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Microbiome is a functional modifier of P450 drug metabolism
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Abstract

Host cytochrome P450s (P450s) play important roles in the bioactivation and detoxification of
numerous therapeutic drugs, environmental toxicants, dietary factors, as well as endogenous
compounds. Gut microbiome is increasingly recognized as our “second genome” that contributes
to the xenobiotic biotransformation of the host, and the first pass metabolism of many orally
exposed chemicals is a joint effort between host drug metabolizing enzymes including P450s and
gut microbiome. Gut microbiome contributes to the drug metabolism via two distinct mechanisms:
direct mechanism refers to the metabolism of drugs by microbial enzymes, among which
reduction and hydrolysis (or deconjugation) are among the most important reactions; whereas
indirect mechanism refers to the influence of host receptors and signaling pathways by microbial
metabolites. Many types of microbial metabolites, such as secondary bile acids (BAs), short chain
fatty acids (SCFAs), and tryptophan metabolites, are known regulators of human diseases through
modulating host xenobiotic-sensing receptors. To study the roles of gut microbiome in regulating
host drug metabolism including P450s, several models including germ free mice, antibiotics or
probiotics treatments, have been widely used. The present review summarized the current
information regarding the interactions between microbiome and the host P450s in xenobiotic
biotransformation organs such as liver, intestine, and kidney, highlighting the remote sensing
mechanisms underlying gut microbiome mediated regulation of host xenobiotic biotransformation.
In addition, the roles of bacterial, fungal, and other microbiome kingdom P450s, which is an
understudied area of research in pharmacology and toxicology, are discussed.

I. Introduction and History

Biotransformation of xenaobiotics, such as drugs, dietary factors, and environmental
chemicals, often mitigates potential toxicities to the body, preventing the occurrence of
xenobiotic-induced injury. Liver, intestine, and kidney are the major organs for the
detoxification of various xenobiotics using two distinct classes of drug-metabolizing
enzymes. Phase-l drug-metabolizing enzymes catalyze oxidation, reduction, and hydrolysis
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reactions, which generally produce a small functional group on the substrate for further
reactivity. Phase-11 drug-metabolizing enzymes catalyze various conjugation reactions,
including glucuronidation, sulfonation, glutathione conjugation, acetylation, methylation,
amino acid conjugation, and fatty acid conjugation. In general, phase-1 and -1l metabolism
make the initial substrate more water soluble for excretion [102].

Cytochrome P450s (P450s or CYP) are a superfamily of enzymes in which a subset
comprises a major portion of phase-I oxidation enzymes. Beyond drug metabolism, P450s
are also important for the bio-synthesis of endogenous biomolecules. For example, CYP7A1
is the rate-limiting enzyme for the synthesis of bile acids from cholesterol in liver;
CYP27A1, CYP7B1, and CYPEBI are also involved in bile acid production [1]. P450s are
present across all seven biological kingdoms with over 41,000 different naturally occurring
P450 sequences [2]. The functions, genetic variability, tissue distribution, and species
differences of P450s have been extensively studied and reviewed [3-9]. Briefly, P450s are
expressed in the liver as well as extrahepatically with varying expression levels leading to
differential metabolism [6]. Other organs expressing xenobiotic metabolizing P450s include
the intestine, lung, trachea, nasal respiratory and olfactory mucosa, esophagus, stomach,
kidney, etc.[3, 7-9]. Many orally exposed xenobiotics are subject to first-pass metabolism in
the gastrointestinal tract and liver. Intestinal P450s can metabolize a major portion of orally
exposed xenobiotics before these chemicals enter the blood circulation, whereas liver further
contributes to the first-pass metabolism of xenobiotics that are delivered through the portal
blood [8, 10]. Together the P450-mediated first-pass metabolism within the gut-liver axis
limits the entry of many xenobiotics into systemic circulation. There are 57 functional P450s
in humans and 12 of them are from the CYP1, 2, and 3 subfamilies, which biotransform
70-80% of clinical drugs [6]. Genetic polymorphisms in P450 genes may affect the
pharmacokinetics of their substrates, accounting for a significant portion of the inter-
individual variability in drug metabolism and xenobiotic toxicity among individuals [11-13].
In addition to host genetic factors that influence the P450s, the gut microbiome also affects
the expression and activity of P450s related to the metabolism of xenobiotics [14, 15].

The gut microbiome is an increasingly recognized critical component of the first-pass
metabolism of xenobiotics and is a mediator for “indirect xenobiotic metabolism” through
modulation of hepatic signaling via remote-sensing mechanisms [15, 16]. The gut
microbiome varies in composition and function along the gastrointestinal tract that is
reflective of a chemical, nutritional, antimicrobial gradient [17-22]. Although the ratio of
bacterial to human cells is approximately 1:1, there are nearly 10 million genes in the human
microbiome [23] with 3.3 million genes in the human gut microbiome [24]. Within the vast
pool of microbial genes, a subset are capable of directly metabolizing drugs, dietary factors,
environmental chemicals, and other xenobiotics independent from the host, often through
reduction or hydrolysis reactions. This was initially shown in the 1960s by the deacylation of
N-acetyl derivatives [25, 26] as well as O-dealkylation by microflora [27-33]. Intestinal
microflora were later shown to metabolize many drugs [34]. This initial metabolism can
occur before first pass metabolism redefining pharmacokinetics outside of host genetic
polymorphisms, xenobiotic partitioning, distribution, and other factors of inter-individual
variability. Indirectly, the gut microbiome produces metabolites that can interact with host
receptors, acting as signaling molecules to regulate the expression and activity of xenobiotic
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metabolizing enzymes. For example, primary bile acids are produced in the liver from
cholesterol and are excreted into the intestines through the bile duct wherein the microbiota
convert them to secondary bile acids that can be reabsorbed to the liver [1]. The secondary
bile acid lithocholic acid (made from the primary bile acid chenodeoxycholic acid) can
activate the major xenaobiotic sensing nuclear receptor pregnane X receptor (PXR/NR1/2),
which is responsible for regulating the expression of many xenobiotic metabolizing enzymes
[35].

The indirect relationship between gut microbiota and hepatic drug metabolism was not
deeply investigated until the 2000s. In rats, the administration of the antibiotic ciprofloxacin
decreased the hepatic expression of CYP2C11and CYP3AI and increased the area under
the curve (AUC) (decreased the parent compound to metabolite ratio by almost 50%) when
the chemotherapeutic cyclophosphamide was co-administered [36]. This indicated that a
change in gut microbiome induced by antibiotics could change the pharmacokinetics of
drugs by altering the key xenobiotic metabolizing enzymes. A study in mice comparing the
expression and activity of Cyp3al1 between conventional (CV; i.e. mice with a microbiome)
and germ-free (GF; i.e. mice without a microbiome) mice treated with ciprofloxacin was
dependent on microbiota sensitive to ciprofloxacin [37]. Dr. Kiyoshi Sugiyama’s group
showed that the expression of many CypZ, 2 and 3enzymes as well as the major xenobiotic
sensing transcription factors AXR, constitutive androstane receptor (CAR/NR113), and aryl
hydrocarbon receptor (AHR) were decreased in the livers of GF compared to CV mice [38].
Dr. Sven Pettersson’s group used microarrays to show that the expression of 112 targeted
genes were differentially expressed between CV and GF mice, and a major pathway for
these genes was xenobiotic metabolism by P450s [39]. These studies were the impetus for
characterizing and understanding the interactions of the gut microbiome and host P450s in
xenobiotic metabolism. The purpose of this review is to highlight the known interactions
between gut microbiome and P450s regarding the metabolism of xenobiotics and examine
unknown areas that may lead to increased drug efficacy and therapeutic protection from
harmful xenobiotic exposures.

Il. Interplay between host P450 and gut microbiota for xenobiotic

metabolism

A first step in understanding the influential capacity of the gut microbiome on drug
metabolism and, in particular, P450s in host liver is to investigate how the lack of gut
microbiome alters the expression of drug-metabolizing enzymes. For these studies,
researchers often rely on GF animal models, in particular GF mice. It is important to note
that under basal conditions GF animals have different host physiology, such as enlarged
cecum, as compared to CV animals. Therefore, with a GF animal model, cautions should be
made while interpreting the data generated from GF studies, as a GF mouse is not merely a
CV mouse minus the microbiome. Ingenuity Pathway Analysis of differentially expressed
genes between livers of CV and GF mice showed that xenobiotic metabolism ranked among
the most enriched network [40]. As previously stated, the lack of gut microbiome decreased
the expression of P450s when comparing CV and GF adult male mouse livers by GeneChip
or gPCR methods [38, 39]. A third study [41] using RNA-Seq examined the global
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differences in the hepatic expression of drug-metabolizing enzymes between CV and GF
adult C57BL/6 male mice. Overall, the most differentially regulated drug-metabolizing
enzymes in livers of GF mice were carboxylesterases and P450s with 20 upregulated and
seven down-regulated P450s. A summary of the general changes in P450s is shown in Table
1 and selected nuclear receptors and transcription factors is shown in Table 2. Two P450s
with increased expression (CypIaZincreased 51% and CypZa5increased 143%) are
regulated by the transcription factor AHR, whereas the Cyp3aand Cyp2b cluster controlled
by both PXR and CAR were down regulated, respectively. An exception is Cyp2b9 which
had increased expression (7454% increase with a fragments per kilobase of exon model per
million reads mapped [FPKM] of 9.1) in GF mice. The omega fatty acid hydroxylase
subfamily Cyp4a members, controlled by peroxisome proliferator-activated receptor a
(PPARa), were also upregulated by 31-200% [41]. Comparing the mMRNA expression of
P450s in various sections of intestinal tissues (duodenum, jejunum, ileum, and large
intestine) between CV and GF male, 46 P450s were differentially regulated by the lack of
microbiome [42]. However, generally the same P450 transcript was not differentially
regulated throughout all experimental tissues (intestines and liver), suggesting that there is a
tissue-specific sensitivity in its regulation by absence of the microbiome. In lieu of using GF
mice, poorly absorbed antibiotics with limited to no effects on the host can be used to
deplete the microbiome to ascertain the necessity of the microbial affects. Kuno et al. (2016)
treated ten-week-old C57BL/6NJcl male mice with vancomycin hydrochloride (500 mg/L)
and polymyxin B sulfate (100 mg/L) in drinking water for 5 days and investigated hepatic
and renal protein expression by liquid chromatography with tandem mass spectrometry (LC-
MS/MS). Antibiotics decreased hepatic Cyp3alland Cyp2b10proteins in liver, but did not
alter the P450 proteins in kidney [43].

Differentially expressed P450s between CV and GF mice are generally observed in adult
mice, but not in developing mice. Specifically, the hepatic expression of Cyp3alland 3a44
between CV and GF mice is similar between 1- and 30-day-old mice, but the expression is
decreased in livers of 90-day-old GF mice [40]. The protein expression and enzyme activity
of Cyp3awere also decreased at adult age. Conversely, the mRNA expression of CyplaZ,
2b9, 2c40, 2c54, 2c65, 2c67, 2c69, and Zel was increased up to about 100% in livers of GF
mice in adult age only. In GF mice, subfamily Cyp4a (4a10, 4a14, 4a31, and 4a32) had
increased expression up to about 200% compared to CV mice at day 1, 15, 30, and 90, but
had decreased expression at day 5; Cyp4al0 protein was increased at day 15, 30, and 90, but
Cyp4al4 protein was only increased (over 200%) at 90 days of age [40]. Expression of the
transcription factors that are known to regulate drug-processing genes including P450s,
namely AHR, CAR, PXR, and PPARa, were increased up to 100% at adult age in GF mouse
livers (see Table 2). The reader is encouraged to read the references for a greater
appreciation of the changes in gene expression due to lack of gut microbiome [40, 41].
Because the PXR-target genes were decreased in liver of GF mice in spite of the increase in
the PXR mRNA, these data suggest that gut microbiome mainly modulates the PXR
pathway at the receptor activity level.

Conventionalization or restoration of the microbiome to create exGF mice abrogates some of
the differentially regulated drug metabolizing enzymes. Using C3H/Orl female mice at 8
weeks of age, Claus et al. (2011) placed the GF mice in cages previously habituated by CV
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mice and collected samples every 5 days for 20 days. Hepatic RNA expression of many
P450s was normalized in exGF mice as compared to CV mice, including Cyp3all [44].
Cyp2el expression was increased after conventionalization of GF mice [44], whereas in
Selwyn et al. (2015), CypZel was increased (about 100%) by lack of microbiome. Selwyn et
al. (2016) compared exposing GF mice to CV feces versus exposing GF mice to the
probiotic VSL3, which contains eight live bacterial strains (Bifidobacterium breve,
Bifidobacterium longum, Bifidobacterium infantis, Lactobacillus acidophilus, Lactobacillus
plantarum, Lactobacillus paracasei, Lactobacillus bulgaricus, and Streptococcus
thermophilus). Conventionalization by exposing the GF mice to CV feces normalized the
expression and activities of the Cyp3a (about a 7-fold increase in conventionalized mice
compared to GF mice) and Cyp4a (decreased down to 1% of germ-free expression levels in
conventionalized mice) genes [45]. Specifically, conventionalization increased the PXR-
target genes Cyp3a cluster and decreased the PPARa-target genes Cyp4a cluster,
corresponding to changes in PXRand PPARa binding. In contrast, VSL3 did not have a
major impact on hepatic P450 gene expression, except an increase in Cyp4v3 mRNA [45].
Because the bacteria in VSL3 did not conventionalize the expression of 2XR or PPARa.-
target genes whereas expression was restored by bacteria in a mouse habituate environment,
distinct commensal bacteria in the gut other than the VSL3 composition are responsible for
the production of PXR activators (increasing PXR-target gene expression from GF to CV
mice) and the degradation of PPARa activators (decreasing PPARa from GF to CV mice.

lll. Microbial metabolites and host receptors

llI-1. Microbial metabolites as host receptor modulators

Microbial metabolites are key to indirect regulation of host xenobiotic metabolism in
proximal and remote organs [16]. The metabolites produced by bacteria can be absorbed by
the host and distributed to sites of action (e.g. microbial metabolites activating xenobiotic
transcription factors in the liver). Metabolites produced from the gut microbiome are
absorbed through the intestine and under-go first-pass metabolism in the liver before
becoming systemic, with the potential to be modified by the host if the site of action is a
peripheral organ. In addition, bacteria can modify host-derived metabolites, rendering them
either active or inactive. Gram-negative bacteria produce lipopolysaccharides (LPS), which
is an essential component in the outer cell membrane, and LPS induce immune and
oxidative stress responses in the host. LPS, also referred to endotoxin, can reach 10-50
grams in a healthy human gut, but only up to 5 pg/mL of blood without any side effects [46].
Intravenous injection of LPS is rapidly cleared in the liver, although 1-2 pg of LPS can be
lethal [47]. Mice are resistant to LPS exposure relative to humans likely due to specialized
immunoglobulins [48]. For example, in a diet study of soy protein isolate with grape
polyphenols LPS concentration in mouse serum was between 1-2 ng/mL [49]. An exposure
of 100 pg of LPS in C57BL/6 and NMRI mice was 40% lethal [50]. Intermittent
intraperitoneal injection of LPS (0.2 mg/kg of LPS once a week for three weeks) decreased
the MRNA expression of Cyp3a11 (0.5 fold decrease) in mouse liver, and LPS also
decreased CYP3A4 (the Cyp3allortholog; 0.5 fold decrease) in human liver HepG2 cells
[51]. The decreased expression of Cyp3a/CYP3A in mouse and human liver cells occurred
through suppression of AXR. In rats, LPS injected into the lateral ventricle of the brain (25
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ug) decreased the protein expression of several P450s in liver (CYPZD decreased 31%, and
CYPZ2E1 decreased 36%) likely through a cytokine signaling cascade, whereas CYPIA
remained unchanged [52]. Systemic LPS from gram-negative bacteria could influence the
expression of PXR target genes and potentially decrease the metabolic capacity of the liver.
Alternatively, host metabolites can be modified by microbial enzymes and reabsorbed, such
as host primary bile acids modified to microbial secondary bile acids [1]. As mentioned
previously, the secondary bile acid LCA can activate PXR and induce expression of
Cyp3allin mice [35]. In addition to LPS and LCA, PXR can be activated by the microbial
tryptophan metabolite indole-3-propionic acid (IPA) in intestine, but not in liver [53, 54].
IPA, known to be produced by Clostridium sporogenes from tryptophan, up-regulated the
PXRtarget genes Cyp3all, ATP-binding cassette, sub-family B, member 1B (Mdrl), and
uridine diphosphate glucuronosyltransferase family 1 member A1 (Ugtlal) in small
intestine of mice [54]. PXR activation by IPA was shown to interact with Toll-like receptor 4
(TIr4) to maintain mucosal integrity in the intestine.

llI-1. Pharmacological activation of host receptors as regulators of microbiome and
microbial metabolites

Activation of host receptors by xenobiotics may alter gut microbiome and host/microbial
metabolite production and may at least partly contribute to the regulation of host P450 gene
expression. For example, pharmacological activation of mouse PXR and CAR by oral
exposure to their ligands—(pregnenolone-16a.-carbonitrile [PCN] for PXR and 1,4-
bis-[2-(3,5-dichloropyridyloxy)]benzene, 3,3",5,5 -tetrachloro-1,4 bis(pyridyloxy)benzene
[TCPOBOP] for CAR)—decreased two taxa in the Bifidobacterium genus, which
corresponded with decreased gene abundance of the BA-deconjugating enzyme bile salt
hydrolase. The absence of gut microbiome potentiated CAR ligand mediated increase in
total, primary and conjugated bile acids corresponding with increased Cyp7al mRNA [55].
Statin therapy, which is used to lower serum cholesterol and to reduce the risk of heart
disease, increased total bile acids and altered the gut microbiota in a PXR dependent manner
[56]. This suggested that deleterious metabolic effects—increased risk of type 2 diabetes
mellitus—of statin therapy may be related to the changes in the gut microbiome. Overall,
activation of host drug receptors by bacteria pharmacologically alters the gut bacteria
landscape, changing signaling patters and potentially the metabolic capacity of the liver.

Another major xenobiotic-sensing transcription factor that can interact with microbial
metabolites is AHR. The P450s CYPI1A1, 1B1, 1AZ and 251 are all regulated by AHR, and
genetic variation in AHR may alter response to xenobiotics. AHR is general activated by 3-5
ring planar molecules, which includes polycyclic aromatic hydrocarbons (PAHS),
benzimidazoles, flavonoids, polychlorinated biphenyls, and dioxins, and can interact with
the nuclear hormone receptors estrogen and androgen receptors [57, 58]. In recent years,
Drs. Gary Perdew and Andrew Patterson have explored host-microbe interactions in relation
to AHR. Under basal conditions, the microbiome of wild-type mice compared to AHR-null
mice is a stronger determinant of microbiome compositional differences than exposure to the
persistent organic contaminant 2,3,7,8-tetrachlorodibenzofuran (TCDF) [59]. Increased
expression of Cypla2 (about 125%) was also shown to be AHR dependent. Furthermore,
TCDF altered the gut microbiome composition, and this was associated with altered bile
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acid metabolism and farnesoid X receptor (FXR) signaling in an AHR dependent manner.
However, it is unclear if the activation of AHR by TCDF indirectly or if TCDF directly
affect microbiome compositional change. Similar to PXR, AHRis also activated by
microbial tryptophan metabolites. Indole, 3-methyl indole and 2-oxindole were shown to
activate AHR in human and mouse liver cell lines. /n silico analysis showed that two indole
residues may be needed to effectively activate AHR such that two indole-like compounds
resemble large planar molecules (e.g. indirubin) [60]. In addition, bacteria can produce
quorum-sensing molecules in the form of quinoline derivatives. Nanomolar expression of
2,8-dihydroxyquinoline, which is a microbiome-dependent metabolite, activated human
AHR and induced the expression of CYP1A1. Mouse AHR was modestly activated by 2,8-
dihydroxyquinoline [61]. The short-chain fatty acid butyrate, produced from the
fermentation of soluble fibers, was also shown to activate AHR in human intestinal cells
[62]. These studies demonstrate that several microbial metabolites can activate AHR and
further demonstrates that AHR is an important moderator of host-microbiota communication
[63].

In addition to dioxin-like AhR activators, other persistent organic pollutants, such as the
formerly used flame retardants polybrominated diphenyl ethers (PBDES), can also interact
with the gut microbiome to modulate the host P450s and other host drug-processing genes.
In mice orally exposed to the non-coplanar PBDEs, namely BDE-47 and BDE-99, the lack
of gut microbiota augmented PBDE-mediated up-regulation of many drug-processing genes,
including Cypla2 and Cyp3all proteins in liver [64]. The lack of gut microbiome also
augmented the Cyp3a enzyme activity in livers of GF mice [64]. In colon, the lack of gut
microbiota also augmented the PBDE-mediated up-regulation of Cyplal mRNA [64].
Regarding the BA-synthetic P450s in liver, PBDE-mediated down-regulation of Cyp8b1 and
Cyp27al mRNAs was gut microbiota-dependent, whereas BDE-47 mediated up-regulation
of Cyp7al mRNA was also gut microbiota-dependent [65]. Together these data indicate that
gut microbiome is an important modifier for PBDE-mediated regulation of host P450s.

IV. Microbial P450s

The Cytochrome P450 Engineering Database (CYPED) has 18,851 bacterial CYP sequences
[2]. Among these, 2,979 bacterial sequences are named in 602 prokaryotic CYP families.
Yet, it is hypothesized that most new bacterial sequences will fit into existing families,
which is extraordinarily high compared to only 57 P450s in humans [2]. Although the
majority of the sequences in CYPED are from water and land samples, bacteria present in
the human gut microbiome are present. For example, the species Enterococcus faecium,
which can affect host response to pathogens and antibiotics [66—69], has 21 different P450
sequences in CYPED; however, the function of these P450s is not characterized. Recently,
there has been a focus on the evolution of P450s in bacteria [70, 71]. It has been shown that
bacterial P450s are highly conserved, suggesting that these P450s are essential to the
generation of steroids, fatty acids, and terpenoids [71]. In particular, mycobacteria have the
highest P450 diversity and have a high coverage of P450s in their genomes compared to
other bacteria [71]. A comparison of P450s in Streptomyces spp. and Mycobacterium spp.,
which are both genera in the phylum Actinobacteria, revealed that there are more P450s in
Streptomyces spp. that contribute to the antibiotic diversity, whereas P450s in mycobacteria
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were predicted to be important for the synthesis of lipids [72]. The high diversity in P450s
suggests the evolution of endogenous and exogenous roles to secure competitive niches in an
evolutionary pattern for bacteria.

The bacterial P450 CYP102is known to weakly oxidize low molecular PAHS, such as
phenanthrene, fluoranthene, and pyrene, to phenols and quinones [73]. Bacillus megaterium
found in human ileum can express CYP102and may affect stress pathways and cell cycle in
epithelial cells [74], and protein engineering of Bacillus megaterium CYP102 increased the
metabolism of PAHs [73]. CYP102in B. megaterium can be induced by barbiturates,
including the indirect CAR activator phenobarbital [75], peroxisome proliferators, and
nonsteroidal anti-inflammatory drugs, whereas isoflavones (genistein, biochanin A,
coumestrol, and equol) and green tea flavonoid epicatechin inhibit phenobarbital induction
of CYP102][76]. In addition, oral ibuprofen could induce an oxidative stress response in B.
megaterium and deplete glutathione, making the cells more susceptible to oxidative insult
[77]. Taken regularly, ibuprofen and other drugs have the potential to alter a healthy gut
microbiome and potentially create an environment that is advantageous to pathogens.

Several progesterone-like PAHs can be oxidized by microbial P450s to compounds that have
estrogenic activity; these compounds include methoxychlor, trans-stilbene, diphenyl,
diphenylmethane, 2,2-diphenylpropane, benzo[a]pyrene, benzophenone, 2-nitrofluorene,
chalcone, trans-4-phenyl-3-buten-2-one, and styrene oligomers [78]. /n vitro assays of
naphthalene, phenanthrene, pyrene, and benzo(a)pyrene display no estrogenic activity [79].
Upon colon digestion, but not stomach or small intestine, PAHs exhibit estrogenic activity
similar to 17a-ethynylestradiol [79]. As shown by microbial isolates of skin microbiota,
benzo[a]pyrene oxidation and degradation serve as a carbon source for bacteria, giving
bacteria in a PAH contaminated site—gastrointestinal tract, contaminated soil, or other
environment—a competitive advantage over other bacteria [80]. Overall, oxidation of PAHs
by P450s in the colon and skin alter the toxicity from carcinogenic to endocrine disrupting
due to their estrogenic activity.

In addition to bacterial P450s, fungal P450s also present a new area for xenobiotic
biotransformation [81, 82]. Fungal P450s are capable of metabolizing anti-inflammatories,
B-blockers, and antibiotics and may be useful in bioremediation processes [81]. Filamentous
fungi have also been shown to have multidrug resistant properties and may overexpress
P450s, which could confound detoxification as we all antifungal drugs [82]. This opens the
research are to new possibilities of P450s in the microbiome beyond bacteria fungi to
include Archea [83], protissts [84, 85], and viruses [86].

Because the function of microbiome P450s are affected by drugs and other xenobiotics, it is
important to understand how microbial P450s may influence host health and drug efficacy.
The functions of microbial P450s can be used in synthetic biology and biotechnology [87-
89]. This can include drug development [89-94] and secondary metabolite discovery,
bioremediation of pesticide contaminated soils [95], degradation of environmental chemicals
such as bisphenol A or polybrominated diphenyl ethers [96, 97], oxidation of alkanes [98,
99] and wastewater treatment [103]. Some P450s have already been artificially mutated to
perform catalytic reactions not previously observed in nature to improve known chemical
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reaction or create new molecular structures; this includes the modification C400S in
cytochrome P450 BM3 (also referred to as P411)[100-102]. Similarly, modifying,
regulating, or inhibiting microbial P450s may be important for personalized medicine, drug
therapy, and detoxificiation of toxic environmental chemicals. Although not a P450,
microbial B-glucuronidases can cause severe diarrhea by reactivation of the
chemotherapeutic irinotecan due to metabolism of the glucuronide metabolite back to the
active form of the drug [103]. Inhibition of B-glucuronidases in Escherichia coli prevented
irinotecan-induced toxicity and established a new method of inhibiting bacterial enzymes to
increase drug efficacy [103, 104]. Therefore, inhibiting or inducing microbial P450s may be
a novel method to alter the pharmacokinates of drugs, to improve drug efficacy, or protect
the host from toxic xenobiotic exposures.

The urinary metabolite ratio of acetaminophen metabolism was also investigated with regard
to the microbiome. Specifically, patients who had high urinary levels of p-cresol sulfate
before exposure to acetaminophen had a low ratio of acetaminophen to acetaminophen-
glucuronide [105]. This was attributed to O-sulfonation competition between p-cresol versus
acetaminophen, which may have the capacity to alter the pharmacokinetics of
acetaminophen. In a separate study, probiotic exposure of Lactobacillus reuteriKCTC3679
increased metabolism of acetaminophen, decreased the AUC of oral acetaminophen, and
increased the bacterial load of L. reuteri as well as cyanobacteria [106] . The spleen tyrosine
kinase inhibitor R406 (produced from intestinal activation of the prodrug fostamatinib) is
de-methylated in liver by hepatic CYP3A4 and is subsequently metabolized by microbial
mono-oxygenases [107]. The experimental chemotherapeutic epacadostat that inhibits
indoleamine 2,3-dioxygenase 1 (/D0I) was shown to be metabolized by microbial P450s by
pre-exposing mice to ciprofloxacin or 1-aminobenzotriazole to inhibit bacteria or all P450s,
respectively [108]. Bacterial metabolism of drugs is a well-known confounder of drug
therapy with over 30 drugs known to be co-metabolized by microbial enzymes [109-111];
however, characterization of these enzymes, and in particular, microbial P450s is less
understood. Understanding the specificity of these enzymes and the particular bacteria
containing these genes may be essential to providing personalized medicine health care
[112].

V. Conclusion

Taken together, the present review has systematically summarized the current information
regarding the interactions between microbiome (mainly gut microbiome) and the host P450s
in drug-processing organs such as liver, intestine and kidney, highlighting the importance of
the “remote-sensing” mechanisms underlying gut microbiome mediated regulation of host
xenobiotic biotransformation. Important microbial metabolites from cholesterol and amino
acid metabolism pathways have been shown to modulate the host transcription factors that
subsequently regulate the host P450 gene expression. In addition, the roles of bacterial,
fungal, and other microbiome kingdom P450s, which is an understudied area of research in
pharmacology and toxicology, are discussed. Looking forward, through integrating
microbiome sequencing and metabolomics, as well as improved resolution of microbial
functions at single species/strain levels future investigations in the area of “functional
metagenome” and P450s are expected markedly expand our understanding of
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physiologically based pharmacokinetic modeling for greater accuracy in personalized
medicine.
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Figure 1.
Summary of the regulation of P450s within the gut-liver axis. Distinct microbial metabolites

produced from the intestine, such as butyrate (from fermentation of fibers), secondary bile
acids [BAs] (from primary bile acids), as well as indoles and indole-3-propionic acid (IPA)
(from tryptophan), are known activators of certain host receptors, such as AHR (butyrate and
indoles) and PXR (IPA). Certain microbial metabolites may enter the circulation and reach
the liver to modulate the host receptor signaling and targeted P450 gene expression.
Microbiome modifiers, such as germ free condition, the use of antibiotics/probiotics, age,
gender, host genetics, and exposure to other drugs and environmental chemicals, may shift
the composition and functions of gut microbiome, leading to altered host receptor signaling
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and target gene expression. Microbial P450s as a separate entity in the intestine have been
shown to contribute to lipid metabolism as well as oxidation of xenobiotics. Trp: tryptophan;
1°: primary; 2°: secondary.
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General changes in RNA expression of P450s in adult liver of GF mice compared to CV mice.

Table 1.

Family and individual P450s  RNA expression change in GF mice compared to CV mice  Reference

Cyplaand 2a
Cyp2b
CypZc
Cyp2el
Cyp3a
Cypda

Increased 51-143% [41]
Decreased 57% [41, 43]
Increased minimally or no change [40]
Increased about 100% or no change [40, 41]
Decreased up to 87% [40, 41, 43]
Increased up to 200% [40, 41]
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Table 2.

General changes in RNA expression of transcription factors and nuclear receptors that regulate P450s in adult

liver of GF mice compared to CV mice.

Transcription factors and nuclear receptors  RNA expression change in GF mice compared to CV mice  Reference
AHR Increased about 50% [40]
CAR Increased about 100% [40]
PXR Increased about 33% [40]
PPARa Increased about 100% [40]
Nrf2 Increased about 75% [40]
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