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Shikonin Induced Apoptosis and Inhibited Angiogenesis on HSE Cells

Soo Jin Lee, Sung Hoon Kim™
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Previously we have shown that shikonin has strong anti-tumor activities via inducing apoptosis and suppressing
metastasis on LLC cells in vivo and in vitro. Here we have investigated anti-angiogenic potential of shikonin and its
possible mechanism of action in HSE cells. Shikonin inhibited the proliferation of HSE cells in a
concentration-dependent manner. It was shown that this proliferation inhibition was caused by apoptosis induced by
shikonin via BrdU incorporation and Western blotting analysis. Shikonin treatment was caused that decrease of
activation of caspases and cleavage of PARP. And shikonin induced that the activation of mitogen-activated protein
kinases (MAPKSs), such as extracellular signal-regulated kinase (ERK), c¢-Jun N-terminal kinase (JNK) and p38.
Moreover, shikonin showed anti-angiogenic activities inhibiting tube-like formation of HSE cells in vitro and vascular
formation of LLC cells in vivo. These findings suggest that shikonin may a possible candidate not only anti-metastatic
agent but also anti-angiogenic agent.
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Introduction
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Shikonin exhibited a variety of abilittes such as

Angiogenesis, the formation of new capillaries is essential
during development, inflammatory disorders, wound healing,
and cancer'. Tumors require vascular network to supply
nutrition and oxygen as well as to remove waste for tumor
growth. Moreover, the high degree of neovascularization
increases the development of metastasis™ and the absence of
angiogenesis caused tumor to necrotic or apoptotic stages).
Therefore, inhibition of angiogenesis has been the attractive
and powerful target to treat cancer and metastasis.

Apoptosis is an essentiall component of animal
development establishing and maintaining functional tissue
architecture®. The most dramatic cases are nervous and immune
systems in which, after extensive proliferation and
differentiation, apoptosis has an important role in cell selection”.
Several recent reports have demonstrated that apoptosis and
growth reduction of endothelial cells is the major mechanism for

6,8:9)

inhibition of angiogenesis™”. It was reported that tumors

induce regression of the preexisting host vasculature via

apoptosis, leading to massive tumor cell loss™™.
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accelerating tissue granulation proliferationlz) and would
healing”, exerting antibacterial”, anti-inflammatory™® and
anti-tumor effects'. Shikonin induced apoptosis in HL60 cells

via mitogen-activated protein kinases (MAPK) activation'® and

also inhibited angiogenesis induced by tumor necrosis factor

(INF)-a"” and decrease mRNA levels of insulin-like growth
factor (IGF), vascular endothelial growth factor (VEGF)IS).
However, the activities of shikonin against endothelial
cells have not yet investigated. Therefore, we have examined
the anti-angiogenic and apoptosis-inducing activities of
shikonin using Murine hepatic sinusoidal endothelial (HSE)
and Lewis lung carcinoma (LLC) cells and demonstrated that
shikonin was very effective target to inhibit tumor-induced

angiogenesis and tumor growth.

Materials and Methods

1. Chemicals

Shikonin was isolated at College of Pharmacy, Chungnam
University, Taejon, Korea".
dimethylsulfoxide (DMSO) for the in vitro study and dissolved

in saline and adjusted to pH 7.0 for the in vivo study.

Shikonin was dissolved in

2. Cell cultures
HSE cells were kindly provided by Dr. G L Nicolson
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(The University of Texas, MD Anderson Cancer Center, TX,
USA)ZO), HSE cells were maintained in Attachment Factor (Cell
Systems, Kirkland, WA, USA)-coated culture flasks in
Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 medium
(GIBCO BRL, Life Technologies Inc., NY, USA) supplemented
with 5% FBS and 100 pg/mé{ endothelial mitogen (Biomedical
Technologies, Inc., MA, USA). Lewis lung carcinoma (LLC) cell
lines were maintained as monolayer cultures in Eagle's
Minimal Essential Medium (EMEM; GIBCO BRL, Life
Technologies Inc., NY, USA) supplemented with 10% FBS. LLC
cells were collected by brief treatment with EDTA, and then
used for the experiments. All cultures were maintained at 37°C
in a humidified atmosphere of a 5% CO2/95% O air.

3. Animals

Six-week old, specific-pathogen-free female C57BL/6 mice
were purchased from Japan SLC Inc. (Hamamatsu, Japan). The
mice were maintained under specific pathogen-free conditions

and used according to institutional guidelines.

4. Cell proliferation assay

Log-phase cell cultures of LLC (1x10* cells/well) were
seeded in 100 m¢ of complete medium on 96-well culture
plates. After preincubation for 24 hr, the medium was replaced
with new medium supplemented with 0.1 % bovine serum
albumin (BSA) containing with various concentration of
shikonin. The cultures were incubated for a various time
period and then cytotoxic activity was determined by
4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzen
e disulfonate (WST-1) colorimetric method25). Briefly, before 2
hr of the termination of incubation, 10 m¢ of the working
solution containing WST-1 reagent (WST-1 Cell Counting Kit;
Dojindo Laboratories, Kumamoto, Japan) was added to each
well. After the termination of the culture, the absorbance was
measured at 450 nm in an immuno-reader (Immuno Mini
NJ-2300, Nippon InterMed KK., Tokyo, Japan).

5-bromo-2'-deoxyuridine  (BrdU)
determined by  Cell
Immunosorbent Assay (ELISA) BrdU (Roche Diagnostics,

Mannheim Germany) according to the manufacturer’s

incorporation  was

Proliferation ~ Enzyme  Linked

instructions.

5. Western blot analysis

LLC cells were cultured in complete medium for 24 hr.
The cells were then incubated with shikonin for various time
periods. After indicated treatment, the cells were then rinsed
with ice-cold PBS and then whole cell lysates were prepared
with lysis buffer (25 mM HEPE_S (pH 7.7), 0.3 M Na(l, 1.5 mM

MgCl,, 02 mM EDTA, 01% Triton X-100, 20 mM
b-glycerophosphate, 0.1 mM sodium orthovanadate, 0.5 mM
phenylemethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol,
10 mg/mé aprotinin, and 10 mg/mé leupeptin). Cell lysates were
subjected to SDS-polyacrylamide gel and transferred to
Immobilion-P  membranes (Millipore, MA, USA). The
membrane was treated with Block Ace (Dainipponseiyaku,
Osaka, Japan) overnight at 4T and probed with anti-caspase-3,
anti-poly(ADPPA-ribose) polymerase (PARP), anti-phospho-c-
Jun N-terminal kinase (JNK), anti-phospho-p38, anti-phospho-
extracellular signal-regulated kinase (ERK) (Cell Signaling
Technology Inc., MA, USA), anti-]JNK, anti-p38, anti-ERK,
anti-proliferating cell nuclear antigen (PCNA) (Santa Cruz
Biotechnology Inc., CA, USA) antibodies for 2 hr. The primary
antibodies were detected using horseradish peroxidase-conjugated
rabbit anti-mouse IgG, goat anti-rabbit IgG, rabbit anti-mouse
IgG (DAKO A/S Denmark), and visualized by enhanced
chemiluminescence (ECL Western Blotting Detection Reagents,
Buckinghamshire, UK). PCNA

wasreprobed to indicate evenness of loading of protein extract

Amersham  Biosciences,
from each treatment.

6. Tube formation assay

Tube-like formation assay was performed as described
previously™ with some modifications. Briefly, assessment of in
vitro capillary formation used growth factor-reduced Matrigel
(BD Biosciences, MA, USA). Matrigel (100 m¢/well of 10 mg/ me)
was plated in 48-well culture plates after thawing on ice, and
allowed to polymerize at 37T for 30 min. Endothelial cells
(3x10* cells/500 m¢ in DMEM/F-12 medium containing 0.1%
FBS) were added to each well, in the absence or presence of
shikonin and the plates were then incubated for 5 hr at 37C
in a 5% CO./95% O, atmosphere. After the end of incubation,
cells were photographed five fields per well at x50
magnification and the length of tube formation was measured
using digital curvimeta (Uchida Yoko Co., Ltd., Japan). Briefly,
a connecting branch between two discreet endothelial cells was
measured as a tube-like structure. The extent of inhibition of
tube-like formation induced by shikonin was estimated by
comparing the length of the tube-like structures formed in the

control treatment.

7. Tumor-induced angiogenesis assay

Tumor-induced angiogenesis was assessed according to
the previously described methods™ with some modifications.
Mice were inoculated intradermally with LLC cells (5x10°
cells/50 m¢) on the back. shikonin was administered by ip.
injections of 5 mg/kgper day starting on 1 day after tumor cell
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inoculation for 5 days and Doxorubicin (7 mg/ke) was

administered by iv. on 4 days after tumor cell inoculation. Six-

days after the tumor inoculation, the mice were sacrificed and
the tumor-inoculated skin was separated from the underlying
tissues. Angiogenesis was quantified by counting only the
vessels directly supplying the tumor under a dissecting
microscope. Tumor growth was assessed by measuring with a
caliper square along the longer axes (a) and the shorter axes
(b). Tumor volumes (mr) were calculated by the following

formula. Tumor volume (mi) =ab’/2.

8. Statistical Analysis

Representative data from each experiment are presented
as mean values SD, as described in the figure legends. The
Dunnett’s test was performed to decrease the multiplicity in
comparisons of drug-treated groups with control group.

Statistical significance was defined as a P value<0.05.

Results

1. Effect of shikonin on HSE cells proliferation

Shikonin inhibited the growth of HSE cells in a
concentration-dependent manner (Fig. 1). Treatment with
shikonin for less than 12 hr, at concentrations ranging from 1
to 10 uM, did not significantly inhibit the growth of HSE cells
(Fig. 1A). Therefore, we used shikonin at concentrations of less
than 10 uM for the following experiments for developing

anti-angiogenic properties of shikonin.
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Fig. 1. Effect of shikonin on cell proliferation of HSE cells. HSE cells
were seeded in 96-well culiure plates. After a 24-hr preincubation, various
concentrations of shikonin were added to the cultures and the cultures were
employed a further incubation for a various time period. After the end of
incubation, WST-1 colorimetric method (A) or BrdU incorporation (B) was
accomplished according to manufacturer's instructions. The absorbance was
measured at 450 nm. The data were expressed as the mean SO of triplicate
cultures.

2. Effect of shikonin on HSE cell apoptosis
As shown in Fig. 2, shikonin treatment caused the
concentration  and

decrease of procaspase-3 in a

time-dependent manner. These results showed that shikonin
caused that the stimulation of procaspase-3 to the active form
of caspase-3. Shikonin also caused the proteolytic cleavage of
PARP with disappearance of the full-length 116 kDa protein in
a concentration and time-dependent manner. These data
showed that shikonin induced apoptosis of endothelial celis via

activation of caspase-3 and cleavage of PARP (Fig. 2).
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Fig. 2. Western blotting analysis of apoptosis induced by shikonin.
A HSE cells were stimulated with various concentrations of shikonin and the
expression of PARP, caspase-3 and PCNA was assessed by Western blot analysis.
B. Time-course analysis of apoptosis-related molecules induced by shikonin, HSE
cells were stimulated with 10 mM of shikonin for various time periods. Expression
of PARP, caspase-3 and PCNA was assessed by western blot analysis.

The balance between the MAP kinases, such as ERK, JNK
and p-38, has been involved the upstream of apoptosis and
then played an pivotal role in the regulation of apoptosis™?Y,
As shown in Fig. 3, western blotting analysis revealed that
JNK, and p38 MAPK were activated by shikonin. However,
ERK was reached the peak activation at 4 hr incubation and

after then the phosphorylation was decreased.
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Fig. 3. Effect of shikonin on MAPK phosphorylation. HSE cells were
stimulated with shikonin for various time periods and the expression of MAP
kinases and phosphor-MAP kinases was assessed by western blot analysis.

3. Effect of shikonin on tube-like formation of HSE cells

We next investigated that the effect of DMNQ S-52
against in vitro tube-like formation by endothelial cells plated
on a basement matrix. The incubation of HSE cells in
Matrigel-coated wells caused tube-like formations within 5 hr.
However, incubation with shikonin led to the suppression the
tube-like formation of HSE with concentrations higher than 0.1
uM (Fig. 4).
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Fig. 4. Effect of shikonin on the tube-like formation of HSE cells. HSE
cells were seeded in Matrigel-coated wells and incubated in the absence of
presence of shikonin. The tube-like formation was monitored every 1 hr, over 5 hr.
A The extent of inhibition of tube-lke formation induced by shikonin was
estimated by comparing the length of tube-like structures formed in the control
trealment. A. Data are represented as the mean SD. * p<005 **, p<0.01. B~F,
the microscopic observation of tube-like formation In shikonin-treated wells (50). B.
control: C, D, E, and F, 0.1, 0.3, 1, and 3 mM of shikonin-treated wells.

4. Effect of shikonin on the tumor growth and tumor-induced
angiogenesis

To confirm the anti-angiogenic activity of shikonin in vivo,
we employed an angiogenesis model by orthotopic
implantation of LLC cells. Angiogenesis was induced by the

implantation of LLC cells into the dorsal side of mice and

shikonin (5 mg/kg/day, i.p.) was administered for 5 days from
the next day of tumor cell inoculation (Fig. 5). As shown in
Fig. 5B, shikonin treatment caused the reduction of the vessel
number oriented to the tumor mass, indicating the inhibition
of angiogenesis. Moreover, shikonin inhibited the primary
tumor growth in a dose-dependent manner (Fig. 5A). Shikonin
did not show any side effects including reduced body weight

during the in vivo experiments (data not shown).
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Fig. 5. Effect of shikonin on tumor growth and angiogenesis induced
by HSE cells implanted on the back skin of mice. Mice were
intradermally inoculated with HSE cells and subcutaneously administered shikonin,
doxorubicin or vehicle for 5 days from the next day of tumor inoculation.
Tumor-inoculated sites were isolated from vehicle- or sample-treated mice 6 days
after the tumor inoculation. The macroscopic observation is shown in Fig. 5. The
tumor size was measured (A) and tumor-supplying vessels were counted (B). Data
are represented as the mean SE. of 7 mice in each group. * p<0.05. C, control:
D, shikonin-treated group: E, doxorubicin-treated group.

Discussion

Identification of mutations in tumors that lead to
decreased apoptosis is not only of academic interest but rather
an important goal in the cancer therapy. Clearly, mutations in
cell death control do affect sensitivity of tumor cells to
anti-cancer therapy which in most cases functions by inducing
apoptosisﬁ).

Much of current knowledge have demonstrated the
activities and mechanism of shikonin on apoptosis and

angiogenesis”>"*"®. We also reported that shikonin induced
apoptosis in LLC cells®. However, it was not fully examined

that the effect of shikonin on endothelial cells. Therefore, in
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this report, we investigated that the effect of shikonin on
angiogenesis and apoptosis against murine endothelial cells.

Shkonin induced apoptosis and inhibited proliferation in
HSE cells (Fig. 1). The increased apoptosis seemed to be
related to cleavage of PARP, activation of caspase-3 and
phosphorylation of MAPK (Fig. 2-3). Several studies have
indicated that the stress-related kinase p38 and JNK are mainly
associated with the induction of responses such as cytokine
release and apoptosis”’. Various agents have been found to
mediate the induction of apoptosis through the activation of
p38 and JNK”?. The phosphorylationn of p38 and JNK
induced by shikonin in HSE cells was associated with
proliferation inhibition and an increase of apoptotic cells. On
the other hand, ERK phosphorylation decreased by shikonin
treatment showing that the shikonin-activated ERK stimulated
cell surviva®>.

The growth of a tumor and its ability to metastasize is
dependent on angiogenesis’”. Tumor cells can escape from the
primary site by entering existing vessels or new vessels
actively recruited into the primary tumor. The generation of
blood vessels is an essential step in the transition of a tumor
from a small, harmless cluster of mutated cells to a large,
malignant growth, capable of spreading to other organs
throughout the body™. Tumor cells invade either the blood or
lymphatic vessels to access the general circulation and then
establish themselves in other tissues. The role of angiogenesis
in facilitating the growth of solid tumors has been well
established.

In the present study, the effect of shikonin on the
endothelial function, such as tube-like formation, was
investigated. These functions are essential for neovessel

. . - .34-35
sprouting” and angiogenesis )

, which is an important
biological process involved in metastasis formation. The
tube-like formation of endothelial cells were significantly
inhibited by shikonin concentration-dependently(Fig. 4). These
results were further demonstrated in the in vivo tumor-induced
angiogenesis model implanted with LLC cells in the dorsal
skin of mice. In advance of the tumor growth in this system,
the implanted tumor cells produce the formation of vessels by
inducing the angiogenic actions of the host endothelial cells.
This study showed that shikonin prevented in wvivo
angiogenesis and reduced primary tumor growth(Fig. 5). The
possibility cannot rule out that the inhibition of tumor-induced
angiogenesis by shikonin might be because of inhibition of
tumor growth like as Irthotopic implanted lymph node
metastasis model®. However, shikonin specifically inhibited
angiogenic potentials of cultured and host endothelial cells.

Therefore, inhibition of neovessel formation by shikonin was

associated with both anti-angiogenic activity and anti-tumor
activity.

Collectively, we have investigated that shikonin not only
induced apoptosis but also suppressed angiogenic properties of
endothelial cells in vitro and in vivo. According to this report,
the biological activities of shikonin are very diverse, therefore
shikonin may a useful anti-tumor drug candidate suppressing
primary tumor growth and angiogenesis. However, it was not
fully understood the detailed mechanism of angiogenesis and
apoptosis during tumorigenesis. The characterization of the
detailed biological and molecular mechanism will provide new
insights into the relationship between angiogenesis and

apoptosis related to shikonin.
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