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Abstract

Aryl hydrocarbon receptor (AhR) has been increasingly recognized to play a crucial role in normal
physiological homeostasis. Additionally, disrupted AhR signaling leads to several pathological
states in the lung and liver. AhR activation transcriptionally induces detoxifying enzymes such as
cytochrome P450 (CYP) 1A and NAD(P)H quinone dehydrogenase 1 (NQO1). The toxicity
profiles of the classical AhR ligands such as 3-methylcholanthrene and dioxins limit their use as a
therapeutic agent in humans. Hence, there is a need to identify nontoxic AhR ligands to develop
AR as a clinically relevant druggable target. Recently, we demonstrated that leflunomide, a FDA
approved drug, used to treat rheumatoid arthritis in humans, induces CYP1A enzymes in adult
mice via the AhR. However, the mechanisms by which this drug induces NQO1 /n vivo are
unknown. Therefore, we tested the hypothesis that leflunomide will induce pulmonary and hepatic
NQOL1 enzyme in neonatal mice via AhR-dependent mechanism(s). Leflunomide elicited
significant induction of pulmonary CYP1A1 and NQO1 expression in neonatal mice. Interestingly,
the dose at which leflunomide increased NQO1 was significantly higher than that required to
induce CYP1A1 enzyme. Likewise, it also enhanced hepatic CYP1A1, 1A2 and NQOL1 expression
in WT mice. In contrast, leflunomide failed to induce these enzymes in AhR-null mice. Our results
indicate that leflunomide induces pulmonary and hepatic CYP1A and NQO1 enzymes via the AhR
in neonatal mice. These findings have important implications to prevent and/or treat disorders such
as bronchopulmonary dysplasia in human infants where AhR may play a crucial role in the disease
pathogenesis.
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Introduction

The aryl hydrocarbon receptor (AhR) is a member of basic - helix — loop — helix/PER —
ARNT - SIM family of transcriptional regulators [1]. The non-ligand bound AhR is
predominantly cytosolic. Ligand-induced AhR activation results in a conformational change
of the cytosolic AhR complex and release of XAP2 that exposes the nuclear localization
sequence, resulting in translocation of this complex into the nucleus [2, 3]. In the nucleus,
the AhR dissociates from the core complex, dimerizes with the AhR nuclear translocator,
and initiates transcription of many phase | and phase 11 enzymes such as cytochrome P450
(CYP) 1A1 and NAD(P)H quinone dehydrogenase 1 (NQO1) by binding to the xenaobiotic-
response elements (XREs)/AhR-response elements (AhREs) motifs in the promoter region
of these genes [4-7].

The well-established function of the AhR is to facilitate the metabolism of xenobiotics via
induction of phase | and Il enzymes [8, 9]. The phase | enzymes such as cytochrome P450
(CYP) monooxygenases introduce reactive and polar groups to their xenobiotic substrates to
facilitate excretion. In phase Il reactions, enzymes such as NQO1 conjugate the activated
substrates with glutathione, sulfate, glycine, or glucuronic acid to detoxify the substrates and
make them more polar so that they can be actively transported. Together, phase 1 and 11
enzymes detoxify toxic compounds and metabolites. The AhR is of particular interest to
toxicologists and extensive research has been conducted on its role in the bioactivation of
polycyclic and aromatic hydrocarbons and carcinogenesis [10]. However, the creation of
knockout and transgenic mice has provided mechanistic insights into the potential role(s)
that AhR might play in normal physiological homeostasis [11-14]. Hence, search for novel
and nontoxic AhR agonists is of paramount importance to understand the role of AhR and its
downstream target genes, such as CYP1A and NQO1 enzymes, in physiological and
abnormal disease states. To this end, we chose leflunomide; to test the hypothesis that
leflunomide will induce pulmonary and hepatic CYP1A and NQO1 enzymes via AhR-
dependent mechanism(s) in neonatal mice.

Leflunomide or N- (4-trifluoromethylphenyl) — 5 — methylisoxazol - 4 — carboxamide) is an
immunomodulatory drug that is used to treat rheumatoid arthritis in humans [15]. Several
studies indicate that leflunomide activates AhR and its downstream target genes such as
CYP1A enzymes, mainly in vitro [16-19]. Hu et. al. [20] have shown that leflunomide
directly binds to and activates AhR /17 vitro and induces hepatic CYP1A mRNA /7 vivoin
rats. Recently, our studies in adult mice showed that leflunomide induces pulmonary and
hepatic CYP1A enzymes in wild type, but not in AhR-null mice, indicating that leflunomide
induces CYP1A enzymes via the AhR [21]. Whether leflunomide exerts similar effects in
neonatal mice is not known. Also, whether leflunomide induces the phase Il enzyme, NQO1,
in the neonatal period is unknown. Addressing these knowledge gaps are important to
improve therapies of human neonatal disorders such as bronchopulmonary dysplasia (BPD),
where AhR may play a crucial role in the pathogenesis of the disorder. Thus, the goals of
this study were to investigate whether leflunomide regulates the expression of pulmonary
and hepatic CYP1A and NQO1 enzymes in neonatal mice. In addition to neonatal wild type
mice, we chose AhR-null mice for our studies to determine the mechanisms through which
leflunomide regulates these enzymes.
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Materials and Methods

Animals

This study was approved by the Institutional Animal Care and Use Committee of Baylor
College of Medicine (Protocol number: AN-5631). The C57BL/6J wild type (WT) mice
were obtained from The Jackson Laboratory (Bar Harbor, ME). Dr. Christopher A. Bradfield
(University of Wisconsin, Madison) kindly provided us the AhR-null mice on a C57BL/6J
background. Timed-pregnant mice raised in our animal facility were used for the
experiments.

Chemicals

Polyethylene glycol (PEG) and leflunomide were purchased from Sigma-Aldrich (St. Louis,
MO). The primary monoclonal antibodies to CYP1AL (which cross reacts with CYP1A2)
and CYP1A2 were generous gifts from P.E. Thomas (Rutgers University, Piscataway, NJ),
whereas anti-NQOL, anti-78 kDa glucose-regulated protein (GRP78) and anti-B-actin
antibodies were obtained from Santa Cruz Biotechnologies (Santa Cruz, CA).

Experiment design

One-day-old WT mice were injected intraperitoneally (i.p.) with 1 (L 1), 5 (L 5) or 15 (L 15)
mg/kg of leflunomide or the vehicle, PEG (control), once daily for 4 d. Similarly, one-day-
old AhR-null mice were injected intraperitoneally with either the vehicle, PEG, or with 15
mg/kg (L 15) of leflunomide once daily for 4 d. Following the injections, the lung and liver
tissues were harvested to determine the expression of CYP 1A1/A2 and NQO1 enzymes.

Real-time RT-PCR assays

Total mMRNA was isolated and reverse transcribed to cDNA [22]. Real-time RT-PCR analysis
was performed using iTagq Universal SYBR Green Supermix (Biorad, Hercules, CA,
1725121). The sequences of the primer pairs were mCYPIal. 5'-GGT TAA CCA TGA
CCG GGA ACT-3” and 5'-TGC CCA AAC CAA AGA GAG TGA-3"; mCYPla2 5’ -TGG
AGC TGG CTT TGA CAC AG-3” and 5-CGT TAG GCC ATG TCA CAA GTA GC-3';
mNQOLI: 5 -GGA AGC TGC AGA CCT GGT GA-3” and 5'-CCT TTC AGA ATG GCT
GGC A-3; and mg-actim. 5'-TAT TGG CAA CGA GCG GTT CC-3” and 5'-GGC ATA
GAG GTC TTT ACG GAT GTC-3". B-actin was used as the reference gene. Following an
RT hold for 10 minutes at 95°C, the samples were denatured at 95°C for 10 minutes. The
thermal cycling step was for 40 cycles at 95°C for 15 s, and 40 cycles at 60°C for 1 minute
[23].

Preparation of microsomes and cytosolic proteins

Lung cytosolic proteins were extracted as described before [24]. Briefly, a mortar and pestle
was used to homogenize the lung tissue in a buffer containing 50mM Tris-HCL (pH 7.5),
0.5M KCL, 1M MgCL, and 0.5M EDTA. The homogenate was centrifuged at 2400 g for 5
min at 4°C. The supernatant (cytoplasmic fraction) was stored at — 80°C until further use.
Liver microsomes and cytosolic proteins were isolated by calcium chloride precipitation
method as described previously [25, 26].
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Western blotting

Lung and liver proteins were subjected to SDS polyacrylamide gel electrophoresis. The lung
cytosolic and liver microsomal proteins were used to determine the expression of CYP1A
enzymes, whereas the cytosolic proteins of the lung and liver were used to determine NQO1
expression. B-actin and GRP 78 were used as reference proteins for the cytoplasmic and
microsomal fractions, respectively. The separated proteins on the gels were transferred to
polyvinylidene difluoride membranes. The membranes were then incubated overnight at 4°C
with the following primary antibodies: anti-CYP1Al, a specific anti-CYP1A2 (dilution
1:1500), anti-NQOL1 antibody (Santa Cruz Biotechnologies, Santa Cruz, CA; sc-16464,
dilution 1:500), anti-GRP 78 (Santa Cruz Biotechnologies, Santa Cruz, CA;; sc-13968,
dilution 1:500), and anti-B-actin (Santa Cruz Biotechnologies, Santa Cruz, CA, sc-47778,
dilution 1:2000). The primary antibodies were detected by incubation with the appropriate
horseradish peroxidase-conjugated secondary antibodies.

Analyses of data

The results were analyzed by GraphPad Prism 5 software. The data are expressed as means
+ SEM. One-way ANOVA was used to determine the effect of treatment (leflunomide, dose-
response studies) on enzyme (CYP1A and NQO1) expression in WT mice, while two-way
ANOVA was used to determine the effects of treatment (Leflunomide) and gene (AhR), and
their associated interactions for the outcome variables (CYP1A and NQOL1 expression). Post
hoc multiple t-tests with Dunnett’s corrections were performed if a statistical difference for
the dose-response studies was noted by one-way ANOVA, whereas post hoc multiple t-tests
with Bonferroni corrections were performed if statistical significance of either variable or
interaction was noted by two-way ANOVA. A p value of <0.05 was considered significant.

Results and Discussion

This study demonstrates that leflunomide induces the expression of the enzymes,
CYP1A1/A2 and NQO1, via the AhR. In neonatal WT mice /in vivo, leflunomide induced
CYP1A1/A2 and NQOL1 expression, whereas in neonatal AhR-null mice, the lack of
leflunomide-mediated induction of CYP1A1/A2 and NQO1 enzymes correlated with the
absence of a functional AhR gene.

The AhR is a versatile transcription factor that has important physiological functions in
addition to its widely established role in xenobiotic metabolism. Studies from our and other
laboratories have reported that the AhR regulates pulmonary and hepatic oxidant stress and
inflammation by inducing several detoxifying enzymes or via “cross-talk” with other signal
transduction pathways [24, 26-30]. However, the prototypical inducers such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and 3-methylcholanthrene (MC) are unsuitable for
clinical use because of their well known toxicities. Hence, identification of novel non-toxic
AR ligands is important for developing the AhR as a clinically relevant therapeutic target in
oxidant injury- and inflammation-mediated lung and liver disorders. Therefore, we
conducted /n vivo studies with a novel FDA approved drug, leflunomide, to determine
whether it induces the expression of the AhR-regulated pulmonary and hepatic CYP1A and
NQOL1 enzymes.
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To examine whether leflunomide activates pulmonary AhR in the neonatal period, we
treated newborn mice with incremental doses of leflunomide (1 to 15 mg/kg/d i.p.) for 4 d.
The dose of leflunomide used in this study was comparable to that used in previous rodent
studies [20, 31], and we did not observe any toxic effects of leflunomide in our experiments.
Functional activation of AhR results in the transcriptional activation of various target genes
referred to as AhR gene battery, of which the best studied example is CYP1A1 gene [32].
Therefore, we initially analyzed the expression of CYP1A enzymes in leflunomide-treated
neonatal WT mice. Based on our prior study suggesting that CYP1AL, but not CYP1A2, is
induced in the lungs, whereas both CYP1A1 and 1A2 are induced in the liver [21], we
analyzed pulmonary CYP1A1 and hepatic CYP1LA1/A2 expression in this study. Consistent
with our prior study [21] and those of others [20, 33], leflunomide transcriptionally induced
pulmonary CYP1A1 (Figs. 1A, C, and E) and hepatic CYP1A1/A2 (Figs. 2A, B, D, and F)
enzymes in a dose-dependent manner. However, the knowledge gaps of the effects of
leflunomide on pulmonary and hepatic NQO1 expression and the mechanism by which
leflunomide induces these enzymes /7 vivo are addressed in this current investigation.

NQOL1 is a flavoprotein enzyme, which catalyzes the two-electron reduction of quinoid
compounds into their reduced form, such as hydroquinones, and prevents the one electron
reduction of quinones that results in increased levels of radical species [34]. NQO1 is mainly
a cytosolic enzyme that is highly expressed in the lungs and liver [35, 36], and is readily
inducible by stressful stimuli such as oxidative stress [37]. The NQO1 promotor region
contains both antioxidant-response elements (ARESs) and XREs; therefore, NQO1
expression is transcriptionally regulated by both AhR and nuclear factor erythroid 2—related
factor 2 (Nrf2)/Kelch-like ECH-associated protein 1 pathways [38-40]. O’Donnell et al.,
have shown that leflunomide induces NQO1 expression in human and mouse hepatic cells in
vitro. Similarly, Hu et al., demonstrated that leflunomide increases hepatic NQO1 mRNA in
a dose-dependent manner in adult rats. Our studies further complement these observations
by demonstrating that leflunomide also induces NQO1 mRNA and protein in the lung (Figs.
1B, D, and F) and liver (Figs. 2C, E, and G) of neonatal mice. Interestingly, we observed
that dose of leflunomide required to induce pulmonary NQO1 was higher than that required
to induce pulmonary CYP1A1 enzyme, with the minimum effective dose being 15 mg/kg/d.
The reasons for this observation in unknown at this time and needs further investigation.

The mechanistic role of AhR in the induction of CYP1A by prototypical inducers, MC and
TCDD has been extensively studied. Whether leflunomide induces CYP1A and NQO1
enzymes via AhR in neonatal mice /7 vivo is unknown. Therefore, we conducted
experiments with leflunomide in neonatal AhR-null mice. We injected AhR-null neonatal
mice with the vehicle, PEG, or leflunomide for 4 days, following which we determined the
expression of CYP1A1 and NQOL1 in the lungs and liver, and CYP1AZ2 in the liver. In AhR-
null neonatal mice, leflunomide failed to increase the mRNA and protein levels of
pulmonary CYP1A1 and hepatic CYP1AL1/A2 enzymes (Fig. 3). Similarly, leflunomide
failed to induce NQOL1 in the lung and liver of these mice (Fig. 4). These results supports the
hypothesis that induction of these enzymes by leflunomide is mediated via AhR-dependent
mechanism(s). To the best of our knowledge, this is the first /n vivo study to demonstrate
that AhR is necessary for leflunomide-mediated up-regulation of pulmonary and hepatic
CYP1A and NQO1 enzymes in neonatal mice.
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In summary, we provide evidence that leflunomide is an AhR agonist in neonatal mice
because it induces pulmonary and hepatic CYP1AL and NQOL, and hepatic CYP1A2
enzymes via an AhR-mediated mechanism. The protective effects of CYP1A enzymes
against hyperoxia-induced lung injury in rodents have been extensively documented [26, 41—
43]. In addition, NQO1 has been shown to protect cells and tissues against oxidant injury
induced by various toxic chemicals [44] and oxygen [45]. The protective mechanisms of
these enzymes have been attributed to their ability to conjugate and scavenge the reactive
electrophiles and lipid peroxidation products generated by an oxidant injury [46]. Thus, our
results suggest that leflunomide can be used to investigate AhR biology in the lung and liver,
which can lead to the discovery of novel therapies in the prevention and treatment of
oxidative stress- and inflammation-induced disorders like BPD, liver disorders, and
necrotizing enterocolitis in human preterm infants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AhR aryl hydrocarbon receptor

AhREs AhR-response elements

AREs antioxidant-response elements
BPD bronchopulmonary dysplasia
CYP cytochrome P450

GRP 78 78 kDa glucose-regulated protein

L leflunomide (PubChem CID: 3899)

L1 leflunomide 1 mg/kg/d

L5 leflunomide 5 mg/kg/d

L 15 leflunomide 15 mg/kg/d

MC 3-methylcholanthrene (PubChem CID: 1674)
Nrf2 nuclear factor erythroid 2—related factor 2

NQO1 NAD(P)H quinone dehydrogenase 1

PEG polyethylene glycol
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Highlights
Leflunomide induces CYP1A and NQO1 enzymes in neonatal mice.
Leflunomide is a more potent inducer of CYP1A than NQO1 enzyme.

AhR deficiency abrogates leflunomide-mediated induction of CYP1A and NQO1
enzymes.
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Fi_gure 1. Leflunomide up-regulates pulmonary CYP1A1 and NQO1 expression in neonatal WT
mice

The lung tissues of neonatal WT mice treated i.p. with the vehicle, polyethylene glycol
(PEG), or 1 (L 1), 5 (L 5), or 15 (L 15) mg/kg of leflunomide daily for 4 d were harvested to
determine pulmonary CYP1A1 mRNA (A), NQO1 mRNA (B), CYP1ALl protein (C), and
NQOL1 (D) protein expression. Densitometric analyses wherein CYP1A1 (E) and NQO (F)
band intensities were normalized to B-actin. Values are means + SEM (n=3). One-way
ANOVA showed an effect of L 15 for CYP1A1 and NQO1 mRNA expression and NQO1
protein expression, and an effect of L1, L5, or L15 for CYP1AL1 protein expression.
Significant differences between PEG- and leflunomide-treated animals are indicated by *, p
< 0.05.
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Fi_gure 2. Leflunomide up-regulates hepatic CYP1A1/A2 and NQO1 expression in neonatal WT
mice

The liver tissues of neonatal WT mice treated as mentioned in Figure 1 were harvested to
determine hepatic CYP1A1 (A), CYP1A2 (B), and NQO1 (C) mRNA expression, and
CYP1A1/A2 (D), and NQOL (E) protein expression. Densitometric analyses wherein
CYP1A2 (F) and NQO1 (G) band intensities were normalized to GRP 78 and p-actin,
respectively. Values are means £ SEM (n=3). One-way ANOVA showed an effect of L15 for
CYP1A1 and NQOL1 expression, and an effect of L5 and L15 for CYP1A2 expression.
Significant differences between PEG- and leflunomide-treated animals are indicated by *, p
< 0.05.
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Figure 3. Leflunomide fails to induce pulmonary and hepatic CYP1A enzymes in neonatal AhR-
null mice

The lung and liver tissues of neonatal AhR-null mice treated with PEG or 15 (L 15) mg/kg
of leflunomide i.p. daily for 4 d were harvested to determine pulmonary and hepatic
CYP1A1 mRNA (A and C) and protein (B and E) expression, respectively, and hepatic
CYP1A2 mRNA (D) and protein (E) expression. Additionally, neonatal WT mice were
injected i.p. with 26 mg/kg/d of 3-methylcholanthrene (MC) (n=3), following which the lung
and liver tissues of these animals were harvested for analysis of CYP1A induction. MC-
treated mice were used as positive controls. Significant differences between PEG- and MC-
treated animals are indicated by *, p < 0.05.
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Figure 4. Leflunomide fails to induce pulmonary and hepatic NQO1 enzyme in neonatal AhR-
null mice

The lung and liver tissues of neonatal AhR-null mice treated as mentioned in Figure 3 were
harvested to determine pulmonary and hepatic NQO1 mRNA (A and C) and protein (B and
D) expression. Additionally, the lung and liver tissues of neonatal WT mice treated with 3-
methylcholanthrene (MC) (n=3) as mentioned in Figure 3 were harvested for analysis of
NQOL1 induction. MC-treated mice were used as positive controls. Significant differences
between PEG- and MC-treated animals are indicated by *, p < 0.05.
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