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Abstract

Purpose The aim of this study was to demonstrate that
solamargine (SM) mediates its cytotoxicity via oncosis.
Methods The cytotoxicity of SM on cancer cells was
examined by 3-(4,5-dimethylthiazol)-2 and 5-diphenyltet-
razolium bromide assay. Cell membrane integrity was
assessed by detecting the leakage of cytoplasmic content,
the release of lactate dehydrogenase (LDH), and the uptake
of propidium iodide (PI). We use whole-cell recording
to measure the time courses of membrane blebbing and
disruption in human K562 leukemia and squamous cell
carcinoma KB cells. The effects of SM on cytoskele-
tal systems were detected by Western blotting and
immunofluorescence.

Results The cytotoxicity of SM did not correlate with the
expression level of the multidrug resistance MDR1 and was
triggered rapidly by 10 pM SM (5 min caused 50% max-
imum cytotoxicity). Its rapid ability to make propidium
iodide (PI) permeate into tumor cells, LDH release, and
leakage of cytoplasmic content at the same rate (within
minutes), suggests a killing mechanism that involves
plasma membrane perturbation. SM induced membrane
blebbing within 5 min of sustained application. Both
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chelating extracellular calcium with EGTA and clamping
intracellular calcium concentrations with a high concen-
tration of the cell-permeable chelator BAPTA-AM did not
prevent blebbing. Polyethylene glycols having molecular
weights >3,350 blocked membrane blebbing. SM also
disrupted the cytoskeletal systems: degradation of micro-
tubules and actin proteins.

Conclusion SM can rapidly initiate acute injury and
bursting by damaging to cellular membrane and may offer
a novel therapeutic strategy in treatment of cancer.

Keywords Alkaloidal saponins - Solamargine -
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Introduction

The patterns of cellular reaction to injury leading to cell
death are important in the understanding and recognition of
toxic and other types of injury. At the present time, two
types of prelethal reaction have been characterized: apop-
tosis and oncosis [1]. Oncosis, derived from the Greek
word “swelling”, is the common pattern of change in
infarcts and in zonal killing following chemical toxicity
[2]. In this reaction, the earliest changes include marked
alteration in cell shape and volume, frequently occurring
within seconds to minutes following application of the
injury. More specifically, the cells often exhibit blebs,
mitochondria undergo rapid swelling, nuclear chromatin
clumping, and the elements of the cytoskeleton, including
actin and tubulin, are markedly altered [1, 3]. In contrast,
apoptosis is defined as an active, fixed-pathway process of
cell death characterized by cell shrinking, cytoplasmic
condensation, ladder DNA degradation, and nuclear frag-
mentation resulting in the formation of apoptosis bodies
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[4]. Today, however, apoptosis and oncosis are no longer
believed to be mutually exclusive processes [5] and,
moreover, apoptosis is probably not the only or even the
main mechanism by which tumor cells are killed by anti-
cancer drugs or radiotherapy [6]. It is accepted that apop-
tosis and oncosis share certain mechanisms and alterations
such as loss of mitochondria permeability and membrane
potential, and that cell fate is mostly due to the intensity
and duration of the death signal and the cell genetic and
metabolic status [7-10].

Natural products provide a great chemical structural
diversity. In this respect, steroidal alkaloidal saponins are
thought to be an important component of the plant’s
chemical armory against herbivores and microbial patho-
gens in wild species [11]. Also, steroidal alkaloidal sapo-
nins have been demonstrated to have strong cytotoxicity
and induce apoptosis to cancer cell [12, 13]. Solamargine
(SM, Fig. 1), isolated from Solanum incanum herb, was a
steroidal alkaloidal saponin. It has potent cytotoxic activity
in vitro against cell lines from solid tumors including colon
(HT-29, HCT-15), prostate (LNCaP, PC-3), breast (T47D,
MDA-MB-231), and human hepatoma (PLC/PRF/S) cells
[14-16]. As reported in the literature, SM is able to induce
cell death through apoptosis by triggering human tumor
necrosis factor receptor 1(TNFR I) gene expression [14,
15]. However, the nature and characteristics of the cyto-
toxic effect of SM and mechanisms of cell death induction
remain to be elucidated. In this report, we demonstrate that
SM mediates its cytotoxicity via oncosis.

Materials and methods
Cell lines and reagents

The human myelogenous leukemia K562 cell line and its
multidrug-resistant counterpart K562/A02, squamous cell
carcinoma KB cells and its multidrug-resistant counterpart
KB/VCR, human prostate cancer PC3, human breast ade-
nocarcinoma cell line MCF-7, and a normal cell line,
human retinal pigment epithelial (RPE) 1 cell were
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Fig. 1 The structure of solamargine
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maintained in RPMI 1640 medium (Hyclone, Logan, USA)
supplemented with 10% fetal bovine serum (TBD, Tianjin,
China) and 1% penicillin—streptomycin. The cells were
cultured at 37°C with 5% CO,.

SM was isolated from Solanum incanum, a Chinese
medicinal plant, in the authors’ group and its purity was
over 98% as measured by HPLC. The compound was ini-
tially dissolved in dimethyl sulfoxide (DMSO) at a con-
centration of 10 mM for in vitro assays and diluted to
working concentrations with medium. 3-(4, 5-Dimethyl-
thiazol)-2 and 5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma Co., USA. All other chemicals used
in the experiments were commercial products of reagent
grade.

MTT assay

Anticancer activity of SM was determined using MTT
assay as previously reported (13). Cells were seeded at
5 x 10° cells/well in 96-well plate 24 h before drug
treatment. Cells were treated with various concentrations of
either SM or DMSO (0.1%, vol/vol). Following 24-h
incubation with drug, 10 pl of 5 mg/ml solution MTT
reagent was added to each well and incubated for 4 h. After
centrifugation of the microtiter plates (1,200 g, 20 min)
and removing the supernatant, 150 pl of dimethyl sulfoxide
was added to dissolve the formazan crystals that remained
in the wells. The absorbance was determined using
microplate reader (Bio-Rad 680) at 570 nm. Wells con-
taining DMSO were used for control cell viability and
represented 100% cell survival, and wells without cells for
blanking the spectrophotometer. ICs, values for each cell
line were evaluated at a dose of drug causing 50% absor-
bance reduction in comparison with DMSO-treated control
cells.

Lactate dehydrogenase (LDH) release assay

The LDH assay (Keygen Biotech. Co., Ltd, Nanjing,
China) was performed according to the manufacturer’s
protocol. Briefly, cells seeds in microtiter plates were
incubated with various concentrations of SM or vehicle at
37°C. As a control for maximum LDH release, cells were
treated with 1% triton-X-100 (Sigma) in RPMI 1640
medium for 10 min before running the assay. To determine
the normal LDH release, cells were cultured in serum-free
medium. After centrifugation of the microtiter plates,
100 pl of the cell-free culture supernatants was transferred
into new eppendorf tube. As the instruction of manufac-
turer’s protocol, the spectrophotometric absorbance was
determined using the microplate reader (Bio-rad 680) at
450 nm wavelength. The cytotoxicity detection assay was
repeated in triplicate.
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260 nm absorbing material release study

Leakage of cytoplasmic contents is a characteristic indi-
cation of damage to the cytoplasmic membrane [17].
Absorbance at 260 nm was used to estimate the amount of
intracellular contents leaked from cells subjected to dif-
ferent concentrations of SM. The samples were filtered to
remove the cells. OD at 260 nm was recorded. The per-
centage increase in OD,q of the SM-treated samples was
compared with the control.

Propidium iodide (PI) uptake

Cell membrane integrity of SM-treated cells was also
assessed by monitoring the uptake of the fluorescent probe,
PI (Sigma, St Louis, Missouri, USA). It is a membrane
impermeant nuclear stain and is used as an indicator for
determining the cell membrane integrity [18]. For deter-
mining the PI uptake, cell suspensions of the control and
SM-treated samples were centrifuged (1,700 g, 2 min) and
the pellets were resuspended in PBS. The cell suspensions
were incubated with PI (5 pg/ml) at 37°C for 15 min in the
dark. Cells were washed twice following staining to
remove the unbound PI. An aliquot of these suspensions
was placed on the coverslip and observed under an inverted
fluorescence microscope (Olympus IX71; Olympus Co.,
Tokyo, Japan) using 40x objective. Pl-stained cells were
viewed using 546 nm excitation and 620 nm emission fil-
ters. Both phase-contrast and fluorescent images were
recorded using a cooled CCD camera.

Time-lapse microscopy

Cells were plated overnight in 35-mm culture dishes in
RPMI 1640. Images were taken every 5 s by Olympus
IX71 microscopy with an oil-immersion objective lens
(PlanApo 40x, NA 1.40) in temperature-controlled box to
keep temperature at 37°C. All subsequent analyses and
processing of images were performed with Image-Pro
Plus 6.0 software (Media Cybernetics, Silver Spring,
USA).

Western blotting assay

The cell lysates were resolved by 12% SDS-PAGE and
electrotransferred onto a nitrocellulose membrane fol-
lowed by incubation with corresponding primary anti-
bodies, including fS-tubulin and actin at 1:1,000 dilutions
overnight at 4°C. Secondary antibodies were used at
1:1,000 dilutions for 1 h at room temperature. Visualiza-
tion was performed using the chemiluminescence method
as described previously [19]. GAPDH was used as inter-
nal reference.

Immunofluorescence microscopy observation

KB cells seeded on 12-mm round glass coverslips and
placed at the bottom of 12-well plates. After experimental
treatment, cells on glass coverslips were fixed with cold
methanol/acetone (1:1) for 5 min followed by immuno-
staining for f-tubulin and actin using rabbit anti-f-tubulin
antibody and phalloidin as described previously [20]. DNA
was counterstained with DAPI (1 pg/ml) for 5 min at room
temperature. The samples were mounted on microscope
slides with mounting medium and analyzed by fluores-
cence microscopy. The fluorescence images were pro-
cessed using AutoQuant X 2.1 software from Cybernatics,
Inc. (Bethesda, USA).

Determination of intracellular ATP concentration

We measured the amount of available intracellular ATP in
cancer cell lines as an indirect parameter of the activity of
V-H*'-ATPases. We used a commercially available ATP
determination kit (Beyotime institute of Biotechnology)
based on luciferase activity, following the instructions of
the manufacturer.

Cell-cycle analysis

We used a FACScan flow cytometer (Becton—Dickinson,
San Jose, CA) equipped with a 488-nm argon-ion laser. For
cell-cycle analysis, asynchronous cells were cultured in the
presence of different concentrations of SM. On incubation,
the cells were harvested and washed in PBS, fixed in 70%
cold ethanol overnight at 4°C, washed again in PBS, and
incubated for 1 h in PBS containing 100 pg/ml RNase
(Sigma) and 50 pg/ml PI. Ten thousand events per sample
were acquired for data analysis using CELL-QUEST
software by selective gating to exclude doublet cells. The
results of the DNA content were modeled using ModFit
(VERITY Software House, Inc., Topsham, ME).

Results

SM showed potent, rapid cytotoxic activity against
human cancer cells

First, we studied the cytotoxic effect of SM on K562, KB
cells, PC3, and MCF-7 by MTT assay. Exposure of K562
cells to the highest concentration of SM, 10 uM, induced
50% cell death quickly after 5 min, exposure for longer
periods (24 h) at a dose of 10 uM led to about 80% cell
death. The IC50s of K562, KB, PC3, and MCF-7 were 8.0,
7.8, 5.9, and 8.2 uM, respectively. We next examined the
cytotoxicity of SM in two MDR-expressing sublines:
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K562/A02 and KB/VCR. The ICsgs of K562/A02 and KB/
VCR were 5.4 and 7.1 pM, respectively. Expression of
MDRI1 gene, which encodes the P-glycoprotein responsible
for extrusion of and resistance to multiple drugs, did not
significantly alter the activity of SM against the multidrug-
resistant human myelogenous leukemia cells and squamous
cell carcinoma. When compared with the tumor cell lines,
SM had a lower cytotoxicity on the normal cell RPE1 with
an ICsq value of 23.4 pM.

Integrity of cell membrane

Based on the determination of LDH activity released
from the cytosol of damaged cells into the medium, we
evaluated the effect of SM on cell membrane integrity.
No release of LDH into the medium was observed in
vehicle-treated cells. After a 10-min treatment, SM at a
concentration of 7.5 uM caused 45.7 and 59.3% cell
death for K562 and KB, respectively (Fig. 2a). SM is
thus a fast-acting toxin in killing cancer cells. In addi-
tion, we measured the leakage of cytoplasmic contents by
measuring the OD at 260 nm. After 15 and 30 min
treatment on KB and K562 cells, respectively, the ODyq
of filtrates from cells suspensions were significantly
increased (Fig. 2b).

The integrity of the cell membrane was also determined
by the uptake of the DNA intercalating fluorescent dye PI.
PI passes the cell membranes which were damaged by SM
and intercalates into the DNA. This was visualized by
fluorescence microscopy. As shown in Fig. 2c, the mem-
brane of untreated cells was integrity, showed a normal and
smooth morphology, and unstained by PI. However, cells
incubated with SM showed a disrupted membrane and
stained by PIL

SM induces membrane blebs

SM rapidly induced dramatic changes in the morphology of
K562 and KB cells. Figure 3a shows time-lapse images of
cells observed by phase-contrast microscopy. The blebs
of K562 cells occur within 50 s of stimulation and last as
long as 6 min, while the blebs of KB cells occur earlier
within 35 s of stimulation and last only 2 min. Blebs were
not found in vehicle-treated cells (data not shown).

Blebbing is independent of calcium and inhibited
by polyethylene glycols (PEGs)

Chelating extracellular calcium with 5 mM EGTA did not
prevent blebbing after a 27-min delay, showing that the
formation of blebs does not depend on the influx of calcium
(Fig. 3b). Blebbing was also not affected when the
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Fig. 2 a LDH release from cells subjected to 10 uM SM treatment. b
Time-dependent release of 260 nm absorbing cellular materials from
KB and K562 subjected to 10 pM SM. Data points represent mean
and standard deviation of three experiments. ¢ Morphological changes
and PI uptake of K562 and KB cells after SM treatment

intracellular calcium concentration was clamped by the
cell-permeable chelator BAPTA-AM (Fig. 3b).

We attempted to use PEGs of various molecular
weights, which have been used to size large channels.
Figure 3c shows the effects of PEGs on KB cell membrane
bleb induced by 10 uM SM. PEGs having molecular

Fig. 3 a Time-lapse analysis of cell membrane blebs formation
induced by 10 uM SM. b Effect of EGTA (5 mM) and BAPTA/AM
(30 M) on KB cell membrane blebs induced by 10 uM SM. ¢
Effects of PEGs on KB cell membrane blebs induced by 10 uM SM.
Points are the means of 100 cells; standard errors of the means are
omitted for clarity. d Effect of PEGs and SM (10 uM) on inhibition of
the proliferation of KB cell
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weights >3,350 inhibited the membrane blebbing. The
smaller molecular weight PEG 1,000 could not retard
membrane blebbing. We also evaluated the effects of PEGs
of various molecular weights on antitumor effect of SM.
PEG 1,000 had no effect on antitumor effect of SM, while
PEG 3,350 and 6,000 had the potential to reduce antitumor
effect of SM (Fig. 3d).

ATP determination

ATP depletion can cause depolymerization of actin,
breakdown of the actomyosin network, a change in lipid
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Fig. 4 The levels of intracellular ATP were decreased after treated
by SM. Cells were treated as indicated and harvested, and total
intracellular ATP content was measured

Fig. 5 Effect of SM on the
microtubule (a) and actin (b)
distribution in KB cells
analyzed by a fluorescent
microscope at magnification of
1,000x. ¢ Expression level of f3-
tubulin and actin of K562 and
KB cells after treated with or
without SM
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order of the plasma membrane, and membrane blebs. After
addition of 5, 7.5, and 10 uM SM, ATP decreased to 79.3,
57, and 47% within 2 h, respectively (Fig.4). ATP
depletion can convert cell death from apoptosis morphol-
ogy to a necrotic morphology, suggesting that intracellular
ATP levels regulate the mode of cell death.

SM induced a rapid and profound alteration of cell
architecture

In KB cells, SM exposure leads to a rapid, dramatic dis-
ruption of the normal architecture. As shown in Fig. Sa,
intact microtubules arrays could be observed in untreated
cells. However, during treatment with increasing concen-
tration of SM, microtubules networks were decreased and
short microtubules fragments were observed in the cyto-
plasm. We further observed simultaneous formation of actin
stress fibers in SM-treated cells (Fig. 5b). To further con-
firm SM’s ability to destroy microtubules and actin both in
cultured cells, we used Western blot assay to detect the
related protein. Immunoblotting of treated cell lysates dis-
played a decrease in f-tubulin and actin protein (Fig. 5c).

SM does not cause cell-cycle arrest
We further examined the effects of SM on cell-cycle pro-
gression using a flow cytometry procedure. K562 cells

were used in our study to explore the general effects of SM
on human tumors. K562 cells were cultured with 7.5 or
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Fig. 6 SM does not induce cell-
cycle arrest. K562 cells were |
incubated in the presence or
absence of SM and at the
indicated times were harvested
and stained with PI

(g odide

10 uM SM for 2, 12, and 24 h and then collected for flow
cytometry assay. The results showed that SM does not
cause cell-cycle arrest (Fig. 6).

Discussion

The patterns of cellular reaction to injury leading to cell
death are important in the understanding and recognition of
toxic and other types of injury. Apoptosis and oncosis, two
types of prelethal reactions, have been characterized [1-3,
5-7]. The factors that determine which process occurs
remain to be identified. In this work, we have examined the
action of SM, an antitumor agent of steroidal alkaloidal
saponins. SM showed potent cytotoxic activity against all
tested types of tumor cells, and its action is not affected by
the common multi-drug resistant mechanism. This action is
triggered very rapidly and does not cause cell-cycle arrest.
Soon after exposure to SM, cells initiate a death process
including marked swelling and a series of profound mor-
phological alterations that affect many cytoplasm organ-
elles and plasma membrane. These features are typical of
the process named oncosis, a term describing the progres-
sion of cellular events leading to necrotic cell death [2, 3,
21]. The cellular architecture is greatly affected as early as
1-3 h after SM treatment. In our previous study, SM also
drastically affected the lysosomes and mitochondria,
causing loss of mitochondrial membrane potential and of
lysosomal integrity (unpublished data). Whole-cell
recording experiments verified that the cell died as a result
of acute injury and bursting, suggesting oncosis. The
alterations suggest changes in the osmotic balance of the
cell, possibly as a result of damage to cellular membranes,
which we are currently investigating. After cell swelling,
the cells begin to leak cytoplasmic components. Inclusion
of certain PEG in the incubation medium prevents cell
swelling caused by pore-forming cytolysins [22, 23]. The
ability of PEG-termed osmotic stabilizing or protecting

7.5
SM 7.5 M SM10 M

24h
\ 12h

"2h 2h

Wiy, 4
Control rﬁaﬁfwﬂe Control

agents to prevent cell swelling is proportional to their
molecular weight and concentration in medium. It has been
proposed that osmotic stabilizing agents prevent toxin-
induced cell swelling by causing the medium to be
hypertonic compared with cytoplasm. For this to occur, the
molecular weight of the osmotic stabilizing agent must be
high enough that it cannot pass through the toxin-formed
pores into the cytoplasm, and the concentration of the agent
in the medium must be sufficient to counterbalance the
toxin-induced increase in intracellular osmotic pressure.
Based on the assumption that pore-forming cytolysins act
as molecular sieves, osmotic stabilizing agents have been
used to estimate the size of toxin-formed transmembrane
pores [24, 25]. We found that PEG >3,350 had certain
effects on action of SM: it can block membrane blebs
formation and lowered cytotoxicity. Calcium seems to play
an important role in the physiological process of cell death
and apoptosis [10, 26, 27]. An increase in intracellular
calcium concentration was not necessary for blebs induced
by SM. Both chelating extracellular calcium with EGTA
and clamping intracellular calcium concentrations at very
low levels with a high concentration of the cell-permeable
chelator BAPTA-AM did not prevent blebbing. Taken
together, these results indicated that SM treatment causes a
primary and preferential disruption of cytoplasm architec-
ture and plasma membrane.

Our results show that SM is a very potent cytotoxic drug
that displays an unusual and interesting mode of action.
Most anticancer drugs have been considered to induce
apoptosis as a result of nuclear DNA damage, activation of
membrane death receptors, or cytoskeletal alteration [28—
31]. SM induced membrane blebs formation and bursting
rapidly. These blebs may be a consequence of ATP
depletion and the consequent cytoskeletal alterations and
loss of volume control. A decrease in ATP occurs very
rapidly after SM treatment. This seems to be most impor-
tant in situation that leads to oncosis when compared to
apoptosis. Oncosis is characterized by loss of volume
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control with massive swelling of most intracellular com-
partment, often based on ATP deficiency but also related to
direct damage to the plasma membrane.

It is reported that SM can cause apoptosis of human
hepatoma, breast, and lung cancer cells [14, 15, 32, 33]. In
this study, we demonstrated SM can also induce oncosis. It
is likely that apoptosis can be induced by low doses of SM
and oncosis by high doses; both types of cell death are
induced by intermediate concentration of SM. More studies
are needed to fully characterize the antitumor action of SM
including the identification of its primary target, the precise
molecular mechanism of cytoplasmic organelle damage or
the basis for its preferential effect on tumor cells.

Acknowledgments This work was supported by grants from the
National Natural Science Foundation of China (no. 30925038) and
Shandong Provincial Foundation (6GG1102023).

References

1. Trump BE, Berezesky IK, Chang SH, Phelps PC (1997) The
pathways of cell death: oncosis, apoptosis, and necrosis. Toxicol
Pathol 25:82-88

2. Majno G, Joris 1 (1995) Apoptosis, oncosis, and necrosis an
overview of cell death. Am J Pathol 146:3-13

3. Van Cruchten S, Van den Broeck W (2002) Morphological and
biochemical aspects of apoptosis, oncosis and necrosis. Anat
Histol Embryol 31:214-223

4. Marsden VS, Connor LO, O’Reilly LA, Silke J, Metcalf D, Ekert
PG, Huang DCS, Cecconi F, Kuida K, Tomaselli KJ, Roy S,
Nicholson DW, Vaux DL, Bouillet P, Adams JM, Strasser A
(2002) Apoptosis initiated by Bcl-2-regulated caspase activation
independently of the cytochrome c/Apaf-1/caspase-9 apopto-
some. Nature 419:634-637

5. Crisby M, Kallin B, Thyberg J, Zhivotovsky B, Orrenius S,
Kostulas V, Nilsson J (1997) Cell death in human atherosclerotic
plaques involves both oncosis and apoptosis. Atherosclerosis
130:17-27

6. Suarez Y, Gonzalez L, Cuadrado A, Berciano M, Lafarga M,
Muiioz A (2003) Kahalalide F, a new marine-derived compound,
induces oncosis in human prostate and breast cancer cells. Mol
Cancer Ther 2:863-872

7. Walisser JA, Thies RL (1999) Poly (ADP-Ribose) polymerase
inhibition in oxidant-stressed endothelial cells prevents oncosis
and permits caspase activation and apoptosis. Exp Cell Res
251:401-413

8. Ohno M, Takemura G, Ohno A, Misao J, Hayakawa Y, Mina-
toguchi S, Fujiwara T, Fujiwara H (1998) “Apoptotic” myocytes
in infarct area in rabbit hearts may be oncotic myocytes with
DNA fragmentation. Circulation 98:1422-1430

9. Takeda M, Shirato I, Kobayashi M, Endou H (1999) Hydrogen
peroxide induces necrosis, apoptosis, oncosis and apoptotic
oncosis of mouse terminal proximal straight tubule cells. Neph-
ron 81:234-238

10. Trump BF, Berezesky IK (1996) The role of altered [Ca®'];
regulation in apoptosis, oncosis, and necrosis. Biochim Biophys
Acta 1313:173-178

11. Hall CA, Hobby T, Cipollini M (2006) Efficacy and mechanisms
of o-solasonine and o-solamargine-induced cytolysis on two
strains of Trypanosoma cruzi. J Chem Ecol 32:2405-2416

@ Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Ikeda T, Tsumagari H, Honbu T, Nohara T (2003) Cytotoxic
activity of steroidal glycosides from solanum plants. Biol Pharm
Bull 26:1198-1201
Ji YB, Gao SY, Ji CF, Zou X (2008) Induction of apoptosis in
HepG2 cells by solanine and Bcl-2 protein. J Ethnopharmacol
115:194-202
Cham BE (2008) Cancer intralesion chemotherapy with solaso-
dine Rhamnosyl glycosides. Res J Biol Sci 3:1008-1017

Hsu SH, Tsai TR, Lin CN, Yen MH, Kuo KW (1996) Sola-
margine purified from solanum incanum Chinese herb triggers
gene expression of human TNFR I which may lead to cell
apoptosis. Biochem Biophys Res Commun 229:1-5
Chang LC, Tsai TR, Wang JJ, Lin CN, Kuo KW (1998) The
rhamnose moiety of solamargine plays a crucial role in triggering
cell death by apoptosis. Biochem Biophys Res Commun 242:21-
25
Leung WW, Keung WM, Kong YC (1976) The cytolytic effect of
cobra cardiotoxin on ehrlich ascites tumor cells and its inhibition
by Ca”". Naunyn-Schmiedeberg’s Arch Pharmacol 292:193-198
Wang KR, Yan JX, Zhang BZ, Song 1], Jia PF, Wang R (2009)
Novel mode of action of polybia-MPI, a novel antimicrobial
peptide, in multi-drug resistant leukemic cells. Cancer Lett
278:65-72
Meng F, Cai X, Duan J, Matteucci MG, Hart CP (2008) A novel
class of tubulin inhibitors that exhibit potent antiproliferation and
in vitro vessel-disrupting activity. Cancer Chemother Pharmacol
61:953-963

Shi YQ, Zhu CJ, Yuan HQ, Li BQ, Gao J, Qu XJ, Sun B, Cheng
YN, Li S, Li X, Lou HX (2009) Marchantin C, a novel micro-
tubule inhibitor from liverwort with anti-tumor activity both in
vivo and in vitro. Cancer Lett 276:160-170
Lemasters JJ, Nieminen AL, Tian Q, Trost LC, Elmore SP,
Nishimura Y, Crowe RA, Cascio WE, Bradham CA, Brenner DA,
Herman B (1998) The mitochondrial permeability transition in
cell death: a common mechanism in necrosis, apoptosis and
autophagy. Biochim Biophys Acta 1366:177-196
Virginio C, MacKenzie A, North RA, Surprenant A (1999)
Kinetics of cell lysis, dye uptake and permeability changes in
cells expressing the rat P2X; receptor. J Physiol 519:335-346
Parsegian VA, Rand RP, Rau DC (1995) Macromolecules and
water: probing with osmotic stress. Methods Enzymol 259:43—
94
Parsegian VA, Bezrukov SM, Vodyanoy I (1995) Watching small
molecules move: interrogating ionic channels using neutral sol-
utes. Biosci Rep 15:503-514
Desat SA, Rosenberg RL (1997) Pore size of the malaria para-
site’s nutrient channel. Proc Natl Acad Sci USA 94:2045-2049
Bano D, Young KW, Guerin CJ, LeFeuMe R, Rothwell NJ,
Naldini L, Rizzuto R, Carafoli E, Nicotera P (2004) Cleavage of
the plasma membrane Nat/Ca®* exchanger in excitotoxicity.
Cell 120:275-285

Schwab BL, Guerini D, Bano D, Ferrando-May E, Fava E, Tam J,
Xu D, Xanthoudakis S, Nicholson DW, Carafoli E, Nicotera P
(2002) Cleavage of plasma membrane calcium pumps by casp-
ases: a link between apoptosis and necrosis. Cell Death Differ
9:818-831
Oh SH, Lee BH (2004) A ginseng saponin metabolite-induced
apoptosis in HepG2 cells involves a mitochondria-mediated
pathway and its downstream caspase-8 activation and Bid
cleavage. Toxicol Appl Pharmacol 194:221-229
Paquet C, Sané AT, Beauchemin M, Bertrand R (2005) Caspase-
and mitochondrial dysfunction-dependent mechanisms of lyso-
somal leakage and cathepsin B activation in DNA damage-
induced apoptosis. Leukemia 19:784-791

Kaufmann SH (1999) Induction of endonucleolytic DNA cleav-
age in human acute myelogenous leukemia cells by etoposide,



Cancer Chemother Pharmacol (2011) 67:813-821

821

31.

32.

camptothecin, and other cytotoxic anticancer drugs: a cautionary
note. Cancer Res 49:5870-5878

Hsiang YH, Liu LF (1988) Identification of mammalian DNa
topoisomerase I as an intracellular target of the anticancer drug
camptothecin. Cancer Res 48:1722-1726

Shiu LY, Chang LC, Liang CH, Huang YS, Sheu HM,
Kuo KW (2007) Solamargine induces apoptosis and sensitizes

33.

breast cancer cells to cisplatin. Food Chem Toxicol 45:2155-
2164

Liu LF, Liang CH, Shiu LY, Lin WL, Lin CC, Kuo KW (2004)
Action of solamargine on human lung cancer cells-enhancement
of the susceptibility of cancer cells to TNFs. FEBS Lett 577:67—
74

@ Springer



	Solamargine, a steroidal alkaloid glycoside, induces oncosis in human K562 leukemia and squamous cell carcinoma KB cells
	Abstract
	Purpose
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Cell lines and reagents
	MTT assay
	Lactate dehydrogenase (LDH) release assay
	260 nm absorbing material release study
	Propidium iodide (PI) uptake
	Time-lapse microscopy
	Western blotting assay
	Immunofluorescence microscopy observation
	Determination of intracellular ATP concentration
	Cell-cycle analysis

	Results
	SM showed potent, rapid cytotoxic activity against human cancer cells
	Integrity of cell membrane
	SM induces membrane blebs
	Blebbing is independent of calcium and inhibited by polyethylene glycols (PEGs)
	ATP determination
	SM induced a rapid and profound alteration of cell architecture
	SM does not cause cell-cycle arrest

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


