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ABSTRACT

The xenobiotic-sensing transcription factors (xeno-sensors) aryl hydrocarbon receptor
(AhR), constitutive androstane receptor (CAR), and pregnane X receptor (PXR) up-
regulate the expression of many drug-processing genes (DPGS) in liver. Previous studies
have unveiled profound changes in the basal expression of DPGs during development;
however, the knowledge of the ontogeny of the inducibility of DPGs in response to
pharmacological activation of xeno-sensors is still limited. The goal of this study was to
investigate the age-specific regulation of DPGs by prototypical xeno-sensor ligands
(TCDD for AhR, TCPOBORP for CAR, and PCN for PXR) during mouse liver development.
The basal mMRNAs of most DPGs were low during neonatal age, but gradually increased
to adult levels, whereas some DPGs (Cypla2, Cyp2bl0, Cyp3all, Gstm2, Gstm3,
Papss2, and Oatpla4) exhibited adolescent-predominant expression pattern. The
inducibility of DPGs was age-specific: 1) during neonatal age, the highest fold-increase
in the mMRNA expression was observed for Cypla2, Sult5al and Ugtla9 by TCDD;
Cyp3all and Mrp2 by TCPOBOP; as well as Gstm2 and Gstm3 by PCN; 2) during
adolescent age, the highest fold-increase in the mRNA expression was observed for
Ugtla6 and Mrp4 by TCDD; Cyp2b10, Ugt2b34, and Ugt2b35 by TCPOBOP; as well as
Gstal, Gsta4, Sultlel, Ugtlal, Mrp3, and Mrp4 by PCN; 3) in adults, the highest fold-
increase in the mMRNA expression was observed for Aldhlal, Aldhla7, and Ugt2b36 by
TCPOBOP; as well as Papss2 and Oatpla4 by PCN. In conclusion, the inducibility of

hepatic DPGs following the pharmacological activation of xeno-sensors is age-specific.

INTRODUCTION
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Drug-metabolizing enzymes and transporters play crucial roles in the absorption,
metabolism, disposition, and elimination of various drugs and other xenobiotics. In liver,
which is the major organ for drug metabolism, the drug-metabolizing enzymes are
categorized into Phase-l and Phase-ll enzymes. Phase-l enzymes are important for the
oxidation, reduction, and hydrolysis of xenobiotics. The metabolites of Phase-I reactions
can be further metabolized via conjugation reactions by Phase-ll enzymes, resulting in
increased water solubility of the metabolites, which are ready for elimination. The Phase-
I reactions mainly include glucuronidation (which is catalyzed by UDP-glucuronosyl
transferases [Ugts]), sulfation (which is catalyzed by sulfotransferases [Sults]),
glutathione conjugation (which is catalyzed by glutathione S-transferases [Gsts]), as well
as other conjugation reactions, such as methylation and amino acid conjugation
(Handschin and Meyer, 2003; Wang et al., 2014). Either the parent compounds or their
metabolites can be absorbed or eliminated from cells via transporter proteins (Xu et al.,
2005; Aleksunes and Klaassen, 2012). The regulation of drug-metabolizing enzymes and
transporters (together called Drug-Processing Genes [DPGs]) is important for the

pharmacokinetics of drugs, and contribute to adverse drug-drug reactions.

In adults, itis well known that exposure to many xenobiotic chemicals can up-regulate the
expression of many Phase-l and -ll drug metabolizing enzymes as well as transporters
(Xu et al, 2005). Three major xenobiotic-sensing transcription factors, namely aryl
hydrocarbon receptor (AhR), constitutive androstane receptor (CAR), and pregnane X
receptor (PXR), are known to be involved in the regulation of DPGs in adult mouse liver

(Aleksunes and Klaassen, 2012).
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The AhR is localized in the cytoplasm during its inactive state, but once it is activated by
its prototypical ligand TCDD (2,3,7,8-tetrachlorodibenzodioxin), AhR translocates into the
nucleus and forms a heterodimer with the AhR nuclear translocator protein (Arnt), which
subsequently binds to the xenobiotic response element (XRE) within the cytochrome
P450 (Cyp) 1a promoter region, activating the transcription of CYP1la genes (Nakajima
et al., 2003; Klaassen and Slitt, 2005). TCDD does not induce Cypla mRNA in livers of

AhR-null mice (Gonzalez and Fernandez-Salguero, 1998).

Following ligand activation, CAR (activated by the prototypical ligand TCPOBOP) and
PXR (activated by the prototypical ligand PCN) both heterodimerize with the Retinoid-X-
Receptor (RXR), and up-regulate their prototypical target genes Cyp2b10 and Cyp3all,
respectively (Xu et al., 2005). TCPOBOP-treatment does not increase Cyp2b10 mRNA
in CAR-null mice (Wei et al., 2000), and similarly, PXR-null mouse livers had no increase
in Cyp3all mRNA following PCN-treatment (Aleksunes and Klaassen 2012). Activation
of CAR and PXR are important for the up-regulation of many DPGs, and these nuclear
receptors are implicated in many adverse drug reactions (Staudinger et al., 2001a;

Staudinger et al., 2001b; Hernandez et al., 2009).

Changes in the expression of DPGs during development are associated with differences
in drug metabolism between children and adults. Fetal liver microsomes have extremely
high CYP3AY7 levels, but low CYP3A4, which is the major adult form (Stevens et al., 2003;

Stevens et al.,, 2008). A study of age-dependent CYP2B6 expression also found lower
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levels in infant liver when compared to adults (Croom et al., 2009). Because CYPs are
not mature at birth, and the mRNA of many hepatic transporters in all pediatric ages is
lower than in adults (Anderson, 2002; Mooij et al., 2014), newborns and children are

considered more vulnerable to xenobiotic insults (Kearns et al., 2003).

Although we and others have previously characterized the basal ontogenic expression
patterns of various DPGs in liver (Hart et al., 2009; Cui et al., 2012a; Cui et al., 2012b;
Lu, 2013; Peng, 2013), the knowledge of the inducibility of DPGs in response to
pharmacological activation of different xeno-sensors during development is still limited. It
is critical to obtain this information because newborns and children are exposed to
xenobiotics from the diet and other sources. Although it is known that the DPGs are
expressed at various levels during development, it is not known whether these DPGs at
younger ages are more or less inducible. Therefore, the goal of this study was to
investigate age-specific regulation of DPGs in mouse livers by ligands of xenobiotic-
sensing transcription factors, at various ages, namely 2-, 5-, 25-, and 60-days of age. The
profiles of gene regulation by three different transcription factors (AhR, CAR and PXR)
can potentially provide insights to understand the molecular basis of drug-drug

interactions and adverse drug reactions in therapy of children.

MATERIALS AND METHODS
Animals
Eight-week-old male C57BL/6 mice were purchased from Charles River Laboratories, Inc.

(Wilmington, MA) to be used as breeders. All mice were housed according to the
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American Animal Association for Laboratory Animal Care guidelines and were bred under
standard conditions at the University of Kansas Medical Center. Mice were allowed ad
libitum access to food and water and were acclimated to the housing facility for at least 1
week before breeding. The offspring of mice were injected intraperitoneally with a single
dose of vehicle (corn oil), AhR ligand (TCDD at 40 ug/kg), CAR ligand (TCPOBOP at 300
Ma/kg), or PXR ligand (PCN at 200 mg/kg) at 2-, 5-, 25-, and 60-days of age, and tissues
were collected 24h later. Livers were frozen immediately in liquid nitrogen and stored at -
80°C. All studies were approved by the Institutional Animal Care and Use Committee at

the University of Kansas Medical Center.

Total RNA isolation

Total RNA was isolated from frozen liver tissue using RNA Bee reagent (Tel-Test Inc.,
Friendswood, TX) according to the manufacturer's protocol. The concentration of total
RNA was quantified spectrophotometrically at 260 nm using a NanoDrop 1000
Spectrophotometer (Thermo Scientific, Waltham, MA). The integrity of each RNA sample
was evaluated by formaldehyde agarose gel electrophoresis before analysis, and

confirmed by visualization of 18S and 28S rRNA bands.

Quantification of MRNA by RT-qPCR assay

Total RNA was reverse-transcribed to cDNA using iScript cDNA Synthesis Kit from Bio-
Rad (Hercules, CA) in a final volume of 10 pl containing 5X iScript reaction mix, 0.5 ul
iScript reverse transcriptase, 1 g total RNA and nuclear-free water. The samples were

incubated at 25°C for 5 min, 42°C for 30 min, and reverse transcriptase was inactivated
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by heating at 85°C for 5 min. The cDNA samples were subsequently amplified by PCR,
using SsoAdvanced Universal SYBR Green Supermix in a Bio-Rad CFX384 Real-Time
Detection System (Hercules, CA). A volume of 2 ul of appropriate diluted cDNA sample
was added to 8 pl of the PCR master mix, containing SsoAdvanced universal SYBR
Green supermix (2X), 200n forward and reverse primer and nuclear-free water. The
thermal cycling conditions comprised an initial denature step at 95°C for 30 s, 40 cycles
at 95°C for 15 s, 60°C for 30 s and 72°C for 30 s. The primers for all real-time PCR
reactions were purchased from Integrated DNA Technologies (Coralville, IA), and the
sequences are shown in Supplement Table 1. The dCq values of each target gene were
calculated after subtracting the average Cq values of B-actin, and the ddCq values for
each target gene were expressed as percentage of the housekeeping gene B-actin. The

full name of each gene and its function are shown in Supplement Table 2.

Western blotting

Whole liver homogenates were prepared using ST buffer (250 mM sucrose, 10 mM tris
base, pH 7.5) with protease inhibitor, and protein concentrations were determined using
the Qubit Protein Assay Kit (Thermo Fisher Scientific, Grand Island, NY) according to the
manufacturer's instructions. The crude membranes were prepared from these samples
as described previously (Aleksunes et al. 2006). The samples were subjected to
polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride
(PVDF) membrane. The membranes were blocked in phosphate-buffered saline with
2.5% Tween 20 (PBST) with 5% nonfat dry milk for 1 h and incubated overnight with one

of the following primary antibodies diluted in PBST with 1% milk: 1) rabbit anti-mouse
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Cyp2b10 mAb (AB9916, 1:5000, EMD Millipore); 2) mouse anti-rat Cyp3all mAb (clone
2-12-1, 1:500), which was a generous gift from Dr. Frank Gonzalez at the National Cancer
Institute; 3) rabbit anti-mouse Oatpla4 (1:1000, University of Kansas Medical Center);
and 4) rat anti-mouse Mrp4 (1:2000, Abcam, Cambridge, MA). After washing, the
membranes were incubated for 1 h with a species-appropriate secondary antibody
(Sigma Aldrich, St. Louis, MO) diluted in PBST with 1% milk. HRP-linked secondary
antibodies were applied at 1:2000 to detect the proteins. The membranes were washed
and incubated with Novex ECL Chemiluminescent Substrate Reagent Kit (Life
Technologies, Carlsbad, CA). Membranes were stripped and re-probed with antibodies
against B-actin (Abcam, Cambridge, MA) as the loading control. Intensities of the protein
bands were quantified using the Image J Software (National Institutes of Health,

Bethesda, MD).

Enzyme Activity in Mouse Liver Microsomes

Liver microsomes were isolated using differential centrifugation as described previously
(Pelkonen et al., 1974). Frozen liver samples were weighed and transferred to a Teflon
pestle/glass homogenizer with 5 volumes (w/v) ST buffer (10 mM Tris base, 250 mM
sucrose, pH 7.5) containing protease inhibitor cocktail (1:100). The homogenates were
centrifuged at 10,000 g for 10 min at 4°C. The supernatants were transferred to a clean
centrifuge tube and centrifuged at 100,000 g for 60 min at 4°C. The pellets were washed
with 1 ml ST buffer, and dissolved in 100 ul of ST buffer with protease inhibitor. P450
enzyme activity was measured using P450-Glo™ Screening system (Promega, Madison,

WI). P450 reactions (50 pl) were performed in white opaque 96-well plates. Briefly, a
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luminogenic P450-Glo™ substrate was incubated at 37°C with 10 ug of liver microsomal
protein, control membrane, or positive P450 enzyme for 10 min (100 uM Luciferin-ME for
Cypla, 3 pM Luciferin-2B6 for Cyp2b, or 3 uM Luciferin-IPA for Cyp3a). The reactions
were initiated by adding the NADPH-regeneration system and incubated for 10 min. At
the end of the incubations, an equal volume of the luciferin detection reagent (50 pl) was
added at room temperature, and luminescence was quantified 20 min later using a
Glomax™ 96 Microplate Luminometer (Promega Corporation, Madison, WI). The
magnitude of the light signal is dependent on and directly proportional to the amount of

luciferin product generated by the P450 reaction.

Statistical Analysis

Data are presented as mean + SEM. To test the effect of both age and chemicals on the
gene expression of DPGs, data were analyzed using a generalized linear model followed
by the Duncan’s Post Hoc test (p<0.05) using the SPSS software (Armonk, New York).
To test the effect of age on the basal MRNA expression of DPGs, data from only corn oil-
treated group at various ages were analyzed. Among the DPGs that displayed significant
age vs. chemical interactions, individual generalized linear model was applied to identify
the inducibility of DPGs by the xenobiotic-sensor ligands at each specific age. Asterisks
(*) represent significant differences between vehicle and chemical-treated mice at the

same age.

RESULTS

Effect of age and chemicals on the gene expression of DPGs

10
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According to the generalized linear model analysis, 24 out of 29 DPGs displayed
statistically significant interaction between age and chemicals, suggesting that the effect
of chemical-mediated changes in the mRNA expression of the majority of DPGs was age-
specific (Supplement Table.3).  Regarding the age effect, the basal mMRNAs of most
DPGs were lowly expressed during neonatal ages (Day 2 and Day 5), but gradually
increased to adult levels; whereas some DPGs (Cypla2, Cyp2bl0, Cyp3all, Gstmz2,
Gstm3, Papss2, Oatpla4d) exhibited an adolescent-predominant expression pattern, with
the highest constitutive expression observed at Day 25. Sultlel appeared to be the only
DPG of which the mRNA was not influenced by age. In summary, age not only impacts
the constitutive expression but also the inducibility of DPGs in the liver. The DPGs in

each category are described as followings.

Developmental regulation of mRNA for Phase-l drug-metabolizing enzymes by
xeno-sensor ligands

To determine the effect of the ligands for the 3 xenobiotic-sensing transcription factors on
the expression of their prototypical target genes in liver at various developmental ages,
the mRNAs of Phase-I drug-metabolizing enzymes Cypla2 (AhR-target), Cyp2b10 (CAR-
target), and Cyp3all (PXR-target) were quantified in vehicle and ligand-treated groups
(Fig. 1A, 1B, 1C). Only the AhR-ligand TCDD markedly up-regulated the mRNA of
CyplaZ2 at all ages, and as anticipated neither the CAR-ligand TCPOBOP nor the PXR-
ligand PCN altered the Cypla2 mRNA expression at any age (Fig. 1A1). Regarding the
abundance of Cypla2 mRNA, the basal mMRNA expression of Cypla2 was low at 2-day

of age (neonatal) but significantly increased 7.7-fold in 25-day-old mice, and 19.7-fold in
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60-day-old mice (Fig. 1A1). Interestingly, compared to the vehicle-treated group of the
same age, the fold-induction of Cypla2 mRNA was most prominent at 2- and 5-days of
age (25.4-fold and 25.2-fold, respectively), compared to 3.3-fold at 25-days of age and
14.9-fold at 60-days of age (Fig. 1A2). Although the age-specific fold-change mediated
by TCDD was not the highest in the 60-day adult group, the mRNA abundance of Cypla2

in liver of TCDD-treated mice was the highest at this age (Fig. 1A1, 1A2).

Regarding the prototypical CAR-target gene Cyp2b10, only TCPOBOP produced a
marked increase in mRNA at all 4 ages as anticipated, and the other 2 chemicals did not
alter Cyp2b10 mRNA in liver during development (Fig. 1B1). Regarding the abundance
of Cyp2b10 mRNA, the basal mRNA of Cyp2b10 was low at all ages, but significantly
increased at Day 25 and Day 60, and the basal Cyp2b10 mRNA was highest at 25-days
of age (Fig. 1B1). Compared to the vehicle-treated group of the same age, the fold-
induction of Cyp2b10 mRNA was 55.0-fold at 2-days of age, followed by a 279-fold at 5-
days of age, which then reached a 400-fold at 25-days of age, and 263-fold at 60-days of
age (Fig. 1B2). Therefore, the fold-increase of Cyp2b10 mRNA was up-regulated the

most at 25-days of age (adolescent).

The basal expression of Cyp3all mRNA was low in neonatal ages, but gradually
increased at 25-day of age, and finally reached its adult level by 60-day of age (Fig. 1C1).
Compared to the vehicle-treated group of the same age, the AhR-ligand TCDD down-
regulated Cyp3all mRNA at 2-day (63.1%) and 25-day (57.4%) of age (Fig. 1C2). In

contrast, the CAR-ligand TCPOBORP increased Cyp3all mRNA at all 4 developmental
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ages: 70% at Day 2, 220% at Day 5 (highest fold-increase), 120% at Day 25, and 130%
at Day 60. The PXR-ligand PCN-treated groups increased Cyp3all mRNA at 5- and 60-

days of age (130% and 160%, respectively), but not at the other two ages (Fig. 1C2).

In summary, the expression of the 3 prototypical xeno-sensor target genes has
demonstrated that 1) the fold-induction of the xeno-sensor target gene expression is age-
specific; 2) there appears to be interactions between different pathways, that is, the AhR-
ligand decreases Cyp3all, and both the CAR- and PXR-ligands can activate the PXR-
target gene Cyp3all. To further investigate the age-specific effects of the 3 xeno-sensor
ligands on the expression of drug-metabolism and transport pathways in liver, the mRNA
expression of other important drug-processing genes was quantified at the 4
developmental ages. These genes were selected based on a previous publication
showing that they are bona fide targets of AhR, CAR, and/or PXR in adult male livers

(Aleksunes and Klaassen, 2012).

The aldehyde dehydrogenases are important Phase-l enzymes that metabolize
aldehydes, and among which, Aldhlal and Aldhla7 are up-regulated by TCPOBOP in
adult mouse liver (Aleksunes and Klaassen, 2012). Regarding the mRNA abundance of
these Aldhs, all three genes were minimally expressed at 2- and 5-days of age, followed
by a gradual increase during development, and the highest mRNA levels in livers were
observed in 60-day adult liver (Fig. 1D1, 1E1, 1F1). Compared to the vehicle-treated
group of the same age, TCDD did not appear to alter the mRNAs of these Aldhs, except

for a 31.8% decrease inthe Aldhlal at 25-days of age (Fig. 1D2, 1E2, 1F2). In contrast,
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consistent with the literature (Aleksunes and Klaassen, 2012), TCPOBOP increased the
MRNAs of Aldhlal (180%) and Aldhla7 (150%) in mice at 60-day of age (adult). In
addition, TCPOBOP increased the mRNAs of Aldhlal (40%) and Aldhla7 (30%) at 25-
day of age, but to a lesser extent. TCPOBOP also increased Aldhla7 mRNA (100%) in
livers of mice at 5-day of age, but it did not alter Aldhlal at 5-day of age, or any of the
Aldhs inmice at 2-day of age. PCNincreased the mRNAs of Aldhlal (90%) and Aldhla7
(60%) at 60-day of age, but decreased Aldhlal (65% at Day 5, 68.6% at Day 25) and
Aldhla7 (68% at Day 25) during neonatal and adolescent ages, as well as Aldh7al at 5-

day of age (35.4%) (Fig. 1D2, 1E2, 1F2).

Developmental regulation of Phase-ll glutathione S-transferases (Gsts) and
Sulfotransferases (Sults) by xeno-sensor ligands

The mRNA expression of Gst isoforms was minimally expressed at 2- and 5-days of age
(neonatal), but gradually increased to adult levels by 25- or 60-days of age (Fig. 2A1-
2G1). Compared to the vehicle-treated group of the same age, the PXR-ligand PCN
increased the mMRNA expression of Gstal (110%) and Gsta4 (40%) at 25-day of age (Fig.
2A2 and 2B2) and the AhR-ligand TCDD only increased the mRNA of Gstal at 60-day of
age (63.5%), whereas none of the three chemicals significantly altered the mRNAs of
Gstml and Gstm4 (Fig. 2C2, 2F2). Regarding the other Gstm isoforms, the PXR-ligand
PCN up-regulated Gstm2 mRNA (48%) at 2-day of age, and Gstm3 mRNA at all ages
(170% at Day 5, 80% at Day 25, 2.4-fold at Day 60, respectively) (Fig. 2D2 and 2E2). The
AhR-ligand TCDD induced Gstm2 mRNA (23%) at 60-days of age (Fig. 2D2, 2E2). In

contrast, PCN appeared to down-regulate Gsttl mRNA (23%) at 5-day of age (Fig. 2G2).
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As for the expression of Sult isoforms in liver, Sultlel mRNA was lowly expressed at all
ages (Fig 3A1) with no statistical difference. Compared to the vehicle-treated group of
the same age, the mRNA expression of Sultlel was highly inducible by PCN at 25-day
of age (10.1-fold) (Fig. 3A2). Regarding the abundance of Sult5al mRNA, it gradually
increased from neonatal level and finally reached its adult level at 60-day of age.
Compared to the vehicle-treated group of the same age, Sultbal mRNA was induced by
TCDD at both 5-day (4.3-fold) and 60-day (120%) of age, and the highest fold-increase
of Sult5al was observed in 5-day-old mice. The Sult5al mRNA was also up-regulated by
TCPOBOP at 60-day of age (100%), but down-regulated by PCN at 25-day of age (79%
decrease) (Fig. 3B2). With regard to the enzyme that synthesizes the co-substrate for
sulfation reactions, namely 3’-phosphoadenosine 5’-phosphosulfate synthase 2
(Papss2), its basal mMRNA was minimally expressed at neonatal ages, but gradually
increased to adult level, and the highest basalMRNA expression of Papss2 was observed
in liver of 25-day-old mice (Fig. 3C1). Compared to the vehicle-treated group of the same
age, TCDD decreased the Papss2 mRNA at Day 2 (50%) and Day 25 (56%), but not at
the other ages (Fig. 3C2). TCPOBOP up-regulated Papss2 mRNA at all ages except for
2-days of age (80% at Day 5, 60% at Day 25 and 100% at Day 60, respectively). PCN
up-regulated Papss2 mRNA only at 60-day of age (120%), but moderately decreased

Papss2 mRNA at 25-day of age (34%) (Fig. 3C2).

Developmental regulation of Phase-ll UDP-glucuronosyltransferases (Ugts) by

xeno-sensor ligands
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To determine the effect of xenobiotic-sensor ligands mediated changes in the expression
of Ugts that are known to be bona fide targets of at least one of the 3 xenobiotic-sensing
transcription factors in adult mice (Aleksunes and Klaassen, 2012), the mRNAs of these
Ugt isoforms, namely Ugtlal, 1a6, 1a9, 2b34, 2b35, and 2b36 were quantified at the 4
developmental ages (Fig. 4A1-4F1). Regarding the basal expression of Ugtlal mRNA,
itgradually increased to adult levels by 60-day of age (Fig. 4A1). Compared to the vehicle-
treated group of the same age, Ugtlal mRNA was inducible by the CAR-ligand
TCPOBORP at both 2- (70%) and 25-day of age (60%), as well as by the PXR-ligand PCN
at 25-day of age (80%). The highest fold-change was observed in livers from 25-day-old,
PCN-treated mice (Fig. 4A2). This is consistent with our previous findings that hepatic
Ugtlal expression was inducible by the CAR-ligand TCPOBOP or the PXR-ligand PCN,
but to a lesser extent. The reason for this lower level of induction is probably due to the
different dosage schedule, using only a single injection in this study, compared to
previous study in which the mice were dosed once daily for four consecutive days

(Aleksunes and Klaassen, 2012).

The basal mRNA expression of Ugtla6 and Ugtla9 was low in neonatal ages, but
gradually increased to adult levels by 60-day of age (Fig 4B1, 4C1). Both Ugtla6 and
Ugtla9 were up-regulated by the AhR-ligand TCDD in an age-specific manner (Fig. 4B1,
4C1). Compared to the vehicle-treated group of the same age, Ugtla6 mRNA was
inducible by TCDD at 25-day (110%) and 60-day (70%) of age. Although the highest fold-
increase of Ugtla6 was observed inthe TCDD-treated group at 25-days of age (Fig. 4B2),

the highest mRNA values were seen in 60-day-old TCDD-treated mice (Fig. 4B1). The
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fold-induction of Ugtla9 mRNA by TCDD was observed at both 5-day (40%) and 60-day
(40%) of age (Fig. 4C2). Consistently, the highest mRNA value of Ugtla9 was also

observed in 60-day-old TCDD-treated mice (Fig. 4C1).

Ugt2b34 mRNA increased gradually to adult levels by 25-days of age (Fig. 4D1), whereas
Ugt2b35 mRNA was minimally expressed at 2- and 5-days of age, followed by significant
increase only at 60-day of age (Fig. 4E1). Compared to the vehicle-treated group of the
same age, TCDD had no effect on the mRNAs of Ugt2b34 or 2b36 at any age (Fig. 4D1,
4F1), whereas it significantly induced the mRNA expression of Ugt2b35 at 25-day of age
(81.2%). TCPOBOP increased the mRNAs of Ugt2b34 at all ages except 2-day of age
(50% at Day-5, 150% at Day-25 and 100% at Day-60). In contrast, PCN increased
Ugt2b34 only at Day 60 (100%). The highest fold-increase of Ugt2b34 mRNA was seen
in 25-day-old TCPOBOP-treated mice (Fig. 4D2). Similarly, TCPOBOP also induced the
MRNA of Ugt2b35 at all ages except at 5-day of age (100% at Day 2, 120% at Day 25,
and 110% at Day 60). As shown, the highest fold-increase of Ugt2b35 was seen in 25-
day-old TCPOBOP-treated mice (Fig. 4E2). The fold-increase of Ugt2b36 mRNA was

only seen in 60-day-old TCPOBOP-treated mice (70%) (Fig. 4F2).

Developmental regulation of transporters by xeno-sensor ligands

The mRNA of the uptake transporter Oatpla4 was minimally expressed at neonatal ages
(2- and 5-day of age), but significantly increased after 25-day of age (Fig. 5Al).
Compared to the vehicle-treated group of the same age, the mRNA of Oatplad4 was

significantly down-regulated by TCDD at both Day 2 and Day 25 (61.6% and 62.8%,
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respectively), whereas it was up-regulated by TCPOBOP (60%) and PCN (100%) at 5-
day of age (Fig. 5A2). At 25-day of age, PCN up-regulated Oatpla4 mRNA (60%). At 60-
day of age, neither TCDD nor TCPOBOP altered the quantity of Oatplad mRNA;

however, PCN markedly induced the fold-change of Oatpla4 mRNA (5.8-fold) (Fig. 5A2).

The mRNA of efflux transporters Mrp2 and Mrp3 were gradually increased to adult levels
at 60-day of age (Fig. 5B1, 5C1). Compared to the vehicle-treated group of the same
age, the mRNA of Mrp2 was not altered by the AhR-ligand TCDD at any age; however, it
was markedly up-regulated by the CAR-ligand TCPOBOP (5.3-fold) and the PXR-ligand
PCN (3.7-fold) at 2-days of age. It was also up-regulated by TCPOBOP at Day-25 (80%)
and Day-60 (80%), but to a lesser extent (Fig. 5B2). Compared to the vehicle-treated
group of the same age, the mRNA of Mrp3 was not altered by any of these three
chemicals at 2-day or 60-day of age, but with minor up-regulation by TCDD at Day 25
(50%) (Fig. 5C2). TCPOBORP also up-regulated Mrp3 mRNA at 5-day (90%) and 25-day
(80%) of age. The highest fold-increase of Mrp3 mRNA was observed in 25-day-old PCN-
treated mice (140%) (Fig. 5C2). Comparing to the vehicle-treated group of the same age,
Mrp4 mRNA was inducible by all these 3 chemicals at various ages. The CAR-ligand,
TCPOBOP, up-regulated Mrp4 mRNA at both 2-day (50%) and 5-day (80%) of age, but
not at the other two ages. The AhR-ligand, TCDD, induced a fold-increase of Mrp4 mRNA
at both 25-day (190%) and 60-day (130%) of age. As shown, the highest fold-increase

of Mrp4 mRNA was observed in 25-day-old PCN-treated mice (3.8-fold) (Fig. 5D2).

18

20z ‘LT 1udy UoSeUINor 13dSY e BIo'sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on November 17, 2015 as DOI: 10.1124/dmd.115.066639
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 66639

In summary, as shown in Table 1, some of the DPGs were most induced at the neonatal
ages (2- and 5-days of age), whereas others were induced most at the adolescent or
adult ages. For example, the DPGs were up-regulated in livers of neonatal mice with the
highest fold induction observed for the mRNAs of Cypla2, Sult5al and Ugtla9 by TCDD;
Cyp3all and Mrp2 by TCPOBOP; Gstm2 and Gstm3 by PCN. Some DPGs were up-
regulated the most in livers of adolescent mice with the highest fold-increase observed
for the mRNAs of Ugtla6 and Mrp4 by TCDD; Cyp2b10, Ugt2b34, and Ugt2b35 by
TCPOBOP; as well as Gstal, Gsta4, Sultlel, Ugtlal, Mrp3, and Mrp4 by PCN. Other
DPGs were up-regulated the most in adult livers: Aldhlal, Aldhla7 and Ugt2b36 by
TCPOBOP; as well as Papss2, and Oatpla4 by PCN. Therefore, a marked difference in
the fold-induction of the prototypical xeno-sensor target genes was observed during liver
development, suggesting that age plays a major role in the sensitivity of the hepatic drug-

processing machinery to xenobiotics.

Expression of xenobiotic-sensing transcription factors

To determine whether the chemicals that activate the 3 transcription factors also increase
the mRNA of the transcription factors, the mRNAs of AhR, CAR, and PXR were quantified
in control and the ligand-treated conditions. Regarding the abundance of AhR, CAR, and
PXR mRNA, they were minimally expressed at Day-2 and Day-5 neonatal ages, but
reached the highest mMRNA level at the adolescent age of Day-25 (Fig. 6Al, 6B1, 6C1).
Compared to the vehicle-treated group, the AhR mRNA was not altered by any chemical
at Day-2 or Day-5 neonatal ages; however, at Day-25, the AhR-ligand TCDD and the

PXR-ligand PCN both decreased the AhR mRNA 46.5% and 67.7%, respectively. At 60-
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days of age, both the CAR ligand TCPOBOP and PXR-ligand PCN up-regulated the AhR

MRNA (150% and 200%, respectively) (Fig. 6A2)

The basal mRNA expression of the transcription factor CAR was significantly increased
in both 25- and 60-day-old mice as compared to its neonatal level (Fig. 6B1). Compared
with the vehicle-treated group of the same age, the mRNA of CAR was not altered by its
ligand TCPOBOP at any age. However, at Day 25 and Day 60, the AhR-ligand TCDD
induced the mRNA expression of CAR (90% and 180% respectively); whereas this effect
was not observed during neonatal ages. Interestingly, the PXR-ligand PCN also up-
regulated CAR mRNA at 2-days of age (100%). But during development, PCN down-
regulated CAR mRNA at both Day 5 (48.6%) and Day 25 (63.5%). The highest fold-

change of CAR mRNA was observed in 60-day-old TCDD-treated mice (Fig. 6B2).

Similarly, the basal mMRNA expression of the transcription factor PXR was also
significantly expressed after 25-day of age (Fig. 6C1). Compared with the vehicle-treated
group of the same age, PXR mRNA was not altered by any of the 3 chemicals in 5- and
60-day-old mice (Fig. 6C2). At 2-day of age, TCDD down-regulated PXR mRNA (64.4%),
whereas PCN markedly up-regulated PXR mRNA (150%, highest fold change). At 25-
days of age, both TCDD and PCN decreased PXR mRNA (30.1% and 48.1%,

respectively) (Fig. 6C2).

Protein expression
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Western blot analysis was conducted for the Phase-lI drug-metabolizing enzymes
Cyp2b10, Cyp3all, uptake transporter Oatpla4, and efflux transporter Mrp4 (Fig. 7A).
Compared to the wvehicle-treated group at the same age, Cyp2bl0 protein was
persistently up-regulated by CAR-ligand TCPOBOP at all ages (3.5-fold, 5.9-fold and 5.1-
fold, respectively), whereas the PXR-ligand PCN induced 4.1-fold increase of Cyp2b10
protein only at 25-days of age. At 5- and 60-days of age, PCN tended to increase 87%
and 32% of Cyp2bl0 protein expression although a statistically significance was not
achieved (Fig. 7E). Another drug-metabolizing enzyme Cyp3all was markedly
increased in response to TCPOBOP (141%) and PCN (115%) at 5-days of age. Cyp3all
protein was also induced by both TCPOBOP (40%) and PCN (65.3%) at 25-days of age
but to a lesser extent. However, the protein expression of Cyp3all was not altered by
any of these 3 chemicals in adult mice (Fig. 7D), suggesting the possibility of post-
transcriptional control during development. The protein expression of Oatpla4 was not
altered by TCPOBOP at any age group, but in PCN-treated mice Oatpla4 was elevated
at both 25- and 60-days of age (30.6% and 67%, respectively) (Fig. 7C). The protein
expression of Mrp4 was increased by both TCPOBOP (60.9%) and PCN (78.5%) at 5-
days of age. At 25-days of age, PCN also increased Mrp4 protein expression (69.1%)

(Fig. 7B)

Enzyme activities
To determine the enzyme activities of target genes of xenobiotic-sensing transcription
factors, three major DPGs, namely Cypla, Cyp2b, and Cyp3a, were quantified (Fig. 8A,

8B, 8C). Because of the limited amount of mouse livers collected at 2-days age, the
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enzyme activities were only conducted at 5-, 25- and 60-days age groups. Compared to
the vehicle-treated group of the same age, the fold-induction of Cypla activity was most
prominent at the 5-days of age (3.5-fold), followed by a moderate up-regulation at 25- and
60-days of age (40% and 20%, respectively) (Fig. 8A). The activity of Cyp2b was
significantly up-regulated by TCPOBOP at 25- and 60-days of age compared with the
activity in the vehicle-treated groups (140% and 90%, respectively), with the highest fold
induction in 25-day-old adolescent mice (Fig. 8B). The Cyp3a activity was induced in
TCPOBOP-treated mouse livers (2.8-fold, 6-fold, and 8.7-fold respectively) at all ages,
whereas this induction was also observed in PCN-treated group only at 25- and 60-days

of age (18.4-fold and 17-fold, respectively) (Fig. 8C).

Discussion

In conclusion, the current study has provided critical information regarding the age-
specific regulation of drug-metabolizing enzymes and transporters in mouse liver by the
prototypical ligands of three major xenobiotic-sensing transcription factors, including
AhR-ligand TCDD, CAR-ligand TCPOBOP, and PXR-ligand PCN. This study has
demonstrated that age not only influences the constitutive expression but also the

inducibility of DPGs in liver by these chemicals.

Characterization of the developmental expression patterns of DPGs is of importance to
predict drug clearance, efficacy, and risk of adverse drug reactions in neonates and
children (Hines, 2007). In adults, it is well known that exposure to microsomal enzyme

inducers can induce the expression of some Phase-l and Phase-ll drug metabolizing
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enzymes as well as transporters (Aleksunes and Klaassen, 2012). Earlier studies have
characterized the ontogeny of many drug metabolizing enzymes during human liver
development (de Wildt et al., 1999), including hepatic cytochrome P450s (Hines, 2007),
flavin-containing monooxygenases (FMO) (Hines, 2006), sulfotransferases (Richard et
al., 2001), UDP-glucuronyltransferases (Strassburg et al., 2002) as well as transporters
(Mooij et al., 2014). There are profound changes occurring in the basal ontogenic

expression of drug-metabolizing enzymes in human liver during development.

Little is known about the inducibility of DPGs in pediatric patients, mainly due to ethical
concerns for conducting chemical exposure experiments in humans during development.
Considering the highly conserved nature of numerous DPGs between mouse and
humans, the mouse model has become a common tool to recapitulate the regulation of
the DPGs in humans. Moreover, the mouse model has many technical advantages such
as easy to maintain, minimized influences from gene variation, environment, and dietary
factors. Lots of studies using wild-type, knockout, and transgenic mice have reported
gene expression profiles in mouse livers for many DPGs (Cui et al., 2009; Hart et al.,
2009; Aleksunes and Klaassen, 2012), and these studies have provided mechanistic

information into the regulation of DPGs in vivo.

In mouse livers, using RNA-sequencing, we have characterized the ontogenic expression
of many drug-processing genes under basal conditions at various ages, including various
Phase-l enzymes (Peng et al., 2012; Peng et al.,, 2013), Phase-ll enzymes (Lu et al,,

2013) and transporters (Cui et al., 2012a). However, there is acritical gap in the literature
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regarding whether xenobiotics that activate AhR, CAR, and PXR are able to increase the
expressions of DPGs in younger animals as in adults. Previous studies have illustrated
various inducibility of drug metabolizing enzymes during development in different species.
For example, the hepatic glutathione S-transferase (Gst) exhibited functional
heterogeneity in mice, rats, rabbits and guinea pigs after pretreatment with Gst inducers
(Gregus et al,, 1985); The ontogenetic expression and localization of Cyplal and
Cypla2 in the livers of rabbits are differently regulated with increasing age (Rich et al.,
1993); More studies used the rat model to identify the activities of P450 after maximal
induction, such as Cyplal/la2 and 2b1/2b2 by phenobarbital (Horbach et al., 1992;
Agrawal and Shapiro, 1996), Cyp3a by dexamethasone (Lee and Werlin, 1995; Wauthier
et al., 2004), or Cyp induction (1a, 2b, 3a) by inducer dimethyicyclosiloxanes in fetal liver
of rats (Falany and Li, 2005). However, most of these studies are limited to one category
of drug metabolizing enzymes in response to a single inducer. Moreover, it appears that
the effect of age cannot be generalized for the various P450s, and the influence of age
on one specific P450 is dependent on the type of inducer used (Horbach et al., 1990).
Therefore, our study has filled the critical knowledge gap regarding the inducibility of the

DPGs at various ages.

Studies have shown that activation of these transcription factors by specific inducers play
an important role in the induction of their associated target genes in adult mouse livers
(Aleksunes and Klaassen, 2012). As expected, in the present study, the prototypical
target genes for each transcription factor were markedly induced in adult mice inresponse

to their corresponding ligands. For example, the AhR-ligand TCDD, CAR-ligand
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TCPOBOP, and PXR-ligand PCN markedly up-regulated the mRNAs of CyplaZ2,
Cyp2b10, and Cyp3all, respectively, in adult mouse livers (Fig. 1). Similar to findings in
the prior publication, these three xeno-sensor ligands were also involved in the up-
regulation of target genes of other transcription factors. For example, previous studies
using AhR-null mice reported that Sult5al, Ugtla6, and Ugtla9 were all AhR-target
genes, whereas in this study TCDD also induced the mRNA expression of some Phase-
I drug-processing genes (such as Sult5al, Ugtla6 and Ugtla9) in liver of 60-day-old
mice (Fig. 3B1, 4B1, 4C1) (Petrick and Klaassen, 2007; Aleksunes and Klaassen, 2012).
The activation of CAR signaling by TCPOBOP resulted in the up-regulation of a series of
genes as shown in Fig.1-5, including Phase-l (Cyp3all, Aldhlal, Aldhla7), Phase-ll
(Sultsal, Papss2, Ugt2b34, Ugt2b35, Ugt2b36), and transporters (Mrp2). Asillustrated in
previous studies, these genes are known CAR-target genes, and significantly induced by
TCPOBORP to various degrees, for example Cyp3all mRNA in adult male mice was
induced 2- to 3-fold, Aldhlal 2-fold, Aldhla7 3-fold, and Mrp2 1.5-fold (Aleksunes and
Klaassen, 2012). In addition, activation of PXR by its ligand PCN also significantly
induced the expression of the Oatpla4 transporter, as shown in the previous study. The
consistent findings of the present study in adult mice livers provide evidence for the
involvement of transcription factors in the regulation of Phase-I, Phase-Ill, and transporter

expression.

Some DPGs, which shown to be induced by the transcription factor ligands in the previous

literature (Aleksunes and Klaassen, 2012), were not significantly altered in the present

study. For example, the prior studies on adult male mice livers showed up-regulation of
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the mRNA expressions by AhR-ligand TCDD (Cyp2b10 and Ugt2b35); CAR-ligand
TCPOBOP (Cypla2, Gstal, Gsta4, Gstml-m4, Gsttl, all Sult enzymes, Ugtlal, Ugtla9,
Mrp3, and Mrp4); and PXR-ligand PCN (Gstal, Gstml-m3, Ugtlal, and Ugtla9)
(Aleksunes and Klaassen, 2012). This difference may be due to the differences in the
dosing regimen, in that mice in the present study were treated only once with the same
dose as previous studies in which the mice received four consecutive-days of treatment.
However, even though these genes were not altered by ligands at 60-days of age in this
study, there were remarkable up-regulation occurring at younger ages, suggesting that

younger ages are more sensitive to the xenobiotic-mediated DPG up-regulation.

The mRNA and protein up-regulation of Cypla2 by TCDD was consistent at 5-days of
age; however, we did not observe a significant up-regulation of the Cypla2 protein at
other developmental ages, whereas the Cypla2 mRNA remained to be up-regulated.
The mechanisms underlying such discrepancy between the mRNA and the protein levels
remain unknown, but it is possible that post-transciptional modifications, such as mRNA
degradation by miRNAs, may play a role. These mechanisms will be addressed in future
studies. Another examples are that, at 25-days age, PCN tended to increase the
Cyp3all mRNA, although a statistical significance was not achieved; however, PCN
significantly up-regulated the Cyp3all protein and enzyme activity at 25-days of age. At
60-days of age, the Cyp3all mRNA was up-regulated by both TCPOBOP and PCN, but
there was no significant change on the protein level inthese two treatment groups. Such

discrepancy is likely regulated by post-transcriptional mechanisms.
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Although the regulation of many DPGs share great similarities between mice and humans,
there are certain species differences in the nuclear receptors mediated gene expression
(Gregus et al., 1985; Dickins, 2004; Lin, 2006; Hewitt et al., 2007; Mueller et al., 2010;
Gonzalez et al., 2015). For example, TCPOBOP can only activate the mouse CAR
resulting in an up-regulation of Cyp2b, but not the human CAR target gene CYP2B6
(Dickins, 2004); PCN is a potent activator of the mouse PXR resulting in an up-regulation
of Cyp3a, but it has little effect on the human PXR, which alternatively is known to be
induced by rifampicin (Hewitt et al., 2007). Activation of the mouse CAR by phenobarbital
results in increased cell proliferation and liver tumor formation; however, phenobarbital
does not cause tumor in humans, and in fact, it has long been used as a therapeutic drug
to treat conwulsion (Whysner et al., 1996). The species differences of the nuclear
receptors are likely due to the differences in their ligand binding domains between human
and rodents. Therefore, it is important to compare the mouse data with the pediatric

patient data in future studies.

Taken together, the present data provide important insight into the age-specific xenobiotic
regulation of drug-metabolizing and transporter genes during development.
Understanding this gene regulation is critical to predict drug disposition, distribution,
metabolism and elimination across all ages, and can thus decrease the risk of an adverse

reaction during drug treatment in pediatric patients.
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Figure Legends

Figure 1. The mRNA expression of Phase-l drug-metabolizing enzymes in livers of wild-
type male mice after treatment with corn oil (vehicle), TCDD (AhR ligand), TCPOBOP
(CAR ligand), or PCN (PXR ligand) at 2, 5, 25, and 60-days of age (n=4~6 per group).
The expression measured in triplicate are first normalized to the expression of the
housekeeping gene B-actin, and then are expressed as fold-changes compared to
vehicle-treated group at that particular age. Asterisks (*) represent statistical difference

(p<0.05) compared to the vehicle-treated group at the same age.

Figure 2: The mRNA expression of Phase-Ill Glutathione S-transferases (Gsts) enzymes
in livers of wild-type male mice after treatment with corn oil (vehicle), TCDD (AhR ligand),
TCPOBOP (CAR ligand), or PCN (PXR ligand) at 2, 5, 25, and 60-days of age (n=4~6
per group). The expression measured in triplicate are first normalized to the expression
of the housekeeping gene [(-actin, and then are expressed as fold-changes compared to
vehicle-treated group at that particular age. Asterisks (*) represent statistical difference

(p<0.05) compared to the vehicle-treated group at the same age.

Figure 3: The mRNA expression of more Phase-ll enzymes in livers of wild-type male
mice after treatment with corn oil (vehicle), TCDD (AhR ligand), TCPOBOP (CAR ligand),
or PCN (PXR ligand) at 2, 5, 25, and 60-days of age (n=4~6 per group). The expression
measured in triplicate are first normalized to the expression of the housekeeping gene [3-

actin, and then are expressed as fold-changes compared to vehicle-treated group at that
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particular age. Asterisks (*) represent statistical difference (p<0.05) compared to the

vehicle-treated group at the same age.

Figure 4: The mRNA expression of Phase-ll UDP-glucuronosyltransferses (UGTSs)
enzymes in livers of wild-type male mice after treatment with corn oil (vehicle), TCDD
(AhR ligand), TCPOBOP (CAR ligand), or PCN (PXR ligand) at 2, 5, 25, and 60-days of
age (n=4~6 per group). The expression measured in triplicate are first normalized to the
expression of the housekeeping gene [(B-actin, and then are expressed as fold-changes
compared to vehicle-treated group at that particular age. Asterisks (*) represent statistical

difference (p<0.05) compared to the vehicle-treated group at the same age.

Figure 5: The mRNA expression of Uptake (Oatpla4d) and Efflux (Mrp2, Mrp3, Mrp4)
transporters in livers of wild-type male mice after treatment with corn oil (vehicle), TCDD
(AhR ligand), TCPOBOP (CAR ligand), or PCN (PXR ligand) at 2, 5, 25, and 60-days of
age (n=4~6 per group). The expression measured in triplicate are first normalized to the
expression of the housekeeping gene [B-actin, and then are expressed as fold-changes
compared to vehicle-treated group at that particular age. Asterisks (*) represent statistical

difference (p<0.05) compared to the vehicle-treated group at the same age.

Figure 6: The mRNA expression of xenobiotic-sensing transcription factors in livers of
wild-type male mice after treatment with corn oil (vehicle), TCDD (AhR ligand), TCPOBOP
(CAR ligand), or PCN (PXR ligand) at 2, 5, 25, and 60-days of age (n=4~6 per group).

The expression measured in triplicate are first normalized to the expression of the
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housekeeping gene B-actin, and then are expressed as fold-changes compared to
vehicle-treated group at that particular age. Asterisks (*) represent statistical difference

(p<0.05) compared to the vehicle-treated group at the same age.

Figure 7: Western blotting analysis of Mrp4, Oatpla4, Cyp3all and Cyp2b10 proteins in
livers of mice treated with corn oil, TCPOBOP, or PCN, at 5-, 25-, and 60-days of age (n=
3 per group). The intensities of protein bands were quantified using Image J software,
and data were normal ized to the band intensity of 3-actin protein. Asterisks (*) represent

values statistically different from the corn oil-treated mice at the same age.

Figure 8: Enzyme activities of Cypla, Cyp2b and Cyp3a in liver microsomes treated with
corn oil, TCPOBOP, or PCN, at 5-, 25-, and 60- days of age (n= 4~6 per group). The
magnitude of the luminescent signal is measured in triplicate per group, and is
proportional to the amount of luciferin product generated by the P450 reaction. Asterisks

(*) represent values statistically different from the corn oil-treated mice at the same age.
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Table 1. Highest fold-induction of drug-processing genes among neonatal (Day 2
and Day 5), adolescent (Day 25) and adult (Day 60) ages

Ages Ligand Drug-processing genes
(Xenobiotic-sensors)
Neonatal (Day 2 and 5) | TCDD (AhR) Cypla2, Sultbal, Ugtla9
TCPOBOP (CAR) Cyp3all, Mrp2
PCN (PXR) Gstm2, Gstm3
Adolescent (Day 25) TCDD (AhR) Ugtla6, Mrp4
TCPOBOP (CAR) Cyp2b10, Ugt2b34, Ugt2b35
PCN (PXR) Gstal, Gsta4, Sultlel, Ugtlal, Mrp3, Mrp4
Adult (Day 60) TCPOBOP (CAR) Aldhlal, Aldhla7, Ugt2b36
PCN (PXR) Papss2, Oatplad
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Figure 1. Phase-l drug metabolizing enzymes RT-gPCR
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Figure 2. Phase-ll drug metabolizing enzymes RT-qPCR
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Figure 4. Phase-ll drug metabolizing enzymes RT-qPCR
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Figure 7. Protein expression
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Figure 8. Enzyme activities
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