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Plumbagin-induced Apoptosis in Human Prostate Cancer Cells is Associated
with Modulation of Cellular Redox Status and Generation of Reactive Oxygen
Species
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Purpose. To investigate the mechanism of human prostate cancer cell growth inhibition by plumbagin, a
constituent of the widely used medicinal herb Plumbago zeylanica L.
Materials and Methods. Cell viability was determined by trypan blue dye exclusion assay. Apoptosis
induction was assessed by analysis of cytoplasmic histone-associated DNA fragmentation. Cell cycle
distribution and generation of reactive oxygen species (ROS) were determined by flow cytometry. The
effect of plumbagin treatment on cellular redox status was determined by analysis of intracellular
glutathione (GSH) levels and expression of genes involved in ROS metabolism.
Results. Plumbagin treatment decreased viability of human prostate cancer cells (PC-3, LNCaP, and C4-
2) irrespective of their androgen responsiveness or p53 status. Plumbagin-mediated decrease in cell
viability correlated with apoptosis induction, which was accompanied by ROS generation and depletion
of intracellular GSH levels. Pretreatment of cells with the antioxidant N-acetylcysteine inhibited
plumbagin-mediated ROS generation and apoptosis. Plumbagin treatment also resulted in altered
expression of genes responsible for ROS metabolism, including superoxide dismutase 2 (Mn-SOD).
Conclusion. The present study points towards an important role of ROS in plumbagin-induced apoptosis
in human prostate cancer cells.
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INTRODUCTION

Prostate cancer is the most commonly diagnosed visceral
malignancy and a leading cause of cancer related deaths
among men in the United States (1). American Cancer Society
predicts that nearly 219,000 new cases of prostate cancer will
be diagnosed and about 27,050 men will die from this disease
in the year 2007 alone. Prostate carcinogenesis is characterized
by gradual transformation of normal prostate epithelium to
prostatic intraepithelial neoplasia, localized tumor to advanced
and metastatic disease (2). Prostate cancer is usually diagnosed
in the sixth or seventh decade of life, which provides a large
window of opportunity for intervention to prevent or slow
disease progression. Consequently identification of novel

agents that can be used to delay onset and/or progression of
human prostate cancer is highly desirable.

Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone)
occurs naturally in the medicinal herb Plumbago zeylanica L.,
which has been safely used for centuries in Indian Ayurvedic
and oriental medicine for treatment of various ailments,
including microbial infections and allergic reactions (3–6). For
example, organic solvent extract, but not the aqueous extract, of
Plumbago zeylanica L. exhibited anti-Helicobacter pylori
activity in agar diffusion and dilution tests (5). Plumbagin has
attracted a great deal of research interest due to its diverse
pharmacological effects (7–15). The known pharmacological
effects of plumbagin or Plumbago zeylanica extract include
leishmanicidal (7), anti-bacterial (8), hypolipidaemic and anti-
atherosclerotic (9), and anticancer effects (11–15). For instance,
dietary feeding of 200 ppm plumbagin decreased the incidence
and multiplicity of azoxymethane-induced intestinal carcino-
genesis in rats (12). In addition, plumbagin has been shown to
be a potent radiosensitizer (16–18).

Plumbagin was recently shown to suppress activation of
nuclear factor-κB (NF-κB) and NF-κB-regulated gene ex-
pression through modulation of p65 and IκBα kinase in
KBM-5 human chronic myeloid leukemia, U937 myeloid
lymphoma, H1299 lung adenocarcinoma, A293 human kidney
carcinoma, and SCC-4 human squamous cell carcinoma cells
(19). Plumbagin-mediated suppression of NF-κB activation
was accompanied by potentiation of apoptosis induced by
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cytokines and chemotherapeutic agents (19). The NF-κB is a
transcription factor involved in regulation of various genes
including inflammatory cytokines, chemokines, cell adhesion
molecules, and growth factors (20). This transcription factor
regulates gene expression of a number of anti-apoptotic
proteins including c-IAP2, ch-IAP1, Bfl-1/A1, and survivin
(21–24). The NF-κB is constitutively activated in a variety of
hematological and solid tumor cells including prostate cancer
cells (25–28).

Because plumbagin treatment suppresses NF-κB activa-
tion (19), we hypothesized that this phytochemical might
reduce viability of human prostate cancer cells. In the present
study, we tested this hypothesis using PC-3 (an androgen-
independent cell line lacking functional p53), LNCaP (an
androgen-responsive cell line expressing wild-type p53), and
C4-2 (an androgen-independent variant of LNCaP cells)
human prostate cancer cell lines as a model. We demonstrate
that plumbagin treatment decreases viability of cultured
human prostate cancer cells regardless of their androgen
responsiveness or p53 status. Contrary to previous reports
(14, 15), plumbagin exposure fails to activate G2/M phase
checkpoint in the prostate cancer cell lines tested in the
present study. Instead, plumbagin-mediated suppression of
prostate cancer cell viability correlated with apoptotic cell
death characterized by cytoplasmic histone-associated DNA
fragmentation. We also provide experimental evidence to
indicate that the plumbagin-induced apoptosis in our model is
associated with alteration in cellular redox status and
generation of reactive oxygen species (ROS).

MATERIALS AND METHODS

Reagents. Plumbagin was purchased from Sigma (St.
Louis, MO). 6-carboxy-2′,7′-dichlorodihydrofluorescein diac-
etate (H2DCFDA) was from Invitrogen (Carlsbad, CA),
RNaseA, propidium iodide and N-acetylcysteine (NAC) were
from Sigma. The antibodies against manganese-superoxide
dismutase (Mn-SOD) and catalase were purchased from
Calbiochem (Ann Arbor, MI), while anti-actin antibody was
from Sigma. RPMI-1640 was from Cellgro (Herndon, VA).
Other cell culture reagents, including the non-heat-inactivated
fetal bovine serum (FBS) were from Gibco Invitrogen.

Cell culture and cell viability assay. The LNCaP (Amer-
ican Type Culture Collection) and C4-2 cells (UroCor) were
maintained in RPMI 1640 medium supplemented with 1 mM
sodium pyruvate, 10 mM HEPES, 0.24% glucose, 10% (v/v)
FBS, and antibiotics. The PC-3 cells (American Type Culture
Collection) were maintained in F-12K nutrient mixture
(Kaighn's modification) supplemented with 7% (v/v) FBS
and antibiotics. Stock solution of plumbagin was prepared in
dimethyl sulfoxide (DMSO) and diluted with medium. An
equal volume of DMSO (final concentration <0.1%) was
added to the controls. Effect of plumbagin treatment on cell
viability was determined by trypan blue dye exclusion assay
as described by us previously (29).

Determination of cell cycle distribution and apoptosis
induction. The effect of plumbagin treatment on cell cycle
distribution was determined by flow cytometric analysis of

nuclear DNA content after staining the cells with propidium
iodide. Briefly, LNCaP, C4-2 and PC-3 cells were seeded at a
density of 3×105 and allowed to attach by overnight
incubation. The medium was replaced with fresh complete
medium containing desired concentrations of plumbagin or
DMSO (control). After desired time of plumbagin exposure
at 37°C, floating and adherent cells were collected, washed
with phosphate-buffered saline (PBS), and fixed with 70%
ice-cold ethanol. The fixed cells were treated with 80 μg/ml
RNaseA and 50 μg/ml propidium iodide for 30 min at room
temperature. The stained cells were analyzed using a Coulter
Epics XL Flow Cytometer (Miami, FL). Cells in different
phases of the cell cycle (G0/G1, S, G2/M and sub-diploid
apoptotic fraction) were computed for control (DMSO-
treated) and plumbagin-treated PC-3, LNCaP and C4-2
cultures. Apoptosis in control (DMSO-treated) and
plumbagin-treated PC-3, LNCaP, and C4-2 cultures was
quantified by measurement of release of histone-associated
DNA fragments into the cytosol using a kit from Roche
Applied Science (Indianapolis, IN) according to the
manufacturer's instructions. In some experiments, cells were
pretreated for 2 h with 4 mM NAC, washed with PBS, and
then exposed to plumbagin prior to analysis of histone-
associated DNA fragmentation.

Measurement of intracellular ROS generation. Intracellu-
lar ROS generation was measured by flow cytometry
following staining with H2DCFDA as described by us
previously with some modifications (30). Briefly, cells were
plated at a density of 3×105, allowed to attach by overnight
incubation, and exposed to DMSO or specif ied
concentrations of plumbagin for 1–8 h. Cells were stained
with 20 μM H2DCFDA for 30 min at 37°C, collected by
trypsinization, and the fluorescence was measured by flow
cytometry. In some experiments, cells were pretreated for 2 h
with 4 mM NAC, washed with PBS, and then exposed to
plumbagin prior to ROS measurement.

Total RNA extraction and gene expression analysis. Total
RNA was extracted from LNCaP cells treated with DMSO
(control) or 7.5 μM plumbagin for 8 h using the RNeasy Kit
(Qiagen, Valencia, CA). Reverse transcription was performed
using 2–3 μg of RNA and SuperScript III First-Strand
Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA).
The Human Oxidative Stress and Antioxidant Defense RT2

Profiler™ PCR Array (SuperArray Biosciences, Frederic,
MD) was used to evaluate the effect of plumbagin on
expression of genes involved in ROS metabolism.
Experimental cocktail mix, prepared immediately before the
real time analyses, included cDNA sample and SYBR green
probe. A 25 μl of the cocktail mix was added into each well of
the 96-well plate, including the control wells. A two-step
cycling protocol was used on a ABI 700 cycler (Foster City,
CA; 10 min at 95°C followed by 40 cycles of 15 s at 95°C and
1 min at 60°C). The data were analyzed using the software
provided by the manufacturer. The threshold cycle (Ct)
values for each well were calculated and genes with Ct

values above 35 were considered undetected. Baseline and
threshold values were manually set at the same levels for
different analyses to allow for comparison of multiple plates.
A set of three house keeping genes was used to normalize the
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results (HPRT, GAPDH, and β-actin). For each sample, the
Ct values for each gene were adjusted for the average Ct

values of the housekeeping genes (ΔCt). The ΔΔCt value for
each gene was calculated as a difference between the ΔCt for
plumbagin treated and control samples.

Measurement of glutathione levels. The effect of plumbagin
treatment on intracellular glutathione (GSH) levels was
determined using Glutathione Assay Kit (Cayman Chemical,
Ann Arbor, MI) according to the manufacturer's protocol.
Briefly, LNCaP cells (1×106) were plated in 100-mm culture
dishes, allowed to attach overnight, and exposed to desired
concentrations of plumbagin for specific time periods. Cells
were harvested, counted, washed with PBS, and suspended in
1 ml ice-cold solution containing 50 mM 2-(N-morpholino)

ethanesulphonic acid and 1 mM EDTA. The cells were
disrupted by homogenization and centrifuged at 10,000×g
for 15 min at 4°C. Supernatant fraction was then removed
and deproteinated using metaphosphoric acid followed by
centrifugation at 2,000×g for 2 min. A 500 μl aliquot of the
supernatant fraction was mixed with 25 μl of 4 M
triethanolamine. Standard and test samples were pipetted
onto 96 well plate. Manufacturer supplied assay cocktail was
prepared fresh and added to each well. Samples were then
incubated at room temperature for 5–30 min with shaking and
absorbance was measured every 5 min at 405 nm using a
microplate reader (Labsystems Multiscan Plus, Franklin,
MA). Concentration of GSH in test samples was determined
based on the standard curve and adjusted for the dilution and
the number of cells in each sample.
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Fig. 1. Effect of plumbagin treatment (24 h exposure) on A viability and B cell cycle distribution of PC-3, LNCaP and C4-2 cells. Results are
mean±SE (n=3). *Significantly different (P<0.05) compared with DMSO-treated control by one-way ANOVA followed by Dunnett's test.
Similar results were observed in at least two independent experiments.
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Measurement of SOD and catalase activities. The effects
of plumbagin treatment on SOD and catalase activities were
determined using Superoxide Dismutase Assay and Catalase
Assay kits from Cayman Chemical. Cells exposed to DMSO
(control) or desired concentrations of plumbagin were
collected, counted and homogenized in a solution containing
20 mM HEPES, 1 mM EGTA, 210 mM mannitol and 70 mM
sucrose for SOD activity and 50 mM potassium phosphate,
1 mM EDTA (pH 7.0) for catalase activity. Cellular extracts
were centrifuged at 15,000×g for 5 min and the resultant
supernatant fractions were used for measurement of SOD
and catalase activities according to the manufacturer's
protocol.

Immunoblotting. The LNCaP cells (1×106) were plated
in 100-mm culture dishes, allowed to attach overnight, and
exposed to DMSO (control) or desired concentrations of
plumbagin for specified time periods. The cell lysate
preparation and immunoblotting were performed as
described by us previously (29,30). Immunoreactive bands
were visualized using the enhanced chemiluminescence
method. The change in protein level was determined by
densitometric analyses of the immunoreactive bands and
corrected for the actin loading control.

RESULTS

Plumbagin treatment decreased viability of human pros-
tate cancer cells. We conducted trypan blue dye exclusion
assay to probe into the questions of whether (a) plumbagin
affected viability of cultured human prostate cancer cells, and
(b) effect of plumbagin treatment on prostate cancer cell
viability was influenced by androgen responsiveness or p53
status. We addressed these questions using a panel of well-
characterized human prostate cancer cell lines, including PC-3,
LNCaP, and C4-2. The PC-3 cell line is androgen-independent
and lacks functional p53 (31). In contrast, the LNCaP cell line
is androgen responsive and expresses wild type p53 (31). The
C4-2 cell line is an androgen-independent variant of LNCaP
cells and was generated through co-culture of parental cells
with human bone fibroblasts in vivo in castrated male athymic
mice (32,33). These cells display elevated prostate-specific
antigen expression and increased anchorage-independent
growth in soft agar (32,33). As shown in Fig. 1A, plumbagin
treatment decreased viability of each cell line in a dose
dependent manner. The concentrations of the plumbagin
used for cell viability assays were selected from previous
publications in other cell lines and a pharmacokinetic study in
rats (13–15,34). Based on these results, we concluded that the
plumbagin-mediated decrease in prostate cancer cell viability
was not affected by androgen responsiveness or p53 status.
The IC50 for plumbagin in PC-3, LNCaP and C4-2 cells varied
between 2 and 3 μM and was within the range reported in
MDA-MB-231 and MCF-7 human breast cancer and ME-180
cervical cancer cell lines (13,14).

Plumbagin treatment caused apoptosis in human prostate
cancer cells. Previous studies have shown that growth sup-
pressive effect of plumbagin against human breast cancer cell
lines MDA-MB-231 and MCF-7 correlates with G2/M phase

cell cycle arrest (6 h treatment with 4 and 8 μM plumbagin)
due to checkpoint kinase 2 and cell division cycle 25C-
dependent inactivation of cyclin-dependent kinase 1 (14). The
G2/M phase cell cycle arrest upon treatment of A549 human
lung cancer cell line with 10 and 20 μM plumbagin for 6 h has
also been reported (15). We proceeded to test whether
plumbagin-mediated decrease in prostate cancer cell viability
was associated with G2/M phase cell cycle arrest. As can be
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Fig. 2. Release of histone-associated DNA fragments into the cytosol
in response to treatment with increasing concentrations of plumbagin
in PC-3, LNCaP and C4-2 cells. Results are mean±SE (n=3).
*Significantly different (P<0.05) compared with DMSO-treated
control by one-way ANOVA followed by Dunnett's test. Similar
results were observed in at least two independent experiments.
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seen in Fig. 1B, plumbagin treatment (24 h treatment) failed
to cause G2/M phase cell cycle arrest in any of the three cell
lines examined in the present study. Since the plumbagin-
mediated G2/M phase cell cycle arrest in breast and lung

cancer cells was observed 6 h post-treatment (14,15) we
conducted a detailed time-course kinetic study using PC-3,
LNCaP and C4-2 cells. The percentage of G2/M fraction did
not differ significantly between DMSO-treated control and
plumbagin-treated PC-3, LNCaP or C4-2 cells at 4, 8, or 16 h
time points (results not shown). Instead, the plumbagin-
treated PC-3, LNCaP and C4-2 cultures revealed statistically
significant increase in sub-diploid fraction, an indicator of
apoptotic cell death, compared with corresponding DMSO-
treated controls (Fig. 1B). The plumbagin-mediated enrich-
ment of sub-diploid apoptotic fraction in each cell line was
accompanied by a decrease in G0/G1, S, and/or G2/M
populations (Fig. 1B).

Previous studies showed that plumbagin treatment
caused apoptotic cell death in ME-180 human cervical cancer
and A549 human lung cancer cell lines (13,15). On the other
hand, plumbagin-mediated suppression of MDA-MB-231 and
MCF-7 human breast cancer cell growth was mainly attribut-
able to type II autophagic death but not apoptosis (14). We
therefore proceeded to test whether plumbagin-mediated
decrease in prostate cancer cell viability was due to apoptosis.
We addressed this question by determining the effect of
plumbagin treatment on release of histone-associated DNA
fragments into the cytosol, which is a well-accepted technique
for quantitation of apoptosis. A 24 h exposure of PC-3,
LNCaP, and C4-2 cells to plumbagin resulted in a marked and
statistically significant increase in release of histone-associated
DNA fragments into the cytosol compared with DMSO-
treated control (Fig. 2). The plumbagin-mediated release of
histone-associated DNA fragments into the cytosol was
clearly evident at 3–7.5 μM concentrations (Fig. 2). These
results indicated that, unlike human breast cancer cells (14),
plumbagin-mediated suppression of prostate cancer cell
growth was due to apoptosis induction. Since cellular
responses to plumbagin (cell growth inhibition and apoptosis
induction) were comparable in the three cell lines, we focused
on LNCaP cells for further mechanistic studies.

Plumbagin-induced apoptosis correlated with ROS gener-
ation. Recent studies from our laboratory have revealed that
ROS serve as critical signaling intermediates in apoptosis
induction by various natural products including garlic constit-
uent diallyl trisulfide, cruciferous vegetable derived isothio-
cyanates and Indian Ayurvedic medicine constituent
guggulsterone (30,35–38). The plumbagin-induced apoptosis
in human cervical cancer cell line ME-180 also correlated
with ROS generation (13). Therefore, we raised the question
of whether plumbagin-induced apoptosis in our model was
linked to ROS generation. To address this question, initially
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we determined ROS generation following treatment of
LNCaP cells with plumbagin. Intracellular ROS generation
in plumbagin-treated cells was determined by flow cytometry
after staining the cells with H2DCFDA, which is cleaved by
nonspecific esterases and oxidized in presence of peroxides
(e.g., hydrogen peroxide) to yield fluorescent 2′,7′-dichloro-
fluorescein (DCF). As shown in Fig. 3A, exposure of LNCaP
cells to plumbagin resulted in a concentration-dependent
increase in DCF fluorescence compared with DMSO-treated
control. In time course experiments using 4 μM plumbagin,
increase in DCF fluorescence over DMSO-treated control
was evident at 4 and 8 h time points (results not shown). To
probe into the question of whether ROS generation contrib-
uted to apoptosis in our model, we determined the effect of
NAC pretreatment (4 mM for 2 h) on plumbagin-induced
ROS generation and apoptosis. As can be seen in Fig. 3B, the
plumbagin-mediated increase in DCF fluorescence in LNCaP
cells was completely abolished by pretreatment with NAC.

Moreover, NAC pretreatment conferred partial yet statisti-
cally significant protection against plumbagin-mediated his-
tone-associated DNA fragmentation (Fig. 3C). These results
clearly indicated that the plumbagin-induced apoptosis in
LNCaP cells was linked to ROS generation.

Plumbagin treatment altered expression of genes involved
in ROS metabolism. Since the plumbagin-mediated ROS
generation and apoptosis was significantly attenuated in the
presence of NAC (Fig. 3B–C), we proceeded to determine
the mechanism of ROS generation in our model by measuring
the effect of plumbagin treatment on expression of genes
involved in ROS metabolism. Because plumbagin-mediated
ROS generation was maximal after 8 h of treatment, we
selected this time point for gene expression analysis. The
effect of plumbagin treatment on expression of genes
involved in ROS metabolism was determined using RT2Pro-
filer PCR array, which can detect expression of over eighty

Table I. Effect of Plumbagin on Expression of Genes Involved in ROS Metabolism

Gene name UniGene Ref sequence Fold change relative to control

Up-regulated genes
Angiopoietin-like 7 Hs.146559 NM_021146 2.88
ATX1 antioxidant protein 1 homolog (yeast) Hs.125213 NM_004045 6.41
Chemokine (C-C motif) ligand 5 Hs.514821 NM_002985 5.47
Cytochrome b-245, alpha polypeptide Hs.513803 NM_000101 3.05
Dual oxidase 1 Hs.272813 NM_175940 3.64
Dual oxidase 2 Hs.71377 NM_014080 3.63
Dual specificity phosphatase 1 Hs.171695 NM_004417 6.12
Eosinophil peroxidase Hs.279259 NM_000502 3.07
Glutathione peroxidase 2 (gastrointestinal) Hs.2704 NM_002083 3.35
Glutathione peroxidase 3 (plasma) Hs.386793 NM_002084 2.81
Glutathione peroxidase 5 Hs.248129 NM_001509 8.82
Glutathione peroxidase 6 (olfactory) Hs.448570 NM_182701 9.71
Glutathione peroxidase 7 Hs.43728 NM_015696 8.85
Keratin 1 (epidermolytic hyperkeratosis) Hs.80828 NM_006121 10.90
Lactoperoxidase Hs.234742 NM_006151 9.71
Mannose-binding lectin (protein C) 2, soluble Hs.499674 NM_000242 8.93
Myeloperoxidase Hs.458272 NM_000250 6.58
Metallothionein 3 Hs.73133 NM_005954 6.96
Neutrophil cytosolic factor 1 Hs.458275 NM_000265 7.53
Neutrophil cytosolic factor 2 Hs.518604 NM_000433 4.95
Nitric oxide synthase 2A (inducible) Hs.462525 NM_000625 5.39
Phosphoinositide-binding protein PIP3-E Hs.146100 NM_015553 2.59
Phosphatidylinositol-3,4,5-trisphosphate-dependent RAC exchanger 1 Hs.153310 NM_020820 5.31
Proteoglycan 3 Hs.251386 NM_006093 7.13
Prostaglandin-endoperoxide synthase 2 Hs.196384 NM_000963 6.98
Peroxidasin homolog-like (Drosophila) Hs.444882 NM_144651 8.39
Superoxide dismutase 3, extracellular Hs.2420 NM_003102 4.94
Sulfiredoxin 1 homolog (S. cerevisiae) Hs.516830 NM_080725 3.37
Thyroid peroxidase Hs.467554 NM_000547 9.37
Titin Hs.134602 NM_003319 2.74
Thioredoxin domain containing 2 Hs.98712 NM_032243 6.02
Down-regulated genes
Arachidonate 12-lipoxygenase Hs.567231 NM_000697 −2.30
24-dehydrocholesterol reductase Hs.498727 NM_014762 −2.28
Epoxide hydrolase 2, cytoplasmic Hs.212088 NM_001979 −2.01
Superoxide dismutase 2, mitochondrial Hs.487046 NM_000636 −50.06
General transcription factor II, Hs.520459 NM_001518 −1.96
Catalase Hs.502302 NM_001752 −1.97

Cells were treated with DMSO or 7.5 μM plumbagin for 8 h at 37°C. Cells were collected, total RNAwas extracted, and reverse transcription
was performed as described in the methods section. Results are mean fold change (n=2 for control group and n=3 for plumbagin treated
samples). Statistical analyses were performed using the software provided by the manufacturer.
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genes. Our analyses revealed that plumbagin treatment up-
regulated expression of over 30 genes and down-regulated 6
genes in LNCaP cells. As can be seen in Table I, the up-
regulated genes included a variety of peroxidases (e.g.,
glutathione peroxidases, myeloperoxidase, and thyroid
peroxidase). Down-regulated genes included catalase and
Mn-SOD (the mitochondrial form of SOD). These results
indicated that plumbagin affected metabolism of ROS by
changing mRNA levels of a variety of genes including
peroxidases, catalase, and SOD.

Plumbagin treatment decreased intracellular GSH levels.
Reduced GSH is the major non-protein thiol in cells and is
essential for maintaining cellular redox status. Since plum-
bagin-induced apoptosis in human prostate cancer cells
correlated with ROS generation, we argued that plumbagin
treatment might disturb cellular redox status. To address this
issue, we determined the effect of plumbagin treatment on
intracellular GSH levels. Plumbagin treatment resulted in
depletion of intracellular GSH levels in LNCaP cells in a time-
(Fig. 4A; 7.5 μM plumbagin) and dose-dependent (Fig. 4B;
8 h treatment) manner. These experiments supported the
notion that plumbagin treatment affected cellular redox
status.

Effect of plumbagin treatment on SOD and catalase
activities. Next, we designed experiments to verify the results
of gene expression analyses. We focused on Mn-SOD since
plumbagin treatment had maximal effect on expression of this
gene. As can be seen in Fig. 5A, treatment of LNCaP cells
with 7.5 μM plumbagin resulted in suppression of total SOD
activity, which was most pronounced and statistically signifi-
cant at the 8 h time point. The plumbagin-mediated
suppression of SOD activity was also observed at 5 μM
concentration (Fig. 5B). Consistent with the results of gene
expression analysis (Table I) and enzyme activity determina-
tion (Fig. 5B), treatment of LNCaP cells with 5 and 7.5 μM
plumbagin for 8 h resulted in a marked decrease in the levels
of Mn-SOD protein (Fig. 5C). We also determined the effect
of plumbagin treatment on catalase activity as a negative
control since its gene expression was only marginally de-
creased upon treatment of LNCaP cells with plumbagin
(Table I). As can be seen in Fig. 5D, plumbagin treatment
did not have an appreciable effect on catalase activity.
Consistent with these results, the protein level of catalase was
not altered in plumbagin-treatedLNCaP cells (results not shown).

DISCUSSION

The present study demonstrates that plumbagin is
effective against proliferation of cultured human prostate
cancer cells irrespective of their androgen responsiveness. To
the best of our knowledge, the present study is the first
published report to document growth suppressive effect of
plumbagin, which has been safely used for centuries in
traditional Ayurvedic and Chinese medicine to treat variety
of ailments, against prostate cancer cells. It is interesting to
note that plumbagin decreases viability of human prostate
cancer cells containing wild-type p53 (LNCaP) as well as cells
lacking p53 (PC-3), which is in contrast to previous studies

suggesting involvement of p53 in cellular responses to
plumbagin (15). In addition, contrary to previous reports in
MDA-MB-231 and MCF-7 human breast cancer cells and
A549 human lung cancer cell line (14,15) plumbagin treat-
ment failed to activate G2/M phase cell cycle arrest in human
prostate cancer cell lines examined in the present study
(Fig. 1B). We conclude that p53-dependence and activation of
G2/M phase cell cycle arrest are probably cell-line specific
responses unique to MDA-MB-231, MCF-7 and A549 cells.

We found that the plumbagin-mediated decrease in
prostate cancer cell viability correlates with ROS-dependent
apoptosis induction. This conclusion is supported by our
observations that plumbagin causes ROS generation in a
dose-dependent manner and the ROS generation as well as
apoptotic DNA fragmentation resulting from treatment with
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Dunnett's test (B). Similar results were observed in at least two
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plumbagin is significantly attenuated in the presence of NAC.
Moreover, plumbagin treatment results in imbalance of
cellular redox status as revealed by depletion of primary
non-protein thiol GSH and changes in expression of genes
involved in ROS metabolism (e.g., Mn-SOD). Further studies
are needed to probe into the molecular mechanism for
plumbagin-mediated changes in expression of different anti-
oxidant genes. Similarly, studies are also needed to determine
the mechanism(s) by which ROS generation contributes to
the apoptosis induction by plumbagin. One possibility to
explain the positive correlation between ROS generation and
apoptosis induction by plumbagin relates to activation of
multi-domain pro-apoptotic protein Bax. Previous studies
have shown that ROS generation by certain stimuli leads to
conformational change and mitochondrial translocation (acti-
vation) of Bax (39). It is also possible that plumbagin-
mediated ROS generation activates c-Jun N-terminal kinase,
which is pro-apoptotic and involved in activation of Bax (40,

41). It is interesting to note that activation of c-Jun N-
terminal kinase upon treatment of A549 human lung cancer
cells with plumbagin has been demonstrated previously (15).
However, probing into these speculations requires further
investigation.

The plumbagin-mediated growth inhibition, ROS gen-
eration, and apoptosis induction are evident at 3–7.5 μM
concentrations (Figs. 1, 2 and 3). A key question relevant to
further clinical development of plumbagin is whether the
concentrations of this agent required for suppression of
prostate cancer growth are achievable in humans. Even
though plasma levels of plumbagin in humans have not yet
been determined, oral bioavailability of plumbagin was
measured in a conscious freely moving rat (34). The
maximal plasma concentration (Cmax) of plumbagin in rat
following treatment with 3 mg/kg i.v. and 100 mg/kg p.o. was
shown to be about 1.0 and 1.85 μM with corresponding t1/2
of about 108 and 1028 min, respectively (34). The oral
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bioavailability [(AUCpo/Dosepo)/(AUCiv/Doseiv)] of plumbagin
was about 38.7±5% (34). Thus, it is possible that the concen-
trations of plumbagin needed for prostate cancer cell growth
inhibition may be achievable in humans by repeated dosing
schedule.

CONCLUSIONS

In conclusion, the results of the present study indicate
that plumbagin reduces viability of human prostate cancer
cells by induction of apoptosis but without affecting cell cycle
progression. Additionally, we demonstrated that plumbagin-
induced apoptosis is mediated by ROS generation and
accompanied by an imbalance in cellular redox status.
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