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Abstract: The potential use of low-temperature plasma (LTP) for therapeutic purposes has aroused
the concern of many researchers. This paper examines the effect of LTP on the morphofunctional
state of human bone marrow stem cells (BMSC). It has been established that LTP-induced oxidative
stress has a dual effect on the state of stem cells. On the one hand, a cell culture exposed to LTP
exhibits the progression of a destructive processes, which is manifested by the perturbation of the
cell’s morphology, the initiation of lipid peroxidation and the accumulation of products of this process,
like diene conjugates and malondialdehyde, as well as the induction of mitochondrial dysfunction,
leading to cell death. On the other hand, the effect of LTP on BMSC located at a distance from the
plasma is accompanied by the activation of proliferative processes, as evidenced by the tendency of
the activity of mitochondrial biogenesis and fission/fusion processes to increase. The paper discusses
the role of mitochondria and reactive oxygen species (ROS) in the cellular response to LTP.

Keywords: low-temperature plasma; stem cells; ROS; mitochondria; mitophagy; apoptosis;
cell proliferation; FGFb

1. Introduction

The creation of highly selective drugs is inevitably accompanied by concomitant side effects.
The most common manifestation of such effects is the body’s immune response, which includes
overreaction of the immune system and individual intolerance to the drug. Therefore, much attention
is currently being paid to the search for new methods of non-drug treatment of pathological processes.
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In particular, a significant number of studies are aimed at studying the effects of physical factors on the
reparative and regenerative properties of biological objects.

Physical factors primarily affect the molecular level of the organization of living organisms,
which subsequently leads to changes on the cellular and tissue levels. One of the promising physical
factors is low-temperature plasma (LTP). LTP is a stream of partially ionized gas with a temperature
close to the ambient value [1,2]. The biological effect of LTP is based on the synergy of strong electric
fields and electromagnetic radiation [1,2]. In this case, the effects of these factors lead to the generation of
reactive oxygen species (hydroxyl radical, superoxide anion radical, hydrogen peroxide and ozone) and
reactive nitrogen species (nitrogen oxide radicals, nitrate and nitrite anions, peroxynitrite and nitric,
nitrous and peroxynitrous acids) [3,4], directly affecting the properties of the tissues and cells of
living organisms.

Currently, LTP is used in various fields, such as agriculture, the food industry, bioengineering,
the purification of exhaust gases, soil and wastewater [5,6]. Plasma reactors working with targets in
humid or wet environments are of great importance for biotechnology and medicine. LTP is actively
used for antimicrobial and antifungal treatment [7–10]. There is evidence of the use of LTP to control
bleeding, which can be used for the effective healing of wounds and burns [11,12], as well as for the
tasks of regenerative medicine. LTP is used to increase the biocompatibility of materials and improve
drug delivery efficiency [13–15]. It has been shown that LTP can be used in the treatment of neoplasms.
In particular, in remarkable articles, the possibility of selective cytotoxic effects from low-temperature
plasma in relation to different types of human cells was reported, which made it possible to select the
conditions that ensured the selective death of tumor cells [16–18]. It was established that the effect
of LTP on tumor cells led to inhibition of the cell cycle and the transition of these cells to different
cell death variants [19]. On the other hand, depending on the conditions and time of exposure,
LTP is able to stimulate the differentiation of various types of cells (e.g., preosteoblasts, fibroblasts,
immune and stem cells) [20–23]. Indeed, much is known about the final effects of LTP on cells and
tissues. At the same time, data on the molecular mechanisms underlying them are often scarce and
contradictory. However, one could assume that these effects of LTP may be associated with the
ROS-induced initiation of intracellular signaling cascades involving subcellular organelles (first of all,
mitochondria), which play a crucial role in cell differentiation and proliferation processes, but also,
on the other hand, trigger the mechanisms of cell death [24].

The aim of this work was to identify the effect of low-temperature plasma generated by a
high-frequency glow discharge in water vapor on the viability and proliferative activity of human
bone marrow stem cells (BMSC) and to estimate the role of mitochondria in the cellular response.
We have shown that LTP induces a variety of effects on mammalian cells, ranging from mitochondrial
degradation and apoptosis due to the overproduction of hydrogen peroxide and lipid peroxidation
to increased mitochondrial biogenesis and dynamics of the organelles, reflecting the tendency for
increased cell proliferation due to the ROS-induced activation of the fibroblast growth factor (FGFb).

2. Materials and Methods

2.1. Isolation and Cultivation of Human BMSC

Male and female patients older than 18 years of age who were scheduled for non-emergency
open heart surgery gave informed consent for participation in the study. Sternal bone marrow was
harvested the day of the surgery under general anesthesia. Each patient’s chest skin was incised at the
midline, and a syringe with an 18-gauge needle containing 5 mL of 10% heparin solution was advanced
slowly through the periosteum of the sternum and rotated as it passed through the anterior table.
The solution was injected into the sternum and the plunger was pulled back to aspirate 0.015–0.030 L
of bone marrow fluid from the sternum. The syringe containing the bone marrow was placed on ice
and transported into the laboratory, where the cells were separated. The BMSC were collected by
standard density gradient centrifugation with Lympholyte-H. These cells were cultured on Petri dishes
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(140 mm) in a MesenCult basal medium containing mesenchymal stem cell stimulator supplements
(StemCell Technologies, Kent, WA, USA). The Petri dishes with the cultured cells were placed in a CO2

incubator at 37 ◦C in an atmosphere with 5% CO2 and 95% humidity. After 48 h, the nonadherent cells
were removed, and a fresh medium was added to the cells. The medium was changed every 5 days
until a monolayer of cells (3 × 103 cells/mL) was obtained. The morphological state of the cells before
and after LTP treatment was analyzed using an inverted microscope.

All procedures performed in studies involving human participants were in accordance with
the ethical standards of the institutional or national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards. The study was approved by the
Bioethics Committee of the Sklifosovsky Research Institute of Emergency Medicine (No. 2018/03/21-2).

2.2. The Effects of LTP on Cells

After obtaining a monolayer, the cells were treated with LTP. The schematic diagram of the
experimental setup is shown in Figure 1. In this case, a MesenCult basal medium was replaced by
Ringer’s solution (8.6 g/L NaCl, 0.33 g/L CaCl2 and 0.3 g/L KCl). This was due to the fact that plasma
causes local denaturation of the proteins that make up mesenchymal stem cell stimulator supplements,
preventing the effects of LTP on BMSC. After the cells were treated with LTP, Ringer’s solution was
again replaced with a nutrient medium. During the experiment, two electrodes were introduced
into the solution layer with a thickness of 6 mm; one needle electrode had a plasma generate on it,
while the other annular electrode was neutral. A needle electrode (platinum, 5 mm long, 0.3 mm
in diameter and a needle tip diameter of about 50 µm) was inserted into the 3 mm culture solution
at an angle of 60◦ relative to the plane of the cell’s monolayer (or at an angle of 30◦ relative to the
axis perpendicular to the plane of the cell’s monolayer). An annular neutral electrode (platinum,
0.8 mm in diameter) was installed parallel to the plane of the cell’s monolayer, close to the surface
of the culture solution. The anode and cathode of the electrode were connected to a high-frequency
generator. An impulse voltage of 245 V was applied to the electrode at a 2.64 MHz frequency for 3 s.
The appearance of a glow discharge on the electrode surface was detected by a decrease of current
flowing through the electrode from 1.8 A to 0.1 A. The resulting discharge was close to an anomalous
glow discharge in terms of its physical characteristics [25]. The temperature of the electron gas was
close to 5 eV, and the electron concentration was 2–3 × 1018 m−3. Ionization in a plasma-forming gas,
which is water vapor, is supported mainly by two reactions. Both reactions result in the dissociation
of water molecules; one happens through dissociative adhesion, and the other occurs through the
excitation of the vibrational degrees of freedom [26]. One should keep in mind that the actual regimen
of plasma generation found in the current work (frequencies around 2.6–2.7 MHz) was unique because
the elevation of the frequency broke the symmetry of the glowing plasma, making it glow only at
one phase, and lift-offs occurred constantly. At the same time, the decrease of the frequency led to
non-stationary plasma glowing, and serious fluctuations were observed.

Figure 1. Schematic diagram of the experimental setup, showing (1) the stem cell culture, (2) layer
of Ringer’s solution, (3) plasma discharge, (4) electrode applicator with a needle, (5) dispenser,
(6) ring neutral electrode, (7) high-frequency generator and (8) Petri dish.
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2.3. Cell Culture Imaging

The cells were incubated with the following fluorescent markers: 2 µg/mL Hoechst 33342
(Sigma-Aldrich, St. Louis, MO, USA), 2 µg/mL propidium iodide (Sigma-Aldrich, St. Louis, MO, USA)
and 0.3 nM mitoTracker Deep Red FM. The propidium iodide dye penetrated into living cells extremely
slowly during the short incubation time we used (about 10 min at 37 ◦C in the dark). It stained only
the cells with damaged plasma membranes. The plasma membrane, which had tears through which
the dye penetrated, was one of the main signs that the cell was dead. Thus, the Hoechst 33342 marker
stained both living and dead cells, while propidium iodide only stained dead cells. The MitoTracker
Deep Red FM dye stained all living mitochondria. After staining, the cells were washed from the dyes
in Hank’s solution for 10 min. Microscopic analysis of the samples was carried out using an image
system based on the Leica DMI6000 (Leica Microsystems, Wetzlar, Germany).

2.4. Measurement of Concentration of Hydrogen Peroxide

The concentration of hydrogen peroxide was measured by the chemiluminescence method in a
luminol-4-iodinephenol-peroxidase system. The chemiluminescence was measured with the help of a
highly sensitive lumenmeter of Biotoks 7 AM (Ekon, Moscow, Russia). The experimental details of the
method were described earlier [27].

2.5. Determination of Lipid Peroxidation Products

Lipid peroxidation in the BMSC was estimated spectrophotometrically by measuring the levels of
the diene conjugates (DC) and thiobarbituric acid-reactive substances (TBARS). The content of DC in the
sample was calculated based on the extinction value at 233 nm for the DC of the polyunsaturated fatty
acids equal to 2.2 × 10−5 M−1 cm−1 [28]. The TBARS assay quantified the levels of malondialdehyde
(MDA) via its reaction with thiobarbituric acid. The concentration of TBARS was calculated using the
molar absorption coefficient of the colored TBA–MDA complex (E535 = 1.56 × 105 M−1

·cm−1) [29].

2.6. Estimation of Mitochondrial Membrane Potential

The mitochondrial membrane potential (MMP) was assessed by the retention of Rhodamine
123 (Rh-123), a specific fluorescent cationic dye that is readily sequestered by active mitochondria,
depending on their transmembrane potential [30]. In this case, samples (107 cells) were incubated with
6 µM of Rh-123 for 30 min at 37 ◦C in the dark, then analyzed in a Jasco FP 8300 spectrofluorometer
(Halifax, NS, Canada) using an excitation and emission wavelength of 488 nm and 530 nm, respectively.

2.7. RNA Extraction, Reverse Transcription and Quantitative Real-Time PCR

The total RNA was isolated using an ExtractRNA kit (Cat. No. BC032, Eurogen, Moscow, Russia)
in accordance with the protocol of the manufacturer. The resulting RNA preparation was treated with
RNAse-free DNAse I (Thermo Scientific, Waltham, MA, USA). The concentration of total RNA was
measured spectrophotometrically using a Nanodrop ND-1000 spectrophotometer (ND Technologies,
Wilmington, DE, USA). Taken for cDNA synthesis was 2 µg of the total RNA. Reverse transcription
was performed using an oligo(dT)15 primer and MMLV reverse transcriptase (Eurogen, Moscow,
Russia) according to the manufacturer’s instructions. Real-time PCR was performed with a DTLite5
amplifier (DNA-Technology LLC, Moscow, Russia) using the qPCRmix-HS SYBR reaction mixture
(Eurogen, Moscow, Russia). The selection and analysis of gene-specific primers were performed
using Primer-BLAST [31] (the oligonucleotide sequences are presented below in Table 1). The level of
gene expression was normalized to β-actin, and a comparative CT method was used to quantify the
results [32].
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Table 1. Human-specific primer sequences for quantitative real-time polymerase chain
reaction (qRT-PCR).

Gene Forward (5‘→ 3’) Reverse (5‘→ 3’)

Nd1 (mtDNA) CGCCATAAAACTCTTCACCAAAG GGGTTCATAGTAGAAGAGCGATGG

Globulin (nDNA) GTGCACCTGACTCCTGAGGAGA CCTTGATACCAACCTGCCCAG

β-actin ACCGAGCGCGGCTACAGC CTCATTGCCAATGGTGAT

Pink-1 GGGGAGTATGGAGCAGTCAC CATCAGGGTAGTCGACCAGG

Parkin TACGTGCACAGACGTCAGGAG GACAGCCAGCCACACAAGGC

PGC-1α GTCACCACCCAAATCCTTAT ATCTACTGCCTGGAGACCTT

Drp1 AGGTTGCCCGTGACAAATGA ATCAGCAAAGTCGGGGTGTT

Fis1 GTCCAAGAGCACGCAGTTTG ATGCCTTTACGGATGTCATCATT

Mfn1 ATGACCTGGTGTTAGTAGACAGT AGACATCAGCATCTAGGCAAAAC

Mfn2 TGATGGGCTACAATGACCAG AGCTTCTCGCTGGCATGC

Ppif GACAGACTGGCTAGATGGCAA CTTCCCACTTTTTGAGCCGA

Opa1 AGCCTCGCAATTTTTGG AGCCGATCCTAGTATGAGATAGC

Caspase3 GTAGATGGTTTGAGCCTGAG CCAGTGCGTATGGAGAAATG

JNK TCCCCCAGCTATCTATATGCAAT TCACAGCACATGCCACTTGA

SOD1 TTGAACAAGAATCCGAATCC AGCCAATGACACCACAAGCAG

SOD2 CAGGCAGCTGGCTCCGGTTT TGCAGTGGATCCTGATTTGG

GPX1 TCCAGACCATTGACATCGAG ACTGGGATCAACAGGACCAG

2.8. Quantification of Mitochondrial DNA

The total DNA (nuclear and mitochondrial DNA, 10 µg) was extracted from the BMSC using
a DNA-Extran 2 kit (Cat. No. EX-511, Sintol, Russia) according to the manufacturer’s protocol.
For the reaction, 1 ng of the total DNA was taken. Evaluation of the mtDNA content in the samples
was performed by PCR, as described in [33], and expressed as an mtDNA/nuclear DNA ratio.
For our assay, we selected the ND1 gene of the human mitochondrial genome and globulin, which is a
nuclear-encoded gene. A comparison of ND1 DNA expression relative to globulin DNA expression
would give a measure of the ratio of the mtDNA copy number to the nDNA copy number. The primers
for the mtDNA and nDNA are presented in Table 1. Real-time PCR was performed with a DTLite5
amplifier (DNA-Technology LLC, Moscow, Russia) using the qPCRmix-HS SYBR reaction mixture
(Eurogen, Moscow, Russia), containing a commonly used fluorescent DNA binding dye, SYBR Green II.

2.9. FGFb Concentrations Measurement

FGFb concentrations were measured through an enzyme-linked immunosorbent assay
(ELISA) using an ELISA commercial kit (RapidBio, West Hills, CA, USA) strictly under the
manufacturer’s protocol.

2.10. Statistical Analysis

The data were analyzed using GraphPad Prism version 8.0 software for Windows
(GraphPad Software, San Diego, CA, USA) and were presented as means ± SEM for three to six
experiments (samples from independent donors). All the results were normalized against cell numbers
in the corresponding cell culture dishes. Statistical differences between the means were determined by
a Mann–Whitney U test, where p < 0.05 was considered to be statistically significant.
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3. Results

3.1. Hydrogen Peroxide Generation and Lipid Peroxidation (LPO) Induction in BMSC Culture by LTP

At the first stage, we studied the effect of LTP on the formation of reactive oxygen species in the
incubation medium. Hydrogen peroxide is the most long-lived ROS form; therefore, we estimated
the concentration of this compound. One can see from Figure 2A that LTP induced a dramatic
increase in the concentration of hydrogen peroxide in the medium within 1 h after exposure (760-fold).
Over the next 48 h, the concentration of hydrogen peroxide decreased by an order of magnitude.
After 72 h, the concentration of hydrogen peroxide decreased to the control level. It is known that
the overproduction of ROS stimulates oxidation processes, including lipid peroxidation, which is
accompanied by the destruction of cell membranes and the damaging of macromolecules [34]. The LTP
effects were also found to be accompanied by significant stimulation of the formation of lipid
peroxidation products (diene conjugates and malondialdehyde). Within an hour after treatment,
the concentration of LPO products increased by three times on average. Moreover, an increased
concentration of LPO products was observed for another 48 h. By 72 h of incubation, the concentration
of LPO products decreased to the control level (Figure 2B,C).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 14 

increase in the concentration of hydrogen peroxide in the medium within 1 h after exposure (760-
fold). Over the next 48 h, the concentration of hydrogen peroxide decreased by an order of 
magnitude. After 72 h, the concentration of hydrogen peroxide decreased to the control level. It is 
known that the overproduction of ROS stimulates oxidation processes, including lipid peroxidation, 
which is accompanied by the destruction of cell membranes and the damaging of macromolecules 
[34]. The LTP effects were also found to be accompanied by significant stimulation of the formation 
of lipid peroxidation products (diene conjugates and malondialdehyde). Within an hour after 
treatment, the concentration of LPO products increased by three times on average. Moreover, an 
increased concentration of LPO products was observed for another 48 h. By 72 h of incubation, the 
concentration of LPO products decreased to the control level (Figure 2B,C). 

 
Figure 2. The effect of low-temperature plasma (LTP) on the generation of H2O2 in the culture medium 
(A), the content of diene conjugates (DC) (B) and malondialdehyde (MDA) (C) in the bone marrow 
stem cells (BMSC) culture (blue bars). The green bars indicate no exposure to plasma (i.e., the control). 
The values are given as means ± SEM (n = 6). * p < 0.05 compared to the control. 

3.2. Impact of LTP on Mitochondrial Integrity, Biogenesis and Dynamics 

It is known that the LPO process, as well as oxidative stress in general, is closely related to the 
initiation of the selective destruction of mitochondria [35,36]. Indeed, one can see that the BMSC 
showed a significant decrease in mitochondrial potential during the first 24 h after LTP exposure 
(Figure 3A). It was accompanied by a decrease in the level of mitochondrial DNA, the inhibition of 
mitochondrial biogenesis (decrease in PGC-1a expression), fission (decrease in DRP1 expression) and 
fusion (decrease in OPA1, MFN1 and MFN2 expression) (Figure 3B–G). These processes correlated 
(R2 = 0.98) with an increase in the expression level of PTEN-induced putative kinase 1 (PINK1) and 
the E3 ubiquitin ligase Parkin (PINK1/Parkin, shown in Figure 3H,I), as well as an increase in FIS1 
expression, which is typical for mitochondrial degradation and accompanies mitophagy [36–38] 
(Figure 3J). One can see that, by the 48 h mark of incubation, the membrane potential of the organelles 
was restored, which was accompanied by the normalization of the level of mtDNA, PGC-1a and 
organelle fission (DRP1) and fusion (OPA1, MFN1 and MFN2) proteins, as well as a decrease in the 
expression of PINK1/Parkin to the control levels. Moreover, after 72 h of BMSC incubation, there was 
a significant increase in the level of mtDNA, the intensity of organelle biogenesis (an increase in PGC-
1a) and their fusion processes (increase in OPA1, MFN1 and MFN2) compared with the initial levels 
of untreated cells. The expression of FIS1 deserves special attention. One can see that the expression 
of this multifunctional factor was involved in the fission of organelles and, in their degradation 
[36,38], simultaneously increased over time significantly. It should be noted that the addition of 
hydrogen peroxide at concentrations generated by LTP treatment (50–100 μM) did not significantly 
affect the mitochondrial potential of the BMSC throughout the experiment (Figure 3K,L). 

Figure 2. The effect of low-temperature plasma (LTP) on the generation of H2O2 in the culture medium
(A), the content of diene conjugates (DC) (B) and malondialdehyde (MDA) (C) in the bone marrow
stem cells (BMSC) culture (blue bars). The green bars indicate no exposure to plasma (i.e., the control).
The values are given as means ± SEM (n = 6). * p < 0.05 compared to the control.

3.2. Impact of LTP on Mitochondrial Integrity, Biogenesis and Dynamics

It is known that the LPO process, as well as oxidative stress in general, is closely related to the
initiation of the selective destruction of mitochondria [35,36]. Indeed, one can see that the BMSC
showed a significant decrease in mitochondrial potential during the first 24 h after LTP exposure
(Figure 3A). It was accompanied by a decrease in the level of mitochondrial DNA, the inhibition of
mitochondrial biogenesis (decrease in PGC-1a expression), fission (decrease in DRP1 expression) and
fusion (decrease in OPA1, MFN1 and MFN2 expression) (Figure 3B–G). These processes correlated
(R2 = 0.98) with an increase in the expression level of PTEN-induced putative kinase 1 (PINK1)
and the E3 ubiquitin ligase Parkin (PINK1/Parkin, shown in Figure 3H,I), as well as an increase in
FIS1 expression, which is typical for mitochondrial degradation and accompanies mitophagy [36–38]
(Figure 3J). One can see that, by the 48 h mark of incubation, the membrane potential of the organelles
was restored, which was accompanied by the normalization of the level of mtDNA, PGC-1a and
organelle fission (DRP1) and fusion (OPA1, MFN1 and MFN2) proteins, as well as a decrease in the
expression of PINK1/Parkin to the control levels. Moreover, after 72 h of BMSC incubation, there was a
significant increase in the level of mtDNA, the intensity of organelle biogenesis (an increase in PGC-1a)
and their fusion processes (increase in OPA1, MFN1 and MFN2) compared with the initial levels of
untreated cells. The expression of FIS1 deserves special attention. One can see that the expression of
this multifunctional factor was involved in the fission of organelles and, in their degradation [36,38],
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simultaneously increased over time significantly. It should be noted that the addition of hydrogen
peroxide at concentrations generated by LTP treatment (50–100 µM) did not significantly affect the
mitochondrial potential of the BMSC throughout the experiment (Figure 3K,L).Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 14 

 
Figure 3. Time-dependent changes in mitochondrial potential, biogenesis and dynamics in the BMSC 
in response to LTP treatment (blue bars). Panels A and B show the effect of LTP on (A) the 
mitochondrial potential of BMSC, assessed by rhodamine-123 (Rh-123) fluorescence, and (B) the ratio 
of mtDNA to nDNA. A real-time quantitative polymerase chain reaction (qPCR) was carried out to 
determine the mtDNA copy numbers as a mitochondrial (ND1) to nuclear (globulin) ratio. Panels C–
J show the effect of LTP on the relative expression (to β-actin (bAct) of the following genes: (С) PGC-
1а; (D) DRP1; (E) OPA1; (F) MFN1; (G) MFN2; (H) PINK1; (I) Parkin; and (J) FIS1. Panels (L,K) show 
the effect of hydrogen peroxide (50 and 100 μM, respectively) on the mitochondrial potential of the 
BMSC in the absence of LTP treatment (grey bars). The green bars indicate no exposure to plasma. 
The values are given as means ± SEM (n = 3). * p < 0.05 compared to the control. 

3.3. Effect of LTP on Cell Death and on the Proliferation and Growth of BMSC 

Mitochondrial degradation is known to be closely related to the induction of cell death [36]. We 
performed a microscopic study on the effect of LTP on the state of a BMSC culture near a needle 
electrode. One can see that within an hour after exposure of the cell culture to LTP, the cells on the 
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Figure 3. Time-dependent changes in mitochondrial potential, biogenesis and dynamics in the BMSC in
response to LTP treatment (blue bars). Panels A and B show the effect of LTP on (A) the mitochondrial
potential of BMSC, assessed by rhodamine-123 (Rh-123) fluorescence, and (B) the ratio of mtDNA
to nDNA. A real-time quantitative polymerase chain reaction (qPCR) was carried out to determine
the mtDNA copy numbers as a mitochondrial (ND1) to nuclear (globulin) ratio. Panels C–J show the
effect of LTP on the relative expression (to β-actin (bAct) of the following genes: (C) PGC-1a; (D) DRP1;
(E) OPA1; (F) MFN1; (G) MFN2; (H) PINK1; (I) Parkin; and (J) FIS1. Panels (L,K) show the effect of
hydrogen peroxide (50 and 100 µM, respectively) on the mitochondrial potential of the BMSC in the
absence of LTP treatment (grey bars). The green bars indicate no exposure to plasma. The values are
given as means ± SEM (n = 3). * p < 0.05 compared to the control.

3.3. Effect of LTP on Cell Death and on the Proliferation and Growth of BMSC

Mitochondrial degradation is known to be closely related to the induction of cell death [36].
We performed a microscopic study on the effect of LTP on the state of a BMSC culture near a needle
electrode. One can see that within an hour after exposure of the cell culture to LTP, the cells on the
border of the LTP-exposed zone (around 2 mm from the needle electrode) displayed morphological
changes specific for the development of apoptosis (e.g., cell shrinkage and fragmentation associated
with the formation of apoptotic bodies with compacted chromatin (Figure 4B)). No changes in the
morphology of cells located farther from the needle electrode were observed (data not shown).
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A comprehensive cell culture micrograph is presented below (Figure 5). The micrograph was
obtained by overlaying three images obtained in different fluorescence channels. The nuclei of all the cells
before plasma treatment are colored blue on the micrograph (Hoechst 33342, Figure 5A). After plasma
treatment, the vast majority of the cells acquired pink-colored nuclei of varying intensities (propidium
iodide), indicating that these cells were damaged and were in different stages of apoptosis (Figure 5B).
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indicates apoptotic cell nuclei. The scale bars are 20 µM.

We also evaluated the expression level of a gene of one of the key enzymes activated during
apoptosis, effector caspase 3, as well as a gene of c-Jun-N-terminal protein kinase (JNK) involved in
the initiation of apoptosis, including in response to the development of oxidative stress [34]. As can
be seen from Figure 6, the level of gene expression of these apoptosis factors in stem cells increased
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significantly during the first two days after exposure to LTP and showed a tendency to decrease on the
third day.
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It is known that ROS, along with the induction of destructive processes, can also stimulate
regenerative processes in the tissues of living organisms [20–22]. One of the mechanisms of inducing
cell proliferation is the participation of ROS in the activation of mitogenic signaling pathways [34].
It is known that various growth factors with mitogenic activity, such as platelet-derived growth
factor (PDGF), FGFb and epidermal growth factor (EGF), activate mitogen-activated protein (MAP)
kinase mitogenic pathways, in which ROS generated by nicotinamide-adenine dinucleotide phosphate
(NADPH) oxidase are a necessary component [38]. In this paper, we estimated the effect of LTP on the
level of fibroblast growth factor (FGFb) in BMSC. One can see that after exposure to LTP, the level of
FGFb showed a time-dependent tendency to increase (Figure 7).
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4. Discussion

It is known that both long-lived (O3 and H2O2) and short-lived (•OH and O2
−•) ROS may be

produced under various physiological (e.g., the natural process of aging) as well as pathological
conditions (e.g., cerebellar ischemia, atherosclerosis and sunburns). The excessive generation of ROS
leads to the development of oxidative stress, which causes damage to cells and cell death. However,
some reports also indicate the crucial role of ROS in the regulation of the metabolism, proliferation and
cell differentiation [20–22].
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LTP was found to be accompanied by the formation of various types of ROS exhibiting biological
activity. Depending on the concentration, ROS can both damage biological macromolecules and
play a significant regulatory role. For example, in the case of tissue rupture, ROS can, on one hand,
contribute to the wound’s healing process, and, on the other hand, lead to the inactivation of pathogenic
microorganisms. It is important to note that these biological effects of LTP were observed mainly in a
liquid medium, which indicates that chemically active substances produced by the action of plasma on
the gas phase can be transported by diffusion into liquid media. The number of various forms of ROS
generated by LTP largely depends on the composition of the liquid medium, the plasma parameters
and the exposure time [39].

As established in the present work, a significant amount of hydrogen peroxide was actually formed
in the aqueous solution when exposed to LTP (Figure 2A). Plasma was formed by the ionization of
water vapor molecules. The most likely ionization mechanism was the dissociation of water molecules
through dissociative electron attachment [40], resulting in the formation of negatively charged H2O−.
The latter is unstable and decomposes into a neutral hydroxyl radical and a negatively charged
hydrogen ion. The main reactions in plasma proceed according to the following scheme:

H2O + e→ H2O−→ OH• + H−

H− + M’→ H + M + e

H− + H•→ H2 + e

H− + e→ H• + 2e

OH• + H2O*→ H2O2 + H

In this case, multiple use of one electron occurs, which ensures a chain process in the
proceeding reaction.

The acute effect of ROS within 1 h after LTP exposure led to a significant increase in the level
of DC and MDA in the BMSC culture (Figure 2B,C), which is evidence of the development of lipid
peroxidation of the cell membranes and oxidative stress. In this case, the level of LPO products
strongly correlated with the level of H2O2 in the medium (R2 = 0.96) and also showed a tendency to
decrease to the control values by the third day of incubation. Hence, one could assume that the acute
effect of LTP-induced ROS is associated with the development of oxidative processes, including lipid
peroxidation of the BMSC membranes.

It is quite obvious that the highest local concentrations of ROS were observed in the plasma
exposure zone (near the needle of the electrode). One can suppose that the primary effects of LTP
on BMSC are caused by the direct action of plasma through the generation of ions, electrons and
short-living ROS, formed at the moment of action of LTP and acting in close proximity of the electrode.
Indeed, the addition of long-lived hydrogen peroxide at concentrations generated by LTP treatment
(50–100 µM) did not significantly affect the mitochondrial potential of BMSC (Figure 3K,L), nor the
cell survival and proliferation (data not shown), which corresponds to data from the literature on the
effect of such concentrations of hydrogen peroxide on cell cultures [41]. At the same time, the further
effect on BMSC might be related to examples of long-lived ROS (e.g., H2O2, which is able to spread
across the whole Petri dish via diffusion). Lipid peroxidation and oxidative stress are generally
considered as common triggers that initiate the process of cell death [34]. One could assume that
mitochondria play a key role in this process. Indeed, it can be seen that the acute action of ROS during
the first days after LTP exposure initiates mitochondrial dysfunction, presumably through mitophagy,
as evidenced by a decrease in the membrane potential of mitochondria which, most likely, leads to an
increase in the expression of PINK1/Parkin and the triggering of the signaling pathway, leading to the
formation of autophagosomes and subsequent delivery to lysosomes for complete destruction [42].
This is accompanied by the suppression of mitochondrial biogenesis (decreased expression of PGC-1a),
as well as the processes of fusion and fission of the organelles (decreased expression of OPA1, MFN1,
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MFN2 and DRP1). Eventually, the BMSC show signs of massive degradation of damaged organelles
(increased FIS1 expression and decreased mtDNA/nDNA ratio). Destructive changes are also found
at the cellular level. Indeed, as can be seen from the microscopy data (Figures 4 and 5), the BMSC
located in the zone of direct action of LTP showed morphological changes specific to apoptosis,
manifested in the formation of apoptotic bodies (Figure 4B). The Hoechst 33342/PI dual-staining assay
also showed typical apoptotic morphology for the BMSC upon LTP treatment (Figure 5B). The results
of real-time PCR analysis confirmed the data obtained and indicated a significant increase in the
expression of the protein factors of apoptosis-caspase 3 and JNK during the first hour after LTP
exposure (Figure 6). Caspase-3 is a cysteine-aspartic acid executioner protease that is best known for
its enzymatic function at the end of the intrinsic apoptotic cascade [43]. Caspase 3 is known to be
activated in an apoptotic cell both externally (via death ligands) and intrinsically, primarily due to the
release of the cytochrome c from mitochondria, induced by mitochondrial dysfunction and the opening
of mitochondrial permeability transition (MPT) pores [34,35,44]. In turn, the activation of JNK leads to
its translocation into the mitochondrial membrane, where it blocks the anti-apoptotic protein Bcl-2,
which contributes to the sequential activation of proapoptotic members of the Bcl-2 family, which are
critical for the release of the cytochrome c from mitochondria and the induction of apoptosis [34].
Both of these cascades are directly initiated by ROS under the condition of oxidative stress [34]. Hence,
one could assume that the initiation of cell death by apoptosis due to the overproduction of ROS and
mitochondrial degradation underlies the acute action of LTP, which was observed during the first hour
after plasma exposure to the cell culture.

It can be seen that the intensity of oxidative stress due to the LTP-induced hyperproduction of
ROS showed a tendency to decrease after reaching its maximum in the first hour after LTP exposure.
This was manifested both in the decreased concentration of hydrogen peroxide in the medium and in
the lowered concentration of lipid peroxidation products (DC and MDA) in the cell culture. One could
assume that this was a consequence of the activation of intracellular antioxidant defense systems that
normalize the ROS concentration in the cell [45]. Indeed, we found that the expression of cytosolic
antioxidant enzymes SOD 1 (superoxide dismutase 1) and GPX1 (glutathione peroxidase 1) increased
1.8 and 2.2 times, respectively, during the first 24 h after LTP exposure (data not shown). In addition,
the expression of the mitochondrial antioxidant protein SOD2 (superoxide dismutase 1) increased
almost 6.5 times during this period (data not shown), which most likely contributed to the further
restoration of the functional activity of the mitochondria. Indeed, the BMSC display alleviated
PINK1/Parkin expression and the intensity of mitochondrial dysfunction, which was accompanied by
an increase in the membrane potential of the organelles. It should be noted that there was significant
activation of mitochondrial biogenesis (an increase in PGC-1a expression and the mtDNA/nDNA
ratio) and the processes of fusion and fission of organelles, which was evidenced by the significantly
increased levels of OPA1, MFN and MFN2 involved in the fusion of organelles, as well as by the
expression of the FIS1 factor, which also plays an important role in the process of mitochondrial
fission [36,38]. In this case, these parameters characterizing mitochondrial biogenesis and dynamics
significantly exceeded the parameters of the cells before LTP treatment. An increase in the intensity of
these processes at the mitochondrial level also seemed to contribute to the time-dependent stimulation
of proliferation and differentiation of the stem cells. Indeed, as shown in this work, the effect of LTP on
human BMSC was also accompanied by the activation of proliferative processes, as evidenced by a
tendency to increase the level of the FGFb in the BMSC in response to LTP (Figure 7). It was previously
shown that LTP has a similar time- or dose-dependent effect on the growth and differentiation of
various mammalian cell lines [20–22].

5. Conclusions

The obtained preliminary results indicate the important role of mitochondria in the formation
of the cellular response to LTP exposure. Indeed, it seems that LTP can initiate destructive processes
leading to mitochondrial dysfunction and cell death, as well as stimulating mitochondrial biogenesis,
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which promotes cell proliferation. A thorough study of this phenomenon and, in particular,
the effect of LTP on cell differentiation is required in order to assess the prospects of using plasma in
regenerative medicine.
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