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Abstract

Understanding the role of the gut microbiota in the pathogenesis of inflammatory bowel diseases (IBD) has been an area
of intense research over the past decades. Patients with IBD exhibit alterations in their microbial composition compared
to healthy controls. However, studies focusing solely on taxonomic analyses have struggled to deliver replicable findings
across cohorts regarding which microbial species drive the distinct patterns in IBD. The focus of research has therefore
shifted to studying the functionality of gut microbes, especially by investigating their effector molecules involved in the
immunomodulatory functions of the microbiota, namely metabolites. Metabolic profiles are altered in IBD, and several
metabolites have been shown to play a causative role in shaping immune functions in animal models. Therefore, under-
standing the complex communication between the microbiota, metabolites, and the host bears great potential to unlock new
biomarkers for diagnosis, disease course and therapy response as well as novel therapeutic options in the treatment of IBD.
In this review, we primarily focus on promising classes of metabolites which are thought to exert beneficial effects and are
generally decreased in IBD. Though results from human trials are promising, they have not so far provided a large-scale
break-through in IBD-therapy improvement. We therefore propose tailored personalized supplementation of microbiota and
metabolites based on multi-omics analysis which accounts for the individual microbial and metabolic profiles in IBD patients
rather than one-size-fits-all approaches.
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Introduction body and trillions of bacteria, fungi, viruses, archaea, and

bacteriophages reside, the microbiota are crucial in shap-

Exploring the dynamic relationship between the human body
and its microbiota in health and disease has been a subject of
intense research in the recent decades. Especially in the gut,
where the microbial density is at its highest in the human

Danielle MM Harris, Lina Welz and Martina A Guggeis authors
contributed equally and are reported in alphabetical order.

>4 Konrad Aden
k.aden @ikmb.uni-kiel.de

Philip Rosenstiel
p.rosenstiel @mucosa.de

Institute of Clinical Molecular Biology, Kiel University
and University Medical Center Schleswig-Holstein, Rosalind
Franklin Strale 11, Campus Kiel, 24105 Kiel, Germany

Department of Internal Medicine I, Kiel University
and University Medical Center Schleswig-Holstein, Rosalind
Franklin Strae 11, Campus Kiel, 24105 Kiel, Germany

Division Nutriinformatics, Institute for Human Nutrition
and Food Science, Kiel University, Kiel, Germany

Published online: 04 March 2025

ing the functions and processes of the human body [1-4].
Besides supporting the gut in its digestive functions, the
microbiota play a major role in shaping the body’s immune
response. This has for example been shown in animal studies
comparing germ-free (GF) and conventionally raised ani-
mals, where an altered immune maturation and response in
germ-free animals was observed [5, 6]. A key mechanism
through which the microbiota influence immune matura-
tion is via the release of metabolites. These metabolites
may directly alter immunometabolic processes or bind to
specific receptors, thereby modulating innate and adaptive
immune functions [7-9].

It is hence not surprising that in human studies numer-
ous associations have been found between chronic inflam-
matory diseases (CIDs) and altered microbial and meta-
bolic signatures [10-13], and metabolic properties of the
intestinal microbiota have been shown to causally modify
inflammatory reactions in animal models of CIDs [14-16].
As an example, alterations in the microbiota are considered
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a hallmark of inflammatory bowel disease (IBD) including
Crohn’s disease (CD) and ulcerative colitis (UC), which
are chronic relapsing inflammatory diseases of the gut. The
exact mechanism leading to chronic inflammation in IBD
has not been fully elucidated due to the complex, multi-
factorial interactions between the host immune system, the
microbiota and environmental stimuli [17]. Notably, the
prevalence of these diseases has been increasing worldwide
over the last decades [18] and a high proportion of patients
still fail to respond to current therapeutic options in the long
term [19]. Although it has not conclusively been shown
whether they are a cause or consequence, numerous stud-
ies in animal models of IBD have implicated a mechanistic
impact of microbial metabolites and/or functions in onset
and progression of the disease [20, 21]. Apart from their
potential as biomarker candidates, further research on the
functional role of microbes in IBD, e.g., to unveil mecha-
nisms influencing disease course and therapy response in
IBD, is thus of great promise to provide novel therapeutic
avenues in these debilitating diseases. Given the immediate
proximity of the intestinal microbiota and their metabolites
to the site of inflammation in IBD, understanding the lan-
guage of interactions with the gut epithelium and immune
system could help to identify such actionable therapeutic
targets. The aim of this review is to discuss the relevance of
microbial metabolism in IBD and its clinical implications for
novel diagnostic and therapeutic approaches. Ultimately, we
propose that personalized strategies will be key to clinical
implementation (Fig. 1).

The gut microbiota and metabolome

The development of novel omics-based profiling technolo-
gies, such as next generation sequencing (NGS) and metabo-
lomics, has revolutionized our approach to describing micro-
bial community composition and metabolic inventories in
health and disease. Nevertheless, understanding the mecha-
nisms of how the microbiota and host shape each other is far
from being complete.

Human genetic factors can influence the microbial com-
position, as changes in host genes coding for antimicrobial
functions of the gut can affect its colonization [22, 23]. In
addition, countless environmental factors including diet and
medication use, as well as intrinsic factors such as age and
BMI influence the composition of the intestinal microbiota
[24].

Conversely, the microbiota shape the human body by ful-
filling a variety of physiological functions, including provid-
ing protection from pathogens through several mechanisms.
For one, colonization with commensals leads to competition
for biological niches and nutrients, limiting proliferation of
other potentially harmful microorganisms. Furthermore,

@ Springer

microorganisms shape the immune system of the host, which
in turn modulates the composition of the commensals. This
effect is mediated not only through direct binding of bac-
terial components to host receptors or antibodies, but also
through the secretion of metabolites which can be absorbed
in host cells and enter the systemic circulation [25]. Bac-
teria can produce metabolites through de novo synthesis,
conversion of dietary components including medication, or
metabolism of substances secreted by the host such as bile
acids [26]. Therefore, the concentration of these metabo-
lites can to a certain degree be influenced by the host itself,
as for example a fiber-rich diet can increase the synthesis
of short-chain fatty acids (SCFAs) [27]. Improvements in
the measurement of metabolites through both targeted and
untargeted approaches have led to a greater understanding of
the human metabolome, although the differentiation between
bacterial derived metabolites and human metabolites can
be challenging. Recently, Neveu et al. created a database of
metabolites by manually analyzing existing peer-reviewed
articles, identifying 462 compounds fully or partially synthe-
sized by the gut microbiota. The chemical classes the bacte-
rial metabolites most frequently belonged to were amino
acids and peptides, phenylpropanoids and polyketides, fatty
acids, bile acids, and alcohols and derivatives [28].

Determining a “normal” microbiota with its accompany-
ing metabolic profile is almost impossible given the wide
variation across healthy individuals and within individu-
als at different timepoints. Correspondingly, it is demand-
ing to assess which microbial species and metabolites are
compromised in an individual patient, rendering a targeted
substitution challenging. Furthermore, a large number of
taxa and metabolites are yet undiscovered, though efforts at
generating databases of combined microbiome-metabolome
datasets are attempting to close this gap in knowledge [29].
In the following sections we will focus on selected findings
in IBD patients.

Disrupted metabolic and microbial
signatures in IBD

Evidence for the importance of the microbiota in the patho-
physiology of IBD has been accumulating for several dec-
ades [30]. Patients with CD and UC exhibit signs of dys-
biosis, meaning that their microbiota is generally altered
compared to healthy controls. Although the interindividual
composition of the microbiota can differ largely between
patients, one consistent finding confirmed by a recent meta-
analysis is the decreased alpha-diversity in patients with
CD and UC [31, 32]. This can have relevant implications,
as a lower diversity in the gut likely leads to a decreased
resilience and a higher susceptibility to external perturba-
tions of the microbial community [33]. Numerous studies
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Fig. 1 Tailored microbiome- and metabolite-based approaches as per-
sonalized therapeutic strategies in IBD. Visualization of a generalized
approach using basic diagnostics and a common treatment concept
administering the same pre-, pro- or post-biotic to everyone (left side
of figure). Comparison to using a personalized approach with indi-

over the years have tried to identify patterns in the bacte-
rial taxonomy of IBD patients compared to control patients.
This has proven difficult, as many findings were not rep-
licable across cohorts. On one hand, this is likely due to
the high heterogeneity in the methods used to assess the
bacteria in the different cohorts [34]. On the other hand,
factors such as geographical location, diet and intrapersonal

variable therapeutic success
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vidualized multi-omics-based diagnostics followed by personalized
supplementation based on the microbial taxa and metabolic profiles
measured (right side of figure). (Created with BioRender. Aden, K.
(2024) BioRender.com/q72k427)

variability impact the microbiota [35] and make replication
highly challenging across cohorts. Erysipelatoclostridium
and Tyzzerella 4 were among the bacterial genera consist-
ently increased upon meta-analysis, while Prevotella 9 and
Lachnospiraceae NK4A 136 group were decreased in both
CD and UC. However, many other findings from the indi-
vidual cohorts used for the analysis, such as the increase in
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Escherichia in CD, were not consistently present [32]. This
lack in consensus of taxonomic changes led to a shift in the
analysis of the microbiota away from pure taxonomy towards
their metabolic capabilities. One possibility is the use of
metagenomics analyses, which provides more information
about the functional potential of the microbial community
[36]. Indeed, metagenomics analyses have identified signifi-
cant differences in enzymatic abundances and profiles in the
IBD microbiome compared to healthy controls. These shifts
could be attributed to two different mechanisms: on the one
hand, bacterial species with higher abundances in the IBD
patients such as E. coli in CD led to an increased representa-
tion of their enzymes, with E. coli alone largely accounting
for 220 differentially abundant enzymes. On the other hand,
enzymes shared across species were overall differentially
abundant in IBD patients or controls, thus indicating a shift
in the metabolic capabilities of the community [37]. Inter-
estingly, the bacterial composition observed in patients with
CD or UC seemed to be distinct from other intestinal or
inflammatory diseases: Ning et al. found an AUROC of 0.66
to 0.95 when applying a machine learning method for the
detection of IBD based on metagenomics data, but these sig-
natures were not seen in colorectal cancer or type 2 diabetes
[12]. While metagenomics may provide more information
than taxonomy alone, the abundance of bacterial species
estimated using metagenomics data does not necessarily
correlate with their transcriptional activity [38]. This means
that taxonomic classification and functional potential alone
is not sufficient to quantify the metabolic contribution of the
microbiota. Therefore, measuring the products of the bacte-
rial metabolism directly provides a more accurate measure
of the activity of the microbiota and factors that influence
that metabolism.

The metabolic profiles of patients with CD and UC
exhibit distinct features compared to those of healthy con-
trols in various anatomical compartments, as systematically
reviewed by Gallagher et al. [39]. Though the metabolome
is highly individual, stool metabolites that were consist-
ently altered in CD, UC or both included bile acids, which
can be metabolized by certain microbial species. Further-
more, short chain fatty acids (SCFA) have been found to
be decreased in fecal metabolomics of patients with IBD,
possibly due to a depletion of butyrate-producing microbiota
[39]. Amino acids such as tryptophan and glutamine have
been found to be increased in the stool of patients with CD
and UC, and an increase in compounds belonging to the tri-
carboxylic acid cycle in stool indicates an altered microbial
energy metabolism [12]. In blood metabolomics, the amino
acids glutamine and tryptophan have been detected at lower
levels in IBD compared to controls, while isoleucine was
generally increased [39]. While differences in metabolic pro-
files could in part be due to medication use in IBD, Daniluk
et al. showed that serum alterations in metabolic signatures
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were already present in newly diagnosed children with CD
and UC prior to therapy [40]. Strikingly, Vila et al. dem-
onstrated that the predictive strength of the microbiome on
fecal metabolites was higher than that of lifestyle, diet and
genetics [41].

Furthermore, certain microbial or metabolic signatures
have been associated with therapy response to various medi-
cations in IBD patients. The composition of the bacterial
community was shown to change in patients with UC who
responded to four-week long therapy with corticosteroids,
with an increase of beneficial taxa and higher predicted
butyrate production compared to baseline. Though the
bacterial community did not differ at baseline between the
responders and non-responders, there were minor longitudi-
nal changes in patients who did not respond to corticosteroid
treatment, and their bacterial composition overall was dis-
tinct from the responders after four weeks [42]. Due to the
multi-factorial influence that the host has on its microbiota,
changes to the microbiome following successful therapeutic
interventions need to be interpreted with care: one cannot
assume that changing microbial profiles directly influences
disease course, as it is also likely that the microbiota have
adapted to the environmental changes caused directly by the
drug, or indirectly through the physiological and behavioral
changes that occur as a patient responds to a given therapy.
In a similar vein, metabolic changes resulting from thera-
peutic success cannot be directly attributed to the action
of the differential metabolites when drugs, behaviors and
physiological changes alone can influence metabolism.
Nevertheless, for biologicals such as anti-integrin therapy,
a predictive signature of therapy responders could already
be identified at baseline using taxonomy and microbial path-
ways for CD and UC [43]. This was also seen in CD and
UC patients undergoing anti-TNF therapy, in which the pre-
dicted metabolic interchange of the bacterial community at
baseline was higher in responders and non-responders [44].
Similar findings showing distinct features in the microbial
community at baseline of CD and UC patients who respond
to treatment could also be shown for anti-cytokine therapy.
Here, they also demonstrated the added value of supplemen-
tary omics-layers such as metabolomics and proteomics to
clinical or metagenomics data for the prediction of therapy-
response at baseline [45].

Given the alterations of both microbial and metabolic
signatures in IBD, exploring the interplay between those
two systems may enable us to deduct novel strategies for
diagnostics, targeted therapies and disease monitoring. In
the following sections, we describe compound classes that
can be altered through microbial metabolism, their potential
associations with IBD pathophysiology, and their potential
exploitation for clinical utilization. Above that, we will
address current challenges in the translation of novel scien-
tific findings into everyday clinical practice.
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Short chain fatty acids

Short chain fatty acids (SCFA) are produced from micro-
bial fermentation of dietary fiber. This class of organic
acids are defined by their length, having less than six car-
bon atoms [46]. Although human cells can produce SCFA,
microbial contribution is relatively high, as evidenced by
studies where germ-free mice exhibited a 99% reduction
in cecal SCFA relative to conventionally raised mice [47].
Within the class of SCFA, butyrate, propionate and acetate
are among the most widely studied and have been dem-
onstrated to modulate pro-inflammatory cytokine profiles
in-vitro; however, the physiological function varies by
individual SCFA entity [48]. Despite heterogeneity in the
literature, a meta-analysis on SCFA levels found low fecal
levels of acetate, propionate, butyrate, and valerate when
comparing patients with IBD to healthy controls [49]. Of
note, a study by Lloyd-Price and colleagues found changes
to SCFA in IBD to be particularly related to periods of
dysbiosis. In this case, dysbiosis was defined by a large
deviation from the taxonomic composition of the non-IBD
samples: as this was a longitudinal study, dysbiotic periods
could be identified longitudinally within individual IBD
patients [50]. This could explain the heterogeneity of the
literature, as fluctuations between dysbiotic and non-dys-
biotic periods likely result in increased variation in SCFA
and this may affect statistical power. Furthermore, in lon-
gitudinal analyses of patients with CD and UC treated with
an anti-TNF-a antibody, increased microbial production
capacity of SCFA was associated with a better therapeu-
tic outcome [44]. A similar association between increased
microbial production capacity of SCFA and response to
therapy has also been observed for other therapeutic prin-
ciples (azathioprine, corticosteroids) [42, 51].

Considerable interest is directed towards butyrate, as
it is reported to modulate intestinal motility, improve
mucosal barrier integrity, and provide energy to colo-
nocytes. In fact, the hypothesis that insufficient butyrate
availability disrupts energy homeostasis in colonocytes,
thereby driving UC-related inflammation was put forward
in 1980 [52]. Early clinical trials involving butyrate ene-
mas in UC yielded mixed results [53, 54]; potentially due
to the compound's strong stench affecting patient compli-
ance and, consequently, efficacy [55].

More recently, butyrate has been incorporated as a
treatment in several clinical trials (Table 1). For exam-
ple, 12-week oral supplementation of butyrate failed
to improve disease symptoms in 29 newly diagnosed
pediatric IBD patients relative to the 43-patient pla-
cebo group [56]. There is, however, an ongoing clinical
trial (NCT05218850) aimed at assessing the efficacy of
butyrate enemas in pediatric UC. In another interventional

trial, oral butyrate supplementation resulted in quality of
life (QoL) improvements of adult UC patients in the treat-
ment arm as well as increases in the butyrate producing
bacteria Butyricicoccus in CD and Lachnospiraceae in
UC [57]. Strikingly, this is not the only study to report
improvements to QoL upon butyrate supplementation in
UC patients: supplementation with orally administered
butyrate and medium-chain triglycerides improved sleep,
QoL and additionally biochemical measures of inflam-
mation (CRP and calprotectin) [58]. So far, there is no
consensus on the optimal mode of delivery or dose for
butyrate supplementation and the considerable variation
in trial results is therefore not surprising. However, taken
together, there is cause for consideration that butyrate
could be an effective adjunct therapy for IBD management.

Bile acids

Primary bile acids (BA) are cholesterol derivatives that are
produced by pericentral hepatocytes before being secreted
into the small intestine, where they enhance absorption of
nutrients including lipids, sterols and vitamins [59, 60].
While the vast majority of BA are recycled, a small propor-
tion will enter the large intestine, where microbial transfor-
mation of primary BA into secondary BA takes place [59].
Finally, transformation of secondary BA by the liver results
in tertiary BA [61]. Secondary BA exhibit a high level of
diversity and have multiple effects on host cells. Their gen-
eral mode of action is thought to be related to their hydro-
phobicity, which can lead to direct cell membrane damage,
as well as via signaling cascades initiated by binding to
membranes and nuclear receptors. The resulting physiologi-
cal implication can be of pro- or anti-inflammatory nature
[61]. While total BA concentrations in the stool are similar
between individuals with IBD and the healthy population,
the BA profile is altered in IBD and is characterized by a
decrease in secondary BA. This effect is exacerbated dur-
ing disease flares [62]. Furthermore, secondary BA in blood
have been found to be significantly increased at baseline in
patients achieving remission after 14 weeks of anti-cytokine
therapy. This was likely due to the increased presence of
microbial enzymes capable of converting primary to sec-
ondary BA through bile acid 7a/p-dehydroxylation prior
to treatment in the responders [45]. Secondary BA might
furthermore be considered as compounds with therapeutic
potential: To date, at least two registered clinical trials exist
involving secondary BA interventions, but no results can be
reported yet (Table 1). An in-depth overview of the poten-
tial role of bile acids in IBD pathogenesis can be found in
the works of Thomas et al. (2022) and Kumar et al. (2022)
[59, 60].
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Table 1 Clinical trials involving direct administration of microbial
metabolites to individuals with IBD. Clinicaltrials.gov was searched
for trials involving "inflammatory bowel disease" and the listed treat-
ment agents. Trials where the treatment agent was used in conjunc-
tion with another therapy have not been included. Successful search
terms were butyrate, bile acids, tauroursoursodeoxycholic acid/
TUDCA, nicotinamide and nicotinic. The following search terms did
not produce additional relevant results: propionate, acetate, valer-
ate, short chain fatty acids, SCFA, deoxycholic acid/DCA, ursode-
oxycholic acid/UDCA, glycocholic acid/GCA, lithocholic acid/LCA,

muricholic acid, taurocholic/TCA, taurolithocholic/TLCA, tauroche-
nodeoxycholic/TCDCA, taurodeoxycholic/TDCA, indole, indole lac-
tate/indole-3-lactate, indole-3-carbonyl, indole-3-acetic acid, acetic
acid, tryptophan, kynurenine, kynurenate/kynurenic, xanthurenate/
xanthurenic, serotonin, tryptamine, indole-3-ethanol, indole-3-pyru-
vate, AhR/aryl hydrocarbon, indole-3-aldehyde. Abbreviations: y.o.:
years old. UCDA: ursodeoxycholic acid, TUDCA: tauroursoursode-
oxycholic acid. NMN: Nicotinamide mononucleotide. NR: Nicotina-
mide riboside. CICR-NAM: Controlled-Ileocolonic-Release Nicotina-
mide. * Dietary intervention trial, placebo controlled

Reference ID  Treatment agent Intervention details  Trial design Target group Study size Trial status or
outcome

NCT05456763 Butyrate 250 mg orally (2x Randomized Pediatric IBD 29 (treatment), 43 No difference in
daily, 12-weeks) placebo-controlled (6-18 y.o.) (placebo) disease activity

NCT05218850 Butyrate Butyrate enema Phase I open label Pediatric IBD 10 (estimated) In recruitment

(1x daily, 12-weeks) (7-21y.0.)

NCT04879914 Butyrate 600 mg total orally =~ Randomized IBD 28 (treatment), 29 No difference in
(60-days) placebo-controlled (18-75 y.o.) (placebo) disease activity

NCT03724175 UDCA 300 mg orally Phase II/III open UC-related pouchitis 15 (estimated) In recruitment

(2x daily, 10-weeks) label (>18y.0)

NCT04114292 TUDCA 1.75-2g total Phase I open label ucC 13 (estimated) Status unknown
TUDCA daily (18-65 y.0.)
(6-weeks)

NCT05258474 CICR-NAM Single and multiple  Phase I double-blind Healthy and IBD 49 Completed
ascending doses (18-75y.0.)
(1, 2, 4 g orally)

NCT06488625 CICR-NAM 2 or 3 g per Phase II/I1I double- UC (18-80 y.o.) 459 (estimated) Not yet recruiting
day orally for blind
52-weeks

NCT06214078 NMN 250 mg NMN orally N/A* UC (18-75 y.0.) 48 (estimated) In recruitment
(2x daily, 8-weeks)

NCTO05561738 NR 12.5mg/kg/day NR ~ N/A* Pediatric UC (less 40 (estimated) In recruitment
orally by partici- than 18 y.0.)
pant weight.

Polyamines

Polyamines are unique compounds in that they are hydro-
carbons with an amino group at each end. As they are
positively charged at physiological pH, they can bind to
DNA and other negatively charged molecules. They are,
as a result, highly biologically active and can exert a mul-
tiplicity of physiological effects [63]. For example, poly-
amines possess both pro- and anti-apoptotic properties and
can affect the state of diverse immune cells (e.g., T cell
differentiation and macrophage polarization) [64]. Along
with humans, bacteria have the capacity to produce several
polyamines using arginine as a precursor [65]. Injection
of isotope-labelled arginine into rats via a colonic catheter
resulted in accumulation of isotope-labelled putrescine,
suggesting that microbiota can produce putrescine in-vivo,
thereby modifying intestinal concentrations [66]. In stool,
increased levels of the cytotoxins cadaverine and putrescine
[67] have been identified in individuals with UC and CD
relative to healthy controls [68, 69]. Examination of intes-
tinal biopsies has revealed increased intracellular levels of
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spermidine and N®-acetylspermidine and decreased sper-
mine in the colonic epithelial cells of individuals with
IBD relative to healthy individuals [70]. Furthermore,
spermidine, N®-acetylspermidine, and N!-acetylspermine
all increased with inflammatory activity. The findings on
spermidine are surprising given its commonly recognized
health-promoting properties in aging research. One of its
key benefits, particularly relevant to the pathophysiology
of IBD, is the induction of autophagy [71]. Clearly, more
research is warranted to exactly delineate the host-microbe
co-metabolism of polyamines in the gut and their potential
role in IBD pathophysiology.

Tryptophan and derivatives, NAD*
metabolism

While amino acids can be used for protein synthesis, these
chemical compounds can also be broken down into diverse
bioactive derivatives. One classic example is the essential
amino acid tryptophan (Trp), which can be catalyzed along
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three main biological routes: the kynurenine pathway, the
serotonin pathway, and into various indolic compounds [72].
Serum levels of Trp are reduced in CD and UC, and there is
a negative relationship between disease activity and serum
Trp [73]. Many Trp catabolites act as agonists for the tran-
scription factor aryl hydrocarbon receptor (AhR). Impor-
tantly, the result of AhR signaling depends not only on the
interacting ligand, but also cell type and microenvironment
[74]. However, it overall tends to favor anti-inflammatory
responses, e€.g. when Trp derivatives interact with the AhR
to regulate gut barrier function [75]. Germ-free studies have
implicated microbiota in mediating host levels of Trp and its
derivatives and suggest that these changes are far-reaching:
metabolic changes have been observed across organs and
serum in germ-free animals relative to their conventionally
raised or recolonized counterparts [76]. Moreover, several
studies have demonstrated that administration of specific Trp
derivatives (e.g., indole-3-pyruvic acid, indole-3-acetic acid
[77, 78]) can reduce symptoms of experimentally induced
colitis in mice. A recent study demonstrated the importance
of considering the interaction between diet and microbial
community ecology: levels of the generally pro-inflamma-
tory compound indole can be reduced via metabolic inter-
actions resulting from fiber fermentation by Bacteroides
thetaiotaomicron. By cross-feeding monosaccharides to E.
coli, production of indole by E. coli can be reduced, thereby
providing additional Trp for Clostridium sporogenes to act
as a substrate for indole-3-pyruvic acid and indole-3-lactic
acid biosynthesis [46]. This study underlines the complexity
of microbial metabolic contributions to their host and sug-
gests that metabolic capacities of single microbial species
should not be considered in isolation, but within the context
of the microbial community, host behavior and physiol-
ogy. Despite mounting evidence for a beneficial effect of
Trp derivatives (especially AhR agonists), our search for
interventions involving these compounds yielded no relevant
results.

Importantly, degradation of Trp along the kynurenine
pathway feeds one arm of nicotinamide adenine dinucleo-
tide (NAD™) synthesis via the de-novo pathway. NAD? is
furthermore synthesized from nicotinamide (NAM), nicoti-
namide mononucleotide (NMN) and nicotinamide riboside
(NR) via the salvage pathway and nicotinic acid (NA) via
the Preiss-Handler-pathway [79-83]. Given NAD™ is an
essential redox coenzyme, its deficiency has been associ-
ated with several conditions, including UC, and mitochon-
drial dysfunction [52, 84]. Of note, intestinal microbiota
influence host NAD™ bioavailability: For example, in germ-
free mice, a total reduction of NADH/NAD™ redox ratio in
colonocytes has been observed [85]; and microbiota fulfil a
critical function in supplying the host with NAD* precur-
sors, e.g. by converting NA into NAM [86, 87]. Although it
has been discussed controversially whether high abundances

of NAD* are generally favorable in intestinal inflammation
[88], increasing evidence suggests that supplementation with
NAD™ precursors exerts beneficial effects on colitis sever-
ity in preclinical models [89]. Accordingly, treatment of
moderately active UC patients with NA-containing enemas
induced clinical remission [90]; while ileocolonic release
of NAM has been assessed for its efficacy in healthy con-
trols and IBD patients, with phase II/III clinical trials in UC
patients set to begin recruitment soon, and recruitment for
studies testing NMN and NR in UC are ongoing (Table 1).

Modulation of microbial metabolism
via microbiota alteration

Aside from direct application of microbial metabolites, it
is possible to modulate microbial metabolism by influenc-
ing the overall microbial community. This can be in form
of single-strain interventions, or by influencing microbial
community structure. One reported single-strain utilized the
probiotic strain E. coli Nissle 1917, which was found to be as
effective as treatment with aminosalicylates in maintaining
remission in UC [91]. Community changes can be achieved
by several methods, e.g., oral supplementation of mixed-
strain probiotics or prebiotics, or through fecal microbiota
transplantation (FMT). In fact, a symbiotic combination of
prebiotics and probiotics was able to reduce colitis activity
in UC patients [92]. Furthermore, dietary fiber constitutes a
relevant prebiotic as it can act as a substrate for SCFA pro-
duction and its consumption reduces the risk of developing
CD [93]. Of specific relevance for this review, increased
production of anti-inflammatory secondary BA and SCFA
are observed in UC patients who benefit from FMT [94].
To date, however, only few bacteria-based concepts have
been transferred into clinical practice: this is majorly due to
the challenging task of determining the microbial and meta-
bolic signatures of an individual patient to allow for a tai-
lored treatment approach targeting the pathophysiologically
relevant “defects”. One example for this is a recent study by
Armstrong et al., which suggests that fiber supplementation
in patients who lack the required fiber fermenting microbiota
might drive inflammation rather than alleviate it [95]. Addi-
tionally, their efficacy is often limited by low concentrations
at the site of action, functional impairment caused by gastric
acids and BA as well as inefficient colonization of beneficial
microbial species. Transferring complex microbial commu-
nities also involves risks such as potential containment of
pathobionts or unpredictable impacts on the host microbiota;
therefore, it might be considered to transfer isolated strains
of interest [96]. Despite these difficulties, several Phase I and
II clinical trials have been initiated, and some have produced
promising results. However, it remains to be seen whether
the microbial therapeutics from these trials will be adopted
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into clinical practice. For a recent comprehensive overview
of these trials, refer to the review by Bethlehem et al. [97].

Barriers to clinical implementation

Despite the emerging potential to use microbial metabolic
characteristics for diagnostic or therapeutic strategies in
IBD, clinical implementations are rare. One limiting fac-
tor is the descriptive nature of microbiota analyses, espe-
cially when using 16S rRNA gene sequencing as the only
tool. Although we are just beginning to explore species
and strain-level genomic variation and their associated
consequences for metabolic plasticity, clearly this method
is limited in its ability to provide a representation of the
respective metabolic potential. It is therefore inadequate for
use as a diagnostic tool in this setting although its utility
is widely propagated by commercial entities and on social
media. Moreover, inter-individual variation in microbial and
metabolic signatures are quite high both in the healthy popu-
lation and within the population of individuals with IBD.
This reduces the predictive and diagnostic power of single-
omics layers and often renders one-fits-all-approaches inef-
fective. The high interindividual variability can be addressed
through careful recruitment practices that ensure a relatively
homogenous population, or alternatively, through recruit-
ment of large cohorts where clustering approaches can be
applied to identify distinct subpopulations. For a global
assessment of the complex actors and their interplay in an
organism, an integration of multi-omics-based data sets has
been suggested [98]. A joint analysis of metabolomics and
16S sequencing/metagenomics data is an obvious starting
point to acquire a multidimensional, functional classifica-
tion of microbiota-host interaction. Han et al. for example
describe a method that uses a metabolite library to infer
which metabolic signatures are produced by which microbes
[99], and a recent study in Microbiome introduces LOCATE,
a machine learning tool to predict metabolite concentrations,
microbiome-metabolome relationships and host conditions
[100]. Combining -omics layers can aid in the identifica-
tion of high-quality features, as cross-correlated features are
more likely to convey biologically or clinically meaningful
information. Ultimately, these carefully selected features
can be used to design more cost-effective screening tools
for larger, prospective clinical trials or even in-vitro screen-
ing. To account for low reproducibility due to highly diverse
study designs of IBD trials, a recent cross-cohort integra-
tive analysis has identified and validated several microbial
species, genes and metabolites to characterize IBD and
distinguish it from other disease entities [12]. Along the
same line, Muller et al. make an online collection of cross-
study paired microbiome-metabolome datasets publicly
available for broad functional characterization [29]. Such

@ Springer

approaches, which are based on deriving general principles
by integrating multiple individual microbiome-related meta-
bolic fingerprints, have great revolutionary potential: after
functional characterization of the microbial composition
and the pathophysiologically relevant metabolites, the cor-
responding signaling pathways can be modified following a
targeted approach with the help of pre-, pro- and postbiotics.

Outlook

As technology advances, combining -omics layers has
become easier and more cost-effective. These changes are
facilitating a new understanding of the repercussions of
host-microbe interactions on human physiology, which
will leverage the creation of new diagnostic and monitor-
ing tools in the IBD field over the coming years. There are
also several clinical trials that either directly supplement
microbial metabolites (e.g., butyrate) or aim to modulate
host-microbe interactions through influencing microbial
community structure. High inter-individual variation and
incompletely investigated interplay between host and
microbiota does still present an impediment to progress
in this area. This may be circumvented by homogenizing
patient recruitment (e.g., separate analysis of CD and UC)
and standardizing protocols for clinical trials and through
application of tailored interventions based on individual
patient-omics profiles. Furthermore, owing to the nature
of the diseases, the nutritional environment of the micro-
biota is expected to differ significantly between individ-
uals with and without IBD (e.g., due to impairment in
nutritional uptake or dietary changes). This alone is likely
enough to influence microbial metabolism in the inflamed
gut and therefore changes to microbial communities or
metabolites do not necessarily necessitate inflammatory
consequences. This problem can be partially overcome
through validation across culturally diverse populations
which will dilute diet-driven signals. It remains an open
question as to whether there are distinct subpopulations of
patients who would differentially respond to therapeutic
interventions. We believe that using clustering approaches
to identify these groups (e.g., clustering of metabolomics
data to identify discrete “metabotypes”) represents a
promising way forward to address the heterogeneity of
the patient population and one that could pave the way
towards prospective studies which are sorely needed on
the path towards clinical implementation. As we hope can
be appreciated from Table 1, several prospective clinical
trials are ongoing that will leverage the existing literature
to assess the influence of microbial metabolites on dis-
ease activity in IBD. This, too, represents an important
approach for clinical translation of the wealth of findings
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that have been produced thus far, and there are still more
microbial metabolites which may be well-suited for this
study design, including other SCFA beyond butyrate and
tryptophan metabolites.

In summary, targeted manipulation of microbiota and
microbial metabolites in IBD remains underutilized in
clinical practice. Harnessing the advances in multi-omics
research to craft personalized targeted intervention strate-
gies and diagnostic markers could unlock the potential of
microbial metabolism for disease modulation, setting the
stage for its adoption in precision medicine.

Key statements

While 16S sequencing has advanced our understanding of
the composition of the microbiota, employed on its own it
does not generate an in-depth understanding of IBD patho-
physiology, as it insufficiently provides insight into the
pathophysiologically highly relevant functional capabili-
ties of microbial strains

The limited success of pre-, pro- and postbiotics in
treating IBD highlights the complexity of the interplay
of different actors that needs to be addressed in order to
target the critical pathologic components driving inflam-
mation. These endeavors are compounded by large vari-
ability across IBD patients

Applying integrated multiomics-based approaches
can generate a holistic picture of the complex interaction
between host and microbe, helping to identify microbial
and metabolic signatures and imbalances associated with
IBD as a foundation for personalized diagnostics and tar-
geted therapies

To conduct effective precision medicine, study designs,
analytical techniques and clinical practices need to be
standardized. Personalized diagnostic and treatment regi-
mens based on individual microbiota and metabolome
profiles bear a high potential to improve outcomes in IBD
management
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