
Abstract. Background: Cisplatin is a platinum compound
capable of inducing apoptosis of cancer cells. However,
cancer cells can become cisplatin-resistant. A recent study
showed that a pregnane X receptor (PXR) antagonist,
leflunomide, can enhance the antitumor activity of cisplatin
and overcome such resistance. This study determined whether
PXR antagonists ketoconazole and phenethyl isothiocyanate
(PEITC) enhance the antitumor activity of platinum
compounds and by which mechanism(s) of action. Materials
and Methods: Caspase-3 activity, intracellular platinum level,
and expression of ATP-binding cassette subfamily C member
2 (ABCC2; previously named multidrug resistance-associated
protein 2) were assessed in HepG2 human hepatocellular
carcinoma cells exposed to carboplatin or cisplatin with and
without PXR antagonist. Results: In combination with
platinum compounds, PEITC increased the intracellular
platinum level, while ketoconazole induced higher caspase-3
activity. Additionally, PEITC suppressed ABCC2 protein
expression. Conclusion: These results suggested that
ketoconazole and PEITC enhance the antitumor activity of
platinum compounds by different and complex mechanisms. 

Pregnane X receptor (PXR) is a nuclear receptor discovered
in 1998 by several groups. PXR regulates the detoxification
mechanism of many xenobiotics through the transcriptional
regulation of many metabolic enzymes and transporters (1).
Target genes regulated by PXR include cytochrome P450
(CYP) 3A4 (2), CYP2B6 (3), UDP-glucuronosyltransferases
family (4) for metabolic enzymes, ATP-binding cassette
subfamily C member (ABCC) -1, -2, and -3 (5, 6), and
organic anion transporting polypeptide 2 (7) for transporters.

Although PXR is mainly expressed in the liver and intestinal
tract, its expression in tumors is still unknown. The
expression of various genes involved in the metabolism and
excretion of anticancer drugs, such as all-trans retinoic acid
(8), etoposide (9) and paclitaxel (10) is also regulated by
PXR, thus the potential role of PXR in anticancer drug
resistance has attracted attention.

Cisplatin is a platinum compound capable of inducing cell
apoptosis when used in the treatment of many types of solid
cancer. However, acquisition of cisplatin resistance in cancer
cells has become an important clinical issue. To this end,
various mechanisms involved in such resistance have been
identified, such as reduced intracellular cisplatin uptake,
augmented extracellular cisplatin excretion, and increased
activity of detoxification and nucleic acid repair systems. Many
cisplatin-resistant cell lines also showed a decrease in
intracellular platinum level, which was associated with a
decrease in its intracellular uptake or increase in its
extracellular excretion (11, 12), besides an increase in ABCC2
expression level (13, 14). As we previously mentioned, ABCC2
expression is regulated by PXR (15, 16), and cisplatin-resistant
cells may present increased PXR expression/activity.

Bitter melon extract, a PXR antagonist, was shown to
enhance the cytotoxicity of doxorubicin in a concentration-
dependent manner by suppressing the activity of PXR and
the expression of another ATP binding cassette subfamily B
member 5, P-glycoprotein (ABCB5) which is a major efflux
transporter of doxorubicin in cancer cells (17). We also
reported that the PXR antagonist, leflunomide, enhanced the
cytotoxicity of cisplatin in the cisplatin-resistant HepG2/R
cell line (18). Thus, PXR antagonists have the potential to
enhance the effects of anticancer agents by suppressing the
expression of efflux transporters.

Ketoconazole is an imidazole that has been used since the
1980s to treat various fungal infections (19). Additionally,
ketoconazole was shown to be effective in treating prostate
cancer (20), but its molecular mechanism is unknown. It has
also been reported that ketoconazole has an inhibitory action
on drug-metabolizing enzymes such as CYP450s by blocking
the activation of nuclear receptors (21, 22). Isothiocyanate is
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formed by the decomposition of glucosinolate, which is the
main component of cruciferous vegetables (watercress,
cabbage, Brussel sprouts, cauliflower, etc.). Specifically,
phenethyl isothiocyanate (PEITC), inhibited CYP3A4
expression via PXR, and midazolam clearance mediated by
CYP3A4 (23). In this study, we hypothesized that
ketoconazole and PEITC, both PXR antagonists, might also
further enhance the cytotoxicity of cisplatin. Therefore, we
compared the effects of ketoconazole and PEITC on the
cytotoxicity and intracellular accumulation of platinum
compounds, and examined the association between PXR
antagonism that suppressed ABCC2 expression and the
enhanced effects of platinum compounds. 

Materials and Methods

Cell culture. Human hepatocellular carcinoma HepG2 cells were
purchased from Dainippon Pharmaceutical (Osaka, Japan). Cells
were maintained in minimum essential medium (Nacalai Tesque,
Kyoto, Japan) containing 10% fetal bovine serum at 37˚C in
humidified air with 5% CO2.

Caspase-3 assay. Caspase-3 enzyme activity was measured by
proteolytic cleavage of the fluorogenic substrate N-acetyl-Asp-
Glu-Val-Asp-7-amido-4-trifluoromethylcoumarin (Ac-DEVD-
AFC) using Caspase-3 Fluorometric Assay Kit (BioVison, CA,
USA). HepG2 cells were plated at a density of 2.0×105 cells per
well into 6-well plates on day 0. On day 1, 30 μM KTZ (Nacalai
Tesque) or PEITC (Nacalai Tesque) were added to each well.
Finally, on day 3, 10 μM cisplatin or 180 μM carboplatin were
added to except for the wells of control and PXR antagonist alone.
After 72 h from plating (24 h in the presence of platinum
compound), the cells were harvested and washed with cold
phosphate-buffered saline (PBS). The pellets were lysed using 100
μl of cell lysis buffer, and then placed on ice. A small portion (5%)
of the cell lysate was used to determine the protein content using
a BCA Protein Assay Kit (Pierce, IL, USA). The cell lysates were
adjusted to a protein concentration of 0.25 μg/μl with cell lysis
buffer. The reaction mixtures were prepared in a 96-well plate and
contained the following components: 50 μl of the sample, 50 μl
of 2X reaction buffer containing 10 mM dithiothreitol, and 5 μl of
2 mM Ac-DEVD-AFC solution. The reaction mixtures were
incubated at 37˚C for 1 h and at room temperature for another
hour. The fluorescence was then measured on a fluorescence
reader (Versa Fluor fluorometer; Bio-Rad Laboratories, Hercules,
CA, USA), and expressed as a relative value with respect to the
control group.

Intracellular platinum accumulation. HepG2 cells were seeded into
75-cm2 tissue culture flasks at a cell density of 1.0×106 per flask on
day 0. On day 1, 30 μM KTZ or PEITC was added, and finally on
day 2 25 μM cisplatin or 180 μM carboplatin were then added to
them. After 24-h exposure to platinum compound, the cells were
harvested and washed three times with cold PBS. A small proportion
(5%) of the cells from each experimental group was used to
determine the protein content using a BCA Protein Assay Kit
(Pierce). The remaining cells were suspended in 1.5 ml of a mixture
of perchloric acid and 30% hydrogen peroxide at the ratio of 1:2

and digested for 12 h at 65˚C. The amount of platinum in the
samples was determined using an SPS 3100 Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES; Hitachi High-
Tech Science Corporation, Tokyo, Japan). The results were
expressed as nanograms of platinum per milligram of cell protein.

RNA extraction and real-time polymerase chain reaction (RT-PCR).
HepG2 cells were seeded into 75-cm2 tissue culture flasks at a cell
density of 1.0×106 per flask on day 0. On day 1, 30 μM
ketoconazole or PEITC were added, and on day 2, 10 μM cisplatin
was added to the corresponding flasks. After 48-h exposure to
ketoconazole or PEITC, the cells were harvested and washed three
times with cold PBS. Total RNA was extracted using FastGene
Premium Kit (NIPPON Genetics, Tokyo, Japan) in accordance with
the manufacturer’s protocol. The quality and concentration of RNA
in each sample was confirmed by spectrophotometry using
NanoDrop Lite (Thermo Fisher Scientific, Yokohama, Japan).
Copies of cDNA were produced from total RNA by reverse
transcription using a PrimeScript II First Strand cDNA Synthesis
Kit (Takara Bio, Shiga, Japan). Amplification of DNA sequences
was performed using Rotor-Gene Q (Qiagen, Tokyo, Japan) with a
KAPA SYBR Fast qPCR Kit (NIPPON Genetics), and normalized
to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to
obtain relative expression levels. The primers for RT-PCR,
synthesized by BEX (Tokyo, Japan), were designed as follows:
ABCC2: forward 5’-ACGGGCACATCACCATCAAG-3’, reverse
5’-CTCCAGGCAGCATTTCCAAG-3’; GAPDH: forward 5’-AAC
GGGAAGCTTGTCATCAATGGAAA-3’; reverse 5’-GCATCA
GCAGAGGGGGCAGAG-3’. The PCR conditions were set as
follows: 95˚C for 5 s and 60˚C for 10 s, 40 cycles. The cycle
threshold (CT) indicated the fractional cycle number at which the
PCR product was first detected above a fixed threshold. Relative
mRNA levels were determined using the 2−ΔΔCT method.

Western blotting. HepG2 cells were seeded into 75-cm2 tissue culture
flasks at a cell density of 1.0×106 per flask on day 0 and 30 μM
ketoconazole or PEITC were added on day 1. After 24 h exposure to
ketoconazole or PEITC, the cells were harvested and washed three
times with cold PBS. Cell membrane protein fractions were extracted
using a plasma membrane protein extraction kit (MBL, Tokyo, Japan)
according to the manufacturer’s protocols. Proteins (20 μg) were
subjected to sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride membrane. The
membrane was blocked with Bullet Blocking One for Western
Blotting (Nacalai Tesque) for 1 h at room temperature and then
incubated overnight at 4˚C with monoclonal antibody against ABCC2
(24893-1-AP, Proteintech, IL, USA), or GAPDH (10494-1-AP,
Proteintech). The membrane was rinsed with PBS-T (FUJIFILM
Wako Pure Chemical, Osaka, Japan) and then incubated for 1 h with
horseradish peroxidase-conjugated anti-rabbit IgG (#7470; Cell
Signaling Technology, Danvers, MA, USA). The membrane was
washed, and the protein bands were visualized with ECL Prime
Western Blotting Detection Reagent (GE Healthcare Japan, Tokyo,
Japan) according to the manufacturer’s protocols.

Statistical analysis. Results are expressed as means±standard
deviation (SD). Statistical analysis was performed with Microsoft
Excel (Microsoft, Redmond, WA, USA) using Dunnett’s test for
multiple comparisons with a control group. A value of p<0.05 was
considered statistically significant. 

ANTICANCER RESEARCH 39: 4749-4755 (2019)

4750



Results

Effect on caspase-3 activity. In our previous study (18),
cisplatin significantly increased caspase-3 activity at 25 μM
in HepG2 cells, as compared with 10 μM. Similarly,
carboplatin increased caspase-3 activity at 360 μM in HepG2
cells but had no effect at 180 μM. Therefore, the effect on
caspase-3 activity in combination with PXR antagonists was
examined in this study using 10 μM cisplatin and 180 μM
carboplatin. On the other hand, ketoconazole and PEITC
alone did not affect caspase-3 activity at 30 μM in HepG2
cells. However, it significantly increased it when used in

combination with cisplatin or carboplatin (Figure 1). For
both cisplatin and carboplatin, the combination with PEITC
resulted in a greater increase of caspase-3 activity. However,
the effect of PXR antagonists on caspase-3 activity was
lower in presence of carboplatin compared to cisplatin.

Effect on platinum accumulation. When HepG2 cells were
exposed to 25 μM cisplatin or 360 μM carboplatin alone, the
intracellular platinum levels were 110±4.7 and 222±55.8
ng/mg protein, respectively (Figure 2). Therefore, the
intracellular platinum level per molar dose exposure were
much lower when in the presence of carboplatin compared to
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Figure 1. Effects of ketoconazole (K) and phenethyl isothiocyanate (PEITC) (P) on caspase-3 activation induced by cisplatin (C) or carboplatin
(CB) in HepG2 cells. Cells were exposed to 30 μM of ketoconazole or PEITC for 48 h with/without 10 μM of cisplatin (A and B, respectively) or
180 μM of carboplatin (C and D, respectively) for 24 h. Caspase-3 activity in HepG2 cells was assessed in each group by fluorescence and expressed
as the fold increase with respect to the untreated control group (Ct). Data are presented as the mean±SD for three independent experiments.
*Significantly different at p<0.05 vs. control.



cisplatin. When cisplatin was used in combination with PXR
antagonist, the intracellular platinum level increased 2.3 and
4.9 times with ketoconazole and PEITC, respectively.
Moreover, administration of carboplatin in combination with
ketoconazole did not change the intracellular platinum level
but when combined with PEITC increased it by 1.9-fold.
Thus, the combined effect of PXR antagonists on the
intracellular platinum level was lower with carboplatin
compared to cisplatin.

Effect on ABCC2 mRNA expression. The effects of
ketoconazole and PEITC on the mRNA expression level of
ABCC2, a transporter regulated by PXR, which
extracellularly expels platinum compounds, was examined
(Figure 3). Ketoconazole did not affect the expression of
ABCC2 mRNA, neither alone nor in combination with 10
μM cisplatin. However, PEITC significantly reduced the
ABCC2 mRNA expression level to 18% when used in
combination with 10 μM cisplatin. On the other hand, 10
μM cisplatin alone showed no effect, but 25 μM cisplatin
alone did significantly reduce its expression level (data not
shown).

Effect on ABCC2 protein expression. The effect of PXR
antagonist on expression of ABCC2 protein in the cell
membrane fraction of HepG2 cells was analyzed (Figure 4).
After exposure of cells to 30 μM PXR antagonist for 24 h,
no effect was observed in the presence of ketoconazole, but
the ABCC2 expression level was significantly reduced to
18% with PEITC exposure.

Discussion

One of the factors involved in acquiring resistance to cisplatin
is a reduction in intracellular platinum accumulation.
Decreased intracellular platinum level result from reduced
intracellular uptake, enhanced extracellular export, or both (11,
12). Various transporters play an important role in these
pathways. Among them, ABCC2 has been associated with
cisplatin resistance (13, 14). Nuclear receptors are known to
be involved in the regulation of transporter expression, such
as the expression of ABCC2, which is regulated by PXR (15,
16). Previous studies have shown that rifampicin, a PXR
agonist, suppressed the cytotoxicity of cisplatin, and that
treatment with the PXR antagonist leflunomide overcame
cisplatin resistance (18). Other reports also suggested that co-
administration of PXR antagonist might improve the efficacy
of antitumor drugs by inhibiting the acquisition of multi-drug
resistance (17). 

In this study, we investigated the effects of two structurally
different PXR antagonists, ketoconazole, an azole antifungal
agent, and PEITC, an isothiocyanate derivative, to determine
whether the combination of platinum compounds with PXR
antagonists enhances antitumor activity. Carboplatin and
cisplatin were also evaluated as platinum compounds.
Ketoconazole and PEITC both significantly increased caspase-
3 activity in combination with cisplatin, although ketoconazole
showed stronger enhancement. The intracellular platinum level
increased when each PXR antagonist and cisplatin were used
in combination, but the use of PEITC resulted in a larger
increase. Even when used in combination with carboplatin,
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Figure 2. Effects of ketoconazole (K) and phenethyl isothiocyanate (PEITC) (P) on the intracellular platinum accumulation in HepG2 cells
additionally exposed to cisplatin (C) (A) or carboplatin (CB) (B) for 24 h. The control group was exposed to cisplatin or carboplatin only. Data
are presented as mean±SD of three independent experiments. *Significantly different at p<0.05 vs. control.



ketoconazole exerted a pronounced increase in caspase-3
activity. However, concomitant administration of PEITC
increased the intracellular platinum level even further. Thus,
we observed that ketoconazole and PEITC enhanced the
intracellular platinum level by the combination with cisplatin
or carboplatin, but the increased effect was not correlated with
the increase in intracellular platinum level. In general, the
antitumor activity of platinum compounds is dependent on the
level of platinum accumulated in cells. Therefore, both these
PXR antagonists may operate through different mechanisms
of action. In this study, we assumed that the mechanism of
PXR antagonist was suppression of the expression of ABCC2,
which could act as an efflux transporter of platinum
compounds. According to our results, PEITC suppressed

ABCC2 membrane protein expression, whereas ketoconazole
did not, suggesting that the enhancement of the cisplatin
activity by PEITC was largely attributed to the increase in
intracellular platinum accumulation due to the suppression of
ABCC2 expression. However, ABCC2 mRNA levels were not
changed by PEITC alone, but a marked decrease was observed
when it was combined with cisplatin. On the other hand,
ketoconazole did not affect ABCC2 mRNA level even in
combination with cisplatin, in contrast with PEITC. Tang et
al. reported that ABCB1 and ABCC1, whose expression was
regulated by PXR, were down-regulated at mRNA and protein
levels in SGC7901/DDP human cisplatin-resistant gastric
cancer cells treated with PEITC (24). Moreover, PEITC was
reported to be a substrate of ABCC2, and to interact with

Yasuda et al: Pregnane X Receptor Antagonists and Cisplatin

4753

Figure 3. Relative ATP-binding cassette subfamily C member 2 (ABCC2) mRNA level in HepG2 cells exposed to ketoconazole (K) and phenethyl
isothiocyanate (PEITC) (P) alone and in combination with cisplatin (C) (A and B, respectively). ABCC2 mRNA level was normalized to that of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The relative mRNA level was expressed as the fold increase with respect to that of the control
group (Ct). Data are presented as means±SD of three independent experiments. *Significantly different at p<0.05 vs. control.



glutathione in cells, and it has been suggested that PEITC
might inhibit ABCC2-mediated transport of other substances
(25). Thus, the combined effect of PEITC with cisplatin
appears to be based on suppression of ABCC2 expression and
functional inhibition of ABCC2.

Although PXR is mainly a xenobiotic receptor that regulates
the expression of drug-metabolizing enzymes and transporters
to eliminate xenobiotics, it may also have a potential role in
other cellular functions including apoptosis. PXR has been
shown to be involved in the activation of the anti-apoptotic
genes BCL2 apoptosis regulator (BCL2) and BCL2-like 1
(BCL2L1, previously BCL-XL) and to protect hepatocytes
from staurosporine-induced apoptosis (26). Lin et al.
demonstrated that in human osteosarcoma cells, ketoconazole
induced cell death and apoptosis via c-Jun N-terminal kinase
(JNK) phosphorylation in a Ca2+-independent manner (27).
Ketoconazole may have also a suppressive effect on the PXR-
regulated BCL2 family and proliferation signaling pathways,

leading to a state in which cells are likely to undergo apoptosis.
This action might lead to enhanced antitumor effect of cisplatin
by ketoconazole.

In this study, we focused on PXR antagonists as agents
capable of enhancing the antitumor activity of platinum
compounds and compared the functional properties of
ketoconazole and PEITC. Ketoconazole and PEITC, together
with platinum compounds, resulted in increased caspase-3
activity and intracellular platinum level, but no association
was detected between caspase-3 activity and intracellular
platinum level. Only in the presence of PEITC, which resulted
in a marked increase in intracellular platinum level, was
suppression of ABCC2 protein expression in cell membranes
observed. On the other hand, ketoconazole resulted in a
marked increase in caspase-3 activity without major changes
in the intracellular platinum level, indicating that the action of
ketoconazole may be involved in the apoptotic control
mechanism. These results suggested that ketoconazole and
PEITC enhanced the antitumor activity of platinum
compounds by suppressing different pathways regulated by
PXR. Although PXR antagonists had greater effects when
combined with platinum compounds, further studies will be
required to determine how to use PXR antagonists that have
multiple mechanisms of action, depending on the platinum
compound to be used or the tumor to be targeted.
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