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Over the past decade, growing evidence has established the gut microbiota as one of the most important determinants of meta-
bolic disorders such as obesity and type 2 diabetes. Indeed, obesogenic diet can drastically alter bacterial populations (i.e., dysbi-
osis) leading to activation of pro-inflammatory mechanisms and metabolic endotoxemia, therefore promoting insulin resistance
and cardiometabolic disorders. To counteract these deleterious effects, probiotic strains have been developed with the aim of re-
shaping the microbiome to improve gut health. In this review, we focus on benefits of widely used probiotics describing their po-
tential mechanisms of action, especially their ability to decrease metabolic endotoxemia by restoring the disrupted intestinal
mucosal barrier. We also discuss the perspective of using new bacterial strains such as butyrate-producing bacteria and the mu-
colytic Akkermansia muciniphila, as well as the use of prebiotics to enhance the functionality of probiotics. Finally, this review in-
troduces the notion of genetically engineered bacterial strains specifically developed to deliver anti-inflammatory molecules to

the gut.
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INTRODUCTION

Trillions of microorganisms among bacteria, archaea, viruses,
and fungi inhabit our gastrointestinal tract (GIT). Bacterial
cells largely outnumber our own cells, and the gut microbiota is
a prolific example of a symbiotic relationship as it plays a cru-
cial role in host’s physiology and health. Studies based on gno-
tobiotic models and fecal microbial transplants (FMT) have
provided unequivocal evidence that perturbations in bacterial
communities play a key role in the pathophysiology of obesity
and insulin resistance [1,2]. The gut microbiota is the product
of a complex interaction between host’s genetics and environ-

ment, and diet is one of the main driving forces shaping intesti-
nal bacterial communities [3]. The so-called western obeso-
genic diet (i.e,, rich in saturated/trans fat and simple sugars and
poor in fibers) is associated with specific modulation of taxo-
nomic profiles that are functionally linked with a more proin-
flammatory milieu and disrupted intestinal barrier. Distur-
bance of intestinal homeostasis then leads to excessive bacterial
fragments/products internal diffusion, which promotes in-
flammation in key insulin-responsive tissues, resulting in insu-
lin resistance [4].

The current knowledge suggests that gut bacterial profiles
may represent new disease predictors and that manipulation of
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the gut microbiota could be a promising approach for the pre-
vention and management of metabolic diseases [5]. Indeed,
Cani et al. [6] were the first group to demonstrate a positive
correlation between alteration of gut microbiota population,
the increase of intestinal permeability and the development of
metabolic endotoxemia that is characterized by the transloca-
tion of bacterial lipopolysaccharides (LPSs) into the systemic
circulation and induction of inflammatory pathways in mice
fed obesogenic diet.

Since Metchnikoff’s era, the field of probiotics—live micro-
organisms that, when administered in adequate amounts, con-
fers a health benefit on the host (Food and Agriculture Organi-
zation of the United Nations, 2002; updated by Hill et al. [7])—
continues to grow thanks to the recent access to investigate the
role of an increasing number of potential probiotic strains in
host’s physiology. According to this definition, the safety and
efficacy of a given strain must be scientifically demonstrated in
order to be considered as a probiotic. Here, we propose a criti-
cal review of the most recent studies concerning the effects of
probiotic bacterial strains in the prevention or treatment of
metabolic disorders such as obesity, insulin resistance, diabetes
mellitus and its comorbidities.

MICROORGANISMS WIDELY USED AS
PROBIOTICS

Most currently used probiotics belong to bifidobacteria, lactic
acid bacteria (LAB), dairy propionibacteria, yeasts (Saccharo-
myces boulardii), Bacillus, and the gram-negative Escherichia
coli strain Nissle 1917 [8]. LAB represent a heterogeneous group
of microorganisms broadly present in the diet, particularly by
the use of non-human strains in the fermentation of dairy prod-
ucts being also normal inhabitants of the gastrointestinal and
urogenital tract [9]. Most of them are members of the phylum
Firmicutes, while Bifidobacterium, also considered as lactic-
producing bacteria, belong to Actinobacteria phylum.

Probiotic administration has been shown to stimulate the
immune response, improve lactose tolerance, help prevent diar-
rhea, have an anti-inflammatory effect and even restore obesity-
linked gut dysbiosis [10]. Given the relationship between obesi-
ty-related disorders and gut homeostasis, probiotics may be of
interest to supplement the limited arsenal of therapies against
the metabolic syndrome. The diversity of reported studies in
Tables 1 and 2, shows that the positive effects of probiotics are
strain-specific and the idea of a “universal strain,” that would
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provide at once all the benefits associated with probiotics, is un-
realistic, even for strains of the same species [7]. In the context
of obesity and metabolic disorders, probiotic supplementation
may help to reduce hyperphagia [11], improving control of
weight gain, fat mass loss and glucose tolerance. On the con-
trary, such positive effects could also be obtained without mod-
ulation of caloric intake, as demonstrated by most of the report-
ed studies [12-18]. To demonstrate the beneficial effect of pro-
biotics in improvement of metabolic disorders, researchers have
access to a variety of assays such as plasma and liver cholesterol,
free-fatty acids, alanine and aspartate transaminases (hepato-
toxicity markers), gene and protein expressions (involved in in-
flammatory and metabolic pathways), etc. (Tables 1 and 2 for
details).

For example, dairy products supplemented with Propioni-
bacterium, a well-known promising non-LAB genus, may ex-
ert a probiotic effect in the colon by producing metabolites
such as short-chain fatty acids (SCFA), vitamins (B8, B9, and
B12), and 1,4-dihydroxy-2-naphtoic acid, bifidogenic and an-
ti-inflammatory product (DHNA) [19]. Oksaharju et al. [20]
demonstrated that Propionibacterium freudenreichii ssp. sher-
mani JS has anti-inflammatory effects on high fat diet-induced
inflammation in ApoE*3Leiden mice, with a decrease of intes-
tinal mast cell numbers and a demonstrated intestinal but also
systemic anti-inflammatory potential.

Finally, although it needs further investigation, multiple
strain probiotics could confer a more effective strategy than
single-strain probiotics against diet-induced obesity (DIO)
[12]. Interestingly, VSL#3, a mixture of eight different strains
of bacteria, has shown efficacy in prevention but also in the
treatment of obesity and type 2 diabetes [11].

POTENTIAL MECHANISMS OF ACTIONS

Probiotic administration is frequently associated with impor-
tant shifts in gut bacterial composition, along with beneficial
effects on metabolism and inflammatory tone [16-18,21,22].
Indeed, within the gut, probiotic are in competition for nutri-
ents, metabolites and also for antimicrobial proteins, altering
gut microbiota population diversity in several ways [12]. How-
ever, it remains unclear if the modulation of gut microbiota is
the cause or the consequence of probiotic treatment, or wheth-
er the mechanisms are partially or totally interdependent. The
probiotic components associated with positive effects are a va-
riety of cell constituents as polysaccharides, peptidoglycan,
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DNA, teichoic acids and certain cell-surface bound and secret-
ed proteins as well as organic acids, bacteriocins, polyphos-

g% phate, and fatty acids (FA), which can modulate host responses,
8| o inhibit pathogens or interact with the intestinal microbiota
L —
S8 [23]. Furthermore, whereas a disrupted intestinal barrier con-
s tributes to the pathogenesis of metabolic diseases, the underly-
é ing causes remain unclear. Indeed, it may include changes in
. nutritional factors, infections (i.e., Helicobacter pylori infection
= )
g =g g, leading to an increased rate of incident diabetes), exposure to
g W A . . . .
2 8 E RS toxins, lack of exposure to microbes in early childhood, as well
S —= =
g % 8 g ‘§~ 2 as impaired function and diversity of the gut microbiota [24].
| S o = s . . .
H==-c TE Moreover, probiotic strains can not only affect the intestinal
S| EEEEES . . .
13894 & 2 R microbiota directly but also affect other organs by modulating
2|3 % = 3 é intestinal inflammation and permeability [25]. Several poten-
G| & 8 o
é g5 : E* —:!}} S tial mechanisms underlying the beneficial effects of probiotics
oo & .5 NS
& %D ,5 & ks ”;‘é kS are illustrated in Figs 1 and 2.
= 9 o
EEEERE
g 7 s =
>\ -
8 3 F ?P S REDUCTION OF BODY OR LIVER FAT MASS
[~ e R e R
N

The “obese microbiome” is thought to display an increased ca-
pacity to harvest energy from the diet along with a decreased
ability to stimulate the production of gut factors that inhibit fat

Treatment
8 wk

deposition [1]. Furthermore, the beneficial effect of probiotics
to decrease DIO is both highly strain- and model-specific

s la [13,18,26-28]. For example, the gut microbiota could promote
Al storage of triglyceride in adipocytes through suppression of
£ intestinal expression of a circulating lipoprotein lipase (LPL)
g inhibitor, the angiopoietin-like 4 [2]. Nevertheless, storage of
3 excess FA is the result of unbalanced lipid absorption involv-
% ing LPL and lipid catabolism [29]. In fact, Yoo et al. [12], treat-

ed DIO-mice with a combination of probiotics that resulted in
a decreased expression of genes involved in FA transport and

10° cfu/day  Mice (C57Bl/6])

tory; TG, triglyceride; FFA, free fatty acid; Stat 3, signal transducer and activator of transcription 3; AgRP, agouti-related peptide; NpY, neuropeptide Y; POMC, pro-opiomelanocor-
tin; GLP-1, glucagon-like protein-1; L. curvatus, Lactobacillus curvatus; cfu, colony forming unit; HFHC, high fat/high cholesterol diet; chol, cholesterol; FA, fatty acid; LPL, lipopro-

tein lipase; DIO, diet-induced obesity; ALT, alanine transaminase; eWAT, epididymal white adipose tissue; A. muciniphila, Akkermansia muciniphila; L. rhamnosus, Lactobacillus
rhamnosus; TNF-a, tumor necrosis factor o; IL-10, interleukin 10; B. animalis, Bifidobacterium animalis; HSD, high-sucrose diet; Glut4, glucose transporter 4; ACO, acetyl-Coa oxi-

dase; CPT, carnitine palmytoiltransferase; PPAR, peroxisome proliferator-activated receptor; ANGPTL4, angiopoietin-like 4; s.c., subcutaneous; S. boulardii, Saccharomyces boular-
dii; MCP1, monocyte chemoattractant protein 1; HFrD, high-fructose diet; NAFLD, non-alcoholic fatty liver disease; ChREBP, carbohydrate-responsive element-binding protein;

ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; LGG, Lactobacillus rhamnosus GG; LPS, lipopolysaccharide; LBP, lipopolysaccharide binding protein; AST, aspartate trans-

L. acidophilus, Lactobacillus acidophilus; L. delbrueckii, Lactobacillus delbrueckii; L. casei, Lactobacillus casei; L. plantarum, Lactobacillus plantarum; B. longum, Bifidobacterium long-
um; B. infantis, Bifidobacterium infantis; B. breve, Bifidobacterium breve; S. Salivarius, Streptococcus salivarius; HFD, high fat diet; WAT, white adipose tissue; pro-inf., pro-inflamma-

v
g B-oxidation (Table 1). Another potential mechanism by which
probiotics can counteract the negative effect of obesogenic diet

is by interaction with commensal bacteria and altering expres-

sions of microbial enzymes, especially those involved in car-

bohydrate metabolism or butyrate synthesis pathways [30,31].

Butyrate, with acetate and propionate, are the most abundant

SCFA produced by some colonic bacteria as end-products

g from the breakdown of non-digestible carbohydrates that pass
a o | = unaffected through the small intestine [5]. Among major bac-
g g é terial phyla, Bacteroidetes are recognized as acetate and propi-
8. § § y onate producers, whereas Firmicutes are more butyrate-pro-
= ;% % é ducing bacteria. The butyrate-producer strain miyairi 588 has
S| &S g shown promising effects on liver homeostasis and insulin re-
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Energy metabolism

. Production of metabolites (SCFA; vitamins...)

. Modulation of signaling pathways

(GPR41/43; ChREBP/SREBP-1c; AMPK; ANGPTL4)

. Bile salt deconjugation/secretion

Mucosal barrier

. Modulation of TJ/A)

. Stimulation of mucus secretion

. Temporary adhesion to epithelial cells

\ Immuno-modulation

. Recruitment of anti-inflammatory immune cells
. Stimulation of macrophages
. Production of immunoglobulin A (IgA)

\v Interaction with gut microbiota

. Production of bacteriocins

woOo—=-10=-=-mm0>»w

. Production of nutrients used by other bacterial groups .

—
-
-
==

Modulation of energy absorption

(quantitatively and qualitatively)
=>M fat mass accumulation and cholesterol
=>? glucose tolerance and insulin sensitivity

N Gut permeability
=>3M metabolic endotoxemia

%

Decrease of low-grade inflammation
& anti-inflammatory cytokines
N pro-inflammatory cytokines

Inhibition of pathogen colonization

Modulation of gut microbiota
populations and diversity

Fig. 1. Potential beneficial effects of probiotic supplementation against metabolic disorders. GPR, G protein-coupled receptor;
SCFA, short-chain fatty acid; ChREBP, carbohydrate-responsive element-binding protein; SREBP, sterol regulatory element-
binding protein; AMPK, AMP-activated protein kinase; ANGPTL4, angiopoietin-like protein 4; TJ, tight junction; AJ, adherens

junction.

sistance in a rat model of choline-deficient diet-induced non-
alcoholic fatty liver disease (NAFLD) [32]. As reported in Table
1, Ritze et al. [21] have also shown that Lactobacillus rhamnosus
GG protects against NAFLD through specifically reducing liver
fat mass loss in association with modulation of the carbohy-
drate-responsive element-binding protein pathway.

Moreover, in many studies, the beneficial effects allocated to
probiotics on body fat mass, could be explained by complex and
still unclear mechanisms that may or may not involve change in
caloric intake (Tables 1 and 2). Yadav et al. [11] have demon-
strated that the VSL#3 probiotic promoted the release of the
hormone glucagon-like protein-1 (GLP-1), resulting in reduced
food intake and improved glucose tolerance, which was corre-
lated with SCFA production leading to L-cell stimulation and
GLP-1 production and the modulation of several genes in-
volved in food intake regulation.

RESTORATION OF MUCOSAL BARRIER
INTEGRITY AND IMMUNOMODULATION

The modulation of the intestinal immune system is also thought
to ameliorate insulin sensitivity even without decreased fat mass
accumulation [33,34]. The intestinal barrier is a functional enti-
ty separating the gut lumen from the inner host. It comprises el-
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ements that are mechanical (mucus, epithelial layer), humoral
(defensins, immunoglobulin A), cellular or cell-mediated (lym-
phocytes, innate immune cells), muscular and neurological
[24]. This barrier is maintained by the expression of adherens
junctions and tight junctions (T]) molecules, including cadher-
ins, claudins, occludin, and junctional adhesion proteins, which
seal adjacent cells together [35]. Moreover, the intestinal muco-
sa is the primary site where the mucosa-associated lymphoid
tissue is exposed to and interacts with the external environment.
Gut barrier integrity is influenced by both exogenous (i.e., tox-
ins, stress, diet, vitamins, pro- and prebiotics, antibiotics, exer-
cise [24]) and endogenous factors (i.e., inflammatory mediators,
defensins, serotonin, proteases, mucus quality, and the endo-
cannabinoid system) [36]. In obese individuals, decrease in TJ
protein abundance, myosin light chain kinase activation and cy-
toskeletal modulation (ZO1 interacts directly with actin, occlu-
din, claudins, or other proteins) have all been proposed to me-
diate cytokine-induced loss of T barrier function [37].

It is well documented that LAB are able to sense the envi-
ronment, to produce bacteriocins which can directly modulate
gut microbiota populations (Figs 1 and 2), but also organic ac-
ids (i.e., lactic and acetic acids) that indirectly inhibit pathogen
colonization by decreasing intestinal pH or increasing peri-
stalsis [38]. By preventing the invasion of undesirable micro-

297



Le Barz M, et al.

- Probiotic c-,
i
; Commensal S Bacter10c1 F‘
Pathogen :
Lumen
c-

M =

1 veus %. i bl Ossembled

ayer (TLRs; NLRs) mucin

Intestinal _| @ ,'glycoproteins
epithelium MAMP x
L \ @ ” lgA
—.
Occludins; ZO\@ B cell . ‘
Lamina | Plasma cell
propia 5 DAY ‘
cell x Treg\A
cell TGF-B;IL-10
TINF- IFN-y ¢
Blood | .
vessel u'-'_—_‘ Metabolic endotoxemia ! ow-grade inflammation

Fig. 2. Potential direct effects of probiotics to protect gut microbiota and intestinal barrier integrity. Obesogenic diet or “Western
diet” alter gut microbiota population diversity and intestinal barrier integrity. Cross-talk between ingested probiotics, gut micro-
biota (commensal bacteria) and epithelial cells (1). Probiotics produce metabolites that could serve to increase both the diversity
of commensal bacteria and the availability of nutrients used by intestinal epithelial cells (IEC). Commensal bacteria multiply and
in turn, also produce metabolites that could be used by surrounding cells. In patients suffering from metabolic disorders, intesti-
nal permeability is altered leading to an increase of low-grade inflammation and metabolic endotoxemia (2). Probiotics can in-
crease production of tight- and adherens junction (T] and AJ) proteins (3), improving gut permeability and inhibiting the pas-
sage of lipopolysaccharides (LPS) into systemic circulation that decreases metabolic endotoxemia. Moreover, probiotics express
microorganism-associated molecular patterns (MAMPs) that could bind to host pattern recognition receptors (PRRs) located at
cell surface of IEC (1) and dendritic cells (4), and induce the activation/inhibition of signaling pathways. For example (5), probi-
otics can stimulate dendritic cells leading to inhibition of pro-inflammatory CD4+ cell proliferation and activation of anti-in-
flammatory pathways (Treg and plasma cell proliferation, resulting in production of anti-inflammatory cytokines and IgA im-
munoglobulins (6), respectively). Mainly present in the mucus layer, IgA reinforce the protective role of mucosal barrier. Mucus
production can also be increased by probiotics that stimulate goblet cells leading to activation of mucin gene expression and
therefore production of mucin glycoproteins (7). Once assembled, these proteins are excreted and form the mucus layer, which
acts as barrier against pathogen colonization. However, probiotics can also induce physical barrier against pathogens or produce
bacteriocins that inhibits undesirable microorganism invasion (8). TLR, Toll-like receptor; NLR, NOD-like receptor; TNF-a, tu-
mor necrosis factor a; IFN-vy, interferon y; TGF-p, transforming growth factor f; IL-10, interleukin 10.

organisms, beneficial probiotic effects can also reinforce intes- It was recently demonstrated that DIO-mice display low-grade

tinal barrier integrity. Indeed, mucosal permeability is adapt-
able and may be directly regulated in response to extracellular
stimuli, such as nutrients and bacteria. These interactions can
result in the variation of gene expression of receptors involved
in numerous and diverse pathways leading to the production
of cytokines and other active molecules, secreted from epithe-
lial cells into the lumen inducing gut microbiota modulations.
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systemic inflammation and metabolic perturbations, in asso-
ciation with reduced intestinal bifidobacteria and increased
plasma levels of endotoxin (LPS), a trait strongly correlated
with disrupted intestinal barrier integrity [6]. Moreover, plas-
ma citrulline and intestinal FA-binding protein levels (markers
of gut barrier integrity) are significantly elevated in severely
obese diabetic individuals, which was associated with increased
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small-intestinal enterocyte mass and increased enterocyte turn-
over [39]. Furthermore, there are several families of innate re-
ceptors which are involved in the recognition of microbe-asso-
ciated molecular patterns (including Toll-like receptors, NOD-
like receptors, or inflammasomes) [40]. Moreover, changes in
gut microbiota modulate endotoxemia by a mechanism that af-
fects gut barrier function and increases intestinal permeability,
which may involve the disruption of TJ [6,41]. Cani’s group re-
cently focused on the probiotic effect of Akkermansia mu-
ciniphila, an interesting mucin-degrading member of the Ver-
rucomicrobia phylum, and found that its administration to
DIO mice decreases metabolic endotoxemia and adipose tissue
inflammation by improving intestinal mucosal barrier func-
tion, a trait linked to an increased mucus layer thickness [15].

Among other potential mechanisms involved in the mainte-
nance of intestinal homeostasis, butyrate production has also
been suggested to alleviate intestinal bowel diseases (IBDs)
through its ability to inhibit histone deacetylases [42] and to ac-
tivate G-coupled protein receptors [43], leading to enhanced
protective immunity and improved gut barrier. Inoculation of
mice with the butyrate-producers Clostridium cluster IV and
XIVa or butyrate administration per se were both capable of ex-
panding the colonic population of regulatory T cells (Tig),
which increases the production of the anti-inflammatory cyto-
kine interleukin 10 and reduces the colonic population of the
pro-inflammatory CD4+ T cells [44]. Similarly, oral adminis-
tration of Butyricicoccus pullicaecorum, whose presence was
found to be lower in IBD patients compared with healthy sub-
jects, attenuated intestinal inflammation in a rat model of colitis
[45]. While the resolution of obesity-induced intestinal inflam-
mation is a valuable strategy to improve whole-body metabo-
lism [33], butyrate can also act at the systemic level to exert an-
ti-obesity and anti-inflammatory effects [46]. Interestingly, giv-
en the large body of literature supporting the beneficial effects
of butyrate, the administration of butyrate producer strains
such as Faecalibacterium prausnitzii, Roseburia intestinalis, or
Anaerostipes caccae may confer predictability and safeness to
potential probiotic-based treatments of several pro-inflamma-
tory disorders [47,48].

PERSPECTIVES IN THE USE OF PROBIOTICS

The concomitant use of probiotics with specific prebiotics,
known as sources of “non-digestible compound that, through
its metabolization by microorganisms in the gut, modulates
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composition and/or activity of the gut microbiota, thus confer-
ring a beneficial physiological effect on the host” [49] should
also be considered as mean of improving health status. Prebiot-
ics can improve probiotic effects on body weight loss and main-
tenance, when they are co-administrated to the host organism
[50]. Moreover, inulin-type fructans (ITFs) have been shown
to affect gut ecology and stimulate immune cell activity, as well
as decreasing body weight gain and fat mass in obese individu-
als [51]. It also appears that polyphenols can, in conjunction
with a probiotic strain of Bacillus, stimulate the growth of anti-
inflammatory bacterial species belonging to the genus Barnesi-
ella and improve the bioavailability of certain health beneficial
polyphenols [52]. In the context of obesity, the use of relatively
new prebiotics such as arabinoxylan (AX) and arabinoxylan
oligo-saccharides (AXOS) may be promising candidates to
counteract related metabolic disorders, since AX and AXOS
have been linked to adiposity reduction [53] and lower meta-
bolic endotoxemia [54] in obese mice, respectively. Further-
more, there is growing evidence that the bifidogenic and butyr-
ogenic effects of AX and AXOS are reflected in potential cross-
feeding mechanisms, such as for ITE in which primary degrad-
ers such as Bifidobacterium selectively and competitively de-
grade these fructose polymers to produce acetate and lactate
that are consumed by secondary degraders such as Roseburia
to produce butyrate [55]. Interestingly, AX administration in
rodents has also been involved in gut microbiota modulation;
firstly by increasing Bifidobacterium and Roseburia in DIO
mice [56], and secondly by shifting mucin degradation from
the caecum to the colon where a higher abundance of mucolyt-
ic A. muciniphila may locally produce beneficial metabolites
such as propionate [57].

Another growing concept is to genetically engineer bacteri-
al strains in order to reinforce a pre-existing probiotic capacity
or to increase their effectiveness. In fact, LAB have been ge-
netically manipulated in order to target the delivery of antioxi-
dant and anti-inflammatory molecules produced by probiotics
(i.e., enzymes, cytokines) for the treatment of IBD [58]. Since
the use of gut anti-inflammatory agents is promising against
the metabolic syndrome [33], it would be interesting to test
whether these engineered LAB originally conceived to counter
IBD could also exert positive effects on obesity and associated
metabolic disorders. Indeed, Duan et al. [59] recently reported
the successful application of an engineered probiotic that se-
cretes the inactive full-length form of GLP-1 to reprogram in-
testinal cells into glucose-responsive insulin-secreting cells for
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the treatment of type 1 diabetes. Another interesting potential
strategy is the genetic modification of the probiotic E. coli Nissle
1917 to produce N-acylphosphatidylethanolamines, which is
converted quickly after meals into potent appetite-suppressing
lipids, know as N-acylethanolamines [60]. The aforementioned
examples show the great potential of engineered strains as a
strategy to treat obesity and its metabolic consequences.

CONCLUSIONS

Altogether, various studies (Tables 1 and 2) demonstrate that
probiotic administration may confer beneficial effects in the
prevention and treatment of obesity, inflammation and other
associated metabolic disorders through various mechanisms
including direct effects on mucosal barrier and surrounding
cells in particular, that can impede on chronic inflammation
(Figs. 1 and 2). Currently, researchers are on the path to uncov-
er beneficial and detrimental gut microbiota phylotypes that
could lead to the use of living probiotics in order to reshape gut
bacterial communities in beneficial ways to the host. The major
issue that hampers a meta-analysis comparison of all the po-
tential probiotic strains is the considerable heterogeneity be-
tween protocols used in many studies (model, dose, treatment,
and times). For the same reason, research on probiotics are still
confronted with an apparent lack of conclusive results, further
limited by the small number of trials where the application of
probiotics was evaluated in double-blinded large-scale cohorts
studies, particularly in the context of obesity prevention. In-
deed, even if FMT showed very good results in recent human
trials, the fact that potential adverse effects have also been re-
ported, calls for caution because probiotics are already used for
obesity management. This is particularly true for specific
groups (i.e., neonates infants or individuals with immune defi-
ciency) that may be a greater risk for adverse effects of probiot-
ics. Moreover, a better understanding of how environmental
factors (i.e., culture conditions, product formulations, storage
time, host metagenome and genotype and variability of con-
sumer-associated factors) influence probiotic function would
ultimately be useful for unraveling the significant inter-individ-
ual variation in response to probiotic bacteria among human
subjects and for comparing outcomes of different clinical stud-
ies. Despite the methodological and regulatory issues raised
above, the field of probiotics is evolving based on a growing
body of research, which is paving the way for a successful strat-
egy against obesity and its related comorbidities, using strains
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capable of producing well characterized molecules, or using
engineered bacteria that ensures safety of use. Moreover, the
increased interest in the role of the gut microbiota in host’s
physiology is revealing novel potential probiotic strains while
triggering a regain of interest in probiotics as a tool to manipu-
late intestinal bacterial communities and therefore treat/pre-
vent intestinal and systemic diseases.
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