least
as many bacterial cells as there are cells in the human body
(14). Although similar in number, the human microbiota
carries at least 150 times more genes than the human
genome (15) and provides additional metabolic capabilities
that influence human physiology (11). Most of the bacterial
species inhabiting the human intestinal tract belong to the
phyla Firmicutes (60–80%) and Bacteroidetes (15–25%),
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while others, such as those belonging to the phyla
Proteobacteria (1–10%), Actinobacteria (2.5–5%) and
Verrucomicrobia (0.1–2.2%) (13,16–18), are less abundant.
There are indications that properties of the host (such as its
genome) determine the type of intestinal microbiota (19),
and this also appears to be species-specific (20). However,
a proportion of microbial communities can also rapidly
respond to environmental factors like diet, thus representing
an important source of metabolic flexibility and phenotypic
plasticity for the host (21). Consequently, significant
differences are found in microbiota of different mouse
colonies (22) and human populations (17).

In this review, we focus, in particular, on the effects of HFD
on the composition and function of the microbiota. We select
HFD rather than diets high in both fat and sugar because the
effects of HFD on microbiota are more consistent and better
documented in relation to obesity. This is likely because su-
crose has an independent, unique effect on the microbiota
(23) and also because the interactions between sucrose and
HFD on the microbiota are largely unknown, and possibly
confusing (24). In line with our previous publication (25),
we hypothesize that DIO-induced variations in microbiota
composition promote hypothalamic inflammation and alter
hypothalamic gene expression to cause central leptin resis-
tance and obesity. Supportively, we hereby provide an exten-
sive overview of the effects of HFD feeding on microbiota
and their relationship with host biomarkers with a view to
pinpoint potential beneficial and detrimental bacteria for the
development of obesity. We also review the currently known
mechanisms by which diet-induced alterations in microbiota
influence the development of obesity. Intestinal microbiota
could increase energy extraction from the diet, change the
glycaemic response to food, modulate intestinal permeability
and immune function, affect the release of hormones from
enteroendocrine cells of the gut and directly signal to the
(enteral and central) nervous system, with the hypothalamus
being an important target hub in the perspective of regulation
of body weight and metabolism. We discuss how this
information can help to improve therapeutic strategies against
obesity, targeting microbiota and its functional capabilities.

Intestinal microbiota composition associated
with diet-induced obesity

Linking intestinal microbiota to obesity

The observation that the composition of the intestinal
microbiota differs between obese individuals and their
leaner counterparts has provided a compelling link between
the intestinal microbiota and obesity development (16,26).
Moreover, one of the most important breakthroughs in this
field includes the discovery that adult rodents that lack
microbiota (e.g. germ-free [GF] mice) are protected against

DIO (27–29), although this finding could not be replicated
in all animal strains and for all diets (24). Microbiota
transplantations brought further insight into the role of
microbiota in obesity. When microbiota of adult obese mice
were inoculated into GF control mice, the obese phenotype
was replicated (10,30–35), indicating that the microbiota
can cause obesity in the host. These findings have stimulated
investigations that seek to identify which bacteria (known
as probiotics) and which food supplements that stimulate
the growth of beneficial bacteria (known as prebiotics)
could contribute to improve the treatment of obesity (see
section “Targeting intestinal microbiota to treat obesity”).

Because the microbiota is rapidly altered by diet (36–
39) and the consumption of a HFD is known to cause
obesity (1–3,5), it has been suggested that diet-induced
alterations in microbiota could contribute to the patho-
genesis of obesity. To identify potentially beneficial and
detrimental bacteria for obesity development, we review
the HFD-induced effects on common parameters related
to obesity and on the rodent microbiota (31,32,40–60).
A number of significant correlations between the human
or rodent microbiota and several common parameters
related to obesity have been reported (Table 1)
(44,47,48,51,54,57,58,60–67,69–72). Additionally, a
number of consistent associations have been reported
(Table S1), including studies in which a specific bacterial
taxonomic group is more abundant in situations where
body weight is increased after HFD feeding in rodent models.
The most important observations are summarized below.

Body weight

Body weight (BWt) is usually increased after HFD feeding,
although one study found no change in BWt, possibly due
to the short experimental duration in adult mice (32).
Although the gram-negative, anaerobic bacterium
Akkermansia muciniphila is related to multiple parameters
of obesity (32,47,49,50,54), no correlation between this
species and BWt has been reported, suggesting that A.
muciniphila does not influence BWt (Table 1) (but note that
a correlation between A. muciniphila and weight gain, not
BWt, was found in pregnant women (73)). Lactobacillus
reuteri and Lactobacillus sakei were positively correlated
with body mass index in observational studies in adult
humans (74), whereas other species of the genera
Bifidobacterium and Lactobacillus attenuated BWt gain in
intervention studies in HFD-fed mice fed specific strains of
these bacterial species (60) (Table 1), indicating that they
are potential candidates to protect the host from HFD-
induced weight gain. Indeed, the administration of strains
belonging to these genera generally decreases BWt gain
after HFD feeding (see section “Targeting intestinal micro-
biota to treat obesity”).
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Table 1 Participant information. [Colour table can be viewed at wileyonlinelibrary.com]

Bacteria BWt A FG GI I IR L INFL IP Other Sources

Akkermansia muciniphila (S) Rodent -3 -3 -2 -1 -2 -4 -1 (44,47,54,64,71)
Human -1 (69)

Firmicutes (P) Human -1 (65)
Lactobacillus (G) Rodent -2 -1 -1 +AgRP (54,58,60)

Human -1 (65)
Clostridiales (O) Rodent 1 (57,60)
Blautia (G) Rodent -1 1 (58)
Eubacterium (G) Human -1 -1 (65)
Flavonifractor (G) Rodent -1 1 1 (60)
Pseudoflavonifractor (G) Rodent 1 (71)
Clostridiaceae (F) Rodent 1 (58)
Clostridium (G) Rodent -1 -1 1 -2+1 (48,57,71)

Human -1 -1 (66)
Faecalibacterium prausnitzii (S) Human -1 -1 (65,66)
Lachnospiraceae (F) Rodent 2 1 -1+1 1 1 2 (57,60,71)

Human 1 (67)
Coprococcus (G) Rodent -1 (57)
Dorea (G) Rodent 1 1 (60)
Marvinbryantia (G) Rodent 1 1 (60)
Roseburia (G) Rodent -1 -1+1 -3 -1 1 1 (54,57,60,68)
Erysipelotrichaceae (F) Rodent -1 (71)
Allobaculum (G) Rodent -2 -1+1 -1 -1 -1 -1 -1+1 (57,60,71)
Peptococcaceae (F) Rodent -1 (57)
Ruminnococcaceae (F) Rodent -1 -1 -1 -1 1 -1 (60)
Anaerotruncus (G) Rodent 1 1 -2 1 1 (57,60,101)

Human -1 (66)
Anaerovorax (G) Rodent 1 1 (60)

Human -1 (67)
Oscillibacter (G) Rodent 2 1 1 1 1 1 1 1 (57,60)
Ruminococcus (G) Rodent -1+1 (57)

Human -1 (66)
Bacteroidetes (P) Human 1 (65)
Alistipes (G) Rodent 1 1 1 (60)
Bacteroides (G) Rodent -3+3 -1+4 1 -1 1 +NPY (54,57,58,68,70,71)

Human -1 2 -1 -1 (65,66)
Paraprevotella (G) Rodent 1 (60)

Human 1 (67)
Prevotella (G) Human 1 1 (65)
Porphyromonadaceae (F) Rodent -1 -1 -1 (57,68)
Barnesiella (G) Rodent -1+1 -1+1 -1+1 -1+1 -1+1 -1+1 -1+1 (60)
Parabacteroides (G) Rodent 1 1 (58)
Actinobacteria (P) Human -1 (65)
Bifidobacterium (G) Rodent -3+1 -2+1 -2 -1 -1 -3 (54,60,61,71)

Human -6 (62,65)
Proteobacteria (P) Rodent 1 (70)
Desulfovibrionaceae (F) Rodent 1 1 1 1 1 (60)
Bilophila wadsworthia (S) Rodent 1 1 1 2 1 (54,58)
Enterobacteriaceae (F) Rodent 1 (70)

The numbers depict the amount of times the correlation with parameters of obesity was found, where positive numbers depict a positive correlation (green)
and negative numbers depict a negative correlation (red). The intensity of green and red reflect the correlation strength, based upon the amount of times it
was reported. Correlations were observed in caecal microbiota of DIO mice receiving prebiotics (70), caecal microbiota of DIO or control mice, supple-
mented with or without prebiotics (47), faecal microbiota of metformin-treated DIO mice (48), faecal microbiota of DIO rats receiving probiotics (60), faecal
microbiota of DIO rats (58), caecal microbiota of DIO mice receiving prebiotics (44), faecal microbiota of elderly receiving probiotics (71), small intestinal
microbiota of DIO mice receiving prebiotics and probiotics (61), faecal microbiota of pregnant obese women receiving inulin treatment (64), faecal micro-
biota of humans of different weight (65), faecal microbiota of healthy humans on a high-fat high-sugar diet for 4 weeks (66), caecal microbiota of DIO mice
undergoing bariatric surgery (67), faecal microbiota of overweight and obese humans (63), faecal microbiota of DIO hamsters receiving prebiotic treatment
(69), faecal microbiota of mice receiving different fat diets (62), faecal microbiota of DIO rats (57), caecal microbiota of DIO mice (54). The bacteria are from
the phylum (P), order (O), family (F), genus (G) or species (S) level.
BWt, body weight; A, adiposity; FG, fasting serum glucose level; GI, glucose intolerance; I, fasting serum insulin level; IR, insulin resistance; L, serum leptin
levels; INFL, inflammation; IP, intestinal permeability; AgRP, hypothalamic agouti-related peptide expression; NPY, hypothalamic neuropeptide Y
expression.
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Adiposity

The species A. muciniphila and Clostridium coccoides have
been linked to decreased adiposity. In particular, A.
muciniphila is consistently correlated to decreased adiposity
in different studies (Table 1), a finding supported by
intervention studies in which administration of this
bacterium decreased adiposity in DIO mice, proving
causality at least in experimental models (see section
“Targeting intestinal microbiota to treat obesity”) (47,49).
Additionally, whenever the relative abundance ofC. coccoides
is decreased, adiposity is increased (41,43,50). Treatment
with a prebiotic that decreases adiposity has been found to
increase the relative abundance of C. coccoides (refer to sec-
tion) (75–77). HFD-induced obesity in mice is accompanied
by an increase in bacteria of the family Lachnospiraceae
(78). In contrast, Kang and colleagues (79) showed that the
anti-obesity effects of capsaicin could be partially mediated
through an increased abundance of Lachnospiraceae in
HFD-fed mice. Moreover, Menni and colleagues (80) found
a lower long-term weight gain associated with this family in
humans. The role ofAlistipes spp. on adiposity is controversial
because some studies suggest that it promotes obesity (Table 1,
which summarizes correlation data), whereas other
studies indicate that it is negatively associated with obesity
(Table S1, which summarizes associative data) (48,49,81,82).

Energy intake

It was found that an increased relative abundance of
Firmicutes, paired with a decreased relative abundance of
Bacteroidetes, is often seen in parallel with an increased
energy intake, while when energy intake is decreased,
alterations in the relative abundance of Firmicutes and
Bacteroidetes have not always been reported (or investi-
gated) (31,32,44,45,47,48,50,53,58,59). This is in line with
the theory proposed by Turnbaugh and colleagues, namely
that there exists a link between the abundance of Firmicutes
and Bacteroidetes and energy extraction (10,25,56).

Glycaemic control

Experimental rodent models have shown that high
serum glucose levels after HFD feeding are often associated
with a decreased relative abundance of A. muciniphila
and Bifidobacterium spp. while the abundance of the
genus Oscillibacter, which is also related to insulin
resistance, is relatively increased (Table 1)
(23,41,43,47,49,53,54,56,57,60,62). Additionally, A.
muciniphila and Oscillibacter spp. are correlated to a de-
crease and increase respectively of serum glucose levels and
insulin resistance (Table 1), and the administration of A.
muciniphila (44,83), Bifidobacterium pseudocatenulatum
CECT 7765 (43) and Bacteroides uniformis CECT 7771

(41) can protect from the HFD-induced deterioration of
glucose and insulin homeostasis.

Leptin resistance

Excess calories taken from meals cause increased fat
accumulation in adipose tissue, and this, in turn, increases
the release of leptin from adipose tissue. Leptin then feeds
back onto neural circuits such as in hypothalamus to reduce
caloric intake. When the efficacy of leptin to act upon these
circuits is decreased, leptin resistance develops. As leptin
resistance increases during the development of obesity,
circulating leptin becomes increasingly unable to activate
leptin receptors in the hypothalamus, and therefore, food
intake, BWt and serum leptin levels are increased (84).
Bifidobacterium spp., A. muciniphila and C. coccoides
are suggested to counteract leptin resistance. Both
Bifidobacterium spp. and A. muciniphila are correlated to
decreased serum leptin levels in DIO mice (Table 1) (54),
while the administration of either Bifidobacterium strains
or A. muciniphila (but also B. uniformis CECT 7771)
ameliorated the elevated serum leptin levels in HFD-fed mice
(41,43,49,55). Additionally, HFD-induced leptin resistance
was improved by a single prebiotic treatment that increased
the relative abundance of Bifidobacterium spp. as well
as by a probiotic mixture containing several species
of Bifidobacterium among others (see section “Targeting
intestinal microbiota to treat obesity”) (25,75,85). Similarly,
when the relative abundance of C. coccoides is decreased,
serum leptin levels are increased (41,43,50), while the
supplementation of a prebiotic that increases the relative
abundance of C. coccoides promotes leptin sensitivity (see
section “Targeting intestinal microbiota to treat obesity“)
(75). The species Bilophila wadsworthia is suggested to
worsen leptin resistance because increased serum leptin
levels are often accompanied by an increased relative abun-
dance of Proteobacteria and B. wadsworthia (31,47,58).
Moreover, B. wadsworthia is correlated to increased serum
leptin levels (Table 1).

‘Obese microbiota’

In order to unravel which components of intestinal microbi-
ota are consistently responsive to HFD feeding (and that
could contribute to obesity) across studies, we sought to
identify which of the bacterial taxa are relatively more (or
less) abundant in rodents after HFD feeding (as summarized
in Table 2). The relative abundance of these bacterial
taxa could be indicators of a lean phenotype or an obese
phenotype induced by HFD, although most of this evidence
comes from rodent studies, and their microbiota differs to
some extent from that of humans. Moreover, this type of
evidence does not necessarily imply causality. The plausibil-
ity of the biological roles that some bacterial taxa could play
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in obesity supports, however, some of the associations
reported. For example, B. wadsworthia is known to produce
hydrogen sulphide that is cytotoxic for epithelial cells
and could cause inflammation and an alteration in gut
permeability (86). Bilophila spp. and Oscillibacter spp. are
lipopolysaccharide-producing bacteria that theoretically
could contribute to inflammation associated with obesity
(87). Additionally, an ‘obese microbiome’ has been associ-
ated with a reduction in bacterial diversity compared with
lean subjects (26,32), which could facilitate the overgrowth
of potential pathogenic bacteria (also called pathobionts).
Nonetheless, the mode of action of specific bacterial species
associated with obesity still remains largely unknown.

Limitations

In most of the studies (excluding interventions with
probiotics), it is only possible to make associations or corre-
lations between a bacterial taxa and a biomarker of obesity.
This means that no causal relationships can be made be-
tween a specific role of a given bacteria and neither the
pathogenesis nor protection from obesity. Demonstrating a
causal relationship would require specific interventions in
individuals who have (or are at risk of developing) obesity
with the specific bacteria. Second, the HFD-induced

changes in microbiota are often inconsistent, likely due to
differences in the experimental approaches. This can be dif-
ferent, for example, depending on (i) whether the microbi-
ota was analysed in the faeces or in the intestinal contents
such as the caecum; (ii) different methodologies used for
sample processing such as DNA extraction or sequencing
(88); (iii) the duration of the intervention with a HFD
(51,54,57); (iv) the source of dietary fat (24,62,89); (v)
the concentration of sucrose in the diet (23) and (vi) the
initial microbiota composition and the genetic background
of the animals (31,35). Additionally, a recent study found
that mice from the same strain, which consumed the same
diet, but reside in different facilities within Germany, had
significantly different faecal microbiota (22). Because these
differences likely impact on how the intestinal microbiota
is modified by HFD feeding, different research groups are
likely to find different microbial compositions in their
animals depending on the surrounding environment.
Furthermore, because all animals have been exposed to a
HFD, most parameters of obesity are expected to increase,
and therefore, relatively few negative controls are available
(e.g. a decrease in BWt). Also, caution should be taken when
analysing the correlations in Table 1 because human and
animal data are combined and the correlations are often
made during a specific intervention (e.g. DIO or probiotic
treatment), of which the effects on microbiota are not
always directly demonstrated. Bacterial taxa of which the
relative abundance was either increased or decreased after
HFD feeding in rodents are depicted in Table 2.

Conclusions

It seems clear that HFD feeding significantly modifies the
composition of intestinal microbiota. It is suggested that
A. muciniphila, Bifidobacterium spp., B. uniformis and C.
coccoides may protect from obesity, based on their associa-
tions with adiposity, glycaemic control and leptin levels.
Conversely, B. wadsworthia and Oscillibacter spp. are sug-
gested to contribute to the pathogenesis of obesity. More-
over, bacterial taxa that become more abundant as a result
of HFD feeding can be tentatively identified as contributors
to an obese phenotype, predictors of the susceptibility for
developing obesity and as targets for intervention to prevent
or treat obesity (see section “Targeting intestinal microbiota
to treat obesity”). Nevertheless, prospective studies in
humans and interventions with appropriate design are still
needed to establish whether or not enhancing or suppressing
specific bacterial groups can prevent or treat obesity.

Mechanisms by which intestinal microbiota
contribute to diet-induced obesity

There are several theories as to how alterations in the intes-
tinal microbiota contribute to the pathogenesis of obesity.

Table 2 Bacterial taxa of which the relative abundance was either
increased or decreased after high-fat diet feeding in rodents

References

Increased after HFD feeding
Proteobacteria (31,47,53,58,59)
Enterobacteriaceae (41,43,53,58)
Desulfovibrionaceae (41,54,58,59)
Bilophila wadsworthia (47,54,58,62)
Clostridiales (23,58)
Streptococcaceae (40,45,53)
Streptococcus (31,53)
Anaerotruncus (23,49,53,57,62)
Coprococcus (23,31,53,57)
Dorea (23,49,53,60)
Flavonifractor (31,53,57)
Lactococcus (23,31,45,49,53,57)
Oscillibacter (23,46,49,53,57,60,62)
Deferribacteres (44,47,51)
Mucispirillum (47,51,53)
Bacteroides (41,47,49,51,53,57)
Odoribacter (49,51,53)
Parabacteroides (47,49,57)

Decreased after HFD feeding
Actinobacteria (53,59)
Bifidobacteriaceae (40,45,53)
Bifidobacterium (41,43,45,47,53,54,56,60)
Verrucomicrobia (47,53)
Akkermansia muciniphila (32,44,47,49,50,53,54,60)
Prevotellaceae (46,53,57)
Prevotella (31,47,51,53,54)
Barnesiella (23,31,49,53,60)
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Here, we summarize current knowledge regarding the path-
ways by which the intestinal microbiota is hypothesized to
induce obesity, including its effects on energy extraction
and absorption, intestinal permeability and the regulation
and secretion of intestinal metabolites.

Energy extraction and absorption

In the aforementioned study of microbiota transplantation,
mice receiving obese microbiota developed more adipose
tissue than those receiving ‘lean microbiota’ (10). Interest-
ingly, while food intake between groups was similar, the
faecal gross energy content of recipients of obese microbiota
was lower, indicating that they extracted more energy
from the food they consumed (10). It is suggested that
the fermentation of indigestible fibres increases energy
extraction from the diet, while the microbiota also facilitates
nutrient absorption. However, this is in contrast with the
beneficial effects generally attributed to fibre and short-
chain fatty acids (SCFAs) in weight management (see section
“The regulation of the enteroendocrine system”). Therefore,
it remains unknown as to why the obese microbiota has an
increased capacity to harvest energy (10,28,46,55,89–94).

Intestinal permeability and inflammation

We have previously reviewed the evidence supporting an
interaction between microbiota and immune system in
obesity (95). The available literature suggests that there
is a bloom of potentially pathogenic bacteria (such as
Escherichia coli and B. wadsworthia) that results in an
increased translocation of immunogenic bacterial products
to the bloodstream (95). This is facilitated by increased
intestinal permeability, which is associated with obesity
and HFD feeding (42,96–98) and induced by dysbiosis
(microbial imbalance) in the interaction between diet and
intestinal inflammation (11,51,99). The accumulation of
lipopolysaccharides from the surface membrane of gram-
negative bacteria will activate innate and adaptive immu-
nity, resulting in a low-grade inflammatory tone related to
metabolic endotoxemia that is reflected, for example, by
an increase in plasma levels of lipopolysaccharides. For
more extensive information, refer to Sanz and Moya-Perez
(95). Supporting this theory, GF mice receiving obese micro-
biota have increased intestinal permeability, intestinal
inflammation and serum inflammation compared with GF
mice receiving lean microbiota (31,32,100). A beneficial
role for intestinal integrity is suggested for Bifidobacterium
strains and A. muciniphila. The relative abundance of A.
muciniphila is often decreased when intestinal permeability
is increased (32,44,54), and A. muciniphila is positively
correlated with decreased intestinal permeability (Table 1);
also, intervention with specific Bifidobacterium strains de-
creases intestinal permeability after thermal injury (101).

As intestinal permeability and systemic inflammation
are related, it should come as no surprise that a decrease
in the relative abundance of A. muciniphila is associated
with increased intestinal and serum inflammation
(32,44,49,54,60,68), while multiple correlations between
A. muciniphila, Bifidobacterium spp. and decreased inflam-
mation are reported (Table 1). More convincingly, the supple-
mentation of living A. muciniphila or Bifidobacterium strains
to DIO mice was shown to reduce systemic inflammation
(43,47,49,53) (see section “Targeting intestinal microbiota
to treat obesity”). A detrimental role is suggested for the
genera Oscillibacter and Flavonifractor, because increased
intestinal inflammation was observed when the relative
abundance of these genera was increased. Moreover, signifi-
cant correlations between Oscillibacter, Flavonifractor
and increased inflammation are reported (Table 1).

Overall, obese microbiota can increase intestinal
inflammation, intestinal permeability and subsequently
systemic inflammation by increasing tumour necrosis factor
alpha (TNFα) and interleukin 1beta (IL-1β) production
by peritoneal macrophages (95). It is suggested that A.
muciniphila and Bifidobacterium spp. reduce inflammation
by protecting intestinal integrity (49,101), while the genera
Oscillibacter and Flavonifractor increase inflammation via
mechanisms that are poorly understood.

The regulation of the enteroendocrine system

Microbial fermentation of indigestible fibres produces met-
abolic products that include the SCFAs acetate, propionate
and butyrate (85,97,102); however, this process is altered
during obesity (10,33,47,50,57,60,76,77,103). SCFAs have
multiple ways to protect from obesity (104) that are either
mediated by activating specific receptors for nutrients that
stimulate the intestinal release of the satiety-inducing
hormones peptide YY (3–36) and glucagon-like peptide-1
(105–108), by decreasing systemic inflammation (93) or
by signalling to the brain (see section “Interactions between
microbiota and the hypothalamus“). In addition to an effect
on enteroendocrine cells, SCFAs also target adipocytes,
where they increase lipolysis and leptin release (102).
Of SCFAs, especially butyrate exerts a trophic effect on
the intestine, leading to increased villus height and
crypt depth and thickened mucosal layer contributing to
strengthen the intestinal barrier function, relevant to the de-
velopment of metabolic disease (109). More recently, the
SCFA acetate has been put forward, albeit controversially,
as a trigger for the development of insulin resistance (103).

Conclusions

We identify three mechanisms via which the intestinal
microbiota can influence the pathogenesis of obesity.
First, the microbiota can increase energy extraction and
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absorption by fermenting otherwise indigestible fibres.
Second, the microbiota can influence intestinal permeability,
thereby inducing or preventing metabolic endotoxemia.
Finally, SCFAs interact with obesity via multiple different
mechanisms, including effects on enteroendocrine secretions
related to the gut barrier function (intestinal permeability),
inflammation and appetite. Although three mechanisms
of action are proposed, they may work simultaneously or
be interrelated.

Interactions between microbiota and the
hypothalamus

Linking microbiota and the role of the hypothalamus
in obesity

It is known that hypothalamic inflammation, in which toll-
like receptor 4 activation on microglia causes I-kappa-B-
kinase beta/nuclear factor-kappa-beta signalling in
neurones that are involved in energy homeostasis, can in-
duce leptin resistance (25). Because multiple bacteria have
been shown to influence leptin resistance (see section
“Leptin resistance”), and the inoculation of obese microbi-
ota alters central inflammation and hypothalamic gene
expression (31), it is suggested that the microbiota may
influence hypothalamic signalling. Indeed, multiple hypo-
thalamic peptides appear to be under the influence of
the microbiota, including the anorectic peptides pro-
opiomelanocortin (POMC) (85,110), brain-derived neuro-
trophic factor (85,110–112) and corticotrophin-releasing
factor (76,113–117) as well as the orexigenic peptides
agouti-related peptide (AgRP) (85,110) and neuropeptide
Y (85, 110, 112) (Table 3). Different research groups have
investigated the role of the microbiota in the regulation of
hypothalamic gene expression by transplantation of obese
microbiota, by supplementation with probiotics and

prebiotics in obese mouse models, by comparing GF and
conventionally raised mice and by depleting the microbiota
with antibiotics (Table 3) (76,85,110–117).
Interestingly, GF mice do not show the same hypothalamic

gene profile as antibiotic-treated rodents, likely because anti-
biotics do not deplete all bacteria. Another explanationwould
be that these differences are caused by changes in the hypotha-
lamic gene expression profile during early development,
given that antibiotic-treated mice are not completely devoid
of their microbiota. Although GF mice are protected from
DIO (27–29), their hypothalamic gene expression profile
promotes overeating (110). Indeed, GF mice usually show in-
creased food intake (91), indicating that they are protected
from obesity via mechanisms outside the hypothalamus.
The genus Roseburia is suggested to be related to POMC

gene expression. When the relative abundance of Roseburia
is increased in HFD-fed mice, POMC gene expression
is increased (54), and when Roseburia abundance is
decreased, it is decreased (56). Additionally, a significant
correlation between Lactobacillus abundance and AgRP
gene expression was found (Table 1) (54), likely caused by
the interaction of Lactobacillus with vagal afferent nerves
(see section “Microbiota and vagal afferent nerves”).

Systemic inflammation and central inflammation

Because systemic inflammation can induce central inflam-
mation through humoral, cellular and neural pathways
(118), it is suggested that microbiota can increase central in-
flammation by increasing intestinal permeability and sys-
temic inflammation. The mechanism here may include
increased passage of circulating inflammatory cytokines
across the blood–brain barrier (BBB) (119), stimulation of
microglia (120) and/or activation of vagal afferent neurons
(121,122) to induce central inflammation.

Table 3 The effects of microbiota on hypothalamic gene expression of proopiomelanonortin, brain-derived neurotrofic factor, corticotrophin-releasing
factor, agouti-related peptide, neuropeptide Y, activity of the paraventricular nucleus, hypothalamic inflammation and leptin resistance in rodents

Microbiota Author Anorectic Orexigenic Inflammation LR

POMC BDNF CRF PVN activity AgRP NPY

Obese microbiota Duca et al. 2014 � + + +
Probiotics Ait-Belgnaoui et al. 2012 �

Ait-Belgnaoui et al. 2014 �
Yadav et al. 2013 + + � � �

Prebiotics So et al. 2007 �
Arora et al. 2012 �

GF Schéle et al. 2013 � + + + �
Sudo et al. 2004 +
Crumeyrolle et al. 2014 +

Antibiotics Fröhlich et al. 2016 � +
Desbonnet et al. 2015 �
Ait-Belgnaoui et al. 2012 � �

+, increased expression; �, decreased expression; POMC, proopiomelanonortin; BDNF, brain-derived neurotrofic factor; CRF, corticotrophin-releasing
factor; PVN, paraventricular nucleus; AgRP, agouti-related peptide; NPY, neuropeptide Y; LR, leptin resistance; GF, germ free.
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The BBB comprises a barrier of endothelial cells, separat-
ing the circulation from the functional brain (123). The in-
testinal barrier and BBB share a structural similarity (124)
and are both influenced by the microbiota (31,32,119). As
such, the BBB is more permeable in GF mice than in conven-
tionally raised mice, an effect that could be restored by
recolonization or butyrate administration (119). Apart from
passing the BBB, circulating inflammatory cytokines can
recruit inflammatory cells in the periphery to migrate to
the brain (120,125) and activate vagal afferent neurones
(126,127) to induce central inflammation.

Microbiota and microglia

Microglia of GF mice has an immature phenotype with de-
creased activation and inflammatory response (e.g. IL-1β,
IL-6 and TNFα) (128), and therefore, it is suggested that
they are under the influence of the microbiota. Interestingly,
the immature phenotype of microglia as observed in GF
mice could be reconstructed by the administration of antibi-
otics to conventionally raised mice, while the recolonization
of GF mice with conventional microbiota quickly maturates
microglia (128). This and other research indicates that
microglial maturation and activation status is under the
constant influence of the microbiota (32,116,129).

Interestingly, oral administration of a SCFA mix was
shown to maturate the immature phenotype of microglia
observed in GF mice via an interaction with the G-protein
coupled receptor 43 (128). This indicates that SCFAs might
provide a link between the microbiota and microglia. Of
particular interest is the SCFA, acetate, that is able to cross
the BBB to reach the brain (130–132), where it preferen-
tially accumulates in the hypothalamus and alters POMC
and AgRP gene expression (133–136). However, more
recent literature opposes this view (103), and therefore,
additional research is needed to confirm this.

Microbiota and vagal afferent nerves

Because the positive effects of several probiotics are
abolished after vagotomy (137–140), it is suggested that
the microbiota can interact with vagal afferent nerves, pos-
sibly via 5-hydroxytryptamine signalling (141). Diminished
vagal nerve activity increases inflammation and obesity-like
complications (reviewed by Valentin and Tracey (142)).
Vagal nerve stimulation decreased food intake and BWt of
rats (143), pigs (144) and humans (145). Interestingly,
administration of a probiotic strain of Lactobacillus
rhamnosus was shown to increase vagal nerve firing (146),
suggesting that it may beneficially impact upon obesity.
Indeed, it was observed that this L. rhamnosus strain pro-
tects from DIO (60,147). Because G-protein coupled recep-
tor 41 was found to be co-localized with vagal afferent
nerves (148), a contribution of SCFAs is expected. Indeed,

SCFAs can stimulate 5-hydroxytryptamine secretion from
enteroendocrine cells (149), while the SCFA butyrate has
been shown to directly interact with vagal afferents (150).
Additionally, the observed acetate-induced hyperphagia and
insulin resistance were abolished in vagotomized rats and in
rats treated with the parasympathetic blocker atropine (103).

Conclusion

The microbiota is capable of inducing changes in hypotha-
lamic gene expression and altering energy homeostasis.
These effects are likely mediated via microglial activation,
systemic inflammation and vagal afferent nerve signalling.
Although available evidence regarding the impact of the
microbiota on hypothalamic gene expression is often
confusing (Table 3), a general orexigenic effect is observed
during HFD feeding, while an anorectic effect is observed
during prebiotic and probiotic treatment. A major protec-
tive role in the interaction between the microbiota and the
hypothalamus is suggested for SCFAs because they can de-
crease intestinal permeability, create a neuroprotective and
anti-inflammatory environment in microglia and positively
interact with vagal afferent nerves.

Targeting intestinal microbiota to treat obesity

Modifying microbiota

Given the evidence supporting a role for intestinal microbiota
in obesity, understanding how we can beneficially modify
microbiota becomes increasingly important. Usually, this is
performed by the administration of live bacteria (probiotics)
(151), the administration of food supplements that allow the
growth of beneficial bacteria (prebiotics) (152) or the admin-
istration of drugs that modify microbiota (45,48). Moreover,
the microbiota is also modified by surgery (153) and by
faecal microbiota transplantation (FMT) (154).

Probiotics

Most research on probiotics focus on the species
Bifidobacterium and Lactobacillus (151) because they have a
long history of safe use in humans, while more recently, the
speciesA.muciniphila has become of particular interest (155).

Bifidobacterium spp. are gram-positive anaerobic
bacteria that are generally considered to play an anti-
inflammatory role (71). It is suggested that increasing the
relative abundance of Bifidobacterium spp. promotes intes-
tinal integrity (101), thereby reducing bacterial transloca-
tion and metabolic endotoxemia (156,157). There are a
large number of preclinical trials testing the effectiveness
of different Bifidobacterium strains on rodent models of
obesity. Some strains have shown the ability to reduce the
inflammatory tone associated with HFD-induced obesity,
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for example, by restoring the balance between regulatory
T cells and B lymphocytes and by reducing pro-
inflammatory cytokines of adaptive and innate immunity
and endotoxemia (53). In addition, a few intervention
studies report effects of some bifidobacterial strains on the
control of body fat mass (158,159).

A. muciniphila is a gram-negative anaerobic species that
specializes in the degradation of mucin into acetate, propio-
nate and other bacterial metabolites (63,160). It is suggested
that the beneficial effects of A. muciniphila are achieved by
the provision of nutrients for growth of other bacteria
(63,155,160), the production of acetate and propionate
(63,160) and by decreasing intestinal permeability via the
upregulation of mucin, based on rodent studies (49,161),
but efficacy in humans has not been proven yet. Strains of
other bacterial species such as B. uniformis and Eubacterium
hallii are also being investigated for their possible application
in obesity management but still at a preclinical level (162).

Lactobacillus has long since been proposed for use in the
treatment of various diseases (163,164), and recently, its
role in obesity has gained interest (151). A recent systematic
review reports that of the 14 studies included, 9 showed de-
creased body weight and/or body fat, 3 did not find effect
and 2 showed weight gain. It was also indicated that benefi-
cial effects are strain dependent and cannot be generalized
to the whole genus or species (165). The possible modes of
action include the ability of some strains to exert anti-
inflammatory effects and to modulate lipid metabolism
parallel to increases in Bifidobacterium spp. (166). For
more information on the different Lactobacillus species
and strains and their role in BWt, it is recommended to read
the informative review of Drissi and colleagues (164).

Prebiotics and other dietary components

Administration of some prebiotics, which are considered
food components that “selectively stimulate the growth
and/or activity(ies) of one or a limited number of microbial
genus(era)/species in gut microbiota that confer(s) health
benefits to the host” (152), has been shown to increase
the abundance of Bifidobacterium spp. (152,167) and
favour intestinal integrity via the production of mucin
(49,59,161,168). Effectiveness of prebiotics in alleviating pa-
rameters related to obesity (e.g. bodyweight, glucose metabo-
lism or appetite regulation) in humans varies, however,
depending on the prebiotic and between studies (169–171).
In addition, other food components, not defined as prebiotics,
such as polyphenols, fish oil and whey protein, protect from
obesity while often modifying the microbiota in parallel.

Inulin and oligofructose are indigestible fibres, commonly
found in plants, that can be fermented by the microbiota
(172). The fermentation of these indigestible fibres by the
microbiota increases the concentration of acetate and propi-
onate and protects from DIO by decreasing intestinal

permeability, systemic inflammation and leptin resistance
(75–77). In the microbiota, inulin supplementation
was shown to increase the relative abundance of
Bifidobacterium, Eubacterium rectale and C. coccoides,
while the relative abundance of Roseburia was decreased
(75–77,172). A recent study showed that fructans, an
inulin-type prebiotic, modified human microbiota composi-
tion, changing the relative abundances of Anaerostipes,
Bilophila and Bifidobacterium (173), although these
changes have not been studied in the context of obesity.
Polyphenols found in fruits and vegetables (174) have

been shown to protect from DIO, although their effects on
food intake are controversial (59,175). It is suggested that
polyphenols increase the secretion of mucin and remove free
oxygen species, creating a beneficial environment for the
bloom of the anaerobic A. muciniphila and ameliorating
metabolic endotoxemia (59).
Fish oil, an anti-inflammatory food supplementation

(176) found in fatty fish, has been reported to modify the
microbiota in some studies (62,89). It is suggested that
fish oil may protect from obesity partly by altering the
relative abundance of Bifidobacterium, Desulfovibrio and
B. wadsworthia, simultaneously decreasing intestinal per-
meability, stopping the influx of macrophages in the colon
and preventing metabolic endotoxemia (62).
A HFD that has whey protein instead of casein protein

protects from DIO by increasing energy expenditure
(94,177), increasing the relative abundance of Lactobacil-
lus, Bifidobacterium (168,177), Oscillibacter and
Mucispirillum (177) and decreasing the relative abundance
of Turicibacter, Bacteroides and Clostridium (177). In this
regard, it is interesting to note that Oscillibacter has also
been related to an impaired glucose homeostasis and inflam-
mation in other studies as indicated in previous sections. An
increase of this bacterium could be secondary to the effects
of dietary protein and not necessarily causally involved in
the protective role of casein against DIO.

Drugs

Metformin, an anti-diabetic drug that has been reported to
cause weight loss in diabetic and non-diabetic obese patients
(81), loses efficacy in animals when pretreated with antibi-
otics (49). Metformin has been shown to increase the rela-
tive abundance of A. muciniphila in rodents (48,49,82)
and improve glucose clearance (48,49) although its impact
on BWt and adiposity is different across different studies
(48,49,82).

Surgery

One of the most successful treatments for obesity is bariatric
surgery, especially Roux-en-Y gastric bypass (RYGB) (178).
Increasing evidence suggests that RYGB alters the
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composition and function of the microbiota in humans and
that this may contribute to weight loss (153). RYGB was
shown to alter the relative abundance of specific bacterial
taxa (increasing the abundance of A. muciniphila
[Verrucomicrobia], Alistipes [Bacteroidetes] and Escherichia
[Proteobacteria]) and simultaneously to decrease food
intake, BWt and adiposity and to increase acetate and
propionate concentrations (179,180). Because these effects
are transmissible by inoculating microbiota of mice or
humans that underwent RYGB into recipient control mice
(180,181), it is suggested that the microbiota is at least
partially responsible for the alleviation of obesity after
RYGB. In particular, a recent study demonstrated that the
surgically altered microbiota reduced adiposity by reducing
fat deposition and lowering utilization of carbohydrates as
a fuel, in studies involving the colonization of GF mice with
stools from the patients (181). The role of specific bacterial
groups has not been investigated but could be expected to
depend on the overall changes of the intestinal ecosystem.
Future translational research is, however, needed to better
underpin the possible modes of action of the microbiota in
the ability of RYGB to treat obesity in humans.

Faecal microbiota transplantation

Numerous rodent studies show that the obese phenotype of
DIO is transmissible via the transplantation of obese micro-
biota to lean microbiota-depleted recipients (10,31,32,35);
however, human data are scarce. Transplantation of faecal
microbiota was shown to affect BWt in humans (182), and
therefore, FMT is now being considered as a treatment for
obesity (154,183), proving successful in increasing insulin
sensitivity in a pilot study (184).

Faecal microbiota transplantation is an interesting thera-
peutic strategy for experimental purposes and for cases that
lack any therapeutic alternative (e.g. recurrent Clostridium
difficile infection). However, FMT has limitations that in-
clude safety concerns as well as issues about standardization
of the faecal material to be transplanted. This therapeutic
strategy should be refined while progress continues regard-
ing the identification of the specific bacteria responsible
for the beneficial effects as well as the development of re-
fined techniques for growing and reproducing them under
laboratory conditions (185)

Conclusion

In conclusion, there are multiple ways to target obesity by
modifying the microbiota, with most beneficial effects being
related to increases in the relative abundance of
Bifidobacterium spp. and A. muciniphila via administration
of fibres with prebiotic-like effects. The role of other compo-
nents of the gut microbiota positively associated with a lean
phenotype in some observational studies in humans (e.g.

Oscillospira spp., Bacteroides spp., E. hallii) still has to be
proven by intervention studies with dietary strategies that
promote their abundance and more directly by administer-
ing specific bacterial strains to humans (186). The benefits
of FMT constitute a direct proof of concept that the micro-
biota plays a role in obesity-related alterations in humans
and is a possible therapeutic target. However, more investi-
gations on its efficacy and adverse effects in humans are re-
quired as well as progress towards the reproduction of
completely controlled synthetic microbiotas.

Discussion and future perspectives

In the last 10 years, accumulating evidence has garnered
about the relationship between the microbiota, the hypothal-
amus and obesity. Still, many questions remain about
the mechanisms and implications of past observations.
At first, many theories regarding the involvement of microbi-
ota in DIO consisted of experiments in which animals had
no/suppressed microbiota (GF or antibiotic-depleted) or had
their microbiota boosted by a probiotic or prebiotic. Al-
though such studies provided excellent proof of the involve-
ment of the microbiota in multiple pathways linked to
obesity development, they do not elucidate how obese micro-
biota influences these pathways (187). In order to unravel the
mechanisms, faecal transplantation studies are more informa-
tive. Second, while it is known that microbiota of the faeces,
caecum, colon, jejunum and ileum differ (51,188), little is
known about the functional relevance of the microbiota per
region particularly in humans due to the lack of accessibility
to other than faecal samples. Third, because microbiota com-
position is determined by an interaction between diet and ge-
netic predisposition (31,35), a major problem that arises in
the field is that most rodent studies are carried out in geneti-
cally similar rodent strains (e.g. that all develop DIO), while
human studies are carried out in obese subjects, in which the
genetic background is often not investigated. Therefore, the
effects of the microbiota in rodent studies may not always
be translatable to the human situation. Lastly, most research
on the role of specific bacteria focuses on the beneficial
species as these serve therapeutic potential. Due to this, the
knowledge of detrimental bacteria is limited, and the bacteria
contributing to the pathogenesis of obesity are largely un-
known. In this context, it is noteworthy that the specific
deletion of detrimental bacteria, such as Oscillibacter and B.
wadsworthia, may also have therapeutic potential.

In conclusion, it is evident that the microbiota contributes
to the pathogenesis of obesity via the endocrine, immune
and nervous systems. Here, we propose that the consump-
tion of a HFD alters the microbiota to harvest more energy
from the diet, increase intestinal permeability, cause inflam-
mation and decrease the production of SCFAs. Moreover,
the microbiota can increase microglial activation, alter hy-
pothalamic energy homeostasis and increase hypothalamic
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inflammation via humoral, cellular and neuronal pathways
(summarized in Fig. 1 and Table 1). A major protective role
is proposed for SCFAs that can inhibit all the pathways con-
tributing to the pathogenesis of obesity.
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Table S1: The high-fat diet-induced effect on faecal and
caecal microbiota and parameters of obesity during differ-
ent times and diets. The numbers depict the amount of
times the relative abundance of a bacteria was increased
(+), decreased (�), unchanged (=) or inconsistently
changed (any combination of the three). The left side of
the table displays the different phyla, orders and families
with the genera and species that were changed during
high-fat diet feeding. The top side of the table displays
the different diets, duration of the studies and location of
where microbiota were analysed. The bottom of the table
displays the parameters of obesity and whether they were
increased (arrow up), decreased (arrow down) or un-
changed (arrow right). BW, body weight; A, adiposity;
EI, energy intake; G, fasting serum glucose level; GI, glu-
cose intolerance; I, fasting serum insulin level; IR, insulin
resistance; L, serum leptin levels; SI, serum inflammation;
II, intestinal inflammation; AI, adipose tissue inflamma-
tion; IP, intestinal permeability; POMC, hypothalamic
pro-opiomelanocortin expression; AgRP, hypothalamic
agouti-related peptide expression; NPY, hypothalamic neu-
ropeptide Y expression. HFD1s = commercial, lard-based;
HFD2 = home-made, lard-based; HFD3 = anhydrous
milkfat-based; HFD4 = commercial, lard-based (with
inulin). HFD1a = D12492 (Research Diets, New
Brunswick, USA), HFD1b = D12451 (Research Diets,

Figure 1 The proposed mechanisms of how microbiota influences energy homeostasis during high-fat diet feeding. During high-fat diet feeding, micro-
biota increases intestinal permeability via mechanisms involving GLP-1 and CB1, leading to systemic inflammation. Systemic inflammation induces central
inflammation via humoral, cellular (microglia) or neural (not shown) pathways, impairing energy homeostasis and increasing food intake. Short-chain fatty
acid, of which the production is decreased during diet-induced obesity, promotes colonic integrity, blood–brain barrier integrity and induces a neuropro-
tective and anti-inflammatory state in microglia by inhibiting (HDAC, histone deacetylase) via the G-protein coupled receptor 43. Moreover, both microbiota
and short-chain fatty acid interact with vagal afferent nerves, communicating with the hypothalamus about inflammation and energy homeostasis, although
its influence is unclear. Red lines depict negative connections; green lines depict positive connections, and black lines depict unknown connections (CB1,
cannabinoid receptor 1; CCK, cholecystokinin; GPR43, G protein-coupled receptor 43). [Colour figure can be viewed at wileyonlinelibrary.com]
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New Brunswick, USA), HFD1c = TD.06414 (Envigo, New
Brunswick, USA), HFD1d = AIN-76A (OpenSource Diets,
New Brunswick, USA). *These animals did not consume a
HFD diet, but received the microbiome from animals that
developed diet-induced obesity.
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