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Chapter 6

6. General discussion, future perspectives and
concluding remarks

6.1. General discussion

The interplay between the host and its microbes play a central role in maintaining
gastrointestinal homeostasis (El-Aidy et al., 2013; Lin & Zhang, 2017; Valdes et
al., 2018; Rastelli, Cani & Knauf, 2019; Michaudel & Sokol, 2020). The complex
communities of the gut microbiota that inhabit the mammalion gut have
a significant impact on the host gut physiology, mainly through their production of
a wide range of small bioactive molecules derived from various substrates,
including dietary precursors (Reigstad et al., 2015; Bhattarai €t al., 2018) and
medications (van Kessel et al., 2020). Microbial chemicals produced as a result of
microbial digestion of ingested substances, be it food or medication is
an established way in the host-microbe cross talk (Donia & Fischbach, 2015;
Balaich & Donia, 2020). Among the host-microbe co-metabolic pathways is the
tryptophan pathway. Tryptophan is an essential amino acid, and thus, humans rely
on exogenous, mostly dietary, tryptophan intake (Katuzna-Czaplinska et al., 201
7). Common natural food sources of tryptophan include oats, bananas, dried
prunes, milk, tuna fish, cheese, bread, pouliry, peanuts, and chocolate (Richard et
al., 2009). Tryptophan can be readily metabolized in the gut via three major
pathways: (1) the kynurenine pathway; (2) the serotonin pathway; and (3) the
indole pathway, which is a direct transformation of tryptophan by gut microbiota
(Agus, Planchais & Sokol, 2018). Despite the established role of
bacterial-produced indole and its derivatives (Agus, Planchais & Sokol, 2018), it
remains obscure whether other metabolites from tryptophan metabolism, such as
those from the serotonin pathway, could be sequestered by gut microbiota and
converted to small bioactive molecules with a subsequent effect on the gut
homeostasis. The work in this thesis described the gut microbial metabolization of
molecules from the serotonin pathway, and the effect of the derived metabolites
on the host gastrointestinal physiology. The major findings described in the
experimental chapters of this thesis and their future perspectives will be discussed

in the following chapter.
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General Discussion

5-hydroxyindole as a novel functional postbiotic?

Postbiotics can be classified as bioactive compounds produced by gut microbiota
that confer a health benefit on the target host (Herndndez-Granados & Franco-
Robles, 2020). There are several studies in which the in vitro and in vivo activity
of different postbiotics has been evaluated (Haileselassie et al.,, 2016; Gao et al.,
2019; Balaich & Donia, 2020; Liu, Wang & Wu, 2022). For example, many
postbiotics have been shown to exhibit antimicrobial properties against
pathogenic bacteria (Balaich & Donia, 2020) and they have been demonstrated
to have beneficial effect on the host immune system (Haileselassie et al., 2016; Liu,
Wang & Wu, 2022) and intestinal barrier function (Gao et al, 2019).
These biotherapeutics are receiving increasing attention, due to many advantages,
including longer shelf-life, easier storage, handling and transportation
(Herndndez-Granados & Franco-Robles, 2020), over existing probiotic or fecal
microbiota transplantation (FMT) therapy, which involve ingestion of live
consumable cultures of beneficial bacteria (Nagpal et al., 2012; Gupta, Allen-
Vercoe & Petrof, 2016) and represent a risk for, for example,
immunocompromised patients, where probiofic bacterial species can translocate to
the bloodstream, causing serious health damage (Herndndez-Granados & Franco-
Robles, 2020). In this thesis research (Chapter 2), we have identified a potentially
novel beneficial postbiotic 5-hydroxyindole, for slow-intestinal motility disorders,

such as constipation.

By combining a culture-based assays with subsequent High-Performance Liquid
Chromatography (HPLC) technique, we have identified a wide variety of gut
microbiota that can convert dietary supplement and antidepressant,
5-hydroxytryptophan to 5-hydroxyindole (Chapter 2) (Figure 1 (this chapter)).
The identification of genes/proteins involved in dietary precursors/medications
conversions by gut microbiota is crucial for, for example, guidance of how gut
microbial communities can be designed to produce specific gut microbiota derived
metabolites. Accordingly, we identified gut microbiota possessing tryptophanase
activity, typically converting tryptophan to indole, to efficiently convert
5-hydroxytryptophan into 5-hydroxyindole in the intestinal lumen, with variability
in the conversion levels (Chapter 2; Figure 1 and 2).

Individuals vary largely in the way how their gut microbiota convert ingested
medications (Zimmermann et al., 2019b, 2019a). Indeed, our results showed

a major interindividual variation in the detected levels of 5-hydroxyindole in fecal
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Chapter 6

samples of healthy volunteers after oral administration of 5-hydroxytryptophan
(Chapter 2; Figure 1B). Similarly, when the fecal samples were incubated in vitro
with 5-hydroxytryptophan, there was a variation among the tested samples
in their ability to convert 5-hydroxytryptophan to 5-hydroxyindole (Chapter 2;
Figure 1A). The interindividual variation in the conversion of 5-hydroxytryptophan
to 5-hydroxyindole in the human fecal samples was associated with high relative
abundance of Bifidobacteria in the human fecal samples, which have been shown
to decrease the pH of the samples, which in turn affected the activity of
the tryptophanase enzyme and production of 5-hydroxyindole (Chapter 2; Figure
3). It has been previously reported that intestinal pH has a major impact on a drug
metabolism (Aresti-Sanz et al., 2021; Vinarov et al., 2021). Intestinal pH is
dependent on the diet and the residing bacteria (Zoetendal et al.,, 2012; Kohl et
al., 2013; Oliphant & Allen-Vercoe, 2019). For example, in rodents, a high fiber
diet led to an increase in the small intestinal pH (Kohl et al., 201 3). Another study
showed that pH measured in an ileostomy effluent from an ileostomy patient
raised from 5.6 in the morning to 6.8 in the afternoon due to changes in feeding
cycles, leading to altered levels of short chain fatty acids (SCFAs) and this was
in agreement with the presence of Streptococcus sp. and Clostridium cluster XIVs
sp., which are producers of SCFAs (Zoetendal et al., 2012).

To qualify 5-hydroxyindole as a postbiotic, it has to deliver beneficial effects
on the host. In Chapter 2 and 4, using an €X VivO organ bath system and in vivo
in rats, we showed that 5-hydroxyindole has a profound effect on colonic motility.
The effect of 5-hydroxyindole on gut motility was attributed to two mechanisms:
(1) direct activation of L-type voltage-gated calcium channels (LTCCs) located
on the colonic smooth muscle cells and (2) indirect induction of serotonin production
from enterochromaffin cells (Chapter 2; Figure 6) (Figure 1 (this chapter)).
Notably, in light of the recent findings from Chapter 2 and 4, the emerging studies
suggesting the administration of slow-release 5-hydroxytryptophan as a potential
novel treatment for depressed patients (Jacobsen, Krystal, et al., 2016; Jacobsen,
Rudder, et al., 2016; Maffei, 2021) with intestinal motility dysfunction associated
with mood disorders (Israelyan et al, 2019), should now be revisited.
The metabolization of 5-hydroxytryptophan to 5-hydroxyindole by the gut
microbiota may represent another mechanism by which the colonic motility
described in (Israelyan et al., 2019) increased and might signify a challenge in the
bioavailability of 5-hydroxytryptophan for support of serotonin depletion in the

brain.
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Figure 1. Overview of the main findings from this thesis. Black arrows and the associated text in
black represent known pathways in the microbiota-serotonin interplay. Red arrows and the
associated text in red indicate novel findings in the microbiota-serotonin interplay from this thesis
research. Abbreviations: 5-HI, 5-hydroxyindole; 5-HIAA, 5-hydroxyindole-3-acetic acid; 5-HIAld,
5-hydroxyindole-3-acetaldehyde; 5-HT, serotonin; 5-HTP, 5-hydroxytryptophan; AADC, aromatic
amino acid decarboxylase; CpxA, bacterial serotonin sensor; EC cell, enterochromaffin cell; hpd,
4-hydroxyphenylpyruvate dioxygenase; I13C, indole-3-carboxaldehyde; LTCCs, L-type voltage-
gated calcium channels; SCFAs, short-chain fatty acids; SERT, a bacterial homologue of mammalian
serotonin transporter; thaA, tryptophanase; TPH1, tryptophan hydroxylase 1; Trp, tryptophan; tyrB,
tyrosine aminotransferase.

Indeed, gastrointestinal motility is affected by many factors, such as gut microbiota
derived metabolites (Waclawikova et al.,, 2022). However, the associations
between infestinal motility, the gut microbiota-derived metabolites and gut
microbiota composition requires further investigation. Despite the considerable
recent progress in describing the effects of the indole (tryptophan) metabolites
on the composition and diversity of the intestinal microbiota (Liang et al., 2018;
Menni et al.,, 2020; Zhu et al., 2020; Yusufu et al.,, 2021), the overall impact of
these metabolites on the host microbiota is contradicting and remains largely
unknown. For example, Liang et al. showed that indole and its derivative, indole-
3-acetic acid, significantly enhanced the richness, but not the diversity of the
bacterial population in the cecal contents of piglets (Liang et al., 2018). On the
other hand, other studies showed no effect of high levels of indole metabolites
produced from tryptophan and Mediterranean diet on the alpha diversity in mice
and humans, respectively (Zhu et al., 2020; Yusufu et al, 2021). Moreover,

181



Chapter 6

tryptophan enriched diets, and the consequent higher concentrations of tryptophan
metabolites in the cecal or fecal samples of piglets and mice, respectively, have
been shown to increase the abundance of Prevotella genus (Liang et al,, 2018;
Yusufu et al, 2021). In this thesis, we showed that administration of
5-hydroxyindole and its subsequent acceleration of gut motility have marginal
effects on the cecal gut microbiota (Chapter 3). The employment of 16S rRNA
sequencing showed that 5-hydroxyindole treatment significantly increased the
abundance of only two genera, Shuttleworthia and Prevotellaceae UCG-001
(Chapter 3; Figure 1), adding another piece of a puzzle of how indole metabolites
can affect gut microbiota composition and supporting safe use of 5-hydroxyindole

as a potential postbiotic.

One other regulatory element of gut motility is the excitation and contraction of
smooth muscle cells (Sanders et al., 2012; Spencer & Hu, 2020). Excitation and
contraction of gut muscles is regulated by membrane depolarization (influx of
positively charged ions inside the cell), which activates voltage-dependent Ca2+
channels and triggers elevated levels of intracellular Ca2* (Mitra & Morad, 1985;
Droogmans & Callewaert, 1986; Taylor & Stull, 1988; Vogalis et al., 1991;
Somlyo & Somlyo, 2003). Gastrointestinal smooth muscles express mostly LTCCs
(Wegener et al.,, 2006). LTCCs are widely distributed in the human smooth and
skeletal muscles (Zamponi et al.,, 2015). Dysregulation of LTCCs is associated with
various gastrointestinal motility disorders, including constipation (Liu et al., 2001;
Zhang et al., 2010; Beyder & Farrugia, 2012), making LTCCs an important target
for drug development. In this thesis research, we have shown that 5-hydroxyindole
affects the intestinal motility via modulating LTCCs located on the smooth muscle
cells (Chapter 2) (Figure 1 (this chapter)). To investigate the binding site of
5-hydroxyindole on the LTCCs, the experimental screening assays with molecular
dynamics (MD) simulations have been combined (Chapter 4). Our results from
coarse-grained (CG) MD simulations indicated that 5-hydroxyindole can probably
bind to the pore-forming subunit 01 on the LTCCs, where it interferes with the
binding of the main blocker of LTCCs, nifedipine (Chapter 4; Figure 1). The Martini
force-field CG model has been previously used to accurately predict binding
pockets and binding modes for a number of pharmaceutical relevant targets such
as nuclear receptors, GPCRs and kinases (Souza et al., 2021). Indeed, in this thesis
research, the CG MD simulations have also provided useful insights for the

potential pockets where 5-hydroxyindole can bind to LTCCs.
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Novel findings on the microbiota-serotonin interplay

Gut microbiota derived metabolites can have either direct effect on the gut
motility, for example via directly influencing receptors involved in the regulation
of the intestinal motility (Alemi et al., 2013; Chen et al., 2019; Obata et al., 2020;
Waclawikova et al.,, 2021), or indirectly, via inducing the production of specific
modulators of gut motility, such as serotonin (Ye et al.,, 2020; Waclawikové et al,,
2021). Serotonin is released basolaterally, but also apically into the lumen
(Bertrand & Bertrand, 2010), suggesting that serotonin can be metabolized to
molecules with a subsequent impact on the intestinal homeostasis and /or serotonin
can influence the luminal gut microbes and this might lead to the gut bacterial
molecular adjustments. As shown in chapter 5, serotonin can be metabolized by
Pseudomonas fluorescens to 5-hydroxyindole-3-acetic acid (5-HIAA) (Chapter 5;
Figure 1) (Figure 1 (this chapter)). Although, P. fluorescens-encoded enzyme(s) for
serotonin degradation still remain unknown, after employment of RNA-seq study,
which was performed to investigate whether exposure of P. fluorescens cells to
serotonin leads to specific molecular adjustments, a hypothesis for serotonin
degradation pathway in P. fluorescens was shaped. Serotonin exposure of
P. fluorescens cells upregulated the phenylalanine and tyrosine catabolism
(Chapter 5; Figure 2). After closer inspection of which genes are involved in the
phenylalanine and tyrosine catabolic pathways, we hypothesized that tyrB, which
encodes tyrosine aminotransferase, and hpd, encoding 4-hydroxyphenylpyruvate
dioxygenase, might be involved in the serotonin degradation in P. fluorescens
(Figure 1 (this chapter)). Currently this predictive pathway is experimentally
tested.

Using duodenal organoids and subsequent measurements of the passage of small
neutral molecules across these intestinal organoids-derived monolayers, 5-HIAA
has been shown to enhance epithelial barrier function (Chapter 5; Figure 2)
(Figure 1 (this chapter)). The mechanism how 5-HIAA enhances the intestinal barrier
function has not been identified, however one plausible mechanism by which
5-HIAA enhances epithelial barrier function could be through its activation of AhR
(Chapter 5; Supplementary Figure 2), similar to a wide range of indole
derivatives known to activate AhR (Agus, Planchais & Sokol, 2018) and thus
regulate gut barrier function (Scott, Fu & Chang, 2020). In Chapter 5, the impact
of serotonin on P. fluorescens cells was as well investigated. It was shown that
serotonin significantly upregulates several biological pathways in P. fluorescens,

including the complete catabolic pathway for phenylalanine and tyrosine
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(Chapter 5; Figure 2) (Figure 1 (this chapter)). P. fluorescens was grown under
aerobic conditions, therefore exposed to oxidizing agents produced
endogenously by aerobic respiration (da Cruz Nizer et al., 2021). Tyrosine
degradation pathway represents mechanisms by which bacteria respond to the
surrounding oxidative stress (Tiwari et al., 2018; Id et al., 2019). Tyrosine catabolic
pathway might be thus used to tackle oxidative stress, caused by reactive oxygen
species, produced endogenously by aerobic respiration. However, to support
these claims, further studies are currently conducted in our lab. Altogether, these
findings are adding substantial new knowledge missing so far in the serotonin

signalling in the gut.

6.2. Future perspectives

To date, experimental research investigating the effect of microbiota on gut
motility is directed along three main types of methodologies: in Vivo, human or
animal studies, in Vitr0 and ex VivO experiments (reviewed in detail in
(Waclawikové et al., 2022)). However, the complexity of the different processes
that occur during digestion and absorption of nutrients, the vast interindividual
variability in terms of their microbiota composition and the limitations of the
currently available techniques, make gaining such a mechanistic insight very
challenging. The complexity further arises from the fact that multiple physical,
biological and chemical aspects interact to determine the dynamics of the gut.
For example, gut bacteria, their metabolites and the nutrients on which the
bacteria feed upon are transported, mixed and dispersed by the fluid flow of the
gut, and thus the stability of the bacterial population is strongly influenced by the
flow. At the same time, the fluid flow is determined by the gut motility, which is
affected by bacterial metabolites, as well as by external factors such as the
feeding state, circadian rhythm, meal content and viscosity (reviewed in detail in
(Waclawikové et al., 2022)).

Currently, in silico models are employed to address some of the above-mentioned
limitations, and focus on some of the key components of the system. For example,
in silico models allow the integration of gut motility with an exact fluid flow
calculation, solute and bacterial transport, and feedback of bacteria and
components on motility and flow (Cremer et al.,, 2016; Cremer, Arnoldini & Hwa,
2017). However, despite being promising, in silico modeling is still in its infancy
and in silico model including all the interactions between gut motility, flow,

transport, bacteria and their metabolites is yet lacking. Therefore, the future
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eX ViVo and in Vivo studies should focus on unraveling the basic mechanisms
required to feed the in silico studies to understand the long-term consequences of
bacterial metabolites on bowel function. The latter should focus on the
representation of the different elements that regulate the interaction between gut
microbes and bowel movement, as well as feedbacks, including physics elements
like fluid flow. Predictions from in silico and ex Vvivo can be the verified in in vivo
models, to evaluate if all gut motility-regulatory elements are taken into
consideration. Altogether, combining in silico, ex Vivo and in vivo outcomes will

provide novel mechanistic insights in the microbiota-gut motility interplay.

Deciphering the mechanisms by which gut microbiota and its metabolites maintain
intestinal homeostasis is crucial to understand the role of these microbes in many
gastrointestinal disorders (Singh et al, 2021) and other disorders including
neurodegenerative diseases as well as neuropsychiatric disorders, including stress
and depression (Koopman & El Aidy, 2017; Simpson et al., 2021). Despite the
remarkable progress in developing high-throughput computational and
biochemical approaches to identify unculturable microbes and their metabolic
capabilities (Bisanz et al., 2020; Chijiiwa et al., 2020; Xavier, 2021), the majority
still remain unknown, and most of the identified ones remain functionally
uncharacterized. The next steps should be to resolve the microbiota-metabolome
and build chemical libraries that can be tested in functional assays. Another
challenge confronting the complex host-microbiota interaction studies, is the
limitation of reliable models that allow translation of data to humans. Human
cohort studies will continue to be integral for translating the gut microbiota
in health and disease (Tigchelaar et al., 2015; Falony et al., 2016), while new
developments in the knowledge gained from e.g. mouse studies, which are still
mainly used for uncovering the gut microbiota effect on the intestinal physiology
(Chen et al.,, 2019; Obata €t al., 2020), should be translated to a human situation.
Recently, Beresford-Jones et al. provided an advance in this direction (Beresford-
Jones et al., 2022). In this study, a Mouse Gastrointestinal Bacteria Catalogue
(MGBC) has been constructed that enables species-level analyses for mapping
functions of interest and identifies functionally equivalent taxa between the

microbiotas of humans and mice (Beresford-Jones et al., 2022).

Furthermore, the emerging research in the field of host-microbe interactions has
resulted, so far, in an accumulation of massive amounts of data. This represents

a challenge to interpret and (clinically) apply the outcome of these extensive
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datasets, due to their size, complexity, and diverse formats but also in several
occasion, the data are not made publicly available. Increasing awareness of the
available databases and appropriate analyses to use (for example see:
https://www.nature.com/sdata/policies/repositories) could help overcome this
obstacle. Equally important is to report how samples were collected, handled, and
stored, as these factors have a dramatic influence on the results. Further,
researchers should take into consideration to preregister their study designs and
analyses, to avoid a researchers’ degrees of freedom, and, thus, (uncorrected)
multiple testing and presentation of only desirable results (p-hacking) or post hoc
hypothesis generation (Forstmeier, Wagenmakers & Parker, 2017; Aarts & El
Aidy, 2019). This also allows a presentation of null results. Naturally, journals play
an important role in allowing preregistration and null results to be presented and

preventing publication bias.

6.3. Concluding remarks

The gut microbial-derived metabolites are evident to have a substantial effect on
the regulation of host gut physiology, such as regulating gut epithelial barrier
function, modifying drug metabolism and modulating gut motility. Despite the
significant emergence of knowledge in the host-microbiota interactions over the
last years, enormous efforts are undoubtedly still needed to fully unravel the
underlying mechanisms, thereby potentiating the application of microbiota-
targeted therapies in clinical practice and in a personalized manner. The
development of combined models to decipher novel mechanistic insights into the
complex interactions between the gut microbiota and its products and bowel
function is yet lacking. Moreover, efforts in translating the data generated
in animal studies to humans, unifying sample collection and analysis of data as

well as the careful interpretation of data and making the data publicly available.
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