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ABSTRACT
Docetaxel (DTX) is widely used for metastatic castrated resistant prostate
cancer, but its efficacy is often compromised by drug resistance associated with
low intracellular concentrations. Piperine (PIP) could enhance the bioavailability of
other drugs via the inhibition of CYPs and P-gp activities. Thus, we hypothesize a
positive effect with the DTX-PIP combination on the anti-tumor efficacy and intratumor DTX concentrations in taxane-resistant prostate cancer. ICR-NOD/SCID mice
implanted with taxane-resistant human prostate cancer cells were administrated with
saline as well as PIP and DTX separately or in combination. The tumor growth was
monitored together with intra-tumor concentrations of DTX. The inhibitory effects
on CYPs and P-gp were further assessed in mouse liver microsome and MDCK-MDR1
cells. Compared with DTX alone, DTX-PIP combination significantly inhibited the
tumor growth (114% vs. 217%, p = 0.002) with corresponding significantly higher
intra-tumor DTX concentrations (5.854 ± 5.510 ng/ml vs. 1.312 ± 0.754 ng/mg,
p = 0.037). The percentage of DTX metabolism was significantly decreased from
28.94 ± 1.06% to 18.14 ± 2.22% in mouse liver microsome after administration of
PIP for two weeks. DTX accumulation in MDCK-MDR1 cell was significantly enhanced
in the presence of PIP. Further microarray analysis revealed that PIP inhibited P-gp
as well as CYP1B1 gene expression and induced a significant gene expression change
relating to inflammatory response, angiogenesis, cell proliferation, or cell migration.
In conclusion, DTX-PIP combination significantly induces activity against taxaneresistant prostate tumor. Such effect appeared to be attributed to the inhibitory
effect of PIP on CYPs and P-gp activity as well as gene expression changes relating
to tumorigenesis and cellular responses.
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INTRODUCTION

problem of quality control and therapeutic monitoring
[17]. Therefore, a single natural compound which can
overcome DTX resistance will be more attractive.
Piperine (1-piperoyl piperidine, PIP), an abundant
alkaloid compound in Piper longum L. (long pepper)
and Piper nigrum L. (white or black pepper), exhibits
a number of beneficial effects including anti-cancer,
anti-inflammation, immunomodulatory, antispasmodic
and anti-secretory effects [18–22]. In addition to
these pharmacological effects, PIP has been found
to significantly inhibit the activities of metabolic
enzymes such as CYPs, UDP-glucuronosyltransferase,
sulfotransferase, aryl hydroxyoase and O-deethylase
[23–25], and selectively inhibit the function of
CYP3A4 [26]. Besides, the backbone of PIP has
been adopted in designing and developing non-toxic
P-gp inhibitors [27]. PIP also has been reported to
significantly inhibit the transport of digoxin and
cyclosporine A in a Caco-2 monolayer model with IC50
of 15.5 and 74.1 μM, respectively [28]. PIP at the dose of
112 mg/kg/day for 14 days has led to a decreased
expression of hepatic P-gp but increased level of intestinal
P-gp [29]. In fact, a number of studies have reported
PIP as a bioavailability enhancer for a number of drugs
including rosuvastatin, puerarin, diltiazem, domperidone,
linarin and etoposide via its inhibition on CYP activity
and/or P-gp function [30–35]. Importantly, treatment of
PIP at 50 μM has been reported to significantly enhance
the sensitivity to doxorubicin in anti-cancer drug resistant
cell lines by 32 folds (MCF-7/DOX) and 14 folds (A549/DDP), respectively [36]. In addition, it was reported
that co-administration of PIP could increase the systemic
exposure of DTX and improve the anti-cancer effect in
C.B17/Icr-scid mice with tumor xenograft of PC3 cells
[37]. In our previous study, PIP has been found to be able
to reverse the chemoresistance of PC3-TxR cells (DTX
resistant prostate cancer cells) to DTX (Supplementary
Figure 1). However, whether co-administration of PIP
with DTX can overcome DTX resistant tumor remains
unknown. Thus, the main purpose of the present study is to
investigate the effect of DTX-PIP combination in taxaneresistant tumor using a mice xenograft model implanted
with PC3-TxR cells.
The percentage decrease in tumor size was
monitored after the administration of DTX in the presence
or absence of PIP and the concentration of DTX in tumor
or other tissues were quantified by LC/MS/MS. To
mechanistically further investigate the effects of PIP on
DTX metabolism and intracellular exposure, enzymatic
incubation study with mice liver microsome and cell
uptake study in MDCK cells transfected with human
MDR1 gene were adopted. In addition, the molecular
biological mechanisms were primarily determined using
the microarray technology.

Prostate cancer is the most common non-cutaneous
carcinoma in men. According to the latest data provided
by American Cancer Society, prostate cancer has the most
prevalent diagnoses (21%) with 26120 estimated deaths in
2016 in the US [1]. In China, prostate cancer also has high
incidence and mortality [2]. Advanced metastatic prostate
cancer, also called metastatic castrate-resistant prostate
cancer (mCRPC), requires anticancer chemotherapy.
Approved by US Food and Drug Administration in 2004,
docetaxel (DTX) has been the mainline chemotherapy
drug for treating mCRPC since it has the lowest cost
and best cost/outcome as well as the highest relative
value based on a simplified drug model [3]. However,
the efficacy of DTX therapy is only about 50% initially
which will inevitably develop chemo-resistance later on
[4–7]. Due to these limitations, strategies to enhance the
DTX response using compounds which have been already
exposed to human subjects appears to be worthwhile as
the drug development cost and time will be significantly
reduced compared to new medicinal entity.
A common mechanism that contributes to
the development of resistance is a reduction of the
intracellular drug concentration, which might be due to
the low uptake of drug, extensive metabolism of drug,
or drug efflux out of the cancer cells [5, 8, 9]. DTX
undergoes extensive hepatic metabolism mediated
by cytochromes P450 CYPs, especially the CYP 3A
subfamily [10, 11]. There are four metabolites identified
in human plasma and feces which have much lower
activity than that of DTX [12, 13]. Reduction in the
intra-cellular concentration is well known to occur
with the high expression of efflux transporters such as
P-gp or MDR1 encoded by the ABCB1 gene, multidrug
resistance proteins (MRPs, encoded by ABCC gene), as
well as breast cancer resistance protein (BCRP, encoded
by ABCG2 gene) [5]. Thus, strategies to inhibit both
the metabolism and efflux transporters could enhance
drug concentration and overcome drug resistance. The
above concept has been substantiated from a number of
published reports on DTX resistance. Ketoconazole, a
potent CYP3A4 inhibitor, administrated at 200 mg once
daily for three days has been reported to significantly
reduce the clearance of DTX by 49% in cancer patients
(p = 0.018) [14]. On the other hand, St John’s wort, a
CYP 3A4 inducer, has been reported to significantly
reduce the AUC0→∞ of DTX in cancer patients and its
combination use with DTX should be avoided [15].
Moreover, a synthesized naphthoflavone as CYP1B1
inhibitor could decrease the IC50 of DTX in MCF7/1B1
cells [16]. Although Tripterygium wilfordii is attractive
in combination DTX for potential mCRPC resistant
to DTX, Tripterygium wilfordii as an extract has
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growth in four treated groups (Figure not shown). AUC
values were calculated using a linear trapezoid method.
The AUC of the group treated with DTX-PIP combination
was significantly lower than those treated with DTX
or PIP alone (p = 0.002, 1-way ANOVA followed by
Bonferroni multi-comparison). No statistical significance
was observed between the groups treated by DTX or PIP
alone in comparison with the vehicle control (p > 0.05,
1-way ANOVA).

In vivo verification of taxane-resistant prostate
mice model
The resistance of PC3-TxR cell line to the treatment
of DTX was investigated in 6 to 8-week-old male ICRNOD/SCID mice implanted with PC3 and PC3-TxR tumor
xenografts, respectively (n = 3 in each group). Two weeks
after xenograft implantation when the tumor size in the
mice reached about 100 mm3, treatment was initiated with
vehicle solvent or DTX to the PC3 and PC3-TxR implanted
groups. The percentage of tumor size increase was
calculated and plotted versus time. As shown in Figure 1,
tumor sizes increased with time in all groups except for
the PC3-DTX group in which DTX significantly inhibited
the tumor size increase in PC3 tumor xenografts (55% for
PC3-DTX vs. 158% for PC3-CON, p = 0.024), whereas
treatment with DTX showed no inhibitory effect on the
tumor growth in TxR tumor xenografts. These results
indicated that PC3 cells were sensitive to the treatment
of DTX, whereas mice implanted with PC3-TxR tumor
xenografts showed significant resistance to the treatment
of DTX.

Effect of PIP on the DTX tissue distribution in
TxR tumor bearing mice
On Day 14, mice were sacrificed two hours
after the intravenous bolus administration of DTX.
Their plasma samples and tissue homogenates
were treated by a protein precipitation method and
the concentration of DTX therein was quantified
using LC/MS/MS. The concentrations of DTX in
various tissues were calculated and listed in Table 1.
It was found that DTX-PIP combination significantly
increased the concentrations of DTX in tumor (5.854
ng/mg vs. 1.312 ng/mg, p = 0.037), liver (2.782 ng/mg
vs.1.080 ng/mg, p = 0.006) and plasma (1448.432 ng/ml
vs.703.847 ng/ml, p = 0.006) compared to those treated
with DTX alone. The concentrations of DTX in the brain
(0.051 ng/mg vs.0.022 ng/mg, p = 0.108) and kidneys
(5.980 ng/mg vs.2.322 ng/mg, p = 0.081) showed a
trend increase after DTX-PIP combination. These results
indicate that PIP could increase the in vivo exposure of
DTX and the elevated concentration of DTX in tumor
tissue might contribute to its enhanced anti-tumor effect
after combined use of DTX and PIP.

In vivo evaluation of PIP on the anti-tumor effect
of DTX and body weight in TxR implanted
tumor
As shown in Figure 2, DTX treatment could not
inhibit the tumor growth in TxR tumor bearing mice.
Since PIP is an inhibitor of P-gp and CYP3A4 and it has
been reported to enhance the bioavailability of several
drugs, the effect of DTX-PIP combination was examined
in mice with TxR tumor xenografts. Two weeks after drug
administration, neither DTX (217% vs 274%, p = 0.231)
nor PIP alone (196% vs. 274%, p = 0.120) could inhibit
tumor size increase compared with that from the vehicle
control group. However, co-administration of DTX and
PIP resulted in very significant inhibitory effect on tumor
growth compared with vehicle control (114% vs. 274%,
p = 0.005) or compared with DTX alone (114% vs. 217%,
p = 0.002), suggesting that DTX-PIP combination could
enhance the anti-tumor efficacy against chemo-resistant
prostate tumor. Furthermore, the bodyweights of all
four groups showed a tendency of decrease with time
(Supplementary Figure 2). Compared with the control
group, the percentage of bodyweights in mice treated
with DTX (79% vs. 96%, p = 0.0002) or the combined
administration of DTX and PIP (85% vs. 96%, p = 0.008)
were all significantly decreased, whereas the bodyweight
of mice treated with PIP alone were comparable to those
of control group (98% vs. 96%, p = 0.590). Moreover, Box
and Whiskers plots with 5–95 percentile were constructed
to compare Area under the Curve (AUC) of percent tumor
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P-gp inhibition and DTX accumulation in
MDCK/MDR1 cells and PC3-TxR cells
The induction of efflux membrane transporters,
such as P-gp, MRPs and BCRP, contribute to the low
drug concentration, which could result in chemotherapy
resistance. Since PIP is a well-known P-gp inhibitor,
its effects on the intracellular concentration of DTX in
MDCK cells transfected with human MDR1 gene as well
as PC3-TxR cells were investigated.

Enhanced uptake of DTX by PIP in MDCK/
MDR1 cells
As shown in Figure 3, cell uptake of DTX at 1, 5
and 10 μM in MDCK cells was calculated and plotted
with and without pre-incubation of PIP at various
concentrations. In the absence of PIP, the cell uptake of
DTX was increased with loading concentrations (0.35 ±
0.05 nmol/min/mg protein at 1 μM, 2.44 ± 0.14 nmol/
min/mg protein at 5 μM and 3.30 ± 0.38 nmol/min/
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Intracellular DTX accumulation in PC3-TxR
cells

mg protein at 10 μM). Furthermore, it was found that
PIP could significantly increase the uptake of DTX and
this effect was enhanced when the concentration ratio
increased. Loaded at 1 μM, the intracellular concentration
of DTX was elevated by 84% with 50 μM of PIP and
305% with 100 μM of PIP. After pre-incubation with
PIP at 50 mM, the cell uptake of DTX increased from
2.44 ± 0.14 to 3.57 ± 0.75 nmol/min/mg protein at the
loading concentration of 5 μM and from 3.30 ± 0.38 to
5.20 ± 0.53 nmol/min/mg protein at 10 μM. PIP at 100
μM could significantly increase the uptake of DTX by
116% at 5 μM and by 129% at 100 mM. These results
suggested that the intracellular concentration of DTX
was significantly enhanced by PIP via the inhibition of
P-gp activity.

We found that the intracellular DTX concentration
increased along with time in PC3 cells, while such
concentration was stable after 2 hours in PC3-TxR cells.
DTX concentration in PC3 cells was significantly higher
than that in PC3-TxR cells indicating a significant efflux of
DTX (Figure 4A). Since DTX is a substrate of P-gp which
is overexpressed in PC3-TxR cells, lower concentration
of intracellular DTX concentration was a result of P-gp
induction at the baseline. However, the intracellular
DTX concentration increased when combined with PIP
in the PC3-TxR cells. At 50 μg/ml, the intracellular DTX
concentration was increased to a level similar to that in the

Figure 1: Plot of percentage of tumor size increase (%) versus time in mice with PC3 tumor xenografts (upper) and
TxR tumor xenografts (lower).
www.impactjournals.com/oncotarget

3341

Oncotarget

Quality assessment

positive control (10 μg/ml of PSC833, a P-gp inhibitor;
Figure 4B).

The average intensities of the array were similar and
no array was suspected to be an outlier (Supplementary
Figure 3). Visual inspection of the principal component
analysis (PCA) plot yielded a straightforward diagnosis of
the sources of variance in these datasets. The PCA is based
on log2 intensity as shown in Supplementary Figure 4.
Samples for the same treatment group were clustered
together indicating good reproducibility of microarray
experiments. Hierarchical clustering analysis was also
used to assess the overall quality of the microarray data.
The three replicates in each treatment group were clustered
together in terms of log2 gene expression. The expression
profiles in group treated with PIP (high concentration)
were dramatically different from that of the control group.

Inhibition on the liver metabolism of DTX by
PIP
DTX undergoes extensive Phase I metabolism
that is mediated mainly by the cytochrome P450 3A
subfamily that is abundant in liver microsomes. Mouse
liver microsomes were prepared and the inhibitory effect
of PIP on the hepatic metabolism of DTX was determined
ex vivo and in vitro. It was found that two weeks of PIP
administration to ICR-NOD/SCID mice significantly
decreased the ex vivo percentage of metabolism of DTX
compared with the vehicle control (18.14 ± 2.22% vs.
28.94 ± 1.06%, p = 0.011). In the liver microsomes, PIP
also inhibited the metabolism of DTX in the loading
concentration ranging from 1.25 μM to 200 μM. The plot
of percentage of inhibition versus log concentration of PIP
is shown in Figure 5 and the IC50 was calculated to be
37.28 μM.

DEGs determination
Greater number of differentially expressed genes
was identified in the PIP high concentration group than the
low-dose group. The number of DEGs varied dramatically
depending on the treatments. The numbers of DEGs
showed a clear dose dependent manner, with an increase
from low dose to high dose (69 and 363 up-regulated probes
for low and high dose group respectively, see Table 2).
Using a filter criterion of at least a 2-fold change with
p < 0.05, the number of genes with changes in expression

Study of molecular mechanisms
In addition to the inhibition of P-gp, other potential
molecular biological targets were identified using
Microarray study.

Figure 2: Plot of percentage of tumor size increase (%) versus time in mice with TxR tumor xenografts after the
treatment with saline (n = 24), DTX (20 mg/kg, n = 20), PIP (50 mg/kg, n = 18), or co-administration of DTX and PIP
(20 mg/kg DTX and 50 mg/kg PIP, n = 20). Abbreviation: DTX = docetaxel; PIP = piperine.
www.impactjournals.com/oncotarget
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Table 1: Comparison of DTX concentration sin plasma and various tissues between TxR mice treated with DTX and
combination of DTX and PIP
Groups

Tissue concentration (ng/mg)
Liver

Plasma concentration
(ng/ml)

Tumor

Brain

Kidney

Lung

TxR-DTX (n = 10)

1.312 ± 0.754

0.022 ± 0.009

2.322 ± 1.447

5.158 ± 2.886

1.080 ± 0.763

703.847 ± 311.129

TxR-DTX+PIP (n = 10)

5.854 ± 5.510*

0.051 ± 0.047

5.980 ± 5.234

4.991 ± 3.133

2.782 ± 0.891**

1448.432 ± 698.493**

Note: Comparisons were conducted by Student’s T-test. *p < 0.05; **p < 0.01; ***p < 0.001.
Abbreviation: DTX = docetaxel; PIP = piperine.

Dose dependent DEGs

in PC3-TxR treated with PIP compared to the control
group was determined. A total of 363 and 238 probes were
up-regulated and down regulated respectively in high dose
PIP group, while 69 and 45 probes up-regulated and down
regulated respectively in low dose PIP group (Table 2).

Table 4 lists the dose-dependent DEGs. Five
genes of each were significantly downregulated and
upregulated in both low and high concentrations of PIP.
Although CYP1B1 and TCDD-inducible poly (ADPribose) polymerase did not show obvious dose dependent
manner, the changes of their expression were very
significant. Therefore, these two genes were also included
in Table 4. Among these genes, PIP can remarkably reduce
the expression of CYP1B1 at both low and high dose
treatment. The overexpression of CYP1B1 has been found
to be associated with DTX resistance in both preclinical
and clinical studies [38–40]. Thus, this can be another
mechanism of chemosensitizing effect of PIP on PC3-TxR
cells.

Pathway analysis
A gene ontology-based (GO) analysis of biological
properties was used to determine the functional annotation
of the treatment of PIP. The differentiated expressed genes
were categorized into the functional groups with the top 10
of each group listed in Table 3 and Supplementary Tables
1 and 2. Most of these genes were associated with the
inflammatory response, angiogenesis, cell proliferation,
or cell migration.

Figure 3: Uptake of DTX at 1, 5 and 10 μM in MDCK/MDR1 cells after pre-incubation with PIP at 1, 10, 50 and 100 μM
(n = 4 each).
www.impactjournals.com/oncotarget
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Table 2: Differentially expressed genes/probes in two different dosage groups
Comparison
PPR_H vs. Control
PPR_L vs. Control

Up-regulated
363 probes
69 probes

Down-regulated
238 probes
45 probes

Table 3: Gene ontology results (PPR_H: high dose piperine group, 100 μg/ml; PPR_L: low dose piperine group,
50 μg/ml)
Category

Term
PPR_H vs. Control (up regulation)
GOTERM_BP_ GO:0006357~regulation of transcription
FAT
from RNA polymerase II promoter
GOTERM_
GO:0016564~transcription repressor
MF_FAT
activity
GOTERM_BP_ GO:0043067~regulation of programmed
FAT
cell death
GOTERM_BP_
FAT
GO:0010941~regulation of cell death
GOTERM_BP_ GO:0031328~positive regulation of
FAT
cellular biosynthetic process
GOTERM_BP_ GO:0009891~positive regulation of
FAT
biosynthetic process
GOTERM_BP_ GO:0010557~positive regulation of
FAT
macromolecule biosynthetic process
GOTERM_BP_
FAT
GO:0042981~regulation of apoptosis
GOTERM_BP_ GO:0006355~regulation of transcription,
FAT
DNA-dependent
GOTERM_BP_
FAT

GO:0006357~regulation of transcription
from RNA polymerase II promoter

P Value

9.12E-06

Category
Term
P Value
PPR_H vs. Control (down regulation)
GOTERM_MF_
GO:0003723~RNA
FAT
binding
3.83E-10
GOTERM_MF_
GO:0000166~nucleotide
FAT
binding
3.45E-06
GOTERM_BP_
GO:0006986~response to
FAT
unfolded protein
7.13E-05
GOTERM_BP_
GO:0016071~mRNA
FAT
metabolic process
7.74E-05
GOTERM_BP_
GO:0051789~response to
FAT
protein stimulus
9.16E-05
GOTERM_BP_
GO:0006396~RNA
FAT
processing
1.01E-04
GOTERM_BP_
FAT
GO:0007049~cell cycle
2.27E-04
GOTERM_BP_
GO:0010033~response to
FAT
organic substance
2.66E-04
GOTERM_CC_
GO:0043233~organelle
FAT
lumen
2.93E-04

1.06E-06

GOTERM_BP_
FAT

1.06E-06
1.49E-06
2.81E-06
3.02E-06
3.81E-06
4.91E-06
5.53E-06
7.06E-06

PPR_L vs. Control (up regulation)
GOTERM_
MF_FAT
GOTERM_
MF_FAT
GOTERM_
MF_FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_
MF_FAT

GO:0030528~transcription regulator
activity
GO:0003700~transcription factor
activity
GO:0043565~sequence-specific DNA
binding

3.47E-04

PPR_L vs. Control (down regulation)

GO:0031667~response to nutrient levels
GO:0048514~blood vessel
morphogenesis
GO:0009991~response to extracellular
stimulus

0.0141

0.0189

GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT

GO:0001568~blood vessel development

0.0251

GOTERM_BP_
FAT

GO:0045449~regulation of transcription

0.0257

GO:0001944~vasculature development
GO:0016564~transcription repressor
activity

0.0267

www.impactjournals.com/oncotarget

GO:0006397~mRNA
processing

0.0034
0.0039
0.0088

0.017

0.0299
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GOTERM_BP_
FAT
GOTERM_BP_
FAT
GOTERM_BP_
FAT

GO:0042493~response
to drug
GO:0032570~response to
progesterone stimulus
GO:0042445~hormone
metabolic process
GO:0050921~positive
regulation of chemotaxis
GO:0010033~response to
organic substance
GO:0050920~regulation
of chemotaxis
GO:0006357~regulation
of transcription from RNA
polymerase II promoter
GO:0001936~regulation
of endothelial cell
proliferation
GO:0010038~response to
metal ion
GO:0048520~positive
regulation of behavior

5.23E-04
5.62E-04
8.40E-04
0.0012
0.0013
0.0014

0.0014

0.0014
0.0015
0.0016

Oncotarget
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metabolism and P-gp activity could lead to enhanced
DTX concentration, resulting in enhanced cytotoxicity
and overcoming DTX resistance in prostate tumor,
which was also suggested by others [44]. As to the tissue
distribution of DTX, it was found that its concentration
in lung was much higher than those in liver, brain, tumor
and kidney. As a substrate of P-gp, the variation in the
tissue distribution of DTX might be due to the expression
level of P-gp in various organs. It was reported that P-gp
is mainly expressed in small intestine, liver, kidney and
brain in both human and mice [45, 46] and PC3-TxR cell
line has high expression of P-gp. Therefore, the tissue
distribution of DTX is expected to be lower in the P-gp

Our present study confirmed a dual effect in
enhancing DTX concentration when administrated as
the DTX-PIP combination. PIP was found to inhibit
DTX metabolism in the present study. Such finding is
consistent with published report of PIP inhibition on CYP
isoenzymes leading to enhanced exposure of ibuprofen,
nateglinide and DTX [41–43]. In addition, we also found
PIP inhibited the transporter activity (possibly P-gp
activity) leading to increased intracellular concentration
of DTX in a concentration dependent manner. Thus, we
believe that the dual action of PIP by inhibiting DTX

Figure 4: DTX accumulation (A) at 100 nM concentration in PC3-TxR and PC3 cells at different time intervals, and (B) in PC3-TxR cells
in absence and presence of various concentrations of PIP (n = 4). Abbreviation: DTX = docetaxel; PIP = piperine.
www.impactjournals.com/oncotarget
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Table 4: List of dose dependent DEGs
CYP1B1
Keratin associated protein 2–3
TCDD-inducible poly(ADP-ribose) polymerase
Thrombospondin 1
Keratin associated protein 3–1
O-linked N-acetylglucosamine (GlcNAc) transferase
Fatty acid binding protein 4, adipocyte
Angiopoietin-like 4
Sodium channel, non-voltage-gated 1, gamma subunit
Metastasis associated lung adenocarcinoma transcript 1 (non-protein coding)
expressed organ such as liver, kidney, brain and tumor
than other organs with limited expression such as lung.
Other potential mechanisms of DTX-PIP
combination were investigated based on microarray
techniques. Pathway analysis showed that certain pathways
relating to cell proliferation and cancer development were
affected by the treatment of PIP indicating a potential
activity in cancer therapy. Although the exact pathways
involved in the chemoresistance were not identified,
the microarray data indicated that PIP could suppress
certain genes. For example, inhibition of CYP1B1 in
tumors could offer a specific mechanism for overcoming
the resistance to DTX and other drugs [47, 48].
The resistance could be attributed to the unspecific
binding of DTX to CYP1B1 or hormone metabolism [49].

Low dose

High dose

−5.1
−3.3
−2.8
−2.2
−2.0
2.0
2.5
2.3
2.5
3.0

−4.3
−4.7
−2.6
−2.4
−2.7
2.3
1.9
1.6
1.5
4.1

The inhibition of CYP1B1 could be one of the potential
mechanisms as the suppression of upregulated CYP1B1
showed a chemosensitizing effect of DTX in PC3
resistance cell lines compared to sensitive cells.
The in vivo inhibitory efficacy of PIP has been
extensively reported in several lung cancer animal models
including C57BL/6 mice implanted with B16F-10 cancer
cells and mice fed with benzo(a)pyrene [50–52]. In
prostate cancer studies, PIP has been found to inhibit the
proliferation of LNCaP, PC3, 22RV1 and DU-145 prostate
cancer cells [53]. However, their in vivo effects are less
consistent. The tumor volume as well as tumor mass was
significantly reduced in nude mice implanted LNCaP
(androgen dependent) and DU-145 (androgen independent)
prostate cancer cells, but not in CB17/Icr-scid mice

Figure 5: Percentage of inhibition on the hepatic metabolism of DTX (2 μM) by PIP at various concentrations (n = 3).
Abbreviation: DTX = docetaxel; PIP = piperine.
www.impactjournals.com/oncotarget
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It was established based on the method of Takeda et al.
[43]. The human prostate cancer cell line (PC3 cells)
was a gift from Professor Moses S. S. Chow (Center for
Advanced Drug Research and Evaluation, College of
Pharmacy, Western University of Health Sciences, USA).
MDCK cell line transfected with human MDR1 gene
(MDCK/MDR1) was a kind gift from Prof. P. Borst (The
Netherlands Cancer Institute, Amsterdam, Netherlands).

implanted with PC3 cells [53, 37]. In the current study,
PIP alone (at the dose of 50 mg/kg for two weeks) has not
been found to significantly reduce the percentage of tumor
size increase in the TxR tumor xenograft (196 vs. 274%,
p = 0.120). Such different in vivo prostate cancer study
results might be due to diverse cell line responses as well as
resistance. Thus, careful in vivo efficacy with mechanistic
study and concentration determination of the relevant
compounds are important. In addition, the dose of DTX was
chosen based on literature reports [17, 54]. With regard to
the dose of PIP, we firstly tried 100 mg/kg, the same dose as
Makhov’s study in which PIP was used as a chemosensitizer
to DTX [37]. Nevertheless, PIP at 100 mg/kg caused severe
excitation responses in ICR-NOD/SCID mice implanted
with taxane-resistant prostate cancer. Therefore, the dose
of PIP was reduced to 50 mg/kg. Besides, Makhov et al.
used PC3 cells (not chemoresistant) for cancer inoculation,
whereas we used PC3-TxR cells (chemoresistant) which
might be more aggressive and induce the incompliance of
mice at a higher dose.
PIP is an alkaloid constituent abundant in Piper
longum L. (long pepper) and Piper nigrum L. (white or
black pepper) which are consumed as spicy seasoning
for a long history especially in Asian countries [55, 56].
Besides, the acute toxicity studies of PIP revealed that its
i.g. LD50 was 514 mg/kg in female Fischer rats, suggesting
its safety after oral administration [57]. Although the antitumor effect of PIP was not significant in TxR implanted
mice, PIP was effective for maintenance of body weight
during our study. Besides, it was noticed that the mice
conditions were much better in the PIP treated group with
more activities and movements, which could be due to
the beneficial effects of PIP on immune, cardiovascular
system and central nervous system [20, 58, 59]. With
human exposure history of PIP (in the form of pepper)
and potential activity for DTX resistant mCRPC, it will be
attractive to develop a DTX-PIP combination product in
potential treatment of DTX resistant mCRPC.

Inoculation of tumor xenografts and drug
administrations
The following experimental protocol was adopted
after approval by the Animal Research Ethics Committee
at the Chinese University of Hong Kong. PC3 and
PC3-TxR cells were cultured in RPMI 1640 medium
containing 10% FBS and 1% penicillin-streptomycin
in a humidified atmosphere of 5% CO2 at 37°C. PC3
and PC3-TxR cell pellets were re-suspended in serum
free RPMI1640 and diluted by MatrigelTM Basement
Membrane Matrix (BD Biosciences, Bedford, MA, USA)
to the density of 3.33 × 106cells/ml. Male ICR-NOD/SCID
mice (Laboratory Animal Services Center at the Chinese
University of Hong Kong) weighing 25 to 30 g (age 6–8
weeks) was anesthetized with an intraperitoneal injection
of a cocktail containing 87 mg/kg ketamine and 8.7 mg/
kg xylazine (diluted with saline and the injection volume
was about 0.1 ml). The cell suspension was injected
subcutaneously to both the left and right flank region. The
tumors were allowed to grow for about 2 weeks. Tumor
volumes were measured twice per week (tumor volume =
[(W2 × L)/2], where W is the tumor measurement at the
widest point, and L is the tumor dimension at the longest
point). When the tumors reach about 100 mm3, treatment
was started and the date was designated as Day 0.
PIP and DTX were dissolved in DMSO to yield the
concentrations of 50 mg/ml and 80 mg/ml, respectively.
For oral administration of PIP, in 1 ml of PIP dosing
solution, 100 µl of its stock solution was solubilized with
500 µl of PEG 400 and 400 µl of physiological saline and
the mixture was administrated orally to mice at the dose of
0.1 ml/10 g body weight. For intravenous administration
of DTX, 50 µl of DTX stock solution was diluted with
500 µl of PEG 400, followed by 450 µl of saline, and
the mixture was injected into mice via tail vein at the
dose of 0.05 ml/10 g. As to the Vehicle Control of DTX
and PIP, same volumes (oral 0.1 ml/10 g, intravenous
0.05 ml/10g) of physiological saline with 50% of PEG400
and 10% of DMSO were used. On Day 0, mice with PC3
cell xenografts were divided into two groups and mice
with PC3-TxR cell xenografts were divided into four
groups. Mice in each group were treated according to
Supplementary Table 3 and the drug dosing lasted for 2
weeks with body weight and tumor sized measured twice
per week. In the co-administration treatment group, PIP
was orally administrated two hours before the tail vein

METHODS
Materials and reagents
Piperine (PIP, purity >97%) and glibenclamide
were obtained from Sigma-Aldrich Chemical Co.
(Milwaukee, WI, USA). Docetaxel (DTX, purity >99 %)
was purchased from Chongqing Taihao Pharmaceutical
Co. Ltd (Chongqing, China). Acetonitrile (Labscan Asia,
Thailand) and methanol (TEDIA Co., Inc., USA) were
in HPLC grade and used without further purification.
Distilled and deionized water was prepared from Millipore
Water Purification System (Millipore, Milford, USA). All
other reagents were of at least analytical grade.
A taxane-resistant human prostate cancer cell
line (PC3-TxR cells) was provided by Department of
Medicine, University of Michigan (Ann Arbor, MI, USA).
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injection of DTX. At the end of experiment, the mice were
anesthetized followed by haemospasia to death by cardiac
puncture.

Kit (Abcamplc., Cambridge, UK) was used to quantify
the protein content. Cell lysate was treated by 300 µl
of mixture of acetonitrile and methanol (50:50, v/v)
containing glibenclamide at 50 ng/ml, followed by
sonication for 15 min. After centrifuged at 13,000 rpm
for 10 min, the supernatant was injected into LC/MS/MS
system to determine the concentration of DTX.
The PC3 and PC3-TxR cells were seeded in 6-well
plate with density of 1×104 cells/ml and grew for 24 hours.
The cells were than treated with 100 nM DTX. The cells
were rinsed with cold PBS to wash off the attached DTX
in cell membrane and collected at 0, 5, 15, 30, 60, 120, and
240 min. The cells were then lysed and the protein level
was measured using a BCA approach (Bio Rad Laboratory,
Hercules, CA, USA). The intracellular concentration of
DTX was determined using an HPLC-MS/MS method.
Briefly, to 0.1 ml of cell lysate, 0.3 ml of tert-butyl methyl
ether was added and vortexed for 3 min. The upper
organic layer was separated and evaporated to dryness.
The residue was reconstituted using 0.1 ml of 80%
acetonitrile and 10 μl was injected to an HPLC-MS/MS
system for quantification. Paclitaxel was used as internal
standard. The intracellular concentration was normalized
per protein concentration. The PIP effect on intracellular
concentration of docetaxel was then performed. The cells
were seeded as above and incubated with 100 nM DTX
in combination with 0, 5, 10, 25, and 50 μg/ml of PIP.
PSC833 (10 μg/ml) was used as positive control. After
120 min, cells were collected and DTX concentration
determined using the same assay method. The amount of
DTX was compared among these treatment groups.

Quantification of drug concentration in plasma
and various tissues
On Day 14, mice were sacrificed two hours post
drug administration. Blood samples were collected by
cardiac puncture followed by centrifugation at 5000 rpm
for 3 min for obtaining the plasma. Brain, lung, liver,
kidney and tumor were collected and weighed. About
100 mg of each tissue samples were carefully weighed
and homogenized after being spiked with 300 µl of
formic acid (0.2%, v/v). About 50 µl of plasma or tissue
homogenates were spiked with 5 µl of 50% acetonitrile in
water and 150 µl of mixture of acetonitrile and methanol
(50:50, v/v) containing glibenclamide at 50 ng/ml
as internal standard. After centrifugation at 13000 rpm
for 10 min, the supernatants were injected into LC/
MS/MS system which consisted of an Agilent 6430
triple quadrupole mass spectrometer equipped with an
electrospray ionization source (ESI), two Agilent 1290
series pumps and autosampler (Agilent Technologies, Inc.,
CA, USA). The analytes were separated using a Waters
Nova-PakÒC18 column (150 mm×3.9 mm, i.d., 4 µm
particle size) protected by a collared frit (4/4.6 mm i.d.,
0.5 µm pore size, Thermo Scientific full name, city, state,
country). The mobile phase consisted of 0.2% formic acid
and acetonitrile (50:50, v/v) with a flow rate at 0.4 ml/min.
Data acquisition was conducted at multiple reaction
monitoring (MRM), with precursor-to-product ion
transitions of m/z 286.1→201.1 for PIP, m/z 830.3→548.9
for DTX and m/z 494.2→369.0 for glibenclamide.

Effect of piperine on the metabolism of DTX
by mice liver microsomes: in vitro and ex vivo
studies

P-gp inhibition studies

Livers of ICR-NOD/SCID mice administrated
with vehicle control or PIP were collected for the ex vivo
metabolism study. In vitro metabolic reactions were
performed in blank ICR mice liver. Hepatic microsomes
were prepared according to the method of Hill [60].
The system of enzymatic incubation was conducted
based on the condition reported by Mooiman et al. with
minor modification [61]. Final reaction mixture (200
µl) consisted of DTX and/or PIP dissolved in DMSO
(2%, v/v). For ex vivo metabolism, the concentration of
DTX was employed at 2 mM. For in vitro metabolism,
DTX at 2 μM was mixed with or without PIP (1.25 μM
to 200 μM). Drug mixture was pre-incubated with mice
liver microsome at 0.5 mg/ml in 50 mM phosphate
buffer (pH7.4) containing 2.6 mM of NADP+, 7.1 mM of
glucose-6-phosphate and 6.5 mM of magnesium chloride
for 15 min. The reaction was initiated by the addition of
glucose-6-phosphate dehydrogenase at 0.8 U/ml. After
incubation for 60 min, the reaction was terminated by
the addition of 200 µl of ice-cold acetonitrile/methanol

P-glycoprotein (P-gp, MDR1), a well-known efflux
membrane transporter relating to chemoresistance, was
found overexpressed in PC3-TxR cells compared to
PC3 cells (the parent sensitive cell line) [17]. Thus, the
inhibitory effect on P-gp activity by PIP was examined by
both MDCK/MDR1 system and DTX accumulation study
in PC3-TxR cells.
MDCK cells transfected with human gene (MDCK/
MDR1) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS and 1% penicillinstreptomycin. Cells were subcultured when the confluence
reached 80% by trypsinization with 0.25% of trypsinEDTA. MDCK/MDR1 cells were seeded at a density of
2 × 105 cells/well to 24-well and incubated for 24 h. After
pre-incubation with serial concentrations of PIP for 30
min, cells were treated with DTX at 1, 5 and 10 μM and
further incubated for 5 min. After washing twice with icecold HBSS, cells were collected in 100 µl of formic acid
(0.2%, v/v) using a scraper. BCA Protein Quantification
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(50:50, v/v) containing glibenclamide at 100 ng/ml. The
mixture was centrifuged at 13000 rpm for 10 min and the
supernatant was injected into LC/MS/MS for analysis.
The formation of DTX metabolites was determined by the
concentration decrease of DTX after 60 min of reaction.

Analysis). The probe-set level expression data were
summarized with Robust Multichip Average (RMA) by
taking all 8 microarrays together. PCA and hierarchical
clustering analysis (HCA) combined with heatmap
was used to assess the quality of the microarray data
by evaluating the reproducibility and variation of three
replicates within each group and the differences among the
three groups. The log2-transformed expression intensities
of 54,675 probe sets from the 8 microarrays were used to
calculate the Pearson Correlation Coefficient and Ward’s
Minimum Variance method was used to calculate the
distance between samples.

Microarray
RNA isolation and gene expression profiling
The microarray technique was utilized to identify
the potential mechanisms related to the chemosensitizing
effect of PIP in PC3-TxR cells by determining the gene
expression profile at the whole genome level. PC3-TxR
cells were seeded at a density of 1 × 105 cells/ml in
DMEM supplemented with 10% fetal bovine serum and
cultured for 24 h. The cells were then treated with PIP
at concentrations of 25 and 50 μg/ml (as low and high
concentrations respectively) for 6 h. PIP was initially
dissolved in DMSO and diluted to the target concentrations
using DMEM. DMSO (0.5%) was used as the negative
control (n = 2). Total RNA was extracted using RNeasy
Mini Kit (QIAGEN, Valencia, CA, USA) according to the
manufacturer’s protocol. The RNA was measured and the
quality was checked using the RNA 6000 LabChip and
Agilent 2100 BioAnalyzer. Only the high-quality RNA
samples (e.g. RNA integrity number greater than 9.0)
were used for subsequent microarray procedure performed
at the Functional Genomics Core, Beckman Research
Institute, City of Hope Comprehensive Cancer Center.
Affymetrix Human Genome U133 Plus 2.0 arrays (Santa
Clara, CA, USA) containing 54,675 probe sets detecting
over 47,000 transcripts were used. The RNA samples
were randomized and blinded prior to the microarray
processing/analysis. The cRNA synthesis and labeling
were carried out following the Affymetrix GeneChip 3′
IVT Express standard preparation protocol using 200 μg
of total RNA from each sample, along with polyA spike-in
controls. The cRNA samples were converted to doublestranded cDNA. After second-strand synthesis, the
cDNA was purified with the GeneChip sample cleanup
module (Affymetrix, Santa Clara, CA). Biotinylated
cRNAs were then synthesized by in vitro transcription.
For each sample, 10 mg of biotinylated cRNA along with
hybridization spiked controls (bioB, bioC, bioD, and cre)
was hybridized with Affymetrix Human Genome U133
Plus 2.0 array for 16 h at 45°C. Following hybridization,
arrays were washed, stained, and then scanned with an
Affymetrix GeneChipH 3000 7G scanner.

Gene ontology analysis
The differentially expressed genes (DEGs)
between the treatment and control group were identified
using cutoffs of t-test p value < 0.05 and fold change
>2. The DEGs and probe sets were selected separately
by comparing each treatment group with the control
group. The dose dependent DEGs were than selected by
overlapping the two DEGs sets. A functional annotation of
these genes was carried out, using a gene ontology-based
analysis of biological properties. The expression profiles
of the DEGs (probe sets) were imported to the DAVID
website, a web-based functional annotation tool (http://
david.abcc.ncifcrf.gov/), to identify pathways significantly
enriched with the DEGs.

Data analyses
All data are expressed as the mean ± SE (standard
error) and statistical analyses were performed using the
Student’s t-test or One-way ANOVA.
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