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Abstract: Medical gas plasmas are of emerging interest in pre-clinical oncological research. Similar to
an array of first-line chemotherapeutics and physics-based therapies already approved for clinical
application, plasmas target the tumor redox state by generating a variety of highly reactive species
eligible for local tumor treatments. Considering internal tumors with limited accessibility, medical
gas plasmas help to enrich liquids with stable, low-dose oxidants ideal for intratumoral injection
and lavage. Pre-clinical investigation of such liquids in numerous tumor entities and models in vitro
and in vivo provided evidence of their clinical relevance, broadening the range of patients that could
benefit from medical gas plasma therapy in the future. Likewise, the application of such liquids
might be promising for recurrent BRAF(V600E) papillary thyroid carcinomas, resistant to adjuvant
administration of radioiodine. From a redox biology point of view, studying redox-based approaches
in thyroid carcinomas is particularly interesting, as they evolve in a highly oxidative environment
requiring the capability to cope with large amounts of ROS/RNS. Knowledge on their behavior
under different redox conditions is scarce. The present study aimed to clarify resistance, proliferative
activity, and the oxidative stress response of human papillary thyroid cancer cells K1 after exposure
to plasma-oxidized DMEM (oxDMEM). Cellular responses were also evaluated when treated with
different dosages of hydrogen peroxide and the RNS donor sodium nitroprusside (SNP). Our findings
outline plasma-oxidized liquids as a promising approach targeting BRAF(V600E) papillary thyroid
carcinomas and extend current knowledge on the susceptibility of cells to undergo ROS/RNS-induced
cell death.
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1. Introduction

Thyroid carcinoma is the fifth most common cancer in women, with approximately
450,000 new cases worldwide annually [1]. The incidence is rising steadily. Covering
approximately 80% of diagnosed cases, the well-differentiated papillary thyroid carci-
noma (PTC) represents the most prevalent type [2]. Strikingly, although characterized
by a recurrence rate of 30%, the patient’s prognosis is high, given that the tumor retains
expression of the thyroid sodium/iodide symporter (NIS), required for accumulation of
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iodide in hormone synthesis. By that, residual or recurrent cancers are eligible for adjuvant
administration of radioactive iodine. However, 40-60% of PTCs carry the oncogenic V600E
mutation of the serine/threonine phosphatase BRAF, resulting in constitutive activation
of mitogen-activated protein kinase (MAPK) and uncontrolled proliferation. This is of
high clinical relevance as BRAFV6%E tumors are associated with resistance to radioiodine
treatment due to decreased expression of NIS, emphasizing the need of novel therapeutic
approaches [3].

Lining up into an array of clinically approved redox-based therapy approaches,
e.g., chemotherapeutic agents [4], photodynamic therapy [5], or radiotherapy [6], medical
gas plasmas are of emerging interest in pre-clinical oncological research. Targeting the
tumor redox balance, such plasmas feature a versatile mixture of reactive oxygen (ROS)
and nitrogen species (RNS), causing lethal oxidative damage to cellular biomolecules [7].
Direct application of plasma-derived ROS/RNS is confined to the treatment of superfi-
cially growing, locally restricted neoplasms [8]. However, plasma-oxidized liquids can
be considered concerning internal tumors with limited accessibility. Here, a carrier liquid
is enriched with low-dose oxidants, applicable for intratumoral injections or lavage [9].
From a redox-chemistry point of view, only a few species are stable enough to persist in
the liquid [10], and hydrogen peroxide (H,O,) is suggested to play a major role [11-15].
Anti-tumor effects of plasma-oxidized liquids are underlined by numerous studies, fo-
cusing on different tumor entities and a broad range of tumor models [16-21]. However,
knowledge of the applicability of such an approach in the treatment of thyroid cancer is
scarce. Intriguingly, besides being important from a translational point of view, character-
izing ROS-based therapy approaches in thyroid carcinoma is particularly interesting, as
this neoplasm evolves in a highly oxidative environment. Thyrocytes are equipped with a
large amount of dual oxygenase (DUOX) 2 and NADPH-oxidase (NOX) 4, important for
H,0O, generation required for thyroid hormone synthesis. As precise regulation of cellular
H;0; levels is crucial to ensure proper thyrocytes function and survival, cells are equipped
with a powerful antioxidant defense system, representing an interesting target to study
plasma-induced redox effects in tumor cells [22].

To this end, the present study explored metabolic activity, proliferation, viability, cellu-
lar oxidation, and the redox response of K1 cells, a lineage of papillary thyroid carcinoma
carrying a heterozygous V600E mutation in the BRAF gene [23], after exposure to the
plasma-oxidized medium. Cellular responses under mixed, plasma-derived ROS/RNS con-
ditions were compared to H,O, and sodium nitroprusside, an RNS donor, alone (Figure 1a).
Our findings will help to understand the behavior of PTC under different redox alterations
and expand to evaluate the therapeutic use of reactive species in PTC.

a @ oXDMEM
‘metabolic

~ activity > 23.3mm

b

proliferation

H,0,
-}

cell death

—~
SNP ) ROS
) oxidative
- stress

Figure 1. Study scheme and treatment procedure. (a) Study scheme: plasma-oxidized DMEM
(oxDMEM), hydrogen peroxide (H,O,) and the reactive nitrogen species donor sodium nitroprusside
(SNP) were investigated for their effects on metabolic activity, proliferation, viability and redox
balance in a human papillary thyroid carcinoma cell line; (b) scheme of the generation of oxD-
MEM; (c) representative image of the generation of ox DMEM. ROS = reactive oxygen species.
slm = standard liters per minute.
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2. Materials and Methods
2.1. Generation of the Plasma-Oxidized Medium

The kINPen IND (neoplas, Greifswald, Germany) was used for generation of plasma-
oxidized DMEM (0oxDMEM) in the present study. The device is technically similar to the
well-characterized kINPen Med [24]. The jet was operated with argon gas (99.999% purity)
at three standard liters per minute (slm) and a effluent tip to target distance of 23.3 mm
(Figure 1b). Sufficient amounts of oxDMEM were generated by exposing 1.4 mL per well of
a 24-well plate to plasma for 30, 60 and 120 s (Figure 1c).

2.2. Cell Culture and Treatment Procedure

The human papillary thyroid carcinoma cell line K1 (ECACC: 92030501) was cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM):Ham’s F12:MCDB 105 supplemented
with 2 mM glutamine and 10% bovine fetal serum. The K1 cell line was obtained from
the Cell Bank of Rio de Janeiro (Brazil), (code 0292). This human thyroid carcinoma cell
line is a tetraploid subpopulation of GLAG66, and more information has been described
on the Cellosaurus platform (code CVCL_2537). Cells were kept under standard culture
conditions in a humidified incubator (Sanyo, Moriguchi, Japan) at 37 °C and 5% CO,. At
24 h prior to treatment, K1 cells were seeded at a density of 2 x 10° cells per well in a
24-well flat bottom plate. The cell culture medium was removed on the day of experiment
and replaced with 1 mL of oxDMEM, hydrogen peroxide (HyO), or the RNS donor sodium
nitroprusside (SNP) at different dosages as indicated. HO, and SNP were diluted in the
fresh culture medium. For assessment of oxidant and antioxidant parameters, treatments
were carried out in 25 cm? culture flasks, with a density of 1 X 10° cells. Likewise, cells
were exposed to respective liquids for 24 h and processed as described in the following.

2.3. Cell Culture and Treatment Procedure

The MTT assay indicates the mitochondrial metabolic activity based on the ability of
viable cells to convert 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT;
Sigma-Aldrich, Burlington, MA, USA) into formazan, a purple-colored crystal. At24 h
after treatment, cells were incubated with 5 mg/mL MTT for 40 min, immediately after
DMSO was added, and absorbance was measured at Aoy = 570 nm.

2.4. Proliferation and Viability

Proliferation and cellular viability were assessed 24 h after treatment using the trypan
exclusion test. Briefly, cells were detached and resuspended in 200 pL culture medium after
centrifugation. Cells were stained with 0.05% Trypan blue for live-dead discrimination
and counted in Neubauer chambers.

2.5. Cell Lysis

Cell lysates were prepared 24 h after treatment to assess lipid peroxidation and total
radical antioxidant potential (TRAP). Briefly, 1 x 10 cells were lysed by repeated freezing
in liquid nitrogen and thawing in a water bath at 30-37 °C. After three freeze-thaw cycles,
lysates were centrifuged at 1000x g for 5 min at 4 °C.

2.6. Lipid Peroxidation

Oxidation of cellular membranes was assessed based on tert-butyl hydroperoxide-
induced chemiluminescence, as described by Flecha and colleagues [25]. Briefly, cell
homogenates were incubated with monobasic phosphate buffer (10 mM) at 37 °C for 5 min,
followed by addition of hemin (1 mM) and tert-butyl hydroperoxide (6 mM). Immediately
after, luminescence was measured using a luminometer (GloMax 20/20; Promega, Madison,
WI, USA). Readings were performed for 20 min and 1 reading per second.
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2.7. Total Radical Antioxidant Potential

Evaluation of the total radical antioxidant potential (TAR) was determined as described
by [26] adapted to cells. ABAP [2,2-azo-bis (2-methylpropionamidine) dihydrochloride]
was used to generate peroxyl radicals by thermal decomposition, and photon emission
was amplified by addition of luminol. The amount of antioxidants present in the sample
correlates with the lag time of photon emission. Briefly, glycine buffer (0.1 M, pH 8.6), ABAP
solution (200 mM), and luminol (215 M) were added to the cell lysates, and luminescence
was measured immediately after using a luminometer (GloMax 20/20; Promega, Madison,
WI, USA) with 5 readings per second. Trolox, a hydrosoluble vitamin E analog, was used
as a standard equivalent.

2.8. Statistical Analysis

Data are from at least three independent experiments. Graphing and statistical analysis
were performed using Prism 9.4.1 (GraphPad Software; San Diego, CA, USA), Excel 2007
(Microsoft, Redmond, WA, USA) and Origin 8.0 (OriginLab Software, Northampton, MA,
USA). The D’Agostino and Pearson normality test was used. For parametric data (x = 0.05),
one-way or two-way analysis of variance (ANOVA) with Tukey’s post hoc testing was
performed, as indicated in the figure legends. The Kruskal-Wallis test with Dunn’s test
post hoc testing was performed on non-parametric data (e = 0.1).

3. Results
3.1. Low-Dose Oxidants Reduce Metabolic Activity, Proliferation, and Viability in a Human
Papillary Thyroid Carcinoma Cell Line

Plasma-oxidized liquids are considered promising anti-cancer tools based on their
ability to target the cellular redox state via reactive species. The present study aimed to
investigate responses of a human papillary thyroid carcinoma cell line K1 under different re-
dox conditions. Besides exposure to mixed, plasma-derived ROS/RNS in plasma-oxidized
DMEM (oxDMEM), metabolic activity, proliferation, viability, and redox responses were
evaluated after application of HyO, and SNP, an RNS donor, alone (Figure 1a). ROS/RNS
composition and quantity in plasma-oxidized liquids is influenced by several factors, in-
cluding feed gas and admixtures, energy supply, treatment time and also the jet-to-target
distance. In the present study, the distance between effluent tip and liquid surface was
23.3 mm (corresponding to a nozzle-to-surface distance of 35 mm). The jet was operated
with argon at 3 slm (Figure 1b). Sufficient amounts of plasma-oxidized DMEM were
generated by exposing 1.4 mL DMEM to plasma for 30, 60, or 120 s. oxDMEM was pre-
pared freshly before the start of experiment (Figure 1c) and added to the cells for 24 h.
Exposure to oxDMEM reduced the metabolic activity of K1 cells significantly in a dose-
dependent manner (Figure 2a). Similar effects were observed for H,O, (Figure 2b) and
SNP (Figure 2c), although high concentrations of HyO, (>1 mM) in particular were needed
to reduce the metabolic activity significantly. A hallmark of cancers is their sustained pro-
liferative signaling, supported by metabolic reprogramming, ensuring supply of substrates
for macromolecule synthesis. The proliferative activity of K1 cells was assessed 24 h after
treatment using the trypan blue exclusion assay (Figure 3a). Again, oxDMEM reduced
cellular proliferation to a significant extent in a dose-dependent manner. Similar tendencies
were observed for Hy,O, and SNP (Figure 3b). Live-dead discrimination using trypan
blue staining was done to differentiate tumoristatic and tumortoxic action of the applied
oxidants. At 24 h after exposure to oxDMEM, H,O,, or SNP, enhanced toxicity could be
observed, correlating with the applied dose. Toxicity was lowest after exposure to HyO,
(Figure 3c).
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Figure 2. Metabolic activity of K1 cells after exposure to different oxidants. (a—c) Assessment of
metabolic activity 24 h after exposure to different dosages of oxXDMEM (a), H,O, (b), and SNP (c).
Bar graphs show mean =+ standard error of the mean (SEM). Statistical analysis was performed using
one-way analysis of variances (ANOVA) with Tukey’s post hoc testing (** p < 0.01 and *** p < 0.001).
C = control.
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Figure 3. Proliferation and viability of K1 cells after exposure to different oxidants. (a) Represen-
tative brightfield images of K1 cells 24 h after exposure to untreated (control) or plasma-oxidized
DMEM (oxDMEM); (b) number of cells 24 h after exposure to different dosages of oxDMEM, H,O,,
and SNP; (c) percentage of dead cells 24 h after exposure to different dosages of oxDMEM, H,O,,
and SNP. Graphs show mean =+ standard error of the mean (SEM). Violin plots show median and
individual values. Statistical analysis was performed using one-way analysis of variances (ANOVA)
with Tukey’s post hoc testing (* p < 0.05, ** p < 0.01, and *** p < 0.001). C = control.

3.2. Low-Dose Oxidants Induce Membrane Lipid Peroxidation without Alterations in the
Antioxidant Capacity

Plasma induces cell death by irreversible damage of cellular macromolecules. A
substantial impact of ROS on fatty acid chains yields cleavages and decreased membrane
stiffnesses, amplifying their entry into the cells. Cellular membrane oxidation was evaluated
24 h after exposure to 60 s oxDMEM, 1800 uM H;O, or 400uM SNP in 25 cm? cell culture
flasks. Relative detection of lipid peroxides in K1 cell lysates was done based on tert-butyl-
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hydroperoxide-induced chemiluminescence [25] (Figure 4a). Overall, exposure to oxDMEM
and oxidant chemicals increased lipid peroxidation in K1 cells (Figure 4b). Hereof, the
increase in lipid peroxidation was highest after exposure to oxDMEM and lowest after
exposure to SNP (Figure 4c). Maintaining redox hemostasis is crucial for cellular survival.
Therefore, cells are equipped with a variety of enzymatic and non-enzymatic antioxidants
to secure cellular macromolecules from lethal damage. In order to assess the antioxidant
capacity of K1 cells after exposure to oxDMEM, the total radical antioxidant potential
(TARP) was assessed 24 h after treatment (Figure 4d). Interestingly, the antioxidant capacity
remained largely unchanged, with even a slight increase after exposure to 120 s oxDMEM.
A significant decrease, indicative of an exhausted redox balance, was only observed after
exposure to SNP (Figure 4e).
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Figure 4. Lipid peroxidation and total radical antioxidant potential. (a) Schematic overview of
chemiluminescence based assessment of cellular membrane oxidation; (b) relative luminescence units
indicative of lipid peroxidation 24 h after exposure to 60 s oxDMEM, 1800 uM H,O, and 400 uM
SNP and (c) quantification of area under the curve; (d) assessment of the total radical antioxidant
potential (e) measured 24 h after exposure to different dosages of oxDMEM, 1800 uM H,O, and
400 uM SNP. Bar graphs show mean = standard error of the mean (SEM). Box plots show median and
min. to max. Mean is indicated as (+). Statistical analysis was performed using one-way analysis of
variances (ANOVA) with Tukey’s post hoc testing (* p < 0.05, ** p < 0.01, and *** p < 0.001). C = control.
ROS = reactive oxygen species.

4. Discussion

Exposure to excessive amounts of ROS/RNS causes oxidative distress and irreversible
damage to cells, resulting in cell death. This concept is exploited by an array of approved
and emerging redox-based therapies in oncology, including medical gas plasmas. The major
drawback of this promising technology is its restricted use for treatment of superficially
growing, localized cancers or intraoperatively, providing better accessibility of tumors.
However, the applicability of medical gas plasmas is extended upon enriching carrier
solutions with gas phase-derived ROS/RNS. Plasma-oxidized liquids contain fewer but
stable oxidants, applicable for intratumoral injections or lavage. Pre-clinical investigation of
such liquids in numerous tumor entities and models in vitro and in vivo provided evidence
of their clinical relevance, broadening the range of patients that could benefit from medical
gas plasma therapy in the future [27].
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Research on the applicability of medical gas plasma in treating thyroid carcinoma
is still incipient. The majority of studies focused on anaplastic and medullary thyroid
carcinomas and found direct plasma treatment to induce oxidative stress and apoptosis
abrogated after addition of ROS/RNS scavengers [28]. In a comparative study, SNU80
anaplastic thyroid carcinoma cells were, however, found to be more resistant compared to
T89G glioblastoma and KB oral carcinoma cells, with only minimal changes in antioxidant
consumption after treatment pointing to their capability to cope with high amounts of
ROS/RNS [29]. In 2014, Chang and colleagues provided evidence that direct application
of medical gas plasmas reduces invasiveness of papillary thyroid carcinoma cells TPC-1
and BHP 10-3 via cytoskeletal alterations and decreased FAK, Src, and paxillin expression,
as well as matrix metalloproteinase 2/9 and urokinase-type plasminogen activator activ-
ity [30]. Yoon and colleagues carried out pioneering research concerning the therapeutic
efficacy of medical gas plasmas in the treatment of PTCs, showing enhanced toxicity and
tumor immunogenicity after treatment of BCPAP PTC cells [31]. However, treatments
performed in the mentioned studies were direct, which, from a clinical perspective, would
only be applicable intraoperatively after thyroidectomy, to decrease recurrence rates due to
micrometastases in the tumor margin. A recent study investigated transcriptional changes
in a screening of five thyroid carcinoma cell lines after exposure to the plasma-oxidized
medium and found plasma-induced toxicity to be associated with increased expression of
GADD45, a regulator at the G2/M checkpoint playing a role in DNA damage response,
cell-cycle arrest and apoptosis. The anti-tumor efficacy of the treatment was validated
in a non-orthotopic model of anaplastic thyroid carcinoma in vivo [32], emphasizing the
therapeutic efficacy of such an approach. The present study focused on anti-tumor ef-
fects of oxDMEM compared to H,O;, and the RNS donor SNP on PTC K1 cells, carrying
the BRAFY®E mutation, being of high clinical relevance. oxDMEM affected metabolic
activity, proliferation, and viability of K1 cells in a dose-dependent manner, which was
associated with a significant increase in lipid peroxidation. Similar tendencies were ob-
served after exposure to HyO, and SNP, however, high concentrations were needed to elicit
significant effects.

Gas plasma-oxidized liquids are considered to act mainly via H,O, [33]. Important
to note, thyroid tissues are capable of coping with high levels of H,O,, as it is essentially
needed in iodide oxidation in thyroglobulin synthesis. Hence, thyroid carcinomas evolve in
a highly oxidative environment, and their antioxidant defense system is naturally prepared
to protect them from the high ROS levels to which they are continuously exposed [22]. For
instance, the thyrocyte apical membranes exhibit low permeability of HyO, into the cell [34].
Within the cells, redox homeostasis is ensured by antioxidant enzymes, including catalase,
glutathione peroxidase, and glutathione reductase, as well as peroxiredoxin/thioredoxin
reductase systems [35], corroborating our findings that the TARP was largely unaffected
after exposure to oxDMEM and H;O;. In fact, recent research indicated SOD overexpres-
sion downstream RAS oncogene signaling to be associated with oncogenesis in thyroid
carcinoma [36,37], indicating an even higher antioxidant capacity in malignant cells. How-
ever, the adaptive response of K1 cells was not enough to secure the cells from irreversible
damage in the present study, as indicated by induction of cell death at high dosages.

Despite HyO,, plasma yields deposition of NO,™ and NO3;™ in liquids [38]. The
former is considered to act in synergy with HyO,, as both can form highly reactive perox-
ynitrites (ONOO™) [39]. The present study used sodium nitroprusside as an RNS donor, a
chemical compound that generates mainly nitric oxide (NO-), yielding NO, ™ and NO3 ™
as secondary oxidation products [40]. In addition, NO- itself competes for the same cy-
tochrome oxidase ¢ binding site as oxygen with higher affinity, inhibiting ATP production
oxygen in the mitochondrial respiratory chain [41]. Furthermore, NO- reacts with anion
superoxide radical (O, ™) in mitochondria to form ONOO~™. ONOOT, in turn, can damage
biomolecules, generate pores in the mitochondrial membrane, resulting in Ca?* and depo-
larization of the membrane and induction of pro-apoptotic signaling [42]. The increased
reactivity of NO- likely accounts for the high efficacy of SNP in the present study, affecting
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metabolic activity, proliferation, and viability of K1 cells, as well as the total antioxidant
capacity of cells. However, anti-tumor effects were observed mainly at concentrations
considered highly toxic in the literature [43].

Underlying mechanisms determining the susceptibility of cells to undergo plasma-
induced cell death are only beginning to be understood and many studies focused on direct
plasma applications, driving mainly short-lived species chemistries, so far. Despite the
robustness of the antioxidant defense system, expression of membrane aquaporins [44],
cholesterol content [45], and the baseline metabolic activity [46] are discussed as important
factors. Overall, these findings might translate to indirect plasma treatments alike, despite
conceivable differences due to the impact of long-lived oxidants. Here, a recent screening of
35 cell lines identified cell cycle-related genes to correlate with resistance toward H,O, [47].
Recent studies further indicate oscillations in oxygen consumption, energy metabolism, and
redox state tightly integrated in cell cycle progression [48], which might link to observed
differences in the TARP of untreated thyroid carcinoma cells in the present study. The
impact of redox-dependent regulatory checkpoints changes during cell cycle progression,
contributing to the sensitivity of cells towards (plasma-derived) ROS/RNS.

Overall, the present study emphasizes the therapeutic applicability and efficacy of
plasma-oxidized solutions in the treatment of recurrent papillary thyroid cancer. Plasma-
oxidized liquids could be used in adjuvant treatment regimes administered as intratumoral
injections promising for recurrent BRAFV'E papillary thyroid carcinomas resistant to
administration of radioiodine. As a limitation, the cell culture medium was used as a carrier
solution. Their complex formulations with different antioxidant capacities, discourages
their use from a translational perspective [49-51]. Future studies should focus on medical-
grade carrier solutions, e.g., Ringer’s lactate, 0.9% sodium chloride, to study anti-tumor
effects of plasma-oxidized liquids in thyroid cancer.

5. Conclusions

Targeting thyroid carcinoma with medical gas plasma-derived ROS/RNS is promising.
For the first time, the present study investigated the effect of indirect plasma treatment on
PTC carrying a V60OE mutation in the BRAF oncogene, being of high clinical relevance.
Exposure to oxDMEM showed human PTC K1 cells to be affected in metabolic activity,
proliferation, viability, and redox balance highlighting its use in oncological treatment
regimes in the future. Similar effects were observed after exposure to H,O, and SNP,
linking the impact of ROS/RNS to the observed effects.
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