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Malaria patients are frequently coinfected with HIV and mycobacteria causing tuberculosis, which increases the use of coadmin-
istered drugs and thereby enhances the risk of pharmacokinetic drug-drug interactions. Activation of the pregnane X receptor
(PXR) by xenobiotics, which include many drugs, induces drug metabolism and transport, thereby resulting in possible attenua-
tion or loss of the therapeutic responses to the drugs being coadministered. While several artemisinin-type antimalarial drugs
have been shown to activate PXR, data on nonartemisinin-type antimalarials are still missing. Therefore, this study aimed to
elucidate the potential of nonartemisinin antimalarial drugs and drug metabolites to activate PXR. We screened 16 clinically
used antimalarial drugs and six major drug metabolites for binding to PXR using the two-hybrid PXR ligand binding domain
assembly assay; this identified carboxymefloquine, the major and pharmacologically inactive metabolite of the antimalarial drug
mefloquine, as a potential PXR ligand. Two-hybrid PXR-coactivator and -corepressor interaction assays and PXR-dependent
promoter reporter gene assays confirmed carboxymefloquine to be a novel PXR agonist which specifically activated the human
receptor. In the PXR-expressing intestinal LS174T cells and in primary human hepatocytes, carboxymefloquine induced the ex-

pression of drug-metabolizing enzymes and transporters on the mRNA and protein levels. The crucial role of PXR for the car-
boxymefloquine-dependent induction of gene expression was confirmed by small interfering RNA (siRNA)-mediated knock-
down of the receptor. Thus, the clinical use of mefloquine may result in pharmacokinetic drug-drug interactions by means of its
metabolite carboxymefloquine. Whether these in vitro findings are of in vivo relevance has to be addressed in future clinical

drug-drug interaction studies.

NI alaria, which is caused by infection with parasitic protozo-
ans of the genus Plasmodium, is still a major global health
burden, with an estimated 207 million cases and 627,000 deaths
worldwide in 2012 (1). The emerging resistance of the parasite
to artemisinins (2) and the need to treat malaria patients coin-
fected with HIV and/or mycobacteria causing tuberculosis (3)
increasingly necessitates the use of combination drug therapies
and coadministration of drugs, respectively, which also may be
accompanied by a higher risk for drug-drug interactions. Mecha-
nistically, these may arise from the inhibition or induction of me-
tabolism and/or transport of coadministered drugs. Competitive
or noncompetitive enzyme inhibition may result in adverse toxic
effects due to higher-than-expected drug concentrations, whereas
clinically relevant induction may result in therapeutic failure due
to insufficient drug levels. The interaction potential of antimalar-
ial drugs due to the inhibition of cytochrome P450 (CYP) drug-
metabolizing enzymes has been analyzed quite extensively in vitro,
and it has been shown to result in some clinically relevant drug-
drug interactions, as exemplified by the interaction of quinine/
quinidine with drugs metabolized by CYP2D6 (4). In contrast,
the induction of drug metabolism and transport by antimalar-
ials has not been addressed equally well. With respect to clini-
cally relevant induction, it is known only that artemisinin-type
antimalarial drugs, especially artemisinin itself, autoinduce
their elimination (5) by increasing cytochrome P450-depen-
dent metabolism (6), thereby suggesting a significant drug-
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druginteraction potential of the compounds. Drug-drug inter-
actions by artemisinin-induced CYP2B6 and CYP3A4
expression and activities have been further predicted by quan-
titative modeling (7).

The induction of drug metabolism and transport by xenobiot-
ics, which include many drugs, is mediated by xenosensing nu-
clear receptors, among which pregnane X receptor (PXR)
(NR112) and the closely related constitutive androstane receptor
(CAR) (NR1I3) are of outstanding importance in humans, as they
are activated by a wide array of structurally highly diverse chemi-
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cals (8). Xenobiotics activate these receptors by inducing their
transcriptional activity, which in the case of PXR typically requires
binding of the compound to the receptor as a ligand (8). Upon
activation, both receptors induce the expression of a battery of
genes involved in absorption, distribution, metabolism, and ex-
cretion (ADME), comprising phase I cytochrome P450 and phase
II conjugating drug-metabolizing enzymes, as well as phase 0/I1I
drug transporters in the intestines and liver (9, 10). In previous
studies, we and others showed that the artemisinin-type antima-
larial drugs artemisinin, artemether, and arteether, as well as the
pharmacologically inactive artemisinin metabolite deoxyartemis-
inin, are ligands of human PXR and human and mouse CAR, and
by that, induce ADME gene expression (11-13). Other artemis-
inin-type drugs, such as artesunate and dihydroartemisinin,
showed weak human CAR inverse agonism, with differential ef-
fects on CAR isoforms (13). When screening 21 antimalarial drugs
and 11 major drug metabolites, we did not identify any drug out-
side the artemisinin class as binding to and thereby activating CAR
(13). However, the potential of nonartemisinin antimalarials in
activating PXR has not yet been analyzed.

This study aimed to elucidate the activation of PXR by nonar-
temisinin antimalarial drugs and major drug metabolites. By us-
ing the cellular mammalian two-hybrid PXR ligand binding do-
main assembly assay to screen ligand binding, as well as further
cellular assays to detect ligand-dependent cofactor interactions
and PXR-dependent reporter gene activity, we identified car-
boxymefloquine, the main metabolite of mefloquine, which is a
major drug used in antimalarial prophylaxis, as a novel agonist
and activator of PXR. These results were further substantiated by
the observation of carboxymefloquine-driven ADME gene ex-
pression in intestinal and hepatic cells. The data presented here
indicate that the clinical use of mefloquine may result in drug-
drug interactions by means of its metabolite.

MATERIALS AND METHODS

Chemicals. Rifampin and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (Taufkirchen, Germany). The supply sources of the
antimalarial drugs and drug metabolites have been noted previously (13).

Plasmids. Expression plasmids carrying genes encoding fusion pro-
teins of the GAL4-DNA binding domain (DBD) and helix 1 of the human
PXR ligand binding domain (LBD) (amino acids 132 to 188) or the recep-
tor interaction domain (RID) of human corepressor silencing mediator of
retinoid acid and thyroid hormone receptor (SMRT) have been published
(11). The respective fusion of the RID of human coactivator SRC1 was
previously described (14). Expression plasmids carrying genes encoding
fusion proteins of the VP16-activation domain (AD) and human PXR
LBD (amino acids 108 to 434) or part of it (amino acids 189 to 434) have
been described (11).

The expression plasmids carrying genes encoding human farnesoid X
receptor (FXR), liver X receptor alpha (LXRa), and LXRP were con-
structed by cloning the respective open reading frames, amplified by PCR
from the cDNA of the human intestinal cell lines Caco-2 and LS174T,
using the appropriate primers, into expression vector pcDNA3.1 (Invit-
rogen, Carlsbad, CA). The respective 5" upstream primers introduced
optimized Kozak consensus sequences. The human PPARYyI expression
plasmid was described previously (15) and kindly provided by T. Tanaka
(University of Tokyo, Japan). All further expression plasmids carrying
genes encoding human and mouse nuclear receptors have been described
(11).

Annealed complementary oligonucleotides, designed using the
BLOCK-iT RNAi Designer (Invitrogen) to target human PXR (5'-GCT
GAC ATG TCA ACC TAC ATG-3' [sh-PXR#1, positions 2569 to 2589 of
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GenBank accession no. NM_003889] and 5'-GAC ACT ACC TTC TCC
CAT TTC-3' [sh-PXR#3, positions 2326 to 2346] or nonmammalian se-
quence 5'-CAA CAA GAT GAA GAG CAC CAA-3' [sh-CTR]), were
cloned into pENTR/U6 vector (Invitrogen), and the inserts were se-
quenced. The two sh-PXR plasmids were kindly provided by B. A. Kandel
(Dr. Margarete Fischer-Bosch-Institute of Clinical Pharmacology, Stutt-
gart, Germany).

The following firefly luciferase reporter gene plasmids have been pub-
lished: GAL4-dependent pGL3-G5 (14), CYP3A4 enhancer/promoter re-
porter gene plasmid pGL3-CYP3A4(—7830/A7208 to 364) and reporter
gene plasmid with a trimer of CYP3A23 direct repeat (DR) 3 motif (16),
reporter gene plasmid with a dimer of the MDRI1-DR4(I) (17), CYP2B6
enhancer/promoter reporter gene plasmid pB-1.6k/PB/XREM (18), re-
porter gene plasmids containing a dimer of the hepatic nuclear factor
alpha (HNF4a)-response element (RE) of the human PXR promoter or
tetramer of the glucocorticoid receptor (GR)-RE of the tyrosine amino-
transferase promoter, respectively (11), and p4xACO-Luc, Addgene plas-
mid 16533, kindly provided by B. Vogelstein (19). The reporter gene plas-
mid, containing a dimer of the consensus nuclear receptor inverted repeat
(IR) 1 motif, was constructed by self-ligation of the appropriate double-
stranded oligonucleotides via added BamHI/BgIIT sites and cloning into
the BglII site of pGL3-Tk(—105) (17).

Cell culture, transient transfections, and reporter gene assays. The
COS-1 cells were cultivated as described previously (14). The culture of
HepG2 cells, purchased from ATCC (Manassas, VA), and the generation
and culture of HepG2-PXR cells stably transfected with a human PXR
expression plasmid have been described (20). One day before transfec-
tion, the COS-1 cells were plated at 3 X 10* cells per well and the HepG2
and HepG2-PXR cells at 1.5 X 10’ cells per well in 24-well plates. The
transfections were performed in triplicate using plasmid DNAs totaling
0.2 pg and Effectene transfection reagent (Qiagen, Hilden, Germany),
according to the manufacturer’s protocol. Mammalian two-hybrid PXR
assembly, coactivator, and corepressor interaction assays were performed
as described previously (11), using the plasmids specified in the figure
legends. CYP3A4 and CYP2B6 enhancer/promoter reporter gene assays
were performed as described previously (16). The following firefly lucif-
erase reporter gene plasmids were used for the analysis of nuclear receptor
activation by carboxymefloquine: CYP3A4 (human PXR [hPXR] and
mouse PXR [mPXR]), CYP2B6 (hCAR and mCAR), DR3 (vitamin D
receptor [VDR]), DR4 (thyroid hormone receptor alpha [TRa], TRp,
LXRa, and LXRB), HNF4a-RE (HNF4a), GR-RE (GRa), IR1 (FXR), and
p4xACO-Luc (PPARYI). Normalization plasmids pRL-CMYV (Renilla lu-
ciferase; Promega, Madison, WI) or pPCMV (B-galactosidase; Clontech,
Mountain View, CA) were cotransfected to adjust for variable transfection
efficiencies. Subsequently, the cells were treated with chemicals for 6 h or
24 h, as specified in the figure legends. The cells were lysed with passive
lysis buffer (Promega), and the firefly luciferase and 3-galactosidase ac-
tivities were analyzed as described previously (21). To determine Renilla
luciferase activities, 100 pl of an assay solution consisting of 25 mM Tris-
HCI (pH 7.5), 100 mM NaCl, 1 mM CaCl,, and 1 uM coelenterazine was
injected automatically into 20 pl of cell lysate, and luminescence was
measured immediately for 10 s with an AutoLumat Plus (Berthold, Bad
Wildbad, Germany).

Primary human hepatocytes. Human hepatocytes were isolated from
the tissue samples of human liver resections, which were obtained from
patients who underwent partial hepatectomy because of primary or sec-
ondary liver tumors, as described previously (22). The experimental pro-
cedures were performed according to the institutional guidelines for liver
resections of tumor patients, which included each patient’s written in-
formed consent, and these were approved by the local ethics committee of
the Eberhard-Karls University of Tiibingen, Germany. For the induction
experiments, the isolated cells were seeded at 1.5 X 10° cells per well into
collagen type I-coated 6-well plates and treated with chemicals, as de-
scribed previously (20).
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siRNA-mediated gene knockdown. Primary human hepatocytes were
seeded at 9.6 X 10 cells/well into collagen type I-coated 6-well plates.
After 8 to 10 h, the cells were transfected with nontargeting negative-
control siRNA (Silencer select negative-control 1) or predesigned Silencer
select siRNA targeting 5'-GGC TAT CAC TTC AAT GTC A-3’ (positions
1987 to 2005 of GenBank accession no. NM_003889) of PXR (s16911),
which were provided by Life Technologies (Darmstadt, Germany), at a
final concentration of 20 nM using Lipofectamine RNAiMAX (Life Tech-
nologies). The culture medium was renewed daily, and the cells were
harvested for RNA analysis 72 h after transfection. During the last 24 h, the
cells were treated with chemicals.

Quantitative real-time reverse transcription-PCR analysis. Total
RNA and first-strand ¢cDNA were prepared by established procedures
(21). The integrity of the RNA samples was confirmed by formaldehyde
agarose gel electrophoresis.

The absolute quantification of ABCB1, CYP2B6, CYP3A4, and 18S
rRNA gene expression levels in LS174T cells (ATCC) was performed with
cDNA corresponding to 25 ng or 25 pg (18S rRNA) total RNA using the
7500 real-time PCR system (Life Technologies), as described previously
(20). The respective TagMan assays are indicated below.

For the relative quantification analyses of ADME genes in primary
human hepatocytes, cDNA samples (25 ng each) were preamplified for 14
cycles using a mix of primer-probe sets of the respective genes (omitting
the set of 18S rRNA) and TagMan PreAmp master mix (Life Technolo-
gies), according to the Fluidigm specific target amplification protocol
(Fluidigm, South San Francisco, CA); the mixture was finally diluted 1:5
with nuclease-free H,O. A 48.48 Dynamic Array or FLEXsix gene expres-
sion integrated fluidic circuit (Fluidigm) was loaded with these diluted
preamplified samples and the primer-probe sets of the respective genes,
the latter of which were added before into TagMan gene expression mas-
ter mix (Life Technologies). TagMan real-time quantitative PCR was per-
formed using the BioMark HD system (Fluidigm), according to the man-
ufacturer’s protocol. The assays were done in triplicate. The following
TagMan assays have been reported: ABCB1 and CYP2B6 (11), UGT1A3
(23), and EPHXI and 18S rRNA (20). TagMan gene expression assays,
consisting of predesigned commercial primer-probe sets (Life Technolo-
gies), were used to quantify the other genes: Hs00166123_m1 (ABCC2),
Hs00868409_s1 (CYP2A6), Hs00946140_g1 (CYP2C8), Hs00604506_m1
(CYP3A4), Hs01114267_ml (PXR), Hs99999902_ml (RPLP0), and
Hs00272374_m1 (SLCO1B1). The data were analyzed using the BioMark
real-time PCR analysis software and further processed by applying the AAC;.
method. The 18S rRNA levels were used to normalize the gene expression
levels.

Protein analysis. Total protein homogenates were prepared by lysing
cells for 30 min on ice in 50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 1 mM
EDTA, and 1% (vol/vol) Nonidet P-40, supplemented with Halt protease
inhibitor cocktail (Thermo Scientific, Rockford, IL) and quantified using
the bicinchoninic acid method. Thirty micrograms of each protein sample
was analyzed by SDS-polyacrylamide gel electrophoresis and subsequent
Western blotting (20), using the antibodies WB-3A4 and INHIBITION
MAB-2B6 (BD Biosciences, Heidelberg, Germany) specific for CYP3A4
and CYP2B6, respectively, and B-actin antibody (clone AC-15) from Sig-
ma-Aldrich. The protein bands were quantified with the digital charge-
coupled-device camera Stella and AIDA software (Raytest, Strauben-
hardt, Germany).

Data analysis. The mean or median values from at least three inde-
pendent experiments were used for statistical analysis, unless indicated
otherwise. Multiple comparisons were performed using one-way or two-
way analysis of variance (ANOVA) with Dunnett’s multiple-comparison
test, as described in the figure legends. The comparisons with a hypothet-
ical value were performed using a one-sample ¢ test or Wilcoxon signed-
rank test. The Wilcoxon signed-rank test was used exclusively for the
hepatocyte experiments, in which large interindividual variability was ob-
served. All calculations were done with GraphPad Prism 6.03 (GraphPad
Software, La Jolla, CA).
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FIG 1 Carboxymefloquine induces the assembly of the human PXR ligand
binding domain. HepG2 cells, transiently transfected with firefly luciferase
reporter gene plasmid pGL3-G5, normalization plasmid pRL-CMV, and ex-
pression plasmids carrying genes encoding GAL4-DBD/PXR-LBD (positions
132 to 188) and VP16-AD/PXR-LBD (positions 189 to 434) fusion proteins
were treated with the indicated antimalarials or vehicle DMSO for 6 h. Rifam-
pin was used at 10 pM and all antimalarials were used at 30 wM, except
desbutyl-lumefantrine, which was used at 10 uM. The columns show the
mean fold induction * standard deviation (SD) of normalized firefly lu-
ciferase activities by chemical treatment, with the activities of cells treated
only with DMSO designated 1. Statistically significant differences to this
value were calculated by one-sample ¢ test and P values were corrected for
multiple testing by Bonferroni’s method. **, P < 0.01.

RESULTS
Screening of antimalarial drugs and drug metabolites for bind-
ing to PXR. The mammalian two-hybrid assembly assay of human
PXR, which relies on the ligand-dependent interaction of helix 1
with the remainder of the ligand binding domain (11), was ap-
plied to screen the PXR binding characteristics of 16 antimalarial
drugs and six major drug metabolites. Artemisinin-type com-
pounds, which have been analyzed for their activation of the xe-
nobiotic receptors PXR and CAR (11, 13), were excluded. As sev-
eral of the compounds proved to be highly cytotoxic to the HepG2
cells used in this assay (data not shown), treatment duration had
to be limited to 6 h, which was still sufficient to generate a signif-
icant induction with the prototypical PXR ligand rifampin at a
concentration of 10 uM (Fig. 1). The short treatment time further
allowed for using compounds at concentrations up to 30 uM
without being cytotoxic, with the single exception of desbutyl-
lumefantrine, which could be used only at 10 uM. Among the
tested compounds, only carboxymefloquine [Ro 21-5104; 2,8-bis-
(trifluoromethyl)-4-quinoline carboxylic acid], the major metab-
olite of mefloquine (24), significantly induced the assembly of the
human PXR ligand binding domain (Fig. 1). These data indicate
that carboxymefloquine may be a ligand of PXR.
Carboxymefloquine is an agonist of PXR. Nuclear receptor
assembly assays cannot discriminate between agonist and antago-
nist ligands (25). Thus, we next analyzed whether carboxymeflo-
quine shows an induction of coactivator recruitment and release
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FIG 2 Carboxymefloquine is an agonist of PXR. HepG2-PXR cells, transiently
transfected with firefly luciferase reporter gene plasmid pGL3-G5, normaliza-
tion plasmid pCMVp, and expression plasmids carrying genes encoding
VP16-AD/PXR-LBD (positions 108 to 434) and GAL4-DBD/SRC1-RID (A) or
GAL4-DBD/SMRT-RID (B) were treated with 10 uM rifampin (RIF), the
indicated doses of carboxymefloquine (CMQ), or 0.1% DMSO for 24 h. The
columns show the mean = SD of relative normalized firefly luciferase activities
compared to the activities of cells cotransfected with empty vector pVP16-AD
and respective GAL4-DBD fusion protein expression plasmid and treated with
DMSO only, which was designated 1 and is indicated by the broken line. The
data were analyzed by repeated-measures one-way ANOVA with Dunnett’s
multiple-comparison test. ¥, P < 0.05; **, P < 0.01.

of corepressor interaction, both of which are characteristics of
PXR agonists (20). Figure 2A shows that the compound induced
the interaction of PXR with the coactivator SRC1 in a dose-depen-
dent manner. A significant release of corepressor SMRT from PXR
was observed at the highest dose of 100 uM (Fig. 2B). In summary,
these data suggest that carboxymefloquine acts as a PXR agonist.
Carboxymefloquine specifically activates human PXR. As an
agonist, carboxymefloquine should induce transcriptional activa-
tion by PXR. Thus, HepG2-PXR cells, which express high levels of
PXR due to stable transfection of a respective expression plasmid
(20), were transiently transfected with PXR-dependent CYP3A4
and CYP2B6 enhancer/promoter reporter genes and treated with
carboxymefloquine. Figure 3A shows that the compound signifi-
cantly induced the transcriptional activation of CYP3A4 and
CYP2B6 reporters in a dose-dependent manner. PXR knockdown
by transient cotransfection of short hairpin RNA (shRNA) expres-
sion plasmids, which carry PXR-specific siRNA sequences, further
confirmed that the induction of both reporters by carboxymeflo-
quine was indeed mediated by PXR (Fig. 3B). A dose-response
analysis revealed that carboxymefloquine activated human PXR,
with a 50% effective concentration (ECs,) of 24 uM (95% confi-
dence interval [CI], 13.4 to 43.3 uM) (Fig. 3C). Next, we analyzed
the specificity of activation by carboxymefloquine. COS-1 cells
were cotransfected with nuclear receptor expression plasmids and
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the appropriate respective reporter genes. Figure 3D shows that
among the 13 nuclear receptors that were analyzed, only human
PXR was activated by carboxymefloquine. Notably, carboxyme-
floquine activated neither mouse PXR nor CAR or VDR, the two
closest relatives of PXR. In summary, these data suggest that car-
boxymefloquine is a species-specific activator of PXR, strongly
activating the human receptor but not the mouse homologue.

Carboxymefloquine induces the expression of drug-metabo-
lizing enzyme and transporter genes in human intestinal and
hepatic cells. To analyze whether carboxymefloquine induces en-
dogenous PXR target genes, human intestinal LS174T cells and
primary human hepatocytes, both proven models of PXR activa-
tion due to strong expression of the receptor (11, 17), were treated
with the compound, and the expression of selected PXR target
genes was analyzed by quantitative real-time reverse transcrip-
tion-PCR (RT-PCR). Figure 4 shows that carboxymefloquine in-
duced the expression of ABCB1, which encodes the drug trans-
porter multidrug resistance protein 1 (MDR1)/P-glycoprotein
(Pgp), and of cytochrome P450 genes CYP2B6 and CYP3A4 in
LS174T cells in a dose-dependent manner. In primary human
hepatocytes, a more comprehensive set of PXR target genes was
analyzed. Carboxymefloquine significantly induced the median
mRNA expression of CYP2B6, CYP2C8, EPHX1, UGT1A3, and
ABCBI. The expression of CYP2A6 and ABCC2 appeared to be
induced, but it did not reach statistical significance, whereas the
expression of SLCO1B1 was not altered (Fig. 5). Interestingly,
CYP3A4 was induced only by 30 uM carboxymefloquine, whereas
increasing the dose to 100 M did not result in further induction.
Consistently, RPLP0, which is not a PXR target gene, was induced
neither by rifampin nor carboxymefloquine. Together, these data
clearly demonstrate the capacity of carboxymefloquine to induce
the expression of ADME genes.

PXR mediates carboxymefloquine-dependent induction of
gene expression in primary human hepatocytes. In contrast to
LS174T cells, which do not express detectable levels of CAR (11),
primary human hepatocytes show prominent CAR expression
(26). Even if we previously showed (13) and confirmed again here
that carboxymefloquine does not act as a human CAR agonist, it is
still possible that the compound indirectly activates this receptor
and by doing so induces the expression of ADME genes in primary
human hepatocytes. Therefore, siRNA-mediated knockdown of
PXR expression was performed in primary human hepatocytes of
two different donors to unequivocally demonstrate that PXR me-
diates the induction of gene expression by carboxymefloquine.
The transfection of PXR-specific siRNA resulted in 75 to 80%
knockdown of PXR mRNA expression (Fig. 6A), which equally
eliminated the induction of CYP3A4 expression by rifampin and
carboxymefloquine (Fig. 6B). In contrast to treatment for 48 h
(see Fig. 5), carboxymefloquine further showed dose-dependent
induction of CYP3A4 expression in the hepatocytes of both do-
nors if the cells were treated for 24 h only.

Induction of cytochrome P450 genes by carboxymefloquine
resultsin elevated protein levels in primary human hepatocytes.
The induction of gene expression is only functionally relevant if it
results in equally elevated protein levels. Thus, we exemplarily
analyzed cytochrome P450 protein expression in primary human
hepatocytes that were treated with carboxymefloquine. Figure 7
shows that the CYP2B6 protein was induced by the compound in
a dose-dependent manner. In contrast, only the treatment with 30
M carboxymefloquine resulted in somewhat elevated CYP3A4
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FIG 3 Carboxymefloquine specifically activates human PXR. (A) HepG2-PXR cells were transiently transfected with CYP3A4 or CYP2B6 enhancer/promoter
reporter gene plasmids, as indicated, and normalization plasmid pCMV. The transfected cells were treated with 0.1% DMSO, 10 wM rifampin (RIF), or the
indicated doses of carboxymefloquine (CMQ) for 24 h. The columns show the mean * SD of relative normalized luciferase activities compared to the mean
activities of cells treated with DMSO only, which was designated 1. The data were analyzed by repeated-measures one-way ANOVA with Dunnett’s multiple-
comparison test. (B) HepG2-PXR cells were transfected as in panel A, except that the shRNA expression plasmids carrying negative-control siRNA (sh-CTR) or
PXR-specific siRNA (sh-PXR#1 and sh-PXR#3) sequences were cotransfected. The cells were treated for 24 h, as indicated. The columns show the mean fold
induction = SD of normalized luciferase activities by chemical treatment, with the activities of appropriately transfected cells treated with DMSO designated 1.
The data were analyzed by two-way ANOVA with Dunnett’s multiple-comparison test. (C) HepG2-PXR cells were transfected with CYP3A4 enhancer/promoter
reporter gene plasmid and normalization plasmid pCMVR. The graph shows the dose response of induction by carboxymefloquine. (D) COS-1 cells were
transiently cotransfected with combinations of the indicated mouse (m) or human nuclear receptor expression plasmids and the appropriate respective promoter
reporter gene plasmids (as specified in Materials and Methods) and normalization plasmid pCMV. The transfected cells were treated with 0.1% DMSO or 100
M carboxymefloquine for 24 h. The columns show the mean fold induction = SD of normalized luciferase activities by carboxymefloquine, with the activities
of the appropriately transfected cells treated with DMSO designated 1. The data were analyzed by one-sample ¢ test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

protein levels, whereas 100 pM did not exert any effect. Thus,
regarding CYP2B6 and CYP3A4, induction on the protein level
proved to reflect the mRNA data. In conclusion, these data indi-
cate that induction by carboxymefloquine, at least of the expres-
sion of CYP2B6, may be of functional relevance.

DISCUSSION

Screening a range of clinically relevant antimalarial drugs and
drug metabolites revealed most of these compounds to be ineffec-
tive in terms of inducing the assembly of the PXR ligand binding
domain, which was used in this study as a surrogate of ligand
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binding to PXR. The notable exception was carboxymefloquine,
the main metabolite of mefloquine. It is worthy to note that since
the pronounced cytotoxicities of most compounds limited the
applicable doses and treatment period, it formally cannot be ruled
out that PXR assembly may be induced weakly by some other
antimalarial at higher doses and/or with longer treatment.

In this study, carboxymefloquine proved to be an agonist and
specific activator of human PXR without apparent cross talk with
other nuclear receptors. The EC5, of 24 M for PXR activation in
vitro is close to the upper limit of the observed blood drug levels of
5 to 18 wM, which are achieved by multiple prophylactic doses of
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FIG 4 Carboxymefloquine induces the expression of cytochrome P450 genes
and ABCBI in intestinal LS174T cells. The cells were treated for 48 h with 0.1%
DMSO, 10 uM rifampin (RIF), or the indicated doses of carboxymefloquine
(CMQ). mRNA expression of the indicated genes was quantified by TagMan
real-time RT-PCR and normalized to the expression levels of 185 rRNA. The
columns show the mean fold induction = SD of mRNA expression by chem-
ical treatment, with the expression in the cells treated with DMSO designated
1. The data were analyzed by one-sample ¢ test. *, P < 0.05.

the parent drug mefloquine (27). This may indicate that the acti-
vation of PXR by the metabolite is possibly of relevance in vivo,
even if intrahepatic metabolite levels, which are critical for PXR
activation, are currently unknown. The intracellular concentra-
tions of carboxymefloquine depend on the concentration of the
parent drug mefloquine and the rate of its metabolism. A mean
plasma half-life of 3 weeks (27) and biliary excretion (28) suggest
slow metabolism and enterohepatic circulation of the drug,
thereby allowing repeated cycles of hepatic metabolism. Accord-
ingly, carboxymefloquine blood levels rise constantly over a span

Carboxymefloquine Activation of PXR

of weeks, especially after repeated dosing, as in prophylaxis (27),
and they exceed mefloquine levels after the first day (29).

The knockdown of PXR completely eliminated the induction
of ADME gene expression by carboxymefloquine in primary hu-
man hepatocytes, as was exemplarily shown for the prototypical
PXR target gene CYP3A4. Thus, phenobarbital-type indirect acti-
vation of CAR (8), the other xenosensing nuclear receptor in hu-
mans, was ruled out as the underlying mechanism, and PXR was
unequivocally shown to be involved in carboxymefloquine-de-
pendent induction.

Carboxymefloquine further proved to dose-dependently in-
duce the expression of ADME genes, which in the case of CYP3A4
was observed only if the treatment lasted for 24 h. Treatments
lasting for 48 h seemed to reduce the extent of CYP3A4 induction
by 30 uM and to inhibit CYP3A4 induction by 100 uM car-
boxymefloquine. Thus, increasing doses and long-lasting treat-
ments impaired the PXR-mediated induction of CYP3A4 by car-
boxymefloquine. Although a toxic effect or general inhibition of
PXR activation by high doses of the compound itself is ruled out,
because the effect was specific for CYP3A4, we can only speculate
about the mechanism underlying this phenomenon. Theoreti-
cally, increasing the dose and time of incubation with carboxyme-
floquine may inhibit a specific signaling pathway or factor that is
required for hepatic CYP3A4 expression. Alternatively, a signaling
pathway or factor that specifically inhibits CYP3A4 expression
may be activated. Either way, such a mechanism has to counteract
PXR-dependent induction by the compound. The elucidation of
this mechanism requires further studies.

Mefloquine is an effective therapeutic and prophylactic anti-
malarial. Despite an ongoing debate on its safety because of con-
troversial reports on the frequency and severity of neuropsychiat-
ric adverse effects, mefloquine is still widely used and even
regarded as indispensable for specific patient groups, such as preg-
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FIG 5 Carboxymefloquine coordinately induces the expression of ADME genes in primary human hepatocytes. Primary human hepatocyte cultures from 6
donors were each treated with 0.1% DMSO, 30 uM rifampin (RIF), or the indicated doses of carboxymefloquine (CMQ) for 48 h. mRNA expression of the
indicated genes was quantified by TagMan real-time RT-PCR and normalized to the expression levels of 18S rRNA. The data are shown as the fold induction of
mRNA expression by chemical treatment, with the expression in the cells treated with only DMSO designated 1; these data are presented as box and whisker plots,
with boxes representing the 25th to 75th percentiles, medians indicated by horizontal lines, and whiskers showing the minimum and maximum values. The data

were analyzed by Wilcoxon signed-rank test. *, P < 0.05.
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FIG 6 PXR mediates induction of CYP3A4 by carboxymefloquine in primary human hepatocytes. Primary human hepatocytes of two donors (RH18 and GH25)
were transfected with PXR-specific siRNA (+) or negative-control siRNA (—). The cells were treated for 24 h with 0.1% DMSO, 10 uM rifampin (RIF), or
carboxymefloquine (CMQ), as indicated. mRNA expression of PXR (A) and CYP3A4 (B) was quantified by TagMan real-time RT-PCR and normalized to the
expression of 18S rRNA levels. The columns show the means = SD from triplicate measurements. The expression data are presented relative to the mean
expression of cells transfected with control siRNA and treated with DMSO, which was designated 1. The data were analyzed by two-way ANOVA with Dunnett’s
multiple-comparison test. Significant differences to the respective cells treated with DMSO are indicated. *, P < 0.05; ***, P < 0.001.
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FIG 7 Carboxymefloquine induces the protein expression of CYP2B6. Primary
human hepatocyte cultures from 3 donors were each treated with 30 puM rifampin
(RIF) or the indicated doses of carboxymefloquine (CMQ) for 48 h. Cytochrome
P450 and B-actin protein expression were analyzed in total protein homogenates
by immunoblotting using specific antibodies. (A) Representative Western blot
analysis of a single culture. (B) Fold induction of protein expression by chemical
treatment was calculated compared to the expression levels in the respective cells
treated with DMSO only, which was designated 1 and is indicated by the broken
line. The symbols denote cultures from individual donors.
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nant women, infants, small children, and long-term travelers (30).
Furthermore, it is used in WHO-recommended artemisinin com-
bination therapy with artesunate (31). Mefloquine is mainly me-
tabolized by CYP3A4, as was shown by coincubation/coadminis-
tration with the isozyme-specific inhibitor ketoconazole and the
CYP3A4 inducer rifampin, both in human hepatocytes in vitro
and human volunteers in vivo (24, 32, 33). The pharmacologically
inactive carboxymefloquine (34) is regarded as the major metab-
olite (35). As carboxymefloquine proved in this study to induce
the expression of drug-metabolizing enzymes and transporters by
activating PXR, mefloquine may cause pharmacokinetic drug-
drug interactions by means of its metabolite, thereby potentially
reducing plasma drug levels and thus the efficacy of the drugs
being coadministered. This may be especially relevant in prophy-
lactic use, for which mefloquine is taken for at least several weeks.
The absence of autoinduction of elimination during multiple dos-
ing of mefloquine (27) and the lack of an effect on the erythromy-
cin breath test (36), which is a measure of hepatic CYP3A4 activ-
ity, indicate that mefloquine is not inducing CYP3A4 activity in
vivo. At first sight, this is contradictory to the induction of
CYP3A4 mRNA in primary human hepatocytes by short-term
24-h treatment with carboxymefloquine. However, it may be re-
lated to the inhibitory effect of high doses and longer treatment,
which we also observed. Furthermore, mefloquine was reported to
inhibit the metabolism of primaquine (37), as did the established
CYP3A inhibitor ketoconazole, thereby suggesting the inhibition
of CYP3A4 enzymatic activity. However, the lack of an effect of
mefloquine on the erythromycin breath test (36) also argues
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against that assumption. The published in vivo data and our in
vitro results suggest that drugs susceptible to a pharmacokinetic
interaction with mefloquine will preferentially be metabolized by
CYP2B6 and CYP2CS8 or transported by MDR1/Pgp, all of which
were demonstrated here to be consistently induced in vitro by
carboxymefloquine, rather than metabolized by CYP3A4.

The data from two of the drug interaction studies with meflo-
quine support the hypothesis that the drug, by means of its me-
tabolite carboxymefloquine, may result in a clinically relevant in-
duction of drug metabolism and transport. First, in patients
receiving repeated doses of artemisinin together with a single dose
of mefloquine on day 1, the area under the plasma concentration-
time curve (AUC) of artemisinin on day 2 was significantly re-
duced compared to that at day 1, which was not observed in the
patients treated with artemisinin alone (38). As artemisinin is me-
tabolized mainly by CYP2B6 (39), the reduction of its AUC may
be caused by carboxymefloquine-dependent induction of the en-
zyme. Second, the ritonavir steady-state AUC was significantly
decreased by mefloquine (36). The induction of the CYP3A4-de-
pendent metabolism of ritonavir did not occur, as the half-life of
the drug was not changed. Because ritonavir is also transported by
MDRI1/Pgp, the authors speculated that mefloquine or its metab-
olite carboxymefloquine may induce MDR1/Pgp in the gut wall
and, by that, reduce bioavailability (36). Having shown that treat-
ment with carboxymefloquine induces the expression of the
ABCBI gene, which encodes MDR1/Pgp, in intestinal and hepatic
cells, here we provide evidence for the above notion. Additional
evidence for mefloquine-dependent induction of drug metabo-
lism in vivo comes from a case report showing that mefloquine
increased the number of epileptic seizures in a patient successfully
treated with valproic acid and carbamazepine (40). The physician
reported a reduced half-life of valproic acid, whereas the half-life
of carbamazepine did not change, thereby indicating that meflo-
quine may have specifically accelerated valproic acid metabolism.
While carbamazepine is metabolized mainly by CYP3A4 (41),
whose activity is not induced in vivo by mefloquine (27, 36), val-
proic acid has been shown to be metabolized by CYP2A6,
CYP2B6, and CYP2C9 (42). Thus, the induction of hepatic
CYP2B6 by carboxymefloquine may explain the observation.

Our study further shows that it is important to include major
drug metabolites in addition to the parental drugs when analyzing
xenobiotic induction by activating nuclear receptors, as they may
also be receptor ligands. To the best of our knowledge, car-
boxymefloquine is the first example of a drug metabolite that ac-
tivates PXR while its parental drug is inactive in this respect.

In conclusion, we have shown here in cellular systems that
carboxymefloquine induces ADME gene expression by PXR acti-
vation in vitro, which indicates that the parental drug mefloquine
may cause pharmacokinetic drug-drug interactions due to the in-
duction of drug metabolism and transport by means of its metab-
olite. Even if pharmacokinetic data from a few clinical studies
seem to support this hypothesis, final proof of carboxymeflo-
quine-mediated induction of ADME genes by mefloquine in vivo
still requires a controlled clinical study. The increasing necessity of
the coadministration of antimalarial drugs with antiretroviral
and/or antituberculosis medications in treating malaria patients
coinfected with HIV and/or tuberculosis strongly indicates the
need to evaluate the pharmacokinetic interaction potentials of
antimalarials, including their major metabolites; this is the case
even if this and our previous study (13) indicate that the induction
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of drug metabolism and transport by activating the human xeno-
sensors PXR and CAR is not a concern for most nonartemisinin
antimalarials.
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