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ABSTRACT

Previous reports on tissue distribution of xenobiotic-processing
genes (XPGs) have limitations, because many non–cytochrome P450
phase I enzymeshavenotbeen investigated, andonecannot compare
the real mRNA abundance of multiple XPGs using conventional
quantification methods. Therefore, this study aimed to quantify and
compare the mRNA abundance of all major XPGs in the liver and
intestine using RNA sequencing. The mRNA profiles of 304 XPGs,
including phase I, phase II enzymes, phase II cosubstrate synthetic
enzymes, xenobiotic transporters, as well as xenobiotic-related tran-
scription factors, were systematically examined in the liver and
various sections of the intestine in adult male C57BL/6J mice. By
two-way hierarchical clustering, over 80% of the XPGs had tissue-
divergent expression, which partitioned into liver-predominant,

small intestine–predominant, and large intestine–predominant
patterns. Among the genes, 54% were expressed highest in the liver,
21% in the duodenum, 4% in the jejunum, 6% in the ileum, and 15% in
the large intestine. The highest-expressed XPG in the liver was Mgst1;
in the duodenum, Cyp3a11; in the jejunum and ileum, Ces2e; and in the
large intestine, Cyp2c55. Interestingly, XPGs in the same family usually
exhibited highly different tissue distribution patterns, and many XPGs
were almost exclusively expressed in one tissue and minimally ex-
pressed in others. In conclusion, the present study is among the first
and the most comprehensive investigations of the real mRNA abun-
dance and tissue-divergent expression of all major XPGs inmouse liver
and intestine, which aids in understanding the tissue-specific bio-
transformation and toxicity of drugs and other xenobiotics.

Introduction

The liver and intestine are two major organs for the absorption,
distribution, metabolism, and excretion of xenobiotics. The metabolic
reactions of hydrolysis, reduction, and oxidation, catalyzed by phase I
enzymes, usually introduce a small functional group to xenobiotic sub-
strates or convert an existing function group to a new group. Xenobiotics
and/or their metabolitesmay be further metabolized via conjugationwith
a cosubstrate (glucuronide, sulfate, glutathione, amino acids, and methyl
or acetyl group) by phase II enzymes. With some exceptions, phase II
conjugation reactions are generally considered as major inactivation and
detoxification pathways for xenobiotics (Parkinson et al., 2013). The
uptake and efflux of xenobiotics and their metabolites, catalyzed by

solute carriers (Slc) and ATP-binding cassette (Abc) transporters,
respectively, are important for the absorption, distribution, and elimi-
nation of xenobiotics (Klaassen and Lu, 2008; Klaassen and Aleksunes,
2010). Many xenobiotic-metabolizing enzymes and transporters are
regulated by transcription factors (TFs) (Klaassen and Slitt, 2005;
Klaassen and Aleksunes, 2010). In the present study, phase I enzymes,
phase II enzymes, enzymes involved in the synthesis of phase II
cosubstrates, xenobiotic transporters, and xenobiotic-related TFs are
referred to as xenobiotic-processing genes (XPGs). In addition to
xenobiotics, many of these XPGs also play a role in the metabolism of
endobiotics, such as steroid hormones, fatty acids, bilirubin, and bile
acids. It is essential to understand the tissue-specific expression patterns
of XPGs, because it facilitates the estimation of the biotransformation and
toxicity of various endo- and xenobiotics in those tissues.
Previously, we and others have characterized the expression

profiles of many XPGs in the liver and intestine of rodents, including
carboxylesterases (Cess) (Jones et al., 2013), aldo-keto reductases
(Akrs) (Pratt-Hyatt et al., 2013), cytochrome P450s (P450s) (Renaud
et al., 2011), alcohol dehydrogenases (Adhs) (Alnouti and Klaassen,
2008), flavin monooxygenases (Fmos) (Janmohamed et al., 2004),
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UDP-glucuronosyltransferases (Ugts) (Shelby et al., 2003; Buckley
and Klaassen, 2007), sulfotransferases (Sults) (Dunn and Klaassen,
1998; Alnouti and Klaassen, 2006), glutathione-S-transferases (Gsts)
(Knight et al., 2007), methyltransferases, N-acetyltransferases (Nats),
and enzymes for the synthesis of phase II cosubstrates (Lu et al., 2013), as
well as various Slc transporters (Li et al., 2002; Slitt et al., 2002; Lu et al.,
2004; Ballatori et al., 2005; Cheng et al., 2005; Alnouti et al., 2006; Lu
and Klaassen, 2006; Lickteig et al., 2008) and Abc transporters (Brady
et al., 2002; Cherrington et al., 2002; Yu et al., 2002; Chen and Klaassen,
2004; Maher et al., 2005, 2006; Tanaka et al., 2005; Cheng and Klaassen,
2009; Cui et al., 2009). Together, these studies have markedly improved
our understanding of the tissue-divergent expression patterns of these
XPGs.
However, the previous studies have several limitations on the tissue

distribution of XPGs. First, the tissue distribution of many non-P450
phase I enzymes, which also play important roles in xenobiotic
metabolism, has not been investigated systematically. Second, each of
the previous studies focuses on a specific family of XPGs, and there
lacks a quantitative comparison of XPGs in all categories in various
tissues. Third, most of these studies quantify mRNA of XPGs by
conventional mRNA profiling techniques, including northern blot,
reverse-transcription–quantitative real-time polymerase chain reac-
tion, microarray, branched DNA, and branched DNA–based multi-
plex suspension assays. These methods rely on the specificity and
efficiency of primer/probe hybridization. With the implementation of
RNA sequencing (RNA-Seq) technologies, it is possible to directly
compare sequence reads of the nucleotide molecules in biologic samples
in a quantitative mode, and thus provide true quantification of the
mRNAs of genes. The result of RNA-Seq is expressed as fragments per
kilobase of exon per million reads mapped (FPKM), which normalizes
the sequencing depths between different samples and sizes between
various genes, allowing a direct comparison of various transcripts on a
genome-wide scale (Malone and Oliver, 2011). We have previously
conducted RNA-Seq experiments on the ontogeny of various XPGs in
mouse livers (Cui et al., 2012; Peng et al., 2012, 2013; Lu et al., 2013;
Selwyn et al., 2015), but a systematic characterization of the XPGs in
various sections of the intestine in comparison with liver tissue is lacking.
Therefore, the goal of the present study was to use RNA-Seq to

systematically quantify the mRNA profiles of 304 XPGs in various
sections of the intestine [namely, the small intestine (duodenum,
jejunum, and ileum) and the large intestine], and compare the intestinal
expression of the XPGs with that in livers of male mice. This study also
compares the mRNA abundance of various genes within the same gene
family/category and across different families/categories in these tissues.
This knowledge will shed light on the tissue-specific differences in the
pharmaco- and toxicokinetic profiles of xenobiotics.

Materials and Methods

Animals. All mice used in the studies were male C57BL/6J mice (2–3 months
of age, n = 3) purchased from Jackson Laboratory (Bar Harbor, ME), and were
housed in an Association for Assessment andAccreditation of Laboratory Animal
Care International–accredited facility at the University of Kansas Medical Center
(Kansas City, KS), with a 14-hour light/10-hour dark cycle, in a temperature and
humidity-controlled environment. All mice were given ad libitum access to the
standard autoclaved rodent chow #5K67 (LabDiet, St. Louis, MO) and autoclaved
water. All animal experiments were approved by the Institutional Animal Care
and Use Committee at the University of Kansas Medical Center (KUMC).

Tissue Collection. Tissueswere harvested frommice between 9 a.m. and noon
to minimize the diurnal variations in XPG expression (Zhang et al., 2009).
Animals were not fasted before tissue collection because food restriction is known
to alter XPG expression in the liver (Fu and Klaassen, 2014). Livers were
collected after removing the gallbladder. Intestinal contents were flushed with

phosphate-buffered saline, and intestinal tissues were separated into various
sections [namely, duodenum, jejunum, ileum, and large intestine (colon)]. All
tissues were snap-frozen in liquid nitrogen and stored at 280�C.

Total RNA Isolation. Total RNA was isolated from tissues using RNA Bee
reagent (Tel-Test Inc., Friendswood, TX) following the manufacturer’s protocol.
The concentration of total RNA in each sample was quantified spectrophotomet-
rically at 260 nm using a NanoDrop 1000 Spectrophotometer (Thermo Scientific,
Waltham, MA). RNA integrity was confirmed using a dual Agilent 2100
Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA), and the samples with
RNA integrity numbers above 7.0 were used for the following experiments.

cDNA Library Preparation and RNA-Seq. The cDNA library preparation
and sequencing of the transcriptome were performed in the KUMC Genome
Sequencing Facility. The cDNA libraries from total RNA samples (n = 3/group)
were prepared using an Illumina TruSeq RNA sample prep kit (Illumina, San
Diego, CA). Three micrograms of total RNA was used as the RNA input
according to the manufacturer’s protocol. The mRNAs were selected from the
total RNAs by purifying the poly-A–containing molecules using poly-T primers.
The RNA fragmentation, first- and second-strand cDNA syntheses, end repair,
adaptor ligation, and polymerase chain reaction amplification were performed
according to the manufacturer’s protocol. The average size of the cDNAs was
approximately 160 bp (excluding the adapters). The cDNA libraries were validated
for RNA integrity and quantity using an Agilent 2100 Bioanalyzer (Agilent
Technologies Inc.) before sequencing. The cDNA libraries were clustered onto a
TruSeq paired-end flow cell and sequenced (2 � 50 bp) using a TruSeq SBS kit
(Illumina) on an Illumina HiSeq2000 sequencer (KUMC Genome Sequencing
Facility) with a multiplexing strategy of four samples per lane.

RNA-Seq Data Analysis. After the sequencing platform generated the
sequencing images, the pixel-level raw data collection, image analysis, and base
calling were performed by Illumina’s Real Time Analysis (RTA) software on a
Dell PC (Dell, Round Rock, TX) attached to a HiSeq2000 sequencer. The base
call files (*.BCL) were converted to qseq files by Illumina’s BCL Converter, and
the qseq files were subsequently converted to Fastq files for downstream analysis.
The RNA-Seq reads from the Fastq files were mapped to the mouse reference
genome (UCSC mm10) (https://genome.ucsc.edu), and the splice junctions were
identified by TopHat2 (http://tophat.cbcb.umd.edu/). The output files in binary
sequence alignment format were analyzed by Cufflinks (http://cufflinks.cbcb.
umd.edu/) to estimate the transcript abundance. The mRNA abundance was
expressed as the number of FPKM. The data discussed in this publication have
been deposited in the National Center for Biotechnology Information’s Gene
Expression Omnibus and are accessible through Gene Expression Omnibus series
accession number GSE79848.

Statistical Analysis. Data are presented as the mean FPKM 6 S.E.M. XPGs
with mean FPKM values smaller than 1 per tissue in all five tissues were defined
as not expressed in the liver or intestine. Differences between various groups were
determined using a one-way analysis of variance (ANOVA) followed by
Duncan’s post-hoc test, with significance set at p , 0.05. The ANOVA was
performed using SPSS 16.0 software (IBM Corporation, Armonk, NY). The
FPKM values were log2-transformed to achieve normal distribution prior to the
ANOVA. Any groups with the same letter are not statistically different from each
other. To determine the tissue distribution patterns of XPG expression, a two-way
hierarchical clustering dendrogram (Ward’s minimum variance method, distance
scale) was generated by JMP 12.1.0 software (SAS Institute, Inc., Cary, NC) for
the mean mRNA expression of differentially expressed XPGs (p , 0.05,
ANOVA). The expression in various tissues was standardized within a gene to
present the tissue-differential expression pattern. High mRNA abundance is
presented in red, whereas low mRNA abundance is in blue. Relative color
intensities are not comparable between genes.

Results

Summary of the mRNA Expression of All XPGs in Liver and
Intestine of Adult Male C57BL/6J Mice

RNA-Seq generated approximately 40–80 million reads per sample at
each end, with approximately 70–160 million reads mapped to the
mouse reference genome (UCSC mm10). The percentage of mapped
reads was approximately 95–97%. The total FPKM values of the entire
transcriptome were similar among the five adult mouse tissues of the
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liver, duodenum, jejunum, ileum, and large intestine. This was consistent
with equal loading of total cDNA libraries from these samples on RNA-
Seq. In total, 304 XPGs with known important functions in xenobiotic
metabolism and transport functionswere analyzed. These genes belong to
various categories—namely, 156 phase I enzymes, 81 phase II enzymes,
35 uptake transporters, 21 efflux transporters, and 11 TFs (Table 1). The
FPKM values of all XPGs in liver and intestine of individual mice are
shown in Supplemental Table 1. The cumulative mRNA abundance of all
XPGs displayed marked tissue-divergent expression patterns, which was
highest in the liver, medium in the duodenum (about 50% of liver), and
lowest in the jejunum, ileum, and large intestine (Fig. 1A). A similar
tissue-specific pattern was observed for the cumulative mRNA expres-
sion of both phase I and phase II enzymes. The cumulative mRNAs of the
uptake were highest in both the liver and ileum, and lowest in the large
intestine, whereas the cumulative mRNAs of the efflux transporters were
highest expressed in the ileum and lowest in the large intestine. In
comparison, the cumulative mRNAs of TFs were less divergent
among tissues.
As shown in Fig. 1B, among the 304XPGs, 51 (16.8%) geneswere not

expressed in the liver or intestine, which was defined as mean FPKM
values less than 1 in all five tissues, whereas 252 (82.9%) were
differentially expressed in at least two tissues (p , 0.05, one-way
ANOVA followed by Duncan’s post-hoc test), and peptide transporter 2
(Pept2/Slc15a2) was relatively equally expressed among all of the
tissues. The XPGs that were not expressed in the liver or intestine are
listed in Table 2, which includes 18 phase I enzymes, 19 phase II
enzymes, 11 uptake transporters, and 3 efflux transporters.
To determine the tissue-specific expression patterns of the 252

differentially expressed XPGs, a two-way hierarchical clustering den-
drogramwas generated using their standardizedmean FPKMvalues (Fig.
1C). These XPGs were partitioned into three distinctive expression
patterns: liver-predominant (cluster 1), small intestine–predominant
(cluster 2), and large intestine–predominant (cluster 3). A larger Fig. 1C
is shown in Supplemental Fig. 1, A–C. The cumulative FPKM values of

genes in each cluster are plotted in Fig. 1D. The number of XPGs with the
highest FPKMs in each tissue is shown in Fig. 1E, which is 136 (54%) in
the liver, 53 (21%) in the duodenum, 10 (4%) in the jejunum, 16 (6%) in the
ileum, and 37 (15%) in the large intestine. The FPKMs of individual XPGs
were further described by gene families.

Tissue Distribution of Phase I Enzymes in Liver and Intestine of
Adult Male C57BL/6J Mice

Phase I Enzymes Involved in Hydrolysis Reactions. Cess catalyze
the hydrolysis and trans-esterification of various esters and amides,
which mainly results in the inactivation of drugs (e.g., heroin, cocaine,
and flumazenil), as well as the activation of some prodrugs (e.g.,
irinotecan) (Redinbo and Potter, 2005). Five subfamilies of Ces genes,
for a total of 18 genes, are presented in this study. As shown in Fig. 2A,
the cumulative FPKM of all Ces mRNAs was highest in the liver,
medium in the small intestine (duodenum . jejunum = ileum), and
lowest in the large intestine. The most abundantly expressed Ces
mRNAs in the liver were Ces1c and 3a, whereas in the intestine, Ces2a,
2c, and 2e were themost abundantly expressed. Three CesmRNAswere
not expressed in the liver or intestine: Ces1a, 2f, and 5a (Table 2). The
Ces genes within the same subfamily tended to have the same tissue
distribution pattern. Ces1b and 1c mRNAs were almost exclusively
expressed in the liver. Ces1d-1g mRNAs were also highest in the liver
and lower in the intestine. The Ces2 subfamily was highest expressed in
the duodenum (Ces2a, 2b, 2c, 2e, and 2g), whereas the Ces3 subfamily
(Ces3a and 3b) and Ces4a were almost exclusively expressed in the liver.
Paraoxonases (Pons) hydrolyze a broad range of organophosphates,

aromatic carboxylic acid esters, cyclic carbonates, and lactones
(Parkinson et al., 2013). There are three Pons in the mouse genome, and
the cumulative FPKM of all Pons was highest in the liver and about 75%
lower in the intestine (large intestine = duodenum . jejunum = ileum)
(Fig. 2B). The most abundantly expressed Pon in the liver was Pon1,
whereas in both the small and large intestine, Pon2 was the most
abundantly expressed. Three Pons had distinctive expression patterns
among tissues: Pon1 was almost exclusively expressed in the liver; Pon2
mRNA was highest in the duodenum and large intestine, medium in the
jejunum and ileum, and lowest in the liver; and Pon3mRNAwas highest
in the liver and large intestine, medium in the duodenum, and lowest in
the jejunum and ileum.
Epoxide hydrolases (Ephxs) catalyze the hydrolysis and detoxifica-

tion of electrophilic epoxides, which otherwise may lead to cellular and
genetic toxicity through protein and nucleic acid binding.Mice have two
Ephxs that are important in xenobiotic metabolism: themicrosomal form
Ephx1 and the soluble form Ephx2. As shown in Fig. 2C, the cumulative
FPKM of the two Ephxs was highest in the liver, medium in the small
intestine (duodenum . jejunum = ileum), and lowest in the large
intestine. Ephx1mRNAwasmuch higher in the liver than in the intestine,
whereas Ephx2 mRNA was highest in both the liver and duodenum,
medium in the jejunum and ileum, and lowest in the large intestine.
Phase I Enzymes Involved in Reduction Reactions. Akrs are

cytosolic enzymes that are responsible for the reduction of aldehydes
and ketones to primary and secondary alcohols, respectively (Parkinson
et al., 2013). In addition to xenobiotic metabolism, some Akrs are also
involved in bile acid synthesis as well as the metabolism of steroid
hormones and carbohydrates. There are two families of Akrs (16 genes
in total) in mice, and Akr1 is the larger family with five subfamilies
(Akr1a–e) that include 15 genes. The cumulative FPKM of all Akrs was
highest in the liver, medium in the duodenum, and lowest in the jejunum,
ileum, and large intestine (Fig. 3A). The most abundantly expressed Akr
in the liver was Akr1c6, and in the intestine, Akr1a1/1a4. Akr1c18 and
1c21 were not expressed in the liver or intestine (Table 2). Individual

TABLE 1

List of 304 XPGs with known importance in xenobiotic metabolism and
transport functions

Gene Category (Gene No.) Gene Family (Gene No.)

Phase I enzymes (156) Cess (18)
Pons (3)
Ephxs (2)
Akrs (16)
Cbrs (4)
Nqos (2)
P450s (76)
Por
Adhs (6)
Aldhs (20)
Aoxs (3)
Fmos (5)

Phase II enzymes (81) Ugts (21)
Sults (17)
Gsts (25)
Methyltransferases (3)
Nats (3)
Amino acid conjugation enzymes (3)
Enzymes that synthesize conjugation

cofactors (9)
Uptake transporters (35) Slcs (35)
Efflux transporters (21) Abcs (17)

Mates (2)
Osts (2)

TFs (11)
NRs (8)
AhR, HNF1a, Nrf2

NRs, nuclear receptors; Por, P450 (cytochrome) oxidoreductase.
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Akrs had divergent expression patterns among tissues. Some were
highest expressed in the liver and much lower in the intestine (Akr1c6,
1c14, 1c20, and 1d1), some were highest expressed in the duodenum
(Akr1a1/1a4 and 1b7), some were highest expressed in both the
duodenum and large intestine (Akr1b10, 1c12, 1c13, and 1c19), and
some were highest expressed in the large intestine (Akr1b3 and 1b8).
Akr1e1 had much less divergent expression among tissues. Akr7a5
mRNA was highest in both the liver and duodenum, medium in the
jejunum and ileum, and lowest in the large intestine.
Carbonyl reductases (Cbrs), which belong to the large short-chain

dehydrogenase/reductase family, play a role in the reduction of a
wide variety of carbonyl-containing xenobiotics, such as haloperidol,
pentoxifylline, and doxorubicin (Rosemond and Walsh, 2004). There are
four Cbrs in the mouse genome, and the cumulative FPKM of all Cbrs was
highest in the duodenum; medium in the jejunum, ileum, and large
intestine; and lowest in the liver (Fig. 3B). Cbr1 was the most abundantly
expressed Cbr in all tissues, and it was highest expressed in the duodenum.
Cbr2 and 3 mRNAs were highest in the large intestine and minimal or
much lower in the liver and small intestine, whereas Cbr4 mRNA was
highest in the liver and lower in both the small and large intestine.
NAD(P)H:quinone oxidoreductases (Nqos) are responsible for the

two-electron reduction of quinones to stable hydroquinones, which
competes with the one-electron reduction of quinones to semiquinone
radicals that lead to cellular and genetic toxicity (Parkinson et al.,
2013). Mice have two Nqos, and the cumulative FPKM of these Nqos
was highest in the duodenum, followed by the jejunum, ileum, and
large intestine at comparable levels, and lowest in the liver (Fig. 3C).
Nqo1 mRNA was intestine-enriched (highest in the duodenum,
followed by the large intestine, jejunum, and ileum) and markedly
lower in the liver. In contrast, Nqo2 mRNA was highest in the liver,

Fig. 1. Summary of the mRNA expression of all XPGs in the liver and intestine.
Liver (liv) and various sections of the intestine [duodenum (duo), jejunum (jej),
ileum (ile), and large intestine (LI)] from C57BL/6J male mice ages 2–3 months
were used for RNA-Seq quantification. (A) Tissue distribution of cumulative
mRNAs of all XPGs and genes in each category (namely, phase I enzymes, phase II
enzymes, uptake transporters, efflux transporters, and transcription factors). Data are
presented as the mean FPKM 6 S.E.M. of three individual animals. Any groups
with the same letter are not different from each other (significance set at p , 0.05,
one-way ANOVA followed by Duncan’s post-hoc test). (B) Percentages of the 304
XPGs that are not expressed, equally expressed, or differentially expressed in the

liver and intestine. (C) Two-way hierarchical clustering of the 252 XPGs with
differential expression in at least two tissues. The dendrogram describes the
relationship between different gene expression profiles and various tissues. Average
FPKM values of three mice per tissue are presented by colored squares: red,
relatively high expression; blue, relatively low expression. The solid lines separate
the expression profiles into three clusters of liver-predominant, small intestine–
predominant, and large intestine–predominant expression. (D) Cumulative mRNAs
of genes in each cluster in the liver and intestine. (E) Number of XPGs with highest
mRNA expression in each tissue.

TABLE 2

List of 51 XPGs that are not expressed in the liver or intestine (mean FPKM ,1 in
all five tissues)

Gene Category (Gene No.) Gene Name

Phase I enzymes (18) Ces1a, 2f, 5a
Akr1c18, 1c21
Cyp2b9, 2b19, 2b23, 2g1, 2j8, 2j11, 2j13,
2t4, 4f39, 4x1

Aldh3a1
Aox3l1
Fmo3

Phase II enzymes (19) Ugt1a2, 1a10, 2a1, 2a2, 8a
Sult1c1, 1e1, 2a1, 2a2, 2a3, 2a4, 2a5, 2a7,
3a1, 6b1

Gsto2, t4
Nat1, 3

Uptake transporters (11) Oat1, 3
Urat1
Oatp1a5, 1a6, 1c1, 4c1, 5a1, 6b1, 6c1, 6d1

Efflux transporters (3) Mate2
Mrp8, 9

Enterohepatic Expression of XPGs by RNA-Seq 845



lower (less than 50% of liver) in the small intestine, and lowest in the
large intestine.

Phase I Enzymes Involved in Oxidation Reactions

P450s are a class of heme-containing monooxygenases that rank
among the top most important xenobiotic-metabolizing enzymes in
terms of their catalytic versatility and wide spectrum of xenobiotics they
detoxify or activate to reactive intermediates (Parkinson et al., 2013).
P450s involved in xenobiotic transformation primarily belong to the first
three families (Cyp1–3), and substrates for the Cyp4 family mainly
include fatty acids and eicosanoids, but also include some xenobiotics.
Mice have 102 P450s, and many of the newly identified P450s are still
considered “orphans” with no known functions (Nelson et al., 2004).
The tissue distribution of 76 P450s in the Cyp1 to Cyp4 families was
investigated in mice. As shown in Fig. 4, the cumulative FPKM of these
76 P450s was highest in the liver, medium in the duodenum (less than
50% of liver), and lowest in the jejunum, ileum, and large intestine. The
most abundantly expressed P450s in the liver were Cyp2e1 and 3a11; in
the duodenum, Cyp3a11 and 2b10; in the jejunum and ileum, Cyp3a11
and 4v3; and in the large intestine, Cyp2c55. Ten P450s were not
expressed in the liver or intestine: Cyp2b9, 2b19, 2b23, 2g1, 2j8, 2j11,
2j13, 2t4, 4f39, and 4x1 (Table 2). Most P450s in the Cyp1–4 families
were highest expressed in the liver, including Cyp1a2, most Cyp2 (2a4,
2a5, 2a12, 2a22, 2c29, 2c37, 2c38, 2c39, 2c40, 2c44, 2c50, 2c54, 2c67,
2c68, 2c69, 2c70, 2d9, 2d10, 2d11, 2d12, 2d13, 2d22, 2d26, 2d40, 2e1,
2f2, 2j5, 2r1, and 2u1), most Cyp3 (3a11, 3a16, 3a41a, 3a44, 3a57, and

3a59), and some Cyp4 (4a10, 4a12a, 4a12b, 4a14, 4a31, 4a32, 4f15, and
4f17) family members (Figs. 4 and 5A). Others were highest expressed in
the duodenum (Cyp1a1, 2b10, 2b13, 2c65, 2c66, 2j6, 2j9, 3a13, 3a25, 4b1,
4f13, and 4v3), jejunum (Cyp1b1, 4f14, and 4f18), ileum (Cyp4f16, 4f37,
and 4f40), or large intestine (Cyp2c55, 2d34, 2w1, and 2s1). Noticeably,
many were almost exclusively expressed in the liver (Cyp1a2, 2a4, 2a5,
2a12, 2a22, 2c37, 2c44, 2c50, 2c54, 2c67, 2c70, 2d9, 2d10, 2d40, 2e1, 2f2,
2j5, 4a10, 4a12a, 4a12b, 4a14, 4a31, 4a32, and 4f15), and some were
almost exclusively expressed in the small intestine (Cyp1a1 and 2c66).
P450 (cytochrome) oxidoreductase transfers electrons from NADPH

to P450s to facilitate their catalytic functions. The P450 (cytochrome)
oxidoreductase mRNA was moderately higher in the liver and duode-
num, and lower in the jejunum, ileum, and large intestine (Fig. 5A).
Adhs, which belong to themedium-chain dehydrogenases/reductases,

metabolize a wide range of substrates, including ethanol, retinol, other
aliphatic alcohols, hydroxysteroids, and lipid peroxidation products
(Duester et al., 1999). Six Adhs are presented in this study. Adh1 is
responsible for oxidation of ethanol. The cumulative FPKM of all Adhs
was highest in the liver and duodenum, and markedly lower (about 25–
35%) in the jejunum, ileum, and large intestine (Fig. 5B). The most
abundantly expressed Adh in the liver and large intestine was Adh1,
whereas in the small intestine, both Adh1 and 6a were most abundantly
expressed. Most Adhs were highest expressed in the liver, except for
Adh6a, which was almost exclusively expressed in the small intestine
with highest expression in the duodenum.
Aldhs catalyze the oxidation and detoxification of aldehydes to

carboxylic acids. There are 20 Aldhs in mice. Aldh2 is themajor enzyme

Fig. 2. Tissue distribution of Ces (A), Pon (B), and Ephx (C) mRNAs in the liver and intestine. Data are presented as the mean FPKM 6 S.E.M. of three individual animals.
Any groups with the same letter are not different from each other (significance set at p, 0.05, one-way ANOVA followed by Duncan’s post-hoc test). The tissue distribution
of cumulative mRNAs of genes in each gene family are shown with a red title. duo, duodenum; ile, ileum; jej, jejunum; LI, large intestine; liv, liver.
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for the disposal of acetaldehyde generated during ethanol metabolism.
The cumulative FPKM of all Aldhs was highest in the liver, medium in
the small intestine (50% of liver), and lowest in the large intestine (Fig.
5C). The most abundantly expressed Aldhs in the liver were Aldh2 and
1a1; in the duodenum, Aldh1a1 and 1b1; in the jejunum and ileum,
Aldh1b1, 1a1, and 9a1; and in the large intestine, Aldh2 and 1b1.
Aldh3a1 was not expressed in the liver or intestine (Table 2). Half of
these Aldhs were highest expressed in the liver, including Aldh1a1, 1a7,
1l1, 2, 3a2, 4a1, 5a1, 6a1, 7a1, and 8a1. The remaining Aldhs were
highest expressed in the small intestine (duodenum:Aldh1a3, 3b1, 16a1,
and 18a1; jejunum: Aldh1a2; ileum: Aldh1b1 and 9a1) and the large
intestine (Aldh1l2 and 3b2).
Aldehyde oxidases (Aoxs) are molybdenum hydroxylases that

oxidize aldehydes to their corresponding carboxylic acids with marked
preference for aromatic aldehydes (e.g., benzaldehydes, tamoxifen
aldehyde) (Parkinson et al., 2013). There are three Aox genes in the
mouse genome. The cumulative FPKM of all Aoxs was highest in the
liver and minimal in the intestine (Fig. 5C). The most abundantly
expressed Aox in the liver was Aox3; in the jejunum, ileum, and large
intestine, Aox1 was most abundantly expressed; whereas Aox1 and 3
were comparably expressed in the duodenum. Aox3l1was not expressed
in the liver or intestine (Table 2), whereas Aox1 and Aox3 were almost
exclusively expressed in the liver (Fig. 5C).
Fmos, which are microsomal enzymes that require NADPH and

oxygen similar to P450s, oxidize various xenobiotics, including
nucleophilic nitrogen, sulfur, and phosphorus heteroatoms (Parkinson
et al., 2013). There are five Fmos in the mouse genome. The cumulative

FPKM of all Fmos was highest in the liver, medium in the three sections
of the small intestine (approximately half of the FPKM in the liver), and
lowest in the large intestine (Fig. 5D). The most abundantly expressed
Fmos in the liver were Fmo5 and 1; in the small intestine, Fmo5 and 4;
whereas four Fmos (Fmo1, 2, 4, and 5) had comparable expression in the
large intestine. Fmo3 was not expressed in the liver or intestine
(Table 2). Fmo1 and 5 were highest expressed in the liver, Fmo2 was
highest expressed in the large intestine, and Fmo4 was highest expressed
in the small intestine (Fig. 5D).

Tissue Distribution of Phase II Enzymes in Liver and Intestine of
Adult Male C57BL/6J Mice

Ugts are enzymes that transfer glucuronic acid from the cosubstrateUDP-
glucuronic acid to various xenobiotics, which enhances their elimination
and usually their detoxification. Twenty-one Ugt genes are presented in this
study. The cumulative FPKMof all Ugtswas highest in the liver,medium in
the duodenum (about 50% of liver), and lowest and comparable levels in
the jejunum, ileum, and large intestine (Fig. 6A). The most abundantly
expressed Ugts in the liver were Ugt2b5, 2b36, and 2b1, whereas in the
intestine, Ugt2b34 and 1a7cwere themost abundantly expressed. FiveUgts
were not expressed in the liver or intestine, including Ugt1a2, 1a10, 2a1,
2a2, and 8a (Table 2). Most Ugts were highest expressed in the liver
(Ugt1a5, 1a6a, 1a6b, 1a9, 2a3, 2b1, 2b5, 2b35, 2b36, 2b37, 2b38, 3a1, and
3a2), whereas a few were highest expressed in the duodenum (Ugt1a1,
1a7c, and 2b34). Noticeably, many Ugts were almost exclusively expressed
in the liver—namely, Ugt1a5, 2b1, 2b36, 2b37, 2b38, 3a1, and 3a2.

Fig. 3. Tissue distribution of Akr (A), Cbr (B), and Nqo (C) mRNAs in the liver and intestine. Data are presented as the mean FPKM 6 S.E.M. of three individual animals.
Any groups with the same letter are not different from each other (significance set at p, 0.05, one-way ANOVA followed by Duncan’s post-hoc test). The tissue distribution
of cumulative mRNAs of genes in each gene family is shown with red title. duo, duodenum; ile, ileum; jej, jejunum; LI, large intestine; liv, liver.
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Sults are enzymes that are responsible for sulfonation of xenobiotics
and endogenous substrates with the cosubstrate of 39-phosphoadenosine-
59-phosphosulfate to produce a highly water-soluble sulfuric acid ester

(Parkinson et al., 2013). Sixteen Sults are presented in this study.
The cumulative FPKM of all Sults was highest in both the duodenum
and large intestine, and lowest in the liver (less than 50% of

Fig. 4. Tissue distribution of some P450 mRNAs (Cyp1a1 to Cyp4a12b) in the liver and intestine. Data are presented as the mean FPKM 6 S.E.M. of three individual
animals. Any groups with the same letter are not different from each other (significance set at p , 0.05, one-way ANOVA followed by Duncan’s post-hoc test). The tissue
distribution of cumulative mRNAs of all P450s is shown with a red title. duo, duodenum; ile, ileum; jej, jejunum; LI, large intestine; liv, liver.
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duodenum) (Fig. 6B). The most abundantly expressed Sults in the
liver were Sult1a1 and 1d1; in the small intestine, Sult1d1, 1b1, and
2b1; and in the large intestine, Sult1a1, 1d1, and 1b1. Ten Sults were

not expressed in the liver or intestine: Sult1c1, 1e1, 2a1, 2a2, 2a3, 2a4,
2a5, 2a7, 3a1, and 6b1 (Table 2). Sult5a1 was almost exclusively
expressed in the liver, whereas Sult1d1 mRNA was highest in the

Fig. 5. Tissue distribution of other P450 (Cyp4a14 to Cyp4v3) and P450 (cytochrome) oxidoreductase (Por) (A), Adh (B), Aldh and Aox (C), and Fmo (D) mRNAs in liver
and intestine. Data are presented as the mean FPKM 6 S.E.M. of three individual animals. Any groups with the same letter are not different from each other (significance set
at p , 0.05, one-way ANOVA followed by Duncan’s post-hoc test). duo, duodenum; ile, ileum; jej, jejunum; LI, large intestine; liv, liver.
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intestine and much lower in the liver. Some were highest expressed
in the small intestine (Sult1b1 and 2b1), and others were highest
expressed in the large intestine (Sult1a1, 1c2, and 4a1).

Gsts catalyze the conjugation of electrophilic xenobiotics with the
tripeptide glutathione as a cosubstrate, which is an important de-
toxification reaction (Parkinson et al., 2013). Cytosolic (class A, M, P,

Fig. 6. Tissue distribution of Ugt (A), Sult (B), and Gst (C) mRNAs in the liver and intestine. Data are presented as the mean FPKM 6 S.E.M. of three individual animals.
Any groups with the same letter are not different from each other (significance set at p, 0.05, one-way ANOVA followed by Duncan’s post-hoc test). The tissue distribution
of cumulative mRNAs of genes in each gene family are shown with red title. duo, duodenum; ile, ileum; jej, jejunum; LI, large intestine; liv, liver.
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T, Z, and O), mitochondrial (class K), and microsomal Gsts (Mgsts) are
expressed in mice, which include 25 Gst genes. The cumulative FPKM
of all Gsts was highest in the liver, medium in the duodenum (about 50%
of liver), and lowest in the jejunum, ileum, and large intestine (Fig. 6C).
The most abundantly expressed Gsts in the liver were Mgst1 and Gstp1,
a3, and m1; in the duodenum, Mgst3 and Gsta1, m3, and o1; and in the
jejunum, ileum, and large intestine, Mgst3, 1, 2, and Gsto1. Gsto2 and t4
were not expressed in the liver or intestine (Table 2). Some Gsts were
highest expressed in the liver (Gsta3, m1, m7, p1, p2, t1, z1, andMgst1),
and others were highest expressed in the duodenum (Gsta1, a2, a4, m3,
o1, and Mgst2 and 3). Some Gsts were highest expressed in both the
liver and duodenum (Gstk1, m4, and m6). A few Gsts were highest
expressed in the jejunum (Gst, C-terminal domain containing or Gstcd)
or large intestine (Gstm2 and m5). Gstt2 and t3 had less divergent
expression among tissues. Noticeably, some were almost exclusively
expressed in the liver (Gsta3) or small intestine (Gsta1).
Unlike most phase II conjugation reactions, methylation and

acetylation generally decrease the water solubility of xenobiotics and
mask functional groups that might otherwise be metabolized by other
conjugating enzymes. The cosubstrates for methylation and acetyla-
tion are S-adenosylmethionine and acetyl-CoA, respectively. Catechol
O-methyltransferase catalyzes the methylation of many phenolic
compounds. Catechol O-methyltransferase mRNA was highest in the
liver and much lower in all sections of the intestine (Fig. 7A). Arsenic
(+3 oxidation state) methyltransferase methylates inorganic arsenic to
form methylarsonic and dimethylarsonic acids, which are more
cytotoxic and genotoxic than arsenate and arsenite (Wood et al.,
2006). Arsenic (+3 oxidation state) methyltransferasemRNAwas highest
in the small intestine, slightly lower in the large intestine, and lowest in

the liver (Fig. 7A). Thiopurine S-methyltransferase plays an important
role in the methylation and detoxification of some thiopurine drugs.
Thiopurine S-methyltransferase mRNAwas highest in the liver andmuch
lower in all sections of the intestine (Fig. 7A). Acetylation, catalyzed by
the arylamine N-actyltransferases Nat1, 2, and 3, is a major biotransfor-
mation pathway for xenobiotics containing an aromatic amine or a
hydrazine group. Nat1 and 3 were not expressed in the liver or intestine
(Table 2). Nat2 mRNA was highest in all sections of the intestine at
comparable levels, and was lowest in the liver (about 50% of duodenum)
(Fig. 7A).
In addition to the conjugation reactions discussed earlier, endobiotic

chemicals and xenobiotics can also undergo conjugation with amino
acids. Bile acid–CoA ligase (Slc27a5) and bile acid–CoA:amino acid
N-acyltransferase catalyze reactions of bile acid conjugation with
glycine and taurine. Glycine-N-acyltransferase is responsible for glycine
conjugation and detoxification of xenobiotics, such as salicylic acid,
benzoic acid, and methylbenzoic acid (Badenhorst et al., 2012). Bile
acid–CoA ligase, bile acid–CoA:amino acid N-acyltransferase, and
glycine-N-acyltransferase were almost exclusively expressed in the liver
(Fig. 7A).
Several enzymes are involved in the synthesis of cosubstrates for

phase II conjugation. UDP-glucose pyrophosphorylase 2 catalyzes the
synthesis from glucose-1-phosphate to UDP-glucose, and UDP-glucose
6-dehydrogenase converts UDP-glucose to UDP-glucuronic acid, which
is the cosubstrate for UDP-glucuronidation. UDP-glucose pyrophos-
phorylase 2 mRNA was highest in the liver, medium in the large
intestine, and lowest in all sections of the small intestine, whereas UDP-
glucose 6-dehydrogenase mRNA was higher in the large intestine and
duodenum, and lower in the liver, jejunum, and ileum (Fig. 7B).

Fig. 7. Tissue distribution of mRNAs of enzymes responsible for methylation, acetylation, and amino acid conjugation (A), and synthesis of cosubstrates for phase II
conjugation reactions in the liver and intestine (B). Data are presented as the mean FPKM 6 S.E.M. of three individual animals. Any groups with the same letter are not
different from each other (significance set at p , 0.05, one-way ANOVA followed by Duncan’s post-hoc test). As3mt, arsenic (+3 oxidation state) methyltransferase; Bal,
bile acid–CoA ligase; Bat, bile acid–CoA:amino acid N-acyltransferase; Comt, catechol O-methyltransferase; duo, duodenum; Gclc, glutamate-cysteine ligase catalytic
subunit; Gclm, glutamate-cysteine ligase modifier subunit; Glyat, glycine-N-acyltransferase; ile, ileum; jej, jejunum; LI, large intestine; liv, liver; Tpmt, thiopurine
S-methyltransferase; Ugdh, UDP-glucose 6-dehydrogenase; Ugp2, UDP-glucose pyrophosphorylase 2.
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39-Phosphoadenosine 59-phosphosulfate synthase 1 (Papss1) and Papss2
catalyze the synthesis of 39-phosphoadenosine-59-phosphosulfate, the
sulfate donor for all Sults; Papss1 mRNA gradually increased from the
liver, duodenum, jejunum, and ileum to the large intestine, whereas
Papss2 mRNA was highest in the duodenum, medium in the large
intestine, and lowest in the liver, jejunum, and ileum (Fig. 7B).
Glutamate-cysteine ligase catalytic and modifier subunits catalyze the

synthesis of glutathione, which is the cosubstrate for all Gsts. Glutamate-
cysteine ligase catalytic subunit mRNA was highest in the liver and
much lower in all sections of the intestine, and glutamate-cysteine ligase
modifier subunit mRNA gradually decreased from the liver and small
intestine to large intestine (Fig. 7B). Methionine adenosyltransferases
(Mat enzymes) are responsible for the synthesis of the common methyl
donor S-adenosylmethionine. Mat1a was almost exclusively expressed

Fig. 8. Tissue distributio(n of mRNAs of Abc (A) and Slc xenobiotic transporters (B) in the liver and intestine. Data are presented as the mean FPKM 6 S.E.M. of three
individual animals. Any groups with the same letter are not different from each other (significance set at p , 0.05, one-way ANOVA followed by Duncan’s post-hoc test).
The tissue distribution of cumulative mRNAs of all Abc and Slc drug transporters are shown with a red title. Abst, apical sodium-dependent bile acid transporter; Cnt,
concentrative nucleoside transporter; duo, duodenum; Ent, equilibrative nucleoside transporter; ile, ileum; jej, jejunum; LI, large intestine; liv, liver; Mdr, multidrug
resistance protein; Mrp, multidrug resistance-associated protein; Ntcp, Na+-taurocholate cotransporting polypeptide; Oat, organic anion transporter; Oatp, organic anion
transporting polypeptide; Oct, organic cation transporter; Octn, organic cation/carnitine transporter.
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in the liver, whereas Mat2a and 2b mRNAs were highest in the large
intestine, medium in the small intestine, and lowest in the liver (Fig. 7B).

Tissue Distribution of Xenobiotic Transporters in Liver and
Intestine of Adult Male C57BL/6J Mice

Transporters with importance in xenobiotic transport were character-
ized, including 39 Slcs and 17 Abc transporters. Most of the Slc
transporters are uptake transporters [34 Slcs, including 15 solute carrier
organic anions (Slcos)], but they also include a few efflux transporters,
including multidrug and toxin extrusion transporters (Mate1/Slc47a1
and Mate2/Slc47a2) and organic solute transporters (Osta/Slc51a and
Ostb/Slc51b). Eleven uptake transporters (Oat1/Slc22a6, Oat3/Slc22a8,
urate transporter 1 Urat1/Slc22a12, Oatp/Slco1a5, 1a6, 1c1, 4c1, 5a1,
6b1, 6c1, and 6d1) and three efflux transporters (Mate2, Mrp8/Abcc8,
and Mrp9/Abcc12) were not expressed in the liver or intestine (Table 2).
The uptake transporters with the most abundant expression in the liver
were Ntcp/Slc10a1 and Oatp1b2/Slco1b2; in the small intestine, Pept1/
Slc15a1; and in the large intestine, Ent1/Slc29a1, Octn2/Slc22a5, Oatp2a1/
Slco2a1, and Pept1. The efflux transporters with the most abundant
expression in the liver were bile salt export pump (Bsep)/Abcb11, Mrp2/
Abcc2, and Mrp3/Abcc3; in the small intestine, Abcg5, Osta, and Ostb;
and in the large intestine, Mdr1a/Abcb1a.
The cumulative FPKM of all Abc transporters gradually decreased

from the liver and small intestine to the large intestine (Fig. 8A). Some
Abcs were highest expressed in the liver (Abca1, Bsep, Mdr2/Abcb4,
Mrp/Abcc2, 3, and 6), some were highest expressed in the duodenum
(Abcg5 and 8), and others were highest expressed in the large intestine
(Mdr1a, 1b, Mrp/Abcc1, 4, and 5). Breast cancer resistance protein
(Bcrp)/Abcg2 was highest expressed in the ileum.Mrp7/Abcc10mRNA
was lowest in the liver and higher in the small and large intestine.
Noticeably, Bsep and Mdr2 were almost exclusively expressed in the
liver.
The cumulative FPKM of all Slc transporters was highest in the liver

and ileum, medium in the duodenum and jejunum, and lowest in the
large intestine (Fig. 8B). Some were highest expressed in the liver
(Ent1, Mate1, Ntcp, Oat2/Slc22a7, Oatp1a1/Slco1a1, Oatp1a4/Slco1a4,
Oatp1b2/Slco1b2, Oatp2a1/Slco2a1, Oatp2b1/Slco2b1, Oct1/Slc22a1, and
Oct2/Slc22a2), some were highest expressed in the small intestine (Asbt/
Slc10a2, Cnt1/Slc28a1, Cnt2/Slc28a2, Cnt3/Slc28a3, Oatp3a1/Slco3a1,
Oatp4a1/Slco4a1, Oct3/Slc22a3, Octn1/Slc22a4, Octn2/Slc22a5, Octn3/
Slc22a21, Osta, Ostb, and Pept1), whereas others were highest expressed

in the large intestine (Ent2/Slc29a2, Ent3/Slc29a3, and Pept2/Slc15a2).
Noticeably, some Slcswere almost exclusively expressed in the liver (Ntcp,
Oat2, Oatp1a1, 1a4, and 1b2) or small intestine (Cnt1, Cnt2, and Osta).

Tissue Distribution of Xenobiotic-Related Transcription Factors in
Liver and Intestine of Adult Male C57BL/6J Mice

Various TFs, such as the aryl hydrocarbon receptor (AhR), constitu-
tive androstane receptor (CAR/Nr1i3), farnesoid X receptor (FXR/
Nr1h4), hepatocyte nuclear factors (HNF1a and HNF4a/Nr2a1),
peroxisome proliferator-activated receptor a (PPARa/Nr1c1), pregnane
X receptor (PXR/Nr1i2), retinoid X receptors (RXRa/Nr2b1, RXRb/
Nr2b2, and RXRg/Nr2b3), and nuclear factor erythroid 2-related factor
2 (Nrf2), are involved in the expression of xenobiotic-metabolizing
enzymes and transporters. The most abundantly expressed transcription
factor in the liver was HNF4a; in the small intestine, HNF4a and Nrf2;
and in the large intestine, HNF4a, RXRa, and Nrf2. CAR, RXRa, and
RXRg were highest expressed in the large intestine (Fig. 9). FXR was
highest expressed in both the liver and ileum. PPARa and PXR were
highest expressed in the liver, whereas Nrf2 mRNA was lowest in the
liver and higher in both the small and large intestine. RXRbmRNAwas
lowest in the large intestine and higher in the liver and small intestine.
AhR, HNF1a, and HNF4a had less divergent expression among tissues.

Discussion

The present study has provided a comprehensive quantitative analysis
of mRNA expression profiles of all major XPGs in various sections of
the intestine compared with the liver of male mice. Specifically, this
study has illustrated that the expression of XPGs in male mice displays
high tissue-divergent patterns. The majority of the XPGs (254 out of
304) have different expression among tissues, which can be partitioned
into liver-predominant, small intestine–predominant, and large intestine–
predominant expression patterns (Fig. 1). Over half of the differentially
expressed XPGs (136 out of 254) are expressed highest in the liver. The
most abundantly expressed gene in the liver is Mgst1; in the duodenum,
Cyp3a11; in the jejunum and ileum, Ces2e; and in the large intestine,
Cyp2c55 (Table 3).
The present findings of XPG expression in the liver are consistent with

previous RNA-Seq reports in adult male mice (Cui et al., 2012; Peng
et al., 2012, 2013; Lu et al., 2013). The present study is novel because it
has unveiled the true quantification of XPGs in various sections of the

Fig. 9. Tissue distribution of mRNAs of genes
encoding xenobiotic-related transcription fac-
tors in the liver and intestine. Data are presented
as the mean FPKM 6 S.E.M. of three individ-
ual animals. Any groups with the same letter are
not different from each other (significance set
at p , 0.05, one-way ANOVA followed by
Duncan’s post-hoc test). duo, duodenum; ile,
ileum; jej, jejunum; LI, large intestine; liv, liver.
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intestine, in comparison with that in liver. Previous studies have
characterized the tissue-specific mRNA expression of many XPGs in
rodents mostly using conventional mRNA profiling tools (Table 4). The
present study has provided novel knowledge on the tissue distribution of
more XPGs, such as many non-P450 phase I enzymes (Ephxs, Cbrs,
Nqos, Adhs, and Aoxs) as well as other XPGs that were previously
underinvestigated due to either less appreciation of their importance for
processing drugs (Akr1b10, Aldh1l1, 3b2, 5a1, 16a1, Cyp2d13, 2j11,
Gstcd, and Gstm7) or the technical challenges of designing specific
primers for genes with high DNA sequence similarity (Ugt2b5/37/38,
Ugt2a1/2, Ugt3a1/2, Gsta1/2, and Gstp1/2). The present study has also
provided valuable information on XPG expression in various sections of
the intestine (three sections of the small intestine as well as the large
intestine) in comparison with the previous microarray study of the small
intestine as a whole (Thorrez et al., 2008). One is able to compare the
abundance of various XPGs from the present RNA-Seq study, whereas
this is not possible in a microarray study due to different probe

hybridization efficiencies for various genes. Findings between the present
RNA-Seq study and previous publications have been compared in detail
in the following four paragraphs.
Most of our findings on the tissue distribution of many phase I

enzymes (Pons, Akrs, P450s, Aldhs, and Fmos) are consistent with
previous reports; however, several discrepancies are discussed here. For
Pons, the present study has shown that both Pon2 and 3 mRNAs are
lower in the jejunum and ileum than in the large intestine, in contrast to
the previous report of similar levels (Cheng and Klaassen, 2012). For
Akrs, the mRNAs of Akr1a1/1a4, 1b3, 1c12, 1c13, 1c19, and 1e1 in
certain tissue(s) in the present study are not fully consistent with a
previous report (Pratt-Hyatt et al., 2013). For P450s, there are some
inconsistencies between the present study and a previous report (Renaud
et al., 2011) on Cyp2b13, 2d12, 2j9, 4f14, 4f37, and 4v3. For Aldhs, the
data onAldh3a2 and 3b1 in the present study are slightly different from a
previous report (Alnouti and Klaassen, 2008). For Fmos, the present
study is novel because it has identified that the expression of Fmos in
the intestine is section-specific, which was not reported before
(Janmohamed et al., 2004). Fmo3 is not expressed in the liver or
intestine of mice (Table 2), whereas Fmo3 is the major drug-
metabolizing Fmo in human liver (Cashman and Zhang, 2006). All of
the previously discussed discrepancies are likely due to the low fidelity
to quantify lowly expressed genes by conventional methods, or species
differences in tissue distribution of some XPGs. More importantly, this
study has identified themost abundantly expressed gene within the same
family. For example, Akr1c6 is the most abundantly expressed Akr in
the liver, which correlates with its critical roles in steroid biogenesis,
xenobiotic metabolism, and bile acid synthesis. The most abundantly
expressed Aldh in the liver is Aldh2, consistent with its major role in
ethanol metabolism and detoxification. Cyp2e1 (for many halogenated
alkanes and nitrosamines as well as ethanol) and Cyp3a11 (for steroid
hormones and a wide range of xenobiotics, including drugs from
numerous therapeutic classes; CYP3A is responsible for the metabolism
of about 50% of drugs in humans) are well known for their roles in
xenobiotic metabolism, and it is noteworthy that the most abundantly
expressed P450 in the liver is Cyp2e1, and in the small intestine,
Cyp3a11. The finding that Cyp2c55 (synthesis of an arachidonic acid
metabolite important for ion transport and renal vascular tone, and
mediation of triazole fungicide–induced hepatotoxicity) is the most
abundantly expressed P450 in the large intestine is very interesting, the
mechanism or function of which needs to be further investigated.
Our current findings for Ugts, Sults, and Gsts are largely consistent

with previous reports in mice from our laboratory using conventional
mRNA quantification methods (Alnouti and Klaassen, 2006; Buckley
and Klaassen, 2007; Knight et al., 2007), with the exception of
Ugt1a7c, Sult4a1, 5a1, and Papss1 (Figs. 6 and 7). The discrepancies
possibly result from different experiment conditions, such as vendors
of mice, mice chows, and RNA-quantification methods. Compared
with data in rats (Dunn and Klaassen, 1998; Shelby et al., 2003),
species differences in tissue-specific expression of Ugts, Sults, and
Gsts were observed. The present study is generally consistent with a
recent RNA-Seq study of all phase II enzymes in the small intestine of
adult mice (Lu et al., 2013), and has added new knowledge to the field
by profiling phase II enzymes in all three sections of the small
intestine as well as the large intestine.
The present findings on xenobiotic transporters are generally

consistent with previous reports on mice from our and others’
laboratories (Yu et al., 2002; Buist and Klaassen, 2004; Ballatori
et al., 2005; Cheng et al., 2005; Tanaka et al., 2005; Alnouti et al., 2006;
Lu and Klaassen, 2006; Lickteig et al., 2008; Cheng and Klaassen, 2009;
Cui et al., 2009), with the exception of Bcrp, Mdr1b, Mrp1-5, Oatp2a1,
and Oatp2b1 (Fig. 8). Compared with data in rats (Brady et al., 2002;

TABLE 3

List of top 10 abundantly expressed XPGs in each tissue

Tissue Gene Name FPKM

Liver Mgst1 3062
Cyp2e1 2502
Cyp3a11 1686
Gstp1 1442
Cyp2c29 1180
Adh1 1114
Ces1c 925.2
Gsta3 902.7
Ces3a 879.0
Gstm1 807.3

Duodenum Cyp3a11 798.8
Ces2e 778.5
Adh1 564.0
Adh6a 542.8
Mgst3 533.7
Cyp2b10 525.6
Gsta1 502.9
Akr1a1 493.8
Gstm3 434.3
Gsto1 418.7

Jejunum Ces2e 422.0
Akr1a1 383.2
Mgst3 317.3
Aldh1b1 306.4
Mgst1 267.7
Gsto1 252.8
Mgst2 251.1
Cyp3a11 244.3
Cyp4f14 191.0
Cyp2b10 189.5

Ileum Ces2e 459.6
Akr1a1 411.3
Aldh1b1 350.5
Mgst3 323.7
Mgst1 281.3
Osta 251.4
Mgst2 251.3
Gsto1 243.3
Ostb 238.7
Ces2a 180.8

Large intestine Cyp2c55 512.3
Mgst3 442.5
Adh1 324.6
Akr1a1 287.6
Gsto1 220.8
Aldh2 197.2
Cbr1 176.3
Mgst2 172.4
Sult1a1 159.5
HNF4a 158.8
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Cherrington et al., 2002; Li et al., 2002; Slitt et al., 2002; Chen and
Klaassen, 2004; Lu et al., 2004; Ballatori et al., 2005; Tanaka et al.,
2005; Lu and Klaassen, 2006; Maher et al., 2006), species differences in
tissue-specific expression of Bcrp, Mdr1a, 1b, Mrp2, 3, Cnt1–3, Oct1,
Pept1, and Pept2 are observed. More importantly, this study reveals the
xenobiotic transporters with the highest mRNA levels in each tissue. The
most abundantly expressed uptake transporters in the liver are Ntcp (for
conjugated bile acids) and Oatp1b2 (for unconjugated bile acids,
phalloidin, and statins); in the small intestine, Pept1 (for di- and
tripeptides, such as glycylsarcosine, as well as cephalexin); and in the
large intestine, Ent1 (for nucleosides, such as anticancer and antiviral
drugs). The most abundantly expressed efflux transporter in the liver is
Bsep (for conjugated bile acids); in the small intestine, Abcg5 (for
sterols), Osta, and Ostb (for bile acids); and in the large intestine, Mdr1a
(for various drugs and other chemicals).
The present study provides crucial information on mRNA abundance

of various xenobiotic-related TFs in the liver and intestine of male mice.
CAR and PXR, the two well characterized xenobiotic sensors, have high
expression in the liver (Fig. 9), and CAR also has unexpectedly high
expression in the large intestine. Previous reports on CAR and PXR
(Bookout et al., 2006; Petrick and Klaassen, 2007) showed discrepant
results and, moreover, were not fully consistent with the present study
(Fig. 9). This is likely due to the differences in genetic backgrounds of
mice, housing conditions, chows, and RNA-quantification method, and
implicates the necessity of further investigation.We and others (Bookout
et al., 2006) have shown that FXR has a high expression in the liver and
ileum, which correlates with its regulatory role in bile acid homeostasis
and enterohepatic circulation. Noticeably, Nrf2, the master regulator of
the cellular defense system against oxidative stress, has much higher

expression in the intestine than the liver, as previously reported (Petrick
and Klaassen, 2007). In line with the recent notion of Nrf2 as a
multiorgan protector (Lee et al., 2005), this finding will likely attract
increasing attention to the role of Nrf2 in oxidative stress response and
carcinogenesis in the intestine. The findings on AhR and PPARa in the
present study are generally consistent with a previous report (Petrick and
Klaassen, 2007). Interestingly, HNF4a accounts for .40% of total
transcripts of all of these xenobiotic-related TFs in the liver as well as all
sections of the intestine, which correlates with its role as a master
regulator of the basal expression of many genes involved in differen-
tiation and proliferation, intermediary and xenobiotic metabolism, as
well as inflammation (Li et al., 2000; Gonzalez, 2008; Babeu and
Boudreau, 2014).
Protein levels and activities of XPGswere not determined in this study

due to the extensive workload and the technical obstacle that specific
antibodies, substrates, and inhibitors for many XPGs are not available.
Thus, caution should be taken in the extrapolation of mRNA expression
of XPGs to their protein expression and function. Technology
breakthroughs in proteomics and metabolomics are essential to conduct
genome-scale comparative studies to identify the sets of genes whose
expression is mainly regulated at the post-transcriptional level. Further-
more, marked sex differences in the expression of many XPGs are well
known (Waxman and Holloway, 2009; Fu et al., 2012), and thus it will
be equally important to determine the XPG expression profiles in the
liver and intestine of female mice in the future.
In conclusion, the present study is the first to provide true

quantification of mRNA abundance of all major XPGs in various
sections of mouse intestine as well as liver. Such knowledge will shed
light on tissue-specific biotransformation and toxicity of drugs and other

TABLE 4

List of previous publications on the tissue distribution of XPG mRNA expression

Gene Family Species Gender Number of Tissues Assay References

Ces Mice M 16 RT-qPCR Jones et al., 2013
Pon Mice M; F 12 bDNA assay Cheng and Klaassen, 2012
Akr Mice M; F 12 RT-qPCR Pratt-Hyatt et al., 2013
P450 Mice M; F 13 Multiplex suspension assay; RT-qPCR Renaud et al., 2011
Aldh Mice M; F 14 bDNA assay Alnouti and Klaassen, 2008
Fmo Mice M 4 RNase protection Janmohamed et al., 2004
Ugt Mice M; F 12 bDNA assay Buckley and Klaassen, 2007
Ugt Rats M; F 36 bDNA assay Shelby et al., 2003
Sult Mice M; F 14 bDNA assay Alnouti and Klaassen, 2006
Sult Rats M; F 12 Northern blot Dunn and Klaassen, 1998
Gst Mice M; F 14 bDNA assay Knight et al., 2007
All phase II Mice M 3 RNA-Seq Lu et al., 2013
Abca1; Asbt Mice M; F 13 bDNA assay Cheng and Klaassen, 2009
Abcg5, 8 Mice M; F 2 Northern blot Yu et al., 2002
Bcrp Mice; rats M; F 20; 18 bDNA assay Tanaka et al., 2005
Mdr Mice M; F 12 bDNA assay Cui et al., 2009
Mrp Mice M; F 12 bDNA assay Maher et al., 2005
Cnt; Ent Mice; rats M; F 19 bDNA assay Lu et al., 2004
Mate Mice M; F 13 bDNA assay Lickteig et al., 2008
Oat Mice M; F 6 bDNA assay Buist and Klaassen, 2004
Oatp Mice M; F 11 bDNA assay Cheng et al., 2005
Oct Mice M; F 14 bDNA assay Alnouti et al., 2006
Osta, b Mice; rats M 6 Northern blot; RT-qPCR Ballatori et al., 2005
Pept Mice; rats M; F 19 bDNA assay Lu and Klaassen, 2006
Mdr1a, 1b Rats M 10 bDNA assay Brady et al., 2002
Mrp1-3 Rats M 10 bDNA assay Cherrington et al., 2002
Mrp4 Rats M; F 11 bDNA assay Chen and Klaassen, 2004
Mrp5, 6 Rats M; F 10 bDNA assay Maher et al., 2006
Oatp1-5 Rats M; F 10 bDNA assay Li et al., 2002
Oct Rats M 20 bDNA assay Slitt et al., 2002
NRs Mice M; F 39 RT-qPCR Bookout et al., 2006
TFs Mice M; F 14 bDNA assay Petrick and Klaassen, 2007
All XPGs Mice M 22 Microarray Thorrez et al., 2008

bDNA, branched-DNA; F, female; M, male; NRs, nuclear receptors; RT-qPCR, reverse-transcription quantitative real-time polymerase chain reaction.
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xenobiotics and provide important resources for the investigation and
interpretation of tissue-specific expression of XPGs in humans.
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