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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 ICsy 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 GO 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
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Fig. 1 ICsyvalues 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)

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 pg/ml (d)
of GTPs for 24 h. Original magnification: 400x

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/GO phase from 47.1% to 52.3%,
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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 GI to S phase in MCF-7 cells.
Furthermore, at higher GTP concentrations (>300 pg/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.

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

GTP Cell population (%)
(ng/ml) G1/GO G2M S
0 47141372 17.4+0.84a  35.5+1.12a
200  512+3.45b  15.7+1.05b  33.1+1.83b
300 51.5+2.06c  17.4+0.82a  31.1+1.2lc
400  523+2.78d  20.9+128c  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)

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

Mitochondrial membrane potential (AYy,) de-
polarization is an important early indicator of apop-
totic signaling activation. Loss of A¥,, 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
AY¥, at hyperpolarized membrane potentials or as
green fluorescent monomers under low AY,, 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, AY,, 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 A¥,
evidenced by a reduction in red/green fluorescence
intensity ratio.
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Fig. 3 Effect of GTPs on the mitochondrial membrane
potential (AY,,) in MCF-7 cells

(a) Qualitative analysis of A¥,, using the lipophilic cationic
probe JC-1 with a fluorescence microscope (magnification
400%). Cells were treated with 0, 200, 300, and 400 pg/ml of
GTPs for 24 h, respectively. (b) Determination of A%, 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)

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.,
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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 pg/ml of GTP for
24 h significantly elevated ROS generation more than
the untreated control cells (increased by 81.0%).
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Fig. 4 Effect of GTPs on intracellular ROS generation in
MCEF-7 cells

(a) Qualitative analysis of ROS generation by a fluorescence
microscope (magnification 400x). Cells were treated with 0,
200, 300, and 400 pg/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)

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 (Gonza-
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.
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Fig. S Effect of GTPs on DNA fragmentation in MCF-7
cells detected by gel electrophoresis

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. ef 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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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.
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Fig. 6 Effect of GTPs on activations of caspase-3 and
caspase-9 detected by Western blot analysis

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 A%, elevation
of intracellular ROS production, induction of nucle-
osomal DNA fragmentation, and activations of
caspase-3 and caspase-9.

Compliance with ethics guidelines

Shu-min LIU, Shi-yi OU, and Hui-hua HUANG declare
that they have no conflict of interest.

This article does not contain any studies with human or
animal subjects performed by any of the authors.

References

Baregamian, N., Song, J., Bailey, C.E., et al., 2009. Tumor
necrosis factor-a and apoptosis signal-regulating kinase 1
control reactive oxygen species release, mitochondrial
autophagy and c-Jun N-terminal kinase/p38 phosphory-
lation during necrotizing enterocolitis. Oxid. Med. Cell.
Longev., 2(5):297-306.
http://dx.doi.org/10.4161/0xim.2.5.9541

Boyle, P., Levin, B., 2008. World Cancer Report 2008. Inter-
national Agency for Research on Cancer, Lyon, France.

British Standards Institution, 2005. BS ISO 14502-1:2005.
Determination of substances characteristic of green and
black tea. Content of total polyphenols in tea. Colorimet-
ric method using Folin-Ciocalteu reagent. British Stand-
ards Institution, London, UK, p.1-6. http://shop.bsigroup.
com/ProductDetail/?pid=000000000030153463

Chakraborty, D., Bishayee, K., Ghosh, S., et al., 2012.
[6]-Gingerol induces caspase 3 dependent apoptosis and
autophagy in cancer cells: drug-DNA interaction and
expression of certain signal genes in HeLa cells. Eur. J.
Pharmacol., 694(1-3):20-29.
http://dx.doi.org/10.1016/j.ejphar.2012.08.001

Cotran, R.S., Kumar, V., Collins, T., et al., 1999. Robbins
Pathologic Basis of Disease, 6th Ed. WB Saunders,
Philadelphia.

Crews, C.M., Mohan, R., 2000. Small-molecule inhibitors of
the cell cycle. Curr. Opin. Chem. Biol., 4(1):47-53.
http://dx.doi.org/10.1016/S1367-5931(99)00050-2

Ferlay, J., Shin, H., Bray, F., et al, 2010. Estimates of
worldwide burden of cancer in 2008: GLOBOCAN 2008.
Int. J. Cancer, 127(12):2893-2917.
http://dx.doi.org/10.1002/ijc.25516



Liu et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2017 18(2):89-98 97

Gonzalez, S.E.F., Anguiano, E.A., Herrera, A.M., et al., 2013.
Cytotoxic, pro-apoptotic, pro-oxidant, and non-genotoxic
activities of a novel copper(Il) complex against human
cervical cancer. Toxicology, 314(1):155-165.
http://dx.doi.org/10.1016/j.tox.2013.08.018

Hail, N.Jr., Carter, B.Z., Konopleva, M., 2006. Apoptosis
effector mechanisms: a requiem performed in different
keys. Apoptosis, 11(6):889-904.
http://dx.doi.org/10.1007/s10495-006-6712-8

Hail, N.Jr., Cortes, M., Drake, EXN., et al., 2008. Cancer
chemoprevention: a radical perspective. Free Radical
Biol. Med., 45(2):97-110.
http://dx.doi.org/10.1016/j.freeradbiomed.2008.04.004

Herold, M.J., Kuss, A.W., Kraus, C., et al., 2002. Mitochondria-
dependent caspase-9 activation is necessary for antigen
receptor-mediated effector caspase activation and apop-
tosis in WEHI 231 lymphoma cells. J. Immunol., 168(8):
3902-3909.
http://dx.doi.org/10.4049/jimmunol.168.8.3902

Hortobagyi, G.N., Ames, F.C., Buzdar, A.U., et al., 1988.
Management of stage III primary breast cancer with
primary chemotherapy, surgery, and radiation therapy.
Cancer, 62(12):2507-2516.
http://dx.doi.org/10.1002/1097-0142(19881215)62:12<2
507::AID-CNCR2820621210>3.0.CO;2-D

Huang, X.C., Wang, M., Wang, H.S., ef al., 2014. Synthesis
and antitumor activities of novel dipeptide derivatives
derived from dehydroabietic acid. Bioorg. Med. Chem.
Lett., 24(6):1511-1518.
http://dx.doi.org/10.1016/j.bmcl.2014.02.001

Jiang, X.G., 2014. Harnessing the immune system for the
treatment of breast cancer. J. Zhejiang Univ.-Sci. B (Bi-
omed. & Biotechnol.), 15(1):1-15.
http://dx.doi.org/10.1631/jzus.B1300264

Khan, N., Mukhtar, H., 2007. Tea polyphenols for health
promotion. Life Sci., 81(7):519-533.
http://dx.doi.org/10.1016/j.15.2007.06.011

Li, L.L., Cao, W.Q., Zheng, W.J., et al., 2012. Ruthenium
complexes containing 2,6-bis(benzimidazolyl)pyridine
derivatives induce cancer cell apoptosis by triggering
DNA damage-mediated p53 phosphorylation. Dalton
Trans., 41(41):12766-12772.
http://dx.doi.org/10.1039/C2DT30665D

Li, T., Zhu, J., Guo, L., et al., 2013. Differential effects of
polyphenols-enriched extracts from hawthorn fruit peels
and fleshes on cell cycle and apoptosis in human MCF-7
breast carcinoma cells. Food Chem., 141(2):1008-1018.
http://dx.doi.org/10.1016/j.foodchem.2013.04.050

Liang, H.H., Huang, H.H., Kwok, K.C., 1999. Properties of
tea-polyphenol-complexed bromelain. Food Res. Int.,
32(8):545-551.
http://dx.doi.org/10.1016/S0963-9969(99)00129-5

Liu, H.X., Li, X.L., Dong, C.F., 2015. Epigenetic and meta-
bolic regulation of breast cancer stem cells. J. Zhejiang
Univ.-Sci. B (Biomed. & Biotechnol.), 16(1):10-17.
http://dx.doi.org/10.1631/jzus.B1400172

Liu, S.M., Huang, H.H., 2015. Assessments of antioxidant

effect of black tea extract and its rationals by erythrocyte
haemolysis assay, plasma oxidation assay and cellular
antioxidant activity (CAA) assay. J. Funct. Foods,
18(Part B):1095-1105.
http://dx.doi.org/10.1016/j.jf.2014.08.023

Lu, G., Xiao, H., You, H., et al., 2008. Synergistic inhibition of
lung tumorigenesis by a combination of green tea poly-
phenols and atorvastatin. Clin. Cancer Res., 14(15):
4981-4988.
http://dx.doi.org/10.1158/1078-0432.CCR-07-1860

Luo, H.T., Tang, L.L., Tang, M., et al., 2006. Phase Ila chemo-
prevention trial of green tea polyphenols in high-risk indi-
viduals of liver cancer: modulation of urinary excretion of
green tea polyphenols and 8-hydroxydeoxyguanosine.
Carcinogenesis, 27(2):262-268.
http://dx.doi.org/10.1093/carcin/bgil47

Pan, G.H., O'Rourke, K., Dixit, V.M., 1998. Caspase-9, Bcl-XL,
and Apaf-1 form a ternary complex. J. Biol. Chem.,
273(10):5841-5845.
http://dx.doi.org/10.1074/jbc.273.10.5841

Pandey, M., Shukla, S., Gupta, S., 2010. Promoter demethyl-
ation and chromatin remodeling by green tea polyphenols
leads to re-expression of GSTP1 in human prostate cancer
cells. Int. J. Cancer, 126(11):2520-2533.
http://dx.doi.org/10.1002/ijc.24988

Pianetti, S., Guo, S., Kavanagh, K.T., et a/., 2002. Green tea
polyphenol epigallocatechin-3 gallate inhibits Her-2/neu
signaling, proliferation, and transformed phenotype of
breast cancer cells. Cancer Res., 62(3):652-655.

Quan, Z.W., Gu, J., Dong, P., et al., 2010. Reactive oxygen
species-mediated endoplasmic reticulum stress and mi-
tochondrial dysfunction contribute to cirsimaritin-induced
apoptosis in human gallbladder carcinoma GBC-SD cells.
Cancer Lett., 295(2):252-259.
http://dx.doi.org/10.1016/j.canlet.2010.03.008

Radad, K., Rausch, W.D., Gille, G., 2006. Rotenone induces
cell death in primary dopaminergic culture by increasing
ROS production and inhibiting mitochondrial respiration.
Neurochem. Int., 49(4):379-386.
http://dx.doi.org/10.1016/j.neuint.2006.02.003

Rezaei, P.F., Fouladdel, S., Hassani, S., ef al., 2012. Induction
of apoptosis and cell cycle arrest by pericarp polyphenol-
rich extract of Baneh in human colon carcinoma HT29
cells. Food Chem. Toxicol., 50(3-4):1054-1059.
http://dx.doi.org/10.1016/j.fct.2011.11.012

Rogalska, A., Koceva-Chyla, A., Jozwiak, Z., 2008. Aclarubicin-
induced ROS generation and collapse of mitochondrial
membrane potential in human cancer cell lines. Chem.
Biol. Interact., 176(1):58-70.
http://dx.doi.org/10.1016/j.cbi.2008.07.002

Stewart, B.W., Wild, C.P., 2014. World Cancer Report 2014.
World Health Organization, International Agency for
Research on Cancer, Lyon, France.

Strasser, A., O'Connor, L., Dixit, V.M., 2000. Apoptosis sig-
naling. Annu. Rev. Biochem., 69:217-245.
http://dx.doi.org/10.1146/annurev.biochem.69.1.217

Sun, X.M., MacFarlane, M., Zhuang, J., et al., 1999. Distinct



98 Liu et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2017 18(2):89-98

caspase cascades are initiated in receptor-mediated and
chemical-induced apoptosis. J. Biol. Chem., 274(8):5053-
5060.
http://dx.doi.org/10.1074/jbc.274.8.5053

Thangapazham, R.L., Singh, A.K., Sharma, A., et al., 2007.
Green tea polyphenols and its constituent epigallocate-
chin gallate inhibits proliferation of human breast cancer
cells in vitro and in vivo. Cancer Lett., 245(1-2):232-241.
http://dx.doi.org/10.1016/j.canlet.2006.01.027

Yang, C.S., Lambert, J.D., Sang, S., 2009. Antioxidative and
anti-carcinogenic activities of tea polyphenols. Arch.
Toxicol., 83(1):11-21.
http://dx.doi.org/10.1007/s00204-008-0372-0

Zhang, J.Y., Wu, H.Y., Xia, XK., et al., 2007. Anthracene-
dione derivative 1403P-3 induces apoptosis in KB and
KBv200 cells via reactive oxygen species-independent
mitochondrial pathway and death receptor pathway.
Cancer Biol. Ther., 6(9):1409-1417.
http://dx.doi.org/10.4161/cbt.6.9.4543

i E

B H: ZZBx AILEAR MCF-7 BT R mER
HLFEIBE T

B 0 PRS2 E e AL 4 MCF-7 J T 152,
HERVE T AR AR

BIFT A

T ¥

KA.

EMHE TR LW BRI THHL, A
Z B NI R S B 25 R A IR R

TSGR IR R H SURVE H) FLR A BB 4 (AT
FEANAE HepG2. A4l AS49. ART5ARNE
4008 PC3. NEA0ME Helaw A FL AR 4
MCF-7) {ENERAMERL, DL MTT 5460025 2 B
WM GEIER . R, kRS R
MCF-7 NWFFST S, R A0 AR A I 45 2 Wy
YT 20 B R 1 A 5%, FH Hoechst 3328 Yt ik
WL L o AU BAX TR AS T s2 e, A JC-1 Y ik
NSRS 22 Wy of 20 B 20 ot A 15 RS LAV PRS2, XL
AN E (DCFH-DA) Hett ik Wl 25 2 Wy 5t 4i
fnG 4 (ROS) KPR, FHEER FE 3K DNA
F BN 5E: (DNA ladder) WUELZS 22 My b 3 i 4
s DNA WrEdtEol, HEAREZEE (Western
blot) Rl % 2 My X A TG A ) caspase-3
FH caspase-9 KAk IR, ARV T %% 2 By kst
UL

we SCIREREIR, R Z WAL IE a0 IR

AR AR T 0] MCF-7 g 3656 . 7% 2 B ids
FERLAR I T IR AR R e AR 5 R L A T B
A MCF-7 4iffay ROS £k, {2fH41f DNA
W 4R HE 40 i Y caspase-3 Al caspase-9 FTE AL .
2l ANFLUEYIMCE-7; ZiiT; 401
Y32 SR PSR N



