

















Leflunomide Increases Methotrexate Exposure by Altering Mrps
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Fig. 4. Effect of LEF treatment on the mRNA and protein expression of liver efflux transporters. (A and B) Gene expression of Mrp2 and Mrp3 (A) and
other transporters (Berp, P-gp, Mrpl, Mrp4, and Mrp5) (B). (C and D) Protein expression of Mrp2, Mrp3, and Mrp4. Male C57BL/6 mice were
intraperitoneally administered LEF (40 mg/kg, i.p.) or vehicle (PEG400) for 3 consecutive days, and then the mice were euthanized. Liver samples were
collected and processed as described in the Materials and Methods. Gene expression and Western blotting data were normalized against the endogenous
control GAPDH. The data are representative of three independent experiments, and each point indicates the mean = S.D. (control, n = 5; LEF, n = 6). The
raw data were log-transformed and the significant difference analysis was done on the transformed data. Differences between two groups were analyzed
using the ¢ test (***P < 0.001). Berp, breast cancer resistance protein; P-gp, P-glycoprotein.

times, respectively; P = 0.01 and 0.0029, respectively; 95%
confidence interval, 2.11- to 57.28-fold and 2.03- to 11.22-fold,
respectively) (Fig. 6C). Nonetheless, our data suggested that
LEF was not a direct agonist of the PPAR«a nuclear receptor
according to the PPARa luciferase reporter assay results
(Fig. 6D).

PPAR« Inhibition Reversed the Effect of LEF on the
PK Profile of MTX/70H MTX. We further verified whether
LEF affects the PK profile of MTX and 70H MTX through
activation of PPARa. When LEF was coadministered with
GW6471, a specific PPAR«a antagonist, the plasma concentra-
tions of MTX and 70H were significantly reduced compared
with the concentrations detected after LEF treatment alone
(Fig. 7). In particular, GW6471 almost completely reversed the
effect of LEF on MTX plasma concentrations.

Because CYP4Aal0/14 was dramatically upregulated dur-
ing PPARa activation, we tested whether the CYP4a10/14
elevation affected the PK profile of MTX/70H MTX. We found
that the CYP4a-specific inhibitor HET0016 did not reverse the
in vivo PK profile of MTX and 70H MTX after LEF treatment
(Fig. 7), which suggests that there is no direct correlation
between CYP4a and Mrps (detailed PK parameters are
presented in Table 4).

Discussion

We first investigated the effects of LEF on the PK profile
and tissue distribution of MTX in mice. LEF significantly
decreased the MTX and 70H MTX concentrations in the small
intestine but increased the levels of these two compounds in

the liver, kidneys, and plasma (Figs. 1 and 2). According to a
previous report, MTX (and 70H MTX) is quickly excreted via
bile after intravenous injection (Vlaming et al., 2009b).
Therefore, LEF likely decreased the biliary efflux of MTX
(and 70H MTX) while increasing the hepatocyte basolateral
efflux, subsequently increasing kidney extraction of these two
compounds. This effect may diminish the accumulation of
MTX and 70H MTX in the liver but increase the burden on the
kidneys, which is also a widely reported MTX toxicity target
organ (Widemann and Adamson, 2006). Considering the
significant change in the concentration of MTX in the tissues
and plasma after LEF treatment, we focused on investigating
the effect of LEF treatment on AOX and drug efflux trans-
porters that play key roles in the liver transformation or
distribution of MTX to investigate the underlying mechanism.

LEF slightly induced the expression and function of AOX
while significantly upregulating Mrp3/4 gene expression. LEF
down- and upregulated, respectively, the protein expression of
Mrp2 and Mrp3, the two most important liver efflux trans-
porters for MTX (and 70H MTX) excretion to bile and plasma
(Vlaming et al., 2009a,b), and had no effect on protein
expression of Mrp4.

As a well-known Ahr inducer, LEF’s impacts on the PK
profile of MTX are likely linked to Ahr activation. However, as
a much more powerful agonist of Ahr, BAP showed a markedly
stronger induction of AOX and had no effect on the gene and
protein expression of Mrp2/3/4 (Supplemental Fig. 1). Impor-
tantly, BAP did not alter the PK profiles and tissue distribu-
tions of MTX and 70H MTX after MTX administration. BAP
also did not alter the PK profiles and tissue distributions of
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Fig. 5. Effect of LEF treatment on plasma and tissue concentrations of 7TOH-MTX after 7OH MTX administration. (A—D) The concentration of 7TOH-MTX
in the plasma (A) liver (B), kidney (C), and small intestine (D) at 30 minutes and 1 hour after the last dose. Male C57BL/6 mice were intraperitoneally
administered LEF (40 mg/kg) or vehicle (PEG400) for 3 consecutive days, and then the mice were administered 7OH MTX (10 mg/kg, i.v.) Blood and tissue
samples were collected and analyzed as described in the Materials and Methods. The data are representative of two independent experiments, and each
point indicates the mean = S.D. (n = 5). The raw data were log-transformed and the significant difference analysis was done on the transformed data.
Differences between two groups were analyzed using the ¢ test (¥***P < 0.001).

70H MTX after direct administration of 70H MTX (Supple-
mental Fig. 1). In contrast, LEF slightly induced AOX but
significantly altered Mrp2/3 expression, which led to a
striking alteration in the PK of MTX and/or 70H MTX. The
comparison of BAP and LEF treatment indicated that 1) Ahr
may not be a key regulator of MTX PK alterations and 2)
alterations in Mrps, rather than AOX induction, may play a
key role in the altered PK of MTX after LEF treatment.

We then investigated other liver nuclear receptors (Car,
Fxr, Nrf2, and PPAR«), which also play important roles in
regulation of Mrps (Xiong et al., 2002; Moffit et al., 2006;
Vollrath et al., 2006; Teng and Piquette-Miller, 2007,
Aleksunes et al., 2008). We found that LEF had no significant
effect on the expression of Car, Fxr, and Nrf2 or their
downstream target genes (CYP2b6, CYP7al, and heme
oxygenase-1, respectively) (Fig. 6). These results indicated
that the effect of LEF on Mrps was independent of these
nuclear receptors. However, LEF induced gene expression of
PPARa« and its downstream target genes CYP4a10, CYP4al4
(Fig. 6), peroxisomal acyl-coenzyme A oxidase 1, and carnitine

palmitoyltransferase I (Supplemental Fig. 2) (Lu et al., 2014).
Proteomics data showed there was also a significant upregu-
lation of CYP4a10/14 protein expression. Previous studies

TABLE 3
PK parameters of 7OH MTX

PK parameters are presented as the mean + S.D. (n = 5). The raw data were log-
transformed and the significant difference analysis was done on the transformed
data.

Control LEF
PK Parameter
70H MTX
tiz (h) 0.91 = 0.29 0.99 = 0.19
AUC (ug/ml*h) 13.1 = 4.6 44.2 + 25.6*
CL (Vh per kilogram) 0.83 = 0.27 0.28 = 0.13
MRT,_,; (h) 0.82 = 0.16 1.28 = 0.18

See the illustration in Fig. 5 for details. CL, clearance; MRT,_,, mean residence
time from time zero extrapolated until the end of the dosing interval; NA, not
applicable; ¢1/2, elimination half-life.

*P < 0.01 (differences between four groups were analyzed using one-way analysis
of variance).
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Fig. 6. Effect of LEF treatment on liver nuclear receptors. (A-D) The gene expression of nuclear receptors (Car, Fxr, Nrf2, Pxr, and PPAR«) (A), downstream target
gene expression (CYP2b10, Cyp7al, HO-1, CYP3all, CYP4al0, and CYP 4al4) (B), protein expression of Cyp4al0 and Cyp4al4 (proteomics data) (C), and the PPAR«
reporter luciferase assay (D). (A and B) Male C57BL/6 mice were administered LEF (40 mg/kg) or vehicle (PEG400) for 3 consecutive days, and then the mice were
euthanized. Liver samples were collected and processed as previously described in the Materials and Methods. Gene expression was normalized against the endogenous
control GAPDH. The data are representative of two independent experiments, and each point indicates the mean + S.D. (n = 5). (C) Proteomics data showing the relative
fold change from the control group (PEG400). Each point indicates the mean = S.D (n = 5). (D) Cos-7 cells were transiently cotransfected with 200 ng plasmid containing
the luciferase gene and 100 ng GAL4-PPAR« LBD expression plasmid, and then the cells were treated with GFT-505 (a positive control) and LEF at the indicated
concentrations for 24 hours. Luciferase activity was determined and normalized to Renilla luciferase activity. Each condition was performed with n = 3 for each
experiment. As a control, the activity was measured in the presence of vehicle (DMSO). The data are representative of two independent experiments. Each point
indicates the mean *+ S.D. The raw data were log-transformed and the significant difference analysis was done on the transformed data. Differences between two groups
were analyzed using the ¢ test (*P < 0.05; **P < 0.01; ***P < 0.001). DMSO, dimethylsulfoxide; HO, heme oxygenase; Pxr, pregnane X receptor.

have shown that hepatic expression of Cyp4a genes was
almost eliminated after PPARa knockout in mice, which
suggests that Cyp4a is a PPARa biomarker (Cyp4al0 and

Cyp4al4 in mice and Cyp4A11 in humans) (Rakhshandehroo
et al., 2010); thus, our results imply that LEF significantly
activates PPARa in the liver of mice. Furthermore, the
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Fig. 7. Effect of LEF, LEF plus HET0016, and LEF plus GW6471 treatment on the plasma concentrations of MTX and 70H MTX. (A and B)The plasma
concentration of MTX (A) and 7OH-MTX (B). Male C57BL/6 mice were administered LEF (40 mg/kg plus 5% DMSO, i.p.), LEF plus HET0016 (LEF,
40 mg/kg; HET0016, 5 mg/kg, i.p.), LEF plus GW6471 (LEF, 40 mg/kg; GW6471, 5 mg/kg, i.p.), or vehicle (equal volume of PEG400 plus 5% DMSO) for
3 consecutive days, and then the mice were given a tail vein injection of MTX (50 mg/kg). Blood samples were collected and analyzed as described in the
Materials and Methods. The data are representative of two independent experiments, and each point indicates the mean = S.D. (n = 5).
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TABLE 4
PK parameters of MTX and 70H MTX

PK parameters are presented as the mean + S.D. (n = 5). The raw data were log-transformed and the significant difference analysis was done on the transformed data.

MTX 70H MTX
PK Parameter
Control LEF - R Control LEF o, LEF + GW6471

ti (h) 149 = 0.66 0.89 = 0.13 0.77 £ 0.08 0.77 £ 0.11 2.50 = 0.53 1.57 = 0.41 1.97 = 1.02 191 = 0.74
Tmax () NA NA NA NA 0.25 = 0.17 0.50 = 0.00 0.60 = 0.22 0.50 = 0.00
Chnax (ng/ml) NA NA NA NA 0.384 = 0.080 1.721 * 0.343*** 1.479 *+ 0.948** 0.972 = 0.411
AUC (ng/ml*h) 7.50 = 3.30 16.2 = 2.6* 15.9 = 7.3* 8.52 = 1.52 0.576 = 0.055 2.488 = 0.407*** 2.765 = 2.158%** 1274 * 0.333
CL (Uh per 748 = 3.04 3.11 = 0.59** 3.53 = 4.27 4.62 = 5.61 NA NA NA NA

kilogram)
MRT,_, (h) 0.46 = 0.13 0.62 = 0.02 0.59 £ 0.12 0.61 £0.02 1.67 = 0.19 1.49 = 0.25 1.68 = 0.29 1.45 = 0.36

See the illustration in Fig. 7 for details. CL, clearance; MRT,_;, mean residence time from time zero extrapolated until the end of the dosing interval; NA, not applicable; ¢1/5,

elimination half-life; T',,.y, time to reach C ..

*P < 0.05; ¥*P < 0.01; ***P < 0.001 (differences between four groups were analyzed using one-way analysis of variance).

proteomics data revealed that LEF also increased the protein
level of CYP4A1ll in human hepatocytes (Supplemental
Table 1). This result indicates that the activation of PPAR«
is consistent between humans and mice. Because there is high
homology and the same activation/regulation mechanism
between human and mouse PPARa (Gonzalez and Shah,
2008; Yang et al.,, 2008), we investigated whether LEF
activated PPARa through direct structure-transformation—
mediated PPARa activation using a luciferase assay (the
human PPARa LBD was used in the luciferase assay). The
result was negative (Fig. 6). The underlying mechanism
should be clarified in future experiments.

PK profile tissue distribution

According to previous reports, PPAR« activation can upre-
gulate gene and protein expression of Mrp3/4 (Moffit et al.,
2006; Maher et al., 2008) and downregulate Mrp2 protein
expression but had no influence on Mrp2 gene expression
(Johnson and Klaassen, 2002). The abovementioned regula-
tion of Mrp2/3/4 via PPAR« is consistent with our findings
after LEF treatment except that the protein expression of
Mrp4 was unchanged. However, the disconnection between
gene expression and protein expression of efflux transporters
is very common under xenobiotic treatment or disease state,
possibly due to complex and sophisticated stress response and
regulation mechanism of those efflux transporters (Gu and
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Fig. 8. Model of how LEF increases exposure to MTX and 70H MTX via PPAR« activation and Mrp2/3 alterations in the mouse liver. MTX transforms to
70H MTX through AOX activity. Both MTX and 70H MTX are substrates of Mrp2/3. LEF downregulated Mrp2 and upregulated Mrp3 (both gene and
protein levels) and Mrp4 (only gene level). Through Mrp2 downregulation, the biliary efflux of MTX/70H MTX was damaged. Through Mpr3 (major) and
Mrp4 (minor) upregulation, the concentrations of MTX and 70H MTX in the plasma and kidneys were increased. Because the upregulation of Mrp3 did
not completely compensate for the downregulation of Mrp2, LEF increased MTX/70H MTX accumulation in the liver.
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Manautou, 2010). Thus, we speculated that LEF decreased
MTX and 70H MTX clearance, likely primarily by activating
PPARa and subsequently altering Mrp2/3 function in the
liver. No protein upregulation of Mrp4 after LEF treatment
indicated that Mrp4 probably a negligible contribution for
increased basolateral efflux of MTX/70H MTX.

To further confirm the role that PPAR«a plays in this
process, we investigated whether PPAR« inhibition could
reverse the effect of LEF on MTX PK. When the specific
PPAR«a antagonist GW6471 was coadministered with LEF,
the increase in the AUC of MTX was almost completely
reversed (Fig. 7). This indicated that PPAR«a activation
plays a key role in MTX PK alteration after LEF treatment.
We also found that HET0016, an inhibitor of CYP4a, was not
able to reverse the effect of LEF on the disposition of MTX
in vivo (Fig. 7). This implies that there is no direct
correlation between Cyp4a and Mrps. However, all of these
findings suggest possible effects of other PPAR« agonists on
the distributions of drugs that are substrates of Mrps (e.g.,
MTX). Interestingly, although LEF clearly altered the
function of Mrps and altered MTX/70H MTX PK, it did not
directly cause significant liver toxicity. LEF did not elevate
plasma aspartate transaminase and alanine transaminase
levels, nor did it cause oxidative stress or cholestasis in mice
(Supplemental Fig. 3). This result is consistent with the
nonpathologic features of Mrp2/3 double-knockout mice
reported in a previous study, which showed that Mrp2 and
Mrp3 deficiency did not directly induce liver toxicity
(Vlaming et al., 2009b), possibly because of the redundancy
of several efflux transporters. In addition, because PPAR«
activation also upregulated multidrug resistance trans-
porter 3 and increased biliary phosphatidylcholine secre-
tion, it may partly act as a compensatory mechanism for
decreased Mrp2 function (Ghonem et al., 2014). Even
though there is no toxicity directly induced by MTX/LEF, a
nontoxic dose of LEF can cause decreased MTX/70H MTX
clearance and increased liver exposure by affecting the
metabolic enzymes (minorly) and transporters (majorly)
involved in the disposal of MTX/70H MTX. This is likely
to increase the risk of liver toxicity due to MTX after long-
term administration of a combination of MTX and LEF in
the clinic (Fig. 8).

PPARa is anuclear receptor that plays an important role in
lipid metabolism regulation (Rakhshandehroo et al., 2010).
LEF upregulated Cyp4al0/14, peroxisomal acyl-coenzyme A
oxidase 1, and carnitine palmitoyltransferase I, which play
important roles in lipid metabolism and probably affect
systemic energy metabolism through a mechanism similar
to that of classic PPAR« agonists. However, because LEF
has significant immunodepressive and Ahr induction
effects, both of which also play essential roles in energy
metabolism, the overall effect of LEF may be more compli-
cated and requires further investigation (Tanos et al.,
2012; Wang and Ye, 2015). Furthermore, previous reports
indicated that Cyp4a family members are key regulators of
blood pressure due to the metabolism of prohypertensive
20-hydroxyeicosatetraenoic acid (Capdevila et al., 2015).
The significant upregulation of CYp4al10/14 by LEF may
be associated with hypotension, which is a side effect of
LEF treatment in the clinic according to U.S. Food and
Drug Administration reports (http://www.ehealthme.com/
ds/leflunomide/hypotension/).

573

Acknowledgments

The authors thank Eric Xu (VARI-SIMM Center, Center for
Structure and Function of Drug Targets, CAS Key Laboratory of
Receptor Research, Shanghai Institute of Materia Medica, Chinese
Academy of Sciences) for assistance with the luciferase assay exper-
iment. We also thank the staff of the Institutional Technology Service
Center of Shanghai Institute of Materia Medica for technical support.

Authorship Contributions

Participated in research design: Wang, Ma, Pan.

Conducted experiments: Wang, Liu, Xiao, Zhang, Xu.

Contributed new reagents or analytic tools: Lin.

Performed data analysis: Wang, Liu.

Wrote or contributed to the writing of the manuscript: Wang, Ma,
Liu, Zhang, Zhou, Pan.

References

Aleksunes LM, Slitt AL, Maher JM, Augustine LM, Goedken MdJ, Chan JY, Cher-
rington NJ, Klaassen CD, and Manautou JE (2008) Induction of Mrp3 and Mrp4
transporters during acetaminophen hepatotoxicity is dependent on Nrf2. Toxicol
Appl Pharmacol 226:74-83.

Ashton RE, Millward-Sadler GH, and White JE (1982) Complications in metho-
trexate treatment of psoriasis with particular reference to liver fibrosis. J Invest
Dermatol 79:229-232.

Bilasy SE, Essawy SS, Mandour MF, Ali EA, and Zaitone SA (2015) Myelosup-
pressive and hepatotoxic potential of leflunomide and methotrexate combination in
a rat model of rheumatoid arthritis. Pharmacol Rep 67:102-114.

Capdevila JH, Wang W, and Falck JR (2015) Arachidonic acid monooxygenase: ge-
netic and biochemical approaches to physiological/pathophysiological relevance.
Prostaglandins Other Lipid Mediat 120:40—49.

Chan GNY, Hoque MT, and Bendayan R (2013) Role of nuclear receptors in the
regulation of drug transporters in the brain. Trends Pharmacol Sci 34:361-372.
Curtis JR, Beukelman T, Onofrei A, Cassell S, Greenberg JD, Kavanaugh A, Reed G,
Strand V, and Kremer JM (2010) Elevated liver enzyme tests among patients with
rheumatoid arthritis or psoriatic arthritis treated with methotrexate and/or

leflunomide. Ann Rheum Dis 69:43—47.

Dendooven A, De Rycke L, Verhelst X, Mielants H, Veys EM, and De Keyser F (2006)
Leflunomide and methotrexate combination therapy in daily clinical practice. Ann
Rheum Dis 65:833-834.

Fuskevag OM, Kristiansen C, Lindal S, and Aarbakke J (2000) Maximum tolerated
doses of methotrexate and 7-hydroxy-methotrexate in a model of acute toxicity in
rats. Cancer Chemother Pharmacol 46:69-73.

Gabrielsson J and Weiner D (2012) Non-compartmental analysis, in Computational
Toxicology (Reisfeld B and Mayeno AN, eds) vol. I, pp 377-389, Humana Press,
Totowa, NJ.

Ghonem NS, Ananthanarayanan M, Soroka CJ, and Boyer JL (2014) Peroxisome
proliferator-activated receptor a activates human multidrug resistance transporter
3/ATP-binding cassette protein subfamily B4 transcription and increases rat bili-
ary phosphatidylcholine secretion. Hepatology 59:1030-1042.

Gonzalez FJ and Shah YM (2008) PPARalpha: mechanism of species differences and
hepatocarcinogenesis of peroxisome proliferators. Toxicology 246:2-8.

Gu X and Manautou JE (2010) Regulation of hepatic ABCC transporters by xeno-
biotics and in disease states. Drug Metab Rev 42:482-538.

Igbal J, Sun L, Cao J, Yuen T, Lu P, Bab I, Leu NA, Srinivasan S, Wagage S, Hunter
CA, et al. (2013) Smoke carcinogens cause bone loss through the aryl hydrocarbon
receptor and induction of Cypl enzymes. Proc Natl Acad Sci USA 110:
11115-11120.

Johnson DR and Klaassen CD (2002) Regulation of rat multidrug resistance protein
2 Dby classes of prototypical microsomal enzyme inducers that activate distinct
transcription pathways. Toxicol Sci 67:182-189.

Kim HG, Han EH, Im JH, Lee EJ, Jin SW, and Jeong HG (2015) Caffeic acid phe-
nethyl ester inhibits 3-MC-induced CYP1A1l expression through induction of
hypoxia-inducible factor-la. Biochem Biophys Res Commun 465:562-568.

Kitamura S, Nakatani K, Sugihara K, and Ohta S (1999) Strain differences of the
ability to hydroxylate methotrexate in rats. Comp Biochem Physiol C Pharmacol
Toxicol Endocrinol 122:331-336.

Kremer JM, Genovese MC, Cannon GW, Caldwell JR, Cush JJ, Furst DE, Luggen
ME, Keystone E, Weisman MH, Bensen WM, et al. (2002) Concomitant leflunomide
therapy in patients with active rheumatoid arthritis despite stable doses of
methotrexate. A randomized, double-blind, placebo-controlled trial. Ann Intern
Med 137:726-733.

Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, Deyo RA, Gabriel S,
Hirsch R, Hochberg MC, Hunder GG, et al.; National Arthritis Data Workgroup
(2008) Estimates of the prevalence of arthritis and other rheumatic conditions in
the United States. Part II. Arthritis Rheum 58:26-35.

Lee SW, Park HJ, Kim BK, Han KH, Lee SK, Kim SU, and Park YB (2012) Leflu-
nomide increases the risk of silent liver fibrosis in patients with rheumatoid ar-
thritis receiving methotrexate. Arthritis Res Ther 14:R232.

Londono J, Santos AM, Santos PI, Cubidez MF, Guzman C, and Valle-Onate R (2012)
Therapeutic efficacy and safety of methotrexate + leflunomide in Colombian pa-
tients with active rheumatoid arthritis refractory to conventional treatment. Rev
Bras Reumatol 52:837-845.

Lu YF, Xu YY, Jin F, Wu Q, Shi JS, and Liu J (2014) Icariin is a PPAR« activator
inducing lipid metabolic gene expression in mice. Molecules 19:18179-18191.

6102 ‘T JOQUIBAON UO SUINOL 134S Y e 6I0's jeuino fiadse:wi.ieyd oW Woy pepeo jumod


http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.117.110593/-/DC1
http://www.ehealthme.com/ds/leflunomide/hypotension/
http://www.ehealthme.com/ds/leflunomide/hypotension/
http://molpharm.aspetjournals.org/

574 Wang et al.

Maher JM, Aleksunes LM, Dieter MZ, Tanaka Y, Peters JM, Manautou JE,
and Klaassen CD (2008) Nrf2- and PPAR alpha-mediated regulation of hepatic
Mrp transporters after exposure to perfluorooctanoic acid and perfluorodecanoic
acid. Toxicol Sci 106:319-328.

Mathieu MC, Lapierre I, Brault K, and Raymond M (2001) Aromatic hydrocarbon
receptor (AhR). AhR nuclear translocator- and p53-mediated induction of the
murine multidrug resistance mdrl gene by 3-methylcholanthrene and benzo(a)-
pyrene in hepatoma cells. J Biol Chem 276:4819-48217.

MeclInnes IB and Schett G (2011) The pathogenesis of rheumatoid arthritis. N Engl J
Med 365:2205-2219.

Moffit JS, Aleksunes LM, Maher JM, Scheffer GL, Klaassen CD, and Manautou JE
(2006) Induction of hepatic transporters multidrug resistance-associated proteins
(Mrp) 3 and 4 by clofibrate is regulated by peroxisome proliferator-activated re-
ceptor alpha. J Pharmacol Exp Ther 317:537-545.

NiX, Gao Y, Wu Z, Ma L, Chen C, Wang L, Lin Y, Hui L, and Pan G (2016) Func-
tional human induced hepatocytes (hiHeps) with bile acid synthesis and transport
capacities: a novel in vitro cholestatic model. Sci Rep 6:38694.

Payet B, Fabre I, Fabre G, and Cano JP (1988) Interactions between
7-hydroxymethotrexate and folinic acid in RAJI cells, in vitro. Cancer Lett 39:
45-58.

Rakhshandehroo M, Knoch B, Miiller M, and Kersten S (2010) Peroxisome
proliferator-activated receptor alpha target genes. PPAR Res 2010:612089.

Rivera SP, Choi HH, Chapman B, Whitekus MJ, Terao M, Garattini E,
and Hankinson O (2005) Identification of aldehyde oxidase 1 and aldehyde oxidase
homologue 1 as dioxin-inducible genes. Toxicology 207:401-409.

Singh JA, Saag KG, Bridges SL, Jr, Akl EA, Bannuru RR, Sullivan MC, Vaysbrot E,
McNaughton C, Osani M, Shmerling RH, et al.; American College of Rheumatology
(2016) 2015 American College of Rheumatology guideline for the treatment of
rheumatoid arthritis. Arthritis Care Res (Hoboken) 68:1-25.

Sugihara K, Kitamura S, Yamada T, Ohta S, Yamashita K, Yasuda M, and Fujii-
Kuriyama Y (2001) Aryl hydrocarbon receptor (AhR)-mediated induction of xan-
thine oxidase/xanthine dehydrogenase activity by 2,3,7,8-tetrachlorodibenzo-p-di-
oxin. Biochem Biophys Res Commun 281:1093-1099.

Tan KP, Wang B, Yang M, Boutros PC, Macaulay J, Xu H, Chuang AI, Kosuge K,
Yamamoto M, Takahashi S, et al. (2010) Aryl hydrocarbon receptor is a tran-
scriptional activator of the human breast cancer resistance protein
(BCRP/ABCG2). Mol Pharmacol 78:175-185.

Tanos R, Murray IA, Smith PB, Patterson A, and Perdew GH (2012) Role of the Ah
receptor in homeostatic control of fatty acid synthesis in the liver. Toxicol Sci 129:
372-379.

Teng S and Piquette-Miller M (2007) Hepatoprotective role of PXR activation and
MRP3 in cholic acid-induced cholestasis. Br J Pharmacol 151:367-376.

Visser K and van der Heijde DM (2009) Risk and management of liver toxicity during
methotrexate treatment in rheumatoid and psoriatic arthritis: a systematic review
of the literature. Clin Exp Rheumatol 27:1017-1025.

Vlaming ML, Pala Z, van Esch A, Wagenaar E, de Waart DR, van de Wetering K, van
der Kruijssen CM, Oude Elferink RP, van Tellingen O, and Schinkel AH (2009a)
Functionally overlapping roles of Abcg2 (Berpl) and Abce2 (Mrp2) in the elimi-
nation of methotrexate and its main toxic metabolite 7-hydroxymethotrexate
in vivo. Clin Cancer Res 15:3084-3093.

Vlaming ML, van Esch A, Pala Z, Wagenaar E, van de Wetering K, van Tellingen O,
and Schinkel AH (2009b) Abcc2 (Mrp2), Abce3 (Mrp3), and Abeg2 (Berpl) are the
main determinants for rapid elimination of methotrexate and its toxic metabolite
7-hydroxymethotrexate in vivo. Mol Cancer Ther 8:3350-3359.

Vollrath V, Wielandt AM, Iruretagoyena M, and Chianale J (2006) Role of Nrf2 in the
regulation of the Mrp2 (ABCC2) gene. Biochem J 395:599-609.

Wang H and Ye J (2015) Regulation of energy balance by inflammation: common
theme in physiology and pathology. Rev Endocr Metab Disord 16:47-54.

Weinblatt ME, Dixon JA, and Falchuk KR (2000) Serious liver disease in a patient
receiving methotrexate and leflunomide. Arthritis Rheum 43:2609-2611.

Weinblatt ME, Kremer JM, Coblyn JS, Maier AL, Helfgott SM, Morrell M, Byrne
VM, Kaymakcian MV, and Strand V (1999) Pharmacokinetics, safety, and efficacy
of combination treatment with methotrexate and leflunomide in patients with
active rheumatoid arthritis. Arthritis Rheum 42:1322-1328.

Widemann BC and Adamson PC (2006) Understanding and managing methotrexate
nephrotoxicity. Oncologist 11:694-703.

Wisniewski JR, Zougman A, Nagaraj N, and Mann M (2009) Universal sample
preparation method for proteome analysis. Nat Methods 6:359-362.

Xiong H, Yoshinari K, Brouwer KLR, and Negishi M (2002) Role of constitutive
androstane receptor in the in vivo induction of Mrp3 and CYP2B1/2 by pheno-
barbital. Drug Metab Dispos 30:918-923.

Xu HE, Stanley TB, Montana VG, Lambert MH, Shearer BG, Cobb JE, McKee DD,
Galardi CM, Plunket KD, Nolte RT, et al. (2002) Structural basis for antagonist-
mediated recruitment of nuclear co-repressors by PPARalpha. Nature 415:
813-817.

Xu S, Weerachayaphorn J, Cai SY, Soroka CdJ, and Boyer JL (2010) Aryl hydrocarbon
receptor and NF-E2-related factor 2 are key regulators of human MRP4 expression.
Am J Physiol Gastrointest Liver Physiol 299:G126-G135.

Yang Q, Nagano T, Shah Y, Cheung C, Ito S, and Gonzalez FJ (2008) The PPAR
alpha-humanized mouse: a model to investigate species differences in liver toxicity
mediated by PPAR alpha. Toxicol Sci 101:132-139.

Zachariae H, Heickendorff L, and Sggaard H (2001) The value of amino-terminal
propeptide of type III procollagen in routine screening for methotrexate-induced
liver fibrosis: a 10-year follow-up. Br J Dermatol 144:100-103.

Address correspondence to: Guoyu Pan, Shanghai Institute of Materia
Medica, University of Chinese Academy of Sciences, 501 Haike Road, Shanghai
201203, China. E-mail: gypan@simm.ac.cn

6102 ‘T JOQUIBAON UO SUINOL 134S Y e 6I0's jeuino fiadse:wi.ieyd oW Woy pepeo jumod


mailto:gypan@simm.ac.cn
http://molpharm.aspetjournals.org/

