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Abstract: Background: Cold atmospheric plasma (CAP) proposed as a novel therapeutic tool for
the various kinds of cancer treatment. Cold atmospheric Plasma-Activated Media (PAM) has
exhibited its promising application in plasma medicine for the treatment of cancer. Methods:
We investigated the role of PAM on the human melanoma cancer G-361 cells xenograft in vivo by
estimating the biochemical and gene expression of apoptotic genes. Results: Reactive oxygen and
nitrogen species (RONS) generated by PAM could significantly decrease the tumor volume (40%) and
tumor weight (26%) when administered intradermally (i.d.) into the melanoma region continuously
for three days. Biochemical studies in blood serum along with excised melanoma samples revealed
an increase in protein carbonylation and MDA content as compared to the control, while LDH
and L-DOPA in serum and melanoma tissues were decreased significantly in PAM treated group.
PAM generated RONS increased apoptotic genes like Bcl-2, Bax, Parp, Casp8, and P53 in melanoma
tissue. Immunohistochemistry data confirms that PAM treatment increased apoptosis at the tissue
level. Conclusions: These results suggested that RONS present in PAM inhibit the induction of
xenograft melanoma cancer cells through the induction of apoptosis and upregulating of various
biochemical parameters within blood serum and melanoma.

Keywords: cold atmospheric plasma activated medium; biochemical studies; melanoma; reactive
oxygen and nitrogen species

1. Introduction

The extent rate of melanoma is rising consistently and faster than any other malignancy over the
last few years worldwide [1]. In South Korea only, the incidence rate of cutaneous melanoma in women
increased continuously every year due to poor prognosis at advanced stages of the disease [2]. Patients
diagnosed with melanoma in its later stages have limited treatment possibilities, and intermediate
survival ranges from 6 to 12 months in clinical trials [3]. Despite the restricted treatment options over
the past few years, some molecular targeted and immune therapies are in regular practice to diagnose
and treat melanoma [4–6]. Presently, the US Food and Drug Administration (FDA) has approved a
combination of drugs to treat advanced-stage melanoma. Most of them contain Interleukin-2 and
dacarbazine in different combinations, but a very low percentage of patients respond to them [3].
Some researchers recently discovered and claimed that the mixture of chemical compounds showed
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promising potential activity against malignant melanoma, like vemurafenib (zelboraf), dabrafenib
(Tafinlar), and encorafenib (Braftovi), that primarily interact with the BRAF gene and inhibit its
activity [7–9]. Nowadays, standard therapies for actual melanoma treatment are using certain
immunotherapies. Apart from BRAF, immunosuppression of the antitumor immune response by
certain immune regulatory molecules and processes, such as T-lymphocyte-associated antigen 4
(CTLA4) and programmed cell death 1 (PD-1), is of great interest [10].

In the past few years, cold atmospheric plasma (CAP) has emerged as an effective tool for treatment
against several kinds of cancers [11]. The most important aspect of anticancer therapy is the selective
eradication of cancer cells without influencing healthy cells [12]. Cold plasma plays a pivotal role in
maintaining this cellular homeostasis [13]. CAP acts as a plasma medicine in the biological system
because of the production of partially ionized clouds of ions, electrons, and reactive neutral species,
like reactive oxygen species (ROS), hydroxyl radicals (OH•), and nitrogen dioxide (NO2), by its direct
application [14]. Further studies revealed by some researchers concluded that cancer cells are more
sensitive to its destructive effect than normal cells, which help CAP as a promising application in
cancer therapy [15–17]. Another aspect of plasma medicine depends on its indirect application (off-site
treatment) in which CAP is applied to some liquid medium, which leads to an increase in the reactive
species within the liquid, and hence, helps in the reduction of cancer and other dreadful diseases [16].
After the CAP treatment, the plasma-treated liquid is possessed with numerous long-lived RONS,
which can be retained from hours to several days, and hence, can act as a replaceable agent of CAP
where direct CAP treatment is not possible [18]. Plasma-Activated Media (PAM) generates some
short-lived reactive species like OH radicals, which induced apoptosis in both extracellular (culture
medium) and intracellular [19]. These short-lived species lead to the development of long-lived
species, like H2O2, which acts as an effective apoptosis inducer and can be applied to treat cancer
cells [20,21]. In recent times, new and advanced techniques have been used in the management of
melanoma reduction to understand the disease behavior and help in the development and testing of
novel therapeutic strategies. As a different approach to treating melanoma, our previous publication
showed promising results of the use of CAP and PAM when used with silymarin nanoemulsion in
in vitro and in vivo studies [22]. For the biological aspects of understanding melanoma, animal models
contributed greatly as a useful tool for testing possible treatment approaches.

Hence, for the present study, we selected Balb/c (CAnN.Cg-Foxn1nu) male nude mice (5 weeks;
22 ± 2 gm), which is the most relevant and successful animal model, in part, to our broad knowledge,
for transplantation models, including the xenograft of human cancer cells [23]. The animal is kept in
sterile conditions with recommended feed and sterile water inside an animal house and sacrificed in
an ethical way after finishing the experiments. Various melanoma biomarkers and genes were studied
using blood serum and melanoma samples extracted from the animal and kept at −80 ◦C for the study.

Henceforth, the main focus of this study is to assess an anti-melanoma therapeutic method by a
CAP treated medium (PAM) using a µ-dielectric barrier discharge (µ-DBD) plasma device having air as
the feeder gas. The results demonstrate the significant physiological changes (decreased tumor weight
and volume), along with the upregulation of protein carbonylation and malondialdehyde (MDA)
levels, which are the key damaging biomarkers of melanoma progression. Also, the level of Lactate
Dehydrogenase (LDH) and L-3,4-dihydroxyphenylalanine (L-DOPA), which is the intermittent product
of the melanin synthesis pathway, is reduced after giving the PAM treatment. The gene analysis of
apoptotic related genes (Akt, Bcl-2, Bax, Parp, Casp8, and P53), along with other results, revealed the
role of PAM as an anti-melanoma agent in nude mice. Hence, these outcomes exhibited the conceivable
role of PAM in vivo to inhibit the progress of melanoma.
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2. Materials and Methods

2.1. Chemicals and Animal

RPMI-1640, phosphate-buffered saline, and penicillin-streptomycin antibody cocktail solution
were obtained from Welgene, Korea. Trichloroacetic acid, thiobarbituric acid, formalin, xylene,
hematoxylene, eoisin, canada balsam, tris, sodium pyrophosphate, sodium orthovanadate, chloroform,
and ethanol were purchased from Sigma-Aldrich, Gyeonggi-do, Korea. Protein carbonylation kit,
P53 antibody, Parp antibody, Bcl-2 antibody, Casp8 antibody, and Akt antibody were obtained from
Abcam, Cambridge, MA, USA. Lactate dehydrogenase kit was purchased from Bioassays systems,
Cambridge, MA, USA. L-DOPA analysis kit was procured from Mybiosource, Cambridge, MA, USA.
RNAiso plus (Trizol) was purchased from Takara, Shiga, Japan. Isoropanol was purchased from
Thermofisher, Seoul, Korea. Diethyl pyrocarbonate (DEPC) was obtained from Biosesang, Gyeonggi-do,
Korea. ReverTra Ace® qPCR RT Master Mix c-DNA synthesis kit was purchased from Toyobo, Osaka,
Japan. SYBR Green Master mix was procured from Bio-Rad, Seoul, Korea. All the primers for q-PCR
studies were obtained from Searchbio, Seoul, Korea, and the Balb/c nude mice (CAnN.Cg-Foxn1nu)
were ordered from Orientbio, Gyeonggi-do, Korea, respectively.

2.2. Device Characteristics and PAM Production

A CAP µ-dielectric barrier discharge (µ-DBD) surface plasma device consisting of electrodes
with a silicon dioxide (SiO2) dielectric layer (30 mm) and hydration-prevention layers consisting of
aluminium oxide and a magnesium oxide (MgO) layer was used to make the PAM. The electrode gap
was fixed at 200 mm. To generate the plasma, air was used as a feeder gas into the device at a flow rate
of 1.5 lpm, and a 2 mm distance was maintained between the plasma source and the upper surface of
the cell culture medium (RPMI) [24]. The air CAP treatment time was restricted to 10 min, and the
freshly made PAM was used for the experiment.

2.3. Melanoma Xenograft Induction

Human melanoma cells (G-361, 1 × 106 cells/100 µL) were introduced intradermally by injecting
into the right hind flank of CAnN.Cg-Foxn1/ nude mice (Male; 5 weeks age; Orientbio, Gyeonggi-do,
Korea; n = 6 in each group). The mice were randomly divided into a treatment group and control
group when tumor size achieved to 100 mm3. After attaining the recommended tumor size, treated
group mice received 200 µL of PAM every day for four days by subcutaneous injection at the tumor
site. The control group received the same volume of cell culture medium (RPMI-1640) as a vehicle
in the right flank. The body weights were estimated on each subsequent day after the injections
of the tumors, and tumor sizes were measured with vernier calipers (calculated volume = shortest
diameter2

× longest diameter/2) at two-day intervals. The mice were kept in a controlled environment
and supplemented with the suggested animal feed and autoclaved water, which was replaced every
day after proper cleaning. This study was reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) of the Center for Laboratory Animal Sciences, the Medical Research
Coordinating Center. Blood was withdrawn by puncturing the retro-orbital plexus nerve of the mice
exactly before sacrifice (cervical dislocation) for serum collection. The melanoma was excised and
stored at −80 ◦C for further studies (Figure 1).



Appl. Sci. 2019, 9, 4227 4 of 14
Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 14 

 
Figure 1. Schematic representation of human melanoma xenograft induction (G-361) and treatment 
strategies by cold atmospheric plasma (CAP) activated medium (Plasma-Activated Media (PAM)) in 
nude mice. Melanoma and blood were extracted from the mice on the 21st day for further 
experiments. 

2.4. Protein Carbonylation Assay 

Total protein was isolated from the excised melanoma tumor (100 mg) by homogenizing in an 
extraction buffer (40 mM tris, 5 mM sodium pyrophosphate, and 10 mM sodium orthovanadate) 
using a mortar and pestle, which was further lysed in a sonicator. Protein was pelleted by using a 
centrifuge at 10,000 g for 5 min at 4 °C. Protein determination was carried out using the standard 
Bradford protein determination assay [25]. The protein carbonylation was then quantified using a 
protein carbonylation kit (Abcam, Cambridge, MA, USA following the manufacturer’s instruction. 

2.5. Lipid Peroxidation Estimation (MDA Content) 

Melanoma tissue membrane degradation studies were estimated by the level of MDA content 
and were measured spectrophotometrically by the slightly modified procedure proposed by Heath 
and Packer [26]. Excised melanoma was homogenized in 0.25% (w/v) 2-thiobarbituric acid (TBA) 
prepared in 10% (w/v) Trichloroacetic acid (TCA) in the ratio of 1:10. After that, the homogenate was 
incubated in a water bath at 95 °C for 30 min. This reaction mixture allowed to cool at room 
temperature and was centrifuged at 12,000 g for 30 min. Finally, the supernatant was collected, and 
its absorbance was measured at 532 nm and 600 nm. Absorbance at 600 nm was subtracted from the 
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Figure 1. Schematic representation of human melanoma xenograft induction (G-361) and treatment
strategies by cold atmospheric plasma (CAP) activated medium (Plasma-Activated Media (PAM)) in
nude mice. Melanoma and blood were extracted from the mice on the 21st day for further experiments.

2.4. Protein Carbonylation Assay

Total protein was isolated from the excised melanoma tumor (100 mg) by homogenizing in an
extraction buffer (40 mM tris, 5 mM sodium pyrophosphate, and 10 mM sodium orthovanadate) using
a mortar and pestle, which was further lysed in a sonicator. Protein was pelleted by using a centrifuge
at 10,000 g for 5 min at 4 ◦C. Protein determination was carried out using the standard Bradford protein
determination assay [25]. The protein carbonylation was then quantified using a protein carbonylation
kit (Abcam, Cambridge, MA, USA following the manufacturer’s instruction.

2.5. Lipid Peroxidation Estimation (MDA Content)

Melanoma tissue membrane degradation studies were estimated by the level of MDA content and
were measured spectrophotometrically by the slightly modified procedure proposed by Heath and
Packer [26]. Excised melanoma was homogenized in 0.25% (w/v) 2-thiobarbituric acid (TBA) prepared
in 10% (w/v) Trichloroacetic acid (TCA) in the ratio of 1:10. After that, the homogenate was incubated
in a water bath at 95 ◦C for 30 min. This reaction mixture allowed to cool at room temperature and
was centrifuged at 12,000 g for 30 min. Finally, the supernatant was collected, and its absorbance
was measured at 532 nm and 600 nm. Absorbance at 600 nm was subtracted from the absorbance
at 532 nm for non-specific absorbance. A 0.25% (w/v) 2-thiobarbituric acid (TBA) prepared in 10%
(w/v) TCA solution was used as a blank. The concentration of MDA was calculated by using an
extinction coefficient of 155 mM-1 cm-1. The content of MDA was expressed in nM·g-1 fresh weight of
melanoma sample.

2.6. LDH Assay

LDH is a cytosolic enzyme that is an indicator of cellular toxicity and is a well-known biomarker of
malignant melanoma. The LDH enzyme quantification was performed using blood serum. The serum
was separated from the blood at room temperature from the blood before the starting of the experiments.
The experiment was followed as per the manufacturer protocols (Bioassays systems, California,
MA, USA).

2.7. L-DOPA Estimation

L-DOPA is the melanin precursor, and its increased concentration directly correlates with the
melanoma malignancy. For L-DOPA estimation (~1 mL), blood was collected in a 1.5 mL centrifuge
tube and kept for 30 min at 37 ◦C. After that, the blood sample was centrifuged at 1500 rpm for
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10 min and serum was collected in a separate tube and stored at −80 ◦C until further analysis.
The experimental procedure to estimate L-DOPA was followed as per the manufacturer protocols
(Mybiosource, California, CA, USA).

2.8. Real-Time q-PCR Analysis

Total RNA was isolated from melanoma samples using RNAiso plus (Takara, Shiga, Japan).
Reverse transcription (RT)-PCR was performed using ReverTra Ace® qPCR RT Master Mix c-DNA
synthesis kit (Toyobo, Osaka, Japan) according to the manufacturer’s instructions. Real-time PCR was
performed using a CFX96™ Real-Time System (Bio-Rad, Seoul, Korea), and the results were expressed
as the fold change calculated using the ∆∆Ct method relative to a control sample. 18-s RNA was used
as an internal normalization control. All primers were purchased from Searchbio, Gyeonggi-do, Korea.
The primers used in the study are listed below in Table 1.

Table 1. List of primers used for the study. 18s RNA was kept as the endogenous control for the q-pcr
experiment. (F = forward primer; R = Reverse Primer).

Name Sequence (5’–3’)

18s RNA F CAGGTCTGTGATGCCCTTAGA
18s RNA R GCTTATGACCCGCACTTACTG

P53 F GCCCCTCCTCAGCATCTTATC
P53 R AAAGCTGTTCCGTCCCAGTAG
Bax F AAGAAGCTGAGCGAGTGTCTC
Bax R GCTGGCAAAGTAGAAAAGGGC

Casp8 F CCCAAATCAACAAGAGCCTGC
Casp8 R TCAGACAGTATCCCCGAGGTT

Akt F CAAAGAAGTCAAAGGGGCTGC
Akt R TGTAGCCAATGAAGGTGCCAT
Parp F GGTAATTGGGAGAGGTAGCCG
Parp R TCCCCACAGACACAACACAAA
Bcl-2 F CCACCAAGAAAGCAGGAAAC
Bcl-2 R GCAGGATAGCAGCACAGGAT

2.9. Immunohistochemistry and Western Blot Analysis

The melanoma tissue was excised from the animals of each group and fixed in formalin for the
preparation of the paraffin sections. It was then deparaffinized in xylen, and then with 100%, 90%, 80%,
and 70% ethanol, followed by treatment with phosphate-buffered saline (PBS). Tumor sections were
stained with hematoxylin dye and counterstained with eosin dye (H&E). Afterwards, tumor sections
were immunostained overnight at 4 ◦C with the P53 antibody (1:300; Abcam, Cambridge, MA, USA),
the Parp (1:300; Abcam), the Bcl-2 (1:200; Abcam) antibody, Casp8 (1:200; Abcam) antibody, and Akt
(1:200; Abcam) antibody. After washing in PBS, a 1:200 dilution of biotinylated goat anti-rabbit IgG or
anti-mouse IgG antibody in a blocking solution was applied to the sections. After the PBS treatment,
ABC reagent was applied to the sections and incubated for 1 h. After hematoxylin counterstaining
and clearing with a graded ethanol series and xylene, sections were mounted with Canada balsam.
Images were photographed using an IX71 microscope (Olympus Tokyo, Japan) equipped with the
DP71 digital imaging system (Olympus). For western blot analysis proteins were extracted and using
SDS-PAGE, were separated and blotted into nitrocellulose membrane. Furthermore, samples were
incubated with the primary antibodies overnight at 4 ◦C; anti-Parp-1, anti-Casp8, anti-Akt, anti-P53 and
anti-β-actin. The blots were developed using horseradish peroxidase-conjugated secondary antibodies
at room temperature for 2h and anticipated using chemiluminescence procedures.
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2.10. Statistical Analysis

Data were expressed as the mean ± SD of triplicates. All the studies were performed 3 times in
triplicates (n = 3). The statistical significance of the difference between the values of the control and
treatment groups was determined using Student’s t-tests, and in each case, the levels of significance
are indicated as * p < 0.05; δ p < 0.01; and # p < 0.001.

3. Results

3.1. Cold Plasma Characteristics

The µ-DBD plasma device using air as feeder gas was used for the study to make PAM at a flow
rate of 1.5 lpm. It contains a conventional inbuilt inverter which operated in the dimming mode.
This µ-DBD plasma is known to produce more reactive species when interacting with the liquid cell
culture media [24]. In brief, the optical emission spectroscopy showed the dominant spectra of N2

and weak spectra of hydroxyl radicals. The device on-time and off-time values were set constant to
33.84 ms and 86.95 ms with a duty ratio of 26%.

3.2. PAM Inhibited Melanoma Growth in Vivo

To check the effect of PAM on the in vivo model, the human melanoma cells (G-361 cells) (1 × 106)
were introduced intradermally (i.d.) into the right flank of the Balb/c nude mice (CAnN.Cg-Foxn1nu)
(six animals in each group). The PAM treatment decreased the tumor volume in mice as compared to
the control group (Figure 2A), as well as resulted in a reduction of the tumor weight as compared to
control (Figure 2B,C). The data was acquired at the end of the experiment (21st day).
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Figure 2. Anti-melanoma effect of PAM treatment in mice model. (A) Changes in the tumor volume of
xenograft mice models. (B) Physiological observation of control and PAM treated nude mice bearing
subcutaneous tumors on the right hind flank. (C) Photographs of solid melanoma excised from control
and treatment mice on the 21st day of the study are shown above the respective bar graphs. Bar graph
shows the mean tumor weight of the excised control and PAM treated melanoma. Data are mean ± SD
of the mean, n = 3. * p < 0.05; δ p < 0.01, # p < 0.001.

3.3. PAM Induced Oxidative Damage in Melanoma (Protein and Lipid Level)

PAM contains various kinds of long-lived RONS created by the cold plasma and amalgamation
of cold plasma with the medium, which leads to oxidative stress within cells. This oxidative stress
leads to changes in normal redox homeostasis within the cells. To determine the redox status in the
induced melanoma, mice were treated with PAM and two biomarkers of oxidative stress (protein
carbonylation and lipid peroxidation) were measured spectrophotometrically. The result indicates that
the level of protein carbonyl in the control sample was around 13 nmol per mg of protein (Figure 3A).
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Treatment with PAM to the tumor significantly increased up to 2 times (27 nmol carbonyl per mg of
protein) (Figure 3A), which indicates the induction of oxidative stress in melanoma by PAM treatment.
RONS concentration enhanced by PAM, which induced oxidative damage, resulted in an increase in
protein carbonylation.
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Figure 3. PAM induced oxidative damage and prognostic marker expressions in mice model; (A) protein
carbonyl content estimation; (B) assessment of lipid peroxidation by the estimation of Malonedialdehyde
(MDA) level; (C) lactate dehydrogenase (LDH) level, and (D) L-3,4-dihydroxyphenylalanine (L-DOPA)
level. Blood serum and melanoma samples were collected on the 21st day of the experiment and stored
at −80 ◦C. Data are mean ± SD of the mean, n = 3. * p < 0.05; δ p < 0.01, # p < 0.001.

Lipid peroxidation is the oxidation of the lipid membrane by ROS, also enhanced by the
application of PAM. MDA is a product of lipid peroxidation, which is formed by the autoxidation by
free radical reaction generated by PAM. The induction in lipid peroxidation and MDA was detected
by thiobarbituric acid reactive substances (TBARS) and expressed in nmol/gm of fresh weight of the
melanoma tissue. In this study, it has been observed that PAM increases the MDA level. The analysis of
the membrane-damaging potential of PAM revealed a significant (two times) increase in the formation
of MDA as compared to the control samples (Figure 3B).

3.4. Estimation of Melanoma Prognostic Markers Using PAM

LDH is known as one of the prognostic markers of melanoma, which can be evaluated in blood
serum [27]. In the present study, the results showed that the level of LDH in mice blood serum of
the control group was high. However, the amount of LDH was drastically decreased (~50%) by the
PAM treatment as compared to the control (Figure 3C). The L-DOPA was estimated in blood serum
and melanoma tissue. In the blood serum of PAM treated mice, L-DOPA decreased significantly and
was almost 50% lower as compared to the control mice. Though, in melanoma samples, its level also
decreased marginally (7%) (Figure 3D). Several in vitro studies suggested that L-DOPA is toxic to
dopaminergic cell cultures [28,29]. The reduced level of L-DOPA in PAM treated animals suggests that
the plausible reduction in melanoma is due to the eventual reduction in melanoma pigment.
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3.5. Gene Expression Study of Melanoma In-Vivo

The melanoma gene expression study was performed to evaluate the effect of PAM induced ROS
at the molecular level. The gene expression study via q-PCR showed the increase in apoptotic gene
expression in PAM treated melanoma as compared to the control mice (Figure 4C–F).
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Previous studies using CAP alone revealed the inhibition of cancer growth with treatment time [30].
The mechanism prevailing this observation is still unknown, but reactive oxygen and nitrogen species
play an important role in it [31]. In this study, q-PCR was used to detect the influence of PAM treatment
on melanoma-associated mRNA gene expression. As shown in Figure 4, PAM treatment significantly
increases apoptotic gene expression. Specifically, the mRNA expression of Bax (3-fold), Parp (3.68-fold),
Casp8 (3.9-fold), and P53 (3-fold) increased after PAM treatment when compared to the untreated
control after the 21st day of PAM administration. However, in support of the above, Akt and Bcl-2 gene
expression were decreased half-fold (Figure 4A,B), which strongly supports and evidently proves that
PAM is able to promote apoptosis in melanoma.

3.6. Immunohistochemistry of Melanoma Xenograft

The histological differences in the xenograft tumor sections between the control and PAM
co-treated and untreated groups were checked by immunohistochemistry (IHC) (Figure 5A). The nuclei
were found to be highly condensed (apoptotic cell death) in the co-treated groups, as compared to
untreated controls observed using a hematoxylin stain. We assessed the IHC score which revealed that
Parp, Bcl-2, and CASP-8 levels were significantly increased compared to those in the control group,
while the expression level of Akt was significantly decreased in the co-treated group (Figure 5B). It was
reported that p53 and Parp activation by CAP generated RONS leads to tumor suppression by DNA
damage [32,33]. PAM treatment increased in Parp activation in IHC, as well as in the western blot
studies, signifying defects in the double-strand DNA repair mechanism and, subsequently, referring to
an increase in cellular Casp8 (Figure 5B,C). Increase in Caspase 8 in gene levels, as well as using IHC,
reveals that PAM treatment leads to xenograft melanoma cell damage, which leads to an induction of
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apoptosis. The IHC provides confirmation of the decrease in apoptotic antigens within the xenograft
melanoma tissues in the PAM receiving group as compared to the control group, which confirms the
anti-tumor effects of PAM.
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4. Discussion

Recent studies claimed the important role of CAP in various kinds of cancer treatments. Nowadays,
CAP-induced RONS, or its derived short and long-lived free radical species on interaction with liquid
(in case of PAM), might be a key factor leading to anticancer effects [34]. Our in vivo results suggested
a decrease in tumor volume and tumor weight after 21 days when giving PAM intradermally at
the tumor site. This could be attributed due to the effect of the conversion of short-lived OH• into
long-lived hydrogen peroxide (H2O2) inside the PAM. H2O2 is the main stable species responsible for
most of the activity in PAM [35]. It interacts with some other organic peroxides, which may disrupt
the permeability of the melanoma cell membrane and cause cell injury, followed by an invasion of
extracellular reactive species from PAM. Studies on breast cancer cell lines demonstrated the role of
H2O2 and OH• radical-induced apoptosis after plasma treatment [19]. These reactive species not only
initiated a molecular cascade of generating cellular apoptosis but also initiated certain immunogenic
treatment approaches, like the release of Damage Associated Molecular Patterns (DAMPs) or inducing
Immunogenic Cell Death (ICD) and macrophage activation, which helps in the reduction of melanoma
progression inside the body [36–43].

The redox reactions are very important sources of energy in the biological system, and its alteration
leads to cell death [44]. PAM changed the normal machinery of the tumor by alleviating protein
carbonylation, which is an irreversible post-translational modification induced by oxidative stress [45].
Another very important component, nitric oxide (NO), present in PAM (NO-PAM) accumulates inside
the cells and quickly converts to NO2

− and NO3
− in PAM [46]. NO2

− to H2O2 gives a synergistic effect
and reacts to produce peroxinitrite (ONOO−), which is toxic and leads to protein carbonylation in
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cells [47]. PAM also showed an increase in lipid peroxidation, which was estimated by the increase
in MDA concentration, which directly relates to the cell in response to induced oxidative stress [48].
Excessive RONS formation (specially OH•) can cause macromolecule oxidation, such as membrane
lipids, by abstracting a hydrogen atom from the methylene group, thus leading to the cross-linking
of the fatty-acid side chain to form transient pores in the cell membrane, leading to membrane lipid
peroxidation and depolarization of cell membrane potential [49].

Melanoma showed some very peculiar, effective prognostic markers, which helps melanoma cells
to differentiate it from normal tissues [50]. The level of LDH and l-DOPA both decreased significantly
as compared to their respective controls. LDH is responsible for the interconversion of pyruvate to
lactate during glycolysis and gluconeogenesis and gives energy to the cancer cells [51]. PAM can be
attributed to the reduction in LDH level because of the presence of the OH• radical, which is the only
important species known to inactivate the LDH effect [52], which correlates with decreased tumor
burden, and hence, consequently decreases the tumor’s growth and invasive potential. L-DOPA
(levodopa) is a crucial intermittent chemical compound, which is a precursor of the biological pigment
melanin and is produced from L-tyrosine using the enzyme tyrosine hydroxylase (tryosinase) [53].
The overexpression of L-DOPA is directly related to the excessive synthesis of melanin pigment and
will lead to melanoma at later stages [54]. Molecular mechanisms associated with the CAP anti-cancer
effect have been addressed in several studies. PAM is known to selectively kill glioblastoma brain
tumor cells by activating Pi3k/Akt and Ras/Mapk pathways [36,55].

PAM also showed here to activate apoptotic pathways by alleviating many apoptotic related
genes, which were studied using q-PCR. Intracellular reactive oxygen species present in PAM can
cause DNA damage by oxidization, changing the hydrogen bonds between the complementary bases,
and hence, activates poly(ADP-ribose) polymerase-1 (Parp-1), which further results in the decrease of
intracellular ATP, leading to cell death [56]. Another biomolecule presented in PAM, which has large
implications in cancer therapy, is NO. NO is well known to be a powerful agent for long-term activity
against a variety of cancers [57] and could be responsible for the elevation of other apoptotic genes
for melanoma suppression. Our results also prevailed in the apoptotic nature of PAM by activating
the extrinsic pathway of apoptosis by increasing the Casp 8 activity [58]. The increased level of P53
directly relates to the Parp activation, which is responsible for cellular damage and hence helps in
tumor suppression [59]. IHC studies also revealed an increase in the uptake of apoptotic antibodies,
which signifies the potent role of PAM in melanoma reduction in vivo.

5. Conclusions

In the present study, we tried to enlighten the effect of PAM on melanoma in in vivo conditions via
observing the change at the biochemical and molecular level in melanoma tumors and blood serum of
mice. We developed a new perspective to understand the mechanism of PAM for treating melanoma.
The PAM contains ROS, which induces the intracellular ROS level and activates the P53-signalling
cascade, which consequently causes cancer cell death through activating apoptotic gene expression
and degrading macromolecules. The accumulation of the RONS inside the PAM makes it a better
treatment option against cancer cells as compared to CAP (Figure 6). Oxidative damage caused by
PAM in protein and lipid levels were checked in melanoma tissue, and its outcome showed a decrease
in their levels, respectively. The specific prognostic markers (LDH and L-DOPA) present in the blood
serum and melanoma samples also revealed the decrease in the expression level of markers. The IHC of
melanoma samples showed the intense expression of apoptotic markers and confirmed the significant
effect of PAM on melanoma regression. Though the multifaceted mechanism networks between PAM
and cell interactions (intracellular and extracellular) still need to be revealed, these findings provide
significant insight into the intracellular molecular mechanism of PAM-mediated melanoma apoptosis,
especially with regard to the selective killing effect. Understanding the molecular mechanism will
provide strong evidence and lead to clinical applications of PAM in the future.
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