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ABSTRACT

Very little is known about the effect of gut microbiota on the ontogeny of drug-processing genes (DPGs) in liver. In this
study, livers were harvested from conventional (CV) and germ-free (GF) male and female mice from 1 to 90 days of age. RNA-
Seq in livers of 90-day-old male mice showed that xenobiotic metabolism was the most downregulated pathway within the
mRNA transcriptome in absence of intestinal bacteria. In male livers, the mRNAs of 67 critical DPGs partitioned into 4
developmental patterns (real-time-quantitative polymerase chain reaction): Pattern-1 gradually increased to adult levels in
livers of CV mice and were downregulated in livers of GF mice, as exemplified by the major drug-metabolizing enzymes
cytochrome 3a (Cyp3a) family, which are prototypical pregnane X receptor (PXR)-target genes. Genes in Pattern-2 include
Cyp1a2 (aryl hydrocarbon receptor-target gene), Cyp2c family, and Cyp2e1, which were all upregulated mainly at 90 days of
age; as well as the peroxisome proliferator-activated receptor a (PPARa)-target genes Cyp4a family and Aldh3a2, which were
upregulated not only in 90-days adult age, but also between neonatal and adolescent ages (from 1 to 30 days of age). Genes
in Pattern-3 were enriched predominantly in livers of 15-day-old mice, among which the sterol-efflux transporter dimers
Abcg5/Abcg8 were downregulated in GF mice. Genes in Pattern-4 were neonatal-enriched, among which the transporter
Octn1 mRNA tended to be lower in GF mice at younger ages but higher in adult GF mice as compared with age-matched CV
mice. Protein assays confirmed the downregulation of the PXR-target gene Cyp3a protein (Western-blot and liquid
chromatography tandem mass spectroscopy), and decreased Cyp3a enzyme activities in male GF livers. Increased
microsomal-Cyp4a proteins and nuclear-PPARa were also observed in male GF livers. Interestingly, in contrast to male
livers, the mRNAs of Cyp2c or Cyp4a were not readily upregulated in female GF livers approaching adult age, suggesting the
maturation of female-specific hormones interferes with the interactions between intestinal microbiota and DPG ontogeny.
In conclusion, intestinal microbiota markedly impacts the ontogeny of many hepatic DPGs in a gender-specific manner.
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Infants are not miniature adults, and profound changes occur
in the expression patterns and functional capacities of various
drug-metabolizing enzymes and transporters (drug-processing
genes [DPGs]) after birth (Hines, 2013; Mooij et al., 2014; Strolin
Benedetti et al., 2005), leading to marked pharmacokinetic dif-
ferences between newborns and adults (Anderson, 2002;
Fernandez-Fernandez et al., 2011). Drug-metabolizing enzymes
include phase-1 enzymes that perform hydrolysis, reduction,
and oxidation, and phase-2 enzymes that perform conjugation.

DPGs are regulated by xenobiotic-sensing transcription factors
such as the aryl hydrocarbon receptor (AhR), constitutive
androstane receptor (CAR, NR1I3), pregnane X receptor (PXR,
NR1I2), and peroxisome proliferator-activated receptor a

(PPARa, NR1C1), as well as the oxidative stress sensor nuclear
factor erythroid 2-related factor 2 (Nrf2, Nfe2L2).

Liver is a major organ for drug metabolism and transport,
and the hepatic DPGs display unique developmental patterns
(Mooij et al., 2014), with newborns usually having reduced
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hepatic clearance (Crom et al., 1991; Klaassen, 1973). Because
very little is known regarding the regulation of the ontogeny of
DPGs, newborns and children are at a much higher risk of ad-
verse drug reactions. Therefore, there is a need to characterize
the ontogeny patterns of DPGs and the differences in the phar-
macokinetics in children as compared with adults (Kearns et al.,
2003). Recently, we and others have unveiled distinct develop-
mental patterns of various hepatic phase-1 and phase-2 en-
zymes as well as transporters (Cui et al., 2012a,b; Fattah et al.,
2014; Hart et al., 2009; Lee et al., 2011; Lu et al., 2013; Peng et al.,
2012, 2013).

At the same time that these ontogeny changes of DPGs are
occurring in the liver, there are distinct changes in the composi-
tion and number of intestinal microbiota as part of the develop-
ment process (Koenig et al., 2011). Intestinal microbiota of
infants undergoes rapid changes and are adult-like in composi-
tion and number at around 3 years of age (Park et al., 2005;
Palmer et al., 2007; Yatsunenko et al., 2012). However, it is not
known whether the intestinal microbiota alters the ontogeny of
DPGs in the host liver. This is because most previous reports
have focused on determining the regulation of DPGs by tran-
scription factors and epigenetic modifiers (Aleksunes and
Klaassen, 2012; Cui et al., 2012a; Jover et al., 2009; Kamiya et al.,
2003; Liddle and Goodwin, 2002). However, recent studies have
suggested that intestinal microbiota may serve as an additional
mechanism for regulating DPGs in liver, at least in adult mice
(Bjorkholm et al., 2009; Toda et al., 2009b). For example, adult
germ-free (GF) mice have decreased expression of hepatic cyto-
chrome P450 (Cyp) 3a, which encodes the major phase-I drug-
metabolizing enzyme (Toda et al., 2009b).

Intestinal microbiota are altered by various factors such as
diet, environmental exposure, host genetics, and microbial ex-
posure (Human Microbiome Project Consortium, 2012). Changes
in diet take as little as 3 days to change the composition of in-
testinal microbiota (David et al., 2014). Antibiotic-treatment in
early ages of life alters the intestinal microbiota, and is associ-
ated with increased adiposity and other pediatric diseases such
as necrotizing enterocolitis, allergy, and autism-spectrum disor-
der (Arrieta et al., 2014; Cho et al., 2012). Probiotic-supplementa-
tion during weaning leads to altered metabolic profile,
improved immune response, and reduces the incidence of ec-
zema (Chorell et al., 2013; West et al., 2009, 2012). This illustrates
that the intestinal microbiota is an important regulator of host
physiology in children as much as in adults. However, there are
essentially no studies in the literature that systematically char-
acterize the effect of intestinal microbiota on the ontogeny of
drug processing genes in liver. Therefore, this study analyzed
the ontogeny of critical hepatic DPGs in GF mice and CV mice at
various developmental ages to determine how intestinal micro-
biota affects the ontogeny of DPGs and the xeno-sensor signal-
ing pathways. To quantitatively determine the proteins of
important DPGs in liver, a highly sensitive and quantitative liq-
uid chromatography tandem mass spectroscopy (LC-MS/MS)
method was utilized as described previously (Prasad and
Unadkat, 2014a,b; Prasad et al., 2014).

MATERIALS AND METHODS

Animal Procedures
All mice were housed in an AAALAC (Association for
Assessment and Accreditation of Laboratory Animal Care
International)-accredited facility at the University of Kansas
Medical Center, with a 14-h light/10-h dark-cycle, in a

temperature and humidity-controlled environment, with ad libi-
tum access to water. The initial breeding colony of GF C57BL/6J/
UNC mice was established with mice purchased from the
National Gnotobiotic Rodent Resource Center (University of
North Carolina, Chapel Hill). All conventional (CV) mice were
purchased from the Jackson Laboratories. GF mice were housed
in vinyl flexible film isolators purchased from Class Biologically
Clean Ltd. (Madison, Wisconsin). The condition of GF status at
the end of the study was confirmed by 16S rRNA assay targeting
the universal bacteria in the DNA extract from the intestinal
content (data not shown). All animal experiments were
approved by the Institutional Animal Care and Use Committee
at the University of Kansas Medical Center.

RNA Isolation
Total RNA was isolated from tissues using RNA Bee reagent
(Tel-Test Inc., Friendswood, Texas) following the manufactur-
er’s protocol. The concentration of total RNA in each sample
was quantified spectrophotometrically at 260 nm using a
NanoDrop 1000 Spectrophotometer (Thermo Scientific,
Waltham, Massachusetts). RNA integrity was confirmed using a
dual Agilent 2100 Bioanalyzer (Agilent Technologies Inc. Santa
Clara, California).

RNA-Sequencing
The cDNA library preparation and sequencing of male CV- and
GF-mouse livers at 90 days of age were performed using an
Illumina TruSeq RNA sample prep kit (Illumina, San Diego,
California). The cDNA libraries were clustered onto a TruSeq
paired-end flow cell and sequenced (2� 50 bp) using a TruSeq
SBS kit (Illumina) on the Illumina HiSeq2000 sequencer. Data
were analyzed using a similar method as we described previ-
ously (Cui et al., 2012a). The differentially regulated genes were
determined using CuffDiff (false discovery rate (Benjamini
Hockberg)< 0.05), and these genes were subjected to Ingenuity
Pathway Analysis (IPA) for the significantly altered networks
between the CV- and GF-liver transcriptome.

Reverse Transcription and Real-time Polymerase Chain Reaction
Analysis
Total RNA was transcribed to single-stranded cDNA using a
High Capacity cDNA Reverse Transcription Kit 1001073 (Applied
Biosystems, Foster City, California). The cDNAs were amplified
by polymerase chain reaction (PCR), using SsoAdvanced
Universal SYBR Green Supermix in a Bio-Rad CFX384 Real-Time
PCR Detection System (Bio-Rad, Hercules, California). The PCR
primers were synthesized by Integrated DNA Technologies
(Coralville, Iowa) and the sequences are shown in
Supplementary Table 1. The ddCq values were calculated for
each target gene and were normalized to the expression of the
geometric means of the housekeeping genes b-actin, Gapdh,
and 18 S rRNA.

Western Blotting
Primary antibody against mouse Cyp3a11 (anti-rat CYP3A1/2
mAb, clone 2-13-1, 1:500) was a generous gift from Dr Frank
Gonzalez at the National Cancer Institute. Primary antibody
against Cyp4a14 (goat polyclonal IgG, 1:500) was purchased
from Santa Cruz Biotechologies (SC-46087). Primary antibodies
against mouse histone H3 and b-actin were purchased from
Abcam (ab12079 and ab8227, respectively, 1:500). Protein con-
centrations were determined using a Qubit Protein Assay Kit
(Thermo Fisher Scientific, Life Technologies, Grand Island, New
York). The samples were subjected to polyacrylamide gel
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electrophoresis and transferred onto a polyvinylidene difluoride
membrane. (horseradish peroxidase) HRP-linked secondary
antibodies were purchased from Sigma Aldrich, and applied at
1:2000 to the proteins to be detected (namely rabbit anti-mouse
A9044 for Cyp3a11 and PPARa, rabbit anti-goat A5420 for
Cyp4a14, and goat anti-rabbit A6154 for H3). Proteins were
detected using chemiluminescence (Thermo Fisher Scientific,
Life Technologies). Intensities of the protein bands were quanti-
fied using the Image J Software (National Institutes of Health,
Bethesda, Maryland).

Cyp Enzyme Activity Assay
Cyp3a enzyme activity in liver microsomes from 90-day-old CV-
and GF mice was determined using the Promega P450-Glo
CYP3A4 Luciferin-IPA Assay (which also recognizes the mouse
Cyp3a isoform) per the manufacturer’s instructions with minor
modifications. Luciferin-IPA (7907MB) is a highly sensitive and
selective substrate for CYP3A (Doshi and Li, 2011). Briefly, hep-
atic microsomes and Luciferin-isopropyl acetal were combined
in potassium phosphate (KPO4) buffer with the addition of an
(Nicotinamide adenine dinucleotide phosphate) NADPH-regen-
eration system, and were incubated at 37�C for 10 min. A stand-
ard curve with various concentrations of pooled hepatic
microsomes was generated before the individual assays, to
ensure the loaded amount was within the linear range of detec-
tion. A negative control (with the addition of the CYP3A inhibi-
tor Ketoconazole) and a minus-P450 negative control were
performed in parallel to ensure specificity of the assay. An equal
volume of Luciferin detection reagent was added to simultane-
ously stop the Cyp reaction and initiate luminescent signaling
that is proportional to the amount of Cyp activity. Signals were
then allowed to stabilize for 20 min at room temperature before
determining the luminescence.

Serum ALT
Serum samples were analyzed by standard enzymatic-colori-
metric assays using ALT kits according to the manufacturer’s
protocol (Pointe Scientific, Inc.) as described previously (Cui
et al., 2009).

LC/MS-MS Protein Quantification
Light peptide standards (Supplementary Table 3) for various
proteins were obtained from New England Peptides (Boston,
Massachusetts) or Thermo Fisher Scientific (Rockford, Illinois).
The corresponding stable isotope-labeled heavy peptides (inter-
nal standards) were obtained from Thermo Fisher Scientific.
High-performance liquid chromatography–grade acetonitrile
was purchased from Fischer Scientific (Fair Lawn, New Jersey),
and formic acid was purchased from Sigma-Aldrich (St. Louis,
Missouri). All reagents were analytical grade. Other reagents
used for trypsin digestion of membrane proteins and sample
preparations include iodoacetamide and dithiothreitol (Pierce
Biotechnology, Rockford, Illinois), and as well as ammonium
bicarbonate (Acros Organics, New Jersey).

Briefly, the procedure is similar as published in a recent paper
with few modifications (Prasad et al., 2014). For LC-MS/MS trans-
porter/enzyme quantification unique signature surrogate peptides
were selected using the published approach (Prasad, AAPS Journal,
2014) (Supplementary Table 3). The membrane proteins of the
mouse livers were isolated using the ProteoExtract native mem-
brane protein extraction kit (Calbiochem, Temecula, California).
The proteins were quantified using a bicinchoninic acid kit, fol-
lowed by digestion using an in-solution trypsin digestion kit
(Pierce Biotechnology). Briefly, 80ml of the tissue extract (2 mg/ml

total protein concentration) was mixed with 20ml dithiothreitol
(100 mM) and 50ml ammonium bicarbonate buffer (100 mM, pH
7.8), and incubated at 95�C for 5 min (denaturation and reduction).
Subsequently, 20ml iodoacetamide (200 mM) was added and the
sample was incubated for 20 min at ambient temperature in the
dark (alkylation). Ice-cold methanol (0.5 ml), chloroform (0.2 ml),
and water (0.4ml) were added to each sample. After centrifugation
at 16,000� g for 5 min at 4�C, the upper layer was removed and
the pellet was washed with ice-cold methanol (0.5 ml) and centri-
fuged at 16,000� g for 5 min at 4�C. The pellet was resuspended
with 40ml of reconstitution buffer (mixture of equal volume of 3%
sodium deoxycholate (wt/vol) and 50 mM ammonium bicarbonate
buffer). Trypsin (20ml) was added at 1:25 trypsin: protein ratio (wt/
wt) and samples were incubated for 18 h at 37�C. Trypsin digestion
was stopped by adding 30ml of chilled quenching solvent (50% ace-
tonitrile, with 0.1% formic acid) containing heavy peptide internal
standard, and samples were centrifuged for 5 min at 4000� g and
4�C. Specific transporter/enzyme proteins were determined by
comparing to gene-specific light-calibrator peptide standards
(Supplementary Table 3, New England Peptides and Thermo
Fisher Scientific. The corresponding stable isotope-labeled heavy
peptides were used as internal standards (Thermo Fisher
Scientific). LC-MS/MS protein quantification was carried out on a
Xevo TQ-S, Triple Quadrupole Mass Spectrometer (Waters
Corporation, Milford, Massachusetts) coupled to an ACQUITY
Ultra Performance LCT (UPLC) System. The supernatant was ana-
lyzed by LC-MS/MS using the ACQUITY UPLC HSS T3 1.8mm,
2.1� 100 mm column (Waters, Hertfordshire, UK) at a flow rate of
0.3 ml/min at 23�C6 2�C column temperature and 5ml injection
volume. The Mobile phase and gradient conditions are listed in
Supplementary Table 4.

Clustering Analysis
A hierarchical clustering dendrogram (Ward’s minimum var-
iance method, distance scale) was performed based on the
mean mRNA expression of 62 DPGs with known importance in
hepatic drug metabolism and transport functions.

Statistical Analysis
Data are presented as mean 6 SEM. Asterisks (*) represent sig-
nificant differences between CV and GF mice at the same age,
as determined by the Student’s t test (P< .05).

RESULTS

There were no apparent differences in the body weight, liver
weight, or serum ALT levels between CV and GF mice (data not
shown).

Xenobiotic Metabolism Is the Most Downregulated Pathway
Evidenced by mRNA Transcriptome Sequencing of Livers From 90-
Day-Old GF Mice
To determine the contribution of the intestinal microbiota on
regulating the host xenobiotic metabolism pathway in liver, as
compared with its contribution to many other pathways on a
genomic scale, using 90-day-old mice as a starting point, we
performed RNA-Seq in male livers of CV and GF mice (90 days of
age, n¼ 3/group). Among approximately 900 genes that are dif-
ferentially regulated in livers of GF relative to CV mice, IPA
reported that xenobiotic metabolism ranks among the most dif-
ferentially regulated network in livers of GF mice. The mRNAs
of many DPGs were decreased in livers of GF mice (Fig. 1A),
including several Cyps in phase-I and certain glutathione
S-transferases (Gsts) in phase-II metabolism. Therefore, the
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absence of gut microbiota appears to markedly impact xenobi-
otic metabolism, at least in livers of 90-day-old mice. To
further investigate whether the intestinal microbiota also
downregulates the ontogenic expression of Cyp3a and Gsts, as
well as other DPGs, we quantified the mRNAs of 62 critical DPGs
at various ages during development, as well as 5 xenobiotic-
sensing receptors in CV and GF mice by RT-quantitative PCR
(qPCR).

As shown in Figure 1B, a two-way hierarchical clustering
dendrogram of the average gene expression (from n¼ 4 in both
CV and GF mice) revealed 4 distinct developmental patterns of
the 67 DPGs in livers of CV and GF mice at 1, 3, 5, 15, 30, and 90
days of age. From left to right, Pattern 1 includes 22 DPGs, the

mRNAs of these DPGs are lowly expressed at younger ages, and
gradually increase to adult levels in both CV and GF mice.
However, in livers of GF mice, the developmental increase of
most of these genes was attenuated between 15 and 90 days of
age, exemplified by Cyp3a11, which encodes the major drug-
metabolizing enzyme for the biotransformation of over 75% of
prescribed drugs. Pattern 2 is also an adult-enriched pattern,
which includes 35 DPGs. Interestingly, contrary to our hypothe-
sis that other DPGs are downregulated in absence of gut micro-
biota in liver, these DPGs were upregulated in livers of GF mice
between 15 and 90 day of age. In general, many of the DPGs in
this pattern are not only important for processing drugs, but
also play critical roles in nutrient homeostasis, exemplified by

FIG. 1. A, IPA analysis of genes expression changes in male GF mice at 90 days of age compared with male CV mice. B, Two-way hierarchical clustering dendrogram of

critical DPGs gene expression at 1, 3, 5, 15, 30, and 90 days of age in the livers of male CV and GF mice. (n¼4/group). IPA, Ingenuity Pathway Analysis. Data are

expressed at mean % of the geometric means of the housekeeping genes b-actin, Gapdh, and 18S rRNA.
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the Cyp4 family members that are targets of the lipid-sensing
nuclear receptor PPARa, as well as Ntcp and Oatp1b2 that are
major uptake transporters for conjugated and unconjugated
bile acids, respectively. In addition, many Cyp2c family mem-
bers were also increased markedly in livers of GF mice.

Pattern 3 includes 7 DPGs that were enriched predominantly
at 15 days of age in both CV and GF mice and were regulated by
intestinal microbiota in an age-specific pattern. For example,
the sterol efflux transporters Abcg5 and Abcg8 were both down-
regulated at 15 days of age, but were upregulated thereafter
compared with CV mice. Pattern 4 includes 3 DPGs that were
neonatal-enriched in both CV and GF livers; however, the carni-
tine transporter Octn1 was markedly upregulated in livers of
90-day-old GF mice.

Hepatic Ontogeny of Cyps in Male Mouse Livers
The ontogeny of 19 critical Cyp genes was analyzed in livers of
CV and GF mice. The mRNA of Cyp1a2 increases gradually from
birth to adulthood in livers of both CV and GF mice. Although
the mRNA of Cyp1a2 was slightly lower in GF mice at 15 days of
age, it increased 2-fold in GF mice at 90 days of age, compared
with age-matched CV mice (Fig. 2A). There were no differences
in the mRNA of Cyp1a2 between CV and GF mouse livers at
other ages. Regarding the Cyp2a gene family, Cyp2a12/22 mRNA
was moderately lower in GF than in CV livers at 15 days of age,
but there were no differences between CV and GF levels at other
ages. In CV-mouse livers, the peak expression of Cyp2a12/22
was observed at 15 days of age, however, in GF-mouse livers,
the peak expression of Cyp2a12/22 was observed at 90 days of
age (Fig. 2B). Cyp2a5 mRNA gradually increased to adult levels
in both CV- and GF-mouse livers, and there was no difference in
the expression between the two mouse models (Supplementary
Fig. 1A). Regarding the Cyp2b family, Cyp2b9 mRNA displayed
an adolescent-enriched pattern with peak expression observed
at 15 days of age in both CV and GF livers, whereas Cyp2b10 dis-
played an adult-enriched pattern with peak expression
observed at 90 days of age (Fig. 2C and D). CV-mouse livers had
minimal Cyp2b9 mRNA at 90 days of age, whereas Cyp2b9
mRNA increased markedly in age-matched GF-mouse livers
(Fig. 2C). At 1 day of age, moderately higher Cyp2b10 mRNA
expression was observed in GF mouse livers as compared with
age-matched CV-mouse livers (Fig. 2D). There was no difference
in the mRNA expression of these Cyp2b genes at other ages.

The Cyp2c gene family members all appeared to gradually
increase to adult levels in CV- and GF-mouse livers.
Interestingly, all of the Cyp2c genes that were determined,
namely Cyp2c40, 2c54, 2c65, 2c50, and 2c69, were markedly
upregulated at least 50% in livers of GF mice at 90 days of age
(Figs. 2E–H and 3A). The Cyp2c50 mRNA also appeared to be
higher in livers of 90-day-old GF mice, although a statistical sig-
nificance was not achieved (Supplementary Fig. 1B). There was
no difference in the Cyp2c mRNAs between age-matched livers
of CV and GF mice at other ages. Cyp2e1 mRNA, which gradually
increased to adult levels in both mouse models, was also higher
in GF-mouse livers at 90 days of age (Fig. 3B).

Regarding the Cyp3a genes, Cyp3a11 mRNA increases gradu-
ally after birth in both CV and GF mice, but GF mice had lower
Cyp3a11 mRNA most notably at 90 days of age (an 80% decrease
as compared with CV mice; Fig. 3C). A similar pattern was also
observed for Cyp3a44 mRNA (Fig. 3D). Cyp3a25 mRNA was
lower in GF livers at 15 days of age, but remained at similar
levels between livers of CV- and GF-mice at other ages
(Supplementary Fig. 1C).

Regarding the Cyp4a genes, interestingly, among all of the
Cyp4a family members examined, namely Cyp4a10, 4a14, 4a31,
and 4a32, a marked upregulation in their mRNAs were observed
in of 90-day-old GF mice as compared with age-matched livers
of CV mice. (Fig. 3E–H). In addition, Cyp4a10 mRNA was higher
at 1- and 15-day-old GF-mouse livers; Cyp4a14 mRNA was
higher in 15- and 30-day-old GF-mouse livers; Cyp4a31 and 4a32
mRNAs were higher at 1-, 15-, and 30-day-old GF-mouse livers,
compared with age-matched CV mouse livers. At 5 days of age,
a moderate decrease was observed in Cyp4a10, 4a31, and 4a32
mRNAs in GF-mouse livers compared with CV livers (Fig. 3E–H).
For Cyp P450 reductase (Por), which is required for the function
of all microsomal Cyp enzymes, its mRNA was moderately
downregulated in GF mice livers at 15 days of age, but was
upregulated at 30 days of age, as compared with age-matched
CV-mouse livers (Supplementary Fig. 1C).

Hepatic Ontogeny of Other Phase-1 Enzymes in Male Mouse Livers
The ontogeny of 13 other critical Phase-1 enzymes were also
analyzed in the livers of CV and GF mice.

Aldo-keto Reductases
The mRNA of Akr1c19 was lowly expressed before 30 days of
age, and reached a peak at 90 days of age, whereas Akr1c20 and
1d1 were enriched around 15 days of age in livers of CV mice.
The absence of intestinal microbiota generally had minimal
effect on the expression of these Aldo-keto reductases, except
for a moderate decrease in the Akr1c19 mRNA at 3 and 15 days
of age, Akr1d1 mRNA at 3 days of age, and Akr1c20 mRNA at 15
days of age (Fig. 4A–D).

Aldehyde Dehydrogenases (Aldhs)
The mRNA of Aldh1b1, which is involved in the oxidative
metabolism of aldehydes, was lower in livers of GF mice at 3
and 15 days of age compared with CV mice (Fig. 4D), however,
the mRNA of Aldh3a2 was higher in livers of GF mice at 30 and
90 days of age (Fig. 4E). The mRNAs of both Aldh1b1 and
Aldh3a2 gradually increased to adult levels during liver devel-
opment. Interestingly, the absence of intestinal microbiota
tended to attenuate the ontogenic increase of Aldh1d1 mRNA,
but had the opposite effect on the Aldh3a2 mRNA.

Carboxyesterases and Aldehyde Oxidase 1
Carboxyesterase 1e (Ces1e)/1g and 3a/3b mRNAs were mini-
mally expressed before 30 days of age, and the GF condition
appeared to further decrease Ces1e1/1g mRNA at 3 days of age,
and Ces3a/3b mRNA at 15 days of age (Fig. 4F and H). The mRNA
of the hydrolytic enzyme Ces2a was higher in livers of GF mice
at 3 days of age, but lower in livers of GF mice at 15 days of age
(Fig. 4G). Aldehyde oxidase 1 mRNA was expressed minimally
and increased with age in both CV and GF mice (Supplementary
Fig. 1D).

Flavin-Containing Monooxygenases and Nqo1
The mRNAs of flavin-containing monooxygenase 1 (Fmo1), 2,
and 5 all gradually increased to adult levels between 15 and 90
days of age in both CV and GF mice; whereas the GF condition
had no effect on the ontogeny of Fmo1 mRNA, a moderate
increase of Fmo2 mRNA at 3 days of age, and a decrease in the
mRNA of Fmo5 at 3 and 15 days of age was observed (Fig. 5A–C).
Interestingly, the mRNA of the prototypical Nrf2-target gene
NAD(P)H dehydrogenase, quinone 1 (Nqo1), which is a marker of
oxidative stress, was not altered at 90 days of age, but was
consistently downregulated in livers of GF mice at young ages
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(1, 3, 5, and 15 days of age) compared with age-matched CV
mice, (Fig. 5D), suggesting the age-specific contribution of gut
microbiota on Nrf2-signaling and antioxidative stress pathways
in liver.

The Ontogeny of Phase-II Enzymes in Male Mouse Livers
Gsts, sulfotransferases (Sults) and UDP-glucuronyltransferases
(Ugts) are 3 major classes of phase-II enzymes. The gene expres-
sion of most of the phase-II enzymes were low at birth and
increased with age in both CV and GF mice. Regarding Gsts,
Gsta1 mRNA was in general not altered between livers of
CV and GF mice at any age, except for a slight decrease in
15-day-old GF-mouse livers (Fig. 6A). Both Gstm2 and m3
mRNAs were lower in 15-day-old GF-mouse livers compared
with age-matched GF-mouse livers, but there was no difference

in their expression at other ages (Fig. 6B and C). For Gstpi, there
was a marked downregulation in Gstpi mRNA in livers of GF
mice at 90 days of age (Fig. 6D), but there was no difference in
its expression between CV- and GF-mouse livers at other ages.
Both Gstt2 and Gstt3 were markedly upregulated in livers of
90-day-old GF-mice compared with age-matched GF mice; Gstt2
mRNA was also higher in livers of GF- than in CV-mice at 1 day
of age, however Gstt3 mRNA was generally downregulated in
neonatal GF mice (before 15 days old) (Fig. 6E and F). GF
conditions had no effect on the ontogeny of Gclc mRNA, which
gradually increased to adult levels in both mouse models
(Supplementary Fig. 1F). Regarding Sults, Sult1a1 mRNA gradu-
ally increased to adult levels in both mouse models, and it was
similar in GF-mouse livers (Supplementary Fig. 1G). Sult1b1
mRNA was moderately downregulated in 15-day-old GF-mouse

FIG. 2. Ontogeny of Phase-I enzymes cytochrome P450s Cyp1a2 to Cyp2c67 gene expression in male livers of CV and GF mice. Data are presented as means 6 SEM,

n¼4/group. Asterisks (*) represent statistically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group. Data are expressed at

mean % of the geometric means of the housekeeping genes b-actin, Gapdh, and 18S rRNA.
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livers, but was markedly upregulated in 90-day-old GF-mouse liv-
ers, as compared with age-matched CV mice (Fig. 7A). Sult1d1
mRNA was lower in 5- and 15-day-old GF-mouse livers, but
was higher in 90-day-old GF-mouse livers, compared with age-
matched CV-mouse livers (Fig. 7B). Sult5a1 mRNA was lower in
30-day-old GF-mouse livers than CV-mouse livers, but was not
altered by the GF condition at other ages (Fig. 7C). Regarding the
enzyme that synthesizes the co-substrate of sulfation reactions,
namely 30-phosphoadenosine 50-phosphosulfate synthase 2
(Papss2), the Papss2 mRNA was moderately downregulated
in 15-day-old GF-mouse livers, but was not altered by the GF
condition at other developmental ages (Fig. 7D). Regarding
Ugts, Ugt2b35 as well as the enzyme that synthesizes the cosub-
strate UDP-GA, namely Udgh, were both downregulated in
15-day-old GF-mouse livers, but remained unchanged at
other ages as compared with age-matched CV-mouse livers
(Fig. 7E and F).

The Ontogeny of Uptake Transporters in Male-Mouse Livers
The gene expression of most of the hepatic uptake transporters
(Fig. 8A–E) were low at birth and increased with age in both CV
and GF mice, except for Ntcp and Octn1. The gene expression of
Ntcp is high at 1 day of age, and its expression remains relatively
stable at all ages analyzed in livers of CV mice. In contrast, for
Octn1, the gene expression is high at birth but decreases by 15
days of age and increases by 90 days of age in CV mice. The
mRNAs of uptake transporters, including Ntcp, Octn1, Oatp1b2,
Oatp2b1, and equilibrative transporter Ent1, were all higher in liv-
ers of GF mice at 90 day of age compared with CV mice. Oatp1a1
mRNA also tended to be higher in 90-day-old GF livers, although
a statistical significance was not achieved (Supplementary Fig.
2A). The expression of the hepatic carnitine transporter Octn1,
was lower in the livers of GF mice at 5 days of age compared with
CV mice. The mRNA of Ent1 was slightly lower in livers of GF
mice at 1 and 15 days of age. The ontogeny pattern of most of

FIG. 3. Ontogeny of Phase-I enzymes cytochrome P450s Cyp2c69 to Cyp4a32 gene expression in male livers of CV and GF mice. Data are presented as means 6 SEM,

n¼4/group. Asterisks (*) represent statistically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group. Data are expressed as

mean % of the geometric means of the housekeeping genes b-actin, Gapdh, and 18S rRNA.
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these transporters remained unaffected by the absence of intesti-
nal microbiota throughout the developmental ages in this study.
The mRNA of the bile-acid uptake transporter Asbt, which is
present at low levels in liver and is specifically localized on chol-
angiocytes, also increases with age in livers of both CV and GF
mice, and at 1 day of age the mRNA is higher in GF mice com-
pared with CV mice (Supplementary Fig. 2B).

The Ontogeny of Efflux Transporters in Male-Mouse Livers
The mRNA of the apical efflux transporter Mrp2, which is
responsible for the biliary efflux of glutathione-conjugates, was
lowly expressed after birth and increased with age in both CV
and GF mice (Fig. 8F), although at 90 days of age, the mRNA of
Mrp2 was higher in livers of GF mice compared with CV mice.
The mRNAs of the apical sterol-efflux transporters Abcg5 and

Abcg8 were low at birth, peaked at 15 days of age, and then
decreased to adult levels in livers of both CV and GF mice. The
mRNA of Abcg5 in livers of GF mice was lower at 1 and 15 days
of age but higher at 90 days of age than the CV mice. The mRNA
of Abcg8 was higher in livers of GF mice at 30 and 90 days of age
than the CV mice (Fig. 8G and H). The mRNA of Bsep was low at
birth and increased with age in livers of both CV and GF mice,
whereas the mRNA of Bcrp and Mrp4 were relatively high at
birth and remained relatively stable across the ages in livers of
both CV and GF mice (Supplementary Fig. 2C–E).

Western-Blotting Analysis of Prototypical PXR- and PPARa-Target
Genes in CV- and GF-Male Mice
Because the mRNA of the prototypical target genes of
PXR (Cyp3a11) and PPARa (Cyp4a family members) were

FIG. 4. Ontogeny of other Phase-I enzymes, including Ahrs (Akr1c19, 1c20, and), Aldhs (Aldh1b1 and 3a2), as well as Cess (Ces1e/1g, 2a, and 3a/3b) gene expression in

male livers of CV and GF mice. Data are presented as means 6 SEM, n¼4/group. Asterisks (*) represent statistically significant differences between CV and GF mice

(P< .05) by Student’s t test in that age group. Data are expressed as mean % of the geometric means of the housekeeping genes b-actin, Gapdh, and 18S rRNA.

SELWYN ET AL. | 91

http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kfv110/-/DC1
http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kfv110/-/DC1


FIG. 5. Ontogeny of other Phase-I enzymes, including Fmos (Fmo1, 2, and 5) as well as Nqo1 gene expression in male livers of CV and GF mice. Data are presented as

means 6 SEM, n¼4/group. Asterisks (*) represent statistically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group. Data are

expressed as mean % of the geometric means of the housekeeping genes b-actin, Gapdh, and 18S rRNA.

FIG. 6. Ontogeny of Phase-II glutathione-S-transferases (Gsta1, m2, m3, pi, t2, and t3) gene expression in male livers of CV and GF mice. Data are presented as

means 6 SEM, n¼4/group. Asterisks (*) represent statistically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group. Data are

expressed as mean % of the geometric means of the housekeeping genes b-actin, Gapdh, and 18S rRNA.
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differentially regulated in the absence of gut microbiota in an
age-specific manner, Western-blotting analysis was performed
to determine whether similar changes occur at the protein level.
Due to limited amount of protein, livers from 1 to 5 days of age
were pooled at each age. As shown in Figure 9A, there was an
apparent decrease in Cyp3a11 protein in age-matched GF livers
most notably after 15 days of age; conversely, there was an
apparent increase in Cyp4a14 protein in livers of GF mice
throughout liver development (Fig. 9A and B).

LC-MS/MS Proteomic Quantification of DPGs in Male Mouse Livers
To further confirm the mRNA and protein expression of impor-
tant DPGs in livers of CV and GF mice during development, a
LC-MS/MS proteomic approach was used as described in
Materials and Methods. The following proteins were quantified
based on either their importance in drug-processing or lack of
availability of antibodies for Western-blotting analysis: Cyp2b9,
Cyp3a11, 4a10, Ntcp, Abcg5, and Abcg8 (n¼ 3 per group). Due to
limited protein amount, the proteins at earlier developmental
ages were not determined using this approach. As shown in
Figure 8, Cyp2b9 protein was highest at 15 days of age, but
markedly decreased thereafter in both CV and GF livers. In addi-
tion, there was a moderate decrease in the Cyp2b9 protein
expression in livers of GF mice at 15 days of age. The Cyp3a11
protein was also downregulated most prominently at 90 days of
age, but it also tended to decrease at the other ages (although

statistical significance was not achieved). Conversely, there was
a marked increase in Cyp4a10 protein in livers of GF mice at all
3 ages examined. For transporters, Ntcp protein was moderately
lower in livers of GF mice at 15 and 30 days of age, but there was
no difference in its protein expression between CV- and GF-
mouse livers at 90 days of age. Abcg5 and Abcg8 proteins were
both highest at 15 days of age and were downregulated in livers
of GF mice at this age. After 15 days of age, the proteins of both
Abcg5 and Abcg8 were lower, however in age-matched CV liv-
ers, the Abcg8 protein was upregulated in GF livers, whereas
Abcg5 protein remained low in both CV and GF conditions
(Fig. 10A and B).

Cyp3a-Enzyme Activities in Hepatic Microsomes of CV- and GF-Male
Livers of 90-Day-Old Mice
Because the most prominent decrease in the Cyp3a11 mRNA
was observed at 90 days of age, the hepatic Cyp3a microsomal
activity was quantified in CV- and GF-mouse livers at this age
(n¼ 3). Consisent with the mRNA and Western-blot data, there
was also a marked decrease in the enzyme activity of Cyp3a in
GF livers (Fig. 11A).

PPARa Nuclear and Cytosolic Protein Expression in CV- and GF
Livers of 90-Day-Old Mice
Because the most prominent upregulation in Cyp4a mRNAs was
observed at 90 days of age, the protein of PPARa, which is

FIG. 7. Ontogeny of Phase-II Sults and cosubstrates gene expression in male livers of CV and GF mice. Data are presented as means 6 SEM, n¼4/group. Asterisks (*) rep-

resent statistically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group. Data are expressed as mean % of the geometric means

of the housekeeping genes b-actin, Gapdh, and 18S rRNA.
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the prototypical transcriptional activator of Cyp4a genes, was
quantified in nucleus and cytosol of CV- and GF-mouse livers at
this age. Interestingly, there was a marked increase in the
nuclear PPARa protein in GF-mouse livers, suggesting increased
PPARa signaling in GF mice; however, there was no difference in
cytosolic PPARa-protein expression (Fig. 11B). This indicates
that the upregulated PPARa-signaling may be due to an overall
increase in PPARa gene expression as well as ligand activation.
Indeed, increased PPARa mRNA expression was confirmed in
Figure 12D.

The Ontogeny of Xeno-Sensing Transcription Factors
In general, the mRNAs of the transcription factors AhR, CAR,
PXR, PPARa, and Nrf2 increased with age in livers of both CV
and GF mice (Fig. 12A–E). Interestingly, the mRNAs of all

transcription factors were higher in livers of GF mice compared
with CV mice at 90 days of age. The mRNA of CAR was also
higher in livers of GF mice compared with CV mice at 15 and 30
days of age. The mRNA of Nrf2 was lower in the livers of GF
mice compared with CV mice at 15 days of age (Fig. 12E).

Hepatic Expression of DPGs in Female CV- and GF-Mouse Livers
Because certain DPGs have been reported to have gender-diver-
gent expression patterns at least in adult livers (Alnouti and
Klaassen, 2011; Alnouti et al., 2006; Buckley and Klaassen, 2007,
2009; Cheng et al., 2005, 2006; Lickteig et al., 2008; Renaud et al.,
2011), the expression of these genes (selected based on the liter-
ature mentioned above, as well as differential expression
between CV and GF mice in male livers as unveiled in this
study) was quantified in CV and GF livers at various

FIG. 8. Ontogeny of hepatic transporters gene expression in male livers of CV and GF mice. Data are presented as means 6 SEM, n¼4/group. Asterisks (*) represent stat-

istically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group. Data are expressed as mean % of the geometric means of the

housekeeping genes b-actin, Gapdh, and 18S rRNA.
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developmental ages. For Cyps, except for Cyp3a11, which
showed no gender differences in adult livers (Renaud et al.,
2011), all other Cyps included in Figures 13 and 14 are known to
be female-predominant (Renaud et al., 2011). Compared with
male livers, the ontogenic expression of Cyp2a5 and Cyp2a12/22
were similar, in that both of their mRNAs gradually increased to
adult levels in CV- and GF-mouse livers. Similar to Cyp2a5
mRNA ontogeny data from male mice, Cyp2a5 mRNA in female
livers also appeared to be only minimally influenced by the GF
condition (except for a slight decrease in its expression at 90
days of age). Cyp2a12/22 mRNA in both male and female livers
was downregulated in 15-day-old GF mice compared with age-
matched CV mice (Fig. 13A and B). In contrast, regarding the
Cyp2 genes, there was a marked gender difference regarding
how the GF condition modifies their mRNA ontogenic expres-
sion patterns: for Cyp2b genes, Cyp2b9 was minimally
expressed in male livers but was expressed highest in livers of
adult females, whereas Cyp2b9 mRNA was upregulated only in

male-GF livers at 90 days of age but was not altered in female-
GF livers at this age, compared with age-matched GF mice of
the same gender (Figs. 2C and 13C). At 15 days of age, there
appears to be a decrease in Cyp2b9 mRNA in GF livers of both
genders (although males did not reach statistical significance).
For Cyp2b10, there was no difference in its mRNA expression at
90 days of age between male CV and male GF mice, however,
there was a marked decrease in its mRNA between female CV-
and female GF-mice (Fig. 13D). Regarding the Cyp2c mRNAs,
which were all upregulated in 90-day-old male-GF livers, inter-
estingly, none of them were altered between female-CV and GF
mice at 90 days of age (Fig. 13E–H). In addition, some Cyp2c
genes appeared to be downregulated around adolescent ages in
female-GF livers (such as Cyp2c67 at 15 days of age, and
Cyp2c69 at 5 and 15 days of age), however, there was no change
in the mRNAs at these ages in male-GF livers as compared with
age-matched CV livers.

Regarding the Cyp3a genes, both Cyp3a11 and 3a44 were
downregulated in 90-day-old female-GF livers as compared
with age-matched female-CV livers (Fig. 14A and B), and this
finding was similar to that in male livers. Regarding the Cyp4a
genes, which were upregulated in 90-day-old male-GF mice (Fig.
3E–H) as well as in many earlier ages, interestingly, none of
these Cyp4a genes were altered between GF and CV livers at 90
days of age. However, an upregulation in female-GF livers as
compared with age-matched female-CV mice was observed at
earlier developmental ages, such as Cyp4a10 at 15 and 30 days
of age, Cyp4a31 at 5 and 30 days of age, and 4a32 at 15 and 30
days of age (Fig. 14C–F).

In summary, the ontogeny of Cyps in female-CV and -GF liv-
ers indicates that the maturation of female-specific hormones,
or the absence of male-specific hormones, or the female-spe-
cific secretion patterns in growth hormones, may have an
inhibitory effect on GF-mediated upregulation of Cyp2b, Cyp2c,
and Cyp4a genes, but the GF condition has minimal effect on
the Cyp2a/3a ontogeny.

Regarding the female expression of other DPGs that have
known gender-divergent patterns in adult livers (Alnouti and
Klaassen, 2008, 2011; Cheng et al., 2005; Knight et al., 2007),
Aldh3a2, Sult1a1, Sult1d1, and Oatp2b1 were previously shown
to be female-predominant in adult livers (Alnouti and Klaassen,
2008, 2011; Cheng et al., 2005), whereas Gstpi is male-predomi-
nant in adult livers (Cheng et al., 2005; Knight et al., 2007). For
Aldh3a2, which was upregulated in livers of male GF-livers at 30
and 90 days of age compared with age-matched male CV livers
(Fig. 4E), it is also upregulated in female-GF livers at 15 and 30
days of age, but not 90 days of age (Fig. 15A). For Sult1a1, which
was not altered by GF at any developmental age in male livers
(Supplementary Fig. 1F), its mRNA was downregulated in livers
of 5- and 90-day-old female GF mice compared with age-
matched female CV mice (Fig. 15B). For Sult1d1, which was
downregulated by the GF condition at 5 and 15 days of age but
upregulated at 90 days of age in male livers, its mRNA tended to
be downregulated by the GF condition at younger ages of female
livers, but remained unchanged at 90 days of age between
CV- and GF-female livers (Fig. 15C). Regarding Gstpi, it was
downregulated markedly only by the GF condition in livers of
90-day-old male mice (Fig. 6D), however, in female livers, there
was a slight decrease in the Gstpi in GF-mouse livers at 90 days
of age compared with age-matched female-CV mice (Fig. 15D).
Regarding Oatp1a1, GF-mediated regulation of its ontogeny
appeared to be similar between male and females, except that a
slight decrease by the GF condition was observed at 15 days of
age in females (Fig. 15E), but there was no change in the

FIG. 9. Protein expression by Western blots in male livers of CV and GF mice. A,

Western blotting of Cyp3a11, Cyp4a14, and histone H3 proteins in CV and GF

male livers from 1 to 90 days of age. B, Quantification of protein band intensities

after normalization to H3 using Image J software. Asterisk (*) represents statisti-

cally significant differences between CV and GF mice (P< .05) by Student’s t test

in that age group.
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Oatp1a1 mRNA in males by the GF condition at this age
(Supplementary Fig. 2A). Oatp2b1, was markedly upregulated by
the GF condition at 90 days of age in male livers (Fig. 8C), but
there was no difference in Oatp2b1 mRNA in between livers of
female GF and CV mice at this age (Fig. 15F).

In summary, the ontogeny of other DPGs in female CV and
GF livers indicate that, for female-predominant DPGs such as
Aldh3a2, Sult1a1, Sult1d1, and Oatp2b1, the maturation of
female-specific hormones (or the absence of male-specific hor-
mones as well as the secretion patterns of growth hormones)
likely has an inhibitory effect on GF-mediated upregulation of
these genes. Although for the male-predominant Gstpi, the
maturation of female-specific hormones (or the absence of
male-specific hormones as well as growth hormone secretion
patterns) likely disinhibits the GF-mediated downregulation of
Gstpi mRNA.

DISCUSSION

This study has illustrated that the absence of gut microbiota
regulates the mRNA expression of many important DPGs,
among which the most notable findings are (1) a marked down-
regulation of the prototypical PXR-target Cyp3a gene family
(such as Cyp3a11 and 3a44) in postweaning ages and (2) a
marked upregulation of the prototypical PPARa-target genes of
the Cyp4a gene family (such as Cyp4a10 and 4a14) at both neo-
natal and adult ages in male livers. In addition, we have
observed a neonatal to adolescent-specific downregulation of
the prototypical Nrf2-target gene Nqo1 (from Days 1 to 15), as
well as an adolescent-specific downregulation of LXR target
genes Abcg5 and Abcg8 (at Day 15), suggesting that intestinal

FIG. 10. UPLC-MS quantification of protein levels in male livers of CV and GF mice (n¼3/group). Data are presented as means 6 SEM, n¼ 3/group. Asterisk (*) represents

statistically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group.

FIG. 11. A, Cyp3a enzyme activity in 90-day-old CV and GF male liver micro-

somes as determined using the Promega P450-Glo CYP3A4 Luciferin-IPA Assay

per the manufacturer’s instructions. Asterisk (*) represents statistically signifi-

cant differences between CV and GF mice (P< .05) by Student’s t test. B, Western

blotting of PPARa, and loading controls (histone H3 for nucleus, and b-actin for

cytosol) in cytosolic and nuclear fractions of the male livers. Data are expressed

as protein band density normalized to the corresponding loading controls (H3

for nucleus and b-actin for cytosol). Asterisk (*) represents statistically signifi-

cant differences between CV and GF mice (P< .05) by Student’s t test.
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microbiota modulates multiple transcription factor signaling
pathways of the host liver in an age-specific manner.

Results from this study have added knowledge to the exist-
ing paradigm regarding the roles of intestinal microbiota in
drug metabolism. Many studies in the literature have demon-
strated that intestinal microbiota can metabolize drugs using
their own enzymes, and this may interfere with the metabolism
of drugs by the host. For example, intestinal microbiota can
metabolize digoxin, and the intestinal bacterial metabolite
p-cresol competes with acetaminophen for sulfation in the liver
(Clayton et al., 2009). However, relatively less is known regarding
how intestinal microbiota impacts the host xenobiotic-sensing
transcription factors to indirectly modulate the chemical
metabolism and transport during development. In adults, intes-
tinal microbiota has been shown to regulate the levels of certain
host drug-metabolizing enzymes (Bjorkholm et al., 2009; Toda
et al., 2009b). A recent study demonstrated that Cyp3a11 mRNA
levels are lower in livers of adult-GF mice and they increase to
levels seen in CV mice within 20 days of colonization (Claus
et al., 2011). Our results on Cyp3a11 gene expression at 90 days
of age at both the mRNA and protein levels are consistent with
the previous reports in the literature, and this study has also
shown that Cyp3a11 tends to be downregulated at the post-
weaning adolescent age Day-30 in GF livers.

The downregulation of Cyp3a11 and Cyp3a44 in the
absence of intestinal microbiota is likely due to attenuated

PXR-signaling, because PXR is a well-known transcription acti-
vator of Cyp3a genes. The decrease in PXR-signaling in livers of
GF mice is likely due to decreased endogenous ligands for PXR.
First, secondary BAs, such as lithoholic acid, which are pro-
duced by certain gut bacteria, are known PXR activators
(Staudinger et al., 2001). Indeed, replacement of lithocholic acid
to GF-adult mice has been shown to restore the hepatic
Cyp3a11 gene expression (Toda et al., 2009b). Our observation of
decreased Cyp3a11 expression in GF mice is also similar to the
previous observations in CV mice treated with the antibiotic
ciprofloxacin, and the antibiotic-mediated decrease in hepatic
Cyp3a11 has been attributed to the decrease in the amount of
lithocholic acid producing bacteria such as Bacteroides fragilis
(Toda et al., 2009a) and because intraperitoneal injection of lith-
ocholic acid increases hepatic Cyp3a11 mRNA in mice (Ishii
et al., 2014). Second, it is also possible that lack of intestinal
microbial metabolites, namely indole 3-propionic acid, contrib-
utes to decreased PXR-signaling and its target gene expression
in liver, because it has recently been shown that indole
3-propionic acid is an endogenous PXR-ligand (Venkatesh et al.,
2014). It has been reported that the exogenous PXR ligand PCN
can also upregulate other PXR-target genes in adult CV mouse
livers, such as Gsta1, m1-m3, Oatp1a4, and Mrp3 (Aleksunes
and Klaassen, 2012). However, these genes were not readily
downregulated in adult GF mice livers, which is likely due
to the possibility that the constitutive expression of these

FIG. 12. Ontogeny of xenobiotic-sensing transcription factors gene expression in male livers of CV and GF mice. Data are presented as means 6 SEM, n¼4/group.

Asterisks (*) represent statistically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group.
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PXR-target genes under basal conditions are not dependent on
PXR, whereas the basal Cyp3a expression relies on endogenous
PXR signaling.

Interestingly, probiotics also appear to regulate Cyp3a gene
expression, as rats treated with probiotics have decreased
expression of Cyp3a9 in the intestine (Matuskova et al., 2011).
Therefore, intestinal microbiota modifiers, including those that
decrease intestinal microbiota (GF or antibiotics) and altering
the composition of gut microbiota (probiotics), appear to be
important regulators of the Cyp3a gene expression in the host.
Further studies need to be performed using intestinal micro-
biome sequencing of CV mice during development to determine
which bacteria are most important in modulating the ontogeny
of host DPGs in liver.

Intestinal microbiota has been well established as a player
contributing to intermediary metabolism. The composition of
the intestinal microbiota is altered in obesity (Ley et al., 2005)
and is associated with the capacity to harvest energy
(Turnbaugh et al., 2006). GF mice are resistant to high-fat diet
induced obesity, even though they consume more food, they
are more active, excrete more lipids in feces and is more insulin
sensitive (Backhed et al., 2007; Rabot et al., 2010). Colonization of
GF mice increases body weight (Claus et al., 2011). Intestinal bac-
teria can metabolize dietary phosphatidylcholine to trimethyl-
amine-N-oxide (TMAO), and increased TMAO is associated with
cardiovascular diseases in humans (Tang et al., 2013; Wang
et al., 2011). Antibiotic-treated mice and GF mice do not metabo-
lize phosphatidylcholine to TMAO (Wang et al., 2011). Intestinal

FIG. 13. Ontogeny of Phase-I cytochrome P450s Cyp2a5 to Cyp2c69 gene expression in female livers of CV and GF mice. Data are presented as means 6 SEM, n¼4/group.

Asterisks (*) represent statistically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group. Data are expressed at % of b-actin.
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microbiota metabolize L-carnitine found in red meat to TMAO
and this results in increased atherosclerosis (Koeth et al., 2013).
However, relatively less is known regarding how intestinal
microbiota modulates the lipid-sensing nuclear receptors of the
host during development.

Our results have provided the first evidence that the proto-
typical PPARa-target genes (ie the Cyp4a genes) are markedly
upregulated in livers of GF mice at both mRNA and protein lev-
els from neonatal to adulthood, suggesting that hepatic PPARa-
signaling is enhanced in absence of intestinal microbiota.
Aldh3a2, which is another known PPARa-target gene in liver
(Aleksunes and Klaassen, 2012), was also upregulated in livers
of male-GF mice at 90 days of age. Because dietary lipids and
fatty acids are major ligands of PPARa, our observations have
unveiled that intestinal microbiota play significant roles in
repressing endogenous PPARa activities in liver during develop-
ment, likely by metabolizing various PPARa activators from the
diet or other intermediary metabolites. Certain intestinal micro-
biota modifiers may be used therapeutically to treat hyperlipi-
demia and hypertriglyceridemia. Future studies need to be
performed to quantify the lipid metabolome profiles in CV and
GF mice during development, to confirm this hypothesis.

Another interesting finding is that the interactions between
intestinal microbiota and the ontogeny of DPGs appear to be
gender-specific. For example, many female-predominantly

expressed DPGs in adults are upregulated in livers of 90-day-old
GF mice, such as Cyp2c and Cyp4a family. However, such GF-
mediated upregulation is not observed in female-GF livers. It
has been reported that sex hormones and STAT5b mediated dif-
ferences in the growth hormone secretion patterns between
males and females are important in determining the gender-
divergent expression of many DPGs in adult liver (Buckley and
Klaassen, 2009; Cheng et al., 2007; Waxman, 2000). It is possible
that gender-specific hormones interfere with the interactions
between the transcription factors (such as PPARa) and the intes-
tinal microbial metabolites, which serve as the ligands of the
receptors. Additional mechanistic studies are needed to confirm
this hypothesis.

Conventional protein quantification approaches, such as
Western-blotting analysis, rely on the availability of species-
and gene-specific antibodies and are not absolute quantitative
method to determine the actual abundance of targeted proteins.
In comparison, LC-MS/MS proteomics has a much broader
applicability because it does not require selective antibodies for
various proteins, and allows high-throughput screening of mul-
tiple protein targets in a quantitative mode (Prasad and
Unadkat, 2014b). In this study, the LC-MS/MS data on Cyp3a11
is consistent with the Western blot results (Figs. 7 and 8).
Cyp4a10 (LC-MS/MS) and Cyp4a14 (Western blot) both show
an age-specific increase. In addition, LC-MS/MS allows the

FIG. 14. Ontogeny of Phase-I cytochrome P450s Cyp3a11 to Cyp4a32 gene expression in female livers of CV and GF mice. Data are presented as means 6 SEM, n¼4/

group. Asterisks (*) represent statistically significant differences between CV and GF mice (P< .05) by Student’s t test in that age group. Data are expressed at % of b-

actin.
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quantification of other DPGs where highly selective anti-mouse
antibodies are not readily available (such as Cyp2b9, Cyp4a10,
Abcg5, and Abcg8). Therefore, LC-MS/MS is superior for protein
quantification of DPGs. Most of the protein expression data are
consistent with our observations on mRNAs, except for the hep-
atic uptake transporters Ntcp and Oatp1b2, for which we
observed an increase in the mRNA expression at 90 days of age,
however there was no change in protein expression.
Surprisingly, Ntcp protein was even downregulated at 15 and 30
days of age in the livers of GF mice. This discrepancy is likely
due to posttranscriptional modifications, such as microRNAs
and protein ubiquitination pathways, and future studies need
to be performed to characterize the expression of these
mediators.

Intestinal microbiota are altered by factors immediately
after birth, such as mode of delivery and early environmental
exposure (Palmer et al., 2007), breast-milk or formula-fed
(Ardeshir et al., 2014), and antibiotic administration
(Antonopoulos et al., 2009; Dethlefsen and Relman, 2011;
Dethlefsen et al., 2008). In addition, intestinal microbiota modi-
fiers such as antibiotics and probiotics are used in pediatric
populations for prevention or treatment of diseases. For exam-
ple, obese children receiving the probiotic Lactobacillus rhamno-
sus strain GG for 8 weeks have a significant decrease in alanine
aminotransferase (Vajro et al., 2011), suggesting that this

probiotic is beneficial for treating obesity-related liver diseases.
Exposure to antibiotics in the first year of life is associated with
childhood obesity (Azad et al., 2014; Bailey et al., 2014), with
potentially additional long-term health consequences. Early
antibiotic exposure may also alter the expression of DPGs,
which can result in adverse drug reactions in the pediatric pop-
ulation (Strolin Benedetti et al., 2005). Using GF mice as a
research model, our study has characterized for the first time
the effect of intestinal microbiota on the ontogeny of DPGs dur-
ing development, and has laid the foundation for further under-
standing the “bug-drug interactions” and improving the safety
and efficacy of using drugs in pediatric patients. Future studies
will utilize GF mice and humanized ex-GF mice to investigate
the effect of intestinal bacteria on the host metabolism of
various drugs and environmental chemicals in liver.
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