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The last decade has seen the emergence of a tremendous 
amount of research focusing on the population of commensal 
microorganisms, collectively termed the microbiome. This 

ecosystem resides throughout the body’s mucosal surfaces and cav-
ities, and is potentially associated with a variety of common multi-
factorial human disorders. Innovative high-throughput genomic 
and metabolomics technologies, some of which were developed 
as part of the human genome project1, now enable an affordable 
in-depth description of microbial composition, growth dynam-
ics2, genetic makeup and secreted metabolites. These are comple-
mented by works in germ-free mice and clinical trials that feature 
associations with multiple aspects of human health.

The interest in curing human diseases using beneficial micro-
organisms significantly predates these recent discoveries, with an 
origin in the 1910 publication by Nobel laureate Elie Metchnikoff, 
The Prolongation of Life, which suggested that the consump-
tion of “friendly bacteria” from yoghurt may enhance health and 
delay age-associated pathologies. But more than a century after 
Metchnikoff ’s visionary publication, and almost three decades 
after Roy Fuller defined probiotics as “a live microbial feed sup-
plement which beneficially affects the host animal by improving 
its intestinal microbial balance”3, consumption of so-called health-
promoting bacteria fails to live up to its expectations. While some 
studies have suggested mechanistic insights into how probiotic 
bacteria may mediate beneficial effects, these were mostly done 
in cell culture and animal models4,5. As such, insufficient evidence 
supports the efficacy of the current probiotics approach (one bac-
terial mix is beneficial to all conditions) in most indications, while 
their human health benefits remain controversial. Consequently, 
probiotics consumption is currently not recommended by the US 
Food and Drug Administration (FDA) for the treatment of any 
medical condition6.

With the currently limited efficacy of probiotics usage in 
human diseases notwithstanding, it can serve as an opportunity to 
study central and currently enigmatic host–microbiome interac-
tion principles that may drive stability and resilience of this eco-
system in different physiological contexts. One such important 
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factor is colonization resistance of the indigenous well-entrenched 
commensal microbial populations upon encounter with exog-
enously introduced species. In addition, inter-individual variation 
in microbiome composition and function, as well as strain-level 
differences7,8, may also result in differential responsiveness to pro-
biotics9 or dietary interventions10, limiting the efficacy of a ‘one 
strain fits all’ therapeutic approach.

Testimony to the potential efficacy of microbiome-based inter-
vention in modulating important human diseases is evident by fae-
cal microbiome transplantation (FMT), in which the microbiome 
of a healthy donor is transplanted into a patient in an attempt to 
replace or correct the pathology-associated microbiome. This treat-
ment modality, already approved for recurrent Clostridium difficile 
infections, has shown promising preliminary results in treating 
insulin resistance11 and ulcerative colitis12 in humans, and is cur-
rently being tested in multiple clinical trials for treating a myriad of 
conditions, ranging from metabolic and neoplastic to autoimmune 
disorders. However, transplanting an entire microbial community 
comprises its own risks. These include the transfer of pathogens/
pathobionts, unwanted effects of the transplanted microbiome on 
unrelated conditions13, and the potentially limited long-term sta-
bilization of a foreign microbial configuration when introduced 
into a new host that harbours a unique genetic, immune, meta-
bolic and nutritional milieu. An additional challenge is identifying 
the optimal FMT donor for a given condition, as donor selection 
is increasingly recognized to substantially affect the FMT out-
come14. Some of these challenges may be addressed by limiting the 
number of the transplanted organisms to a selected consortium 
of cultured bacteria from a healthy donor. This approach demon-
strated promising results in patients with C. difficile15, suggesting 
that carefully designed probiotics may overcome the limitations 
of both FMT and ‘one mix fits all’ probiotics. Further elimination 
of risks associated with the administration of live bacteria (while 
maintaining therapeutic efficiency) can be achieved through faecal 
filtrate transfer, in which intact cells are removed from the donated 
sample while maintaining bacterial components, their secretions 
and bacteriophages16.
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Prebiotic therapy may serve as an alternative approach to FMT17. 
According to common definition, prebiotics are dietary supple-
ments, such as resistant starch, β-glucans, pectin, inulin and other 
oligosaccharides, that are consumed to increase the abundance 
of supposedly beneficial bacteria (mainly bifidobacteria and lac-
tic-acid-producing bacteria). However, advances in microbiome 
research call for a broader definition, in which prebiotics are any 
compound that, upon bacterial metabolism, affects the composition 
or the function of the microbiome to exert a beneficial effect on the 
host18. Several meta-analyses suggest a promising therapeutic role 
for prebiotics in conditions such as metabolic syndrome19 or irri-
table bowel syndrome20, yet their mode of action and their effects 
on different microbiome compositions requires further study. The 
response to these dietary supplements also displays inter-individual 
variation, pertaining in part to the microbiome composition21,22. 
Complementing the concept of prebiotics, a more comprehensive 
dietary approach termed personalized nutrition10 utilizes a large 
person-specific metadata (including a rich person-based dataset 
of microbiome features) and machine learning techniques in per-
sonalizing dietary interventions that modulate the microbiome, 
thereby impacting metabolic homeostasis. The long-term effi-
cacy of this approach and its applicability across a wide range of 
microbiome-associated diseases merit further study.

A central role for microbial products
In recent years, our understanding of host–microbiome interactions 
has been evolving from descriptive, associative studies, towards ones 
aiming for mechanistic deciphering of the molecular nature of these 
trans-kingdom interactions. An important insight stemming from 
these studies is that many host–commensal interactions are medi-
ated by various metabolites that are secreted, degraded or modified 
by the gut microbiome and/or the host, thereby constituting a rich 
network of signalling moieties that impact the host, microbiome 
and their inter-dependent functions. Among these metabolites are 
short- and long-chain fatty acids, amino acids, bile acids, vitamins 
and polysaccharides. These insights resulted in the development of 
an additional microbiome-based therapeutic approach involving 
administration or inhibition of bioactive microbiome-modulated 
molecules. By administering or inhibiting microbiome-associated 
metabolites, this therapy aims at impacting their downstream sig-
nalling pathways when relevant to disease pathogenesis while over-
coming the need of transplanting an entire or restricted microbial 
community (through FMT or probiotics). Thus, microbiome-based 
metabolite treatment may act directly on host pathways that have 
been damaged by microbial activity; alternatively, the metabolites’ 
effects on the host may alter the pathways that dictate or enable 
the formation of a pathogenic microbiome, thus supporting a shift 
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Figure 1 | An integrated approach to microbiome-based therapeutics. Current generalized ‘one treatment fits all’ approaches (left panel) may suffer 
from limited efficacy due to an inability of the exogenous bacteria to colonize a host that harbours a discordant microbiome configuration, or from lack 
of targets for prebiotics. Microbiome-modulated metabolites may surpass these limitations by exerting a beneficial host effect downstream of the 
microbiome, or by stabilizing the transferred microbial configurations (right panel). As such, metabolite treatment may enable an improved efficacy when 
coupled with other microbiome-based treatments, such as probiotics and nutritional interventions. All such approaches will be optimized when personally 
tailored to the individual’s physiology and microbiome configuration.
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towards a non-pathogenic microbial composition; or the treat-
ment may synergistically affect both processes. In addition, while 
compositional analysis of the microbiome as a means of identify-
ing potential beneficial commensals or pathobionts is rarely achiev-
able on a strain level specificity, administrating metabolites rather 
than the bacteria may enable to overcome this difficulty by aiming 
downstream of the microorganisms, thereby overcoming inter-
individual strain-level differences in microbiome composition. 
Importantly, microbial molecules of therapeutic potential are not 
limited to secreted metabolites, but may also include bacterial cellu-
lar components, such as membrane proteins16. In one such example, 
feeding obese mice with a membrane protein purified from the spe-
cies Akkermansia muciniphila recapitulated the positive metabolic 
effects previously associated with the live bacterium23.

Microbiome-based metabolite treatment
One exciting potential indication of this new therapeutic approach 
involves the enhancement of the ability of an exogenous microbi-
ome to colonize the host by outcompeting an indigenous, patho-
genic microbiome, thereby modifying colonization resistance and 
contributing to treatment of conditions mediated by pathobionts or 
pathogens. For example, during recurrent infections with C. difficile, 
the pathogen possesses a colonization advantage over the indige-
nous microbiome, as the latter is depleted by antibiotics treatment. 
Efficient clearing of such opportunistic infection can be achieved 
by restoring colonization resistance through FMT24. Interestingly, 
Buffie et al. recently demonstrated that resistance could be achieved 
by administration of a fraction of the microbiome as precise as 
just one species, Clostridium scindens. This commensal possesses 
a complete secondary bile acid biosynthesis pathway, which inhib-
its the growth of C.  difficile25. This suggests that supplementation 
of secondary bile acids may be considered as a metabolite-based 
alternative or supplement to FMT in treating C. difficile infections.

Another example of the niche-modulating capability of a metab-
olite-based therapy is featured in the dysbiotic microbiome (a dis-
rupted community with pathogenic potential) of mice deficient 
in the nod-like receptor NLRP6 (NOD-like receptor family pyrin 
domain-containing 6)26. In this setting, the aberrant microbiome 
creates a metabolite milieu that is characterized by over-abundance 
of histamine and spermine, and reduced levels of taurine. When 
this dysbiotic microbiome is transferred into a naïve host, its altered 
metabolite balance drives suppression of the invaded host’s NLRP6 
signalling. This results in reduced levels of interleukin-18, which 
leads to inhibition of normal production of antimicrobial pep-
tides, collectively conferring preferential colonization of the invad-
ing microbiome over the indigenous microbial configuration26. 
Overcoming this metabolite-driven ‘hijacking’ of the host homeo-
static pathways by taurine supplementation restores its homeostatic 
levels and reverts normal immune signalling and antimicrobial 
peptide balance, thereby reversing dysbiosis and ameliorating the 
severity of dysbiosis-driven intestinal inflammation. Conversely, 
supplementing naïve mice with a combination of histamine and 
spermine inhibits homeostatic innate immune signalling down-
stream of the microbiome, resulting in alteration of the anti-micro-
bial landscape towards a configuration that enhances the formation 
of dysbiosis and associated inflammatory potential.

Collectively, these findings highlight the role of microbial 
metabolites in induction or repression of colonization resistance, 
and suggest that tailoring the correct combination of metabolites 
for different microbiome compositions may be potentially utilized 
for subverting pathology-associated microbiome configurations 
and for improving the efficacy of treatment based on microbial 
supplementation or whole microbiome transplantation. Applying 
this concept in humans suffering from microbiome-associated 
disorders such as inflammatory bowel disease (IBD) requires the 
identification of bioactive, microbial-associated metabolites that are 

altered in humans suffering from IBD27,28. One such early example 
of metabolite-based therapy to IBD involves the infusion of short-
chain fatty acids (SCFA), which show preliminary promising results 
in animal models29 and clinical trials30. As SCFA are recognized 
as one of the major modulators of host–microbiome interactions, 
it is not surprising that supplementation with SCFA is associated 
with improvement of different conditions, including cancer31,32 and 
metabolic health33–35. SCFA act through activation of G-coupled-
receptors and inhibition of histone deacetylases, and can also serve 
as energy substrates, thereby modulating multiple pathways that 
impact energy metabolism in the intestine36, inducing immune 
homeostasis by regulating the quantity and function of regulatory 
T cells37–39, and even affecting the gut–brain axis33,40.

Flavonoids comprise an additional group of compounds that 
may be considered for microbiome-based metabolite therapy. 
Multiple studies have attributed beneficial outcomes for flavonoid 
supplementation, though a considerable inter-individual variability 
in the magnitude of the effect is often observed41. This may be in 
part due to flavonoid metabolism by members of the microbiome, 
which also differ in their abundance across the human population. 
Importantly, while current literature suggests a clear association 
between the microbiome and the health effects of flavonoids, the 
mechanisms involved require further research. We have recently 
demonstrated a role for flavonoids as microbiome-based metabo-
lite therapy in the context of recurrent obesity; the high-fat diet 
(HFD) that characterizes many overweight and obese humans and 
is utilized in obesity-promoting experimental animal models is sig-
nificantly depleted of flavonoids. In mice consuming a HFD, low 
levels of flavonoids are achieved both by their low dietary levels and 
by a massive expansion of flavonoid-degrading bacteria during the 
induction of obesogenic conditions. Interestingly, after a successful 
weight-reduction diet, the levels of flavonoids are not normalized 
even when all other metabolic parameters return to normality, and 
when mice are reintroduced with an obesogenic diet, weight regain 
and associated metabolic disorders become more pronounced as 
compared with mice exposed to HFD for the first time. This exag-
gerated ‘cycling obesity’ in mice, a common phenomenon among 
repeatedly dieting humans, suggests that a microbiome-based 
‘metabolite memory’ contributes to exaggerated post-dieting weight 
regain. Importantly, when flavonoids are reintroduced to the dieting 
mice as means of a metabolite replenishment therapy, the exacer-
bated weight gain associated with a previous exposure to HFD is 
prevented, possibly through metabolite modulation of host adipose 
tissue energy expenditure42. Collectively, these findings support a 
therapeutic approach that is based on supplementing the host with 
metabolites downstream of the microbiome, which acts directly 
on host-related metabolic pathways. The nature and efficacy of 
such potentially bioactive metabolites in humans featuring cycling 
obesity merits further studies.

Challenges in microbiome-based metabolite therapy
Consuming microbial products may overcome the challenge of 
colonization resistance that hampers probiotics, FMT or even com-
positional changes induced by prebiotics. As such, human imple-
mentation of the approach will necessitate devising standardized 
computational and experimental methods to identify the metabo-
lites that play a role in various pathologies. Even so, it is reason-
able to assume that supplementing such microbial products may 
not always be sufficient in treating microbiome-associated patholo-
gies, with a number of challenges meriting consideration. First, the 
microbiome may not be inert to the supplemented metabolites. As 
such, unexpected interactions of these molecules with members of 
the microbiome may lead to dysbiosis, or to biochemical transfor-
mation of the metabolite by the bacteria to an inactive or even toxic 
form. Thus, the identification of metabolite-resident microbiome 
interactions is crucial prior to their utilization. Altering the levels 
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of a metabolite in the gut may also change the balance of a feedback 
loop, thereby interfering with regulated production of the metabo-
lites. Alternatively, chronic exposure to a given metabolite may pro-
mote resistance mechanisms of the host or its microbiome to alter 
the therapeutic target to these metabolites.

Importantly, identifying low levels of a given metabolite in a fae-
cal sample reveals little of its physiological levels at an upstream bio-
geographical locality in which it exerts its beneficial role. Thus, it is 
important to verify that a metabolite supplemented orally can reach 
its site of action while not being absorbed in more proximal regions 
of the gastrointestinal tract. This holds true even more in cases in 
which metabolites are systemically bioactive. Indeed, serum metab-
olites have recently been highlighted to be greatly impacted by 
metabolites that are produced in the gut by the microbiome, and to 
feature physiological effects far outside the gastrointestinal tract in 
remote organs such as the liver43. Disruption of a normally function-
ing microbiome by antibiotic treatment of mice led to altered drug 
detoxification in the liver, highlighting the importance of studying 
the pharmacokinetics and pharmacodynamics of any metabolite 
considered for treatment and its potential systemic effects.

Furthermore, commercialization requires reproducible produc-
tion of the therapy that is stable and can be easily administered. 
However, many of the small molecules produced by bacteria have 
a complex chemical structure44, which may be difficult to replicate 
under industrial settings, especially in cases of bioactive volatile 
metabolites. For all of the above reasons, and despite a growing 
number of bacterial metabolites featuring a promising activity, 
transforming them into an actual therapy is associated with multi-
ple fundamental challenges that are to be experimentally explored.

An integrated approach to microbiome-based therapeutics
In order to benefit from the advantages of metabolite therapy while 
addressing some of the above challenges, an integrated microbi-
ome-based therapeutic approach may be considered (Fig. 1). This 
approach should combine lessons learned from probiotics, prebiot-
ics, FMT and metabolites. While probiotics have the advantage over 
FMT of being comprised only of a selected highly defined number 
of strains, they may act differently, if at all, in each individual. As 
such, probiotics may only act efficiently when tailored to the indi-
vidual’s microbiome composition9. Adding a combination of niche-
stabilizing metabolites to such individualized probiotic treatment 
may overcome colonization resistance to the newly introduced 
strains and enhance their long-term efficacy.

Even when personally tailored, an additional important chal-
lenge to probiotics therapy is the long-term preservation of the 
newly introduced microorganisms, should they be featured to be 
of clinical importance. To this aim, dietary modifications should be 
considered in parallel to microbiome-based therapies as means of 
providing continuous support to the newly introduced or modu-
lated microbial strains. Here too, inter-individual variability in 
response to dietary supplementation largely depends on person-
specific microbiome composition22,45, with the response to virtu-
ally any food ingredients being highly variable and affected by 
the microbiome10,46. In this scenario, also, metabolites can serve 
as a complimentary fast-acting ‘bridging’ therapy that supports 
microbial stabilization while the effects of prebiotics are generated 
and assessed.

In summary, metabolite-based therapy constitutes a promising 
field of microbiome-related intervention. As this approach is in its 
infancy, only several potential therapeutic compounds have been 
recognized. Identifying additional bioactive small molecules from 
the human microbiome will merit extensive computational and 
experimental screening and validation. One such approach is high-
throughput metabolomics analysis of microbiome samples that are 
associated with various conditions in the presence or absence of 
antibiotics treatment47. It is clear that optimization of metabolite 

treatment for clinical use may be associated with conceptual and 
technical hurdles. Nevertheless, such treatment, when applied alone 
or in combination with other  interventions, may impact a variety of 
microbiome-associated disorders.
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