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a  b  s  t  r  a  c  t

In this  study,  we  reported  that  polysaccharides  (RPS)  from  the mycelia  of  liquid-cultured  Rhizopus  nigri-
cans  inhibited  the proliferation  and clonogenic  potential  of  human  gastric  cancer  BGC-823  cells.  Results
of acridine  orange/ethidium  bromide  and  Hoechst  33258  staining  showed  that treated  cells  displayed
typical  morphological  characteristics  of apoptosis  such  as  condensation  of chromatin,  nuclear  pyknosis
and formation  of  apoptotic  bodies.  Flow  cytometry  analyses  and  colorimetric  assay  indicated  that  RPS
eywords:
hizopus nigricans
ycelia polysaccharides

poptosis
ell-cycle arrest

induced  mitochondria-mediated  apoptosis  which  was  associated  with  collapse  of  mitochondrial  mem-
brane potential,  activation  of  caspase-9  and  caspase-3,  generation  of  intracellular  reactive  oxygen  species
and  elevation  of  intracellular  calcium  in BGC-823  cells.  Moreover,  cell-cycle  analysis  revealed  that  RPS
arrested  cells  in  the  G2/M  phase  of  the cell  cycle.  These  results  provided  further  insights  into  the  potential
use  of RPS  as  an  anti-cancer  agent  against  human  gastric  cancer.
uman gastric cancer

. Introduction

In spite of recent advances in diagnostic and therapeutic tech-
iques, gastric cancer is still a major life-threatening disease
Jemal et al., 2011). Chemotherapy in conjunction with surgical
esection is often implemented for gastric cancer patients. How-
ver, some undesirable effects, including nausea, vomiting and
atigue, declined the quality of patients’ lives (Adamsen et al., 2006;

agner et al., 2006).
Apoptosis is a genetically determined process of cell death for

liminating unwanted cells such as damaged cells and those with
utation or aberrant substratum attachments. Apoptotic cell death

lays a major role in maintaining tissue homeostasis and serves as
 natural barrier against cancer. The evasion of apoptosis, together
ith deregulated cell proliferation, can perturb delicate balance

etween cell proliferation and cell death, which resulting in cancer
evelopment (Lowe & Lin, 2000). Drugs that could promote apo-

tosis and prevent uncontrolled cell division might be effective in
ontrolling many cancers (Fesik, 2005; Nicholson, 2000).

∗ Corresponding author at: School of Life Science and National Glycoengineering
esearch Center, Shandong University, No. 27 South Shanda Road, Jinan 250100,
hina. Tel.: +86 531 8836 5311; fax: +86 531 8836 5311.

E-mail address: ksc313@126.com (K. Chen).
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© 2013 Elsevier Ltd. All rights reserved.

It has been reported that polysaccharides possess a broad spec-
trum of biological effects, such as anti-tumor, immunostimulation,
antibiotic and antioxidant (Lee, Ryu, Je, & Kim, 2011; Wijesekara,
Pangestuti, & Kim, 2011; Yu, Yin, Qian, & Yan, 2009). The anti-tumor
effects of these polysaccharides were primarily produced by modu-
lating the immunological functions of the host organism (Wasser &
Weis, 1999; Zaidman, Yassin, Mahajna, & Wasser, 2005). However,
direct inhibition on the tumor cells also conferred the anti-tumor
activities of some novel polysaccharides. Increasing evidence has
indicated that polysaccharides derived from fungus were effective
to kill or incapacitate cancer cells with less toxicity to normal cells
(Huang, Jin, Zhang, Cheung, & Kennedy, 2007; Lavi, Friesem, Geresh,
Hadar, & Schwartz, 2006; Taraphdar, Roy, & Bhattacharya, 2001).
These substances initiated cell stress responses and deranged the
expression of signal molecules in tumor cells, thus induced apopto-
sis, cell cycle arrest and autophagy (Huang et al., 2012; Park, Kim,
Nam, Deuk Kim, & Hyun Choi, 2011; Zeng et al., 2012). Therefore,
fungus polysaccharides that could induce apoptosis in cancer cells
would be potential anti-tumor medicines.

Rhizopus nigricans is widely used in pharmaceutical industry,
such as biotransformation and production of organic acids (Alarcón,
Águila, Cornejo, & Alderete, 2007; Guillermo, Carlos, Marcela, Jaime,

& Cristina, 2007). In this study, we  obtained aqueous polysaccha-
rides (RPS, hereafter) from fermentation mycelia of R. nigricans
and investigated the anti-tumor effects with BGC-823 cells. Our
data indicated that RPS inhibited the growth of BGC-823 cells by

dx.doi.org/10.1016/j.carbpol.2013.05.068
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.05.068&domain=pdf
mailto:ksc313@126.com
dx.doi.org/10.1016/j.carbpol.2013.05.068
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nducing apoptotic cell death and cell cycle arrest, which suggested
hat RPS was a potential anti-tumor agent against gastric cancer.

. Materials and methods

.1. Materials

RPS was derived from fermentation mycelia of R. nigricans.
ephadex G-100 was obtained from General Electric Healthcare Life
ciences. Fetal bovine serum, RPMI-1640 medium, penicillin and
treptomycin were provided by GIBCO BRL. Monosaccharides (glu-
ose, mannose, galactose, glucuronic acid, galacturonic acid, glu-
osamine, galactosamine, arabinose, xylose, rhamnose and fucose),
cridine orange, ethidium bromide, 3-(4,5-Dimethylthiazol-2-yl)-
,5-diphenyltetrazolium bromide (MTT), Hoechst 33258, pro-
idium iodide, crystal violet and ribonuclease were purchased
rom Sigma–Aldrich. 1-Phenyl-3-methyl-5-pyrazolone (PMP) was
btained from USA Acros Organics Co. JC-1 mitochondrial mem-
rane potential detection assay kit, Annexin V-FITC apoptosis
etection Kit, reactive oxygen species assay kit and Fluo-3 AM were
upplied by Beyotime Institute of Biotechnology (Shanghai, China).

.2. Organism and growth conditions

R. nigricans, isolated from straw, was preserved in Laboratory
f Biomass Resources, Shandong University (Jinan, China). R. nigri-
ans was cultured in shaking flask containing potato dextrose broth
nder controlled conditions (28 ± 1 ◦C, 130 rpm) for 10 d.

.3. Isolation of the R. nigricans polysaccharides

Fungal mycelia were defatted with 95% ethanol for 8 h at 75 ◦C
nder reflux and extracted in boiling water for 2 h. The extract
as concentrated for 3 folds and treated with 3 volumes of

thanol at 4 ◦C overnight. The precipitate was dissolved in dis-
illed water and deproteinated according to the method of Sevag
Sevag, 1938), followed by dialyzed and lyophilized. The crude
olysaccharides were fractionated using Sephadex G-100 column
hromatography (1.6 cm × 60 cm)  eluted with distilled water with

 flow rate of 0.6 ml/min. The fraction of major peak was  collected
nd lyophilized to powder named as RPS.

.4. Monosaccharide analysis

Monosaccharide analysis was performed as described pre-
iously (Dai et al., 2010) with some modifications. RPS was
ydrolyzed with 2.0 M CF3COOH at 120 ◦C for 2 h in a sealed
mpoule bottle. After removed the TFA, hydrolyzed sample was dis-
olved in 100 �l of double distilled water. 100 �l of 0.3 M sodium
ydroxide and 120 �l of 0.5 M PMP  (dissolved in methanol) were
dded and mixed by a vortex mixer. The mixture was  incubated at
0 ◦C for 1 h and neutralized with 100 �l 0.3 M hydrochloric acid.
fter extracted by 500 �l of chloroform for 3 times, the aqueous

ayer was collected and filtered through a 0.22 �m pore membrane
lter for HPLC analysis. The derivatization of standard monosaccha-
ide was carried under the same condition. The derivatives were
nalyzed by HPLC (UltiMate 3000) equipped with Kromasil C18
PLC column (4.6 mm × 150 mm,  5 �m)  and ultraviolet detector.
he flow rate was 0.8 ml/min and the column temperature was  con-
rolled at 30 ◦C. The mobile phase was composed of 0.1 M phosphate
uffer (pH 6.7) and acetonitrile in a ratio of 82:18 (v/v).
.5. Cell culture

Human gastric cancer cell line BGC-823 was  purchased from
he Cell Bank of Type Culture Collection of Chinese Academy of
ymers 97 (2013) 800– 808 801

Sciences (Shanghai, China). Cells were maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum 100 U/ml peni-
cillin and 100 �g/ml streptomycin. Cell cultures were incubated in
humidified atmosphere of 5% CO2 at 37 ◦C.

2.6. Cell proliferation viability and colony formation assay

Viability of BGC-823 cells was measured by MTT  assay as
described previously (Mosmann, 1983). Logarithmically growing
BGC-823 cells were trypsinized from culture bottles. A 100 �l
aliquot of the cell suspension was gently subjected into 96-
well plate and incubated overnight. Cells were treated with
serial concentrations of RPS for 12 h, 24 h and 48 h, and then
10 �l of MTT  solution was added to each well. After 4 h of
incubation, the medium was discarded, and 100 �l of DMSO
was applied to solubilize the formazan with gentle shaking for
5 min. Absorbance was  detected at 570 nm by an automatic
microplate reader. Relative cell viability was expressed as a per-
centage relative to the untreated control group. The long-term
effects of RPS on BGC-823 cells were tested by clonogenic assay.
Briefly, 1 × 102 cells were seeded in 24-well plate and treated
with RPS for 24 h. After rinsed with fresh medium, cells were
allowed to form colonies for 10 d and dyed with crystal vio-
let.

2.7. Acridine orange/ethidium bromide (AO/EB) staining and
Hoechst 33258 staining

Cells were seeded in 12-well plate, followed by incubation with
RPS (0, 200, 400, 600 �g/ml) for 12 h. The cells were stained with
mixture of 100 �g/ml AO and 100 �g/ml EB for 5 min, and then
washed with phosphate buffer. For Hoechst 33258 staining, cells
were fixed with methanol/acetic acid (3:1) for 15 min  and loaded
with Hoechst 33258 for 10 min  at room temperature in the dark.
Samples were visualized using fluorescence microscopy (Olym-
pus).

2.8. Annexin V-FITC and propidium iodide staining

Cells (1 × 106) were plated in 6-well plate and treated with
indicated concentrations of RPS. After treated for 12 h, cells were
stained with Annexin V-FITC and propidium iodide according to the
manufacturer’s manual. Briefly, cells were incubated with solution
containing 195 �l Annexin V-FITC binding buffer and 5 �l of FITC-
labeled Annexin V at room temperature for 20 min  in the dark.
Samples were centrifuged to remove the supernatants, followed
by added propidium iodide. Stained cells were analyzed using flow
cytometry (BD Biosciences, San Jose, CA, USA).

2.9. Assays of mitochondrial membrane potential (MMP),
reactive oxygen species (ROS), intracellular calcium ion ([Ca2+]i)
and cell cycle distribution

BGC-823 cells (1 × 106) were seeded in 6-well plate and
incubated with RPS for 12 h. A membrane-permeable lipophilic
cationic fluorescent carbocyanine dye, 5,5′,6,6′-tetrachloro-
1,1′,3,3′-tetraethyl-imidacarbocyanine iodide, was used to probed
dissipation of mitochondrial transmembrane potential. Briefly,
treated cells were collected and stained with JC-1 for 20 min  at
37 ◦C in the dark. After centrifuged, the cell pellets were washed
twice and suspended in pre-warmed assay buffer before mea-
sured by flow cytometry. Aggregates and monomers of JC-1 were

detected in the FL2 channel (red fluorescence) and FL1 channel
(green fluorescence) respectively. To measure the generation
of ROS, cells were probed with 10 mM 2′,7′-dichlorofluorescein
diacetate (DCFH-DA) for 20 min. Intracellular calcium ion was
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ig. 1. HPLC analyses of PMP  derivatives of (A) monosaccharide standard samples (
nd  11 – Fuc) and (B) hydrolysate of RPS.

etected using 1 �M Fluo-3 AM.  To investigate cell cycle dis-
ribution, cells were fixed with ice-cold 70% ethanol overnight
nd loaded with staining solution containing propidium iodide

50 �g/ml) and DNase-free RNase (25 �g/ml) for 20 min  at 37 ◦C
n the dark. Stained cells were analyzed using flow cytometry
BD Biosciences, San Jose, CA, USA) or fluorescence microscope
Olympus).
an, 2 – GlcN, 3 – Rha, 4 – GlcA, 5 – GalA, 6 – GalN, 7 – Glc, 8 – Gal, 9 – Xyl, 10 – Ara

2.10. Caspase activity assay

The enzymatic activities of caspase-9 and caspase-3 were mea-

sured using colorimetric assay kit according to the manufacturer’s
protocol. Briefly, cells (1 × 106) were seeded in 6-well plate and
incubated for 12 h with different concentrations of RPS. Treated
cells were collected and incubated in 100 �l lysis buffer for 15 min
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n ice. After centrifuged, the supernatants were obtained and stored
t −70 ◦C. The lysates were incubated with 20 �M Ac-DEVD-pNA
caspase-3 substrate) and Ac-LEHD-pNA (caspase-9 substrate) at
7 ◦C for 2–4 h. Absorbance of the chromophore pNA dissociated
rom the caspase substrates was detected using Microplate Reader
t 405 nm.  The enzymatic activities of caspases were shown as
old-increase compared with untreated cells.

.11. Statistical analysis

Analysis was performed using one-way analysis of variance
ANOVA) and Student t test to determine the significance between
roups. p-Value ≤ 0.05 was considered statistically significant. All
he results were expressed as mean values ± SD.

. Results and discussion

.1. The monosaccharide analysis of RPS

High performance liquid chromatography (HPLC) was per-
ormed to analyze the monosaccharide composition of RPS. As
hown in Fig. 1, six peaks were identified as mannose, rhamnose,
lucuronic acid, glucose, galactose and fucose in a molar ratio of
.1:1.0:1.6:92.2:1.3:2.3.

.2. RPS inhibited the proliferation and colony formation of
GC-823 cells

Polysaccharides have been applied in oncotherapy and adjuvant
herapy as immunomodulaters for a long time (Zhang, Cui, Cheung,

 Wang, 2007). Recent investigations have illustrated the potential
echanisms. These substances govern biologic function and reg-

lation of cytokine networks to mediate host immune responses
Tzianabos, 2000). Besides the immunomodulation function, direct
umor inhibition activity of fungus polysaccharides has provided
ttractive stimuli on anticancer drug development.

In order to evaluate the effects of RPS on cell proliferation of
uman gastric cancer, BGC-823 cells were exposed to escalating
oncentrations of RPS for 12 h, 24 h and 48 h, followed by MTT
ssay. As shown in Fig. 2A, RPS significantly decreased the cell
iability of BGC-823 cells at different time in a does-dependent

anner. Furthermore, we conducted clonogenic assay to inves-

igate the anti-tumor activity of RPS. After treatment with RPS,
 dose-dependent inhibition in clonogenicity was observed, with
pproximate 70% inhibition at concentration of 0.6 mg/ml  (Fig. 2B).

ig. 2. Effects of RPS on cell viability and colony formation in BGC-823 cells. (A) Cells wer
or  12 h, 24 h and 48 h. The cell viability was analyzed by MTT  assay. (B) The clonogenic
00  �g/ml RPS for 24 h and incubated with fresh medium for an additional 10 d, and the

ndependent experiments (*p ≤ 0.05 versus control group).
ymers 97 (2013) 800– 808 803

These results indicated that RPS possessed a potent inhibitory effect
on the growth of BGC-823 cells.

3.3. Morphological characterization

Morphological changes of BGC-823 cells after treatment with
RPS were identified using phase contrast microscope. As shown
in Fig. 3A, the control cells showed polygonal shapes, while RPS
treated cells represented morphological changes including loss of
adhesion, cell shrinkage and plasma membrane blebbing. These dif-
ferences implied that the cells were undergoing apoptosis (Kerr,
Wyllie, & Currie, 1972).

To examine whether RPS could induce apoptotic cell death, the
BGC-823 cells were stained with Hoechst 33258 and AO/EB, respec-
tively. Results of Hoechst 33258 staining showed that BGC-823 cells
underwent typical morphological characteristics of apoptosis such
as condensation of chromatin, nuclear pyknosis, formation of apop-
totic bodies and nuclear fragmentation after treatment with RPS for
12 h, while cells of control group had normal nuclear morphology
(Fig. 3B). AO/EB staining allows distinguishing live, apoptotic and
necrotic cells. Live cells possess normal green nuclei. Early apop-
totic cells show a bright green nucleus with condensed chromatin
and late apoptotic cells display orange fragmented chromatin.
Necrotic cells show bright orange intact nucleus. After staining
with AO/EB, treated cells showed condensation of the cytoplasm,
nuclear fragmentation and increase of cell membrane permeability
compared with control group (Fig. 3C). Therefore, apoptosis would
probably be involved in the anti-proliferation effect of RPS on BGC-
823 cells.

3.4. RPS induced apoptosis in BGC-823 cells

For years, apoptosis is recognized as the principal mechanism
by which chemotherapeutic agents and radiotherapy kill cancer
cells. Apoptosis can be triggered by various forms of physiologic
stimuli or stresses, such as cytokines, free radicals and DNA dam-
age (Brunner et al., 2003; Harman, 1992; Roos & Kaina, 2006).
Apoptotic cells represent membrane alterations, like transfer of
phosphatidylserine from the inner side of the plasma membrane
to the outer layers (Bratton et al., 1997). Annexin V is a recombina-
tion protein that specifically binds to phosphatidylserine residues
with high affinity. It can be combined with specific membrane-

impermeant nucleic acid dyes to discriminate apoptosis from
necrosis (Koopman et al., 1994).

To validate the results of morphological analysis, we  conducted
flow cytometry based on Annexin V-FITC/PI staining. The apoptosis

e cultured in 96-well plate and treated with different doses of RPS (0–1000 �g/ml)
 assay was  performed as described in Section 2. Cells were treated with 200, 400,
n stained with crystal violet. Results were expressed as mean values ± SD of three
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Fig. 3. Effects of RPS on morphology of BGC-823 cells. Cells were treated with 0, 200, 400 and 600 �g/ml RPS for 12 h. Treated cells were visualized using (A) bright-field
m d (C) A
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icroscope and fluorescence microscope after stained with (B) Hoechst 33258 an
hromatin (Bar = 50 �m).

f BGC-823 cells was effectively induced by 12 h of RPS treatment.
s shown in Fig. 4, the percentage of early apoptotic cells (Annexin
-positive/PI-negative) increased from 2.24% in untreated group to
4.93% in treated group. Moreover, gradual increase of non-viable
poptotic cells and necrotic cells was also observed. These results
ndicated that induction of apoptosis accounted for the growth
nhibition of BGC-823 cells.

.5. RPS induced loss of mitochondrial membrane potential
MMP)
There are two classic apoptosis signaling pathways: mitochon-
rial pathway and death receptor pathway. The mitochondrial
athway can be activated by diverse stress signals, such as toxins,
eactive oxygen species and genotoxic stress, resulting in collapse

ig. 4. RPS induced apoptosis in BGC-823 cells. Cells were treated with the indicated con
nnexin V-FITC according to the manufacturer’s manual, and detected using flow cytome
poptosis, and cells of right upper quadrant (Annexin V+/PI+) were considered as non-via
O/EB mixed dye. White arrows indicated the condensation and fragmentation of

of mitochondrial membrane potential. The loss of the mitochon-
drial membrane potential is recognized as a key event in the early
apoptosis via mitochondrial pathway (Zamzami et al., 1995).

To characterize the mitochondrial pathway by which RPS
induced apoptosis, we measured the mitochondrial membrane
potential using a non-toxic fluorescent probe JC-1. As shown in
Fig. 5A, the population of cells emitted red fluorescence was
decreased with a parallel increase of cells emitted green fluores-
cence after 12 h of RPS treatment. As the dose of RPS increased,
we found FL2/FL1 ratio was  significantly reduced, which indi-
cated the loss of mitochondrial membrane potential (Fig. 5B).

Collapse of mitochondrial membrane potential causes the release of
cytochrome c and autoactivation of caspase-9, eventually triggering
apoptosis (Saelens et al., 2004). Therefore, mitochondrial dysfunc-
tion might participate in the apoptosis induced by RPS.

centrations of RPS for 12 h. Treated cells were stained with propidium iodide and
try. The cells shown in the right lower quadrant (Annexin V+/PI−) were undergoing
ble apoptotic cells and necrotic cells.
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various cellular components including nucleic acids, proteins, and
lipid membranes. Accumulation of intracellular ROS  may elicit dys-
function of mitochondria. Many studies have shown that treatment
by low does oxidants induced apoptosis which can be prevented by
ig. 5. RPS induced loss of mitochondrial membrane potential. Cells were treated w
C-1,  and assayed by flow cytometry. (B) Histogram illustrated the ratio of FL2/FL1.
*p  ≤ 0.01 versus control group).

.6. RPS induced activation of caspase-9 and caspase-3 in
GC-823 cells

Caspases are aspartate-specific cysteine proteases and execute
elective, limited cleavage of key cellular components (Alnemri
t al., 1996; Fuentes-Prior & Salvesen, 2004). The caspase-cascade
ystem plays a pivotal role in regulating diverse biological pro-
esses especially programmed cell death (Li & Yuan, 2008).
aspases associated with apoptosis are classified as apoptosis acti-
ator (caspase-8, -9, -10) and apoptosis executioner (caspase-3,
6, -7) (Creagh & Martin, 2001). The active form of caspase-9 acti-
ates caspase-3, resulting in disintegration of the cytoskeletal and
uclear proteins (Wolf & Green, 1999).

In our previous study, BGC-823 cells treated with RPS displayed
hromatin condensation and mitochondrial dysfunction. Caspase-

 is considered as the key protease involved in DNA fragmentation
nd chromatin condensation (Porter & Janicke, 1999). We mea-
ured the enzyme activity of caspase-3 using colorimetric assay
n BGC-823 cells. As shown in Fig. 6, the activity of caspase-3 was
ignificantly increased in a concentration-dependent manner after
xposed to RPS for 12 h. Caspase-9 is the apical protease of the
itochondrial pathway. To further elucidate whether activation

f caspase-3 was involved in mitochondrial apoptotic pathway
licited by RPS, the activity of caspase-9 was also detected. A
.72 fold increase of caspase-9 activity was observed relative to
ntreated cells (Fig. 6). Our findings suggested that RPS induced
poptosis through mitochondrial pathway in BGC-823 cells.

.7. RPS induced generation of ROS and elevation of intracellular

alcium ion

Mitochondria are recognized as the major source of cellar ROS
nd modulator for Ca2+ signaling (Feissner, Skalska, Gaum, & Sheu,
riety concentrations of RPS for 12 h. (A) Treated cells were harvested, stained with
ata were shown as mean values ± SD of three independent experiments (*p ≤ 0.05,

2009; Turrens, 1997). Intracellular ROS and Ca2+ are frequently pro-
duced during program cell death and act as second messages (Ferri
& Kroemer, 2001). Reactive oxygen species are the byproducts of
respiratory chain, including superoxide, hydroxyl radical, hydro-
gen peroxide and singlet oxygen. ROS have destructive actions on
Fig. 6. RPS induced activation of caspase-9 and caspase-3 in BGC-823 cells. BGC-823
cells  were treated with increasing concentrations of RPS for 12 h. The total cytosolic
fraction of the cells was  prepared. The activities of caspase-9 and caspase-3 were
assayed by caspase colorimetric assay kit and shown as fold-increase compared with
control group (*p ≤ 0.05, **p  ≤ 0.01 versus control group).
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Fig. 7. RPS induced generation of ROS and elevation of intracellular calcium in BGC-823 cells. Cells were incubated with RPS for 12 h and stained with DCFH-DA, followed
b ated 
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F
t
u

y  analyzed with (A) fluorescence microscope and (B) flow cytometry. (C) The tre
Bar  = 50 �m).

ntioxidants (Kasahara et al., 1997; Pierce, Parchment, & Lewellyn,
991). On the other hand, intracellular Ca2+ can be sequestered

nto mitochondria and promote oxidative phosphorylation. How-
ver Ca2+ overload triggers mitochondrial depolarization and leads
o the release of apoptosis promoting factors (Kroemer, Galluzzi, &
renner, 2007).
To determine whether ROS production conferred apoptotic
esponse to RPS, we conducted fluorochrome-based fluoroscopy
nd flow cytometry to examine the intracellular ROS level.

ig. 8. RPS induced G2/M phase cell cycle arrest in BGC-823 cells. Cells were treated wi
reatment, cells were fixed with ice-cold 70% ethanol, and then stained with propidium
sing  flow cytometry. Results were shown as mean values ± SD of three independent exp
cells were probed with Fluo-3 AM for 30 min and analyzed using flow cytometry

The results revealed that fluorescence intensity increased in a
does-dependent manner compared with the control cells after
treated with RPS for 12 h (Fig. 7A). The generation of ROS was
remarkably stimulated by RPS treatment (Fig. 7B). In addition, Fluo-
3 AM was  used to investigate the flux of intracellular calcium ion.
As shown in Fig. 7C, treatment with RPS increased the proportion

of fluorescence positive cells from 0.45% in control group to 11.05%,
24.12% and 39.07% in treated groups respectively, which indicated
the elevation of [Ca2+]i. Calpains are cytoplasmic cysteine protease

th different concentrations of RPS (0, 200, 400, 600 �g/ml) for 24 h and 48 h. After
 iodide (50 �g/ml) and DNase-free RNase (25 �g/ml). Stained cells were analyzed
eriments (*p ≤ 0.05, **p ≤ 0.01 versus control group).
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hich can be activated by elevation of intracellular calcium. The
ctive forms of the calpains can serve as upstream triggers of
itochondrial membrane permeabilization and participate in

aspase cascade (Varghese, Radhika, & Sarin, 2001; Waterhouse
t al., 1998). These results showed that generation of ROS and
levation of [Ca2+]i were associated with mitochondria-mediated
poptosis triggered by RPS.

.8. RPS induced G2/M phase cell cycle arrest in BGC-823 cells

Uncontrolled cell proliferation is the typical character of can-
er (Hanahan & Weinberg, 2011). Therefore, cell-cycle regulation
s considered as an important target for cancer therapy. Cell cycle
heckpoints are the key regulatory pathways monitoring phase
ransition of the cell cycle (Hartwell & Weinert, 1989). Response
o cell stresses such as toxicant or DNA break, they could stop the
berrant cell division of cancer cells (Bjelland & Seeberg, 2003).

To gain further insights into the mechanisms involved in anti-
roliferative activity of RPS, we investigated the distribution of cell
ycle phase using flow cytometry. The results indicated that RPS
reatment induced the G2/M phase cells accumulation with a par-
llel decrease of G1-phase cells after 24 h and 48 h treatment at
oncentration of 400 �g/ml and 600 �g/ml in BGC-823 cells (Fig. 8).
PS predominantly induced G2/M arrest in BGC-823 cells and prob-
bly activated potential blockade of cell cycle progression at G2
heckpoint and/or spindle checkpoint.

. Conclusions

In this study, we found that polysaccharides extracted from
ermentation mycelia of R. nigricans suppressed the proliferation
nd colony formation of BGC-823 cells by triggering apoptosis
nd G2/M phase cell cycle arrest. RPS induced mitochondria-
ediated apoptosis via loss of mitochondrial membrane potential

nd activation of caspase-9 and caspase-3. In addition, generation
f intracellular reactive oxygen species and elevation of intracellu-
ar calcium ion were also involved in the apoptosis caused by RPS.
ur findings will benefit the future studies and drug development
f RPS in the treatment of gastric cancer.
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