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Abstract

:

Plasma-treated media (PTM) serve as an adjuvant therapy to postoperatively remove residual cancerous lesions. We speculated that PTM could selectively kill cells infected with Mycobacterium tuberculosis (Mtb) and remove postoperative residual tuberculous lesions. We therefore investigated the effects of a medium exposed to a non-thermal plasma jet on the suppression of intracellular Mtb replication, cell death, signaling, and selectivity. We propose that PTM elevates the levels of the detoxifying enzymes, glutathione peroxidase, catalase, and ataxia-telangiectasia mutated serine/threonine kinase and increases intracellular reactive oxygen species production in Mtb-infected cells. The bacterial load was significantly decreased in spleen and lung tissues and single-cell suspensions from mice intraperitoneally injected with PTM compared with saline and untreated medium. Therefore, PTM has the potential as a novel treatment that can eliminate residual Mtb-infected cells after infected tissues are surgically resected.
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1. Introduction


Surgery used to be the sole treatment option for tuberculosis (TB), which has become a global epidemic. Although the advent of anti-TB drugs has helped 95% of patients with TB, surgery is still needed for ~5% of patients. However, surgery is hampered by the need to remove bacteria persisting inside tissues [1,2]. Plasma-treated medium (PTM) represents a practical alternative for treating cancer lesions. Macrophage apoptosis is associated with increased reactive oxygen species (ROS) production [3]. However, direct plasma and PTM at atmospheric pressure induces ROS production in various cell types [4] and ROS-mediated cell death against bacterial infections [5]. Incremental ROS are significant as they are signaling molecules that play crucial roles in killing intracellular pathogens in macrophages [3,6]. An imbalance between ROS production and elimination leads to the initiation of cellular signaling factors that cause oxidative stress [7] in phagosomes of phagocytes containing pathogens; this is an important part of antimicrobial immunity [8,9].



Reactive oxygen and nitrogen species (RONS) generated by non-thermal plasma jet (NTPJ) were considered the main effector of oxidative stress [10]. Mediators associated with RONS also function in cancer, chronic wound healing, and chronic liver and lung diseases in humans [11,12]. Plasma-treated liquids or media act as transport media for plasma-generated species and comprise a branch of plasma medicine. Therapy with plasma-treated solutions is based on the effect of relatively long-lived ROS and reactive oxygen species (RNS) [13]. Plasma-treated saline can also sensitize colon cancer cells and modulate the antioxidant defense system [14]. Plasma-activated medium (PAM) leads to apoptosis in lung cells via spiral apoptotic cascade signaling that involves the mitochondrial-nuclear network [15]. Hydrogen peroxide (H2O2) among all reactive species present in PAM or PTM initiates a signaling cascade [16,17,18] that induces apoptotic factors in cancer cells [13,15,19]. Tornin et al. verified that PAM containing sodium pyruvate (NaPyr) significantly reduced the production of H2O2 and ROS but was still cytotoxic against osteosarcoma [20]. However, Li et al. found that neither low H2O2 nor high NO2− and NO2−/NO3− concentrations in PAM containing NaPyr mediate the anti-proliferative effects of PAM [21]. Our recent findings indicated that plasma-generated nitric oxide (PGNO)-media mainly contain reactive nitrogen species (RNS) that activate macrophages without affecting their cellular metabolic activity [22]. In addition, PAM suppresses gastric cancer cell motility, and migration and adhesion capacity, in vitro. The intraperitoneal administration of PAM inhibits peritoneal dissemination without side effects in vivo [23,24]. Despite these validated experimental findings of biological and medical applications of PTM [13], the effects of plasma-based radicals dissolved in liquids on Mycobacterium tuberculosis (Mtb)-infected macrophages have not yet been identified as potential therapeutic benefits of RONS. Pathogenic and drug-resistant Mtb strains have excellent sensitivity to increased endogenous ROS [25,26], indicating the importance of targeting intracellular and intra-mycobacterial redox metabolism for controlling TB infection. We previously found that NTPJ-based reactive species can effectively induce Mtb inactivation in aqueous solutions [27]. Water vapor introduced into a non-thermal plasma jet (NTPJ) device generates more hydroxyl radicals and consequently H2O2 as a long-lived species in liquids [28,29]. The generated H2O2 might also participate in mycobacterial inactivation. These findings suggested that if PTM could selectively induce the death of cells infected with Mtb, it would be useful as supportive therapy to remove such cells after surgery in patients who do not respond well to antibiotics. This study aimed to determine whether PTM could induce selective cytotoxicity in Mtb-infected and uninfected macrophages. We tested our hypothesis by investigating cellular metabolic activity and the redox balance, induced cell death, growth and counts of Mtb bacterial in infected cells, and physical and chemical changes in cytoplasmic mitochondria.




2. Materials and Methods


2.1. Mice and Cells


Tibias and femurs were isolated from 5–6-week-old C57BL/6 mice, then bone marrow-derived macrophages (BMDMs) were generated, cultured, and purified as previously described [30]. BMDMs were differentiated in a medium containing 25 ng/mL macrophage colony-stimulating factor (M-CSF; PeproTech, Rocky Hill, NJ, USA) for 4–6 days. The BMDMs and Raw 264.7 cells were cultured in Dulbecco’s modified eagle medium (DMEM) (Welgene, Daegu, Korea) containing 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA) and 1% antibiotics (Welgene).




2.2. Ethics Statement


The Institutional Research and Ethics Committee at Chungnam National University approved all animal experiments (approval number: 202003A-CNU-064) that complied with the relevant guidelines of the Korean Food and Drug Administration.




2.3. Non-Thermal Plasma Jet Device


Figure S1A,B show a plasma jet device operated at atmospheric pressure that produces high concentrations of H2O2. Plasma is generated between electrodes without a porous ceramic-based dielectric barrier using 1.5 standard liters per minute (SLM) of N2 gas at atmospheric pressure [29]. A high voltage was supplied to the jet source by an AC commercial transformer. Waveforms were generated at a voltage of 1.06 kV (TDS2002C; Tektronix) and a current of 4.5 mA (P6021, Tektronix, Beaverton, Oregon) (Figure S1C). Optical emission spectroscopy (OES) of plasma in the 200–500 nm range was recorded using an HR4000 spectrometer (Ocean Optics Inc., Dunedin, FL, USA). The distance between the plasma exit and the surface of the medium was fixed at 5 mm. We prepared PTM by applying an NTPJ to 500 µL/well of DMEM without (Sigma-Aldrich Corp., St. Louis, MO, USA) or with (Welgene, Taipei, China) NaPyr in 24-well culture plates for 5 min (Figure 1). The PTM was then diluted in a medium with or without NaPyr.




2.4. Assessment of H2O2 and NO2 Levels


We exposed DMEM with (DMEM) or without NaPyr (DMEM(-)NaPyr) (0.5 mL/24 well-plate) to NTPJ with N2 for 1 and 5 min (Figure 2B–D). The generation of H2O2 in the medium was colorimetrically analyzed using a working solution comprising 50 µL of 10 mM Amplex™ Red and 100 µL of 10 U/mL horseradish peroxidase (HRP; A22188, Invitrogen, Carlsbad, CA, USA) stock solution [31]. We applied NaPyr (11360-070, 100 mM, Life Technologies, Carlsbad, CA, USA) to scavenge peroxide. Nitrite in the media was analyzed using the Griess reagent, which comprises 0.1% sulfanilamide and 1% naphthylethylene dihydrochloride (Sigma Aldrich). The standard was nitrite (100 mM) diluted in distilled water and the NO scavenger was 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, (cPTIO; Cat. No: 81540; Cayman Chemical Co., Ann Arbor, MI, USA). Medium containing 3% H2O2 was diluted and then also added to the media.




2.5. Assessment of ONOO− Concentration Using LC-MS


Concentrations of 3-nitro-L-tyrosine (3-NT; N-7389, Sigma-Aldrich) were measured as an indicator of ONOO- using LC-MS and a standard curve of 3-NT [32]. We measured ONOO− by injecting 20 µL of solution into an Eclipse XD8-C18 system (4.6 × 150 mm; Agilent Technologies, Santa Clara, CA, USA), with a mobile phase consisting of an acetonitrile/1% formic acid (10:90 v/v) gradient from 10% to 90% at 25 °C. Samples were analyzed using a Sciex API 4000QTRAP mass spectrometry system (6120, Agilent Technologies) in ESI-positive ion mode under the following conditions: fragmentor, 70 V; drying gas flow, 12 L·min−1; drying gas temperature, 350 °C; nebulizer pressure, 35 psig; capillary voltage, 2.5 kV. The mass range scan in mode was m/z 50–200 kDa. The flow rate was 0.4 mL·min−1, and the retention time of 3-NT was 7.823 min. We detected 3-NT at 226.19. We calibrated 3-NT by measuring the retention time of 0, 3.125, 6.25, and 12.5 µM standard solutions (Figure S2). Before using plasma, 0.1 or 1 mM of L-tyrosine (T-3754, Sigma-Aldrich Corp.) in 0.5 mL of DMEM with or without NaPyr was incubated with DMEM in 0.1 M sodium phosphate buffer (pH 7.0) for 5 min at room temperature [33]. The medium containing 0.1 mM L-tyrosine was exposed to plasma for 5 min. These media were flash-frozen immediately thereafter.




2.6. Bacteria Strains and Culture


Virulent H37Rv (ATCC 27294) and avirulent H37Ra (ATCC 25177) Mtb strains (American Type Culture Collection, ATCC; Manassas, VA, USA) were grown in Middlebrook 7H9 medium supplemented with 10% (oleic acid, albumin, dextrose, and catalase (OADC; BD Biosciences, San Jose, CA, USA) and 0.2% glycerol for 21–28 days. We cultured an Mtb strain expressing enhanced red fluorescent protein (ERFP) in Middlebrook 7H9 medium supplemented with 10% OADC and 50 μg/mL kanamycin (Sigma-Aldrich Corp.) [34].




2.7. Infection of Cells


Macrophages were seeded into 96- or 24-well plates on the day before infection and incubated for 12 h. The cells were infected with Mtb for 4 h at a multiplicity of infection (MOI) of 1, then the medium was removed, and the cells were incubated with bacterial culture medium containing 200 µg/mL amikacin (Sigma Aldrich Corp.) for 2 h.




2.8. Analysis of Colony-Forming Units (CFU)


The infected cells were lysed in distilled water, serially diluted, and plated on 7H10 agar, and colony-forming units (CFUs) were measured after 2 or 3 weeks. The viable bacteria were calculated and plotted as mean CFU/mL from triplicate wells.




2.9. CellTiter-Glo® Luminescence Assay


The generation of ATP was assessed using CellTiter-Glo® Luminescence cell viability (G7572, Promega, Madison, WI, USA) as described by the manufacturer. Cells were exposed to PTM for 24 h, then incubated at room temperature for 10 min in reagent (media vs. reagent, 1:1). Luminescence was measured using a Synergy HT microplate reader (Biotek Instruments, Winooski, VT, USA).




2.10. CCK-8 Assay


Cell viability after exposure to plasma or incubation with other reagents was assessed using CCK-8 assays (CK04; Dojindo Laboratories Co. Ltd., Kumamoto, Japan). The cells were incubated in a medium containing 10% CCK-8 solution for 1–2 h in darkness, then absorbance was measured at 450 nm using a microplate reader (Biotek). Staurosporine (STS) was the positive control for cell death.




2.11. Annexin V/PI


Raw 264.7 cells (2 × 104/12-well plate) and BMDMs (2 × 105/12-well-plate) were stained using FITC Annexin V BV421 (Annexin; BD Biosciences, San Jose, CA, USA) and propidium iodide (PI; BD Biosciences). Cells were analyzed by gating using the antigen-presenting cell (APC) surface marker F4/80 (Invitrogen) with log-phase controls and a Fortessa™ flow cytometer (BD Biosciences) (Figure S3B). Samples were acquired for 10,000~30,000 events. Data were analyzed and gated using FlowJo software v. 10 (Tree Star, Ashland, OR, USA).




2.12. Intracellular ROS Analysis


Raw264.7 cells (2 × 104/12-well plate) or BMDMs (2 × 105/12-well plate) were stained with 10 μM H2DCFDA (C6827, Life Technologies) for 30 min at 37 °C with CO2, in darkness. Stained cells were analyzed using the Fortessa™ flow cytometer. Fluorescence intensity was acquired for 20,000–50,000 events/sample and analyzed by gating using F4/80 and log-phase controls (Figure S4).




2.13. RNA Extraction and RT-PCR


Total RNA was extracted from the cells (1 × 105/48-well plate) using TRIzol™ (15596-026, Thermo Fisher Scientific Inc., Waltham, MA, USA) and acid guanidinium thiocyanate-phenol-chloroform [34]. The concentration and purity of the RNA defined as the ratio of absorbance at 260 and 280 nm (A260/A280 nm) were measured using an ND-1000 NanoDrop™ spectrophotometer (Qiagen GmbH, Hilden, Germany). Complementary DNA (cDNA) was synthesized from total RNA using Cycle Script RT Premix (dT20, Bioneer, Daejeon, Korea). Sequences of interest were amplified by quantitative real-time PCR (RT-qPCR) using Rotor-Gene SYBR Green PCR Master Mix (204076, Qiagen GmbH) under 30 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s [34]. Relative mRNA expression was calculated using the 2−ΔΔct method [35] and normalized to that of 18S rRNA. Supplementary Table S1 lists the primer sequences. The experiments were repeated at least three times.




2.14. Analysis of Plasma Membrane Integrity


BMDMs (1 × 105) were stained with 5 µM SYTOx™ (I35102; Invitrogen) for 10 min at 37 °C and fixed overnight in 1% paraformaldehyde at 4 °C. Images were acquired using an SP8 confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany) and argon laser with dual emissions at 561 nm for excitation of Mtb-enhanced ERFP and 488 nm to detect SYTOx™. The images were visualized using a 40× objective and assessed using LAS X v. 3.7 software (Leica Microsystems GmbH). Membrane damage in infected cells was determined by counting the number of pixels for SYTOx™ (green channel) per cell with and without bacterial cells. Data were statistically analyzed using Prism v. 5 (GraphPad Software Inc., San Diego, CA, USA).




2.15. Immunofluorescence Staining


We seeded BMDMs (1 × 105/24-well plate) on 15-mm coverslips and then stained them with 250 nM MitoTracker™ Red (catalog no. CMXRos M7512; Invitrogen) for 30 min. The cells were then fixed with 4% paraformaldehyde for 10 min, washed with PBS, and permeabilized with 0.1% Triton™ X-100 for 10 min. Non-specific antigen binding was blocked with 3% bovine serum albumin in PBS with 0.1% Tween-20 (PBS-T) for 1 h. The coverslips were washed with PBS and incubated with anti-cytochrome c (Cyt c) diluted to 1:100 (catalog no. D18C7; Cell Signaling Technology, Danvers, MA, USA) or Bax antibody (catalog no. 2772S; 1:100; Cell Signaling) in 3% bovine serum albumin in PBS-T overnight at 4 °C. The cells were washed with PBS-T wash buffer and incubated with secondary antibody (1:200) for 1 h. Nuclei were stained with 5 µM/mL Hoechst 33,342 (catalog no. H1399; Invitrogen), then the coverslips were mounted (Dako, Glostrup, Denmark). Fluorescent images were analyzed using an SP8 confocal microscope (Leica Biosystems) equipped with a three-line sequential system comprising the UV-DAPI laser (7%) and argon 488 laser (14%) with a photomultiplier tube detector and a DPSS 561 laser (1%) with a hybrid detector. The images were processed using LAS X 3.7 (Leica Biosystems), and ratios (%) of co-localized Bax:Cyt c stained with MitoTracker (red) dye were calculated by dividing the number of co-localized cells. At least 20 cells were plotted for each condition and means (p < 0.05) were calculated using GraphPad Prism 9.




2.16. Mouse Infection Models


Female C57BL/6 mice (age, 5–6 weeks) were each infected intravenously (i.v.) with 1 × 107 CFU Mtb H37Ra in 200 µL PBS. Two or three weeks after infection, the mice were randomly assigned to receive untreated media, saline, PTM without NaPyr, followed by an intraperitoneal (i.p.) injection of 200 µL of 4- or 8-fold-diluted PTM without NaPyr The lungs and spleens from the mice in each group were divided into four sections and incubated with 4-fold-diluted PTM without NaPyr for 1 h. The spleen and lung sections were homogenized and divided into untreated and PTM-treated groups and incubated for 1 h with 4-fold-diluted PTM without NaPyr. Bacteria were counted in 10-fold serial dilutions of individual whole spleens or lung homogenates. The Institutional Research and Ethics Committee at Chungnam National University approved the procedures for mouse infection, housing, euthanasia, and processing Mtb-infected tissues (Approval no: 202003A-CNU-064) and proceeded in Bio-Safety Level 2 (BSL2) containment facilities.




2.17. Statistical Analysis


Data were statistically analyzed using GraphPad Prism 6 (GraphPad Software Inc.). All results are expressed as means ± standard error of the means (SEM) of three independent experiments. Differences between two groups were evaluated using paired Student t-tests and those among multiple groups were evaluated by one-way analyses of variance (ANOVA) followed by appropriate multiple comparison tests.





3. Results


3.1. Physical Properties of N2 Gas NTPJ and Long-Lived Species in PTM with or without NaPyr


We initially identified various plasma species excited by NTPJ. Figure 2A shows the emission spectra in the NTPJ range of 200–500 nm during 1.5 SLM N2 gas injection. Highly reactive species were dominated by RNS that consisted of NO radicals, second and first positive band systems of N2 in the ranges of 200–280 and 300–390 nm, respectively [36], and ionized nitrogen molecules in the range of 390–480 nm. Abundant reactive species such as OH at 309.4 nm were detected due to contact with ambient air. The generation of H2O2 by NTPJ time-dependently increased and was significantly higher in DMEM without NaPyr than with it, at 5 min (492 ± 39 vs. 80 ± 10 µM; p < 0.001) (Figure 2B). Figure 2C and Figure S2A,B show an indirect LC-MS analysis of ONOO- using a standard curve of 3-NT as an indicator of peroxynitrite. The ONOO- concentration after 5 min of NTPJ was 2.98 µM and undetectable in DMEM with NaPyr, respectively. Nitrite (NO2−) concentrations quantified using the Griess reagent were more significantly enhanced in DMEM with than without NaPyr (290.12 ± 19.23 vs. 150.87 ± 15.74 µM; p < 0.05) (Figure 2D). Therefore, PTM was prepared by treating 500 µL of DMEM with and without NaPyr with plasma containing N2 for 5 min.




3.2. Plasma Treated Medium Induces Selective Cell Death of Mtb-Infected Macrophages


We investigated cell viability in 2-, 4-, 8-, and 16-fold-diluted PTM with and without NaPyr by measuring intracellular ATP (Figure 3A,C) and mitochondrial activity (Figure 3B,D). Figure 3A shows that twofold-diluted PTM induced 50% cell death in Mtb-infected and uninfected cells. The viability of cells infected with Mtb were reduced in the cells incubated with four- and eightfold-diluted PTM compared with uninfected cells. However, mitochondrial activity was significantly reduced in Mtb-infected cells incubated with eightfold-diluted PTM (50.09 ± 2.77% vs. 97.15 ± 8.20%; p < 0.05), but not in uninfected cells compared with untreated controls (Figure 3B). Figure 3C,D confirm the viability of cells incubated in PTM without NaPyr. Levels of ATP were significantly lower in Mtb-infected than uninfected cells incubated with eightfold-diluted PTM without NaPyr (60.21 ± 2.38% vs. 92.56 ± 4.38; p < 0.05) (Figure 3C). Mitochondrial activity was also significantly lower in Mtb-infected than uninfected cells (40.21 ± 3.77% vs. 98 ± 7.50%, p < 0.01; Figure 3D). Accordingly, cells exposed to 16-fold-diluted PTM without NaPyr were also lower in Mtb-infected than uninfected cells (63.21 ± 4.77% vs. 104 ± 2.13%, p < 0.05). These data indicated that the 8- and 16-fold dilution was not toxic to uninfected cells, whereas more cell death was caused by PTM in DMEM without than with NaPyr, and susceptibility to the effects of PTM was higher in Mtb-infected than in uninfected cells. Therefore, we prepared PTM using DMEM without NaPyr for subsequent experiments.




3.3. Cytotoxic Effects of PTM-Diluted Medium with and without NaPyr


Sodium pyruvate is a peroxide scavenger [15,37]. Although previous data regarding PTM anticancer activity closely correlated with our present results [15,21], the role of PTM with or without a scavenger has not been appropriately addressed. To determine whether NaPyr interferes with the activity of PTM diluted in a culture medium, we compared the cell viability between diluted PTM with and without NaPyr using CCK-8 assays (Figure 4A–D). The increase in cell density (from 5 × 103 to 2 × 104) between days 1 and 3 verified the effects of PTM without NaPyr. In addition, PTM without NaPyr exerted notable cell-death effects on Mtb-infected cells (5 × 103) (Figure 3B,D). Figure 4A,B show that the cell viability was 25.12 ± 3.1% and 35.35 ± 2.13% (p < 0.001 for both) after incubation with fourfold-diluted PTM without NaPyr prepared in media with NaPyr and eightfold PTM diluted in media without NaPyr, respectively. However, the viability of uninfected cells was not reduced. Moreover, we compared the viability of cells exposed to H2O2 and STS. Incubation with H2O2 in a medium with NaPyr did not reduce the numbers of uninfected and Mtb-infected cells, whereas the viability of Mtb-infected cells incubated in H2O2 in a medium without NaPyr was reduced by 32.03 ± 2.5% (p < 0.05) compared with untreated controls. The viability of uninfected cells was not reduced. Furthermore, STS did not alter cell viability. Figure 4C shows a similar trend after incubating Mtb-infected cells with fourfold-diluted PTM without NaPyr for 48 and 72 h, but uninfected cells were also affected (15.21 ± 0.31% vs. untreated control, p < 0.05). Incubation in culture media with NaPyr caused the selective toxicity between the two groups to disappear. The viability of Mtb-infected cells incubated with eightfold-diluted PTM in a culture medium without NaPyr was decreased by 30.23 ± 3.15% compared to that of the untreated control (p < 0.001; Figure 4D). Cytotoxicity against uninfected cells incubated with PTM without NaPyr decreased to 5% compared to that of the untreated control. This selectivity was also evident after incubation for 72 h (p < 0.001). These data implied that the media containing NaPyr reduced the cytotoxic effect of PTM and even slightly increased the dilution factor. Therefore, the medium without NaPyr was exposed to plasma and diluted with NaPyr-free media in further experiments. The cytotoxicity of PTM without NaPyr was confirmed by annexin and PI staining after 24 h of incubation. The annexin-positive cell population in Mtb-infected cells was decreased by 30.13 ± 10.23% (p < 0.05) after incubation for 24 h in eightfold-diluted PTM without NaPyr (Figure 4E and Figure S3). We measured the relative amount of intracellular ROS in macrophages after incubation for 6 h in PTM without NaPyr. Figure 4F and Figure S4 show that intracellular ROS levels were 100% higher in Mtb-infected cells than in untreated cells, and the levels of the Mtb control or cells treated with PTM alone were similar to those of the control. However, ROS production was inhibited in the presence of N-acetylcysteine (NAC).




3.4. Plasma and PTM Treatment Inhibit Intracellular Mtb Growth


We previously reported that the efficiency of PTM depends on the density or volume of cancer cells [15,38]. We investigated whether these parameters affected the selective toxicity of PTM in uninfected and Mtb-infected BMDMs. The viability of uninfected cells (5 × 103) and 1 × 104 cells incubated with fourfold-diluted PTM without NaPyr was decreased to 50 ± 5% (p < 0.01 for both). In contrast, PTM without NaPyr did not decrease the viability of 2 × 104 uninfected cells (Figure 5A). The viability of 5 × 103 and 1 × 104 Mtb-infected cells incubated with fourfold-diluted PTM without NaPyr decreased to 70.12 ± 5.04% and 60.17 ± 5.13% (p < 0.01), respectively, whereas the effect was slight at a density of 2 × 104 cells (Figure 5B). Trends in the viability of Mtb-infected cells incubated with 8- and fourfold-diluted PTM without NaPyr were similar but those in uninfected cells were not. Therefore, we applied the optimal dilution of PTM in subsequent experiments to ensure that only Mtb-infected cells were destroyed.



Direct plasma treatment induces morphological changes in macrophages. Figure 5C shows phase-contrast bright-field images of Mtb-infected cells exposed to an NTPJ for 0, 1, 2, and 5 min, and 24 h. The morphological features changed over time to relatively small and round cells compared with untreated Mtb-infected cells. However, the morphological features of Mtb-infected cells after 1 min of NTPJ were similar to those of untreated cells. One minute of exposure to the NTPJ did not destroy any BMDMs. Figure 5D shows cell death after exposure to NTPJ for 30, 60, and 90 s. After 60 s of the NTPJ, the viability of Mtb-infected cells was reduced by 70.12 ± 3.07% compared with the untreated control (p < 0.001), but that of uninfected cells was not. These results indicated that direct plasma application for 60 s resulted in selective toxicity. However, this disappeared after 90 s of NTPJ exposure between the two groups, whereas the viability of Mtb-infected cells incubated with NaPyr and media with NaPyr recovered. These data indicate that 60 s of NTPJ exposure did not reduce the viability of uninfected cells.



Based on these results, we determined the growth rate of Mtb in BMDMs (1 × 104/well) exposed to NTPJ or PTM in culture media with or without NaPyr. Figure 5E shows that the growth of intracellular Mtb cells was significantly suppressed after 24 h of NTPJ or PTM without NaPyr (p < 0.001) compared with untreated cells. At 72 h, Mtb growth increased in the cells treated with NTPJ for 60 s compared with PTM without NaPyr. This indicated that PTM without NaPyr induced significantly more growth inhibition (p < 0.001) than NTPJ (p < 0.01). Incubation with PTM diluted in media with NaPyr suppressed the growth of intracellular Mtb after 24 h (p < 0.01) but had less of an effect at 72 h. Consistent with our previous results, intracellular Mtb replication was significantly inhibited after PTM without NaPyr treatment in culture media without NaPyr.




3.5. Plasma Treated Medium Elevated Antioxidant-Detoxifying Enzyme Activity in Mtb-Infected BMDMs


Antioxidant-detoxifying enzymes control levels of intracellular ROS and RNS, which allows intracellular bacterial pathogens to survive an oxidative burst [39]. We quantified mRNA using RT-PCR to determine which signals lead to the enzymatic detoxification of RONS induced by PTM in macrophages at the transcription level (Figure 6A–C). The increase in ATM levels in Mtb-infected cells incubated with PTM is associated with DNA repair and recombination [40]. Levels of ATM were increased 25-fold in Mtb-infected cells incubated with 8-fold-diluted PTM without NaPyr, untreated Mtb-infected cells incubated with 1.5-fold-diluted PTM without NaPyr, and cells exposed to NTPJ for 60 s and incubated in 7-fold-diluted PTM without NaPyr. Incubation with 8-fold-diluted PTM without NaPyr increased glutathione peroxidase (GPx1) levels 5-, 1.8-, and 2-fold in Mtb-infected, uninfected, and untreated Mtb-infected cells, respectively (Figure 6A). Furthermore, GPx1 activity was reduced in a medium containing NaPyr after 60 s of the NTPJ and 250 µM H2O2 (Figure 6B). Catalase (CAT) levels were significantly increased by 5-, 3-, 4-, and 3.8-fold in PTM treated infected cells, PTM treated uninfected cells, untreated infected cells, and cells exposed to NTPJ for 60 s, respectively. However, CAT levels decreased in the culture medium containing NaPyr (Figure 6C). Physical plasma-based ROS and RNS that affect redox biology might be dynamic signaling molecules that disrupt the antioxidant system. We measured ATP luminescence-based viability after incubating cells with the antioxidants, NaPyr, NAC, and cPTIO, 24 h after incubation with PTM without NaPyr (Figure 6D). Both NaPyr and NAC similarly recovered cytotoxicity, whereas PTM decreased the viability of cells incubated with cPTIO, which was contrary to the effects of NaPyr or NAC. Cytotoxicity mediated by PTM was not affected by the NO scavenger, cPTIO. These findings suggested that hydrogen peroxide initiates a signal protein [16,17,18], which induces cell death in Mtb-infected cells.




3.6. Plasma-Treated Medium Renders Infected Cells Permiability


Direct exposure to plasma increases cell permeability [41] and indirect plasma exposure enhances cell membrane permeability [42]. We measured membrane permeability using SYTOx™ (Figure 7). The intracellular emission of fluorescent SYTOx™ was significantly more intense in Mtb-infected cells incubated with PTM without NaPyr than in cells infected with Mtb or incubated with PTM (Figure 7A). Moreover, fluorescence emission was significantly more intense in Mtb-infected than in uninfected cells after incubation for 48 h in PTM. We also measured the quantification of ERFP Mtb and SYTOx™ association in single cells (Figure 7B). The fluorescence intensity emitted by SYTOx™ increased in Mtb-infected cells incubated with PTM.




3.7. Changes in Cyt c and Bax Localization in Mtb-Infected Cells Induced by PTM


Macrophages incubated in PTM without NaPyr developed an apoptotic profile of shrinkage and rounding that was similar to that in positive control cells (Figure S5). Therefore, we analyzed changes in the localization of Cyt c and Bax in Mtb-infected cells incubated with PTM without NaPyr using fluorescence microscopy. Figure 8A shows significantly decreased Cyt c in the mitochondria of Mtb-infected cells incubated with PTM without NaPyr vs. cells incubated with PTM only or control medium (Figure S6A). Significantly more Bax was located in mitochondria and Mtb-infected cells incubated with PTM without NaPyr than in those incubated with PTM and Mtb-infected cells (Figure 8B and Figure S6B). Figure 8C,D confirm these results by the findings of Cyt c or Bax co-localization in mitochondria. These data suggest that the apoptotic pathway is involved in PTM-mediated cell death.




3.8. PTM Suppresses Mtb Growth In Vivo


We investigated whether PTM could inhibit Mtb growth in a mouse model to determine potential clinical implications. The mice were infected with Mtb H37Ra, as shown in Figure 9A. Two weeks after the infection, we injected PTM to mice once daily for 2 days, then bacterial loads in excised lungs and spleens were measured three days later. The bacterial loads were significantly lower in the lungs of mice injected i.p. with fourfold-diluted PTM without NaPyr than in untreated mice injected with medium or saline (Figure 9B). Bacterial growth in the spleens of mice injected with four- or eightfold-diluted PTM without NaPyr was significantly decreased (p < 0.01 and p < 0.05, respectively) compared with the untreated mice injected with medium. However, the statistical differences between mice injected with saline and those injected with PTM without NaPyr decreased from p < 0.01 to p < 0.05. Two weeks after the infection, spleens or lungs excised from Mtb-infected mice that were not injected with PTM without NaPyr were divided into four sections and incubated with PTM without NaPyr (Figure 9C). Bacterial counts were lower in the lung tissues incubated with PTM than in those incubated with untreated medium (p < 0.01) (Figure 9D). The growth of Mtb was significantly inhibited in spleen tissues incubated with PTM without NaPyr (p < 0.001) compared with those incubated in untreated medium (Figure 9D). We cultured single-cell suspensions of tissues excised from mice (Figure 9C,E,F) at different cell densities in PTM without NaPyr to increase uniform effect of PTM and permeability of cells. The bacterial loads in the lung and spleen were measured three weeks after the infection. Fourfold-diluted PTM without NaPyr significantly inhibited Mtb growth (p < 0.001) in the lung and spleen single cell suspensions (Figure 9E,F). These results suggested that direct contact between PTM without NaPyr and cells would result in optimal antibacterial effects. Therefore, PTM could be used to remove residual Mtb-infected cells after the surgical resection of infected tissues.





4. Discussion


The H2O2 and ONOO- generated by NTPJ or PTM are of great interest to plasma medicine researchers because these cause the selective induction of cancer inhibition factors [15,19]. However, to our knowledge, selective toxicity studies on the effects of direct and indirect plasma treatment have not been carried out for virulent Mtb-infected macrophages or organs. NTP-based selectivity on cancer can be explained in terms of intrinsic differences between cancer and normal cells [43,44,45]. Endogenous cellular ROS levels are higher in cancer, resulting in a higher baseline ROS concentration, thus making it easier for the NTP-generated species to reach the apoptosis-inducing threshold [11,46]. Indeed, normal cells contain higher levels of anti-oxidant enzymes that limit cellular toxicity by detoxifying ROS [46]. Usually, H2O2 diffuses into the transmembrane using the aquaporin channel on cytoplasmic membranes. Cancers express more aquaporin on their cell membranes, inducing faster uptake speed of H2O2 than normal cells [47]. Hence, the supply of H2O2 from PTM causes a specific biological pathway in cancer or diseased cells.



In this study, we prepared a stimulated media using NTPJ to generate high H2O2 and ONOO- concentration, and then examined the selective cell death in Mtb-infected cells or in vivo experiments. The results of the present study, as well as those of other reports, have found that cell culture media prepared in the presence of NaPyr result in decreased production of H2O2 and cell death [20,21]. Cortazar et al. found that RONS induced by PAM delivers on a living tissue with negligible damage on healthy cells. In contrast, their PAM inactivated SARS-CoV-2 and PR8 H1N1 viruses effectively [48]. It was reported that the synergistic effect of H2O2, RONS and a low pH may induce cell death of infected cells. Plasma-activated water (PAW) can effectively inhibit SARS-CoV-2 pseudovirus inactivation by damaging S-protein [49]. Additionally, PAW efficiently inactivates bacteriophages T4, Φ174, and MS2 through reactive species generated by plasma at atmospheric pressure [50]. These generated reactive species damaged both nucleic acids and proteins, demonstrating that singlet oxygen may have played a primary role in the inactivation. Recently, the plasma-activated oil (PAO) applied to infected wound and confirmed that the wound infection area was significantly reduced compared the untreated control [51]. It is claimed that carboxylic acid is produced when the C = C bond is broken by RONS in PAO through acidification reaction and showed antimicrobial activity. Most of the biological effect of PAM has been attributed to long-lived species such as H2O2, ONOO−, NO2−, NO3−, and organic radicals produced in the liquid phase after non-thermal plasma (NTP) exposure [10].



We observed that PTM prepared in the presence of NaPyr does not show a reduction in the ATP luminescence level (Figure 3A,C), while on the other hand, assessment of cell viability using CCK-8 assay showed that the selective toxicity was further slightly enhanced by PTM in the absence of NaPyr (Figure 3B,D). In addition, we observed that PTM prepared in the absence of NaPyr causes an increase in selective cell death, as detected by means of measurement of ATP level and cell viability assay. We investigated an approach of two dilution methods, diluted PTM with or without NaPyr, for treatments (Figure 4A,B). Mtb-infected cells exposed to PTM diluted in media with the presence of NaPyr induced cell death but did not show a persistent selective cytotoxic effect between uninfected cells and Mtb-infected cells (Figure 4C). In this study, cells exposed to PTM (-)NaPyr showed significantly enhanced cell death, with a prolonged selective effect in the absence of NaPyr (Figure 4D). NaPyr, an end product of glycolysis that plays a role in tricarboxylic acid (TCA) cycle, is known to serve as a scavenger of peroxide in aerobic oxidation [52] as well as non-enzymatic scavenging of ROS, including H2O2, resulting in the generation of acetate, water, and carbon dioxide. A recent report showed that NaPyr added to cell culture media inhibits the immune signaling but not influenza viral replication [52]. Reports revealed that Mtb grew faster in a medium with NaPyr as the sole carbon source than when glucose was added [53]. These findings indicated that NaPyr is the preferred carbon source of Mtb. Mtb is intracellular bacteria that can ingest NaPyr from host cellular resources and uses it as an energy source for survival and replication. Thus, exogenous NaPyr may be critical to determining substrate for energy production in intracellular Mtb (Figure 5E). We used scavengers such as NaPyr, NAC, and cPTIO to comprehend the components responsible for the selective toxic effects of PTM in Mtb-infected cells (Figure 6D). Our results suggested that nitrite (NO2-)-related RNS is not an important factor for this biological effect.



As shown in the results, the strong selective toxicity supports previous reports, which have shown that H2O2 is mainly responsible for apoptosis [15,31]. However, it must be further investigated to validate the role of each species in Mtb inactivation. As Mtb infection in macrophages, the macrophages activate an indispensable cascade signaling, including DNA repair response or apoptosis pathway [54]. ATM gene is a driver of DNA repair and apoptosis. Our results also showed that PTM treatment enhanced the ATM level in Mtb-infected cells, leading to significant cell death compared to different treatment (Figure 6A). PTM treatment also induces enhanced H2O2-linked GPx1 (glutathione:hydrogen-peroxide oxidoreductase) antioxidant enzymatic activity (Figure 6B). GP × 1 inactivates H2O2 in a reaction that oxidizes GSH (glutathione) to its disulfide form glutathione disulfide (GSSG) [55]. A high level of GPx1 and CAT was observed after 24 h of PTM(-)NaPyr treatment to Mtb-infected cells, unlike that in the case of PTM-medium containing NaPyr. Both GPx1 and CAT are regulated in the cellular response against oxidative stress in Mtb-infected cells treated with PTM (Figure 6B,C). Conclusively, diluted PTM without NaPyr may be a valuable tool to study the mechanisms of selective cell death on Mtb-infected cells. Previous reports showed that the cytotoxic effect of PAM in cell lines varied with cell density or its volume [15,38].



This density-dependent phenomenon was also observed in this study. There was a marked difference in selective toxicity between uninfected cells and Mtb-infected cells, according to cell number density (Figure 5A,B), and these ex vivo results supported this selective phenomenon at specific cell densities (such as 1 × 104 cells/96-well-plate). The Mtb-infected cells exposed to eightfold-diluted PTM(-)NaPyr solution markedly suppressed the replication of intracellular Mtb (Figure 5E). However, for the in vivo experiments, only fourfold dilution was used, as the living mouse has several different influencing factors and a complex environment including body fluids, tissues, and cells.



Before the antibiotics era, surgery was the only option for TB treatment [1]. However, nowadays, surgery is only used for the treatment of complicated cases of pulmonary TB, especially patients with drug-resistant tuberculosis, who do not respond to clinical drug treatment. Plasma can serve as an advanced approach to treat TB. However, the treatment of endogenous parts or organs deep inside the body using direct plasma is difficult. Therefore, PTM or plasma-treated liquids may be an efficient treatment method that can be used as a future therapeutic agent to treat TB. PTM has been shown to have a potential effect on cancer tumors in vivo, when subcutaneously injected at a volume of 100 µL into the tumor every other day [56]. The selectivity of PTM on tumors has been reported in both in vitro [43] and in vivo studies, without observable side effects on normal cells [56,57]. In line with previous studies, our results claim that PTM is more selective on Mtb-infected cells than uninfected cells ex vivo. It also suggests that cell death in Mtb-infected cells is mediated through Bax/Cyt c signaling (Figure 8 and Figure S6).



Here, we showed that PTM or plasma-based substances could eliminate postoperative residual TB lesions. A combination of PTM-based treatment and surgery would deliver optimal results. We optimized the doses of PTM and TB therapeutic agents. We found that eightfold-diluted PTM significantly reduced bacterial growth in the spleen compared with the control medium or saline, but not in the lungs in vivo. Our main focus was not to determine the direct activity of PTM injection. Instead, we further focused on PTM activity in the lungs and spleens of mice infected with Mtb in vivo (Figure 9C–F). We considered that this reflected the status of PTM treatment after infected tissues have been surgically excised. Excised lungs and spleens were cut into four sections (Figure 9D), separated into single cells (Figure 9E,F), and incubated with PTM. The potential clinical aims of this strategy using PTM were to decrease the cell density and allow for a more efficient use of antibiotics to treat infected cells [58] (Figure 9E,F). Our results notably suggested that single-cell suspensions of lung tissues resulted in increased intracellular PTM penetration (Figure 9E,F) compared with lung tissue sections (Figure 9D). Particularly, PTM without NaPyr might be more effective in single lung cells due to direct contact. However, we used different bacterial strains in the macrophage and animal models. The Mtb H37Rv and H37Ra strains are virulent and avirulent, respectively. Both are derived from the same parental strain but differ in terms of virulence in experimental animals. The avirulent H37Ra strain is easier to use experimentally because the risk of infection is avoided. We previously showed that H37Ra can be used to test vaccine efficacy in mouse models because H37Ra persists in mouse tissues for >26 weeks after infection [59]. We plan to analyze the effects of PTM in Mtb H37Rv in future studies.



Other studies have suggested that killing bacteria with antibiotics is density dependent. However, high antibiotic concentrations do not alter the degree of cell death for defined periods [58]. We showed that antibacterial activity at a low bacterial density did not significantly differ between the separate sections and single-cell suspensions of spleens (Figure 9D–F). These results are in line with previous findings. We showed that NTP-based PTM technology could be applied to remove residual Mtb after the surgical resection of infective tissues using a schedule of short-term and repetitive treatment strategies.




5. Conclusions


We illustrated that PTM induced selective cell death in Mtb-infected macrophages. Diluted PTM in NaPyr-free media resulted in efficient H2O2-linked Gpx1, CAT, and ATM activity, as well as intracellular ROS production. This disrupted the cell membrane and induced the activation of Bax/Cyt c signaling in Mtb-infected macrophages, which eventually led to the inhibition of Mtb growth. The effect of PTM on single-cell suspensions or tissues of lungs and spleens excised from infected mice increased compared with that of the untreated medium. Therefore, the present findings can be used as a basis for the potential application of PTM to treating TB and eliminating postoperative residual bacteria in patients with TB.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/biomedicines10061243/s1, Figure S1: NTPJ source, H2O2 concentrations at different liquids, and electric power. Figure S2: ONOO− quantification with LC-MS. Figure S3: Cell death analysis using flow cytometry. Figure S4: Intracellular ROS was measured using flow cytometry, stained with H2DCFDA. Figure S5: Images of activation or apoptosis of uninfected or Mtb-infected primary macrophages (BMDMs) at 24 h elapsed from 4- or 8- diluted PTM(-)NaPyr culture, respectively. Figure S6: Changes in Cyt c and Bax localization in Mtb-infected cells exposed to PTM. Table S1: Oligonucleotides used to perform qRT-PCR analysis.





Author Contributions


Conceptualization, C.B.L., K.I.L. and H.-J.K.; methodology, C.B.L., Y.J.K., S.K.G. and I.T.J.; formal analysis, C.B.L., K.I.L. and S.K.G.; writing—original draft preparation, C.B.L. and N.K.K.; writing—review and editing, N.K.K., E.H.C. and H.-J.K.; funding acquisition, H.-J.K.; supervision, H.-J.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (2020R1A6A3A0109923412), ICT and future planning (2017R1A5A2015385).




Institutional Review Board Statement


The study was conducted in accordance with the Institutional Research Ethics Committee of Chungnam National University (approval number: 202003A-CNU-064) and the guidelines of the Food and Drug Administration.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available on request from the authors. The data that support the findings of this study are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dewan, R.K.; Pezzella, A.T. Surgical aspects of pulmonary tuberculosis: An update. Asian Cardiovasc. Thorac. Ann. 2016, 24, 835–846. [Google Scholar] [CrossRef] [PubMed]

	



Madansein, R.; Parida, S.; Padayatchi, N.; Singh, N.; Master, I.; Naidu, K.; Zumla, A.; Maeurer, M. Surgical Treatment of Complications of Pulmonary Tuberculosis, including Drug-Resistant Tuberculosis. Int. J. Infect. Dis. 2015, 32, 61–67. [Google Scholar] [CrossRef] [PubMed]

	



Maphasa, R.E.; Meyer, M.; Dube, A. The Macrophage Response to Mycobacterium tuberculosis and Opportunities for Autophagy Inducing Nanomedicines for Tuberculosis Therapy. Front. Cell. Infect. Microbiol. 2020, 10, 618414. [Google Scholar] [CrossRef] [PubMed]

	



Biscop, E.; Lin, A.; Van Boxem, W.; Van Loenhout, J.; De Backer, J.; Deben, C.; Dewilde, S.; Smits, E.; Bogaerts, A.A. The Influence of Cell Type and Culture Medium on Determining Cancer Selectivity of Cold Atmospheric Plasma Treatment. Cancers 2019, 11, 1287. [Google Scholar] [CrossRef]

	



Yan, D.; Malyavko, A.; Wang, Q.; Ostrikov, K.K.; Sherman, J.H.; Keidar, M.J.B. Multi-Modal Biological Destruction by Cold Atmospheric Plasma: Capability and Mechanism. Biomedicines 2021, 9, 1259. [Google Scholar] [CrossRef]

	



Lammas, D.; Stober, C.; Harvey, C.; Kendrick, N.; Panchalingam, S.; Kumararatne, D. ATP-Induced Killing of Mycobacteria by Human Macrophages Is Mediated by Purinergic P2Z(P2 × 7) Receptors. Immunity 1997, 7, 433–444. [Google Scholar] [CrossRef]

	



Voskuil, M.I.; Bartek, I.L.; Visconti, K.; Schoolnik, G.K. The Response of Mycobacterium Tuberculosis to Reactive Oxygen and Nitrogen Species. Front. Microbiol. 2011, 2, 105. [Google Scholar] [CrossRef]

	



Gluschko, A.; Herb, M.; Wiegmann, K.; Krut, O.; Neiss, W.F.; Utermöhlen, O.; Krönke, M.; Schramm, M. The β2 Integrin Mac-1 Induces Protective LC3-Associated Phagocytosis of Listeria monocytogenes. Cell Host Microbe 2018, 23, 324–337.e5. [Google Scholar] [CrossRef]

	



West, A.P.; Brodsky, I.E.; Rahner, C.; Woo, D.K.; Erdjument-Bromage, H.; Tempst, P.; Walsh, M.C.; Choi, Y.; Shadel, G.S.; Ghosh, S. TLR signalling augments macrophage bactericidal activity through mitochondrial ROS. Nature 2011, 472, 476–480. [Google Scholar] [CrossRef]

	



Laroussi, M. Cold Plasma in Medicine and Healthcare: The New Frontier in Low Temperature Plasma Applications. Front. Phys. 2020, 8, 74. [Google Scholar] [CrossRef]

	



Graves, D.B. The emerging role of reactive oxygen and nitrogen species in redox biology and some implications for plasma applications to medicine and biology. J. Phys. D Appl. Phys. 2012, 45, 263001. [Google Scholar] [CrossRef]

	



Privat-Maldonado, A.; Schmidt, A.; Lin, A.; Weltmann, K.-D.; Wende, K.; Bogaerts, A.; Bekeschus, S. ROS from Physical Plasmas: Redox Chemistry for Biomedical Therapy. Oxid. Med. Cell. Longev. 2019, 2019, 9062098. [Google Scholar] [CrossRef]

	



Kaushik, N.K.; Ghimire, B.; Li, Y.; Adhikari, M.; Veerana, M.; Kaushik, N.; Jha, N.; Adhikari, B.; Lee, S.-J.; Masur, K.; et al. Biological and medical applications of plasma-activated media, water and solutions. Biol. Chem. 2019, 400, 39–62. [Google Scholar] [CrossRef]

	



Freund, E.; Liedtke, K.R.; Van Der Linde, J.; Metelmann, H.-R.; Heidecke, C.-D.; Partecke, L.-I.; Bekeschus, S. Physical plasma-treated saline promotes an immunogenic phenotype in CT26 colon cancer cells in vitro and in vivo. Sci. Rep. 2019, 9, 634. [Google Scholar] [CrossRef]

	



Adachi, T.; Tanaka, H.; Nonomura, S.; Hara, H.; Kondo, S.-I.; Hori, M. Plasma-activated medium induces A549 cell injury via a spiral apoptotic cascade involving the mitochondrial–nuclear network. Free Radic. Biol. Med. 2015, 79, 28–44. [Google Scholar] [CrossRef]

	



Rhee, S.G.; Woo, H.A.; Kil, I.S.; Bae, S.H. Peroxiredoxin Functions as a Peroxidase and a Regulator and Sensor of Local Peroxides. J. Biol. Chem. 2012, 287, 4403–4410. [Google Scholar] [CrossRef]

	



Veal, E.A.; Day, A.M.; Morgan, B.A. Hydrogen Peroxide Sensing and Signaling. Mol. Cell 2007, 26, 1–14. [Google Scholar] [CrossRef]

	



Kwon, J.; Lee, S.-R.; Yang, K.-S.; Ahn, Y.; Kim, Y.J.; Stadtman, E.R.; Rhee, S.G. Reversible oxidation and inactivation of the tumor suppressor PTEN in cells stimulated with peptide growth factors. Proc. Natl. Acad. Sci. USA 2004, 101, 16419–16424. [Google Scholar] [CrossRef]

	



Lin, A.; Gorbanev, Y.; De Backer, J.; Van Loenhout, J.; Van Boxem, W.; Lemière, F.; Cos, P.; Dewilde, S.; Smits, E.; Bogaerts, A. Non-Thermal Plasma as a Unique Delivery System of Short-Lived Reactive Oxygen and Nitrogen Species for Immunogenic Cell Death in Melanoma Cells. Adv. Sci. 2019, 6, 1802062. [Google Scholar] [CrossRef]

	



Tornin, J.; Mateu-Sanz, M.; Rodríguez, A.; Labay, C.; Rodriguez, R.; Canal, C. Pyruvate Plays a Main Role in the Antitumoral Selectivity of Cold Atmospheric Plasma in Osteosarcoma. Sci. Rep. 2019, 9, 10681. [Google Scholar] [CrossRef]

	



Li, Y.; Tang, T.; Lee, H.; Song, K. Cold Atmospheric Pressure Plasma-Activated Medium Induces Selective Cell Death in Human Hepatocellular Carcinoma Cells Independently of Singlet Oxygen, Hydrogen Peroxide, Nitric Oxide and Nitrite/Nitrate. Int. J. Mol. Sci. 2021, 22, 5548. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.B.; Seo, I.H.; Chae, M.-W.; Park, J.W.; Choi, E.H.; Uhm, H.S.; Baik, K.Y. Anticancer Activity of Liquid Treated with Microwave Plasma-Generated Gas through Macrophage Activation. Oxidative Med. Cell. Longev. 2020, 2020, 2946820. [Google Scholar] [CrossRef] [PubMed]

	



Takeda, S.; Yamada, S.; Hattori, N.; Nakamura, K.; Tanaka, H.; Kajiyama, H.; Kanda, M.; Kobayashi, D.; Tanaka, C.; Fujii, T.; et al. Intraperitoneal Administration of Plasma-Activated Medium: Proposal of a Novel Treatment Option for Peritoneal Metastasis From Gastric Cancer. Ann. Surg. Oncol. 2017, 24, 1188–1194. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, K.; Peng, Y.; Utsumi, F.; Tanaka, H.; Mizuno, M.; Toyokuni, S.; Hori, M.; Kikkawa, F.; Kajiyama, H. Novel Intraperitoneal Treatment With Non-Thermal Plasma-Activated Medium Inhibits Metastatic Potential of Ovarian Cancer Cells. Sci. Rep. 2017, 7, 6085. [Google Scholar] [CrossRef]

	



Tyagi, P.; Dharmaraja, A.T.; Bhaskar, A.; Chakrapani, H.; Singh, A. Mycobacterium tuberculosis has diminished capacity to counteract redox stress induced by elevated levels of endogenous superoxide. Free Radic. Biol. Med. 2015, 84, 344–354. [Google Scholar] [CrossRef]

	



Nair, R.R.; Sharan, D.; Ajitkumar, P. A Minor Subpopulation of Mycobacteria Inherently Produces High Levels of Reactive Oxygen Species That Generate Antibiotic Resisters at High Frequency From Itself and Enhance Resister Generation From Its Major Kin Subpopulation. Front. Microbiol. 2019, 10, 1842. [Google Scholar] [CrossRef]

	



Lee, C.; Subhadra, B.; Choi, H.-G.; Suh, H.-W.; Uhm, H.S.; Kim, H.-J. Inactivation of Mycobacteria by Radicals from Non-Thermal Plasma Jet. J. Microbiol. Biotechnol. 2019, 29, 1401–1411. [Google Scholar] [CrossRef]

	



Lee, C.B.; Kwak, H.S.; Choi, E.H.; Hong, T.E.; Yoon, H.; Lee, Y.; Baik, K.Y.; Uhm, H.S. Traces of isotopic reactive species produced from a non-thermal plasma jet in bio-molecules. New J. Phys. 2015, 17, 113031. [Google Scholar] [CrossRef]

	



Lee, C.B.; Na, Y.H.; Hong, T.-E.; Choi, E.H.; Uhm, H.S.; Baik, K.Y.; Kwon, G. Evidence of radicals created by plasma in bacteria in water. Appl. Phys. Lett. 2014, 105, 073702. [Google Scholar] [CrossRef]

	



Toda, G.; Yamauchi, T.; Kadowaki, T.; Ueki, K. Preparation and culture of bone marrow-derived macrophages from mice for functional analysis. STAR Protoc. 2020, 2, 100246. [Google Scholar] [CrossRef]

	



Bekeschus, S.; Kolata, J.; Winterbourn, C.; Kramer, A.; Turner, R.; Weltmann, K.D.; Bröker, B.; Masur, K. Hydrogen peroxide: A central player in physical plasma-induced oxidative stress in human blood cells. Free Radic. Res. 2014, 48, 542–549. [Google Scholar] [CrossRef]

	



Yeom, S.-J.; Kim, M.; Kwon, K.K.; Fu, Y.; Rha, E.; Park, S.-H.; Lee, H.; Kim, H.; Lee, D.-H.; Kim, D.-M.; et al. A synthetic microbial biosensor for high-throughput screening of lactam biocatalysts. Nat. Commun. 2018, 9, 5053. [Google Scholar] [CrossRef]

	



Bartesaghi, S.; Radi, R. Fundamentals on the biochemistry of peroxynitrite and protein tyrosine nitration. Redox Biol. 2018, 14, 618–625. [Google Scholar] [CrossRef]

	



Kim, Y.S.; Lee, H.-M.; Kim, J.K.; Yang, C.-S.; Kim, T.S.; Jung, M.; Jin, H.S.; Kim, S.; Jang, J.; Oh, G.T.; et al. PPAR-α Activation Mediates Innate Host Defense through Induction of TFEB and Lipid Catabolism. J. Immunol. 2017, 198, 3283–3295. [Google Scholar] [CrossRef]

	



Xu, X.; Fu, X.-Y.; Plate, J.; Chong, A.S. IFN-γ induces cell growth inhibition by Fas-mediated apoptosis: Requirement of STAT1 protein for up-regulation of Fas and FasL expression. Cancer Res. 1998, 58, 2832–2837. [Google Scholar]

	



Laux, C.O.; Spence, T.G.; Kruger, C.H.; Zare, R.N. Optical diagnostics of atmospheric pressure air plasmas. Plasma Sources Sci. Technol. 2003, 12, 125–138. [Google Scholar] [CrossRef]

	



Wang, G.J.; Wei, C.L.; Hong, X.F.; Fu, Z.Q.; Huang, W. Sodium pyruvate as a peroxide scavenger in aerobic oxidation under carbene catalysis. Green Chem. 2020, 22, 6819–6826. [Google Scholar] [CrossRef]

	



Matsumoto, R.; Shimizu, K.; Nagashima, T.; Tanaka, H.; Mizuno, M.; Kikkawa, F.; Hori, M.; Honda, H. Plasma-activated medium selectively eliminates undifferentiated human induced pluripotent stem cells. Regen. Ther. 2016, 5, 55–63. [Google Scholar] [CrossRef]

	



Mourenza, Ɠ; Gil, J.A.; Mateos, L.M.; Letek, M. Oxidative Stress-Generating Antimicrobials, a Novel Strategy to Overcome Antibacterial Resistance. Antioxidants 2020, 9, 361. [Google Scholar] [CrossRef]

	



Lochab, S.; Singh, Y.; Sengupta, S.; Nandicoori, V.K. Mycobacterium tuberculosis exploits host ATM kinase for survival advantage through SecA2 secretome. eLife 2020, 9, e51466. [Google Scholar] [CrossRef]

	



Leduc, M.; Guay, D.; Leask, R.L.; Coulombe, S. Cell permeabilization using a non-thermal plasma. New J. Phys. 2009, 11, 115021. [Google Scholar] [CrossRef]

	



Chung, T.-H.; Stancampiano, A.; Sklias, K.; Gazeli, K.; André, F.M.; Dozias, S.; Douat, C.; Pouvesle, J.-M.; Sousa, J.S.; ȁric, R.; et al. Cell Electropermeabilisation Enhancement by Non-Thermal-Plasma-Treated PBS. Cancers 2020, 12, 219. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Holmes, B.; Cheng, X.; Zhu, W.; Keidar, M.; Zhang, L.G. Cold Atmospheric Plasma for Selectively Ablating Metastatic Breast Cancer Cells. PLoS ONE 2013, 8, e73741. [Google Scholar] [CrossRef]

	



Volotskova, O.; Hawley, T.S.; Stepp, M.A.; Keidar, M. Targeting the cancer cell cycle by cold atmospheric plasma. Sci. Rep. 2012, 2, 636. [Google Scholar] [CrossRef] [PubMed]

	



Silva-Teixeira, R.; Laranjo, M.; Lopes, B.; Almeida-Ferreira, C.; Gonçalves, A.C.; Rodrigues, T.; Matafome, P.; Sarmento-Ribeiro, A.B.; Caramelo, F.; Botelho, M.F. Plasma activated media and direct exposition can selectively ablate retinoblastoma cells. Free Radic. Biol. Med. 2021, 171, 302–313. [Google Scholar] [CrossRef]

	



Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach? Nat. Rev. Drug Discov. 2009, 8, 579–591. [Google Scholar] [CrossRef] [PubMed]

	



Yan, D.; Talbot, A.; Nourmohammadi, N.; Sherman, J.H.; Cheng, X.; Keidar, M. Toward understanding the selective anticancer capacity of cold atmospheric plasma—A model based on aquaporins (Review). Biointerphases 2015, 10, 040801. [Google Scholar] [CrossRef]

	



Cortázar, O.D.; Megía-Macías, A.; Moreno, S.; Brun, A.; Gómez-Casado, E. Vulnerability of SARS-CoV-2 and PR8 H1N1 virus to cold atmospheric plasma activated media. Sci. Rep. 2022, 12, 263. [Google Scholar] [CrossRef]

	



Guo, L.; Yao, Z.; Yang, L.; Zhang, H.; Qi, Y.; Gou, L.; Xi, W.; Liu, D.; Zhang, L.; Cheng, Y.; et al. Plasma-activated water: An alternative disinfectant for S protein inactivation to prevent SARS-CoV-2 infection. Chem. Eng. J. 2021, 421, 127742. [Google Scholar] [CrossRef]

	



Guo, L.; Xu, R.; Gou, L.; Liu, Z.; Zhao, Y.; Liu, D.; Zhang, L.; Chen, H.; Kong, M.G. Mechanism of Virus Inactivation by Cold Atmospheric-Pressure Plasma and Plasma-Activated Water. Appl. Environ. Microbiol. 2018, 84, e00726–e00818. [Google Scholar] [CrossRef]

	



Xu, M.Y.; Li, Y. Infected Wound Healing Using Plasma Activated Oil. IEEE Trans. Plasma Sci. 2019, 47, 4827–4832. [Google Scholar] [CrossRef]

	



Abusalamah, H.; Reel, J.M.; Lupfer, C.R. Pyruvate affects inflammatory responses of macrophages during influenza A virus infection. Virus Res. 2020, 286, 198088. [Google Scholar] [CrossRef]

	



Osada-Oka, M.; Goda, N.; Saiga, H.; Yamamoto, M.; Takeda, K.; Ozeki, Y.; Yamaguchi, T.; Soga, T.; Tateishi, Y.; Miura, K.; et al. Metabolic adaptation to glycolysis is a basic defense mechanism of macrophages for Mycobacterium tuberculosis infection. Int. Immunol. 2019, 31, 781–793. [Google Scholar] [CrossRef]

	



Ahsan, H. 3-Nitrotyrosine: A biomarker of nitrogen free radical species modified proteins in systemic autoimmunogenic conditions. Hum. Immunol. 2013, 74, 1392–1399. [Google Scholar] [CrossRef]

	



Cao, C.; Leng, Y.M.; Huang, W.; Liu, X.; Kufe, D. Glutathione Peroxidase 1 Is Regulated by the c-Abl and Arg Tyrosine Kinases. J. Biol. Chem. 2003, 278, 39609–39614. [Google Scholar] [CrossRef]

	



Xiang, L.J.; Xu, X.Y.; Zhang, S.; Cai, D.Y.; Dai, X.F. Cold atmospheric plasma conveys selectivity on triple negative breast cancer cells both in vitro and in vivo. Free Radic. Biol. Med. 2018, 124, 205–213. [Google Scholar] [CrossRef]

	



Metelmann, H.-R.; Nedrelow, D.S.; Seebauer, C.; Schuster, M.; von Woedtke, T.; Weltmann, K.-D.; Kindler, S.; Metelmann, P.H.; Finkelstein, S.E.; Von Hoff, D.D.; et al. Head and neck cancer treatment and physical plasma. Clin. Plasma Med. 2015, 3, 17–23. [Google Scholar] [CrossRef]

	



Udekwu, K.I.; Parrish, N.; Ankomah, P.; Baquero, F.; Levin, B.R. Functional relationship between bacterial cell density and the efficacy of antibiotics. J. Antimicrob. Chemother. 2009, 63, 745–757. [Google Scholar] [CrossRef]

	



Choi, H.-G.; Choi, S.; Back, Y.W.; Park, H.-S.; Bae, H.S.; Choi, C.H.; Kim, H.-J. Mycobacterium tuberculosis Rv2882c Protein Induces Activation of Macrophages through TLR4 and Exhibits Vaccine Potential. PLoS ONE 2016, 11, e0164458. [Google Scholar] [CrossRef]








[image: Biomedicines 10 01243 g001 550] 





Figure 1. Scheme of non-thermal plasma jet to treat infected or uninfected cells ex vivo and in vivo. Cell cultures were exposed to a non-thermal plasma jet (NTPJ) ex vivo by placing the plasma exit 5 mm above medium surface for 30–60 s. Medium (DMEM) was exposed to NTPJ for 300 s to generate PTM. First mice were infected with Mtb H37Ra and after two or three weeks, the mice were injected intraperitoneally (i.p.) with PTM. Additionally, the spleens and lungs were obtained from the infected mice, cut into four pieces, and suspended into single cells, before exposure to PTM. 
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Figure 2. Optical emission spectra (OES) of a plasma jet with N2 gas and H2O2, ONOO− and NO2 in two concentrations of DMEM with or without NaPyr exposed to plasma. (A) Optical emission spectra of plasma jet at 200–500 nm. (B–D) Assessment of H2O2, ONOO−, and nitrite (NO2−) concentrations in DMEM with or without NaPyr exposed to NTPJ for 1 and 5 min. N.D: not detected; * p < 0.05, and † p < 0.01, and ‡ p < 0.001, DMEM vs. DMEM(-)NaPyr. All error bars represent the mean ± standard deviation; n = 3. 
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Figure 3. Assessment of ATP-based luminescent cell viability and mitochondrial activity of Mtb-infected (MOI 1) and uninfected cells exposed to PTM at different dilution ratios. (A–D) Dose responses of BMDMs to PTM determined using ATP luminescence (A,C) and CCK-8 (B,D) assays. Cells (5 × 103/well in 96-well plates) were seeded overnight before incubation with PTM. Results are expressed as ratios of ATP-based viable and mitochondrial activities. (A,B) PTM, (C,D) PTM without NaPyr. PTM or PTM without NaPyr was diluted in media with NaPyr. Data are means ± SEM of at least three independent experiments. Statistical significance was determined for each dose compared with untreated control. (A–D) Uninfected cells: * p < 0.05, † p < 0.01, ‡ p < 0.001; Mtb-infected cells: § p < 0.05, and || p < 0.001; uninfected vs. infected cells * p < 0.05 and † p < 0.01. 
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Figure 4. Comparison of effects of PTM without NaPyr diluted in medium with or without NaPyr. Uninfected or Mtb-infected BMDMs (2 × 104/well of 96-well plates) (MOI 1) were incubated for 24 h in various dilutions of PTM without NaPyr in culture media with (A) and without (B) NaPyr, then cell viability was determined using CCK-8 assays. Effects of 250 µM H2O2 and 50 nM STS cell viability were also analyzed. Cells were incubated for 48 h and 72 h with (C) 4-fold-diluted PTM in medium with NaPyr and (D) 8-fold-diluted PTM in medium without NaPyr. (E) Death of Raw264.7 cells incubated in PTM without NaPyr evaluated using flow cytometry and annexin/PI staining. (F) Intracellular ROS in Raw264.7 cells incubated for 6 h in 8-fold-diluted PTM without NaPyr or PTM treated with NAC (10 mM) without NaPyr, and uninfected, infected control, and Mtb-infected cells incubated in PTM without NaPyr. (A–F) * p < 0.05 and † p < 0.001 vs. untreated cells; one- or two-way ANOVA. ns: not significant. Data are shown as means ± SEM of three independent experiments. 
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Figure 5. Identification of optimal PTM dilution to induce cell death ex vivo but remain non-toxic to uninfected BMDMs. Direct plasma NTPJ and PTM reduced intracellular Mtb growth. (B) Viability of (A) uninfected and (B) Mtb-infected cells (5 × 103, 1 × 104, and 2 × 104/well of 96-well plates) determined 24 h after incubation with diluted PTM without NaPyr using CCK-8 assays. (C) Representative morphological features of Mtb-infected BMDMs after direct plasma exposure for 0, 60, 120, and 300 s. (D) Viability of uninfected and Mtb-infected BMDMs (1 × 104/well of 96-well plates) after exposure to NTPJ for 30, 60, and 90 s in medium containing NaPyr under same conditions. * p < 0.01 and † p < 0.001; two- or one-way ANOVA. Error bars show the standard deviation of the means of three independent experiments. (E) Growth of intracellular bacteria assessed using CFU assays, immediately or one or three days after exposure to NTPJ for 60 s and 8-fold-diluted PTM in a medium with or without NaPyr. Colony-forming units were determined in cultures on 7H10 agar plates. p < 0.01, NTPJ and p < 0.001, PTM without NaPyr vs. untreated control on day 3; n = 3. p < 0.001, NTPJ and PTM without NaPyr vs. untreated control on day 1. 
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Figure 6. Plasma-treated medium stimulates antimycobacterial defenses in BMDMs. (A–C) Uninfected or Mtb-infected BMDMs (MOI 1) were incubated in undiluted and 8-fold-diluted PTM without NaPyr, then exposed for 60 s to NTPJ, and 250 µM H2O2 for 24 h in media without.NaPyr. Mtb-infected cells were incubated with NaPyr followed by 8-fold-diluted PTM without NaPyr) in medium containing NaPyr. The mRNA expression of ATM (A), GPx1 (B), and CAT (C) was quantified using RT-PCR. Fold induction was calculated by comparison with 18 S rRNA untreated control. (D) Control, uninfected, and Mtb-infected BMDMs were incubated with 8-fold-diluted PTM without NaPyr, 8-fold-diluted PTM with 1 and 2 mM NaPyr, NAC (10 mM), and 0.1 and 0.5 mM cPTIO for 24 h. Cell viability was assayed using the CellTiter-Glo® assay. Error bars show standard deviations of the means. * p < 0.05, † p < 0.01, and ‡ p < 0.001; n = 3. 
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Figure 7. Loss of ERFP Mtb-infected primary macrophage membrane caused by PTM. (A) Association between BMDMs and SYTOx™ in uninfected cells incubated for 24 h in 8-fold-diluted PTM without NaPyr, Mtb-infected cells (MOI 1), and ERPF Mtb-infected cells incubated in 8-fold-diluted PTM without NaPyr. Last image is Mtb-infected cells incubated for 48 h in PTM without NaPyr. Images show stained nuclei (blue), ERFP Mtb (red), and SYTOx™ (green). (Right panels) Magnification highlights the association between SYTOx™ and ERFP Mtb-infected cells. Scale bar, 10 µm. (B) Quantitation of ERFP Mtb and SYTOx™ association in macrophages. Numbers of bacteria analyzed for each condition and proportions of Mtb that are considered positive for SYTOx™ association are shown. Mean fluorescence intensity was quantified using LAS X 3.7. Data are means ± SEM of one representative experiment (n = 3). 
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Figure 8. Changes in Cyt c and Bax localization in Mtb-infected cells incubated in PTM. (A,B) Representative confocal microscopy images show MitoTracker (red) and Cyt c or Bax (green) staining of cells incubated only in medium (Med), uninfected BMDMs incubated in PTM without NaPyr, cells infected with Mtb, and Mtb-infected cells incubated in 8-fold-diluted PTM without NaPyr for 18 h. (A) Cyt c, (B) Bax. Scale bar = 10 µm. (C,D) Quantitative co-localization of Cyt c and Bax expressed as mitochondria (n) per cell. * p < 0.05 and † p < 0.01; ns: not significant; n = 3. 
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Figure 9. Intraperitoneal injection and direct contact with PTM reduce intracellular bacterial growth in Mtb H37Ra-infected mice. (A) Experimental schedule of PTM injected i.p. into mice in vivo. (B) Numbers of intracellular bacterial colony-forming units (CFUs) in lung and spleen tissues. (C) Experimental schedule of direct PTM exposure of excised spleens and lungs. (D) Spleen and lung tissues were cut into four sections each and incubated in 4-fold-diluted PTM without NaPyr for 1 h, then bacterial CFUs were counted. (E) Lungs and (F) spleens from Mtb H37Ra-infected mice were homogenized and divided into groups incubated with untreated media and 4-fold-diluted PTM without NaPyr for 1 h. All data are presented as means ± SEM of at least three independent experiments (n = 5–8 mice per group; * p < 0.05, † p < 0.01, and ‡ p < 0.001; ns: not significant vs. untreated mice). 
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