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Abstract

Ozone therapy is a modestly invasive proce-
dure based on the regeneration capabilities of
low ozone concentrations and used in medi-
cine as an alternative/adjuvant treatment for
different diseases. However, the cellular mech-
anisms accounting for the positive effects of
mild ozonization are still largely unexplored.
To this aim, in the present study the effects of
low ozone concentrations (1 to 20 pg Oy/mL
0,) on structural and functional cell features
have been investigated in vitro by using mor-
phological, morphometrical, cytochemical and
immunocytochemical techniques at bright
field, fluorescence and transmission electron
microscopy. Cells exposed to pure O, or air
served as controls. The results demonstrated
that the effects of ozone administration are
dependent on gas concentration, and the
cytoskeletal organization, mitochondrial activ-
ity and nuclear transcription may be differently
affected. This suggests that, to ensure effec-
tive and permanent metabolic cell activation,
ozone treatments should take into account the
cytological and cytokinetic features of the dif-
ferent tissues.

Introduction

Ozone therapy is a modestly invasive proce-
dure based on the regeneration capabilities of
low ozone concentrations and used in medi-
cine as an alternative/adjuvant treatment for
different diseases, among which arthritis,
heart and vascular diseases, asthma, emphyse-
ma, multiple sclerosis (reviews in'?). Ozone
treatment has also been proposed to improve
metabolic activities in elderly.*$
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Despite ozone has been applied for therapy
since the end of the 18™ century, the cellular
mechanisms accounting for the positive
effects of ozone treatment, especially at low
concentrations, are still largely unexplored
(for a scientific overview of ozone therapy,
see”). Molecular evidence shed light on some
biological mechanisms responsible for the
dose-dependent effects of ozone treatment:
high dosages stimulate severe oxidative stress
(via activation of nuclear transcriptional factor
kappa B, resulting in inflammatory response
and tissue injury); on the contrary, low ozone
concentrations induce a moderate oxidative
stress which activates the nuclear factor ery-
throid 2-related factor 2 as well as several
antioxidant enzymes (e.g., superoxide dismu-
tases, glutathione peroxidase, glutathione
transferases, catalase, heat shock proteins),
thus protecting cells from oxidation and sup-
pressing inflammatory responses (review in®).
Although some biological effects of ozone
administration in vivo are likely mediated by
blood factors, a direct cellular influence cannot
be excluded, especially when ozone is adminis-
tered by injection in a tissue or by contact with
an epithelium. However, knowledge of the
effects of low ozone concentrations on cell
dynamics and organelles’ structure and func-
tion is still lacking.

In order to identify the cellular mechanisms
responsible for the regeneration capabilities of
mild ozonization, in the present study the
effects of low ozone concentrations on struc-
tural and functional cell features have been
investigated by using morphological, morpho-
metrical, cytochemical and immunocytochemi-
cal techniques at bright field, fluorescence and
transmission electron microscopy. An in vitro
cell system has been employed to allow analy-
ses under controlled experimental conditions.

Materials and Methods

Cell culture and ozone treatment

Hela cells (5x10*) were grown on 75 cm?
plastic flasks (Corning Inc., Corning, NY, USA)
in DMEM (Dulbecco Modified Eagles Medium)
supplemented with 10% (v/A) fetal calf serum,
1% (wA7) glutamine, 100 U of penicillin and
100 g/mL streptomycin (Celbio, Milan, Italy),
at 37°C in a 5% CO, humidified atmosphere.
When subconfluent, the cells were trypsinized
(0.25% trypsin containing 0.05% ethylene
diamino tetraacetic acid (EDTA) in phosphate-
buffered saline, PBS) and exposed in suspen-
sion to 0,-0; gas mixtures with different O,
concentrations (1, 10 and 20 pg OymL 0,)
using an 0Z02 FUTURA apparatus (Alnitec
s.rl, Cremosano, CR, Italy) which generates
0, from medical-grade 0O,, and allows photo-
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metric real-time control of gas flow rate and O,
concentration. The experimental procedure
was set up according as previsously described:’
in detail, for each sample, 4x10° cells were
suspended in 1 mL medium into a 10 mL
polypropylene (O, resistant) syringe (Terumo
Medical Corporation, Somerset, NJ, USA); an
equal volume of gas was then collected in the
syringe (thus having the final gas pressure
corresponding to the atmospheric one)
through a sterile filter (Alnitec s.rl.) in order
to avoid contamination. The sample was gently
and continuously mixed with the gas mixture
for 10 min: it has been ascertained that during
this period of time cell samples react with the
ozone dose totally.’ Cells exposed to pure O,
under the same experimental conditions were
used to discriminate the effect of O, while cells
exposed to air (CTR) served as controls. After
treatment, the cells were seeded in 6 or 12
multiwell plastic microplates (Corning) and
analysed at increasing times after seeding in
order to evaluate some fundamental features
of cell morphology and function (see below)
(for fluorescence microscopy, the cells were
planted on glass coverslips placed on the wells’
bottom).

Cell viability and proliferation

To determine the effect of gas exposure on
cell survival, 2x10* cells/well were seeded on
12 multiwell plastic microplates. The fraction
of dead cells was estimated after different
times from the treatment after staining for 2
min with 0.1% Trypan blue in the culture medi-
um. Using a Leica DM IL inverted microscope
equipped with 20x objective lens, the cells
were counted at increasing times in 15 ran-
domly chosen microscope fields and the per-
centage of dead (Trypan blue-positive) cells
was estimated. Data were expressed as the
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mean of three independent experiments +

standard error (SE). a percentage of dead calls b percantage of apoptotic cells
To evaluate cell growth, 5x10* cells/well were 2= 25 R
seeded on 6 multiwell plastic microplates and 5 . ; g: i
the total cell number was estimated after differ- 05 g
ent times from the treatment. The cells were 13 19 Sl

detached by mild trypsinization and counted in
a Burker hemocytometer. Data were expressed
as the mean of three independent experiments s« . a5

+ standard error (SE). In order to evaluate S- :

phase cells, 24 h and 48 h after treatment cells 1h &h 2an a5 2ah sk
grown on coverslips were pulse-labeled with 20

M Bromodeoxyuridine (BrdU, Sigma-Aldrich,
g : i ¢ ;18 o Figure 1. Effect of O; exposure on cell death and apoptosis. a) Mean values of dead cell
St. Louis, MO, USA) for 30 min at 37°C, then b ic cell The val ionificantly diff f h
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fixed with 70% ethano other, although 20 pg O;/mL-treated cells show higher percentages; SE values have been
20 min at room temperature in 2 N HCl, to dena-  omitted to improve graph readability.
ture DNA partially; after neutralization with
0.1 M sodium tetraborate (pH 8.2) for 3 min,

samples were washed in PBS, permeabilized for a number of cells

15 min in PBS containing 0.1% bovine serum i 024k
albumin and 0.05% Tween-20, and incubated for m—— . |m48h
1 h with a mouse monoclonal antibody recogniz-

ing BrdU (BD, Franklin Lakes, NJ, USA) diluted 00000

1:20. After two washings with PBS, samples

were incubated for 1 h with an Alexafluor 488- 2A0000

conjugated anti-mouse secondary antibody

(Molecular Probes, Invitrogen, Milan, Italy), £ieem

diluted 1:200. The cell samples were washed R— T

with PBS, stained for 10 min with 1 pg/mL T

Hoechst 33342 in PBS, and finally mounted in 100000 [

PBS:glycerol (1:1) to be observed and scored in =

fluorescence microscopy (see below). The per- 5000

centage of apoptotic cells (identified by chro-

matin morphology) was also estimated in these £ & 103 oy Hpg

samples. Data were expressed as the mean of
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Cell adhesion and flattening

To test the ability of HeLa cells to restore
their typical morphology after the treatment in
suspension, 2x10* cells/well were seeded on
12-multiwell plastic microplates; using a Leica
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DM IL inverted microscope equipped with 40x i

objective lens, the adherent cells were counted G'IW pe rcentage of BrdU-pusltwe cells

at increasing times (30 min, 1 h,2 h,4 h, 6 h) aq

in 15 randomly chosen microscope fields. The 80 Ci24h
percentage of flattened cells was also calculat- 7 W4gh
ed. Results were expressed as the mean + SE &0

of three independent experiments.
In order to visualise the cytoskeletal microfil-

50
40
ament arrangement, 24 h after treatment and
seeding on glass coverslips, some Hela cells e
were fixed with 4% (v/v) formaldehyde (30 min 0
at room temperature) and 70% (vA7) ethanol in 10
0 CTR s

Yvater @30 m.in at -20°C), rehydrated with P.B.S, O 1y 0 105 05 20
incubated with Alexa 594-conjugated phalloidin

g\élgle;culzllrhf’r(;bes, Imt“tmgen{ dllut(:d. I'A;O fln Figure 2. Effect of O; exposure on cell proliferation. a) Mean valuest+SE of cell number

or at room lemperature, stained 1or 54"y anq 48 h post-treatment; no significant difference has been found among experi-
DNA with Hoechst 33342 (0.1 ¢/mL in PBS for ~ mental groups at the same time. b) Representative fluorescence micrographs of HeLa cells
10 min), rinsed in PBS, counterstained with after BrdU incorporation; scale bar: 50 pm. ¢) Mean values+SE of BrdU-positive cell per-
Trypan blue , washed in PBS and finally mount- ~ centage 24 h and 48 h post-treatment; no significant difference has been found among
experimental groups.

ed in a 1:1 PBS:glycerol mixture.
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In situ detection of Reactive
Oxygen Species

The intracellular sites of the Reactive
Oxygen Species (superoxide anion radical and
possibly singlet oxygen; ROS) production were
visualised by the cytochemical method based
on a 3,3"-Diaminobenzidine (DAB)-Mn?*-Co?**
reaction.!’ Briefly, 30 min and 5 h post-treat-
ment HeLa cells were incubated for 30 min in
a medium containing 12.5 mM DAB, 5 mM
MnCl, and 40 mM CoCl, dissolved in 10% w/
polyvinyl alcohol, in 100 mM Tris-maleate
buffer pH 8.0 at 37°C. The cells were then
extensively rinsed in hot (60°C) distilled water
and finally mounted in PBS:glycerol (1:1). As a
positive control of the cytochemical reaction
Hela cells treated with 9.8 M H,0, for 2 h at
37°C were treated as above. The samples were
observed at differential interference contrast
(DIC) using an Olympus BX51 microscope.
Data were expressed as the mean of three
independent experiments + standard error
(SE).

Mitochondrial membrane potential

The changes in the mitochondrial mem-
brane potential were monitored using JC-1
(5,5V,6,6V-tetrachloro-1,1V,3,3V-tetraethylben-
zimidazolcarbocyanine iodide) (Invitrogen,
Carlsbad, CA, USA). When administered to liv-
ing cells, JC-1 accumulates in the mitochon-
dria where it emits either red or green fluores-
cence, depending on the mitochondrial mem-
brane potential, the red signal indicating polar-
ized mitochondria, and the green signal the
depolarized ones;!! therefore, the shift from
red to green fluorescence is considered a reli-
able indication of a drop in the mitochondrial
membrane potential. HeLa cells were harvest-
ed by mild trypsinisation after 24 h post-treat-
ment, and incubated in culture medium with
2 pM JC-1 for 20 min at 37°C in the dark.

Cells were washed in PBS at 37°C and meas-
ured on a 10 color, 3 laser (Blue Solid State
Diode: 488 nm, 22 mW; Red Solid State Diode:
638 nm, 25 mW; Violet Solid State Diode: 405
nm, 40 mW), Navios flow cytometer (Beckman
Coulter Inc., Brea, CA, USA). When exited at
488 nm, JC-1 monomers emit green fluores-
cence (FL1 channel) with a maximum at 530
nm, whereas JC-1 aggregates emit orange-red
fluorescence (FL2 channel) with a maximum
at 595 nm. In order to evaluate cellular autoflu-
orescence and FL2/FL2 spectral fluorescence
compensation we prepared three controls tube
as follow: JC-1 unloaded cells in PBS (control
for autofluorescence), JC-1 loaded cells treated
with 70% ethanol in PBS (positive green and
negative red fluorescence), JC-1 loaded,
untreated cells in PBS (double positive red and
green fluorescence). All acquired data files
were analyzed using the Kaluza software, ver-
sion 1.3 (Beckman Coulter). Cell doublets
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were excluded using side scatter peak (high)
versus side scatter integral (area).

Immunofluorescence microscopy

For immunolabelling at fluorescence
microscopy, the cells were treated for 15 min

Original Paper

with PBS containing 0.1% bovine serum albu-
min and 0.05% Tween-20, and then incubated
for 2 h at room temperature with the primary
antibodies. After washing with PBS, samples
were incubated for 1 h with Alexafluor 488-
conjugated anti-mouse or Alexafluor 594-con-
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Figure 3. Effect of O; exposure on cell adhesion. a) Mean values of the number of adher-
ent cells per optical field and b) percentage of flat adherent cells, evaluated at increasing
times after post-treatment seeding; asterisks indicate values significantly different from
CTR; SE values have been omitted to improve graph readability. ¢’, ¢”) Fluorescence
micrographs of CTR and 10 pg O;/mL-treated cells 24 h after treatment and seeding;
cytoskeletal actin was labelled with FITC-conjugated phalloidin (green); nuclear DNA
was stained with Hoechst (blue); O; 10 ug O;/mL-treated cells are apparently flatter and
the actin filaments more organized: scale bar: 10 pm.
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jugated anti-rabbit or Alexafluor 594-conjugat-
ed anti-human secondary antibodies
(Molecular Probes, Invitrogen), diluted 1:200.
Cells were washed with PBS, stained for 5 min
with Hoechst 33342 in PBS, and finally mount-
ed in PBS:glycerol (1:1). Mouse monoclonal
antibodies directed against Hsp70 (Abcam,
Cambridge, UK) or mitochondrial Hsp70
(mtHsp70; Enzo Life Sciences, Farmingdale,
NY, USA), and a human autoimmune serum
recognizing the mitochondrial 70 kDa E2 sub-
unit of the pyruvate dehydrogenase complex'?
were used as primary antibodies. Dual
immunolabellings were also performed.

An Olympus BX51 microscope equipped with
a 100W mercury lamp (Olympus Italia S.rl.,
Milan, Italy) was used under the following con-
ditions: 450-480 nm excitation filter (excf),
500 nm dichroic mirror (dm), and 515 nm bar-
rier filter (bf) for Alexa 488 and for JC-1; 540
nm excf, 580 nm dm, and 620 nm bf for Alexa
594; 330-385 nm excf, 400 nm dm, and 420 nm
bf, for Hoechst 33342. Images were recorded
with an Olympus Magnifire digital camera sys-
tem (Olympus Italia S.r.l.).

Ultrastructural morphology and
immunocytochemistry

Cells from three independent experiments
were processed for transmission electron
microscopy 24 h after treatment. For conven-
tional morphology, cells were fixed with 2.5%
(vw)  glutaraldehyde and 2% (V)
paraformaldehyde in 0.IM Sérensen phos-
phate buffer, pH 7.4, at 4°C for 1 h, washed,
post-fixed with 1% 0sO, at 4°C for 30 min,
dehydrated with acetone and embedded in
Epon. For immunoelectron microscopy, cells
were fixed with 4% paraformaldehyde in 0.1 M
Sérensen phosphate buffer at 4°C for 1 h,
washed, treated with 0.5M NH,Cl in PBS, dehy-
drated with ethanol and embedded in LRWhite
resin. In order to evaluate RNA transcription
rate, some cells were pulse-labelled with
10 mM BrU (5-bromouridine, Sigma-Aldrich)
for 10 min at 37°C, and then fixed and
processed for immunoelectron microscopy as
above. Ultrathin sections from Epon-embedded
samples were conventionally stained with lead
citrate and observed. A morphometrical analy-
sis was carried out in fifty mitochondria
(x28,000) per sample: mitochondrial area and
the ratio between inner and outer membranes
(estimating the extension of cristae independ-
ently of mitochondrial size) were considered.
Ultrathin sections from LRWhite-embedded
samples were processed for immunocytochem-
istry as follows: they were floated for 3 min on
normal goat serum diluted 1:100 in PBS and
then incubated for 17 h at 4°C with the pri-
mary antibody diluted in PBS containing 0.1%
bovine serum albumin (Fluka, St. Louis, MO,
USA) and 0.05% Tween 20. The following
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mouse monoclonal antibodies were used: anti-
Hsp70 (Abcam), anti-mtHsp70 (Enzo Life
Sciences) and anti-BrdU (BD; cross-reacting
with BrU®, thus allowing to identify the BrU
molecules incorporated in the newly tran-
scribed RNAs). After rinsing, sections were
floated on normal goat serum, and then react-
ed for 30 min at room temperature with the
specific secondary 12 nm gold-conjugated anti-
body (Jackson Immuno Research Laboratories,
West Grove, PA, USA) diluted 1:10 in PBS. The
sections were finally rinsed, air-dried and
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weakly stained with wuranyl acetate.
Quantitative assessment of immunolabelling
was carried out for all antibodies by estimating
the gold grain density over selected compart-
ments on sections treated in the same run.
Cytoplasmic, mitochondrial, nucleoplasmic
and nucleolar areas were measured on twenty
randomly selected electron micrographs
(x28,000) per compartment from each sample.
For background evaluation, samples processed
in the absence of the primary antibody were
considered. The gold grains present over the
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Figure 4. Effect of O; exposure on mitochondrial membrane potential: flow cytometry
of mitochondrial staining with JC-1. Autofluorescence control (a), negative red positive
green fluorescence control (b), double positive red/green fluorescence control (air-treat-
ed cells) (c), cells exposed to O, (d), cells exposed to 1 pg O;/mL (e), and 10 pg O;/mL
(f). Note the similar fluorescence distribution in c,d,e and f.
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selected areas were counted and the labelling
density was expressed as number of gold
grains/um?.

All samples were observed in a Philips
Morgagni transmission electron microscope
(FEI Company Italia Srl, Milan, Italy) operating
at 80kV and equipped with a Megaview II cam-
era (FEI Company Italia Srl) for digital image
acquisition.

Statistics

Results for each measured variable were
pooled according to the experimental group
and the meanzstandard error of the mean
(SE) value calculated. Statistical comparisons
were performed by the one way-Anova test and
post-hoc pairwaise comparisons.

Results

Cell viability and proliferation

The Trypan blue test demonstrated that dead
cells were lower than 1.5% in all samples at the
different post-treatment times considered
(Figure 1la); although higher values were
found for cells treated with 20 pg Oy/mlL, no
significant difference was demonstrated.
Accordingly, a similar pattern was found for
the apoptotic cell percentage based on chro-
matin morphology after Hoechst 33342 stain-
ing (Figure 1b). The number of cells was simi-
lar in the samples from all the different treat-
ments, after both 24 h and 48 h (Figure 2a).
Accordingly, BrdU incorporation did not show
significant difference among samples 24 h and
48 h after treatment (Figure 2 b,c).

Cell adhesion and flattening

CTR cells and O,treated samples showed
similar values of adherent cells at all the post-
treatment times considered. HeLa cells treated
with 10 pg O4/mL showed significantly higher
values, whereas significantly lower values were
observed for cells treated with 20 pg O,/mL com-
pared to the CTR and O,-treated samples. HeLa
cells treated with 1 pg Oy/mL showed signifi-
cantly higher values than CTR and O,-treated
samples after 30 min and 1 h, but for longer
times the values became similar each other
(Figure 3a). The percentage of flat cells was
generally similar in CTR, O,-treated, 1 pg
0,/mlL-treated and 20 pg Oy/mL-treated samples
at 30 min, 1 h and 2 h after treatment; after 4 h
and 6 h, O,treated cells showed lower values.
Cells treated with 10 pg O,/mL showed signifi-
cantly higher values at all post-treatment times
(Figure 3b). Fluorescent phalloidin labelling of
actin confirmed that, 24 h from treatment,
cytoskeletal microfilaments of cells treated with
10 pg Oy/mL were more distended than those of
all the other conditions (Figure 3c).

[European Journal of Histochemistry 2015; 59:2515]

In situ detection of Reactive
Oxygen Species

The cytochemical method based on a DAB-
Mn?+-Co?* reaction demonstrated that positive
cells were less than 0.1% in all samples after
both 30 min and 5 h post-treatment (not
shown). Positive control cells treated with
9.8 M H,0, showed diffuse and granular blue
staining both in the cytoplasm and nucleus
(not shown). On the basis of the results
obtained for cell viability and kinetic cell fea-
tures, only the ozone treatments inducing pos-
itive performance (1 and 10 pg Oy/mL) were
further investigated for their effects on mito-
chondrial and nuclear function by means of
cytometry, fluorescence microscopy and trans-
mission electron microscopy.

Mitochondrial membrane potential

Flow cytometric analysis of mitochondrial

mitochondrial area
- *

LL)

prme

[

e

CTR Oy Oy1pg Cy10ug
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JC-1 incorporation demonstrated that all cell
samples showed similar values of red and
green fluorescence, thus revealing similar
amounts of polarised and depolarised mito-
chondria (Figure 4).

Immunofluorescence microscopy

Immunolabelling for Hsp70 showed a punc-
tuate distribution of the protein in the cell
nucleoplasm and a diffuse labelling in the cyto-
plasm, whereas the nucleolus was always
devoid of signal. No evident differences were
observed in signal distribution among sam-
ples. Labelling with the antiserum recognizing
the mitochondrial 70 kDa E2 subunit of the
pyruvate dehydrogenase complex allowed visu-
alization of all cell mitochondria; labelling for
mtHsp70 mostly matched that for pyruvate
dehydrogenase complex and did not demon-
strate evident differences among the samples
(not shown).

——
: innerfouter membrane ratio

'I:l1 CTR. O Oufpp Oy0pg

Figure 5. Effect of O; exposure on mitochondrial ultrastructure: transmission electron
micrographs of CTR (a), O, (b), 1 ug O;/mL-(c) and 10 ug O;/mL- (d) treated. In 1 pg
O,/mL-treated cells mitochondria are small and contain scarce cristae whereas in 10 ug
O;/mL-treated cells mitochondria are large with well developed cristae; scale bar: 500
nm. e,f) Mean+SE values of mitochondrial area and inner/outer membrane ratio; aster-
isks indicate values significantly different from each other.
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Ultrastructural morphology and
immunocytochemistry

Ultrastructural observations revealed simi-
lar morphological features in control, O,-treat-
ed, 1 pg Oy/mL-treated and 10 pg O,/ mL-treat-
ed Hela cells after 24 h post-treatment. The
only evident morphological difference con-
cerned mitochondria of O-treated cells: in
fact, in 1 pg O/ mL-treated cells the mitochon-
dria appeared small and poor in cristae, where-
as in 10 pg O,/ mL-treated cells the mitochon-
dria showed well developed abundant cristae
(Figure 5 a-d). Morphometric evaluations con-
firmed these observations (Figure 5 e,f).
Immunocytochemical analyses demonstrated
BrU incorporation in perichromatin fibrils and
the nucleolar dense fibrillar component of all
cell samples (Figure 6 a,b); quantitative evalu-
ation revealed a significantly higher labelling
density in both nucleoplasm and nucleolus of
10 pg Oy/mlL-treated cells in comparison to the
other samples (Figure 6 c,d). Labelling for
Hsp70 protein was found in the cytoplasm as a
scattered signal while in the cell nucleus the
labelling was specifically located in the
perichromatin fibrils of all cell samples; in
addition, in 10 pg Oy/ml-treated cells some
nucleolar labelling was also observed (Figure 7
a,b). Quantitative evaluation demonstrated
significant differences in labelling density
among samples; in particular, 10 pg Oy/mL-
treated cells showed lower cytoplasmic values
and higher nucleoplasmic and nucleolar values
in comparison to controls (Figure 7 c-e).
Labelling for mtHsp70 protein was found
inside mitochondria and as a weak scattered
signal through the cytoplasm of all cell samples
(Figure 8 a,b); quantitative evaluation demon-
strated significantly higher density of gold par-
ticles in the mitochondria of 10 pg Oy/mL-treat-
ed cells in comparison to the other samples
(Figure 8c), whereas the cytoplasmic labelling
did not significantly change among samples
(1.27£0.04 in CTR, 1.85+0.07 in O,-treated
cells, 1.44+0.03 in 1 pg Oy/ml-treated cells,
and 1.76+0.06 in 10 pg Oy/mL-treated cells).

Samples processed in the absence of pri-
mary antibodies revealed a negligible signal
for all the probes used (not shown).

Discussion

In this study, the cytochemical and immuno-
cytochemical approach used for investigating
in situ the cellular response to low ozone con-
centrations provided original information on
multiple effects on cytoplasmic and nuclear
pathways which could account for the regener-
ative therapeutic potential. It is also worth
underlying that, using an in vifro model, it was
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Figure 6. Effect of O; exposure on RNA transcription: representative transmission elec-
tron micrographs of CTR (a) and 10 pg O,/mL-treated cells (b) labelled for BrU; BrU
molecules have been incorporated in perichromatin fibrils (arrows) and in the nucleolar
dense fibrillar component (arrowheads); Nu, nucleolus; scale bar: 500 nm. c,d) Mean+SE
values of BrU labelling density evaluated on nucleoplasm and nucleoli of cells incubated
with BrU 24 h post-treatment; asterisks indicate values significantly different from each
other.
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Figure 7. Effect of O; exposure on Hsp70 cell distribution: representative fluorescence
(insets) and transmission electron micrographs of CTR (a) and 10 pg O;/mL-treated (b)
cells labelled for Hsp70; the signal occurs in both cytoplasm and nuclei; perichromatin
fibrils (arrows) and nucleoli (Nu, arrowheads) show specific labelling; scale bar: 500 nm;
inset scale bar: 10 pm. c-e) MeanSE values of anti-Hsp70 labelling density evaluated on
cytoplasm, nucleoplasm and nucleoli of cells 24 h post-treatment; asterisks indicate val-
ues significantly different from each other.
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possible to investigate the direct effects of
mild ozonization on some cellular mecha-
nisms, excluding the confusing influence of
the organismic reaction occurring in animal
models in vivo. Moreover, the reliability of the
whole experimental procedure was guaranteed
by choosing a well-established technique for
cell ozonization.’ Interestingly, under our
experimental conditions, oxygen exposure did
not induce any significant effect in compari-
son to treatment with air, demonstrating that
the cellular responses observed after treat-
ment with the 0,-0, gas mixtures was actually
due to ozone.

Our results demonstrated that exposure of
Hela cells to ozone concentrations ranging
from 1 to 20 pg/mL did not induce significant
alterations of their proliferation or death rate
when compared to samples exposed to either
0, or air. On the other hand, ozone exposure
proved to remarkably affect the capability of
HeLa cells to restore, after the treatment in
suspension, their typical morphology as flat
cells adhering to the substrate, and this effect
was manifestly related to the gas concentra-
tion. In fact, when compared to air or O,-treat-
ed samples, 20 pg O,/mL-treated cells showed a
significantly reduced adhering and flattening
ability, whereas exposure to 10 pg O,/mL sig-
nificantly improved adhesion/flattening; 1 pg
0,/mL had positive effects after short time but
subsequently cell performance reverted to the
control level.

It has been reported that ROS may affect in
a dose-dependent manner the dynamics of
cytoskeletal proteins (actin and myosin), high
levels inducing protein depolymerization while
low levels promoting polymerization and
remodelling.'*'® In our experiments, ROS pro-
duction was found to be minimal (as detected
by the enzyme-histochemical approach used)
with no consequence on cell viability; however,
the effect on the polymerization of cytoskeletal
proteins may likely depend on small local
changes in ROS amounts. It can be thus
hypothesised that, in our experimental model,
exposure to 10 pg Oy/mL led to an efficient
reorganization of cytoskeletal elements, thus
rapidly allowing cells to adhere and flatten,
whereas 1 pg O,/mL treatment was only able to
activate short-term positive effects; conversely,
20 pg Oy/mL led to hindering of cytoskeletal
reorganization after cell seeding. It has been
reported!”!8 that ozone exposure may increase
in a dose-dependent manner the negative
charges of the cell membrane, and this could
also influence cell adhesion. It is, therefore,
tempting to speculate that the effects of low
ozone concentrations on the properties of the
cell membrane and cytoskeleton may account
for the observed positive effects of ozone ther-
apy on wound healing.*?!

We found that the structure and functional
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features of mitochondria were significantly
affected by mild ozonization (10 and 1 pg
0./mL) in comparison to the air- or O,-treated
samples. Mitochondria are known to be very
sensitive to even mild oxidative stress (recent
review in??) and thus they represent an expect-
ed target for ozone. In particular, oxidative
stress can induce mitochondrial fission, and
ozone is known to cause alterations of the
mitochondrial respiratory chain enzymes.”?*
However, low ROS concentrations can activate
protective responses such as the expression of
mtHsp70,” a member of the HSP70 protein
family whose expression is affected by ozone
exposure’ and which is involved in multiple
mitochondrial and extra-mitochondrial func-
tions (reviews in*#). We actually observed
that 10 pg Oy/mL-treatment increased mito-
chondrial cristae length and mtHsp70 protein
content, while 1 pg O,/mL-treatment led to a
decrease in mitochondrial size and cristae
length, and did not affect mtHsp70. On the
other hand, no significant modification of
mitochondrial membrane potential was found
under our experimental conditions.

Hsp70, another protein implicated in the
response to stress (including heat shock and
oxidative stress), was found to undergo intra-
cellular redistribution in HeLa cells after 10 pg
Oy/ml-treatment. Hsp70 was already reported
to be involved in ozone-induced response in
vivo and in vitro,**' and in our model system
we found that Hsp70 accumulated in the nucle-
oplasm (though maintaining the usual distri-
bution in the perichromatin fibrils, ie., the
pre-mRNA transcription site®?), and was also
found in the nucleolus, which is usually devoid
of this protein. This is consistent with reports
in the literature on the accumulation of Hsp70
in nuclear and nucleolar transcriptional sites,
as a response to various stresses,®36 and with
our observation that exposure to 10 pg O;/mL
increased RNA transcription, as demonstrated
by BrU incorporation in both nucleoplasm and
nucleolus. Accordingly, ozone treatment has
been demonstrated to activate expression of
specific genes (review in®). It is worth noting
that, at the concentrations used in this study,
ozone exposure proved to preserve the normal
ultrastructural features of cell organelles; in
fact, no sign of degeneration was ever
observed, and the morphological modifications
occurring in mitochondria should be consid-
ered as the consequence of functional changes
and not of organelle damage.

Taken together, our results demonstrate
that, in our experimental model, 10 pg Oy/mL-
treatment induces positive and long-lasting
cellular responses in cytoskeletal organization
and mitochondrial activation, as well as in
nuclear transcription. On the other hand, 1 pg
0,/mL-treatment seems to represent a stimu-
lus able to activate some transient responses
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only. Ozone is an instable gas that rapidly
decomposes to normal dioxygen; this implies
that ozone can induce long-lasting positive
biological effects through a cascade of finely-
tuned molecular events acting onto different
cellular components and metabolic pathways.
Our results confirm that the effects of ozone
administration are dependent on gas concen-
tration, and demonstrate that the nucleus and
the cytoplasmic organelles may be differently
affected. We are well aware that these data
have been obtained in an in vitro cell model
and cannot be directly translated to the appli-
cation in vivo for therapy; nonetheless, the

mitochondrial labelling density
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Figure 8. Effect of O; exposure on
mtHsp70 cell distribution: representative
transmission electron micrographs of CTR
(a) and 10 pug Os/mL-treated (b) cells
labelled for mtHsp70. The mitochondria
(m) show specific labelling; some diffuse
signal is present in the cytoplasm (arrow-
heads); scale bar: 500 nm. c) Mean+SE val-
ues of anti-mtHsp70 labelling density
evaluated on mitochondria 24 h post-
treatment; asterisk indicates value signifi-
cantly different from each other.
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evidence from the present experiments sug-
gests that protocols of ozone administration
may be developed to predictively ensure effec-
tive and permanent metabolic cell activation.
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