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ABSTRACT
Discovered at the beginning of the 20th century by Nobel laureate Élie Metchnikoff, probiotics have 
more recently emerged as a potential noninvasive therapeutic approach for the treatment of 
various chronic diseases. However, recent population-based clinical studies suggest that probiotics 
are often ineffective and may even exhibit potential deleterious effects. Hence, a deeper molecular 
understanding of strain-specific beneficial effects, together with the identification of endogenous/ 
exogenous factors modulating probiotic efficacy, is needed. The lack of consistency in probiotic 
efficacy, together with the observation that numerous preclinical findings on probiotics are not 
translating once applied to humans through clinical trials, suggests a central role for environmental 
factors, such as dietary patterns, in probiotic efficacy. Two recent studies have been instrumental in 
filling this knowledge gap, defining the role played by diet in probiotic efficacy on metabolic 
deregulations in both mouse models and humans .
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Main

With the increased incidence of several chronic 
inflammatory diseases, including inflammatory 
bowel disease and metabolic deregulations, numer
ous drug-based pharmacological therapies have 
emerged. Moreover, while there is still no current 

clinical use, probiotics, described as “live microor
ganisms which when administered in adequate 
amount confer a health benefit on the host”,1 could 
offer innovative therapeutic venues in select disease 
conditions. Among them, next-generation probio
tics, defined as microbiota-derived functional 
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microbes with beneficial properties, are gaining 
research interest. For example, Faecalibacterium 
prausnitzii is greater in abundance in Crohn’s dis
ease patients with a lower risk of postoperative 
recurrence, and its administration in animal mod
els has been shown to dampen induced chronic 
intestinal inflammation.2 Another example further 
highlighting the growing interest in probiotics 
relates to Akkermansia muciniphila, with the obser
vation that exogenous administration of this bac
terium promotes intestinal and metabolic health in 
both animal models and in pilot human rando
mized controlled trial (RCT).3,4

Such observations concomitantly drove growing 
interest from industrial actors in developing new 
probiotics, and numerous research lines are cur
rently investigating their specific characteristics 
and impacts on human health. Despite this fast- 
growing interest, molecular mechanisms underpin
ning probiotic-mediated beneficial impacts on the 
host’s health remain poorly understood. A recent 
pioneering study from Eran Elinav’s group demon
strated that human consumption of a specific com
mercial probiotic preparation that included 11 
strains results in highly individualized colonization 
of the intestinal mucosa.5 Interestingly, basal 
intestinal microbiota, together with select host fac
tors, appears to differentiate individuals as permis
sive versus resistant to probiotic colonization. 
Moreover, another study from this group suggested 
that probiotics regimen is not the most effective 
approach for microbiota reconstitution following 
antibiotic treatment, with the observation that pro
biotic consumption significantly delayed the 
restoration of a “normal” microbiota richness.6 

Altogether, these data highlight the pressing need 
for in-depth characterization of factors impacting 
probiotic-mediated modulation of intestinal and 
metabolic health. Two recent Gut Microbes articles 
made significant progress in this era by highlight
ing the important role played by diet in probiotic 
efficacy on host metabolism, in both mice models 
and in a human RCT.

In an 18-week double-blinded, placebo- 
controlled study in adults with metabolic deregula
tions, Wastyk et al. report a high level of inter- 
individual variations in the beneficial effects driven 
by probiotic intake.7 Compared to the control 
group, only a subset of 10 out of 26 participants 

who received a probiotic cocktail containing three 
lactic acid bacteria strains (Limosilactobacillus reu
teri NCIMB 30,242, Lactiplantibacillus plantarum 
UALp−05™, and Bifidobacterium animalis subsp. 
lactisB420™) exhibited decreased triglycerides con
centration. Metabolic markers either did not 
improve in other participants or even slightly wor
sened, further emphasizing how essential it is to 
characterize such interindividual variability prior 
to proposing any probiotic regimen to a given 
patient. Moreover, authors identified, in 
a secondary exploratory analysis, that the differ
ence between responder and non-responders 
could be driven by their habitual diet. Indeed, the 
authors observed a different intake of seven nutri
ents, including added sugar, lactose or sucrose, by 
probiotic-responders compared to probiotic-non- 
responders. Hence, this suggests that consumption 
of these diet-derived components could mediate 
sensitivity to probiotic-driven modulation of meta
bolic health, either directly or indirectly through 
modulation of the intestinal microbiota. Moreover, 
circulating levels of homovanillic acid (HVA) 
could differentiate responders and non- 
responders with a 71% accuracy. HVA is one of 
the numerous colonic metabolites produced from 
the fermentation of various dietary (poly)pheno
lics, abundant bioactives present in plant foods, 
with a recognized prebiotic activity. With the pre
vious observation that diet-derived flavonols could 
significantly elevate HVA excretion,8 dietary habits 
between responder and non-responders could be at 
play in modulating such HVA serum level and 
probiotic efficacy. To conclude, this study identifies 
diet as a key modulating factor of probiotic efficacy 
in humans with metabolic deregulations. Of note, 
inherent to human-based RCT, other factors could 
play a role in such probiotic efficacy, such as 
genetic predisposition, and larger RCT appears 
needed to better characterize factors modulating 
probiotic efficacy, in humans, for future improve
ment of probiotic efficacy and/or personalized pro
biotic regimen.

Importantly, another study in the same Gut 
Microbes issue investigated, through a mice-based 
model, potential factors involved in probiotic effi
cacy, including genetical factors.9 In this study, Ida 
Larsen et al. evaluated the potential effect of two 
probiotic strains (Limosilactobacillus reuteri DSM 
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32,910 and Lacticaseibacillus paracasei DSM 32,851) 
on inbred mice fed with either a classical high-fat 
diet (HFD) or a customized diet mimicking fast- 
food regimen (FFMD) designed to exacerbate 
NAFLD. Although diets were energy-matched, 
they drove significantly different detrimental phe
notypes following a 12-week exposure, as elegantly 
deeply characterized by the authors. Both HFD and 
FFMD-induced obesity and compromised glucore
gulatory capacity, but FFMD led to enhanced ecto
pic fat distribution to the visceral fat as well as the 
liver. More importantly, this study reports that 
a given probiotic strain could impact aspects of 
metabolic disorders in a diet-dependent manner. 
Indeed, the authors observed that L. paracasei 
reduced obesity development with decreased 
NAFLD in HFD, but not in FFMD, fed mice. On 
the other hand, L. reuteri administration was suffi
cient to improve glucose homeostasis, reduce 
NAFLD development and increase distal gut bile 
acid levels associated with changes in predicted 
functions of the gut microbiota only in FFMD-fed 
mice. Hence, these data suggest that probiotic effi
cacy of two LAB strains is highly dependent on the 
experimental obesogenic diets being used to induce 
metabolic deregulations. Furthermore, Ida Larsen 
et al. observed an increase in Proteobacteria phylum 
abundances in FFMD-fed mice, which has been 
linked to epithelial damage related to anaerobiosis 
disruption, but the tested probiotic strains had neg
ligible impact on microbiota composition. Hence, 
the exact role played by the intestinal microbiome 
in driving such diet-mediated probiotic efficacy 
remains to be characterized.

To conclude, these two reports highlight that 
dietary habits potentially impact probiotic efficacy 
in obesity-related dysmetabolism, in both mice 
models and humans. Hence, these observations sug
gest that the beneficial effects associated with pro
biotic intake could be mischaracterized in clinical 
trials lacking careful and comprehensive investiga
tion of dietary habits. Both studies therefore consti
tute an important methodological framework and 
reference for future studies investigating probiotic 
efficacy in metabolic disorders, as well as in other 
chronic diseases with an inflammatory component. 
Further studies are needed to determine, for 
instance, whether a non-responsive state of a given 
probiotics is stable or could be beneficially 

manipulated by targeted dietary modification. It 
was, for example, previously observed that various 
carbohydrate (tested as mono- and disaccharide 
glucose, fructose, sucrose, lactose, galactose, and 
xylose as carbon sources) can enhance growth and 
survival of the probiotic Lactococcus lactis10 in vitro, 
further highlighting the potential of diet-probiotic 
interaction. Hence, in-depth mapping of dietary 
factors promoting the beneficial effects of any 
given probiotic could allow the establishment of 
dietary recommendations before and during probio
tic regimen. The exact role played by the intestinal 
microbiota in mitigating probiotics effectiveness 
remains to be fully determined. It can be hypothe
sized that various dietary factors indirectly modulate 
probiotic efficacy through modulation of the intest
inal microbiota ecosystem composition and/or 
function. It was, for example, previously reported 
that the abundance of various microbiota members 
can favor the beneficial action of a given dietary 
intervention. For example, Karine Clément’s group 
reported that patients with either overweight or 
obesity and a higher baseline A. muciniphila exhib
ited a more marked improvement in clinical para
meters, including total and LDL cholesterol, after 
caloric restriction compared to patients with lower 
baseline A. muciniphila.11 Similarly, probiotics’ effi
cacy could depend on several microbiota actors, and 
the characterization of the triangular relationship 
between diet, the intestinal microbiota and probio
tics are needed to optimize probiotic efficacy on 
intestinal and metabolic health. Notwithstanding 
the underlying mechanism(s), these two recent stu
dies importantly suggest that habitual diets should 
be carefully evaluated when investigating the effects 
of various probiotic regimens on intestinal and 
metabolic health.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

BC’s laboratory is supported by a Starting Grant from the 
European Research Council (ERC) under the European 
Union’s Horizon 2020 research and innovation program 
(grant agreement No. ERC-2018-StG- 804135), an award 
from the Fondation de l’avenir (AP-RM-21-032), ANR grants 

GUT MICROBES 3



EMULBIONT (ANR-21-CE15-0042-01) and DREAM (ANR- 
20-PAMR-0002) and the national program “Microbiote” from 
INSERM.

ORCID

Benoit Chassaing http://orcid.org/0000-0002-4285-769X

References

1. Martín R, Langella P. Emerging health concepts in the 
probiotics field: streamlining the definitions. Front 
Microbiol. 2019;10:1047. doi:10.3389/fmicb.2019.01047

2. Sokol H, Pigneur B, Watterlot L, Lakhdari O, 
Bermúdez-Humarán LG, Gratadoux J-J, Blugeon S, 
Bridonneau C, Furet J-P, Corthier G, et al. 
Faecalibacterium prausnitzii is an anti-inflammatory 
commensal bacterium identified by gut microbiota ana
lysis of Crohn disease patients. Proc Natl Acad Sci U S 
A. 2008;105(43):16731–16736. doi:10.1073/pnas. 
0804812105.

3. Depommier C, Everard A, Druart C, Plovier H, Van 
Hul M, Vieira-Silva S, Falony G, Raes J, Maiter D, 
Delzenne NM, et al. Supplementation with 
Akkermansia muciniphila in overweight and obese 
human volunteers: a proof-of-concept exploratory 
study. Nat Med. 2019;172(25):1096–1103. doi:10.1038/ 
s41591-019-0495-2.

4. Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, 
Bindels LB, Guiot Y, Derrien M, Muccioli GG, 
Delzenne NM. Cross-talk between Akkermansia muci
niphila and intestinal epithelium controls diet-induced 
obesity. Proc Natl Acad Sci USA. 2013;176(110):9066– 
9071. doi:10.1073/pnas.1219451110.

5. Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori- 
Bachash M, Bashiardes S, Kotler E, Zur M, Regev-Lehavi 
D, Brik R-Z. Personalized gut mucosal colonization resis
tance to empiric probiotics is associated with unique host 

and microbiome features. Cell. 2018;174:1388–1405.e21. 
doi:10.1016/j.cell.2018.08.041.

6. Suez J, Zmora N, Zilberman-Schapira G, Mor U, Dori- 
Bachash M, Bashiardes S, Zur M, Regev-Lehavi D, 
Brik R-Z, Federici S, et al. Post-antibiotic gut mucosal 
microbiome reconstitution is impaired by probiotics 
and improved by autologous FMT. Cell. 2018;155 
(174):1406–1423.e16. doi:10.1016/j.cell.2018.08.047.

7. Wastyk HC, Perelman D, Topf M, Fragiadakis GK, 
Robinson JL, Sonnenburg JL Gardner CD, 
Sonnenburg ED, et al. Randomized controlled trial 
demonstrates response to a probiotic intervention for 
metabolic syndrome that may correspond to diet. Gut 
Microbes. 2023;162(1):2178794. doi:10.1080/19490976. 
2023.2178794.

8. Combet E, Lean MEJ, Boyle JG, Crozier A, 
Davidson DF et al. Dietary flavonols contribute to 
false-positive elevation of homovanillic acid, a marker 
of catecholamine-secreting tumors. Clin Chim Acta. 
2011;412(1–2):165–169. doi:10.1016/j.cca.2010.09.037.

9. Larsen IS, Choi B-Y, Föh B, Kristensen NN, 
Ouellette A, Haller RF, Olsen PB, Saulnier D, Sina C, 
Jensen BAH. Randomized controlled trial demonstrates 
response to a probiotic intervention for metabolic syn
drome that may correspond to diet. Gut Microbes. 
2023;162(1):2178794. doi:10.1080/19490976.2023. 
2178794.

10. Kimoto-Nira H, Suzuki C, Sasaki K, Kobayashi M, 
Mizumachi K. Survival of a Lactococcus lactis strain 
varies with its carbohydrate preference under in vitro 
conditions simulated gastrointestinal tract. Int J Food 
Microbiol. 2010;143(3):226–229. doi:10.1016/j.ijfoodmi 
cro.2010.07.033.

11. Dao MC, Everard A, Aron-Wisnewsky J, Sokolovska N, 
Prifti E, Verger EO, Kayser BD, Levenez F, Chilloux J, 
Hoyles L, et al. Akkermansia muciniphila and improved 
metabolic health during a dietary intervention in obe
sity: relationship with gut microbiome richness and 
ecology. Gut. 2016;65:426–36. 187. doi:10.1136/gutjnl- 
2014-308778.

4 H. RYTTER ET AL.

https://doi.org/10.3389/fmicb.2019.01047
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.1016/j.cell.2018.08.047
https://doi.org/10.1080/19490976.2023.2178794
https://doi.org/10.1080/19490976.2023.2178794
https://doi.org/10.1016/j.cca.2010.09.037
https://doi.org/10.1080/19490976.2023.2178794
https://doi.org/10.1080/19490976.2023.2178794
https://doi.org/10.1016/j.ijfoodmicro.2010.07.033
https://doi.org/10.1016/j.ijfoodmicro.2010.07.033
https://doi.org/10.1136/gutjnl-2014-308778
https://doi.org/10.1136/gutjnl-2014-308778

	Abstract
	Main
	Disclosure statement
	Funding
	ORCID
	References

