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Piperlongumine Suppresses Growth and
Sensitizes Pancreatic Tumors to Gemcitabine
in a Xenograft Mouse Model by Modulating the
NF-kappa B Pathway
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Abstract

Pancreatic cancer is an aggressive malignancy, which generally
respond poorly to chemotherapy. Hence, novel agents that are
safe and effective are highly needed. The aim of this study was to
investigate whether piperlongumine, a natural product isolated
from the fruit of the pepper Piper longum, has any efficacy against
human pancreatic cancer when used either alone or in combina-
tion with gemcitabine in vitro and in a xenograft mouse model. In
vitro, piperlongumine inhibited the proliferation of pancreatic
cancer cell lines, potentiated the apoptotic effects of gemcitabine,
inhibited the constitutive and inducible activation of NF-kB, and
suppressed the NF-kB–regulated expression of c-Myc, cyclin D1,
Bcl-2, Bcl-xL, Survivin, XIAP, VEGF, and matrix metalloprotei-

nase-9 (MMP-9). Furthermore, in an in vivo xenograft model, we
found piperlongumine alone significantly suppressed tumor
growth and enhanced the antitumor properties of gemcitabine.
These results were consistent with the downregulation of NF-kB
activity and its target genes, decreased proliferation (PCNA
and Ki-67), decreased microvessel density (CD31), and increas-
ed apoptosis (TUNEL) in tumor remnants. Collectively, our
results suggest that piperlongumine alone exhibits significant
antitumor effects against human pancreatic cancer and it further
enhances the therapeutic effects of gemcitabine, possibly through
the modulation of NF-kB– and NF-kB–regulated gene products.
Cancer Prev Res; 9(3); 234–44. �2015 AACR.

Introduction
Pancreatic cancer remains one of themost aggressive and lethal

human malignancies having an alarmingly low 5-year survival
rate, even with the best treatment available today, of less than 5%
(1, 2). In the year 2013 in the United States alone, almost 45,220
men and women were diagnosed with pancreatic cancer and
38,460 died of disease (3). The poor prognosis of pancreatic
cancer is mostly due to the lack of ability for early detection, the
aggressive biologic behavior of the tumor and the insensitivity to
chemotherapy (4). Gemcitabine, erlotinib, and abraxane are the
only FDA-approved agents to treat pancreatic cancer. However,
they produce a poor response rate and are associated with mul-
tiple adverse events and chemoresistance. Hence, there is an
urgent need for novel strategies involving less toxic agents that
can overcome the resistance and enhance the effect of chemo-
therapeutic drugs.

Linkage between the activation of master transcription factor
NF-kB and the promotion of pancreatic cancer has been shownby
various lines of evidence (5–7). First, constitutive activation of
NF-kB has been observed in various pancreatic cancer cell lines,
animal models, and human pancreatic cancer tissues (8, 9).

Second, NF-kB activation can promote pancreatic cancer growth
due to its ability to modulate the expression of genes involved in
cell proliferation, invasion, angiogenesis, metastasis, and sup-
pression of apoptosis (8, 10–15). Third, NF-kB activation has also
been linked with chemoresistance in pancreatic cancer (16).
Together, these findings implicate a role of activated NF-kB in
development of pancreatic cancer and thus the agents that can
block NF-kB activation have therapeutic efficacy against pancre-
atic cancer.

Piperlongumine (Fig. 1A), an alkaloid/amide component, is
one such agent. Derived from the plant species Piper longum
Linn, piperlongumine has been shown to possess numerous key
biologic activities such as anti-platelet aggregation (17), antibac-
terial and insecticidal (18), anti-atherosclerotic (19), anxiolytic
(20), antidepressant (21), antidiabetic (22, 23), anti-inflamma-
tory (23), and antitumor capabilities (24). Among the multiva-
lent effects, the potential of piperlongumine as a novel anticancer
agent have gained considerable attention recently. Emerging
evidence suggests that piperlongumine is capable of killing mul-
tiple types of cancer cells, including Burkitt lymphoma (25), head
and neck cancer (26), ovarian cancer (27), glioblastoma multi-
forme (28), breast cancer (29), prostate cancer (30), and colon
cancer (31). This alkaloid was also found to sensitize tumors to
chemotherapeutic agents such as cisplatin and paclitaxel (26, 27).
Piperlongumine inhibits the growth of tumor cells with no
apparent toxicity in nonmalignant human cells (32–34). The
antitumor effect of piperlongumine may be associated with its
ability to target the cellular stress response through direct inhi-
bition of Glutathione S-transferase pi 1 (GSTP1; ref. 33), activate
ERK signaling (31, 35), target p38 signaling (36), suppress STAT3
phosphorylation (34), generate reactive oxygen species (ROS;
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Figure 1.
Piperlongumine suppresses the proliferation
and potentiates the apoptotic effects of
gemcitabine in pancreatic cancer cells
in vitro. A, chemical structure of
piperlongumine. B, cell viability assay. Three
pancreatic cancer cells (BxPC-3, PANC-1,
and AsPC-1) were grown in the absence or
presence of increasing concentration of
piperlongumine for 24, 48 and 72 hours and
cell viability was measured by CCK-8 assay.
Data shown are representative of at least
three independent experiments. C, cell
apoptosis assay. Cells were pretreated with
piperlongumine or left untreated as control
for 24 hours before incubating with or
without gemcitabine for 48 hours, and then
apoptosis was quantitated using a Cell
Death Detection ELISA kit. D, cells were
viewed under a laser scanning confocal
microscopy. Representative photographs
were taken from Annexin V/PI-stained
pancreatic cancer cells under certain
treatment. E, Western blotting analysis.
Whole-cell extracts were prepared,
separated on SDS-PAGE, and subjected to
Western blot analysis to monitor the
expression of procaspase-3 and PARP.
b-Actin was detected as protein loading
control. Gem ¼ Gemcitabine, PL ¼
Piperlongumine, PL þ Gem ¼
Piperlongumine þ Gemcitabine. � , P < 0.05
relative to control; #, P < 0.05 relative to
single agent.
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ref. 28), inhibit ubiquitin-proteasome system (37), arrest the cell
cycle (38), inhibit the PI3K–Akt–mTOR signaling axis (38), and
downregulate NF-kB activation (39). All these reports suggest that
piperlongumine may have a strong potential for future use in
cancer prevention and treatment. However, the potential efficacy
of piperlongumine against pancreatic cancer is not known. It is
also not knownwhether piperlongumine can potentiate the effect
of gemcitabine in pancreatic cancer.

In the present report, we investigated whether piperlongumine
alone could inhibit the growth of human pancreatic cancer cells
both in vitro and in a xenograft mouse model, and whether
piperlongumine could sensitize human pancreatic cancer to
gemcitabine. Our observations indicate for the first time that
piperlongumine inhibited the in vitro proliferation of various
pancreatic cancer cells, potentiated gemcitabine-induced apopto-
sis, and significantly enhanced the antitumor effects of gemcita-
bine in human xenograft pancreatic cancer model, which was
correlated with inhibition of NF-kB activity and downregulation
of NF-kB downstream gene products.

Materials and Methods
Materials

Piperlongumine was purchased from Sigma-Aldrich, Inc. Gem-
citabine (Gemzar) was purchased from Eli Lilly. Antibodies used
in this study included Antibodies against Survivin, procaspase-3,
c-Myc, Bcl-2, Bcl-xL, VEGF, PCNA, and XIAP (Santa Cruz Biotech-
nology), Antibodies against Ki-67 and CD31 (Abcam Inc.), and
Antibodies against cyclin D1, PARP (Cell Signaling Technology,
Inc.). Nuclear Extract Kit and Trans-AMNF-kB p65 ELISA Kit were
obtained from Active Motif (Carlsbad).

Treatment of cells
The subconfluent cells (60%–70%confluent)were treatedwith

various concentrations of piperlongumine alone, gemcitabine
alone or their combinations (as indicated in the figure legends)
in complete cell culture medium and cells treated with vehicle
(DMSO) served as control. The following experiments were
repeated thrice.

Cell culture
The pancreatic cancer cell lines PANC-1, BxPC-3, and AsPC-1

were obtained from the ATCC and were cultured in DMEM and
RPMI-1640 medium, respectively, supplemented with FBS
(10%), penicillin (100 U/mL) and streptomycin (100 mg/mL;
Irvine Scientific). All cells were maintained at 37�C in humidified
air with 5% CO2. (All reagents were from HyClone China Ltd.,
China). The above-mentioned cell lines were obtained directly
from the ATCC that performs cell line characterizations and
passaged in our laboratory for fewer than 1.5 years after receipt.
Themethod of characterization used by the ATCC is short tandem
repeat profiling.

Cell viability assay
The viability of treated cells was determined by using the Cell

Counting Kit-8 (CCK-8) Kit (Dojindo Laboratories) following the
instructions outlined by the manufacturer and as previously
described by us (40). Briefly, cells were plated at a density of 3
to 5 � 103 cells per well with 200 mL of medium in 96-well
microtiter plates. After treatment, CCK-8 solution (10 mL) was
added to each well and the plates were incubated at 37�C for 90

minutes. The absorbance of the cell suspension was measured
with a microplate reader at a wavelength of 450 nm. The highest
concentration of piperlongumine and gemcitabine as single
agents and in combination do not interfere with the CCK-8 assay
reagents, in the absence of cells (data not shown). Medium
containing 10% CCK-8 served as a control.

Apoptosis assay
Apoptosis was evaluated by using the Cell Death Detection

ELISA Kit following the instructions outlined by the manufactur-
er. Cells were also visualized under a laser scanning confocal
microscope (LSM-510, Carl Zeiss Jena GmbH) to detect
apoptosis.

Western blot analysis
To determine the levels of protein expression, cell lysates

were prepared and subjected to Western blot analysis as
described previously (40). Briefly, cells were washed twice in
PBS, sonicated in RIPA buffer and homogenized. Debris was
removed by centrifugation at 12,000 � g at 4�C for 10 minutes
and protein concentration was determined using the BCA
Protein assay according to the manufacturer's instructions.
Samples containing equal amounts of protein (50 mg) were
separated by electrophoresis on 10% or 15% polyacrylamide
SDS gels (100 V for 1 to 2 hours) and transferred to poly-
vinylidene difluoride membranes by electroblotting (100 V for
1 hour at 4�C). The running time and voltage as well as transfer
time and voltage may require some optimization depending on
the circumstances. The membranes were then blocked by incu-
bating with 5% skimmilk in TBST buffer (TBS plus 0.1% Tween
20) for 2 hours and incubated with the appropriate primary
antibody with gentle agitation overnight at 4�C. The mem-
branes were then washed several times and incubated with the
appropriate horseradish peroxidase (HRP)–conjugated second-
ary antibody for 1 hour at room temperature. The membranes
were incubated with appropriate secondary antibody conjugat-
ed with horseradish peroxidise for 1 hour at room temperature.
Proteins were visualized using an enhanced chemilumines-
cence system and captured on X-ray films. b-Actin was simul-
taneously determined as a loading control.

Plasmids and transfections
The methodology has been described previously (41). In

brief, BxPC-3 cells were seeded in 6-well plates and incubated
for 24 hours at 37�C. The cells were then transfected with NF-kB
p65 cDNA, control empty vector (pcDNA3.0), NF-kB p65
siRNA and control siRNA, respectively, using Lipofectamine
2000 (Invitrogen). The transfections were performed following
the instructions outlined by the manufacturer. After transfec-
tion, cells were treated as designed before being harvested for
the following studies.

Xenograft mouse model
Animal studies were in accordance with the institutional guide

for the care and use of laboratory animals. Our experimental
protocol was reviewed and approved by the Animal Care and Use
Committee of Harbin Medical University (Harbin). Male nude
BALB/c mice (4–6-weeks-old) were obtained from Shanghai
Experimental Animal Center of the Chinese Academy of Sciences.
Tumors were established by subcutaneous injection of 5 � 106

BxPC-3 cells into the flanks of mice. Tumor size was measured
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every 3dayswith calipers and the volumewas estimated according
to the formula: V ¼ (p/6) � (larger diameter) � (smaller diam-
eter)2. When tumors reached around 100 mm3, the mice were
randomly assigned to four groups (each group had 8 mice): (i)
control (DMSO was dissolved in 200 mL PBS, once daily by i.p.
injection); (ii) piperlongumine (10 mg/kg, once daily by i.p.
injection); (iii) gemcitabine (100 mg/kg, twice weekly by i.p.
injection); and (iv) piperlongumine and gemcitabine, following
the same schedule of individual drugs. The doses of piperlongu-
mine and gemcitabine selected for this experiment were based on
preliminary experiments and previous studies (26, 34, 42). The
micewere closelymonitored for 24days, then euthanized, and the
tumors were removed. Each tumor was divided into two pieces:
one fixed in 10% buffered formalin, and the other kept at �80�C
for further analysis.

PCNA and Ki-67 immunohistochemistry
The methodology has been described previously (40). In brief,

paraffin-embedded tissue sections (5 mm) were immunostained
with an anti-PCNA or anti-Ki-67 Ab. The number of PCNA or Ki-
67–positive cells was counted in randomly selected ten micro-
scopic fields at �400 magnification.

Quantification of apoptosis in tumor sections
The methodology has been described previously (40). In brief,

paraffin-embedded tissue sections (5 mm) were stained with the
TUNEL (terminal deoxynucleotidyl transferase–mediated dUTP
nick end labeling) agent (Roche), and the number of TUNEL-
positive cells was counted in randomly selected ten microscopic
fields at �400 magnification.

Tumor microvessel density
The methodology has been described previously (43). In brief,

tumor sections prepared from tumors 4 weeks after treatment
were immunostained with anti-CD31 Ab. The number of micro-
vessels was counted in randomly selected tenmicroscopic fields at
�400 magnification, and the microvessel density was recorded.

Immunohistochemical analysis for cyclin D1, MMP-9, and
VEGF in tumor samples

The expression of cyclin D1, MMP-9, and VEGF were evaluated
by immunohistochemical analysis as described previously (9).

NF-kB DNA-binding activity assay
The NF-kB DNA-binding activity was determined using the

Trans-Am NF-kB /p65 ELISA Kit following the instructions out-
lined by themanufacturer and as described previously (4). Briefly,
nuclear and cytosolic fractions were prepared from cells by using
the Nuclear Extraction Kit following the instructions outlined by
the manufacturer. Briefly, nuclear lysate protein from each group
was added to a 96-well plate with an immobilized oligonucleo-
tide containing the specific consensus sequence (50-GGGAC-
TTTCC-30) for NF-kB/p65 binding. Following incubation for 1
hour at room temperature to facilitate the binding, a primary
antibody specific for NF-kBwas added to each well, followed by a
HRP–conjugated secondary antibody. The absorbance was taken
at 450 nm using an ELISA plate reader.

Statistical analysis
Data are represented as mean values � SD. Statistical compar-

isonsweremadewith a one-wayANOVA followed by theDunnett

t test for multiple comparisons. A P value of less than 0.05 was
considered significant.

Results
The purpose of this study was, first, to determine whether

piperlongumine, a natural product isolated from the fruit of the
pepper Piper longum has potential in the treatment of pancreatic
cancer when used either alone or in combination with gemcita-
bine and, second, to explore themolecular mechanism(s) behind
these effects. For this, we used three different well-characterized
human pancreatic cancer cell lines. To monitor tumor growth
in vivo, one of these cell lines, BxPC-3 was subcutaneously inject-
ed and used in a mouse xenograft model.

Piperlongumine suppresses the proliferation and potentiates
the apoptotic effects of gemcitabine in pancreatic cancer cells
in vitro

To investigate the effect of piperlongumine on the proliferation
of human pancreatic cancer cells, we used BxPC-3, PANC-1, and
AsPC-1 cells, all of which exhibit differential resistance pattern to
conventional chemotherapeutic drugs. The cells were assessed for
viability using a CCK-8 assay following exposure to increasing
concentrations of piperlongumine (0–40 mmol/L) for 24, 48, or
72 hours. As shown in Fig. 1B, piperlongumine suppressed the
growth of all three human pancreatic cancer cells in a dose- and
time-dependent manner.

To determine whether piperlongumine could enhance the
apoptotic effects, we treated pancreatic cancer cells with piper-
longumine combined with gemcitabine and then examined these
cells with a histone DNA ELISA assay. Our results showed that
treatment with either piperlongumine or gemcitabine alone
induced apoptosis in all three cell lines tested. Relative to single
agents, piperlongumine pretreatment followed by gemcitabine
treatment led to significantly higher apoptosis in the cancer cells
(Fig. 1C). Laser scanning confocal microscopy confirmed the
increased apoptotic effect as shown in the representative photo-
graphs (Fig. 1D).

Next, BxPC-3, PANC-1, and AsPC-1 cells were treated with
piperlongumine combined with gemcitabine and then caspase-3
activation and PARP cleavage were examined by Western blot
analysis. Our data showed that piperlongumine and gemcitabine
alone induced caspase-3 activation and PARP cleavage in all three
pancreatic cancer cells and the combination was more effective
(Fig. 1E).

Piperlongumine inhibits constitutive as well as gemcitabine-
induced NF-kB activation in pancreatic cancer cells

Our results indicate that piperlongumine can potentiate
gemcitabine-induced apoptosis in pancreatic cancer cells. How
the effects were potentiated was investigated. Because NF-kB
has been associated with both proliferation and apoptotic
resistance, we next examined the effects of piperlongumine,
gemcitabine, and the combination on NF-kB activity using an
ELISA-based DNA-binding assay. Consistent with previous
studies (9, 40, 43, 44), gemcitabine alone was able to induce
NF-kB DNA-binding activity (Fig. 2B). In addition, our results
showed that NF-kB p65 siRNA transfection significantly inhi-
bited gemcitabine-induced NF-kB DNA-binding activity
whereas NF-kB p65 cDNA transfection enhanced activation
of NF-kB DNA-binding activity stimulated by gemcitabine
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Figure 2.
Piperlongumine inhibits NF-kB and NF-kB–regulated gene products. A, NF-kB DNA-binding activity assay. Cells were treated with indicated concentration of
piperlongumine for 4 hours, and then nuclear extracts were prepared. NF-kB DNA-binding activity on respective nuclear extracts was detected by ELISA-linked
DNA-binding assay. B, cellswere pretreatedwith piperlongumine or left untreated as control for 24 hours before incubatingwith orwithout gemcitabine for 48 hours,
and then nuclear extracts were prepared and tested for NF-kB DNA-binding activity by ELISA-linked DNA-binding assay. C, Western blotting analysis. Cells
were pretreated with piperlongumine or left untreated as control for 24 hours before incubating with or without gemcitabine for 48 hours, and then whole-cell
extractswere prepared, separated onSDS-PAGE, and subjected toWestern blot analysis tomonitor c-Myc, Cyclin-D1, Survivin, Bcl-2, Bcl-XL, XIAP,MMP-9, andVEGF
by Western blot. b-Actin was detected as protein loading control. The immunoblots shown here are representative of at least three independent experiments
with similar results. Gem ¼ Gemcitabine, PL ¼ Piperlongumine, PL þ Gem ¼ Piperlongumine þ Gemcitabine. � , P < 0.05 relative to control; x, P < 0.05
relative to gemcitabine.
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(Fig. 3A and B). As shown in Fig. 2A, we further found that
treatment with piperlongumine caused a concentration-
dependent decrease in NF-kB DNA-binding activity in all three
pancreatic cancer cells. More importantly, piperlongumine was
also found to significantly suppress gemcitabine- or p65 cDNA
transfection–induced activation of NF-kB DNA-binding activ-
ity (Fig. 2B and 3A), which indicate that piperlongumine is a
potent modulator of constitutive as well as inducible NF-kB
activation in pancreatic cancer cells.

Numerous proteins, including c-Myc, cyclin D1, Bcl-2, Bcl-
xL, Survivin, and XIAP, are regulated by NF-kB at the transcrip-
tional level and associated with chemoresistance. To investigate
whether piperlongumine exerts its effects through modulation
of NF-kB–regulated proteins, we examined the effects of piper-
longumine, gemcitabine, and the combination on the expres-
sion of NF-kB–regulated gene products implicated in cell
proliferation (c-myc and cyclin D1), antiapoptosis (Bcl-2,
Bcl-xL, Survivin, and XIAP), angiogenesis (VEGF), and metas-
tasis(MMP-9). Our results showed that piperlongumine, alone
or in combination with gemcitabine, significantly decreased the
expression of all of these molecules compared with vehicle in
all three pancreatic cancer cells (Fig. 2C). All these results
suggest that potentiation of gemcitabine-induced apoptosis
by piperlongumine in pancreatic cancer cells may be mecha-
nistically linked with inactivation of NF-kB and its downstream
genes.

The apoptosis-inducing and -chemosensitizing properties of
piperlongumine are mediated by the NF-kB pathway

NF-kB p65 cDNA or siRNA was transfected into BxPC-3 cells,
and then treatedwith piperlongumine and gemcitabine according
to the above-mentioned protocol of pretreatment with piperlon-
gumine followed by gemcitabine treatment. Our results showed
that overexpression of NF-kB by transfection of p65 cDNA
enhanced the expression and activation of NF-kB p65 and pro-
tected cells from apoptosis in piperlongumine-treated and
untreated BxPC-3 cells (Fig. 3A and C). Conversely, suppression
of NF-kB by transfection of p65 siRNA abrogated NF-kB DNA-
binding activity and augmented gemcitabine-induced apoptosis
(Fig. 3B andD). Furthermore, we found that piperlongumine plus
p65 siRNA exerted a more robust suppression of NF-kB DNA-
binding activity and an augmented effect on the induction of
apoptosis (Fig. 3B andD). Piperlongumineplus gemcitabinewere
more effective than gemcitabine alone at inhibiting NF-kB acti-
vation and inducing apoptosis in p65 cDNA-transfected BxPC-3
cells (Fig. 3A and C). These data provide direct evidence for the
functional importance of NF-kB in piperlongumine-induced
apoptosis and chemosensitization.

Piperlongumine potentiates the antitumor effects of
gemcitabine in xenograft nude mice model

On the basis of these results, we decided to examine the
therapeutic potential of piperlongumine and gemcitabine, alone

Figure 3.
Effect of p65 cDNA or p65 siRNA
transfection in BxPC-3 cells.
Transiently p65 cDNA or siRNA-
transfected cells were pretreated with
piperlongumine or left untreated as
control for 24 hours before incubating
with or without gemcitabine for 48
hours, and then nuclear extracts were
prepared. A and B, NF-kB DNA-
binding activity assay. NF-kB DNA-
binding activity on respective nuclear
extracts was determined by ELISA-
linked DNA-binding assay. C and D,
cell apoptosis assay. Apoptosis was
quantitated using a Cell Death
Detection ELISA kit. PL ¼
Piperlongumine, Gem ¼ Gemcitabine,
PL þ Gem ¼ Piperlongumine þ
Gemcitabine.
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or in combination, on pancreatic tumor growth in a xenograft-
implanted nude mice model. The treatment schema is summa-
rized in Fig. 4A. Tumors were generated by injecting BxPC-3 cells
into the subcutaneous tissue of the right flanks of nude mice.
When tumor volume reached around 100 mm3, the mice were
assigned to four groups as described under Materials and Meth-
ods. Treatment started after randomization and continued up to
24 days. We found that piperlongumine alone significantly
inhibited the growth of the tumor (P < 0.05 when compared
with control; Fig. 4B and C). Gemcitabine alone was also very
effective (P < 0.05 when compared with control; P > 0.05 when
compared with piperlongumine alone group); and piperlongu-
mine in combination with gemcitabine was more effective in
reducing the tumor burden. The tumor volume in the combina-
tion of piperlongumine and gemcitabine group was not only
highly significantly lower than the vehicle-treated control group
(P < 0.01), but also lower than piperlongumine alone group
(P < 0.05) and gemcitabine alone group (P < 0.05) on day 24
(Fig. 4B and C).

Piperlongumine reduces microvessel density and cell
proliferation and induces apoptosis in pancreatic tumor tissues

To understand potential mechanisms of the tumor-suppressive
activities, we examined the effect of piperlongumine alone and in
combination with gemcitabine on microvessel density, cell pro-
liferation, and apoptosis in tumors removed from each group of
treatment. As shown in Fig. 5G and H, piperlongumine or
gemcitabine treatment caused a significant reduction of micro-
vessel density when compared with controls, which was further
reduced when both compounds were combined. Tumor cell

proliferation was assessed using immunohistochemistry for the
PCNA and Ki-67 protein. Piperlongumine or gemcitabine treat-
ment resulted in a significant decrease in proliferation rate (Fig.
5A–D), which was further decreased after combined treatment.
Likewise, TUNEL staining showed a significant increase in the
percentage of TUNEL-positive cells in the group of piperlongu-
mine in combination with gemcitabine compared with controls
or single-agent–treated groups (Fig. 5E and F). Together, our
results suggest that piperlongumine can augment the antitumor
effects of gemcitabine by further suppressing tumor angiogenesis
and promoting tumor cell apoptosis.

Piperlongumine inhibits NF-kB DNA-binding activity and
NF-kB–regulated gene products in pancreatic tumor tissues

We also evaluated the effect of piperlongumine and gemcita-
bine on NF-kB levels in pancreatic tumor tissues. Our results
clearly show that the constitutive activationofNF-kB inpancreatic
cancer tissue was downregulated by piperlongumine, but most
importantly, the gemcitabine treatment resulted in the induction
of NF-kBDNA-binding activity similar to those observed in our in
vitro studies, and this induction was abrogated in tumors treated
with piperlongumine (Fig. 6A).

NF-kB is known to regulate the expression of genes involved in
proliferation (c-myc and cyclin D1), antiapoptosis (Bcl-2, Bcl-XL,
Survivin, and XIAP), invasion/metastasis (MMP-9), and angio-
genesis (VEGF). Whether piperlongumine and gemcitabine can
modulate the expression these gene products in pancreatic tumor
tissues was also determined by Western blot analysis. As shown
in Fig. 6B, piperlongumine alone or in combination with gemci-
tabine, significantly decreased the expression of all of these

Figure 4.
Piperlongumine potentiates the effect of
gemcitabine to inhibit the growth of pancreatic
cancer in nude mice. Tumors were generated by
injecting BxPC-3 cells into the subcutaneous
tissue of the right flanks of nude mice. When
tumor volume reached an average volume of
approximately 100 mm3, the mice were
randomly assigned to four treatment groups (8
mice/group) as described in Materials and
Methods. Treatment started after randomization
and continued up to 24 days. The animals were
euthanized on the last day of treatment, and the
tumors were removed. A, flow chart
representation of experimental design for in vivo
studies. B, tumor volume was measured using
Vernier calipers and calculated by formula: V ¼
(p/6) � (larger diameter) � (smaller diameter)2

at indicated time points. C, tumor volumes in
micemeasured on the last day of the experiment
at autopsy using Vernier calipers and calculated
by formula: V ¼ (p/6) � (larger diameter) �
(smaller diameter)2; � , P < 0.05; �� , P < 0.01
relative to control; #, P < 0.05, relative to single
agent.
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molecules compared with vehicle in the xenografts. The Western
blot results also showed that piperlongumine, alone or in com-
bination with gemcitabine, significantly decreased the expression
of procaspase-3 and induced cleavage of PARP-1 inmouse tumors
(Fig. 6B)

Whether modulation of cyclin-D1, MMP-9, and VEGF can also
be detected by immunohistochemical methods. As shown in Fig.
6C, immunohistochemical analysis revealed that piperlongu-
mine reduced the expression of all these proteins whether alone
or with gemcitabine, which is consistent with the data obtained
from western blotting experiments.

Collectively, these data suggest that modulation of NF-kB
activity and NF-kB–regulated gene products is, at least, one of
the molecular mechanisms by which piperlongumine exerts its
effects in vivo, which is consistent with our in vitro findings.

Discussion
Pancreatic cancer is among the most aggressive human malig-

nancies with a 5-year survival rate of less than 5% despite the best
treatment available today. Therefore, novel therapeutic agents
that are nontoxic and highly effective to improve the current
standard of care of this disease are highly desirable. The present
study was designed to investigate whether piperlongumine, a
natural product isolated from the fruit of the pepper Piper
longum, can potentiate the therapeutic effect of gemcitabine
against human pancreatic cancer. In all three pancreatic cancer
cell lines, piperlongumine inhibitedproliferation, potentiated the
cytotoxic effect of gemcitabine, and inhibited constitutive and
gemcitabine-induced activation of NF-kB. In a pancreatic cancer
xenograft model, piperlongumine argumented the antitumor
activity of gemcitabine; this effect was associated with the down-
regulation of NF-kB activation and NF-kB–regulated gene pro-
ducts, decreased tumor cell proliferation (PCNA and Ki-67),
decreased microvessel density (CD31), and increased tumor cell
apoptosis (TUNEL).

We observed that piperlongumine can suppress the prolifera-
tion of all three pancreatic cancer cell lines in a dose- and time-
dependent manner. This is the first report to describe the growth-
inhibitory effects of piperlongumine in pancreatic cancer cells.
The detailed molecular mechanism(s) by which piperlongumine
exerts its inhibitory effects on cell proliferation were also inves-
tigated. We found that piperlongumine downregulated the
expression of cell proliferative (c-myc and cyclin D1) and anti-
apoptic (Bcl-2, Bcl-Xl, Survivin, and XIAP) gene products. We also
found that piperlongumine downregulated the constitutive acti-
vation of NF-kB in pancreatic cancer cell lines. These results on
downregulation of NF-kB activation by piperlongumine are con-
sistent with previous reports that piperlongumine inhibited acti-
vation ofNF-kB in other cancer cell lines (30, 39) andwith reports
that resveratrol (45), genistein (46), dihydroartemisinin (44),
zyflamend (47), g-tocotrienol (48), curcumin (49), shikonin
(9), and 3,30-Diindolylmethane (50), all present within piper-
longumine, are associated with NF-kB inactivation.

Specifically, our results also demonstrated that piperlongumine
has a potential to enhance the effect of gemcitabine in human
pancreatic cancer cells in vitro. We found that this effect may be
mediated through the downregulation of cell survival proteins
such as Bcl-2, Bcl-Xl, XIAP, and survivin by piperlongumine.
Interestingly, we also observed for the first time that piperlongu-
mine suppressed both constitutive and gemcitabine-induced

Figure 5.
Piperlongumine reduces microvessel density and cell proliferation and
induces apoptosis in pancreatic tumor tissues. Tumoral cell proliferation
(A andC), apoptosis (E), andmicrovessel density (G). Immunohistochemistry
was performed to measure cell proliferation by PCNA and Ki-67 staining,
apoptosis by TUNEL assay andmicrovessel density by CD31 staining in tumor
tissues prepared from subcutaneous tumors 24 days after treatment with
vehicle, piperlongumine, gemcitabine, or shikoninþ gemcitabine. B, D, F, and
H, quantification of Ki-67-, PCNA-, TUNEL- and CD31-positive tumor cells.
Tumor slides from treated and untreated animals were visualized under
microscope at a magnification of � 400, and Ki-67-, PCNA-, TUNEL-, and
CD31-positive tumor cells were quantified. Gem ¼ Gemcitabine, PL ¼
Piperlongumine, PL þ Gem ¼ Piperlongumine þ Gemcitabine.� , P < 0.05;
�� , P < 0.01 relative to control; #, P < 0.05, relative to single agent.
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Figure 6.
Piperlongumine inhibits NF-kB and NF-kB–regulated gene
products in BxPC-3 xenograft tumors. Nuclear extracts and
total protein extracts were prepared from subcutaneous
tumors 24 days after treatment with vehicle, gemcitabine,
piperlongumine, or piperlongumine þ gemcitabine. A, NF-kB
DNA-binding activity assay. NF-kB DNA-binding activity on
respective nuclear extractswas detected by ELISA-linkedDNA-
binding assay. B,Western blotting analysis. Whole-cell extracts
were prepared, separated on SDS-PAGE, and subjected to
Western blot analysis to monitor the expression of c-Myc,
Cyclin-D1, Survivin, Bcl-2, Bcl-XL, XIAP, VEGF, MMP-9,
procaspase-3, and PARP. b-Actin was detected as protein
loading control. The immunoblots shown here are
representative of at least three independent experiments with
similar results. C, immunohistochemical analysis. The
expressions of Cyclin-D1, VEGF, and MMP-9 were examined by
using immunohistochemical staining. D, proposed mechanisms
of piperlongumine action in augmenting the efficacy of
gemciabine in pancreatic cancer. Gem ¼ Gemcitabine, PL ¼
Piperlongumine, PL þ Gem ¼ Piperlongumine þ Gemcitabine;
� , P <0.05 relative to control; x, P <0.05 relative to gemcitabine.
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NF-kB activation. NF-kB has been linked with chemoresistance,
so it is very likely that the inactivation of NF-kB by piperlongu-
mine is mechanistically associated with sensitization of pancre-
atic cancer cells to gemcitabine-induced killing. Furthermore,
using NF-kB cDNA transfection andNF-kB p65 siRNA approach,
we demonstrated that NF-kB activation performs a crucial func-
tion in protecting cells against the cytotoxic effects of gemcita-
bine, which provides direct support for a critical role for NF-kB
signaling in piperlongumine-mediated cytotoxic synergism with
gemcitabine in pancreatic cancer cells and further strengthens the
notion that NF-kB activation plays an important role in the
development of the chemoresistance phenotype in pancreatic
cancer cells.

We next determined whether piperlongumine potentiates the
antitumor effects of gemcitabine in vivo in a subcutaneous pan-
creatic cancer model. Our results clearly showed that the i.p.
administration of piperlongumine or gemcitabine alone sup-
pressed the growth of human pancreatic tumors in nude mice.
Piperlongumine was very well tolerated by the animals. We also
found that thepiperlongumineþ gemcitabine combinationhad a
muchmore effective and potent antitumor effect than either agent
alone. When examined for the mechanism by which piperlongu-
mine exerts its effects against human pancreatic cancer, we
noticed decreased proliferation as documented by PCNA and
Ki-67 immunostaining, decreased microvessel density as docu-
mented by CD31 immunostaining, and increased apoptosis as
documented by increased TUNEL staining within tumors, in
tumor remnants of combination treatment with piperlongu-
mine and gemcitabine. Further investigation also revealed that
piperlongumine inhibited constitutive and gemcitabine-
induced NF-kB activation. Piperlongumine, alone or in com-
bination with gemcitabine, significantly downregulated the
expression of NF-kB–regulated gene products such as c-Myc,
Cyclin D1, Bcl-2, Bcl-xL, Survivin, and XIAP in pancreatic tumor
samples. These results are in good agreement with our molec-
ular studies in vitro, indicating that the suppression of NF-kB

and its downstream targets is, at least, one of the molecular
mechanisms by which piperlongumine may exert its effects
against human pancreatic cancer (Fig. 6D).

In summary, the results from our cell-based and in vivo studies
suggest for the first time that piperlongumine has great potential
for the treatment of pancreatic cancer, and it can further potentiate
the efficacy of gemcitabine through the suppression of NF-kB and
its downstream regulated genes that are implicated in prolifera-
tion, angiogenesis, invasion,metastasis, and chemoresistance.On
the basis of our findings, further in-depth studies, including
clinical trials, are required to fully appreciate the value of piper-
longumine as an anticancer agent in pancreatic cancer.
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