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Abstract
It was appreciated early in drug discovery that the microbiota play an important role in the
efficacy of therapeutic compounds. Indeed, the first antibiotic sulfa drugs were shown in the 1940s
to be transformed by the bacteria that encode what we now call the intestinal microbiome. Here
we briefly review the roles symbiotic bacteria play in the chemistry of human health, and we focus
on the emerging appreciation that specific enzyme targets expressed by microbial symbiotes can
be selectively disrupted to achieve clinical outcomes. We conclude that components of the
microbiome should be considered “druggable targets,” and we suggest that our rapidly evolving
understanding of the chemical biology of mammalian-microbial symbiosis will translate into
improved human health.

The Microbiome and Human Health
The Human Microbiome Project has and will continue to revolutionize our appreciation of
the intimate relationship between human systemic physiology and bacterial symbiosis [1]. In
addition to outlining the number of microbial cells (100 trillion), microbial genes (8
million), and locations of predominant colonization, this consortium has brought into genetic
granularity the gene products that enhance each side of the symbiotic equation. It is
increasingly accepted that the microbiota are essential for several arenas of human health
[2,3], including nutrition [4], neurobiology [5], cancer [6], immunology [4], cardiovascular
disease [7], biliary function [8], irritable bowel disorders [9], and metabolic diseases like
obesity [10] and diabetes [11]. Jeffrey I. Gordon at Washington University was an early
[12,13]* and remains a consistently ardent contributor to our understanding of the roles
specific bacterial species and bacterial genes play in mammalian health [14]. As such, his
group and others continue to define the specific chemistry involved in the human-microbial
axes of communication [15,16].

At the chemical level, bacterial symbiotes play necessary roles in carbohydrate metabolism,
and glycosyl hydrolases and transferases are notably well represented in the microbiome [4].
In addition, the microbiota is required for the production of several essential vitamins,
including B3, B5, B6, B12, K, biotin, and tetrahydrofolate, and in the absorption of iron from
the intestinal lumen [4]. The processing of bile acids by intestinal bacteria has been linked to
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cardiovascular disease [8], and the GI microbiota produce short-chain fatty acids like acetate
and butyrate that are critical to gut epithelial function and the systemic immune system [17].
Remarkably, it was recently shown that the acetates produced by intestinal bacteria find
their way directly onto acetylated lysines in mammalian cells, and that bacterial-produced
butyrates contribute to this process by inhibiting mammalian lysine deacetylase enzymes
[18]*. The microbiome also appears to evolve in rapid and facile manner. It was found in
2010 that the enzyme beta-porphyranase encoded by marine micro-organisms had been
acquired by the microbiome of Japanese individuals that consume porphyrins present in the
red algae of their diet [19]. The reader is directed to the groups of Nicholson and Shanahan
for their primary literature, as well as recent reviews [20,21]* that examine our growing
appreciation of the chemical roles bacteria play in mammalian systems.

Two important papers that defined specific aspects of the chemical communication between
the microbiota and mammalian cells were published in 2009. First, Wikoff and colleagues
used mass spectrometry to elucidate how the intestinal microbiome contributes to chemical
metabolites found in circulating plasma [22]**. They demonstrate in mice that there is
“significant interplay between bacterial and mammalian metabolism” and point specifically
to amino acid metabolites as notable, including the tryptophan-derived indole-3-propionic
acid. This highlights specific chemistry performed by microbial gene products that
modulates mammalian physiology. Second, Clayton and colleagues showed in 2009 that
acetaminophen metabolism is directly impacted by p-cresol tyrosine metabolites produced
by intestinal symbiotic bacteria [23]**. This provides a molecular link between the
pharmacodynamics of a human therapeutic and the actions of specific components of the gut
microbiome, and this link has been recently been deepened [24]. These are likely just a few
of the firsts on what will be a long list of chemical interactions to be discovered between
mammals and their microbiota.

The Microbiome and Drug Metabolism
Besides the sulfa drugs [25], at least two-dozen other therapeutic compounds have been
shown to be processed by catalytic functions encoded by mammalian symbiotic bacteria.
Excellent and comprehensive reviews of this topic were provided by Sousa and colleagues
in 2008 [26]**, and more recently by Haiser and Turnbaugh in 2012 [7]. Because the GI
contains the largest, most diverse and variable repository of bacterial species [1], this region
has been the focus of past, and most likely future, studies on microbial drug metabolism.
Reductions of bonds in clinical drugs performed by intestinal bacteria have been
documented [26]**, as well as other transformations including hydrolysis, dehydroxylation,
acetylation, deacetylation and deconjugation of glucuronides and sulfates [26]**.

Drug metabolism reactions performed by the microbiota can acutely impact human health.
The bacterial transformation of the antiviral drug sorivudine, approved in Japan in 1993, was
shown in 1998 to be the cause of the 18 deaths that lead to the removal of this drug from the
market. Sorivudine’s key metabolite (E)-5-(2-bromovinyl)uracil (BVU) is produced by
intestinal bacteria, and BVU then traffics back to the liver, where it inactivates a key liver
enzyme that produces a lethal build up of 5-FU in cancer patients [27]. It has also been
appreciated that the efficacy of drugs is positively impacted by their participation in entero-
hepatic recirculation similar to that experienced by bilirubin. For example, the non-steroidal
anti-inflammatory drug indomethacin is differentially processed by intestinal enzymes in
model organisms like dogs and non-human primates relative to humans [28]. Taken
together, it is clear that the intestinal microbiome plays an active role in drug metabolism,
activation and reactivation. Indeed, it has been documented [26]** that this role is being
incorporated as an early and essential component of the drug discovery and development
pipeline.
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Alleviating Microbiome-Induced Drug Toxicity
While the roles the microbiota play in therapeutic mechanisms of action and metabolism
have been appreciated for decades, the selective targeting of a symbiotic bacterial factor was
presented in 2010 by a team involving the authors of this commentary [29]**. The focus of
this work was the anticancer drug CPT-11 (Irinotecan), which is a member of the
camptothecin family of antineoplastic compounds [30]. The camptothecins target the
eukaryotic type I topoisomerases [31] and trap those enzymes in a covalently linked state
with DNA [32], which leads to cellular apoptosis (Figure 1A). While other drugs and sites of
DNA damage can also impact the catalytic cycle of human topoisomerase I [33,34], two
camptothecin derivatives, Topotecan and Irinotecan (CPT-11), are in wide-spread clinical
use against a range of typically solid malignancies [30]. CPT-11 is a prodrug that is
activated by non-specific esterases into SN-38, which poisons topoisomerase I. SN-38 is
glucuronidated to SN-38G and cleared via the bile to the intestines as an inactive metabolite.
However, it had been hypothesized that SN-38G was a substrate for bacterial β-
glucuronidase enzymes encoded by the GI microbiome [35], and that this produced high
lumenal concentrations of SN-38 that caused the dose-limiting toxicity of CPT-11 – severe
delayed diarrhea (Figure 1A).

We identified novel, potent bacterial β-glucuronidase inhibitors that were selective for the
microbial enzymes relative to the human orthologue from a high-throughput screen using
purified E. coli β-glucuronidase [29]** (Figure 1B). The β-glucuronidase enzyme is non-
essential to cultured E. coli, which apparently use it as a carbon-scavenging factor. The
compounds reported demonstrate sub-micromolar Ki values using enzyme assays, and low
nM EC50 values with a range of living bacterial species containing a β-glucuronidase gene.
In addition, as demonstrated using structural and chemical biology studies, the hits
examined were selective for the bacterial β-glucuronidases and not the mammalian form of
the enzyme due to the presence of a 10–15 residue “bacterial loop” unique to the microbial
proteins [29]**.

Importantly, these compounds were non-lethal to bacterial cells. While the use of antibiotics
has been examined with variable results in efforts to reduce CPT-11-incuded toxicity [36],
that approach would appear to be problematic given our emerging appreciation for the
critical role symbiotic bacteria play in human health. Furthermore, the overuse of antibiotics
[37] and the concomitant increase in microbial multidrug resistance [38] strongly supports
the goal of employing chemical approaches that are neither bactericidal nor bacteriostatic.
The β-glucuronidase inhibitors examined did not harm cultured human cell lines over
several days of exposure at relatively high concentrations [29]**.

Oral dosing of one newly identified compound, Inhibitor 1, was shown to significantly
reduce diarrhea and lower GI damage in mouse models of CPT-11-induced toxicity [29]**.
These results help to confirm the hypothesis that the conversion of the inactive SN-38G
metabolite into the active and GI epithelial damaging SN-38 compound in the intestinal
lumen plays an important role in the dose-limiting toxicity of CPT-11 (Figure 1). As
suggested [39], it will be important to determine what impact this approach will have on
SN-38 pharmacokinetics and efficacy.

A subsequent study showed that this approach is not limited to CPT-11 [40]*. Non-steroidal
anti-inflammatory drugs (NSAIDs) are some of the most widely used therapeutics in the
developed world, and play important roles in treating pain and inflammation associated with
lethal and non-lethal diseases. NSAIDs are typically associated with a risk of upper GI
damage, particularly gastric ulcers. However, increasing data support the conclusion that
NSAID use causes severe small intestinal damage and perforations that can be life-

Wallace and Redinbo Page 3

Curr Opin Chem Biol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



threatening [41]. The molecular bases of these effects remain unclear, but a “two hit”
hypothesis has been offered that suggests that damage is first caused by the NSAID or an
oxidative metabolite, and then is worsened by a secondary but acute inflammatory response
[42].

The glucuronide metabolites of some NSAIDs were thought to have important roles in the
small intestinal toxicity of this class of drugs (Figure 2). To test this hypothesis, a team
including the authors of this review dosed mice receiving the NSAID diclofenac (DCF) with
10 µg Inhibitor 1 twice daily by oral gavage, the same scheme used for the CPT-11 animal
study [29]**. This approach significantly reduced the small intestinal ulcers produced by
DCF, which only appeared without Inhibitor 1 in regions of the small intestinal colonized by
bacterial symbiotes [40]*. Thus, reducing the in situ reactivation of therapeutic metabolites
in both the small and large intestine can play a large role in reducing GI damage. Although
our understanding of NSAID processing by bacteria continues to evolve [43], these results
help to confirm that hypotheses that the removal of the glucuronide sugar moieties placed on
therapeutics by the mammalian UDP-glucuronosyltransferase primary phase II drug
metabolism enzymes is involved in intestinal toxicity, and that this step can be selectively
inhibited by targeted small molecule reagents.

Future Directions
It is increasingly clear that the human microbiome is an essential complement to the human
genome, and that specific microbial enzyme targets can be selectively modulated for
scientific and clinical purposes. As we understand the detailed roles played by the
microbiota in a range of disease states related to neurobiology, immunology, heart disease,
cancer, diabetes and other metabolic disorders, it is likely that several new and specific
bacterial macromolecules will be identified as potential therapeutic targets. The ability to
“drug” these members of the microbiome, however, will require some new capabilities. For
example, targeting bacterial gene products in the GI will require drugs that preferentially
remain in the intestinal lumen but are capable of reaching their molecular targets within
microbial cells. These characteristics present both challenges and opportunities to drug
development and delivery teams. In addition, the potential need to target gene products
present only in select GI microbial species and not others may come into play in the future,
which will require a deeper appreciation not only of the species present but of their detailed
functional genomic and proteomic states.

Finally, we suggest the following three factors for future consideration. First, the role that
the conjugative DNA transfer of genes within the microbiota, particularly those encoding
virulence and antibiotic resistance properties, must be better understood. These processes
play critical roles with respect to antibiotic resistance genes in the GI microbiome [44] and
in clinical settings [45]. Thus, mobile plasmids and genetic elements must be clearly
appreciated because they will lead to a constantly changing field of play. Indeed, evidence
continues to emerge that conjugative plasmids are, like viruses, regulated by bacterial
CRISPR-Cas systems [50], and furthermore that GI bacterial gene shuffling occurs based on
fundamental influences like diet [19]. Second, the role that viruses, fungi and eukaryotic
parasites play in the human-microbial landscape are under-appreciated to date [46]. Finally,
while our understanding of the microbiome evolves, so does our ability to engineer synthetic
microbial cells to serve as therapeutics, as has been demonstrated [47–49]. Thus, the future
of modulating the human microbiome may include the use of designed bacterial cells that
deliver the chemicals, genes or gene products necessary for disease management or
treatment.
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Highlights

• Microbial symbiotes significantly impact therapeutic chemistry

• Specific enzyme targets in the microbiota can be potently and selectively
disrupted

• Inhibiting such target enzymes should be non-lethal to the microbiota

• Modulating the human microbiome may improve drug efficacy and safety
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Figure 1.
A. The anticancer drug CPT-11 (Irinotecan) is a prodrug activated to the DNA
topoisomerase I poison SN-38 by esterases, and SN-38 is further processed to its SN-38
glucuronide (SN-38G) metabolite by UDP-glucuronosyltransferase (UGT) enzymes.
Excreted SN-38G is reactivated in the large intestines by bacterial microbiota β-
glucuronidase enzymes; lumenal SN-38 contributes to the dose-limiting diarrhea associated
with CPT-11 [29]**. B. Potent, selective and non-lethal bacterial β-glucuronidase inhibitors
prevent the diarrhea and intestinal damage caused by the reactivation of SN-38G to SN-38
[29]**.
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Figure 2.
A. The non-steroidal anti-inflammatory drug (NSAID) diclofenac is processed to its
glucuronide metabolite by UDP-glucuronosyltransferase (UGT) enzymes. Diclofenac-
glucuronide is reactivated in the second half of the small intestines by β-glucuronidase
enzymes expressed by the symbiotic microbiota [40]*. B. Potent, selective and non-lethal
bacterial β-glucuronidase inhibitors prevent the small intestinal ulcerations caused by
diclofenac’s (DCF’s) reactivation from diclofenac-glucuronide (DCF-G) [40]*.
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