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Abstract

Background: Despite the recent progress in screening and therapy, a majority of prostate cancer cases eventually attain

hormone refractory and chemo-resistant attributes. Conventional chemotherapeutic strategies are effective at very high

doses for only palliative management of these prostate cancers. Therefore chemo-sensitization of prostate cancer cells

could be a promising strategy for increasing efficacy of the conventional chemotherapeutic agents in prostate

cancer patients. Recent studies have indicated that the chemo-preventive natural agents restore the pro-apoptotic

protein expression and induce endoplasmic reticulum stress (ER stress) leading to the inhibition of cellular proliferation

and activation of the mitochondrial apoptosis in prostate cancer cells. Therefore reprogramming ER stress-mitochondrial

dependent apoptosis could be a potential approach for management of hormone refractory chemoresistant prostate

cancers. We aimed to study the effects of the natural naphthoquinone Shikonin in human prostate cancer cells.

Results: The results indicated that Shikonin induces apoptosis in prostate cancer cells through the dual induction of the

endoplasmic reticulum stress and mitochondrial dysfunction. Shikonin induced ROS generation and activated ER stress

and calpain activity. Moreover, addition of antioxidants attenuated these effects. Shikonin also induced the mitochondrial

apoptotic pathway mediated through the enhanced expression of the pro-apoptotic Bax and inhibition of Bcl-2,

disruption of the mitochondrial membrane potential (MMP) followed by the activation of caspase-9, caspase-3,

and PARP cleavage.

Conclusion: The results suggest that shikonin could be useful in the therapeutic management of hormone refractory

prostate cancers due to its modulation of the pro-apoptotic ER stress and mitochondrial apoptotic pathways.
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Background

Prostate cancer is one of the leading causes of urino-genital

cancer related deaths in men [1]. Despite the initial

response to androgen deprivation, the disease gradually

progresses to a hormone-refractory state due to cumulative

genetic alterations resulting in progressive clinical deterior-

ation [2]. Despite the recent advances in diagnostic

methods and improvement in treatment strategies mostly

using androgen pathway inhibitors, the prognosis of hor-

mone refractory prostate cancers in advanced stages

remains largely unsatisfactory [3,4]. Therefore there is a

urgent need for expedited development of effective thera-

peutic agents against hormone refractory prostate cancers.

Aberrant accumulation of unfolded/misfolded proteins

and lipids or sudden changes of the endoplasmic

reticulum Ca2+ homeostasis leads to a cellular adaptive

response known as endoplasmic reticulum stress (ER

stress). However, excessive ER stress is believed to be in-

tricately associated with oxidative stress and mitochon-

drial dysfunction, resulting in apoptotic cell death [5-7].
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Therefore the therapeutic modulation of the pro-

apoptotic ER stress could be a potential strategy for

chemo-sensitization of hormone refractory prostate

cancer cells [8-10].

Shikonin, a natural naphthaquinone compound from the

herb Lithospermum erythrorhizon is known to act on a var-

iety of molecular targets associated with carcinogenesis and

shows similar potency towards drug sensitive and drug-

resistant cancer cell lines [11-17]. Furthermore, Shikonin is

used as a food additive in many countries and has favorable

toxicity, pharmacokinetic and pharmacodynamic profiles

[15,16,18]. However its effects on pro-apoptotic-ER stress

in hormone refractory prostate cancer cells is unknown.

Therefore in the present study, we examined the

effects of Shikonin on DU-145 and PC-3 prostate can-

cer cells and investigated the molecular mechanisms

involved in the process.

Methods
Materials and reagents

Hormone refractory prostate cancer cell lines DU-145,

PC-3 and PrEC, a normal prostate cell type were pur-

chase from ATCC (ATCC; Manassas, VA, USA) and

Lonza (Walkersville, MD USA) respectively. The details

of the cell lines used in this study are summarized in the

(Additional file 1: Table S1). RPMI-1640 media and fetal

bovine serum (FBS) were purchased from Gibco Life

Technologies (Life Technologies, Inc., Rockville, MD,

U.S.A.). Shikonin and Salubrinal (ER stress inhibitor) were

purchased from Calbiochem (San Diego, CA, U.S.A.).

4′,6-diamidino-2-phenylindole (DAPI), and 5,5′,6,6′-tetra-

chloro-1,1′,3,3′-tetraethyl- benzimidazolylcarbocyanine iod-

ide (JC-1) were obtained from Invitrogen (Carlsbad,

CA, U.S.A.). Trypsin, streptomycin, penicillin, N-acetyl

cysteine (NAC), glutathione (GSH) and Catalase were ob-

tained from Sigma Chemical Co. The antibodies used in

this study were purchased from Santa Cruz Biotechnology

Inc. (Santa Cruz, CA, U.S.A.). Caspase colorimetric assay

kits were purchased from Millipore (Billerica, CA, USA).

Rest of the chemicals used in the study were from Sigma

(St. Louis, MO, U.S.A.) unless otherwise stated.

Cell culture and treatment

DU-145, PC-3 and PrEC cells were grown in RPMI 1640

medium (Life Technologies, Inc., Rockville, MD) with

10% heat-inactivated fetal bovine serum (FBS; Life Tech-

nologies, Inc.) or DMEM (Life Technologies, Inc.) sup-

plemented with 10% fetal bovine serum (FBS) (Hyclone,

Logan, UT, USA) at 37°C with 5% CO2 incubator. Stock of

Shikonin was prepared in DMSO and stored in −20°C, cells

were treated with different concentration and time periods

with Shikonin for different experiments.

Cell viability assay

Cell viability was measured using the CCK-8 assay kit in

(PC-3 and DU-145) hormone refractory prostate cancer

cells and PrEC cells as per the manufacturer’s instruc-

tions. Cells were treated with Shikonin for various time

points, at the end of treatment, the absorbance was

read using a Fluostar Omega Spectrofluorimeter (BMG

Technologies, Offenburg, Germany). All the experi-

ments were repeated at least thrice.

Cell proliferation assay

Cellular proliferation was measured by measurement of

bromodeoxyuridine (BrdU) incorporation into DNA

using a nonradioactive colorimetric assay using ELISA

(Roche Applied Science, Indianapolis, IN) as per the

manufacturer’s instructions. All the experiments were

repeated at least thrice.

Flowcytometry

Assessment of DNA fragmentation was done using the

TUNEL assay according to a previously standardized

procedure [19]. Briefly, cells were harvested and fixed

in freshly prepared 4% para-formaldehyde in PBS for

30 min at 4°C and then in 70% ethanol for 1 h at 4°C.

Subsequently the fixed cells were permeabilized using

0.2% Triton X-100 in 0.1% sodium citrate. The DNA

labeling mixture containing terminal deoxynucleotidyl

transferase was then added. Cells were incubated overnight

at room temperature and washed twice with PBS. Controls

were resuspended in the TUNEL reaction mixture contain-

ing fluorescent dUTP without terminal deoxynucleotidyl

transferase. Finally the analysis was carried out in a BD LSR

flow cytometer (Becton–Dickinson, San José, CA).

Measurement of reactive oxygen species

For measurement of reactive oxygen species, the cell

permeant probe CM-H2DCFDA was used. The dye was

dissolved in dimethyl sulfoxide, and dilutions were made

in culture medium. Cells were seeded overnight in 6-well

plates with various treatments. At the end of treatments

the cells were incubated with 20 μM of the fluorescent

probe 2′,7′-dichlorofluorescein diacetate (DCF-DA) for

30 min. At the end of the incubation period adherent

cells were trypsinized and collected. After washing twice

with phosphate-buffered saline (PBS, pH 7.4) the fluor-

escence was monitored at an excitation wavelength of

488 nm and an emission wavelength of 530 nm in a

Fluostar Omega Spectrofluorimeter (BMG Technologies,

Offenburg, Germany) over a period of time. For each

experiment, fluorometric measurements were performed

in triplicate and expressed as fluorescence intensity units.
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Measurement of intracellular Ca2+concentration

The intracellular Ca2+ levels in DU-145 and PC-3 cells

were determined using flourimetry with the Fluo-4 AM

dye (Invitrogen Carlsbad, CA, U.S.A.). Cells were cul-

tured in specialized 96-well plates and loaded with 5 μM

of Fluo-4 AM fluorescent dye for 30 min at 25°C. Exper-

iments were performed in Hanks’ Balanced Salt Solution

(HBSS) solution containing (mM); NaCl, 142; KCl, 5.6;

MgCl2, 1; CaCl2, 2; Na2HPO4, 0.34; KH2PO4,0.44; HEPES,

10; glucose, 5.6; buffered to pH 7.4 with NaOH. The

Ca2+ −free HBSS had the same constituents as HBSS solu-

tion, but with no CaCl2 and with EGTA 1 mM added to

eliminate any possible calcium contamination. Fluorescence

measurements were performed at an excitation of 488 nm

and an emission of 522 nm Fluostar Omega Spectrofluo-

rimeter (BMG Technologies, Offenburg, Germany). All the

experiments were repeated at least thrice.

Calpain activity assays

DU-145 and PC-3 cells were cultured on 24-well plates

and pretreated with BAPTA, a Ca2+ chelator or calpeptin

and an inhibitor of calpain for 1 h. Then, cells were

loaded with 40 M Suc- Leu-Leu-Val-Tyr-AMC calpain

protease substrate (Biomol, USA,) and treated with

shikonin to the indicated time at 37°C in a humidified

5% CO2 incubator. Proteolysis of the fluorescent probe

was monitored by a Fluostar Omega Spectrofluorimeter

(BMG Technologies, Offenburg, Germany) with filter

settings of 360 nm for excitation and 460 nm for emis-

sion. All the experiments were repeated at least thrice.

Western blotting analysis

The protein content of the control and treated cell extracts

was measured by the Bradford assay. The western blotting

was done as per a previously standardized protocol [19].

Briefly, each of the samples 50 μg of protein were electro-

phoresed on 10–12% SDS–PAGE gels and transferred to

nitrocellulose membranes. Membranes were blocked,

incubated with primary antibodies at the appropriate

concentration, and subsequently incubated with horse-

radish peroxidase-conjugated goat anti-rabbit IgG or

goat anti-mouse IgG (1:5000 dilution). Labeled bands

were detected by Immobilion western chemiluminescence

horseradish peroxidase kit and images were captured.

Densitometric analysis for determination of relative protein

expression was done using a Doc image system (Bio-Rad,

Laboratory, UK) with β-actin as loading control.

Measurement of mitochondrial membrane potential

The integrity of mitochondrial membrane potential

(Δψ) was measured by JC-1 (5, 5′, 6, 6′-tetrachloro-1,

1′, 3, 3′-tetraethyl-benzimidazolylcarbocyanine iodide;

T-3168; Molecular Probes, Eugene, OR), a cationic dye

that exhibits potential-dependent accumulation in

mitochondria, indicated by a fluorescence emission

shift from green (527 nm) to red (590 nm). With nor-

mal mitochondrial function, Δψ is high and red fluor-

escence is predominant. After injury to mitochondria,

Δψ is reduced and an increase in green fluorescence is

observed. At the end of the treatments, cells were

washed and incubated with JC-1 dye at the concentration

of 10 μg/ml in media for 15 min at 37°C. The presence of

depolarized mitochondria was identified by fluorimetry.

The ratio of the reading at 590 nm to the reading at 530

nm (590:530 ratio) was considered as the relative (Δψ)

value. All the experiments were repeated thrice.

Caspase activity assay

To measure caspase-9 and caspase-3 activities, cell lysates

were prepared from cells treated with Shikonin for 24 h or

with various treatments and analyzed using the caspase-9

and caspase- 3 colorimetric activity assay kits as per the

manufacturer’s instructions. All the experiments were

repeated thrice.

Statistical analysis

The data shown are a summary of the results from at

least three independent experiments and are presented

as the means ± standard error (SEM.). A statistical

evaluation of the results was performed with one-way

analysis of variance (ANOVA). The results were consid-

ered significant at a value of p < 0.05.

Results

Shikonin inhibits proliferation of prostate cancer cells

without affecting normal prostate epithelial cells

Hormone refractory prostate cancer cells (DU-145 and

PC-3) were treated with various doses of Shikonin (0.5,

1, 2.5, 5 and 10 μM) for 24 h. Cell viability was deter-

mined using the CCK-8 assay kit. The results indicated

that the IC50 dose of Shikonin was ~ 5.0 μM in DU-145

cells and ~4.5 μM in PC-3 respectively. Consistent with

earlier studies shikonin inhibited viability of a variety of

non-prostate cancer cell types while sparing the normal

cell types (Additional file 2: Figure S1). Furthermore,

Shikonin inhibited proliferation of prostate cancer cells in a

dose dependent manner (Additional file 2: Figure S2).

While no significant (p > 0.05) effect on cell viability was

observed in normal prostate epithelia cells (PrEc). Since a

significant (~42%, p < 0.05) decrease in the cell viability was

observed in both these cell lines treated with 2.5 μM of

dose of Shikonin (Figure 1A), we selected this dose for the

mechanistic experiments of the study. DNA fragmentation

a characteristic of the apoptotic cells was quantified by the

flowcytometry based TUNEL assay in Shikonin treated

cells. The results depicted a significant (p < 0.05) in-

crease in the TUNEL positive cells with Shikonin treat-

ment (Figure 1B). Cleavage of PARP, a highly conserved
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116 kDa nuclear poly (ADP-ribose) polymerase, is impli-

cated in the apoptotic response of cells. Immunoblotting

experiments clearly showed that Shikonin treatment in-

duced PARP activation characterized by the cleaved PARP

fragment in DU-145 and PC-3 cells, interestingly we did

not observed any PARP clevage in PrEcs (Figure 1C). Acti-

vation of caspase-3 like proteases play a crucial role in

apoptotic cell death, therefore we next determined the

caspase-3 activities in Shikonin treated and DU-145 and

PC-3 cells. A ~5.8-fold increase in the caspase-3 activ-

ities over control cells was observed in these cell lines

(Figure 1D; p < 0.05). Collectively, these results indicated

that shikonin inhibited proliferation of the prostate cancer

cells through induction of apoptotic cell death.

Shikonin treatment induces ROS generation, intracellular

calcium and ROS-dependent mitochondrial apoptosis in

prostate cancer cells

There is a close relationship between ROS and Ca2+ in

apoptotic signal transduction pathways [20]. Shikonin is

known to influence intracellular Ca2+ [20] and ROS gen-

eration in different cancer cells types [21-23] but similar

modulation of intracellular Ca2+ in hormonal refractory

prostate cancer cells has not been elucidated. Our re-

sults indicated that Shikonin treatment induces time

dependent ROS generation, which could be rescued with

pretreatment of antioxidants (NAC, GSH and Catalase)

in both DU-145 (Figure 2A) and PC-3 (Figure 2B) cells.

ROS mediated free intracellular Ca2+ is known to be in-

volved in ER stress induced apoptotic signaling [24].

Therefore we further investigated for these changes, in

DU-145 and PC-3 cell, treated with Shikonin. We

observed a marked increase in the intracellular Ca2+

levels (Figure 2C) and Calcium-Activated Neutral Pro-

tease (Calpain) activity as early as 60 min (Figure 2D)

in shikonin treated DU-145 and PC-3 cells. Pretreat-

ment with ROS inhibitors (NAC, GSH and Catalase)

attenuated ROS-induced intracellular Ca2+ levels in

DU-145 (Figure 2E) and PC-3 cells (Figure 2F). Exces-

sive generation of ROS renders the cells oxidatively

Figure 1 Shikonin treatment selectively induces apoptosis in prostate cancer cells. (A) Shikonin treatment inhibits prostate cancer cell

viability without affecting normal prostate epithelial cells. DU-145, PC-3 and PrEC cells were treated with various doses (0.5, 1, 2.5, 5 and 10 μM) of

Shikonin for 24 h and CCK-8 assay was used for the measurement of cell viability. (B) Shikonin treatment induces DNA fragmentation in prostate

cancer cells. Cells were treated with various doses (0.5,1,2.5, 5 and 10 μM) of Shikonin for 24 h and TUNEL assay was done using flow cytometry

and the % TUNEL positive cells were measured. (C) Shikonin treatment induces PARP activation. Cells were treated with 2.5 μM of Shikonin for 24

h and the cell lysates were analyzed by western blotting for the detection of cleaved PARP, a marker for PARP activation. (D) Shikonin treatment

induces caspase-3 activation. Cells were treated with various doses of Shikonin (0.5, 1, 2.5, 5 and 10 μM) for 48 h and measurement of caspase-3

activity was done using the CASPASE-3 Colorimetric Activity Assay kit. Data is expressed in means ± SEM and represents the results of three independent

experiments (p < 0.05).
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stressed and impairs membrane proteins, leading to

mitochondrial dysfunction and apoptotic cell death

[25]. Shikonin treatment induced significant loss of

mitochondrial membrane potential (Figure 1A) and

modulated pro-anti-apoptotic mitochondrial proteins

expression (Figure 1B) in these cells. Our western blot

analysis showed that shikonin activated expression of

the upstream proteins Bax, cytochrome c as well as

downstream caspases 7 and AIF in both prostate can-

cer cell types (Figure 1B). Moreover, pre-incubation

with ROS inhibitors (NAC, GSH and Catalase) attenu-

ated these effect in both cell types (Figure 1C).

Collectively these results indicated that Shikonin treat-

ment induces ROS generation, increases in intracellular

calcium levels and ROS-dependent mitochondrial apoptosis

in prostate cancer cells.

Shikonin treatment induces oxidative stress mediated

induction of ER stress related protein expression

As the previous results suggested that Shikonin treatment

induced intracellular Ca2,+ calpain activation and gener-

ation of ROS in prostate cancer cells (Figures 2 and 3), we

therefore explored whether Shikonin can activate ROS

dependent ER stress in prostate cancer cells. Recent

Figure 2 Shikonin treatment induces ROS generation, increase in Intracellular Calcium in prostate cancer cells. (A-B) Shikonin induces ROS

generation in prostate cancer cells. DU-145 (A) and PC-3 (B) cells were seeded in 6-well plates overnight in the presence or absence of Shikonin,

and incubated with DCF-DA 50 μM for 30 min, washed three time with ice cold PBS. Generation of ROS was measured using flourimetry as per

standard protocol. (C) Shikonin induces increase in intracellular Calcium in Shikonin treated prostate cancer cells. The level of intracellular calcium

in DU-145 and PC-3 cells were determined using flourimetry technique in cells using the Fluo-4AM (50 μM/ml) dye in Shikonin treated prostate

cancer cells as described in material and methods. (D) Shikonin treatment induces calpain activity in prostate cancer cells. Shikonin treated

prostate cancer cells were analyzed for calpain activity as described in as described in material and methods. (E-F) Antioxidant pretreatment

reverses shikonin induced increase in the intracellular calcium. DU-145 and PC-3 cells were pretreated with NAC (20 μM), GSH (10 mM) or

Catalase (20 nM) for 2 hours and the ROS inhibitor rescued intracellular calcium release was measured as described in the Methods section.

Values are represented as Mean ± SEM, from three independent experiments.
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studies have established that drug induced increase in

ROS generation, intracellular Ca2+ and activation of

ER stress leads to mitochondrial apoptosis in cancer

cells [26-28]. Therefore, we further examined ER stress

associated proteins in these cell lines. First, the phos-

phorylation patterns of PERK and eIF2α were assessed,

since PERK, an ER-resident transmembrane kinase, is

known to auto phosphorylate its cytoplasmic kinase

domain in response to accumulated unfolded proteins

in the ER lumen and activated PERK is subsequently

capable of phosphorylating several cytosolic proteins

including eIF2α [29-32]. Western blot analysis revealed

that treatment of cells with Shikonin (2.5 μM) led to

an increase in the phosphorylation of PERK up to 24 h

and eIF2α for up to 9 h of treatment (Figure 4A). The

expression of GRP78/Bip, which serves as a gatekeeper
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Figure 3 Shikonin induces ROS dependent mitochondrial apoptosis in prostate cancer cells. (A) Shikonin modulated mitochondrial

membrane potential in DU-145 and PC-3 cells. The integrity of mitochondrial membrane potential (Δψ) was measured by JC-1 mitochondrial dye.

Briefly DU-145 and PC-3 cells were treated with 2.5 μM for 0–24 h. Ratio of 590/530 nm was measured by flow cytometry as described in material

and methods. Data is expressed in means ± SEM and represent the results of three independent experiments (p < 0.05). (B) Shikonin treatment

alters expression of mitochondrial proteins in DU-145 and PC-3 cells. Cells were treated with Shikonin for 0-24 h, expression of indicated mitochondrial

proteins were performed as described in Methods. Experiments were repeated minimum two-four times. (C) Shikonin induced ROS

dependent mitochondrial apoptosis in DU-145 and PC-3. Cells were pretreatment with the antioxidants NAC (20 μM) GSH (10 mM) and

Catalase (20 nM) and western bolting experiments were performed as described in Methods section. Data is represents the results of

three independent experiments.
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to the activation of ER stress transducers [33,34] was also

examined. The results indicated that treatment with

Shikonin significantly increased the expression of GRP78/

Bip and CHOP/GADD135 and led to a decrease in the

expression of procaspase-3 were ROS dependent man-

ner (Figure 4B). These results collectively suggested

that the intracellular ROS were directly involved in the

regulation of ER stress induced by shikonin in prostate

cancer cells.

Shikonin regulates endoplasmic reticulum stress through

modulation of intracellular calcium in prostate cancer

cells

We next assessed the expression of ER stress proteins as

many studies have implicated the interplay between, ROS,

mitochondria, intracellular Ca2+ and calpain activity deter-

mines ER stress and cell survival in cancer cells [32-34].

The results indicated that pretreatment with the Ca2+

chelator, BAPTA or the ER stress inhibitor Salubrinal

inhibited the shikonin induced expression of p-pERK,

p-pelF2α, CHOP/GADD153 and caspase 4 activity

(Figure 5A). Furthermore, our cell proliferation data in

presence of BAPTA (a Ca2+ chelator) or calpeptin (a calpain

inhibitor) for 1h, also confirmed that Shikonin mediated

cell death involves calcium signaling in prostate cancer

DU-145 and PC-3 cells (Figure 5B).

Inhibition of ER stress response by salubrinal attenuated

shikonin induced effects

To investigate the mitochondrial apoptotic events in-

volved in shikonin-induced apoptosis, the levels of the

antiapoptotic protein Bcl-2 and the pro-apoptotic pro-

tein Bax were analyzed. Western blot analysis showed

that the treatment of DU-145 and PC-3 cells with Shikonin

resulted in a marked reduction in the expression of Bcl-2

and increased the level of Bax and cleaved PARP when

compared with untreated cells (Figure 6A). These results

suggested that shikonin alters the levels of pro- and anti-

apoptotic proteins of the Bcl-2 family in a manner that con-

tributes to the shikonin-induced apoptosis. Salubrinal is an

inhibitor of the serine/threonine phosphatase PP1 and

inhibits eIF2α dephosphorylation that in turn blocks ER

stress-induced cell death [35,36]. The inhibition of ER stress

in DU-145 and PC-3 cells by salubrinal led to the increased

expression of Bcl-2 and decreased the levels of Bax and

cleaved PARP, in contrast to cells treated with Shikonin

alone, indicating that Shikonin treatment -induced the

mitochondrial apoptotic pathway (Figure 6A). Similarly,

Figure 4 Shikonin induces reactive oxygen species mediated ER Stress. (A) Shikonin treatment induces ER stress associated protein expression.

Western blot experiments in prostate cancer cells treated with 2.5 μM of Shikonin increased the phosphorylation of PERK, and its substrate eIF2α,

increased expression of GRP78/Bip and CHOP/GADD135 in a time-dependent manner. (B) DU-145 and PC-3 cells were pretreated with either

NAC (20 μM), GSH (10 mM) or Catalase (20 nM) for 2 h and treated with Shikonin (2.5 μM) for 24 h and the indicated protein levels were measured

using Western blotting. Representative data of three independent experiments are presented.
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pretreatment with caspase-9 and caspase-3 inhibitors

(Figure 6B) or the ER stress inhibitor Salubrinal (Figure 6C)

significantly inhibited the Shikonin induced caspase activa-

tion in DU-145 and PC-3 prostate cancer cells. Further-

more, cell viability assays with pretreatment of either the

pan caspase inhibitor (Z-VAD-FMK) or the caspase-9 (Z-

LEHD-FMK)or caspase-3 inhibitor (Z-DEVD-FMK) con-

firmed a sequential activation of caspases upon Shikonin

treatment (Additional file 2: Figure S3). Further to define

the role of ROS-Calcium Stress mediated modulation of

mitochondrial membrane potential, we had pretreated

prostate cancer with ROS scavengers (NAC,GSH or

Catalase) and the calpain inhibitor calpeptin as described

in material methods. Our results suggested that both ROS

and intracellular calcium signaling are crucial for mito-

chondrial apoptosis in prostate cancer cells. Additionally

we also observed that either inhibition of caspase 9, 3 or

Salubrinal prevented Shikonin induced reduction of cell

viability (Figure 7A), and formation of apoptotic bodies in

these cells (Figure 7B) as a marker of apoptotic cell death.

Collectively these results indicated that ER stress played

an critical role in the shikonin induced apoptosis of pros-

tate cancer cells.

Discussion
Shikonin effectively induces apoptosis, necrosis and

necroptosis in cancer cells [10,14,23]. Shikonin is

known to selective killing of prostate cancer cell types,

while sparing normal cells [14]. However nothing was

known regarding the effects of Shikonin on regulation

of the ROS-Ca2+-pro apoptotic-ER stress in prostate

cancer cells. Using in vitro assays we report that the

natural naphthoquinone Shikonin induces cell death in

DU-145 and PC-3 prostate cancer cell lines through the

modulation of the ER stress and the mitochondrial

apoptotic pathway. Furthermore, for the first time showed

that Shikonin induces apoptosis in prostate cancer cells

through the ROS mediated-intracellular Ca2+-proapoptotic

ER stress associated mitochondrial dysfunction.

Previous studies have established that increase in the

intracellular Ca2+levels lead to the activation of ROS and

is considered as a second messenger in ER stress

Figure 5 Induction of ER stress is critical in Shikonin induced effects in DU-145 and PC-3 prostate cancer cells (A) Effect of Solubrinal or BAPTA

on ER stress protein expression in DU-145 and PC-3 cells. Protein expression of ER-stress was examined in pre-treated with BAPTA or Salubrinal

in DU-145 and PC-3 cells, and western blot experiments were performed as described previously. (B) Inhibition of intracellular calcium or calpain

reveses shikonin induced inhibition of cell viability. Cell viability was quantified using the CCK-8 assay in BAPTA or Calpeptin pretreated DU-145

and PC-3 cells. Data is expressed in means ± SEM and represents the results of three independent experiments.
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signaling [37]. In this study, treatment of DU-145 and

PC-3 cells with Shikonin resulted in marked increase in the

levels of intracellular Ca2+ within 60 min and ROS within

90 min. The majority of Ca2+ remains in the ER, but ER

stress leads to the release of Ca2+ [37]. Moreover, pretreat-

ment of cells with antioxidants like NAC, GSH or Catalase

markedly decreased the levels of intracellular Ca2+, suggest-

ing that intracellular ROS were directly involved in the

cytotoxic action of Shikonin (Figures 2 and 3). These data

indicated that Shikonin induces production of ROS

and activates ER stress and the subsequent release of

Ca2+ in both DU-145 and PC-3 cells lead to cell death.

Our result is consistent with previous reports that ROS

activates ER dependent apoptosis in cancer cells [27-29].

Our results also indicated that the treatment of these cells

with Shikonin induceds ER stress leading to the elevation

in the levels of GRP78/Bip and CHOP/GADD153, and the

phosphorylation of PERK and eIF2α (Figure 4A), while

pretreatment with antioxidants attenuated these effects

(Figure 4B).

The members of the Bcl-2 family of proteins are im-

portant regulators of apoptotic cell death [38]. Although
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Figure 6 ER stress inhibition attenuates Shikonin induced mitochondrial apoptosis. (A) DU-145 and PC-3 cells were treated with either

Shikonin (2.5 μM) alone for 24 h or pretreated with ER stress inhibitor Salubrinal (10 μM) for 24 h and subsequently treated with Shikonin. Protein

expression was measured by western blotting as described in the Methods section. Shikonin treatment resulted in a marked reduction in the expression of

Bcl-2 and an increase in the levels of Bax and cleaved PARP when compared with the controls. Pretreatment with ER stress inhibitor Salubrinal led to the

increased expression of Bcl-2 and the decreased expression of Bax and cleaved PARP. (B) Pretreatment with caspase inhibitors reversed Shikonin induced

caspase activation. Treatment of cells with Shikonin (2.5 μM) for 24 h resulted in a marked reduction of shikonin induced caspase-9 and caspase-3 activities.

(C) Inhibition of ER suppressed shikonin induced casapase activity. Prostate cancer cells were pretreated with Salubrinal (10 μM), caspase 3 and 9 activity

were performed by colorimetric assay as described in material and method section. (D) ER stress regulates mitochondrial membrane potential in Shikonin

treated DU-145 and PC-3 cells. DU-145 and PC-3 cells were treated with either Shikonin (2.5 μΜ) alone or along with pretreatment with salubrinal (10 μM)

for 24 h, and then incubated with mitochondria specific dye JC-1 (10 m g/ml aft 37°C for 15 min), and the florescence was monitored using

fluorimeter (Excitation 530 nm/Fluorescence 590 nm) for measurement of the mitochondrial membrane potential. Shikonin treatment significantly

reduced mitochondrial membrane potential whereas pretreatment of ER stress inhibitor reversed this effect. Data is expressed in means ± SEM and

represents the results of three independent experiments.
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the involvement of Bcl-2 proteins in ER stress-induced

cell death is clear, the mechanism by which they are reg-

ulated by ER stress is not well understood. Until re-

cently, Bcl-2 proteins were thought to regulate the

mitochondrial-mediated apoptotic pathway exclusively

[38,39]. One of the recent studies linked ER stress-

induced cell death to the Bcl-2 family of proteins

showed that overexpression of Bcl-2 or the deficiency of

Bax and Bak conferred protection against lethal ER

stress [38]. Stress signals are relayed from the ER to

mitochondria, and ER stress induced apoptosis, similar

to mitochondrial-mediated apoptosis regulated by the

Bcl-2 family of proteins [39]. The ratio of the Bax/Bcl-2

is critical for the induction of apoptosis [40]. ER stress

inducers including cellular stress inducers have also been

shown to induce a change in the conformation of Bax,

resulting in its accumulation on the mitochondria, and

to induce the release of cytochrome c from the mito-

chondria into the cytosol [31,41,42]. Cytosolic cyto-

chrome c then binds to Apaf-1, leading to the activation

of caspase-3 and PARP protein [43]. The present results

also indicate that the reduced expression of antiapoptotic

Bcl-2 protein and the increased expression of the pro-

apoptotic Bax protein facilitated the Shikonin-mediated cell

death of these cells (Figure 6), which increases the ratio of

Bax/Bcl-2. This may be responsible for the concomitant

execution phase of apoptosis observed in these cells, which

included the disruption of the mitochondrial membrane

(Figure 6). As the level of cytochrome c increases in the

cytosol, it leads to the activation of the procaspase-9 and

caspase- 3 [44]. Activated caspase-3 is the key executioner

of apoptosis and the cleaved caspase-3 leads to the cleavage

Figure 7 Caspases and ER stress regulates Shikonin induced cell death in prostate cancer cells. (A) Shikonin regulated caspase dependent

cell death in DU-145 and PC-3 cells. Cells were preincubated with 50 μM of caspase-3 or 9 inhibitors, for 2 h, CCK-8 assay was performed after 48 h

post treatment of Shikonin in these cells. Data is expressed in means ± SEM and represent the results of three independent experiments

(p < 0.05). (B) Shikonin treatment induces apoptotic phenotype in prostate cancer cells. DU-145 and PC-3 cells were treated with 2.5 μM

for 24 h, and their nuclear morphology was examined using DAPI staining in with or without salubrinal pre-incubated prostate cancer

cells. In contrast to the control group, the group treated with Shikonin showed characteristic apoptotic phenotypes including heterogeneous staining,

chromatin condensation, and DNA fragmentation. However the group pretreated with Salubrinal significantly reversed the Shikonin induced effect in both

cell types. (C) The proposed shikonin induced cell death pathways in prostate cancer cells. Shikonin can directly influences intracellular calcium, and ER

stress and activated ROS dependent mitochondrial apoptosis. Alternatively, Shikonin induced ROS may regulated intracellular calcium, and ER stress and cell

death involving mitochondria and caspases in prostate cancer cells.
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and inactivation of key cellular proteins such as PARP

[45,46]. The present results revealed that the treatment

of prostate cancer cells with Shikonin led to the activa-

tion of caspase-9, caspase-3, and PARP (Figure 1).

Salubrinal was identified as a selective inhibitor of

phosphatases that act on eIF2α thereby maintaining

protein phosphorylation and offering protection from

the adverse effects of ER stress. Inhibition of ER stress

in DU-145 and PC-3 cells by salubrinal in the present

study led to the increased expression of Bcl-2 and

caspase-9, and caspase-3 activities and the decreased

expression of Bax (Figure 6B), caspase dependent cell

death (Figure 7A) and DNA damage as evident by the nu-

clear condensation indicated by DAPI staining (Figure 7B).

Natural compounds like shikonin might have multiple cel-

lular targets in order to achieve their biological beneficial

effects such as tumor growth inhibition [14,16]. A previous

study using prostate cancer cells had indicated that the

tumor proteasomal chymotrypsin subunit is one of the cel-

lular as well as in vivo biological targets of shikonin [46].

Our results are consistent with is study as it demonstrates

that shikonin with established proteasomal inhibitory activ-

ity induces apoptosis through induction of reactive oxygen

species and endoplasmic reticulum stress-in prostate cancer

cells [47] (Figure 7C).

Conclusion
Taken together our studies suggest that (i) Shikonin in-

hibits proliferation of hormone refractory prostate

cancer cells through the induction of ROS, mediated

activation of ER stress and intracellular Ca2+, and (ii)

induction of mitochondrial apoptotic pathway medi-

ated through the enhanced expression of Bax, disrup-

tion of the mitochondrial membrane potential, PARP

cleavage and activation of caspase-9 and caspase-3.

This ability of Shikonin to induce dual pathways of cell

death underscores its potential as a chemotherapeutic

agent against hormone refractory prostate cancers

need for further evaluation using in vivo models.

Additional files

Additional file 1: Table S1. Summary of cell lines used in this study.

Additional file 2: Figure S1. Shikonin treatment inhibits cell viabilities

of multiple cancer cells while sparing normal cell types. (A) Transformed

cells of diverse origin (Ishikawa: endometrial adenocarcinoma, C33A:

cervical cancer cells, LN229: human glioblastoma cancer cells and CAL 27:

oral adenosquamous cells) were treated with various doses of shikonin

(0.5,1, 2.5, 5 and 10 μM) for 24 h and the cell viabilities were assayed using

CCK-8 assay. (B) Nontransformed cells of diverse origin, i.e. oral keratinocytes;

human astrocytes; human mammary epithelial cells (HMEC); and peripheral

blood mononuclear cells (PBMCs) were treated with various doses of shikonin

(0.5,1, 2.5, 5 and 10 μM) for 24 h and cell viabilities were assayed using CCK-8

assay. Data is expressed in means ± SEM and represent the results of three

independent experiments (*p < 0.05). Figure S2. Shikonin treatment inhibits

cellular proliferation of prostate cancer cells while sparing normal prostate

epithelial cells (PrECs). Normal prostate epithelial (PrEC) or prostate

cancer cells (DU-145 or PC-3) were treated with various doses of

shikonin (0.5,1, 2.5, 5 and 10 μM) for 24 h and the cell proliferation was

quantified through bromodeoxyuridine (BrdU) incorporation into DNA

using a nonradioactive colorimetric assay as described in the materials

and methods section. Data is expressed in means ± SEM and represent

the results of three independent experiments (*p < 0.05). Figure S3.

Inhibition of caspase activity (Pan caspase, caspase-9 and caspase-3

activities) reverses Shikonin induced inhibition of cell viability in

prostate cancer cells, indicating sequential activation of caspases.

Prostate cancer cells (DU-145 or PC-3) were preincubated with caspase

inhibitors (Pan caspase Inhibitor: Z-VAD-FMK, Caspase −9 Inhibitor:

Z-LEHD-FMK and Caspase −3 Inhibitor: Z-DEVD-FMK at a dose of

20 μM) alone or in combination for 2 h and subsequently treated with

Shikonin for 24 h. Subsequently, cell viabilities were assayed using

CCK-8 assay. Data is expressed in means ± SEM and represent the

results of three independent experiments (*p < 0.05).

Competing interests

The authors declare that they have no competing interest.

Authors’ contributions

RKG and DPM designed the experiments. RKG,VKS and SD performed the

experiments. RKG, SD and DPM analyzed the data. DPM, MLB, SD, JKB and SS

participated in drafting and revision of the manuscript. All authors read and

approved the final manuscript.

Acknowledgments

We would like to thank all the members of the D.P. Mishra laboratory for the

helpful discussions. R.K.G. and V.K.S. are supported by senior research

fellowships from the UGC and ICMR, respectively. This study was supported by

the Grants from the Department of Science and Technology, India (GAP-0056)

and CSIR-Network Project PROGRAM (BSC0101).

Author details
1Cell Death Research Laboratory, Endocrinology Division CSIR-Central Drug

Research Institute, Lucknow 226031, India. 2Center for Cancer Research,

UTHSC, Memphis, TN, USA. 3Department of Radiotherapy, King George

Medical University, Lucknow 226003, India. 4Division of Biochemistry,

CSIR-Central Drug Research Institute, Lucknow 226031, India.

Received: 10 August 2014 Accepted: 6 March 2015

References

1. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013. CA Cancer J Clin.

2013;63:11–30.

2. Martel CL, Gumerlock PH, Meyers FJ, Lara PN. Current strategies in the

management of hormone refractory prostate cancer. Cancer Treat Rev.

2003;29:171–87.

3. Ketola K, Vainio P, Fey V, Kallioniemi O, Iljin K. Monensin is a potent inducer

of oxidative stress and inhibitor of androgen signaling leading to apoptosis

in prostate cancer cells. Mol Cancer Ther. 2010;9:3175–85.

4. Mendiratta P, Armstrong AJ, George DJ. Current standard and investigational

approaches to the management of hormone-refractory prostate cancer. Reviews

urology. 2007;9 Suppl 1:S9–19.

5. Haynes CM, Titus EA, Cooper AA. Degradation of misfolded proteins

prevents ER-derived oxidative stress and cell death. Mol Cell.

2004;15:767–76.

6. Momoi T. Caspases involved in ER stress-mediated cell death. J Chem

Neuroanat. 2004;28:101–5.

7. Yeh TC, Chiang PC, Li TK, Hsu JL, Lin CJ, Wang SW, et al. Genistein induces

apoptosis in human hepatocellular carcinomas via interaction of

endoplasmic reticulum stress and mitochondrial insult. Biochem Pharmacol.

2007;73:782–92.

8. Eom KS, Kim HJ, So HS, Park R, Kim TY. Berberine-induced apoptosis in

human glioblastoma T98G cells is mediated by endoplasmic reticulum

stress accompanying reactive oxygen species and mitochondrial dysfunction. Biol

Pharm Bull. 2010;33:1644–9.

Gara et al. Journal of Biomedical Science  (2015) 22:26 Page 11 of 12

http://www.jbiomedsci.com/content/supplementary/s12929-015-0127-1-s1.doc
http://www.jbiomedsci.com/content/supplementary/s12929-015-0127-1-s2.pdf


9. Kuo TC, Huang WJ, Guh JH. WJ9708012 exerts anticancer activity through

PKC-alpha related crosstalk of mitochondrial and endoplasmic reticulum

stresses in human hormone-refractory prostate cancer cells. Acta Pharmacol

Sin. 2011;32:89–98.

10. Wu Y, Fabritius M, Ip C. Chemotherapeutic sensitization by endoplasmic

reticulum stress: increasing the efficacy of taxane against prostate cancer.

Cancer Biol Ther. 2009;8:146–52.

11. Ahn J, Won M, Choi JH, Kim YS, Jung CR, Im DS, et al. Reactive oxygen

species-mediated activation of the Akt/ASK1/p38 signaling cascade and p21

(Cip1) downregulation are required for shikonin-induced apoptosis.

Apoptosis. 2013;18:870–81.

12. Chen CH, Lin ML, Ong PL, Yang JT. Novel multiple apoptotic mechanism of

shikonin in human glioma cells. Ann Surg Oncol. 2012;19:3097–106.

13. Min R, Tong J, Wenjun Y, Wenhu D, Xiaojian Z, Jiacai H, et al. Growth

inhibition and induction of apoptosis in human oral squamous cell carcinoma

Tca-8113 cell lines by Shikonin was partly through the inactivation of NF-kappaB

pathway. Phytother Res. 2008;22:407–15.

14. Wang R, Yin R, Zhou W, Xu D, Li S. Shikonin and its derivatives: a patent

review. Expert Opin Ther Pat. 2012;22:977–97.

15. Wiench B, Eichhorn T, Paulsen M, Efferth T. Shikonin directly targets mitochondria

and causes mitochondrial dysfunction in cancer cells. Evid Based Complement

Alternat Med. 2012;2012:726025. doi:10.1155/2012/726025.

16. Wu H, Xie J, Pan Q, Wang B, Hu D, Hu X. Anticancer agent shikonin is an

incompetent inducer of cancer drug resistance. PLoS One. 2013;8:e52706.

17. Yingkun N, Lvsong Z, Huimin Y. Shikonin inhibits the proliferation and

induces the apoptosis of human HepG2 cells. Can J Physiol Pharmacol.

2010;88:1138–46.

18. Zhang FL, Wang P, Liu YH, Liu LB, Liu XB, Li Z, et al. Topoisomerase I

inhibitors, shikonin and topotecan, inhibit growth and induce apoptosis of

glioma cells and glioma stem cells. PLoS One. 2013;8:e81815.

19. Srivastava VK, Gara RK, Bhatt ML, Sahu DP, Mishra DP. Centchroman inhibits

proliferation of head and neck cancer cells through the modulation of PI3K/

mTOR pathway. Biochem Biophys Res Commun. 2011;404:40–5.

20. Zhang S, Ong CN, Shen HM. Critical roles of intracellular thiols and calcium

in parthenolide-induced apoptosis in human colorectal cancer cells. Cancer

Lett. 2004;208:143–53.

21. Chen Y, Zheng L, Liu J, Zhou Z, Cao X, Lv X, et al. Shikonin inhibits prostate

cancer cells metastasis by reducing matrix metalloproteinase-2/-9 expression via

AKT/mTOR and ROS/ERK1/2 pathways. Int Immunopharmacol. 2014;21:447–55.

22. Duan D, Zhang B, Yao J, Liu Y, Fang J. Shikonin targets cytosolic thioredoxin

reductase to induce ROS-mediated apoptosis in human promyelocytic

leukemia HL-60 cells. Free Radic Biol Med. 2014;70:182–93.

23. Yang JT, Li ZL, Wu JY, Lu FJ, Chen CH. An oxidative stress mechanism of

shikonin in human glioma cells. PLoS One. 2014;9:e94180.

24. Prasad A, Bloom MS, Carpenter DO. Role of calcium and ROS in cell death

induced by polyunsaturated fatty acids in murine thymocytes. J Cell Physiol.

2010;225:829–36.

25. Bhandary B, Marahatta A, Kim HR, Chae HJ. An involvement of oxidative

stress in endoplasmic reticulum stress and its associated diseases. Int J Mol

Sci. 2012;14:434–56.

26. Ding W, Yang L, Zhang M, Gu Y. Reactive oxygen species-mediated endoplasmic

reticulum stress contributes to aldosterone-induced apoptosis in tubular epithelial

cells. Biochem Biophys Res Commun. 2012;418:451–6.

27. Liu H, Zhao S, Zhang Y, Wu J, Peng H, Fan J, et al. Reactive oxygen

species-mediated endoplasmic reticulum stress and mitochondrial

dysfunction contribute to polydatin-induced apoptosis in human

nasopharyngeal carcinoma CNE cells. J Cell Biochem. 2011;112:3695–703.

28. Quan Z, Gu J, Dong P, Lu J, Wu X, Wu W, et al. Reactive oxygen species-

mediated endoplasmic reticulum stress and mitochondrial dysfunction contribute

to cirsimaritin-induced apoptosis in human gallbladder carcinoma GBC-SD cells.

Cancer Lett. 2010;295:252–9.

29. Han J, Murthy R, Wood B, Song B, Wang S, Sun B, et al. ER stress signalling

through eIF2alpha and CHOP, but not IRE1alpha, attenuates adipogenesis in

mice. Diabetologia. 2013;56:911–24.

30. Clarke HJ, Chambers JE, Liniker E, Marciniak SJ. Endoplasmic reticulum stress

in malignancy. Cancer Cell. 2014;25:563–73.

31. Wan X, Lu X, Xiao Y, Lin Y, Zhu H, Ding T, et al. ATF4- and CHOP-dependent

induction of FGF21 through endoplasmic reticulum stress. BioMed Res Int.

2014;2014:807874. doi:10.1155/2014/807874.

32. Sobhan PK, Seervi M, Deb L, Varghese S, Soman A, Joseph J, et al. Calpain and

reactive oxygen species targets Bax for mitochondrial permeabilisation and

caspase activation in zerumbone induced apoptosis. PLoS One. 2013;8:e59350.

33. Williams JA, Hou Y, Ni HM, Ding WX. Role of intracellular calcium in

proteasome inhibitor-induced endoplasmic reticulum stress, autophagy, and

cell death. Pharm Res. 2013;30:2279–89.

34. Kim JS, Heo RW, Kim H, Yi CO, Shin HJ, Han JW, et al. Salubrinal, ER stress

inhibitor, attenuates kainic acid-induced hippocampal cell death. J Neural

Transm. 2014;121:1233–43.

35. Rao RV, Ellerby HM, Bredesen DE. Coupling endoplasmic reticulum stress to

the cell death program. Cell Death Differ. 2004;11:372–80.

36. Yeh CC, Kuo HM, Li TM, Lin JP, Yu FS, Lu HF, et al. Shikonin-induced

apoptosis involves caspase-3 activity in a human bladder cancer cell line

(T24). In Vivo. 2007;21(6):1011–9.

37. Mauro T. Endoplasmic reticulum calcium, stress, and cell-to-cell adhesion.

J Invest Dermatol. 2014;134:1800–1.

38. Heath-Engel HM, Chang NC, Shore GC. The endoplasmic reticulum in

apoptosis and autophagy: role of the BCL-2 protein family. Oncogene.

2008;27:6419–33.

39. Chi X, Kale J, Leber B, Andrews DW. Regulating cell death at, on, and in

membranes. Biochim Biophys Acta. 2014;1843(9):2100–13.

40. Feng M, Li J, Wang J, Ma C, Jiao Y, Wang Y, et al. High glucose increases

LPS-induced DC apoptosis through modulation of ERK1/2, AKT and Bax/

Bcl-2. BMC Gastroenterol. 2014;14(1):98.

41. Bakhshi J, Weinstein L, Poksay KS, Nishinaga B, Bredesen DE, Rao RV.

Coupling endoplasmic reticulum stress to the cell death program in mouse

melanoma cells: effect of curcumin. Apoptosis. 2008;13(7):904–14.

42. Boyce M, Bryant KF, Jousse C, Long K, Harding HP, Scheuner D, et al. A

selective inhibitor of eIF2alpha dephosphorylation protects cells from ER

stress. Science. 2005;307:935–9.

43. Swanton E, Savory P, Cosulich S, Clarke P, Woodman P. Bcl-2 regulates a

caspase-3/caspase-2 apoptotic cascade in cytosolic extracts. Oncogene.

1999;18:1781–7.

44. Bratton SB, Walker G, Srinivasula SM, Sun XM, Butterworth M, Alnemri ES,

et al. Recruitment, activation and retention of caspases-9 and −3 by Apaf-1

apoptosome and associated XIAP complexes. EMBO J. 2001;20:998–1009.

45. Los M, Mozoluk M, Ferrari D, Stepczynska A, Stroh C, Renz A, et al.

Activation and caspase-mediated inhibition of PARP: a molecular switch

between fibroblast necrosis and apoptosis in death receptor signaling.

Mol Biol Cell. 2002;13:978–88.

46. Yang H, Zhou P, Huang H, Chen D, Ma N, Cui QC, et al. Shikonin exerts

antitumor activity via proteasome inhibition and cell death induction

in vitro and in vivo. Int J Cancer. 2009;124(10):2450–9.

47. Fribley A, Zeng Q, Wang CY. Proteasome inhibitor PS-341 induces apoptosis

through induction of endoplasmic reticulum stress-reactive oxygen species

in head and neck squamous cell carcinoma cells. Mol Cell Biol.

2004;24:9695–704.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Gara et al. Journal of Biomedical Science  (2015) 22:26 Page 12 of 12


	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Materials and reagents
	Cell culture and treatment
	Cell viability assay
	Cell proliferation assay
	Flowcytometry
	Measurement of reactive oxygen species
	Measurement of intracellular Ca2+concentration
	Calpain activity assays
	Western blotting analysis
	Measurement of mitochondrial membrane potential
	Caspase activity assay
	Statistical analysis


	Results
	Shikonin inhibits proliferation of prostate cancer cells without affecting normal prostate epithelial cells
	Shikonin treatment induces ROS generation, intracellular calcium and ROS-dependent mitochondrial apoptosis in prostate cancer cells
	Shikonin treatment induces oxidative stress mediated induction of ER stress related protein expression
	Shikonin regulates endoplasmic reticulum stress through modulation of intracellular calcium in prostate cancer cells
	Inhibition of ER stress response by salubrinal attenuated shikonin induced effects

	Discussion
	Conclusion
	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

