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ARTICLE INFO ABSTRACT

Keywords: Human-microorganism interactions play a key role in human health. However, the underlying molecular
Human-microbiota interactions mechanisms remain poorly understood. Small-molecules that offer a functional readout of microbe-microbe-
Metabolites

human relationship are of great interest for deeper understanding of the inter-kingdom crosstalk at the molec-
ular level. Recent studies have demonstrated that small-molecules from gut microbiota act as ligands for specific
human G protein-coupled receptors (GPCRs) and modulate a range of human physiological functions, offering a
mechanistic insight into the microbe-human interaction. To this end, we focused on analysis of bacterial me-
tabolites that are currently recognized to bind to GPCRs and are found to activate the known downstream
signaling pathways. We further mapped the distribution of these molecules across the public mass spectrometry-
based metabolomics data, to identify the presence of these molecules across body sites and their association with
health status. By combining this with RNA-Seq expression and spatial localization of GPCRs from a public human
protein atlas database, we inferred the most predominant GPCR-mediated microbial metabolite-human cell in-
teractions regulating gut-immune-brain axis. Furthermore, by evaluating the intestinal absorption properties and
blood-brain barrier permeability of the small-molecules we elucidated their molecular interactions with specific
human cell receptors, particularly expressed on human intestinal epithelial cells, immune cells and the nervous
system that are shown to hold much promise for clinical translational potential. Furthermore, we provide an
overview of an open-source resource for simultaneous interrogation of bioactive molecules across the druggable
human GPCRome, a useful framework for integration of microbiome and metabolite cataloging with mechanistic
studies for an improved understanding of gut microbiota-immune-brain molecular interactions and their po-
tential therapeutic use.

G protein-coupled receptors
Gut microbiota
Inflammation

Immune system

1. Introduction

In recent years, there have been substantial advances in microbiome
research with the advent of fast and cost-effective phylogenetic marker-
based microbiome profiling and shotgun metagenomics sequencing
approaches that can characterize microbial communities at the gene-
level. However, knowledge of the precise molecular mechanisms by
which gut microbiota influence human biology is still in its infancy. The
human microbiota (estimated to encompass >40,000 operational taxo-
nomic units) (The Human Microbiome Project Consortium, 2012) con-
sists of a diverse collection of mutualistic bacteria that live on and in our
bodies, which produce myriad small-molecule (defined as molecular
mass <1.5 kDa) metabolites that affect nearly all aspects of human

physiology, including the human immune system, metabolic functioning
and nutrition (Donia and Fischbach, 2015; Garg et al., 2017; Han et al.,
2021; Husted et al., 2017; Lai et al., 2021; Tan et al., 2017). As such, the
gut microbiota is also called a “metabolic organ”. The human microbiota
encodes a diverse collection of thus far uncharacterized metabolic
pathways (Aleti et al., 2019; Donia and Fischbach, 2015; Koppel et al.,
2018). Their small-molecule products are promising targets for under-
standing causal mechanisms as well as therapeutics for multiple reasons:
First, microbial small-molecules are typically produced at concentra-
tions comparable to those of drugs that can significantly influence
physiological functions (Donia and Fischbach, 2015; Fischbach, 2018).
Second, a major fraction of the microbiota-associated molecules has
been shown to trigger significant biological responses locally often by
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accumulating in the gut, as well as affecting systemic functions by
passive transportation (i.e., passive diffusion through paracellular and
transcellular routes) and active transportation (i.e. transporter-mediated
or receptor-mediated) from the gut into the bloodstream (Fischbach,
2018). Additionally, their concentrations vary from individual to indi-
vidual by more than tenfold, which signifies microbiome-mediated
inter-individual differences (Funabashi et al., 2020). Furthermore,
recent large-scale culture omics studies have significantly expanded our
understanding of microbial metabolite-sensing G protein-coupled re-
ceptors (GPCRs) (Chen et al., 2019; Colosimo et al., 2019). These studies
have demonstrated that small-molecules produced by gut microbiota
can mimic human-derived molecules and act as ligands for key human
receptors, particularly GPCRs. For instance, by regulating specific
human GPCRs, these microbial metabolites can modulate a range of
physiological functions in different human cell types and tissues,
providing a functional readout of a microbe-microbe-human relation-
ship and offering deeper understanding of the inter-kingdom crosstalk at
the molecular level (Chen et al., 2019; Cohen et al., 2017; Colosimo
et al., 2019). It should be noted that some microbial molecules not only
regulate GPCRs but also modulate other key protein class receptors, such
as pregnane X receptor (PXR; also referred as NR1I2), farnesoid X re-
ceptor (FXR; also referred as NR1H4), human peptide transporter 1
(PEPT1; also known as SLC15A1), mammalian/mechanistic target of
rapamycin complex 1 (mTORC1), and aryl hydrocarbon receptors
(AhR), suggesting their relevance in the gut-immune-brain pathway
(Fiorucci et al., 2018; Kanegawa et al., 2010; Koh et al., 2018; Krautk-
ramer et al., 2020; Mencarelli et al., 2009; Mizushige et al., 2020;
Moriyasu et al., 2016; Roager and Licht, 2018). Taken together, the most
predominant small-molecules impact a remarkable array of host traits
mediated by microbiome, thereby offering mechanistic insight into
microbe-host interactions.

GPCRs represent the largest class of membrane receptors comprising
seven-transmembrane helix proteins that sense a range of structurally
diverse extracellular ligands. Upon sensing ligands, GPCRs bind to
intracellular effectors including G proteins and arrestins, which in turn
relay a variety of downstream intracellular cascades that are intimately
linked with a broad range of physiological functions (Insel et al., 2019).
Moreover, GPCRs have been implicated in many diseases, such as
metabolic, neuropsychiatric and inflammatory diseases and many
others. Consequently, GPCRs are considered to be highly attractive
targets for therapeutics. This is evident from the fact that over one-third
of currently available medications (approximately 527 prescribed
drugs) have been developed to target GPCRs, highlighting their signif-
icance as druggable targets in pharmaceutical research (Hauser et al.,
2018; Sriram and Insel, 2018). Humans contain approximately 826
GPCRs, of which 350 are non-olfactory members and among these 165
have validated drug targets; however, the remaining one-third of them
are orphan receptors with no known ligands (Hauser et al., 2018). These
orphan receptors represent a promising set of future targets for currently
unmet medical needs and for deeper understanding of physiological
functions (Laschet et al., 2018). Despite challenges in screening the
orphan receptors, many orphan receptors characterized over the last
decade have been associated with previously known bioactive molecules
(Laschet et al., 2018). In this regard, it is reasonable to speculate that
bacterial metabolites may bind orphan GPCRs and to some extent may
contribute to ‘deorphanization’ of the previously uncharacterized
GPCRs, for which no ligands and functions have thus far been identified.

Deciphering the full potential of the microbe-human interactions by
metagenomic and metatranscriptomic approaches and by colonizing
gnotobiotic animal models with human-associated bacteria is a daunting
challenge due to (1) many of the uncultivable bacteria which represent
most of the microbial diversity are not yet sequenced and functionally
characterized and (2) enormous diversity and high inter-individual
variability of the human microbiota. In this regard, metabolomics, the
study of small-molecules, offers a functional readout of the microbiome
and can facilitate mechanistic interrogation of small-molecules. In
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recent years untargeted mass spectrometry-based metabolomics has
allowed researchers to measure global changes in metabolites to verify
the identity of unknown molecules for isolation and structural elucida-
tion. Most notably, advances in the molecular networking tools have
expanded our ability to classify and group multiple features from the
metabolomics data (e.g. precursor ion count, retention time, fragmen-
tation pattern) into a network (Schmid et al., 2021), thus advancing the
discovery of novel molecules. In addition, key advances in the compu-
tational tools to query a single MS/MS spectrum from a small-molecule
of interest against all publicly available MS/MS datasets, analogous to
NCBI Basic Local Alignment Search Tool (BLAST), enabled the trans-
lational potential of molecular information (Wang et al., 2020).
Furthermore, evaluation of intestinal absorption properties and
blood-brain barrier (BBB) permeability for small-molecules is key to
understanding the interactions between the small-molecules and spe-
cific human cells as molecules cannot interact with the target cell re-
ceptors without first crossing the intestinal and BBB (van de
Waterbeemd and Gifford, 2003).

Thus, in this work we, first, aim to provide the overview of the
current knowledge on microbiota-associated molecules and discuss the
findings from investigations of human receptor (predominantly GPCRs)
and bacterial metabolite interactions known to date. Next, through
multi-omics analysis, we further map the presence and distribution of
specific molecules across the public mass spectrometry-based metab-
olomics data from several human biofluids, at the repository-scale via
Global Natural Product Social Molecular Networking (GNPS) (Wang
et al., 2016a). By combining this with RNA-Seq expression and spatial
localization of GPCRs from the human protein atlas database, we
inferred the most abundant GPCR-mediated  microbial
metabolite-human cell interactions regulating gut-immune-brain axis
with clinical translational potential.

1.1. Current knowledge of the human microbiota-associated molecules

So far, approximately 172 potential microbial metabolites have been
documented, but only a small number of microbial compounds have
been studied in terms of their interaction with human receptors (Wishart
et al., 2022). For this work, however, we focused on nine classes of
microbial molecules with unique structures that are currently recog-
nized to bind to human cell receptors, predominantly GPCRs. These
molecules have been found to activate the known downstream signaling
pathways. We further categorized these into three broad groups based
on the source of the molecules (1) microbiota encoded molecules, e.g.
N-acyl amides and dipeptides, (2) human molecules transformed by
microbes, e.g. secondary bile acids, and (3) dietary components trans-
formed by microbes e.g. short chain fatty acids, metabolites of aromatic
amino acids (tryptophan, tyrosine and phenylalanine), histidine, and
glutamate. In the following sections we discuss the three categories of
microbiota-associated molecules in more detail.

1.2. Microbiota-encoded molecules

1.2.1. N-acyl amides

By searching the Human Microbiome Project (HMP) shotgun meta-
genomic data for N-acyl synthase genes, Cohen et al. identified 143
microbial genes encoding N-acyl synthases that were highly prevalent in
the gut bacteria (Cohen et al., 2017). Further analysis of these genes
identified six phylogenetically distinct families of N-acyl synthases that
produce N-acyl amides with structural differences in the amine group
and fatty acid chain as shown in Fig. 1. N-acyl amides are shown to
contain either N-acyl, N-oxyacyl or N-hydroxyacyl fatty acid chains with
palmitoyl and oleoyl analogues. N-acyl synthases are reported to exhibit
selectivity for amine substrates glycine, serinol, alanine, lysine, orni-
thine and glutamine (Cohen et al., 2015, 2017) (Fig. 1). An overview of
potential metabolites’ interactions with human receptors expressed on
human gut, immune and brain cells, and their mechanisms of action on
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. . Fig. 1. A list of known microbial metabolites
Microbiota-encoded that have been shown to interact with human
receptors, predominantly GPCRs. The three
broad categories of microbial metabolites
include: microbiota encoded molecules such as
N-acyl amides and dipeptides; human mole-
cules transformed by microbes such as sec-
ondary bile acids; dietary components
transformed by microbes such as short chain
fatty acids, metabolites of aromatic amino
acids (e.g. tryptophan, tyrosine and phenylal-
anine), histidine, and glutamate. For visual
simplicity, each class of molecule is shaded
with distinct colors. Up or down arrows to the
right of the human receptors indicate micro-
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Fig. 2. Overview of the identified bacterial metabolites interaction with human receptors and their mechanisms of action on gut-immune-brain pathways. Our results
are based on RNA-Seq expression, localization patterns of G protein-coupled receptors (GPCRs) from gut, immune and brain cells, and intestinal and blood-brain
barrier (BBB) permeability. Our findings suggest that microbiota-produced N-acyl amides have the potential to cross the intestinal barrier and BBB and regulate
various processes, including glucose homeostasis and immune cell differentiation via G protein-coupled receptor 132 (GPR132), sphingosine-1-phosphate receptor 4
(S1PR4), prostaglandin 12 receptor (PTGIR), prostaglandin E receptor 4 (PTGER4) expressed in intestinal, immune, and brain cells. Furthermore, these N-acyl amides
stimulate enteroendocrine cells (EEC) via PTGER4, which induces the secretion of glucagon-like peptide 1 (GLP-1) (Cohen et al., 2015, 2017). We also hypothesize
that microbiota-encoded dipeptides in the gut can be detected by the peptide transporter 1 (PEPT1), which is highly expressed on the microvilli of the enterocytes,
and a calcium sensor receptor (CasR) localized the endocrine cells can stimulate the production of cholecystokinin (CCK) and GLP-1 (Sala-Rabanal et al., 2008; Xu
et al., 2009). These hormones aid in stabilizing the intestinal barrier, regulating mucosal inflammatory responses, and preventing lipopolysaccharide-induced gut
barrier dysfunction (Saia et al., 2020; Tang et al., 2015). Moreover, microbiota-transformed host molecules such as secondary bile acids activate pregnane X receptor
(PXR), farnesoid X receptor (FXR), and takeda G protein-receptor-5 (TGRS, also known as G protein-coupled bile acid receptor 1 and membrane-type bile acid
receptor), which play a critical role in immune tolerance (Dorrestein et al., 2021; Fiorucci et al., 2018; Mencarelli et al., 2009; Quinn et al., 2020). Interestingly, bile
acids have shown both intestinal absorption and BBB permeability, suggesting the activation of these receptors in the brain by bile acids. Enterocytes have been
shown to express these receptors, and upon activation, they can release fibroblast growth factor 19 (FGF19) and GLP-1, which are also capable of signaling the central
nervous system (CNS). Short chain fatty acids (SCFAs) are another class of microbiota-transformed dietary molecules that interact with GPR41, GPR43, and
GPR109A, which are expressed in enterocytes and immune cells and play a significant role in the gut-immune-brain pathway (Dalile et al., 2019; Rooks and Garrett,
2016). In addition, tryptophan catabolites can diffuse through the intestinal epithelium and modulate innate and adaptive immune responses via PXR, aryl hy-
drocarbon receptor (AhR), GPR35, and 5-hydroxytryptamine receptors (5-HT3R and 5-HT4R), expressed in the brain, enterocytes, mucus-secreting cells, dendritic
cells and other immune cells (Agus et al., 2018; Cervenka et al., 2017). Dopamine regulates dopamine receptors (DRD1-4) (Rekdal et al., 2019; van Kessel et al.,
2019), while phenethylamine (PEA) can readily cross the BBB and regulate mood via DRD2-4 (Chen et al., 2019). Histamine activates four histamine receptor
subtypes (HRH1-4) (Barcik et al., 2017), which are highly expressed in the brain compared to epithelial and immune cells. We also report higher expression of
gamma-aminobutyric acid (GABA) receptors in the brain and, to some extent, in endocrine and enterocytes. Unlike dopamine, systemic GABA can cross the BBB and
directly regulate GABA receptors in the brain. GPR, G-protein coupled receptor; SIPR4, sphingosine-1-phosphate receptor 4; PTGIR, prostaglandin 12 receptor
(PTGIR); PTGER4, prostaglandin E receptor 4; EEC, enteroendocrine cells; GLP-1, glucagon-like peptide 1; PEPT1, peptide transporter 1; CasR, calcium sensor re-
ceptor; CCK, cholecystokinin; PXR, pregnane X receptor; FXR, farnesoid X receptor; TGR5, Takeda G protein-receptor-5; FGF19, fibroblast growth factor 19; AhR, aryl
hydrocarbon receptor; 5-HT3R and 5-HT4R, 5-hydroxytryptamine receptors; DRD1-4, dopamine receptors, HRH1-4, histamine receptors; GABA,
gamma-aminobutyric acid.

human functions, is displayed in Fig. 2. Notably, N-acyl amides exhibit (GLP-1) secretion from enteroendocrine and insulin from pancreatic
high structural similarity with the bacterial quorum-sensing N-acyl-ho- B-cells (Husted et al., 2017). GLP-1 release also modulates enteric
moserine lactone molecules and endogenous human GPCR ligands (e.g. neuronal activity via GLP-1 receptors localized on enteric neurons,
endogenous cannabinoid receptor agonist N-arachidonoylethanol- which is perceived by the vagus nerve, and in turn relayed to the up-
amine) (Devane et al., 1992; Parsek et al., 1999) and are shown to mimic stream CNS (Miiller et al., 2019). N-acyl alanine and N-3-hydrox-
human ligands and activate several receptors belonging to the lipid-like ypalmitoyl (also known as commendamide) are known to positively

GPCR family. For instance, N-acyl serinol has been shown to be an regulate GPR132. N-acyl lysine/ornithine is an agonist of SIPR4. While
agonist of GPR119 that regulates glucose homeostasis. Additionally, PTGIR is shown to be antagonized by N-acyl glutamine, PTGER4 is
GPR119 agonists also affect appetite through Glucagon-like peptide 1 antagonized by N-acyl serinol, N-acyl alanine, N-acyl lysine/ornithine
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and N-acyl glutamine (Cohen et al., 2017).

Mounting evidence suggests that the aforementioned GPCRs regulate
a broad range of biological processes, ranging from immune cell dif-
ferentiation (S1PR4, PTGIR, PTGER4) and immune cell trafficking
(S1PR4, G2A) to tissue repair (PTGIR). Notably, several disease models
have shown implications of lipid-like GPCRs in the pathophysiology of
obesity and diabetes (GPR119), colitis (SIPR4, PTGER4, PTGIR), auto-
immunity (GPR132) and atherosclerosis (GPR132, PTGIR) (Flock et al.,
2011; Kabashima et al., 2002; Manieri et al., 2015; Schulze et al., 2011).

1.2.2. Dipeptides

Recent paired genome- and metabolome-mining efforts have iden-
tified biosynthetic gene clusters encoding non-ribosomal peptide syn-
thetases involved in the biosynthesis of structurally diverse dipeptides
from the human microbiome (Aleti et al., 2022; Cao et al., 2019; Park
and Crawford, 2016; Wyatt et al., 2012). However, many of these are
uncharacterized. Dipeptides have been reported to play key roles in
bacterial cell signaling and human neuroactive metabolism (Hatanaka
et al.,, 2020; Kanegawa et al., 2010; Mizushige et al., 2020), and
depletion of these have been previously associated with inflammatory
bowel disease (Franzosa et al., 2019). In a recent multi-omics study, we
identified for the first time to our knowledge several structurally distinct
dipeptides in obesity-depression interrelationships, potentially derived
from human, diet and microbes, of which Phe-Val (phenylalanine-va-
line) and Tyr-Val (tyrosine-valine) are of potential microbial origin
(Aleti et al., 2022). Several animal studies have shown that aromatic
amino acid containing dipeptides modulate serotonin, dopamine and
gamma aminobutyric acid (GABA) metabolism in the brain (Kanegawa
et al., 2010; Mizushige et al., 2020; Moriyasu et al., 2016). However,
dipeptide interactions with human intestinal epithelial cells and the
underlying mechanisms by which dipeptides could affect the
gut-immune-brain axis remains to be established.

1.3. Human molecules transformed by microbes

1.3.1. Secondary bile acids

Microbial transformation of human bile acids has been extensively
reviewed recently (Guzior and Quinn, 2021). Primary bile acids are
synthesized from cholesterol within the liver (Hofmann, 1999). How-
ever, microbes in the gut are known to transform these into more
chemically diverse secondary bile acids with expanded biological
functions (Ridlon et al., 2006). Growing evidence suggests that bile
plays a critical role in maintenance of the fine-tuned equilibrium be-
tween gut microbes, human immune response and metabolism (Brestoff
and Artis, 2013; Fiorucci et al., 2018). The most abundant primary bile
acids include cholic acid (CA), deoxycholic acid (DCA) and cheno-
deoxycholic acid (CDCA), which are conjugated with glycine or taurine
before their secretion into the intestine (Guzior and Quinn, 2021). Gut
microbiota transform the primary bile acids by several mechanisms such
as deconjugation of the glycine and taurine through secretion of bile salt
hydrolases, followed by dehydroxylation, dehydrogenation, and epi-
merization of the cholesterol core (Gérard, 2014; Guzior and Quinn,
2021; Quinn et al., 2020; Ridlon et al., 2014). Alterations in the chem-
istry and levels of secondary bile acids in the gut have been implicated in
several diseases such as cirrhosis, inflammatory bowel disease and
cancer (Duboc et al., 2013; Guzior and Quinn, 2021; Lleo et al., 2009).
Recent studies discovered additional modification mechanisms wherein
gut microbes have been shown to conjugate amino acids to primary bile
acids resulting in conjugated bile acids (Dorrestein et al., 2021; Quinn
et al., 2020). The most predominant amino acid conjugations were with
threonine (Thr), glutamic acid (Glu), histidine (His), Phe, tryptophan
(Trp), Tyr, lysine and isoleucine/leucine, although frequencies of these
conjugations varied depending on the type of bile acid (Guzior and
Quinn, 2021). Among these, Thr-CA, Glu-DCA, and Glu-CDCA are strong
agonists of the pregnane X receptor (PXR) (Dorrestein et al., 2021),
whereas Phe-CA and Tyr-CA are strong agonists of the farnesoid X
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receptor (FXR) (Fig. 1) (Quinn et al., 2020). Both PXR and FXR are
identified as suppressors of macrophages (Fiorucci et al., 2018), den-
dritic cells and NK-cells (Mencarelli et al., 2009), which are crucial
components of immune tolerance (Mencarelli et al., 2009).

1.4. Dietary components transformed by microbes

1.4.1. Short-chain fatty acids

Short chain fatty acids (SCFAs) such as acetate, propionate and
butyrate are derived from fermentation of dietary fibers by anaerobes
within the GI tract, and extensively studied for their role in gut-immune-
brain communication (Dalile et al., 2019; Krautkramer et al., 2020;
Rooks and Garrett, 2016). SCFAs are an important energy source for
intestinal epithelial cells and therefore are absorbed by intestinal cells
via both passive transportation and active transportation (e.g. mono-
carboxylate and sodium-coupled monocarboxylate transporters)
(Sivaprakasam et al., 2017), which leads to inhibition of histone
deacetylase in intestinal cells. SCFAs predominantly regulate three
GPCRs—GPR41, GPR43 and GPR109A—Ilocalized on the intestinal
epithelial and immune cells (Fig. 3) (Dalile et al., 2019; Rooks and
Garrett, 2016). In a healthy gut, SCFAs are known to enhance epithelial
barrier function and immune tolerance associated with gut homeostasis
via multiple mechanisms (Dalile et al., 2019; Rooks and Garrett, 2016).
For instance, SCFAs are reported to suppress the expression of nuclear
factor-kB (NF-kB), stimulate mucus secreting cells for increased mucus
production, and promote immunoglobulin secretion by B cells. SCFAs
also regulate dendritic cells following T-cell polarization into Tregs, T
helper (Th1), and Th17 cells, via cytokines such as transforming growth
factor-p (TGF-B) and interleukin-10 (IL-10). SCFAs promote IL-18 pro-
duction by epithelial cells, suppress proinflammatory cytokine (e.g.
Tumor Necrosis Factor o (TNF-a), IL-6 and IL-1p) production by mac-
rophages (Fig. 2). Further, SCFAs translocate to the brain and reduce
neuroinflammation (Dalile et al., 2019). These underscore immuno-
regulatory roles of SCFAs and their therapeutic potential. In addition,
SCFAs stimulate secretion of the gut hormones peptide YY (PYY), sero-
tonin, CCK, GLP-1 from enteroendocrine cells (Dalile et al., 2019). In
dysbiosis, SCFAs increase the production of proinflammatory cytokines
and chemokines, such as (TNFa), IL6, CXCL1 (C-X-C Motif Chemokine
Ligand 1), and CXCL10, as well as promote the production of T helper
(Th) 1 and Th17 lymphocytes (Dalile et al., 2019; Rooks and Garrett,
2016) (Fig. 2).

Therefore, SCFAs are implicated in a range of cardiometabolic dis-
eases (obesity, atherosclerosis, non-alcoholic fatty liver disease, meta-
bolic syndrome and type 2 diabetes) and neuropsychiatric disorders to a
great degree in a recent literature (Parkinson’s disease, Alzheimer dis-
ease, autism spectrum disorder, anxiety and depression) and cancer, to
some extent (Krautkramer et al., 2020).

1.4.2. Tryptophan catabolites

The effects of gut microbial Trp metabolism on human physiology
have been extensively reviewed elsewhere (Krautkramer et al., 2020;
Roager and Licht, 2018). Briefly, metabolism of dietary proteins in the
gut generates Trp, which is metabolized by at least three path-
ways—kynurenine, serotonin and protein synthesis pathways, which
may be directly or indirectly regulated by gut microbiota. Trp catabo-
lites (See Fig. 1), as signaling molecules and toxins, regulate a broad
range of human functions (Krautkramer et al., 2020; Roager and Licht,
2018). Tryptamine stimulates serotonin production by enteroendocrine
cells. Both tryptamine and serotonin (5-hydroxytryptamine) stimulate
gut motility via serotonin type 3 receptor (5-HT3R) and serotonin type 4
receptor (5-HT4R) found on enterocytes (Bhattarai et al., 2018; Mawe
and Hoffman, 2013). Moreover, serotonin signals enteric neurons via the
serotonin transporter (SERT) (Mawe and Hoffman, 2013; Yano et al.,
2015). Trp catabolites indole and indole derivatives e.g. indole propi-
onic acid (IPA) and indoleacrylic acid (IA) have been shown to regulate
mucosal homeostasis by reduced intestinal permeability via PXR (Fig. 2)
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Fig. 3. RNA-Seq expression profiles of human receptors, mainly in intestinal cells, blood cells and brain tissues from human protein atlas. The red color intensity

scale signifies a higher expression of the human receptor.

(Krautkramer et al., 2020; Roager and Licht, 2018). Indole stimulates
the release of GLP-1 by enteroendocrine cells, whereas its derivatives
IPA and IA can regulate aryl hydrocarbon receptor (AhR) on immune
cells and modulate innate and adaptive immune responses (Krautkramer
et al., 2020; Roager and Licht, 2018). Indoxyl-sulfate (IS) generated in
the liver from indole is reported to exhibit neurotoxicity (Roager and
Licht, 2018). Kynurenine metabolites mediate mucosal homeostasis and
human-microbiota immune tolerance via GPR35 (Agus et al., 2018;
Cervenka et al., 2017). Another transporter GPR142 has been reported
to be selectively expressed on the enteroendocrine cells, involved in
sensing of the essential aromatic amino acids (e.g. Trp and Phe) and
regulation of gut hormones (Lin et al., 2016) (See Fig. 2).

1.4.3. Tyrosine and phenylalanine metabolites

Gut microbiota have been shown to transform Phe and Tyr with their
roles in human health and disease (Krautkramer et al., 2020). Gut mi-
crobes decarboxylate Phe or Tyr or levodopa (L-DOPA) to dopamine, a
neurotransmitter that regulates movement and mood via dopamine re-
ceptors (DRD1-4), and which is implicated in Parkinson’s disease
(Rekdal et al., 2019; van Kessel et al., 2019).

Microbial-human co-metabolism of Tyr or Phe has been also shown
to generate neurotoxic metabolites, 4-ethylphenyl sulfate (4EPS) and p-
cresyl sulfate, which have been associated with neurodevelopmental
disorders such as autism spectrum disorder and autoimmune disorders
such as multiple sclerosis (Hsiao et al., 2013; Ntranos et al., 2022;
Pascucci et al., 2020). However, the underlying molecular mechanisms
of these neurotoxic metabolites in the gut-brain axis remain unclear.
Culture-based approaches have confirmed the production of phene-
thylamine (PEA) from Phe, L-DOPA and Tyr. Recent
microbiome-focused metabolomics approaches have confirmed gut mi-
crobial contribution in the production of additional Phe derivatives such
as N-(cinnamoyl)glycine and hippuric acid, although their role in human
health remains to be investigated (Han et al., 2021).

1.4.4. Histidine derivatives

The gut microbiota decarboxylate dietary-derived histidine to his-
tamine, which plays a key role in mucosal immune response, via four
histamine receptor subtypes (HRH1-4) (Barcik et al., 2017). Recently,
another histidine derivative, imidazole propionate, was reported to
impair insulin signaling via the mTORC1 signaling pathway and was

associated with type-2 diabetes mellitus (Koh et al., 2018).

1.4.5. Gamma-aminobutyric acid

Gamma-aminobutyric acid (GABA) is produced by gut bacteria by
decarboxylation of glutamate. GABA has been shown to reduce stress-
induced corticosterone and plays an important role in anxiety and
depression via GABA receptors (GABAR1-6) (Yunes et al., 2016). GABA
is also reported to regulate intestinal barrier stabilization via CCK
secretion by enterocytes, increase expression of tight junction proteins
and increase mucus production by stimulating mucus secreting cells
(Fig. 2) (Braun et al., 2015). GABA has been shown to suppress proin-
flammatory cytokine (e.g. IL-1p) production by macrophages and
regulate dendritic cells via anti-inflammatory cytokines TGFf (Bajic
et al., 2019).

2. Methods
2.1. Analysis and integration of multi-omics data in this study

First, we selected small-molecules that were previously reported to
bind with GPCRs. Second, we extracted spectral data of these molecules
of interest from the reference spectral libraries available in GNPS public
metabolomics data (Jarmusch et al., 2020; Wang et al., 2016b). Further,
we utilized Mass Search Tool (MASST) and Reanalysis of Data User
Interface (ReDU) (Jarmusch et al., 2020) to search these spectral data
against public tandem mass spectrometry (MS/MS) data repositories.
This provided a unique way to explore the presence of specific molecules
across body sites and their association with health status. Next, by
combining this with RNA-Seq expression and spatial localization of
GPCRs from the publicly available human protein atlas database, we
inferred potential molecular interactions regulating gut-immune-brain
axis. In particular, we focused on gut microbial small-molecule in-
teractions with human intestinal epithelial cells (e.g. enterocytes,
endocrine and mucus-secreting cells), immune cells (e.g. macrophages,
monocytes, T-cells, B-cells, NK-cells, neutrophils and dendritic cells) and
the nervous system, to provide mechanistic insight into
gut-immune-brain interactions. In this study, we examined a total of 34
receptors using transcriptomic evidence from the human protein atlas
database (Thul and Lindskog, 2018). Of these, 18 receptors also had
protein level evidence based on antibody detection, which includes
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GPR132, S1PR4, PTGER4, CasR, GPBAR1, HTR4, NR112, AhR, DRD1,
DRD2, DRD5, HRH1, HRH2, GABRA1, GABRA2, GABRA3, GABRAS,
and GABRB2 (Thul and Lindskog, 2018). Conversely, the expression of
other 16 receptors, including GPR119, PTGIR, SLC15A1, GPR142,
NR1H4, FFAR3, FFAR2, GPR35, DRD3, DRD4, HRH3, HRH4, GABRAA4,
GABRAG6, GABRBI1, and GABRB3, was supported by transcriptomic ev-
idence (Thul and Lindskog, 2018). Furthermore, by computational
analysis of intestinal absorption properties and blood-brain barrier
(BBB) permeability for small-molecules, we evaluated potential in-
teractions between the microbial molecules and specific human cell
receptors. Finally, we identified specific GPCR-mediated microbial
metabolite-human cell interactions that are shown to hold much
promise for clinical translational potential, as direct targeting of these
may achieve more efficacious and rapid processes. In the following
section, we describe the key findings of the interactions between GPCR
and microbial metabolites in the gut-immune-brain axis, which were
identified in this study by integrating RNA-Seq data from human cell
receptors and microbial metabolites from metabolomics.

2.2. Querying microbial molecule MS/MS spectra in GNPS public data

First, spectral data from molecules previously known to interact with
GPCRs were extracted from the reference spectral libraries available in
Global Natural Product Social Molecular Networking (GNPS) (Wang
et al., 2016a). Next, using the metabolomics spectral search tool MASST
(Wang et al., 2020), spectral data were searched for MS/MS matches
against public metabolomics data from GNPS/MassIVE (mass spec-
trometry interactive virtual environment) data repositories to evaluate
the occurrence of the specific molecule across 52,875 samples (as of
March 2023). The resulting annotations obtained were at level 2 ac-
cording to the 2007 metabolomics standards initiative (Sumner et al.,
2007). Finally, by using the Reanalysis of Data User Interface (ReDU)
infrastructure (Jarmusch et al., 2019), sample metadata was extracted
for the GNPS/MASST analysis to link the presence of specific molecules
with disease state, phenotype, biospecimen, and other metadata. The
frequency of each molecule was calculated by counting its occurrence in
a total of 52,875 samples. We then computed the corresponding per-
centage by dividing the number of occurrences by the total number of
samples. A Heatmap was then generated based on the corresponding
percentages of molecule occurrences with a column Z-score scaling
method using the tidyverse package in R software (version 3.6.3) within
RStudio (version February 1, 5019).

2.3. RNA-seq expression and spatial localization analysis of human
receptors from human protein atlas

Protein-coding RNA-Seq data for a subset of human receptors of in-
terest expressed in different tissue samples such as human intestinal
epithelial cells (enterocytes, endocrine and mucus-secreting cells), im-
mune cells (macrophages, monocytes, T-cells, B-cells, NK-cells, neutro-
phils, and dendritic cells) and different regions of brain tissue was
extracted from the human protein atlas database version 21 (Thul and
Lindskog, 2018). Next, we conducted a comparative analysis of the
consensus gene expression levels of each human receptor across
different tissues using transcriptomic data from two public databases,
namely the Human Protein Atlas (HPA) and the Genotype-Tissue
Expression Project (GTEx) (Lonsdale et al., 2013; Thul and Lindskog,
2018). The consensus normalized expression was determined as the
maximum Transcripts Per Kilobase Million (nTPM) value for each gene
in both datasets (Thul and Lindskog, 2018). Finally, a heatmap was
generated on nTPM values with a row Z-score scaling method, repre-
senting gene expression data with the tidyverse package in R software
(version 3.6.3) in RStudio (version February 1, 5019). In particular, we
used the global scaling method (row Z-score scaling method) to calculate
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the mean and standard deviation across all expression values for all
genes and transform the expression values by the global mean and
standard deviation. This method allows for the comparison of expression
levels between genes, as all genes are transformed in the same way.
However, it is important to note that outliers in the sample, such as
genes with very high expression, can skew the estimates of mean and
standard deviation, which can then dominate the heatmap. Therefore,
interpretation of the expression values in the heatmap were done with
caution.

2.4. Evaluation of human blood-brain barrier and intestinal absorption
properties of microbial molecules

To assess the human blood-brain barrier (BBB) and intestinal ab-
sorption properties of microbial molecules, SMILES (Simplified
Molecular-Input Line-Entry System) for specific molecules were either
downloaded from the PubChem database or generated based on the
structure and queried via admetSAR tool against the ADMET (absorp-
tion, distribution, metabolism, excretion, and toxicity) structure and
activity relationship database. This contained the well-curated ADMET
profiles for more than 96,000 unique compounds with known absorp-
tion properties (Yang et al., 2019). In addition, prediction accuracy of
the intestinal absorption and BBB permeability properties enabled pre-
diction of the ADMET profiles even for novel microbial molecules.

3. Results and discussion

The identified human GPCR-microbial metabolite interactions for
the gut-immune-brain pathway are described in the following.

3.1. GPCR-N-acyl amides interactions

As aforementioned, N-acyl amides have been shown to mimic human
ligands and activate multitude of receptors belonging to the lipid-like
GPCRs—GPR119, GPR132, S1PR4, PTGIR, and PTGER4 (Cohen et al.,
2015, 2017). An overview of GPCR-N-acyl amides interactions with
these receptors expressed on human gut, immune and brain cells, and
their mechanisms of action on human functions, is displayed in Fig. 2. In
this study, we evaluated the selective expression of these GPCRs from
human intestinal epithelial cells (enterocytes, endocrine and
mucus-secreting cells), immune cells (macrophages, monocytes, T-cells,
B-cells, NK-cells, neutrophils and dendritic cells) and different brain
regions based on the RNA-Seq data from the human protein atlas to
identify the most predominantly expressed GPCRs (See Fig. 3). We found
that GPR119 is poorly expressed, although GPR119 was previously re-
ported as a key target for obesity and diabetes (Overton et al., 2008)
(Fig. 3). GPR132 is highly expressed on immune cells such as dendritic
and NK-cells, and to some extent on B-cells, macrophages and brain
regions such as midbrain and corpus callosum. SIPR4 is highly
expressed on most of the immune cells, however, with reduced expres-
sion on monocytes. While PTGER4 is expressed on immune and intes-
tinal cells, PTGIR is expressed selectively on monocytes and dendritic
cells (Fig. 3). In support of the potential biologic role of N-acyl amides,
our in silico findings show that N-acyl amides have potential to cross the
intestine barrier and BBB (predicted in Table 1), suggesting that N-acyl
amides can diffuse through the intestinal barrier and seep into the
bloodstream where they can regulate intestinal and blood cells or
directly evoke GPCRs in the brain by diffusing through the BBB.

By querying the spectral data from these molecules of interest against
52,875 samples from GNPS public metabolomics data (Wang et al.,
2016a), we evaluated the presence of specific molecules across human
tissue and body fluid types associated with disease conditions (Fig. 4A
and B). We found that commendamide is enriched in feces and colon
samples associated with sleep deprivation and circadian rhythm
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Table 1
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Evaluation of human blood-brain barrier (BBB) and intestinal absorption properties (or ADMET chemical profiles) of microbial small-molecules. As indicated, most of
the microbiota-associated molecules have the potential to cross the intestinal epithelial layer as well as BBB, except kynurenic acid, dopamine and

phenylethanolamine.

Microbial metabolite ligands

Intestinal Absorption Blood-brain barrier permeability

Absorption Probability Absorption Probability
Microbiota-encoded N-acyl serinol Yes 0.98 Yes 0.76
N-acyl alanine Yes 0.9 Yes 0.93
N-acyl lysine/ornithine Yes 0.94 Yes 0.9
N-oxyacyl glutamine Yes 0.65 Yes 0.86
N-acyl glycine/commendamide Yes 0.74 Yes 0.84
Phe-Val Yes 0.91 Yes 0.59
Tyr-Val Yes 0.81 Yes 0.82
Microbial transformation of host molecules Glycocholic acid Yes 0.95 Yes 0.84
Phenylalanocholic acid - - - -
Tyrosocholic acid Yes 0.93 Yes 0.71
Leucocholic acid - - - -
Microbial transformation of dietary precursors Acetate Yes 0.95 Yes 0.97
Butyrate Yes 0.96 Yes 0.98
Propionate Yes 0.96 Yes 0.97
Tryptophan Yes 0.95 Yes 0.98
Tryptamine Yes 1 Yes 0.98
Serotonin Yes 1 Yes 0.98
Kynurenic acid Yes 0.98 No 0.55
Indole acetic acid Yes 1 Yes 0.99
Indole propionic acid Yes 1 Yes 0.98
Indolelactic acid Yes 1 Yes 0.87
Indoxyl sulfate Yes 1 Yes 0.87
Indoleacrylic acid Yes 1 Yes 0.97
P-cresol Yes 1 Yes 0.89
4-ethylphenyl sulfate Yes 0.98 Yes 0.94
Dopamine Yes 0.96 No 0.84
Histamine Yes 0.98 Yes 0.86
Phenylalanine Yes 0.97 Yes 0.59
N-Cinnamoylglycine Yes 0.97 Yes 0.93
Hippuric acid Yes 0.94 Yes 0.93
Phenylethanolamine Yes 0.98 No 0.56
Gamma-aminobutyric acid Yes 0.93 Yes 0.91

disorders in comparison to healthy or no disease reported samples,
warranting further investigation. Due to the absence of reference spectra
for N-acyl amides other than commendamide in the public metab-
olomics data repository, we refrained from searching for other N-acyl
amides. Therefore, it is imperative to synthesize these molecules and
obtain reference MS/MS spectra to facilitate their identification in
future studies.

3.2. GPCR-dipeptides interactions

In a recent multi-omics study we identified aromatic amino acid
containing dipeptides Phe-Val and Tyr-Val potentially derived from
microbiota (Aleti et al., 2022). However, their interactions with human
intestinal epithelial cells and their effect on gut-immune-brain axis is not
known. Given that selective expression of specific receptors on the in-
testinal epithelial and endocrine cells is responsible for the uptake and
active transportation of the dietary peptides, we speculate that it is likely
to be the case of microbial peptides as well as the possibility of passive
transportation through the intestinal barrier and BBB (See Fig. 2).

Proteins in the human gut are sensed by a proton-dependent amino-
acid transporter PEPT1, which is crucially involved in active trans-
portation of the dietary oligo peptides (2—4 amino acids), predominantly
dipeptides from the small intestinal lumen (Sala-Rabanal et al., 2008; Xu
et al., 2009). In agreement with our findings, RNA-Seq analysis revealed
PEPT1 is highly expressed on the enterocytes and has been shown to be
localized on the microvilli of the enterocytes mediating oligopeptide
uptake by enterocytes (Figs. 2 and 3). A calcium sensor CasR, reported to
be localized on the basolateral membrane of the enterocytes and

endocrine cells, albeit expressed only on endocrine cells as indicated in
Fig. 3, is also involved in sensing amino acids and oligo-peptides in
conjunction with PEPT1 (Diakogiannaki et al., 2013; Husted et al.,
2017). While CasR stimulates the secretion of cholecystokinin (CCK) and
GLP-1 by enteroendocrine cells, it regulates nutrient uptake and intes-
tinal barrier stabilization by enterocytes’ CCK secretion. In particular,
CCK regulates the mucosal inflammatory response and prevents the gut
barrier dysfunction induced by lipopolysaccharide (Saia et al., 2020;
Tang et al., 2015).

Dipeptides exhibited intestinal absorption properties and BBB
permeability (Table 1), suggesting that dipeptides can cross the intes-
tinal barrier by passive transportation and indirectly affect the CNS via
enteric neuron modulation by GLP-1 release or directly to some extent
via PEPT1 and CasR receptors in the BBB and brain. We found that Phe-
Val is mainly enriched in saliva, gastrointestinal (GI) tract and brain
samples associated with obesity and circadian rhythm disorders,
whereas high levels of Tyr-Val are found in urine, feces, GI tract and
brain of healthy individuals (Fig. 4A and B).

3.3. GPCR, PXR, and FXR-bile acids interactions

While most primary bile acid is reabsorbed within the ileum for
reuse, the remaining 5% activate bile acid receptors such as PXR, FXR
and TGR5 (GPBAR1) in the liver and GI tract (Sepe et al., 2016). The
absorption of bile acids is in line with our in silico prediction of intestinal
absorption properties for the bile acids (Table 1). Notably, we also found
that bile acids exhibit BBB permeability, suggesting that bile acids not
only act in the gut, but also enter the systemic circulation and may evoke
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Fig. 4. Representation of microbial molecule MS/MS spectra in GNPS public data.
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PXR, FXR and TGRS receptors in the brain directly. In the gut, activation
of intestinal PXR, FXR and TGRS receptors can result in the release of
fibroblast growth factor 19 (FGF19) and GLP-1, both capable of
signaling the CNS. Based on the RNA-Seq analysis of GPCRs, TGR5 is
highly expressed on immune cell subsets such as dendritic cells and
enteroendocrine cells of the gut. Previous studies have shown that TGR5
is also abundantly expressed on enteric neurons (RNA-Seq data not
available for enteric neurons) (Figs. 2 and 3). Bile acid receptors PXR,
FXR and TGRS5 are reported as a negative regulator of macrophages

(Fiorucci et al., 2018), dendritic cells and NK-cells (Mencarelli et al.,
2009), contributing to immune tolerance in the liver and intestine
(Mencarelli et al., 2009). Recently, Campbell et al. identified bile acids
as immunosuppressive agents altering dendritic cell-mediated T-cell
stimulation, by decreasing dendritic cell costimulatory molecules
expression and proinflammatory cytokine production, which in turn
promotes generation of FoxP3+ T-regulatory cells (Tregs) (Campbell
et al., 2020). Tyr-CA is found in GI tract samples associated with ul-
cerative colitis, whereas high levels of Phe-CA are detected in urine and
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GI tract samples of ulcerative colitis, Crohn’s disease and obesity
(Fig. 4A and B). Although these findings expand the diversity of mi-
crobial bile acids, their implications on human physiology and health
remain largely unknown, warranting new avenues in human-microbe
communication research. The absence of reference spectra for other
bile acids in public metabolomics data repositories highlights the need
for further synthesis and acquisition of reference spectra to support
future studies.

3.4. GPCR-SCFAs interactions

Short chain fatty acids (SCFAs) are known to play a key role in gut-
immune-brain communication (Dalile et al., 2019; Krautkramer et al.,
2020; Rooks and Garrett, 2016). Corroborating the intestinal absorption
findings (as predicted in Table 1), SCFAs are absorbed by intestinal cells
via both passive transportation and active transportation, leading to
suppression of histone deacetylase in intestinal cells (Sivaprakasam
et al., 2017). SCFAs have been shown to interact with GPCRs—GPR41,
GPR43 and GPR109A—localized on the intestinal epithelial and im-
mune cells (Dalile et al., 2019; Rooks and Garrett, 2016). Based on
RNA-Seq analysis, while GPR41 appears to be poorly expressed, GPR43
and GPR109A are highly expressed on the neutrophil, endocrine cells
and midbrain (Fig. 3). Further, SCFAs translocate to the brain and
reduce neuroinflammation (corroborating the BBB permeability find-
ings of Table 1) (Dalile et al., 2019), underscoring their role in
gut-immune-brain pathway and their therapeutic use. We did not detect
SCFAs in the metabolomics data due to their lower mass range in mass
spectra, which contained a high number of interfering peaks from sol-
vents and additives.

3.5. GPCR, PXR, AhR-tryptophan catabolite interactions

In agreement with the existing evidence, except kynurenic acid all
Trp catabolites displayed strong intestinal absorption and BBB perme-
ability (Table 1) (Krautkramer et al., 2020; Roager and Licht, 2018).
Tryptamine and serotonin are known to activate receptors 5-HT3R and
5-HT4R (Bhattarai et al., 2018; Mawe and Hoffman, 2013), and further
RNA-Seq analysis in our study revealed that these receptors are
expressed in the basal ganglia in the brain and in the intestinal and
immune cells to some extent (See Fig. 2). Trp catabolites have been
shown to reduce intestinal permeability via PXR, which is highly
expressed on the enterocytes and NK-cell (Figs. 2 and 3) (Krautkramer
et al., 2020; Roager and Licht, 2018). Indole derivatives IPA and IA can
diffuse through the intestinal epithelium and regulate aryl hydrocarbon
receptor (AhR) on immune cells (macrophages and dendritic cells; see
Fig. 3) and modulate innate and adaptive immune responses. Kynur-
enine metabolites regulate mucosal homeostasis and human-microbiota
immune tolerance via GPR35 (Agus et al., 2018; Cervenka et al., 2017),
which is expressed on dendritic, enterocytes and mucus-secreting cells
as shown in Fig. 3. Another transporter GPR142 previosuly reported to
be selectively expressed on the enteroendocrine cells, involved in
sensing of the essential aromatic amino acids and regulation of gut
hormones, is poorly expressed on the intestinal cells (Lin et al., 2016)
(Fig. 3). Our examination indicates high levels of Trp in blood, colon,
liver, and gallbladder samples associated with depression (Fig. 4A and
B). However, this is in contrast to previous studies, wherein lower Trp
availability or metabolism and kynurenine pathway dysregulation has
been associated with depression, prompting further determination of
absolute concentration (Chen et al., 2021; Hunt et al., 2020). Indoxyl
sulfate is found in nearly all the tissues and body fluids examined and
appears to be enriched in COVID-19 infection as well as healthy samples
(Fig. 4A and B). The public metabolomics samples did not reveal any
tryptophan catabolites other than Trp and indoxyl sulfate, indicating
that the LC-MS method used in these studies may not be optimal for
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detection of other tryptophan catabolites.
3.6. GPCR-tyrosine and phenylalanine metabolite interactions

Gut microbiota convert Phe, Tyr, and L-DOPA into dopamine, a
neurotransmitter that regulates dopamine receptors (DRD1-4) (Rekdal
et al., 2019; van Kessel et al., 2019).. Although RNA-Seq analysis in our
study revealed that dopamine receptors are highly expressed in most of
the brain regions (Fig. 3), systemic dopamine cannot pass the BBB
(Table 1), and thus gut microbial potential for dopamine synthesis has
been extensively studied with regard to the bioavailability of L-DOPA in
Parkinson’s disease and for the adverse effects of dopamine (Rekdal
et al., 2019; van Kessel et al., 2019). Although alteration of the neuro-
active potential of the gut microbiota is linked with variation in
neurotransmitter levels in the brain (Valles-Colomer et al., 2019), it
remains to be seen if neurotransmitters, particularly dopamine in the
intestine, can evoke the enteric dopaminergic system. Furthermore,
culture-based methods have validated the biosynthesis of PEA from Phe,
L-DOPA and Tyr. PEA readily crosses the BBB (Table 1) and regulates
mood via DRD2-4 (Chen et al., 2019). The absence of any tyrosine and
phenylalanine metabolites in the public metabolomics samples suggests
that the LC-MS method used in these studies may not be optimal for
detection of these metabolites.

3.7. GPCR interactions with histidine and GABA

Gut microbiota convert dietary histidine to histamine, which can
activate four histamine receptor subtypes (Barcik et al., 2017). We found
greater expression of histamine receptors (HRH1-4) in the brain than
epithelial and immune cells (Fig. 3). We report higher expression of
GABA receptors in the brain and, to some extent, in endocrine and
enterocytes (Fig. 3). Unlike dopamine, systemic GABA can cross the BBB
(Table 1) and directly regulate GABA receptors in the brain. Based on the
public metabolomics samples, the lack of histidine and GABA molecules
indicates that the LC-MS method utilized in these studies may not be the
most suitable for detecting these particular metabolites.

Overall, it is important to note that there is a higher overlap in the
expression profiles of these receptors in the intestine and gut cells
compared to immune cells, suggesting their role in the gut-brain
connection (as shown in Fig. 3).

3.8. Approaches to enable surveillance of human microorganism
interactions through GPCRs

Although “omics’ approaches provide unparalleled associations
between changes in the microbiome or metabolome and health, they are
limited in their ability to reveal the mechanistic details of how the
microbiome or metabolome might modulate human physiology. In this
case, animal models have demonstrated the ability to link a particular
metabolite to organism-level phenotypes. However, it is crucial to
identify the human target to gain a better understanding of the under-
lying mechanism of action. To this end, the luciferase reporter gene-
based cell assay that facilitates simultaneous profiling of 315 human
GPCR targets via a G protein-independent p-arrestin recruitment assay
has been currently benchmarked (Chen et al., 2019; Kroeze et al., 2015).

As there are several types of G proteins based on their alpha-subunit
and each GPCR initiates a distinct downstream signaling, screening
many molecules across the entire collection of GPCRs to identify po-
tential agonists or antagonists is a cumbersome task and demands
multipronged assays. However, p-arrestins have been shown to directly
interact with nearly every GPCR. In this regard, GPCR-p-arrestin in-
teractions can be utilized as a streamlined readout for identification of
agonists across the entire repertoire of GPCRs. Previously, Chen et al.
(2019) used a PRESTO-Tango assay, a transcriptional outcome-based
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B-arrestin recruitment assay (Kroeze et al., 2015) to screen the microbial
metabolites against the entire collection of non-olfactory GPCRs (Chen
et al., 2019; Kroeze et al., 2015). Although PRESTO-Tango can be used
to study the interactions between GPCRs and their ligands, this method
has some limitations, such as not being time-resolved and having a
delayed measurement, leading to low signal-to-noise ratios for some
receptors. As a result, alternative methods such as BRET-based assays
have been developed in recent years to dissect receptor signaling
through canonical G protein coupling (Avet et al., 2022; Namkung et al.,
2016). It is important to address these limitations, particularly when
conducting experimental follow-up for beta-arrestin recruitment and the
dissection of downstream signaling pathways. The BRET-based assays
allow for the measurement of protein-protein interactions in real-time,
which improves the accuracy and reliability of the results, and thus
enables us to study the activation of GPCRs and their downstream
signaling at the sub-cellular level (Avet et al., 2022).

Thus, the PRESTO-Tango and BRET-based assays will enable simul-
taneous interrogation of small-molecules across the targetable human
GPCRome, a useful framework for integration of metabolite cataloging
studies with mechanistic studies for an improved understanding of
microbiota-human molecular interactions and provide new avenues for
developing novel microbial small-molecule therapeutics. It will be
possible to better understand potential mechanistic details of the mo-
lecular interactions, particularly among gut microbes, intestinal
epithelial cells, immune cells and the nervous system for the discovery of
therapeutic compounds.

4. Conclusions

Our findings provide novel insights into the most abundant human-
microbe interactions with clinical implications and show that GPCRs are
expressed widely across organ systems but selectively on specific human
cells, including immune, enteric and brain cells, offering clues to gut-
immune-brain interactions. The expression and activity of GPCRs un-
dergo changes throughout development and aging, which can signifi-
cantly impact health and disease across the life course. Therefore, it is
crucial to investigate these changes in GPCR expression profiles to gain a
better understanding of their role in the gut-immune-brain axis and their
potential contribution to various physiological and pathological pro-
cesses. The microbial small-molecules we have described in this study
play a role in human biology and a range of diseases such as metabolic,
neuropsychiatric and inflammatory conditions mediated by GPCRs. Our
findings of GPCR and bacterial metabolite interactions in conjunction
with their localization and abundance profiles reveal that N-acyl amides
and microbial peptidic molecules, particularly derived from non-
ribosomal peptide synthetases, and other well-known microbial mole-
cules such as secondary bile acids and recent microbial-human co-
metabolism of tryptophan, tyrosine and phenylalanine, are highly
relevant in health versus disease. Further, these may play a key role in
the gut-immune-brain axis, warranting further investigation.

In addition, to date about 172 potential microbial metabolites are
reported, however, only a handful of the microbial molecules reviewed
in this study have been investigated against human receptors directly
(Wishart et al., 2022). In addition, only about 10% of molecular spectra
from human metabolomes can be annotated, leaving the rest as
non-assignable or dark matter—many molecules are still awaiting dis-
covery, and their effect on human receptors and physiology remains
unexplored. In this regard, we speculate that several uncharacterized
bacterial metabolites may bind GPCRs and may contribute to ‘deor-
phanization’ of the so far untapped trove of GPCRs. Such metabolites
and their human interactions may offer promising targets for micro-
biome therapeutics and therefore open novel avenues for prevention and
intervention of human diseases.
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e8bfa90bfb184205a862444d150653e3; Tryptophan: f18c2a7c189a4d
1b9d698c6bff526a5d; Tyrptamine: dc36f9351f4a442ba185d10b0d
481739; kynurenic acid: 02a8416a52f8463e9cb7aeb4088d9863; Sero-
tonin: af3282ea885243a9b631f60c5d6b0841 Tyrosine cholic acid:
0e486c6ecd9f42f08dd466e67d6997c8; Phenylalanine cholic acid:
3188dfca7a814e30b46£534f8ffdcb53; Glutamic acid chenodeoxy cholic
acid: 6beb245285ad4926aa8d19¢514878319; Commendamide: 2214
cflde9a54e419fc6a527cd87bd48; Tyr-Val: 3956099739214030bc76
dd95dd1bf894; Phe-Val: 1f1269480de44{378f5b469bc3b28b0aRNA-
Seq expression profiles from all human receptors used in this study,
and mass spectral profiles for each molecule found across tissue and
body fluid types, code/scripts, and data underlying heatmap figures are
publicly available from the GitHub repository (https://github.
com/gajenderaleti/GPCR-MicrobialMetaboliteInteractions). In addi-
tion, MASST analysis for each molecule are available at Global Natural
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IDs: GABA: 87b3aac5b86b4124beOcb4aaa6679d11 Hippuric acid:
df76ea23ecd54b988f1116321dd4ae46 Phenylathylamine: 6a4ed755
c33f4df3bb71dbe629bdeac5 Phe: 4e52el644a224971ab4f4749744
e6ed8 Histamine: e7f992ade5234b63906e1b8a4d3al2c0 Dopamine:
27df5f82bf074195bdccf75f82398fb2 p-cresol sulfate: 8c99e2bae67
f4dc09156f84bfe417970 Indoleacrylic acid: ef7e85bf5d32461388
7e7d026cc56212 Indoxylsulfate: e65dfel111f8943169f39b639a8bc53c8
Indolepropionic acid: d38f7ce18898460bb64f476d90f5c62a Indolelac-
tic acid: e083444bfal04fed9394943011b7e563 Indoleacetic acid:
e8bfa90bfb184205a862444d150653e3 Tryptophan: fl18c2a7c189a4d
1b9d698c6bff526a5d Tyrptamine: dc36f9351f4a442bal185d10b0d48
1739 kynurenic acid: 02a8416a52f8463e9cb7aeb4088d9863 Serotonin:
af3282ea885243a9b631f60c5d6b0841 Tyrosine cholic acid: 0e486c6ec
d9of42f08dd466e67d6997c8 Phenylalanine cholic acid: 3188dfca7
a814e30b46f534f8ffdcb53 Glutamic acid chenodeoxy cholic acid:
6beb245285ad4926aa8d19c¢514878319 Commendamide: 2214cflde9
a54e419fc6a527cd87bd48 Tyr-Val: 3956099739214030bc76dd95dd
1bf894 Phe-Val: 1f1269480de44f378f5b469bc3b28b0aRNA-Seq
expression profiles from all human receptors used in this study, and
mass spectral profiles for each molecule found across tissue and body
fluid types, code/scripts, and data underlying heatmap figures are
publicly available from the GitHub repository (https://github.
com/gajenderaleti/GPCR-MicrobialMetaboliteInteractions). In addi-
tion, MASST analysis for each molecule are available at Global Natural
Product Social Molecular Networking (GNPS) with the following task
IDs: GABA: 87b3aac5b86b4124beOcb4aaa6679d11 Hippuric acid:
df76ea23ecd54b988f1116321dd4ae46 Phenylathylamine: 6a4ed755c3
3f4df3bb71dbe629bdeac5 Phe: 4e52e1644a224971ab4f4749744e6ed8
Histamine: e7f992ade5234b63906e1b8a4d3al2c0 Dopamine: 27df5f8
2bf074195bdccf75f82398fb2 p-cresol sulfate: 8c99e2bae67f4dc091
56f84bfe417970 Indoleacrylic acid: ef7e85bf5d324613887e7d026
cc56212 Indoxylsulfate: e65dfe111f8943169f39b639a8bc53c8 Indole-
propionic acid: d38f7ce18898460bb64f476d90f5c62a Indolelactic acid:
e083444bfal04fed9394943011b7e563 Indoleacetic acid: e8bfa90bf-
b184205a862444d150653e3 Tryptophan: f18c2a7c¢189a4d1b9d698c6
bff526a5d Tyrptamine: dc36f9351f4a442ba185d10b0d481739 kynur-
enic acid: 02a8416a52f8463e9cb7aeb4088d9863 Serotonin: af3282ea8
85243a9b631f60c5d6b0841 Tyrosine cholic acid: 0e486c6ecd9f4
2f08dd466e67d6997c8 Phenylalanine cholic acid: 3188dfca7a814e30b
46f534{8ffdcb53 Glutamic acid chenodeoxy cholic acid: 6beb245285a-
d4926aa8d19c¢514878319 Commendamide: 2214cflde9a54e419f-
¢6a527cd87bd48 Tyr-Val: 3956099739214030bc76dd95dd1b{f894 Phe-
Val: 1f1269480de44f378f5b469bc3b28b0aRNA-Seq expression profiles
from all human receptors used in this study, and mass spectral profiles
for each molecule found across tissue and body fluid types, code/scripts,
and data underlying heatmap figures are publicly available from the
GitHub repository  (https://github.com/gajenderaleti/GPCR-Micro
bialMetabolitelnteractions). In addition, MASST analysis for each
molecule are available at Global Natural Product Social Molecular
Networking (GNPS) with the following task IDs: GABA: 87b3aac5b8
6b4124beOcb4aaa6679d11 Hippuric acid: df76ea23ecd54b988f1
116321dd4ae46 Phenylathylamine: 6a4ed755c33f4df3bb71dbe629b-
deac5 Phe: 4e52e1644a224971ab4f4749744e6ed8 Histamine: e7f992
ade5234b63906e1b8a4d3al2c0 Dopamine: 27df5f82bf074195bdccf
75f82398fb2 p-cresol sulfate: 8c99e2bae67f4dc09156{84bfe417970
Indoleacrylic acid: ef7e85bf5d324613887e7d026cc56212 Indox-
ylsulfate: e65dfe111f8943169f39b639a8bc53c8 Indolepropionic acid:
d38f7ce18898460bb64f476d90f5c62a Indolelactic acid: e083444bfa
104fed9394943011b7e563 Indoleacetic acid: e8bfa90bfb184205a86
2444d150653e3 Tryptophan: f18c2a7c189a4d1b9d698c6bff526a5d
Tyrptamine: dc36f9351f4a442ba185d10b0d481739 kynurenic acid:
02a8416a52f8463e9cb7aeb4088d9863 Serotonin: af3282ea885243a9b
631f60c5d6b0841 Tyrosine cholic acid: 0e486c6ecd9f42f08dd4
66e67d6997c8 Phenylalanine cholic acid: 3188dfca7a814e30b
46£534£8ffdcb53 Glutamic acid chenodeoxy cholic acid: 6beb245285a-
d4926aa8d19c¢514878319 Commendamide: 2214cflde9a54e419fc6a
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527cd87bd48 Tyr-Val: The Human Microbiome Project Consortium.
Structure, function and diversity of the healthy human microbiome.
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