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Summary

The gut microbiota provides a wide range of beneficial functions
for the host, and has an immense effect on the host’s health
status. The presence of microbiome in the gut may often
influence the effect of an orally administered drug. Molecular
mechanisms of this process are however mostly unclear. We
investigated how the effect of a nonsteroidal drug nabumetone
on expression of drug metabolizing enzymes (DMEs) in mice
intestine and liver is changed by the presence of microbiota,
here, using the germ free (GF) and specific pathogen free (SPF)
BALB/c mice. First, we have found in a preliminary experiment
that in the GF mice there is a tendency to increase bioavailability
of the active form of nabumetone, which we have found now to
be possibly influenced by differences in expression of DMEs in
the GF and SPF mice. Indeed, we have observed that the
expression of the most of selected cytochromes P450 (CYPs) was
significantly changed in the small intestine of GF mice compared
to the SPF ones. Moreover, orally administered nabumetone itself
altered the expression of some CYPs and above all, in different
ways in the GF and SPF mice. In the GF mice, the expression of
the DMEs (CYP1A) responsible for the formation of active form of
the drug are significantly increased in the small intestine and liver
after nabumetone application. These results highlight the
importance of gut microbiome in processes involved in drug
metabolism in the both gastrointestinal tract and in the liver with
possible clinical relevance.
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Introduction

Inter-individual differences in the ability to
metabolize drugs may cause a variability in their
pharmacokinetic level and thus the response of patients to
therapy. Intestinal and hepatic cytochrome P450s (CYPs)
are responsible for the biotransformation of most
clinically used drugs, and they are considered to be one of
enormous  variability
2001). The
expression of CYPs is affected by a unique combination

the main sources of this

(Anzenbacher and Anzenbacherova

of mechanisms and factors including genetic
polymorphism, modulation by xenobiotics, regulation by
cytokines and/or hormones, pathological status of the
organism as well as gender, age and other factors (Zanger
and Schwab 2013). Over the past couple of years, the
human gut microbiome has received increasing attention
as a potential regulator of the metabolism of drugs
(Jourova et al. 2016, Li et al. 2016, Wilson and
Nicholson 2017).

Dozens of drugs have been reported to undergo
direct microbial modification (Jourova et al. 2016, Saad

et al. 2012, Sousa et al. 2008). Some recent studies have
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shown that altering the composition of the gut
microbiome may affect the pharmacokinetics of orally taken
drugs, with implications for their oral bioavailability
(Jourova et al. 2019, Matuskova et al. 2014, Yoo et al.
2014). The drugs themselves, especially antibiotics, may
change the composition of the gut microbiota, and their co-
administration may lead to drug-drug interactions and inter-
individual differences in treatment efficacy (Jernberg et al.
2010, Wilkinson et al. 2018).

Both microbiota-mediated alterations in drug
metabolism and drug-mediated alterations in the gut
exhibit
detrimental effects on the host. Better understanding of

microbiome can beneficial, but likewise
this intricate mutual drug metabolism-gut microbiome
relationship could make a significant contribution to
improving treatment efficacy and may contribute to
avoiding undesirable side-effects. In most cases,
however, the detailed molecular mechanism, the specific
reaction, as well the bacterial strain involved in drug-
microbiome interaction, is not yet fully understood.

The results from a few recent studies indicate
that one of the possible mechanisms of action of the gut
microbiome in terms of influencing drug bioavailability
may be its impact on the expression of hepatic
biotransformation enzymes (Jourova et al. 2017, Selwyn
et al. 2015, Selwyn et al. 2016). We recently found that
colonization by only a single non-pathogenic or probiotic
bacteria strain alters the mRNA expression of some
hepatic CYPs in originally germ-free mice (Jourova et al.
2017).

However, since an oral route is the most
commonly used route for drug application, it is mainly
the small intestine which is the first site of exposure of
a drug to the metabolic system, and to its absorption with
high potential of the first-pass metabolism (Kaminsky
and Zhang 2003). Besides the presence of trillions of
microorganisms, the small intestine expresses
biotransformation enzymes including CYPs, and thus it
can metabolize the drug directly, hence reducing its
bioavailability (Xie et al. 2016). Better understanding of
the regulation of the intestinal and liver CYPs, their
involvement in first-pass metabolism and the role of the
gut microbiota here, may be crucial for improving drug
efficacy and enhancing the bioavailability of new drugs
in development.

Nabumetone (4-(6-methoxy-2-naphthyl)-2-
butanone) is a widely used non-acidic, non-steroidal anti-
After oral

nabumetone is converted by oxidative cleavage of its side

inflammatory  prodrug. administration,

chain to its active metabolite 6-methoxy-2-naphthylacetic
acid (6-MNA), a strong inhibitor of cyclooxygenase-2
(Nobilis et al. 2013). We have found recently that
nabumetone is metabolized by gut microbiota to its
pharmacologically inactive metabolite (Jourova et al.
2016). Moreover, using rodent models with altered gut
microbiome we have observed that this bacterial
contribution in metabolism of nabumetone may have
consequences for its bioavailability. Mice completely
lacking the microbiota (germ-free, GF) appeared to be
more effective in formation of active form of the drug,
6-MNA (Jourova et al. 2019). Formation of 6-MNA has
been ascribed to CYP1A2 with contribution of CYP3A4
(Turpeinen et al. 2009, Varfaj et al. 2014).

In this study, the expression of mRNA and
protein and enzymatic activity of intestinal and hepatic
CYPs was determined in GF and specific-pathogen-free
(SPF) mice after the administration of nabumetone.

Materials and Methods

Chemicals

The BCA assay kit was obtained from Sigma-
Aldrich (St. Louis, MO, USA). Protease inhibitor cocktail
tablets (EDTA free Complete Protease Inhibitor Cocktail
Tablets) were supplied by Roche (Basel, Switzerland).
Hydrochloric acid (p.a., 37 %) was supplied by Penta
(Prague, Czech Republic), sodium chloride and dimethyl
sulfoxide were obtained from Lach-Ner (Neratovice,
Czech Republic). Acetonitrile was supplied by VWR
International (Radnor, Pennsylvania, USA) and it was
obtained in the highest purity available. 7-ethoxyresorufin
and 7-ethoxy-4-(trifluoromethyl)coumarin were supplied
by Sigma-Aldrich. Midazolam was purchased from
Abcam (Cambridge, UK). Western blotting was done
using a chemiluminescence kit from Santa Cruz
Biotechnology (Heidelberg, Germany). Protein standard
for electrophoresis was obtained from Bio-Rad (Hercules,
CA, USA). Primary monoclonal rabbit anti-mouse
CYP2B10
(Darmstadt, Germany). Mouse monoclonal antibody
CYPI1AI, rabbit CYP3A antibody, secondary antibodies
and P-actin antibody used as a loading control were

antibody was purchased from Merck

obtained from Santa Cruz Biotechnology. Commercially
available primers were purchased from Life Technologies
(Carlsbad, CA, USA) (Table 1). RNA later solution was
purchased from Quiagen (Dynex, Czech Republic). All
other chemicals, which were of HPLC or analytical
grade, were obtained from Sigma-Aldrich.
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Table 1. List of primers used for gqPCR. Commercial TagMan
Gene Expression Assays were ordered from Thermo Fisher
Scientific (Life Technologies, Carlsbad, CA, USA).

Gene Symbol Assay ID

Cyplal Mm00487218_m1
Gplaz MmO00487224_m1
Cyp2as/4 MmO00487248_g1
Cyp2b10 Mm00456591_m1
Cyp2c29 Mm00725580_s1
Cyp2c38 Mm00658527_m1
Cyp2d22 MmO00530542_m1
GypZel MmO00491127_m1
Cyp3all MmO00731567_m1
Cyp3al3 Mm00484110_m1
Hprt Mm03024075_m1
Ahr MmO00478932_m1
HNF4 Mm01247712_m1
CAR MmO00486717_m1
PXR Mm.8509

Animals and experimental design

The experiment was carried out in accordance
with Czech Act No. 359/2012 Coll. for the protection of
animals against abuse. All procedures with animals were
approved by the Ethics Committee, Ministry of Education
of the Czech Republic. Experiments were approved by
the Committee for the Protection and Use of
Experimental Animals of the Institute of Microbiology.
v.v.i., Academy of Sciences of the Czech Republic
(approval ID: 50/2011).
(GF) and
(SPF) inbred BALB/c mice were used for the experiment.

Germ-free specific-pathogen-free
GF mice were born and housed under sterile conditions in
Trexler-type plastic isolators and fed 50 kGy irradiated
sterile pellet diet Altromin 1410 (Altromin, Lage,
Germany) and sterile water ad libitum. Fecal samples
were evaluated weekly for the presence of aerobic and
anaerobic bacteria, molds and yeast by the standard
microbiological methodology. SPF mice were kept in
IVC cages (Tecniplast, Italy) and fed with the same
sterile diet as their gnotobiotic counterparts. SPF mice
were regularly checked for the absence of potential
pathogens according to an internationally established
standard (FELASA). Animals were kept in a room with
a 12 h light-dark cycle at 22 °C. Two-month-old mice
were used for our experiments. There were 18 mice in
both experimental models (i.e. 18 mice in GF and
18 mice in SPF), 3 mice per each time point (1, 2, 3, 4

and 8 hours after nabumetone treatment) and three
individuals from GF and SPF mice without nabumetone
treatment served as controls.

The non-steroidal anti-inflammatory  drug
nabumetone 4-(6-methoxy-2-naphthyl)-2-butanone was
applied as a single oral dose (15mg/kg) to both groups of
mice. The mice were euthanized at 1, 2, 3, 4 and 8 hours
after nabumetone application by cervical dislocation and
exsanguination. The livers and small intestines were
aseptically removed, weighed, frozen in liquid nitrogen
-70 °C until further

and subsequently stored at

processing.

RNA isolation and Quantitative Real-Time PCR (qPCR)

To determine the mRNA expression of CYP,
samples of small intestine and liver were used from GF
and SPF mice in the first three hours after the application
of nabumetone (e.i. pooled data from first three time-
points) and from the control group without nabumetone.
Total RNA was isolated from tissue samples stored in
RNAlater (Qiagen, Hilden, Germany) using an RNeasy
Plus Mini Kit (Qiagen). RNA concentration and purity
were determined spectrophotometrically, and the RNA
integrity was verified by gel electrophoresis. First strand
cDNA was synthesized from total RNA with
a Transcriptor High Fidelity cDNA synthesis kit (Roche).
Real-time PCR for CYPs quantification was performed in
a LightCycler 1536 Instrument (Roche) using a specific
TagMan Gene Expression Assays (Applied Biosystems,
Life Technologies, Waltham, Massachusetts, USA). The
1536-well plates were pipetted using an Automate
Labcyte Echo (Dublin, Ireland).

The calculations were based on the “Delta-Delta
Ct method” (Livak and Schmittgen 2001). The data was
expressed as the fold change in the treatment groups
relative to the control, and HPRT1 and 18S rRNA were
used as an internal control.

Preparation of subcellular fractions

Microsomal fractions were obtained from the
liquid nitrogen-frozen liver and small intestine of mice.
Pooled livers and small intestines were homogenized in
homogenization buffer, pH 7.4 (0.25 M sucrose, 1.0 mM
EDTA), using an ULTRA-TURRAX T 25 basic
(IKA,Staufen, Germany). The buffer for homogenization
was supplemented with protease inhibitor cocktail tablets
(Roche). The subcellular fractions were separated by the
different centrifugation speeds of the liver/intestinal
homogenate (Gillette 1971) and the microsomal fractions
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were stored at —80 °C. Protein concentrations in the
microsomal fractions were assayed using BCA protein
assay according to the manufacturer’s instructions. The
concentration of CYP enzymes in obtained microsomes
was determined using difference spectroscopy (Phillips
and Shephard 2006).

Western blotting

Before a Western blot performing, total protein
concentration was determined using the BCA protein
assay. Microsomal proteins (50 pg/well) of mice liver
and small intestine were separated using 4—-15 % Mini-
PROTEAN TGX Precast Protein Gels (Bio-Rad) and
subsequently transferred onto polyvinylidene fluoride
membranes (0.45 pum) using Trans-Blot Turbo Transfer
System (Bio-Rad). The membranes were blocked in 5 %
non-fat dry milk/TBS-Tween-20 for 2 h and incubated
with primary antibodies overnight at 4 °C. Followed
incubation was performed with the appropriate secondary
antibodies for 1 hour at room temperature.
Immunodetection of CYPs was done using primary
antibodies: CYP1Al at 1:100 dilution, CYP2B1/2 at
1:200 dilution, and CYP3A at 1:200 dilution (see
Chemicals section). The used antibodies are orthologs of
human CYP1A1/2, CYP2B10 and CYP3A4. The B-actin
antibody (diluted 1:500) was used as a loading control for

normalization. The bands were visualized with respective

horseradish peroxidase-conjugated secondary antibodies
using the chemiluminiscence kit (see Chemicals section).
Image Studio™ Lite 5.0 (LI-COR Biosciences, Lincoln,
NE, USA) used for the
quantification of protein bands.

software was relative

Enzyme assays
Enzyme activities were assayed in the
microsomal fractions from homogenate of mouse small
intestine. The amount of organic solvents in the final
reaction mixtures did not exceed 1% (v/v). Enzyme
activities of selected CYP enzymes were measured
according to established methods (Chang and Waxman
2006). Substrates of orthologous human forms (as listed
under Chemicals) were used. The following microsomal
CYP activities were tested: CYP1A1/2, 7-ethoxyresorufin
O-deethylation, CYP2B6, 7-pentoxyresorufin
O-depenthylation, and CYP3A activity,

All determinations were done in

midazolam
1'-hydroxylation.
duplicates. Activities were measured using HPLC
Prominence system (Shimadzu, Kyoto, Japan) with a UV/
detection. The measurements
performed in a LiChrospher RP-18

a Chromolith® High Resolution RP-18
column (determination of midazolam substrate) (Merck).

The HPLC conditions are given in Table 2.

fluorescence were
column or

endcapped

Table 2. Conditions and HPLC parameters for the measurement of enzyme activity.

CYP Substrate Metabolite Substrate pmol of Quenching  Elution Injection Detection
concentration CYP/ agent of sample uv Fluorescence
(M) incubation (nb) (nm)  Ex/Em (nm)
volume (pl)
1A1/2 7-Ethoxy- Resorufin 2.6 35/100 100 % Isocratic 50 535/585
resorufin methanol
2B 7-ethoxy-4- 7-hydroxy-4- 15 35/100 100 % Isocratic 50 410/510
(trifluoromethyl)  (trifluoromethyl) methanol
coumarin coumarin
3A Midazolam 1’-Hydroxy- 2.8 12.56/100 100 % Isocratic 50 240
midazolam methanol
Statistics test. Differences were regarded as statistically significant

All data are expressed as means = SD. Statistical
calculations were done using Statistica 12 (StatSoft Inc.,
Tulsa, OK, USA). Statistical significance was determined
using an unpaired Student’s t test or Mann—Whitney U

when the P value was lower than 0.05. Software
GraphPad Prism 8 (GraphPad Software Inc., California,
USA) was used to create the graphs.
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Fig. 1. Influence of nabumetone on MRNA expression of CYPs
(A) and transcription factors (B) in small intestine of SPF and GF
mice in first three hours after one dose application. Data are
expressed as percentage of the respective SPF/GF untreated
control. mRNA data represent the mean + SD. from 9 individual
animals. Values significantly increased or decreased (*P<0.05,
**P<(.01, ***P<0.001) in comparison with the control are
labeled. NABU — nabumetone.

Results

Nabumetone influences the intestinal gene expression of
CYPs and transcriptional factors in the GF and SPF mice

We have observed the effect of orally applied
nabumetone on the CYP gene expression in the small
intestine of GF and SPF mice. Interestingly, applied
nabumetone influenced the CYP gene expression
differently in the GF and SPF mice. The expression of
Cypla2, 2¢38, 2d22, 3all and 3al3 was significantly

increased in the GF mice treated with nabumetone in

comparison with the untreated GF group. The expression
of the Cyp3all gene was increased in the SPF mice after
the administration of nabumetone (Fig 1A). On the other
hand, the expression of several genes was decreased in
the SPF mice, the most significant changes were observed
with the Cypla2 mRNA levels (Fig. 1A).

In addition, four transcriptional factors were
chosen to determine the influence of nabumetone on the
regulation of Cyp expression — hepatocyte nuclear factor
4 (Hnf4), pregnane X receptor (PXR), constitutive
androstane receptor (CAR) and aryl hydrocarbon receptor
(AhR). The gene expression of Hnf4 was decreased in the
small intestine of SPF mice and the same tendency was
observed in GF mice as well. The expression of PXR was
increased by nabumetone in the small intestine of SPF,
while remaining unaffected in GF mice. CAR mRNA
level was decreased in the GF and SPF mice. With the
mRNA expression of AhR, a slight decrease was
observed in both GF and SPF mice in comparison with
the control group. (Fig. 1B).

Nabumetone affects the intestinal CYP protein expression
in different ways in the GF and SPF mice

Based on the interesting results regarding the
intestinal CYP mRNA expression, protein expression of
selected CYP was made using Western blotting analysis in the
small intestine of GF and SPF mice treated with nabumetone.
The protein expression of CYP1A1/2 was increased after
application of nabumetone in SPF and, especially in GF mice
in comparison with their control group without nabumetone
treatment (Fig. 2A). The difference in protein expression in
GF and SPF mice was observed in CYP2B1/2 protein
(Fig. 2B). In SPF mice, the protein expression of CYP2B1/2
was decreased after application of nabumetone, on the other
hand we have observed increase in GF mice (Fig. 2B). The
same trend was observed in the protein expression of CYP3A
(Fig. 2C), which may be also involved in the metabolism of
nabumetone.

Mice lacking the microbiome exhibit higher levels of
functional CYPI1A in the small intestine after application
of nabumetone

As the formation of pharmacologically active
metabolite of nabumetone (6-MNA) has been ascribed
mostly to CYP1A2 (Turpeinen et al. 2009, Varfaj et al.
2014), we have measured its enzymatic activity by HPLC
using ethoxyresorufin, a specific substrate of human
CYPIA enzyme. In line with the gene and protein
expression we have observed the slight increase in the
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Fig. 2. The protein expression of CYP1A (A), CYP2B1/2 (B),
CYP3A (C) in the small intestine of SPF and GF mice treated with
nabumetone in time after one dose application in comparison
with their SPF/GF control group (100 %) without nabumetone
treatment. Protein relative levels were measured in the pooled
microsomal fractions (3 animals per group). NABU -
nabumetone.

Effect of nabumetone on the hepatic gene expression of
CYPs and transcriptional factors

To supplement the data obtained in the intestine,
we measured the mRNA expression of selected Cyp
genes in the liver of GF and SPF mice after the
administration of nabumetone (Fig. 4A). In the liver, the
patterns of CYP expression differ from those in the small

intestine. For example, the gene expression of Cyp3all



2020

Gut Microbiota Along With Nabumetone Influences Cytochrome P450 Expression S589

in liver was not significantly influenced by nabumetone
in both GF and SPF mice, unlike the small intestine. The
affected by
nabumetone in GF mice, but it was significantly

Cypla2 mRNA expression was not
decreased in SPF mice after nabumetone treatment. The
expression of Cyplal was significantly increased by
nabumetone in GF mice, while it decreased in the SPF

mice. A significant decrease was observed in the
expression of Cyp2d22 in SPF mice (Fig. 4A).
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Fig. 4. Influence of nabumetone on mRNA expression of CYPs
(A) and transcription factors (B) in liver of SPF and GF mice in
first three hours after one dose application (1; 2 and 3 hours).
Data are expressed as percentage of the SPF/GF control group
(100 %) without nabumetone treatment. The mRNA data
represent the mean = SD from 9 individual animals. Values
significantly increased or decreased (*P<0.05; **P<0.01;
***¥p<0.001) in comparison with the control are labeled. NABU —
nabumetone.

Three transcriptional factors were chosen to
determine the influence of nabumetone on the regulation
of Cyp expression in liver tissue, i.e. Hnfr4, PXR, CAR
(Fig. 4B). The gene expression of Hnf4 was significantly
increased by nabumetone in the liver of SPF mice. The

mRNA level of PXR was slightly increased, while the
expression of CAR was not affected by nabumetone in
the liver of SPF mice. In the liver of GF mice, we did not
observe any changes in the expression of Hnf4 and PXR,
while the CAR expression was decreased.

Effect of nabumetone on the hepatic CYP protein
expression

The CYPIA protein was
nabumetone likewise in the liver of GF and SPF mice,

influenced by

but in a different manner. In the first three hours after
nabumetone application, the protein expression of
CYPIA in GF mice was increased with decreasing
tendency in the next five hours. On the other hand, in
SPF mice, the protein expression was not significantly
changed in the first three hours and it slightly increased in
the next five hours (Fig. 5A).

On the other hand, the CYP3A protein
expression was significantly increased by nabumetone in
the liver of SPF mice in comparison to untreated SPF
group. The same, but milder, tendency was apparent in
GF mice (Fig. 5B). These results were opposite to the
data found in the small intestine (Fig. 2C).

Discussion

A plethora of papers have reported that the
human gut microbiome plays a crucial role in human
health and is involved in many important biological
functions and is associated with many pathological states
2015),
2016),
inflammatory bowel diseases (Goethel er al. 2018),

such as diabetes mellitus (Forslund er al
cardiovascular  diseases (Koopen ef al
atherosclerosis (Koeth et al. 2013) and even neurologic
diseases (Cox and Weiner 2018). Based on recent studies,
it is evident that the gut microbiome is often involved in
the biotransformation of clinically used drugs and may
alter their bioavailability, efficacy and toxicity (Jourova
et al. 2016, Saad et al. 2012, Wilkinson et al. 2018,
Wilson and Nicholson 2017). However, the metabolic
activity of intestinal microbiota toward xenobiotics and
the effects of interactions between the host organism and
the gut microbiome belong among the least explored
factors contributing to the inter-individual variability in
drug response.

In this study, we investigated how the effect of
a nonsteroidal drug nabumetone on expression of DMEs
in mice intestine and liver is changed by the presence of
microbiota using the GF and SPF mice.
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Fig. 5. The protein expression of CYP1A (A) and CYP3A (B) in the liver of SPF and GF mice treated with nabumetone in time after one
dose application in comparison with their SPF/GF control group (100 %) without nabumetone treatment. Protein relative levels were

measured in the pooled microsomal fractions (3 animals per group).

The mRNA expressions of CYPs in the liver of
GF and SPF mice were previously published (Claus et al.
2011, Jourova et al. 2017, Selwyn et al. 2015, Selwyn
et al. 2016), unfortunately, with contradictory results. As
the intestine is the first line of defense against orally
mRNA
expressions of CYPs in the small and large intestine in
SPF and GF mice. We found that mRNA levels of most
of selected CYPs were significantly decreased in the

ingested xenobiotica, we determined the

small intestine in the absence of gut microbiota compared
to mice with bacteria present (Data not shown). In the
colon, we have observed the same tendency with slighter
changes (Data not shown). These results indicate that the
regulation of the expression of the intestinal CYPs (like
liver CYPs) is influenced by the presence/absence of gut
microbiota, and that there is a direct or indirect
interaction between intestinal bacteria and the synthesis
of CYPs in the enterocytes of the small intestine.

Not only the presence of trillions of gut
microorganisms, but likewise a drug therapy may affect
the expression of intestinal and hepatic biotransformation
enzymes including CYPs. Indeed, we have found that
itself alters the
expression of some CYPs in both the intestine and liver,

orally administered nabumetone
and above all, in different ways in GF mice and SPF
mice.

As we have previously found, mice completely
lacking the microbiota (GF) appeared to be more
effective in formation of the active form of the drug,
6-MNA (Jourova ef al. 2019). Formation of 6-MNA has
been ascribed mostly to CYP1A2 with contribution of

CYP3A4 (Turpeinen et al. 2009, Varfaj et al. 2014),
therefore, we have focused on these enzymes.
Interestingly, we have found that the gene and protein
expression of Cypla2 and even its enzyme activity was
increased in GF mice treated with nabumetone in
comparison with untreated GF group in the small
intestine. While the SPF mice treated with nabumetone
have showed rather opposite, decreasing tendency on the
CYP1A2 mRNA levels and activity in comparison with
the respective SPF control group. In the liver, the changes
in the Cypla2 gene and protein expression were similar
(but pronounced to a lesser extent) than those in the small
intestine. Mice lacking the microbiome thus may exhibit
higher levels of functional intestinal and hepatic CYP1A,
which may modulate the response to drugs metabolized
by CYPI1A including nabumetone itself.

AhR is a ligand-activated transcriptional factor
that has various endogenous functions, and is responsible
for the induction of biotransformation enzymes such as
CYPI1AI1, CYP1A2, CYPI1BI, glutathione S-transferases,
UDP-glucuronosyltransferases, and NADPH reductase
(Larigot et al. 2018). It was recently reported that
bacterial metabolites induce the expression of AhR and
its target genes, including CYP1Al, CYP1A2 and
CYPIBI in GF mice liver (Korecka et al. 2016). We
found that the expression of AhR was significantly
decreased in the small intestine of SPF mice, which could
explain the decrease in the expression of Cypla2, but the
expression of AhR was not significantly changed in the
small intestine of GF mice. These results highlight the

importance of the gut microbiota in the regulation of
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Cypla2 synthesis, and that in the absence of the gut
microbiota, the regulation pathway leading to the
increased expression of Cypla2 may not be dependent on
the AhR in the small intestine. Recently, several articles
have appeared, pointing out the cross-regulatory circuit
between the AhR and gut microbiota which affects the
nutritional, immunological, and physiological status and
impacts the host metabolism (Ji and Qu 2018, Natividad
et al. 2018, Zhang et al. 2015) A wide range of effects are
attributed to changes in bacterial tryptophan metabolism
due to altered gut microbiota (Agus ef al. 2018, Gao ef al.
2018, Konopelski and Ufnal 2018). Moreover, the
expression of another target gene of AhR, Cyplal, was
increased by nabumetone in the liver of the GF but the
SPF mice have shown opposite tendency. (Fig. 1A and
4A).

The another
metabolism of nabumetone in human is CYP3A4. We

important enzyme in the
have found that the gene Cyp3all (the mouse orthologue
of human CYP3A4) was overexpressed in the small
intestine of SPF and GF mice by the application of
nabumetone. These changes may be clinically important
not only for nabumetone, as CYP3A4 is the most
represented CYP enzyme in the human liver and in the
small intestine, and, completely or partially, metabolizes
the majority of all drugs in humans (Anzenbacher and
Anzenbacherova 2001), thus, knowledge of the molecular
mechanism behind these changes in regulation pathways
is urgently needed.

We measured the expression of some
transcriptional factors responsible for the regulation of
the synthesis of CYPs. The expression of the CAR
receptor involved in the regulation pathway of human
CYP3A4 was not significantly affected by the application
of nabumetone. On the other hand, the expression of PXR
(participates in the CYP3A4 regulation pathway) is
increased after the application of nabumetone in the liver
and even more in the small intestine of SPF mice (Fig. 1B
and 4B). The expression of PXR was not significantly
affected in the liver and in the small intestine of GF mice
by the administration of nabumetone. These divergent
results highlight the differences in the regulation of CYPs
as a response to drug exposure in the presence or absence
of the gut microbiota. This clearly indicates that PXR
may be responsible for the observed changes in the SPF
mice, however crosstalk between other nuclear receptors
could be crucial in the CYP3A expression in the liver as
well in the small intestine. It should be noted that besides
PXR and CAR, the vitamin D receptor (VDR) and

peroxisome proliferator-activated receptor o (PPARa) are
suggested to be involved in the regulation of CYP3A4
expression in human adults (Betts ef al. 2015).

The results of the expression of transcriptional
factor Hnf4 revealed another interesting point in the
regulation observed in several Cyp genes and proteins as
different changes were observed in the liver and in the
small intestine of SPF mice. Whereas the expression of
Hnf4 in the liver of SPF mice after an oral dose of
nabumetone significantly increased (Fig. 4B), we
observed a significant decrease in its expression in the
small intestine (Fig. 1B). Similar discrepancy is apparent
in several CYPs mRNA expression in GF/SPF mice
(Fig. 1A, 4A). The previous study has revealed, that the
knock-out of hepatic CYP activity caused compensatory
increases in the intestinal expression of the CYP2B, 2C,
and 3A proteins (Zhu et al. 2014). The hypothesis that
CYP expression in the liver and intestine may be
coordinately regulated to maintain the overall metabolic
capacity for the first-pass metabolism of oral drugs was
2016). A possible

mechanism was proposed using a mice model with

published recently (Xie et al

suppressed hepatic CYPs due to deletion of the Cpr gene
(NADPH-cytochrome  P450 Mutual
interactions of drugs and gut microbiota contribute to the

reductase).

final therapeutic effect of drugs. It has been found that
nabumetone is metabolized by intestinal microbiota to its
non-active metabolite (Jourova et al. 2016), furthermore,
CYPs may be involved in its metabolism (Turpeinen
et al. 2009). Now, to illustrate the complexity of this
issue, we found that nabumetone itself influences the
gene and protein expression and, in the case of some
enzymes, enzymatic activity of CYPs in the intestine as
well in the liver in the presence or absence of gut
microbiota and, more interestingly, very often in different
ways.

It follows that the induction of CYP at the level
of mRNA expression is closely related to the regulation
through nuclear receptors. However, this may not result
in increased activity that would significantly interfere
with possible pharmacotherapy. Levels of functional
protein can be modified by studied xenobiotic through
interference with protein degradation or protein
stabilization by posttranslational mechanisms (Lin 2006).
For example, microRNA regulate gene expression
through mRNA degradation or the inhibition of protein
2017). This underlines the

importance of studies such as ours, where the effect on

translation (Gill et al

certain enzyme is monitored up to its functional form



S592 jourova et al. Vol. 69

(Lnénickova et al. 2018). Therefore, further studies are ~ Data availability statements

needed to explain which pathways participate in the @ The raw data supporting the conclusions of this
regulation of CYP synthesis and what the detailed  manuscript will be made available by the authors, without
mechanism (including the direct and indirect effects of  undue reservation, to any qualified researcher.

intestinal bacteria) involves.
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