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Abstract. Asterosaponin 1, a new cytostatic agent from star-
fish, possesses several bioactivities including an antitumor
effect. The aim of this study was to investigate the potential
anti-proliferative and pro-apoptotic activity of asterosaponin 1
in A549 human lung cancer cells, as well as the potential
mechanisms. The results showed that asterosaponin 1 inhib-
ited the proliferation of A549 cells in a dose-dependent
manner, and the cytostatic activity resulted from the induction
of apoptotic cell death. Asterosaponin 1 increased ER dilation
and cytosolic Ca?* concentration, and enhanced the expression
of the ER molecular chaperones GRP78 and GRP94 in a dose-
and time-dependent manner. In addition, asterosaponin 1
treated A549 cells exerted increased expression and activity
of CHOP, caspase-4 and JNK, three essential ER-associated
apoptotic molecules. In summary, these results demonstrated
that asterosaponin 1 inhibits the proliferation of A549 cells
through induction of ER stress-associated apoptosis, making
asterosaponin 1 a candidate new anticancer drug for lung
cancer therapy.

Introduction

Lung cancer is one of the most common cancers in the world,
and is considered as the leading cause of cancer-related death
(I). Non-small cell lung cancer (NSCLC), a main type of lung
cancer based on histology, accounts for more than 80% of lung
cancers and has a poor prognosis for decades due to its high
metastatic potential and resistance to current therapies (2,3).
Despite recent advances in treatment strategies, there are no
effective clinical therapies for NSCLC patients except for
surgery and radiotherapy with several side effects (2). Thus,
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finding more effective and less harmful anticancer drugs is
urgently required to improve clinical outcomes and extend
survival for NSCLC patients.

Asterosaponin is a new class of steroidal glycosides
extracted and isolated from starfish and responsible for their
general toxicity (4). Diverse pharmacological effects induced by
asterosaponin and its analogues have been reported, including
antibacterial, antiviral, antitumor and antifungal activities (5-7).
A previous study has demonstrated that asterosaponin 1 whose
chemical structure is shown in Fig. 1, is capable of inhibiting
growth and inducing apoptosis in human glioblastoma U87TMG
cells (8). Novaeguinoside II, one of the newly found asterosapo-
nins, also has been shown to induce apoptosis in U§7MG cells
by a mitochondrial apoptotic pathway (9). However, the role of
asterosaponin 1 in the process of apoptosis in lung cancer cells
has not previously been determined. In the current study we
therefore, examined the anti-proliferative and pro-apoptotic
efficacy of asterosaponin 1 in human lung cancer A549 cells.

The endoplasmic reticulum (ER) is an extensive membra-
nous labyrinth network extending from the nuclear membrane
throughout the cytoplasm (10). It functions as a site for
protein folding, export and secretion, a pool of free calcium,
and a compartment for lipid and sterol synthesis (11). Under
certain conditions, such as hypoxia, nutrient deprivation,
oxidative stress, DNA damage, or treatment with several
pharmacological agents, unfolded and misfolded proteins can
accumulate in the ER lumen and result in so-called ER stress
(12,13). If the stress is so severe that it cannot be overcome
by the protective signal transduction pathways in ER, cells
will undergo apoptotic death. ER stress is considered to be
associated with a wide range of diseases including cancer, and
several pharmacological agents have been found to exert anti-
cancer effects through ER stress-induced apoptosis (14-16).
In the present study, we aimed to investigate the molecular
mechanism underlying the potential anticancer function
of asterosaponin 1 by focusing on the ER stress pathway in
human lung cancer A549 cells.

Materials and methods
Cell culture and treatment. Human lung cancer A549 cells

were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum and
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Figure 1. Structure of asterosaponin 1.

80 U/ml penicillin/streptomycin. The cells were maintained
at 37°C in a humidified atmosphere of 95% air and 5%
CO,, and the culture medium was changed every other day.
Asterosaponin 1 was dissolved in 0.1% dimethyl sulfoxide
(DMSO0), which had no effect on cell viability, and different
concentrations of the sample (2.5, 5 and 10 p#g/ml) were added
into the culture medium 24 h before performing the cell
viability and apoptosis assays.

MTT assay. Cell viability was measured using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay, which assessed the mitochondrial activity by
measuring the ability of cells to convert MTT to the blue
formazan dye. Briefly, A549 cells were seeded in 96-well
plates and subjected to various treatments as described earlier.
The MTT solution (5 mg/ml) was added to each culture
well, and the cells were incubated for 4 h at 37°C. After the
medium was carefully removed, the blue-colored formazan
product was dissolved with DMSO and the absorbance was
subsequently measured at 570 nm using a microplate reader.
Cell survival rates were expressed as percentage of the value
of cells without any treatment.

TUNEL staining. Apoptotic cell death in A549 cells after
asterosaponin 1 treatment was detected by the terminal
deoxynucleotidyl transferase-mediated dUTP biotin nick end
labeling (TUNEL) assay, a method to observe DNA strand
breaks in nuclei. For TUNEL staining, cells were seeded on
1.5-cm glass cover slides and treated with different concentra-
tions of asterosaponin 1 for 24 h, after which cells were fixed
by immersing slides in freshly prepared 4% methanol-free
formaldehyde solution in PBS for 20 min at room temperature
and permeabilized with 0.2% Triton X-100 for 5 min. Cells
were labeled with fluorescein TUNEL reagent mixture for
60 min at 37°C according to the manufacturer's suggested
protocol (Roche, Mannheim, Germany). After that, the
number of TUNEL-positive cells was counted by using fluo-
rescence microscopy and the apoptotic rate was determined.

Transmission electron microscopy. Transmission electron
microscopy was performed on A549 cells to evaluate the
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Figure 2. Asterosaponin 1 inhibits the proliferation of A549 cells. After
exposure to different concentrations (2.5, 5 and 10 yg/ml) of asterosaponin 1
for 24 h, the cell viability of A549 cells was measured by the MTT assay.
The data are presented as the means + SD from five independent experi-
ments. p<0.05 vs. control group.

effects of asterosaponin 1 on ER morphology. Transmission
electron microscopy of cells was performed as previously
described (17). Briefly, after treatment with 10 pg/ml for 24 h,
cells were collected by trypsinization, pelleted by centrifuga-
tion, and fixed with 2.5% glutaraldehyde. The pellets were
post-fixed in osmium tetroxide, dehydrated with graded
acetone series and finally embedded in Epon 812. Ultrathin
sections were cut on an ultramicrotome, stained with uranyl
acetate and lead citrate, and examined with a transmission
electron microscope.

Measurement of intracellular Ca®* levels. Free cytosolic
calcium was measured using the cell permeant Ca**-sensitive
fluorescent dye Fluo-3AM. After treatment with astero-
saponin 1 for 24 h, the medium was removed and replaced
with Fluo-3AM at a final concentration of 1 gmol/l for 30 min
at 37°C. Cells were then washed twice with PBS and deter-
mination of Fluo-3 fluorescence was done by flow cytometry.
The results were represented as relative fluorescence intensi-
ties normalized to untreated controls.

Western blot analysis. Equivalent amounts of protein (60 ug
per lane) were loaded and separated by 12% SDS-PAGE
gels, and transferred to polyvinylidene difluoride (PVDF)
membranes. Membranes were blocked with 5% non-fat
milk solution in Tris-buffered saline with 0.1% Triton X-100
(TBST) for 1 h, and then incubated overnight at 4°C with the
following primary antibody dilutions in TBST: anti-GRP7S,
GRP94, CHOP, caspase-4, cleaved caspase-4, JINK, p-JNK
and p-actin (1:800). The membranes were then washed and
incubated with secondary antibody for 1 h at room tempera-
ture. The blots were developed using chemiluminescence, and
the intensities of the bands were quantified with Sigma Gel
image analysis software.

Data analysis. Statistical analysis was performed using SPSS
16.0, a statistical software package. All data are presented as
mean + SD. Statistical evaluation of the data was performed
by ANOVA. A value of p<0.05 was considered statistically
significant.
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Figure 3. Asterosaponin 1 induces apoptosis in A549 cells. (A) A549 cells were exposed to asterosaponin 1 at different concentrations (2.5, 5 and 10 yg/ml)
for 24 h, stained with TUNEL reagent, and visualized under fluorescence microscopy. (B) The apoptotic rate was estimated by scoring apoptotic cells as
indicated in (A). Scale bar, 50 pm. The data are presented as means = SD from six independent experiments. “p<0.05 vs. the control group.
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Figure 4. Asterosaponin 1 increases ER dilation and cytosolic Ca** concentrations in A549 cells. (A) A549 cells were treated with or without 10 pg/ml
asterosaponin 1 for 24 h, and the ER morphology was visualized by transmission electron microscopy. (B) After treatment with asterosaponin 1 at different
concentrations (2.5, 5 and 10 pg/ml) for 24 h, A549 cells were stained with Fluo-3AM, and the concentrations of cytosolic Ca** were calculated by the green
fluorescence excited at 488 nm. The data are presented as means + SD from five independent experiments. ‘p<0.05 vs. the control group.

Results

Asterosaponin 1 inhibits the proliferation of A549 cells
by inducing apoptosis. To investigate the potential anti-
proliferative effects of asterosaponin 1 in human lung cancer
A549 cells, different concentrations (2.5, 5 and 10 pg/ml) of
asterosaponin 1 were added into the culture medium, and the
cell viability was measured by the MTT assay 24 h later. As
shown in Fig. 2, asterosaponin 1 decreased the viability of
A549 cells in a dose-dependent manner. Next, we investigated
the effect of asterosaponin l-induced apoptosis by using the
TUNEL assay (Fig. 3). Compared with the control group,
the TUNEL-positive A549 cells significantly increased with
the concentrations of asterosaponin 1 added (from 3.3+1.1 to
17.1+2.1, 38.8+1.7 and 49.0+3.2%).

Asterosaponin 1 induces ER stress in A549 cells. Transmission
electron microscopy was performed on A549 cells to evaluate
the effects of asterosaponin 1 on ER morphology (Fig. 4A).

The results showed that asterosaponin 1 increased ER dila-
tion at 10 ug/ml for 24 h, and some vacuoles formed from the
destruction of ER structural integrity were observed in astero-
saponin 1 treated A549 cells. We further assessed the effect of
asterosaponin 1 on the mobilization of Ca?*, and the results of
Fluo-3AM staining indicated that asterosaponin 1 increased
the cytosolic Ca** concentration in a dose-dependent manner
in A549 cells (Fig. 4B). Next, we examined the expression
of the ER molecular chaperones GRP78 and GRP94 by
immunoblotting analyses. As shown in Fig. 5, asterosaponin 1
markedly increased the expression levels of GRP78 in a dose
and time-dependent manner, but GRP94 levels were not
affected.

Role of ER stress in asterosaponin l-induced apoptosis of
A549 cells. To further shed light on the relationship between
asterosaponin 1-induced apoptosis and ER stress, Western blot
analysis was used to measure three essential ER-associated
apoptotic molecules, including CHOP, caspase-4 and JNK
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Figure 5. Effects of asterosaponin 1 on ER molecular chaperones. A549 cells were treated with asterosaponin 1 at 10 yg/ml for different time intervals (A), or
with different concentrations of asterosaponin 1 for 24 h (B), and then the GRP78 and GRP94 expressions were examined by Western blot analysis. The data
are presented as the means + SD from five independent experiments. “p<0.05 and “p<0.05 vs. the control group.
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Figure 6. ER stress is involved in asterosaponin 1-induced apoptosis in A549 cells. A549 cells were treated with asterosaponin 1 at 10 yg/ml for different time
intervals, and then the activation of caspase-4, CHOP and JNK were detected by Western blot analysis. The data are presented as the means + SD from five

independent experiments. "p<0.05, “p<0.05 and *p<0.05 vs. the control group.

in A549 cells 24 h after asterosaponin 1 treatment (Fig. 6).
After exposure to 10 yg/ml asterosaponin 1, the expression of
CHOP and cleaved caspase-4 significantly increased from 6
to 24 h compared to the control group. The expression levels
of p-JNK started to increase notably at 3 h and sustained high
expression of p-JNK was observed from 3 to 24 h after astero-
saponin 1 treatment. Furthermore, the total protein levels of
caspase-4 and JNK were not markedly affected.

Discussion

Apoptosis, also known as type I programmed cell death, is
an important form of cell death for the survival of multicel-
lular organisms and occurs under several physiological and
pathological conditions, such as development or the preven-
tion of oncogenic transformation (18,19). Cancer cells are

characterized by their ability to develop diverse anti-apoptotic
mechanisms to avoid being killed by apoptosis, and are
therefore, resistant to chemotherapy (20). To discover agents
capable of activating apoptosis pathways directly and selec-
tively in cancer cells is an excellent therapeutic strategy for
many malignancies, including lung cancer (21). In the present
study, we found that asterosaponin 1, a new cytostatic agent
from the starfish, inhibited the proliferation of human lung
cancer A549 cells in a dose-dependent manner, and the cyto-
static activity resulted from the induction of cell apoptosis.
Apoptosis can be initiated by several distinct, but inter-
connected, molecular signaling pathways, among which the
extrinsic (mediated by the activation of death receptors) and
the intrinsic (mitochondria-dependent signaling) pathways
represent the two major well-studied apoptotic processes (22).
In the past few decades, ER stress, a more recently discovered
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biochemical cascade, are considered as significant regulators
of apoptosis and have drawn much attention. The ER stress is
a cellular response to a number of biochemical, physiological
to pathological stimuli and can trigger various cellular
dysfunctions including accumulation of misfolded proteins
and alteration of Ca** homeostasis (23). The close relationship
between elevated ER stress and apoptotic cell death has been
confirmed in many cell types including macrophages, pancre-
atic B-cells, neurons and endothelial cells with implication for
several human diseases, including cancer (24,25). Our study
revealed that with the treatment of asterosaponin 1, the ER of
A549 cells dilated and the cytosolic-calcium levels, the reflec-
tion of depletion of luminal ER calcium, markedly increased
in a dose-dependent manner. These data suggested that ER
stress is possibly induced by asterosaponin 1 in human lung
cancer A549 cells.

The glucose-related proteins (GRPs) are referred to as ER
molecular chaperones because of their ubiquitous expression
in endoplasmic reticulum and their ability to assist in protein
folding and assembly (11). GRP78 (also known as BiP) and
GRP94, two well-characterized members of GRPs, are homol-
ogous to cytosolic heat shock protein (HSP) 70 and 90, and
are generally considered as molecular markers of ER stress
(26,27). Their expression levels are up-regulated in response
to ER stress conditions and they are considered as a part of
the cellular defense mechanisms to block further cell injury
and death (28). In this study, we found that asterosaponin 1
significantly increased the expression of GRP78 in a dose and
time-dependent manner, but with no effects on the expression
of GRP94. It was reported that honokiol increased the expres-
sion of GRP78 but not GRP94 in human chondrosarcoma
cells (29), which is similar to our finding in A549 cells, but
another experiment in human gastric cancer cells indicated
that honokiol induced GRP94 but not GRP78 cleavage
(30). Transfection with targeting GRP78 siRNA resulted
in up-regulation of GRP94 in HeLa cells, suggesting the
compensational feature of GRP94 in the absence of GRP78
(31). All these data suggest that the modulation of GRP78 and
GRP94 in ER stress-associated apoptosis was quite complex
and might be dependent on cell types. Furthermore, with its
calcium binding activity, GRP78 can preserve intracellular
Ca** homeostasis by regulating the depletion of ER intra-
cisternal Ca*". Therefore, the up-regulation of GRP78, as well
as the increased cytosolic-calcium levels as shown in Fig. 4,
are both reflections of ER stress in A549 cells after astero-
saponin 1 treatment.

Under the conditions of prolonged and/or severe ER stress,
the cell activates several intracellular signaling pathways
that lead to apoptotic cell death. The induction of CHOP
and activation of JNK kinase and caspase-4 are apparently
key pro-apoptotic factors that are closely associated with ER
stress. CHOP (also known as GADD153), a transcription factor
downstream of the PERK-ATF4 axis, was thought to play
important roles in the process of ER stress-associated apop-
tosis via suppressing the transcription of anti-apoptotic Bcl-2
and inducing ROS production (16). The protective effect of
CHOP deletion was confirmed in cytokine-induced cell death
(32) and in CHOP” animals against renal damage caused by
the ER stress-inducing toxin tunicamycin (33). Caspase-4,
a protein predominantly localized in the ER, is specifically
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cleaved by ER stress but not by other non-ER stimuli, and
several studies have identified caspase-4 as a key player in
the ER stress-mediated pathway of apoptosis in humans or
caspase-12 in rodents (34). The activation of caspase-4 could
further activate caspase-3 and caspase-9 without involving the
mitochondrial cytochrome ¢ pathway (35). Another molecular
mechanism associated with ER stress-induced apoptosis
involves the activation of the JNK, which is a member of the
MAPK famiy and plays a critical role under various stimuli
in both the extrinsic and intrinsic apoptotic pathways (36). It
has previously been shown that ER stress can directly trigger
the JNK cascade through IREIl activation (37), or activate
JNK via IREl-mediated recruitment of the scaffolding protein
TRAF2 to the ER membrane (38). Our present study showed
that asterosaponin 1 increased the expression of CHOP and
enhanced the activation of caspase-4 and JNK, suggesting that
asterosaponin 1-induced apoptosis in A549 cells was mediated
by its actions on ER stress-associated pro-apoptotic factors.

In conclusion, these results demonstrated that astero-
saponin 1 inhibited the proliferation of human lung
cancer A549 cells in a dose-dependent manner, and the
cytotoxicity was attributable to apoptotic cell death. The
asterosaponin l-induced apoptosis was associated with
the ER stress-mediated activation of CHOP, caspase-4 and
JNK. These data have provide a possible cellular mechanism
underlying the cytotoxic effect of asterosaponin 1 on human
lung cancer A549 cells, and will be helpful for evaluating the
potency of asterosaponin 1 as a candidate anticancer drug for
the treatment of human lung cancer.
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