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ABSTRACT Atmospheric gas plasmas (AGPs) are able to selectively induce apoptosis in can-
cer cells, offering a promising alternative to conventional therapies that have unwanted side 
effects such as drug resistance and toxicity. However, the mechanism of AGP-induced cancer 
cell death is unknown. In this study, AGP is shown to up-regulate intracellular reactive oxygen 
species (ROS) levels and induce apoptosis in melanoma but not normal melanocyte cells. By 
screening genes involved in apoptosis, we identify tumor necrosis factor (TNF)–family mem-
bers as the most differentially expressed cellular genes upon AGP treatment of melanoma 
cells. TNF receptor 1 (TNFR1) antagonist–neutralizing antibody specifically inhibits AGP-in-
duced apoptosis signal, regulating apoptosis signal–regulating kinase 1 (ASK1) activity and 
subsequent ASK1-dependent apoptosis. Treatment of cells with intracellular ROS scavenger 
N-acetyl-l-cysteine also inhibits AGP-induced activation of ASK1, as well as apoptosis. More-
over, depletion of intracellular ASK1 reduces the level of AGP-induced oxidative stress and 
apoptosis. The evidence for TNF-signaling dependence of ASK1-mediated apoptosis sug-
gests possible mechanisms for AGP activation and regulation of apoptosis-signaling path-
ways in tumor cells.

INTRODUCTION
In recent decades, there has been significant progress in the devel-
opment of new therapies to treat human cancers. However, funda-
mental problems related to chemotherapeutic drug delivery—resis-
tance and toxicity to normal cells—remain. An ideal anticancer 

treatment should selectively kill cancer cells with limited side effects 
on normal cells and minimal drug resistance. Selective induction of 
apoptosis in target cancer cells would be an ideal treatment 
(Nagata, 1997; Kaelin, 1999).
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out affecting normal control cells. Moreover, AGP treatment activates 
TNF and ASK1 pathways to increase downstream activity of JNK 
and p38 kinases and stimulate caspase-3/7–dependent apoptosis. 
Thus AGP shows selective induction of apoptosis in cancer cells 
by stimulating the oxidative stress–induced TNF-ASK1-JNK/p38–
caspase-3/7 apoptotic pathway.

RESULTS
Selective apoptotic response to AGP is ROS dependent
We quantified the effect of AGP (presented and briefly described 
in Materials and Methods, Figure 1, and Supplemental Methods) 
on the cellular ROS level in melanoma cancer cells (Mel007 and 
Mel-RM) using the redox-sensitive fluorescent probe 2′-,7′-dichlo-
rofluorescein diacetate (CM-H2DCFDA). Treatment with AGP 
caused a significant increase in ROS level in melanoma cells. AGP 
did not increase ROS level significantly in normal control cells 
(primary human epidermal melanocytes and human fetal lung fi-
broblasts (Figure 2a). Cotreatment with the intracellular ROS inhibi-
tor N-acetyl-l-cysteine (NAC) fully reversed the AGP-induced in-
crease in ROS in melanoma cells (Figure 2b). It has been shown 
that an increase in ROS production can lead to decrease in reduced 
glutathione (GSH) levels in cancer cells (Estrela et al., 2006). GSH is 
an important intracellular antioxidant that protects cells from dam-
age caused by ROS. It is able to remove O2•− and provide elec-
trons for glutathione peroxidase to reduce H2O2 to H2O. Because 
AGP has been shown to induce ROS production and modulate re-
dox homeostasis (Graves, 2012), we tested whether AGP can lead 
to a decrease in GSH levels. This was found to occur in melanoma 
cells. However AGP-mediated GSH depletion was inhibited by ad-
dition of the reducing agent NAC (Figure 2c). Parallel counting of 
viable cells showed that AGP-induced cell death in melanoma cells 
correlated with decrease in cellular GSH contents (Supplemental 
Table S1). We also found that nitric oxide was among the ROS spe-
cies induced by AGP in melanoma cells but not in normal control 
cells (Figure 2d). Supplemental Figure S1 demonstrates the optical 
emission spectrum of the AGP plume over the range from 300 to 
800 nm, further confirming that excited species of OH, N2, N2

+, 
He, and O exist in the AGP plume.

We next examined the effect of AGP on the viability of several 
cultured melanoma cells (Mel-RM, Mel007, and Mel-JD) and 
normal control cells (primary human epidermal melanocytes and 

Two pathways of apoptosis have been described for mammalian 
cells: the intrinsic mitochondrial pathway that is activated in re-
sponse to cellular stress, and the extrinsic death receptor pathway 
that is activated at the cell surface by the binding of tumor necrosis 
factor (TNF)–family cytokines to their cognate death receptors 
(TNFR1, Fas/CD95, DR4/5). The extrinsic and the intrinsic pathways 
converge in a caspase cascade that results in cellular shrinkage and 
DNA fragmentation, culminating in apoptosis (Micheau and 
Tschopp, 2003; Kamata et al., 2005).

Cellular oxidative stress can induce apoptosis by initiating the 
activation of a specialized group of mitogen-activated protein ki-
nase (MAPK) cascades. Apoptosis signal–regulating kinase 1 (ASK1) 
is a MAPK kinase kinase (MAPKKK)–family member that plays a ma-
jor role in stress-induced apoptosis. ASK1 is activated by various 
stress-related stimuli, including oxidative stress, reactive oxygen 
species (ROS), genotoxic agents, serum withdrawal, endoplasmic 
reticulum stress, and tumor necrosis factor (TNF; Ichijo et al., 1997; 
Nishitoh et al., 1998; Liu et al., 2000). The activated ASK1 phospho-
rylates and activates the downstream kinases MKK4/MKK7 and 
MKK3/MKK6. These are in turn required to activate c-Jun N-termi-
nal kinase (JNK) and p38 MAPK kinase, respectively, before cas-
pase-3 activation and apoptosis. The knockdown of ASK1 inhibits 
ROS (H2O2)- and TNF-induced apoptosis (Noguchi et al., 2005, 
2008). Overexpression of a constitutively active form of ASK1 in can-
cer cells induces caspase-3–dependent apoptosis (Ichijo et al., 
1997). ROS such as H2O2 activate ASK1 by dissociation of thiore-
doxin (Trx), a reduction/oxidation (redox) regulatory protein that in-
hibits the kinase activity of ASK1 (Saitoh et al., 1998). It has also 
been proposed that ROS generated by cytokines like TNFα or stress 
may oxidize and consequently dissociate Trx to activate ASK1 and 
subsequent ASK1-dependent apoptosis-signaling cascades (Saitoh 
et al., 1998; Liu et al., 2000; Nadeau et al., 2009). These findings 
demonstrate that ASK1 plays an important role in stress-induced 
apoptosis.

Recently atmospheric gas plasmas (AGPs) delivered in a plume 
have shown the potential to be a safe anticancer therapy that can kill 
selectively a variety of cancer cells, such as melanoma (Keidar et al., 
2011; Kim et al., 2011a), neuroblastoma (Walk et al., 2013), glioma 
(Koeritzer et al., 2013), and colorectal (Vandamme et al., 2012), pan-
creatic (Partecke et al., 2012), breast (Kalghatgi et al., 2011), liver 
(Yan et al., 2012), ovarian (Iseki et al., 2012), leukemia (Thiyagarajan 
et al., 2012), and lung (Huang et al., 2011) cancers. AGP delivered 
as a plume has also shown significant effects in in vivo animal mod-
els by decreasing the size of tumors (Vandamme et al., 2010, 2012; 
Keidar et al., 2011; Partecke et al., 2012; Walk et al., 2013). It has 
been proven effective against drug-resistant brain tumor (glioblas-
toma) in combination with temozolomide (Koeritzer et al., 2013). 
The AGP plume generated by an electrical discharge in a gas gener-
ates reactive oxygen species (e.g., H2O2, O3, OH, NO), ions, and 
free electrons (Sensenig et al., 2008; Liu et al., 2010; Weltmann 
et al., 2010; Keidar et al., 2011; Graves, 2012; Ostrikov et al., 2013). 
AGP leads to the formation of reactive oxygen species, including 
H2O2, in liquids that simulate cellular fluids (Winter et al., 2013). 
Despite early promising results obtained using AGP as an antitumor 
treatment to kill cancer cells, little effort has been made to translate 
this into clinical applications. This is possibly due to a lack of under-
standing about the underlying cellular mechanisms and the means 
by which AGP can selectively kill cancer cells by inducing apoptosis 
without affecting normal cells.

In this study, we find that AGP treatment enhances the produc-
tion of intracellular ROS. This elevated level of intracellular ROS in-
duces oxidative stress, leading to apoptosis in melanoma cells with-

FIGURE 1: (a) Schematic of the atmospheric gas plasma jet device. 
(b) Digital photo of the generated gas plasma jet for cell treatment.
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TNF is involved in AGP-induced 
apoptosis
Next we examined the mechanism by which 
AGP specifically induces apoptosis in mela-
noma cells. To find the specific cellular fac-
tors involved in selective AGP-induced 
apoptosis, we screened >90 genes involved 
specifically in prosurvival or proapoptotic 
pathways by using real-time quantitative 
PCR (qPCR). We found that TNF family 
members are the cellular factors that most 
frequently showed differential expression in 
AGP-treated melanoma cells relative to con-
trol untreated cells (Supplemental Figure 
S2). We confirmed our qPCR gene expres-
sion screening data by measuring the gene 
expression of TNF-receptor family member 
1 (TNFR1) in melanoma cells treated with 
AGP for different time intervals (5, 15, and 
30 s) by qPCR and Western blotting. How-
ever, this AGP-induced TNFR1 expression 
was inhibited by the ROS scavenger NAC 
(Figure 4, a and b). This shows the involve-
ment of ROS in AGP-induced TNF signal-
ing. Moreover, we also observed increase in 
the production of TNF signaling ligand 
(TNFα) in AGP-treated melanoma (Mel007) 
cells but not in normal melanocytes (Figure 
4c). Outcomes showed increased activity of 
stress response target protein γ-H2AX in the 
AGP-treated melanoma cells but no signifi-
cant activity in melanoma cells pretreated 
with anti–TNFR1-neutralizing antibody 
(Figure 4d). Determination of cell viability 
and caspase 3/7 activity demonstrated that 
AGP-induced apoptosis and cytotoxicity 
was inhibited by cotreatment of AGP with 
antagonistic anti–TNFR1-neutralizing anti-
body, the caspase inhibitor Z-VAD-FMK, the 
inhibitor of nitric oxide synthetase diphe-
nyleneiodonium chloride (DPI), or the H2O2 
depleter catalase (Figure 4, e and f). These 

results indicate that selective AGP-induced apoptosis in melanoma 
cells is dependent on intracellular ROS production. Moreover, cell 
death induced by AGP is mediated by TNF-receptor pathways by 
activating caspase 3/7 activity.

ASK1 is required for AGP-induced apoptosis
We next sought to explore the downstream signaling factors in-
volved in the AGP-induced TNF apoptosis pathway. It was shown 
that ROS (e.g., H2O2) induced by the TNF pathway plays a role in 
programmed cell death signaling mediated by ASK1 (Noguchi 
et al., 2005). We examined whether ASK1 is involved in AGP-in-
duced apoptosis in melanoma cells. AGP induced ASK1 activity at a 
similar level to H2O2. However, this ASK1 activation was inhibited by 
the ROS scavenger NAC (Figure 5a). This shows that AGP-induced 
ASK1 activation is ROS dependent. We further determined that 
AGP activated the ASK1-activity–dependent downstream-signaling 
kinases p38 and JNK at a level similar to H2O2, whereas this activa-
tion was strongly reduced by NAC (Figure 5, b and c).

ASK1 and JNK/p38 kinases play important roles in DNA damage 
responses by inducing cyclin-dependent kinase inhibitors, and 

human fetal lung fibroblasts). AGP treatment significantly induced 
apoptosis in the melanoma cells. When primary cultures of normal 
cells were treated with AGP, there was little effect on cell growth 
and proliferation. This indicated that AGP selectively induces cell 
death in melanoma cells (Figure 3a). As shown earlier (Figure 2, a 
and d), AGP induced intracellular ROS, so we next tested to see 
whether the selective cytotoxic effect of AGP on melanoma cells 
was ROS dependent or independent. Cotreatment of AGP and 
NAC completely reversed the toxic effects of AGP in melanoma 
cells (Figure 3b). AGP induced apoptosis and DNA damage in mel-
anoma cells, as observed by increased activity of caspases 3/7 and 
stress response target protein γ-H2AX in AGP-treated melanoma 
cells, with no significant activity in normal cells (Figure 3, c and d). 
Taken together, this different response of cancer and normal cells 
to AGP treatment indicates that AGP targets cancer cell redox ho-
meostasis, which results in both a stress response and DNA dam-
age, leading to apoptosis in cancer cells. This selective induction of 
ROS in cancer cells indicates that the AGP-specific apoptotic re-
sponse in melanoma cells is mediated by perturbation of cellular 
redox homeostasis.

FIGURE 2: AGP enhances ROS accumulation in melanoma cells. (a) AGP enhances ROS levels in 
melanoma cells (Mel-RM, Mel007) but not normal cells (melanocytes, human fetal lung 
fibroblasts). Cells were treated with AGP (5, 15, 30 s). ROS level was quantified by the 
fluorescent dye CM-H2DCFDA and is shown as a fold change relative to control cells treated 
only with He gas flow. Data were normalized to ROS levels in control melanocyte cells. 
(b) Mel007 or melanocyte cells were treated with AGP (5, 15, 30s) or pretreated with NAC 
(1–2 h) followed by AGP treatment (5, 15, 30 s). ROS level was determined as in a. (c) Mel007 or 
melanocyte cells were treated with AGP or pretreated with NAC (1–2 h), followed by AGP 
treatment. GSH level was quantified as described in Materials and Methods. (d) Mel007 or 
melanocyte cells were treated with AGP (5, 15, 30 s) or pretreated with NAC (1–2 h), followed 
by AGP treatment (5, 15, 30 s). Nitric oxide was quantified after cells were labeled with DAF-FM 
diacetate. All values are mean ± SD of three independent experiments performed in triplicate. 
*p ≤ 0.01, **p ≤ 0.001; ANOVA.
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involvement of ASK1 and downstream ki-
nases p38 and JNK in AGP-induced apopto-
sis in melanoma cells and clearly reveal that 
ASK1 plays a critical role in selective AGP-
dependent signal transduction and apopto-
sis in melanoma cells.

TNF pathway involved in AGP-induced 
activation of ASK1 signaling and 
apoptosis
From the results already presented, it is 
plausible to conclude that ASK1 is an AGP 
effector that activates JNK and p38 kinases. 
However, the mechanism of ASK1 activation 
by AGP is still unclear. Previous studies show 
that TNFR family members are involved in 
the activation of stress-activated protein ki-
nases (SAPKs) and MAPKs (Natoli et al., 
1997). The similarity between AGP- and 
H2O2-induced changes in the ASK1 signal-
ing complex (Figure 5), together with the 
findings that TNF-induced activation of 
ASK1 depends largely on ROS, prompted 
us to examine whether TNF signaling may 
also be involved in AGP-induced activation 
of the ASK1 pathway (Natoli et al., 1997). 
Tumor necrosis factor 1 (TNFR1) blocking 
antibody was used to neutralize the TNFR1 
or inhibit the TNF signaling pathway (Defer 
et al., 2007; Moh et al., 2013).

AGP stimulates the production of ROS 
and TNF, and both ROS and TNF activation 
of ASK1 can be inhibited on depletion of 
ROS by using free radical scavenger NAC 
and the TNFR1-antagonist-neutralizing anti-
body (Figure 6a). Similarly, AGP-induced 
activation of p38 and JNK signaling were 
suppressed in melanoma cells pretreated 
with NAC or antagonist anti-TNFR1 anti-
body (Figure 6, b and c). ASK1, p38, and 
JNK kinases were found in the inactive form 
in normal melanocytes and melanoma 
(Mel007) cells at basal level. Moreover, AGP 
treatment did not activate ASK1, p38, and 
JNK kinases in melanocytes (Figure 6d)

These results suggest that the TNF pathway is required for AGP-
induced activation of ASK1 signaling and apoptosis pathways.

DISCUSSION
Recent literature reviews show that AGPs are being studied with 
great interest for cancer treatment (Graves, 2012; Ishaq et al., 2014). 
It has been shown that AGPs increase intracellular ROS production 
(Vandamme et al., 2012), induce senescence (Arndt et al., 2013), 
cause cell cycle arrest (Volotskova et al., 2012), and induce oxidative 
stress, DNA damage, and apoptosis (Keidar et al., 2011; Iseki et al., 
2012; Kalghatgi et al., 2012). A major obstacle in the development 
of this tool for clinical application as an anticancer therapeutic is the 
lack of understanding of the mechanisms underlying the intercellu-
lar response to AGP exposure. For cancer treatment, knowledge of 
the specific intra cellular signaling pathway factors involved in tumor 
sensitivity and resistance is critical to successful therapy. This re-
quires exploration of the intracellular mechanisms involved in the 

depletion of ASK1 significantly attenuates p38 activation and DNA 
damage response (Thornton and Rincon, 2009). ASK1 is also required 
for H2O2 (ROS)-induced DNA fragmentation and apoptosis. It was 
shown that depletion of the ROS scavenger NAC as well as of ASK1 
strongly reduced DNA fragmentation and apoptosis (Noguchi et al., 
2008). To determine the specific role of ASK1 in AGP-induced apop-
tosis, we knocked down the ASK1 gene in melanoma cells by RNA 
interference (RNAi; Figure 5d). First, we tested the effect of AGP on 
caspase 3/7 activity in ASK1-knockdown melanoma cells. The results 
showed that activation of caspases 3/7 induced by AGP was inhib-
ited in ASK1-depleted melanoma cells, as in cells pretreated with 
intracellular ROS scavenger NAC (Figure 5e). We also observed that 
pretreatment of melanoma cells with either NAC or knockdown of 
ASK1 by RNAi inhibited the toxic effects of AGP in melanoma cells 
(Figure 5f). Our results also showed that AGP-induced activation of 
stress response protein (H2AX) was inhibited in ASK1-knockdown or 
NAC-pretreated melanoma cells (Figure 5g). These results show the 

FIGURE 3: AGP selectively induces apoptosis in melanoma cells, and this is ROS dependent. 
(a) AGP treatment induced cell death in melanoma cells but not normal cells. Melanoma cells 
(Mel-RM, Mel007, Mel-JD), melanocytes (MC), and human fetal lung fibroblasts (MRC5) were 
cultured in 96-well plates overnight, treated with AGP for 5–30 s, and grown for 18–24 h before 
analysis. Cell viability was measured by cell titer nonradioactive cell proliferation assay. 
(b) AGP-induced cell death in melanoma cells was reversed by NAC. Mel007 or Mel-RM cancer 
cells or melanocytes were treated with AGP (5, 15, 30 s) or pretreated with NAC for 1–2 h, 
followed by AGP treatment (5, 15, 30 s) for 18–24 h. Cell viability was measured by cell titer 
nonradioactive cell proliferation assay. (c) Mel007, Mel-RM, and melanocytes were treated with 
AGP or pretreated with NAC. Caspase 3/7 activity was measured by Caspase-Glo 3/7 assay. 
(d) The effect of AGP on stress response targets was determined by Western blot analysis of 
H2AX and γ-H2AX protein in normal (melanocytes) and melanoma cells (Mel007). GAPDH 
expression was used as a loading control. In all experiments, control cells were mock treated 
with He gas flow only. All values are mean ± SD of three independent experiments performed in 
triplicate. *p ≤ 0.01, **p ≤ 0.001; ANOVA.
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2011; Vandamme et al., 2012). Here we 
found that AGP selectively induces increased 
ROS levels in melanoma cells compared 
with normal control cells, which are blocked 
by the endogenous ROS scavenger NAC. 
We also demonstrated that AGP-induced 
ROS are responsible for selective apoptosis 
of cancer cells but that this does not occur in 
normal control cells (Figure 3). This is the first 
report to show that AGPs induce ROS in 
cancer cells but not normal cells.

It has been suggested that ROS are in-
volved in apoptosis of cancer cells by the 
TNF-dependent signaling pathway (Natoli 
et al., 1997). We also found in our apopto-
sis-related gene screening study that TNF 
family members are differentially expressed 
in AGP-treated melanoma cells. We ob-
served that blocking TNFR1 inhibits the ac-
tivity of AGP-induced caspases 3/7 and re-
duces activation of stress response protein 
H2AX (Figure 4). This indicates the involve-
ment of the TNF-apoptotic pathway in AGP-
induced apoptosis in melanoma cells.

Several reports have shown that ROS 
(H2O2) induced by the TNF pathway partici-
pates in the apoptosis of cancer cells in 
ASK1-dependent signaling (Hatai et al., 
2000; Liu et al., 2000; Nishitoh et al., 2002; 
Kamata et al., 2005). ASK1 is required for 
ROS-induced activation of JNK and p38. 
We also found that AGPs, similar to H2O2, 
activate the ASK1 pathway, which results in 
downstream activation of JNK and p38 sig-
naling. The AGP-induced activation of en-
dogenous JNK and p38 is lost by blocking 
with NAC. Moreover, intracellular depletion 
of ASK1 by RNAi inhibits AGP-induced cas-
pase 3/7 activity, cell viability, and stress re-
sponse (Figure 5). These results suggest the 
involvement of ASK1 in the AGP-induced 
apoptosis pathway.

Stimulation of the TNF pathway and in-
ducement of ROS production for the activa-
tion of ASK1 by AGPs are believed to be 
involved in this selective cell death process. 
Although TNF is known to stimulate the pro-
duction of ROS, and activation of the SAPKs 
can be partially reversed with free-radical 
scavengers (Natoli et al., 1997), AGP-in-
duced and TNF-mediated production of 
ROS had not been demonstrated. We found 
that AGP-induced ROS production and 

ASK1 activation was mediated by the TNF pathway. Pretreatment 
with antioxidant NAC and antagonist anti-TNFR1 antibody attenu-
ated AGP-induced ASK1, p38, and JNK phosphorylation (Figure 6). 
These results reveal that AGP-induced production of cellular ROS is 
upstream of the ASK1 and p38/JNK signaling pathway.

Our results provide a plausible mechanisms for AGP-induced 
apoptosis in cancer cells. Extracellular ROS generated by AGP acti-
vates TNF signaling and TNF-dependent intracellular ROS genera-
tion. This high intracellular level of ROS activates caspases 3/7 via 

interaction of AGP with the localized cellular environment. This 
knowledge gap motivated our examination of the intracellular path-
ways involved in the sensitivity to AGP of cancer cell death, as 
shown in Figure 7.

The AGP-produced ROS, such as H2O2 and NO, are the main 
factors that form a system of oxidizing or nitrosylating species, which 
activate several signaling pathways. Excessive ROS inside cells re-
sults in oxidative stress, which leads to DNA damage and apoptosis 
by unknown mechanisms (Landino et al., 1996; Kalghatgi et al., 

FIGURE 4: TNF-apoptotic pathway is involved for AGP-induced selective apoptosis in cancer 
cells. (a, b) Mel007 cells were treated with AGP (5, 15, 30 s), and gene expression for TNFR1 was 
measured by quantitative real-time PCR and Western blotting. (c) Effect of AGP on the 
activation of TNF ligand in Mel007 and melanocytes was determined by enzyme-linked 
immunosorbent assay. Cells were treated with AGP (5, 15, 30 s) for 48 h. The concentration of 
TNFα was measured in cell culture supernatant. (d) Effect of AGP pretreated with or without 
TNFR1-neutralizing antibody on stress response targets were determined by Western blot 
analysis of H2AX and γ-H2AX protein in melanoma cells (Mel007). Mouse IgG1 isotype antibody 
was used as negative control. GAPDH expression was used as loading control. (e, f) Mel007 cells 
were treated with AGP or pretreated with anti-TNFR1 antibody, caspase inhibitor zVAD, 
H2O2-depleting-agent catalase, and nitric oxide synthesis inhibitor DPI, followed by AGP 
treatment. Cell viability was measured using a cell titer nonradioactive cell proliferation assay, 
and caspases 3/7 activity was measured by Caspase-Glo 3/7 assay. In all experiments, control 
cells were mock treated with He gas flow only. All values are mean ± SD of three independent 
experiments performed in triplicate. *p ≤ 0.01, **p ≤ 0.001; ANOVA.
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results clearly demonstrate that ASK1 is 
strongly activated in AGP-treated cancer 
cells, similar to those treated with H2O2,and 
this may provide a useful model system to 
understand the AGP-ROS–dependent sig-
naling pathway leading to apoptosis.

In summary, the present work demon-
strates that activation of ASK1 through TNF 
signaling is required in AGP-induced apop-
tosis. This suggests the importance of TNF 
signaling and subsequent activation of ASK1 
in AGP- and/or ROS-induced programmed 
cell death of melanoma cells. Further stud-
ies are required to elucidate the physiologi-
cal functions of the AGP-TNF-ASK1 pathway 
in resistant tumor treatment.

MATERIALS AND METHODS
Atmospheric gas plasma jet device
All cells were treated with atmospheric 
gas plasma plume, which was generated 
using a custom-designed atmospheric 
gas plasma jet device (Figure 1). The de-
vice consists of a fused quartz tube 
equipped with two conducting electrodes. 
One electrode is a metal wire placed in-
side the tube along the axis and ∼1.8 cm 
before the nozzle exit. The second elec-
trode is a metal ring attached to the outer 
wall of the tube near the nozzle exit. The 
distance between the two electrodes is 
∼1.0 cm. On helium gas flow (2 l/min) 
through the quartz tube, a nonequilibrium 
plasma discharge is produced between 
the two electrodes by an applied AC high 
voltage. The high voltage was generated 
by RF power source coupled with RF 
voltage amplifier. The discharge voltage 
and operating frequency were kept at 
1.1–1.8 kV and 230–270 kHz, respectively, 
during cell treatment. The plasma dis-
charge produced at the end of the metal 
wire electrode was located in two differ-
ent spatial regions. One part of the dis-
charge was located entirely inside the 
tube, from the end of the metal wire elec-
trode to the ring electrode, and part of 
the discharge from the ring electrode 
propagated along with the gas flow and 
extended out of the tube through the 
nozzle as a collimated plasma jet. The 
length of the plasma jet was >2.5 cm. 
The end diameter of this collimated 
plasma jet was ∼500 μm and is referred as 
a cold plasma due to the measured low 

gas temperature (∼35–40°C). During the discharge process, elec-
trical parameters of the plasma, such as discharge voltage and 
current, were measured using high- and low-voltage probes, re-
spectively. The discharge current between the metal wire and 
the ring electrodes was 10 mA. However, only 5–10% of this cur-
rent is likely to extend out of the discharge tube, which was used 
for cell treatment (Keidar et al., 2013).

activation of ASK1 and subsequent p38/JNK pathway and eventu-
ally leads to apoptosis (Figure 7).

The precise mechanisms by which AGP increases intracellular 
ROS production and activate caspase-3–induced apoptosis need to 
be elucidated. It was reported that AGP induced apoptosis via cas-
pase-3–dependent mechanisms (Kim et al., 2011b; Sensenig et al., 
2011), but the upstream mechanisms remained unknown. Our 

FIGURE 5: AGP stimulates ASK1-mediated p38, and JNK activation is ROS dependent and 
reversed with NAC. (a–c) Mel007 cancer cells were treated with AGP or H2O2 with or without 
pretreatment with NAC. Western blot analysis was performed on cell lysate using different 
antibodies as indicated (p-ASK1, S83 phosphospecific antibody for ASK1; p-JNK, 
phosphospecific antibody for JNK; p-p38, phosphospecific antibody for p-38). GAPDH antibody 
was used as a loading control. (d) Knockdown of ASK1 leads to decreased activation effect of 
AGP in melanoma cells. Mel007 cancer cells were transfected with small interfering RNA (siRNA) 
for ASK1 or control siRNA. The cells were analyzed 36–48 h after transfection to determine 
ASK1 protein levels. GAPDH was used as protein loading control. (e, f) At 24 h after treatment 
of ASK1 siRNA or control siRNA, Mel007 cells were treated with AGP (30 s) with or without 
pretreatment with NAC. Caspase 3/7 activity was measured by Caspase-Glo 3/7 assay, and cell 
viability was measured by cell titer nonradioactive cell proliferation assay. All values are mean ± 
SD of three independent experiments performed in triplicate. *p ≤ 0.01, **p ≤ 0.001; ANOVA. 
(g) 2At 4 h posttreatment of ASK1 siRNA or control siRNA, Mel007 cells were treated with AGP 
(30 s) with or without pretreatment with NAC. The effects of AGP on stress response targets 
were determined by Western blot analysis of H2AX and γ-H2AX protein levels in cancer cells. 
GAPDH expression was used as a loading control. In all experiments, control cells were mock 
treated with He gas flow only.
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ROS detection assay
Cells were cultured in 96-well plates at 2 × 104 cells/well overnight 
and treated with AGP for the indicated time periods. ROS genera-
tion was detected with CM-H2DCFDA (C6827; Invitrogen, Grand 
Island, NY) following the manufacturer’s instructions. Briefly, 1–2 h 
after AGP treatment, cells were incubated with 10 μM of CM-H2D-
CFDA for 30 min at 37°C in the dark. ROS were measured by a 
FLUOstar Omega fluorescence plate reader at excitation and emis-
sion wavelengths of 485 and 530 nm, respectively. Assays were per-
formed in triplicate.

Caspase 3/7 activity assay
Cells were plated in 96-well plates at 2 × 104 cells/well, incubated 
for 24 h, and then treated with AGP for the indicated time periods. 
After 4–8 h of AGP treatment, caspase 3/7 activity was quantified by 
adding Caspase Glo 3/7 reagent (G8091; Promega). In some experi-
ments the caspase inhibitor zVAD-FMK (50 μM), NAC (3 mM), 
TNFR1-neutralizing antibody (50 μg/ml), catalase (2000 U/ml), 

Cell culture and reagents
The human melanoma cell lines Mel-RM, Mel-007, and Mel-JD and 
control human epidermal melanocytes were a kind gift of Peter Her-
shey, Melanoma Institute, University of Sydney, Sydney, Australia 
(Jiang et al., 2010), and were maintained in DMEM (Invitrogen) plus 
10% fetal bovine serum (FBS). Melanocytes were grown in special 
melanocyte growth medium 254 plus with human melanocyte 
growth supplement (S-002-05; Invitrogen, Grand Island, NY). 
Human fetal lung fibroblasts (MRC5) were purchased from the 
American Type Culture Collection (ATCC, Manassas, VA) and grown 
in MEM plus 10% FBS. H2O2 (216763), caspase inhibitor Z-VAD-
FMK (G7231), NAC (antio xidant and ROS scavenger; A0737), DPI 
(inhibitor of nitric oxide synthetase; D2926), and catalase (H2O2 de-
pleter; C-30) were purchased from Sigma-Aldrich (St. Loius, MO). 
TNFR1-neutralizing antibody (Defer et al., 2007) and mouse immu-
noglobulin (Ig) G1 isotype control antibody were purchased from 
R&D Systems (Minneapolis, MN).

Cell viability assay
All cells were cultured in 96-well plates at 2 × 104 cells/well over-
night, treated with AGP for indicated time periods, and incubated 
for 18–24 h. Cell viability was measured using CellTiter 96 Aqueous 
Non-Radioactive Cell Proliferation (MTS) Assay (G5421; Promega, 
Madison, WI) following the manufacturer’s protocol. In some experi-
ments the caspase inhibitor zVAD-FMK (50 μM), NAC (3 mM), 
TNFR1-neutralizing antibody (50 μg/ml), catalase (2000 U/ml), or 
DPI (10 μM) was added 1–2 h before AGP treatment. Assays were 
performed in triplicate.

FIGURE 6: TNF signaling involved in the activation of ASK1, p38, and 
JNK by AGP. (a–c) Mel007 cancer cells were treated with AGP with or 
without pretreatment with TNFR1- neutralizing antibody or NAC. 
Western blot analysis was performed on cell lysate using different 
antibodies as indicated (p-ASK1, S83 phosphospecific antibody for 
ASK1; p-JNK, phosphospecific antibody for JNK; p-p38, 
phosphospecific antibody for p-38). GAPDH antibody was used as a 
loading control. (d) The basal protein expression levels for ASK1, p38, 
JNK, ASK1-phos, p38-phos, and JNK-phos were quantified in normal 
melanocytes and Mel007 cells by Western blot analysis. GAPDH 
antibody was used as a loading control.

FIGURE 7: Model for the regulation of TNF-receptor–mediated 
apoptosis pathway induced by AGP. The induced production of ROS 
and TNF pathway activation by cross-talk (direct or indirect 
interaction), which leads to activation of ASK1 and stimulation of 
downstream p38α MAPK or JNK to induce caspase-3/7–dependent 
cancer cell apoptosis.
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control shRNA expression vector by Lipofectamine (Invitrogen) 
according to the manufacturers’ instructions. After 24 h of shRNA 
transfection, cells were treated with AGP. Cells were harvested 
and lysed in RIPA lysis and extraction buffer (89901), halt protease 
inhibitor cocktail (87786), and halt phosphatase inhibitor cocktail 
(78420; Thermo Scientific, Pittsburgh, PA) by incubating on ice for 
30 min, as described previously (Ishaq et al., 2009). Protein con-
centration was determined by BCA Protein Assay Kit (23227; 
Thermo Scientific). After adding 2× SDS loading buffer, the sam-
ples were subjected to SDS–PAGE (MP TGX 4–20%; 4561094; 
Bio-Rad). Protein was then transferred onto immunoblot poly-
vinylidene fluoride membrane (Millipore, Billerica, MA) and 
probed with the primary antibodies as specified and horseradish 
peroxidase (HRP)–conjugated secondary antibodies. The bonded 
proteins were visualized with a chemiluminescence detection kit 
(Clarity Western ECL substrate; Bio-Rad, 170-5060) using 
ImageQuant LAS400 (GE Technology, Little Chalfon, United 
Kingdom). Antibodies used included phospho-p38 MAPK 
(Thr-180/Tyr-182; 4511), p38 MAPK (8690), phospho-SAPK/JNK 
(Thr-183/Tyr-185; 4668), SAPK/JNK (9258), phospho-ASK1 
(Thr-845; 3765), ASK1 (8662), H2AX (2595), phospho-histone 
H2A.X (Ser-139; 2577) and GAPDH from Cell Signaling Tech-
nology (Danvers, MA) and goat anti-rabbit IgG HRP (170-6515) 
and goat anti-mouse IgG HRP (170-6516) from Bio-Rad. In some 
experiments the antioxidant NAC (3 mM), TNFR1-neutralizing an-
tibody (50 μg/ml), or mouse IgG1 antibody as negative isotype 
control were added 1–2 h before AGP treatment.

Statistical analysis
All values are presented as mean ± SD of three independent ex-
periments. Statistical differences between controls and treated 
groups were determined by one-way analysis of variance (ANOVA) 
or Student’s t test where applicable. Differences were considered 
statistically significant for p ≤ 0.05 (*p ≤ 0.01, **p ≤ 0.001).

or DPI (10 μM) was added 1–2 h before AGP treatment. Triplicate 
samples were run in standard 96-well plates to quantify the apop-
totic response. Luminescence values were then determined using a 
LUMIstar Omega plate reader.

Total cellular glutathione assay
Cells were cultured in six-well plates overnight and treated with 
AGP, in some cases after pretreatment with NAC, for the indicated 
time periods. A total of 1 × 106 cells were collected and lysed in 
100 μl of ice-cold lysis buffer for 10 min. At 1–2 h after the AGP 
treatment, supernatant was collected by centrifugation of lysate 
for a glutathione assay performed with a glutathione (GSH/GSSG/
Total) assay kit (K264-100; BioVision Research Products, Milpitas, 
CA) following the manufacturer’s instructions. The total amount of 
GSH was measured using a FLUOstar Omega fluorescence plate 
reader at excitation and emission wavelengths of 340 and 420 nm, 
respectively. Trypan blue stain was used in parallel, and the viable 
cells were counted.

Nitric oxide measurement
Cells were cultures in 96-well plates at 2 × 104 cells/well, incubated 
for 24 h, treated with AGP, and in some cases pretreated with NAC 
(3 mM), for the indicated time periods. Nitric oxide production was 
measured with 4-amino-5-methylamino-2′,7′-difluofluorescein diac-
etate (DAF-FM diacetate) following the manufacturer’s protocols 
(D23844; Invitrogen). At 1–2 h after AGP treatment, cells were 
labeled with 10 μM DAF-FM diacetate for 30 min at 37°C. Nitric 
oxide radical was measured using a FLUOstar Omega fluorescence 
plate reader at excitation and emission wavelengths of 485 and 
520 nm, respectively.

Quantitative real-time PCR
Cells were cultured in six-well plates at 5 × 105 cells/well overnight 
and treated with AGP for the specified time periods. At 18–24 h af-
ter AGP treatment, total cell RNA was extracted using TRIzol re-
agent (15596-026; Invitrogen) and reverse transcribed into single-
stranded cDNA as explained previously (Ishaq et al., 2008). 
Quantitative relative gene expression was determined by using 
SsoAdvanced SYBR Green SuperMix (172-5265; Bio-Rad, Hercules, 
CA) with a Roche LightCycler 480 qPCR system. Data were analyzed 
with LightCycler 480 software. The human apoptosis PCR array 
primers library (HPA-1; RealTimePCR.com, Elkins Park, PA) was used 
to quantify relative gene expression of >90 genes involved in intrac-
ellular prosurvival and proapoptotic pathways. glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), actin-b, GUS-b, B2M, HPRT1, 
PPIA, and RPL13A were used as internal controls to normalize data. 
Relative quantification of gene expression after AGP treatment was 
obtained by using the ∆CT method compared with fold change of 
untreated (He gas flow only) control cells.

Enzyme-linked immunosorbent assay
Cells were cultured in six-well plates and either untreated or treated 
with AGP for the specified time period. After 48 h of treatment, cell 
culture supernatants were harvested, and the concentration of TNFα 
was measured by using the TNFα human enzyme-linked immuno-
sorbent assay kit (ab46087) from Abcam (Cambridge, United King-
dom) as per the manufacturer’s instructions.

RNA interference and Western blot
Cells grown to a density of ∼70% confluence with antibiotic-free 
media were transfected with the ASK1 short hairpin RNA (shRNA; 
sc-29748; Santa Cruz Biotechnology, Santa Cruz, CA) and negative 
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