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18 ABSTRACT

19

20 Encephalic vascular accident, or stroke, is the most common pathology of the
21  central nervous system in humans. It is the second leading cause of death, as
22  well as physical and cognitive disabilities, in developing countries. It is a vascular
23 disorder that may present in an ischemic (more common) or hemorrhagic form.
24  Ozone is a gas capable of oxidizing double bonds of organic molecules, thereby
25 producing lipoperoxides and aldehydes. Stimulation of the immune and
26  antioxidant system, and improvement in tissue vascularization and oxygenation,
27 are few among several effects exerted by ozone. Ozone therapy has previously
28 been shown to be effective in neuromodulation, neuroprotection, and nerve
29 regeneration. The present study aimed to evaluate the effect of targeted mild
30 ozone after inducing cerebral ischemia in vitro. The experiment was divided into
31 two steps; in the first step, neuroblastoma lineage cells (SH-SY5Y) were
32 subjected to 24 hours of hypoxia in an incubator culture chamber. Treatment with
33 different concentrations of ozone (2—-10 pug/mL), followed by an 2,5-diphenyl-2H-
34 tetrazolium bromide assay, indicated a possible neuroregenerative effect at low
35 concentrations. The same protocol was applied to canine amniotic membrane
36 stem cells that were evaluated via colorimetric assay spectrophotometry,
37 fluorescence microscopy, and flow cytometry. The metabolic conditions and
38 cellular regeneration in cells at low ozone concentrations (3—8 pug/mL) correlated
39 with lower levels of apoptosis and oxidative stress compared to cells not
40 subjected to hypoxia. High concentrations of ozone (18-30 pg/mL) promoted an
41 increase in rate of apoptosis and cell death. Therefore, we developed a novel
42  protocol that mimics ozone therapy for ischemic stroke, using ozonized culture
43 medium after hypoxia induction. Although more studies are needed to open new
44  avenues for translational medicine, we conclude that ozone has a dose-
45 dependent hormetic effect and can reverse the effect of ischemia in vitro at low
46  concentrations.

47  Keywords: ischemic stroke, hypoxia, ozone therapy, cell ozonation.
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49 INTRODUCTION
50
51 A stroke is a neurological deficit caused by an altered brain circulation. This

52 term includes injuries caused by hemodynamic and clotting disorders in arteries or
53 veins (1) and is the most common pathology of the central nervous system. Recent
54  studies indicate that stroke has become the second leading cause of death due to
55 physical and cognitive disabilities in developed countries (2,3). According to a 2021
56 report from the American Heart Association, ischemic strokes account for 87% of
57  stroke cases (4). The main risk factors for stroke are hypertension, obesity, sedentary
58 lifestyle, stress, high cholesterol, and smoking (5).

59 In ischemic stroke, interrupting cellular oxidative metabolism reduces
60 phosphate and glucose production, releasing neurotransmitters and increasing
61 calcium and sodium levels. These factors lead to a reduction in neuronal metabolism
62 and mitochondrial function; energy insufficiency; formation of arachidonic acid,
63 prostaglandin, and leukotrienes; vasoconstriction; platelet aggregation; and poor
64  microvasculature (6,7).

65 Ozone is a gas composed of three oxygen atoms, performing a specialized
66 function of oxidizing double bonds of organic molecules. It is a powerful oxidant that
67 immediately reacts with hydrophilic antioxidants in plasma, such as uric acid,
68 ascorbic acid, and albumin, producing lipoperoxides and aldehydes. Ozone exhibits a
69 hormetic effect; it can peroxidize the erythrocyte membrane and induce a change in
70 its negative charge, causing minimal oxidative stress. Moreover, it improves
71 circulation and oxygen delivery in ischemic tissues, enhances cell metabolism,
72 modulates antioxidant enzymes, induces a slight activation of the immune system,
73 and increases the release of growth factors. Ozone also induces platelet
74  degranulation, stimulates the neuroendocrine system, activates neuroprotective
75 strategies, protects against apoptosis induced via oxidative stress, and increases
76 gene repair activity. When administered in adequate concentration, no side effects
77 are observed (8-13).

78 Previous studies indicate that ozone therapy can be effective in
79 neuromodulation, neuroprotection, and nerve regeneration (14-21). However, very
80 few studies use the technique for stroke or other low cerebral perfusion syndromes
81 (14,21,22).
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82 It is worth noting that most studies use ozone as a preconditioning strategy
83 before inducing hypoxia. This approach is not feasible since patients affected by this
84 type of illness seek treatment only after the onset of symptoms and not as
85 prevention. Our pioneering research efforts utilize ozone after hypoxia, with cells still
86 in culture, without resuspending them for ozone treatment.

87 The present study aimed to evaluate the in vitro effects of mild oxidative stress
88 caused by ozone after induction of cerebral ischemia, mimicking an ischemic stroke.
89 Ozone therapy, when applied in adequate concentrations, improves oxygenation
90 levels and cell metabolism, promoting cell regeneration. The experiment was
91 conducted in two phases, using neuroblastoma cells and amniotic membrane stem
92 cells.

93 Neuroblastoma lineage cells (SH-SY5Y) were cultured in vitro, subjected to
94 hypoxia in an incubator culture chamber, and then treated with different ozone
95 concentrations (2-30 pg/mL). As expected, 2,5-diphenyl-2H-tetrazolium bromide
96 (MTT) assays showed a hormetic effect of ozone: low concentrations could promote
97 cell regeneration, while high concentrations were harmful to cells.

98 Similar results were observed in the second step of our study, where canine
99 amniotic membrane stem cells were subjected to the same hypoxia-ozonization
100 protocol and evaluated by colorimetric assay spectrophotometry, fluorescence
101  microscopy, and flow cytometry. These results indicated concentration-dependent
102 effects and possibly neuro-regeneration at low concentrations.

103 Although more studies are needed, our results suggest that in vitro, low
104  concentrations were able to reverse the damage caused by hypoxia.

105 Importantly, our study proposed an unprecedented protocol. In contrast to our
106 study, most other studies use ozone as preconditioning. This is incompatible with
107  what we see in clinical routine, wherein ozone is used as post-stroke therapy.

108

109 MATERIALS AND METHODS
110

111 The experiment was divided into two phases performed with neuroblastoma
112 lineage cells and with amniotic membrane stem cells, carried out in Brazil. This
113 project was submitted to the Ethics Committee on the Use of Animals of the Faculty

114  of Animal Science and Food Engineering of the University of Sdo Paulo on August
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115 23, 2018 and was approved through protocol CEUA FZEA-USP n. 3722230818 and
116 CEUA IFSC-USP n. 86891904109.

117 For the first step, SH-SY5Y neuroblastoma lineage cells were grown in bottles
118 in culture medium (DMEM-high glucose + 10% fetal bovine serum + 1%
119  penicillin/streptomycin + 1% glutamine) and incubated at 37 °C and 5% CO,, for
120 about 3 or 4 days, until they reached about 90% of confluence. Cells were trypsinized
121  and counted using Thoma Chamber, with trypan blue. Approximately 1x10™* SH-
122 SY5Y cells, diluted in 200 pL of culture medium, were plated per well in a 96-well
123  culture plate. Four wells were also plated with the same number of cells on another
124  plate, as a hypoxia control. The plates were incubated at 37 °C and 5% CO; for 24
125 hours. The experiment was carried out thrice in quadruplicates. After 24 hours, the
126 culture plate was placed inside an incubation culture chamber. The completely
127  sealed chamber was filled with about 10% CO, + N, and the cells were incubated for
128 another 24 hours at 37 °C. The control plate (no hypoxia group) was not subjected to
129 the hypoxia protocol and remained incubated at 37 °C and 5% CO; for 24 hours. A
130 difference in the color of the medium could be observed after 24 hours of hypoxia.
131 After 24 hours, 1.5 mL of culture medium was mixed with 1.5 mL of ozone in a
132 5 mL syringe and stirred for 5 minutes. Each syringe contained a different
133 concentration of ozone (2, 5, 10, 15, 20, and 30 pg/mL); an additional syringe
134  contained only O, while no gas was added to another. The culture medium was
135 removed from each well of the 96-well plate and replaced with ozonized culture
136 medium containing different concentrations of ozone, according to the scheme below.
137 The plate was incubated for another 24 hours. In the control plate, the culture
138 medium was replaced with normal medium, with no addition of gas.

139 The colorimetric MTT assay was performed to verify cellular metabolic activity.
140  After 24 hours, in a light-deprived environment, the ozonized medium was replaced
141  with 200 pL of MTT (0.5 mg/mL diluted in PBS) per well. After a 90-minute
142 incubation, MTT was removed, and 200 pL of DMSO was added per well. The
143 absorbance was measured at 690 nm using a spectrophotometer (Multiskan Go
144  Spectrophotometer - Thermo Fisher Scientific). The spectrophotometry results were
145 transformed into a percentage, wherein the group not subjected to hypoxia
146 represented 100%.

147 The experimental design is depicted in Figure 1.
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148
149 Figure 1. Experimental design of protocol for neuroblastoma cells. Cells were cultured in vitro
150 and subjected to hypoxia. After 24 hours, the culture medium was replaced by ozonized medium at
151 different concentrations for 5 minutes, incubated for another 24 hours, and then evaluated.
152
153 After satisfactory in vitro results with neuroblastoma cells, we decided to

154  perform the same hypoxia-ozonation protocol with canine amniotic membrane stem
155 cells, the same cells used in a previously published study (24). These mesenchymal
156 stem cells are ease to obtain and can be discarded. They are easy to manipulate,
157 and their proliferation is straightforward. These cells play an essential role in
158 regenerative medicine, and having been previously characterized by our study group,
159 prove to be safe for the application (25-28). After elective neutering surgery, the
160 uterus of a bitch was sent to the laboratory at an early gestational stage. The
161 amniotic membranes of eight fetuses were collected, as seen in Figure 2.

162

163 Figure 22. Isolation of canine amniotic membrane stem cells. A: Fetus in the first-third of the
164 gestational period surrounded by the placenta. B: Dissection of amniotic membrane. C: Amniotic
165 membrane in a culture plate.

166

167 Following the protocol by Orlandin et al. (24), membranes were washed in

168 PBS with penicillin + streptomycin and incubated in 1% collagenase for 2 hours. After
169 this period, they were centrifuged at 1200 rpm for 10 minutes. The pellet was
170 resuspended in DMEM-high glucose + 10% fetal bovine serum + 1%
171  penicillin/streptomycin + 0.5% glutamine, and the cell culture bottles were incubated
172 at 37 °C and 5% CO, for 3 days when they reached approximately 80% confluence.

173 For cell trypsinization, the medium was discarded and the bottle was washed
174  with PBS. Tryple Express (3 mL; Gibco) were added. The bottle remained in an
175 incubator for 2 minutes, to allow the cells to detach from the plate. Tryple Express
176  was collected in a falcon tube, and the bottle was washed with the culture medium to
177 help detach the remaining cells. This culture medium was collected in the same
178 falcon and centrifuged at 1500 rpm for 5 minutes. Cells were picked and plated for an
179 additional 4 days until they reached approximately 90% confluence. The
180 trypsinization process was repeated, and the cells were counted using Thoma

181 Chamber, with trypan blue, and harvested according to the specified assay.
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182 For each assay, cells were harvested at different concentrations, using
183 different plates, and at different volumes. Corresponding specifications are presented
184 for each assay. Regardless, all of them were subjected to the same hypoxia protocol,
185 as described below. All experiments were performed in triplicate and repeated three
186 times. In addition to the experimental wells, separate wells were set aside for
187 negative and positive control, for each protocol.

188 After 24 hours, the culture plate was placed inside a completely sealed
189 incubator culture chamber, filled with about 10% CO, + 90% N, and incubated for
190 another 24 hours. The control plate did not go through the hypoxia protocol and was
191 incubated at 37 °C and 5% CO, for another 24 hours.

192 After 24 hours, a 20-mL syringe filled with 10 mL of culture medium was
193 attached to an ozone generator (Ozone Generator O&L 3.0 RM — Ozone & Life Ltda
194 - Brazil — ref 301140366), which injected another 10 mL of the gas into the syringe.
195 They were stirred for 5 minutes. Each syringe contained a different concentration of
196 ozone: 3, 8, 12, 18, and 30 pg/mL; additionally, a syringe with 10 mL of O, and
197 another without the addition of any gas (no gas group) were included.

198 The culture medium in each well was replaced by the ozonized medium at
199 different concentrations. The plate was incubated for another 24 hours. In the control
200 plate (no hypoxia group), the culture medium was replaced by a normal medium with
201 no gas addition.

202 For the MTT assay, the above protocol was used. The absorbance was
203 measured at 690 nm using a spectrophotometer (BioTek Epoch 2 microplate
204  Spectrophotometer). The spectrophotometry results were transformed into
205 percentage values, where the group not subjected to hypoxia represented 100%.

206 For the superoxide dismutase (SOD) and catalase (CAT) quantification, 1x10
207  cells were inoculated in a 6-well plate in 3 mL of culture medium per well in triplicate
208 and subjected to the hypoxia-ozonation protocol, as mentioned above. The same
209 plate was used for evaluating SOD (Superoxide Dismutase Colorimetric Activity Kit —
210 Thermo Fisher Scientific — ref EIASODC) and CAT (Catalase Colorimetric Activity Kit
211 —Thermo Fisher Scientific — ref EIACATC) activities, as only the medium was used to
212 perform the SOD assay. In contrast, the cells were used to perform the CAT assay.
213 The substrates were added, and the plate was incubated according to the
214  manufacturer’s instructions. The absorbance was read at 450 nm and 520 nm by a

215 spectrophotometer for SOD and CAT quantification, respectively.


https://doi.org/10.1101/2022.06.16.496274
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.16.496274; this version posted June 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

8

216 For the apoptosis detection, we performed the TUNEL test, where 1x10° cells
217  were harvested in a 96-well plate in 200 pL of culture medium per well in duplicate
218 and subjected to the hypoxia-ozonation protocol, as mentioned above. Using the
219 commercial Click-iT TUNEL (In Situ Cell Death Detection Kit, Fluorescein — Sigma-
220  Aldrich — ref 11684795910) colorimetric detection kit, following the manufacturer's
221 instructions, the culture medium was removed and the cells were fixed with 4%
222  paraformaldehyde and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate.
223  TUNEL mixing solution (50 pyL) was added to each sample and the positive and
224 negative controls. The plate was incubated in an oven for 60 minutes, washed with
225 PBS three times, and 200 L of PBS was added for microscopic analysis. The cells
226  were analyzed using a digital inverted EVOS microscope (Microscope EVOS™ FLc
227 M5000 Imaging System — Thermo Fisher Scientific — ref AMEP4650) with a GFP
228 laser (470 nm excitation/525 nm emission). The images were analyzed via
229 fluorescence intensity quantification using ImageJ software, with intensity assignment
230 between 0 and 200 per pixel.

231 The Image-iT® Lipid Peroxidation Kit has a lipid peroxidation sensitive agent.
232  After oxidation, the fluorescence changes from red to green, allowing its
233 quantification. For the lipid peroxidation assay, 2.5x10™ cells were harvested in a 24-
234  well plate in 1 mL of culture medium per well in triplicate and subjected to the
235 hypoxia-ozonation protocol, as mentioned above. Image-iT® Lipid Peroxidation
236  Sensor (10 pM; Image-iT Lipid Peroxidation Kit — Thermo Fisher Scientific — ref
237 C10445) was added, and the plate was incubated at 37 °C for 30 minutes in the dark.
238 The culture medium was removed, and the plate was washed 3 times with PBS; 1 mL
239 of PBS was added per well. As observable in Figure 15, the cells were analyzed with
240 a digital inverted EVOS microscope, with a Texas Red laser (585 nm excitation/624
241 nm emission) and GFP (470 nm excitation/525 nm emission). The excitation and
242  emission were adjusted for each probe. Cells were trypsinized and immediately read
243 using a BD Accuri C6 flow cytometer (BD Accuri™ C6 Flow Cytometer — BD
244  Biosciences — ref 7820018).

245 CellROX® Green is a fluorogenic probe that after oxidation, binds to DNA,
246  rendering the nucleus and mitochondria fluorescent. For the ROS assay, 2.5x10™
247  cells were harvested in a 24-well plate in 1 mL of culture medium per well in triplicate
248 and subjected to the hypoxia-ozonation protocol, as mentioned above. CellROX

249  Green (10 pM; CellROX Green Reagent, for oxidative stress detection — Thermo
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250 Fisher Scientific — ref C10444) reagent working dye solution was added to the culture
251 medium of each well, followed by incubation at 37 °C for 30 minutes in the dark. The
252  culture medium was removed, and the plate was washed thrice with PBS; 1 mL of
253 PBS was added per well. The cells were analyzed using a digital inverted EVOS
254  microscope with a GFP laser (470 nm excitation/525 nm emission). Cells were
255  trypsinized and read using a BD Accuri flow cytometer.

256 CellTracker™ Blue fluorescent probes cross the cell membrane and are
257 transferred to daughter cells but not adjacent cells in a population. Therefore, they
258 are an important tool for monitoring chemotaxis and cell proliferation. As it presents a
259 reaction mediated by glutathione S-transferase, CellTracker Blue probes have also
260 been used for GSH quantification (29,30). For the GSH assay, 1x10™ cells were
261 harvested in a 24-well plate in 1 mL of culture medium per well in duplicate and
262 subjected to the hypoxia-ozonation protocol, as mentioned above. The culture
263 medium was removed, and a solution containing 10 puM of CellTracker Blue
264  (CellTracker Blue CMF2HC (Molecular Probes) — Thermo Fisher Scientific — ref
265 (C12881) in DMSO was added to each well. The plate was incubated for 30 minutes
266 at 37 °C in the dark. The solution was removed, and 1 mL of PBS was added per
267 well. The cells were analyzed using a digital inverted EVOS microscope with a tgBFP
268 laser (390 nm excitation/447 nm emission). Cells were trypsinized and read using a
269 BD FACSARIA flow cytometer (BD FACSAria™ Il Flow Cytometer Cell Sorter).

270 For all of the tests, data were analyzed using Prism 5.0. Tests for normality of
271 residuals and homogeneity of variances were performed for each variable (body
272  weight, clinical evaluation, and cerebral infarction volume). Data that did not meet the
273 ANOVA assumptions were transformed. Statistical analysis of total infarct volume
274 data was performed using the one-Way ANOVA test, a non-parametric statistic for
275 purchasing groups, followed by Tukey's Post-hoc test, considering the significance
276  level (p<0.05). The results are expressed as mean * standard error of the mean.

277

278 RESULTS
279
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280 Spectrophotometry suggests cell regeneration at low ozone concentrations
281 and apoptosis at high ozone concentrations
282
283 As expected, the neuroblastoma cells that suffered hypoxia, but received the

284  culture medium without the addition of any gas, presented lower metabolic activity
285  with respect to the control cells, which were not subjected to hypoxia. These results
286 indicate that the protocol resulted in partial cell death, although it was not statistically
287  significant (p>0.05). Cells treated with low concentrations of ozone (2 pg/mL) showed
288 higher rates of cell viability than those that were subjected to hypoxia but did not
289 receive any treatment or only received oxygen (p<0.05). This indicates that the
290 treatment not only reversed the effects of ischemia but also promoted cell
291 regeneration in these cells. Furthermore, cells treated with 2 pg/mL ozone were
292  significantly similar to those not subjected to hypoxia and those treated with 5 and 10
293 ug/mL ozone (p>0.05), showing that these low concentrations are safe and maintain
294  high rates of cell viability. Cells subjected to hypoxia that received no gas or only
295 oxygen had the same cellular viability rate as those treated with 15 and 20 pg/mL of
296 ozone (p>0.05). Finally, cells treated with 30 pug/mL of ozone showed a decrease in
297  cell viability (p<0.05), indicating that high concentrations of ozone can harm cells.

298 Amniotic membrane stem cells (AMSC) treated with 3 pg/mL of ozone showed
299 no significant difference compared to cells that did not undergo the hypoxia protocol
300 (p>0.05). Additionally, these cells are similar to those that received no gas, received
301 only oxygen, or were treated with 8 pg/mL ozone (p>0.05). Cells treated with low
302 concentrations of ozone (2-8 pg/mL) showed better cell metabolism, compared to
303 cell metabolism noted for other ozone treatments (12—-30 pug/mL) (p<0.05), implying
304 that these concentrations are safe and do not promote cell damage. Treating cells
305 with 18 and 30 pg/mL of ozone harmed them, promoting cellular apoptosis compared
306 to the cells in other groups (p<0,05). These results corroborate the results of the
307 experiments conducted on our neuroblastoma cell lineages.

308 SOD analyses were performed on the culture medium and not on the cells.
309 They were intended to mimic a serological quantification of SOD emitted by cells.
310 SOD activity is associated with the cellular ability to scavenge free radicals. All
311 ozone-treated groups had SOD levels comparable to cells not subjected to hypoxia
312 (p>0.05). Cells that were subjected to hypoxia but received no gas or only oxygen

313 had higher levels of SOD when compared to the group without hypoxia (p<0.05). It is
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314 important to emphasize that the commercial kit allows the quantification of SOD-1
315 and SOD-2, which are intracellular and mitochondrial enzymes, and SOD-3, which is
316 extracellular and can be detected in serum, plasma, ascites, and synovial fluids. We
317 tried to standardize a protocol for quantifying SOD in the culture medium to mimic the
318 serological levels of the enzyme. Nonetheless, the results are inconsistent, and we
319 do not consider them to be representative.

320 We observed a significant decrease in catalase rate following the increase in
321 ozone concentration. Catalase levels of cells not subjected to hypoxia were
322 significantly similar to those treated with no gas, only oxygen, and 3 and 8 pug/mL
323 ozone (p>0.05). Cells treated with 30 pg/mL of ozone had the lowest levels of the
324 intracellular enzyme, followed by cells of the groups treated with 18 and 12 pg/mL
325 ozone, all of which presented significant differences between each other (p<0.05).
326  This probably occurred due to the cytotoxic effect of ozone at high concentrations, as
327 one of its by-products is hydrogen peroxide, a substance degraded by the peroxidase
328 under study.

329 The spectrophotometry results have been presented in Figure 3.

330

331 Figure 33. SH-SY5Y MTT (A) and AMSC MTT (A), SOD (B), and CAT (C) quantification, where
332 p<0.05. During the MTT test, cells not subjected to the hypoxia protocol were considered 100%. We
333 observed a pattern of reversal of the hypoxia effect and the promotion of cell regeneration at low
334 ozone concentrations. Cellular apoptosis at high ozone concentrations was prominent in both kinds of

335 cells (A and B). We also observed that SOD spectrophotometry results were inconsistent (C) and that

336 high ozone concentrations promoted a decrease in catalase rate after hypoxia induction (D).

337

338 Apoptosis detection assay corroborated the MTT data for high
339 o0zone concentrations promoting cell death

340

341 Due to material supply problems during the pandemic, we could not receive

342 the TUNEL Kit in time to perform the tests. To this end, we borrowed two kits from a
343 teacher at the institution. One of the kits was outdated and did not yield good images.
344  Due to material limitations, cells grown in 96-microwell plates could not be subjected
345 to flow cytometry. Therefore, the results could only be obtained from one sample

346 from each group (Figure 4), and we could not perform duplicates or triplicates. Forty
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347 cells from each group were evaluated using ImageJ software for fluorescence rate
348  (grey-value), resulting in the following graph.
349

350 Figure 4. The higher the ozone level, the higher the rate of cell apoptosis. A: Representative

351 pictures of cell apoptosis measured by TUNEL assay. C: Quantification of cell apoptosis (Gray-value,

352 calculated by ImageJ), where p<0.05.
353
354 Cells that were not subjected to hypoxia showed the lowest levels of cellular

355 apoptosis compared to the other groups (p<0.05). Cells treated with 3 or 8 pg/mL of
356 ozone showed higher levels of cellular apoptosis than the cells in the no hypoxia
357 group but lower levels than the cells in other groups (p<0,05). Cells subjected to
358 hypoxia, but not receiving any gas, behaved similarly to those receiving oxygen
359 (p>0.05). Nevertheless, they exhibited a lower rate of cellular apoptosis than cells of
360 groups treated with 18 or 30 pg/mL (p<0.05). Cells treated with 30 pg/mL of ozone
361 showed the highest rates of cell apoptosis compared to cells of all other groups
362 (p<0.05).

363 These results are consistent with those of the MTT assay, wherein the
364 mortality rate was higher in the groups treated with high ozone concentrations.

365

366 No significant differences were observed in lipid peroxidation
367
368 The Image-iT® Lipid Peroxidation Kit has a lipid peroxidation sensitive agent.

369 After oxidation, the fluorescence changes from red to green, allowing its
370 quantification. As noted, the assessment of lipid peroxidation did not reveal
371 significant differences between any of the groups (p>0.05). The results have been

372  presented in Figure 5.

373

374 Figure 5. No treatment was of significant importance for lipid peroxidation. A: Representative

375 pictures of lipidic peroxidation measured by Image-iT assay. B: Non-oxidized cells (red) and oxidized
376 cells (green) measured by flow cytometry. C: Quantifying oxidized and non-oxidized cells (Q2-UR),

377 where p<0.05.

378
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379 Low ozone concentration did not change ROS levels
380
381 CellROX® Green is a fluorogenic probe that after oxidation, binds to DNA,
382 making the nucleus and mitochondria fluorescent. The results are presented in
383  Figure 6.
384

385 Figure 6. Low ozone concentrations do not increase the rate of reactive oxygen species (ROS).
386 A: Representative pictures of ROS, as detected via CellROX Green assay. B: ROS examined via flow

387 cytometry (FL1). C: Quantification of ROS levels, where p<0,05.
388
389 According to the analyses, low concentrations of ozone (3 and 8 pg/mL) did

390 not show changes in ROS levels, compared to groups that were not subjected to
391 hypoxia without gas and oxygen (p>0,05). Only the groups treated with 12 or 18
392 pg/mL of ozone presented reduced levels of ROS, compared to the other groups
393 (p<0.05). ROS levels increased again in cells treated with 30 pg/mL ozone, equaling

394 the levels noted for the other groups (p>0.05).

395

396 Reduced Glutathione (GSH) levels remain unchanged across
397 groups

398

399 The results presented below (Figure 7) show no significant differences

400 between samples (p>0.05) for reduced GSH.

401
402 Figure 74. No treatment showed a significant difference in reduced glutathione level. A:
403 Representative pictures of reduced glutathione (GSH) measured by CellTracker Blue assay. B:

404 Reduced GSH measured by flow cytometry. C: Quantification of reduced GSH (DAPI), where p<0.05.
405

406 Importantly, these CellTracker™ Blue fluorescent probes are intended to stain
407 daughter cells to screen the cell population. Few studies have used this probe to
408 quantify GSH, owing to the reaction mediated by glutathione S-transferase. However,
409 we reiterate that this is not the purpose recommended by the manufacturer (29,30).

410 Another critical point is that this technique was performed only in duplicate,

411  with a very limited number of cells (1x10° events). The data is unreliable and
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412  inconsistent. We do not recommend using the CellTracker™ Blue probe to quantify
413  GSH in cells under the conditions discussed in this manuscript.
414

415 DISCUSSION
416

417 In the present study, neuroblastoma cells and canine amniotic membrane stem
418 cells were cultured in vitro and subjected to a 24-hour protocol in hypoxia to simulate
419 an ischemic injury. Subsequently, the culture medium of cells was treated with
420 different ozone concentrations, and the cellular response was evaluated.

421 Although ozone-mediated oxidative stress can contribute to the pathogenesis of
422  neurodegenerative diseases (31), it is also known that mild, controlled, and targeted
423 oxidative stress can be beneficial and can improve performance (32). Therefore,
424  ozone is said to have a dose-dependent hormetic effect (10,12,33-38).

425 Corroborating the results of these studies, an MTT assay of neuroblastoma cells
426 treated with post-hypoxia ozone indicated that low concentrations of ozone (2-10
427 pg/mL) were able to repair the effects of ischemia and promoted cell regeneration.
428  This result is consistent with those of the MTT assay for canine amniotic membrane
429 stem cells that underwent the same protocol. The group treated with 3-8 pg/mL
430 showed improved cell metabolism. The results of TUNEL assay indicated that
431 apoptosis rates are lower in cells treated with low ozone concentration (3—8 pg/mL).
432 In all these trials, the harmful effects of ozone were observed at high concentrations
433  (18-30 pg/mL), which promoted higher rates of apoptosis and cell death.

434 An increase in SOD levels after ozone treatment has been described previously
435 (21,39,40). We attempted to develop a protocol for measuring SOD levels in a cell
436  culture medium using the SOD Colorimetric Activity Kit (Thermo Fisher Scientific) to
437 simulate serological levels of the enzyme. However, our results were inconsistent,
438 and we could not conclusively comment on whether ozone-treated groups showed an
439 increase or decrease in SOD levels. We recommend that such analysis be performed
440 with these cells in the future, according to the manufacturer's guidelines.

441 In contrast with some prior studies (21,39), we observed a progressive decrease
442 in CAT levels as we increased the ozone concentration. CAT levels are an indicator
443  of mitochondrial oxidative stress. Therefore, we expected increased CAT levels

444  proportional to the increase in ozone concentration. Nevertheless, the same studies
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445 demonstrated a decrease in SOD and CAT levels after ischemia/reperfusion (IR). We
446 reinforce here that our study involved usage of post-hypoxia ozone, and we believe
447  that this may explain the observed inversion of CAT levels. We also suggest that the
448 unexpected levels of CAT could be due to the reduction in the number of cells
449 caused by gradual cell death with increasingly higher ozone doses.

450 As reported in other studies (41,42), we expected to observe an increase in lipid
451 peroxidation corresponding to an increase in ozone concentration. Instead, in our
452  study, the evaluation of lipid peroxidation (LPO) did not result in significant increase
453 among any of the groups studied.

454 The quantification of ROS levels after hypoxia revealed no difference in the
455  control and low ozone-treated groups (3 and 8 pg/mL). The groups treated with 12 or
456 18 pg/mL of ozone showed a significant decrease in ROS levels, which increased
457 again in the group treated with 30 pug/mL, still being comparable with ROS levels
458 noted for other groups. We expected to observe an increase in ROS levels, as it is
459  one of the by-products of ozone, and the higher its concentration, the greater should
460 be the production of ROS (43-47).

461 To quantify levels of reduced GSH, we used a protocol detailed in King et al. (29)
462 and Casaril et al. (30), using CellTracker™ Blue fluorescent probes (Thermo Fisher
463  Scientific). We restate that these probes, according to the manufacturer, are intended
464  to stain daughter cells to screen a cell population. The data obtained were unreliable
465 and inconsistent. We do not recommend using CellTracker™ Blue probe to quantify
466  GSH in cells under the conditions discussed in this manuscript.

467 Few studies have evaluated the effect of ozone as a treatment for in vitro
468 ischemia. Most studies used ozone for preconditioning cells, which were subjected to
469 hypoxia only after treatment with the gas (39,40,48-53). Similar to our study, Cai et
470 al. (21) used ozone after inducing hypoxia. However, they trypsinized the cells to
471  perform the ozonation and re-plated them at a concentration stipulated for all groups.
472 In our study, all groups were initially plated at the same cell concentration. The
473  culture plates were subjected to hypoxia. The cells themselves were not ozonized,
474  but the cell culture medium was. We attempted to re-create the events of an ischemic
475  stroke, wherein brain cells do not receive the gas, and instead, receive its by-
476  products via the bloodstream. In addition, in real life, hardly any patient has sought
477  treatment before disease onset. Patients who have suffered from ischemia and have

478  survived seek therapies to minimize its sequelae. A literature survey did not reveal
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479 any publication using this protocol. Therefore, our study has pioneered the protocol
480 for mimicking the in vitro consequences to a tissue treated with ozone therapy after
481  suffering hypoxia.

482 Some professionals are against the practice of ozone therapy, owing to concerns
483 regarding the toxicity of ozone at any concentration; however, such a perspective
484  disregards the foundations of physiology and toxicology, as well as the advances in
485 research and science. (46). Ozone therapy has been scientifically proven to be
486 effective and safe, and thus, it should be considered a practical alternative by the
487 relevant practitioners and researchers. Many of the studies presented on this topic
488 have incomplete data, which impedes the standardization of the technique and the
489 results obtained (46,54). We believe that these results should be shared and
490 discussed to understand the technique and its mechanisms.

491 One of the recently raised hypotheses about the mechanisms of ozone therapy
492 relates to its effect on blood cells and the extracellular matrix of the intravascular
493 compartment (47). The interaction of ozone with blood cells and blood plasma during
494 major autohemotherapy (when the blood of the ozonated patient is reinfused
495 intravenously), resulting in LPO, primarily 4-hydroxynonenal (4-HNE); 4-HNE
496 activates a cascade in the vascular endothelium, resulting in the release of nitric
497 oxide, which acts as a vasodilator, and the upregulation of oxidative stress proteins
498 and antioxidant enzymes to protect the vascular matrisome. With the intent of
499 expanding such research efforts for application in clinical routine and considering that
500 ischemic stroke is primarily a vascular disease, we believe that these factors should
501 be examined in future research.

502

503 CONCLUSION
504

505 To conclude, we reported a novel protocol, which involves using ozone after cell
506 damage, as doing so is closer to the real-world scenario experienced by patients.
507

508 It is possible to perform in vitro post-hypoxia ozone therapy in cell cultures,
509 without the need to resuspend them, simulating an ischemic stroke.

510 In vitro, low concentrations of ozone (2-10 pg/mL) enhanced the cellular

511 metabolism of a neuronal cell line, which may be suggestive of post-hypoxia cell
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512 regeneration and reversal of cellular damage caused by hypoxia. High ozone
513 concentrations (above 18 pg/mL) in vitro can cause cell damage.

514 Therefore, ozone exhibits a dose-dependent hormetic effect, and at low
515 concentrations, is capable of reversing the effect of ischemia in vitro.

516 Although further studies are warranted, the use of ozone may be a promising
517 therapeutic alternative for treating sequelae in stroke patients. Nevertheless, the
518 concentration of ozone is an essential factor to be considered before prescribing
519 treatment, especially in post-hypoxia conditions, wherein the cells are already
520 damaged.
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