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Aim: Fluopsin C, an antibiotic isolated from Pseudomonas jinanesis, has shown antitumor effects on several cancer cell lines.  In the 
current study, the oncotic cell death induced by fluopsin C was investigated in human breast adenocarcinoma cells in vitro.
Methods: Human breast adenocarcinoma cell lines MCF-7 and MD-MBA-231 were used.  The cytotoxicity was evaluated using MTT 
assay.  Time-lapse microscopy and transmission electron microscopy were used to observe the morphological changes.  Cell  
membrane integrity was assessed with propidium iodide (PI) uptake and lactate dehydrogenase (LDH) assay.  Flow cytometry was used 
to measure reactive oxygen species (ROS) level and mitochondrial membrane potential (Δψm).  A multimode microplate reader was 
used to analyze the intracellular ATP level.  The changes in cytoskeletal system were investigated with Western blotting and  
immunostaining.
Results: Fluopsin C (0.5-8 μmol/L) reduced the cell viability in dose- and time-dependent manners.  Its IC50 values in MCF-7 and  
MD-MBA-231 cells at 24 h were 0.9 and 1.03 μmol/L, respectively.  Fluopsin C (2 μmol/L) induced oncosis in both the breast  
adenocarcinoma cells characterized by membrane blebbing and swelling, which was blocked by pretreatment with the pan-caspase 
inhibitor Z-VAD-fmk.  In MCF-7 cells, fluopsin C caused PI uptake into the cells, significantly increased LDH release, induced cytoskeletal 
system degradation and ROS accumulation, decreased the intracellular ATP level and Δψm.  Noticeably, fluopsin C exerted comparable 
cytotoxicity against the normal human hepatocytes (HL7702) and human mammary epithelial cells with the IC50 values at 24 h of 2.7 
and 2.4 μmol/L, respectively.
Conclusion: Oncotic cell death was involved in the anticancer effects of fluopsin C on human breast adenocarcinoma cells in vitro.  The 
hepatoxicity of fluopsin C should not be ignored.
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Introduction 
Apoptosis and oncosis, two major forms of cell death, have 
distinct morphological and biochemical features[1, 2].  Apopto-
sis is considered to be the major form of cell death in various 
physiological events.  Apoptosis is characterized by the con-
densation of the cytoplasm and chromatin, DNA fragmenta-
tion, and cell fragmentation into apoptotic bodies, followed 
by the removal and degradation of the dying cells through 
phagocytosis[3].  In contrast, oncosis is a process of passive cell 
death related to energy depletion, leading to the impairment 
of cell membrane ionic pumps, the swelling of the cell, the for-
mation of cell surface blebs, the condensation of mitochondria, 
and an increase in membrane permeability.  Oncosis is the pat-

tern of change in infarcts and zonal killing following chemical 
toxicity[4, 5].  

Although the molecular mechanisms of apoptosis have 
been well characterized[6–8], a comprehensive picture depict-
ing oncosis regulation is still lacking.  Recently, there has been 
increasing interest in the mechanistic relationship between 
cell death via apoptosis and oncosis[2, 9].  Emerging evidence 
has suggested a complex interplay between these two cellu-
lar processes, which seem to have some common regulatory 
mechanisms.  In addition, several regulators in the apoptotic 
pathway, such as reactive oxygen species (ROS), mitochon-
drial injury, calcium overload, and adenosine triphosphate 
(ATP) depletion, have been found to function as modulators of 
oncosis[1, 10].  

Breast cancer is a prevalent disease and a leading cause of 
cancer death in women worldwide.  Many treatments, such as 
chemotherapy, which is still the most effective clinical therapy, 
have been developed to improve prognosis and decrease the 
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risk of recurrent diseases[11, 12].  However, the development of 
novel therapeutic agents is greatly needed.  The current study 
was undertaken to investigate the effects and mechanisms that 
underlie the anticancer activity of fluopsin C (Figure 1), an 
antibiotic isolated from Pseudomonas jinanesis.

Antibiotics are clinically important drugs for fighting tumor 
cells.  Fluopsin C is an antibiotic that has been purified and 
isolated from P fluorescens, Pseudomonas sp, P aeruginosa, and 
Streptomyces[13, 14].  Previous studies demonstrated that fluopsin 
C exhibited strong antitumor, antibacterial, and antifungal 
properties[13–15].  However, the nature and characteristics of the 
cytotoxic effect and the mechanisms of fluopsin C-induced cell 
death remain to be elucidated.  In the current study, fluopsin 
C was demonstrated to mediate its cytotoxicity via oncosis in 
the MCF-7 and MD-MBA-231 human breast cancer cell lines.

Materials and methods
Cell culture and reagents
Human breast adenocarcinoma (MCF-7 and MD-MBA-231) 
cell lines and a normal human hepatocyte cell line (HL7702) 
were obtained from the Shanghai Institute for Biological Sci-
ences (SIBS), Chinese Academy of Sciences (China).  Another 
normal cell line, HMLE, which was derived from normal 
human mammary epithelial cells immortalized with the cata-
lytic subunit of telomerase and SV40 large-T and small-T anti-
gens, was kindly provided by Dr Chang-jun ZHU (Shandong 
University).  The MCF-7 and HL7702 cells were maintained 
in RPMI-1640 medium (Hyclone, Thermo Fisher Scientific,  
Beijing, China), and the MD-MBA-231 cells were cultured 
in modified DMEM (Gibco, Invitrogen Corporation, Grand 
Island, NY, USA).  All media were supplemented with 10% 
heat-inactivated fetal bovine serum (TBD, Tianjin, China), 100 
U/mL penicillin and 100 μg/mL streptomycin.  The HMLE 
cells were cultured in serum-free mammary epithelial cell 
growth medium (Lonza, Allendale, NJ, USA).  The cells were 
cultured in a humidified atmosphere of 5% CO2 at 37 °C.

Purified (over 98% pure) fluopsin C was dissolved in 
dimethylsulfoxide (DMSO) as a 1 mmol/L stock solution at 
-20 °C and diluted according to experimental requirements.  
3-(4,5-dimethylthiazol)-2,5-diphenyltetrazolium bromide 
(MTT) and 4’,6-diamidino-2-phenylindole (DAPI) were pur-
chased from Sigma (USA).  The caspase inhibitor Z-VAD-fmk 
(C1202) and JC-1 were purchased from the Beyotime Institute 
of Biotechnology, Haimen, China.  All chemicals used in this 
study were commercial products of reagent grade.  

Cytotoxicity analysis
The MTT assay is widely used to measure cell proliferation 
and cytotoxicity.  Cells (4×103–5×103 per well) were seeded in 
96-well culture plates.  After incubation for 24 h, the cells were 
pretreated with or without the caspase inhibitor Z-VAD-fmk 
at the indicated concentrations 1 h prior to the administration 
of fluopsin C at various concentrations for the indicated times.  
Next, 20 μL of MTT (5 mg/mL) was added to each well for 
4 h, and the resulting crystals were dissolved in DMSO.  The 
optical density of each well was measured using a microplate 
reader (Bio-Rad 680) at 570 nm.  Wells containing DMSO 
were used for control cell viability and represented 100% cell 
survival, and wells without cells were used for blanking the 
spectrophotometer.  The cell viability ratio (%) was calculated 
as (A570 sample–A570 blank)/(A570 control–A570 blank)×100%.  IC50 values 
for each cell line were evaluated as the dose of drug causing 
50% absorbance reduction in comparison with DMSO-treated 
control cells.  Each test was performed in triplicate.

Time-lapse microscopy analysis
MCF-7 and MD-MBA-231 cells grown on 35-mm glass-bottom 
microwell dishes (MatTek, Ashland, MA) were cultured with 
CO2-independent medium (Gibco) containing 10% FBS over-
night.  After treatment with 2 μmol/L fluopsin C or 2 μmol/L 
fluopsin C plus Z-VAD-fmk, the dishes were rapidly covered 
with mineral oil (Sigma), transferred to a heated stage (37 °C) 
and observed with a live cell digital imaging system.  Phase-
contrast images of live cells were collected at 1-min intervals 
for 0–3 h, 5-min intervals for 4–6 h and 15-min intervals for 
7–9 h with the live cell digital imaging system (PlanApo 409, 
NA 1.40).  The movies were edited with Image Analysis soft-
ware (InVitro, Media Cybernetics, USA).  

Transmission electron microscopy
MCF-7 cells that were treated or untreated with 2 μmol/L 
fluopsin C were washed twice with PBS, fixed with 4% glutar-
aldehyde for 1 h at room temperature and centrifuged at 3000 
r/min.  Post-fixation was carried out in 0.15 mol/L phosphate 
buffer with 3% OsO4 for 1 h, followed by a rapid wash in the 
same buffer.  Next, the specimens were dehydrated with alco-
hol-water solutions of varying concentrations and 100% pro-
pylene oxide, respectively.  Araldite embedding began with a 
1:1 mixture of propylene oxide: araldite (v/v) for 1 h, followed 
by 1:3 mixtures overnight at room temperature.  After an 
additional treatment in undiluted resin for 1 h, polymerization 
was performed at 60 °C for 3–4 d.  Thin sections stained with 
1% toluidine blue were mounted on copper grids.  Grids were 
observed under a transmission electron microscope (JEM-
1200EX, Japan) at 60 kV.

Propidium iodide (PI) uptake assay
The cell membrane integrity of fluopsin C-treated cells was 
assessed by monitoring the uptake of the fluorescent probe PI 
(Sigma, St Louis, Missouri, USA).  PI is a membrane impair-
ment nuclear stain that is used as an indicator for determining 
the cell membrane integrity[16].  To determine PI uptake, cells 

Figure 1.  Chemical structure of fluopsin C.
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were seeded in 24-well plates.  After 24 h, cells were treated 
with 2 μmol/L fluopsin C (0–9 h) and incubated with PI (4 
μg/mL) at 37 °C for 15 min in the dark.  After being washed 
twice to remove unbound PI, the cells were observed under an 
inverted fluorescence microscope (Olympus IX71, Japan).  Flu-
orescent images were recorded using a cooled CCD camera.

PI uptake was also examined through flow cytometry analy-
sis.  MCF-7 cells seeded in 6-well plates were treated with 
2 μmol/L fluopsin C for 24 h and then collected and incu-
bated with the PI staining solution (10 μg/mL) for 15 min in 
the dark.  Cellular fluorescence was measured through flow 
cytometry.

Lactate dehydrogenase (LDH) assay
Plasma membrane integrity was also monitored by measuring 
LDH release into the medium.  Cells were seeded in 96-well 
culture plates at a density of 1×106/mL for 24 h and then 
cultured in serum-free medium with fluopsin C 2 μmol/L 
for 0–9 h.  LDH released into cell culture supernatants was 
detected using an LDH assay kit (Keygen Biotech Co, Ltd, 
Nanjing, China).  As a control for maximum LDH release, 
cells were treated with 1% Triton-X-100 (Sigma) in RPMI-1640 
medium for 10 min (100% release).  The absorbance was mea-
sured using a microplate reader (Bio-rad 680) at 450 nm.

Cell content leakage assay
Cells were treated with 2 μmol/L fluopsin C for different 
times (0–9 h).  The amount of intracellular contents that leaked 
from cells was estimated by analyzing the supernatants.  The 
OD260 nm was recorded using a Bio-Rad SmartSpec plus.

Immunostaining and fluorescence microscopy
Cells were seeded onto cover slips in 24-well plates and incu-
bated with 2 μmol/L fluopsin C for different times (0–6 h).  
The cells were washed with PBS twice and fixed in metha-
nol/acetone (1:1) for 5 min before being washed twice with 
cold PBS.  The cells were incubated in 3% goat serum in PBS 
with 0.1% Triton X-100 for 20 min at room temperature.  The 
cells were then incubated with primary antibodies against 
α-tubulin and β-actin (Sigma, Co, USA) for 2 h at room tem-
perature.  Cells were washed and incubated with anti-rabbit 
IgG-FITC (1:200) and anti-mouse IgG-Alexa Fluor 555 (1:250) 
for 1–2 h.  The nuclei were counterstained with 2 μg/mL DAPI 
for 10 min at room temperature.  After being washed three 
times, the cover slips containing cells were mounted onto 
glass slides using FluoroGuard (Bio-Rad, Richmond, CA) and 
imaged using a fluorescence microscope[17] .

Western blotting analysis
Total cell lysates were analyzed with Western blotting.  
Samples were boiled in 1×Laemmli buffer, subjected to 12% 
SDS-polyacrylamide gel electrophoresis and transferred to 
nitrocellulose membranes.  The membrane was washed in dis-
tilled water and blocked with 5% non-fat milk in TBS-T buf-
fer [10 mmol/L Tris-HCl, 150 mmol/L NaCl, and 0.05% (v/v) 
Tween-20, pH 7.8] for at least 1 h at room temperature.  After 

a short wash in TBS-T buffer, the membranes were incubated 
with monoclonal antibodies specific for β-actin and α-tubulin 
(Sigma, Co, USA) for at least 2 h at room temperature or 
overnight at 4 °C.  The membranes were then incubated with 
secondary HRP-conjugated goat anti-mouse IgG or anti-rabbit 
IgG (diluted 1:1000; Santa Cruz Biotechnology, Inc, USA).  Pro-
teins on the membranes were visualized using the enhanced 
chemiluminescence detection system (ECL®, Amersham Bio-
sciences).

Intracellular ATP measurement
Cells were grown in 96-well plates and incubated with 2 
μmol/L fluopsin C for 0–9 h.  Intracellular ATP levels were 
determined using an ATP determination kit (Beyotime insti-
tute of Biotechnology) according to the manufacturer’s pro-
tocol.  The entire cell population, including any floating cells, 
was assayed.  Luminescence was measured using a Mithras 
LB 940 multimode microplate reader (Germany Berthold).

ROS measurement
Changes in intracellular ROS levels were quantified by mea-
suring the oxidative conversion of the cell-permeable non-
fluorescent dye 2’,7’-dichlorofluorescein diacetate (DCFH-DA) 
into fluorescent dichlorofluorescein (DCF).  In the presence of 
ROS, DCFH reacts with ROS to form the fluorescent product 
DCF, which is trapped inside the cells.  To detect fluopsin 
C-induced intracellular ROS accumulation, MCF-7 cells grown 
in 6-well plates were rinsed once with PBS and then treated 
with 2 μmol/L fluopsin C at 37 °C for 0–6 h.  After incubation, 
the culture medium was removed, and the cells were washed 
three times with PBS.  The cells were incubated with DCFH-
DA (10 µmol/L, Beyotime Institute of Biotechnology, China) at 
37 °C for 30 min.  Cellular fluorescence was measured through 
flow cytometry with a FACS-SCAN apparatus (Becton Dick-
inson, USA).  Decreased values compared to the control were 
considered to represent decreases in intracellular ROS levels.

Mitochondrial membrane potential measurement
Mitochondrial membrane permeabilization involves the for-
mation of pores or channels that lead to the dissipation of the 
mitochondrial membrane potential (Δψm)[18].  JC-1, a lipophilic, 
cationic fluorescent probe, was used to measure the Δψm of 
MCF-7 cells according to the manufacturer’s instruction.  Cells 
were exposed to fluopsin C 2 μmol/L for 0–9 h and incubated 
with the JC-1 staining solution (5 μg/mL) for 30 min at 37 °C.  
The cells were then rinsed twice with JC-1 staining buffer.  The 
fluorescence intensities of both JC-1 monomers (FL1-H) and 
aggregates (FL2-H) were detected through flow cytometry.  
The data were analyzed using Cell Quest software (Becton 
Dickinson, USA).  The Δψm for each treatment group was cal-
culated as the ratio of red (aggregates) to green (monomers) 
fluorescence.

Statistical analysis
All experiments were repeated at least in triplicate.  Statisti-
cal analysis was performed using an analysis of variance 
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(ANOVA) followed by Turkey’s t-test.  P-values less than 0.05 
were considered to be statistically significant.  

Results
Fluopsin C cytotoxicity
The cytotoxic effects of fluopsin C on human breast adeno-
carcinoma cells and normal cells (HL7702 and HMLE) were 
determined via MTT assay.  As shown in Figure 2, cells treated 
with fluopsin C (0.5 to 8 μmol/L) for different times (6, 12, 
and 24 h) exhibited a decrease in viability in a dose- and 
time-dependent manner.  The IC50 values were 2.9, 1.6, and 
0.9 μmol/L for MCF-7 cells and 2.8, 1.9, and 1.03 μmol/L for 
MD-MBA-231 cells treated with fluopsin C for 6, 12, and 24 h, 
respectively.  However, cytotoxicity against human hepatocyte 
cells (HL7702) and human mammary epithelial (HMLE) cells 
was also observed, although the IC50 was higher for HL7702 
and HMLE cells than for the breast adenocarcinoma cells (the 
IC50 values for HL7702 were 7.2, 4.4, and 2.7 μmol/L at 6, 
12, and 24 h; the IC50 values for HMLE were 9.7, 4.8, and 2.4 
μmol/L at 6, 12, and 24 h, respectively), suggesting the neces-
sity of investigating the anticancer activity of fluopsin C and 
considering its toxicity in future clinical use and drug devel-
opment.  

Fluopsin C induced oncosis in MCF-7 and MD-MBA-231 cells
Time-lapse microscopy was performed to observe morpho-
logical changes during the fluopsin C-induced cell death of 
breast cancer cells MCF-7 and MD-MBA-231.  Cells treated 
with fluopsin C showed cell swelling and membrane surface 
blebs.  Figure 3 shows that the blebs in MD-MBA-231 and 
MCF-7 cells formed as early as 1 h post-treatment with fluop-
sin C, and the blebs lasted for 9 h in these two cells.  However, 
cell swelling lasted longer, which led to membrane disruption.  
These results indicated that fluopsin C exhibited morphologic 
oncotic features and induced changes of the plasma mem-
brane.  

Figure 2.  Cytotoxicity of fluopsin C in MCF-7 and MD-MBA-231 cells.  
Dose- and time-dependent cytotoxic effects of fluopsin C on (A) MCF-7 
cells and (B) MD-MBA-231 cells.  Cell viability was determined relative to 
the population of untreated control cells at the same time point.  The data 
are expressed as the mean±SD (% cell viability) of triplicate experiments.

Figure 3.  Time-lapse analysis of cell membrane bleb formation induced 
by 2 µmol/L fluopsin C in MCF-7 and MD-MBA-231 cells.

The ultrastructural details of fluopsin C-treated cells were 
further examined at 6 h and 12 h post-treatment with trans-
mission electron microscopy (TEM) (Figure 4A).  Cytoplasmic 
and nuclear swelling was apparent at 3 h after treatment with 
fluopsin C compared with control cells.  The nucleus was 
filled with dispersed chromatin.  The plasma membrane was 
intact, but vacuolization was observed in all membrane-bound 
organelles.  After 9 h of incubation, the plasma membrane was 
destroyed, and vacuolization of the perinuclear cisterna, endo-
plasmic reticulum and mitochondria was observed.  The entire 
cell exhibited low electron density resulting from failure of 
the ionic pumps in the plasma membrane.  Most of the treated 
cells lacked pseudopodia, which were common in control cells.  
These features were distinct from apoptotic cells.  These TEM 
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studies enabled us to demonstrate that fluopsin C-induced cell 
death in MCF-7 cells exhibited features of oncosis.

Fluopsin C-induced oncosis is not blocked by the caspase 
inhibitor Z-VAD-fmk
The fluopsin C-induced cell death pathway was further inves-
tigated using the pan-caspase inhibitor Z-VAD-fmk.  MCF-7 
cells were pretreated with the pan-caspase inhibitor Z-VAD-
fmk (50 μmol/L) for 1 h and then treated with fluopsin C for 
6–12 h.  Treatment with Z-VAD-fmk up to 50 μmol/L was 
only slightly toxic, and fluopsin C-induced cell death was not 
inhibited by Z-VAD-fmk (Figure 4B).  In contrast to apoptosis, 
oncosis does not involve caspases[19].  As depicted in Figure 4B, 
pretreatment with Z-VAD-fmk at 50 μmol/L did not exhibit 
an inhibitory effect on the cell swelling or vacuolization 
induced by fluopsin C.  These results suggested that fluopsin 
C-induced cell death was independent of the caspase path-
way.

To confirm whether Z-VAD-fmk affected fluopsin C-induced 
cell death, we performed a time-lapse microscopy experiment 

to observe the morphological changes after treatment with flu-
opsin C plus Z-VAD-fmk in MCF-7 cells.  Pretreatment with 
Z-VAD-fmk did not change the fluopsin C-induced cell mor-
phologic characteristics in MCF-7 cells (Figure 4C).

Fluopsin C disrupted the cell membrane integrity
The integrity of the cell membrane was determined by PI 
uptake (DNA intercalating fluorescent dye)[16].  The cells were 
stained with PI and subsequently analyzed using fluorescence 
microscopy and flow cytometry.  Figure 5 show the unstained 
control cells and cells treated with fluopsin C, which were 
stained with PI, indicating a disrupted cell membrane.

Further experiments were conducted to determine whether 
the integrity of the cell membrane was disrupted by fluopsin 
C.  LDH and cytoplasmic content leakage into the culture 
medium are characteristic indicators of plasma membrane 
disruption[20].  First, plasma membrane integrity was moni-
tored by measuring the release of LDH into the incubation 
medium.  The LDH release of MCF-7 cells increased after 90 
min of treatment with 2 μmol/L fluopsin C and peaked at 
approximately 9 h (Figure 6A).

The leakage of cytoplasmic contents was assessed by mea-
suring the OD at 260 nm.  After 6 h of fluopsin C treatment, 
the OD260 nm of filtrates from MCF-7 cell suspensions was 
significantly increased (Figure 6B).  

Fluopsin C destroyed the cell skeleton
Several studies have suggested that surface bleb formation 
and plasma membrane integrity are related to alterations of 
the cytoskeletal network[20–22].  In the current study, immuno-
cytochemical investigations revealed changes in the cytoskel-
etal network of fluopsin C-exposed cells.  As shown in Figure 
7A, the loss of microtubules and actin microfilaments was 
observed in fluopsin C-treated cells.  A Western blot assay was 
used to detect the related proteins β-actin and α-tubulin.  Fig-
ure 7B shows that immunoblotting of the treated cell lysates 
displayed an obvious decrease in both proteins.  Fluopsin 
C-induced plasma membrane blebs may be related to the 
destruction of microtubules and actin in cells.

Fluopsin C induced ATP depletion, ROS generation and Δψm 
collapse
Several studies have suggested that ROS and cellular ATP 
play a pivotal role in determining whether cell death is apop-
totic or oncotic[2, 23, 24].  Figure 8A shows that the cellular ATP 
content of MCF-7 cells in the presence and absence of fluopsin 
C was significantly decreased.

The effect of fluopsin C on ROS generation was determined.  
MCF-7 cells treated with or without fluopsin C were incu-
bated with DCFH-DA for 30 min.  DCF-derived fluorescence 
was then measured as an index of ROS accumulation.  Flow 
cytometric assay showed a greater accumulation of ROS in flu-
opsin C-treated MCF-7 cells compared with untreated MCF-7 
cells (Figure 8B).  

In addition, the Δψm of MCF-7 cells was quantified via flow 
cytometry using a JC-1 cationic dye.  Figure 8C shows that the 

Figure 4.  (A) Electron micrographs of fluopsin C-treated MCF-7 cells.  
(B) Effects of Z-VAD-fmk on the fluopsin C-induced reduction of cell 
viability.  Cell viability was determined with the MTT assay after treatment 
with various concentrations of fluopsin C for 6–12 h in the absence or 
presence of Z-VAD-fmk (50 μmol/L, pretreated for 1 h).  (C) Morphological 
changes in MCF-7 cells treated with 2 μmol/L fluopsin C for 9 h in the 
presence of Z-VAD-fmk (50 μmol/L, pretreated for 1 h) were observed 
using time-lapse analysis.
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Δψm was significantly decreased in a time-dependent manner 
in fluopsin C-treated cells.

Discussion
Oncosis, derived from the Greek word “swelling”, is a cell 
death mode with distinct morphological and biochemical 
features.  In the current study, fluopsin C-induced oncotic 
cell death of breast cancer cells was demonstrated for the first 
time, and a damaged cytoskeleton and mitochondria were 
shown to be involved.

In the current study, fluopsin C significantly reduced the 
viability of breast cancer cells in a concentration- and time-
dependent manner.  Furthermore, the examination of the 
morphological changes of fluopsin C-treated MCF-7 and 
MD-MBA-231 cells via time-lapse microscopy revealed cel-
lular features characteristic of oncotic death, such as extensive 
cytoplasmic vacuolization, cellular and organelle swelling, 
and rupture of the plasma membrane, typical features of 
oncosis[4, 5].

MCF-7 cells were employed to further explore the action 

Figure 5.  Morphological changes and PI uptake in MCF-7 cells.  (A) Morphological changes after 2 µmol/L fluopsin C treatment observed under an 
inverted light microscope and recorded with an automatic digital charge-coupled device camera (Magnification ×100).  (B) PI uptake analyzed under a 
fluorescent microscope (Magnification ×100).  (C) PI uptake analyzed by flow cytometric analysis.

Figure 6.  (A) LDH release from MCF-7 cells subjected to 2 µmol/L fluopsin C treatment.  MCF-7 cells were treated with 1% Triton-X-100 (Sigma) in 
RPMI-1640 medium for 10 min as the 100% LDH release control.  bP<0.05, cP<0.01 vs the control (0 h).  (B) Time-dependent release of cellular 
materials assessed at 260 nm from MCF-7 cells.  The OD260 nm of MCF-7 cells without fluopsin C treatment was set at 1.0.  Data points represent the 
mean and standard deviation of three experiments.  bP<0.05, cP<0.01 vs the control (0 h).  The data are expressed as the mean±SD from triplicate 
experiments.
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and mechanisms of fluopsin C-induced cell oncosis.  Plasma 
membrane rupture is also a cellular feature of oncotic death.  
The results of PI staining, LDH release into the medium, and 
260 nm absorbing material release showed an increase in 
plasma membrane permeability during fluopsin C-mediated 
oncosis.

Apoptosis and oncosis share certain mechanisms and altera-
tions, such as the loss of mitochondrial permeability and mem-
brane potential, and the cell fate is mostly attributed to the 
intensity and duration of the death signal and the cell’s genetic 
and metabolic status.  Mitochondria have long been proposed 
as central players in oncotic cell death because they are the 
center of both ATP and ROS synthesis[25, 26].  The level of ATP 
has been suggested to be another key determinant of whether 
cells undergo apoptosis or oncosis.  Apoptosis is an active, 
early-stage energy-dependent process that requires ATP to 
initiate the molecular cascade, whereas oncosis is an excessive 
ATP depletion process[27].  The intracellular ATP level of fluop-
sin C-treated MCF-7 cells at 3 h was depleted to less than 35% 
of the control, which confirmed that fluopsin C could induce 
oncosis in MCF-7 cells rather than apoptosis.  Several inves-
tigators have shown that cells in an aerobic environment are 
constantly generating ROS[23, 24].  Because the physiologic levels 

of ROS can serve as signaling molecules to regulate transcrip-
tion, excessive ROS production leads to oxidative stress, dam-
age to intracellular molecules and organelles, and, ultimately, 
cell death.  In the current study, fluopsin C-induced oncosis 
in MCF-7 cells was confirmed to be associated with enhanced 
ROS generation, and the current data also indicated that flu-
opsin C caused the loss of the Δψm in MCF-7 cells.  ATP deple-
tion and increased ROS could be the result of mitochondrial 
depolarization during fluopsin C-induced cell death in MCF-7 
cells, which causes the collapse of the electrical gradient across 
the mitochondrial inner membrane.

The cytoskeleton has been shown to be involved in oncosis 
and plasma membrane permeability[20, 21, 28].  The depletion 
of cytoskeleton-associated proteins can break the membrane 
cytoskeleton linkage and decrease the physical support of 
the basal plasma membrane, leading to bleb formation and 
increased membrane permeability.  In the present study, 
immunostaining and immunoblotting were used to observe 
changes in the levels of cytoskeleton-associated proteins 
β-actin and α-tubulin in fluopsin C-treated MCF-7 cells.  Flu-
opsin C led to a significant decrease in β-actin and α-tubulin 
protein levels in a time-dependent manner.  

Overall, these results suggest that fluopsin C induced breast 

Figure 7.  (A) Effects of fluopsin C on actin and microtubule distribution in MCF-7 cells analyzed under a fluorescent microscope (Magnification ×100).  (B) 
Expression levels of β-actin and α-tubulin in MCF-7 cells treated with or without fluopsin C through Western blotting.

Figure 8.  (A) The levels of intracellular ATP decreased after treatment with fluopsin C in a time-dependent manner.  The ATP level in MCF-7 cells without 
fluopsin C treatment was set as 100%.  bP<0.05, cP<0.01 vs the control (0 h).  (B) Fluopsin C treatment led to the accumulation of intracellular ROS in 
MCF-7 cells, as assessed with flow cytometric analysis.  The cells were treated with 2 µmol/L fluopsin C for 0 h to 9 h.  ROS accumulation was quantified 
by measuring DCF-derived fluorescence with flow cytometry after incubating the cells with DCFH-DA for 30 min.  (C) Fluopsin C induced the loss of Δψm, 
as shown by flow cytometry.  bP<0.05, cP<0.01 vs the control (0 h).  The Δψm in MCF-7 cells without fluopsin C treatment was set as 100%.
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cancer cell death through a process involving cell swelling, 
membrane surface blebs, loss of membrane integrity, nuclear 
cell morphology different from apoptosis, and LDH and cyto-
plasm content release, which are classical signs of oncosis.  
Moreover, ROS generation, cellular ATP content depletion, 
and loss of Δψm was involved in fluopsin C-induced oncosis 
in breast tumor cells.  Fluopsin C destroyed the cytoskeleton, 
including the microfilament and microtubule network, and 
decreased β-actin and α-tubulin protein levels in a time-de-
pendent manner.  However, the precise molecular mechanism 
by which fluopsin C induced oncotic death remains unclear.  
Further studies are warranted, and the hepatoxicity of fluop-
sin C should not be ignored.
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