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Abstract
Background/Aims: Alteration of cancer cell redox status has been recognized as a promising 
therapeutic implication. In recent years, the emerged field of non-thermal plasma (NTP) has 
shown considerable promise in various biomedical applications, including cancer therapy. 
However, understanding the molecular mechanisms procuring cellular responses remains 
incomplete. Thus, the aim of this study was a rigorous biochemical analysis of interactions 
between NTP and liver cancer cells. Methods: The concept was validated using three different 
cell lines. We provide several distinct lines of evidence to support our findings; we use various 
methods (epifluorescent and confocal microscopy, clonogenic and cytotoxicity assays, 
Western blotting, pharmacological inhibition studies, etc.). Results: We assessed the influence 
of NTP on three human liver cancer cell lines (Huh7, Alexander and HepG2). NTP treatment 
resulted in higher anti-proliferative effect against Alexander and Huh7 relative to HepG2. Our 
data clearly showed that the NTP-mediated alternation of mitochondrial membrane potential 
and dynamics led to ROS-mediated apoptosis in Huh7 and Alexander cells. Interestingly, 
plasma treatment resulted in p53 down-regulation in Huh7 cells. High levels of Bcl-2 protein 
expression in HepG2 resulted in their resistance in response to oxidative stress- mediated 
by plasma.  Conclusion: We show thoroughly time- and dose-dependent kinetics of ROS 
accumulation in HCC cells. Furthermore, we show nuclear compartmentalization of the 
superoxide anion triggered by NTP. NTP induced apoptotic death in Huh7 liver cancer cells 
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via simultaneous downregulation of mutated p53, pSTAT1 and STAT1. Contrary, hydrogen 
peroxide treatment results in autophagic cell death. We disclosed detailed mechanisms of 
NTP-mediated alteration of redox signalling in liver cancer cells.

Introduction

Despite recent progress in cancer therapies [1-3], hepatocellular carcinoma (HCC) 
represents the second biggest cause of mortality [2, 3] with steadily rising incidence [4]. 
HCC becomes a major health problem due to lack of novel effective therapeutics [2, 5]. Thus, 
development of other effective HCC treatment modalities is of a great importance.

Mounting evidences suggest that tumours possess altered redox balance and 
deregulated redox signalling that is strongly associated with malignant transformation and 
resistance to conventional treatments [6, 7]. Specifically in HCC, oxidative stress pathway is 
constitutively activated [8, 9]. Sustained reactive oxygen species (ROS) production results 
in developing an efficient mechanism of ROS detoxification and cancer survival under pro-
oxidizing conditions [6, 7]. Thus, dependency of cancer cells from their antioxidant systems 
was recognized as a promising target to induce cell death [6, 7]. However, clinical trials with 
several antioxidants as potential HCC treatment revealed serious adverse effects including 
increased cancer incidence [10]. To circumvent them, complex treatment modalities that 
combine alteration of redox signalling with blockade of the key antioxidant systems were 
developed [6, 7, 11]. Disturbance of redox status showed promising results in HCC [12-15]; 
however, such treatments were not completely satisfactory in HCC patients diagnosed at 
advanced stages and those with complications [16, 17].

Non-thermal plasma (NTP) that alters redox signalling in cells has emerged recently 
[18, 19]. NTP is a partially ionized gas that contains a chemically complex and reactive 
environment that includes ions, electrons, free radicals, UV radiation, and neutral molecules 
[20]. A bust of studies has shown numerous biological and medical applications of NTP 
ranging from microorganism deactivation [21, 22], neural differentiation [23] and wound 
healing [24, 25], to cancer treatment [19, 26-29]. Notwithstanding such extensive research 
the exact action mechanisms of plasma on cells and humans are not well understood. 
Growing number of studies suggests that major factors underlying the effect of plasma-
cell interaction are reactive oxygen (ROS) and reactive nitrogen species (RNS) whereas the 
influence of others is negligible [22, 23, 30, 31].

The aim of this study was to investigate cellular and molecular effects of air NTP exerted 
on distinct HCC cell lines. Our study demonstrates that NTP treatment resulted in higher 
anti-proliferative activity against Huh7 and Alexander cells relative to HepG2. The cellular 
response involves increased intracellular accumulation and production of chemically active 
ROS and RNS. Moreover, our study identifies p53 tumour suppressor protein as cellular 
NTP-effector in HCC cell lines, which mediates ROS-induced cell death in response to acute 
NTP treatment. HepG2 cell line showed greater degree of resistance in response to oxidative 
stress mediated by plasma due to the overexpression of Bcl-2 protein. Taking together, we 
elucidated detailed cell line-specific mechanisms altering redox signalling in the absence of 
other activators which may provide a basis for better controlled biomedical applications.

Materials and Methods

Chemicals and antibodies
The following fluorescent probes were used: Cellular ROS/Superoxide Detection Assay Kit (Abcam, 

Cambridge, United Kingdom) to detect the generation of ROS and superoxide; and acridine orange (5 
µg/ml) to monitor lysosomal integrity (Thermo Fisher Scientific, Waltham, MA); JC-1 (1 µM) to monitor 
mitochondrial membrane potential (Thermo Fisher Scientific) and CellEvent™ Caspase-3/7 Green Assay 
Kit to detect caspase-3 activation (Thermo Fisher Scientific). To investigate mitochondrial ROS, cells were 
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Table 1. List of fluorescent reagents, inhibitors and other chemicals used in the study

NucRed™ Live 647 ReadyProbes™ Reagent

loaded with MitoTracker® red CM-H2XRos (reduced form of MitoTracker® red; 0.5 μM; Thermo Fisher 
Scientific) by incubating them for 15 min. The cell-permeant SYTO 13 green fluorescent nucleic acid stain (5 
μM; Thermo Fisher Scientific) was used to label nucleus. Apoptosis was assessed using Apoptosis Detection 
Kit (Thermo Fisher Scientific). Nuclei were counterstained with either Hoechst 33342 or NucRed™ Live 647 
ReadyProbes™ Reagent (both from Thermo Fisher Scientific). The optimal incubation time for each probe 
was determined experimentally.

The following reagents were used: N-acetyl-L-cysteine (NAC, 5 mM) to scavenge ROS (Sigma-Aldrich, 
St. Louis, MO); staurosporine (STS, 2 μM) as a known inducer of apoptosis (Abcam, Cambridge, United 
Kingdom); pyocyanin (200 μM; Abcam) and H2O2 (0.1-10 mM; Sigma-Aldrich) as a known ROS inducers; 
ABT-737 (1-10 µM) as a potent and selective inhibitor of Bcl-2, EC50 = 30.3 nM (Selleckchem, Munich, 
Germany). All chemicals used in the study are summarized in Table 1.

Cell culture and liver sample
Human hepatocellular carcinoma cell lines Huh7 obtained from the Japanese Collection of Research 

Bioresources (JCRB), HepG2 (American Type Culture Collection, ATCC) and Alexander (PLC/PRF/5, ATCC) 
were cultured in EMEM medium (ATCC) supplemented with 10% fetal bovine serum (FBS, Thermo Fisher 
Scientific) as recommended by the supplier. Cultures were kept in a humidified 5% CO2 atmosphere at 
37 °C and the medium was changed once a week. Liver tissue sampling was approved by the Clinical and 
Experimental Medicine and the Thomayer University Hospital Research Ethics Committee and the Ethics 
Committee of the Third Faculty of Medicine, Charles University in Prague.

Plasma treatment
To produce uniform non-thermal plasma for application in biomedicine, we utilized specific plasma 

system published previously [21, 30, 32]. For plasma generation air was used as working gas. The plasma 
treatment procedure we described in details in [21, 30, 32]. Briefly, air was supplied through a gas inlet 
and then was ionized in the pores of the ceramic membrane. The input voltage was about 600 V, electric 
current 167 mA, and the power was 100 W; such a high voltage supply resulted in electron energy of about 
0.5 keV. Cells grown to 70 % confluence were exposed to plasma from the device located 10 mm away, for 
5, 10, 15, 25, 30, 45 and 60 s. Before the treatment, the medium was removed from culture wells and then 
50 µl of medium was added to prevent the cells from drying up. After the plasma treatment, the remaining 
medium was replaced with a fresh one. The plasma density increased with an increase in applied voltage. 
The operation voltage was kept constant as 0.5 kV for all experiments. The majority of experiments were 
done in 96-well plates in quadruplicates, with at least 3 or 4 independent experiments. Immunofluorescence 
and immunoblot assays were done on cells irradiated by plasma in 24-well plates. In order to avoid cross-
stimulation of neighbouring wells, we treated wells by plasma through a protective plastic sheet (2 mm 
thickness) with a hole of the same size as the plasma nozzle [30]. Moreover, we seeded cells with one well 
gap filled with sterile water to be sure that different exposures were not cross-reacting [30].
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Further, to make plasmas spatially well localized, we developed a plastic concentrator for the nozzle 
[30]. Being aware that NTPs might change the pH of liquids, we monitored pH changes upon plasma 
treatment. The pH of the media solution was measured with a pH probe (Oakton pHTestr30) before and 
after the solution was treated with the plasma, for a given amount of time (5, 10, 15, 25, 30, 45 and 60 s). All 
irradiation times by both plasmas did not change the pH of the cell culture media; the pH was at the range 
of 7.4. This observation is not surprising, because it has been shown that short-term exposure for less than 
4 min does not lead to pH changes in media [33].

Additionally, we performed power measurements of UV production by air NTP utilizing UV light meter 
(Lutron YK 35UV). Power measurements of UV production, where the power density for air was lower than 
1 μW/cm2, which is at least one order of magnitude lower than the minimal power density needed to have 
any effect on living cells [34].

Cell viability assay
Cell viability was analyzed by WST-1 assay (Roche Diagnostics, Basel, Switzerland), that is based on the 

cleavage of tetrazolium salt WST-1 by cellular mitochondrial dehydrogenases, producing a soluble formazan 
salt. This conversion occurs only in viable cells, thus allowing accurate spectrophotometric quantification of 
the number of metabolically active cells in the culture. Cells were seeded onto 96-well plates at a density of 
8000 cells per well and treated with plasma for 5, 10, 15, 25, 30, 45 and 60 s. 24 or 72 h after the treatment, 
WST-1 reagent was added to each dish and incubated for 2 h at 37°C to form formazan. The absorbance 
was measured using a TECAN microplate reader SpectraFluor Plus (TECAN, Mannedorf, Switzerland) at 
450 nm. Readings were done in quadruplicates; three independent experiments were performed for each 
measurement. In order to block ROS/RNS, the ROS scavenging agent 5 mM N-acetyl-L-cysteine (NAC) was 
added to the complete culture medium. In experiments with pharmacological inhibitors, culture medium 
was supplemented with 1-10 µM ABT-737 (a potent and selective inhibitor of Bcl-2).

Detection of intracellular ROS and RNS
ROS and RNS levels were measured using Cellular ROS/Superoxide Detection Assay Kit (Abcam, 

Cambridge, United Kingdom). Briefly, cells were seeded onto 96-well black/clear bottom plates (BD 
Biosciences, Corning, CA) at a density of 8000 cells per well. Following this, plasma treatment cells were 
labeled with Oxidative Stress Detection Reagent (Green) for ROS detection and Superoxide Detection 
Reagent (Orange) according to the manufacturer’s instructions (Abcam, Cambridge, United Kingdom). 
Fluorescence was then measured using a TECAN microplate reader SpectraFluor Plus. Readings were done 
in quadruplicates. As positive control treatment with either 500 µM H2O2 for 30 min or 200 μM pyocyanin 
for 1 h were used. Quantification of ROS levels was done using the methods published earlier [35]. Briefly, 
we calculated fluorescence using the formula [(Ft10 - Ft0)/Ft0], where Ft10 is fluorescence at time 10 min (time 
needed for the dye to effectively label reactive oxygen species in cells) and Ft0 – fluorescence at time 0 min. 
The fluorescence, then, was normalized to the fluorescence of negative control giving a value of ‘Relative 
ROS/Superoxide level’. We and others showed that this method is reliable and efficient for evaluating the 
potency of pro-oxidants and can be used to evaluate the efficacy of antioxidants against oxidative stress in 
cells [21, 30, 35].

Lysosomal stability assay utilizing Acridine Orange (AO)
After plasma treatment cells were stained with 5 µg/ml acridine orange (AO, Thermo Fisher). Once 

inside the lysosomes, the metachromatic AO sensitizes the lysosomal membrane to photo-oxidation by blue 
light. Upon treatment-induced loss of the lysosomal pH gradient and subsequent leakage of AO into the 
cytosol, the emission spectrum of AO shifts from red to green. Hence, loss of lysosomal integrity can be 
measured as a ‘loss of red fluorescence’. The accompanying decrease in fluorescence intensity was analysed 
by measuring intensity of red fluorescence utilizing TECAN microplate reader SpectraFluor Plus. The 
fluorescence, then, was normalized to the fluorescence of negative control giving a value of ‘Fluorescence 
(AO) normalized’. Readings were done in quadruplicates; three independent experiments were performed 
for each measurement.
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Quantification of mitochondrial membrane potential
Cells were stained with 1 µM JC-1 probe 5 h post plasma treatment for analysis of mitochondrial 

membrane potential (ΔmΦ) [36, 37]. JC-1 is a lipophilic cationic fluorescence dye with a dual emission 
wavelength. It accumulates in mitochondria depending on ΔmΦ and is present either as monomer or 
oligomer (J-aggregate). The JC-1 monomer predominating in depolarized mitochondria emits green 
fluorescence (∼530 nm), whereas the oligomer forming in mitochondria with potentials more negative 
than −140 mV emits red fluorescence (∼590 nm). JC-1 has advantages over other cationic dyes in that it 
can selectively enter into mitochondria and reversibly change colour from red to green as the membrane 
potential decreases. In healthy cells with high mitochondrial ΔmΦ, JC-1 spontaneously forms complexes 
known as J-aggregates with intense red fluorescence. On the other hand, in apoptotic or unhealthy cells 
with low ΔmΦ, JC-1 remains in the monomeric form, which shows only green fluorescence. Hence, loss of 
mitochondrial membrane potential can be measured as a ‘loss of red fluorescence’. Following staining, cells 
were imaged using Bio-Rad MRC-1024 laser scanning confocal microscope (BioRad, Hercules, CA). ImageJ 
software (NIH, Bethesda, MD) was used for image processing and fluorescence quantification.

Detection of mitochondrial reactive oxygen species
Mitochondria specific ROS were assessed as described previously [37]. Briefly, after NTP treatment 

cells were loaded with 5 µM SYTO 13 green and 0.5 µM MitoTracker® red CM-H2XRos for 15 min at 37°C 
in the dark and then imaged using Bio-Rad MRC-1024 laser scanning confocal microscope. ImageJ software 
was used for image processing and fluorescent micrograph quantification. Cellular fluorescence intensity 
was calculated by normalizing corrected total cell fluorescence (CTCF) of the full area of interest to average 
a single cell fluorescence. The net average CTCF intensity of a pixel in the region of interest was calculated 
for each image utilizing a previously described method [37].

Caspase-3/7 activity assay
Caspase-3/7 activation was detected utilizing the CellEvent™ Caspase-3/7 Green Assay Kit (Thermo 

Fisher Scientific). Cells were seeded onto 96-well black/clear bottom plates (BD Biosciences) at a density 
of 8000 cells per well. 6h post plasma treatment, cells were stained with CellEvent™ Caspase-3/7 Green 
Assay Kit according to the manufacturer’s instructions. The fluorescence was then measured using a TECAN 
microplate reader SpectraFluor Plus. Alternatively, cells were seeded in 35mm ibidi µ- dishes (Ibidi, Munich, 
Germany) and then imaged using Bio-Rad MRC-1024 laser scanning confocal microscope. As positive control 
2 µM staurosporine for 4 h was used.

Detection of apoptosis
The Dead Cell Apoptosis Kit (Thermo Fisher Scientific) was used to measure early apoptosis by 

detecting phosphatidylserine expression and membrane permeability. Cells were cultured in 24-well 
plate on glass cover slips coated with FBS and treated with plasma for 60s and incubated for 6h. 6h 
post plasma treatment, cells were stained with Dead Cell Apoptosis Kit according to the manufacturer’s 
instructions. Phosphatidylserine expression as an early sign of apoptosis was determined by the binding 
of Alexa Fluor 488 Annexin V, propidium iodide was used to differentiate necrotic cells. Hoechst 33342 
was used as nucleus staining. After staining, cells were fixed by 4% paraformaldehyde for 10 min at room 
temperature. As positive control 2 µM staurosporine for 4 h was used. Fluorescence images were recorded 
with epifluorescent microscope IM-2FL (Optika Microscopes, Ponteranica, Italy). ImageJ software was used 
for image processing and fluorescent micrograph quantification.

Cell extracts and western immunoblot analysis
Aliquots of whole cell lysates [38, 39] containing equal amounts of protein were obtained using lysis 

buffer RIPA. Protein samples were subjected to SDS-PAGE electrophoresis, transferred to PVDF membranes. 
The membranes were blocked with 5% (w/v) nonfat dried milk for 1 h, then incubated with various specific 
primary antibodies listed in Table 2 at 4 °C overnight and detected as described [38, 39]. All antibodies used 
in the study are summarized in Table 2. Supplements include non-cropped immunoblots (all supplementary 
material available online at www.cellphysiolbiochem.com).
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Confocal microscopy
Nikon Diaphot 200 microscope 

(Nikon, Tokyo, Japan) in combination 
with Bio Rad MRC-1024 confocal laser 
scanning imaging system have been 
used in this work for the visualization 
of cells. Fluorescence images were 
taken with the acquisition software 
Lasersharp 2000 v5.2 (BioRad). 
ImageJ software was used for image 
processing and quantification.

Clonogenic survival assay
For clonogenic assays, single-cell suspensions were generated for each cell line and specified numbers 

of cells were seeded into 24-well tissue culture plates. Cells were allowed to adhere for 6 h, and then 
irradiated with plasma. Five days after the treatment colonies were stained with crystal violet method 
described in [40].

Statistical analysis
Quantitative results are present as mean ± SEM. The statistical significance of differences between the 

groups was determined using ANOVA Fisher’s LSD and Newman-Keuls tests. Differences were considered 
statistically significant at *P < 0.05.

Experiments utilizing multi-well microtitre plates (e.g. cell viability, caspase 3/7 activity, ROS and RNS 
detection, lysosomal integrity, mitochondrial membrane potential) were conducted in accordance with 
guideline on randomization, spatial arrangement of samples and sampling number [41]. Readings were 
done in quadruplicates. Data were plotted for 3 independent experiments for each treatment.

For quantitative fluorescence microscopy analysis (analysis of mitochondria dynamics, mitochondrial 
ROS detection) we used rigorously defined guidelines for accuracy and precision quantification [42]. The 
sample size determination was based on a statistical method described in [43], which determines sample 
size for 95 % confidence interval and 0.9 statistical power equal to 30. Therefore, n = 30 cells were used 
in quantification. Furthermore, to meet acceptable standards of data presentation [44], quantitative 
fluorescence microscopy data were shown by displaying the full dataset as scatter plots.

Results

NTP is more cytotoxic in Huh7 vs HepG2 cells due to distinct ROS accumulation
A number of studies have shown the anti-proliferative activity of NTP against different 

cancer cell lineages [19, 26, 28, 45, 46]. However, only limited number of reports compared 
NTP-induced effects on the same cancer model using different cell lines. It is worth noting 
here that glioblastoma cell lines displayed different sensitivities to plasma treatment [47]. 
Furthermore, only few studies showed potential anticancer effects on HCC cell lines [46, 
48-50]. Indeed, ROS and lipid peroxide species generated by plasma eventually resulted in 
the HepG2 cell death [49]. Here, we analysed the physiochemical and biochemical processes 
that occur during NTP treatment of different HCC cell lines. Cytotoxic effects induced by 
NTP exerted on HepG2 and Huh7 cells were dose- and time-dependent (Fig. 1A; and 2A). 
Interestingly, NTP showed significantly higher cytotoxic activity against Huh7 cells compared 
to HepG2 (Fig. 1B; and 2A). The cytotoxic effect of NTP exerted on Huh7 and HepG2 was 
chased by colony formation (Fig. 1C). NTP treatment reduced tumorigenicity of Huh7; on the 
other hand, NTP had negligible effect on HepG2 colony formation (Fig. 1C).

It becomes more evident that ROS and RNS are major factors mediating the effect of 
plasma-cell interaction [22, 23, 30, 31]. Therefore, we assessed generation of intracellular 
ROS followed by plasma treatment, utilizing distinct fluorescent probes for total ROS and 
superoxide (O2

⎯). Indeed, NTP triggered a time- (Fig. 2B, C) and dose-dependent (Fig. 3A, 

Table 2. List of antibodies used in western blotting and 
immunofluorescence analysis

β
Annexin V Alexa Fluor™ 488 (1:100)
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B) intracellular ROS and superoxide accumulation in both cell lines. Consistent with the 
cytotoxicity data, ROS accumulation induced by NTP was significantly greater in Huh7 than 
in HepG2 cells (Fig. 3A-C).

Mounting evidence suggest that necrosis and apoptosis can be regulated by the formation 
of specific ROS [51, 52]. Furthermore, ROS overall concentration at steady-state levels, 
their site of generation and spatial confinement within the cell might determine different 

Fig. 1. NTP treatment demonstrates 
anti-proliferative activity against 
hepatic tumour cells. (A) Cell 
viability of Huh7 and HepG2 was 
analysed by WST-1 assay 24 h post 
plasma treatment. The data were 
normalized to control values (no 
exposure), which were set as 100 % 
cell viability. Readings were done in 
quadruplicates, data are present as 
mean ± SEM, n=3 (three independent 
experiments). One-way ANOVA with 
Newman–Keuls multiple comparison 
test was used; t=0 time point serving 
as control; *P< 0.05, ***P< 0.001. (B) 
Comparison of survival rate between 
Huh7 and HepG2 cell lines 24 and 72 
h post plasma treatment. Data are 
assessed as in (A); ##P< 0.01, **P< 
0.01, comparison 72 vs 24 h post 
plasma treatment. (C) The reduced colonogenicity of NTP-treated Huh7 cells. In this experiment the effect 
of NTP on Huh7 and HepG2 was examined by colony formation assay. Positive control – 20 % ethanol for 
60 min.

Figure 1.
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Fig. 2. NTP induces ROS production in HCC cell lines. (A) Cell viability of Huh7 and HepG2 was analysed 
by WST-1 assay 72 h post plasma treatment. The data were normalized to control values (no exposure), 
which were set as 100 % cell viability. Readings were done in quadruplicates, data are present as mean ± 
SEM, n=3 (three independent experiments). One-way ANOVA with Newman–Keuls multiple comparison 
test was used; t=0 time point serving as control; *P< 0.05, ***P< 0.001. (B) Time-dependent ROS/RNS (after 
60s NTP) induction by NTP. Huh7 and HepG2 cells were exposed to NTP, followed by ROS measuring, using 
the cellular ROS/RNS detection kit (Abcam) by spectrofluorometry. Readings were done in quadruplicates, 
data are present as mean ± SEM, n = 3 (three independent experiments). One-way ANOVA with Newman–
Keuls multiple comparison test was used; t = 0 time point serving as control, ***P< 0.001. (C) Time-
dependent (after 60s NTP) Superoxide (O2

-) induction by NTP. Huh7 and HepG2 cells were exposed to NTP, 
followed by superoxide measuring, using the cellular ROS/Superoxide Detection Assay Kit (Abcam) by 
spectrofluorometry. Readings were done in quadruplicates, data are present as mean ± SEM, n = 3 (three 
independent experiments). One-way ANOVA with Newman–Keuls multiple comparison test was used; t = 0 
time point serving as control, ***P< 0.001.
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cellular outcomes [51-53]. Indeed, nuclear accumulation of the superoxide anion triggered 
by NTP was significantly higher in Huh7 cells compared to HepG2 (Fig. 3C). Additionally, 
we focused on cytotoxicity induced by hydrogen peroxide as one of the major long-lived 
species detected in plasma [20, 22]. Hydrogen peroxide concentrations were selected to be 
physiologically relevant. It was deliberately shown that concentrations of H2O2 (0.1-10 mM) 
are produced in liquids by NTP treatment of physiological solutions [22]. Indeed, we found 
no differential cytotoxic effect on Huh7 and HepG2 cells upon H2O2 treatment (Fig. 3D). This 
finding indicates that NTP and H2O2 trigger redox signalling differently. To confirm the role 
of ROS in NTP-induced cell death, we treated both cell lines with N-acetyl-L-cysteine (NAC, a 
potent ROS scavenger) that completely abolished the cytotoxic effects of NTP (Fig. 3E).

Fig. 3. NTP induces excessive ROS accumulation in HCC cell lines. (A) Dose-dependent (6 hours after NTP 
exposition) ROS/RNS induction by NTP. Huh7 and HepG2 cells were exposed to NTP, followed by ROS 
measuring, using the cellular ROS/RNS detection kit (Abcam) by spectrofluorometry. Readings were done 
in quadruplicates, data are present as mean ± SEM, n = 3 (three independent experiments). One-way ANOVA 
with Newman–Keuls multiple comparison test was used; t = 0 time point serving as control, ***P< 0.001. (B) 
Dose-dependent (6 hours after NTP exposition) Superoxide (O2

-) induction by NTP. Huh7 and HepG2 cells 
were exposed to NTP, followed by superoxide measuring, using the cellular ROS/Superoxide Detection Assay 
Kit (Abcam) by spectrofluorometry. Readings were done in quadruplicates, data are present as mean ± SEM, 
n = 3 (three independent experiments). One-way ANOVA with Newman–Keuls multiple comparison test 
was used; t = 0 time point serving as control, ***P< 0.001. (C) NTP treatment induced intracellular ROS / 
Superoxide (O2

-) production and different subcellular accumulation. Plasma-treated cells were stained with 
ROS/Superoxide Detection Assay Kit and imaged by confocal microscopy. Representative images out of three 
independent experiments are shown. Positive control 500 µM H2O2 for 1 h was used. Circles indicate nucleus 
borders. Arrows show nuclear localization of superoxide. (D) Effects of H2O2 on cell viability were detected 
by WST-1 assay. Cells were incubated with different concentrations of H2O2 for 24 h and then the viability 
was assessed as in (A). Data are present as mean ± SEM, n=3 (three independent experiments). One-way 
ANOVA with Newman–Keuls multiple comparison test was used; ###P< 0.001, ***P< 0.001. (E) ROS scavenger 
prevents the cytotoxicity induced by NTP. Treatment with ROS scavenging agent N-acetyl-L-cysteine (NAC) 
completely abolished the cytotoxicity of NTP. Viability of Huh7 and HepG2 cells exposed to the NTP for 60 
s with supplementation of 5 mM NAC was detected by WST-1 assay 24 h post plasma treatment. The data 
were normalized to control values (no exposure), which were set as 100 % cell viability. Readings were done 
in quadruplicates, data are present as mean ± SEM, n=3 (three independent experiments). One-way ANOVA 
with Newman–Keuls multiple comparison test was used; ***P< 0.001.
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Fig. 4. Alteration of mitochondrial dynamics and induction of mitochondrial membrane depolarization by 
NTP treatment. (A) Confocal imaging with binarized pictures of the original images shows mitochondrial 
fragmentation in Huh7 cells treated with NTP for controls stained with JC-1 (1 µM). Cells were treated with 
NTP for 60 s and stained 5 h post plasma treatment. Positive control – 20 % ethanol for 20 min. Arrows 
indicate swollen mitochondrial phenotype. (B) Pre-processed images of mitochondria stained with JC-1 
as described in (A) were subjected to morphometric analysis for mitochondrial circularity. Morphometric 
analysis was performed using ImageJ (NIH). The data expressed as mean of n = 30-50 cells; *P< 0.05, ***P< 
0.001. (C) Confocal images of mitochondria stained with JC-1 as described in (A) were quantified for total 
red JC-1 fluorescence. The red fluorescence intensity of JC-1 reflects the level of ΔmΦ. Quantifications 
performed using ImageJ (NIH) are presented as means of n = 30-50 cells; ***P< 0.001. (D) Representative 
confocal analysis of ROS production in HCC cell lines preloaded with the mitochondrial-ROS-sensitive probe 
MitoTracker® red CM-H2XRos under conditions of NTP treatment. Cells were treated with NTP for 60 s 
and stained 5 h post plasma treatment. Non-irradiated cells treated with pyocyanin (200 µM) were used 
as a ROS positive control. For nuclear staining SYTO 13 (green dye) was used. (E) Quantitative imaging 
analysis of NTP-induced mitochondrial ROS detected by MitoTracker® red CM-H2XRos. Confocal images of 
mitochondria stained as described in (D) were subjected to fluorescence intensity quantification performed 
using ImageJ (NIH). The data expressed as mean of n = 30-50 cells; ***P< 0.001.
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Effects of NTP on mitochondrial dynamics and membrane potential
Nowadays it is widely accepted that mitochondria represent a major source of 

intracellular ROS (especially hydrogen peroxide and superoxide) generation [54]. The 
excessive superoxide production results in mitochondrial dysfunction leading finally to 
cytotoxic effects in cells [54]. It is worth noting, that analysis of the impact of NTP treatment 
on mitochondrial activity in cancer cells is still fragmented [29, 55, 56]. Furthermore, effects 
NTP treatment on mitochondria in HCC cell lines have not been elucidated [46, 49, 50]. 
Therefore, we investigated whether plasma treatment affects mitochondrial function.

We analysed the effect of NTP treatment on the regulation of mitochondrial dynamics 
by confocal microscopy in HepG2 and Huh7 cells assessing mitochondrial morphology 
with JC-1 labelling (Fig. 4A). Dysfunction of mitochondria is usually accompanied by 
mitochondrial fragmentation and fission associated with ROS-induced oxidative stress [57, 
58]. We observed a marked increase in mitochondrial fragmentation and swelling in Huh7 
cells treated with NTP compared to the controls as revealed by microscopy and quantitative 
assessment of mitochondrial circularity and area (Fig. 4A, B; and 5A, B). Contrary, treatment 
of HepG2 with NTP showed negligible effects on mitochondrial morphology and dynamics 
(Fig. 4A, B; and 5A, B), staying in line with ROS production, cytotoxicity and tumorigenicity 
data (Fig. 1 and 3). The inhibition of mitochondrial fusion and subsequent mitochondrial 
fragmentation could be a result of the reduction of mitochondrial membrane potential (ΔmΦ) 
[59]. We observed the effect of NTP treatment on ΔmΦ by measuring the lipophilic cationic 
probe JC-1 fluorescent intensity of retained JC-1 red aggregates as an indication of changes 

Fig. 5. Alteration of mitochondrial dynamics and induction of mitochondrial membrane depolarization by 
NTP treatment. HepG2 (A) and Huh7 (B) cells were treated with NTP for 60 s and stained with JC-1 (1 µM) 5 
h post plasma treatment. Positive control – 20 % ethanol for 20 min. Pre-processed images of mitochondria 
stained with JC-1 as described in (Fig. 2A) were subjected to morphometric analysis for mitochondrial area. 
Morphometric analysis was performed using ImageJ (NIH). The data expressed as “Mean mitochondrial area 
(µm2)”, n = 30-50 cells; ***P< 0.001. (C) Analysis of mitochondrial membrane potential in NTP-treated HepG2 
and Huh7 cells. Cells were stained with 1 µM JC-1 probe 5 h post plasma treatment, the JC-1 fluorescence 
was measured using confocal microscopy. Representative images out of four independent experiments are 
shown. Positive control – 20 % ethanol for 20 min. Nuclei were labelled with NucRed® Live nuclear stain 
(blue).
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Fig. 6. Analysis of apoptosis hallmarks after NTP treatment. (A) Time-dependent and (B) long-term (8.5h 
post treatment) effects of NTP on lysosomal integrity. After plasma treatment (60 s) HepG2 and Huh7 cells 
were stained with acridine orange (AO). AO uptake in acidic lysosomes leads to red fluorescence, which 
dissipates when the dye leaves this compartment. The accompanying decrease in fluorescence intensity 
was analysed by spectrofluorometry. Readings were done in quadruplicates. As a positive control, cells were 
treated with 20 % ethanol for 30 min. The data present the mean values of four independent experiments. 
Data are expressed as means ± SEM (n = 4); **P< 0.01, ***P< 0.001. (C) Annexin V and propidium iodide (PI) 
quantification of plasma-treated Huh7 and HepG2. Cells were treated with NTP for 60 s, then 6 h after the 
treatment cells were labelled with Hoechst nuclear stain, annexin V and propidium iodide. Labelled cells 
were imaged with fluorescence microscopy. Annexin V and PI values were analysed with ImageJ (NIH). The 
data present mean values of five independent experiments. In each experiment 5 randomly selected fields 
for each sample were quantified. Data are expressed as means ± SEM (n = 5); *P< 0.05, **P< 0.01, ***P< 0.001. 
Positive control – 2 µM staurosporine for 4 h. (D) Caspase-3/7 activation assay in Huh7 and HepG2. Cells 
were stimulated with NTP for 60 s, then 6 h after the treatment cells were labelled CellEvent™ Caspase-3/7 
Green Assay Kit. Following staining, cells were analysed using a fluorescent microplate reader. Readings 
were done in quadruplicates. As a positive control, cells were treated with 2 µM staurosporine for 4 h. The 
data present the mean values of four independent experiments. Data are expressed as means ± SEM (n = 4); 
***P< 0.001. (E) Caspase-3/7 activation assay and nuclear fragmentation in Huh7 and HepG2. Cells were 
stimulated and labelled as in (D). Following staining, labelled cells were imaged with confocal microscopy. 
Representative images out of three independent experiments are shown. NucRed™ Live 647 ReadyProbes™ 
Reagent (red dye) was used for nucleus labelling. Positive control – 2 µM staurosporine for 4 h. White arrows 
indicate fragmented nuclei.
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in mitochondrial membrane potential. Treatment of Huh7 cells with NTP induced a lower 
ΔmΦ compared with the control group, while no significant difference was found between 
NTP-treated and untreated HepG2 cells (Fig. 4C; and 5C). Mitochondria are known to be one 
of the main cell sources of ROS. Thus, using the mitochondria-specific probe MitoTracker® 
red CM-H2XRos we observed an increased ROS production in both cell lines treated with NTP 
(Fig. 4D, E). However, NTP induced substantially more mitochondria related ROS in Huh7 
comparing to HepG2 cells (Fig. 4D, E).

It is worth noting, that generation of oxidants by mitochondria can be associated with 
lysosomal rupture and release of lysosomal enzymes [60]. Thus, we analysed the influence of 
NTP on lysosomal integrity and possible lysosomal leakage using lysomotropic dye acridine 
orange (AO). Indeed, the analysis showed no significant effects on lysosomal integrity in both 
cell lines up to 6h post plasma treatment (Fig. 6A), the time point when mitochondria damage 
occurs. Interestingly, 8.5 h post treatment we observed a decrease in AO red fluorescence 
in NTP-treated both cell lines (Fig. 6B). NTP-induced lysosomal leakage was substantially 
more profound in Huh7 comparing to HepG2 cells (Fig. 6B). The timing of lysosomal leakage 
indicates that lysosomal damage is a secondary event of NTP treatment.

Taking together, all this data point toward mitochondria as a primary effector in plasma-
triggered cell death in Huh7 and cell survival in HepG2.

NTP induces apoptosis in Huh7 and Alexander cells
It becomes evident that mitochondrial fission accompanied with long-lasting or 

permanent ΔmΦ dissipation may facilitate apoptosis during high levels of cellular stress [58]. 
Exposure of Huh7 to NTP induced early signs of apoptosis, as measured by binding of Alexa 
Fluor™ 488 -labelled annexin V without any concomitant increase in membrane permeability 
as shown by propidium iodide exclusion (Fig. 6C; and 7A). By contrast, exposure of HepG2 
to NTP led to appearance only small cell fraction having propidium iodide incorporated 
into the cell nucleus, indicating either a late stage of apoptotic cell death or necrosis (Fig. 
6C; and 7A). Caspase 3/7 are effector caspases that are activated by apoptogenic factors 
released from the mitochondria during oxidative damage. Fluorometric analysis of caspase 
3 activation in cells treated with NTP showed that NTP induced apoptosis in Huh7 cells (Fig. 
6D). Consistent with the cytotoxicity data and annexin V/PI assay, the caspase 3 activation 
was not detected in HepG2 irradiated with NTP (Fig. 6D). Confocal microscopy imaging using 
a novel fluorogenic substrate for activated caspase-3/7, namely CellEvent™ Caspase-3/7 
Green Detection Reagent, confirmed the caspase-3/7 activation in Huh7 induced by NTP (Fig. 
6E; and 7B). The reagent consists of four-amino acid peptide (DEVD, specific to cleavage site 
for caspase-3/7) conjugated to a nucleic acid-binding dye. In apoptotic cells upon caspase 
3/7 cleavage of the DEVD peptide, the dye binds to DNA and produces a bright fluorogenic 
response. This is very robust assay since wash steps are not necessary for detection, when 
fragile apoptotic cells could be easily lost. Interestingly, we also observed changes in shape 
of nucleus after NTP treatment in Huh7, namely the irreversible condensation of chromatin 
and fragmented nucleus (Fig. 6E; and 7B), which are typical for apoptosis [61].

To analyse NTP effects in liver cancer cells we challenged with NTP another cell line, 
namely Alexander cells. Indeed, NTP did significantly affect the viability of Alexander cells 
within the first 24 h post exposure (Fig. 8A). Consistent with Huh7, NTP induced expression 
of annexin V on Alexander membrane prior to the increase of the cell membrane permeability 
(Fig. 8B; and Fig. 9). The caspase 3 activation assay (Fig. 8C) confirmed apoptotic cell death 
triggered by NTP in Alexander cells.

NTP induces Huh7 apoptosis via p53 signalling cascade
It is well-established that the tumour suppressor p53 protein activates cell death 

programs through multiple pathways [62]. On the other hand, p53 mutations in human 
tumours contribute to resistance to commonly used chemotherapeutic agents [47]. Moreover, 
targeted inhibition of mutant p53 expression has emerged as promising therapeutic strategy 
[63].
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Fig. 7. Microscopy imaging of annexin V and propidium iodide-positive cells after NTP treatment. (A) HepG2 
and Huh7 cells were treated with NTP for 60 s, then 6 h after treatment cells were labelled with Hoechst 
nuclear stain – blue dye, annexin V – green dye and propidium iodide – red dye. Labelled cells were imaged 
with fluorescence microscopy. Representative images out of three independent experiments are shown. 
Positive control – 2 µM staurosporine for 4 h. (B) Caspase-3/7 activation assay in Huh7 and HepG2. Cells 
were stimulated with NTP for 60 s, then 6 h after the treatment cells were labelled CellEvent™ Caspase-3/7 
Green Assay Kit. Following staining, cells were analysed by confocal microscopy. Representative images out 
of three independent experiments are shown. NucRed™ Live 647 ReadyProbes™ Reagent (red dye) was used 
for nucleus labelling. Positive control – 2 µM staurosporine for 4 h.
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Figure 7.

It is known that Huh7 and Alexander cells display a p53 mutation, in contrast to HepG2 
cell line displaying wild type p53 [64]. P53 may directly induce apoptosis in response to stress 
via interactions with Bcl-2 family members [65]. HepG2 cells, bearing high levels of Bcl-2, are 
resistant to cell death activation via ROS accumulation [66]. Taking these facts together with 
our findings on differential effects of NTP on cytotoxicity and apoptosis induction in Huh7 
and Alexander versus HepG2 cells, we hypothesized that differential effects of NTP in those 
cell lines are mediated via p53-Blc-2 signalling interplay.

Indeed, we found that NTP induced p53 downregulation in Huh7 as shown by 
immunoblot analysis (Fig. 10A). Contrary, p53 was not affected by NTP in HepG2 (Fig. 10A). 
NTP treatment also resulted in Bcl-2 upregulation in both cell lines (Fig. 10A); however, in 
HepG2 this upregulation was markedly higher comparing to Huh7 (Fig. 10A).
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Interestingly, H2O2 treatment lead to p53 downregulation in both Huh7 and HepG2 cells 
accompanied with the conversion of LC3A/B-I to LC3A/B-II (marker for autophagosomes) 
as shown by immunoblot analysis whereas NTP treatment showed no effect on LC3 
conversion (Fig. 10A). Taken together, H2O2 induced an autophagic response. Giving that the 
NTP composition is quite complex (in addition to H2O2 many kinds of other reactive species 
are generated in plasma, e.g. O, •OH, O2

•−, 1O2, NO•, NO2
•, H2O2, NO2

−, NO3
−, O3 [20, 22]), it is not 

Fig. 9. Alexander cells were 
treated with NTP for 60 s and 
then 6 h after treatment cells were 
labelled with Hoechst nuclear 
stain – blue dye, annexin V – green 
dye and propidium iodide – red 
dye. Labelled cells were imaged 
with fluorescence microscopy. 
Representative images out of 
three independent experiments 
are shown. Positive control – 2 µM 
staurosporine for 4 h.
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Fig. 8. NTP treatment results in apoptosis of Alexander cells. (A) Analysis of cytotoxicity in Alexander cells 
treated with NTP. Cell viability was analysed by WST-1 assay 24 h post plasma treatment. The data were 
normalized to control values (no exposure), which were set as 100 % cell viability. Readings were done in 
quadruplicates, data are present as mean ± SEM, n=3 (three independent experiments). One-way ANOVA 
with Newman–Keuls multiple comparison test was used; t=0 time point serving as control; ***P< 0.001. 
(B) Alexander cells were treated with NTP for 60 s and then 6 h after the treatment labelled with NucRed 
nuclear stain (blue), annexin V (green) and PI (red). Cells treated with 2 µM staurosporine for 4 h served as 
a positive control. Labelled cells were imaged with confocal microscopy. Representative images out of three 
independent experiments are shown. White arrows indicate fragmented nuclei. (C) Caspase-3/7 activation 
assay in Alexander cells. Alexander cells were treated with NTP for 60 s and then 6 h after the treatment 
cells were labelled CellEvent™ Caspase-3/7 Green Assay Kit. Following staining, cells were analysed using 
a fluorescent microplate reader. Readings were done in quadruplicates. As a positive control, cells were 
treated with 2 µM staurosporine for 4 h. The data present the mean values of four independent experiments. 
Data are expressed as means ± SEM (n = 4); ***P< 0.001.
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surprising that NTP and H2O2 trigger distinct signalling pathways. What could then be a key 
to alleged effects of NTP versus H2O2? This challenging question prompted us to seek a link 
between p53, autophagy and apoptosis.

Lysosome leakage may trigger cancer cell apoptosis via downregulation of MTORC1 (a 
multicomponent protein kinase complex that includes mTOR, Regulatory Associated Protein 
of mTOR (RAPTOR), and mLST8/GβL) [67] in a p53-independent manner [68]. Since neither 
NTP nor H2O2 treatment had any effect on mTOR phosphorylation (Fig. 10B), this possibility 
was ruled out. These results also support our additional finding that NTP treatment of Huh7 
leads to p53-dependent apoptosis via downregulation of p53 and STAT1 (Fig. 10A, B), both 
triggered by mitochondrial dysfunction (Fig. 4).
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Fig. 10. NTP induces p53 dependant apoptosis in Huh7 cells. (A) NTP treatment induces Bcl-2 upregulation 
in HepG2 and downregulation of p53 in Huh7 cells. Cells were treated with NTPs for 60 s. Cells were analysed 
by Western immunoblotting 4 h after treatment. Actin – control of equal protein loading. The graphs show 
densitometric quantification of p53 and Bcl-2 Western immunoblots, *P< 0.05, **P< 0.01, ***P< 0.001, 
mean ± SEM, n = 3. Representative blots out of three independent experiments are shown. Non-irradiated 
cells treated with H2O2 (10 mM) were used as a positive control (full blots are presented in Appendix A). 
(B) NTP treatment downregulates phosphorylation of Stat1 in Huh7 cells. Cells were treated as in (A) and 
analysed by Western immunoblotting 4 h after treatment. Actin – control of equal protein loading (full 
blots are presented in Appendix A). (C) Bcl-2 and p53were analysed in whole cell lysates of HepG2, Huh7, 
Alexander cells, and human liver by immunoblotting; Actin – control of equal protein loading (full blots are 
presented in Appendix A).
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Fig. 12. HepG2 cells were treated with 
various concentrations of ABT-737 for 24 
h, and the cell viability was subsequently 
quantified using the WST-1 assay. Readings 
were done in quadruplicates, data are 
present as mean ± SEM, n=3 (three 
independent experiments). Positive control 
– 20 % ethanol for 60 min. One-way ANOVA 
with Newman–Keuls multiple comparison 
test was used; *P< 0.05, ***P< 0.001.

STAT1 was recognized as a tumour suppressor, 
although there is increasing evidence indicating 
its tumour promoting functions [69]. Specifically, 
induction of STAT1 cooperatively promotes liver 
damage and fibrosis and may contribute to liver 
carcinogenesis [70]. Furthermore, high STAT1 
levels showed correlation with poor cancer 
outcomes, whereas high levels of pSTAT1 favoured 
good prognosis [69]. Inhibitors of STAT signalling 
showed a strong apoptotic response in HCC cell 
lines [71]. In our experiments immunoblot analysis 
revealed upregulated STAT1 phosphorylation only 
in Huh7 and HepG2 cells treated with hydrogen 
peroxide (Fig. 10B). Contrary, NTP treatment 
resulted in a downregulation of both pSTAT1 and 
STAT1 in Huh7 (Fig. 10B). HepG2 treated with NTP 
showed no detectable effects on STAT1 (Fig. 10B).

Since p53 is mutated and overexpressed in 
Huh7 cells [64], p53-dependent apoptosis via 
downregulation of p53 can be executed in these 
cells. HepG2 cells display wild type p53 and they have also high levels of Bcl-2 comparing to 
Huh7 that protects them from induction of apoptosis via oxidative stress [29]. This explains 
why NTP treatment is less efficient in triggering cell death in HepG2. Indeed, in non-treated 
cells, immunoblot analysis of Bcl-2 and p53 expression revealed that Huh7 cells have the 
highest cell content of p53 protein (Fig. 10C), HepG2 express most of the anti-apoptotic Bcl-
2 comparing to Huh7 and Alexander cells (Fig. 10C). Furthermore, comparative survival 
analysis of three cell lines treated with NTP showed that Alexander cells were the most 
sensitive to NTP-induced cell death whereas HepG2 were the most resistant (Fig. 11A). 

Figure 11.
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Fig. 11. Inhibition of Bcl-2 
sensitises resistant HepG2 to NTP 
induced cell death. (A) Comparison 
of survival rate between Huh7, 
HepG2 and Alexander cell lines 
24 h post plasma treatment. Cells 
were treated with NTP for 60 s 
and cell viability was analysed 
by WST-1 assay. The data were 
normalized to control values (no 
exposure), which were set as 100 
% cell viability. Readings were 
done in quadruplicates, data 
are present as mean ± SEM, n=3 
(three independent experiments). 
One-way ANOVA with Newman–
Keuls multiple comparison test 
was used; ##P< 0.01, ***P< 0.001. 
(B) Bcl-2 inhibition restores NTP 
sensitivity in resistant HepG2 cells. Cell viability as detected by the WST-1 assay of HepG2 treated with NTPs 
for 60 s with supplementation of 1, 5 or 10 µM ABT-737 (selective Bcl-2 inhibitor), measured 24 h after 
exposure. Readings were done in quadruplicates, data are present as mean ± SEM, n=3 (three independent 
experiments). One-way ANOVA with Newman–Keuls multiple comparison test was used; ###P< 0.001, ***P< 
0.001. (C) Tentative scheme of molecular mechanisms of Huh7 sensitivity and HepG2 resistivity to NTP 
induced cell death. ΔmΦ – mitochondrial membrane potential.
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These data confirm that in cells with mutated p53 and low levels of Bcl-2 NTP treatment 
results in apoptosis.

To confirm cytoprotective role of Bcl-2 in HepG2 against NTP, we run a cytotoxicity 
analysis in the presence of Bcl-2 pharmacological inhibitor. HepG2 treatment with ABT-
737 (a potent and selective inhibitor of Bcl-2) alone had minimal cytotoxic effects (Fig. 12). 
Strikingly, NTP treatment in combination with ABT-737 resulted in dose-dependent cell 
death in HepG2 (Fig. 11B), confirming the established role of Bcl-2 in inhibition of cell death 
triggered by NTP via oxidative stress.

Discussion

Non-thermal plasma (NTP), an interesting new form of physicochemical treatment that 
alters redox signalling in cells, has emerged recently [18, 19]. NTP is a partially ionized gas that 
contains a chemically complex and reactive environment that includes ions, electrons, free 
radicals, UV radiation, and neutral molecules, for review see [20]. Not surprisingly, a burst of 
studies has shown a numerous biological and medical applications of NTP. Notwithstanding 
such extensive research the exact action mechanisms of plasma on biological systems, 
including cells and humans, are not well understood. Growing number of studies suggests 
that major factors underlying the effect of plasma-cell interaction are reactive oxygen (ROS) 
and reactive nitrogen species (RNS) whereas the influence of others (i.e. UV photons, a 
transient electromagnetic field, and energetic charged particles) is negligible [22, 23, 30, 31]. 
Despite that the accumulation of ROS in cancer cells by NTP is a well-known phenomenon 
shown previously in an enormous number of studies, rigorous analysis of the time- and 
dose-dependent kinetics of intracellular ROS and superoxide accumulation has not been 
performed. Here we show that NTP triggered a time- and dose-dependent intracellular ROS 
and superoxide accumulation in HCC cell lines. Furthermore, we show for the first time that 
NTP treatment results in nuclear accumulation of the superoxide anion in Huh7. Hydrogen 
peroxide (H2O2, one of the major long-lived species detected in plasma [20, 22]) is believed to 
be the major NTP compound that executes cytotoxic effects. However, our findings indicate 
that redox signalling triggered by NTP is distinct from H2O2. Taking into account complexity 
of ROS/RNS chemical composition of NTP, this finding is not a surprise.

Several studies reported on the involvement of mitochondria in plasma-induced cancer 
cell apoptosis [29, 55, 56]. However, in liver tumour cell lines effects of NTP treatment on 
mitochondria has not been completely elucidated since combination of different analysis 
of mitochondria involvement in NTP effects is lacking in papers published to date [48, 59, 
61]. We did not only analyse mitochondrial fission and circularity but we also measured 
mitochondrial ROS production and assessed mitochondrial size and shape. Our results show 
that NTP induced substantially more mitochondria related ROS in Huh7 comparing to HepG2 
cells.

Furthermore, we identify p53 tumour suppressor protein as cellular NTP-effector in 
HCC cell lines, which mediates ROS-induced cell death in response to acute NTP treatment. 
Although some involvement of p53-related pathway was shown previously [46, 59, 72], 
those studies do not describe mechanism of NTP action on p53-pathway. First of all, cell lines 
used in those studies do not overexpress mutated p53. Contrary, we base our conclusion on 
experiments comparing cell lines bearing wild type p53, mutated p53 and overexpressed 
mutated p53 (Fig. 10). Secondly, previous studies utilized either helium-oxygen or argon 
plasma [46, 59, 72] whereas we used air-based NTP. NTP contains a chemically complex 
and reactive environment that crucially depends on chemical composition of the carrier gas. 
We and others have also shown that chemical composition of NTP has strong impact on 
execution of distinct cell death pathways [19, 26, 28, 30, 32, 56, 73].

Indeed, Huh7 and Alexander cells bear a p53 mutation, whereas HepG2 cell line has a 
wild type p53 [64]. Wild type p53 induces apoptosis in response to stress via interactions 
with Bcl-2 family members [65]. However, HepG2 cells show high levels of Bcl-2, thus they 
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are resistant to cell death activation via ROS accumulation [66]. Taking these facts together 
with our findings, we revealed that differential effects of NTP in those cell lines are mediated 
via p53-Blc-2 signalling interplay. NTP treatment of Huh7 leads to p53-dependent apoptosis 
via concomitant downregulation of p53 and STAT1 (Fig. 10A, B) triggered by mitochondrial 
dysfunction (Fig. 4). Such signalling is possible due to the fact that Huh7 cells possess p53 
mutation [64]. In contrast, HepG2 cells display wild type p53, however, have high levels of 
Bcl-2 comparing to Huh7 that protect against induction of apoptosis via oxidative stress [29]. 
Thus, it is understandable why NTP treatment is less efficient in triggering cell death in HepG2. 
Indeed, immunoblot analysis of Bcl-2 and p53 expression in different cell lines revealed that 
Huh7 cells bear the highest amount of p53 (Fig. 10C). However, HepG2 expressed more anti-
apoptotic Bcl-2 comparing to Huh7 and Alexander (Fig. 10C). Comparative survival analysis 
of three cell lines showed that Alexander cells were the most sensitive to NTP-induced cell 
death whereas HepG2 were the most resistant (Fig. 11A). These data clearly show that in 
cells with mutated p53 and low levels of Bcl-2 NTP treatment results in apoptosis.

It is worth noting here, that we do not simply show involvement of p53 in NTP-triggered 
cell death, but also we decouple interplay between STAT1 and p53-signalling pathways in 
NTP-induced apoptosis (Fig. 10). STAT1 has been shown to support invasion of tumour 
cells harbouring mutated p53 [60]. Additionally, STAT1 activation has been involved in 
cancer progression [69]. Thus, inhibitors of STAT signalling in HCC cell lines represent a 
strategy to induce apoptotic response [71]. Here we show that NTP treatment resulted in 
a downregulation of both pSTAT1 and STAT1 in Huh7. STAT1 in HepG2 was not affected by 
treated with NTP (Fig. 10). Importantly, both Huh7 and HepG2 cells treated with hydrogen 
peroxide had an upregulated STAT1 phosphorylation. Moreover, H2O2 treatment of both cell 
lines lead to p53 downregulation accompanied with the conversion of LC3A/B-I to LC3A/B-
II. Taking together these data strongly suggest that hydrogen peroxide induced autohpagic 
cell death in both Huh7 and HepG2 cells. Contrary, NTP induced p53 dependant apoptosis 
in Huh7 cells. First of all, NTP induced mitochondrial destabilization and production of 
mitochondrial ROS (Fig. 4) prior lysosomal rupture (Fig. 6A, B) in Huh7 cells. Secondly, NTP 
treatment of Huh7 resulted in simultaneous downregulation of p53, pSTAT1 and STAT1 
(Fig. 10). Thirdly, extent of resulted cell death was proportional to the expression degree 
of mutated form of p53 (Fig. 11A). Importantly, recent finding indicate that STAT1 supports 
growth of tumour cells harbouring mutated p53 [60, 69]. Thus, simultaneous inhibition of 
STAT1 and mutated p53 could be a potential therapeutic strategy.

Bcl-2 has been shown to be down-regulated by NTP in cancer cells [61, 74]. However, 
there is no comparison with cell line overexpressing Bcl-2 presented in those studies. 
Additionally, the authors performed only mRNA expression analysis and immunoblot of Bcl-
2 protein whereas no inhibition assay was run and no functionally linked data confirming 
Bcl-2 involvement in cell death or survival were obtained. Our data demonstrate the pivotal 
role of Bcl-2 in inhibition of cell death triggered by NTP via oxidative stress. Indeed, HepG2 
expressed more anti-apoptotic Bcl-2 comparing to Huh7 and Alexander. Comparative 
survival analysis of three cell lines treated with NTP showed that HepG2 were the most 
resistant to NTP-induced cell death. Additionally, by blocking Bcl-2 activity using specific 
pharmacological inhibitor we sensitized HepG2 to NTP-induced cell death.

Conclusion

In summary, we show that NTP treatment results in cytotoxicity of Huh7 cell line 
inducing apoptosis through the accumulation of ROS and subsequent p53 signalling. This 
apoptosis induction is inhibited in HepG2 due to high levels of Bcl-2 expression (Fig. 11C). 
The cytotoxicity of NTP depends on expression of Bcl-2 and p53 and can be inhibited by 
addition of ROS scavengers. Our results shed more light on the identification of molecular 
targets upon NTP treatment of liver cancer cells. Moreover, we present here NTP as a 
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physicochemical cue for targeted manipulation of redox signalling in the absence of other 
activators.

Air NTP induces profound accumulation of ROS in liver cancer cells. This was 
thoroughly documented by time- and dose-dependent kinetics of ROS accumulation in HCC 
cells. Furthermore, we recorded nuclear compartmentalization of the superoxide anion 
triggered by NTP. NTP treatment also resulted in dysfunction of mitochondria in Huh7 
cells accompanied by mitochondrial fragmentation and fission that was associated with 
ROS-induced oxidative stress. Overall, NTP induced apoptotic death in Huh7 and Alexander 
liver cancer cells whereas HepG2 showed resistance to NTP due to the Bcl-2 protein 
overexpression. Air NTP treatment resulted in simultaneous downregulation of mutated 
p53, pSTAT1 and STAT1. In combination with mitochondrial dysfunction the latter results in 
execution of p53-dependant apoptosis. This suggests that mutated p53 might be a potential 
cellular NTP-effector in HCC cell lines. Contrary to NTP, sole H2O2 treatment of both cell lines 
induced autohpagic cell death.
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