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Abstract 

 

For decades, traditional drug discovery has utilized natural product and synthetic chemistry 

approaches to generate libraries of compounds, some ending as promising drug candidates. A 

complementary approach has been to adopt the concept of biomimicry of natural products and 

metabolites so as to improve multiple drug-like features of the parent molecule. In this effort, 

promiscuous and weak interactions between ligands and receptors are often ignored in a drug 

discovery process. In this emerging concepts’ article, we highlight microbial metabolite mimicry, 

whereby parent metabolites have weak interactions with their receptors, that then have led to discrete 

examples of more potent and effective drug-like molecules.  We show specific examples of parent 

metabolite mimics with potent effects in vitro and in vivo. Further we show examples of emerging 

microbial ligand-receptor interactions and provide a context in which these ligands could be improved 

as potential drugs. A balanced conceptual advance is provided in which we also acknowledge 

potential pitfalls – hyperstimulation of finely balanced receptor-ligand interactions could also be 

detrimental. However, on balance, we provide examples of where this emerging concept needs to be 

tested.  

 

Significance 

Microbial metabolite mimicry is a novel way to expand on the chemical repertoire of future drugs. The 

emerging concept is now explained using specific examples of the discovery of therapeutic leads 

from microbial metabolites. 
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Biomimicry as an Innovation Concept. Biomimicry is derived from the words, bios (Greek) or life or 

nature, and mimesis (Greek) or imitation (Baumeister, 2012; Hargroves and Smith, 2006). Various 

industries have adopted biomimicry-based approaches for innovative solutions (Chauhan; Falanga et 

al., 2020; Hu et al., 2019; Wood, 2019). In medicine, biomimicry involves developing analogs of host 

endogenous molecules that have evolutionarily adapted to target a given receptor and induce a 

favorable outcome. For instance, the soil bacterium Sorangium cellulosum, (Gerth et al., 1994; 

Molnar et al., 2000) has likely evolved in its capacity for epothilone biosynthesis to ensure optimal 

fitness in its environment (Altmann et al., 2009; Gerth et al., 2003; Rachid et al., 2007; Tang et al., 

2000).  Epothilones have diverse therapeutic activity in host organisms as anti-inflammatory agents, 

antibiotics, anti-viral, anti-cancer and other therapies (Gerth et al., 1996). Modifying the oxidation 

states of a parental epothilone compound could give rise to a class of epothilone analogs with 

improved cytotoxic potential for cancer therapy (Tang et al., 2003). Indeed, a synthetic analog of 

microbial epothilones, BMS247550 (ixabepilone), targets microtubules in mammalian cells and is 

approved for the treatment of breast cancer (Li et al., 2017). Beyond cancer indications, obeticholic 

acid (OCA, OcalivaTM), an analog of the endogenous Farnesol X Receptor (FXR) ligand 

chenodeoxycholic acid, has exhibited clinical benefit for primary biliary cholangitis (PBC) (Markham 

and Keam, 2016; Pellicciari et al., 2002). Much effort has been allocated towards deriving 

therapeutics from potent metabolites produced by soil and marine bacteria. Here we will make the 

case that isolation of weak metabolites from the human commensal microbiome may increase the 

library of candidate metabolite analogs with therapeutic potential. 
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Recent evidence indicates that the human microbiome of a 70kg reference male contains 

approximately 3.8 x 1013 cells, roughly equivalent to the number of human cells in the body (Sender 

et al., 2016). While these figures remain best estimates, the massive numbers of microbes present in 

our bodies underscore their ability to expand the metabolic capabilities of the human organism. For 

example, in the gut, there are over 3-9 million unique bacterial genes (Qin et al., 2010; Yang et al., 

2009). We may speculate that bacterial metabolic pathways are equally as diverse and that their 

chemical compounds are highly varied in structure and function. Some metabolites derived from the 

commensal human microbiome exhibit therapeutic properties (Descamps et al., 2019; Dobson et al., 

2009; Saha et al., 2016; Skelly et al., 2019). Metabolites with known therapeutic potential are likely to 

be only a fraction of the total therapeutic repertoire of microbial metabolites, as suggested in 

metabolomic studies (Folberth et al., 2020).  

 

Microbial Metabolite Mimicry as a Drug Discovery Concept. We recently described microbial 

metabolite mimicry as an emerging 

concept for drug discovery (Dvorak et al., 

2020). Based on the potential for improving the potency, selectivity, or pharmacokinetics of weak to 

moderate natural ligands, microbial metabolite mimics may simultaneously minimize off-target 

liabilities as a means to expand chemical and drug repertoires (Figure 1). The feasibility of this 

approach has been demonstrated through the recent preclinical development of several mimics with 

promising results. 

 

 

Examples of Microbial Metabolite Mimicry in Drug Discovery.  

 

Indole mimics and inflammation. Microbial metabolism of dietary L-tryptophan yields a number of 

indole-containing metabolites (Roager and Licht, 2018) that are present and biologically active in 

Figure 1. Conceptual Schematic of Microbial Metabolite 
Mimicry.  
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rodents and humans (Barbora Vyhlídalová et al., 2020). These metabolites are diverse and many 

have effects on multiple host receptors (Kim, 2018). For instance, the combination of indole 

(traditionally an aryl hydrocarbon receptor ligand) and its metabolite indole propionic acid (IPA) was 

shown to activate the human pregnane X receptor (PXR). PXR agonism then regulates intestinal 

inflammation via the TLR4-NFB pathway (Venkatesh et al., 2014). Subsequently, the same group 

developed indole-IPA pharmacophore analogs like FKK6 that exhibited potent PXR-dependent anti-

inflammatory activity in mice (Nuzzo and Brown, 2020).  

Indole can act upon other receptors important to host physiology, including the aryl hydrocarbon 

receptor AhR. Activation of AhR by indole or other tryptophan  metabolites has been shown to protect 

against colitis in mice (Rogala et al., 2020). There are several microbial-derived tryptophan 

metabolites that act as AhR agonists and can modulate the gastrointestinal immune cells, enhance 

barrier function, and inhibit intestinal inflammation (Aoki et al., 2018; Natividad et al., 2018; Roager 

and Licht, 2018; Rothhammer et al., 2016; Vyhlidalova et al., 2020; Zelante et al., 2013). In this 

context, rationally designed indole analogs have been shown to act as potent AhR ligands that 

abrogate intestinal inflammation (Chen et al., 2020; Kawai et al., 2017). Since these are derived from 

parent molecules for which the host is likely tolerized, their toxicity is likely to be less than xenobiotics 

(Chen et al., 2020; Dvořák et al.). More recently, N-acetylserotonin (NAS), a tryptophan metabolite 

produced along the serotonin pathway, acts as a positive allosteric modulator of Indoleamine 2,3-

dioxygenase 1 (IDO1) (Sonowal et al., 2017). IDO1 is an immunoregulatory enzyme involved in 

converting tryptophan to kynurenine, an endogenous AhR agonist (Mondanelli et al., 2020). The 

allosteric agonism of IDO1 by NAS protected mice from neuroinflammation and restored physiological 

IDO1 activity in peripheral blood mononuclear cells from patients with relapsing-remitting multiple 

sclerosis (Mondanelli et al., 2020). Stable analogs of kynurenine may represent a feasible modality 

for AhR-targeted anti-inflammatory drug indications for autoimmunity. New classes of microbial 

derived AhR ligands have been described [e.g., 1,4-dihydroxy-2-naphthoic acid (DHNA)](Fukumoto et 
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al., 2014). DHNA inhibits DSS colitis in mice and these ligands would appear to be a scaffold for a 

new class of AhR-active drugs(Fukumoto et al., 2014). 

Apart from autoimmunity, pathogens also exploit the role of indole metabolism in maintaining 

homeostasis in the host. The pathobiont Klebsiella oxytoca secretes the indole analog tilivalline to 

induce antibiotic-associated hemorrhagic colitis (Stampfer et al., 2017). Substantially simplified 

tilivalline mimics block the production of tilivalline (von Tesmar et al., 2018). As these molecules 

mimic endogenous indoles produced by gut bacteria, they are likely to be non-toxic and improve 

health span (Sonowal et al., 2017). 

 

Microbial SCFAs and host GPCRs in health. Short chain fatty acids (SCFAs) are produced by 

intestinal bacterial fermentation of non-absorbed dietary carbohydrates. They have profound and 

generally homeostatic effects in the intestine (Chen et al., 2019; Kaiko et al., 2016).  There are 

several SCFA receptors (e.g., GPR43, FFA2, FFA3, GPR109a) involved in the process of regulating 

colonic epithelial physiology and mucosal immune responses (Bolognini et al., 2019; Priyadarshini et 

al., 2018; Smith et al., 2013). SCFAs bind to their canonical receptors with weak affinity (micromolar 

range)(Husted et al., 2017). Homology and crystal structure models, along with mutagenesis and 

structure-function studies, have paved a clear road for the discovery of potent small-molecule SCFA 

analogs (Tikhonova, 2017). Alternatively, glycoengineering SCFAs onto a drug candidate improved 

pharmacologic properties with therapeutic potential for glycan-mediated pathologies (Saeui et al., 

2018). SCFA-induced adipocyte differentiation can be enhanced using SCFA analogs (Jiang et al., 

2013). SCFAs also exhibit weak inhibition of histone deacetylases (HDACs). Specific zinc-chelating 

and motif tethered SCFA analogs display nanomolar potency as HDAC inhibitors (Lu et al., 2004), 

which suggests a feasible alternative source of chromatin modifying drugs. Tributyrin, a pro-drug of 

the SCFA butyrate, has more favorable pharmacokinetic properties than butyrate itself (Egorin et al., 

1999) and furthermore was shown to have protective effects in ethanol-induced mouse models of 

intestinal barrier dysfunction and liver injury (Cresci et al., 2014; Cresci et al., 2017). Similarly, 
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tributyrin can decrease the fitness advantage of pathogens like Salmonella that depend on lactate 

metabolism (Gillis et al., 2018). SCFAs may be important as a novel type of "co-drug" which 

enhances AhR-mediated effects in the gut (Jin et al., 2017; Korecka et al., 2016). Moreover, there is 

evidence that some high fiber diets can be metabolized to enhance SCFA production and these can 

be used in human studies(Baxter et al., 2019). 

 

Dietary nutrients, microbial metabolites and infection. Desaminotyrosine (DAT) is a microbial 

degradation product of polyphenolic flavonoids (Lambert and Moss, 1980; Schoefer et al., 2003). 

Recent data suggest that DAT protects against influenza virus infection by inducing type I interferons 

(Steed et al., 2017). Diets rich in polyphenols could exert a positive influence on DAT production. 

Identification of the exact molecular targets of DAT is a vital first step towards realizing DAT mimics 

with improved potency. While the deployment of better intestinal models of human is needed for the 

evaluation of polyphenol bacterial metabolites on preclinical models (van Duynhoven et al., 2011), a 

few studies have emerged that associate polyphenol metabolites with host health, including one 

implicating the metabolism of phenolic acids in blueberries (Russell et al., 2007). In these models, 

defining the targets of phenolic acids would be essential prior to embarking on drug discovery through 

microbial metabolite mimicry.  

 

Microbial enzyme inhibitors, diabetes and obesity. As a proof-of-concept, acarbose (-glucosidase 

inhibitor) is frequently used in diabetic patients to control glycemia and post-load insulin levels (van 

de Laar et al., 2005). Acarbose is made by Actinoplanes sp. SE 50/110. It is a pseudotetrasaccharide 

and contains an aminocyclitol moiety, valienamine, which inactivates intestinal -glucosidase and 

sucrase. This combined effect decreases intestinal starch hydrolysis. Similarly, a host of inhibitors are 

derived from marine microbes, most with weak enzyme inhibitor properties but with core 

pharmacophores that could be chemically modified (e.g., indole) (Gomez-Betancur et al., 2019). 
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Amylase inhibitors are also positioned as drugs for weight loss (Mahmood, 2016). Despite the use of 

such inhibitors in diabetes (Jayaraj et al., 2013), long term use warrants safe agents. To expand the 

drug repertoire by improving weak inhibitors, like those obtained from microbial products 

(metabolites), mimicry would be applicable. For example, a few microbial α-amylase inhibitors include 

paim (obtained from culture filtrates of Streptomyces corchorushii), and TAI-A, TAI-B (oligosaccharide 

compounds from Streptomyces calvus TM-521) (Demain and Sanchez, 2009). Lipstatin, a pancreatic 

lipase inhibitor produced by Streptomyces toxytricini, is used to treat obesity and diabetes (Hires et 

al., 2018). A stable analog of lipstatin, tetrahydrolipstatin (orlistat), is FDA approved for the treatment 

of obesity (Filippatos et al., 2008). The side-effects of orlistat are minimal and manageable but do 

include nausea, vomiting and diarrhea (Khalil et al., 2020). In rats, orlistat may increase aberrant 

crypt formation during chemically induced inflammation (Garcia et al., 2006). 

 

Emerging opportunities. 

Microbial metabolites and GPCR families. In addition to SCFAs, other human microbiome specific 

metabolites (e.g., phenylpropanoic acid, cadaverine, 9-10-methylenehexadecanoic acid, and 12-

methyltetradecanoic acid) modulate host GPCRs (Colosimo et al., 2019) (Offermanns, 2017).  The 

authors screened multiple fermentation fractions of bacterial culture broths from a simplified human 

microbiota SIHUMI consortium (Eun et al., 2014), and after reverse phase chromatography, applied 

the fractions to a multi-well 241 GPCR-specific engineered cell line screen (-arrestin recruitment 

screen). While some metabolites (e.g., nicotinic acid EC50 ~2.2M for GPR109A) were inherently 

potent activators of GPCRs, there were several new metabolites with weak agonist activity (e.g., 3-

hydroxyoctanoic acid EC50 ~ 304M; phenylpropanoic acid, a bacterial ligand, EC50 ~ 208M for 

GPR109B). Homology models, based on prior knowledge of GPR109A (Tunaru et al., 2005), and 

mutagenesis studies could be leveraged to define the ligand-binding pocket interactions for GPR109B 

with weak ligands; this could be useful for deriving phenylpropanoic acid mimics. Similar examples 
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are shown by Cohen et al. whereby a microbiome-synthetic gene therapy approach is applied 

towards GPR119-targeted therapy, given that human microbiota produce N-acyl amides that mimic 

human GPR119 ligands (Cohen et al., 2017). Furthermore, defining GPCRs with dominant roles for a 

given ligand would be important to assess, so that the correct receptor or set of receptors can be 

chosen to perform a library screen of mimics (Bolognini et al., 2019). 

 

Bile Acids, Microbial metabolites and FXR. The Farnesol X Receptor (FXR) is a major target for liver 

disease prevention (Hoofnagle, 2020) with the primary bile acid chenodeoxycholic acid as the 

endogenous ligand. FXR agonists, now in clinical use include obeticholic acid (OCA, 

OcalivaTM)(Pellicciari, 2008; Pellicciari et al., 2002) and cilofexor (a non-bile acid synthetic FXR 

agonist), which have inspired drug development for a variety of hepatic diseases (Gioiello et al., 

2014). The results of this study by Pellicciari and colleagues identified a key small pocket in the 

receptor-ligand binding domain that accommodate small hydrophobic groups at the C6-position of 

chenodeoxycholic acid. In particular, the ethyl moiety perfectly fits the 10 Å cavity leading to a 

hundred-fold increase in FXR activity and has become a key structural motif of a novel, potent bile 

acid-based modulator (findings made by Fraydoon Rastinejad). In 2016, OCA reached patients 

affected by PBC and is currently being evaluated in patients with non-alcoholic steatohepatitis 

(NASH) (Pellicciari, 2008).  More recently, microbial amino acid conjugations of the host bile acids 

phenylalanocholic, tyrosocholic and leucocholic acid, have been identified as FXR agonists (Quinn et 

al., 2020). Complementing these are other secondary microbial metabolites of bile acids like iso-

deoxycholate (Campbell et al., 2020). Using these templates, mimics could improve potency while 

limiting side effects (Quinn et al., 2020). 

 

Dummy analogs. The underlying rational for the design of dummy analogs is to mimic a given 

bioactive molecule to promote competitive inhibition of a given target. Imidazole propionate, a human 
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and rodent microbiome specific metabolite, blunts insulin-induced mTORC1 activation, impairing 

glycolysis (Koh et al., 2018). The authors defined the alternative p38 pathway as a target of imidazole 

propionate. Thus, dummy imidazole analogs could blunt the effects of imidazole propionate on p38 

via competitive binding. Importantly, the design of a imidazole analog library is reasonable, given the 

simplicity of the biosynthesis of imidazole propionate from histidine (Koh et al., 2018).  

 

Microbial metabolites and antioxidant drug discovery. Nrf2 is a global regulator of the antioxidant 

response that is evolutionarily conserved. A resident mucin-degrading bacterium Peptostreptococcus 

russellii produces the tryptophan metabolite indoleacrylate (IA), which activates Nrf2 and improves 

barrier function (Wlodarska et al., 2017). While it remains unclear if IA directly binds Nrf2, deeper 

investigation could reveal methods to mimic IA. Other small molecule scaffolds, such as oxo fatty 

acids that activate the Nrf2-ARE pathway, can also be used to enhance the potency of mimics 

(Sofyana et al., 2020). Urolithin A (UroA) is a major microbial metabolite derived from polyphenolics 

of berries and pomegranate fruits. UroA displays anti-inflammatory and anti-oxidative activities, yet 

weak potency. A recent report demonstrates the therapeutic potential of a more potent UroA analog 

UAS03 that enhanced barrier function and decreased inflammation in mice (Singh et al., 2019). It is to 

be noted that UroA could also act via the AhR pathway as a ligand and therefore, its effects on any 

phenotype could be due to pleiotropic molecular mechanisms(Muku et al., 2018; Pernomian et al., 

2020). In this context, vitamin metabolism by gut bacteria could affect the overall health of the host. 

For example, vitamin E acetate is metabolized by Lactobacillus acidophilus NCFM (Roager et al., 

2014) similarly to the metabolism of natural forms of vitamin E, -tocopherol and -tocopherol, by the 

intestinal microbiota of rats (Ran et al., 2019). Understanding the consequences of vitamin E 

metabolites and mimics on host health requires further study. These investigations should be coupled 

with defining not only host phenotypes, but specific protein targets affected by those vitamins and 

their bioactive long-chain metabolites (e.g., garcinoic acid) (Bartolini et al., 2020). Along with PXR, 
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these targets appear to include other nuclear receptors (e.g. PPAR-) recently reviewed elsewhere 

(Torquato et al., 2020) and the anti-inflammatory protein 5-lipoxygenase (Pein et al., 2018). In 

another example, microbiome-derived ascorbate inhibits the glucose transporter GLUT1 in human 

CD4+ effector T cells, inducing apoptosis (Chang et al., 2019). However, alternative mechanisms of 

ascorbate delivery to sites of local inflammation cannot be excluded (Wang et al., 1997). Ascorbate 

mimics that potently inhibit GLUT1, which is upregulated in activated T cells, could be a unique way 

to develop drugs targeting Crohn’s disease and other T cell mediated non-malignant disorders. In this 

regard, since multiple transporters are involved in ascorbate transport in different tissues, analogs 

specific to each transporter may also be feasible and could have reduced systemic, off-target toxicity 

(Corpe et al., 2005). 

 

Microbial metabolites and mimics as alternative to antibiotics. Discovery of new antibiotics is of crucial 

importance to combat antimicrobial resistance with a very significant impact on global health and the 

agriculture industry. Microbial metabolite mimicry can certainly be applied here, where most clinically 

used antibiotics are microbially derived (Lewis, 2020). In the pork industry, early weaning of piglets 

improves the reproductive cycle in sows (Campbell et al., 2013); however, early weaning often 

causes stress-induced diarrhea in the piglets that can respond to antibiotics (Lallès et al., 2007), 

although antibiotic resistance remains a major problem (Allen et al., 2014; Chen et al., 2018).  More 

recently, it has been shown that fecal transplants from resistant to susceptible early-weaned piglets 

reduce this stress-induced diarrhea (Hu et al., 2018). Two dominant strains, Lactobacillus gasseri 

LA39 and Lactobacillus frumenti, were identified from diarrhea-resistant feces that also confer 

resistance to diarrhea in susceptible piglets. The principal inhibitor that prevents diarrhea is the 

bacterial circular peptide gassericin A, which mediates its effect via host keratin 19 (KRT19) (Hu et 

al., 2018). It remains unclear if this peptide fragment is optimized for KRT19 binding, and optimizing 

the peptide sequence for this effect could present new therapeutic modalities. 
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Microbial metabolites and mimics to shape microbial diversity. Some microbial metabolites can shape 

the emergence or loss of microbial diversity (Douglas, 2020; Goldschmidt et al., 2018; Lilja and 

Johnson, 2017). Microbial metabolite mimics with specific antibacterial effects could be screened 

against a consortium of intestinal bacteria in vitro and in consortia-inoculated germ-free mice to look 

for diversity control as a means to aide in host disease control. In this way, mimicry allows for 

expanding the metabolite repertoire to diversify the microbiome and maintain homeostasis of host 

health (Haag and Siegmund, 2014). This might be particularly relevant to the rapidly increasing 

Western-predominant inflammatory conditions associated with dysbiosis, such as inflammatory bowel 

diseases (Crohn’s disease and ulcerative colitis), metabolic syndrome, obesity, fatty liver disease, 

and inflammatory arthritis.  In this respect, a dietary approach could be taken. A natural flavanol 

Kaempferol demonstrated significant activity against collagen-induced arthritis in mice when 

administered orally but not intraperitoneally, and Kaempferol was retained in the gut and diversified 

the microbiota; these data support the contribution of microbiome diversity towards the therapeutic 

effect (Aa et al., 2020). Kaempferol mimics with potent microbial re-shaping ability could be designed 

for the treatment of arthritis (Aa et al., 2020).  

The examples provided in this section of emerging opportunities demonstrates specific pathways in 

which microbial metabolites produced by bacteria in the host effectively engages one or more 

receptors in tissues. There is a clear phenotype observed when the metabolite engages the host 

tissue receptor. Indeed, modifying the metabolite, to either improve its potency or to make the 

metabolite more stable, could provide broad approaches towards improving drug discovery.  

 

Future Efforts. Based on the rationale and examples presented, we recommend exploiting 

metabolically focused host-microbe relationships for future drug discovery using the microbial 

metabolite mimicry approach. These efforts should be coupled with medicinal chemistry and medium 

to high throughput host phenotype assays. In some cases multi-specific small molecules may be 
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feasible especially when targeting a protein complex, as has been shown for antibodies (Deshaies, 

2020). The chemistry should be simple, possibly automated and integrated in innovative discovery 

platforms (Gioiello et al., 2020) to keep the process more efficient and at a low cost. Emphasis should 

also be on utilizing microbial chemistry pathways and well-designed engineered biocatalysts to 

synthesize novel mimics – perhaps using concepts of directed evolution of salient genes involved in 

the metabolite synthesis pathway (Chen and Arnold, 1993). 

 

In summary, several microbial metabolites have weak interactions with host receptors and offer the 

potential to generate mimics with increased binding affinities that will produce little to no toxicity when 

applied as therapies due to the host’s tolerance to the native forms of these metabolites. Microbe-

host interactions are critical to host physiology and these relationships could be exploited chemically 

to drive favorable interactions. In drug discovery, in comparison with efforts on soil and marine 

bacterial metabolites, the human microbiome offers many such interactions that warrant chemical 

mimicry. While these mimics could suffer the same metabolic fate as other xenobiotics, by keeping 

the chemistry simple and with a full understanding of its metabolic fate/liabilities, it is possible to 

design better drugs.  

Evolutionarily, it is also possible that these weaker receptor-ligand interactions are advantageous to 

the host to prevent hyper-stimulation of the respective receptors, which may in fact have detrimental 

consequences. Furthermore, not all microbial metabolites benefit the host as some may drive 

inflammation and carcinogenesis (Nyangale et al., 2012; O'Keefe, 2016; Windey et al., 2012). As 

such, in developing this new field of pharmacology, it is essential to understand the balance between 

binding affinities and physiological outcomes, in order to fine-tune receptor-ligand interactions for 

optimal health outcomes. 
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We (SM, ZD) have filed a patent application US 2019/0367475 A1: PXR agonists and uses thereof for 
gut barrier dysfunction and treatment prevention. 
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mimics (Venkatesh et al., 2014). 
 
 
 
KEY REFERENCES  
 

Aa L-x, Fei F, Qi Q, Sun R-b, Gu S-h, Di Z-z, Aa J-y, Wang G-j and Liu C-x (2020) Rebalancing of the gut flora and 
microbial metabolism is responsible for the anti-arthritis effect of kaempferol. Acta Pharmacologica 
Sinica 41(1): 73-81. 

Allen HK, Trachsel J, Looft T and Casey TA (2014) Finding alternatives to antibiotics. Annals of the New York 
Academy of Sciences 1323(1): 91-100. 

Altmann KH, Kinghorn AD, Mulzer JH, Höfle G, Müller R and Prantz K (2009) The Epothilones: An Outstanding 
Family of Anti-Tumor Agents: From Soil to the Clinic. Springer Vienna. 

Aoki R, Aoki-Yoshida A, Suzuki C and Takayama Y (2018) Indole-3-Pyruvic Acid, an Aryl Hydrocarbon Receptor 
Activator, Suppresses Experimental Colitis in Mice. J Immunol 201(12): 3683-3693. 

Barbora Vyhlídalová KK, Petra Pečinková,, Adéla Marcalíková RV, Lenka Zemínková, Ján Vančo, Zdeněk, 
Trávníček JV, Martina Karasová, Sridhar Mani *, Zdenek and * D (2020) Gut microbial Catabolites of 
Tryptophan Are Ligands and Agonists of 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 6, 2020 as DOI: 10.1124/molpharm.120.000035

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 16 

Aryl Hydrocarbon Receptor: A Detailed Characterization. International Journal of Molecular Science In press. 
Bartolini D, De Franco F, Torquato P, Marinelli R, Cerra B, Ronchetti R, Schon A, Fallarino F, De Luca A, Bellezza 

G, Ferri I, Sidoni A, Walton WG, Pellock SJ, Redinbo MR, Mani S, Pellicciari R, Gioiello A and Galli F 
(2020) Garcinoic Acid Is a Natural and Selective Agonist of Pregnane X Receptor. J Med Chem 63(7): 
3701-3712. 

Baumeister D, Benyus, J., Dwyer, J., Ritter, S., & Tocke, R. (2012) Biomimicry Resource Handbook. Retrieved 
from: http://static.biomimicry.org/wp-
content/uploads/2012/02/Biomimicry_Resource_Handbook_Excerpt.pdf. 

Baxter NT, Schmidt AW, Venkataraman A, Kim KS, Waldron C and Schmidt TM (2019) Dynamics of Human Gut 
Microbiota and Short-Chain Fatty Acids in Response to Dietary Interventions with Three Fermentable 
Fibers. mBio 10(1). 

Bolognini D, Barki N, Butcher AJ, Hudson BD, Sergeev E, Molloy C, Moss CE, Bradley SJ, Le Gouill C, Bouvier M, 
Tobin AB and Milligan G (2019) Chemogenetics defines receptor-mediated functions of short chain free 
fatty acids. Nature Chemical Biology 15(5): 489-498. 

Campbell C, McKenney PT, Konstantinovsky D, Isaeva OI, Schizas M, Verter J, Mai C, Jin W-B, Guo C-J, Violante 
S, Ramos RJ, Cross JR, Kadaveru K, Hambor J and Rudensky AY (2020) Bacterial metabolism of bile acids 
promotes generation of peripheral regulatory T cells. Nature. 

Campbell JM, Crenshaw JD and Polo J (2013) The biological stress of early weaned piglets. Journal of Animal 
Science and Biotechnology 4(1): 19. 

Chang Y-L, Rossetti M, Vlamakis H, Casero D, Sunga G, Harre N, Miller S, Humphries R, Stappenbeck T, Simpson 
KW, Sartor RB, Wu G, Lewis J, Bushman F, McGovern DPB, Salzman N, Borneman J, Xavier R, 
Huttenhower C and Braun J (2019) A screen of Crohn’s disease-associated microbial metabolites 
identifies ascorbate as a novel metabolic inhibitor of activated human T cells. Mucosal Immunology 
12(2): 457-467. 

Chauhan R https://www.weforum.org/agenda/2018/03/biomimicry-a-new-approach-to-innovation-inspired-
by-nature. 

Chen J, Haller CA, Jernigan FE, Koerner SK, Wong DJ, Wang Y, Cheong JE, Kosaraju R, Kwan J, Park DD, Thomas 
B, Bhasin S, De La Rosa RC, Premji AM, Liu L, Park E, Moss AC, Emili A, Bhasin M, Sun L and Chaikof EL 
(2020) Modulation of lymphocyte-mediated tissue repair by rational design of heterocyclic aryl 
hydrocarbon receptor agonists. Science Advances 6(3): eaay8230. 

Chen J, Zhao K-N and Vitetta L (2019) Effects of Intestinal Microbial⁻Elaborated Butyrate on Oncogenic 
Signaling Pathways. Nutrients 11(5): 1026. 

Chen K and Arnold FH (1993) Tuning the activity of an enzyme for unusual environments: sequential random 
mutagenesis of subtilisin E for catalysis in dimethylformamide. Proc Natl Acad Sci U S A 90(12): 5618-
5622. 

Chen Z, Wang Z, Ren J and Qu X (2018) Enzyme Mimicry for Combating Bacteria and Biofilms. Acc Chem Res 
51(3): 789-799. 

Cohen LJ, Esterhazy D, Kim S-H, Lemetre C, Aguilar RR, Gordon EA, Pickard AJ, Cross JR, Emiliano AB, Han SM, 
Chu J, Vila-Farres X, Kaplitt J, Rogoz A, Calle PY, Hunter C, Bitok JK and Brady SF (2017) Commensal 
bacteria make GPCR ligands that mimic human signalling molecules. Nature 549(7670): 48-53. 

Colosimo DA, Kohn JA, Luo PM, Piscotta FJ, Han SM, Pickard AJ, Rao A, Cross JR, Cohen LJ and Brady SF (2019) 
Mapping Interactions of Microbial Metabolites with Human G-Protein-Coupled Receptors. Cell Host & 
Microbe 26(2): 273-282.e277. 

Corpe CP, Lee J-H, Kwon O, Eck P, Narayanan J, Kirk KL and Levine M (2005) 6-Bromo-6-deoxy-l-ascorbic Acid: 
AN ASCORBATE ANALOG SPECIFIC FOR Na+-DEPENDENT VITAMIN C TRANSPORTER BUT NOT GLUCOSE 
TRANSPORTER PATHWAYS. Journal of Biological Chemistry 280(7): 5211-5220. 

Cresci GA, Bush K and Nagy LE (2014) Tributyrin supplementation protects mice from acute ethanol-induced 
gut injury. Alcohol Clin Exp Res 38(6): 1489-1501. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 6, 2020 as DOI: 10.1124/molpharm.120.000035

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://static.biomimicry.org/wp-content/uploads/2012/02/Biomimicry_Resource_Handbook_Excerpt.pdf
http://static.biomimicry.org/wp-content/uploads/2012/02/Biomimicry_Resource_Handbook_Excerpt.pdf
https://www.weforum.org/agenda/2018/03/biomimicry-a-new-approach-to-innovation-inspired-by-nature
https://www.weforum.org/agenda/2018/03/biomimicry-a-new-approach-to-innovation-inspired-by-nature
http://molpharm.aspetjournals.org/


 17 

Cresci GA, Glueck B, McMullen MR, Xin W, Allende D and Nagy LE (2017) Prophylactic tributyrin treatment 
mitigates chronic-binge ethanol-induced intestinal barrier and liver injury. J Gastroenterol Hepatol 
32(9): 1587-1597. 

Demain AL and Sanchez S (2009) Microbial drug discovery: 80 years of progress. The Journal of Antibiotics 
62(1): 5-16. 

Descamps HC, Herrmann B, Wiredu D and Thaiss CA (2019) The path toward using microbial metabolites as 
therapies. EBioMedicine 44: 747-754. 

Deshaies RJ (2020) Multispecific drugs herald a new era of biopharmaceutical innovation. Nature 580(7803): 
329-338. 

Dobson PD, Patel Y and Kell DB (2009) ‘Metabolite-likeness’ as a criterion in the design and selection of 
pharmaceutical drug libraries. Drug discovery today 14(1): 31-40. 

Douglas AE (2020) The microbial exometabolome: ecological resource and architect of microbial communities. 
Philos Trans R Soc Lond B Biol Sci 375(1798): 20190250. 

Dvorak Z, Kopp F, Costello CM, Kemp JS, Li H, Vrzalova A, Stepankova M, Bartonkova I, Jiskrova E, Poulikova K, 
Vyhlidalova B, Nordstroem LU, Karunaratne CV, Ranhotra HS, Mun KS, Naren AP, Murray IA, Perdew 
GH, Brtko J, Toporova L, Schon A, Wallace BD, Walton WG, Redinbo MR, Sun K, Beck A, Kortagere S, 
Neary MC, Chandran A, Vishveshwara S, Cavalluzzi MM, Lentini G, Cui JY, Gu H, March JC, Chatterjee S, 
Matson A, Wright D, Flannigan KL, Hirota SA, Sartor RB and Mani S (2020) Targeting the pregnane X 
receptor using microbial metabolite mimicry. EMBO Mol Med: e11621. 

Dvořák Z, Kopp F, Costello CM, Kemp JS, Li H, Vrzalová A, Štěpánková M, Bartoňková I, Jiskrová E, Poulíková K, 
Vyhlídalová B, Nordstroem LU, Karunaratne CV, Ranhotra HS, Mun KS, Naren AP, Murray IA, Perdew 
GH, Brtko J, Toporova L, Schön A, Wallace WG, Walton WG, Redinbo MR, Sun K, Beck A, Kortagere S, 
Neary MC, Chandran A, Vishveshwara S, Cavalluzzi MM, Lentini G, Cui JY, Gu H, March JC, Chatterjee S, 
Matson A, Wright D, Flannigan KL, Hirota SA, Sartor RB and Mani S Targeting the pregnane X receptor 
using microbial metabolite mimicry. EMBO Molecular Medicine n/a(n/a): e11621. 

Egorin MJ, Yuan ZM, Sentz DL, Plaisance K and Eiseman JL (1999) Plasma pharmacokinetics of butyrate after 
intravenous administration of sodium butyrate or oral administration of tributyrin or sodium butyrate 
to mice and rats. Cancer Chemother Pharmacol 43(6): 445-453. 

Eun CS, Mishima Y, Wohlgemuth S, Liu B, Bower M, Carroll IM and Sartor RB (2014) Induction of bacterial 
antigen-specific colitis by a simplified human microbiota consortium in gnotobiotic interleukin-10-/- 
mice. Infect Immun 82(6): 2239-2246. 

Falanga D, Kleber K and Scaramuzza D (2020) Dynamic obstacle avoidance for quadrotors with event cameras. 
Science Robotics 5(40): eaaz9712. 

Filippatos TD, Derdemezis CS, Gazi IF, Nakou ES, Mikhailidis DP and Elisaf MS (2008) Orlistat-associated 
adverse effects and drug interactions: a critical review. Drug Saf 31(1): 53-65. 

Folberth J, Begemann K, Jöhren O, Schwaninger M and Othman A (2020) MS2 and LC libraries for untargeted 
metabolomics: Enhancing method development and identification confidence. Journal of 
Chromatography B 1145: 122105. 

Fukumoto S, Toshimitsu T, Matsuoka S, Maruyama A, Oh-Oka K, Takamura T, Nakamura Y, Ishimaru K, Fujii-
Kuriyama Y, Ikegami S, Itou H and Nakao A (2014) Identification of a probiotic bacteria-derived 
activator of the aryl hydrocarbon receptor that inhibits colitis. Immunol Cell Biol 92(5): 460-465. 

Garcia SB, Barros LT, Turatti A, Martinello F, Modiano P, Ribeiro-Silva A, Vespúcio MV and Uyemura SA (2006) 
The anti-obesity agent Orlistat is associated to increase in colonic preneoplastic markers in rats treated 
with a chemical carcinogen. Cancer Lett 240(2): 221-224. 

Gerth K, Bedorf N, Hofle G, Irschik H and Reichenbach H (1996) Epothilons A and B: antifungal and cytotoxic 
compounds from Sorangium cellulosum (Myxobacteria). Production, physico-chemical and biological 
properties. J Antibiot (Tokyo) 49(6): 560-563. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 6, 2020 as DOI: 10.1124/molpharm.120.000035

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 18 

Gerth K, Bedorf N, Irschik H, Hofle G and Reichenbach H (1994) The soraphens: a family of novel antifungal 
compounds from Sorangium cellulosum (Myxobacteria). I. Soraphen A1 alpha: fermentation, isolation, 
biological properties. J Antibiot (Tokyo) 47(1): 23-31. 

Gerth K, Pradella S, Perlova O, Beyer S and Muller R (2003) Myxobacteria: proficient producers of novel 
natural products with various biological activities--past and future biotechnological aspects with the 
focus on the genus Sorangium. J Biotechnol 106(2-3): 233-253. 

Gillis CC, Hughes ER, Spiga L, Winter MG, Zhu W, Furtado de Carvalho T, Chanin RB, Behrendt CL, Hooper LV, 
Santos RL and Winter SE (2018) Dysbiosis-Associated Change in Host Metabolism Generates Lactate to 
Support Salmonella Growth. Cell Host Microbe 23(1): 54-64.e56. 

Gioiello A, Bruno C, Serena M, Chiara G, Roberto P and Antonio M (2014) Bile Acid Derivatives as Ligands of 
the Farnesoid X Receptor: Molecular Determinants for Bile Acid Binding and Receptor Modulation. Curr 
Top Med Chem 14(19): 2159-2174. 

Gioiello A, Piccinno A, Lozza AM and Cerra B (2020) The Medicinal Chemistry in the Era of Machines and 
Automation: Recent Advances in Continuous Flow Technology. Journal of Medicinal Chemistry. 

Goldschmidt F, Regoes RR and Johnson DR (2018) Metabolite toxicity slows local diversity loss during 
expansion of a microbial cross-feeding community. The ISME Journal 12(1): 136-144. 

Gomez-Betancur I, Zhao J, Tan L, Chen C, Yu G, Rey-Suarez P and Preciado L (2019) Bioactive Compounds 
Isolated from Marine Bacterium Vibrio neocaledonicus and Their Enzyme Inhibitory Activities. Mar 
Drugs 17(7). 

Haag LM and Siegmund B (2014) Exploring & exploiting our 'other self' - does the microbiota hold the key to 
the future therapy in Crohn's? Best Pract Res Clin Gastroenterol 28(3): 399-409. 

Hargroves K and Smith M (2006) Innovation inspired by nature: Biomimicry. ECOS 129: 27-29. 
Hires M, Rapava N, Simkovic M, Varecka L, Berkes D and Krystofova S (2018) Development and Optimization of 

a High-Throughput Screening Assay for Rapid Evaluation of Lipstatin Production by Streptomyces 
Strains. Curr Microbiol 75(5): 580-587. 

Hoofnagle JH (2020) FXR Agonists as Therapy for Liver Disease. Hepatology. 
Hu C, Chen Y, Tan MJA, Ren K and Wu H (2019) Microfluidic technologies for vasculature biomimicry. Analyst 

144(15): 4461-4471. 
Hu J, Ma L, Nie Y, Chen J, Zheng W, Wang X, Xie C, Zheng Z, Wang Z, Yang T, Shi M, Chen L, Hou Q, Niu Y, Xu X, 

Zhu Y, Zhang Y, Wei H and Yan X (2018) A Microbiota-Derived Bacteriocin Targets the Host to Confer 
Diarrhea Resistance in Early-Weaned Piglets. Cell Host & Microbe 24(6): 817-832.e818. 

Husted AS, Trauelsen M, Rudenko O, Hjorth SA and Schwartz TW (2017) GPCR-Mediated Signaling of 
Metabolites. Cell Metab 25(4): 777-796. 

Jayaraj S, Suresh S and Kadeppagari R-K (2013) Amylase inhibitors and their biomedical applications. Starch - 
Stärke 65(7‐8): 535-542. 

Jiang W, Sunkara LT, Zeng X, Deng Z, Myers SM and Zhang G (2013) Differential regulation of human 
cathelicidin LL-37 by free fatty acids and their analogs. Peptides 50: 129-138. 

Jin UH, Cheng Y, Park H, Davidson LA, Callaway ES, Chapkin RS, Jayaraman A, Asante A, Allred C, Weaver EA 
and Safe S (2017) Short Chain Fatty Acids Enhance Aryl Hydrocarbon (Ah) Responsiveness in Mouse 
Colonocytes and Caco-2 Human Colon Cancer Cells. Sci Rep 7(1): 10163. 

Kaiko GE, Ryu SH, Koues OI, Collins PL, Solnica-Krezel L, Pearce EJ, Pearce EL, Oltz EM and Stappenbeck TS 
(2016) The Colonic Crypt Protects Stem Cells from Microbiota-Derived Metabolites. Cell 165(7): 1708-
1720. 

Kawai S, Iijima H, Shinzaki S, Hiyama S, Yamaguchi T, Araki M, Iwatani S, Shiraishi E, Mukai A, Inoue T, Hayashi 
Y, Tsujii M, Motooka D, Nakamura S, Iida T and Takehara T (2017) Indigo Naturalis ameliorates murine 
dextran sodium sulfate-induced colitis via aryl hydrocarbon receptor activation. J Gastroenterol 52(8): 
904-919. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 6, 2020 as DOI: 10.1124/molpharm.120.000035

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 19 

Khalil H, Ellwood L, Lord H and Fernandez R (2020) Pharmacological Treatment for Obesity in Adults: An 
Umbrella Review. Ann Pharmacother: 1060028019898912. 

Kim CH (2018) Immune regulation by microbiome metabolites. Immunology 154(2): 220-229. 
Koh A, Molinaro A, Ståhlman M, Khan MT, Schmidt C, Mannerås-Holm L, Wu H, Carreras A, Jeong H, Olofsson 

LE, Bergh P-O, Gerdes V, Hartstra A, de Brauw M, Perkins R, Nieuwdorp M, Bergström G and Bäckhed F 
(2018) Microbially Produced Imidazole Propionate Impairs Insulin Signaling through mTORC1. Cell 
175(4): 947-961.e917. 

Korecka A, Dona A, Lahiri S, Tett AJ, Al-Asmakh M, Braniste V, D'Arienzo R, Abbaspour A, Reichardt N, Fujii-
Kuriyama Y, Rafter J, Narbad A, Holmes E, Nicholson J, Arulampalam V and Pettersson S (2016) 
Bidirectional communication between the Aryl hydrocarbon Receptor (AhR) and the microbiome tunes 
host metabolism. NPJ Biofilms Microbiomes 2: 16014. 

Lallès J-P, Bosi P, Smidt H and Stokes CR (2007) Nutritional management of gut health in pigs around weaning. 
Proceedings of the Nutrition Society 66(2): 260-268. 

Lambert MA and Moss CW (1980) Production of p-hydroxyhydrocinnamic acid from tyrosine by 
Peptostreptococcus anaerobius. J Clin Microbiol 12(2): 291-293. 

Lewis K (2020) The Science of Antibiotic Discovery. Cell 181(1): 29-45. 
Li J, Ren J and Sun W (2017) Systematic review of ixabepilone for treating metastatic breast cancer. Breast 

Cancer 24(2): 171-179. 
Lilja EE and Johnson DR (2017) Metabolite toxicity determines the pace of molecular evolution within 

microbial populations. BMC Evol Biol 17(1): 52. 
Lu Q, Yang YT, Chen CS, Davis M, Byrd JC, Etherton MR, Umar A and Chen CS (2004) Zn2+-chelating motif-

tethered short-chain fatty acids as a novel class of histone deacetylase inhibitors. J Med Chem 47(2): 
467-474. 

Mahmood N (2016) A review of α-amylase inhibitors on weight loss and glycemic control in pathological state 
such as obesity and diabetes. Comparative Clinical Pathology 25(6): 1253-1264. 

Markham A and Keam SJ (2016) Obeticholic Acid: First Global Approval. Drugs 76(12): 1221-1226. 
Molnar I, Schupp T, Ono M, Zirkle R, Milnamow M, Nowak-Thompson B, Engel N, Toupet C, Stratmann A, Cyr 

DD, Gorlach J, Mayo JM, Hu A, Goff S, Schmid J and Ligon JM (2000) The biosynthetic gene cluster for 
the microtubule-stabilizing agents epothilones A and B from Sorangium cellulosum So ce90. Chem Biol 
7(2): 97-109. 

Mondanelli G, Coletti A, Greco FA, Pallotta MT, Orabona C, Iacono A, Belladonna ML, Albini E, Panfili E, 
Fallarino F, Gargaro M, Manni G, Matino D, Carvalho A, Cunha C, Maciel P, Di Filippo M, Gaetani L, 
Bianchi R, Vacca C, Iamandii IM, Proietti E, Boscia F, Annunziato L, Peppelenbosch M, Puccetti P, 
Calabresi P, Macchiarulo A, Santambrogio L, Volpi C and Grohmann U (2020) Positive allosteric 
modulation of indoleamine 2,3-dioxygenase 1 restrains neuroinflammation. Proceedings of the 
National Academy of Sciences 117(7): 3848. 

Muku GE, Murray IA, Espín JC and Perdew GH (2018) Urolithin A Is a Dietary Microbiota-Derived Human Aryl 
Hydrocarbon Receptor Antagonist. Metabolites 8(4). 

Natividad JM, Agus A, Planchais J, Lamas B, Jarry AC, Martin R, Michel ML, Chong-Nguyen C, Roussel R, Straube 
M, Jegou S, McQuitty C, Le Gall M, da Costa G, Lecornet E, Michaudel C, Modoux M, Glodt J, 
Bridonneau C, Sovran B, Dupraz L, Bado A, Richard ML, Langella P, Hansel B, Launay JM, Xavier RJ, 
Duboc H and Sokol H (2018) Impaired Aryl Hydrocarbon Receptor Ligand Production by the Gut 
Microbiota Is a Key Factor in Metabolic Syndrome. Cell Metab 28(5): 737-749.e734. 

Nuzzo A and Brown JR (2020) Microbiome Metabolite Mimics Accelerate Drug Discovery. Trends in Molecular 
Medicine. 

Nyangale EP, Mottram DS and Gibson GR (2012) Gut microbial activity, implications for health and disease: the 
potential role of metabolite analysis. J Proteome Res 11(12): 5573-5585. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 6, 2020 as DOI: 10.1124/molpharm.120.000035

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 20 

O'Keefe SJ (2016) Diet, microorganisms and their metabolites, and colon cancer. Nat Rev Gastroenterol 
Hepatol 13(12): 691-706. 

Offermanns S (2017) Hydroxy-Carboxylic Acid Receptor Actions in Metabolism. Trends Endocrinol Metab 28(3): 
227-236. 

Pein H, Ville A, Pace S, Temml V, Garscha U, Raasch M, Alsabil K, Viault G, Dinh CP, Guilet D, Troisi F, Neukirch 
K, Konig S, Bilancia R, Waltenberger B, Stuppner H, Wallert M, Lorkowski S, Weinigel C, Rummler S, 
Birringer M, Roviezzo F, Sautebin L, Helesbeux JJ, Seraphin D, Mosig AS, Schuster D, Rossi A, Richomme 
P, Werz O and Koeberle A (2018) Endogenous metabolites of vitamin E limit inflammation by targeting 
5-lipoxygenase. Nat Commun 9(1): 3834. 

Pellicciari R (2008) The Discovery of Obeticholic Acid (Ocaliva™): First-in-Class FXR Agonist, in Successful Drug 
Discovery pp 197-244. 

Pellicciari R, Fiorucci S, Camaioni E, Clerici C, Costantino G, Maloney PR, Morelli A, Parks DJ and Willson TM 
(2002) 6α-Ethyl-Chenodeoxycholic Acid (6-ECDCA), a Potent and Selective FXR Agonist Endowed with 
Anticholestatic Activity. Journal of Medicinal Chemistry 45(17): 3569-3572. 

Pernomian L, Duarte-Silva M and de Barros Cardoso CR (2020) The Aryl Hydrocarbon Receptor (AHR) as a 
Potential Target for the Control of Intestinal Inflammation: Insights from an Immune and Bacteria 
Sensor Receptor. Clinical reviews in allergy & immunology. 

Priyadarshini M, Kotlo KU, Dudeja PK and Layden BT (2018) Role of Short Chain Fatty Acid Receptors in 
Intestinal Physiology and Pathophysiology. Compr Physiol 8(3): 1091-1115. 

Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen T, Pons N, Levenez F, Yamada T, Mende 
DR, Li J, Xu J, Li S, Li D, Cao J, Wang B, Liang H, Zheng H, Xie Y, Tap J, Lepage P, Bertalan M, Batto JM, 
Hansen T, Le Paslier D, Linneberg A, Nielsen HB, Pelletier E, Renault P, Sicheritz-Ponten T, Turner K, Zhu 
H, Yu C, Li S, Jian M, Zhou Y, Li Y, Zhang X, Li S, Qin N, Yang H, Wang J, Brunak S, Dore J, Guarner F, 
Kristiansen K, Pedersen O, Parkhill J, Weissenbach J, Bork P, Ehrlich SD and Wang J (2010) A human gut 
microbial gene catalogue established by metagenomic sequencing. Nature 464(7285): 59-65. 

Quinn RA, Melnik AV, Vrbanac A, Fu T, Patras KA, Christy MP, Bodai Z, Belda-Ferre P, Tripathi A, Chung LK, 
Downes M, Welch RD, Quinn M, Humphrey G, Panitchpakdi M, Weldon KC, Aksenov A, da Silva R, Avila-
Pacheco J, Clish C, Bae S, Mallick H, Franzosa EA, Lloyd-Price J, Bussell R, Thron T, Nelson AT, Wang M, 
Leszczynski E, Vargas F, Gauglitz JM, Meehan MJ, Gentry E, Arthur TD, Komor AC, Poulsen O, Boland BS, 
Chang JT, Sandborn WJ, Lim M, Garg N, Lumeng JC, Xavier RJ, Kazmierczak BI, Jain R, Egan M, Rhee KE, 
Ferguson D, Raffatellu M, Vlamakis H, Haddad GG, Siegel D, Huttenhower C, Mazmanian SK, Evans RM, 
Nizet V, Knight R and Dorrestein PC (2020) Global chemical effects of the microbiome include new bile-
acid conjugations. Nature 579(7797): 123-129. 

Rachid S, Gerth K, Kochems I and Muller R (2007) Deciphering regulatory mechanisms for secondary 
metabolite production in the myxobacterium Sorangium cellulosum So ce56. Mol Microbiol 63(6): 
1783-1796. 

Ran L, Liu AB, Lee MJ, Xie P, Lin Y and Yang CS (2019) Effects of antibiotics on degradation and bioavailability of 
different vitamin E forms in mice. Biofactors 45(3): 450-462. 

Roager HM and Licht TR (2018) Microbial tryptophan catabolites in health and disease. Nat Commun 9(1): 
3294. 

Roager HM, Sulek K, Skov K, Frandsen HL, Smedsgaard J, Wilcks A, Skov TH, Villas-Boas SG and Licht TR (2014) 
Lactobacillus acidophilus NCFM affects vitamin E acetate metabolism and intestinal bile acid signature 
in monocolonized mice. Gut Microbes 5(3): 296-303. 

Rogala AR, Oka A and Sartor RB (2020) Strategies to Dissect Host-Microbial Immune Interactions That 
Determine Mucosal Homeostasis vs. Intestinal Inflammation in Gnotobiotic Mice. Frontiers in 
Immunology 11(214). 

Rothhammer V, Mascanfroni ID, Bunse L, Takenaka MC, Kenison JE, Mayo L, Chao CC, Patel B, Yan R, Blain M, 
Alvarez JI, Kébir H, Anandasabapathy N, Izquierdo G, Jung S, Obholzer N, Pochet N, Clish CB, Prinz M, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 6, 2020 as DOI: 10.1124/molpharm.120.000035

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 21 

Prat A, Antel J and Quintana FJ (2016) Type I interferons and microbial metabolites of tryptophan 
modulate astrocyte activity and central nervous system inflammation via the aryl hydrocarbon 
receptor. Nature medicine 22(6): 586-597. 

Russell WR, Labat A, Scobbie L and Duncan SH (2007) Availability of blueberry phenolics for microbial 
metabolism in the colon and the potential inflammatory implications. Mol Nutr Food Res 51(6): 726-
731. 

Saeui CT, Liu L, Urias E, Morrissette-McAlmon J, Bhattacharya R and Yarema KJ (2018) Pharmacological, 
Physiochemical, and Drug-Relevant Biological Properties of Short Chain Fatty Acid Hexosamine 
Analogues Used in Metabolic Glycoengineering. Mol Pharm 15(3): 705-720. 

Saha S, Rajpal DK and Brown JR (2016) Human microbial metabolites as a source of new drugs. Drug discovery 
today 21(4): 692-698. 

Schoefer L, Mohan R, Schwiertz A, Braune A and Blaut M (2003) Anaerobic degradation of flavonoids by 
Clostridium orbiscindens. Appl Environ Microbiol 69(10): 5849-5854. 

Sender R, Fuchs S and Milo R (2016) Revised Estimates for the Number of Human and Bacteria Cells in the 
Body. PLOS Biology 14(8): e1002533. 

Singh R, Chandrashekharappa S, Bodduluri SR, Baby BV, Hegde B, Kotla NG, Hiwale AA, Saiyed T, Patel P, Vijay-
Kumar M, Langille MGI, Douglas GM, Cheng X, Rouchka EC, Waigel SJ, Dryden GW, Alatassi H, Zhang 
HG, Haribabu B, Vemula PK and Jala VR (2019) Enhancement of the gut barrier integrity by a microbial 
metabolite through the Nrf2 pathway. Nat Commun 10(1): 89. 

Skelly AN, Sato Y, Kearney S and Honda K (2019) Mining the microbiota for microbial and metabolite-based 
immunotherapies. Nat Rev Immunol 19(5): 305-323. 

Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly YM, Glickman JN and Garrett WS (2013) The 
microbial metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 
341(6145): 569-573. 

Sofyana NT, Zheng J, Manabe Y, Yamamoto Y, Kishino S, Ogawa J and Sugawara T (2020) Gut microbial fatty 
acid metabolites (KetoA and KetoC) affect the progression of nonalcoholic steatohepatitis and reverse 
cholesterol transport metabolism in mouse model. Lipids 55(2): 151-162. 

Sonowal R, Swimm A, Sahoo A, Luo L, Matsunaga Y, Wu Z, Bhingarde JA, Ejzak EA, Ranawade A, Qadota H, 
Powell DN, Capaldo CT, Flacker JM, Jones RM, Benian GM and Kalman D (2017) Indoles from 
commensal bacteria extend healthspan. Proceedings of the National Academy of Sciences 114(36): 
E7506. 

Stampfer L, Deutschmann A, Dur E, Eitelberger FG, Furpass T, Gorkiewicz G, Heinz-Erian P, Heller I, Herzog K, 
Hopfer B, Kerbl R, Klug E, Krause R, Leitner E, Mache C, Muller T, Pansy J, Pocivalnik M, Scheuba E, 
Schneditz G, Schweintzger G, Sterniczky E, Zechner E, Hauer AC, Hogenauer C and Hoffmann KM (2017) 
Causes of hematochezia and hemorrhagic antibiotic-associated colitis in children and adolescents. 
Medicine (Baltimore) 96(33): e7793. 

Steed AL, Christophi GP, Kaiko GE, Sun L, Goodwin VM, Jain U, Esaulova E, Artyomov MN, Morales DJ, 
Holtzman MJ, Boon ACM, Lenschow DJ and Stappenbeck TS (2017) The microbial metabolite 
desaminotyrosine protects from influenza through type I interferon. Science 357(6350): 498-502. 

Tang L, Qiu RG, Li Y and Katz L (2003) Generation of novel epothilone analogs with cytotoxic activity by 
biotransformation. J Antibiot (Tokyo) 56(1): 16-23. 

Tang L, Shah S, Chung L, Carney J, Katz L, Khosla C and Julien B (2000) Cloning and heterologous expression of 
the epothilone gene cluster. Science 287(5453): 640-642. 

Tikhonova IG (2017) Application of GPCR Structures for Modelling of Free Fatty Acid Receptors. Handb Exp 
Pharmacol 236: 57-77. 

Torquato P, Marinelli R, Bartolini D, Giusepponi D, Cruciani G, Siragusa L, Galarini R, Sebastiani B, Gioiello A 
and Galli F (2020) Chapter 24 - Vitamin E: metabolism and molecular aspects, in Molecular Nutrition 
(Patel VB ed) pp 487-518, Academic Press. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 6, 2020 as DOI: 10.1124/molpharm.120.000035

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 22 

Tunaru S, Lattig J, Kero J, Krause G and Offermanns S (2005) Characterization of determinants of ligand binding 
to the nicotinic acid receptor GPR109A (HM74A/PUMA-G). Mol Pharmacol 68(5): 1271-1280. 

van de Laar FA, Lucassen PL, Akkermans RP, van de Lisdonk EH, Rutten GE and van Weel C (2005) α-
Glucosidase Inhibitors for Patients With Type 2 Diabetes. Diabetes Care 28(1): 154. 

van Duynhoven J, Vaughan EE, Jacobs DM, A. Kemperman R, van Velzen EJJ, Gross G, Roger LC, Possemiers S, 
Smilde AK, Doré J, Westerhuis JA and Van de Wiele T (2011) Metabolic fate of polyphenols in the 
human superorganism. Proceedings of the National Academy of Sciences 108(Supplement 1): 4531. 

Venkatesh M, Mukherjee S, Wang H, Li H, Sun K, Benechet AP, Qiu Z, Maher L, Redinbo MR, Phillips RS, Fleet 
JC, Kortagere S, Mukherjee P, Fasano A, Le Ven J, Nicholson JK, Dumas ME, Khanna KM and Mani S 
(2014) Symbiotic bacterial metabolites regulate gastrointestinal barrier function via the xenobiotic 
sensor PXR and Toll-like receptor 4. Immunity 41(2): 296-310. 

von Tesmar A, Hoffmann M, Abou Fayad A, Huttel S, Schmitt V, Herrmann J and Muller R (2018) Biosynthesis 
of the Klebsiella oxytoca Pathogenicity Factor Tilivalline: Heterologous Expression, in Vitro 
Biosynthesis, and Inhibitor Development. ACS Chem Biol 13(3): 812-819. 

Vyhlidalova B, Krasulova K, Pecinkova P, Marcalikova A, Vrzal R, Zemankova L, Vanco J, Travnicek Z, Vondracek 
J, Karasova M, Mani S and Dvorak Z (2020) Gut Microbial Catabolites of Tryptophan Are Ligands and 
Agonists of the Aryl Hydrocarbon Receptor: A Detailed Characterization. International journal of 
molecular sciences 21(7). 

Wang Y, Russo TA, Kwon O, Chanock S, Rumsey SC and Levine M (1997) Ascorbate recycling in human 
neutrophils: Induction by bacteria. Proceedings of the National Academy of Sciences 94(25): 13816. 

Windey K, De Preter V and Verbeke K (2012) Relevance of protein fermentation to gut health. Mol Nutr Food 
Res 56(1): 184-196. 

Wlodarska M, Luo C, Kolde R, d’Hennezel E, Annand JW, Heim CE, Krastel P, Schmitt EK, Omar AS, Creasey EA, 
Garner AL, Mohammadi S, O’Connell DJ, Abubucker S, Arthur TD, Franzosa EA, Huttenhower C, Murphy 
LO, Haiser HJ, Vlamakis H, Porter JA and Xavier RJ (2017) Indoleacrylic Acid Produced by Commensal 
Peptostreptococcus Species Suppresses Inflammation. Cell Host & Microbe 22(1): 25-37.e26. 

Wood J (2019) Bioinspiration in Fashion-A Review. Biomimetics (Basel) 4(1). 
Yang X, Xie L, Li Y and Wei C (2009) More than 9,000,000 unique genes in human gut bacterial community: 

estimating gene numbers inside a human body. PLoS One 4(6): e6074. 
Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, Zecchi R, D'Angelo C, Massi-Benedetti C, 

Fallarino F, Carvalho A, Puccetti P and Romani L (2013) Tryptophan catabolites from microbiota engage 
aryl hydrocarbon receptor and balance mucosal reactivity via interleukin-22. Immunity 39(2): 372-385. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 6, 2020 as DOI: 10.1124/molpharm.120.000035

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


weak phenotype strong phenotype

synthetic modification

NH

NH

R

weak metabolite

Receptor(s) Receptor(s)

NH

+

H2N

COOH

parent molecule
in diet

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 6, 2020 as DOI: 10.1124/molpharm.120.000035

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

	Revised Article File
	Figure 1

