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Tanshinone ITA induces growth inhibition and apoptosis
in gastric cancer in vitro and in vivo
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Abstract. As a phytochemical derived from the roots of
Salvia miltiorrhiza Bunge, Tanshinone IIA has been reported
to possess anti-inflammatory and antioxidant activity.
Studies in breast, colon, prostate and lung cancer indicate
that Tanshinone ITA may exhibit a promising antitumor
activity. However, systemic studies of the cytotoxic effects of
Tanshinone ITA on gastric cancer have not been described. The
present study offers a comprehensive evaluation of the anti-
tumor effects of Tanshinone IIA in gastric cancer cells in vitro
and in a mouse xenograft model. Cell viability and apoptosis
in vitro were evaluated through the MTT assay and flow cytom-
etry analysis. The results indicate that Tanshinone IIA can
induce gastric cancer cell growth inhibition and apoptosis in a
time- and concentration-dependent manner. Furthermore, we
investigated the mechanism of the apoptotic effects induced by
Tanshinone ITA. We found that Tanshinone ITA can not only
cause cell cycle arrest in the G2/M phase, but also trigger the
intrinsic apoptotic signaling pathway. The results suggest that
Tanshinone ITA may serve as an effective adjunctive reagent in
the treatment of gastric cancer.

Introduction

As the second leading cause of cancer-related death, gastric
cancer is a big threat to public health worldwide (1). Despite
advances in the diagnosis and treatment of gastric cancer in
the clinical setting within the last decades, the outcome of
therapy remains disappointing (2). The conventional treatment
approach of gastric cancer is gastrectomy combined with
pre- or post-chemotherapy or radiotherapy (3). However, the
side effects of chemotherapy or radiotherapy including multi-
drug resistance and cytotoxicity to normal cells restrict their
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use (4,5). Therefore, identification of additional therapeutic
modalities in gastric cancer will be helpful in promoting the
feasibility of therapeutic regimens in the clinical setting.

Over the past decades, a variety of natural components
have been investigated for their anticancer activity, and many
of them have exhibited a promising potential for cancer treat-
ment (6-8). Tanshinone is isolated from the roots of Salvia
miltiorrhiza (‘tanshen’), a well-known traditional Chinese
medicine, and possesses a diverse pharmacological profile
(9). Tanshinone has been widely used in the treatment of
coronary heart diseases, particularly angina pectoris and
myocardial infarction, of inflammatory diseases, including
chronic hepatitis, arthritis, and endangitis. In addition, it
has antioxidant activity and liver protective effects (10,11).
The pharmacological features of Tanshinone ITA (Tan ITA,
C,oH,505; Fig. 1), a major constituent of Salvia miltiorrhiza,
have been widely studied. Interestingly, in addition to its
biological activity, recent findings indicate that Tan IIA also
exhibits anticancer activity in many cancer cells including
leukemia, liver cancer, breast cancer, and gliomas (12-15).
Based on its activity in other cancer cells, we speculated that
Tan ITA may be a potential candidate for the treatment of
gastric cancer. The anticancer effects of Tan ITA in gastric
cancer have not been extensively studied. Therefore, in the
present study, we provide a comprehensive investigation of
the cytotoxicity of Tan ITA in gastric cancer cells in vitro and
in a mouse xenograft model.

Materials and methods

Chemicals and reagents. Tan ITA and anti-human f3-actin were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-human cleaved poly (ADP-ribose) polymerase (PARP),
anti-human cleaved caspase3, cytochrome c (cyto-c), and all
secondary antibodies were purchased from Cell Signaling
Technology (Danvers, MA). Anti-human Bcl-2, Bax, and
purified mouse anti-human caspase9 were purchased from BD
Biosciences (Franklin Lakes, NJ).

Cell culture. The gastric cancer cell lines MKN45 and
SGC7901 were generously provided by the Shanghai Cancer
Institute. MKN45 and SGC7901 cells were grown as adherent
monolayers in flasks in RPMI-1640 with 10% fetal bovine
serum (FBS), at 37°C in a humidified atmosphere of 5% CO,.
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Analysis of cell growth inhibition. Cell growth inhibition was
determined colorimetrically using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent.
Initially, 5x10° cells/well were seeded in 96-well plates for 24 h
before exposure to drug treatment, and then 10 1 MTT solu-
tion (5 mg/ml in PBS) was added to each well for an additional
3 h at 37°C. The medium was replaced with 200 pl dimethyl
sulfoxide (DMSO) for 1 h and the absorbance was determined
at 570 nm and recorded with a microplate reader. Cells without
Tan IIA treatment served as control.

Analysis of apoptotic cell population and cell cycle distribu-
tion for gastric cancer cells using a flow cytometry assay.
Cell apoptosis quantification and cell cycle distribution was
determined by flow cytometry analysis. Briefly, 3x10° cells
were seeded in 6-well plates and exposed to various concen-
trations of Tan IIA treatments. For apoptosis quantification,
the floating and trypsinized adherent cells were collected and
prepared for detection according to the manufacturer's instruc-
tions enclosed in the FITC- Annexin V Apoptosis Detection
Kit (BD Biosciences). For cell cycle distribution, adherent
cells after drug treatment were collected and fixed with 75%
ethanol (v/v), stained with propidium iodide (PI) and analyzed
by a flow cytometer.

Western blot analysis. RIPA buffer in the presence of protease
inhibitor cocktail (Roche) was used to extract total protein.
The lysate was centrifuged at 12,000 rpm at 4°C for 10 min
to remove insoluble material. Cytosolic protein without
mitochondrial protein was extracted using the Proteo Extract
Cytosol/Mitochondria Fractionation kit (Calbiochem) acording
to the manufacturer’s instructions. The protein content was
determined using a DC protein assay kit (Bio-Rad). The super-
natant (30 ug of protein) was subjected to 8-15% SDS-PAGE
electrophoresis. Proteins were electroblotted onto nitrocellu-
lose membranes. After blocking with 5% nonfat milk for 1 h,
the blots were probed with primary antibodies overnight at
4°C. The blots were then incubated with HRP-conjugated anti-
IgG for 2 h. After washing, the blots were detected using an
enhanced chemiluminescence reagent (Amersham Pharmacia
Biotech).

Subcutaneous tumor model of gastric cancer. Four-week-old
male nude mice were purchased from the Shanghai Slac Animal
Center (Shanghai, China). Aliquots of cells (1x107 cells/100 pul)
were injected subcutaneously (s.c.) into the right inguinal area
of the mice. When tumor diameter reached ~5 mm, tumor-
bearing mice were randomized into 3 experimental groups
(10 mg/kg Tan ITA group, 30 mg/kg Tan IIA group and the
control group with the same volume of saline). Tan ITA was
dissolved in 0.5% carboxymethyl cellulose (CMC). Treatments
were administered via s.c. injection 5 times/week for 3 weeks.
The tumor growth and body weight of the mice were moni-
tored twice per week. Mice were weighed, and tumor volumes
were assessed by measuring the 2 perpendicular dimensions
using a caliper and the formula (axb2)/2, where a is the larger
and b is the smaller dimension of the tumor. When treatment
was finished, the mice were sacrificed and the tumors were
excised. Tumor tissues were trimmed of extraneous fat or
connective tissue, and homogenized in RIPA buffer (100 mg
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Figure 1. Chemical structure of Tanshinone IIA (Tan IIA).

tumor tissue/l1 ml RIPA) and prepared for Western blotting
analysis.

Statistical analysis. Statistical analysis was performed using
the unpaired Student's t-test and an analysis of variance (one-
way ANOVA). The accepted level of significance was P-value
<0.05.

Results

Tan IIA exhibits antiproliferative activity in gastric cancer
cells. To evaluate the inhibitory effect of Tan IIA on gastric
cancer cells, we exposed MKN45 and SGC7901 cells to
different concentrations of Tan ITA for 24 h and 48 h. As
shown in Fig. 2, the relative viability of cells subsequent
to Tan ITA treatment proved to be both concentration- and
time-dependent (P<0.05). The ICs, of Tan ITA at 48 h was
8.35 pug/ml in MKN45 cells and 10.78 ug/ml in SGC7901
cells respectively.

Apoptotic effect induced by Tanshinone IIA in gastric cancer
cells. In addition to the antiproliferative activity induced by
Tan ITA, we also investigated apoptosis exerted by Tan ITA
in gastric cancer cells. Apoptosis of MKN45 cells and
SGC7901 cells induced by Tan ITA was analyzed by FACS
flow cytometry. As shown in Fig. 3A, the apoptotic index was
directly related to both drug concentration and exposure time
in gastric cancer cells. In MKN45 cells, the proportion of
apoptotic cells treated by 6 yg/ml and 10 ug/ml Tan IIA for
24 h was 13.1£1.7% and 27.2+1.1% respectively, and treatment
with 10 pg/ml Tan IIA for 24 and 48 h induced apoptotic frac-
tions of 27.2+1.1% and 54.2+3.8% respectively (Fig. 3B). In
SGC7901 cells, the proportion of apoptotic cells treated by 6
and 10 pg/ml Tan ITA for 24 h was 9.3+1.5% and 16.6+0.7%
respectively, and treatment with 10 pg/ml Tan ITA for 24 and
48 h induced apoptotic fractions of 16.6+0.7% and 45.8+2.2%
respectively (Fig. 3B).

We then examined the apoptotic effect of Tan IIA on
MKN45 cells and SGC7901 cells through detecting the
protein expression levels of the apoptosis-related proteins, the
executor caspase3 and its target, PARP. As shown in Fig. 3C,
with increasing concentrations of Tan IIA, the pro-caspase3
and prototype of PARP expression levels were down-
regulated, and they were both cleaved to their active forms,
cleaved-caspase3 and cleaved-PARP in both the MKN45 and
the SGC7901 cells.
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Figure 2. Tan IIA inhibits the growth of gastric cancer cells in a time and concentration-dependent manner. MKN45 cells and SGC7901 cells were treated with
increasing concentrations of 2, 6, 10, 14 and 18 pg/ml Tan I1A for 24 and 48 h and cell viability was determined by the MTT assay. Data are representative of
values from at least three independent experiments.

A MKN 45 SGC7901
control Tan Il A 6 pg/mil Tan Il A 10 pg/ml control TanllA 6 Tan Il A 10 pg/ml
2 3T% L AT%) e 126%| | 1.2%
] 5 S
24 h $ 3 ol
H E »
1.3% 14.3% | 1%
T W O B
FITC-A FITC-A FITC-A
Tan I A 6_|.|g!m| Tan I A 10 pg/ml control Tan ll A 6 pg/ml
5 6.1%
e i
48 h 5
2 =y
H
e
B TO
oo || o T v | MKN 45
. Tan 1A 10 ugimi
§ ® C MKN 45 SGC7901
g w0
%s« * * control 6 ug/ml 10 pg/ml  control Gygf_m! 10 pg/ml
Ea ) procaspased W WE—_:G s — —
10
. cleaved-caspase3 — — —— e—
24h 48h
) PrO-PARP W w— e S S —
ol | S ke | SCCTO01, leaved-PARP
B Tan 1A 10 ugiml clea =
. —_— — - ——
5 N ——
B Fractn — — —
E 20 * *
i.lj.l
10
1]

24h 48h

Figure 3. Tan IIA induces apoptosis in gastric cancer cells. (A) Representative dot-plots illustrating the apoptotic status in MKN45 and SGC7901 cells. Flow
cytometric detection of apoptosis via Annexin V-FITC/PI staining in both cells treated with 6 and 10 yg/ml Tan IIA for 24 and 48 h. (B) Data summary and
analysis of apoptotic index in MKN45 and SGC7901 cells. Data are representative of values from at least three independent experiments. The percentage of
cellular apoptosis is represented by Q2+Q4. "P<0.05 vs. control. (C) Western blot analysis of apoptosis-related factors in gastric cancer cells. MKN45 and
SGC7901 cells were treated with 6 and 10 yg/ml Tan IIA for 48 h.

Tan IIA causes cell cycle arrest in the G2/M phase and trig-  TanIIA, we detected the cell cycle distribution state of MKN45
gers the intrinsic apoptosis pathway. In order to investigate  and SGC7901 cells exposed to 10 pug/ml of Tan ITA for 24
the underlying mechanism of growth inhibition induced by  or 48 h. As shown in Table I, compared to non-treated cells,
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Table I. Cell cycle distribution of MKN45 and SGC7901 cells after treatment with 10 g g/ml Tan IIA.

Group Time (h) GO0/G1 (%) S (%) G2/M (%)
MKN45 cells
Control 24 414+12 373x14 22320
48 40.5+0.8 35.7+2.1 24 8+1.4
Tan ITA 24 36.7£2.3 34.5+1.1 29.8+1.5*
48 20.2+04 29723 51.1+2.6*
SGC7901 cells
Control 24 33.5+1.5 477824 18.8+2.6
48 31714 48.4+2.1 199+1.9
Tan ITA 24 30.7+£2.1 45.1+2.3 24 2+1.1%
48 255+1.2 29.7£3 .4 44 8+3.7*

*P<0.05 compared to the control group (n=3)
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Figure 4. Exposure of gastric cancer cells to Tan IIA triggered the intrinsic
apoptosis pathway. (A) Western blot analysis of cytosolic cytochrome ¢
(cyto-c) in gastric cancer cells. MKN45 and SGC7901 cells were treated
with 6 or 10 yg/ml Tan IIA for 24 h. (B) Western blot analysis of molecular
markers involved in mitochondria-related apoptosis. MKN45 and SGC7901
cells were treated with 6 or 10 gzg/ml Tan IIA for 48 h.

Tan ITA caused a significant accumulation of MKN45 cells
in the G2/M phase, while decreased the population of cells in
the G1 and S phase, and this effect was time-dependent. The
redistribution of the cell cycle caused by Tan IIA also occurred
in SGC7901 cells.

We then investigated the mechanism responsible for the
Tan ITA-induced apoptosis. When MKN45 and SGC7901 cells
were treated by increasing concentrations of Tan ITA for 24 h,
the mitochondria-related apoptotic pathway was switched on.
Cytochrome c (cyto-c) leakage from the mitochondrial to
the cytosolic fraction is used to monitor the mitochondrion-
related caspase cascade. As shown in Fig. 4A, the cytosolic
cyto-c protein expression levels in MKN45 and SGC7901 cells
treated with 6 yg/ml 10 pg/ml of Tan IIA for 24 h was signifi-

cantly up-regulated compared with that of the control group.
In addition, the expression patterns of proteins involved in the
mitochondria-related apoptosis pathway were also examined
(Fig. 4B). Tan IIA treatment resulted in a down-regulation
of Bcl-2 and in up-regulation of Bax protein expression. The
expression of pro-caspase9 was decreased and its cleaved form
was up-regulated when exposed to Tan ITA.

Tan IIA inhibits subcutaneous tumor growth in the mouse
xenograft model of gastric cancer. To further confirm the
anticancer effect of Tan IIA on gastric cancer, an in vivo experi-
ment was carried out using a subcutaneous mouse xenograft
model with MKN45 cells and SGC7901 cells as described
in Materials and methods. Tumor growth was significantly
inhibited in both tumor models (Fig. 5). We found that tumor
growth suppression in the MKN45 cell model was ~26 and
72% compared to that of the control group when treated with
10 and 30 mg/kg Tan ITA for 3 weeks, respectively (P<0.05;
Fig. 5A, left panel). Tumor growth suppression with SGC7901
cells was not significant in the 10 mg/kg Tan ITA group.
However, when given a treatment of 30 mg/kg Tan ITA for
3 weeks, tumor volume in the subcutaneous mouse xenograft
model with SGC7901 cells was decreased by 65% as compared
to that of the control group (P<0.05; Fig. 5A, right panel).

At the end of the experiment, mice were sacrificed and the
tumors were excised from the body. The average tumor weights
in the Tan ITA 10 mg/kg and 30 mg/kg-treated groups of
MKN45 cells were 1.23+0.11 g and 0.54+0.08 g, significantly
lower compared to the 1.58+0.15 g tumor weight average in the
control group (P<0.05; Fig. 5B, left panel). The average tumor
weight in the Tan ITA 30 mg/kg-treated group of SGC7901
cells decreased to 0.78+0.07 g as compared to 2.31+0.21 g in
the control group, P<0.05 (Fig. 5B, right panel).

Tan IIA induces apoptosis of gastric cancer cells in vivo. In
order to validate the mechanism by which Tan IIA exerts its
antitumor effect, we investigated the in vivo expression of some
of the key apoptosis-related proteins examined in the in vitro
assay. The expression trend of Bcl-2, Bax and pro-caspase9
were all in accord with the in vitro studies (Fig. 6).
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Figure 5. Tan ITA antitumor activity in nude mice bearing human gastric cancer cells. (A) Tumor growth curve for mice with subcutaneous tumors treated
with Tan IIA. The mice (6/group) bearing tumors received daily s.c. injections of 10 or 30 mg/kg/day Tan IIA 5 times/week for 3 weeks (the control group
mice received an equal volume of saline). Data represent the mean tumor size for each group. (B) Tumor tissue was excised from the mice and its weight was
measured. Data represent the mean tumor weight for each group. “P<0.05 vs. the control group.
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Figure 6. Western blot analysis of related markers of the intrinsic apoptosis
pathway on excised tumors.

Discussion

As aphytochemical derived from the roots of Salvia miltiorrhiza
Bunge, Tan ITA has been reported to have anti-inflammatory
and antioxidant activities. Evidence is accumulating that
Tan ITA may exhibit a promising anticancer activity (10). In the
present study, we found that Tan ITA can significantly induce
gastric cancer cell growth inhibition and apoptosis through
cell cycle arrest and the mitochondria-dependent apoptotic
signaling pathway in a time- and concentration-dependent

manner. The antiproliferative activity of Tan ITA in gastric
cancer was shown partly via cell cycle arrest in G2/M phase.
As mentioned in previous studies, Tan IIA has been indicated
to exert cytotoxicity to cancer cells through inducing cell cycle
arrest in the G2/M phase in prostate cancer cells and HeLa
cells (16,17). In addition, a study on the effect of Tan ITA on
gastric cancer cells indicated that Tan ITA can arrest MKN45
cells in the G2/M phase which led to an obvious accumula-
tion of G2/M phase cells, while it decreased the number of
GO/G1 phase cells, which was in accord with our results (18).
However, the effect of Tan IIA on the cell cycle may not always
be the same. One predominant event in liver fibrosis is the acti-
vation of hepatic stellate cells (HSCs). The selective clearance
of activated HSCs is the therapeutic goal in anti-liver fibrosis
(19). The study of the effect of Tan IIA on HSCs indicated that
Tan ITA can exert a significant anti-fibrotic activity through
inhibiting HSCs viability and arresting the cell cycle in the
S phase (20). We speculate that the differences in the cell
cycle distribution may be related with the cells types, and
also indicate that Tan ITA possesses a complex pharmacology
mechanism against tumor cells or non-tumor cells.
Apoptosis, also named programmed cell death, is a
very important physical phenomenon during development
and injury repair. In addition, as a critical mechanism,
most anticancer drugs exert their cytotoxic effect through
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inducing cells apoptosis. In general, apoptosis can be exerted
through two different pathways, the mitochondria-dependent
intrinsic-apoptotic pathway, and the death receptor-mediated
extrinsic-apoptotic pathway. In our study, we found that
Tan IIA activated the release of cyto-c into the cytoplasm, and
increased the Bax/Bcl-2 ratio and the cleavage of the prototype
of caspase9, events which all contribute to the intrinsic apop-
totic signaling pathway. It has been indicated that the intrinsic
death signaling pathway is the preferred mechanism employed
by most anticancer compounds, and Bcl-2 family members play
an important role during this process (21). Interestingly, more
and more evidence shows that in addition to a conventional
role in regulating mitochondrial outer membrane permeabi-
lization, Bcl-2 also possesses another function in regulating
the cellular redox state (22,23). Previous studies have indi-
cated that overexpression of Bcl-2 can cause an increase in
mitochondrial metabolism, which induced a slight pro-oxidant
state that favors cancer cells in a survival advantage (22,24).
‘We also noticed that Tan ITA is an efficient antioxidant, and its
role in modulating the expression of Bcl-2 may contribute to
the dysregulation of the mitochondrial metabolism and to the
imbalance of the cellular redox state, events which contribute
to its apoptotic effect.

In conclusion, evidence present in our study indicates that
Tan ITA has a potent antitumor effect in vitro and in a gastric
cancer mouse xenograft model, suggesting that Tan IIA may
be a promising herbal medicine candidate in the clinical treat-
ment of gastric cancer.
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