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Abstract. Apoptosis is a process that leads to programmed
cell death and also a therapeutic target of cancer. In this
study, potential apoptotic effects of shikonin on human
bladder cancer cells (T24) in vitro were evaluated. Apoptosis
induction, cell viability and morphological changes were
investigated and caspase-3 and -9 activity was determined by
flow cytometric assay and reverse transcription-polymerase
chain reaction. The results showed marked differences in
GO0/G1 cell cycle arrest and cell death of the T24 cells
between shikonin treated and untreated groups. Within 72
hours of treatment, shikonin influenced the cyclin dependent
kinase (CDK) and cyclin activity by increasing p21 and
decreasing cyclin E, CDK2 and CDK4 protein levels. A
marked increase was found in apoptosis induction when the
T24 cells were treated with shikonin compared to the
untreated group, also confirmed by flow cytometry assay.
Shikonin also promoted caspase-3 activity, which led to the
induction of caspase-activated DNase (CAD) and cleavage
poly(ADP-ribose)polymerase. Furthermore, the shikonin-
induced apoptosis of the T24 cells was markedly blocked by
the broad-spectrum caspase inhibitor, z-VAD-fmk. Shikonin
may be a potential agent for the treatment of bladder
transitional cell carcinoma since it induces apoptosis
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through the activation of caspase-3 activity in T24 human
bladder cancer cells.

The "People Health Bureau of Taiwan" has reported that
about 3.47 persons per 100,000 people die per year of bladder
cancer. Currently therapeutic approaches for human bladder
cancer include radiotherapy, chemotherapy and surgery.
However, the conventional strategies for treatment of human
bladder cancer are not yet satisfactory. Many compounds
purified from plants have revealed anticancer activity. It is well
known that chemotherapeutic agents, such as taxol (1) and
camptothecin (2) can induce cancer cells to differentiate and
undergo apoptosis. Some anticancer drugs are known to
induce apoptosis via the inhibition of topoisomerase II (2-5).
Apoptosis is characterized by shrinkage of the cell, DNA
fragmentation, fragmentation into membrane-bound
apoptotic bodies and rapid phagocytosis by neighbouring cells
(6). Shikonin has been isolated from the root of Lithospermum
erythrorhizon and others, and has shown anti-inflammatory
activity (7) and inhibition of leukotriene B4 biosynthesis
activity (8). Shikonin has been reported as a new potent
inhibitor of topoisomerase I (9) and as an inhibitor of
proliferation and migration of endothelial cells in culture and
network formation by endothelial cells on Matrigel in vitro
(10). It has also been demonstrated that shikonin induced
apoptosis in the HL-60 human premyelocytic leukemia cell
line (11) and that it is a novel inhibitor of cyclooxygenase-2
transcription (12). Gaddipati et al. (13) demonstrated the
inhibitory effect of shikonin on cellular growth and insulin-like
growth factors, especially in PC-3 cells and suggested potential
for the treatment of prostate cancer. However, no information
is currently available on the effects of shikonin on human
bladder cancer cells. Thus, the present study was performed
to determine whether or not shikonin could induce apoptosis
and cell cycle arrest in human bladder cancer T24 cells.
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Materials and Methods

Chemicals and reagents. Shikonin was obtained from Ichimaru
Pharcos Co. Ltd. (Japan). Trypan blue, Tris-HCI, triton X-100,
propidium iodide (PI), ribonuclease-A were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Dimethyl sulfoxide
(DMSO), potassium phosphates, and TE buffer were purchased
from Merck Co. (Darmstadt, Germany). McCoy’s 5a medium,
fetal bovine serum (FBS), penicillin-streptomycin, trypsin-EDTA
and glutamine were obtained from Gibco BRL (Grand Island,
NY, USA). The Caspase-3 Assay Kit was bought from Boehringer
Mannheim (Mannhein, Germany). The quality of all chemicals
was reagent grade.

Human bladder cancer cell line (T24). The human bladder cancer
cell line (T24) was obtained from the Food Industry Research
and Development Institute (Hsinchu, Taiwan). The cells were
placed into 75-cm? tissue culture flasks and grown at 37°C under
humidified 5% CO, and 95% air at one atmosphere in McCoy’s
5a medium supplemented with 10% FBS, 1% penicillin-
streptomycin (10,000 U/ml penicillin and 10 mg/ml streptomycin)
and 1% glutamine.

Cell viability determination. The cells were plated in 12 well plates at
a density of 5x105 cells/well and grown for 24 h. Different
concentrations of shikonin were then added, while only DMSO
(solvent) was added for the control regimen and grown at 37°C,
5% CO, and 95% air for different periods of time. For determining
cell viability, the trypan blue exclusion protocol was used. Briefly,
about 10 ul of cell suspension in PBS was mixed with 40 pl of
trypan blue, and the number of stained (dead) and unstained (live)
cells were counted using a hemocytometer (14).

Cell morphology. The cells (T24) were plated in 12 well plates at a
density of 1x105 cells/well and grown for 24 h. Different
concentrations of shikonin were added and they were grown at
37°C in a humidified 5% CO, 95% air for 24 h. For the cell
morphology experiment, the culture plates were examined under a
phase contrast microscope and photographed.

Flow cytometry analysis. To estimate the proportion of the T24
cells in different phases of the cell cycle and the apoptotic effect
of shikonin, the cell DNA contents were measured using flow
cytometry as described by Ormerod (15-16). About 5x10°
cells/well in 6-well plates with (0-16 uM) shikonin were incubated
for different time periods, and then the cells were harvested by
centrifugation. The cells were fixed gently (drop by drop) with
70% ethanol (in PBS) in ice overnight and were then
resuspended in PBS containing 40 pg/ml PI and 0.1 mg/ml RNase
(Sigma). After 30 minutes at 37°C, the cells were analyzed with
a flow-cytometer (Becton-Dickinson, San Jose, CA, USA)
equipped with an argonion laser at 488 nm wave-length and the
cell cycle was determined.

Poly(ADP-ribose)polymerase (PARP) monoclonal antibody assay.
The cells were plated in 12 well plates at a density of 5x10°
cells/well and grown for 24 h. Then various concentrations of
shikonin were added, while only DMSO (solvent) was added for
the control regimen, and the cells were grown at 37°C in a
humidified 5% CO, for 12 h. The PARP monoclonal antibody
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assay (Alexis, San Diego, CA, USA) was applied. After
centrifugation, the medium was discarded and the cells were
washed twice with PBS. The supernatant was removed and the cells
were resuspended in the remaining 100-200 pl PBS and then
transferred to 96 well dishes. Subsequently the dishes were
centrifuged at 1500 rpm for 4 minutes at 4°C, and the supernatant
was removed and the cells were fixed in 100 ul of 3.7%
formaldehyde at 4°C for 15 minutes. They were washed again with
PBS, and centrifuged to remove the supernatant and 100 ul of
0.2% NP-40 were added for 15 minutes. After centrifugation to
remove the supernatant, PBS with 5% of non-fat milk
formaldehyde containing 1% PARP monoclonal antibody was
added and the cells were left at 4°C overnight. Finally the
supernatant was removed. Fifty ul 1% FITC-conjugated goat anti-
mouse IgG antibody (secondary antibody) was added for 30
minutes in the dark and following washing with PBS the cells were
observed under a fluorescence microscope and photographed.

Caspase-3 activity determination. About 5x10° cells (T24) were lysed
in lysis buffer (1% Triton X-100, 0.32 M sucrose, 5 mM EDTA, 10
mM Tris-HCI, pH 8.0, 2 mM dithiothreitol, 1 mM PMSF, 1 pg/ml
aprotinin, 1 mg/ml leupeptin) for 30 minutes at 4°C followed by
centrifugation at 10,000 xg for 30 minutes. For caspase-3 activity
determination, 50 ul caspase-3 specific reaction mixture was used.
The substrate peptide (200 uM) was incubated at 37°C with
cytosolic extracts (15 ug of total protein) from T24 cells after
incubation with or without shikonin in reaction buffer (100 mM
HEPES, 10% sucrose, 10 mM DTT, 0.1% 3-[3-chloamidopropyl]
dimethylammonio)  1-propanesulfonate. Fluorescence  was
determined after 2 h (excitation wavelength, 400 nm; emission
wavelength, 505 nm) with a fluorescence plate reader (Fluoroskan
Ascent, Labsystems).

Inhibition of shikonin-induced apoptosis by the caspase inhibitor (z-
VAD-fmk). The T24 cells were pretreated with the cell permeable
broad-spectrum caspase inhibitor z-VAD-fmk 3 hours prior to
treatment with shikonin. Then apoptosis and caspase activity were
determined as described above.

Reverse transcriptase-polymerase chain reaction (RT-PCR). The total
RNA was extracted from the T24 cells using a Qiagen RNeasy Mini
Kit, as described previously (17), 24 h after cotreatment with or
without different concentrations of shikonin. Total RNA (1.5 ug),
0.5 ug of oligo-dT primer and DEPC (diethyl pyrocarbonate) treated
water were combined into a micro-centrifuge tube to a final volume
of 12.5 ul. The entire mixture was heated at 70°C for 10 minutes and
chilled on ice for at least 1 minute. The subsequent procedures for
conducting reverse transcription were exactly the same as those in
the instruction manual (First-strand cDNA synthesis kit, Novagen).
The reverse transcription products from total RNA served as a
template for PCR. When amplifying target cDNA, components in
50 ul of solution were as follows: 1.5 mM MgCl,, 0.2 mM dNTP mix,
20 pmoles of each primer, cDNA template corresponding to the
amount synthesized from 50 ng of total RNA and 2 units of
DyNAzyme DNA polymerase. The sequence of primers was as
follows: caspase-3: GAATACCCTGGACAACA-3’ and ACGCC
ATGTCATCATCAA; caspase-9: GCCATGGACGAAGCGGAT
CGGCGG and GGCCTGGATGAAGAAGAGCTTGGG; B-actin
GCTCGTCGTCGACAACGGCTC and CAAACATGATCTGGG
TCATCTTCTC (18, 19).
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Western blot analysis. Total protein was prepared and determined.
Equal amounts of proteins (30 ug) were separated by SDS-PAGE
and transferred onto PVDF membrane (Millipore, MA, USA). The
blots were blocked in PBST buffer containing 5% non-fat milk, and
then the membrane was incubated overnight with specific primary
antibodies: cyclin A, cyclin D, cyclin E, CDK2, CDK4, CDK6
(Santa Cruz Biotechnology, CA, USA) and p21 (Pharmingen, CA,
USA). Subsequently, the membrane was washed with PBST buffer
and incubated with HRP conjugated secondary antibodies (Santa
Cruz Biotechnology). The specific proteins were detected by using
Western Blot Chemiluminescence Reagent Plus kits (NEN_ Life
Science, MA, USA).

Figure 1. The percentage of viable T24 cells and morphological changes
after 24 hours treatment with shikonin. T24 cells in McCoy’s 5a medium +
10% FBS were incubated with different concentrations of shikonin for 24
hours and photographed under a light-phase microscope (panel A). The
percentage of viable cells were determined by trypan blue exclusion (panel B)
as described in Materials and Methods.

Results

Effects of shikonin on cell viability and morphology. The
results from the trypan blue exclusion experiments indicated
that <2% of the T24 cells were stained when they were
incubated in medium containing 10% FBS. In contrast, in
the presence of shikonin (2-24 uM), cell staining increased
with concentration, suggesting that shikonin induced death
of the T24 cells. Substantial morphological changes were
observed in the T24 cells 24 h after the addition of
increasing concentrations of shikonin (Figure 1A)
characterized by cellular shrinkage. The cell damage
appeared after treatment with 8-24 uM of shikonin, while at
the same time no pronounced difference from the control
regimen was apparent (Figure 1B).

Shikonin induced cell cycle arrest and apoptosis. The data
indicated that during a 0-72 h time period, shikonin (16 uM)
decreased the percentage of the T24 cells in the S- and
G2/M-phases, and increased the percentage in GO0/G1-
phase. The control cells (without shikonin) showed a typical
pattern of DNA content that reflected the normal G0/G1-,
S- and G2/M-phases of the cell cycle. The shikonin treated
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Figure 2. The effects of shikonin on the cell cycle and sub-G1 group. The T24 cells were incubated with 16 uM shikonin for various time periods and
analyzed by flow cytometry (panel A). The percentage of T24 cells in each phase (panel B).

cells showed a pattern of DNA content that reflected phase is shown in Figure 2B. The percentage of apoptosis
reduced GO/G1-, S- and G2/M-phases together with an  with various concentrations of shikonin and after various
increased sub-G0/Gl-phase (corresponding to apoptotic  times are shown in Figure 3A and 3B. Increasing shikonin
cells) as shown in Figure 2A. The percentage of cells in each ~ concentration and incubation time led to increased
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Figure 3. The effects of shikonin on apoptosis of T24 cells. Shikonin-
induced apoptosis (panel A) and the time-course effect of 16 uM shikonin
on apoptosis in T24 cells (panel B).

apoptosis of the T24 cells. A major characteristic of
apoptosis is the cleavage of PARP. Apoptosis of the T24
cells was also determined by PARP fluorescence stain.
Figure 4 shows PARP positive fluorescence at 4, 8, 16 and
24 uM shikonin.

Inhibition of shikonin-induced caspase activity and apoptosis
by the caspase inhibitor z-VAD-fmk. The results presented in
Figure 5 indicated that shikonin increased caspase-3 activity.
Increased incubation time led to increased caspase-3
activity. Pretreatment with Z-VAD-fmk (caspase inhibitor)
decreased caspase-3 activity (Figure 6). After cotreatment
with shikonin and z-VAD-fmk, inhibition of shikonin-
mediated caspase-3 activation was accompanied by the
marked attenuation of shikonin-induced apoptotic cell
death. The results also indicated that activation of caspase-
3 contributed to shikonin-induced apoptosis in the T24 cells.

Effects of shikonin on caspase-3 and -9 mRNA expression
examined by PCR and flow cytometry. The changes of
caspase-3 and -9 mRNA levels in response to shikonin were
studied by PCR (Figure 7A) and by flow cytometry (Figure
7B). The caspase-3 and -9 mRNA levels increased after
treatment with 16 uM shikonin (Figure 7A). The protein
levels of caspase-9 also increased after treatment with 16 uM
shikonin for 24 and 48 h.

Effect of shikonin on the expression of G0/GI-phase involved
proteins. The protein expression of p21, CDK2, 4, 6, and
cyclin A, cyclin D, and cyclin E revealed by Western blot
analysis are presented in Figure 8. After 24-48 h exposure
to 16 uM shikonin, an increase of p21 and decrease of cyclin
E, CDK2 and CDK4 protein levels in the T24 cell was
demonstrated.

Discussion

Based on the results from the present studies, the possible
actions of shikonin included inhibition of the viability of
T24 cells, induction of apoptosis of the T24 cells via
promoting caspase-3 and -9 activity, interference with the
cell cycle at the G1l-phase and with DNA synthesis, by
arresting cells at the GO/G1-phase of the cell cycle and
thereby preventing them from entering the M-phase. The
shikonin-associated increase in the p21 expression and
inhibition of cyclin-E, CDK2 and CDK4 proteins may
have led to the GO/G1 arrest.

It is well known that cell death has two mechanisms; one is
apoptosis (nuclear fragmentation, membrane blebbing and
formation of apoptotic bodies) and the other is necrosis
(releasing large amounts of intracellular components to the
environment). The major difference between them is the
active participation of the cells in the process of apoptosis
(20, 21). Apoptosis, or programmed cell death, is an essential
physiological process that is required for normal development
(27). When
misregulated, apoptosis can contribute to various diseases
including cancer, autoimmune and neurodegenerative
diseases. Central components of the apoptotic death

and maintenance of tissue homeostasis

machinery, which have been conserved throughout evolution,
included the Bcl-2, Apaf-1 (apoptotic protease activating
factor 1) and caspase family members. Caspases (cysteinyl
aspartate specific proteases) are synthesized as dormant
proenzymes that, upon proteolytic activation, acquire the
ability to cleave key intracellular substrates (27), resulting in
the morphological and biochemical changes associated with
apoptosis such as DNA degradation into oligonucleosomal
fragments (27). The known caspases included caspase -1, -2,
-3, -6, -7, -8, -9 and -11 sub-classified into upstream and
downstream. Caspase-9 is defined as upstream and caspase-3
as downstream.

1015



in vivo 27: 1011-1020 (2007)

(a) Control

(d) 8 uM Shikonin

(b) 2 uM Shikonin

(¢) 4 uM Shikonin

(e) 16 uM Shikonin

(f) 24 uM Shikonin

Figure 4. Shikonin induced poly (ADP-ribose) polymerase (PARP) production. After treatment with or without shikonin T24 cells were fixed, and
examined with a PARP monoclonal antibody assay under a fluorescence microscope.

25 4

—&— T24 + 16 uM shikonin
—0— T24 + 16 pM shikonin + 50 pM Z-VAD-fmk

20 A

Caspase 3 activity (%)

0 12 24 48 72
Time (hours)
Figure 5. The effects of shikonin on T24 cell caspase-3 activity. The T24
cells were incubated with 15 um shikonin and co-treated with or without
z-VAD-fmk for various time periods. Then the cells were harvested and

were analyzed for caspase-3 activity in T24 cells as described in Materials
and Methods.

Many investigators have already pointed out that
internucleosomal DNA fragmentation is not unique to
apoptotic cell death since it may also be present in necrotic
cell death. Therefore, it has been suggested that
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Figure 6. The effects of z-VAD-fmk on shikonin induced apoptosis. The
T24 cells were incubated with 16 um shikonin after 3 h pretreatment with
or without z-VAD-fmk, for various time periods, and then analyzed for
apoptosis.

internucleosomal DNA fragmentation may not be enough
as an indicator of apoptotic cell death (22, 23). From p10
and by this measurement the results of the present study
also demonstrated that shikonin did induce apoptosis in the
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Figure 7. (A) The effect of shikonin on the expression of caspase-3 and -
9 mRNA in T24 cells. The caspase-3 and -9 bands were strengthened in
comparison with (-actin after treatment with shikonin. (B) The caspase-
9 activity in T24 cells. Caspase-9 activity in T24 cells was also estimated
by flow cytometry.

T24 cells (Figure 4). The shikonin-induced cell death was
mediated by caspase-3 and caspase-9 activation and was
therefore an expression of apoptosis as revealed by flow
cytometric assay (Figure 2A) where the sub-G1 group
appeared in the cell «cycle. Importantly the
internucleosomal DNA fragmentation (apoptosis) was
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Figure 8. Effects of shikonin on the expression of proteins involved in
GO0/GI-phase and on cell cycle progression. Western blot analysis of cyclin
A, cyclin D, cyclin E, CDK2, CDK4, CDK6, p21 and f-actin protein
expression levels. Total cellular extracts were subjected to SDS-PAGE and
immunoblotted with antibodies specific to human cyclin A, cyclin D,
cyclin E, CDK2, CDK4, CDK®6, p21 and B-actin.

completely inhibited by the pretreatment with caspase
inhibitor (z-VAD-fmk) (Figure 3A and 6). It has been
demonstrated that shikonin-induced cell apoptosis is
caspase-3 dependent and caspase-3 activation is a
downstream caspase program (24). These results are in
agreement with the report of Yoon et al (11), which
showed that shikonin induced apoptosis in HL-60 a human
premyelocytic leukemia cell line and all the features of
apoptosis could be blocked by z-VAD-fmk. Other
investigators have also reported that the ratio between pro-
and anti-apoptotic proteins determines, in part, the
susceptibility of cells to a death signal (24-26). The
activation of caspase-3 induced caspase-activatable DNase
(CAD) and led to chromosomal DNA breaking and finally
induced apoptosis.
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It has been reported that some cellular processes
involved in the cell cycle play an important role in the
signal transmission pathway of apoptosis and in
particular mitochondrial cytochrome ¢ release is an
important control point in caspase activation and
apoptosis (27). It has been suggested that susceptibility
to the apoptosis-inducing effects of chemotherapeutic
drugs may depend on the intrinsic ability of tumor cells
to respond by apoptosis (20). Yano et al. also pointed
out that defects in the process of apoptosis may be
closely associated with carcinogenesis and that many
cancer cells have defective machinery for self-
destruction. Advance of the cell cycle in multicellular
organisms has been linked to a family of protein kinases
such as cyclin-dependent kinases and cyclins that are
involved in the regulation of different checkpoints (28-
30). Many reports have shown that cyclin-dependent
kinase 2 (CDK2) and cyclin-E are involved in the
transition from G1- into S-phase, and our data did show
that shikonin increased the p21 expression and inhibited
cyclin-E, CDK2 and CDK4 protein expression which may
be the factor that led to GO/G1 arrest in the T24 cells.
Furthermore, shikonin was reported to show anticancer
activity decades ago (31) and it has been on clinical trial
for later stage lung cancer (32).

Conclusion

In these studies, shikonin was shown to induce GO/G1 arrest
and apoptosis of human bladder cancer cells (T24) and it is
suggested that shikonin could be used effectively for the
treatment of human cancer in the future.
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