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Abstract
This study examined the ability of plumbagin to induce apoptosis in chronic myelogenous
leukemia (CML). Plumbagin exposure led to a significant reduction in cell viability and the
induction of apoptosis. Mechanistically, plumbagin treatment led to elevated levels of ROS.
Plumbagin-induced apoptosis was inhibited by N-acetyl L-cysteine (NAC) and PEG-catalase.
Furthermore, plumbagin exposure led to elevated expression of DR4 and DR5 and increased
killing through soluble TRAIL. The plumbagin-induced increase in DR4 and DR5 was inhibited
by treatment with NAC. Together, this study suggests that plumbagin may be an effective
treatment of CML through increased sensitivity to TRAIL-mediated killing.
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Introduction
Initial studies exploring the use of death receptor signaling in tumors focused on signaling
through Fas/Fas ligand. Although signaling through this pathway was effective at killing
many tumor types, this treatment was unable to discriminate between normal and malignant
cells. In many cases normal cells appeared to more sensitive to killing through Fas/Fas
ligand when compared to their malignant counterparts. More recently, a new member of the
death receptor family, known as TNF-related apoptosis-inducing ligand (TRAIL) and
TRAIL receptors was identified. This signaling pathway has several potential advantages
over other death receptor pathways, such as Fas/Fas ligand. Most importantly, induction of
apoptosis through TRAIL receptors is selective for tumors, as most normal cells are resistant
to TRAIL-induced apoptosis [1, 2]. In addition, signaling through TRAIL can be
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independent of p53 [3]. It is believed that as many as 12.5% of lymphoid malignancies have
mutations in p53 which may lead to resistance to chemotherapy or radiotherapy [4–7]
Therefore, signaling through TRAIL receptors may bypass any resistance conferred upon
tumors with mutations in p53. Together these studies suggest that targeting TRAIL for the
treatment of various lymphoid-derived tumors, including chronic myelogenous leukemia,
has significant potential and treatments that can selectively sensitize tumors to TRAIL-
induced apoptosis may lead to significantly improved treatments for various malignancies of
the immune system.

Induction of apoptosis by TRAIL take place primarily through signaling through TRAILR1
(DR4) and TRAIL-R2 (DR5)[8]. Unfortunately, many tumor cells are or become resistant to
TRAIL-induced apoptosis [9–12]. The mechanism by which normal and many transformed
cells develop resistance remains unclear [13]. One possibility is low or altered expression of
functional death receptors (DR4 and/or DR5). This possibility was the subject of a recent
review and suggests that strategies to increase expression of functional DR4 and/or DR5 in
hematologic malignancies may lead to enhanced TRAIL-based treatments [14]. TRAIL
receptor expression is sensitive to ROS levels. More specifically, increases in ROS levels
can lead to increase levels of TRAIL receptors [15–17]. Therefore, there is great interest in
finding new compounds that can alter the expression of TRAIL receptors possibly through
alteration in ROS levels.

Extracts from plants containing plumbagin have a long history of use in ayurvedic medicine
in China and other Asian countries. More specifically, these plants have been used for the
treatment of a number of diseases including cancer. However, most claims of plumbagin’s
antitumor activity are supported only by anecdotal evidence and there are few scientific
reports describing their mechanism of action or their efficacy in the treatment of cancer. Due
to the fact that plumbagin is a quinone, increases in ROS levels have been proposed for its
cytotoxic activity. In a recent study examining the cytotoxic effects of plumbagin, it was
demonstrated that plumbagin-induced cytotoxicity in keratinocytes was mediated primarily
through redox cycling, H2O2 production, and glutathione (GSH) oxidation [18]. Plumbagin
has also been linked to cell cycle arrest in cancer cells. For example, exposure of the human
nonsmall cell lung cancer cells, A549 to plumbagin led to cell cycle arrest and subsequent
death of these cells [19]. Furthermore, it was shown that these effects were directly mediated
through an increase in p21 levels [20]. Additionally, plumbagin exposure has been linked to
an increase in ROS-mediated apoptosis signaling. More specifically, plumbagin exposure of
the ME-180 human cervical cancer cell line led to an increase in intracellular ROS,
activation of the caspase cascade and subsequent induction of apoptosis [21].

Although plant extracts containing plumbagin continue to be used for the treatment of
cancer, little has been reported describing the effects of plumbagin exposure on TRAIL-
induced signaling in hematological malignancies. Therefore, based on previous reports and
preliminary data from our laboratory showing that plumbagin treatment leads to an increase
in ROS levels [22], we further explored the mechanism of plumbagin induced apoptosis by
examining the effect on TRAIL-induced killing. More specifically, we investigated the
possibility that lumbagin led to elevated levels of TRAIL receptors increasing the sensitivity
to TRAIL-induced killing in the TRAIL-resistant human leukemia cell line K562.

Material and Methods
Reagents

Plumbagin initially dissolved in DMSO was obtained from Sigma-Aldrich (St. Louis, MO).
Plumbagin was further diluted with tissue culture medium for in vitro studies. N-
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acetylcysteine (NAC), and PEG-catalase were obtained from Sigma-Aldrich (St. Louis,
MO). Recombinant human TRAIL was obtained from Peprotech (Rocky Hill, NJ).

Cell line
K562 cells were maintained in RPMI 1640 (Gibco Laboratories, Grand Island, NY)
supplemented with 10% fetal calf serum (FCS), 10 mM HEPES, 1mM glutamine, 40 µg/ml
gentamicin sulfate, and 50 µM 2-mercaptoethanol.

Measurement of the effect of plumbagin on tumor cell viability in vitro
Tumor cells were adjusted to 0.5 × 106 cells/ml in complete medium. Next, the cells (0.5 ×
106) were cultured for 24 hours in 24 well plates in 2 ml medium in the presence or absence
of various concentrations of plumbagin (0.5, 1, 2, or 4 µM). Finally, the cells were
harvested, washed twice in PBS and the viable cell count was determined by trypan blue dye
exclusion or MTT assay. Absorbance for the MTT assay was quantified using a Tecan
Infinite M1000 multimode plate reader (Männedorf, Switzerland).

Detection of plumbagin-induced apoptosis in vitro
Tumor cells (0.5 × 106 cells/well) were cultured in 24-well plates in the presence or absence
of various concentrations of plumbagin (1, 2, or 4 µM) for 24 h. Next, the cells were
harvested, washed twice in PBS and analyzed for the induction of apoptosis using the
TUNEL and cell cycle analysis methods. To detect apoptosis using the TUNEL method the
cells were washed twice with PBS and fixed with 4% p-formaldehyde for 30 minutes at
room temperature. The cells were next washed with PBS, permeabilized on ice for 2 minutes
and incubated with FITC-dUTP and TdT (Promega, Madison WI) for 1 hour at 37°C and
5% CO2. To detect apoptosis using cell cycle analysis the cells were fixed in 1 ml of cold
(−20°C) 70% EtOH for 30 minutes. Next, the cells were washed twice with PBS containing
1% FBS. The cells were resuspended in 500 µl of PI solution containing 50 µg/ml
propidium iodide, 200 µg/ml RNase A, 2% FBS, and 0.1% Igepal. The cells were then
incubated for 30 minutes at 37°C and then transferred to 4°C for 1.5 hours. The samples
were analyzed using a flow cytometer (FACSAria II, BD Biosciences, San Jose, CA). In all
experiments, 10,000 cells were analyzed using forward/side-scatter gating.

Determination of Reactive Oxygen Species
K562 cells (0.5×106) were labeled for 1h with 5 µM carboxy-H2DCFDA (Molecular Probes,
Eugene, OR). Next, excess carboxy-H2DCFDA was removed by washing the cells and then
suspending them in serum-free, phenol red-free RPMI. The labeled cells were then exposed
to vehicle control (DMS0) or various concentrations of plumbagin (1, 2, or 4 µM) for 1h and
the levels of ROS were determined by flow cytometric analysis using a FACSAria II flow
cytometer (BD Biosciences, San Jose, CA). In all experiments, 10,000 viable cells were
analyzed using forward/side-scatter gating.

Flow cytometric analysis of cell surface protein expression
K562 cells were treated with various concentrations of PLB (0, 1, 2, and 4 µM). The cells
were analyzed 24–48 hours later for altered expression of various cell surface markers using
flow cytometry. Briefly, 1×106 K562 cell were incubated with 1 µg of anti-human DR4, or
anti-human DR5 (R&D Systems, Minneapolis, MN) on ice for 30 minutes. The cells were
washed with PBS three times and then stained on ice for 30 minutes with 0.5 µg/106 cells of
DyLight 649–conjugated secondary antibody (Jackson ImmunoResearch Laboratories, West
Grove, PA). The cells were washed 3 times with PBS and analyzed for fluorescence using a
FACSAria II flow cytometer (BD Biosciences, San Jose, CA) (11). In all experiments,
10,000 viable cells were analyzed using forward/side-scatter gating.
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Statistical Analysis
Student’s t-test or Tukey Kramer tests were used to compare vehicle and plumbagin treated
groups. P<0.05 was considered to be statistically significant.

Results
Treatment of the human chronic myelogenous leukemia cell line K562 with plumbagin
leads to reduced cell viability through the induction of apoptosis

We examined whether plumbagin exposure had an effect on the viability of K562, tumor
cells in vitro. To this end, the tumor cells were exposed to various concentrations of
plumbagin (0, 0.5, 1, 2, and 4 µM) for 24 hours after which the viability was determined by
Trypan blue dye exclusion and MTT assay (Figures 1A and 1B, respectively). The results
showed that exposure to plumbagin at concentrations of ≥ 2 µM led to a significant
reduction in the number of viable cells. Next, we analyzed the plumbagin-treated tumor cells
for induction of apoptosis by cell cycle analysis and TUNEL staining (Figures 1C and 1D,
respectively) and demonstrated that plumbagin induced significant apoptosis in K562 tumor
cells in vitro. By cell cycle analysis, exposure of K562 cells to 2 and 4 µM of plumbagin
resulted in 45% and 57% apoptosis, respectively, compared to 26% apoptosis in the Vehicle
control treated cells (Figure 1C). Similar results were seen using the TUNEL assay in which
2 and 4 µM of plumbagin resulted in 24% and 19% apoptosis, respectively, compared to 8%
apoptosis in the Vehicle control treated cells (Figure 1D). Together, these results suggested
that exposure of K562 cells to ≥ 2 µM plumbagin in vitro led to tumor cell killing by
induction of apoptosis.

Exposure to plumbagin leads to ROS-mediated apoptosis in K562 leukemia cells
Plumbagin exposure has been associated with increased levels of ROS in a number of
cancers including prostate, melanoma, cervical, and promyelocytic leukemia [21, 23–25].
Therefore, in the current study we examined the effect of plumbagin treatment on K562
ROS levels. To this end, K562 cells were pre-labeled with 5 µM carboxy-H2DCFDA and
then exposed to various concentrations of plumbagin for 1h. Exposure of K562 cells to 1, 2,
or 4 µM plumbagin led to an increase of over 2 fold in ROS-associated mean fluorescence
intensity (MFI) when compared to vehicle treated cells (Figure 2A). Following exposure to
1, 2, or 4 µM plumbagin the MFI increased to from 3064 in the vehicle treated cells to 9276,
10662, and 10252 in cells treated with 1, 2, or 4 µM plumbagin, respectively. Together,
these results suggest that exposure of K562 to 1 µM or greater plumbagin for 1h leads to a
considerable increase in the levels of ROS. The involvement of the plumbagin-induced
increase in ROS in K562 apoptosis was confirmed using NAC and PEG-catalase. More
specifically, K562 cells were exposed for 24h to plumbagin ± NAC (5 mM) or plumbagin ±
PEG-catalase (500 U/ml) and then analyzed for viable cell number (Figure 2B) and
induction of apoptosis using the TUNEL assay (Figure 2C). The results demonstrated that
treatment of K562 cells with NAC or PEG-catalase led to a significant reduction in
plumbagin-induced cell killing and apoptosis. Together, these results suggest that
plumbagin-induced increase in ROS levels plays an important role in mediating killing of
K562 cells.

Plumbagin exposure leads to increased expression of TRAIL receptors in human chronic
myelogenous leukemia cells

Approaches to increase TRAIL receptor-mediated tumor killing hold great promise.
Therefore, experiments were conducted to determine whether plumbagin exposure had an
effect on the expression of various death receptors in K562 cells. To this end, K562 cells
were exposed for 24–48h to various concentrations of plumbagin (0, 1, 2, or 4 µM). Next the
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cells were harvested and the levels of DR4, and DR5 were determined using flow cytometric
analysis (Figure 3). The results demonstrated that exposure of K562 cells to ≥ 1µM
plumbagin led to a significant increase in the levels of DR4 and DR5 TRAIL receptors. In
contrast, no significant alterations in the death receptor Fas were observed (data not shown).
Together, these results suggest that plumbagin may be a unique regulator of TRAIL
receptors DR4 and DR5 expression.

NAC treatment prevents plumbagin induced increase in DR4 and DR5 expression in
human chronic myelogenous leukemia cells

We examined whether the increased expression of DR4 and DR5 following plumbagin
exposure were mediated by an increase in ROS. To this end, K562 cells were treated with or
without NAC (5mM) and exposed to various concentration of plumbagin (0, 1.0, 2.0, or 4.0
µM). Following a 24h culture period the expression of DR4 and DR5 was determined by
flow cytometric analysis (Figure 4). The results demonstrated that in the absence of NAC,
plumbagin exposure led to a significant increase in DR4 and DR5 expression on K562 cells.
However, if the cells were treated with NAC, the plumbagin-induced increase in DR4 and
DR5 was inhibited. Together, these results suggest that plumbagin-mediated increase in
DR4 and DR5 is ROS-dependent.

Plumbagin sensitizes human chronic myelogenous leukemia cells to TRAIL-induced
apoptosis

Experiments were conducted to examine whether treatment with plumbagin led to increased
sensitivity to TRAIL-mediated killing. To this end, K562 were treated with various
concentrations of plumbagin (0 or 1 µM) in combination with various concentrations of
soluble TRAIL (0–50 ng/ml). The tumor cells were harvested 24 hours later and the viable
cell number and the induction of apoptosis were determined by Trypan blue dye exclusion
(Figure 5A) and cell cycle analysis (Figure 5B), respectively. The results demonstrated that
exposure of K562 cells to up to 50 ng/ml of soluble trail alone had little effect on cell
viability or apoptosis. However, exposing K562 cell to soluble TRAIL at concentrations as
low as 12.5 ng/ml, in combination with plumbagin (1 µM), led to a significant reduction in
cell number and an increase in apoptosis. Together these results suggest that treatment with
plumbagin may be a viable approach to increase the efficacy of TRAIL-mediated therapies
for cancer.

Discussion
A number of studies demonstrated the potential usefulness of plumbagin as an anti-cancer
treatment. For example, dietary exposure of rats to plumbagin led to a significant decrease in
the incidence in azoxymethane-induced intestinal carcinogenesis [26]. In a separate study,
oral administration of plumbagin led to tumor regression in the 3-methyl-4-dimethyl
aminoazobenzene model of hepatoma [27]. Furthermore, use of plumbagin was shown to be
effective in the treatment of the sarcoma-180 solid tumor in BALB/c mice [28]. In addition,
the potential use of plumbagin to treat hematologic malignancies has received some
attention. For example, plumbagin treatment was effective at inducing apoptosis in human
promyelocytic leukemia cells and well as various human myeloma cell lines [29]. In the
current study we examined the potential use of plumbagin to treat chronic myelogenous
leukemia. More specifically, we demonstrated that low doses of plumbagin were highly
active at killing the K562 cell line. Previous studies examining the effect of plumbagin
showed an effect at concentration ranging from an IC50 of less than 5 µM in certain
gynecological malignances to an IC50 of more than 14 µM in lung cancer and melanoma.
Here we demonstrated that plumbagin, at doses as low as 2 µM, led to significant reduction
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in K562 tumor cell proliferation and viability due to the induction of apoptosis, suggesting
that leukemias such as CML might by highly sensitive to plumbagin treatment.

We propose that plumbagin exposure induces apoptosis through an increase in ROS. This
was directly evidenced by our studies that demonstrated that plumbagin exposure led to
increase ROS levels in K562 cells and indirectly in experiments that showed that treatment
with NAC or PEG-catalase prevented plumbagin-mediated apoptosis. Other reports support
our finding of ROS involvement in killing of leukemia cells. For example, plumbagin
induced DNA damage in HL-60 was prevented by pretreatment with NAC [30]. Similar
results were seen in plumbagin induced apoptosis in the NB4 human promylocytic leukemia
cells where pretreatment of NB4 cells with NAC completely blocked plumbagin-induced
apoptosis [25]. Furthermore, our results demonstrating a protective role of PEG-catalase
suggest a role of H2O2 in plumbagin-mediated cell death. This is supported by a previous
study in which catalase protected a human melanoma cell line from plumbagin-induced
apoptosis [24].

There is increasing evidence to suggest that some naphthoquinones including plumbagin
may act via an influence on the regulation of transcriptions factors. For example, PLB-
exposure has been reported to lead to the suppression of NF-κB activation in a number of
human tumor cell lines including the chronic myeloid leukemia, KBM-5, the human
multiple myeloma, U266, the lung adenocarcinoma, H1299, the embryonic kidney
carcinoma A293 and the squamous cell carcinoma, SCC-4 [31]. In addition, a study
examining the effect of plumbagin treatment in human nonsmall cell lung cancer revealed
that plumbagin exposure led to the induction of apoptosis through alterations in p53 activity
[19]. Interestingly, leukemias have been shown to have alterations in many of these
transcriptions factors, including NF-κB, JAK/STAT, PI3K/Akt and Ras [32, 33]. Therefore
compounds, such as plumbagin, that target the expression and/or activity of these
transcription factors may have a significant impact on the growth and/or survival of various
leukemias.

In the current study we demonstrate that exposure of the human chronic myelogenous
leukemia cell line K562 to plumbagin led to the induction of apoptosis. Exposure to
plumbagin alone at dose of ≥ 2 µM led to cell killing through ROS-dependent apoptosis.
However, elevated levels of ROS were detected at plumbagin levels as low as 1µM. In a
recent study we demonstrated an effect of plumbagin on lymphocyte expression of death
receptors. Specifically, we demonstrated an effect of plumbagin on lymphocyte expression
of the Fas death receptor while no effects on TRAIL receptors were noted [22]. In an
attempt to determine the possible involvement of death receptors in the killing of K562 by
plumbagin we examined the expression of various death receptors including Fas, DR4 and
DR5 following exposure to plumbagin. The results showed that exposure to sub-lethal levels
of plumbagin significantly increased cell surface expression of DR4 and DR5. Furthermore,
we demonstrated that the plumbagin-mediated increase in DR4 and DR5 increased the
sensitivity of K562 cells to TRAIL-mediated killing. Therefore, use of TRAIL for the
treatment of various tumors including CML has significant potential and treatments that can
selectively sensitize tumors to TRAIL-induced apoptosis may lead to significantly improved
treatments for CML.

The mechanism by which plumbagin leads to increased TRAIL receptor expression remains
unclear. However our studies suggest that plumbagin exposure increases the sensitivity of
CML to TRAIL-induced apoptosis through an ROS-mediated increase in DR4 and DR5
expression. This potential mechanism of tumor killing by plumbagin is further supported by
a recent studies demonstrating the involvement of ROS in plumbagin-mediated killing of
human promyelocytic leukemia and a study demonstrating that plumbagin enhanced killing
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of the human melanoma cell line A375 by upregulation of DR4 and DR5 [25, 34].
Furthermore, studies demonstrate that increase oxidative stress can directly affect tumor cell
expression of TRAIL receptors. For example, hydrogen peroxide treatment led to increased
DR5 in human astrocytic cells. In this study the ROS-mediated increase in DR5 was
associated with an increase in NF-ΚB activity. In a second study, treatment of human colon
cancer cells with zerumbone led to a ROS-mediated increase in DR4 and DR5 [16, 35].
Mechanistically, the zerumbone-mediated increase in DR4 and DR5 was linked to ROS-
dependent increase in ERK1/2 and p38 activity. Together, with our studies, these results
suggest that ROS plays an important role in plumbagin-mediated increase in TRAIL
receptor expression. Additional, studies examining the possible role of NF-ΚB and MAPK
pathways in plumbagin-mediated increase in TRAIL receptor expression are currently
underway in our laboratory and should help to further define plumbagin’s mechanism of
action.

Many of the current treatments for CML are designed to induce apoptosis. Unfortunately,
many cancer cells are/or become resistant to the activity of these treatments. Signaling
through death receptors plays an important role in the chemotherapy-induced apoptosis in a
variety of tumor cells, including CML. In the current study we show that treatment with the
natural plant product, plumbagin, leads to increased apoptosis as well as increased
expression of DR4 and DR5 in the human K562 chronic myelogenous leukemia cell line.
Therefore, it may be possible that plumbagin treatment can increase the sensitivity of a
number of hematologic malignancies to chemotherapeutic as well as immunotherapeutic
treatments. If successful, these findings may lead to new treatment regimens that include
compounds designed to increase the sensitivity of tumor cells to current and future
treatments by increasing the cancer cell’s expression of death receptors.
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Figure 1. Treatment of the human chronic myelogenous leukemia cell line K562 with plumbagin
leads to reduced cell viability through the induction of apoptosis
The effect of plumbagin on K562 viability was determined by treating cells with various
concentrations of plumbagin (PLB). Cell viability was determined 24h later by Trypan blue
dye exclusion (A) and MTT (B) assays. The data represent the mean ± SD. Asterisk denotes
statistically significant difference (p<0.05) between vehicle (0 µM) and plumbagin treated
cells. The effect of plumbagin treatment on the induction of apoptosis in K562 cells was
determined by treating the cells with various concentrations of plumbagin for 24h and
quantifying the percentage of sub G0 cells using cell cycle analysis (C) and the TUNEL
assay (D).
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Figure 2. Exposure to plumbagin leads to ROS-mediated apoptosis in K562 leukemia cells
The effect of plumbagin exposure on the intracellular levels of ROS in K562 cells was
determined by exposing carboxy-H2DCFDA-labeled cells to various concentrations of
plumbagin (A). ROS levels were determined 1h later by flow cytometric analysis. The data
depict difference in the levels of intracellular ROS in control (open histograms) versus
plumbagin (closed histograms) treated cells from a representative experiment. The role of
ROS in plumbagin-mediated apoptosis was assessed using NAC and PEG-catalase. The
effect of NAC and PEG-catalase on plumbagin-induced cytotoxicity was determined by
trypan blue dye exclusion (B). The data represent the mean ± SD. Asterisk denotes
statistically significant difference (p<0.05) between vehicle (0 µM PLB) and plumbagin
treated cells. Double asterisk denotes statistically significant difference (p<0.05) between
PLB and PLB + NAC-treated cells or between PLB and PLB + PEG-catalase-treated cells.
Apoptosis was determined by TUNEL staining (C). Percentages depicted in Figure 2 C
represent the percentage of apoptotic cells.
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Figure 3. Plumbagin exposure leads to increased expression of TRAIL receptors in human
chronic myelogenous leukemia cells
The effect of plumbagin treatment on the expression of The TRAIL receptors, DR4 and DR5
was determined by exposing K562 cells to various concentrations of plumbagin for 24. Trail
receptor expression was determined by flow cytometric analysis. The data represent the
mean fluorescence intensity (MFI) from a representative experiment which was repeated at
least three times with similar results.
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Figure 4. NAC treatment prevents plumbagin induced increase in DR4 and DR5 expression in
human chronic myelogenous leukemia cells
The role of ROS in the plumbagin-mediated increase in DR4 and DR5 expression was
assessed using NAC. More specifically, K562 cells were cultured in medium or treated with
NAC (5mM). The cells were exposed to various concentrations of plumbagin for 24h and
the expression of DR4 and DR5 were determined by flow cytometric analysis. The data
represent the mean fluorescence intensity (MFI) from a representative experiment which
was repeated at least three times with similar results.
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Figure 5. Plumbagin sensitizes human chronic myelogenous leukemia cells to TRAIL-induced
apoptosis
The effect of plumbagin on soluble TRAIL-mediated apoptosis in K562 was examined. To
this end, K562 were treated with various concentrations of plumbagin (0 or 1 µM) in
combination with various concentrations of soluble TRAIL (0–50 ng/ml). The tumor cells
were harvested 24 hours later and the viable cell number and the induction of apoptosis were
determined by Trypan blue dye exclusion (Figure 5A) and cell cycle analysis (Figure 5B),
respectively. The data represent the mean ± SD. Asterisk denotes statistically significant
difference (p<0.05) between vehicle (0 µM PLB) and plumbagin treated cells. Cell cycle
analysis data represent the percentage of apoptotic cells (Sub G0) from a representative
experiment.
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