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INTRODUCTION

Chemotherapy remains one of the most important methods 
of cancer treatment [1], because it effectively prolongs life ex-
pectancy and improves the quality of life of patients with can-
cer. Traditional herbs and medicinal plants have become im-
portant resources for anticancer drug screening and develop-
ment [2,3]. An array of natural products, including wogonin 
[4], pancratistatin [5], and obtusaquinone [6], selectively kill 
cancer cells while showing little or no toxicity to normal cells. 

Salvia miltiorrhiza is a well-known medicinal herb that has 
been used clinically in China for millennia. In recent years, the 
anticancer activities of S. miltiorrhiza have been recognized and 
tested. Several tanshinones isolated from S. miltiorrhiza have a 
broad range of anticancer activities in vitro and in vivo [7].

Isocryptotanshinone (ICTS) (Figure 1A) was first isolated 
from S. miltiorrhiza in 1969 [8]. However, there are few reports 
on the biological activities of ICTS, despite the established use 
of S. miltiorrhiza in traditional Chinese medicine. Han et al. [9] 
reported that ICTS and two other tanshinones noncompeti-
tively inhibited the activity of protein tyrosine phosphatase 
1B, indicating their potential as treatments for type 2 diabetes. 
In recent decades, tanshinones have been widely investigated 
for their anticancer effects [7,10]. Cryptotanshinone (CTS), 
an important bioactive constituent of S. miltiorrhiza, inhibits 
cancer cell proliferation and induces apoptosis in several types 
of cancer cells, including MCF-7 human breast cancer cells 
and HepG2 liver carcinoma cells [11-13]. The structure of 
ICTS is similar to that of CTS. Herein, we report the results of 
our investigation of the anticancer activity of ICTS.
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anisms underlying the therapeutic effects of ICTS. Here, we re-
port that ICTS has anticancer activity and describe the mech-
anism underlying this effect. Methods: The antiproliferative effect 
of ICTS was determined using 3-(4,5-dimethyl-2-thiazolyl)-2,5-
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cytometry. Apoptosis was determined by Hoechst 33342 stain-
ing, DNA fragmentation assays, and Western blotting for apop-
totic proteins. Finally, the effect of ICTS on mitogen-activated 
protein kinases (MAPKs) was determined by Western blotting. 
Results: ICTS significantly inhibited proliferation of MCF-7 and 
MDA-MB-231 human breast cancer cells, HepG2 human liver 

cancer cells, and A549 human lung cancer cells in vitro. Among 
the tested cell lines, MCF-7 cells showed the highest sensitivity 
to ICTS. ICTS significantly inhibited colony formation by MCF-7 
cells. Furthermore, exposure of MCF-7 cells to ICTS induced cell 
cycle arrest at the G1 phase and decreased mitochondrial mem-
brane potential. Hoechst 33342 staining and Western blot analy-
sis for apoptotic proteins suggested that ICTS induced apopto-
sis in MCF-7 cells. In addition, ICTS activated MAPK signaling in 
MCF-7 cells by inducing time- and concentration-dependent 
phosphorylation of JNK, ERK, and p38 MAPK. Conclusion: Our 
results suggest that ICTS inhibited MCF-7 cell proliferation by in-
ducing apoptosis and activating MAPK signaling pathways.
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METHODS

Reagents and antibodies
ICTS ( > 98%) was purchased from ChemFaces (Wuhan, 

China) and dissolved in dimethyl sulfoxide (DMSO) to pro-
duce a stock solution. A working solution was diluted from 
the stock solution using cell culture medium. Hoechst 33342 
stain, 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetra-
zolium bromide (MTT), propidium iodide (PI), 5, 5́ , 6, 6́ -tetra-
chloro-1, 1́ , 3, 3́ -tetraethyl-imidacarbocyanine iodide (JC-1), 
and carbonyl cyanide 3-chlorophenylhydrazone (CCCP) were 
purchased from Sigma-Aldrich (St. Louis, USA). Crystal violet 
staining solution and DNA loading buffer were obtained from 
Beyotime Inc. (Haimen, China). Specific antibodies against 
Bcl-2, bcl-X protein (Bcl-XL), bcl-2-associated X protein 
(BAX), bcl-2 homologous antagonist-killer protein (BAK), 
poly-ADP-ribose polymerase (PARP), caspase-3, caspase-9, 
phospho-c-Jun N-terminal protein kinase (p-JNK), phospho-
extracellular regulated protein kinase 1/2 (p-ERK), phospho-
p38 mitogen-activated protein kinase (p-p38), JNK, p38, 
ERK, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 
and related secondary antibodies were purchased from Cell 
Signaling Technology (Beverly, USA). Radio immunoprecipi-
tation assay (RIPA) lysis buffer was obtained from Santa Cruz 
Biotechnology Inc. (Santa Cruz, USA).

Cell lines and cell culture
MCF-7 and MDA-MB-231 human breast cancer cells, 

HepG2 human liver cancer cells, and A549 human lung can-
cer cells were purchased from American Type Culture Collec-
tion (Manassas, USA). Cells were cultured in RPMI 1640 or 
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Carlsbad, 
USA) supplemented with 10% fetal bovine serum (Gibco) at 
37°C in a humidified atmosphere of 5% CO2.

Cell viability measurement
Cell viability was measured using the MTT assay. In brief, 

cells were seeded in 96-well culture plates (5,000 cells per well) 
and treated with a series of concentrations of ICTS (0–40 µM) 
for 24 hours. After treatment, cells were incubated with se-
rum-free medium containing MTT (1 mg/mL) for 4 hours, 
followed by removal of the supernatant and dissolution of the 
formazan crystals with DMSO. The absorbance of the result-
ing solution was recorded at 570 nm using a microplate reader 
(PerkinElmer Inc., Waltham, USA).

Clonogenic assay
Clonogenic assays were performed according to previously 

described methods [14]. MCF-7 cells in the exponential phase 

of growth were seeded in 6-well plates at a low density (1,000 
cells per well). After complete adhesion, cells were treated with 
ICTS (0–20 µM) for 24 hours, after which the medium con-
taining the ICTS was replaced with fresh medium. Cells were 
allowed to grow until visible colonies formed, at which point 
the cells were fixed with 4% paraformaldehyde and cell colo-
nies were stained with 0.5% crystal violet staining solution.

Cell cycle analysis
PI staining was performed to determine the phase distribu-

tion of the DNA content of the cells. MCF-7 cells were treated 
with ICTS (0–10 µM) for 24 hours. After treatment, cells were 
harvested and fixed with 70% ethanol overnight at -20°C. The 
fixed cells were washed with cold phosphate-buffered saline 
(PBS) and stained with PI staining solution (10 µg/mL of Raze 
A and 50 µg/mL of PI) at 37°C for 15 minutes in the dark. Cell 
cycle analyses were performed with a flow cytometer and 
Cell-Quest software (Becton Dickinson, San Jose, USA).

Hoechst 33342 nuclear staining
MCF-7 cells were seeded in 24-well culture plates and treat-

ed with the indicated concentrations of ICTS (0–10 µM) for 
24 hours. After treatment, cells were stained with Hoechst 
33342 (1 µg/mL) at 37°C for 20 minutes in the dark, washed 
with PBS, and observed by fluorescence inverted microscopy 
(IX73; Olympus, Tokyo, Japan).

DNA fragmentation assay
DNA fragmentation assays were performed with the DNA 

Ladder Extraction Kit with Spin Column (Beyotime, Haimen, 
China) according to the manufacturer’s protocol. MCF-7 cells 
were treated with the indicated concentrations of ICTS (0–20 
µM) for 24 hours, after which genomic DNA was extracted. 
Next, DNA fragments were separated by gel electrophoresis 
on a 1% agarose gel. DNA was visualized using ethidium bro-
mide staining and photographed under ultraviolet light.

Detection of mitochondrial membrane potential
Changes in mitochondrial membrane potential (MMP) 

were measured with JC-1 staining. MCF-7 cells were treated 
with ICTS (20 µM) for 0, 2, 4, 8, or 20 hours. The cells were 
collected and stained with JC-1 working solution (10 µg/mL) 
at 37°C for 20 minutes in the dark. The stained cells were ana-
lyzed with a flow cytometer (Becton Dickinson). Cells treated 
with CCCP (10 µM) for 20 minutes were used as the positive 
control group.

Western blot analysis
Protein expression was determined in MCF-7 cells using 
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Western blotting according to standard procedures. Briefly, 
total protein from untreated or treated cells was extracted in 
RIPA lysis buffer. Equivalent amounts of protein (30 µg) from 
each group were separated with sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and transferred onto a poly-
vinylidene fluoride membrane (Bio-Rad Laboratories, Hercules, 
USA). After blocking with 5% nonfat milk at room temper-
ature for 1 hour, each membrane was incubated with a specific 
primary antibody (1:1,000) at 4°C overnight. After three 
washes in washing buffer (20 mM Tris-HCl, 500 mM NaCl, 
and 0.1% Tween 20), each membrane was incubated with the 
appropriate secondary antibody at room temperature for 2 
hours. Specific protein bands were visualized using an ECL 
Advanced Western Blot Detection Kit (Thermo Fisher, 
Waltham, USA).

Statistical analysis
Data are expressed as mean± standard deviation from three 

independent experiments. Significant differences between 

groups were identified by one-way analysis of variance with 
Tukey’s post hoc test. Results of p< 0.05 were considered to be 
significant. Statistical analyses were performed using Graph-
Pad Prism 5 software (GraphPad Software Inc., San Diego, 
USA).

RESULTS

Isocryptotanshinone’s cytotoxicity
MCF-7, MDA-MB-231, HepG2, and A549 cells were sub-

jected to the MTT assay to evaluate the cytotoxicity of ICTS 
treatment by measuring cell viability. ICTS significantly inhib-
ited the proliferation of MCF-7, MDA-MB-231, HepG2, and 
A549 cells in a concentration-dependent manner (Figure 1B). 
MCF-7 cells showed the highest sensitivity to ICTS. The half-
maximal inhibitory concentration of ICTS in MCF-7 cells was 
about 12.5 µM after 24 hours of treatment. As shown in Fig-
ure 1C, morphological changes were observed after exposure 
to 5–20 µM of ICTS for 24 hours. Moreover, the clonogenic 

100

75

50

25

0
 0 10 20 30 40

Concentration (μM)

MCF-7

HepG2

MDA-MB-231

A549

C
el

lv
ia

bi
lit

y 
(C

on
 %

)

Figure 1. The chemical structure and cytotoxicity of isocryptotanshinone (ICTS). (A) The chemical structure of ICTS. (B) MCF-7, MDA-MB-231, 
HepG2, and A549 cells were treated with indicated concentrations (0–40 µM) of ICTS for 24 hours. Cell viabilities were measured by 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay. (C) After treatment with ICTS (0–20 µM) for 24 hours, morphological changes of MCF-
7 cells were photographed. (D) MCF-7 cells were treated with indicated concentrations of ICTS for 24 hours. At a concentration of 20 μM, ICTS al-
most completely inhibited colony formation by MCF-7 cells.
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assay showed that ICTS treatment resulted in a remarkable 
decrease in MCF-7 cell colony number in comparison with 
untreated MCF-7 cells. At a concentration of 20 µM, ICTS al-

most completely inhibited colony formation by MCF-7 cells 
(Figure 1D).

Figure 3. Isocryptotanshinone (ICTS) induced apoptosis in MCF-7 cells. (A) Cells were treated with indicated concentrations of ICTS for 24 hours, and 
the nuclei were stained by Hoechst 33342. Arrows indicated the condensed nuclei in cells. (B) DNA fragmentation assay was performed in MCF-7 
cells after treatment with indicated concentrations of ICTS for 24 hours. (C, D) MCF-7 cells were treated with ICTS (0–20 µM) for 24 hours, and the ex-
pressions of Bcl-2, Bcl-XL, BAK, and BAX, as well as poly-ADP-ribose polymerase (PARP), caspase-3, and caspase-9 were detected by Western blot.
GAPDH=glyceraldehyde 3-phosphate dehydrogenase.
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Figure 2. Effect of isocryptotanshinone (ICTS) on cell cycle distribution of MCF-7 cells. (A) Cells were treated with ICTS (0–10 µM) for 24 hours, and 
cell cycle distribution was analyzed using flow cytometer. (B) The percentages of each G1, S, and G2/M phase for different treatment. 
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Isocryptotanshinone induced G1 phase cell cycle arrest in 
MCF-7 cells

The cell cycle distribution was determined by analysis of 
DNA content using PI staining. Figure 2A shows the cell cycle 
distribution of MCF-7 cells treated with ICTS (0–10 µM). The 
percentages of cells in the G1, S, and G2/M phases following 
treatment with different concentrations of ICTS were calculat-
ed (Figure 2B). G1 phase cell cycle arrest was observed in 
ICTS-treated cells. The group treated with 10 µM ICTS showed 
a significant increase in the proportion of G1 phase cells in 
comparison with the control group (p< 0.05) (Figure 2B).

Isocryptotanshinone induced apoptosis in MCF-7 cells
To determine whether ICTS induced apoptosis in MCF-7 

cells, nuclear fluorescent staining and DNA fragmentation as-
says were conducted. As shown in Figure 3A, after treatment 
with ICTS, morphological characteristics indicative of apop-
totic cells, including nuclear condensation and fragmentation, 
were observed in Hoechst 33342-stained MCF-7 cells. Al-
though the DNA fragmentation assay did not show clear 
“DNA ladders,” diffuse fragmentation was observed (Figure 
3B). Furthermore, expression levels of apoptosis-related pro-
teins were determined. As shown in Figure 3C, after ICTS 
treatment, the abundance of antiapoptotic proteins Bcl-2 and 
Bcl-XL decreased, while that of proapoptotic proteins BAX 
and BAK increased. In addition, a remarkable increase in the 
abundance of cleaved PARP, cleaved caspase-3, and caspase-9 
was also detected after ICTS treatment (Figure 3D). These 
results confirmed that ICTS induced apoptosis in MCF-7 cells.

Isocryptotanshinone decreased MMP in MCF-7 cells
Decreased MMP is an important characteristic of early 

apoptosis. To investigate whether mitochondria were involved 
in ICTS-induced apoptosis, we measured MMP in MCF-7 cells 
by flow cytometry using JC-1 staining. As shown in Figure 4, 
MCF-7 cells treated with 20 µM of ICTS showed a time-depen-
dent loss of MMP. As expected, the positive control treatment 
CCCP (10 µM) resulted in a significant decrease in MMP.

Isocryptotanshinone activated MAPKs signaling in MCF-7 cells
Activation of MAPK signaling pathways is involved in the 

antiproliferative and proapoptotic effects of chemotherapeu-
tics in many kinds of cancer cells [11,15-17]. We measured 
activation of JNK, ERK, and p38 in MCF-7 cells after ICTS 
treatment. As shown in Figure 5, ICTS induced phosphoryla-
tion of JNK (p-JNK), ERK (p-ERK), and p38 (p-p38) in 
MCF-7 cells without affecting total JNK, ERK, or p38. Further-
more, a time-dependent increase in phosphorylation of JNK, 
ERK, and p38 was observed after treatment with 10 µM ICTS 
(Figure 5B).

Figure 4. Effect of isocryptotanshinone (ICTS) on mitochondrial mem-
brane potential (MMP). MCF-7 cells were treated with 20 µM ICTS for 0, 
2, 4, 8, and 20 hours, the MMP was determined by flow cytometer us-
ing JC-1 staining. Cells treated with 10 µM carbonyl cyanide 3-chloro-
phenylhydrazone (CCCP) for 20 minutes were used as the positive 
control. 
*p<0.05; †p<0.01 compared with 0 hour treatment group.
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Figure 5. Effect of isocryptotanshinone (ICTS) on the mitogen activated 
protein kinases signaling. (A) MCF-7 cells were treated with indicated 
concentrations of ICTS for 24 hours, and the expressions of total and 
phosphorylated JNK, ERK, p38 were detected by Western blot. Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was used as internal 
control. (B) Cells were treated with ICTS for 0, 1, 3, 6, 12, and 24 hours, 
respectively, the expressions of p-JNK, p-ERK, and p-p38 were detect-
ed by Western blot. GAPDH was used as internal control.
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DISCUSSION

Several tanshinones isolated from S. miltiorrhiza, including 
tanshinone I, tanshinone IIA, CTS, and dihydrotanshinone I, 
inhibit the growth of various human cancer cell lines through 
antiproliferative (e.g., cell cycle arrest) and proapoptotic ef-
fects [7,10]. CTS inhibits proliferation and induces apoptosis 
in several cancer cell lines, including human liver cancer cells 
[18], prostate cancer cells [17,19], leukemia cells [20], glioma 
cells [21], breast cancer cells [22], and lung cancer cells [23]. 
The structure of the tanshinone ICTS is similar to that of CTS. 
However, the biological activities of ICTS, especially its anti-
cancer activities, have not been studied extensively. Here, we 
provide evidence that ICTS possesses potent anticancer effect 
in vitro. ICTS significantly inhibited the proliferation of hu-
man breast, liver, and lung cancer cell lines in vitro. Among 
the tested cell lines, the MCF-7 human breast cancer cell line 
was most sensitive to ICTS, while the MDA-MB-231 breast 
cancer cell line was least sensitive to ICTS, suggesting that 
ICTS might be more effective against estrogen receptor posi-
tive cancer cells.

Induction of cell cycle arrest and apoptosis are the most im-
portant mechanisms of anticancer compounds. Previous 
studies reported that CTS induced G1 and G1-G0 cell cycle 
arrest in HepG2 cells [13], multidrug resistant human chronic 
myeloid leukemia cells (K562/ADM) [20], and two melanoma 
cell lines [24]. Similar to these reports, we found that ICTS in-
duced cell cycle arrest at the G1 phase in MCF-7 cells; however, 
the mechanism underlying this effect remains to be identified. 
Hoechst 33342 staining of MCF-7 cells following ICTS treat-
ment showed morphological characteristics of apoptosis. 
Although the DNA fragmentation assay did not show a clear 
“DNA ladder,” changes indicative of DNA fragmentation were 
obvious. Members of the Bcl-2 family, including anti- and 
proapoptotic regulators, play key roles in cell survival and onco-
genesis [25]. Some tanshinones induce apoptosis in cancer 
cells by regulating Bcl-2 family members. For example, tan-
shinone IIA increased the Bax/Bcl-2 ratio in H146 lung can-
cer cells, inhibiting cell growth [26]. CTS induced Fas-mediat-
ed apoptosis by upregulating expression of Bcl-2 and MAPK 
[17], while tanshinone I induced apoptosis in MCF-7 and 
MDA-MB-231 cells by regulating expression of Bcl-2 and 
BAX [27]. In the present study, antiapoptotic proteins Bcl-2 
and Bcl-XL were downregulated by ICTS, while proapoptotic 
proteins BAK and BAX were upregulated by ICTS, suggesting 
that ICTS increased expression of Bcl-2 family members in 
MCF-7 cells. Bcl-2 family proteins also regulate mitochondrial 
outer membrane permeability. A loss of MMP can result in the 
release of several apoptogenic factors into the cytoplasm [28]. 

We observed a reduction in MMP in ICTS-treated MCF-7 cells. 
Caspase family proteins are executors of apoptosis [29]. Here, 
we found that cleavage of PARP, caspase-3, and caspase-9 
significantly increased in ICTS-treated MCF-7 cells. Taken 
together, these results demonstrated clearly that ICTS induced 
apoptosis in MCF-7 cells.

Signaling by MAPKs, including JNK, ERK1/2, and p38, 
plays a critical role in the regulation of cell proliferation, dif-
ferentiation, and apoptosis [11,15-17]. It has been reported 
that MAPK signaling is involved in the anticancer and pro-
apoptotic activities of many tanshinones. For example, JNK 
and p38 participate in the effect of CTS on DU145 human 
prostate cancer cells [11,17], while p38 participates in the ef-
fects of dihydrotanshinone and tanshinone IIA on HepG2 liv-
er cancer cells [18] and ovarian cancer cells [16], respectively. 
The effects of JNK, ERK and p38 activation depend on the 
stimulus and duration of activation, as well as cell type. Stress-
activated MAPKs vary in different cancer cells and play key 
roles in sensitivity to drug therapy and therapeutic outcomes 
[30]. Chen et al. [11] reported that CTS activated p38/JNK in 
DU145 cancer cells, but inhibited ERK. In the present study, 
we demonstrated that ICTS activated JNK signaling in a con-
centration- and time-dependent manner, while also activating 
ERK and p38 signaling, in MCF-7 cells. However, further in-
vestigation is required to determine the roles of JNK, ERK, 
and p38 in inhibition of MCF-7 cell proliferation by ICTS.

The present study showed that ICTS, a natural product iso-
lated from S. miltiorrhiza, inhibited proliferation and induced 
G1 cell cycle arrest and apoptosis in MCF-7 cells. Our find-
ings provide confirmation of the anticancer activities of the 
traditional Chinese medicine S. miltiorrhiza.
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