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mediated by the down-regulation of
pregnane X receptor

Correspondence Jing Xiong, Department of Pharmacology, Nanjing Medical University, Nanjing, Jiangsu 210029, China, and Tao Xi,
Research Center of Biotechnology, School of Life Science and Technology, China Pharmaceutical University, Nanjing, Jiangsu 210009,
China. E-mail: xiong.jing@njmu.edu.cn; xitao18@hotmail.com

Received 29 January 2016; Revised 20 January 2017; Accepted 20 January 2017

Wenjing Luo1,2, Yu Xin1,2, Xia Zhao3, Feng Zhang2, Changqing Liu4, Hongwei Fan4, Tao Xi2 and Jing Xiong1

1Department of Pharmacology, Nanjing Medical University, Nanjing, China, 2Research Center of Biotechnology, School of Life Science and Technology,

China Pharmaceutical University, Nanjing, China, 3Department of Pharmacy, Nanjing Medical University Affiliated Wuxi Second Hospital, Wuxi,

China, and 4Clinical Pharmacology Laboratory, Nanjing First Hospital Affiliated to Nanjing Medical University, Nanjing, China

BACKGROUND AND PURPOSE
Imatinib mesylate (IM) is a first-line treatment for chronic myeloid leukaemia (CML) as a specific inhibitor of BCR-ABL tyrosine
kinase. As IM is widely used in CML, in combination with other drugs, the effects of IM on drug-metabolizing enzymes (DMEs) are
crucial to the design of rational drug administration. Carboxylesterases (CESs) are enzymes catalysing the hydrolytic biotrans-
formation of several clinically useful drugs. Although IM is known to inhibit cytochromes P450 (CYPs), its effects on DMEs, and
CESs in particular, are still largely undefined.

EXPERIMENTAL APPROACH
Hepatoma cell lines (HepG2 and Huh7) and primary mouse hepatocytes were used. mRNA and protein expression were evaluated
by quantitative RT-PCR and Western blot analysis. Reporter luciferase activity was determined by transient co-transfection ex-
periment. Pregnane X receptor (PXR) expression was regulated by overexpression and RNA interference. The activity of CESs was
determined by enzymic and toxicological assays. Mice were treated with a range of doses of IM to analyse expression of CESs in
mouse liver.

KEY RESULTS
The expression and activity of CESs were markedly repressed by IM, along with the down-regulation of PXR and inhibited ex-
pression and activity of CYP3A4 and P-gp.

CONCLUSIONS AND IMPLICATIONS
Down-regulation of PXR mediates IM-induced suppression of CESs. IM may inhibit expression of other genes targeted by PXR,
thus inducing a wide range of potential drug–drug interactions during treatment of CML. The data deserve further elucidation
including clinical trials.

Abbreviations
CES1, human carboxylesterase 1; CES2, human carboxylesterase 2; CESs, carboxylesterases; CML, chronic myeloid
leukaemia; CYP3A4, cytochrome P450 3A4; DDIs, drug–drug interactions; DMEs, drug-metabolizing enzymes; IM, imatinib
mesylate; P-gp, P-glycoprotein; PXR, pregnane X receptor
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Introduction
Chronic myeloid leukaemia (CML), characterised by the
Philadelphia (Ph) chromosome and the Bcr-Abl fusion gene,
is a common haematological malignancy, comprising about
15% of all adult leukemias (Jabbour and Kantarjian, 2014).
Imatinib mesylate (IM) is now considered as the first-line
treatment for CML because of its specific inhibition of the
BCR-ABL tyrosine kinase (TKI) (Savage and Antman, 2002;
Zhang et al., 2013). IM is also approved for the treatment of
gastrointestinal stromal tumours and, in combination with
other anti-cancer drugs, to treat other malignant tumours
such as Ph+ acute lymphoblastic leukaemia (Nadal and
Olavarria, 2004). It is notable that adverse drug reactions
such as thrombocytopenia, nausea and vomiting often occur
in CML patients after IM treatment (Kantarjian et al., 2012;
Kekale et al., 2015). In addition, a combination of drugs is
the most frequent solution to combat drug resistance
resulting from IM administration (Cortes et al., 2007; Wang
and Li, 2015). Consequently, in clinical practice, IM is used
along with other drugs to reduce adverse drug reactions and
to overcome resistance. However, the effects of IM on the
drug-metabolizing enzymes (DMEs) and their underlying
mechanisms have not been adequately analysed. Such
analysis is essential to devise rational drug use, in the context
of the clinical use of IM-based combination therapies.

The DMEs mostly found in the liver play a crucial role in
the biotransformation, inactivation and clearance of xenobi-
otics. The carboxylesterases (CESs, EC.3.1.1.1) are members
of the phase I DMEs and hydrolyze substrates containing
groups of esters, amides, thioesters and/or carbamates (Zhang
et al., 2015a). In humans, there are two well-characterized
CESs. Carboxylesterase 1 (CES1) has a substrate specificity
for ester substrates with relatively large acyl moiety and small
terminal hydroxyl groups, such as imidapril, cocaine and
clopidogrel. Human CES2, in contrast, has a more flexible
active site for small acyl groups and large terminal hydroxyl
group, as found in irinotecan and heroin (Tsurkan et al.,
2013; Zhang et al., 2015a). In mice, Ces1d strongly cross-
reacts with human CES1, while Ces1e resembles human
CES2 (Xiao et al., 2012). In the present context, it is highly
relevant that about 20% of all therapeutic agents are
substrates for the hydrolytic activity of the CESs (Laizure
et al., 2013). In addition, the pharmaceutical industry
frequently uses ester groups to improve water solubility of

clinical leads (Imai et al., 2003). The effectiveness and safety
of these agents are also highly likely to be affected by the
actions of the CESs.

IM is known to be a potent inhibitor of cytochromeP450
3A4 (CYP3A4), one of the most important DMEs (Filppula
et al., 2012). However, the mechanisms underlying this
inhibitory action of IM have not been fully elucidated. The
most important factor affecting the biotransformation of
drugs by the liver is the expression of the DMEs (Parkinson
and Ogilvie, 2001; Poso and Honkakoski, 2006). Conse-
quently, the activities of the nuclear receptors, which are
known to control transcription of the DMEs, will play
essential roles in determining DME activity . The pregnane
X receptor (PXR, NR1I2), one of the most important nuclear
receptors, is crucial for the biotransformation of many
therapeutic agents. When PXR binds to a wide range of struc-
turally different compounds, including drugs (Chen et al.,
2012), it translocates to the nucleus and binds to the
promoter regions to initiate transcription of its target genes
(Buler et al., 2011; Chen et al., 2012). The representative target
genes of PXR are the DMEs, such as CESs (Yang and Yan,
2007b) and the CYP3A family in particular, and drug trans-
porters such as P-glycoprotein (P-gp), encoded by MDR1
(Chen et al., 2012; Niemira et al., 2013).

On the basis of these results and because of the important
contribution of the CESs to the metabolism of clinical drugs,
we have focused on the effects of IM on the CESs, aiming to
provide data relevant to rational drug use and to the allevia-
tion of adverse drug reactions, in the treatment of CML. Here,
we have demonstrated that IM suppressed the expression and
the hydrolytic activity of CESs. As PXR is involved in the
transcriptional regulation of both CYP3A4 and CESs (Rathod
et al., 2014; Yang and Yan, 2007b), we further explored
whether PXR mediated IM-induced suppression of CESs.
Our findings contribute to the better understanding of
drug–drug interactions (DDIs) in the treatment of CML.

Methods

Animals
All animal care and experimental protocols were approved by
the IACUC (Institutional Animal Care and Use Committee) of
Nanjing Medical University. Efforts were taken to minimize
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suffering of the animals. Animal studies are reported in com-
pliance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath and Lilley, 2015).

Male ICR mice (7 weeks old, ~20 g body weight) were
obtained from the experimental animal centre of Nanjing
(Nanjing, China) and housed in a room under controlled
conditions (ambient temperature, 22°C; humidity, 40%) in a
12 h light/dark cycle. After acclimatization for 1 week, the
mice were divided into three groups (six mice in each group)
at random. Mice were treated with IM (70 or 140 mg·kg�1

body weight) in saline or saline only (control group) injected
i.p. every morning for 3 days. Twenty-four hours after the last
injecton, mice were anaesthetized using urethane (2 g·kg�1

body weight). Then, surgery was performed to expose the
livers of mice. The livers were perfused with saline through
the portal vein and frozen at �80°C for the preparation of
S9 fractions.

Group sizes
In order to explore the effects and mechanisms of IM on CESs
expression, we performed experiments in vitro and in vivo. In
vitro, all experiments were repeated independently at
least five times to ensure scientific rigour. For the in vivo study,
18 mice were randomized into three groups: (i) The IM
high-dose group (n = 6) with IM injected i.p. at a dose of
140 mg·kg�1·day�1; (ii) the IM low-dose group (n = 6) with
IM injected i.p.at a dose of 70 mg·kg�1·day�1; and (iii) the
control group (n = 6) with the same volume of saline
injected. Mice were treated for three successive days.

Validity of animal model
Even though there is divergence in the toxicological re-
sponses between humans and mice, mice are still frequently
used in investigating altered expression of DMEs and drug
transporters (Mao et al., 2011; Xiong et al., 2014a; Zhang
et al., 2015a). As it is ethically unacceptable to take liver sam-
ples from CML patients treated with IM; we have chosen, in
the present study, to use mice to investigate the effect of IM
on CESs in the liver.

Randomization
The random number table was used to perform the randomi-
zation according to the weights of mice. All mice were
weighed and ordered according to their weights from light
to heavy over the range of 18–22 g. Then, the lightest mouse
was given a number chosen from the random number table.
As three groups were needed, we divided the number by 3.
If the number could be divided by 3, the mouse was put into
the first group, if not, but with remainder 1, the mouse was
allocated to the second group. Similarly, remainder 2 meant
allocation to the third group. For the second lightest mouse,
the number in the random number table on the right of the
prior one was given. This method of selection was used until
all mice were grouped.

Blinding
Data were collected and analysed by two observers who were
not aware of the design and operation of experiments.

Cell culture
The human hepatoma cell lines (HepG2 and Huh7) were pur-
chased from the cell bank of Shanghai Institute of Biochemis-
try and Cell Biology, Chinese Academy of Sciences. Cells were
cultured in DMEM supplemented with 10% FBS, 100 U·mL�1

penicillin and 100 U·mL�1 streptomycin in a humidified en-
vironment with 5% CO2 at 37°C. Mouse hepatocytes were
isolated from the livers of male ICRmice using a two-step per-
fusion method with some modifications as described previ-
ously (Feng et al., 2012).

Cell viability assay
Cell viability was determined by MTT assay. Cells were
treated with indicated concentrations of IM for 24 h, then
added 20 μL·5 mg·mL�1 MTT, and incubated at 37°C for
4 h. Following, the culture medium was discarded and
DMSO was added into each wall to dissolve the formazan
crystals. The absorbance was then evaluated at 570 nm.

Preparing the S9 fractions of the mice livers
The frozen livers were homogenized with a Wharton stirrer
after being thawed in the homogenization buffer (50 mM
Tris–HCl, pH 7.4, 150 mM KCl and 2 mM EDTA). Then, the
homogenates were centrifuged at 10000 g for 20 min at 4°C
to obtain the S9 fractions, which were assayed for the protein
levels of Ces1d and Ces1e.

Quantitative reverse transcription-polymerase
chain reaction
Total RNA was isolated using TRIzol (Invitrogen) and applied
to synthesize the first-strand cDNA at 25°C for 10 min, 42°C
for 60 min and 70°C for 15 min with random hexamers and
M-MLV reverse transcriptase (Promega, Madison, WI, USA).
The quantitative PCR was performed by the EzOmics SYBR
qPCR Kit (Biomics, Jiangsu, China) using a step one real-time
PCR system (Applied Biosystems, Foster City, CA). The Primer
sequences were as follows:

• GAPDH, Forward 50-AAGGTCGGAGTCACCGGATT-30,
Reverse 50-CTGGAAGATGGTGATGGGATT-30;

• CES1, Forward 50-CCAGAGAGAGTCAACCCCTTCT-30,
Reverse 50-TCCTGCTTGTTAATTCCGACC-30;

• CES2, Forward 50-ACCGCAGTGGAGTCAGAGTTTC-30,
Reverse 50-ATGCTGAGGTACAGGCAGTCCT-30;

• PXR, Forward 50-GGCAATCCCAGGTTCTCTTT-30,
Reverse 50-ATGCTTTATGGCAGGTGAGG-30;

• CYP3A4, Forward 50-TTCAGCAAGAAGAACAAGGACAA-30,
Reverse 50-GGTTGAAGAAGTCCTCCTAAGC-30;

• MDR1, Forward 50-GAGGCCAACATACATGCCTTC-30,
Reverse 50-GTCTAACAAGGGCACGAGCTAT-30;

• Ces1d, Forward 50-GAGACCCAAGGCAGTAATAGGA-30,
Reverse 50-GAGTTGAGGCACCAATCTTCA-30;

• Ces1e, Forward 50-CCAGTGACAGGGCAAATAGTC-30,
Reverse 50-TCATGCGTAGACAGGACCAGT-30.
Gene expression was calculated by 2-ΔΔCt method, and the
values were normalized to GAPDH.

Western blot analysis
The cell lysates (40 μg) or S9 fractions (100 μg) of mouse liver
were resolvedon a 8% SDS-polyacrylamide gel and transferred
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electrophoretically onto PVDF membranes (Millipore). The
membranes were then blocked with 5–10% non-fat milk for
2 h and incubated with primary antibodies at 4°C overnight
against CES1 (1:1000), CES2 (1:1000), CYP3A4 (1:1000),
MDR1 (1:3000), PXR (1:3000), Ces1d (1:1000) or Ces1e
(1:1000). The immune complexes were then incubated with
horseradish peroxidase-conjugated secondary antibody for
1 h and visualized with an enhanced chemiluminescence
detection system.

Transient co-transfection experiment
The CES2 promoter reporter (�1931/+6) was prepared with
the pGL3 basic vector (Wu et al., 2003). The CES1 promoter
reporter (�9133/�40) was constructed as previously de-
scribed (Yang et al., 2007a). Briefly, two fragments (�5155 to
�40 and �9224 to �5049) were amplified by PCR. And the
sequence (�5155 to �5049) overlapped by these two frag-
ments contained an EcoRV site. Then the whole sequence
was cloned into the pGL3 basic vector through MluI and
BamHI sites. The promoter sequences of constructs were ver-
ified by DNA sequencing. HepG2 cells were plated in 24-well
plates in DMEM with 10% FBS at the density of 7 × 104 cells
per well. The transfection mixtures contained 0.64 μg of a
reporter plasmid along with 0.16 μg of null-Renilla reniformis
luciferase plasmid. Cells were transfected using lipofectamine
2000 (Invitrogen) and incubated at 37°C for 24 h. The
transfected cells were treated with 2 μM IM or the same
volume of DMEM (1% FBS) for another 24 h. The luciferase
activity was evaluated with Dual-Luciferase Reporter Assay
System, and the firefly luminescence intensity was normal-
ized based on the intensity of Renilla luminescence.

Overall hydrolytic activity assay
The overall hydrolytic activity was determined by using a
standard substrate, p-nitrophenylacetate. HepG2 cells were
seeded in 6-well plates at the density of 3 × 105 cells per well
for 24 h and then exposed to IM (0.5, 1 or 2 μM) or same
volume of DMEM (1% FBS) for another 24 h. The cells were
precipitated and resuspended in 100 μL of 100mMpotassium
phosphate buffer (pH 7.4). Then, the cells were sonicated and
the cell debris was precipitated by centrifugation at 12 000 g
for 15 min at 4°C. Samples of the supernatants were incu-
bated with the substrate and hydrolysis analysed by spectro-
photometry, as described previously (Yang and Yan, 2007b).

Cytotoxicity assay
HepG2 cells were plated into 96-well plates (3000 cells per
well) and cultured overnight. Then cells were treated with
IM (0 or 2 μM) for another 24 h, washed with PBS once
and exposed to clopidogrel (0, 1, 10 or 100 μM) or irinotecan
(0, 0.3, 3 or 30 μM). After incubation for 24 h, the medium
was replaced with 0.5 mg·mL�1 MTT in fresh DMEM. The
OD was determined at 570 nm. Morphological changes were
observed by microscopy, before the MTT assay.

Assay of irinotecan and its metabolites
Cells were plated in 12-well plates at 105 cells per well,
incubated for 24 h, then treated with or without IM (2 μM)
for another 24 h. After one wash with PBS, the cells were
incubated with 30 μM irinotecan for 24 h. The cell pellets
were then dissolved in a mixture of methanol-acetonitrile

(1:1 vol:vol; 700 μL), mixed for 30 s by full-speed vortex
and then centrifuged at 12 000 g for 3 min. About 550 μL
of the clear supernatant were mixed well with HCl (250 μL;
1 mol·L�1) and used for HPLC assay. Irinotecan and its me-
tabolites SN-38 were detected and quantified by an HPLC
method as previously described (Poujol et al., 2003).

Assay for clopidogrel and its carboxylic acid
metabolite (SR26334)
Cells were placed in 12-well plates at 105 cells per well, incu-
bated for 24 h, then treated with or without IM (2 μM) for
another 24 h. After one wash with PBS, the cells were treated
with 100 μM clopidogrel for 24 h. Then cell pellets were
dissolved and vortex mixed with 1 mL diethyl ether for
3 min and centrifuged at 12000 g for 5 min. The upper
organic layer was evaporated to dryness under a stream of
nitrogen. The dried residue was dissolved in 300 μL mobile
phase, vortex mixed for 1 min and centrifuged at 12000 g
for 3 min. Clopidogrel and SR26334 were simultaneously
determined using a sensitive LC–MS-MS method as previ-
ously described (Zou et al., 2009).

Assay of oxidative activity of CYP3A4
HepG2 cells were placed into 96-well plates in DMEM with
10% FBS overnight and exposed to IM (0, 0.5, 1 or 2 μM) for
24 h. Then cells were treated using P450-Glo™ Luminescent
cytochrome P450 3A4 Assay System. Briefly, after cells were
washed carefully, a mixture of DMEM and Luciferin-IPA was
added to each well. After incubation for 60 min, 25 μL
medium from each well and 25 μL luciferin detection reagent
were added to a 96-well opaque luminometer plate and
incubated for 10 min in the dark. The luminescence signal
was determined by the spectral scanning multimode reader
(Thermo Scientific, Waltham, MA).

Assay for intracellular accumulation of
rhodamine 123
The efflux activity of P-gp was determined by intracellular ac-
cumulation of a known P-gp substrate, rhodamine 123
(Rho123)(Sheu et al., 2014). After the treatment, cells were
placed with 5 μg·mL�1 Rho123 in DMEM (10% FBS) to incu-
bate at 37°C, 5% CO2 for 30 min in the dark. Cells were then
washed twice with PBS and analysed immediately by flow
cytometry (BD FACSCalibur with Cellquest software) or
observed under a laser confocal microscope, as described
earlier (Xiong et al., 2014a).

Immunof luorescence analysis
To assay the expression of PXR, cells were seeded at 2 × 105

cells per well on glass-bottom dishes and treated with indi-
cated concentration of IM. At the end of incubation, cells
were fixed for 30 min, permeabilized in 0.1% TritonX-100
for 30 min and blocked with 5% BSA for 1 h. Afterwards, cells
were incubated with anti-PXR primary antibody at 4°C
overnight, followed by incubation with FITC-conjugated
secondary antibody (Bioworld, Atlanta, Georgia, USA) in the
dark for 1 h. Nuclei were stained with DAPI (Bioworld, St.
Louis Park, USA) for 10 min, and cells were examined with
laser confocal microscopy.
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Regulation of PXR expression by overexpression
and RNA interference
The expression vector encoding PXR was constructed by
fusing the pFlag-CMV-2 vector to the elements of PXR from
+1579 to +3997 as described previously (Zhang et al., 1999).
The sequences of constructs were verified by DNA sequenc-
ing. For the PXR overexpression experiment, HepG2 cells
were seeded in 6-well plates and transfected using
X-tremeGENE 9 DNA transfection reagent (Roche) with 2 μg
PXR construct or corresponding vector, which did not encode
PXR protein. After 24 h incubation, cells were exposed to
2 μM IM for another 24 h. Cells were then harvested, and
the protein was extracted. For the RNA interference
experiment, cells were transfected with 50 nM siRNA-PXR
(CACAGAGUUUAUAGUUAAAAA) or control siRNA by using
lipofectamine 2000 (Invitrogen). After 24 h incubation, cells
were further treated with 2 μM IM for another 24 h. Then
the cells were collected for extracting the protein.

Data and statistical analysis
The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). The experimental results
were expressed as the mean ± SEM. The following data were
normalized: the absorbance in MTT assay and hydrolytic
activity assay, quantitative analysis of gene expression by
Western blot and qRT-PCR. For Western blot and qRT-PCR,
all data were adjusted by the values of internal standard
(GAPDH or β-actin). The control mean in the control group
was calculated first and then all values were normalized to
that mean value of the control group. Appropriate statistical
analysis was conducted on these normalized values.

The differences between two groups were analysed using a
two-tailed Student’s t-test. Differences between more than
two groups were analysed by one-way ANOVA, followed by
Dunnett’s post hoc test. The post hoc tests were run only if an
overall statistically significant difference exists in group
means, and there was no significant variance in homogene-
ity. P < 0.05 was considered statistically significant.

Materials
DMEM and FBS were from Gibco (Gaithersburg, MD, USA).
IM (purity > 99%) was purchased from Sigma (USA),
dissolved in double-distilled water to 50 mM and stored at
�20°C. The concentrations used in the study were
0.5 ~ 8 μM, freshly diluted with DMEM supplemented with
1% FBS (Gibco, Carlsbad, CA) to final concentrations.
Irinotecan and p-nitrophenylacetate were also purchased
from Sigma. MTT was from SunShine Biotechnology
(Nanjing, China). Dual-Luciferase Reporter Assay System
and P450-Glo™ Luminescent cytochrome P450 3A4 Assay
System were from Promega (Madison, WI, USA). Antibodies
used in the present study were as follows: CES1, CES2 and
CYP3A4 (Proteintech Technology, Wuhan, China); MDR1
and PXR (Abcam, Cambridge, UK); GAPDH and β-actin
(Bioworld, St. Louis Park, USA); Ces1d (Abcam, Cambridge,
UK); and Ces1e (Abgent, San Diego, CA, USA). The goat
anti-rabbit IgG and the goat anti-mouse IgG conjugated with
horseradish peroxidase were from Pierce Chemical (Pierce,
Rockford, IL, USA).

Results

IM represses CES1 and CES2 expression in
human hepatoma cells
In the beginning, the effects of IM on the expression of
CESs were investigated by using human hepatoma HepG2
cells and Huh7 cells. Cells were treated with different
concentrations of IM for 24 h. Total RNA and cell lysates
were prepared to determine the expression of human
CES1 and CES2. At those concentrations that did not affect
cell viability (Figure 1A, D), IM significantly reduced the
mRNA levels of human CES1 and CES2 in HepG2 and
Huh7 cells in a concentration-dependent manner
(Figure 1B, E). Consistent with the decrease in mRNA, the
protein level of CESs was also significantly reduced in a
concentration-dependent manner in HepG2 cells and
Huh7 cells (Figure 1C, F). As the greatest effect of IM on
the expression of CESs was observed at 2 μM, without
any obvious cytotoxicity for the HepG2 cells (Figure 1A),
we chose this concentration in the following experiments
using HepG2 cells.

IM suppresses the hydrolytic activity of CESs in
HepG2 cells
We next assessed whether the reduced expression of CES1
and CES2 translated into decreased hydrolytic activity. After
treatment of HepG2 cells with a range of concentrations of
IM for 24 h, the overall hydrolytic activity in cell lysates was
analysed using the standard substrate p-nitrophenylacetate,
which is known to be hydrolyzed by both CES1 and CES2
(Mao et al., 2011). Consistent with the decrease of CES1 and
CES2 expression, the hydrolysis of p-nitrophenylacetate was
reduced after treatment with IM, in a concentration-
dependent manner (Figure 2A).

As the hydrolysis of p-nitrophenylacetate assays the non-
specific, overall hydrolytic activity of all hepatic esterases, in-
cluding CESs, specific changes in the hydrolytic activity of
CES1 and CES2 in cells treated with IM was then evaluated
using two carboxylesterase-specific substrates, clopidogrel
and irinotecan. Clopidogrel is specifically hydrolyzed by
CES1 to form a less toxic product, whereas irinotecan is
hydrolyzed by CES2 to form a more toxic product SN-38
(Wu et al., 2002; Shi et al., 2006). Thus, we expected that the
cytotoxicity of clopidogrel would increase, whereas the
cytotoxicity of irinotecan would decrease after pretreatment
of the cells with IM. HepG2 cells were first treated with IM
(2 μM) for 24 h and then incubated with clopidogrel or
irinotecan for 24 h at various concentrations. Treatment with
clopidogrel (1 ~ 100 μM) or irinotecan alone (0.3 ~ 30 μM)
decreased viability in HepG2 cells (Figure 2B, E). Pretreatment
with IM increased the cytotoxicity of clopidogrel, while
decreasing the cytotoxicity of irinotecan (Figure 2B, E). These
data suggested that IM also suppressed the hydrolytic activity
of CES1 and CES2.

Morphological changes were observed before the MTT
assay for viability. As shown in Figure 2C, cells pretreated
with IM were round and isolated while the cells without IM
pretreatment were normal and spread, when exposed to
100 μM clopidogrel. Conversely, when exposed to 30 μM
irinotecan, cells without IM pretreatment were isolated and
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Figure 1
Effect of IM on the expression of CESs in human hepatoma HepG2 cells and Huh7 cells. (1) The cytotoxicity of IM in HepG2 cells (A) and Huh7 cells
(D). Hepatocytes were treated with indicated concentrations of IM for 24 h, and MTT assay was used to measure cell viability. (2) The effect of IM
on the CES1 and CES2 mRNA expression in HepG2 cells (B) and Huh7 cells (E). Hepatocytes were treated with indicated concentrations of IM for
24 h. Total RNA was isolated and subjected to qRT-PCR analysis. The signals from each target were normalized to the signal from GAPDH. (3) The
effect of IM on the CES1 and CES2 protein expression in HepG2 cells (C) and Huh7 cells (F). Hepatocytes were exposed to indicated concentra-
tions of IM for 24 h, and the expression of CESs was evaluated by Western blot. Data are expressed as mean ± SEM (n = 5). *P < 0.05, significantly
different from control.
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rounded-up, whereas cells treated with IM were normal and
spread (Figure 2F). These morphological change were consis-
tent with the cell viability assay, further confirming that CESs
activity was functionally decreased by pretreatment with IM.

We also assayed the intracellular concentrations of
clopidogrel and irinotecan, as well as their metabolites
SR26334 and SN-38, in the cells pretreated with IM
(2 μM) followed by clopidogrel (100 μM) or irinotecan
(30 μM) for 24 h. As expected, the intracellular ratios of
SR26334/clopidogrel and SN-38/irinotecan were
decreased when the cells were pretreated with IM (2 μM)
(Figure 2D, G). These data also support the inhibiting
effects of IM on the hydrolytic activity of CESs.

IM suppresses the expression of CES1 and CES2
at the transcriptional level
HepG2 cells, plated in 6-well plates, were treated with IM
(2 μM) for the times shown and the expression of CES1
and CES2 mRNA and protein was determined by qRT-PCR
and Western blot. Treatment with IM induced a time-
dependent and marked inhibition of the mRNA and
protein levels of CES1 and CES2 (Figure 3A, B). Suppression
of the mRNA for CES1 and CES2 was significant 6 ~ 12 h
after the treatment with IM, whereas expression of CES1
and CES2 protein was inhibited from 12 ~ 24 h of incubation
with IM. In order to explore the mechanisms underlying the
decrease of CES1 and CES2 mRNA expression by IM, we next

Figure 2
IM suppresses the hydrolytic activity of CESs in HepG2 cells. (1) IM decreases the overall hydrolytic activity of CESs, using the standard sub-
strate p-nitrophenylacetate (A). HepG2 cells were plated and then exposed to the various concentrations of IM. Cell lysates were prepared
and assayed for the overall hydrolytic activity. (2) The effect of IM on the cellular responses to two other ester drugs, clopidogrel (B) and
irinotecan (E). HepG2 cells were seeded into 96-well plates and treated with or without IM (2 μM) for another 24 h, washed with PBS once
and treated with clopidogrel (0, 1, 10 or 100 μM) or irinotecan (0, 0.3, 3 or 30 μM) for 24 h. MTT was added to each well for 2 h at 37°C.
The OD value was determined at 570 nm. Data are expressed as mean ± SEM (n = 5). *P < 0.05, significantly different from control group
(without clopidogrel or irinotecan); #P < 0.05, significantly different from non-IM-pretreated group. (3) Morphological changes in HepG2
cells pretreated with IM and exposed to clopidogrel (C) or irinotecan (F). The cells were seeded into 96-well plates and were treated with
or without IM (2 μM) for another 24 h. Then the cells were washed with PBS once and treated with clopidogrel 100 μM or irinotecan
30 μM for another 24 h. The images were taken under bright field (200×) with microscope. (4) The changes in the intracellular ratios of
SR26334/clopidogrel or SN-38/irinotecan after pretreatment of HepG2 cells with IM and exposure to clopidogrel (D) or irinotecan (G).
The cells were seeded in 12-well plates and incubated for 24 h, then treated with or without IM (2 μM) for another 24 h. The cells were
washed with PBS once and treated with clopidogrel (100 μM) or irinotecan (30 μM) for 24 h. Cell pellets were collected for analysis. Data
are expressed as mean ± SEM (n = 5). *P < 0.05, significantly different from control.
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investigated whether IM affected the promoters of the
expression of CES1 and CES2. Co-transfection experiments
with aCES1 orCES2 promoter luciferase plasmid, showed that
treatment with IM (2 μM) resulted in reduced luciferase activ-
ity of CES1 and CES2 reporters by nearly 40% (Figure 3C),
confirming that IM could suppress the expression of CES1
and CES2 at the transcriptional level.

IM suppresses the expression and activity of
PXR in HepG2 cells
In order to investigate whether PXR was involved in the
suppression of CESs by IM, we determined levels of PXR in
HepG2 cells after treatment with IM in different concentra-
tions for 24 h. As shown in Figure 4, the expression of PXR
was suppressed by IM concentration-dependently, in terms
of both mRNA (Figure 4A) and protein (Figure 4B). The
maximal effect of IMwas observed at 2 μM and when the cells
were exposed to this concentration for 0, 6, 12, 24 or 48 h, the
PXR protein expression was decreased in a time-dependent
manner (Figure 4C). The decrease of PXR protein was first
noted at 6 h (Figure 4C), and the suppression of mRNA for
CES1 and CES2 was first noted at 12 h after pretreatment with
IM (Figure 2A). The data suggested that IM inhibited the
expression of CESs by suppressing the expression and activity
of PXR. Immunofluorescence analysis was used to verify

down-regulation of PXR by IM. As shown in Figure 4D, PXR
was mainly expressed in the nuclei of HepG2 cells, and its
fluorescence intensity was reduced after incubation with
2 μM IM for 24 h.

CYP3A4 and P-gp are classical target genes of PXR
(Chen et al., 2012). In order to further explore the mecha-
nism of reduced expression of CESs by IM, we measured
expression of CYP3A4 and P-gp after the HepG2 cells had
been exposed to IM. In HepG2 cells treated with IM in
different concentrations for 24 h, the expression of
CYP3A4 was significantly decreased in a concentration-
and time-dependent manner (Figure 5A–C). Measurements
of the oxidative activity of CYP3A4 (Figure 5D) also
showed a marked decrease in IM-treated cells, comparable
with the decrease of CYP3A4 expression. Effects of IM on
P-gp were similar, with repression of both mRNA
level and protein level in the cells treated with IM
(Figure 6A–C). Moreover, the efflux activity of P-gp was
analysed by Rho123 intracellular accumulation assay with
flow cytometry as well as laser confocal microscopy. In
the cells pretreated with IM, intracellular Rho123 accumu-
lation was increased, compared with control cells
(Figure 6D, E), suggesting that the efflux activity of P-gp
was significantly reduced. These data suggested that the
expression and activity of PXR was repressed by IM.

Figure 3
IM suppresses the expression of CES1 and CES2 at transcriptional level. (A) HepG2 cells were treated with 2 μM IM for 0, 3, 6, 12 or 24 h, and the
mRNA expression of CES1 and CES2 were evaluated by qRT-PCR. The signals from each target were normalized based on the signal from GAPDH.
(B) After the treatment of 2 μM IM for 0, 6, 12, 24 or 48 h in HepG2 cells, the cells lysates were prepared and then analysed by Western blot. (C)
Repression of CES1 and CES2 promoter by IM. HepG2 cells were transfected with CES1 promoter reporter (0.64 μg) or CES2 promoter reporter
(0.64 μg) along with 0.16 μg of null-R. reniformis luciferase plasmid. The transfected cells were treated with 2 μM IM. The luciferase activity was
evaluated with Dual-Luciferase Reporter Assay System. The reporter activity was normalized to that of the null-R. reniformis luminescence signal.
Data are expressed as mean ± SEM (n = 5). *P < 0.05, significantly different from control.
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PXR is required for IM-induced repression of
CES1 and CES2
To further confirm the role of PXR in the IM-induced
repression of CES1 and CES2, we performed overexpression
and knockdown experiments to selectively modulate the

expression of PXR. In the overexpression experiment, HepG2
cells were transfected with the PXR construct or the corre-
sponding vector for 24 h and then treated with 2 μM IM or
same volume of DMEM (1% FBS) for another 24 h. The
efficiency of transfection was confirmed by analysing the

Figure 4
IM down-regulates the expression of PXR. (A–B) HepG2 cells were treated with IM (0, 0.5, 1 or 2 μM) for 24 h. PXR mRNA levels were inves-
tigated by qRT-PCR (A), and protein expression was evaluated by Western blot (B). (C) HepG2 cells were treated with 2 μM IM for 0, 6, 12, 24
or 48 h, and PXR protein levels were investigated by Western blot. (D) HepG2 cells were treated with or without 2 μM IM for 24 h, and
fluorescence intensity of PXR was detected by immunofluorescence analysis (400×). Data are expressed as mean ± SEM (n = 5). *P < 0.05,
significantly different from control.
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expression of PXR by Western blot (Figure 7A, D). As shown,
CES1 and CES2 were decreased by IM in the cells transferred
with corresponding vector (Figure 7A, B). Overexpression of
PXR increased the basal expression of CES1 and CES2
(Figure 7A, B) and the IM-induced suppression of CES1 and
CES2 was no longer present in the cells transfected with
PXR construct. For the knockdown experiment, a siRNA for
PXR was used, and the efficiency of gene knockdown was
confirmed by analysing expression of PXR by Western blot
(Figure 7E, H). The data were consistent with the previous re-
sults in that CES1 and CES2 were repressed by IM in the cells
transfected with control siRNA (Figure 7E, F). This inhibition
of CES1 and CES2 by IM was comparable with the decrease of

CESs in the cells transfected with siRNA-PXR (Figure 7E, F).
We also assayed the two other PXR target genes, CYP3A4
and P-gp, as a positive control (Figure 7A, C, E and G), further
confirming the role of PXR in the suppression of CESs by IM.
The data confirmed that PXR was essential in the reduced
expression of CES1 and CES2 caused by IM.

IM suppresses the expression of CESs in primary
mouse hepatocytes in vitro and mouse liver
in vivo
In mouse, Ces1d and Ces1e are close homologues of human
CES1 and CES2 respectively (Xiao et al., 2012). We therefore

Figure 5
IM represses the expression and oxidative activity of CYP3A4. (A–B) IM represses the expression of CYP3A4 in a concentration-dependent manner
at mRNA levels (A) and at protein levels (B). HepG2 cells were treated with IM (0, 0.5, 1 or 2 μM) for 24 h. CYP3A4 mRNA levels were investigated
by qRT-PCR, and protein levels were determined by Western blot. (C) IM represses the expression of CYP3A4 in a time-dependent manner on
protein level. HepG2 cells were treated with 2 μM IM for 0, 6, 12, 24 or 48 h, and the cells lysates were subjected to Western blot. (D) IM represses
the oxidative activity of CYP3A4. HepG2 cells were treated with 0, 0.5, 1 or 2 μM IM for 24 h, and the cells were prepared and assayed for CYP3A4
activity. Data are expressed as mean ± SEM (n = 5). *P < 0.05, significantly different from control.
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Figure 6
IM suppresses the expression and efflux activity of P-gp. (A–B) IM down-regulates the expression of P-gp in a concentration-dependent manner at
mRNA (A) and protein levels (B). HepG2 cells were treated with IM (0, 0.5, 1 or 2 μM) for 24 h. P-gp mRNA was analysed by qRT-PCR, and protein
levels were determined by Western blot. (C) IM down-regulates the expression of P-gp protein in a time-dependent manner. HepG2 cells were
treated with 2 μM IM for 0, 6, 12, 24 or 48 h, and the cells lysates were analysed by Western blot. (D–E) IM represses the efflux activity of
P-gp. HepG2 cells were treated with or without 2 μM IM for 24 h, and the cells were incubated with DMEM (10% FBS) supplemented with
5 μg·mL�1 Rho123 for 30 min. The efflux activity of P-gp was analysed immediately on a flow cytometry (D) or observed under a laser confocal
microscope (E). Data are expressed as mean ± SEM (n = 5). *P < 0.05, significant effects of IM treatment.

BJP W Luo et al.

710 British Journal of Pharmacology (2017) 174 700–717



Figure 7
The role of PXR in the IM-induced suppression of CES1 and CES2 expression. (A–D) The effect of PXR overexpression on the suppression of CES1
and CES2 by IM. HepG2 cells were transfected with PXR construct or the corresponding vector (pFlag-CMV-2) for 24 h and then treated with or
without 2 μM IM for 24 h. Cell lysates were prepared to analyse the expression of CES1, CES2, PXR, CYP3A4 and P-gp byWestern blot respectively.
(E–H) The effect of PXR knockdown on the expression of CES1 and CES2, compared with the effect of IM. HepG2 cells were transfected with siRNA-
PXR or the siRNA-control for 24 h and then treated with or without 2 μM IM for another 24 h. Cell lysates were prepared and subjected to Western
blot to determine the expression of CES1, CES2, PXR, CYP3A4 and P-gp respectively. Data are expressed as mean ± SEM (n = 5). *P < 0.05,
significantly different from control group (vector or siRNA-control transfected and non-IM pretreated); #P < 0.05, significantly different from
vector-transfected cells.
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measured the effect of IM on expression of Ces1d and Ces1e
in primary mouse hepatocytes cultured and treated with IM
in different concentrations. First, the effect of IM on the cell
viability of primary mouse hepatocytes was assessed to deter-
mine the concentrations that did not affect cell viability
(Figure 8A). As shown in Figure 8B, C, the mRNA and protein
level of Ces1d and Ces1e were significantly decreased in a

concentration-dependent manner by IM, consistent with
the findings in human hepatoma cells.

We next studied the regulation of Ces1d and Ces1e
expression in mouse liver by IM, in vivo. Male mice
were injected i.p. with IM (70 or 140 mg·kg�1) in saline
(0.01 mL·g�1 body weight) or the same volume of saline
only (control group) daily for 3 days. The doses used in the

Figure 8
IM down-regulates the expression of CESs in primary mouse hepatocytes in vitro and mouse liver in vivo. (A) The cytotoxicity of IM in primary
mouse hepatocytes. Cells were treated with IM (0, 0.5, 1, 2 or 4 μM) for 24 h, and MTT assay was used to measure cell viability. (B–C) The effect
of IM on the Ces1d and Ces1e mRNA expression (B) and protein expression (C) in primary mouse hepatocytes. Cells were treated with indicated
concentrations of IM for 24 h. Total RNAwas isolated and subjected to qRT-PCR analysis. The cells lysates were evaluated byWestern blot. Data are
expressed as mean ± SEM (n = 5). *P < 0.05, significantly different from control group. (D) The effect of IM on the Ces1d and Ces1e protein
expression in the mouse liver. Mice in three groups were treated with IM (70 or 140 mg·kg�1) in saline or saline only (control group) intraperito-
neally for 3 days. 24 h after last administration, mice were injected with urethane (2 g·kg�1 body weight) for anaesthesia. The liver was perfused
with PBS (37°C) through the portal vein to remove blood. The perfused liver was used for preparing S9 fractions for Western analyses (n = 6). The
data are expressed as mean ± SEM. *P < 0.05, significantly different from control.
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in vivo experiment were calculated based on the doses for
human (7 mg·kg�1·day�1). Mice were killed, and the livers
were collected after perfusion. The liver was used for prepar-
ing S9 fractions to analyse the expression of Ces1d and
Ces1e protein. As shown in Figure 8D, IM decreased the
expression of Ces1d and Ces1e, dose-dependently. IM
reduced the Ces1d and Ces1e protein expression by about
40% in high doses (140 mg·kg�1). The results provided
evidence that IM suppressed CESs expression in vitro and
could do so in vivo.

Discussion
Apart from being the first-line treatment for CML, IM also has
extended clinical applications for the treatment of many
other malignant tumours such as gastrointestinal stromal
tumours and Ph+ acute lymphoblastic leukaemia (Savage
and Antman, 2002). However, the frequent adverse drug
reactions and the development of drug resistance require
drug combinations with IM as a constant component (Bixby
and Talpaz, 2011). Therefore, better understanding of the
effects of IM on the expression and activity of DMEs is of
considerable clinical importance to IM-based treatments.

IM is known to increase the concentration of the
CYP3A4/5 substrate simvastatin in plasma and is a potent
inhibitor of CYP3A4 (Filppula et al., 2012). As simvastatin is
also a substrate of CES1 (Laizure et al., 2013), it is possible that
inhibition of CESs by IM is another possible cause of the
increased plasma concentration of simvastatin. Because the
CESs are a major DME , we have focused on these enzymes
in the present study of IM-related DDIs. Human hepatoma
HepG2 cells have been used here, as in previous studies of
the regulation of DMEs (Wang et al., 2011; Cui et al., 2014;
Hu et al., 2014). We found that IM inhibited the expression
of human CES1 and CES2 in a concentration- and time-
dependent manner (Figures 1A–C 3A, B) in HepG2 cells and
also in Huh7 cells (Figure 1D–F). Moreover, IM decreased
the expression of mouse Ces1d and Ces1e, which are
homologues of human CES1 and CES2, in mouse primary
hepatocytes (Figure 8A–C). Our in vivo experiments in mice
(Figure 8D) showed that IM also decreased expression of
Ces1d and Ces1e in mouse liver. It is one of the major
limitations of our present study that human primary
hepatocytes, a more relevant in vitro model of human liver
biology, were not used. However, since the application of
human hepatoma cells is an acceptable alternative to study
the regulation of DMEs and the results we obtained using
human hepatoma cells are comparable with an earlier study
using human liver microsomes (Filppula et al., 2012), our
findings are of relevance to the effects of IM-based drug
combinations.

The decreased expression of CESs was translated into
decreased hydrolytic activity of CESs, demonstrating the
functional outcome of the decreased expression of CESs by
IM (Figure 2A–G). Our experiments with two other ester
drugs, irinotecan and clopidogrel, showed a reduced cytotox-
icity of irinotecan and a increased cytotoxicity of clopidogrel
when the cells were pretreated with IM, confirming that CES1
and CES2 enzymic activity was significantly decreased by IM.
The data from these drug combination experiments, indicate

that DDIs are highly likely when the expression and activity
of CESs is decreased by IM. Therefore, DDIs should be consid-
ered when IM is administered together with other drugs
which are substrates for the CESs.

Treatment with IM decreased the mRNA for CES1 and
CES2 (Figure 3A), suggesting two possibilities: (1) IM
represses the transcription and/or (2) increases the degrada-
tion of mRNA. We used reporter assays to decide between
these possibilities and found that the transcriptional activity
of CES1 and CES2 promoters was markedly repressed by
about 40% by IM (Figure 3C). One of the most important
factors affecting CESs gene transcription, is transactivation
by nuclear receptors such as the PXR (Rathod et al., 2014).
As a crucial transcription factor, PXR controls the regulation
of major DMEs, such as CYP2B6, CYP3A4/5 and CYP3A7
(Chen et al., 2012; Rathod et al., 2014). From our
experiments, PXR was also involved in the effects of IM on
the transcription of CES1 and CES2, as both the mRNA
and protein expression of PXR were markedly suppressed by
IM in a concentration- and time-dependent manner
(Figure 4A–C). This suppression of PXR was also demon-
strated by the decreased expression and activity of CYP3A4
(Figure 5A–D) and P-gp (Figure 6A–E), two well-established
target genes of PXR. It was also highly relevant that the
decrease of PXR protein first appeared at 6 h (Figure 4C),
and the mRNA suppression of CES1 and CES2 was first appar-
ent at 6 ~ 12 h, after treatment with IM (Figure 3A). These
results suggested that IM inhibited the expression of CESs
by suppressing the expression and activity of PXR. The
crucial role of PXR in the IM-induced repression of CES1
and CES2 was confirmed by the overexpression and
knockdown of PXR. All these data show that PXR is
required for IM-induced repression of CES1 and CES2.
Consistent with this proposal, two other compounds, the
photochemotherapeutic agent, 8-methoxypsoralen and the
anti-depressant fluoxetine also modulate the expression of
CESs by regulating PXR (Yang and Yan, 2007b; Xiong et al.,
2014b; Shang et al., 2016). In primary mouse hepatocytes,
the altered expression of CESs is also positively related to
PXR as demonstrated before (Xiong et al., 2014a). Taken
together, the data show that PXR plays an important role in
the activation of CES1 and CES2 gene transcription; although
the underlying mechanisms still require further study.

Recently, clinical trials have indicated that 89% of
patients exposed to IM show potential DDIs with many
drugs, especially paracetamol (77.4% of all DDIs) (Recoche
et al., 2016). The combination of paracetamol with IM
increased the plasma concentration and toxicity of paraceta-
mol, a substrate of UDP-glucuronosyltransferase (UGT),
which is a well-known target gene of PXR (Lee et al., 2015).
Even though direct inhibition of IM on the activity of UGT
has been demonstrated using human liver microsomes and
recombinant proteins (Liu et al., 2011; Zhang et al., 2015b),
the increase of paracetamol levels and toxicity suggest both
inhibited activity and suppressed expression of UGT by IM.
However, none of the earlier studies were designed to investi-
gate the mechanisms of this DDI. Our present findings could
provide a novel mechanistic explanation of IM-induced DDIs
by demonstrating PXR-mediated suppression of DMEs and
drug transporters by IM (Figures 4–6). The risk of the DDIs
caused by drug combination with IM may change the
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curative effect and induce adverse reactions and therefore de-
serve serious attention. Prescribers should be aware of possi-
ble DDIs in patients treated with IM and dose adjustment
has to be considered when using IM together with other
drugs, especially those which are substrates for CESs.

According to clinical data, IM is well-tolerated and can be
given orally with bioavailability of 98%, in the treatment of
CML (Martins et al., 2011). This treatment with IM achieves
a complete haematological remission rate of above 95% and
a major cytogenetic response rate above 80% (Singh et al.,
2009). The standard dose of IM is 400 mg·day�1 for patients
with chronic-phase CML and 600 mg·day�1 for accelerated
phase or blast crisis of CML (Martins et al., 2011). The efficacy
of the threshold plasma trough concentration (C0) of IM
must be set above 1000 ng·mL�1 (1.7 μM) to achieve opti-
mized activity (Martins et al., 2011). Plasma levels of IM
ranged from 181 to 2947 ng·mL�1 (0.3 ~ 5 μM), with a mean
of 1058 ± 557 ng·mL�1 (about 1.8 μM) for 400 mg·day�1

and 1447 ± 710 ng·mL�1 (about 2.5 μM) for 600 mg·day�1

from a French study (Picard et al., 2007). Besides, the mean
steady-state IM C0 is reached 24 h after taking a 400 mg daily
dose, ranged from 900 to 1400 ng·mL�1 (1.5 ~ 2.4 μM)
(Takahashi and Miura, 2011). Currently, the total plasma
concentration of IM is monitored becuase of its large inter-
individual pharmacokinetic variability with consistent
concentration–efficacy and concentration–toxicity relation-
ships (Picard et al., 2007). At relevant clinical concentrations,
about 95% of IM binds to α1 acid glycoprotein (Widmer et al.,
2008). However, higher intracellular accumulation of IM is
observed in patients, as intracellular concentrations of IM
are close to total plasma concentrations (Widmer et al.,
2006). In our present study, another limitation is the absence
of data from clinical studies undertaken in CML patients
in vivo. But our results show that 2 μM IM (comparable with
the plasma concentrations of IM in CML patients)
significantly suppressed the expression and activity of CES1
and CES2 in vitro (Figures 1A–F and 2A–G). The in vivo
experiments further confirmed the suppression of CESs by
IM in mouse liver (Figure 8D). Therefore, our findings suggest
the possible suppression of CESs by IM in the livers of CML
patients. The present study will help to design an effective
and safe treatment regimen in CML by indicating the
possible IM-related DDIs.

As a well-known target gene of PXR, the expression and
oxidative activity of CYP3A4 were also decreased by IM
(Figure 5A–D), consistent with previous studies (Filppula
et al., 2012). CYP3A4 is one of the most important human
CYPs in the liver, responsible for the oxidative metabolism
of more than 60% of all therapeutic drugs (Chen et al.,
2012). The data of the present study strongly suggest that
the efficacy and toxicity of drugs metabolized by CYP3A4
would be altered significantly when they are co-administered
with IM. This suggestion is supported by the report that IM
increased the Cmax and AUC of simvastatin, a known
CYP3A4 substrate, by 2-fold and 3.5-fold respectively
(O’Brien et al., 2003). We also demonstrated prolonged and
potent suppression of P-gp expression and efflux activity by
IM (Figure 6A–E). IM is also known to directly inhibit the ef-
flux activity of P-gp in a dose-dependent fashion after a short
incubation (30 min ~ 1 h) (Hamada et al., 2003). P-gp plays a
role in drug transportation in many tissues such as liver,

kidney and intestines (Demeule et al., 2002) and IM also pro-
motes the delivery and increases tumour concentrations of
the P-gp substrate, doxorubicin (Vlahovic et al., 2007). There-
fore, the inhibition by IM of the expression and activity of
P-gp could be of significance in reversing multi-drug resis-
tance (Dharmapuri et al., 2015). P-gp is also involved in the
transport of substances out of the CNS, through the
blood–brain barrier (Demeule et al., 2002; Ebinger and Uhr,
2006; Ueno et al., 2010), so IM could possibly increase drug
concentrations in the CNS by preventing efflux.

As the most prominent example of selective inhibitors of
TKIs, IM has led to the development of novel TKIs in the
treatment of a wide range of haematological malignancies
and solid tumours, to overcome drug resistance and achieve
better therapeutic effects (Haouala et al., 2009). Novel IM
analogues are synthesized by constructing a number of non-
aromatic structural motifs in place of the original phenyl
moiety (Nicolaou et al., 2016). In this study, we demonstrate
that the PXR-targets, DMEs and P-gp, are suppressed by IM
(Figures 1A–F, 5A–D, 6A–E). It is therefore necessary to
evaluate the influence of IM on the metabolism of other
drugs to avoid DDI-induced adverse reactions, in the develop-
ment of new IM analogues.

In summary, our work points to three important
conclusions. First, IM induced marked decreases of CES1
and CES2 expression in vitro and in vivo, as well as suppression
of hydrolytic activity. Second, suppressed PXR expression is
crucially involved in the decrease of CES1 and CES2 induced
by IM. Third, IM also suppresses the expression and activity
of CYP3A4 and P-gp, which are also targets of PXR (see
diagram of the present study in Figure 9). The findings
suggest that IM could exert a widespread suppression of the
expression of many DMEs by regulating PXR and such
widespread effects are of importance in predicting potential

Figure 9
Diagram of the actions and mechanisms of IM in the present study.
Imatinib inhibits the expression of PXR, leading to the suppressed
expression of CESs, as well as other PXR target genes, CYP3A4 and
P-gp. The findings of the present study are highly relevant to the
assessment of potential drug–drug interactions (DDI) in the clinical
therapy of CML.
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DDIs and avoiding adverse drug reactions in the clinical treat-
ment of CML. Further evaluation, especially in clinical trials,
is needed to explore the influence of IM on the pharmacoki-
netic and pharmacodynamic properties of drugs used in
CML patients.
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