
Abstract. Background/Aim: Numerous studies on various
cancer cell lines have reported that direct exposure to non-
thermal plasma treatment using plasma-activated medium
(PAM) can be applied as a novel technology for cancer
therapy. In this study, we investigated the inhibitory effects
of PAM on Aspc1 pancreatic cancer cells and the
mechanisms responsible for the cell death observed.
Materials and Methods: A colony-formation, sphere-
formation, wound-healing and transwell assays,
immunocytochemistry and western blot analysis were used
monitor effects of PAM. Results: PAM induced a greater
cytotoxic effect in pancreatic cancer cells compared to that
induced in NIH3T3 cells and 293T cells, and significantly
inhibited colony and sphere formation, and cell migration
of Aspc1 cells. Furthermore, PAM treatment increased the
accumulation of reactive oxygen species (ROS) and reduced
the mitochondrial membrane potential in Aspc1 cells. In
addition, PAM treatment down-regulated the AKT
serine/threonine kinase 1/signal transducer and activator of
transcription 3 signaling pathway and induced ROS-
dependent cellular autophagy. Conclusion: Our findings
suggest that PAM can induce apoptosis of Aspc1 cells
through ROS-dependent autophagy and may be a candidate
for use in pancreatic cancer therapeutics.

Pancreatic cancer is one of the most aggressive and lethal
malignant adenocarcinomas, with a 5-year survival rate of
only 7% (1-3). The tumor microenvironment in pancreatic
cancer is dynamically changing; this complex environment
promotes tumor development, metabolism and therapeutic
resistance (4). Because of its aggressive growth, pancreatic
cancer can invade tissues, escape from chemotherapy and
cannot be surgically removed (5). Therapeutic agents that are
utilized through systemic injections are gemcitabine and 5-
fluorouracil; however, they induce several side-effects and
fail to satisfactorily prolong survival (6). Therefore, the
development of novel and efficient pancreatic cancer
therapies that induce fewer toxic effects is of great
importance. 

Non-thermal dielectric barrier discharge plasma (NTP) is
an ionized gas produced by applying high voltage between
a dielectric-covered electrode and a biological target. Our
previous studies have shown that the application of non-
thermal argon gas plasma under appropriate conditions can
effectively optimize the germination rate of soybeans (7), the
development of chicken embryos (8), the growth of chickens
(9) and the quality of sperm (10) by regulating redox
homeostasis, energy metabolism and DNA methylation.
Recently, due to its stability, low cost, and easy application
to targeted tissues with excellent effect, a plasma-activated
solution [mainly including plasma-activated water and
plasma-activated medium without cells (PAM)] has been
applied to various cancer cell lines, including those of
glioblastoma (11), colon cancer (12), and breast cancer and
lung cancer (13).

PAM therapy plays an important role in anticancer effects
through cellular signal pathways, depending on the type of
cancer (14). Reactive oxygen species (ROS), hydrogen
peroxide (H2O2), nitrate (NO3−) and nitrite (NO2−) in PAM
are assumed to be mostly stable under appropriate conditions
and are the main factors inducing cancer cytotoxicity. Since
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the anticancer effects of ROS generated by NTP can target
cancer cells, NTP would be an effective means of induction
for immunogenic cell death (15, 16). NTP treatment of CT26
colorectal cancer cells induced T-cell responses through
targeting guanylyl cyclase C (17). In glioblastoma cells,
PAM with high concentrations of H2O2 and NO2 induced
down-regulation of the AKT and extracellular signal–
regulated kinase (ERK) signaling pathways, inhibition of the
glycolysis pathway and enhancement of the pentose
phosphate pathway (11, 18). Prostate cancer cells, with a
background of high energy metabolism and higher oxidative
conditions, cause them to be more vulnerable to plasma-
induced injury (19). The growth of human colorectal tumor
spheroids treated with PAM in vitro was inhibited through
ATP depletion, mitochondrial oxidative stress, necrosis and
apoptosis (12). Tumors induced in vivo from murine
pancreatic cancer cell line 6606PDA were significantly
reduced by PAM and showed large areas of cells undergoing
apoptosis (5). It has been demonstrated that NTP acts as a
cellular stressor in mesothelioma cells by stimulating ROS
generation and autophagy (20).

Autophagy is a self-digestion mechanism that has been
interpreted as a double-edged sword when applied to cancer
cells and is attributed to both tumor-suppressing and-
promoting functions (21). The tumor-suppressive function of
autophagy occurs through cellular homeostasis and related
processes by enabling pre-malignant cells to escape genotoxic
stress and inflammation (22), inhibiting the epithelial-to-
mesenchymal transition and suppressing migration (23, 24).
However, the role of autophagy in plasma-induced pancreatic
cancer cell apoptosis is not fully understood 

In this study, we investigated the antitumor effects of
PAM on pancreatic cancer cells and explain its mechanism
of action. 

Materials and Methods

Cell culture and media. Aspc1 Human pancreatic cancer cells,
NIH3T3 mouse fibroblasts and 293T human renal epithelial cells
were obtained from the American Type Culture Collection
(Manassas, VA, USA). NIH3T3 and 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Waltham, MA, USA).
Aspc1 cells were cultured in RPMI 1640 medium (Gibco). The
medium contained 10% fetal bovine serum (FBS; Welgene, Daegu,
Republic of Korea) and 1% penicillin (Invitrogen). The cells were
maintained at 37 ˚C in a humidified incubator with 5% CO2.

PAM treatment and N-acetyl cysteine (NAC) treatment. PAM was
generated by the exposure of 10 ml cell culture medium in a 100
mm petri dish to a nonthermal dielectric barrier discharge plasma
reactor (Figure 1A) following the working principle from our
previously reported experiments (7, 8, 21). This process enabled the
exposure of the medium to plasma for various periods (16.4 kV for
30, 60, 120, 180 s) or voltage (11.7, 16.4, 22.0, and 25.5 kV for 120
s). The dishes with PAM were then returned to the incubator for 2

h before use. Cells not exposed to PAM were used as the control
group. All instances of PAM exposure were performed under the
same experimental conditions (gas flow at 2 l/min, exposure
frequency, applied voltage, and pulse duration) and with the same
distance maintained between the tip of electrode needles and the
upper surface of the medium (20 mm). Fresh PAM was prepared for
the experiments. After PAM treatment, we added 2.5 mM of NAC
into the culture medium.

Cell viability assay. Cells were seeded in 96-well plates at 1×104
cells/well, cultured for 24 h and then incubated for 24 h with
PAM generated at different doses. Cell viability was assayed
following the manufacturer’s protocol for EZ-Cytox (DoGenBio,
Seoul, Republic of Korea) by adding 10 μl of EZ-Cytox to each
well, and incubating the plates at 37˚C for 1 h. The OD was
measured using a GloMax® Explorer Multimode microplate
reader (Promega, Madison, WI, USA) at a wavelength of 450 nm.
Cell viability was calculated as (OD under treatment/OD vehicle
control group) × 100%.

Cell apoptosis assay. Annexin V-phycoerythrin staining was used
to analyze cell apoptosis. Aspc1 cells were collected after treatment
for 6 h with PAM generated at different doses (16.4 kV for 30, 60
and 120 s). The Aspc1 cells were washed with phosphate-buffered
saline (PBS) twice and fixed with 195 μl of 1× binding buffer,
followed by the addition of 5 μl of annexin V from an Annexin V-
PE apoptosis detection kit (BD (BD Biosciences, San Jose, CA,
USA). After 20 min of incubation in the dark, PBS was added to
bring the total volume to 500 μl. A fluorescence microscope
(Olympus IX70; Olympus, Tokyo, Japan) and a BD AccuriTM C6
flow cytometer (BD Biosciences, CA, USA) were used to analyze
cell apoptosis. Fluorescence intensities were analyzed using ImageJ
software (NIH, Bethesda, MA, USA).

Caspase activity assay. To assess caspases, Aspc1 cells were seeded
at 1×104 cells/well into 96-well plates and cultured with PAM, and
the caspase 3/7 activities were estimated using Caspase-Glo® 3/7
assay kits (Promega, Madison, WI, USA) and measuring the
luminescence. The contents of the Caspase-Glo® 3/7 assay kits
(Promega, USA), provided in lyophilized form, were converted into
a working solution, and 100 μl of working reagent was added to
each well, and the plates were incubated for an additional 30 min
at room temperature. The luminescence levels were evaluated for
the control, PAM-treated, and NAC-PAM treated groups.

Colony-formation assay. Aspc1 cells (1×103 cells/well) were seeded
in six-well plates, treated with PAM (16.4 kV – 120 s) for 1 day and
maintained at 37˚C in a 5% CO2 incubator for 7 days. The cells
were then washed with 1× PBS, fixed for 10 min with 3.7%
formaldehyde, treated for 20 min with methanol, and stained for 30
min with 0.05% crystal violet. The plates were washed with 1× PBS
three times prior to image capturing (22). Colony formation was
calculated as (number of colonies formed under treatment/number
of colonies formed by vehicle control group) ×100%.

Sphere-formation assay. Aspc1 cells (2×103 cells/well) were seeded
in a 6-well Ultra Low Cluster plate (Corning, Waltham, MA, USA)
and cultured for 7 days in suspension in serum-free Dulbecco’s
modified Eagle’s medium/F12 (Gibco) containing 2% B27
(supporter of neuron growth; Invitrogen), 10 ng/ml epidermal

in vivo 34: 143-153 (2020)

144



growth factor (Calbiochem, Kenilworth, NJ, USA), 20 ng/ml basic
fibroblast growth factor (KOMA Biotech, Seoul, Korea) and 1%
penicillin (Invitrogen, Waltham, MA, USA) with and without PAM
treatment. An inverted microscope was used to image the spheres.
Sphere-formation efficiency was calculated as the percentage of
spheres formed by the PAM-treated group relative to that of control
group (23) after 7 days.

Wound-healing assay. Aspc1 cells were seeded into IncuCyte
ImageLock 96-well microplates at 1×106 cells/well without PAM.
A linear scratch in the cell monolayer was made by a wound maker
(Essen Bioscience, Ann Arbor, MI, USA). The cells were rinsed
with 1× PBS three times and PAM (16.4 kV – 120 s) was added.
Photomicrographs of the cells were taken at 0 and 48 h using an
IncuCyte Live-Cell analysis system (Essen Bioscience, Ann Arbor,
Michigan, USA). Wound healing area=(scratch area under
treatment/scratch area of the control group) ×100%.

Cell migration assay. Migration assays were performed using 24-
well chambers with 8 μm pore polycarbonate membranes (Merck
Millipore, Darmstadt, Germany). Two hundred microliters of Aspc1
cell suspension in medium containing 0.5% FBS with PAM was
added separately to the upper chamber (2×105 cells/chamber). In
each case, the bottom chamber was filled with 800 μl of medium
supplemented with 20% FBS as a chemoattractant. The cells were
then incubated for 96 h at 37˚C in 5% CO2. The cells that passed
through the coated membrane to the lower surface were then fixed
with 3.7% paraformaldehyde and stained with 0.05% crystal violet
for 1 h. Images were captured using a microscope (22, 23). Cell
migration=(number of migrated cells under treatment/number of
migrated cells without PAM) ×100%.

ROS production analysis. Mitochondrial superoxide was detected
by MitoSOX Red (Thermo Fisher Scientific, Waltham, MA,
USA), and 2’,7’-dichlorofluorescein diacetate (DCF-DA) dye
(Sigma-Aldrich, St. Louis, MO, USA) was used to detect
intracellular ROS production following the manufacturers’
protocols. Aspc1 cells with/without PAM treatment were stained
with 10 μM DCF-DA for 15 min and 5 μM MitoSOX Red for 10
min at 37˚C in an incubator. A fluorescence microscope was used
to take images of the Aspc1 cells. Fluorescence intensities were
analyzed using ImageJ software. ROS accumulation was
measured using flow cytometry.

Cell mitochondrial membrane. JC-1 dye (Sigma-Aldrich, St. Louis,
MI, USA) was used to detect the cell mitochondrial membrane
potential. Aspc1 cells with/without PAM treatment were washed
with PBS and stained with 2 μg/ml of JC-1 dye for 30 min at 37 ˚C.
Images were taken using a fluorescence microscope. Fluorescence
intensities were analyzed using ImageJ software.

Immunocytochemistry assay. Aspc1 cells with/without PAM
treatment were fixed for 10 min with 3.7% formaldehyde and
incubated in 1% bovine serum albumin as a blocking buffer for 1 h
at room temperature. The cells were incubated with primary
antibodies against light chain 3 alpha/beta (LC3A/B) (1:200; Cell
signaling, Danvers, MA, USA) diluted in blocking buffer at 4 ˚C
overnight and then stained with rabbit IgG-PE red fluorescent
secondary antibody. Nuclei were stained with DAPI for 15 min.
Images were taken using a fluorescence microscope.

Western blotting analysis. Cell lysis buffer was used for a 30 min
extraction to extract cell proteins from Aspc1 cells with/without PAM
treatment, which were then centrifuged. Protein samples (20 μg/10 μl)
were loaded and run onto a gel, which was transferred onto a
nitrocellulose membrane (BIO-RAD, Hercules, CA, USA). The
membrane was incubated in blocking solution (2% bovine serum
albumin) at room temperature for 60 min and treated with primary
antibodies against BCL2 apoptosis regulator (BCL2), poly (ADP-
ribose) polymerase (PARP), glyceraldehyde 3-phosphate
dehydrogenase, AKT serine/threonine kinase 1 (AKT), p-AKT, signal
transducer and activator of transcription 3 (STAT3), p-STAT3,
octamer-binding transcription factor 4 (OCT4), p-ERK, ERK
(AbFrontier, Seoul, Republic of Korea); NANOG (Santa Cruz
Biotechnology, Dallas, TX, USA); caspase-3 (Abcam, Cambridge,
MA, USA); interleukin 6 (IL6; Bioss, Woburn, MA, USA); and
LC3A/B (Cell Signaling Technology, Danvers, MA, USA) at 4˚C
overnight. The membranes were then incubated with mouse IgG
(Vector Labs, Burlingame, CA, USA) or goat anti-rabbit IgG (Vector
Labs) at room temperature for 6 h and washed with Tris-buffered
saline, and Pierce ECL Western blotting substrate (Thermo Fisher
Scientific) was used to visualize the protein bands. The bands were
captured using an ImageQuant™ LAS 4000 mini Fujifilm camera (GE
Healthcare, Chicago, IL, USA).

Statistical analysis. Data are presented as the mean±standard
deviation (SD) of three independent experiments. Statistically
significant differences among treatment groups were determined by
one-way ANOVA (p<0.05 was considered to indicate a statistically
significant difference) (23). Statistical analysis was performed using
the Statistical Package for the Social Sciences (SPSS version 19.0;
IBM, Armonk, NY, USA). 

Results
PAM inhibited proliferation and induces apoptosis of
pancreatic cancer cells. To evaluate whether PAM suppresses
pancreatic cancer cells, we applied PAM at various doses and
voltages to Aspc1 pancreatic cancer cells using an NTP
exposure method (Figure 1A). As shown in Figure 1B and
Figure 1F, PAM treatment had an inhibitory effect on the
proliferation of Aspc1 cells. The cytotoxic effect induced by
PAM in Aspc1 cells not only inhibited proliferation but also
reduced the cell population, but this was not the case in
NIH3T3 mouse fibroblasts and 293T human renal epithelial
cells (Figure 1C). We used 16.4 kV and 120 s exposure
duration of PAM for further analyses of the mechanism of
PAM action in Aspc1 cells. PAM treatment induced significant
apoptosis (Figure 1D) and reduced BCL2, pro-caspase-3 and
pro-PARP expression in Aspc1 cells (Figure 1E). 

PAM suppressed the malignant behavior of Aspc1 cells.
Malignant cancer cells are characterized by the potential for
metastasis and proliferation (24). Compared with the control
group, the PAM-treated group showed reduced colony-
forming ability in vitro (Figure 2A). We observed reduced
self-renewal ability in PAM-treated groups based on the
presence of fewer and smaller spheres (Figure 2B). The
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wound-healing ability of PAM-treated Aspc1 cells was
inhibited (Figure 2C). The cell migration of Aspc1 cells was
examined to determine their ability for cancer metastasis;
PAM treatment reduced cell migration, indicating reduced
metastatic capacity (Figure 2D). The expression of IL6,
OCT4, and NANOG proteins was reduced, whilst that of E-
cadherin was increased by PAM (Figure 2E).

PAM induced ROS accumulation and loss of mitochondrial
membrane potential in Aspc1 cells. To consider the effect of

PAM-induced ROS accumulation, we examined ROS
generation in Aspc1 cells after PAM treatment using DCF-
DA and MitoSOX Red. PAM increased not only the
intracellular ROS level (Figure 3A: dose-dependent increase
in DCF-DA fluorescence intensity) but also the superoxide
level in the mitochondria (Figure 3B: increased MitoSOX
fluorescence intensity). Loss of mitochondrial membrane
potential is usually observed in mitochondrial damage, early
cell apoptosis and mitophagy (autophagy initiated for
degradation of damaged mitochondria) (25). Compared with
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Figure 1. Effect of plasma-activated medium (PAM) on pancreatic cancer cells. A: Timeline for non-thermal PAM treatment experiment. B: Viability
of Aspc1 human pancreatic cancer cells treated with PAM of various doses and of various potentials for 24 h. C: The NIH3T3, 293T and Aspc1
cells were treated with PAM in a dose-dependent manner (16.4 kV) for 24 h, and cell viability was measured using an EZ-Cytox kit. D: Apoptotic
Aspc1 cells were detected by annexin V-phycoerythrin staining and observed under fluorescence microscopy after 6-h treatment with PAM (16.4
kV-120 s) (scale bar: 100 μm); the right side shows the quantified fluorescence intensity after treatment with PAM in a dose-dependent manner. E:
Western blot of apoptosis-related proteins BCL2 apoptosis regulator (BCL2), pro-caspase-3 and pro poly (ADP-ribose) polymerase (PARP) in Aspc1
cells after 6-h treatment with PAM (16.4 kV-120 s). GAPDH: glyceraldehyde 3-phosphate dehydrogenase. F: The cell viability of human pancreatic
cancer Bxpc3, Panc1 and Aspc1 cells were treated with a dose-dependent PAM (16.4 kV) for 24 h. Quantified data are presented as the mean±SD
of three independent experiments. Significantly different at *p<0.05; **p<0.01; ***p<0.001 vs. the control (Con). 



the control group, PAM-exposed Aspc1 cells displayed
reduced red fluorescence intensity and increased green
fluorescence intensity (Figure 3C), which indicated that PAM
induced mitochondrial-related cell death. 

PAM-induced accumulated ROS participate in the apoptosis
of Aspc1 cells via the STAT3 and AKT signaling pathways.
Pretreatment with NAC significantly inhibited PAM-induced
cell death (Figure 4A). In addition, NAC reversed PAM-
induced increase in intracellular ROS (Figure 4B) and
caspase-3/7 activities (Figure 4C). Pretreatment with NAC

reversed the PAM-induced decrease in p-AKT and p-STAT3
expression (Figure 4D), showing that PAM regulates the
AKT and STAT3 signaling pathways.

PAM-induced ROS led to autophagic cell death of Aspc1 cells.
We found that Aspc1 cells showed obvious morphological
changes after PAM treatment and formation of vesicles such as
autophagosomes (Figure 5A). To directly assess the level of
autophagy, we examined the expression of LC3A/B, a classical
marker of autophagosome formation. As shown in Figure 5B,
the expression of LC3A/B was indicated by a significant
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Figure 2. Plasma-activated medium (PAM) suppresses the malignancy of Aspc1 cells. A: The day after cancer cells had attached to the bottom of
plates and the medium was removed and PAM added. Upper panel: The colony-forming ability in Aspc1 cells exposed to PAM (16.4 kV-120 s) for
7 days as detected by colony-formation assay; lower panel: quantification of colony-formation data. B: The sphere-forming ability of Aspc1 cells
exposed to PAM (16.4 kV for 30 s, 60 s and 120 s) for 7 days as determined by sphere formation assay (Scale bar: 100 μm). Right panel:
quantification of size of colonies. C: Wound-healing assay. Left: image; right: quantification of wound healing area. D: Transwell assay Left: image;
right: quantification of cell migration ability (scale bar: 100 μm). E: Levels of interleukin 6 (IL6), octamer-binding transcription factor 4 (OCT4),
NANOG, and E-cadherin proteins in Aspc1 cells after 6-h treatment with PAM (16.4 kV-120 s) as measured using western blot. The data are
presented as the mean±SD of three independent experiments. Significantly different at *p<0.05; **p<0.01; ***p<0.001 vs. the control (Con).



increase in red fluorescence after PAM treatment. To
quantitatively evaluate autophagy, western blotting was
performed to determine the level of p-ERK kinase, which is
involved in beclin-1-related autophagy and mitophagy (26, 27),
and LC3A/B level. PAM treatment significantly increased the
levels of p-ERK and LC3A/B, and its effects were abrogated
in cells pretreated with NAC (Figure 5C).

Discussion

Because of the highly aggressive phenotype and
chemoresistance of pancreatic cancer, therapeutic options are
limited (28). Recently, chemotherapy using gemcitabine-
based combination therapy was adopted to increase survival
rates and improve patients’ quality of life, but limited
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Figure 3. Intracellular reactive oxygen species (ROS) production and mitochondrial membrane potential induced by plasma-activated medium (PAM)
in Aspc1 cells. A: Flow cytometric analysis of intracellular ROS production in Aspc1 cells using 2’,7’-dichlorofluorescein diacetate (DCF-DA; 10
μM)-exposed PAM (16.4 kV-30 s, 60 s and 120 s) for 6 h. Right: Quantity of ROS in A. B: Imaging of Aspc1 cells exposed to PAM (16.4 kV-120 s)
for 6 h then stained with DCF-DA and MitoSOX. DCF-DA: Green fluorescence; MitoSOX Red: red fluorescence (Scale bar: 100 μm). Right side is
relative fluorescence intensity for DCF-DA and Mito Sox Red staining in B. C: Imaging of Aspc1 cells exposed to PAM (16.4 kV-120 s) for 6 h
stained with JC-1 (scale bar: 100 μm). The right side is the relative fluorescence intensity for JC-1 staining in C. The data are represented as the
mean±SD of three independent experiments. Significantly different at **p<0.01; ***p<0.001 vs. the control (Con).



rewards and multitudinous side-effects have been the result
(29). NTP has been identified as an innovative anticancer
approach that directly induces apoptosis, autophagy and
immunogenic cell death (16). It seems reasonable to use
appropriate conditional PAM for its lethal effect on
pancreatic cancer cells.

In this study, our results provide evidence for PAM having
antitumor effects on pancreatic cancer cells: i) PAM inhibited
malignant cell proliferation and was more cytotoxic to
human pancreatic cancer cells than to NIH3T3 mouse
fibroblasts and 293T human renal epithelial cells (Figure 1).
ii) PAM inhibited colony-and sphere-formation ability and
the migration of cancer cells (Figure 2). iii) PAM inhibited

cancer cells through ROS accumulation and reduced the
mitochondrial membrane potential (Figure 3). Iv) PAM-
induced inhibition of cancer cell growth was ameliorated by
NAC (Figure 4). v) PAM inhibited the AKT/STAT3 signaling
pathway associated with cell survival (Figure 4), stemness
and the EMT signaling, specifically reducing the level of
IL6, an important cancer cell survival cytokine (Figure 2)
(30). vi) PAM induced apoptosis of cancer cells through the
ROS-dependent autophagy pathway (Figure 5). 

PAM induced expression of E-cadherin protein (Figure
2E). Further study of the transcription factors regulating gene
regulation of E-cadherin is needed. Our data showed that
generation of ROS by PAM down-regulated expression of
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Figure 4. Plasma-activated medium (PAM)-induced reactive oxygen species (ROS) participate in the apoptosis of Aspc1 cells. A: The viability of
Aspc1 cells treated with/without PAM (16.4 kV-120 s) for 24 h. PAM, and N-acetyl cysteine (NAC) added to PAM were left in a water bath at 37˚C
for 30 min before being used to treat Aspc1 cells. B: Flow cytometric analysis of ROS generation in Aspc1 cells exposed to PAM (16.4 kV-120 s)
with and without NAC for 6 h. C: Caspase-3 and-7 activities in Aspc1 cells treated with PAM (16.4 kV-120 s) with and without NAC for 6 h. D:
Western blot analysis was performed to check the expression of signal transducer and activator of transcription 3 (STAT3), p-STAT3, AKT
serine/threonine kinase 1 (AKT) and p-AKT, in Aspc1 cells treated with PAM (16.4 kV-120 s) with and without NAC for 6 h. The data are represented
as the mean±SD of three independent experiments. Significantly different at *p<0.05; ***p<0.001 vs. the control (Con).



BCL2, depolarized the mitochondrial membrane, and
activated the caspase cascade, and inducing apoptosis of
pancreatic cancer cells. Low levels of ROS induce formation
of cancer stem cells (CSCs) (31). The redox regulation of
CSC is regarded as a good target for tumor therapy as it is
important in the maintenance of CSC. PAM-induced ROS
may kill CSCs. PAM displayed a genotoxic effect on human
cancer cells, mainly by the production of ROS such as
hydrogen peroxide (H2O2) (32). Hydrogen peroxide is well
known for its ability to break DNA double strands (12).

In various cancer cells, chemotherapeutic agents induce
apoptosis by increasing the level of ROS and activating
NADPH oxidase (33, 34). Excessive intracellular ROS
production damages cellular function proteins and DNA,
resulting in mitochondrial dysfunction and even apoptosis
(35, 36). Recent studies have shown that NTP treatment
resulted in time-and dose-dependent ROS accumulation and
led to ROS-mediated apoptosis in human liver cancer cells
(37). Here, we show that PAM dose-dependently triggered
intracellular ROS and mitochondrial superoxide
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Figure 5. Plasma-activated medium (PAM) induces autophagic cell death of Aspc1 cells by reactive oxygen species (ROS). A: Imaging of morphology
of Aspc1 cells exposed to PAM (16.4 kV-120 s) for 6 h (scale bar: 200 μm). Arrows: Microbubble structures. B: Immunocytochemistry assay of
autophagy-associated protein light chain 3 alpha/beta (LC3A/B) in Aspc1 cells treated with PAM (16.4 kV-120 s) with and without N-acetyl cysteine
(NAC) for 6 h (scale bar: 100 μm). C: Western blot analysis was performed to check the expression of p-extracellular-regulated kinase (ERK), p-
ERK and LC3A/B in Aspc1 cells treated with PAM (16.4 kV-120 s) with and without NAC for 6 h. GAPDH: glyceraldehyde 3-phosphate
dehydrogenase. The data are presented as the mean±SD of three independent experiments. ***Significantly different at p<0.001 vs. the control (Con).



accumulation in pancreatic cancer cells (Figure 3A and B).
The mitochondrial membrane potential was reduced (Figure
3C), which has been typically observed in mitochondria
damage-related early cell apoptosis and mitophagy.

Furthermore, we identified AKT, a mediator of pro-
survival proteins (38), as a PAM-induced effector in cancer
cells. Additionally, STAT3 is involved in apoptosis,
proliferation, invasion, migration and angiogenesis of cancer
cells (39). Anticancer agents can reduce the activation of
STAT3 and AKT to induce ROS-mediated cell apoptosis
(40). Our data indicate that PAM suppressed colony-and
sphere-forming ability and cell migration (Figure 2) and
reduced the expression of p-AKT and p-STAT3, inhibiting
cell proliferation and increasing caspase-3 and 7 activities,
and pre-treatment with the antioxidant NAC inhibited PAM-
induced apoptosis and suppressed the inhibition of the AKT
and STAT3 signaling pathways (Figure 4). 

Mitochondria, as essential energy-producing organelles,
concomitantly accumulate ROS, and the degradation process
of damaged mitochondria is mediated by mitophagy (41). In
autophagy-dependent CD44high/CD24low breast cancer
cells, inhibition of autophagy regulates IL6 secretion through
the STAT3/JAK2 pathway to induce mammosphere
formation (42). Autophagy induced by AZD8055 and
rapamycin suppressed glioma-initiating cell self-renewal and
tumorigenicity through NOTCH1 degradation (43).
Mitochondria-related ROS accumulation induced by NTP
results in increased fluid-phase endocytosis and the
formation of endosomes and lysosomes (20). Our data
showed that PAM led to blocking of the STAT3 signal
(Figure 4D). Inhibition of the STAT3 pathway in multiple
lung cancer cell lines induced autophagy (44). PAM
regulated autophagy through the STAT3 pathway. PAM
induced reduction of IL6 protein expression (Figure 2E). The
STAT3/IL6 signal pathway has an important role in survival
of cells.

We showed that PAM induced the expression of the
autophagy marker LC3 (Figure 5), and reduced IL6 protein
expression (Figure 2E). PAM induced apoptosis of pancreatic
cancer cells through the ROS-dependent autophagy pathway.
This study provides encouraging evidence for the role of
PAM-conditioned solutions in the treatment of malignant
cancer in future clinical therapies.
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