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Abstract

A large number of genomic studies have reported associa-
tions between the gut microbiota composition and meta-
bolic diseases such as obesity or type 2 diabetes. This led to
the widespread idea that a causal relationship could exist
between intestinal microbiota and metabolic diseases. At
odds with this idea, some compelling studies reported that
global changes in microbiota composition have no effect on
the host metabolism in obese mice or humans. However,
specific bacteria are able to confer host metabolic benefits,
such as Akkermansia muciniphila or Prevotella copri, when
they are given by gavage in obese mice. A crucial link by
which gut bacteria communicate with the host mucosa is
based on metabolites or low-molecular-weight compounds.
Among them, short-chain fatty acids produced from the fer-
mentation of dietary fibers initiate beneficial effects on the
host metabolism via the activation of intestinal gluconeo-
genesis (@ mucosal function exerting antidiabetic and anti-
obesity effects through the activation of gut-brain neural cir-

cuits). However, fermentation of short-chain fatty acids is a
function that is widespread among the main bacterial phyla
and thus weakly depends on microbiota composition. There-
fore, even if some bacteria may confer on the host metabol-
ic benefits, the causal role of microbiota in metabolic dis-

eases is not established. ©2017 S. Karger AG, Basel

Introduction

In the last decades, the expanding obesity epidemic has
constituted an increasing disquieting threat for human
wellbeing and health. Obesity, indeed, is associated with
a variety of deleterious effects on health, including, e.g.,
type 2 diabetes and associated macro- and microvascular
diseases. In this context, the possible role that intestinal
microbiota might play in metabolic diseases has been an
emerging field attracting more and more attention. The
fact that high-throughput sequencing approaches of the
microbiota genome are nowadays available has definitely
favored the explosion of this field, especially in the con-
text of human health. Thus, a huge number of studies
have reported various types of association between the
microbiota composition in health and metabolic diseases
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as obesity or type 2 diabetes, either in rodents [1-3] or in
humans [4-7]. The growing interest in the influence of
intestinal microbiota on diseases has now expanded to
“non-metabolic” illnesses such as intestinal or mental dis-
orders [8], disorders of the immune system [9], or neu-
rodegenerative disorders, such as Alzheimer disease or
multiple sclerosis [10].

In the field of metabolic diseases, obesity and deregu-
lated glucose control has been associated with an altered,
especially poorly diversified gut microbiota, which led to
the concept of “dysbiosis,” whereas leanness and meta-
bolic health has been associated with a higher gut micro-
bial diversity [6, 11]. Accordingly, dietary interventions
assumed to favor metabolic health, i.e. based on protein
supplementation [5, 11] or on supplementation in soluble
dietary fibers, were shown to increase intestinal micro-
biota diversity in obese people [5, 12, 13]. These studies
initiated the widespread idea that gut microbiota dysbio-
sis could have a causal role in determining the evolution
toward obesity and deregulated glucose metabolism and
further type 2 diabetes [4-7, 11]. However, that dietary
habits and food quality have the capacity to influence
metabolic health is along-known observation [14]. More-
over, that metabolic diseases alter host metabolism is a
tautology. To firmly ascertain that microbiota is a causal
link in metabolic diseases, manipulating microbiota com-
position per se should be able to influence host metabo-
lism (Fig. 1). A comparable rationale could be done for
the role of microbiota in “non-metabolic” diseases, which
may (or may not) be under a control by dietary habits.

Outcomes of Changing Microbiota

In disagreement with the concept of a causal relation-
ship between microbiota and metabolic diseases, some
compelling studies have shown that changing microbiota
has no effect on host metabolism. For example, a study
addressed the question of the role of intestinal microbio-
ta in the proneness of C57BL/6] mice to diet-induced
obesity. It appeared that C57BL/6] mice grown in the
Jackson animal facility partially resisted to diet-induced
obesity compared to their counterpart mice with the same
genetic background grown in the facility of another pro-
ducer: Taconic Farm. Large differences in the intestinal
microbiota composition were highlighted between mice
from the two facilities [15]. This was in line with the idea
that the microbiota could have a role in the issue. Various
manipulations were done to cross-transfer the main di-
verging bacteria species between mice from the two colo-
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Fig. 1. Relationships between gut microbiota and host metabolism:
established (solid line) and hypothetical (dashed line).

nies. This remained without any effect on their suscepti-
bility to obesity. Even a complete exchange of the gut mi-
crobiota from Jackson to Taconic Farm and vice-versa,
after elimination of the original microbiota with antibiot-
ics treatment, was without effect: mice from Jackson col-
onized with the microbiota of Taconic Farm continued to
partially resist to diet-induced obesity compared with
mice from Taconic Farm colonized with the microbiota
from Jackson [15]. These data disagreed with the concept
that the gut microbiota per se could importantly influ-
ence the development of obesity in mice.

Another striking study was performed in 57 obese pa-
tients with altered glucose control, featured from various
parameters. The patients were treated for 7 days with dif-
ferent antibiotic cocktails to deplete original intestinal
microbiota. They were studied for the same metabolic pa-
rameters before, and after the treatment, and next 8 weeks
after the treatment, which was a time where their micro-
biota was still dramatically modified compared with the
situation before the treatment [15]. However, no change
in any of the metabolic parameters was evidenced either
after the antibiotic treatment or after the 8-week follow-
up, suggesting again that the gut microbiota does not ex-
hibit the capacity to markedly influence the host metabo-
lism [16].

It must be mentioned that in a high number of exper-
imental studies, an obesity-prone phenotype could be
successfully conferred on germ-free mice upon transfer-
ring the microbiota from obese mice [see, for example, 1].
However, one must bear in mind that germ-free mice are
far from constituting a satisfactory control mouse model.
Because of the absence of intestinal bacteria, the efficien-
cy of food is very weak in germ-free mice. They eat much
more than conventional mice to hardly gain weight and
they resist to diet-induced obesity. Therefore, they gain
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weight even after colonization by a gut microbiota from
lean mice. Moreover, the intestine of germ-free mice suf-
fers from several defects. Particularly, their gastrointesti-
nal nervous and immune systems are very immature, and
accordingly conventionalization partially corrects these
defects [17, 18]. More importantly, the gut barrier per-
meability is markedly altered in germ-free mice, which
makes their intestine leaky and especially permeable to a
variety of compounds, such as inflammatory lipopolysac-
charides [19]. This might explain their proneness to al-
terations in energy homeostasis or metabolic control
when they are colonized with dysbiotic microbiota.

These points have been emphasized in an elegant re-
cent study, in which dysbiotic microbiota from previous-
ly obese mice were transferred in mice treated by antibi-
otics to deplete gut microbiota, a treatment which did not
alter intestinal permeability [20]. In this case, antibiotic-
treated colonized mice did not develop obesity or deregu-
lated glucose control. What is more, when they were chal-
lenged with a high-fat diet, they resisted obesity and al-
terations in metabolic control. This strongly suggests that
“dysbiotic” intestinal microbiota may be adaptive and
confer protection against deregulations in metabolic con-
trol, instead of being deleterious and causal in the disease
[20].

Therefore, from the viewpoint of the author, the caus-
al role of intestinal microbiota in the deregulation of en-
ergy homeostasis in metabolic diseases is not established.

Benefits Provided by Specific Bacteria

If experiments of changing the whole gut microbiota
have not clearly supported a causal role of the whole mi-
crobiota in metabolic control, it remains that the transfer
of specific bacteria species could have a significant impact
in the regulation of energy homeostasis. Perhaps the best
example is Akkermansia muciniphila, a bacterium resid-
ing within the mucuslayer and deriving nutrient sourcing
from it. Akkermansia abundance is decreased in obese
mice and restored to normal upon fiber feeding [2]. Giv-
en by gavage to diet-induced obese mice, Akkermansia
corrects deregulated glucose control, notably decreasing
the circulating levels of inflammatory lipopolysaccha-
rides and improving the gut barrier [2]. Importantly, a
protein that binds Toll-like receptor 2 and is able to re-
store normal gut permeability and to recapitulate partly
the benefits conferred by the living bacteria was identified
in the membrane of the bacterium, thus providing a puta-
tive mechanistic insight into the phenomenon [21].
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A second example is Prevotella copri, a bacterium pro-
liferating in human subjects that positively respond to
prebiotic feeding in terms of glucose control [13]. Pre-
votella given by gavage in mice contributes to the im-
provements in glucose control in the presence of dietary
tiber. Interestingly, P. copri is a succinate-producing bac-
terium. It was shown elsewhere that succinate is a major
bacterial metabolite produced in response to fiber feeding
in mice and provides metabolic benefits via its role as a
substrate of intestinal gluconeogenesis (IGN) [22]. IGN
indeed is a gut function initiating various metabolic ben-
efits by generating a gut-brain nervous signal that posi-
tively interferes in energy homeostasis and glucose con-
trol [23]. Finally, Prevotella was shown to act positively in
glucose control both by activating IGN as a substrate, but
also via succinate-independent mechanisms, which re-
main to be deciphered [13, 22].

Peripheral to the field of energy homeostasis, a rele-
vant study highlighted the beneficial role of specific bac-
teria in the deregulated comportment of the offspring of
pregnant mice subject to maternal immune activation
(MIA). In the offspring, MIA promotes dysbiosis and dis-
orders in gut function (altered permeability) associated
with features of neurodevelopmental disorders evoking
autism spectrum disorder in humans. Treatment of the
MIA offspring with Bacteroides fragilis, a bacterium pre-
viously shown to correct the gastrointestinal disorders ac-
companying colitis [24], corrected the main bacterial
types altered in dysbiotic microbiota, improved gut per-
meability and ameliorated most of the behavior disorders
[25]. What was the most important here is that a bacte-
rial metabolite, 4-ethylphenylsulfate (4EPS), was mark-
edly increased in the plasma of the MIA offspring and
restored to normal after B. fragilis treatment. Injected in
naive mice, 4EPS was able to induce the behavior disor-
ders observed in MIA offspring [25]. This provided a pu-
tative mechanistic link between the microbiota function
and the alterations in behavior. Therefore, if changing the
whole microbiota has a weak impact on the host metabo-
lism (see above), the capacity of some specific bacteria to
improve it seems clearer, even if mechanistic insights are
still to be comprehensively deciphered.

Microbiota and Metabolism: What Molecular Links?

The latter study underscored a key point, the role of
bacterial metabolites in the communications between the
microbiota and the host. But in exceptional (pathologi-
cal) situations in which the gut barrier permeability is im-
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portantly impaired, and in which high molecular weight
compounds such as LPS or even bacteria are susceptible
to be translocated, the bacteria are separated from the gut
mucosa by the mucus layer thickness [see, for example,
2]. This makes that metabolites or low-molecular-weight
compounds most likely represent the only communica-
tion links between the bacteria and the host mucosal
functions and then the host metabolism in physiological
situations. We emphasized this in a recent study pertain-
ing to the metabolic benefits associated with feeding a
soluble fiber-enriched diet [3]. It was confirmed that fiber
feeding induced a large diversification of gut microbiota
composition associated with a marked shift in the ratio of
the two main bacterial phyla (increase in Bacteroidetes,
decrease in Firmicutes) [3, 5, 12, 13]. However, the mech-
anism explaining the benefits did not involve microbiota
changes but instead they involved the activation of the
IGN function [3] (see above). Like succinate, short-chain
fatty acids (SCFAs) (particularly propionate and butyr-
ate) initiate within the gut mucosa several complemen-
tary mechanisms issuing in the activation of IGN. Inter-
estingly, mice with loss of function of IGN did not ex-
hibitmetabolicbenefits, although they exhibited increased
production of SCFAs and the diversification of microbi-
ota associated with fiber feeding [3]. Therefore, the fer-
mentation of fiber into SCFAs (and succinate) and the
capacity of the host mucosa to derive from these moieties
the gut-brain glucose signal triggered by IGN, and not the
changes in microbiota composition, are the key events in
the fiber-associated benefits.

This study also emphasizes that the microbiota “func-
tion” (production of SCFAs), rather than the microbiota
“composition,” is essential to generate the benefits linked
to fibers. It is noteworthy that SCFA-producing bacteria
are largely spread in the two preponderant bacterial phy-
la (Bacteroidetes and Firmicutes) [26, 27]. The latter,
however, vary in opposite senses in obesity versus lean-
ness. Therefore, the gut microbiota representative of obe-
sity is capable of producing SCFAs as that representative
of leanness. Moreover, the fiber-induced benefits take
place in both lean and obese mice [3]. It is also notewor-
thy that SCFAs are produced by the gut microbiota from
the fermentation of amino acids in the case of protein-
enriched diets [28, 29], whereas animal meat or vegetar-
ian food rapidly initiates very different evolutions in the
microbiota composition [5]. It is noteworthy that pro-
tein-enriched diets initiate benefits on host metabolism
comparable to fiber-enriched diets [23, 26]. Therefore,
the dietary status can dramatically modify the microbiota
composition, while initiating comparable metabolic ben-
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efits and comparable production of bacterial metabolites.
One may thus envision that microbiota changes charac-
terize any situation associated with nutritional altera-
tions, including those associated with gastrointestinal (or
other) diseases. In this case, the variations in microbiota
composition could be a consequence rather than a cause
of metabolic alterations. Finally, one may speculate that
the genetic diversity of the gut microbiota population and
its food-dependent versatility likely constitutes a key ele-
ment allowing the host to derive optimal metabolic ben-
efits from the varying conditions of food sourcing occur-
ring under natural (or physiopathological) conditions.

Conclusions

To sum up, the causal role of intestinal microbiota in
the initiation of metabolic diseases does not seem clearly
established. Moreover, changing the microbiota compo-
sition could be of low usefulness to improve energy ho-
meostasis in situations of obesity and deregulated meta-
bolic control. It remains that some specific bacteria are
able to exert beneficial effects on deregulated energy ho-
meostasis when they are given by gavage in obese mice.
This warrants that the translation of data obtained from
mouse studies into well-controlled studies in humans
should be considered in the future. An important point
to keep in mind is that the physiological way by which gut
bacteria interact with the host metabolism is based on
metabolites or low-molecular-weight compounds. There-
fore, one can hope in the near future to learn a lot from
metabolomics of bacterial products associated with well-
conducted mechanistic approaches.
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