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3  Results and discussion 

3.1  Effect of GTPs on growth of cancer cells and 
apoptotic cell death 

The antitumor activities of GTPs against MCF-7, 
A549, Hela, PC3, and HepG2 cells were investigated 
by MTT assay. As shown in Fig. 1, GTPs exhibited a 
broad spectrum of inhibition against the selected 
cancer cell lines in a dose-dependent manner. Among 
the treated cancer cell lines, MCF-7 cells showed the 
highest sensitivity to GTPs, followed by HepG2, Hela, 
PC3, and A549 cells based on the detected IC50 of 
GTPs as (291.9±18.0), (327.4±25.1), (330.5±16.8), 
(351.1±19.2), and (384.0±2.11) mg/ml, respectively. 
As the most sensitive cells to GTPs, MCF-7 cells 
were subsequently used as the test model to further 
study the in vitro molecular mechanisms of GTPs in 
the treatment or prevention of breast cancer in the 
present paper. To further determine the effect of 
GTPs on apoptotic cell death, the cellular nuclear 
morphology changes of MCF-7 cells exposed to 
GTPs were examined by Hoechst 33258 staining. As 
shown in Fig. 2, the characteristic chromatin con-
densation, nuclear fragmentation, and apoptotic bod-
ies were clearly shown in GTP-treated cells, but cells 
without GTP treatment displayed excellent health 
characteristics with a large round nucleus and normal 
chromatin patterns. The results demonstrated that the 
growth inhibitory effect of GTPs is due in part to 
induction of apoptosis. 

3.2  Effect of GTPs on cell cycle arrest 

A cell cycle is a repeated round of cell duplica-
tion and growth. It is thought that the induction of cell 
cycle arrest and apoptosis was the main strategy of 
regulating cell proliferation (Rezaei et al., 2012). The 
eukaryotic cell cycle includes four distinct phases (G1, 
S, G2, and M). The G0 phase is a resting period in the 
cell cycle where cells exist in a distinct quiescent state. 
The G1 phase takes place in cell division, during 
which the cells grow in size and also synthesize 
mRNA and proteins required for DNA synthesis. 
Once the required proteins and growth are completed, 
the cells move into the S phase. The S phase occurs 
between the G1 phase and G2 phase, when DNA is 
replicated. The G2 phase is a period of rapid cell 
growth and protein synthesis, during which the cell 
readies itself for mitosis (M). The M phase is a  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

cell cycle process, and at this stage the cell growth 
stops and cellular energy is focused on orderly divi-
sion into two daughter cells (Crews and Mohan, 
2000). 

To investigate whether the antiproliferative 
properties of GTPs depend in part on cell cycle arrest, 
the cells were stained with DNA-binding dye (PI), 
and the cell cycle phase distribution of the GTP- 
treated MCF-7 cells was quantified by flow cytome-
try analysis (Table 1). As shown in Table 1, the 
GTP-treated cells caused a remarkable accumulation 
of cells in the G1/G0 phase from 47.1% to 52.3%, 

Fig. 2  Fluorescent staining of nuclei in GTP-treated
MCF-7 cells by Hoechst 33258 
Cells were treated with 0 (a), 200 (b), 300 (c) and 400 μg/ml (d)
of GTPs for 24 h. Original magnification: 400× 

Fig. 1  IC50 values of GTPs against the viabilities of dif-
ferent cells 
MCF-7, A549, Hela, PC3, and HepG2 cells were treated for
24 h with medium or GTPs at different concentrations. Data
are expressed as mean±SD, with n=3. Different letters above
the columns indicate significant differences (P<0.05) 
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whereas the number of cells in the S phase decreased 
from 35.5% of the control group to 26.8%. The result 
indicated that GTPs can inhibit cell cycle arrest at the 
transition from the G1 to S phase in MCF-7 cells. 
Furthermore, at higher GTP concentrations (≥300 μg/ml), 
a substantial increase in the population of the G2/M 
phase was observed. The above results showed that 
GTPs can regulate both the G1/S and G2/M transition 
to inhibit an increase in the number of cells and DNA 
synthesis. 

 
 
 
 
 
 
 
 
 
 
 
 
 

3.3  Effect of GTPs on the mitochondrial mem-
brane potential in MCF-7 cells 

Mitochondrial membrane potential (ΔΨm) de-
polarization is an important early indicator of apop-
totic signaling activation. Loss of ΔΨm can be de-
tected by staining MCF-7 cells with a lipophilic cat-
ionic probe JC-1 (Baregamian et al., 2009). JC-1 
exists as red fluorescent JC-1-aggregate under high 
ΔΨm at hyperpolarized membrane potentials or as 
green fluorescent monomers under low ΔΨm at de-
polarized membrane potentials. Thus, mitochondrial 
depolarization can be specifically indicated by a de-
crease in the red/green fluorescence intensity ratio 
(Radad et al., 2006; Rogalska et al., 2008). When 
examined by fluorescent microscopy, the untreated 
control cells stained with JC-1 clearly showed an 
intense red fluorescence and weak green fluorescence. 
However, ΔΨm rapidly depolarized in the cells ex-
posed to GTPs for 24 h, as shown by a marked  
increase in green fluorescence and disappearance of 
red fluorescence (Fig. 3a). As shown in Fig. 3b GTP- 
treated cells showed a significant decrease in ΔΨm, 
evidenced by a reduction in red/green fluorescence 
intensity ratio. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

3.4  GTP-induced generation of intracellular ROS 
in MCF-7 cells 

ROS are known as the mediators of intracellular 
signaling cascade. Excessive generation of ROS can 
lead to oxidative damage to the mitochondrial mem-
brane and ultimately trigger a series of mitochondrial- 
associated events including apoptosis (Quan et al., 
2010; Huang et al., 2014). DCFH-DA is a fluorogenic 
freely permeable tracer specific for ROS determina-
tion, which can cross over the cellular membrane and 
be hydrolyzed to the non-fluorescent DCFH by in-
tracellular esterases. DCFH is consequently oxidized 
by ROS to a highly fluorescent substance, DCF. Thus, 
the fluorescent intensity of DCF is proportional to the 
level of ROS generated by MCF-7 cells (Zhang et al., 

Table 1  Effects of GTPs on cell cycles in MCF-7 cells

GTP 
(μg/ml) 

Cell population (%) 

G1/G0 G2/M S 

0 47.1±1.37a 17.4±0.84a 35.5±1.12a 

200 51.2±3.45b 15.7±1.05b 33.1±1.83b 

300 51.5±2.06c 17.4±0.82a 31.1±1.21c 

400 52.3±2.78d 20.9±1.28c 26.8±1.07d 

Values are expressed as mean±SD (n=3) and different letters 
within a column indicate significant difference between samples 
(P˂0.05) 

0

20

40

60

80

100

120(b)

___________________________
          

R
e

d/
g

re
e

n 
flu

or
es

ce
n

ce
 in

te
n

si
ty

 
(%

 o
f 

co
n

tr
ol

)

Control            200              300               400

a

b

c

d

(a)

(4)

Fig. 3  Effect of GTPs on the mitochondrial membrane
potential (ΔΨm) in MCF-7 cells 
(a) Qualitative analysis of ΔΨm using the lipophilic cationic 
probe JC-1 with a fluorescence microscope (magnification 
400×). Cells were treated with 0, 200, 300, and 400 μg/ml of 
GTPs for 24 h, respectively. (b) Determination of ΔΨm by a 
Fluoroskan Ascent Microplate Fluorometer. Data are ex-
pressed as mean±SD, with n=3. Different letters above the 
columns indicate significant differences (P<0.05) (Note: for
interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article) 
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2007; Liu and Huang, 2015). As shown in Fig. 4a in 
contrast to the control (untreated) cells, the fluores-
cence intensity of GTP-treated cells was significantly 
higher; meanwhile, fluorescence intensity increased 
as GTP concentration increased. The levels of ROS in 
GTP-treated cells were significantly higher than those 
in the untreated cells. As shown in Fig. 4b it was 
found that cells treated with 400 μg/ml of GTP for  
24 h significantly elevated ROS generation more than 
the untreated control cells (increased by 81.0%). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.5  GTP-induced DNA fragmentation in MCF-7 
cells 

As the major biological criterion for determina-
tion of whether a cell is apoptotic, fragmentation of 
chromosomal DNA is believed to be a relatively late 

event in the apoptotic process (Zhang et al., 2007; 
Huang et al., 2014). When treated with anticancer 
agent, chromatin DNA is cleaved into multiples of 
approximately 180–200 base pairs (bp) internucleo-
somal fragments which can be detected by gel elec-
trophoresis as a typical DNA ladder pattern (Gonzá-
lez et al., 2013; Huang et al., 2014). As shown in  
Fig. 5, MCF-7 cells cultured in the control group 
showed no obvious DNA ladders, while the MCF-7 
cells treated with GTPs showed significant DNA 
fragmentation and the ladder gradually became clear 
as the concentration of GTPs increased. The result 
indicated that GTPs could induce apoptosis in MCF-7 
cells as characterized by DNA fragmentation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.6  GTP-induced caspase-3 and caspase-9 activa-
tion in MCF-7 cells 

Caspases are important mediators of cell apop-
tosis, which play central roles in the initiation and 
execution of apoptosis (Li L.L. et al., 2012; Li T.  
et al., 2013). Among these caspases, caspase-3 is 
most important, and plays a direct role in proteolytic 
cleavage of cellular poly (ADP-ribose) polymerase 
(PARP) (Chakraborty et al., 2012). In normal cells, 
caspase-3 is expressed as an active 35-kDa precursor, 
which can be proteolytically cleaved into active 17- 
and 19-kDa subunits when apoptosis occurs (Sun  
et al., 1999). Within the mitochondrial pathway of 
apoptosis, caspase-9 is an initiator caspase responsi-
ble for the activation of the executioner caspases, such 
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Fig. 4  Effect of GTPs on intracellular ROS generation in
MCF-7 cells 
(a) Qualitative analysis of ROS generation by a fluorescence
microscope (magnification 400×). Cells were treated with 0,
200, 300, and 400 μg/ml of GTPs for 24 h, respectively.
(b) Determination of ROS generation by a Fluoroskan As-
cent Microplate Fluorometer. Data are expressed as mean±
SD, with n=3. Different letters above the columns indicate
significant differences (P<0.05) 

Fig. 5  Effect of GTPs on DNA fragmentation in MCF-7
cells detected by gel electrophoresis 
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as downstream caspase-3 (Hail et al., 2006). Upon 
apoptosis stimulation, full-length inactive caspase-9 
(47-kDa) will be cleaved into active 35- and 37-kDa 
subunits (Herold et al., 2002). 

To further elucidate the apoptotic pathway in-
volved in GTP-induced apoptosis in MCF-7 cells, the 
expressions of caspase-3 and its upstream initiator 
caspase-9 were examined by Western blot analysis. 
As shown in Fig. 6, exposure of MCF-7 cells to GTPs 
resulted in a decrease in the expressions of pro-caspase-3 
and pro-caspase-9. The activated cleavage fragments 
of caspase-3 and caspase-9 were not detected in the 
control cells, but appeared in GTP-treated cells. The 
results confirmed that caspase-3 and caspase-9 were 
involved in both the extrinsic and intrinsic apoptosis 
pathways in GTP-induced apoptosis, suggesting that 
GTPs could induce cell apoptosis in MCF-7 cells 
through the mitochondrial pathway, resulting in 
caspase-9 activation and downstream caspase-3  
activation. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4  Conclusions 
 

In this work, the cytotoxic effect of GTPs against 
five human cancer cell lines and the mechanisms of 

apoptosis in MCF-7 cells induced by GTPs were 
studied. In summary, the results showed that GTPs 
had broad-spectrum anti-tumor activities, especially 
for MCF-7 cells. Studies on the underlying mecha-
nisms revealed that exposure of GTPs could signifi-
cantly inhibit the growth of MCF-7 cells through in-
duction of cell cycle arrest by regulating the G1/S and 
G2/M transition and induction of the mitochondrial- 
dependent pathway of apoptosis. The GTP-induced 
apoptosis of MCF-7 cells was involved in induction 
of chromatin condensation, the loss of ΔΨm, elevation 
of intracellular ROS production, induction of nucle-
osomal DNA fragmentation, and activations of 
caspase-3 and caspase-9. 
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中文概要 

 
题 目：茶多酚对人乳腺癌细胞 MCF-7 凋亡的影响及其

机制研究 

目 的：评估茶多酚对人乳腺癌细胞 MCF-7 凋亡的影响，

并探讨了其作用机制。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

创新点：全面考察了茶多酚对抗乳腺癌的分子机制，为茶

多酚作为抗肿瘤辅助药物提供理论依据。 

方 法：首先选取不同组织来源的五种人肿瘤细胞（人肝

癌细胞 HepG2、人肺癌细胞 A549、人前列腺癌

细胞 PC3、人宫颈癌细胞 Hela、人乳腺癌细胞

MCF-7）作为体外模型，以 MTT 法检测茶多酚

对其增殖抑制作用。然后，选用最敏感细胞

MCF-7 为研究对象，采用流式细胞术检测茶多酚

对细胞周期分布的影响，用 Hoechst 3328 染色法

观察茶多酚对细胞核形态的影响，用 JC-1 染色法

观察茶多酚对细胞线粒体跨膜电位的影响，用双

氯荧光素（DCFH-DA）染色法观察茶多酚对细

胞活性氧（ROS）水平的影响，用凝胶电泳 DNA

片段测定法（DNA ladder）观察茶多酚处理后细

胞 DNA 断裂情况，用蛋白质印迹法（Western 

blot）检测茶多酚对细胞凋亡关键蛋白 caspase-3

和 caspase-9 表达的影响，全面探讨了茶多酚体外

抗肿瘤机制。 

结 论：实验结果显示，茶多酚能够通过诱导细胞周期阻

滞和线粒体凋亡抑制 MCF-7 细胞增殖。茶多酚诱

导线粒体凋亡的途径是使线粒体跨膜电位下降，

促使 MCF-7 细胞内 ROS 生成，促使细胞 DNA

断裂和促进细胞内 caspase-3和 caspase-9的活化。 

关键词：茶多酚；人乳腺癌细胞MCF-7；细胞凋亡；细胞

周期阻滞；线粒体凋亡 


