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Brief Summary 

The gut microbiota-derived metabolites are evident to have a substantial effect 

on the regulation of various host functions. Despite the vast number of studies 

dissecting the host-microbiota interactions over the last years, enormous efforts are 

still needed to fully unravel the underlying mechanisms of this crosstalk, thereby 

potentiating the application of microbiota-targeted therapies in clinical practice 

and in a personalized manner.  

This thesis investigates the interplay between the microbiota, serotonin metabolism, 

and gut function. We showed that a wide range of gut microbiota can convert, 

the serotonin precursor, 5-hydroxytryptophan into an indole derivative. 

This bacterial product showed a potent stimulatory effect on the intestinal motility 

via activation of calcium channels, and a marginal effect on the microbiota 

composition. Besides, we uncovered the bacterial metabolization of serotonin and 

how this process impacts both the bacteria and its host. The outcome of this thesis 

has brought new insight in the physiological role of bacteria-derived indoles and 

may help the design of novel microbiota-based therapeutics targeting gut motility. 

 



 



 

Beknopte Samenvatting 
Het is duidelijk dat de microbiële metabolieten in de darm een substantieel effect 

hebben op de regulatie van verschillende gastheerfuncties. Ondanks het enorme 

aantal onderzoeken dat de afgelopen jaren de interacties tussen gastheer en 

microbiota probeert te ontrafelen, zijn er nog steeds enorme inspanningen nodig 

om de onderliggende mechanismen van deze samenspraak volledig te begrijpen 

zodat de toepassing van op microbiota gerichte therapieën in de klinische praktijk 

en op een gepersonaliseerde manier mogelijk wordt gemaakt. 

Dit proefschrift onderzoekt de wisselwerking tussen de microbiota, het 

serotoninemetabolisme en de darmfunctie. We toonden aan dat een breed scala 

van darmmicrobiota de serotoninevoorloper, 5-hydroxytryptofaan, kan omzetten 

in een indoolderivaat. Dit bacteriële product vertoonde een krachtig stimulerend 

effect op de darmmotiliteit via activering van calciumkanalen en een marginaal 

effect op de microbiota-samenstelling. Bovendien hebben we de bacteriële 

metabolisatie van serotonine opgehelderd, alsmede hoe dit proces zowel 

de bacteriën als de gastheer beïnvloedt. De uitkomst van dit proefschrift heeft 

nieuw inzicht gegeven in de fysiologische rol van de van bacteriën afgeleide 

indolen en kan helpen bij het ontwerpen van nieuwe, op microbiota gebaseerde 

therapieën, die gericht zijn op darmmotiliteit. 
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1. Introduction 

1.1. Background 

The human gastrointestinal tract is inhabited by trillions of microbes. The gut 
microbes have coevolved with the human body to perform numerous beneficial 
functions ranging from fermenting food (Valdes et al., 2018) to having profound 
impact on the host immunity (Michaudel & Sokol, 2020), regulating gut endocrine 
function (Rastelli, Cani & Knauf, 2019), modifying drug action (van Kessel et al., 
2019) and metabolism (Zimmermann et al., 2019a) and modulating gut motility 
(Dalziel, Spencer & Young, 2021). Consequently, disruptions or alterations in this 
resilient relationship are a significant factor 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).  

Gut microbiota impacts the host 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 et al., 2018) and 
medications (van Kessel et al., 2020). Taking drugs as an example, the oral route 
is the most common route for drug administration. Upon exiting the stomach, drugs 
are transported via the small and/or large intestine to the blood circulation to 
eventually reach the site of action. However, prior to their absorption, some 
administered drugs can spend a considerable amount of time in the small and 
large intestines, and thus get into the close proximity to the residing gut microbiota 
(van Kessel et al., 2019; Javdan et al., 2020). It is therefore important to consider 
the inter-individual differences in terms of gut microbiota function and composition, 
in the prediction and design of therapeutics (Zimmermann et al., 2019b, 2019a). 

1.2. Drug-microbiota interactions 

The human gut microbiota harbors hundreds of bacterial species, encoding an 
estimated 100 times more genes than the human genome (Qin et al., 2010). This 
enormous diversity and richness represent a repertoire of yet-uncharacterized 
biochemical activities capable of metabolizing ingested chemicals (Koppel, Rekdal 
& Balskus, 2017). Although gut microbiota drug metabolism has been observed in 
dozens of examples (Li, He & Jia, 2016; Zimmermann et al., 2019a; Javdan et al., 
2020), this process is still mostly overlooked, especially in the drug development 
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(Spanogiannopoulos et al., 2016). Several drugs can be altered and their 
modification by the gut microbiota can lead to either their activation (sulfasalazine 
(treatment of gastrointestinal inflammatory diseases (Sousa et al., 2014) and 
levamisole (colon cancer treatment) (Shu et al., 1991)), inactivation (omeprazole 
(proton pump inhibitor (Watanabe et al., 1995)), toxification (brivudine (antiviral 
drug (Zimmermann et al., 2019b) and irinotecan (colon cancer treatment) (Wallace 
et al., 2010)) or causing side effects (indomethacin (anti-inflammatory drug) (Smith, 
1978)). One other example of drugs which are co-metabolized by host and gut 
microbiota is digoxin, a treatment for heart disease, that is transformed to 
dihydrodigoxin and dihydrodigoxigenin by Eggerthella lenta, and thus inactivated 
(Haiser et al., 2013). Recently, the primary medication for Parkinson’s disease, 
levodopa, has been also shown to be metabolized by small intestinal gut 
microbiota and thus bioavailability of levodopa was restricted (van Kessel et al., 
2019). Another example of drugs affected by gut microbiota are laxatives, 
a group of medication for treatment of constipation (Zimmermann et al., 2019a). 
A laxative drug, such as bisacodyl, has been reported to be substantially 
metabolized by more than 75% of tested gut bacterial strains (Zimmermann et al., 
2019a).  

Gut microbiota has certainly large impact on the drug metabolism, however 
medications can also influence the gut microbial composition and this phenomenon 
should not be overlooked. Consumption of drugs designed to target human cells 
and not gut microbes, such as antidiabetics (Forslund et al., 2015), proton pump 
inhibitors (Imhann et al., 2016; Jackson et al., 2016), anti-inflammatory drugs 
(Rogers & Aronoff, 2016), laxatives (Vich Vila et al., 2020) and other commonly 
used drugs (Flowers et al., 2017; Maier et al., 2018), have been associated with 
changes in the gut microbiota composition. Proton pump inhibitors have been linked 
to a significant increase in genera Enterococcus, Streptococcus, Staphylococcus and 
Escherichia. Another medications, such as laxatives, have been shown to 
significantly increase an abundance of Alistipes and Bacteroides species (Vich Vila 
et al., 2020). However, the use of laxatives and their effect on the gut microbiota 
is still puzzling due to the difference in the intestinal transit time in patients using 
this medication (Vich Vila et al., 2020). Longer gut transit times are linked to 
increasing relative abundances of microbial species, such as Akkermansia 
muciniphila, Bacteroides and Alistipes (Falony et al., 2016; Vandeputte et al., 2016; 
Asnicar et al., 2021). In addition, a study from our laboratory unraveled the effect 
of Parkinson’s disease medication, pramipexole and ropinirole, dopamine 
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agonists, with combination with levodopa-carbidopa, on the small intestinal 
motility and the associated alterations in the microbiota composition in healthy rats 
(van Kessel et al., 2021). In this study, rats treated with dopamine agonists showed 
a significant reduction in small intestinal motility and significant alterations in 
microbial taxa, which included an increase in Lactobacillus and Bifidobacterium and 
a decrease in Lachnospiraceae and Prevotellaceae (van Kessel et al., 2021). 

1.3. Gut bacteria regulate the bowel motility via their metabolic products 

Microbiota composition is closely related to the intestinal motility and thus has high 
impact on which gut bacterial metabolites are produced, which in turn, can again 
influence the intestinal motility and thus determine which microbes colonize the gut, 
entering a vicious cycle. Gastrointestinal motility is a key physiological parameter 
that governs digestion and absorption of nutrients, and is regulated by various 
factors, such as the enteric nervous system and immune system (Spencer & Hu, 
2020), gut hormones (Fukui, Xu & Miwa, 2018), as well as gut microbes and their 
metabolites (see below). Prominently studied categories of bacterial products, 
which have been well studied in relation to altered gut motility are short-chain 
fatty acids (SCFAs), produced by bacteria from the fermentation of fibers 
(Cummings, 1981) and tryptophan metabolites, produced by gut microbiota from 
dietary tryptophan (Agus, Planchais & Sokol, 2018). In addition, several other 
metabolites that belong to a wide range of chemical groups have been shown to 
alter gut motility (Table 1). 

Short-chain fatty acids and gut motility 
SCFAs, including, acetate, butyrate, and propionate (Cummings, 1981) originate 
from bacterial degradation of dietary fibers and are a key energy source and 
signaling molecules in the mammalian colonocytes (Bugaut, 1987; Koh et al., 
2016). SCFAs, in particular, butyrate, have been shown to modulate the activity 
of the enteric nervous system in rats (Soret et al., 2010). A resistant starch diet (in 
which starch reaches the colon and can be considered as a dietary fiber), 
intracecal butyrate infusion, and butyrate application to cultured myenteric 
ganglia, all affected the rat enteric nervous system by increasing the proportion 
of cholinergic neurons, one of the most abundant excitatory neurons in the enteric 
nervous system (Furness et al., 2014), translating to shorter colonic transit time and 
increased cholinergic-mediated colonic circular muscle contractile response (Soret 
et al., 2010).  
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Table 1. Overview of currently known bacterial metabolites, their effect on gastrointestinal 
motility, and experimental models used for the assessment of gut motility. Adapted from 
(Waclawiková et al., 2022). 

Bacterial metabolite Effect on gut 
motility 

Methods used Model organism 
and effect size 
(N) 

Reference 

Lipopolysaccharides - Regulation of 
BMP2 (growth 
factor produced by 
macrophages, 
which regulate 
peristaltic activity 
of the colon) and 
CSF-1 expression 
(a growth factor 
secreted by enteric 
nervous system) 

- Ex vivo organ 
bath model 
(colonic 
contractility 
measurements) 
- Bead expulsion 
test (colonic 
transit analysis) 
- GI transit assay 
using carmine 
red in vivo (gut 
motility 
measurements) 
- Rhodamine B 
dextran 
fluorescence 
detection (gastric 
emptying and 
small intestinal 
transit) 

Mice (n = NS*) (Muller et 
al., 2014) 

- Signaling via TLR4 
receptor leads to 
delayed 
gastrointestinal 
motility 

- Fecal pellets 
collection (stool 
frequency) 
- Bead expulsion 
test (colonic 
transit analysis) 
- Isometric muscle 
recordings of 
colonic 
longitudinal 
muscle strips 

Mice (n = 5-10) (Anitha et 
al., 2012) 

- Signaling through 
TLR4 activates ICCs 
to produce nitric 
oxide and inhibits 
the pacemaker 
currents of the gut 
contractility 

- Whole-cell 
patch clamp 
(cultured ICCs 
measurements of 
membrane 
currents) 
- RT-PCR in 
cultured ICCs 
from the small 
intestine 

Mice (n = 6-11) (Zuo et al., 
2012) 

Lipopeptides and 
peptidoglycan 

- Signaling via TLR2 
receptor resulted in 
inhibition of 
neurogenesis 
leading to a 
significant 
dysmotility and loss 
of colonic myenteric 
neurons 

- GI transit assay 
using carmine 
red in vivo 
- Bead latency 
test (distal 
colonic transit 
time) 
- Detection of 
fluorescein 
isothiocyanate-
dextran 
(determination of 
colonic geometric 
center) 

Mice (n = NS) (Yarandi et 
al., 2020) 
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Continuation of Table 1. 

Bacterial metabolite Effect on gut 
motility 

Methods used Model organism 
and effect size 
(N) 

Reference 

Tryptophan metabolites - AhR signaling in 
the colonic neurons 
alters gut motility 
(indole-3-carbinol) 

- Live video 
imaging  and 
spatiotemporal 
mapping of 
colonic motility 

Mice (n = 8-18) (Obata et 
al., 2020) 

- Enhancement of 
the epithelial 
barrier function by 
increasing of 
expression of genes 
involved in 
maintenance of 
epithelial cell 
structure and 
function (indole) 

- Microarrays NA (Bansal et 
al., 2010) 

- Regulation of 
intestinal barrier 
function in vivo by 
acting as a ligand 
for xenobiotic 
sensor, pregnane X 
receptor (IPA) 

- Fluorescein 
isothiocyanate-
dextran 
detection in 
serum (intestinal 
permeability 
assay in vivo) 

Mice (n = 3-6) (Venkatesh 
et al., 
2014) 

- Reduction of 
intestinal 
permeability in 
mice fed a high fat 
diet (IPA) 

- Fluorescein 
isothiocyanate-
dextran 
detection in 
plasma (intestinal 
permeability 
assay in vivo) 
- TEER (colonic 
intestinal 
permeability 
assay in vitro) 

Mice (n = 7-9) (Jennis et 
al., 2017) 

- Activation of 
TRPA1 in EECs, 
leads to production 
of 5-HT from 
enterochromaffin 
cells and thus 
modulate gut 
motility (indole and 
indole-3-
carboxaldehyde) 

- Real-time 
measurements of 
EECs in vivo in 
zebrafish 
(activation of 
TRPA1 and gut 
motility) 
Amperometry 
(5-HT release) 

Zebrafish (n = 
117-213) 

(Ye et al., 
2020) 

Bile acids - Modulation of 
5-HT release from 
model of 
enterochromaffin 
cells (cholate, 
deoxycholate) 

- RIN14B cell line 
in vitro (5-HT 
release 
measurements) 

NA (Yano et 
al., 2015) 

- Bacterial bile salt 
hydrolase activity is 
associated with 
faster 
gastrointestinal 
transit in 
gnotobiotic mouse 
model 

- GI transit assay 
using carmine 
red in vivo (gut 
motility 
measurements) 

Mice (n = 5-6) (Dey et al., 
2015) 
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Continuation of Table 1. 

Bacterial metabolite Effect on gut 
motility 

Methods used Model organism 
and effect size 
(N) 

Reference 

Bile acids - Promote 
gastrointestinal 
motility by 
activation of TGR5 
receptors located 
on enterochromaffin 
cells 

- Ex vivo organ 
bath model 
(colonic 
contractility 
measurements) 
- Evans Blue dye 
detection 
(gastrointestinal 
transit) 
- Bead expulsion 
test (colonic 
transit analysis) 
- Fecal pellets 
collection (stool 
frequency) 

Mice (n = NS) (Alemi et 
al., 2013) 

Protein P9 - Production of 
protein P9 signals 
to L cells to produce 
GLP-1 

- ELISA (GLP-1 
quantification) 

NA (Yoon et 
al., 2021) 

Quercetin - Improvement of 
the symptoms of 
constipation in rat 
loperamide-
induced 
constipation model 

- Charcoal 
propulsion test 
(gut motility) 

Rats (n = 3) (Kim et al., 
2018) 

Heptadecanoic and 
stearic acid (saturated 
long-chain fatty acids) 

- Enhancement of 
colonic contractility 
ex vivo and stool 
frequency in vivo 

- Ex vivo organ 
bath model 
(colonic 
contractility 
measurements) 
- Fecal pellets 
collection (stool 
frequency) 

Rats (n = 6-8) (Zhao et 
al., 2018) 

Isovaleric acid (branched-
chain fatty acids) 

- Causes contractile 
relaxation of 
colonic smooth 
muscles via 
cAMP/PKA 
pathway 

- Ex vivo organ 
bath model 
(colonic 
contractility 
measurements) 
- Isolated muscle 
cells culture 
(direct activation 
of PKA activity) 
 

Mice (n = 4-7) (Blakeney 
et al., 
2019) 

Polyamines (spermidine, 
putrescine, spermine) and 
trace amines 
(isoamylamine, 
cadaverine) 

- Modulation of 
intestinal peristalsis 

- Ex vivo organ 
bath model (ileal 
and colonic 
contractility 
measurements) 
 

Mice (n = 7) (Sánchez et 
al., 2017) 
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Continuation of Table 1. 

Bacterial metabolite Effect on gut 
motility 

Methods used Model organism 
and effect size 
(N) 

Reference 

Ferulic acid - Acceleration of 
gastrointestinal 
transit and gastric 
emptying 

- Charcoal 
propulsion test 
(gut transit) 
- Phenol red 
detection (gastric 
emptying) 

Rats (n = 8) (Badary et 
al., 2006) 

Histamine - Promotion of 
colonic motility via 
activation of 
histamine 
receptors in the 
gut 

- Fecal output 
assay 

Mice (n = 3-5) (Chen et 
al., 2019) 

3-(3,4-
dihydroxyphenyl)propionic 
acid (DHPPA) 

- Potent 
stimulation of ileal 
motility ex vivo 

- Ex vivo organ 
bath model (ileal 
contractility 
measurements) 

Mice (n = 4-6) (van Kessel 
et al., 
2020) 

Dopamine - Inhibition of 
longitudinal 
muscle 
contractility 

- Ex vivo organ 
bath model 
(longitudinal ileal 
muscle 
contractility 
measurements) 

Guinea pigs (n = 
10) 

(Zar, 
Ebong & 
Bateman, 
1982) 

- Decreased the 
duration of the 
MMCs in the small 
intestine 
(duodenum and 
jejunum) 

- Implanted 
Ni/Cr electrodes 

Dogs (n = 4) (Fioramonti 
et al., 
1984) 

- Induced phase-III 
like MMCs in the 
duodenum 

- Intestinal 
radiopaque tube 

Humans, healthy 
(n = 14) 

(Marzio et 
al., 1990) 

Abbreviations: NS, not specified; NA, not applicable 

Another study showed that different SCFAs have different effects on the colonic 
contractility in guinea pigs (Hurst et al., 2014). Butyrate caused an increase in 
colonic contractility, while propionate, and, to a lesser extent, acetate resulted in 
a decrease in contractility (Hurst et al., 2014). Such a difference in the effect of 
the different types of SCFAs studied may lie in the different animal models used 
in the study since previous findings reported that, in the rat colonic tissue, all three 
SCFAs had stimulatory effects on the colonic peristalsis (Grider & Piland, 2007; 
Hurst et al., 2014). Furthermore, butyrate, propionate and acetate, can indirectly 
affect the murine gut motility through their induction of a gut hormone, glucagon-
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like peptide 1 (GLP-1), secretion (Figure 1A), which was reported to significantly 
prolong an intestinal transit (Wichmann et al., 2013). Another example how gut 
microbes affect gut hormones release is via acetate, propionate, butyrate, and 
lactate, as well as bacterial supernatants of the Bifidobacterium and Lactobacillus 
genera, which were shown to affect ghrelin signaling via internalization of ghrelin 
receptor stably expressed in human embryonic kidney cell line (Torres-Fuentes et 
al., 2019) (Figure 1B). In addition, physiological concentrations of propionate and 
butyrate were shown to induce PYY gene expression and production in human 
enteroendocrine cells (Larraufie et al., 2018) (Figure 1C).  

Besides the main SCFAs, branched SCFA, isovaleric acid, has been shown to have 
an inhibitory effect on the murine colonic contractility (Blakeney et al., 2019). 
Isovaleric acid was shown to act directly on the isolated colonic smooth muscles 
in vitro and to cause muscle relaxation via the PKA pathway (main pathway 
involved in the smooth muscles relaxation) (Figure 1D) (Blakeney et al., 2019). 
Overall, bacteria-produced SCFAs are key players in the regulation of gut motility 
(Grider & Piland, 2007; Soret et al., 2010; Wichmann et al., 2013; Hurst et al., 
2014; Blakeney et al., 2019). However, when the levels of SCFAs are chronically 
elevated, they may result in a detrimental increase in colonic transit rate, which 
could play a role in pathogenesis, where gut dysfunction is a comorbidity, as in 
irritable bowel syndrome (Shaidullov et al., 2021).  

Gut motility modulation by tryptophan-derived metabolites 
Tryptophan, and its derived indole metabolites generated exclusively by the gut 
microbiota are key contributors to the intestinal homeostasis (Roager & Licht, 
2018). A growing number of evidence has associated various tryptophan-derived 
metabolites with gut motility (Benech, Rolhion & Sokol, 2021). Gut microbes can 
break down tryptophan to produce a variety of metabolites. For example, 
Clostridium sporogenes and other gut bacteria, such as Ruminococcus gnavus, 
harboring the tryptophan decarboxylase enzyme can produce tryptamine 
(Williams et al., 2014). Tryptamine was recently shown to accelerate 
gastrointestinal transit by activating epithelial serotonin receptor 4 (Figure 1E), 
and by increasing the anion-dependent fluid secretion in the proximal colon of 
mice (Bhattarai et al., 2018). Moreover, both tryptophan and tryptamine were 
significantly increased in fecal samples from diarrhea-predominant irritable 
bowel syndrome (IBS-D) patients, suggesting that these metabolites might be 
responsible for the higher water content of feces in IBS-D (Mars et al., 2020). 
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Another gut bacterial metabolite of tryptophan is indole, which is produced by gut 
bacteria harboring the tryptophanase enzyme (Snell, 1975). Indole has been 
observed to modulate the secretion of GLP-1 from immortalized and primary 
mouse colonic enteroendocrine L cells (Chimerel et al., 2014) (Figure 1A). Indole, 
as well as another bacteria-derived tryptophan metabolite, indole-3-
carboxaldehyde, produced by Edwardsiella tarda, were recently shown to activate 
the transient receptor potential ankyrin A1 (TRPA1) in enteroendocrine cells of 
zebrafish, mouse and human, and to induce the production of serotonin (Figure 
1F), thus accelerate intestinal motility (Ye et al., 2020).  

The aryl hydrocarbon receptor (AhR), which is directly activated by gut microbial 
tryptophan (indole) metabolites, such as indole, tryptamine, skatole, indoleacetic 
acid, indoleacrylic acid, indole-3-carboxaldehyde and indolelactic acid (Roager 
& Licht, 2018), is considered a key component of the immune response at epithelial 
barrier sites (Lamas, Natividad & Sokol, 2018). AhR has been recently shown to 
be involved in the regulation of murine total intestinal transit time in response to 
microbiota-derived metabolites, specifically to another AhR agonist indole-3-
carbinol (Obata et al., 2020) (Figure 1G). Moreover, indole was shown to enhance 
the intestinal epithelial barrier function in a human colon-cancer cell line and in vivo 
in mice studies by increasing the expression of genes involved in the maintenance 
of epithelial cell structure and function (Bansal et al., 2010; Shimada et al., 2013). 
Impaired intestinal permeability, which is a significant factor in several 
(gastrointestinal) diseases, such as inflammatory bowel disease, irritable bowel 
syndrome, celiac disease or colon carcinoma, has been linked to dysmotility 
(Bischoff et al., 2014). The intestinal barrier prevents loss of water and electrolytes 
and entry of antigens and microorganisms into the body, while allowing exchange 
of molecules between the host and the environment and allowing absorption of 
dietary nutrients (Bischoff et al., 2014). Therefore, normal functioning of the gut 
barrier is necessary for a healthy gastrointestinal transit. Similarly, indolepropionic 
acid (IPA), another bacterial metabolite of tryptophan, produced via the 
phenyllactate dehydratase gene cluster (Dodd et al., 2017), was found to 
regulate the intestinal barrier function in vivo in mice by acting as a ligand for the 
xenobiotic sensor, pregnane X receptor, particularly in the presence of indole 
(Venkatesh et al., 2014). In addition, IPA reduced intestinal permeability in mice 
fed a high fat diet (Jennis et al., 2017).  
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Other bacterial metabolites and their role in modulating the gut motility 
Since the enteric nervous system and gut microbiota reside in close proximity to 
the intestinal mucosal immune system, it is not surprising that the latter plays a role 
in modulating the bacterial influence on gut motility. Indeed, Muller et al. observed 
a role of a subtype of macrophages that reside in the muscularis mucosa, namely 
muscularis macrophages, regulating the peristaltic activity of the colon in mice 
(Muller et al., 2014). Muscularis macrophages could change the pattern of colonic 
contractility by releasing a growth factor, BMP2, which activates BMP receptor 
expressed on the enteric neurons (Figure 1H). In response, the enteric neurons 
release a growth factor CSF-1 required for macrophages development (Muller et 
al., 2014) (Figure 1H). Muller et al. showed that this immune-neuronal crosstalk is 
induced by intestinal microbial stimuli, in particular, the microbial cellular 
component, lipopolysaccharide (LPS), which regulates BMP2 and CSF-1 expression 
and may, in turn, alter intestinal motility (Muller et al., 2014) (Figure 1H). Similarly, 
two subtypes of the Toll-like receptors (TLRs), TLR2 and TLR4, were recently linked 
to the regulation of murine intestinal enteric neurons, and gut motility (Anitha et al., 
2012; Yarandi et al., 2020) (Figure 1I, 1J). Yarandi et al. observed that the 
inhibition of endogenous signaling of TLR2 (which recognizes lipopeptides and 
peptidoglycan (Akira, Uematsu & Takeuchi, 2006)), in vivo, resulted in inhibition 
of neurogenesis in healthy mice, and, in turn, in significant dysmotility and loss of 
colonic myenteric neurons (neurons responsible for the movement of the muscles 
underlying the propulsion of content) (Yarandi et al., 2020). Anitha et al. reported 
that the lack of TLR4 signaling (which recognizes LPS) led to a delayed 
gastrointestinal motility in mice as demonstrated by reduced fecal pellet 
frequency and delayed intestinal transit (Anitha et al., 2012).  

Studies on the effect of nutrients on regulating the gut motility have unraveled 
numerous compounds to affect the gut motility, several of which are the products 
of gut bacterial metabolization of these nutrients. For example, quercetin, 
an abundant flavonoid found in many fruits, vegetables and grains (Hertog et al., 
1992), but also produced by gut bacteria, specifically Fusobacteria species (Kim 
et al., 1999; Park, Kim & Kim, 2005) can improve the symptoms of constipation 
in a rat loperamide-induced constipation model. The laxative effects of quercetin 
have been attributed to the interaction between quercetin and muscarinic receptor 
signaling pathway (Kim et al., 2018). Saturated long-chain fatty acids, 
heptadecanoic acid and stearic acid, produced by gut bacteria, specifically 
Prevotella, Lactobacillus and Alistipes genera, were observed to enhance the rat 
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a potent inhibitor of mouse ileal contractility ex vivo (van Kessel et al., 2020). 
Moreover, bacterial species, such as Enterococcus faecalis, Enterococcus faecium 
and Lactobacillus brevis, can produce luminal dopamine (van Kessel et al., 2019). 
Dopamine has been shown to affect gut motility in several model organisms, 
including rodents, dogs and humans (Zar, Ebong & Bateman, 1982; Fioramonti et 
al., 1984; Marzio et al., 1990). For example, in guinea pigs, it was shown that 
dopamine inhibits longitudinal muscle contractions (Zar, Ebong & Bateman, 1982). 
In dogs, dopamine decreased the duration of the migrating motor complexes in 
the small intestine 1 h prior a meal compared to the control (Fioramonti et al., 
1984) and in fasted human subjects, intravenous administration of dopamine 
induced phase-III like migrating motor complexes (last phase in the MMC cycle, 
which consists of strong contractions to completely occlude the lumen) in the 
duodenum (Marzio et al., 1990). This, and similar studies, underpin the importance 
of the metabolic pathways of the gut microbiota involved in drug metabolism not 
only to preserve drug effectiveness, but also to avoid potential side effects, such 
as inhibition of gut motility. 

1.4. Mechanisms underlying gut bacterial control of the gut motility 

The enteric nervous system 
Gastrointestinal motility involves the coordination of the smooth muscle and nerve 
function to mix, triturate, and propel products of digestion. The unique architecture 
of the human gastrointestinal tract facilitates all the components necessary for the 
precise functioning of the gut motility (Rao & Wang, 2010) (Figure 1). One of the 
major regulatory components is the enteric nervous system. In humans, the enteric 
nervous system comprises 200-600 million neurons, the great majority of which 
are found in the myenteric and submucosal plexus (Furness, 2006). Recently, 
profiling of the enteric nervous system in the colon of adult mice enabled the 
identification of 21 neuronal types (Drokhlyansky et al., 2020). Among those 
21 colonic neuronal types are: (1) sensory neurons (4 subsets), also referred to as 
intrinsic primary afferent neurons (IPANs), which sense and respond to chemical 
and mechanical stimuli in the intestine; (2) interneurons (3 subsets), which relay 
signals between neurons; (3) secretomotor/vasodilator neurons (2 subsets), which 
trigger secretions and fluid movement in other cell types; (4) excitatory motor 
neurons (5 subsets) and (5) inhibitory motor neurons (7 subsets), which together 
coordinate muscle contraction and relaxation and innervate longitudinal and 
circular muscles in the gastrointestinal tract (Drokhlyansky et al., 2020). 
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