












times, respectively; P 5 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 PPARa nuclear receptor
according to the PPARa luciferase reporter assay results
(Fig. 6D).
PPARa Inhibition Reversed the Effect of LEF on the

PK Profile of MTX/7OH MTX. We further verified whether
LEF affects the PK profile of MTX and 7OH MTX through
activation of PPARa. When LEF was coadministered with
GW6471, a specific PPARa antagonist, the plasma concentra-
tions of MTX and 7OH 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 CYP4Aa10/14 was dramatically upregulated dur-

ing PPARa activation, we tested whether the CYP4a10/14
elevation affected the PK profile of MTX/7OHMTX. We found
that the CYP4a-specific inhibitor HET0016 did not reverse the
in vivo PK profile of MTX and 7OHMTX 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 theMTX and 7OHMTX 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 7OH MTX) is quickly excreted via
bile after intravenous injection (Vlaming et al., 2009b).
Therefore, LEF likely decreased the biliary efflux of MTX
(and 7OH MTX) while increasing the hepatocyte basolateral
efflux, subsequently increasing kidney extraction of these two
compounds. This effect may diminish the accumulation of
MTX and 7OHMTX 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 upregulatingMrp3/4 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 7OH 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
amuchmore powerful agonist of Ahr, BAP showed amarkedly
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 7OH MTX after MTX administration. BAP
also did not alter the PK profiles and tissue distributions of

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 (Bcrp, P-gp, Mrp1, 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 theMaterials and Methods. Gene expression andWestern blotting data were normalized against the endogenous
control GAPDH. The data are representative of three independent experiments, and each point indicates themean6 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 t test (***P , 0.001). Bcrp, breast cancer resistance protein; P-gp, P-glycoprotein.
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7OH MTX after direct administration of 7OH 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 7OH 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 PPARa), 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, CYP7a1, 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, CYP4a14
(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

Fig. 5. Effect of LEF treatment on plasma and tissue concentrations of 7OH-MTX after 7OHMTX administration. (A–D) The concentration of 7OH-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 (40mg/kg) or vehicle (PEG400) for 3 consecutive days, and then themice were administered 7OHMTX (10mg/kg, i.v.) Blood and tissue
samples were collected and analyzed as described in theMaterials and Methods. The data are representative of two independent experiments, and each
point indicates the mean 6 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 t test (***P , 0.001).

TABLE 3
PK parameters of 7OH MTX
PK parameters are presented as the mean 6 S.D. (n = 5). The raw data were log-
transformed and the significant difference analysis was done on the transformed
data.

PK Parameter
Control LEF

7OH MTX

t1/2 (h) 0.91 6 0.29 0.99 6 0.19
AUC (mg/ml*h) 13.1 6 4.6 44.2 6 25.6*
CL (l/h per kilogram) 0.83 6 0.27 0.28 6 0.13
MRT0–t (h) 0.82 6 0.16 1.28 6 0.18

See the illustration in Fig. 5 for details. CL, clearance; MRT0–t, mean residence
time from time zero extrapolated until the end of the dosing interval; NA, not
applicable; t1/2, elimination half-life.

*P , 0.01 (differences between four groups were analyzed using one-way analysis
of variance).

570 Wang et al.

 at A
SPE

T
 Journals on N

ovem
ber 14, 2019

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.117.110593/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.117.110593/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.117.110593/-/DC1
http://molpharm.aspetjournals.org/


have shown that hepatic expression of Cyp4a genes was
almost eliminated after PPARa knockout in mice, which
suggests that Cyp4a is a PPARa biomarker (Cyp4a10 and

Cyp4a14 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

Fig. 6. Effect of LEF treatment on liver nuclear receptors. (A–D) The gene expression of nuclear receptors (Car, Fxr, Nrf2, Pxr, and PPARa) (A), downstream target
gene expression (CYP2b10,Cyp7a1,HO-1, CYP3a11,CYP4a10, andCYP4a14) (B), protein expression of Cyp4a10andCyp4a14 (proteomics data) (C), and thePPARa
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 sampleswere collectedandprocessedaspreviouslydescribed in theMaterialsandMethods.Geneexpressionwasnormalizedagainst the endogenous
controlGAPDH.Thedataarerepresentativeof two independentexperiments,andeachpoint indicates themean6S.D. (n=5). (C)Proteomicsdatashowingtherelative
fold change fromthe control group (PEG400).Eachpoint indicates themean6S.D (n=5). (D)Cos-7 cellswere transiently cotransfectedwith200ngplasmid containing
the luciferase gene and 100 ng GAL4-PPARa 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 themean6S.D.Therawdatawere log-transformedandthesignificantdifferenceanalysiswasdoneon the transformeddata.Differencesbetweentwogroups
were analyzed using the t test (*P, 0.05; **P, 0.01; ***P, 0.001). DMSO, dimethylsulfoxide; HO, heme oxygenase; Pxr, pregnane X receptor.

Fig. 7. Effect of LEF, LEF plus HET0016, and LEF plus GW6471 treatment on the plasma concentrations of MTX and 7OHMTX. (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 6 S.D. (n = 5).
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proteomics data revealed that LEF also increased the protein
level of CYP4A11 in human hepatocytes (Supplemental
Table 1). This result indicates that the activation of PPARa
is consistent between humans andmice. 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.

According to previous reports, PPARa 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 PPARa 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

TABLE 4
PK parameters of MTX and 7OH MTX
PK parameters are presented as the mean 6 S.D. (n = 5). The raw data were log-transformed and the significant difference analysis was done on the transformed data.

PK Parameter

MTX 7OH MTX

Control LEF LEF +
HET0016

LEF +
GW6471 Control LEF LEF +

HET0016 LEF + GW6471

t1/2 (h) 1.49 6 0.66 0.89 6 0.13 0.77 6 0.08 0.77 6 0.11 2.50 6 0.53 1.57 6 0.41 1.97 6 1.02 1.91 6 0.74
Tmax (h) NA NA NA NA 0.25 6 0.17 0.50 6 0.00 0.60 6 0.22 0.50 6 0.00
Cmax (mg/ml) NA NA NA NA 0.384 6 0.080 1.721 6 0.343*** 1.479 6 0.948** 0.972 6 0.411
AUC (mg/ml*h) 7.50 6 3.30 16.2 6 2.6* 15.9 6 7.3* 8.52 6 1.52 0.576 6 0.055 2.488 6 0.407*** 2.765 6 2.158*** 1.274 6 0.333
CL (l/h per

kilogram)
7.48 6 3.04 3.11 6 0.59** 3.53 6 4.27 4.62 6 5.61 NA NA NA NA

MRT0–t (h) 0.46 6 0.13 0.62 6 0.02 0.59 6 0.12 0.61 6 0.02 1.67 6 0.19 1.49 6 0.25 1.68 6 0.29 1.45 6 0.36

See the illustration in Fig. 7 for details. CL, clearance; MRT0–t, mean residence time from time zero extrapolated until the end of the dosing interval; NA, not applicable; t1/2,
elimination half-life; Tmax, time to reach Cmax.

*P , 0.05; **P , 0.01; ***P , 0.001 (differences between four groups were analyzed using one-way analysis of variance).
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Fig. 8. Model of how LEF increases exposure toMTX and 7OHMTX via PPARa activation andMrp2/3 alterations in themouse liver. MTX transforms to
7OH MTX through AOX activity. Both MTX and 7OH MTX are substrates of Mrp2/3. LEF downregulated Mrp2 and upregulated Mrp3 (both gene and
protein levels) andMrp4 (only gene level). ThroughMrp2 downregulation, the biliary efflux of MTX/7OHMTXwas damaged. ThroughMpr3 (major) and
Mrp4 (minor) upregulation, the concentrations of MTX and 7OHMTX in the plasma and kidneys were increased. Because the upregulation of Mrp3 did
not completely compensate for the downregulation of Mrp2, LEF increased MTX/7OH MTX accumulation in the liver.

572 Wang et al.

 at A
SPE

T
 Journals on N

ovem
ber 14, 2019

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.117.110593/-/DC1
http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/mol.117.110593/-/DC1
http://molpharm.aspetjournals.org/


Manautou, 2010). Thus, we speculated that LEF decreased
MTX and 7OH 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/7OH MTX.
To further confirm the role that PPARa plays in this

process, we investigated whether PPARa inhibition could
reverse the effect of LEF on MTX PK. When the specific
PPARa antagonist GW6471 was coadministered with LEF,
the increase in the AUC of MTX was almost completely
reversed (Fig. 7). This indicated that PPARa 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 PPARa 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/7OH 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 PPARa
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/7OH MTX
clearance and increased liver exposure by affecting the
metabolic enzymes (minorly) and transporters (majorly)
involved in the disposal of MTX/7OH 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 a nuclear receptor that plays an important role in

lipid metabolism regulation (Rakhshandehroo et al., 2010).
LEF upregulated Cyp4a10/14, 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 PPARa 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 CYp4a10/14 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/).
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