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Shikonin is a main constituent of the roots of Lithospermum erythrorhizon that has antimutagenic
activity. However, its other biological activities are not well-known. Shikonin displayed a strong inhibitory
effect against human colorectal carcinoma COLO 205 cells and human leukemia HL-60 cells, with
estimated ICsq values of 3.12 and 5.5 uM, respectively, but were less effective against human colorectal
carcinoma HT-29 cells, with an estimated ICs, value of 14.8 uM. Induce apoptosis was confirmed in
COLO 205 cells by DNA fragmentation and the appearance of a sub-G1 DNA peak, which were
preceded by loss of mitochondrial membrane potential, reactive oxygen species (ROS) generation,
cytochrome c release, and subsequent induction of pro-caspase-9 and -3 processing. Cleavages of
poly(ADP-ribose) polymerase (PARP) and DNA fragmentation factor (DFF-45) were accompanied
by activation of caspase-9 and -3 triggered by shikonin in COLO 205 cells. Here, we found that
shikonin-induced apoptotic cell death was accompanied by upregulation of p27, p53, and Bad and
down-regulation of Bcl-2 and Bcl-X, while shikonin had little effect on the levels of Bax protein. Taken
together, we suggested that shikonin-induced apoptosis is triggered by the release of cytochrome ¢
into cytosol, procaspase-9 processing, activation of caspase-3, degradation of PARP, and DNA
fragmentation caused by the caspase-activated deoxyribonuclease through the digestion of DFF-45.
The induction of apoptosis by shikonin may provide a pivotal mechanism for its cancer chemopre-
ventive action.
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INTRODUCTION

Epidemiological studies have provided convincing evidence
that dietary factors can modify the processes of carcinogenesis,
including initiation, promotion, and progression of several types
of human cancer (1). The occurrence of gastrointestinal (GI)
cancers has increased strikingly during the past decade. For
instance, colorectal cancer is the second leading cause of cancelf
mortality in Western societie®) and one of the world’s most  large number of natural products and dietary components have
common malignancies3( 4). Therefore, fighting against GI  been evaluated as potential chemopreventive agents (5). Me-
cancer is an important global issue. During the past decade, adicinal plants have been used as traditional remedies for

hundreds of years. Shikonin (Figure 1), a pigment originally
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modulated cell proliferation1). Although a broad range of Cell Survival Assay. Cell viability was assayed by 3-(4,5-dimeth-

biological and pharmacological activities of shikonin have been Yithiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT). Briefly, COLO

reported, the mechanism(s) by which shikonin induces apoptosis205 cells were plated at a density ofx1 10° cells/mL into 24-well

is not yet known. plates. Aftgr overnlght grow‘[h, cells were pretreated ywth a series of
Apoptosis, a morphologically distinct form of programmed concentrations of shikonin for 12 h. The final concentrations of dimethyl

cell death. is an evolutionary highly conserved phenomenon thatsulfoxide in the culture medium were0.1%. At the end of treatment,
! y highly P 30uL of MTT was added, and cells were incubated for a further 4 h.

plays an important role in Fhe_ regulation of C?”u'ar activities g viability was obtained by scanning with an ELISA reader with a
in eukaryotes 13). Apoptosis is also a gene-directed form of 570 nm filter.

cell death with well-characterized morphological and biochemi-  pNA Extraction and Electrophoresis Analysis.COLO 205 human

cal features¥4). Initiation of apoptosis appears to be a common cancer cells were harvested, washed with PBS, and then lysed with
mechanism of many cytotoxic agents used in chemotherapy. A digestion buffer containing 0.5% sarkosyl, 0.5 mg/mL proteinase K,
family of cytosolic proteases, the caspases, stored in most cells50 mM tris(hydroxymethyl)aminomethane (pH 8.0), and 10 mM EDTA
as zymogens, plays an essential role in the execution ofat56°C overnight and were treated with RNase A (@g/mL) for 3
apoptosis. Proteolytic cleavage activates the initiating zymogen, h at 56 T. The DNA was extracted by phenol/chloroform/isoamyl
which in turn triggers sequential proteolytic activation of each (25/24/1) before loading and was analyzed by 2% agarose gel

. . : sdel electrophoresis. The agarose gels were run at 50 V for 120 min in Tris-
succt:esswe _proc?ﬁ pasein th? a popt05|ts (t:_asft Ild (7)&1— hgre . borate/EDTA electrophoresis buffer (TBE). Approximately:@0DNA
are two main pathways Invoiving apoptolic cell aeatn. LUne IS a5 paded in each well and visualized under UV light and photo-
the interaction of the cell surface receptor, such as Fas, TNFR, graphed (26).

DR3, DR4, and DR518), with their ligands, and the second Flow Cytometry. COLO 205 cells (2x 10°) were cultured in 60-
pathway involved the participation of mitochondria. The mito-  mm Petri dishes and incubated for 12 h. The cells were then harvested,
chondrial pathway was regulated by the Bcl-2 family proteins, washed with PBS, resuspended in 2d0 of PBS, and fixed in 800
including anti-apoptoic proteins such as Bcl-2 and Bglaxd uL of iced 100% ethanol at20 °C. After being left to stand overnight,
pro-apoptotic proteins such as Bax, Bad, Bak, and Bi@).( the cell pellets were collected by centrifugation, resuspended in 1 mL
Specifically, damage to mitochondria results in the release of of hypotenic buffer (0.5% Triton X-100 in PBS and Q:§/mL RNase),
cytochromec, which together with Apaf-1 (apoptotic protease and |_ncubated at 37C for 30 min. Next, 1_ mL of propidium iodide
activating factor-1) and dATP lead to the recruitment and acti- solution (50g/mL) was added, and the mixture was allowed to stand
vation of pro-caspase-20, 21). Apaf-1 was the first identified on ice for 30 min. Fluorescence emitted from the propidium iodide

. DNA complex was quantitated after excitation of the fluorescent dye
mammalian homologue of Ced-4 that couples cytochrorte by FACScan cytometry (Becton Dickinson, San Jose, CA).

activation of caspase—Q(Q). Most eViqence Su99e3t§ thqt each DHE Staining. Cells were incubated with 28M DHE in tissue

cell type has a set point for the ratio of Bcl-2 family dimers, cyiture medium for 45 min at 37C and then washed, resuspended as
such as levels of Bcl-2 to Bax, which gauges the sensitivity of 1 x 108/mL in PBS, and submitted to flow analysis.

a cell toward survival or apoptosis. In many cells, survival or  Analysis of Mitochondrial Transmembrane Potential. The change
death depends on the altered expression level of death inhibitorof the mitochondrial transmembrane potential was monitored by flow
to death promoter, respectively. Furthermore, it appears that acytometry. Briefly, COLO 205 cells were exposed to shikonin 410

range of molecular affinities exist which control the interactions for 1 h, and the mitochondrial transmembrane potential was measured
between family members, such as Bcl-2 (or Bgl¥or Bax to directly using 40 nM 3,3dihexyloxacarbocyanine [DIOC6(3)] (Mo- .
promote cell survival or Bax homodimer formation to promote lecular Probes, Eugene, OR). Fluorescence was measured after staining

cell death (2223). Current evidence suggests that Bcl-2 acts of the cells for 15 min at 37C. Histograms were analyzed using Cell
upstream of casp.se-3 activation, at the level of cytochrome Quest software and were compared with histograms of control untreated

cells.

release, to prevent apoptosB4. It has been shovv_n that the Western Blotting. The nuclear and cytosolic proteins were isolated
Bcl-2 and Bel-X. of mammals can be converted into potent fom cOLO 205 cells after treatment with 2 or 20 uM for 0, 2,
proapoptotic molecules when they are cleaved by caspases and, 6, 8, 10, and 12 h. The total proteins were extracted via addition of
result in accelerating cell apoptosis (28). 200 uL of gold lysis buffer (50 mM Tris-HCI, pH 7.4; 1 mM NaF;

In this study, we first examined the antiproliferative effects 150 mM NaCl; 1 mM EGTA; 1 mM phenylmethanesulfonyl fluoride;
of shikonin on human colorectal carcinoma cells. Our results 1% NP-40; and 1Qg/mL leupeptin) to the cell pellets on ice for 30
clearly demonstrate that shikonin can induce apoptosis in a dose-in, followed by centrifugation at 10 000fgr 30 min at 4°C. The
dependent manner in COLO 205 cells. We further evaluated cytosolic fraction (supernatant) proteins were measured by Bio-Rad
the molecular mechanisms of apoptotic effects induced by Protein Assay (Bio-Rad Laboratories, Munich, Germany). The samples

. . . . . . .7 (50 ug of protein) were mixed with 5>sample buffer containing 0.3
shikonin. To elucidate the anticancer mechanism of shikonin, &= '~ (pH 6.8), 25% 2-mercaptoethanol, 12% sodium dodecyl

we 'nveSt'_gateq the_' c_hange of the BC_I'Z_ protein family and sulfate (SDS), 25 mM EDTA, 20% glycerol, and 0.1% bromophenol
caspases in shikonin-induced apoptosis in human COLO 205y, The mixtures were boiled at 160 for 5 min and were subjected
cancer cells. to 12% SDS-polyacrylamide minigels at a constant current of 20 mA.
Electrophoresis was ordinarily carried out on SDS-polyacrylamide gels.
MATERIALS AND METHODS Following electrophoresis, proteins on the gel were electrotransferred
Cell Culture and Chemicals.The cell lines COLO 205 (CCL-222; onto an immobile membrane (PVDF; Millipore Corp., Bedford, MA)
American Type Culture Collection) were developed from a poorly with transfer buffer composed of 25 mM Tris-HCI (pH 8.9), 192 mM
differentiated human colon adenocarcinoma. HT-29 (HTB-38; American glycine, and 20% methanol. The membranes were blocked with
Type Culture Collection [ATCC], Rockville, MD) was isolated from  blocking solution containing 20 mM Tris-HCI, and then immunoblotted
moderately well-differentiated grade Il human colon adenocarcinoma. with primary antibodies including anti-Bcl-2, anti-Bclpanti-Bad, anti-
HL-60 was developed from human myeloid leukemia cells. Cell lines Bax, antie-tubulin (Santa Cruz Biotech.), anti-PARP (UBI, Inc., Lake
were maintained in RPMI-1640 supplemented with 10% heat- Placid, NY), anti-p21 (Transduction Laboratory, Lexington, KY), and
inactivated fetal bovine serum (GIBCO BRL, Grand Island, NY), 100 anti-DFF45/inhibitor of caspase activated DNase (ICAD) antibody
units/mL of penicillin, 10Q«g/mL of streptomycin), 2 mM-glutamine (MBL, Naka-Ku, Nagoya, Japan) at room temperature for 1 h. Detection
(GIBCO BRL, Grand Island, NY), and were kept at 3T in a was achieved by measuring the chemiluminescence of blotting agent
humidified 5% CQ incubator. Shikonin was purchased form Calbio- (ECL, Amersham Corp., Arlington Heights, IL), after exposure of the
chem (La Jolla, CA), and its purity was97%. filters to Kodak X-Omat films. The mitochondria and cytosolic fractions



6332 J. Agric. Food Chem., Vol. 52, No. 20, 2004
120
100 —e— colon 205
—o— HT-29
:\:; 80 4 —v— HL-60
2
S 80 -
8
s
T 401
%]
20 -
0

15 20 25 30 35

Concentration {(uM)

Figure 2. Effects of shikonin on the cell viability. HL-60, COLO 205, and
HT-29 cells were treated with shikonin at different concentrations for 12
h. Cells were treated with 0.1% DMSO as vehicle control. Viability of the
cells was then determined by MTT assay, as described in the Materials
and Methods. Data were represented as means + SE for three
determinations.

isolated from cells were used for immunoblot analysis of cytochrome

c as described. The cytochrorogrotein was detected by using anti-
cytochromec antibody (Research Diagnostic Inc., Flanders, NJ).
Activity of Caspase. Cells were collected and washed with PBS
and suspended in 25 mM HEPES (pH 7.5), 5 mM MgCl, 5 mM EDTA,
5 mM dithiothione, 2 mM phenylmethanesulfonyl fluoride, A@/mL
pepstatin A, and 1@g/mL leupeptin after treatment. Cell lysates were
clarified by centrifugation at 12 000fpr 20 min at 4°C. Caspase

Figure 3. Morphological changes of COLO 205 cells induced by 10 M
shikonin. The morphological changes of COLO 205 cells were detected
by light microscopic observation. (A) 0 h; (B) 2 h; (C) 4 h; (D) 6 h; (E)
8 h; (F) 12 h (100x original magnification).

body formation. To determine whether the inhibition of cell
growth by shikonin resulted from the induction of apoptosis,
DNA fragmentation, a hallmark of apoptosis, was demonstrated
by incubating COLO 205 cells with different concentrations of
shikonin for 12 h Figure 4); the genomic DNA from cells was

activity in the supernatant was determined by a fluorogenic assay sypjected to agarose gel electrophoresis. A clear DNA frag-

(Promeaga’s CaspACE Assay System Corp., Madison, WI). Briefly,
50 ug of total protein, as determined by Bio-Rad Protein Assay (Bio-
Rad Laboratories, Munich, Germany), was incubated withu50
substrate Ac-Try-Val-Ala-Asp-AMC (Ac-YVAD) (caspase-1 specific
substrate), Ac-Asp-Glu-Val-Asp-AMC (Ac-DEVD-AMC) (caspase-3
specific substrate), Ac-lle-Glu-Thr-Asp-AMC (Ac-IETD-AMC)
(caspase-8 specific substrate), or Ac-Leu-Glu-His-Asp-AMC (Ac-
LEHD-AMC) (caspase-9 specific substrate) at’80for 1 h. The release

of methylcoumaryl-7amine (AMC) was measured by excitation at 360

mentation ladder was found in ethidium-stained gels, avb
shikonin treatment, and this DNA fragmentation response was
dose-dependent. When cells were treated with0shikonin,
DNA ladders were just visible 8 h after treatmehRigure 4B).

A sub-G1 (sub-2N) DNA peak, which has been suggested to
be the apoptotic DNAZ7), was detected in cells that were
treated with shikonin (1uM), washed, and stained with
propidium iodide. As shown ifrigure 5, the percentages of

and emission at 460 nm using a fluorescence spectrophotometerapoptotic COLO 205 cells (right column) were gradually

(HITACHI, F2000).

RESULTS

Treatment with Shikonin Causes Dose-Dependent Reduc-
tion in Cell Viability. We first investigated the effect of
shikonin on cell viability; human colorectal carcinoma cell lines
COLO 205 or HT 29 and human leukemia cell line HL-60 were
treated with different concentrations of shikonin. After 12 h of

increased after 0, 6, 8, 10, and 12 h of incubation with shikonin
as compared to untreated cells (0.05% DMSO, left column).
The percentages of apoptotic COLO 205 cells were 7.42%,
13.54%, 22.02%, 31.15%, and 57.93%, respectively, after
incubation with shikonin (1@M). The percentages of apoptotic
COLO 205 cells were 5.04%, 9.45%, 6.28%, 6.02%, and 7.74%
without shikonin (control), respectively. The peak of apoptosis
did not appear until afte8 h of incubation with shikonin, and

treatment’ the number of live cells was determined by meansthis tlmlng is consistent with the appearance of the DNA ladder.

of the MTT test. As shown ifrigure 2, shikonin appeared to
be more potent inhibitor of COLO 205 cell viability with an
ICs0 of 4.3 uM, and inhibition of the cell viability was found

Taken together, these results indicated that shikonin induced
typical apoptosis in COLO 205 cells.

Disruption of Mitochondrial Membrane Potential and

to be dose-dependent. However, HL-60 and HT-29 cells were ROS Generation in Shikonin-Induced Apoptosis.The alter-

more resistant to shikonin; the 4¢values were 5.5 and 14.8
uM, respectively. The morphological changes in COLO 205
cells treated with 1&M shikonin in this study are illustrated
in Figure 3. The cells shrunk during the time period from 4 to
12 h, further confirming the occurrence of cell death after
shikonin treatment.
Shikonin Induced DNA Fragmentation of COLO 205

Cells. Physiological cell death is characterized by apoptotic

ation of mitochondrial function is linked to apoptosis, and a
decreasing mitochondrial transmembrane potentidlin) is
associated with mitochondrial dysfunctio?8]. Thus, we next
evaluated the change afm in shikonin-induced apoptosis.
We measured\Wm using the fluorescent probe [DIOC6(3)]
fluorescence and monitored it using flow cytometry. As shown
in Figure 6A, COLO 205 cells were treated with LM of
shikonin for 1 h and exposed to [DIOC6(3)] and displayed that

morphology, including chromatin condensation, membrance a reduction irAWm was detected at 30 min and clearly changed
blebbing, internucleosome degradation of DNA, and apoptotic in [DIOC6(3)] fluorescence (the means of fluorescent intensity
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Figure 4. Effect of shikonin on DNA fragmentation of COLO 205 cells. §8 '

Induction of DNA fragmentation in COLO 205 cells by shikonin. (A) Treated €

with the shikonin of different concentrations for 12 h. (B) Time-dependent
increasing dose of fragmentation ladders induced by 10 uM shikonin.
Agarose gel analysis of DNA fragmentation was performed.

157.93% 12hr
| o

8]
were shifted from 30.28 to 120.08 as compared to control cells, 53'._,.____._{
respectively). 23

Furthermore, we studied the loss of mitochondrial transmem- 23
brane potential resulting in the generation of ROS by assessing =
ROS generation using the fluorescent probe DHE, which is e e et 00 g0l et
oxidized in the presence of superoxide;(Pto fluorescent DNA content

products (29), and by monitoring via flow cytometry. COLO  figyre 5. Determination of sub-G1 cells in control and shikonin-treated
205 cells were treated with 1M shikonin for 1 h, followed COLO 205 cells by flow cytometry. COLO 205 cells were treated with 10
by addition of 20uM HE into the medium for a further 0.5 h 1 ahikonin or with 0.05% DMSO as vehicle contral for 0, 6, 8, 10, and
(Figure 6B). An increase of intracellular peroxide levels by 10 15, “an4 the ratio of sub-G1 cells in shikonin-treated COLO 205 cells
#M shikonin was detec_ted for_ 1 h and clearly increases the meanas analyzed by flow cytometry. The method of flow cytometry used is
of DHE fluores_cenqe intensity fro”.‘ 1.21'45 (MC, Co_ntrol) 0 gescribed under Materials and Methods. AP (apoptotic peak) represents
i:%?)ls(l\rﬂniséhsthlpklgglrg.rglr:eesai iitae'gﬁ;cﬁigiggtrtir:]es'?]?igmﬁmapoptotic cells with a lower DNA content. The data presented are
induced apoptosis. These findings point to an effect of shikonin representaiive of three independent experiments.
on mitochondrial function and accumulation of ROS. These result of loss of cytoplasm by acute necrotic cell lysis. Further
features are cues for the induction of apoptosis. treatment of COLO 205 cells with 16M shikonin caused a
Shikonin Induction of Cytochrome c Release and Caspase-9  clear increase of cytochroneanto cytosol at 2 h. Furthermore,
Activation. Disruption of mitochondrial membrane potential we demonstrated whether the cytochromeslease resulting
(AWm) results from opening of permeability transition pores, from shikonin treatment would subsequently result in the cleav-
causing a local disruption of the outer mitochondrial membrane, age and activation of caspase-9; the cleavage of pro-caspase-9
and leads to the release of soluble intermembrane proteinswas detected at different concentrations of shikonin for 12 h
including cytochromee, and the cytochromerelease contrib- (Figure 7C). A dose-dependent proteolytic cleavage of pro-
utes to the activation of caspase-9 and subsequently causesaspase-9, with an increase of the cleaved fragment, was
apoptosis (19). To determine whether the reductiodMdfm associated with the activity of caspase-9. Consistent with the
induced by shikonin could cause the release of cytochrome timing of the cytochrome release, the cleavage of pro-casp-
we next evaluated the effect of shikonin on the mitochondrial ase-9 sequentially occurred in COLO 205 cells exposed in a
cytochromec release into the cytosol. Treatment of COLO 205 time-course-dependent mannEigure 7D). These observations
cells was performed with different concentrations of shikonin suggested that an apoptosis-inducing mechanism via mitochon-
for 12 h. As shown irFigure 7A, the release of cytochronee dria triggered by shikonin operates in COLO 205 cell lines.
into cytosol by shikonin was highly significant and dose- Shikonin Stimulated Caspase-3 Activity in a Dose- and
dependent. However, the level of cytochromim cytosol de- Time-Dependent Manner.Because activation of caspase-9 is
clined in 10uM shikonin-treated cells for 12 h, possibly as a necessary for the processing and activation of caspase cascades,

108108
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Figure 7. Induction of cytochrome c release and caspase 9 activation in
shikonin induced apoptosis. (A) Cytochrome ¢ was released from
mitochondria into the cytosol. COLO 205 cells were treated with different
concentrations of shikonin for 12 h and (B) 10 «M shikonin for different
time periods or treated with 0.05% DMSO as vehicle control, and
cytochrome ¢ was detected by cytochrome c¢ antibody. (C) Caspase-9
processing was induced by shikonin. (D) Caspase-9 activity was induced
by 10 uM shikonin for 12 h, and detected as described under Materials

we next evaluated whether the processing and activation of and Methods. This experiment was repeated three times with similar

caspase-3, which was considered to play a central role in resuls.

many types of stimuli-induced apoptosis (130, 31), was A)

associated with the activation of caspase-9 in shikonin- shikonin(12h)

induced apoptosis. We used a fluorogenic peptide substrate, Ac- 0 1 2 5 10 20 (uM)

DEVD-AMC, specific for caspase-3. As shown figure 8A, P Esse —  ——Pro-Caspase 3

caspase-3 was dose-dependently activated by shikonin, and the -

activity of caspase-3 could be seen at 8 h after the addition of

shikonin. ®)
Treatment with Shikonin Caused Degradation of PARP,

an Endogenous Substrate of Caspase-3, and Cleavage of

DFF-45, an Inhibitor of Endonuclease Activation of caspase-3

leads to the cleavage of a number of proteins, one of which is

poly-(ADP-ribose) polymerase (PARP). The cleavage of PARP

is the hallmark of apoptosis. PARP (116 kDa) is cleaved to

produce an 85-KDa fragmentation during apopto8i8)( As

was already described, ICAD is a mouse homologue of human

DFF-45, caspase-3 cleaves DFF-45, and, once caspase-activated

deoxyribonuclease (CAD) is released, it can enter the nucleus, "0 2 4 6 8 10 12

where it degrades chromosomal DNA to produce interchromo- Time (hr)

somal DNA fragmentation33, 34). We examined the cleavage figyre 8. Cleavage and activation of caspase-3 during shikonin-induced

of PARP and DFF-45 following the activation of caspase-3; apoptosis. (A) Cleavage of caspase-3 and (B) kinetics of caspase-3

COLO 205 cells were treated with various concentrations of acivation. COLO 205 cells were treated with 10 M shikonin for different

shikonin for 12 h. Western blotting analysis showed that {ime neriods or treated with 0.05% DMSO as vehicle control. Westem

shikonin caused a dose-dependent proteolytic cleavage of PARPy ot daia presented are representative of those obtained in at least three

with accumulation of 85-kDa species and concomitant disap- genarate experiments. Caspase activities were analyzed as described

pearance of the full-size 116-kDa proteffiqure 9A). Higher under Materials and Methods. This experiment was repeated three times
shikonin concentrations yielded apparently the disappearancew similar results.

of PARP, possibly as a result of loss of cytoplasm by acute

necrotic cell lysis. As shown iRigure 9B and9C, the cleavage our results suggested that the mechanism by which shikonin
of DFF-45 triggered by shikonin progressively increases in a induced apoptosis involved the dissipationAd¥m, resulting
dose- and time-dependent manner. These data are consistenh cytochromec release from mitochondria and subsequently
with DNA fragmentation and caspase-3 activity. Taken together, activating the caspase cascades.

species (ROS) generation in COLO 205 by 10 «M shikonin. (A) Cells
were treated with 10 xM shikonin for 1 h and incubation with 40 nM
3,3'-dihexyloxacarbocyanine and analyzed by flow cytometry. (B) COLO
205 cells were treated with shikonin (10 «M) for 1 h and with 20 uM
DHE; the fluorescence in the cells was immediately assayed using flow
cytometry. MC, control; MS, shikonin. The number represented the mean
of relative fluorescent intensity. The data presented are representative of
three independent experiments.
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Figure 9. Cleavage of PARP and DFF-45 during shikonin-induced
apoptosis. (A) Dose-dependent increases in the cleavage of PARP by
shikonin. (B) COLO 205 cells treated with increasing doses of shikonin
for 12 h and (C) time-dependent cleavage of DFF-45 by shikonin. Cells
were treated as indicated and by western blotting as described under
Materials and Methods. This experiment was repeated three times with
similar results.
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Figure 10. Western blot analysis for the expression of Bcl-2 protein family,
p27, and p53 in shikonin-treated COLO 205 cells. Cells from each time
point following 10 «M shikonin treatment were analyzed. (A) Expression
of Bel-2, Bel-X,, Bax, and Bad, respectively. (B) Dose-dependent increases
in the cleavage of Bcl-X, by shikonin. (C) Expression of p27 and p53.
Western blotting analysis using specific antibodies against Bcl-2, Bcl-X,
Bax, Bad, p27, and p53, respectively. This experiment was repeated three
times with similar results.

Effect of Shikonin on the Expression of Bcl-2 Family, p27/

Kip, and p53 Proteins in COLO 205 Cells. Several gene
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the Bad protein began to increase aftdn ofincubation Figure

10A, lower panel). There was a slight increase of Bax expression
(Figure 10A, middle panel) after shikonin treatment in COLO
205 cells. Previous studies demonstrated that the p27/Kipl
protein plays an important role in human cancer cell apoptosis
induced by various stimuli3b, 36). As shown inFigure 10C,
shikonin markedly up-regulated the level of p27/Kipl at 4 h
after shikonin-treatment. Previous studies demonstrated that p53
protein is a potent transcription factor, activated and accumulated
in response to DNA-damaging agen®s), leading to cell cycle
arrest or apoptosis (389). In our results irFigure 10B, the

p53 protein level was elevated significantly at 2 h aftep0
shikonin treatment in COLO 205 cells. Such results implied
that the p27/Kip and p53 might be playing some important roles
in shikonin-induced apoptosis observed in the COLO 205 cells.

DISCUSSION

Shikonin, a red naphthoquinone derivative, found in most of
the traditional medicinal plants of the Boraginaceae family, is
the active principle of the medicinal plarntithospermum
erythrorhizon(40). Our recent report demonstrated that garcinol
more strongly induced apoptosis than curcumin in the HL-60
cells (26). Shikonin is structurally related to garcinol, which
contains both g-diketone moiety and a prenyl moiety. The
prenylated flavonois have been reported to be potential natural
medicines 41—43). Shikonin has been reported to exhibit many
biological effects including anticancer activity)( Yet their
anticancer mechanism is still elusive. In this study, we clarified
the molecular mechanism by which shikonin triggered human
colorectal carcinoma COLO 205 cells undergoing apoptosis. The
present results demonstrate for the first time that shikonin can
induce apoptosis in human colorectal carcinoma cells. The
induction of apoptosis occurred within several hours, consistent
with the view that shikonin induces apoptosis by activating the
pre-existing apoptosis machinery. Indeed, treatment with shkonin
caused an induction of caspase-3 activity and degradation of
PARP and DFF-45, which precedes onset of apoptosis. Many
lines of evidence demonstrated that activation of caspase is a
central mechanism of apoptosis, and caspases are considered
to be the “executioners” of cell death4). Through these do-
mains, the caspases interact with adaptor proteins that recruit
them to specific “death complexes”. In mammals, the death com-
plexes include the Apaf-1/caspase-9 apoptosome and the FADD/
caspase-8 death-inducing signaling complex (DISC). The apo-
ptosome and DISC are thought to account for most caspase-
dependent apoptosis. The upstream signaling pathways leading
to assembly of the death complex are often called the mito-
chondrial (intrinsic) and receptor (extrinsic) pathways of apo-
ptosis (45). However, we were unable to detect significant
changes in the activities of caspase-1 and caspase-8 (data not
shown) during shikonin treatment. This raises the possibility
that factors or proteases other than caspase-1 and caspase-8 are
involved in the activation of caspase-3. Caspase-3 is activated
by two sequential proteolytic events that cleaved a 32-kDa pre-

products are known to be important in controlling the apoptotic cursor at aspartic acid residues to generate an active heterodimer
process. The imbalance of expression of anti- and pro-apoptoticof 20- and 12-kDa subunitt). In fact, in vitro studies have
proteins after the stimulus is one of the major mechanisms previously identified Apafl, cytochrome, and caspase-9 as
underlying the ultimate fate of cells in apoptotic process. To participants in a complex important for caspase-3 activation.
determine if shikonin has an effect on the expression levels of In vitro depletion of caspase-9 from cytosolic fractions resulted
these gene products, a similar time-course experiment wasin the failure of caspase-3 activatioddj. Taken together, these
performed and cellular lysates were analyzed by western data suggest a linear and specific activation cascade between

blotting. As shown irFigure 10A, exposure of COLO 205 cells
to 10 um shikonin resulted in down-regulation of Bcl-2 and
Bcl-X. (Figure 10A, upper panel), and BcliXwas cleaved to

produce two small-size fragmentBigure 10B). In contrast,

caspase-9 and caspase-3 in response to cytochcamlease
from mitochondria. Release of cytochrom&om the mitochon-
dria has been shown to be an almost universal phenomenon
during apoptosis, although it is unclear whether the cytochrome
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c-mediated caspase cascade is triggered only by a few apoptotiagelease of mitochondrial cytochroneinto the cytosol and
stimuli, or serves as a general amplification mechanism to accel-correlated ROS generation after shikonin treatment. It also
erate cell death4(7). In this study, we found that shikonin induces procaspase-9 processing, activates caspase-3, and
induced the release of cytochroneeand the activation of produces the cleavage of PARP and DFF-45 and activation of

caspase-9. endonuclease. Therefore, we speculate that the induction of
Recent studies have suggested that mitochondria play aapoptosis observed in this study may provide a distinct
pivotal role in apoptosis triggered by many stimuig( 49). mechanism for the chemopreventive function of shikonin.

Herein, we demonstrated that shikonin could disrupt the function

of mitochondria at the early stage of apoptosis and subsequentlyABBREVIATIONS USED

coordinate caspase act|vat|on.through the release of cytochrome DFF, DNA fragmentation factor; PARP, poly(ADP-ribose)
c. COLO 205 cells showed increased ROS production after polymerase; Apaf-1, apoptotic protease activating factor-1;

shikonin treatment (Figure 6). This sequence suggested acAp, inhibitor of caspase-3-activated DNase DHE, dihydro-
possible role of ROS as mediator of the apoptotic response t0,hidium: ROS. reactive oxygen species.

shikonin. The increase in ROS was probably due to the affected
mitochondria cycling dioxygen through the electron transport | |\TERATURE CITED
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