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Abstract

Shikonin, which derives from Lithospermum erythrorhizon, has been traditionally used against a variety of diseases, including
cancer, in Eastern Asia. Here we determined that shikonin inhibits proliferation of gastric cancer cells by inducing apoptosis.
Shikonin’s biological activity was validated by observing cell viability, caspase 3 activity, reactive oxygen species (ROS) genera-
tion, and apoptotic marker expressions in AGS stomach cancer cells. The concentration range of shikonin was 35-250 nM with
the incubation time of 6 h. Protein levels of Nrf2 and p53 were evaluated by western blotting and confirmed by real-time PCR.
Our results revealed that shikonin induced the generation of ROS as well as caspase 3-dependent apoptosis. c-Jun-N-terminal
kinases (JNK) activity was significantly elevated in shikonin-treated cells, thereby linking JNK to apoptosis. Furthermore, our re-
sults revealed that shikonin induced p53 expression but repressed Nrf2 expression. Moreover, our results suggested that there
may be a co-regulation between p53 and Nrf2, in which transfection with siNrf2 induced the p53 expression. We demonstrated for
the first time that shikonin activated cell apoptosis in AGS cells via caspase 3- and JNK-dependent pathways, as well as through
the p53-Nrf2 mediated signal pathway. Our study validates in partly the contribution of shikonin as a new therapeutic approaches/
agent for cancer chemotherapy.
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INTRODUCTION in breast cancer (Liu et al., 2005; Leung and Fong, 2007) as
well as been used for patients with liver and lung cancer (Liu
Similar to radiotherapy treatments, many anti-cancer drugs et al., 2005). The results of recent studies also suggested that
are commonly associated with adverse drug effects (ADEs) shikonin has a significant anti-proliferative action against vari-
and often have serious side effects. Furthermore, the high ous types of cancer cell lines. Shikonin has also been shown
rates of recurrence after resection necessitate the use of alter- to have the potential to regulate the expression of p53 in as-
native anti-cancer agents with fewer and less serious ADEs. sociation with proapoptotic proteins (Hsu et al., 2004; Wu et
Phytochemicals has been highlighted by recent studies as al., 2004; Mao et al., 2008).
natural anti-cancer agents with little toxicity by acting against Apoptosis is a type of programmed cell death characterized
the propagation of cancer cells (Filomeni et al., 2005a). by physiological and morphological changes in the affected
Shikonin (Fig. 1A), a napthoquinone isolated from the tra- cells, and many chemotherapies target the cellular mecha-
ditional herbal medicinal plant Lithospermum erythrorhizon, nisms of apoptosis and other cell death pathways. Apoptosis
has significant pharmacological activities including anti-tumor, is known to be triggered by various internal and external stim-
antimicrobial, anti-inflammatory, and wound healing activities uli, one of them being reactive oxygen species (ROS). ROS
(Lee and Lin, 1988; Chen et al., 2002). Traditional medicine create a condition of oxidative stress that can induce a cel-
composed of napthoquinone has been proven to be effective lular response (Filomeni et al., 2005b, Matsuzawa and Ichijo,
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Fig. 1. Treatment with shikonin results in caspase-dependent apoptosis in AGS cells. (A) Chemical structure of shikonin. (B) AGS (p53 wild
type) and Kato3 (p53-/-) cells were plated and treated with various concentration of shikonin for 6 h. The percentage of cell viability was
measured by MTT assay as described under “MATERIALS AND METHODS?". (C, D) AGS cells were incubated with various concentration of
shikonin for 6 h. Then, each target genes expression was determined by RT-PCR. Also, p53 gene expression was determined by densito-

metric analysis. The data are expressed as mean + SD for triplicates.

2005), and many anti-cancer drugs induce ROS production in
cancer cells, thereby contributing to induced apoptosis. p53,
a tumor suppressor protein and regulator of the cell cycle, is
activated by DNA damage and plays a key role in response to
ROS generation. This is because apoptosis induced by p53
appears to be at least partly dependent on the accumulation
of ROS (Polyak et al., 1997). Thus, there appears to be an
association between ROS induction, p53, apoptosis and anti-
cancer drugs.

Many cancer cells also have various defense systems in
response to excess of oxidative stress. A number of genes,
such as superoxide dismutase (SOD), glutathione peroxidase
(GPx) and heme oxygenase-1 (HO-1), actively function in pro-
tecting the cell against oxidative stress (Akhdar et al., 2009).
It is therefore very possible that these genes are induced dur-
ing chemotherapy, resulting in drug resistance of cancer cells.
The expression of cellular protection genes is modulated by
transcriptional regulation of Nuclear factor-E2-related factor 2
(Nrf2), a member of the cap‘n’collar family of basic leucine-
zipper transcription factors. Nrf2 acts as a key transcription
factor via its antioxidant response element (ARE) (Alam et al.,
1999). Under normal conditions, Kelch-like ECH-associated
protein 1 (Keap1) negatively regulates Nrf2 by binding to and
facilitating ubiquitin-dependent proteasomal degradation of
Nrf2. However, oxidative stress disrupts the binding of Nrf2
and Keap1, resulting in the accumulation of Nrf2 within the nu-
cleus and subsequent transactivation of ARE-bearing genes

http://dx.doi.org/10.4062/biomolther.2016.008

(Shin et al., 2010). The results of recent studies indicate a
possible association between Nrf2 and apoptotic regulation by
p53 as well as the possibility of cross-talk between the Nrf2-
and p53- induced responses (Faraonio et al., 2006).

Our past study has already shown that shikonin elicits an-
tiproliferative activity on AGS cells via induction of G2/M cell
cycle arrest and regulation of the Egr1-p21 signaling pathway
(Kim et al., 2014a). In this study, we investigated whether
there is an association between the antiproliferative activity
of shikonin on stomach cancer cells and induction of p53 and
Nrf2 expressions. In order to examine the role of shikonin in
the induction of apoptotic cell death, we have isolated shikonin
from Lithospermum erythrorhizon (unpublished data). Our re-
sults showed that shikonin treatment induced p53 expression
and accumulation of excessive ROS, while simultaneously
leading to the inhibition of Nrf2 expression. These findings
suggest that shikonin may be able to enhance the effective-
ness of chemotherapy.

MATERIALS AND METHODS

Cell culture, reagents, and antibodies

The human gastric adenocarcinoma cell lines AGS (p53
wild type) and Kato 3 (p53 null type) (Korean Cell Line Bank,
Seoul, Korea) were cultured in RPMI 1640 medium (WelGENE
Inc., Daegu, Korea) supplemented with 10% fetal calf serum,
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and 0.1% penicillin/streptomycin at 37°C in a humidified at-
mosphere of 5% CO,. Antibodies against procaspases 3,
cleaved caspase 3, cleaved PARP were purchased from Cell
Signaling Technology (Beverly, MA, USA). Antibodies against
B-actin, Nrf2, p53, phospho-JNK, JNK were purchased from
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
FLAG and B-actin antibodies were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The anti-mouse or anti-rabbit
secondary antibodies were purchased Cell Signaling Technol-
ogy. Shikonin, Sp600125 and Ac-DEVD-CHO were obtained
from Sigma-Aldrich.

MTT assays to measure cytotoxicity

Cell viability was determined by the MTT assay according
to established protocols. The cells were dispensed in 96-well
flat bottom microtiter plates (SPL, Pocheon, Gyeonggi, Korea)
at a density of 5x103 cells per well, treated with various con-
centrations of shikonin for 6 h, following which, MTT solution
(2 mg/mL) was added to each well and the cells incubated
for a further 4 hr. After removal of the MTT solution 100 uL
of DMSO was added to each well and absorbance was mea-
sured at 540 nm using a microplate spectrophotometer (Bio-
Rad, Hercules, CA, USA).

Caspase assays

Caspase activation was evaluated using Caspase-Glo 3
kits (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. Briefly, AGS cells were plated in 96-well
clear-bottom plates (Lonza, Basel, Switzerland). The cells
were treated with shikonin. After 6 h, assay reagent (100
ul) was added to each well. The plate was incubated in the
dark for 30-60 min, and luminescence was measured using a
SpectraMAX 250 Optima plate reader (Molecular Device Co.,
Sunnyvale, CA, USA).

Measurement of intracellular ROS and oxidative damage
The fluorescent probe 2',7’-dichlorodihydrofluorescein diace-
tate (H.DCFDA, Sigma-Aldrich) was used to monitor the intra-
cellular accumulation of reactive oxygen species (ROS). After
treatment, the cells were incubated in RPMI-medium contain-
ing 6 uM of the probe at 37°C for 30 min, washed, and then
analyzed by flow cytometry (BD, Franklin Lakes, NJ, USA).
Malondialdehyde (MDA) levels were measured using a com-
mercial assay kit (Cayman chemical, Ann Arbor, MI, USA) ac-
cording to the manufacturer’s instructions. Proteins were de-
termined by the method of Bradford (Kim et al., 2011b).

Plasmid and siRNA transient transfection

The ARE-luciferase reporter plasmid was generated using
the pGL3-promoter vector (Promega). ARE sequence was
cloned between the kpnl and Sacl restriction sites upstream
of the SV40 promoter (Akhdar et al., 2009). Down- regulation
of Nrf2 was obtained by means of transfection with a small
interference RNA (siRNA) against Nrf2 (Sigma-Aldrich).

Luciferase assay

Cells were then transfected with 100 ng/well ARE luciferase
reporter construct together with 2.5 ng/well pRL-SV40 renilla
luciferase construct (Promega) using 2 plL/well Lipofectami-
ne™ 2000 (Invitrogen, Grand Island, NY, USA) and allowed
to incubate for 24 h, following which the cells were treated
with shikonin for 6 h. The cells were then harvested in pas-

sive lysis buffer and analyzed using a dual-luciferase reporter
assay system on Zenyth multilabel plate reader (Anthos Lab,
Heerhugowaard, North Holland, the Netherlands), following
the manufacturer’s instructions. Relative light units of the p21
luciferase construct were normalized to those of the Renilla
luciferase construct to control for transfection efficiency. Ex-
periments were performed in triplicate.

Western blotting

Western blot analysis was carried out as previously de-
scribed (Ko et al., 2012, Kim et al., 2014b). Cell pellet was
re-suspended in RIPA lysis buffer (50 mM Tris-HCI pH7.5, 150
mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS and
protease inhibitors). Proteins were transferred onto a nitrocel-
lulose membrane after SDS-PAGE. The membranes were
blocked with 5% skim milk in TBST buffer (in 20 mM Tris-HCI,
pH 7.4, 150 mM NaCl, and 0.02% Tween20) for 1 h. Then,
primary antibody incubation was performed overnight and fol-
lowed by incubation with secondary antibody conjugated to
horseradish peroxidase (Santa Cruz Biotechnology) for 1 h.
Detection was done with the Enhanced Chemiluminoscence
reagent (Santa Cruz Biotechnology).

Immunofluorescence staining

Immunostaining for the indicated proteins was performed
as previously described (Shim et al., 2011, Ko et al., 2013).
AGS cells were cultured on coverslips, fixed with 4% parafor-
maldehyde and permeabilized. Cells were stained with anti-
rabbit polyclonal antibody (1:400) and with Alexa Fluor conju-
gated anti-rabbit antibody (1:500, Invitrogen) for 2 h at room
temperature. The coverslips were mounted onto glass slides
using mounting media containing 4’6-diamidino-2-2-phenylin-
dole (DAPI) (Vector Labs, Burlingame, CA, USA), and exam-
ine under a Zeiss fluorescence microscope (Carl Zeiss, Jena,
Germany).

Reverse transcription PCR and Quantitative reverse
transcription-PCR

Total RNA was isolated and cDNA synthesis and RT-PCR
analyses were carried out as described previously (Kim et al.,
2011a). Real-time PCR reactions were performed in duplicate
in the Light Cycler 480 PCR (Roche, Indianapolis, IN, USA)
system following the manufacturer’s instructions, and relative
quantification was carried out with 2-**°T using the abundance
of glyceraldehydes 3-phosphate dehydrogenase (GAPDH) as
the endogenous house-keeping control.

Statistical analysis

Each experiment was duplicated at least three times. Data
are plotted as the mean = SD. The statistical significance of
the assay was evaluated using SPSS software (SPSS, Chi-
cago, IL, USA). Significance was set at p<0.05.

RESULTS

Shikonin treatment induces cell death in gastric cancer
cells

We initially investigated the dose-dependent effects of shi-
konin treatment (0-250 nM for 6 h) on cell viability of stomach
cancer cells. Our results of the MTT assay showed that in-
duced cell death in AGS cells in a dose-dependent manner,
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Fig. 2. Treatment with shikonin results in caspase 3-dependent
apoptosis in AGS cells. (A) Western blot analysis to detect cleaved
PARP and procaspase 3 proteins. -actin was measured as a
loading control. (B) Caspase 3 activity was measured by caspase
activity ELISA assay kit. (C) Activity of apoptotic related proteins
were determined in the presence of 50 uM Ac-DEVD-CHO after
treatment with various concentration of shikonin for 6 h. *p<0.05,
**p<0.01 versus vehicle. The data are expressed as mean + SD for
triplicates.

especially at or higher than 35 nM of shikonin treatment, in
which the decreased cell viability was essentially not ob-
served below that concentration. Interestingly, p53 null type
cells showed strong resistance to shikonin, where Kato 3 cells
did not progress to cell death even after being incubated in
250 nM of shikonin for 6 h (Fig. 1B). Also, we investigated
whether expression levels of p53 and p53-dependent gene,
phobol-12-myristate-13-acetate-induced protein 1 (NOXA), were
changed by shikonin treatment. Shikonin-treated cells exhib-
ited dose-dependent increase in the RNA expression levels
of p53 and NOXA (Fig. 1C). As Bcl-2 family members occupy
pivotal positions in the induction of apoptotic signal pathway,
treating the cells with 100 ng/mL of shikonin induced Bax RNA
level, but reduced that of Bcl2 (Fig. 1D). These results may
possibly indicate the involvement of p53activity and apoptosis
induction in the cytotoxic effects of shikonin.

Shikonin-elicited apoptosis is caspase 3 dependent

As shown in Fig. 1, shikonin treatment resulted in the induc-
tion of cell death as well as modulation of apoptotic genes in

http://dx.doi.org/10.4062/biomolther.2016.008

AGS cells. To further scrutinize whether shikonin induces the
apoptotic signal pathway, we evaluated the levels of caspase
3 and poly (ADP-ribose) polymerase (PARP) proteins, which
serve as biomarkers of apoptosis. Fig. 2 indicates that AGS
cells underwent caspase-dependent apoptosis in a dose de-
pendent manner when incubated with shikonin for 6 h. The
results from western blot analysis clearly showed that cleaved
forms of PARP were effectively elevated and procaspase 3
reduced at 125-250 nM shikonin treatment (Fig. 2A). Also, ex-
posure to shikonin increased caspase 3 activity (Fig. 2B). To
further confirm these findings, we explored the roles of cas-
pase 3 in shikonin-induced apoptosis by using cells pretreated
with caspase 3 inhibitor Ac-DEVD-CHO (50 uM). These pre-
treated cells showed inhibited activities of proteolysed forms
of caspase 3 and PARP, indicating that the caspase 3 inhibitor
inhibited shikonin induced apoptosis in AGS cells (Fig. 2C).

Shikonin treatment resulted in the elevation of ROS level
in cells

As the generation of ROS plays a pivotal role in apoptotic
cell death, we investigated whether shikonin induced ROS
levels in AGS cells. As shown in Fig. 3A, a dose-dependent
ROS accumulation was observed in AGS cells within 6 h of
exposure to 62.5, 125 and 250 nM of shikonin. To test whether
the shikonin treatment actually induced oxidative stress-relat-
ed damage, we measured the levels of MDA, a lipid peroxida-
tion product that is commonly used as a presumptive measure
in ROS-mediated injury. As expected, MDA levels were also
increased by shikonin in a dose-dependent manner (Fig. 3B).
Taken altogether, our results suggested that ROS generation
was markedly induced by treatment with shikonin. Other study
suggested that AGS cells are equipped with an efficient anti-
oxidant defense system (Filomeni et al., 2005a), where gas-
trointestinal-derived cell lines may exploit the well-known GPx
antioxidant enzymes, among the five members being gastro-
intestinal GPx (GI-GPx) (Chu et al., 2004). Thus, we deter-
mined the expression of GI-GPx by real-time PCR method. As
seen in Fig. 3C, the mRNA level of GI-GPx was dramatically
declined up to 40% of its control level upon shikonin treatment
in the AGS cell line.

Shikonin modulates Nrf2 and p53 activities

It can be presumed from Fig. 1A that AGS (p53 wild) cell
viabilities were more sensitivity to shikonin exposure than that
of Kato 3 (p53 null) cells. Since p53 is known to involve in the
suppression of Nrf2-mediated activity (Faraonio et al., 2006),
we investigated whether incubation in shikonin-treated media
would induce any changes in the expressions of p53 and Nrf2
in the AGS cells. Clearly, shikonin induced an increase in the
expression levels of p53 in a dose-dependent manner, where
250 nM shikonin-treated cells exhibited approximately three
fold higher expression level than that of the non-treated cells
(Fig. 4A). In contrast, Nrf2 expression showed a significant
decrease in shikonin-treated cells. To confirm these data, the
levels of these two proteins were investigated by Western blot
analysis, which also revealed correlated data in cells treated
with 125-250 nM shikonin in AGS cells. On the contrary, when
Kato 3 cells were subjected to the same dosage of shikonin
treatment, we found that there was no significant change in
the expression of Nrf2 (Fig. 4B).
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Fig. 3. Shikonin-mediated oxidative insults are counteracted by MDA formation. (A) AGS cells were incubated with various concentration of
shikonin for 6 h, and then incubated with 6 uM of DCF-DA for 30 min. ROS production was analyzed by FACS calibur instrument. (B) MDA
levels of proteins extracted from AGS cells. (C) Transcript levels of GI-GPx in AGS cells in the absence or presence of various concentration
of shikonin for 6 h. *p<0.05, *p<0.05 versus vehicle. The data are expressed as mean * SD for triplicates.
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Fig. 4. Effect of shikonin on p53 and Nrf2 mRNA and protein level in AGS cells. (A) RNA was prepared from AGS cells cultured in the pres-
ence of shikonin for 6 h, and the expression of p53 and Nrf2 mRNA was analyzed by gRT-PCR. Fold change was calculated by 2 relative
quantitative analysis. (B) Total proteins were prepared from AGS (Left), and Kato 3 (Right) cells cultured in the presence of shikonin for 6 h,
and change in protein expression of Nrf2 and p53 was analyzed by western blotting. -actin was used loading control. (C) Immunostaining
was performed with an anti-Nrf2 antibody and nucleus labeling with a DAPI solution on AGS or Kato 3 cells after treatment of shikonin for 6
h. (D) AGS cells were transfected with the pGL3-ARE reporter vector and then treated with various concentration of shikonin for 6 h. Firely
luciferase activity was normalized to Renilla activity. *p<0.05 versus vehicle. The data are expressed as mean + SD for triplicates.

Shikonin reduces translocation of Nrf2 into the nucleus gested to function in acquiring drug resistance in various can-
and activates the Nrf2/ARE signaling in AGS cells cer cells. Since Fig. 4A, 4B suggested that shikonin reduced

The Nrf2/ARE signal pathway is considered to play an im- Nrf2 expression level, we examined how the Nrf2/ARE signal
portant role in cellular protection, but it has also been sug- transduction was affected in AGS cells treated with shikonin
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Fig. 5. JNK is the upstream kinases involved in the modulation
of cell responding against shikonin treatment. (A) Total protein
extract was loaded onto each lane for the detection of phosphory-
lated forms of JNK. JNK was used as loading control. (B) JNK is
the activating kinases of p53 and Nrf2. Cells were in the absence
or presence of 10 uM Sp600125 after treatment with various con-
centration of shikonin for 6 h, and then the indicated proteins were
analyzed by western blotting. B-actin was used loading control.
(C) AGS cells were transfected with the pGL3-ARE reporter vector
and then treated with various concentration of shikonin in the pres-
ence or absence of Sp600125 for 6 h. Firely luciferase activity was
normalized to Renilla activity. *p<0.05 versus vehicle. The data are
expressed as mean + SD for triplicates.
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Fig. 6. Role of Nrf2 in the cell response against shikonin-treat-
ment. (A-C) Cells were either untreasfected or transfected with a
non-targeting siRNA (scramble) or a siRNA directed against Nrf2
(siNrf2). The cells were cultured in the absence or presence of shi-
konin for 6 h. (A) The indicated proteins were analyzed by western
blotting. B-actin was used loading control. (B) The expression of
p53 mMRNA was analyzed by qRT-PCR. Fold change was calcu-
lated by 2**“' relative quantitative analysis. (C) The expression
of GI-GPx mRNA was analyzed by qRT-PCR. Fold change was
calculated by 2**® relative quantitative analysis. *p<0.05 versus
vehicle. The data are expressed as mean + SD for triplicates.

by performing the immunofluorescence and luciferase assays.
As shown in Fig. 4C, Nrf2, which was localized in the cytosol
of untreated cells, was slightly translocated into the nucleus
at low concentrations of shikonin (62.5 nM). However, at high
dosage of shikonin (250 nM), there was no Nrf2 that was lo-
calized in the nucleus. In contrast, in Kato 3 cells treated with
high dosage of shikonin, Nrf2 was evidently translocated into
the nucleus. Shikonin activation of the Nrf2/ARE signal path-
way was then examined in an ARE-luciferase reporter assay.



Ko etal. Shikonin Induces the Apoptosis by Regulation of p53 and Nrf2

Interestingly, we observed little to no change in the 4ARE-pro-
moter activity after6 h treatment with shikonin (Fig. 4D). Thus,
our results revealed that Nrf2/ARE signaling pathway may be
inhibited by shikonin treatment, especially at high concentra-
tion of 250 nM.

JNK is associated with shikonin induced apoptosis of
AGS cells

Shikonin has been shown to induce chronic myelogenous
leukemia (CML) cell apoptosis though JNK activation (Mao
et al., 2008). JNK belongs to the MAPK family and act by
responding to various stress stimuli. In addition, phosphory-
lation of JNK activates its downstream molecules, among
them being p53 (Seger and Krebs, 1995). To determine the
role of JNK in shikonin-induced apoptosis, we analyzed the
protein activity of phosphorylated JNK. It can be suggested
from Fig. 5A that the shikonin treatment results in activation of
JNK in a dose-dependent manner. Pretreatment of the AGS
cells with SP600125, a JNK’s chemical inhibitor, resulted in
significant attenuation of the cell’s signaling response to shi-
konin treatment observed in cells without SP600125 pretreat-
ment. As shown in Fig. 5B, the proteolysed forms of PARP and
capsease-3 upon shikonin treatment were no longer present
in cells pretreated with SP600125. Furthermore, we evalu-
ated whether this inhibition could affect the signal transduction
leading to Nrf2-mediated cell responses. We found that cells
treated with shikonin showed reduced Nrf2 activity level. Inter-
estingly, contrary to the non-pretreated cells, the SP600125
pre-treated cells exhibited a dose-dependent increase in the
Nrf2 level (Fig. 5B). Furthermore, we also observed a con-
comitant increase in the 4ARE-promoter activity in cells pre-
treated with JNK inhibitor (Fig. 5C).

Nrf2 is a sensitive modulator in shikonin-induced cell death

We have already seen in Fig. 4 that shikonin inhibited Nrf2
and ARE-promoter activities via p53-dependent pathway. We
thus investigated whether Nrf2 was a sensitive modulator of
shikonin-induced cell death in AGS cells and if so, whether it
functioned by affecting p53 expression. AGS cells were trans-
fected with either control or Nrf2 siRNA for 24 h followed by
incubation in shikonin-treated media for 6 h (Fig. 6). As shown
in Fig. 6A, 6B, the siNrf2-transfected cells showed significantly
higher mRNA and protein levels of p53 than in the cells treated
with control. Similarly, we observed higher activation levels of
proapoptotic proteins, c-PARP and c-caspase 3, in shikonin
treated cells transfected with Nrf2 siRNA compared to control.
Since several genes encoding antioxidant enzymes (Gastro-
intestinal glutathione peroxidase, GI-GPx) contain functional
or putative ARE sequence in their 5'-flanking regions, we in-
vestigated the effect of shikonin treatment on GI-GPx mRNA
levels in AGS cells transfected with a siRNA directed against
Nrf2. Although shikonin significantly declined the expression
levels of GI-GPx genes in both siNrf2-transfected and non-
transfected cells, the GI-GPx mRNA level was decreased to
more extent than that in scramble siRNA transfected cells (Fig.
6C).

DISCUSSION

Many traditional anti-cancer agents used in the treatment
of various cancers are associated with drug-resistance (Jones

et al., 1995), which have led researchers to come up with new
strategies and approaches to chemotherapy. In this context,
many natural herbs and pigments, which have long been used
in Asian traditional medicine, are beginning to be revealed
of their chemotherapeutic effects by scientists in the field of
modern clinical medicine. Shikonin is such a natural com-
pound that has been used in traditional medicine (Guo et al.,
1991). There are many reports on shikonin demonstrating its
potential anti-cancer effects, including topoisomerase 2-medi-
ated DNA cleavage (Fuijii et al., 1992) and inhibition of cancer
proliferation via regulation of the cell cycle (Wu et al., 2004).
However, the molecular mechanism of shikonin-induced cell
death has not been fully elucidated. Here, we provide the first
experimental evidence that shikonin induces the apoptosis of
gastric adenocarcinoma cells via simultaneous induction of
p53 and repression of Nrf2 expression.

Many anti-cancer drugs require in cancer cells the genera-
tion of ROS, which contributes to drug-induced apoptosis via
various cellular responses (Simon et al., 2000). ROS is also
known to play important roles in the cell signaling and homeo-
stasis (Devasagayam et al., 2004). In this study, we found that
shikonin is capable of inducing the accumulation of ROS that
is may act as a stimuli to signal cell death. We have also ob-
served the involvement of caspase and JNK inactivation of
apoptotic pathway by shikonin treatment, in which both the
caspase 3 and JNK inhibitor pre-treatment resulted in the in-
hibition of shikonin-induced cell death in AGs cells. We also
found that shikonin is an activator of the p53-mediated sig-
nal pathway as well as repressor of the Nrf2-related pathway,
both of which were associated with the generation of ROS and
shikonin-induced apoptotic cell death.

p53 is a crucial transcriptional mediator that regulates a va-
riety of biological processes including survival, proliferation,
apoptosis, and differentiation through downstream targets.
Our results showed that p53-dependent apoptosis was in-
duced by shikonin treatment in AGS gastric cancer cells. In
general, DNA damage-dependent activation of p53 induces a
significant accumulation of ROS that is pivotal for p53-depen-
dent signaling transduction of apoptosis (Polyak et al., 1997,
Macip et al., 2003). Our data showed that shikonin-treated
cells maintained their p53 expression, but not Nrf2 expres-
sion. It has been reported that p53 is negatively regulated by
proteasomal degradation, such as that by Mdm2. However,
in a recent study, Nrf2 was found to contribute to the basal
expression of Mdm2. In the case of Nrf2, siRNA-pretreated
cells showed a higher expression of p53 than control siRNA-
pretreated cells. It is therefore possible that an additional level
of p53 regulation exists that functions through the Nrf2 activity,
thereby allowing the dampening of Mdm2-based proteasom-
al degradation of p53 upon shikonin treatment (Kwak et al.,
2003). On the other hand, p53 may suppress the transcription
of Nrf2 target genes driven by the ARE promoter (Faraonio et
al., 2006; Wakabayashi et al., 2010). When p53 is highly up-
regulated, such as in cells exposed to etoposide, p53 has the
ability to negatively regulate the Nrf2 target gene transcripts.
Shikonin was also found to induce p53 activation down-regu-
late Nrf2 and ARE promoter activity. Also shikonin functions in
topoisomerase 2 inhibition, in a manner similar to etoposide.
Therefore, shikonin may regulate Nrf2 which in turn p53 sig-
naling, or p53 may regulate Nrf2.

Altogether, the present study demonstrated for the first time
that shikonin elicited antiproliferative effects on human gastric
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carcinoma cells via caspase- and JNK-dependent apoptotic
pathways. Such effects were associated with accumulation of
ROS as well as concurrent activation of p53 and inhibition of
Nrf2 activities. Interestingly, our results also suggested inter-
relationships in p53 and Nrf2, in which p53 activation upon
shikonin treatment was lost upon siNrf2-transfection, and vice
versa. Taken altogether, we confirmed the anticancer effects
of shikonin, the naphtoquinone derivative that has long been
used as traditional Chinese medicine for treatment of various
diseases, including cancer (Lee and Lin, 1988). In this sense,
our study may also contribute to discovering new therapeutic
approaches for solving resistance in cancer chemotherapy.

CONFLICT OF INTEREST

We declare that we have no conflicts of interest.

ACKNOWLEDGMENTS

This research was supported in part by Basic Science
Research Program through the National Research Foun-
dation of Korea (NRF) funded by the Ministry of Education
(2014R1A1A2059205) and a grant (2016-600) from the Asan
Institute for Life Sciences, Asan Medical Center, Seoul, Korea.

REFERENCES

Akhdar, H., Loyer, P., Rauch, C., Corlu, A., Guillouzo, A. and Morel, F.
(2009) Involvement of Nrf2 activation in resistance to 5-fluorouracil
in human colon cancer HT-29 cells. Eur. J. Cancer 45, 2219-2227.

Alam, J., Stewart, D., Touchard, C., Boinapally, S., Choi, A. M. and
Cook, J. L. (1999) Nrf2, a Cap'n'Collar transcription factor, regu-
lates induction of the heme oxygenase-1 gene. J. Biol. Chem. 274,
26071-26078.

Chen, X., Yang, L., Oppenheim, J. J. and Howard, M. Z. (2002) Cel-
lular pharmacology studies of shikonin derivatives. Phytother. Res.
16, 199-209.

Chu, F. F., Esworthy, R. S. and Doroshow, J. H. (2004) Role of Se-de-
pendent glutathione peroxidases in gastrointestinal inflammation
and cancer. Free Radic. Biol. Med. 36, 1481-1495.

Devasagayam, T. P, Tilak, J. C., Boloor, K. K., Sane, K. S., Ghaskadbi,
S. S. and Lele, R. D. (2004) Free radicals and antioxidants in hu-
man health: current status and future prospects. J. Assoc. Physi-
cians India 52, 794-804.

Faraonio, R., Vergara, P., Di Marzo, D., Pierantoni, M. G., Napolitano,
M., Russo, T. and Cimino, F. (2006) p53 suppresses the Nrf2-
dependent transcription of antioxidant response genes. J. Biol.
Chem. 281, 39776-39784.

Filomeni, G., Aquilano, K., Rotilio, G. and Ciriolo, M. R. (2005a) Glu-
tathione-related systems and modulation of extracellular signal-
regulated kinases are involved in the resistance of AGS adenocar-
cinoma gastric cells to diallyl disulfide-induced apoptosis. Cancer
Res. 65, 11735-11742.

Filomeni, G., Rotilio, G. and Ciriolo, M. R. (2005b) Disulfide relays and
phosphorylative cascades: partners in redox-mediated signaling
pathways. Cell Death Differ. 12, 1555-1563.

Fujii, N., Yamashita, Y., Arima, Y., Nagashima, M. and Nakano, H.
(1992) Induction of topoisomerase Il-mediated DNA cleavage by
the plant naphthoquinones plumbagin and shikonin. Antimicrob.
Agents Chemother. 36, 2589-2594.

Guo, X. P., Zhang, X. Y. and Zhang, S. D. (1991) [Clinical trial on the
effects of shikonin mixture on later stage lung cancer]. Zhong Xi Yi
Jie He Za Zhi, 11, 598-599, 580.

Hsu, P. C., Huang, Y. T, Tsai, M. L., Wang, Y. J., Lin, J. K. and Pan, M.

http://dx.doi.org/10.4062/biomolther.2016.008

H. (2004) Induction of apoptosis by shikonin through coordinative
modulation of the Bcl-2 family, p27, and p53, release of cytochrome
¢, and sequential activation of caspases in human colorectal carci-
noma cells. J. Agric. Food Chem. 52, 6330-6337.

Jones, D. V., Jr.,, Winn, R. J., Brown, B. W,, Levy, L. B., Pugh, R. P,
Wade, J. L., 3rd, Gross, H. M., Pendergrass, K. B., Levin, B. and
Abbruzzese, J. L. (1995) Randomized phase Il study of 5-fluoro-
uracil plus high dose folinic acid versus 5-fluorouracil plus folinic
acid plus methyl-lomustine for patients with advanced colorectal
cancer. Cancer 76, 1709-1714.

Kim, S. J., Lee, H. J., Kim, B. S., Lee, D., Lee, S. J., Yoo, S. H. and
Chang, H. I. (2011a) Antiulcer activity of anthocyanins from Rubus
coreanus via association with regulation of the activity of matrix
metalloproteinase-2. J. Agric. Food Chem. 59, 11786-11793.

Kim, S. J., Park, Y. S., Paik, H. D. and Chang, H. I. (2011b) Effect
of anthocyanins on expression of matrix metalloproteinase-2 in
naproxen-induced gastric ulcers. Br. J. Nutr. 106, 1792-1801.

Kim, S. J., Kim, J. M., Shim, S. H. and Chang, H. I. (2014a) Shikonin
induces cell cycle arrest in human gastric cancer (AGS) by early
growth response 1 (Egr1)-mediated p21 gene expression. J. Eth-
nopharmacol. 151, 1064-1071.

Kim, Y. J., Choi, W. I, Jeon, B. N., Choi, K. C., Kim, K., Kim, T. J.,
Ham, J., Jang, H. J., Kang, K. S. and Ko, H. (2014b) Stereospecific
effects of ginsenoside 20-Rg3 inhibits TGF-B1-induced epithelial-
mesenchymal transition and suppresses lung cancer migration,
invasion and anoikis resistance. Toxicology 322, 23-33.

Ko, H., Kim, S., Jin, C. H,, Lee, E., Ham, S., Yook, J. |. and Kim, K.
(2012) Protein kinase casein kinase 2-mediated upregulation of
N-cadherin confers anoikis resistance on esophageal carcinoma
cells. Mol. Cancer Res. 10, 1032-1038.

Ko, H., So, Y., Jeon, H., Jeong, M. H., Choi, H. K., Ryu, S. H., Lee, S.
W., Yoon, H. G. and Choi, K. C. (2013) TGF-B1-induced epithelial-
mesenchymal transition and acetylation of Smad2 and Smad3 are
negatively regulated by EGCG in human A549 lung cancer cells.
Cancer Lett. 335, 205-213.

Kwak, M. K., Wakabayashi, N., Itoh, K., Motohashi, H., Yamamoto, M.
and Kensler, T. W. (2003) Modulation of gene expression by cancer
chemopreventive dithiolethiones through the Keap1-Nrf2 pathway.
Identification of novel gene clusters for cell survival. J. Biol. Chem.
278, 8135-8145.

Lee, H. and Lin, J. Y. (1988) Antimutagenic activity of extracts from
anticancer drugs in Chinese medicine. Mutat. Res. 204, 229-234.

Leung, P.-C. and Fong, H. H. S. (2007) Alternative treatment for can-
cer. World Scientific, New Jersey.

Liu, C., Tseng, A. and Yang, S. (2005) Chinese herbal medicine: mod-
ern applications of traditional formulas. CRC Press, Florida.

Macip, S., Igarashi, M., Berggren, P., Yu, J., Lee, S. W. and Aaronson,
S. A. (2003) Influence of induced reactive oxygen species in p53-
mediated cell fate decisions. Mol. Cell. Biol. 23, 8576-8585.

Mao, X., Yu, C. R., Li, W. H. and Li, W. X. (2008) Induction of apopto-
sis by shikonin through a ROS/JNK-mediated process in Bcr/Abl-
positive chronic myelogenous leukemia (CML) cells. Cell Res. 18,
879-888.

Matsuzawa, A. and Ichijo, H. (2005) Stress-responsive protein kinases
in redox-regulated apoptosis signaling. Antioxid. Redox Signal. 7,
472-481.

Polyak, K., Xia, Y., Zweier, J. L., Kinzler, K. W. and Vogelstein, B.
(1997) A model for p53-induced apoptosis. Nature 389, 300-305.

Seger, R. and Krebs, E. G. (1995) The MAPK signaling cascade.
FASEB J. 9, 726-735.

Shim, S. H., Park, M. S., Moon, S., Park, K. S., Song, J. W., Song, K.
J. and Baek, L. J. (2011) Comparison of innate immune responses
to pathogenic and putative non-pathogenic hantaviruses in vitro.
Virus Res. 160, 367-373.

Shin, D. H., Park, H. M., Jung, K. A, Choi, H. G., Kim, J.A., Kim, D. D.,
Kim, S. G., Kang, K. W., Ku, S. K., Kensler, T. W. and Kwak, M. K.
(2010) The NRF2-heme oxygenase-1 system modulates cyclospo-
rin A-induced epithelial-mesenchymal transition and renal fibrosis.
Free Radic. Biol. Med. 48, 1051-1063.

Simon, H. U., Haj-Yehia, A. and Levi-Schaffer, F. (2000) Role of re-
active oxygen species (ROS) in apoptosis induction. Apoptosis 5,
415-418.



Ko etal. Shikonin Induces the Apoptosis by Regulation of p53 and Nrf2

Wakabayashi, N., Slocum, S. L., Skoko, J. J., Shin, S. and Kensler, p53-mediated cell cycle arrest and apoptosis induced by shikonin
T. W. (2010) When NRF2 talks, who's listening? Antioxid. Redox via a caspase-9-dependent mechanism in human malignant mela-
Signal. 13, 1649-1663. noma A375-S2 cells. J. Pharmacol. Sci, 94, 166-176.

Wu, Z., Wu, L., Li, L., Tashiro, S., Onodera, S. and lkejima, T. (2004)

509 www.biomolther.org



