N
N

N

HAL

open science

Drug Mimicry: Promiscuous Receptors PXR and AhR,
and Microbial Metabolite Interactions in the Intestine
Zdenék Dvorak, Harry Sokol, Sridhar Mani

» To cite this version:

Zdenék Dvorak, Harry Sokol, Sridhar Mani. Drug Mimicry: Promiscuous Receptors PXR and AhR,
and Microbial Metabolite Interactions in the Intestine. Trends in Pharmacological Sciences, 2020, 41
(12), pp.900-908. 10.1016/j.tips.2020.09.013 .

hal-03339426

HAL Id: hal-03339426
https://hal.inrae.fr /hal-03339426

Submitted on 9 Sep 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.inrae.fr/hal-03339426
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Cell

REVIEWS

Drug Mimicry: Promiscuous Receptors PXR
and AhR, and Microbial Metabolite Interactions

N the Intestine
Zdengk Dvorak,'* Harry Sokol,*** and Sridhar Mani>®"*

Significant attrition limits drug discovery. The available chemical entities present
with drug-like features contribute to this limitation. Using specific examples of
promiscuous receptor-ligand interactions, a case is made for expanding the
chemical space for drug-like molecules. These ligand-receptor interactions are
poor candidates for the drug discovery process. However, provided herein are
specific examples of ligand-receptor or transcription-factor interactions, namely,
the pregnane X receptor (PXR) and the aryl hydrocarbon receptor (AhR), and
its interactions with microbial metabolites. Discrete examples of microbial
metabolite mimicry are shown to yield more potent and non-toxic therapeutic
leads for pathophysiological conditions regulated by PXR and AhR. These exam-
ples underscore the opinion that microbial metabolite mimicry of promiscuous
ligand-receptor interactions is warranted, and will likely expand the existing
chemical space of drugs.

Expanding the Chemical Space of Drugs via Microbial Metabolite Mimicry of
Promiscuous Metabolite-Receptor Interactions

Promiscuous receptor-ligand interactions, while on the one hand are problematic for necessary
science investigations into receptor biology, maybe a treasure trove for investigating the bounds
of chemical space available for that receptor [1]. If the receptor per se, influences a biological
phenomenon, then there is theoretical potential to develop more potent small molecules mimicking
that chemical space [2,3]. To mine this concept, we start with orphan or adopted orphan nuclear
receptors, as it is well established that these sets of receptors, and related ligand-activated
transcription factors, have significant ligand promiscuity [4].

Orphan Nuclear Receptors and Transcription Factors as Attractive Targets for
Host Modulation of Physiology and Pathophysiology

The absence of a well-defined endogenous ligand defines ‘orphan nuclear receptors’. Once
the endogenous ligand is discovered, the terms, ‘deorphanization’ or ‘adopted orphan receptors’
are used. The most studied subgroups of the orphan nuclear receptors comprise xenobiotic
receptors, and metabolic and energy sensors. Unlike nuclear hormone receptors, orphan nuclear
receptors have a large ligand-binding domain, and they are promiscuous in binding a wide array
of structurally unrelated compounds. Also, ligands of orphan nuclear receptors usually have a
lower affinity and potency than nuclear hormone receptors. Therefore, orphan nuclear receptors
(salient receptors are elaborated on later) are sometimes referred to as high-capacity and low-
specificity (affinity) receptors.

The discovery of the first xenosensor, the AhR, a ligand activated transcription factor, dates back
to the early 1970s. The AhR is activated by several xenobiotics, including environmental
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pollutants, plant polyphenolics, alkaloids, synthetic compounds, and drugs. The examples of en-
dogenous AhR ligands are eicosanoids, indirubin, bilirubin, or 6-formylindolo[3,2-b]carbazole
(FICZ) [5]. Whereas the AhR was considered for a long time as a transcriptional mediator of
xenoprotective and drug-metabolizing genes, there is a substantial body of evidence for the
involvement of the AhR in many physiological processes, such as hematopoiesis, restorative
neurogenesis, organ development, embryogenesis, and immunity [6]. Moreover, the AhR is a
pivotal actor in the pathogenesis of cancer [7], intestinal inflammation [8], hepatic steatosis [9],
and atopic dermatitis [10]. Given the broad and essential roles of the AhR in human physiology
and pathophysiology, the attempts for therapeutic targeting of the AhR have emerged. Multiple
reports proposed the AhR signaling pathway as a target for anticancer therapy, including a
strategy of repurposing existing drugs [7,11]. Clinically approved AhR active drugs lansoprazole,
omeprazole, raloxifene, flutamide, sulindac, tranilast, leflunomide, nimodipine, or mexeletine were
suggested as off-target chemotherapeutics for the treatment of breast cancers [12]. Off targeting
the AhR with tranilast was used in the treatment of atopic dermatitis [13]. Topical application of
coal tar induced skin barrier repair in atopic dermatitis via the AhR pathway [14]. A topical
cream containing tapinarof, a bacterial stilbenoid, and an AhR agonist, was examined, as an
agent for atopic dermatitis [10] and plagque psoriasis [15]. The roles of the AhR in the pathogenesis
of inflammatory bowel diseases are widely known [16], and the insufficient or inappropriate
activation of the AhR is associated with inflammatory conditions [8]. Whereas the activation of
the intestinal AhR by various xenobiotics was reported to trigger and to attenuate colitis,
therapeutic targeting of the intestinal AhR was not applied to date. Interestingly, very few AhR
antagonists described, and more recently, natural vitamins, folate, and B12, seem to function
as endogenous AhR antagonists [17].

The PXR was initially described as an orphan nuclear receptor, activated by natural and synthetic
steroids. In this context, it is important to recognize that the mouse and the human receptors
respond to distinct ligands (e.g., the mouse receptor is activated by pregnenolone carbonitrile
and the human receptor is activated by rifampicin), and therefore, displays species-specificity.
In this context, with respect to intestinal microbial metabolites, indolyl-3-propionate (IPA) is a
mouse PXR ligand, but not an efficient human PXR ligand. However, combinatorial indole metab-
olite mixtures can activate the human PXR receptor. These metabolites are produced in both
rodent and human intestines. Thus, there is specificity in terms of the types of ligands found, as
microbial metabolites and their ligand activation of PXR. For translation to human conditions,
human PXR ligands also necessitate the use of humanized mice and these mice have been
created by several groups and companies (e.g., Taconic). The PXR is activated by xenobiotics
that induce drug-metabolizing enzymes, causing pharmacokinetic drug interactions, which is
undesired [18]. Xenobiotic ligands of the PXR are structurally unrelated compounds, including
drugs (e.g., rifampicin), natural compounds (e.g., hyperforin and solomonsterols) and environ-
mental pollutants (e.g., phthalates and bisphenals) [19,20]. Currently, the PXR is ‘deorphanized’
and endogenous ligands such as bile acids, estrogens, or vitamin K2, were identified. Besides
the central role in the regulation of xenobiotic-metabolizing enzymes, the PXR controls the inter-
mediary metabolism of lipids, glucose, and bile acids, and it is involved in the etiology of various
diseases such as diabetes, metabolic syndrome, cardiovascular pathologies, inflammatory
bowel disease, acute kidney injury, neurological pathologies, and cancer [20]. Hence, the thera-
peutic targeting of the PXR with both agonists and antagonists is of particular interest [19,20].

The constitutive androstane receptor (CAR) is a ‘sister’ receptor of the PXR [21], because they
share and overlap ligands and activators, transcriptional partners, specific response elements
in DNA, a set of target genes, and in general, biological functions [22]. In contrast to other nuclear
receptors, the CAR constitutively activates gene transcription. Initially, it was observed that the
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steroids androstanol and androstenol inhibit the constitutive activity of the CAR (inverse agonist
effects) by a mechanism involving the promaotion of coactivator release from the ligand-binding
domain. Therefore, an unanticipated steroidal signaling pathway that functions in a manner oppo-
site to that of the conventional nuclear receptor pathways was defined [21]. Targeting the CAR
in the therapy of metabolic diseases, cancer, diabetes, inflammatory, and liver diseases, were
proposed [23].

The liver X receptor (LXR) exists in two forms, (i.e., LXRa and LXR3), which have tissue-specific
expression. The endogenous ligands of the LXRs are oxysterols, and intermediates of the
mevalonate metabolic pathway. An example of the xenobiotic activator is synthetic compound
GW3965. Physiological roles for the LXRs are the regulation of glucose, fatty acids, and choles-
terol metabolism. Therefore, the LXRs are promising targets for the therapy of obesity, diabetes,
and atherosclerosis [24]. Therapeutic targeting of the LXRs, using dual or LXRa/LXR[3-selective
ligands, is also considered in cancer [25], and inflammatory and neurodegenerative diseases
[26]. Ottipraz, an antagonist of the LXRa, reduced the liver fat content in patients with nonalco-
holic fatty liver disease (NAFLD) in phase Il clinical trial [27]. The LXR[-selective agonist BMS-
852927, increased reverse cholesterol transport pathways, but adverse effects, such as elevated
LDL cholesterol and triglycerides, were reported [28]. An improvement in barrier differentiation
and lipids, was observed in patients with mild to moderate atopic dermatitis, topically adminis-
tered with LXR[3-selective ligand VTP-38543 [29].

The farnesoid X receptor (FXR; NR1H4) was named after its first identified ligand farnesol.
Endogenous ligands of the FXR are bile acids; hence the FXR is sometimes referred to as bile
acid receptor. The physiological function of the FXR is the regulation of the metabolism of bile
acids, fatty acids, triglycerides, and glucose. Consistently, FXR is an attractive target for the treat-
ment of metabolic and hepatic diseases [24,30]. Several clinical trials were carried out with highly
potent FXR synthetic agonist obeticholic acid, including those against type Il diabetes and NAFLD
[31], non-cirrhotic nonalcoholic steatohepatitis [32], primary sclerosing cholangitis [33], and
primary biliary cholangitis [34]. For the latter, FDA-approved drug Ocaliva® is available. The
examples of other FXR agonists currently under clinical investigations are Cilofexor (Gilead
Sciences), and PX-102 (Phenex Pharmaceuticals).

The peroxisome proliferator-activated receptors (PPARSs) regulate glucose and lipid homeostasis,
inflammation, proliferation, and differentiation [35]. Fatty acids activate the PPARs and their
derivatives, the examples of endogenous ligands for PPARa and PPARYy are oleoylethanolamide
and 15-deoxy-prostaglandin J2, respectively. Xenobiotic ligands for the PPARs are various
endocrine-disrupting chemicals that cause obesogenic effects. The therapeutic target for hypo-
lipidemic drugs of fibrates class is PPARa, whereas antidiabetes type-Il thiazolidinediones target
PPARYy. Targeting PPARs in cancer therapy [35] and diabetic microvascular damage [36] was
proposed.

Microbial Metabolites as Modulators of AhR, PXR, FXR, LXRs, and PPARs
Receptors

Human gut microbiota produces a broad spectrum of metabolic products that interact with
the host organism, and mediate beneficial health effects and pathogenicity. The microbial
metabolites are structurally diverse compounds, including short and medium-chain fatty
acids, polysaccharides, polyamines, formyl-peptides, bile acids, tryptophan metabolites, acyl-
homoserine lactones, gaseous substances (hydrogen sulfide, methane), toxins, and others [37].
At cellular levels, the gut microbial metabolites interact mostly with G protein-coupled receptors
and nuclear receptors, through which they mediate their biological effects both onsite and distantly.
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The following examples illustrate how multiple microbial metabolites can serve as weak but pro-
miscuous ligands, for a given nuclear receptor, and across ligand-activated transcription factor
systems. In this context only PXR and AhR are highlighted, as the other receptors mentioned,
LXR, FXR, and PPAR, are not, per se, promiscuous receptors. Metabolites of tryptophan,
produced by human intestinal microbiota, were extensively studied as ligands of the AhR and me-
diators of intestinal health and disease. To date, numerous tryptophan catabolites were identified
as low-affinity AhR ligands (agonist and antagonist), including indole, skatole, tryptamine, and a
series of indolyl-3-(lactate, pyruvate, acrylate, propionate, acetate, aldehyde, acetamide, ethanol)
ligands [38,39]. Ligand-dependent transcriptional activation of the AhR, was synergistically
enhanced by short-chain fatty acids (SCFAs) [40]. Other examples of intestinal-microbiota
derived AhR ligands comprise 2,8-dihydroxy-quinoline, urolithin A (formed from ellagitannins),
and 1,4-dihydroxy-2-naphthoic acid [41].

The most studied microbial PXR ligands were the indole products of tryptophan catabolism,
including skatole [42], indolyl-3-acetate (IAA), and IPA, the latter being reported to diminish intes-
tinal inflammation through PXR pathway [43]. Intestinal proinflammatory responses in the early
stages of experimental necrotizing enterocolitis were attenuated by lithocholic acid, through
targeting the PXR [44]. Indirect effects of various xenobiotics such as statins or green tea poly-
phenols through PXR, were shown to result in dysregulation of intestinal SCFAs and bile acid
composition. Whereas the involvement of CAR in the intestinal mucosal response to injury was
demonstrated, direct proof of CAR targeting with microbial metabolites was not provided [45].

The antioxidant tempol displayed antiobesity activity, by reducing intestinal genus Lactobacillus,
leading to the accumulation of tauro-3-muricholic acid, which is the FXR antagonist [46]. Similarly,
theabrownin-suppressed gut microbes, with bile-salt hydrolase activity, resulted in increased levels
of taurochendoxycholic, tauroursodeoxycholic, glycochenodeoxycholic, and glycoursodeoxycholic
acids, exhibiting hypolipidemic effects through inhibition of the intestinal FXR [47]. Hypoglycemic
activity of metformin was partly explained by shaping gut microbiota when Bacteroides fragilis dimin-
ished, and the levels of glycoursodeoxycholic acid, an FXR antagonist, increased [48]. Recently, a
new class of bile acids with FXR agonist activity, produced by human gut microbiota, was identified.
These acids are conjugated with atypical amino acids, yielding novel phenylalanocholic, tyrosocholic,
and leucocholic acids [49]. Overall, gut bacterial bile acids are the agonist and antagonists of the
FXR, that display their biological effects partly through this receptor; however, the activation of the
PXR cannot be excluded. Interestingly, there are no available data about the interactions between
LXR and gut microbial metabolites.

Several studies reported the activation of the intestinal PPARy by SCFAs, mainly by propionate
and butyrate [50]. Depletion of butyrate-producing microbes by antibiotics reduced epithelial
signaling through PPARY [51]. Probiotic bacteria producing conjugated linoleic acids locally in
the gut, were shown to suppress colitis through targeting PPARYy [52].

Indole and Its Microbial Metabolites as Promiscuous Ligands, for a Given
Receptor and across Receptor Systems

L-tryptophan catabolism, specifically via microbes in the intestine, is essential for host-microbe
symbiosis [53,54] (Figure 1). Indole per se, has been extensively studied concerning AhR. Indole
is a very weak PXR ligand [43]. However, indoles (~1 mM) can also inhibit voltage-gated K (+)
channels leading to acute stimulation of GLP-1 secretion from intestinal L cells; however, a
more chronic effect of indoles reduces GLP-1 via inhibition of NADH dehydrogenases, and a
slow loss of ATP [55]. Indole also has effects on bacteria, such that it causes spatial segregation
of bacteria in the gut that resist invaders, but helps recruit beneficial organisms [56]. Additionally,
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Figure 1. Tryptophan Intestinal Microbial Catabolites as Ligands and Agonists of Xenosensors, AhR and PXR. A chart summarizes molecular effects of
known human intestinal microbial metabolites of tryptophan at AhR and PXR receptors. Heat-map shows a semi-quantitative profile of interactions: (i) Affinity, is a
measure of compound binding at the receptor ligand binding domain (dissociation constant =Kp); (i) Potency, refers to the concentration of the compound to produce
50% of maximal effect (half-maximal effective concentration =ECx); (iii) Efficacy, is the maximum response that can be reached by the compound. Abbreviations: PXR,
pregnane X receptor; AhR, aryl hydrocarbon receptor.

indole can attenuate the IFN1 pathway, and limit graft-versus-host disease in mice that have un-
dergone allogeneic bone marrow transplantation [57]. IPA is a mouse PXR agonist which requires
indole for the efficient activation of the human receptor [43]. However, IPA is not an efficient AhR
ligand [39]. Indole metabolite, skatole (3-methylindole) is an efficient ligand for AhR, but also dem-
onstrates AhR-independent activation of p38 in intestinal epithelial cells [58]. Tryptamine medi-
ates ionic flux in the intestines directly, via a 5-HT,4 receptor (5-HT4R), a G-protein-coupled
receptor (GPCR) [59]. Indoleacrylic acid (IAC) and indole 3-pyruvic acid (IPY), suppress inflamma-
tion via actions on Nrf2 and AhR, respectively [60,61]. These examples serve to illustrate the com-
plexity of host receptor interactions within just one amino acid microbial catabolite family. Efficient
metabolite-receptor interactions are usually in the micromolar range. The combinatorial effects of
metabolites also have different outcomes — some together act as agonists, while other agonists,
in combination, could result in antagonism of the receptor(s) [62]. Using the indole metabolite
family as an example, further explored is how quantitative structure-activity relationships
(QSAR), focused on PXR and AhR, may vield potential lead small molecules. It can be shown
that these lead molecules are relatively safe, compared with known xenobiotic ligands for AhR
and PXR, for in vivo applications. Since PXR and AhR have potent anti-inflammatory properties,
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there is a potential for developing the leads into therapeutic drugs for conditions such as inflam-
matory bowel disease.

Quantitative Structure-Activity Relationships Between Indole(s) and Receptors,
PXR, and AhR

The correlation between a structure of xenobiotic and microbial indoles, and their capability to
activate PXR and AhR receptors in vitro or in vivo is not straightforward, because there is mutual
regulatory crosstalk between the AhR and the PXR. Also, numerous compounds are dual
agonists for both receptors (Figure 1). Whereas indole is a very low potency (ECso =1000 uM)
ligand of the PXR, its monomethylation at any position significantly increased its potency
(ECs0 =25-75 uM) [42]. The substitution of indole at position 3 with acetamide moiety led to
medium-potency derivative, whereas the introduction of 2-hydroxyethyl, 2-aminoethyl, or
acryloyl moiety, maintained feeble agonist effects. However, 3-substitutions with acetate,
propionate, lactate, pyruvate, or aldehyde resulted rather in loss of even weak indole activity
(manuscript submitted). The presence of indole-N-acetamide moiety was identified as a
PXR-active pharmacophore of viral polymerase inhibitors [63]. Interestingly, the combination
of IPA and indole yielded much stronger intestinal anti-inflammatory effects via the PXR, as
compared with the individual metabolites [43]. We designed highly potent (ECso =1 pM) and
efficacious PXR-selective agonists, by exploiting indole-based hybrid structure scaffolds.
The key PXR-active pharmacophore was 1-(phenylsulfonyl)-indol-2-yl backbone. The new
introduction of the indol-2-yl group led to the acquisition of the AhR activity and the AhR/
PXR-dual agonists; the removal of the phenyl sulfonyl group resulted in AhR supra-agonist
compounds [64]. Eleven metabolites (all being 3-substituted indoles, formed from dietary
tryptophan by human intestinal microbiota) were identified as the ligands and activators of the
AR, substantially differing in their pharmacology parameters [39]. Highly potent (ECso =1 nM)
AhR-agonists, are based on 3-monosubstituted indoles [6-(indole-3-carbonyl)picolinonitrile and
(indol-3-yl)(6-(trifluoromethyl)pyridin-2-yl)methanone] [65].

Examples of Mimicry of AhR and PXR Ligand Metabolites Derived from Microbes as Therapeutic
Leads

As discussed previously, it was demonstrated that the combination of indole, together with its
metabolite IPA, activates the human PXR. PXR agonism regulates intestinal inflammation via
the TLR4-NFkB pathway [43]. Subsequently, based on the binding pharmacophore of indole
and IPA on the PXR ligand-binding domain (LBD), a series of indole analogs arising for reaction
intermediates and final products in PXR and AhR reporter assays, were tested [64]. In these
studies, it was found that several indole analog synthetic intermediates (FKK1-10) were effective
PXR agonists; however, only two of these, FFK2 and FKK9, had potent AhR agonist effects. In
picking for selective PXR agonists, we focused on FKK5 and FKK6, based on the most favorable
biophysical and biochemical activity profile. As a first example, FKK6 was further evaluated in
human cell lines and intestinal organoid model systems of inflammation, and finally, in a mouse
model of chemical colitis. The data suggest that FKK6 significantly abrogates indices of proin-
flamsmatory activity (IL8, lipocalin) in all model systems studied.

Furthermore, experiments in primary human intestinal biopsy tissues, obtained from patients with
inflammatory bowel disease (IBD) ex vivo, are planned (personal communication, Dr Hao Li, Albert
Einstein College of Medicine, Bronx, NY and Dr Efi Kokkotou, Beth Israel Deaconess Medical
Center, Boston MA). A more focused approach is seen with AhR. Indole is an AhR agonist
(ECs0 ~3 uM to 1.5 mM in luciferase reporter assays) [66,39]. However, at Harvard, investigators
screened a chemical library of indoles and indazoles, which resulted in developing a potent hit,
PY109. This small molecule is a potent AhR agonist (ECso ~1.2 nM) and is a more potent and
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drug-like indole mimic that has demonstrated anti-inflammatory properties in mice [65]. PY109,
when orally administered to mice, potently induced IL-22 and expanded tissue ILC3 and yd
T cell subpopulations. The investigators found several other hits like PY108, all capable of similar
actions as PY109. These design and chemical synthesis principles may be extended to the
microbial synthesis of potent alkaloids that serve as AhR ligands [67,68].

Potential Application and Pitfalls of PXR and AhR Activating Microbial Metabolite Mimics in
Human Diseases

It is tempting to dive into classical drug development, but it is prudent to understand the effects
of chronically perturbing PXR/AhR signaling homeostasis. In the case of both receptors, PXR
and AhR, hyperstimulation of either receptor has tissue-specific effects, some that will not be
beneficial for drug discovery. For example, hyperstimulation of AhR systemically can lead to
anemia, a fatty liver, and developmentally, a cleft palate [17,69]. In this context, the aim of an
AhR targeting treatment might be to restore the normal activation of the receptor, and not to
overstimulate it. Similarly, systemic activation of PXR can have untoward effects with regards
to unanticipated drug interactions, liver steatosis, and the potential to accelerate de novo
malignancy [70].

Furthermore, as with any receptor involved in homeostasis, tachyphylaxis of response is also
possible. Hence, applications of principles of clinical pharmacology then become salient in the
drug development process for agents targeting these types of receptors. For example, in the
case of FKK6 and PXR, it is imperative to drive PXR activation, perhaps in an intermittent manner
and with local confinement. So, if we target inflammatory bowel disease, the ideal setting is distal
colitis, in which FKK6 formulations could only be delivered as enemas for local effect. Alternatively,
intermittent rectal bolus could be applied to avoid consistent hyperstimulation of PXR. Thus, a
combination of patient and disease selection, coupled with some regional approaches for drug
delivery, might be the best option to move these potent agents forward.

Concluding Remarks

This opinion article covers the feasibility of developing potential therapeutic leads using the con-
cept of chemical biomimicry. The biomimics are of ‘weak’, but host targeted microbial metabo-
lites, where the exact relationship between the ligand and its cognate therapeutic target(s) are
known. It is put forward that there are some prerequisites for this to happen. First, the chemistry
of deriving mimics should be simple and well defined. There should be a resolution of enantio-
mers, as many of these receptors have enantiomer-specific interactions. Second, the relationship
between the host target and the microbial metabolite should be well defined, preferably by direct
binding studies. Third, there should be a firm ability to perform classical biochemistry studies with
the target. Fourth, the analog will need to be tested in terms of its affinity for binding to the receptor.
If possible, the crystal structures of the ligand-bound receptor should be ascertained. Fifth,
the association, in terms of cause and effect between the host target and the physiology
(or pathophysiology) under therapy, should be well characterized. However, even with these
prerequisites, broader questions are looming (see Outstanding Questions). For example, it is
unknown as to what the true extent of weak (and promiscuous) metabolite-receptor pairings is in
humans, specifically those that modify host physiology or pathophysiology. If each is mined, how
many can genuinely be subjected to the prerequisites mentioned in the previous text to further
drug discovery? Drug discovery is already replete with ideas that expand chemical space simply
based on the limits of chemistry per se [71,72]. Hence, an outstanding question is whether this
could help the concept develop further, or if the concept of directed metabolite mimicry enlarges
the chemical space. There is much to be learned from mining microbial metabolite-host receptor
interactions, and there is a ray of hope that future work will exploit these interactions favorably.
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Outstanding Questions

To what extent are host receptor-
metabolite pairings promiscuous and
weak (affinity in the micro to millimolar
range)?

How many of these interactions
actually influence host physiology or
pathophysiology ?

How many receptor-metabolite pairs
that influence host physiology are
actually amenable to chemical analog
investigations? A major prerequisite
for this would be that the ligand in
question must be amenable to chemis-
try that is simple, and dramatically
changes receptor interactions.
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