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Abstract
In contrast to the well-known anti-tumor mechanisms of aspirin in inducing apoptosis or autophagy, we here for the first 
time report oncosis induced by aspirin in tumor cells. In vitro and in vivo analysis showed that aspirin induced compromised 
Bcl-XL level and subsequent ATP depletion. Overexpression of CFP-Bcl-XL in Hela and A549 cells observably inhibited 
aspirin-induced ATP depletion and almost completely inhibited the aspirin-induced cells bubbling, while pharmacological 
inhibition of endogenous Bcl-XL activity by ABT-737 remarkably promoted aspirin-induced ATP depletion and cells bub-
bling, suggesting the key inhibitory role of Bcl-XL in aspirin-induced oncosis. Overexpression of Bax/Bad significantly 
promoted aspirin-induced oncosis. In addition, cells cultured in a glucose-free medium with low ATP level exhibited higher 
percentage of bubbling cells than the cells cultured in a glucose medium with high ATP level under aspirin treatment, indi-
cating the important role of ATP depletion in aspirin-induced oncosis. Furthermore, caspase-3 was demonstrated to be not 
involved in aspirin-induced oncosis. Animal studies showed that aspirin treatment significantly inhibited tumors growth, 
but did not induce toxicities to mice. Collectively, aspirin inhibits tumors growth in mice and induces oncosis in which the 
compromised Bcl-XL and intracellular ATP depletion play a dominant role, which provides insights into the therapeutic 
strategy of aspirin in oncology.
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Introduction

Aspirin, one of the three classic drugs in the history of medi-
cine, is the most widely used nonsteroidal anti-inflammatory 
drug (NSAID) worldwide [1]. Aspirin was initially used to 
reduce inflammation, potent analgesic and anti-pyretic [2], 
and soon afterwards was opened for cardiovascular and cer-
ebrovascular diseases [3, 4]. Furthermore, two large-scale 
clinical trials by International Stroke Trial (IST) and Chinese 

Acute Stroke Trial (CAST) have established the status of 
aspirin in the acute stage of stroke in 1997 [5, 6]. More 
interestingly, a lot of clinical studies have proved that aspirin 
can prevent a variety of tumors [7–10].

Aspirin has primarily been reported to inhibit tumor 
cells proliferation by inhibiting cyclooxygenase-2 enzyme 
(COX-2) and decreasing prostaglandins [11–14]. However, 
accumulating evidences have shown that COX-2 inhibition 
is not the only target of aspirin [15–18]. Intrinsic apoptotic 
factors including caspases, Bax and cytochrome c have been 
confirmed to play a critical role in aspirin-induced apoptosis 
[19–21]. Aspirin can also induce autophagy through AMPK/
mTOR signaling pathway [22, 23].

Oncosis, a fashion of cell death, is characterized by cel-
lular swelling, presence of dilatation organelles, and forma-
tion of plasma membrane protrusions called blebs [24–30]. 
ATP depletion is considered to be the initial step towards 
oncosis [31–34]. Moreover, Bcl-XL was proved to enhance 
ATP synthesis in hippocampal neurons [35]. Whether the 
Bcl-2 family proteins are involved in oncosis is controver-
sial. Bcl-2 was reported to inhibit oncosis in GT1-7 cells 
treated with buthionine sulfoximine (BSO) or diethylmaleate 
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(DEM) [36], and Bax played an important role in acetami-
nophen (APAP) overdose-induced oncosis [37]. However, 
Bcl-2 was not involved in the oncosis induced by the increas-
ing uncoupling protein 2 (UCP-2) in Hela cells [38], and 
Bax and caspase-3 were not involved in the calpain-induced 
renal cells oncosis [39, 40], which was further verified in 
sanguinarine-induced oncosis in CEM-VLB 1000 and CEM-
T4 cell lines [41].

In this study, we demonstrated that aspirin induced onco-
sis in which Bcl-XL, an anti-apoptotic protein, plays a domi-
nant role. Aspirin significantly inhibited tumors growth and 
induced oncosis in five tumor cell lines, and almost com-
pletely induced oncosis in Hela cells. Declined Bcl-XL 
level was critical in aspirin-induced oncosis, and aspirin 
decreased intracellular ATP level as a result of the decline 
of Bcl-XL level. In addition, Bax/Bad significantly pro-
moted aspirin-induced oncosis in which caspase-3 was not 
involved. Our findings uncover a previously unknown but 
essential role of aspirin-induced oncosis in tumor treatment.

Materials and methods

Materials

Aspirin was from Solarbio (Bejing, China). Working 
solutions were prepared by dissolving the compounds in 
dimethylsulphoxide (DMSO, Sigma, USA) before experi-
ments. The final concentration of DMSO was less than 0.4% 
in all experiments. Staurosporine (STS) and ATP Assay Kit 
were purchased from Beyotime (Shanghai, China). ABT-737 
and Z-DEVD-FMK (caspase-3 specific inhibitor) were pur-
chased from Merck-Calbiochem (USA). Rabbit monoclonal 
anti-Bcl-XL (54H6) and anti-caspase-3 (8G10), and mouse 
monoclonal anti-Tubulin antibody were purchased from Cell 
Signaling Technology (Beverly, MA, USA). Proper goat 
anti-mouse and goat anti-rabbit secondary antibodies were 
purchased from Invitrogen (Massachusetts, USA). Turbo-
fect™ transfection regent was purchased from ThermoFisher 
Scientific (Massachusetts, USA).

Cell lines and cell culture

Hela cells, EMT6 cells and LO2 cells (a kind of human 
normal hepatocyte) were obtained from the Department of 
Medicine, Jinan University (Guangzhou, China). A549 cells 
were purchased from Cell Bank of CAS (Shanghai, China). 
HepG2 and Hep3B cells were purchased from the Experi-
mental Animal Center, SUN YAT-SEN University (Guang-
zhou, China). SH-SY5Y cells were obtained from American 
Type Culture Collection. Cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM, Gibco, Grand Island) 
supplemented with 10% fetal bovine serum (FBS, Sijiqing, 

Hangzhou, China), 1% penicillin and streptomycin (Gibco, 
Grand Island). Cells were maintained in a humidified incu-
bator with 5% CO2 at 37 °C.

Inhibitors treatment

For caspase-3 specific inhibitor (Z-DEVD-FMK) treat-
ment, cells were preincubated with 30 µM Z-DEVD-FMK 
for 1 h before 16 mM aspirin treatment for indicated times; 
For Bcl-XL inhibitor (ABT-737) treatment, cells were treat-
ment together with 10 µM ABT-737 and 16 mM aspirin, or 
treatment alone with 10 µM ABT-737 or 16 mM aspirin. All 
inhibitors were reconstituted in DMSO.

Cell viability assay

Cell viability was detected by Cell Counting Kit-8 (CCK-8, 
Dojindo, Japan) assay according to the manufacture’s proto-
col as described previously [42]. Briefly, cells were seeded 
in 96-well plates at 1 × 104 per well for 24 h and subjected 
to the indicated treatments, viable cells were assessed by 
absorbance measurements at 450 nm using an auto micro-
plate reader (infinite M200, Tecan, Austria). Results reflect 
the average of at least three replicates.

Characterization of cell death

Oncosis was characteristic with cell swelling with plasma 
membrane bubbling, pyknosis early in the bubbles with 
membrane integrity and karyolysis in later stage with loss 
of membrane integrity. Apoptosis was characteristic with 
cell shrinkage and circle, chromatin condensation, nuclear 
fragmentation, and the appearance of apoptotic bodies. 
Cells without apoptotic or oncosis features were considered 
viable. The numbers of normal, oncosis and apoptotic cells 
were calculated as a percentage of total cells.

The morphology of cells was analyzed by using a fluo-
rescence microscope (Olympus IX73 equipped with a CCD 
camera, Japan). Nuclear morphology was analyzed by dou-
ble staining with Hoechst 33258 and PI. In brief, cells were 
grown on the confocal dishes for 24 h. After being treated 
with indicated treatments, the cells were incubated with 
20 µg/ml Hoechst 33258 for 30 min and then 10 µg/ml PI 
for 15 min at 37 °C in the dark. Cells were subsequently 
washed one time with PBS and visualized by fluorescence 
microscope.

Detection of subcellular distributions of GFP

Cells were transfected with 0.5 µg GFP using Turbofect™ 
transfection regent according to the manufacture’s instruc-
tions. 24 h after transfection, cells were treated with aspi-
rin for 12 or 24 h. Subcellular distributions of GFP were 
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visualized using a fluorescence microscope (Olympus 
IX73 equipped with a CCD camera, Japan). Excitation/
emission wavelengths for GFP was 488/500–550 nm.

Transient transfection of FP‑Bcl‑2 proteins

After cells were seeded in 6-well plates or in confocal 
dishes and cultured overnight to reach 70–80% confluence 
at the day of transfection, the cells were transiently trans-
fected with serum-free DMEM containing 0.25 µg CFP/
YFP, CFP-Bcl-XL, CFP-Bax and YFP-Bad respectively 
using Turbofect™ transfection reagent, or cotransfected 
with serum-free DMEM containing 0.25 µg CFP-Bcl-XL 
and 0.5 µg YFP-Bad/YFP-Bax. 24 h after transfection, 
cells were treated with aspirin for indicate times and pro-
cessed in the following experiments.

Measurement of mitochondrial membrane potential

JC-1 (Solarbio, Bejing, China), a mitochondrial membrane 
potential assay kit, was used to analyze loss of ΔΨm by 
using FCM analysis. The dye molecules of J-aggregates in 
the mitochondria matrix and emit red fluorescence when 
mitochondria have high ΔΨm, and the dye molecules of 
JC-1 are monomer and emit green fluorescence when 
mitochondria have low ΔΨm [43]. After 16 mM aspirin 
treatment for 12 and 24 h, the cells were stained with JC-1 
(5 µg/ml) at 37 °C for 20 min in the dark and then washed 
with JC-1 staining buffer twice before FCM analysis. 
The excitation wavelength was 488 nm, and the emission 
wavelengths were 530/30 nm (to detect the monomer) and 
630/22 nm (to detect the J-aggregates).

Western blotting analysis

Cells were collected and resuspended in ice-cold whole 
cell lysis buffer (10 mM Tris at pH 7.4, 1 mM NaF, 1 mM 
Na3VO4, 1 mM PMSF, 0.1% SDS, 1% Triton X-100, plus 
protease inhibitor cocktail). Equal amount of total protein, 
quantified by using the Bradford assay, were separated by 
SDS-PAGE electrophoresis and transferred on to polyvi-
nylidene fluoride (PVDF) membranes according to stand-
ard techniques. Membranes were probed with the indicated 
primary antibodies overnight at 4 °C followed by incuba-
tion 1 h at room temperature with fluorescent secondary 
antibodies. Finally, the membranes were scanned using 
Odyssey Infrared Imaging System (LI-COR Biosciences, 
Nebraska, USA). Antibodies were used according to the 
manufacturer’s recommendations. Tubulin was used as 
loading control.

Intracellular ATP detection

Intracellular ATP was measured with a commercial ATP 
detection kit (Beyotime, Shanghai, China) following the 
manufacturer’s instructions. Cell cultured in 6-well plates 
were subjected to the indicated treatments, and collected 
and washed with PBS one time. For tumor tissues, use 
a glass homogenizer to fully homogenize, and the next 
steps are similar to that in cells. Intracellular ATP levels 
were taken as the luciferase activity using Luminescence 
(InfiniteM200, Tecan, Austria). Samples were normalized 
to protein concentration determined by using the BCA 
method.

Animal studies

Female Balb/c mice (6 weeks old) were obtained from 
Animal Experimental Center of Southern Medical Univer-
sity and approved by Guangdong Province Experimental 
Animals Monitoring Institute. EMT6 tumor bearing mice 
were established by subcutaneous injection of 5 × 106 
cells in 125 μl PBS into the right flank region of Balb/c 
mice. The dimension of tumors was monitored by digi-
tal calipers. After tumor volumes reached approximately 
60 mm3, the mice were randomized into three different 
treatment groups (five mice per group): control group, 
vehicle (DMSO) group and aspirin group. The mice were 
injected intratumorally three times a week for 3 weeks 
with vehicle or aspirin (90 mg/kg/body weight) for vehi-
cle and aspirin group respectively. After treatment, all 
mice were returned to animal housing and tumor volumes 
were tracked every 2 days by digital caliper measure-
ments. The tumor volumes was calculated by formula 
V = (length × width × width)/2. At the end of the study 
period, mice were euthanized and the tumors were fixed 
in 10% buffered formalin. Major organs of those mice were 
collected, fixed in 10% buffered formalin, conducted with 
paraffin embedded sections, stained with hematoxylin and 
eosin (H&E), and examined under a microscope.

Immunohistochemistry analysis

Tumor sections were dewaxed, rehydrated, and treated with 
3% hydrogen peroxide, followed by antigen retrieval in 
boiling 0.1 M citrate (pH 6.0) buffer for 10 min twice. The 
sections were incubated with Bcl-XL antibody overnight at 
4 °C and then incubated with a biotinylated secondary anti-
body for 50 min followed by incubation with horseradish 
peroxidase conjugated-avidin solution for 30 min. Finally, 
the nucleus were counterstained with hematoxylin. Bcl-XL 
staining in tumor cells were examined under a microscope.
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Statistics

Data were presented as mean ± SD and analyzed using 
Student’s t test. Statistical and graphic analyses were done 
using the software SPSS19.0 (SPSS, Chicago) and Origin 
8.0 (Origin Lab Corporation). P < 0.05 was defined as 
statistical significance.

Results

Aspirin induces cytotoxicity in multiple tumor cell 
lines

We firstly used CCK-8 assay to assess the cytotoxicity 
of aspirin in four tumor cell lines (Hela, A549, Hep3B 
and SH-SY5Y). Treatment with different concentrations 
(8–16 mM) of aspirin for 24 h (Hela and A549 cells) 
or 48  h (Hep3B and SH-SY5Y cells) induced dose-
dependent cytotoxicity (Fig. 1a). We next exposed Hela 
or A549 cells to 16 mM of aspirin for different times 
(0, 6, 12 18 and 24 h), and found that aspirin treatment 
induced time-dependent cytotoxicity in the two cell lines 
(Fig. 1b). Morphological analysis recorded using a digital 
camera (Sony, Japan) demonstrated that aspirin induced 
a time-dependent cell death (Fig. 1c). 16 mM aspirin was 
adopted in following experiments.

Aspirin induces oncosis

Microscopic imaging was used to explore the pattern of 
aspirin-induced cell death. Exposure of cells to aspirin for 
24 h (Hela and A549 cells) or 48 h (SH-SY5Y, Hep3B and 
HepG2 cells) induced cytoplasmic swelling and plasma 
membrane bubbles in almost all Hela cells and most of 
other kinds of cells (A549, SH-SY5Y, Hep3B and HepG2) 
(Fig. 2a). Figure 2b shows the statistical fractions of bub-
bling, circular and surviving cells in Hela and A549 cell 
lines at the indicated times of aspirin treatment. Treatment 
with aspirin for 6, 12, 18 and 24 h respectively increased the 
proportions of bubbling cells from 0.85% (control) to 0.94, 
12.718, 36.187 and 79.345% in Hela cells (Fig. 2b), and 
from 0.485% (control) to 0.52, 2.013, 38.86 and 54.733% in 
A549 cells (Fig. 2b). Aspirin treatment for 18 or 24 h mark-
edly increased the percentage of bubbling cells, while the 
fractions of circular cells were as low as 1.129% and 0.184% 
in Hela cells, and 8.1% and 10.03% in A549 cells (Fig. 2b).

To find out the ingredients in the aspirin-induced plasma 
membrane bubbles, cells expressing GFP were imaged 
using fluorescence microscope. GFP distributed evenly in 
healthy cells, and was also observed in the aspirin-induced 
plasma membrane bubbles (Fig. 2c). To assess whether the 
aspirin-induced cytoplasm swelling were related to endo-
plasmic reticulum (ER), cells were expressed with ER-RFP 
plasmids, a specific ER probe [44]. We found that ER dis-
tribution was in net fashion in healthy cells, while ER was 
swelling and also observed in the bubbles in aspirin-treated 

Fig. 1   Aspirin induces cyto-
toxicity in multiple tumor cell 
lines. a, b Aspirin induced 
dose-(a) and time (b)-dependent 
cytotoxicity measured by 
CCK-8 assay. Cells were 
seeded into 96-well microplate 
and incubated with differ-
ent concentration of aspirin 
(0–16 mM) for 24 h or 48 h (a), 
or with aspirin (16 mM) for the 
indicated times (b). Data are 
from three independent experi-
ments. c Morphological analysis 
on aspirin-induced cell death. 
Cells incubated with aspirin for 
12, 18 and 24 h, respectively, 
were photographed with digital 
cameras on the inverted optical 
microscope. Magnification 
100X
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cells (Supplementary Fig. 1c). Furthermore, we used fluo-
rescence microscope to image the mitochondria stained 
with mitotracker deep red, a probe for labelling mitochon-
dria [45], and found that mitochondria were swelling but 
not observed in the bubbles after aspirin treatment (Sup-
plementary Fig. 1d).

In order to verify whether aspirin induced apoptosis and 
necrosis in Hela cells, we imaged the cells probed by Hoe-
chst 33258/PI staining. STS, an apoptotic positive drug, did 
induce pyknosis and apoptotic body formation (Fig. 2d). 
However, aspirin treatment for 18 h induced bright blue 
spot of Hoechst 33258 in the small bubbles (Fig. 2d), indi-
cating that aspirin-induced plasma membrane bubbles were 
related to nucleus. Furthermore, at 24 h after aspirin treat-
ment, nucleus were diffused and not observed in the big 

bubbles (Fig. 2d). Statistical results showed that the fraction 
of pyknosis or karyolysis cells determined by Hoechst 33258 
imaging remarkably increased from 4.39% (control) to 50% 
and 95.2% at 18 and 24 h respectively after aspirin treat-
ment (Fig. 2f). In order to determine whether aspirin induced 
necrosis, we examined the effect of aspirin on the disruption 
of cell membranes by PI staining (Fig. 2d), and found that 
the membrane of small bubbles (PI negative) were intact, 
indicating that aspirin induced oncosis instead of necrosis. 
Similar results were observed in A549 cells (Fig. 2e, g).

In order to figure out whether aspirin-induced onco-
sis was due to the acidic conditions but not aspirin in our 
experimental system, we used microscopic imaging to 
assess cells bubbling in A549 and Hela cells culturing in 
DMEM with the same pH value as the 16 mM aspirin, and 

Fig. 2   Aspirin induces oncosis. a Representative bright field images 
of cells treated with 16 mM aspirin for 24 h (Hela/A549 cells) or 48 h 
(SH-SY5Y/Hep3B/HepG2 cells). The enlarged drawings show the 
bubbling cells. b Statistical percentages of bubbling, circular and sur-
viving cells in Hela and A549 cells at the indicated times after aspirin 
treatment from at least 600 cells in three independent experiments. c 
Representative fluorescence and bright field images of Hela and A549 
cells expressing GFP after treatment with 16 mM aspirin for the indi-
cated times. d, e Representative Hoechst/PI fluorescence images and 

bright field images of Hela cells (d) and A549 cells (e). 1 µM STS 
treatment for 6 h was used to induce apoptosis. Yellow arrows indi-
cate nucleus in the bubbles, orange arrow indicates karyolysis and 
white arrows indicate apoptotic bodies. f Statistical percentages of 
Hela cells with pyknosis/karyolysis and PI positive respectively from 
at least 300 cells in three independent experiments. g Statistical per-
centages of A549 cells with chromatin condensation and margination, 
and PI positive respectively from at least 200 cells in three independ-
ent experiments. Scale bar: 10 µm (Color figure online)
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the measured results were in Supplementary Fig. 1a and 
b as follow. Firstly, we measured the pH value of DMEM 
medium and 16 mM aspirin by using pH Meter (Mettler 
Toledo, Switzerland), and the pH value were 8.5 and 7.1 
respectively. We next adjusted pH value of DMEM medium 
to 7.1. Cells were cultured in DMEM medium 8.5 (control), 
DMEM medium 7.1 and 16 mM aspirin 7.1 respectively for 
24 h, and then imaged as follow (Supplementary Fig. 1a). 
Culturing in DMEM medium 7.1 for 24 h did not signifi-
cantly induce A549 and Hela cells bubbling (Supplementary 
Fig. 1a). Statistical results showed that the percentage of 
bubbling cells were 0.17% and 0% for A549 and Hela cells 
cultured in DMEM medium 7.1 for 24 h respectively while 
were 45.9% and 55.6% for A549 and Hela cells cultured in 
16 mM aspirin 7.1 for 24 h respectively (Supplementary 
Fig. 1b), demonstrating that aspirin instead of acidic condi-
tions induced oncosis.

Collectively, aspirin induces oncosis in tumor cells.

Caspase‑3 is not involved in aspirin‑induced oncosis

Cells stained with JC-1, a membrane-permeable dye [43], 
were used to evaluate the loss of mitochondrial mem-
brane potential (ΔΨm) by FCM analysis. JC-1 fluorescence 
was seen primarily in Red channels and rarely in Green 

channels in control cells, and aspirin treatment for 12 and 
24 h respectively significantly increased the percentage 
of cells with green fluorescence (Supplementary Fig. 2a). 
Statistical results showed that aspirin treatment for 12 and 
24 h respectively increased the proportions of cells with 
green fluorescence from 16% (control) to 30% and 61% 
in Hela cells, and from 7% (control) to 17% and 60% in 
A549 cells (Fig. 3a), indicating that aspirin induced ΔΨm 
loss early in 12 h.

We next used Western blotting analysis to assess whether 
aspirin induced caspase-3 cleavage in Hela and A549 
cells. STS obviously decreased the level of pro-caspase-3 
(Fig. 3b), indicating the cleavage of pro-caspase-3. Aspirin 
treatment for 12 h did not decrease the pro-caspase-3 level 
in Hela cells and modestly decreased the pro-caspase-3 level 
in A549 cells, and aspirin treatment for 24 h extensively 
decreased the pro-caspase-3 level (Fig. 3b). To further eval-
uate the role of caspase-3 in aspirin-induced oncosis, we 
next used CCK-8 assay to assess the effects of pretreatment 
with 30 µM Z-DEVD-FMK on the cytotoxicity of aspirin. 
Z-DEVD-FMK pretreatment significantly inhibited STS-
induced cytotoxicity, but did not inhibit aspirin-induced 
cytotoxicity in Hela cells (Fig. 3c). Moreover, Z-DEVD-
FMK pretreatment did not inhibit the aspirin-induced cells 
bubbling in Hela cells (Fig. 3d, Supplementary Fig. 2b). 

Fig. 3   Caspase-3 is not involved 
in aspirin-induced oncosis. 
a Aspirin induced ΔΨm loss 
assessed by FCM analysis for 
the cells stained with JC-1 
(5 µg/ml) probe after aspirin 
treatment for 12 and 24 h, 
respectively. b Level of pro-
caspase-3 assessed by Western 
blotting for the cells treated 
with aspirin for 12 and 24 h, 
respectively. c, d Z-DEVD-
FMK did not inhibit aspirin-
induced cytotoxicity (c) and 
cells bubbling (d) in Hela cells. 
Cells treated with 1 µM STS 
for 6 h were used as positive 
control for cytotoxicity. e, f 
Z-DEVD-FMK significantly 
but modestly inhibited the 
aspirin-induced cytotoxicity 
(e) and significantly promoted 
aspirin-induced cells bubbling 
(f) in A549 cells. Cells were 
pretreated with Z-DEVD-FMK 
for 1 h before aspirin treat-
ment. *P < 0.05, **P < 0.01 and 
***P < 0.001. Data are from 
three independent experiments
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These data demonstrated that caspase-3 was not involved in 
aspirin-induced oncosis in Hela cells.

In A549 cells, although Z-DEVD-FMK pretreatment sig-
nificantly but modestly inhibited the cytotoxicity of aspi-
rin (Fig. 3e), this pretreatment did significantly increase 
the aspirin-induced cells bubbling (Fig. 3f, Supplementary 
Fig. 2c), indicating that caspase-3 was not involved in the 
aspirin-induced oncosis in A549 cells.

Key roles of Bcl‑2 family proteins in aspirin‑induced 
oncosis

To determine the role of Bcl-2 family proteins in aspirin-
induced oncosis, cells expressing FP-Bcl-2 proteins were 
imaged using fluorescence microscope. Figure 4a shows the 
images of Hela cells separately expressing CFP, CFP-Bcl-
XL, CFP-Bax and YFP-Bad, or coexpressing CFP-Bcl-XL 
and YFP-Bad or CFP-Bcl-XL and YFP-Bax in the presence 
or absence of aspirin. Expression of CFP-Bax or YFP-Bad 
observably increased the aspirin-induced cells death and 
bubbling, while expression of CFP-Bcl-XL significantly 
inhibited the aspirin-induced cells death and completely 
inhibited the aspirin-induced cells bubbling in the absence 
or presence of Bad or Bax (Fig. 4a). Figure 4b, c show the 
statistical percentages of aspirin-induced cell death (b) and 
cell bubbling (c) for the cells expressing FP-Bcl-2 family 
protein. We also did these experiments in A549 cells, and 
obtained similar results (Fig. 4d–f). In contrast to the com-
plete contribution of CFP-Bax or YFP-Bad to the aspirin-
induced bubbling in Hela cells (Fig. 4a), in the A549 cells 
expressing CFP-Bax or YFP-Bad, a few cells treated with 
aspirin died without characteristic of bubbling (Fig. 4d). 
Collectively, Bcl-2 family proteins play a key role in aspi-
rin-induced oncosis: Bax and Bad enhances while Bcl-XL 
inhibits the aspirin-induced oncosis.

ATP depletion is involved in aspirin‑induced oncosis

Oncosis pathways are often associated with compromised 
ATP levels [46]. We firstly evaluated the intracellular ATP 
level by using luminescence analysis with Microplate 
Reader (InfiniteM200, Tecan, Austria) for Hela and A549 
cells cultured in a high glucose DMEM medium. Statisti-
cal results showed that aspirin treatment for 12 h induced a 
34% of decrease in Hela cells (Fig. 5a) and 21% of decrease 
in A549 cells (Fig. 5b) in the relative ATP levels, indicat-
ing that aspirin treatment induced ATP depletion. Con-
sidering that the glucose in the medium was exploited by 
cells to synthesize ATP, we thus measured the ATP levels 
in Hela cells cultured in a glucose-free DMEM medium, 
and found that aspirin treatment for 12 h induced a 83% 
of decrease in the relative ATP level, much more than the 
aspirin-induced ATP decrease of cells cultured in high 

glucose DMEM (Fig. 5c). Moreover, extra adding 20 mM 
glucose to glucose-free DMEM medium (glucose DMEM 
medium) also significantly weaken the aspirin-induced ATP 
depletion (Fig. 5c). In order to figure out the relationship 
between aspirin-induced intracellular ATP depletion and 
oncosis, we imaged the Hela cells cultured in the glucose-
free DMEM medium and glucose DMEM medium respec-
tively at 12 h after aspirin treatment. Aspirin treatment for 
12 h did not significantly induce cells bubbling for the Hela 
cells cultured in glucose DMEM medium but did observably 
induced cells bubbling for the cells cultured in glucose-free 
DMEM medium (Supplementary Fig. 3). Statistical results 
showed that the percentage of bubbling cells increased from 
1.5% (control) to 36% for the cells cultured in glucose-free 
DMEM medium, much higher than the percentage (5.8%) of 
bubbling cells cultured in glucose DMEM medium (Fig. 5d), 
further demonstrating the important role of ATP depletion 
in aspirin-induced oncosis.

In A549 cells, aspirin treatment for 12 h did not obviously 
induce cells bubbling even in the cells cultured in glucose-
free DMEM medium (data not shown). We thus assessed 
the effect of aspirin treatment for 18 h on cell bubbling, 
and found that the percentage of bubbling cells was up to 
20% for the cells cultured in the glucose-free DMEM even 
without aspirin treatment (Fig. 5f), indicating the important 
role of glucose in cells bubbling. Aspirin treatment for 18 h 
also significantly increased the percentage of bubbling cells 
to 38% for the cells cultured in the glucose-free DMEM 
medium, much higher than the percentage of bubbling cells 
cultured in glucose DMEM medium (Fig. 5f).

Bcl‑2 family proteins mediate aspirin‑induced ATP 
depletion

Bcl-XL localizes in both the mitochondrial outer membrane 
and the inner membrane, and binds directly to the F1 of F1F0 
ATP synthase for improving metabolic efficiency by pre-
venting the leakage of H+ across the inner membrane [35, 
47–49]. We firstly detected the effects of aspirin treatment 
on endogenous Bcl-XL level by Western blots analysis. As 
shown in Fig. 6a, aspirin treatment for 12 h decreased the 
total level of Bcl-XL but increased the phosphorylation Bcl-
XL level (upper band), while aspirin treatment for 24 h sig-
nificantly increased Bcl-XL level.

To assess the effect of Bcl-2 family proteins on aspirin-
induced ATP depletion, we measured the intracellular ATP 
levels in the cells separately expressing CFP, CFP-Bcl-XL, 
CFP-Bax and YFP-Bad, or co-expressing CFP-Bcl-XL and 
YFP-Bad or CFP-Bcl-XL and YFP-Bax at 8 h after aspirin 
treatment, and found that overexpression of Bax/Bad mark-
edly enhanced the aspirin-induced ATP depletion, while 
overexpression of Bcl-XL significantly inhibited the aspirin-
induced ATP depletion in the absence or presence of Bad 
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or Bax (Fig. 6b). To further assess the effect of endogenous 
Bcl-XL on aspirin-induced ATP depletion, we also assessed 
the effect of ABT-737, an analogue of BH3-only proteins 
that can inhibit the proapoptotic activity of Bcl-XL by direct 
binding [50], on the aspirin-induced ATP depletion at 12 h 

after aspirin treatment. ABT-737 markedly enhanced the 
aspirin-induced ATP depletion (Fig. 6c), indicating that 
inhibition of endogenous Bcl-XL by ABT-737 signifi-
cantly promoted aspirin-induced ATP depletion. Further-
more, ABT-737 remarkably promoted aspirin-induced cells 

Fig. 4   Key roles of Bcl-2 fam-
ily proteins in aspirin-induced 
oncosis. a Representative 
fluorescence and bright field 
images of Hela cells separately 
expressing CFP, CFP-Bcl-XL, 
CFP-Bax and YFP-Bad, or 
coexpressing CFP-Bcl-XL and 
YFP-Bax or CFP-Bcl-XL and 
YFP-Bad in the presence or 
absence of aspirin. Scale bar: 
10 µm. b Bax/Bad significantly 
promoted but Bcl-XL signifi-
cantly inhibited aspirin-induced 
cells death in Hela cells. c Bax/
Bad significantly promoted but 
Bcl-XL completely inhibited 
aspirin-induced cells bubbling 
in Hela cells. Statistical percent-
ages of dead or bubbling cells 
were from at least 800 cells in 
three independent experiments. 
d–f Similar results with a, b 
and c for A549 cells. *P < 0.05, 
**P < 0.01 and ***P < 0.001, 
compared with CFP or YFP; 
#P < 0.05, ##P < 0.01 and 
###P < 0.001, CFP-Bax or 
YFP-Bad was compared with 
CFP-Bcl-XL/YFP-Bax or CFP-
Bcl-XL/YFP-Bad
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bubbling (Fig. 6d, Supplementary Fig. 4a). Collectively, our 
data demonstrate that Bcl-XL plays a key role in aspirin-
induced ATP depletion and oncosis.

Aspirin inhibits tumor growth in vivo

We next assessed the anti-tumor activity of aspirin in mice 
bearing breast cancer EMT6 tumors. Mice bearing EMT6 
tumors were distributed into three groups and were treated 
according to the protocols summarized in “Materials and 
methods”. In the next 3 weeks of treatment, the changes of 
tumor volumes and mice body weights were monitored every 
2 days, and were plotted as a function of time after treatment 
(Fig. 7b, c). The photographs of the tested mice (before, on 
day 14, and day 21) were showed in Fig. 7a. As shown in 
Fig. 7b, the tumors of the mice in the DMSO group grew 
rapidly and had a similar volumes to control group, while the 
tumor volume of the mice in aspirin group was inhibited to a 

certain extent in the early 2 days, demonstrating that aspirin 
inhibited tumor growth in vivo.

Body weight is an important parameter to evaluate the 
toxicity of aspirin to mice. As shown in Fig. 7c, the body 
weight of the three groups had no obvious decrease, imply-
ing that treatment with aspirin had little adverse side effects. 
Subsequently, we carried out histological analysis to evalu-
ate the potential side effects of aspirin on the major organs 
(heart, liver, spleen, lung and kidney) of mice. H&E staining 
histological sections showed no obvious histological lesion 
or any other tissue damage for the mice treated with aspirin 
(Fig. 7d), further indicating the safe application of aspirin 
in vivo.

Aspirin decreases the Bcl‑XL and ATP level in tumor

Immunohistochemical staining of Bcl-XL in paraffin sec-
tions of EMT6 tumors showed that treatment of mice with 
aspirin resulted in an obvious decrease of Bcl-XL level 

Fig. 5   ATP depletion is 
involved in the aspirin-induced 
oncosis. a, b Aspirin treatment 
for 12 h significantly induced 
ATP depletion in Hela (a) 
and A549 (b) cells cultured in 
high glucose DMEM medium. 
c Aspirin treatment for 12 h 
almost completely induced 
ATP depletion in Hela cells 
cultured in glucose-free DMEM 
medium. d Aspirin treatment 
for 12 h significantly induced 
cells bubbling in Hela cells 
cultured in glucose-free DMEM 
medium. Cells were cultured in 
glucose-free DMEM medium or 
glucose DMEM medium in the 
presence or absence of aspirin 
for 12 h. Statistical percent-
ages of bubbling cells were 
from at least 300 cells in three 
independent experiments. e, f 
Similar results with c and d for 
A549 cells
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(Fig. 8a). Statistical results showed that aspirin treatment 
induced a 53.65% of decrease in the Bcl-XL level (Fig. 8b). 
We next evaluated the intracellular ATP level by using lumi-
nescence analysis with Microplate Reader, and found that 
aspirin treatment induced a 39% of decrease in the relative 
ATP level (Fig. 8c), indicating that aspirin treatment induced 
ATP depletion in tumor.

Discussion

Previous studies show that the common anti-tumor powers 
of aspirin are induction of apoptosis, autophagy and anti-
proliferative activity [22, 51, 52]. Therefore, it was surpris-
ing to find that aspirin killed cells via oncosis, featuring with 
cell swelling and plasma membrane damage. Our data that 
aspirin treatment for 12 h did not induce caspase-3 cleav-
age, and extensive caspase-3 cleavage occurred at 24 h after 
aspirin treatment (Fig. 3b) indicate that caspase-3 cleavage 
is a consequence instead of the cause of the aspirin-induced 
oncosis. Moreover, Z-DEVD-FMK pretreatment did not 
inhibit aspirin-induced cytotoxicity and cells bubbling in 
Hela cells (Fig. 3c, d), further demonstrating that caspase-3 
was not involved in aspirin-induced oncosis. Indeed, these 
data coincide with the notion that oncosis is caspase-3-in-
dependent [28, 53].

Fig. 6   Bcl-2 family proteins 
mediate aspirin-induced ATP 
depletion. a Effect of aspi-
rin treatment on the level of 
Bcl-XL assessed by Western 
blotting. b Bax/Bad markedly 
enhanced but Bcl-XL markedly 
inhibited the aspirin-induced 
ATP depletion. c ABT-737 
markedly enhanced the aspirin-
induced ATP depletion. d 
ABT-737 remarkably promoted 
aspirin-induced cells bubbling. 
Statistical percentages of bub-
bling cells were from at least 
300 cells in three independent 
experiments

Fig. 7   Aspirin inhibits tumor growth in vivo. a Photographs of rep-
resentative mice images before and after different times of aspirin 
treatment (before, on day 14, and day 21). b Aspirin treatment sig-
nificantly inhibited the tumors growth. c Changes with time in body 
weight in control group, DMSO group and aspirin group respectively. 
d Representative H&E stained images of major organs including 
heart, liver, spleen, lung and kidney collected from mice. Scale bar: 
100 µm
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Our data support the notion that ATP depletion is associ-
ated with oncosis. Although ATP is a critical component 
for the execution of apoptosis [54, 55], oncosis pathways 
are often associated with compromised ATP level [46]. The 
facts that aspirin treatment for 12 h induced ATP depletion 
(Fig. 5a, b) and cells began to bubble at 12 h and extensively 
bubbled at 18/24 h after aspirin treatment (Fig. 2b) indicate 
that ATP depletion may mediate aspirin-induced oncosis. 
Moreover, aspirin treatment also induced ATP depletion in 
the tumor of mice (Fig. 8c). Therefore, we speculated that 
because of the ATP depletion, the ATP level was not main-
tained at sufficient levels to drive caspase-3 activation (at 
12 h), making the cells undergo oncosis instead of apoptosis. 
In addition, our data that the cells with low ATP level exhib-
ited higher percentage of bubbling cells than the cells with 
high ATP level (Fig. 5c–f) further demonstrate the important 
role of ATP depletion in aspirin-induced oncosis.

The half-life of aspirin-induced ATP depletion delayed 
more than 12 h (Fig. 5a, b), which was contrast to the rapid 
decline (within 2 h) of intracellular ATP level induced by 
other positive oncosis inducers such as GSK1016790A [30]. 
Aspirin-induced gradual decline in intracellular ATP level 
may lead to asynchrony of tumor cells death, which may 
bestow therapeutic benefits, such as less likelihood of the 
development of tumor lysis syndrome (TLS) that is caused 
by rapid release of intracellular substances.

Our data that overexpression of CFP-Bcl-XL in Hela and 
A549 cells almost completely inhibited the aspirin-induced 
cells bubbling (Fig. 4) demonstrate the dominant inhibi-
tory role of Bcl-XL in aspirin-induced oncosis, which is 
further verified by the fact that pharmacological inhibition 
of endogenous Bcl-XL activity by ABT-737 remarkably 
promoted aspirin-induced cells bubbling (Fig. 6d). It was 

reported that persistent opening of a voltage-sensitive chan-
nel formed by the c-subunit ring of the F1F0 ATP synthase 
led to permeability transition (PT) and cell death, while 
closure of the c-subunit channel promoted cell survival and 
increased efficiency of cellular metabolism [48]. Moreover, 
the β-subunit of F1 can bind directly to the c-subunit of F0 
to inhibit pore activity, and physical uncoupling of F1 from 
F0 can increase conductance of the c-subunit’s pore and then 
initiate PT [48]. Bcl-XL interacts directly with the β-subunit 
of the F1F0 ATP synthase and increases the efficiency of 
ATP synthesis by decreasing a proton leak within the F1F0 
ATPase [35], which can be used to account for our data that 
overexpression of CFP-Bcl-XL significantly increases the 
intracellular ATP level (Fig. 6b) and pharmacological inhibi-
tion of endogenous Bcl-XL activity by ABT-737 remarkably 
decreases the intracellular ATP level (Fig. 6c). Our data that 
aspirin treatment for 12 h induces a decrease of total Bcl-XL 
level (Fig. 6a) and cells begin to bubble at the same time 
(Fig. 2a) further suggest a notion that aspirin-induced onco-
sis may be initiated by compromised Bcl-XL level, which 
was also verified by the in vivo analysis that aspirin inhibited 
EMT6 tumors growth in mice and also decreased the level 
of Bcl-XL and ATP in tumor (Fig. 8b, c). It is thus reason-
able to infer that Bcl-XL inhibits aspirin-induced oncosis by 
increasing the efficiency of ATP synthesis.

Figure 9 shows a reasonable mechanism by which aspi-
rin induces oncosis. In control cells, Bcl-XL binds to the 
β-subunit of F1 to block the c-subunit’s pore, the leaking 
channel of H+, of F0, leading to the reentry of H+ into the 
mitochondrial matrix only via the a-subunit of F0, which 
drives rotation of the central stalk against the catalytic F1, 
which is required for ATP synthesis from ADP and pi [47]. In 
aspirin-treated oncosis cells, due to the functional inactivation 

Fig. 8   Aspirin decreases 
the Bcl-XL and ATP level 
in tumor. a Representative 
results of immunohistochem-
istry against Bcl-XL on EMT6 
tumors sections in control 
group, DMSO group and aspirin 
group respectively. Scale bar: 
100 μm. b Quantification of 
immunohistochemistry on Bcl-
XL positive cells in the tumors. 
Five visual fields were ran-
domly selected and 100 cells in 
each visual field were counted. 
Bcl-XL positive staining shows 
brown color. Data are shown as 
the percentage of the hematoxy-
lin staining cells (blue nucleus). 
c Aspirin treatment significantly 
induced ATP depletion in 
tumors. *P < 0.05, **P < 0.01 
and ***P < 0.001 (Color figure 
online)
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or decline of Bcl-XL, the β-subunit of F1 is released from 
Bcl-XL, resulting in the open of the c-subunit’s pore of F0 and 
subsequent direct leakage of H+ from the c-subunit’s pore. 
In this manner, F1F0 ATP synthase can’t work normally and 
thus ATP synthesis is blocked. Then, Na+/K+-ATPase and 
Ca2+-ATPase at cell membrane do not work normally due to 
ATP depletion, resulting in an increase in Na+, Cl− and Ca2+ 
accompanied by water influx and cellular swelling [28].

Of course, another possibility is that aspirin induced com-
promised Bcl-XL level by decreasing the expression of Bcl-
XL instead of increasing the degradation of Bcl-XL. Khan-
delwal et al. showed that aspirin induced the translocation of 
RelA/NF-κB from cytoplasm to nucleus, and the nucleolar 
RelA-mediated repression of NF-κB-driven transcription 
decreased Bcl-XL expression level [56]. In addition, active 
Mst1 phosphorylated Bcl-XL at Ser14, thereby antagonizing 
Bcl-XL-Bax binding and promoting apoptosis [57]. Aspirin 
treatment also increased the phosphorylation level of Bcl-
XL, which might also contribute to aspirin-induced oncosis 
(Fig. 6a). Intriguingly, the remarkably increased level of 
total Bcl-XL at 24 h after aspirin treatment (Fig. 6a) might 
be due to cells stress response.

Our data that overexpression of Bax/Bad remarkably 
promotes aspirin-induced ATP depletion (Fig. 6b) and cells 
bubbling (Fig. 4) suggest that Bax/Bad promotes aspirin-
induced oncosis likely by increasing ATP depletion. It was 
reported that BH3 domain of Bad formed a α helix upon 
binding to the hydrophobic groove on the surface of Bcl-
XL protein [58]. Moreover, the small molecule inhibitor 
ABT-737, a mimetic of Bad, also binds to the BH3-binding 

domain groove of Bcl-XL [50]. Furthermore, binding of 
Bcl-XL to the β-subunit of the F1F0 ATP synthase can be 
reversed by ABT-737, suggesting that the ABT-737 binding 
region is needed for Bcl-XL binding to the β-subunit [35]. 
Our recent study demonstrated the strong binding of Bad to 
Bcl-XL to form heterodimer on mitochondria [59], which is 
further verified by our data that YFP-Bad has a good coloca-
tion with CFP-Bcl-XL (Fig. 4a, d). It is reasonable to infer 
that Bad promotes aspirin-induced oncosis by antagonizing 
Bcl-XL-β-subunit binding and reducing ATP synthesis.

Our evidences demonstrate that a minority of A549 cells 
undergo apoptosis after aspirin treatment. (1) There were about 
10% of A549 cells died without the characteristic of bubbling 
(Fig. 2b); (2) In contrast to the complete contribution of CFP-
Bax or YFP-Bad to the aspirin-induced bubbling in Hela cells 
(Fig. 4a), in the A549 cells expressing CFP-Bax or YFP-Bad, 
apoptotic cells significantly increased (Fig. 4d); (3) In contrast 
to the complete bubbling characteristic of dead cells induced 
by aspirin treatment for 12 h in Hela cells cultured in glucose-
free DMEM medium, some dead cells without bubbling char-
acteristic were observed in A549 cells after aspirin treatment 
for 18 h (Supplementary Fig. 3). Therefore, modest caspase-3 
cleavage after aspirin treatment for 12 h in A549 cells was 
due to the apoptotic cells (Fig. 3b), which was further veri-
fied by the fact that Z-DEVD-FMK pretreatment significantly 
inhibited the aspirin-induced cytotoxicity (Fig. 3e). Moreo-
ver, Z-DEVD-FMK pretreatment significantly increased the 
aspirin-induced cells bubbling in A549 cells (Fig. 3f, Sup-
plementary Fig. 2c), which must be due to the inhibition of 
caspase-3 and thus turnover of apoptosis to oncosis.

Fig. 9   Schematic on the mechanism of aspirin-induced oncosis
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Obviously, Hela cells are more prone undergo oncosis 
than A549 cells during aspirin treatment. In keeping with 
this, aspirin treatment for 12 h induced a 13% of Hela cells 
bubbling and only 2% of A549 cells bubbling (Fig. 2b). In 
addition, aspirin treatment for 12 h induced a 36% of bub-
bling cells in Hela cells cultured in the glucose-free DMEM 
medium (Fig. 5d) and did not obviously induce cells bub-
bling in A549 cells. The reasons why Hela cells are more 
prone to undergo oncosis may be the following two points: 
(1) The endogenous Bcl-XL level of Hela cells is lower than 
that in A549 cells (Fig. 6a), thus A549 cells would possess 
stronger ability to maintain intracellular ATP level, which is 
consistent with our other data that the relative ATP level in 
A549 cells is higher than that in Hela cells after aspirin treat-
ment for 12 h (Fig. 5a, b); (2) The endogenous pro-caspase-3 
level in Hela cells is lower than that in A549 cells (Fig. 3b), 
thus A549 cells are more likely to undergo apoptosis, which 
is further verified by our data that Z-DEVD-FMK pretreat-
ment significantly increased the aspirin-induced cells bub-
bling in A549 cells (Fig. 3f, Supplementary Fig. 2c).

Our data that the endogenous level of Bcl-XL in A549 
cells is higher than that in human normal hepatocyte (LO2 
cells) and Hela cells (Supplementary Fig. 4d) and Hela cells 
are more prone to bubbling than LO2 and A549 cells (Sup-
plementary Fig. 1f) further verify the notion that the lower 
the endogenous Bcl-XL, the easier the cells bubble during 
aspirin treatment. It is reported that normal cells has lower 
endogenous Bcl-XL level than tumor cells [60], which may 
be the reason why normal cells were more prone undergo 
oncosis than some tumor cells with high level of endogenous 
Bcl-XL. The difference between tumor cells and non-tumor 
cells provides an alternative strategy for clinical treatment 
of tumors. In fact, aspirin also induced ATP depletion (Sup-
plementary Fig. 1i) and oncosis (Supplementary Fig. 1e–h) 
in LO2 cells, in which declined Bcl-XL level was also criti-
cal (Supplementary Fig. 1j and Supplementary Fig. 4b, c).

Although there are many reports about induction of tumor 
cells death by high concentrations of aspirin (20 mM and 
40 mM) [19, 61], 8–16 mM aspirin is an extremely high con-
centration and can hardly be achieved with normal aspirin 
intake [17, 62]. It was also reported that the cumulative dos-
age was determinant for the efficacy of aspirin on tumor inhi-
bition [18]. Since tumor cells were treated with aspirin once, 
we adopted a high concentration of aspirin for our experi-
mental system. The physiological and clinical meanings of 
the current study are that high concentration of aspirin may 
be used clinically for tumor inhibition by directly injecting 
aspirin into the tumor site instead of taking it orally. Rogé-
rio et al. [63] intratumorally injected of 10% bicarbonate 
aspirin solution to rabbits that were inoculated with VX2 
hepatic tumor cells, and found that intralesional injection of 
a 10% aspirin solution caused destruction of VX2 hepatic 
tumors. Ouyang and co-workers [64] intratumorally injected 

NO-aspirin to mice that bore subcutaneous xenotransplants 
of HT-29 human colon cancer cells, and found that NO-
aspirin suppressed the expression of VEGF, which led to 
suppressed angiogenesis against colon cancer.

In conclusion, this is the first report on aspirin-induced 
tumor cells oncosis. Decreased Bcl-XL level and subsequent 
intracellular ATP depletion dominate the aspirin-induced 
oncosis in which caspase-3 is not involved. Moreover, aspi-
rin treatment inhibits EMT6 tumors growth and induces 
compromised level of Bcl-XL and ATP in tumor. Aspirin 
is more likely to induce oncosis in some specific tumor cell 
lines, such as Hela cells, with low level of both Bcl-XL 
and caspase-3, providing an alternative strategy for clinical 
treatment of tumors. Further investigation of aspirin-induced 
oncosis pathway should be helpful for optimizing the effi-
cacy of aspirin-induced elimination of tumor cells.
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