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Abstract
The microbes residing in and on the human body influence human physiology in many ways,
particularly through their impact on the metabolism of xenobiotic compounds, including
therapeutic drugs, antibiotics, and diet-derived bioactive compounds. Despite the importance of
these interactions and the many possibilities for intervention, microbial xenobiotic metabolism
remains a largely underexplored component of pharmacology. Here, we discuss the emerging
evidence for both direct and indirect effects of the human gut microbiota on xenobiotic
metabolism, and the initial links that have been made between specific compounds, diverse
members of this complex community, and the microbial genes responsible. Furthermore, we
highlight the many parallels to the now well-established field of environmental bioremediation,
and the vast potential to leverage emerging metagenomic tools to shed new light on these
important microbial biotransformations.
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1. Introduction
Humans have co-evolved with trillions of microorganisms, whose aggregate genomes (the
microbiome; see Table 1 for terms and definitions) extend our metabolic capabilities beyond
those encoded by our own human genome. The largest collection of these microorganisms
resides within our gastrointestinal tract, referred to as the gut microbiota, and plays an
important role in human health and disease [1]. Some of the major influences of the gut
microbiota on the host are changes to the activity, bioavailability, and toxicity of xenobiotics
[2]. Fortunately, unlike the human genome, the structure and/or function of the gut
microbiome has the potential to be shaped by a variety of environmental factors [3], such as
antibiotics [4,5], diet [6–8], and probiotics (live microorganisms administered in food or
capsules) [9]. This relative plasticity, coupled to its physiological relevance, makes the gut
microbiome an attractive target for personalized medicine. A better understanding of
microbial xenobiotic metabolism might also help explain some of the patient-to-patient
variability in the response to therapeutic drugs.
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In this review we highlight some of the recent progress towards a more comprehensive view
of xenobiotic metabolism encompassing both our human and microbial genomes. These
important proof-of-principle studies include the cancer drug irinotecan [10], the widely used
analgesic acetaminophen [11], and the dietary supplement phosphatidylcholine [12]. In total,
over 40 therapeutic drugs have been linked to metabolism by the gut microbiota (Table 2)
[2], and in nearly all cases the specific microbes, or microbial consortia, responsible are
largely uncharacterized (see Figure 1 and Table 3 for some key gut microbial species and
enzymes of interest). The elucidation of these mechanistic details and the identification of
the enzymes responsible for crucial steps in xenobiotic metabolism could be a critical step
towards developing combination treatments targeting key bacterial enzymes, as
demonstrated for irinotecan [10].

We will also discuss the various metagenomic methods that can now be harnessed to
analyze these complex microbial communities, many of which were first applied to
analogous environmental studies. For example, there are clear overlaps with the field of
environmental bioremediation, wherein a combination of surveys of highly contaminated
sites; detailed mechanistic studies of cultured isolates; the engineering of in vitro
bioreactors; stable-isotope probing; and functional metagenomics have been applied
successfully. In addition, a unique advantage of studying the human microbiome is the
potential to use germ-free and intentionally colonized animal models (including
“humanized” mice, formerly germ-free animals colonized with human microbial
communities) [7,13,14], allowing extensive control over host genotype, environmental
parameters, and microbial colonization. Together, these techniques have the potential to
shed new light on the role of gut microbial communities in xenobiotic metabolism.

2. Lessons from the bioremediation literature
While the diversity of the microbes residing within the gastrointestinal tract is indeed
impressive, it is thought that soil environments contain the most diverse microbial
communities on Earth [15]. The study of soil microorganisms has revolutionized the
pharmaceutical industry as many of the antibiotics and natural product therapeutics are
originally derived from soil microbes [16]. Moreover, the microorganisms living in the soil
have been integral in the biodegradation of anthropogenic compounds (i.e. pollutants) [17].
Indeed, the field of bioremediation has led the way in studying how microbial communities
interact with xenobiotic compounds; importantly, findings from this work have been applied
to improving the state of our environment in many cases [18]. A catalogue of microbial
biocatalytic reactions on environmental pollutants currently lists almost 1,500 reactions
carried out by 529 microorganisms affecting some 1,369 compounds [19]. Much of this
knowledge is derived from studies of cultured organisms, and therefore does not even
include the wealth of knowledge to be gained from the metagenomic study of whole
communities.

Within the bioremediation literature there are a multitude of well-characterized enzymatic
activities, and organisms that serve as tractable models for microbial xenobiotic metabolism.
One well-studied enzyme class is a group called the dehalogenases that catalyze the
cleavage of the halogen-carbon bond through a number of different mechanisms [20].
Halogenated compounds are one of the most abundant environmental pollutants due to their
use in pesticides, herbicides, solvents, and many other sources. Interestingly, bacterial
dehalogenase enzymes are thought to have evolved directly to degrade these xenobiotic
halogenated compounds, as opposed to being a result of “catalytic promiscuity” that
fortuitously results in dehalogenation [21]. Several dehalogenases have been studied at the
level of protein crystal structure and this work has paved the way for the eventual rational
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design and control over the catalytic properties of enzymes that can degrade xenobiotics
[22].

2.1. Established model organisms for bioremediation studies
A number of tractable model organisms have also emerged from bioremediation studies.
Members of the genus Rhodococcus have been well-studied due to their robustness and
ability to grow on a wide range of substrates that includes many xenobiotics, the best-known
being polychlorinated biphenyls (PCBs) [23]. Researchers have obtained full genome
sequences of several closely related Rhodococcus species, developed unmarked gene
deletion techniques, and assembled an extensive set of plasmids and gene expression tools
[24].

Organisms belonging to the genus Geobacter represent an example of a group playing an
important role in biogeochemical cycling and the degradation of recalcitrant compounds, but
are also quite amenable to culturing and manipulation in isolation [25]. Discovered just over
30 years ago, today both natural and engineered Geobacter strains are extensively used in
bioremediation strategies. One example of this is the use of Geobacter and its unique ability
to reductively precipitate uranium for the in situ decontamination of mining sites [26].

2.2. Microbial adaptation to xenobiotic exposure
Microorganisms living in the soil can adapt to the presence of xenobiotics in several
different ways: (i) random mutations can increase the resistance to an otherwise toxic
xenobiotic; (ii) mutations can also enhance the microbial ability to degrade a xenobiotic; and
(iii) organisms can acquire genes encoding catabolic enzymes from other members in the
environment [27]. Following these adaptations it is common to see the better-suited
members of the community thrive and increase in relative abundance. A number of
mechanisms have been studied that explain how the acquisition of foreign genes takes place;
this typically involves plasmids, transposons, integrons, or phages as a vehicle for foreign
genetic material. One of the first observations of bacteria adapting to anthropogenic
compounds was the discovery of the spread of antibiotic resistance genes [28]; however,
there is now indirect evidence of adaptation for many compounds.

Degradation of the widely used herbicide atrazine is accomplished by three major
biotransformation reactions, each catalyzed by a different enzyme. Microbial consortia that
were isolated from soil samples from around the world have demonstrated atrazine
degradation capability; however, single organisms have also been shown to carry out the
metabolism in pure culture [29]. Genetic characterization of the atrazine degrading genes in
pure isolates showed that these catabolic genes are plasmid-linked, and that DNA similar to
known insertion sequences flank the catabolic cluster [30]. Studies investigating the
molecular mechanisms underlying the acquisition of catabolic genes have suggested that the
horizontal gene transfer events can influence the de novo assembly of catabolic pathways.

2.3. Key techniques used in bioremediation studies
It is useful to consider the techniques utilized by researchers studying bioremediation, as
they may also be applicable to studies involving the microbial metabolism of xenobiotics in
the human gut. One example is the culture and sequence-independent approach of stable
isotope probing (SIP). SIP involves the 13C or 14C-labeling of the compound of interest;
organisms able to degrade the compound will assimilate the labeled carbon into their
biomass (DNA, RNA, or fatty acids); this provides a way to get at sequence and functional
information from candidate degraders [31]. Recent work has shown that SIP can be
successful at monitoring the activity of specific members of the gut microbiota in response
to changes in nutrient status by monitoring de novo RNA synthesis [32]. Another recent
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study demonstrated that 16S rRNA-based SIP can be used to assign metabolic activities such
as glucose and starch fermentation to specific members of the gut microbiota [33,34].

Another widely used approach for isolating bacterial strains capable of degrading
xenobiotics is to establish growth conditions where the compound of interest is provided as
the sole source of carbon and/or nitrogen for complex microbial communities—a technique
called selective enrichment. This approach was recently used to identify bacteria capable of
subsisting on 18 antibiotics, belonging to 8 classes of both natural and synthetic origin [35].
These antibiotic consuming bacteria represented multiple bacteria phyla and were on
average able to resist 17 of the 18 tested antibiotics at clinically relevant concentrations.

As a complementary approach to culture-based screens, researchers have constructed and
screened small- and large-insert libraries in host organisms, such as Escherichia coli, for
activities of interest (referred to as functional metagenomics). This has been frequently used
to identify novel genes for antibiotic resistance, due to the widespread nature of these genes
and the relatively straightforward nature of the assay: bacterial growth at inhibitory
concentrations. This approach has been used to identify aminoglycoside, tetracycline, and β-
lactamase resistance genes from soil samples [36,37]. Recently, functional metagenomics
was used to identify resistance genes in human saliva and fecal samples [38].

A related strategy for screening microbial communities for genes involved in xenobiotic
metabolism is a technique called substrate induced gene expression (SIGEX). SIGEX relies
on the fact that catabolic genes are often transcriptionally activated by their substrate [39].
Briefly, community DNA is extracted from environmental samples, sheared to 5–10 kb in
length, and then cloned into a green fluorescent protein (GFP) expression vector. FACS
(fluorescence activated cell sorting) can then be used to screen the resulting metagenomic
library for clones that induce GFP upon growth in media supplemented with xenobiotics.
This approach was successfully used to isolate a previously characterized phenol
degradation operon from Ralstonia eutropha, an organism isolated from sludge, and
aromatic-hydrocarbon responsive operons from petroleum-contaminated groundwater [40].

Together, these studies demonstrate the insights that can be gleaned from a combination of
culture-based and culture-independent approaches, with both functional and sequencing-
based metagenomic tools. It will be interesting to determine if the human microbiota harbors
similar xenobiotic metabolism powerhouses, as shown for Geobacter and Rhodococcus, that
could be developed into genetically tractable models to elucidate the fundamental
mechanisms at play in the gastrointestinal tract, the importance of horizontal gene transfer,
and the selection pressures for or against these metabolic pathways. Furthermore, as
demonstrated for contaminated environmental samples, it will be important to study the
microbial communities associated with human subjects, or animal models, that have
undergone long-term treatment with xenobiotic compounds.

3. Direct metabolism of orally administered compounds
The oral administration of therapeutic drugs is often preferred over other routes because of
its convenience and minimal invasiveness. Compounds administered orally face a number of
obstacles as they proceed to the body site for which they are intended. Some of the factors
that contribute to determining the optimal route of administration include chemical stability,
solubility, taste/odor, local irritation, absorption, blood/brain permeability (distribution),
toxicity, and the potential for metabolism before reaching the desired body site [41].

While we have only recently begun to use metagenomic methods to characterize the
diversity and function of the gut microbiota [42], their involvement in drug metabolism has
been know about for decades [43]. Many of the early descriptions derived from experiments
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where the biotransformation was observed after incubating the drug with intestinal contents
ex vivo (often from the cecum—a region of the proximal colon that is a large out-pouching
in rodents) [2]. Other studies followed in vivo biotransformations in humans or animal
models and noticed that the biotransformation was abolished after pre-treatment with broad-
spectrum antimicrobials, or when comparing gnotobiotic versus conventionally-raised mice;
in both cases the assumption is that the gut microbiota are primarily responsible for the
biotransformation. However, it should be noted that studies where antimicrobials are applied
often fail to account for the direct impact of antimicrobials on the host, as is the case for the
inhibition of P-glycoprotein-mediated efflux of digoxin and its metabolites [44].

For drugs that are able to reach the distal small intestine or colon, the rich biochemical
diversity of the gut microbiome has the potential to directly influence the trajectory of the
compound. While many of the reactions contributing to drug metabolism from the host
perspective are oxidation and conjugation reactions that take place in the liver, the reactions
in the gut tend to be dominated by reduction or hydrolysis reactions [43]. In the following
paragraphs, we will highlight three examples of the direct metabolism of xenobiotics: the
inactivation of digoxin by Eggerthella lenta, the activation of sulfasalazine by microbial
azoreductases, and the microbial activation of levodopa (L-DOPA) in the gut.

3.1. Inactivation of digoxin by Eggerthella lenta
The cardiac glycoside digoxin is widely used as a therapeutic agent to treat atrial fibrillation
and congestive heat failure. The positive effects of digoxin treatment are mediated through
binding of the human Na+/K+ ATPase transporter in cardiac myocytes. Importantly, the
well-characterized interaction between the glycoside and the Na+/K+ ATPase is almost
completely abolished when the lactone ring portion of the molecule is in the reduced state
[45]. The presence of the reduced form of digoxin (dihydrodigoxin) had puzzled
investigators for years because this metabolite was not seen in all individuals receiving
digoxin therapy [46]. A key finding was then uncovered; co-administration of a 5-day
course of antibiotics prevented dihydrodigoxin excretion in patients that normally produce
the metabolite [47], suggesting that the gut microbiota may be involved in this clinically
relevant drug transformation. A large scale screening experiment of fecal isolates allowed
Lindenbaum and colleagues to identify Eggerthella lenta as the sole microbe able to carry
out the conversion of digoxin to dihydrodigoxin in isolation (Figure 2a) [48]. The case of
digoxin metabolism by E. lenta is especially interesting not only for the clinical relevance of
the biotransformation, but because it is one of the few examples where a relevant
biotransformation has been demonstrated by a single bacterium in isolation (Table 3). The
isolation of E. lenta sets the stage for more detailed mechanistic studies from the microbial
perspective, and provides a valuable opportunity to study the factors that govern this
transformation both in vitro and in animal models. The cardiac glycosides could also be an
interesting test case to employ culture-independent methods, including functional
metagenomics and microfluidics, to determine if there are any additional microorganisms
capable of reducing digoxin, and if E. lenta has the ability to transfer this function to other
bacteria.

3.2. The activation of azo bond-containing prodrugs
One of the most common types of reduction reactions that take place in the gut is the
reduction of the azo bond by azoreductases encoded by members of the gut microbiota
(Figure 1). The azo bond is often used for the delivery of prodrugs whose pharmacological
activity depends on gut localization. Prodrugs are compounds that are ingested in an inactive
state, depending on an activation event to produce the pharmacologically active form of the
compound [49]. A fascinating example of bacterial azoreductases playing an important role
in therapeutics comes from the drug sulfasalazine, which is used to treat rheumatoid arthritis
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as well as inflammatory bowel diseases such as ulcerative colitis and Crohn’s disease [2].
Sulfasalazine consists of an anti-inflammatory 5-aminosalicylic acid (5-ASA) molecule
linked by an azo bond to a sulfapyridine molecule (Figure 2b). The complete conversion of
sulfasalazine into its constituent molecules was observed in the feces of conventional rats;
however, the drug remained unchanged in antibiotic-treated and germ-free rats [50]. In this
example, while the gut microbiota contribute to the activation of sulfasalazine, they also
produce undesirable side effects as the sulfapyridine portion of the molecule is thought to
cause toxicity. This problem can be circumvented by using the azo bond to fuse two 5-ASA
molecules together in a drug called olsalazine [51].

3.3. Alteration of L-DOPA pharmacokinetics by the gut microbiota
To date the most effective drug-based treatment for Parkinson’s disease is the administration
of the dopamine precursor L-DOPA [52]. Individuals suffering from Parkinson’s disease are
temporarily relieved of their clinical symptoms after orally administered L-DOPA crosses
the blood/brain barrier and is subjected to a decarboxylation reaction that results in the
replenishment of dopamine in the central nervous system (CNS) [53]. Importantly, L-DOPA
metabolism can also be demonstrated when the drug is incubated with rat cecal contents
[54]. In this case the metabolism of L-DOPA by the gut microbiota (Figure 2c) could
conceivably reduce the amount of the drug that arrives in the CNS and adversely affect
therapy. Additionally, studies into the pharmacokinetics of orally administered L-DOPA
revealed that the presence of Helicobacter pylori was associated with a decrease in the
plasma levels of L-DOPA [55,56]. It was later shown using in vitro studies that L-DOPA is
able to interact with the surface adhesins of H. pylori cells, potentially explaining this
decrease in absorption and bioavailability [57], again titrating the drug away from its
intended and therapeutically useful body site.

4. Deconjugation of drugs excreted in the bile
The process of enterohepatic circulation is an integral part of human digestion and drug
metabolism, which can be broadly defined as the cycle consisting of the biliary excretion of
a solute, followed by intestinal reabsorption [41]. Depending on the solute, the cycles may
include hepatic conjugation and intestinal deconjugation, and while this cycling allows for
the bile acids that help to metabolize dietary lipids to be reused, it also profoundly
influences the metabolism of therapeutic drugs [58,59]. Xenobiotic compounds that enter
into enterohepatic circulation effectively extend their exposure time to multiple body sites,
which can lead to toxicity and other unintended consequences.

The extent to which enterohepatic circulation affects drug metabolism depends on several
factors: the chemical properties and solubility of the drug; P-glycoprotein efflux and the
expression of other transporters; metabolism in the gut wall; and metabolism by the
intestinal microbiota [58]. Studies looking at the bulk enzymatic activity of the gut
microbiota have shown that bacterial β-glucuronidases are involved in deconjugating
xenobiotics in the gut, allowing them to be reabsorbed through the portal vein thus
prolonging their time in the body. In some cases the local accumulation of deconjugated
xenobiotics can have toxic side effects and potentially lead to carcinogenesis [60]. Another
enzyme class, the β-glucosidases, can metabolize a wide range of plant-derived glucosides
resulting in toxic or sometimes beneficial effects [61]. Of note, there is marked inter-
individual variation in these various enzyme activities [62], and this disparity may be
affected by dietary choices [63]. Indeed, an experiment monitoring the effects of dietary
changes on β-glucuronidase, azoreductase, and nitroreductase activity found that an increase
in meat consumption of rats prompted a subsequent increase in the activity of all three of
these microbial enzyme activities; this same study also noted that enzyme activity also
increased with the age of the animal [64]. It has also been shown that humans consuming a
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diet high in meat display a striking increase in fecal β-glucuronidase activity [65]. These
early observations did not include microbial community analyses, but recent work suggests
that the capacity for β-glucuronidase activity is widespread amongst members of the gut
microbiota [66] (Figure 1).

4.1. The side effects of a chemotherapeutic drug are reduced by inhibiting a microbial
enzyme

For a striking example of how a mechanistic understanding of the interactions between
therapeutic drugs and the indigenous gut microbiota can affect clinical outcomes, we
consider the complex metabolism of the chemotherapeutic agent irinotecan (CPT-11)
(Figure 3a). Irinotecan is semi-synthetic derivative of the natural alkaloid camptothecin, and
is used as a first-line therapy for colorectal cancers [67]. The drug is delivered intravenously
and then metabolized by carboxylesterases in tissue and serum to form the active SN-38; the
cytotoxic effects of SN-38 are mediated though the inhibition of topoisomerase I in tumor
cells [67]. The active compound is then glucuronidated by hepatic UDP-
glucuronosyltransferases to SN-38-G, prior to biliary excretion into the intestinal lumen.
One of the major and often dose-limiting side effects of irinotecan chemotherapy is
intestinal toxicity manifested by severe diarrhea, weight loss, and anorexia. These
undesirable side effects were shown to result from the conversion of SN-38-G back into
SN-38 by members of the gastrointestinal microbiota. Irinotecan-induced diarrhea has been
linked to an increase in the expression of colonic β-glucuronidase, and also increases in β-
glucuronidase-encoding microorganisms [68]. Antibiotic treatment to suppress the activity
and growth of intestinal microbes drastically reduces the undesirable side effects of
irinotecan [69]. While this type of co-therapy has improved irinotecan efficacy in the clinic
[70], depleting ones gut microbiota with broad-spectrum antimicrobials is not ideal; and
leaves patients open to other complications including infection by opportunistic pathogens
such as Clostridium difficile [71].

In a recent study investigators hypothesized that administering irinotecan with a specific
inhibitor of microbial β-glucuronidase activity might yield a better clinical outcome. To this
end, the researchers screened over 10,000 compounds for their ability to inhibit the E. coli
β-glucuronidase enzyme [10]. Four positive hits were able to inhibit the enzyme both in
vitro and in a whole cell assay and were thus chosen for further characterization. Comparing
crystal structures of the E. coli and mammalian β-glucuronidases revealed a 17-residue loop
unique to the bacterial enzyme that was key to the inhibitory properties of the lead
compound [10]. Wallace and colleagues showed that the inhibitor did not reduce bacterial
viability or affect the growth of prominent members of the gut microbiota. Importantly,
there was also no effect on the viability of human cell lines. Finally, the authors
demonstrated that co-administration of irinotecan with the inhibitor in a mouse model
dramatically reduced the incidence of diarrhea, and protected intestinal tissues by showing a
marked reduction in gut epithelial cell inflammation [10]. Recent findings have expanded
the utility of this β-glucuronidase inhibitor as it was shown to prevent the formation of
ulcers due to the administration of nonsteroidal anti-inflammatory drugs [72].

5. Microbial metabolism of dietary supplements
It is worth considering the microbial metabolism of micronutrients and dietary supplements
as many of the enzymatic activities involved in these biotransformations may also be
relevant for xenobiotic metabolism. These metabolic capabilities allow the conversion of
many classes of phenolic compounds including flavonoids, isoflavonoids, lignans, phenolic
acids, and tannins [73]. For example, the conjugated hydroxycinnamate chlorogenic acid is
one of the most abundant polyphenols in the human diet, found in coffee, fruits, and
vegetables [74]. Following ingestion, these compounds typically reach the gut in an
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unaltered state where they are subject to hydrolysis by esterases encoded by the gut
microbiota. Hydrolysis of conjugated hydroxycinnimates gives rise to free acids including
ferulic, p-coumaric, and caffeic acid, all of which possess antioxidant properties [75].
Individual bacterial strains able to carry out these hydrolysis reactions have been isolated
from human fecal samples; these isolates belong to the genera Bifidobacterium, Escherichia,
and Lactobacillus [76]. Studies involving the ex vivo incubation of fecal samples have
demonstrated a striking variation across individuals in both the metabolism [77] and
production [78] of bioactive phenolic compounds.

5.1. Equol production from soy-derived isoflavonoids
One biotransformation of considerable interest is the production of equol from isoflavonoids
found in soy-containing foods (i.e. daidzein) [79]. Equol has received considerable attention
because of several proposed health benefits including potent antioxidant activity [80] and a
potential role in the prevention of prostate cancer [81]. Interestingly, there is significant
inter-individual variation in equol production, with one study classifying ~36% of
individuals as high equol producers [79], and another demonstrating both inter-individual
variation and temporal changes within individuals [82]. A number of bacterial isolates have
been identified that possess the ability to produce equol from daidzein in pure culture, these
include members of the genus Lactococcus [83], and Slackia [84,85]; recent work has also
isolated the bacterial genes responsible for the conversion [86,87]. More work is needed to
investigate the factors that affect the colonization of equol producers and the expression of
the genes relevant for the conversion.

5.2. A link between the microbial metabolism of choline metabolites and cardiovascular
disease

While the microbial metabolism of bioactive components from our diet have beneficial
effects in the case of equol production, recent work investigating a dietary link to
cardiovascular disease (CVD) demonstrates the potential for gut microorganisms to
contribute to disease. A study by Wang et al. (2011) began with a metabolomics screen
looking for biomarkers predictive of heart disease. This screen revealed that metabolites of
the lipid phosphatidylcholine, choline, trimethylamine N-oxide (TMAO), and betaine, are
associated with increased risk for the development of CVD. In a mouse model prone to
developing atherosclerosis, dietary choline supplementation triggered an increase in plasma
TMAO and a subsequent increase in plaque development. Since gastrointestinal
microorganisms play a role in the conversion of choline to trimethylamine (a compound that
is subsequently converted to TMAO in the liver; see Figure 3b) [88]; it was therefore
proposed that choline-induced atherosclerotic development might be prevented if the
microbes were inhibited. Indeed, the administration of broad-spectrum antimicrobials not
only prevented the formation of TMAO, but abolished the choline-induced atherosclerosis
[12].

6. Impact of the gut microbiota on host xenobiotic metabolism
In addition to the direct metabolism of xenobiotics, the human gut microbiota is capable of
indirectly affecting xenobiotic metabolism through host-microbial interactions. Recent
studies, discussed in detail below, have demonstrated that these interactions result in altered
host gene expression and the inhibition of host enzymatic activity by microbial metabolites
[11,89].
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6.1. Gut microbes can alter the expression of host genes involved in xenobiotic
metabolism

One study used microarrays to examine the expression in the liver of genes that are known
to play a role in xenobiotic metabolism and compared expression patterns between germ-
free and conventionally-raised mice [89]. This work uncovered that in germ-free mice there
is an increase in some of the key genes involved in xenobiotic metabolism, including the
constitutively active androstane receptor, which serves as a master regulator of hepatic
xenobiotic metabolism. This same study also showed that these differences were
physiologically relevant as the metabolism of the anesthetic pentobarbital was expedited in
the germ-free group when compared to the colonized group of mice [89].

6.2. Metabolites produced by gut microbes can affect the host’s capacity to process
xenobiotics

Clayton and colleagues took a different approach by monitoring the pre- and postdose
metabolite profiles of individuals receiving the common drug acetaminophen. Conjugated
acetaminophen metabolites were quantified to assess the extent to which the drug was
metabolized by the two major phase II pathways the drug is subject to: O-sulfonation and
glucuronidation. A correlation between high predose levels of the microbial metabolite p-
Cresol correlated with a low post dose ratio of acetaminophen sulfate to acetaminophen
glucuronide [11]. p-Cresol is an amino acid derivative that, like acetaminophen, is a
substrate for hepatic sulfotransferase enzymes [90]. Thus, it is proposed that microbial p-
Cresol diminishes the host’s capacity to metabolize acetaminophen by titrating away
sulfotransferase activity. These findings might explain some acetaminophen hepatotoxicity
reported in the literature, but importantly may have far-reaching effects on a more broad
range of xenobiotics, hormones, and neurotransmitters that depend on O-sulfonation [11].

7. Future directions
Given the tremendous progress in our understanding of the organismal and genetic diversity
found within the human gut microbiome in the past few years [91–94], we now have the
essential tools and experimental framework to conduct a more in-depth exploration of the
contributions of our microbial communities to xenobiotic metabolism. Many important
questions remain unanswered, including a fundamental understanding of the microbial and
genetic underpinnings of key biotransformations, and their interactions with host and
environmental risk factors.

One fascinating, if challenging to answer, question is why gut microbes have evolved
multiple pathways for xenobiotic metabolism. As previously shown for environmental
microorganisms in the context of bioremediation and antibiotic resistance, some of these
metabolic pathways have likely evolved to avoid environmental or microbial toxins.
Alternatively, they may represent evolutionary “accidents”, whereby enzymes used to
activate naturally occurring compounds of dietary, microbial, or human origins exhibit
cross-reactivity with xenobiotics. To address these evolutionary questions it will be
important to shed new light on the potential selection pressures that may have favored the
propagation of these genes; it will be critical to determine if and how microorganisms are
able to use various xenobiotics as a source of carbon, nitrogen, or energy, and how
important these processes are relative to minimizing toxicity.

One of the potential applications of a mechanistic understanding of microbial drug
metabolism is the attempt to co-opt these metabolic pathways to rationally design
compounds for release in specific locations within the gastrointestinal tract. For example,
previous studies have demonstrated that azo bond cleavage by the colonic microbiota can be
harnessed to generate novel prodrugs, preventing efficient absorption in the proximal gut
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[95]. This principal has been further extended to colon-targeted urethane-based coating
linked together by azo bonds [96].

Recent studies have demonstrated the vast potential for manipulating the structure and
function of our gastrointestinal microbiota, suggesting that it could be possible to affect
pharmacokinetics through non-invasive strategies. These options include (i) dietary changes
[6,7], (ii) probiotics [9], and (iii) drugs targeting the gut microbiota [10]. It may also be
possible to deliver novel genes by harnessing the frequent exchange of genetic information
between distantly-related microorganisms [97], as recently described for the transfer of
genes for the metabolism of algal polysaccharides from diet-derived microorganisms into
common members of the Japanese microbiota [98].

Finally, it will be important to move towards high-throughput assays for testing the impact
of gut microorganisms on a wide variety of xenobiotics (and vice versa), including detailed
structure-function analyses. These types of screens would provide critical information
revealing which drugs are most interesting for detailed mechanistic analysis ranging from in
vitro gut models, to animal models, to large-scale surveys of patients before, during, and
after treatment. Substantial progress will require efforts across a wide range of disciplines,
spanning microbiology, genomics, bioinformatics, pharmacology, and chemistry, among
others. Together, these studies will help us move towards a more comprehensive,
metagenomic view of xenobiotic metabolism, with potentially profound implications for the
treatment of disease, and for our understanding of human and microbial metabolism.
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Figure 1. Phylogenetic distribution of cultured gut isolates with enzymatic activities relevant to
xenobiotic metabolism
Full-length aligned 16S rRNA gene sequences for bacteria of interest were retrieved from
the Ribosomal Database Project website (Release 10, update 29) [99]. The “Tree Builder”
tool was used with Fusobacterium nucleatum as the outgroup. The resulting tree was
exported in Newick format and annotated using the Interactive Tree of Life website [100].
Major bacterial phyla are shown in colored boxes: Actinobacteria (orange), Bacteroidetes
(red), Firmicutes (blue), and Proteobacteria (yellow). Large circles indicate the presence of a
confirmed enzymatic activity within each bacterial species. Nodes with a bootstrap value
>70 are indicated by black squares.
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Figure 2. Key examples of microbial biotransformations: (A) digoxin, (B) sulfasalazine, and (C)
levodopa (L-DOPA)
Structures were obtained from the ChemBioDraw Ultra database (version 12.0.3.1216). The
known organism or enzyme responsible is indicated for each transformation.
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Figure 3. The complex host-microbial metabolism of irinotecan and phosphatidylcholine
(A) Irinotecan is administered intravenously in the inactive form (CPT-11), followed by
activation and subsequent inactivation by host enzymes, and release into the gut via bile.
Microbial enzymes can then reactivate these compounds; a process that can be blocked by
orally administered inhibitors. (B) Phosphatidylcholine, consumed in many common foods
or as a dietary supplement, is converted to choline followed by microbial production of
TMA, the down-stream products of which can contribute to atheroschlerosis. Abbreviations:
BG (microbial β-glucuronidase), CE (host carboxylesterases), CPT-11 (irinotecan), FMOs
(hepatic flavin monooxygenases), PC (phosphatidylcholine), PLD (phospholipase D), TMA
(trimethylamine), TMAO (trimethylamine oxide), and UGT (hepatic UDP-
glucuronosyltransferases).
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Table 1

Key terms.

Gnotobiotics Derived from the Greek roots gnostos ‘known’ and bios ‘life’; refers to animals that are maintained without exposure to
microbes (germ-free) prior to microbial colonization. Frequently used study groups include mono-or bi-association (1–2
microorganisms), conventionally-raised (maintained outside an isolator in a standard mouse facility), conventionalized (i.e.,
ex-germ-free; colonized with a complex microbiota), or humanized (colonized with a human sample).

Metagenomics A rapidly growing field that focuses on using culture-independent techniques to characterize the structure and function of
microbial communities and their interactions with the environment. Metagenomic studies include (i) shotgun sequencing of
microbial DNA isolated directly from a given environment, (ii) high-throughput screening of expression libraries, constructed
from cloned community DNA (functional metagenomics), (iii) profiling of community-wide gene expression and protein
abundance (meta-transcriptomics and meta-proteomics), and (iv) identification of a community’s metabolic network
(metabolomics).

Microbiota A microbial community, often including Bacteria, Archaea, small Eukaryotes, and viruses occupying a given habitat.

Microbiome A term used to refer to the aggregate genomes present in members of a given microbiota, and the activities that they encode.

Xenobiotics Compounds foreign to a living organism, used here to refer to therapeutic drugs, antibiotics, and diet-derived bioactive
compounds.
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Table 2

Xenobiotics metabolized by the human gut microbiota.

Reaction type Substrate Reference

Reduction Digoxin* [48]

Clonazepam [101]

Sulindac [102]

Sulfasalazine* [50]

Prontosil [103]

Neoprontosil [103]

Balsalazine [104]

Olsalazine [51]

Nitrazepam [105]

Clonazepam [101]

Sulfinpyrazone [102]

Sulindac [102]

Omeprazole [106]

Metronidazole [107]

Misonidazole [108]

Zonisamide [109]

Hydrolysis Nitroglycerin [110]

Sodium picosulphate [2]

Carbenoxolone [111]

Methotrexate [112]

Morphine glucuronide [113]

Sennosides [114]

Sorivudine [115]

Lactulose [116]

Functional group removal Flucytosine [117]

Methamphetamine [118]

Levodopa* [54]

Phenacetin [119]

Succinylsulfathiazole [2]

N-oxide cleavage Ranitidine [120]

Nizatidine [121]

Proteolysis Insulin [122]

Calcitonin [122]

Denitration Isosorbide dinitrate [123]

Glyceryl trinitrate [110]

Deconjugation Indomethacin [124]
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Reaction type Substrate Reference

Irinotecan** [125]

Amine formation/amide hydrolysis Chloramphenicol [126]

Thiazole ring-opening Levamisole [127]

Acetylation 5-Aminosalicyclic acid [128]

Isoxazole scission Risperidone [129]

Other Azetirelin [130]

Potassium oxonate [131]

Hesperidin [132]

*
See Figure 2 for more details.

**
See Figure 3 for more details.
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Table 3

Known links between xenobiotics, members of the gut microbiota, and key reactions. See Figures 1 and 2 for
more information.

Xenobiotic compound Metabolizing isolate(s) Reaction Reference

Digoxin Eggerthella lenta Reduction reaction [48]

Irinotecan Bacteroides, Clostridium, Escherichia Deconjugation [10]

Levamisole Bacteroides, Clostridium Thiazole ring-opening [127]

Sorivudine Various Bacteroides: B. vulgatus, B. thetaiotaomicron, B. fragilis, B.
uniformis and B. eggerthii

Phosphorylase activity [133]

Sulfasalazine Many genera including: Bacteroides, Bifidobacterium, Lactobacillus, and
Enterococcus

Azoreductase activity [50]
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