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Piperlongumine (PL), a natural alkaloid isolated from the long pepper, may have anti-cancer properties. It
selectively targets and kills cancer cells but leaves normal cells intact. Here, we reported that PL selec-
tively killed glioblastoma multiforme (GBM) cells via accumulating reactive oxygen species (ROS) to acti-
vate JNK and p38. PL at 20 uM could induce severe cell death in three GBM cell lines (LN229, U87 and

I<f?yW0de~' 8MG) but not astrocytes in cultures. PL elevated ROS prominently and reduced glutathione levels in
Piplartine LN229 and U87 cells. Antioxidant N-acetyl-L-cysteine (NAC) completely reversed PL-induced ROS accu-
gi:?dr:;ve stress mulation and prevented cell death in LN229 and U87 cells. In LN229 and U87 cells, PL-treatment acti-
Apoptosis vated JNK and p38 but not Erk and Akt, in a dosage-dependent manner. These activations could be

blocked by NAC pre-treatment. JNK and p38 specific inhibitors, SB203580 and SP600125 respectively, sig-

Cancer therapy
nificantly blocked the cytotoxic effects of PL in LN229 and U87 cells. Our data first suggests that PL may

Brain tumor

have therapeutic potential for one of the most malignant and refractory tumors GBM.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Glioblastoma multiforme (GBM), a grade IV astrocytoma, is the
most common and most aggressive malignant primary brain tumor
in humans. The median survival time of GBM patients is less than
14 months after routine radiation therapy and chemotherapy fol-
lowing resection [1]. Therefore, there is an urgent need to develop
new targeted therapies and approaches to improve the clinical out-
come of GBM management. GBM cells usually contain multiple gene
mutations [2]. These gene mutations are important factors inducing
transformation in astrocytes to become cancerous [3,4]. It is known

Abbreviations: DCFH-DA, 2'-,7'-dichlorofluorescin diacetate; DMEM, Dulbecco’s
modified Eagle’s medium; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; FCM,
flow cytometry; GBM, glioblastoma multiforme; GSH, glutathione; JNK, c-jun N-
terminal kinase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; NAC, N-acetyl-.-cysteine; PBS, phosphate buffered saline; PI, propidium
iodide; PL, piperlongumine; ROS, reactive oxygen species.
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that malignant transformation would sensitize cells to become more
vulnerable to reactive oxygen species (ROS) than normal cells and
therefore innovative therapy mediating ROS homeostasis is a prom-
ising strategy for treating cancers [5] including GBM.
Piperlongumine (PL) is a biological active alkaloid isolated from
the long pepper (Piper longum L). This naturally occurring small mol-
ecule has a well-characterized structure (Fig. 1A). It has been used in
Ayurvedic medicine for thousands of years for treating gastrointes-
tinal and respiratory diseases [6]. The most recent indications of PL
implied its anti-tumor effect [7,8]. In a cell-based high throughput
screening study, PL was identified to be the most reliable and potent
compound that can selectively kill various cancer cells and onco-
gene-transformed cells but not normal cells [7]. This cancer cell-sen-
sitive cytotoxicity correlates to the selective increase of intracellular
ROSincancer cells [7]. Selective induction of ROS by PLin cancer cells
represents a novel therapeutic strategy for cancers. Quantitative
proteomics approach indentifies two strong PL-binding proteins,
glutathione S-transerase pi 1 (GSTP1) and carbonyl reductase 1
(CBR1), which are critical in the regulation of ROS homeostasis [7].
The selective induction of ROS by PLin cancer cells represents a novel
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Fig. 1. PL selectively killed GBM cells but not astrocytes in cultures. (A) Chemical structure of PL. (B) PL-induced cell death in GBM cells but not astrocytes in cultures. GBM
cell lines (LN229, U87 and 8MG) and cultured astrocytes were grown in 96-well plates for 24 h and treated with 0, 5, 10 and 20 uM PL for 24 h. DMSO was used as the vehicle
control. Cell viability was measured by MTT assay (n = 3). (C) PL-induced nuclear condensation in U87 cells. U87 cells were treated with 20 uM PL for 24 h. The cultures were
fixed and stained with Hoechst 33342. Representative micrographs showed the morphological changes (Phase) and nuclear condensation (indicated by arrows). Bar, 50 pm.
(D) Statistical analysis of nuclear condensation in U87 cells after PL-treatment. U87 cells were treated with 5, 10 and 20 uM PL for 24 h. Photos were taken after the cultures
were stained with Hoechst 33342. The percentage of condensed nuclei in total nuclei was estimated from at least 9 random fields for each culture. Data represented
mean = SEM of three independent experiments. **P < 0.01 vs. corresponding DMSO control. (E) PL-induced apoptosis in U87 cells and the reversion by antioxidant NAC. U87
cells were treated with 20 pM PL alone or together with 3 mM NAC for 24 h. After Annexin V-PI double staining, cells were subjected for FCM analysis. The percentage of total
apoptotic cells (Q2+Q4) was significantly increased 24 h after PL treatment but was completely reversed by NAC co-incubation. The experiments were repeated three times
independently. **P < 0.01 vs. DMSO and *#P < 0.01 vs. PL. (F) PL-induced sub-G1 population in U87 cells. U87 cells were treated with 20 uM PL or DMSO for 24 h. After PI
staining, cells were subjected for FCM analysis. The experiments were repeated three times independently. **P < 0.01 vs. DMSO.

therapeutic strategy for cancers. In addition to binding GSTP1, PL ex-
erts its anti-tumor effect by inducing protein glutathionylation upon
ROSelevation [8]. PLmay alsoinduce cell cycle-arrest or induce angi-
ogenesis in cancer cells [6].

Since PL is a natural lipophilic alkaloid amides and could pass
through the blood brain barrier [9], we investigated whether PL

2. Materials and methods
2.1. Cell lines

The GBM cell lines LN229, U87 MG (U87) and 8MG BA (8MG)
were kindly provided by Prof. Haian Fu (Emory University, GA,

might also be effective in killing GBM cells selectively via ROS-
dependent mechanisms. Our findings suggested the potential of PL
as a new therapeutic for treating this aggressive and typical fatal
brain tumor.

USA) and were cultured in DMEM (Gibco, USA) supplemented with
5%, 10% or 20% FBS (Gibco), respectively. The cultures were used
within 30 cell passages.
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2.2. Primary cultures of cerebral cortical astrocytes

Protocol for the primary cultures of cerebral cortical astrocytes
has been established in our laboratory [10,11]. Astrocytes grown
for 4 weeks were passed to 96-well plates at a density of 1 x 10° -
cells/mL. The cells in 96-well plates were used for drug treatment
7 days after subculture.

2.3. Piperlongumine and other drug treatments

Piperlongumine (PL) was purchased from Sigma (USA) and used
at designated concentrations. Dimethyl sulfoxide (DMSO) of the
same concentration (<1%) as in PL solutions was used as the vehicle
control. N-acetyl-L-cysteine (NAC, antioxidant) (Sigma) was used at
3 mM, while SB203580 (p38 pathway specific inhibitor) and
SP600125 (JNK pathway specific inhibitor) (Cell Signaling Technol-
ogy, USA) were used at 10 pM. NAC, SB203580 and SP600125 were
added 1 h before PL-treatment.

2.4. Cell viability or death assays

The 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was used to measure cell viability as reported
previously [12,13]. Briefly, GBM cells were seeded in 96-well plates
(LN229 5000 cells/well, U87 7000 cell/well, 8MG 5000 cells/well).
Twenty-four hours after seeding, cells were incubated with drugs
in six parallel wells for designated times and then incubated with
20 mg/mL MTT. Cell viability was determined by optical absorption
at 490 nm. Highly condensed nuclei in Hoechst 33342 staining was
used to distinguish apoptotic death [11].

2.5. Flow cytometry (FCM) assay

U87 cells were treated with 20 uM PL alone or together with
NAC for 24 h and co-stained with Annexin V and propidium iodide
(PI) according to the manufacturer’s instructions (Invitrogen, USA).
Apoptotic cells were separated and quantified by a FACSCalibur
Flow Cytometry System (Becton Dickinson, USA) [13]. For cell cycle
assay, U87 cells were treated with 20 uM PL and stained with PI
alone.

2.6. Western blotting analyses

Western blot analyses were performed as described previously
[14]. Primary antibodies against p-p38 Thr180/182, p38, p-JNK
Thr183/185, JNK, p-Akt Ser473, Akt, p-Erk Thr202/204, Erk were
purchased from Cell Signaling Technology (USA) and B-actin anti-
body was from Santa Cruz Biotechnology (USA). The blots were
visualized with corresponding fluorescent secondary antibodies
and the bands were quantified by using the Odyssey Infrared Imag-
ing System (Li-COR Bioscience, USA).

2.7. Quantification of reduced glutathione (GSH)

Cells were treated with PL alone or together with NAC for 1 h,
then washed with ice-cold PBS three times and collected in centri-
fuge tubes. After sonification for 2-3 min on ice, cell lysates were
centrifuged at 3500 rpm at 4 °C for 10 min and the supernatants
were collected for GSH measurement according to the manufac-
ture’s protocol (A006-2, Nanjing Jiangcheng Bioengineering Insti-
tute, China) using a microplate reader at 405 nm (Synergy 2,
BioTek, USA). The concentration of GSH was calculated according
to the manufacturer’s instructions (A006-2, Nanjing Jiangcheng
Bioengineering Institute). Relative GSH levels in PL-treated cells
were expressed as fold change relative to DMSO control.

2.8. Measurement of ROS production

Cells were treated with PL for 1 or 3 h alone or together with
other drugs and the ROS level was detected using 2'-,7'-dichloro-
fluorescin diacetate (DCFH-DA) (Sigma). In brief, cells were incu-
bated with 10 uM of DCFH-DA for 30 min at 37 °C, and washed
twice with PBS before photographing under a conventional fluores-
cent microscope (Olympus, Japan). For each culture, a minimum of
9 random fields were captured. Average fluorescent intensity was
analyzed using the Image-Pro Plus software (Media Cybernetics,
USA).

2.9. Statistical analyses

All experiments were repeated independently at least three
times. The values were expressed as mean + SEM and statistics
were performed with a 2-way ANOVA followed by the Student-
Newman-Keuls test. P values of less than 0.05 were considered
statistically significant.

3. Results

3.1. Piperlongumine selectively kills GBM cell lines but not astrocytes
in cultures

We tested the cytotoxic effects of PL in three different GBM cell
lines (LN229, U87 and 8MG) with different genetic backgrounds to
evaluate the therapeutic potential of PL for GBM. MTT assays dem-
onstrated that 24 h PL-treatment could significantly increase cell
death in all three GBM cell lines and the effects were dose-
dependent (Fig. 1B). IC50 of PL in LN229, U87 MG and 8MG cells
was in the range of 10-20 pM. However, PL even at 20 uM did
not affect the viability of astrocytes in cultures (Fig. 1B). PL at
40 uM would kill both GBM cells and astrocytes to a similar extent
(data not shown). We also examined PL-induced cell death in
LN229 and U87 cells by examining cell morphology and nuclear
staining. Fig. 1C showed the morphological and nuclear changes
of U87 cells after 24 h of 20 uM PL-treatment. PL-treatment induced
severe nuclear condensation and cell death (Fig. 1C). The percentage
of cells with highly condensed nuclei (representing programmed cell
death) [11,14] significantly increased in both LN229 and U87 cells
subjected to 5, 10 and 20 pM PL-treatments (Fig. 1D).

PL-induced apoptotic cell death in U87 cells was further verified
with Annexin V and PI double staining (Fig. 1E). FCM results
showed that there was a prominent increase of late apoptotic cells
(25.4%, with higher Annexin V and PI signals in quadrant 2, Q2) in
U87 cells after treated with 20 pM PL for 24 h as compared to that
of DMSO control (5.4%) (Fig. 1E). Cells in quadrant 4 (Q4) with
higher Annexin V but lower PI signals represented cells at an ear-
lier apoptotic stage. The percentage of total apoptotic cells (Q2+Q4)
was significantly increased in U87 cells after 24 h of 20 uM
PL-treatment (Fig. 1E). Antioxidant NAC co-incubation could
completely block the PL-induced apoptosis in U87 cells (Fig. 1E).
Further, cell cycle assay demonstrated that PL significantly
increased U87 cells in the sub-G1 stage after 24 h of 20 uM
PL-treatment (Fig. 1F).

3.2. Piperlongumine induces ROS accumulation in GBM cells

Previous studies have indicated that PL plays a major role in dis-
turbing ROS homeostasis [7]. DCFH-DA is the most common ROS
detection reagent which generates fluorescence in the presence
of ROS. The DCFH-DA fluorescent intensities in cells correlate well
to cellular ROS levels. DCFH-DA fluorescent intensities were en-
hanced prominently in LN229 and U87 cells after treatment with
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Fig. 2. PL induces ROS accumulation in GBM cells. (A) ROS elevation in GBM cells 1 h after PL-treatment. LN229 or U87 cells were treated with PL for 1 h and stained with
DCFH-DA. Representative micrographs showed that the fluorescent intensity of DCFH-DA was enhanced after PL treatment. Bar, 20 pm. For statistical analysis, the mean
DCFH-DA fluorescent intensity (representing cellular ROS level) was measured from 9 random fields for each culture. All values represented mean + SEM of three independent
experiments. *P<0.05 and **P<0.01 vs. corresponding DMSO control. (B) ROS elevation in LN229 and U87 cells 3 h after PL-treatment. *P < 0.05 and **P<0.01 vs.
corresponding DMSO control. (C) NAC but not JNK/p38 inhibitors reversed PL-induced ROS elevation in LN229 cells. LN229 cells were treated with 20 uM PL alone or co-
treated with 3 mM NAC, 10 uM SP600125, 10 uM SB203580, or 10 uM SP600125+10 pM SB203580 for 1 h. Fluorescent micrographs were taken 30 min after DCFH-DA
staining. Bar, 20 um. **P < 0.01 vs. DMSO control and #*#P < 0.01 vs. PL alone. (D) PL-reduced GSH in GBM cells. LN229 or U87 cells were treated with 10 or 20 pM PL for 1 h and
then the cellular GSH level was measured. NAC was pretreated for 1 h and then co-treated with PL for another 1 h. Data represented mean + SEM of three independent
experiments. *P < 0.05, **P < 0.01 vs. corresponding DMSO control. *P < 0.01 vs. PL (20 uM).
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5and 10 uM PL for 1 h (PL-1 h, Fig. 2A) and 3 h (PL-3 h, Fig. 2B). The
fluorescent intensities were semi-quantified and the statistical
analyses demonstrated the relative cellular ROS levels (i.e.,
DCFH-DA fluorescent intensity) were significantly increased at
1 h (lower panel, Fig. 2A) and 3 h (lower panel, Fig. 2B) after 5
and 10 puM PL-treatments in both LN229 and U87 cells. Co-incuba-
tion with 3 mM NAC and 20 puM PL (PL+NAC) completely reversed
the effect of PL on ROS increase in LN229 cells (left panels, Fig. 2C).
Statistical analyses confirmed that cellular ROS level increased sig-
nificantly at 1h of 20 pM PL-treatments as compared to that of
DMSO control, whereas and the PL-induced ROS was abolished
when co-treated with NAC (right panel, Fig. 2C). Consistent to
the increase of ROS, treatment with PL for 1 h significantly reduced
cellular GSH levels in LN229 (left panel, Fig. 2D) and U87 cells
(right panel, Fig. 2D). The reduction of GSH could be prevented in
the presence of NAC (Fig. 2D). These data demonstrated that PL in-
duced ROS accumulation in GBM cells.

3.3. Piperlongumine activates p38 and JNK in GBM cells in a dosage-
dependent manner

We examined the effects of PL on JNK and p38 activation, two
canonical ROS-activated signaling proteins that control cell death
under oxidative stress [15,16]. Western blotting results showed a
dosage-dependent increase in both p-JNK and p-p38 levels in
LN229 cells 6 h after PL-treatment (Fig. 3A). The expression level

91

of p-JNK but not p-p38 in LN229 cells at 12 h of PL-treatment
was evidently reduced from that at 6 h (Fig. 3A). Interestingly, PL
had no effect on Akt and Erk phosphorylation (Fig. 3B), two key
aberrant oncogenic signaling proteins in GBM cells [2] reported
to be involved in PL’s biological activities [6]. In U87 cells, the peak
expression levels of p-p38 and p-JNK appeared 3 h after PL-treat-
ment (Fig. 3C). PL also induced a dosage-dependent p38 activation
in U87 cells 3 h after PL-treatment (Fig. 3D). Notably, JNK activa-
tion was more prominent in LN229 cells (Fig. 3A) while p38 activa-
tion was more prominent in U87 cells (Fig. 3C and D), likely
attributed to the different genetic backgrounds of LN229 and U87
cells. Co-incubation of PL and NAC completely blocked PL-induced
activation of JNK in LN229 (Fig. 3E) and activation of both p38 and
JNK in U87 cells (Fig. 3F), suggesting that PL-induced p38 and JNK
activation was ROS-dependent.

3.4. Piperlongumine induces GBM cell death via ROS-dependent p38
and JNK activation

We further clarified the relationship of ROS elevation, p38 and
JNK activation to PL-induced cell death in GBM cell lines.
SP600125 and SB203580 are specific JNK and p38 pathway inhib-
itors, respectively. Western blotting analyses demonstrated that
PL-induced JNK activation in LN229 (Fig. 4A) was completely sup-
pressed by 10 M of SP600125. SB203580 is known to suppress
downstream targets of p-p38 [17,18] and it only partially
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Fig. 3. PL induces JNK and p38 activation in GBM cells. (A) Representative Western blots of JNK and p38 phosphorylation in PL-treated LN229 cells. LN229 cells were treated
with 0, 2.5, 5, 10, 20 pM PL for 6 and 12 h. Equal amounts of total proteins were subjected for Western blotting analysis with designated antibodies. (B) Representative
Western blots of p-Akt/Akt and p-Erk/Erk in PL-treated LN229 cells. (C) Representative Western blots of p-JNK/JNK and p-p38/p38 in PL-treated U87 cells at various time
points. (D) Representative Western blots of p-p38/p38 and p-JNK/JNK 3 h after various dosages of PL-treatment in U87 cells. (E) Representative Western blots of the NAC
effects on PL-induced JNK phosphorylation in LN229 cells. (F) Representative Western blots of the effects of NAC on PL-induced p38 and JNK phosphorylation in U87 cells. All

experiments were repeated in three independent experiments.
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Fig. 4. Activation of ]NK and p38 contributes to PL-induced GBM cell death. (A) Representative Western blots of the effects of SP600125 on PL-induced JNK activation in
LN229 cells. (B) Representative Western blots of the effects of SB203580 on PL-induced p38 activation in U87 cells. (C) Statistical analysis of the effects of SB203580,
SP600125 or NAC on the cell viability of GBM cells. LN229 or U87 cells were treated with PL alone or co-treated with 3 mM NAC, 10 pM SB203580, 10 uM SP600125, or 10 uM
SB203580 + 10 pM SP600125 for 24 h. Cell viability was determined by MTT assay. Data represented mean + SEM of three independent experiments. *P < 0.05 and **P < 0.01

vs. corresponding control (PL 0 uM).

suppressed p-p38 level in U87 MG cells (Fig. 4B). MTT assays dem-
onstrated that the cell viability improved when SB203580 or
SP600125 was co-incubated with PL in LN229 (left panel, Fig. 4C)
and U87 cells (right panel, Fig. 4C). Treatment alone or in combina-
tion with 10 uM SB203580 and 10 M SP600125 only partially pre-
vented PL-induced cell death (Fig. 4C). However, co-incubation
with NAC completely prevented PL-induced apoptosis in U87 cells
as measured by FCM assay (Fig. 1E) and PL-induced cell death in
both LN229 and U87 MG cells as measured by MTT assay
(Fig. 4C). Inhibition of JNK pathways by 10 pM SB203580 or p38
pathways by 10 uM SP600125 did not significantly alter DCFH-
DA fluorescent intensities in PL-treated LN229 cells (Fig. 2C).
Therefore, p38 and JNK appeared to function as downstream tar-
gets of ROS elevation upon PL-treatment.

4. Discussion

In the present study, we demonstrated that PL was effective in
killing GBM cells via ROS-mediated p38 and JNK pathways.

PL is a natural alkaloid amide with many medical applications
[6]. Recently, PL was found to be a promising anticancer compound
[7]. Some previous studies have shown that PL may not be effective
in killing all kinds of cancer cells [6]. Due to its lipophilic property
and novel anti-cancer indications, it would be interesting to inves-
tigate whether PL is also effective in killing GBM, an incurable
brain tumor. Our results indicated that PL selectively killed GBM
cell lines but not normal astrocytes implying PL's potential of
becoming an effective drug for treating GBM (Fig. 1). ROS appears
to be the key player in PL-induced cell death in cancer [7]. How-
ever, some discrepancies in the PL cytotoxic effect and its ROS-
induction property have been also reported in some cancer cells
[8]. Results from our NAC experiments confirmed that PL Kills
GBM cells via inducing ROS formation and accumulation. It is re-
ported that PL binds preferentially to enzymes (such as GSTP1
and CBR1) participating in the cellular responses to oxidative stress
in EJ and U20S cells [7]. Overexpression of either GSTP1 or CBR1

reduces PL-induced ROS and cell death [7]. However, knockdown
of GSTP1 or CBR1 has no effect on PL-induced ROS and cell death,
suggesting that there are other proteins involved in PL-induced
ROS accumulation [7]. Whether PL elevates ROS via binding to
GSTP1 and CBR1 in GBM cells requires further investigation.

The signaling pathways participated in PL-induced cancer cell
death remain elusive. We noticed an early and prominent activa-
tion of both JNK and p38, two typical ROS-responsive pathways,
in GBM cells under PL-treatment. Antioxidant NAC blocked ROS
induction, JNK and p38 activation, while inhibitors of JNK or p38
significantly blocked PL-induced cell death (Fig. 4) but not ROS
induction (Fig. 3). Therefore, JNK and p38 are two downstream
effectors of PL-induced ROS in GBM cells. It is known that GSTP1
is a negative regulator of JNK [19]. Thus, PL might activate JNK
by quenching GSTP1 activities in GBM cells. In addition to p38
and JNK pathways, we also investigated other proposed pathways
potentially involved in PL’s bioactivities, such as Erk [20] and Akt
[21]. To our surprise, we did not observe any changes of p-Erk
and p-Akt in LN229 cells under PL-treatment (Fig. 3B). This sug-
gests that PL selectively activates JNK and p38 pathways in GBM
cells. We did not study other possible mechanisms such as protein
glutathionylation [8] and proteosome degradation [22] which
might be involved in PL-induced GBM cell death. Understanding
and clarifying the molecular mechanisms of PL in the future is
essential to validate the suitability of PL for treating GBM.

In summary, we have demonstrated that PL induces selective
cell death in GBM cell lines via ROS accumulation. Importantly,
we have discovered that p38 and JNK activation are involved in
PL-induced GBM cell death. Our data provide the first experimental
evidence in supporting PL as a potential therapeutic for treating
GBM.
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