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The aim of this study was to investigate the anticancer activity of exopolysaccharide (PEP) of Antarctic
bacterium Pseudoaltermonas sp. S-5 and elucidate the underlying molecular mechanisms. PEP signifi-
cantly inhibited the growth of human leukemia K562 cells. Results of morphological characterization
showed that PEP-treated cells displayed typical morphological characteristics of apoptosis such as con-
densation of chromatin and formation of apoptotic bodies. Flow cytometry analyses and colorimetric
assay demonstrated that PEP induced collapse of mitochondrial membrane potential and activation of
caspase-9, which indicated that intrinsic apoptotic signaling pathway was involved in apoptosis induced
by PEP in K562 cells. Western blot analysis showed that PEP increased the ratio of Bax/Bcl-2. In addition,
calcium signal might contribute to the cytotoxicity of PEP against K562 cells. These findings suggest that
PEP may be potentially effective drug against human leukemia.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Leukemia is a hematopoietic malignancy which starts in blood-
forming tissue and causes large numbers of abnormal blood cells.
In 2014, about 24,090 Americans will die of Leukemia (Siegel,
Ma, Zou, & Jemal, 2014). Although chemotherapy-based treatment
of leukemia has tremendously improved survival rates, current
strategies also induce significant undesirable side effects, includ-
ing ulcers, diarrhea and gastrointestinal bleeding. It is critical to
develop novel drugs with low toxicity for leukemia.
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Apoptosis, or type I programmed cell death, is a finely regu-
lated process of physiological cell death. It plays an essential role
in the development and maintenance of multi-cellular organism.
Compelling functional studies have established the concept that
apoptotic programmed cell death serves as a natural barrier to
cancer development (Adams & Cory, 2007; Lowe, Cepero, & Evan,
2004). Abnormalities in cell death regulation are important compo-
nents of neoplastic diseases. It presents an obvious drug target for
therapeutic intervention in cancers. Thereby, promoting apoptosis
may be effective to block the neoplastic progression.

Natural polysaccharides possess various biological and pharma-
cological activities, such asimmunostimulation and antitumor (Lee,
Ryu, Je, & Kim, 2011; Thangam et al., 2014; Wijesekara, Pangestuti,
& Kim, 2011). As biological response modifiers (BRMs), many of
them (Lentinan, Grifolan and Protein-bound polysaccharide-K) are
widely used in the treatment of various types of malignancy. Attrac-
tive studies have reported that some novel polysaccharides induced
apoptosis to exert inhibition of tumor cell proliferation (Chen et al.,


dx.doi.org/10.1016/j.carbpol.2014.12.045
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.12.045&domain=pdf
mailto:ksc313@126.com
dx.doi.org/10.1016/j.carbpol.2014.12.045

108 G. Chen et al. / Carbohydrate Polymers 121 (2015) 107-114

2013; Hirahara et al., 2011). Because of the unique activity of apo-
ptosis induction, these substances might be developed as novel
anti-tumor agents.

Psychrophiles are the predominant microorganism in the
Antarctica. These organisms can produce abundant extracellular
polymeric substances (especially exopolysaccharides) which pos-
sessed special physiological and biochemical characteristics under
low temperature and limited nutrient condition (Fendrihan &
Negoita, 2012). Exopolysaccharides (EPSs) play an important role
in cell adhesion, nutrition metabolism and cryoprotection for the
psychrophiles in extreme habitats (Junge, Eicken, & Deming, 2004;
Nichols, Guezennec, & Bowman, 2005). These substances possess
a great diversity of biological activities, including immunoregu-
latory, antiviral, anticancer and antioxidant, and are widely used
in pharmaceutical industries. We recently isolated and purified an
exopolysaccharide from the fermentation liquor of Antarctic bac-
terium Pseudoaltermonas sp. S-5, named as PEP (Bai et al., 2012).
PEP exhibits immunomodulatory activity which was evidenced by
the enhanced phagocytosis and production of NO and cytokines
in mouse peritoneal macrophage (Bai et al., 2012). However, the
antiproliferative activity on tumor cells of PEP has not yet been elu-
cidated. This study was designed to evaluate the anti-tumor effects
of PEP against human leukemia K562 cells and further investigate
the underlying mechanisms of the cytotoxic activity of PEP.

2. Materials and methods
2.1. Materials

Fetal bovine serum, RPMI-1640 medium, penicillin and strep-
tomycin were provided by Gibco (Gaithersburg, USA). Fluo-3
acetoxymethyl ester (Fluo-3 AM), sulforhodamine B (SRB), Hoechst
33258, 2/,7’-dichlorofluorescin diacetate (DCFH-DA) and bis-(o-
aminophenoxy)ethane-N,N,N’,N’-tetra-acetic acid acetoxymethyl
ester (BAPTA-AM) were purchased from Sigma-Aldrich (St. Louis,
USA). MitoProbe™ JC-1 Assay Kit was obtained from Molecular
Probes (Eugene, USA). Antibodies against Bax, Bcl-2 and 3-actin
were purchased from Santa Cruz Biotechnology (Santa Cruz, USA).
BCA protein assay kit was obtained from Thermo Fisher Scientific
(Rockford, USA). The enhanced chemiluminescence (ECL) kit was
purchased from Amersham Life Science (Amersham, UK). Annexin
V-FITC apoptosis detection kit and caspase activity assay kits were
supplied by Beyotime Institute of Biotechnology (Shanghai, China).

2.2. Organism and growth conditions

Pseudoaltermonas sp. S-5 (CGMCC 3433), isolated from the sea
ice samples which were collected by the 19th Antarctic Scientific
Research Expedition of China during 2002-2003, was preserved
in China General Microbiological Culture Collection Center. It was
cultured in shaking flask containing liquid 2216E medium which
was comprised of 10g/l glucose, 5.0¢g/l tryptone and 1.0g/l yeast
extract, dissolved in artificial seawater. The flasks were incubated
on a rotary shaker under the conditions of 140 rpm at 8 °C for 60 h.

2.3. Isolation and purification of the exopolysaccharide

The exopolysaccharide from the fermentation liquor of Antarc-
tic bacterium Pseudoaltermonas sp. S-5 was isolated and purified as
described previously (Bai et al., 2012). Briefly, the supernatant fer-
mentation was obtained by centrifuging at 10,000 rpm for 10 min,
and then concentrated by rotary evaporator at a reduced pres-
sure below 60 °C. Alcohol was added into the concentrated solution
until the concentration of the alcohol reached 75% and the mixture
was kept at 4°C overnight. The precipitate was dissolved in dis-
tilled water and deproteinated according to the method of Sevag

(1938). The resulting polysaccharide solution was treated with
D301R resin to decolorize, then dialyzed and lyophilized to obtain
colorless powder. The crude exopolysaccharides were dissolved in
start buffer (20 mmol/l Tris-HCIl, pH 8.2) and fractionated using
DEAE Sepharose Fast Flow column (1.6 cm x 20 cm) equilibrated
with start buffer. The unabsorbed fraction was collected and further
purified using Sephadex G-75 column (1.6 cm x 60 cm). The major
peak was collected, dialyzed and lyophilized to obtain a purified
exopolysaccharide termed as PEP.

2.4. Characterization of PEP

Spectroscopic and chromatographic methods were performed
to analyze the physicochemical properties of the polysaccharide
PEP. PEP appeared as a white powder and showed negative triio-
dide reaction, indicating the absence of starch-type polysaccharide.
Ultraviolet spectroscopy assay showed no absorption at 280 nm
and 260 nm, which indicated that PEP did not contain protein and
nucleic acid (Fig. S1). The Fourier transform infrared spectrum of
PEP displayed the characteristic peaks of polysaccharide (Fig. S2).
As shown in supplementary data, the average molar masses of PEP
was estimated to be 397 kDa and monosaccharide components of
PEP consist of mannose, glucose and galactose in a molar ratio of
4.8:50.9:44.3 (Bai et al., 2012).

2.5. Cell culture

Human leukemia cell line K562 was purchased from the Cell
Bank of Type Culture Collection of Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum, 100 units/ml penicillin,
100 pg/ml streptomycin at 37°C in an atmosphere containing 5%
CO,.

2.6. Cell proliferation viability assay

Viability of K562 cells was measured by sulforhodamine B col-
orimetric assay (Skehan et al., 1990). Briefly, exponentially growing
cells were placed into 96-well plate and treated with different
concentrations of PEP for indicated time. After incubation, cells
were centrifuged at 450 x g for 10 min to obtain cell layer. The
cell pellets were fixed with 10% (wt/vol) trichloroacetic acid and
stained with 0.4% SRB in 1% acetic acid for 1h. The excess dye
was removed by washing repeatedly with 1% (vol/vol) acetic acid
and the protein-bound dye was dissolved with 10 mM Tris base
solution. Absorbance was recorded at 510nm on an automatic
microplate reader.

2.7. Hoechst 33258 staining

Cells were seeded in 12-well plate and treated with PEP for 48 h.
The cells were fixed with methanol/acetic acid (3:1) for 15 min,
washed twice with phosphate-buffered saline (PBS) and stained
with Hoechst 33258 solution for 10 min at room temperature in
the dark. Samples were observed under fluorescence microscopy
(Olympus, Japan).

2.8. Flow cytometric analysis of apoptosis

Detection of PEP-induced apoptosis was performed by flow
cytometry using a commercially available Annexin V-FITC/PI apo-
ptosis detection kit. Cells were plated in 6-well plate and incubated
with PEP for 48 h. The treated cells were harvested and washed
with ice-cold PBS. The cell pellets were resuspended in 195 pl
binding buffer, followed by added 5 .l of FITC-labeled Annexin V
and propidium iodide. After incubated at room temperature for
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20 min in the dark, stained cells were analyzed by flow cytometry
(BD Biosciences, USA). The results were shown as scatter plots and
the early apoptotic cells were presented in right lower quadrant.

2.9. Analysis of the mitochondrial membrane potential (Ayrm)

Changes of mitochondrial transmembrane potential were mon-
itored by JC-1. Briefly, K562 cells (1 x 108) were seeded in 6-well
plate and incubated in the absence or presence of PEP for 24 h. The
cells were collected and stained with JC-1 for 20 min at 37°C in
the dark. Finally, the cell pellets were washed twice with PBS and
suspended in pre-warmed assay buffer. The fluorescence density
variation of sample was analyzed by flow cytometry using 488 nm
excitation equipped with 530 nm and 585 nm bandpass emission
filters (BD Biosciences, USA). The reduced ratio of red to green
fluorescence indicated the collapse of mitochondrial membrane
potential.

2.10. Measurements of cytosolic calcium concentration ([Ca?*]c)

Fluo-3 AM was used to probe the cytosolic calcium con-
centration ([Ca2*]c) in K562 cells. After treated with indicated
concentrations of PEP for 24 h, cells were loaded with 1 wM Fluo-
3 AM at 37°C for 20 min, followed by analyzed with fluorescence
microscopy.

2.11. Measurements of caspase-3 and caspase-9 activities

The enzymatic activities of caspase-3 and caspase-9 were deter-
mined by colorimetric caspase activity detection kits according to
the manufacturer’s protocol. Briefly, after exposure of the cells to
PEP for 48 h, cells were collected and incubated with lysis buffer
for 30 min in ice. The lysates containing 100 g of protein were
obtained and incubated with Ac-DEVD-pNA (caspase-3 substrate)
and Ac-LEHD-pNA (caspase-9 substrate)at37 °Cfor 1 h. Absorbance
of the produced chromophore pNA was determined at 405 nm using
microplate reader. The results were presented as folds-increase
compared with the untreated group.

2.12. Western blot

After treatment in the absence or presence of PEP for 48 h, cells
were washed twice with ice-cold PBS, and the total cell lysates were
prepared in lysis buffer. The total cell lysates were centrifuged at
12,000 x g for 15min at 4°C to remove cellular debris. The pro-
tein concentration was determined using BCA protein assay kit
according to the manufacturer’s protocol. Cell lysates containing
equal amounts of protein were separated by 10-12% SDS-PAGE and
then transferred onto polyvinylidene fluoride member (Millipore,
USA). The membrane was blocked with solution containing 5% skim
milk in Tris-buffered saline with 0.1% Tween-20 (TBST) for 2 h at
room temperature, and incubated with primary antibodies at 4°C
overnight. The member was washed 3 times with TBST and further
probed with horseradish peroxidase-conjugated secondary anti-
bodies for 1 hatroom temperature. The visualization of the immune
complexes was performed using an enhanced chemiluminescence
detection system.

2.13. Statistical analysis

Statistical comparisons were performed using one-way anal-
ysis of variance (ANOVA). All data were presented as the
mean + standard deviation of at least three independent exper-
iments. P values of less than 0.05 were considered statistically
significant.
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Fig. 1. Effects of PEP on cell viability of K562 cells. The exponentially growing
K562 cells were cultured in 96-well plate and treated with different doses of PEP
(0-0.6 mg/ml) for 12 h, 24 h and 48 h. The cell viability was analyzed by SRB assay.
Results were expressed as mean values £ SD of three independent experiments
(*p <0.05 versus control group).

3. Results
3.1. PEP inhibited the proliferation of K562 cells

In order to identify the cytotoxic effects of PEP on human
leukemia cells, K562 cells were exposed to indicated concentra-
tions of PEP for 12 h, 24 h and 48 h, followed by SRB assay. As shown
in Fig. 1, PEP treatment significantly inhibited the growth of K562
cells with a 45.75% decrease of cell viability at concentration of
0.6 mg/ml.

3.2. PEP induced apoptosis in K562 cells

To ascertain whether PEP treatment induced apoptosis, K562
cells were treated with PEP at concentrations of 0.2, 0.4 and
0.6 mg/ml for 48 h and stained with Hoechst 33258. The sam-
ples were visualized using fluorescence microscopy. Data from
morphological characterization showed that K562 cells treated
by PEP presented typical morphological characteristics of apopto-
sis, including nuclear pyknosis, condensation of chromatin and
formation of apoptotic bodies (Fig. 2). To validate the results of
morphological analysis and quantify apoptosis induced by PEP,
we conducted flow cytometry based on Annexin V-FITC/PI dou-
ble labeling to determine the percentages of early apoptotic cells
(Annexin V-positive/Pl-negative), late apoptotic cells and necrotic
cells (Annexin V-positive/Pl-positive). The percentage of early
apoptotic cells was significantly increased from 0.012% to 15.6% by
PEP treatment for 48 h (Fig. 3). These results collectively indicated
that PEP induced apoptosis in K562 cells.

3.3. PEP induced loss of mitochondrial membrane potential
(MMP)

There are multiple pathways triggering apoptosis, two of which
are well characterized, the extrinsic pathway and intrinsic path-
way. Loss of mitochondrial membrane potential is one of the
key events in the intrinsic apoptosis pathway. To investigate the
role of mitochondria in PEP-induced apoptosis, K562 cells were
probed with JC-1 after the treatment with PEP for 24 h. As com-
pared with the control group, cells emitted green fluorescence were
remarkably increased and a paralleled decrease of cells emitted red
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Fig. 2. Effects of PEP on morphology of K562 cells. After treated by PEP for 48 h, cells were stained with Hoechst 33258 solution and visualized using fluorescence microscopy.

White arrows indicated the condensation and fragmentation of chromatin.

fluorescence was also observed, which indicated the loss of mito-
chondrial membrane potential (Fig. 4). These data suggested that
the loss of mitochondrial membrane potential might involve in the
apoptosis induced by PEP.

3.4. PEP induced activation of caspase-9 and caspase-3 in K562
cells

Caspase activation is one of the major mechanisms of apoptotic
process. Caspase-9 is the apical protease in the intrinsic apoptosis
pathway. In order to confirm whether intrinsic apoptosis path-
way was associated with PEP-induced apoptosis in K562 cells, we
examined the effect of PEP on caspase-9 and caspase-3 activation.
As shown in Fig. 5, the activities of caspase-9 and caspase-3 were
significantly increased in a concentration-dependent manner after
exposed to PEP for 48 h. Our findings suggested that PEP induced
apoptosis through intrinsic apoptosis pathway in K562 cells.

3.5. PEP regulated the expression of Bcl-2 family proteins

Bcl-2 family members are important regulators of mitochon-
drial permeability transition (MPT) and play a pivotal role in
intrinsic apoptosis. In order to decipher the mechanism of PEP
induced apoptosis, we measured the expression of Bax and Bcl-
2 in K562 cells upon PEP treatment for 48 h. As shown in Fig. 6,
western blot analysis revealed that the level of pro-apoptotic pro-
tein Bax was increased, whereas the level of anti-apoptotic protein
Bcl-2 notably decreased compared with the control group in K562
cells.

3.6. PEP induced elevation of cytosolic calcium concentration
([Ca®*]c)

It is well known that alteration in cytosolic Ca%* homeostasis
has a major function in the regulation of cell death (Mattson &
Chan, 2003). To explore the role of calcium signal in the cytotox-
icity of PEP, K562 cells were loaded with fluorescent probe Fluo-3
AM to detect the variation of cytosolic calcium. As shown in Fig. 7A,
PEP treatment for 24 h markedly increased the fluorescence inten-
sity, which indicated the elevation of cytosolic calcium in K562
cells. Furthermore, BAPTA-AM, a selective intracellular Ca%* chela-
tor, was used to block the calcium waves. As shown in Fig. 7B, the
blockage of calcium waves alleviated the cell death induced by
PEP, which indicated that calcium signal might contribute to the
cytotoxicity of PEP against K562 cells.

4. Discussion

Chemotherapy is widely used for the treatment of leukemia.
However, chemotherapeutics have poor specificity and cause
severe damage to healthy cells in patients. The optimal thera-
peutic goal in cancer treatment is to trigger tumor-selective cell
death. Many natural polysaccharides with low toxicity can selec-
tively induce tumor cells apoptosis. Due to the unique biological
properties, exopolysaccharides from extreme marine habitats have
attracted the interest of academic and industrial scientists. Several
exopolysaccharides have been isolated from the cultured super-
natant of Antarctic psychrophiles and possess immunoregulatory
activity and cytotoxicity on cancer cells. Most of EPSs are often
linear heteropolysaccharides and generally possess a larger molec-
ular weight (100-500 kDa). These substances have been the good
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Fig. 3. Apoptosis detection in K562 cells treated with PEP. Cells were treated with the indicated concentrations of PEP for 48 h. Treated cells were stained with Annexin

V-FITC and propidium iodide, followed by analyzed using flow cytometry.

source for the development of potential immune activator and can-
cer therapy drugs. In this paper, we first reported that PEP presented
cytotoxicity against human leukemia K562 cells.

Uncontrolled cell proliferation and resistant to cell death are the
typical characters of cancer. The defects in the apoptotic machinery
of abnormal cells are central to the development of cancer (Brown
& Attardi, 2005; Lowe & Lin, 2000). Apoptosis is a finely tuned
cellular self-destruction mechanism to remove unwanted cells. It
is now well documented that most cytotoxic anticancer agents
target the apoptotic machinery (Ghobrial, Witzig, & Adjei, 2005).
A branched (1 — 3)-linked B-p-glucan with an average molecular
mass of 500 kDa derived from Thelebolus sp. ITKGP-BT12 inhibited
the proliferation of mouse melanoma B16-F0 cells by triggering
apoptosis and cell cycle arrest (Mukhopadhyay et al., 2014). PEP
is neutral heteropolysaccharide, having complex structures. The
main chain of core fragment of PEP contains branched (1 — 3)-
linked B-p-glucopyranose and (1 — 4)-linked a-D-galactopyranose
(unpublished results). The presence of 3-(1 — 3)-glucopyranose
linkages is proposed to be involved in the apoptosis induction
of polysaccharides (Kim et al., 2009; Zhang, Chiu, Cheung, & Ooi,
2006). In this paper, we showed that PEP inhibited the proliferation
of human leukemia K562 cells by triggering apoptosis, which was

confirmed by the condensation of chromatin and externalization of
phosphatidylserine (Figs. 2 and 3).

Mitochondria are essential organelles because they provide
a myriad of services to the cell, including energy production,
calcium buffering, oxidative stress and regulation of apoptosis
(Camello-Almaraz, Gomez-Pinilla, Pozo, & Camello, 2006; McBride,
Neuspiel, & Wasiak, 2006). Mitochondria participate in intrinsic
pathway of apoptosis where they release pro-apoptotic factors
(e.g., cytochrome ¢, Smac/DIABLO, Omi/Htra2, endonuclease G and
apoptosis-inducing factor) from the intermembrane space to initi-
ate apoptosis (Du, Fang, Li, Li, & Wang, 2000; Li, Luo, & Wang, 2001;
Lorenzo, Susin, Penninger, & Kroemer, 1999; Yang, Church-Hajduk,
Ren, Newton, &Du, 2003). As shownin Fig. 4, PEP treatment induced
collapse of mitochondrial membrane potential, which indicated the
integrity of the mitochondrial outer membrane (OMM) is compro-
mised, also called mitochondrial outer membrane permeabilization
(MOMP). The loss of MMP is associated with the generation of
cellular ROS (Park, Lee, & Choi, 2011). Accumulating studies have
suggested that ROS are also essential mediators in for cell death
(Circu & Aw, 2010). The oxidative modifications on components
of the mitochondrial permeability transition complex will sig-
nificantly impact mitochondrial function and trigger opening of
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Fig. 5. PEP induced activation of caspase-9 and caspase-3 in K562 cells. The total
cytosolic fraction of the cells was prepared after treatment with PEP for 48 h.
The activities of caspase-9 and caspase-3 were assayed by colorimetric analysis
and shown as fold-increase compared with control group (*p < 0.05 versus control
group).

mitochondrial permeability transition pore which results in apop-
totic initiation (Tsujimoto & Shimizu, 2007). Further studies should
be performed to evaluate the production of intracellular ROS and
investigate their roles in the PEP-induced apoptosis.

PEP
0.4 mg/ml

Control 0.2 mg/mi 0.6 mg/ml

Bax

—————— - — ’
i - $
o G G D —

Fig. 6. Effects of PEP on the expression of Bax and Bcl-2 in K562 cells. Cells were
treated with indicated concentrations of PEP for 48 h, and the expression of Bax and
Bcl-2 was evaluated by western blot analysis. 3-Actin was used as an equal loading
control.
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Fig. 7. PEP induced elevation of cytosolic calcium concentration in K562 cells. (A) Cells were incubated with PEP for 24 h and probed with Fluo-3 AM for 30 min, followed
by analyzed with fluorescence microscope. (B) Cells were pretreated with BAPTA-AM (5 wM) for1 h, further treated with PEP (0.6 mg/ml) for 48 h, and then assayed by SRB
assay. Results were expressed as mean values & SD of three independent experiments (*p < 0.05 versus control group).

MOMP is thought to be tightly regulated by Bcl-2 family mem-
bers. Based on their pro- or anti-apoptotic action and the Bcl-2
Homology (BH) domains, Bcl-2 family proteins are classified as anti-
apoptotic Bcl-2-like proteins (e.g., Bcl-2, Bcl-xL, Bcl-w and Mcl-1),
proapoptotic Bax-like proteins (e.g., Bax and Bak) and proapoptotic
BH3-only proteins (e.g., Bid, Bim/Bod, Bad, Noxa and Puma/Bbc3)
(Schinzel, Kaufmann, & Borner, 2004; Youle & Strasser, 2008). The
apoptosis signal promotes translocation of Bax from the cytosol to
the OMM where it oligomerizes and inserts, resulting in MOMP
(Harris & Thompson, 2000; Kuwana et al., 2005). The ratio of
Bax/Bcl-2 is a major checkpoint in the intrinsic apoptosis path-
way (Gross, McDonnell, & Korsmeyer, 1999). Bcl-2-like proteins
can sequester Bax-like proteins in an inactive protein complex
(Cheng et al., 2001). We conducted western blot analysis to exam-
ine the expression of Bax and Bcl-2 in K562 cells. Our results
showed that the treatment by PEP for 48 h increased the expres-
sion of Bax and decreased the expression of Bcl-2 (Fig. 6). The
release of pro-apoptotic factors subsequently triggers activation of
the caspase-dependent and caspase-independent apoptosis path-
ways. The caspase-cascade system is initiated by the apoptosome
assembly of cytochrome c, apoptotic protease-activating factor-1
(Apaf-1), ATP, and procaspase-9 (Acehan et al., 2002). The active
form of caspase-9 activates procaspase-3 and procaspase-7, lead-
ing to oligonucleosomal DNA fragmentation and disassembly of
cytoskeleton (Wolf & Green, 1999). As shown in Fig. 5, treatment
with PEP significantly increased the activities of caspase-9 and
caspase-3 in a concentration-dependent manner, which indicated
that PEP induced apoptosis via intrinsic pathway.

Mitochondria participate actively in intracellular Ca%* compart-
mentalization (Carafoli, 2002). Ca2* is taken up electrophoretically
from the cytosol by a uniport transporter of mitochondria. It
has long been known that Ca%* was involved in regulating mito-
chondrial apoptosis (Orrenius, Zhivotovsky, & Nicotera, 2003). We
observed a notably elevation of cytosolic calcium concentration in
PEP treated K562 cells and the blockage of calcium signal alleviated
the PEP induced cell death (Fig. 7). Ca?* seems to be responsible for
OMM permeabilization and the release of proapoptotic effectors,
which involves the opening of mitochondria a permeability transi-
tion pore (MPTP) (Szalai, Krishnamurthy, & Hajnoczky, 1999). Due
to the proximity of the mitochondria to the ER, a rapid and large

accumulation of the calcium occurred in the mitochondria matrix
response to cell stress. However, the high concentration of Ca2* in
the mitochondrial matrix will lead to mitochondrial swelling and
fragmentation as well as paralleled release of cytochrome c. In addi-
tion, elevation of intracellular calcium can activated calpains which
participate in caspase cascade and serve as upstream triggers of
mitochondrial membrane permeabilization (Wu, Liu, Xie, Xin, &
Guo, 2006).

In conclusion, these studies demonstrated that PEP inhibited the
proliferation of human leukemia K562 cells by inducing apoptosis
via intrinsic pathway. The calcium signaling was also involved in
the cytotoxicity of PEP. Our findings will benefit the future studies
and drug development of PEP in the treatment of leukemia.
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