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SUMMARY - Tissue hypoxia results from an inadequate supply of oxygen (O,) that compromises
biologic functions. Recent experimental and clinical studies suggest that intratumoral oxygen levels may
influence a series of biologic parameters affecting the tumor’s malignant potential. Indeed, sustained
hypoxia in a growing tumour may cause cellular changes that can result in a more clinically aggressive
phenotype. During the last two decades it has been shown that ozonated autohemotherapy is therapeuti-
cally useful in arteriopathic patients because it increases oxygen delivery to hypoxic tissues, leading to
normoxia. Although several oxygenation approaches have been tested, none is able to restore normoxia
permanently in cancer. Since a prolonged cycle of ozonated autohemotherapy has been postulated to
correct tumor hypoxia leading to a less aggressive behavior, we studied whether ozone treatment could
affect cell growth and cell cycle perturbations on the human neuroblastoma SK-N-SH cell line. These data
indicate that ozone acts as a real chemical drug capable of inhibiting cell growth suggesting its possible

antineoplastic role in neuroblastoma cancer.

Introduction

Tissue hypoxia results from an inadequate sup-
ply of oxygen (O,) that compromises biologic func-
tions .

Traditionally, tumour hypoxia has been consid-
ered a potential therapeutic problem because it
renders solid tumours more resistant to ionizing
radiation>*. More recent experimental and clinical
studies *'! suggest that intratumoral oxygen lev-
els may influence a series of biologic parameters
affecting the tumor’s malignant potential. Indeed,
sustained hypoxia in a growing tumour may cause
cellular changes that can result in a more clinically
aggressive phenotype 6.

During the process of hypoxia-driven malignant
progression, tumour may develop an increased
potential for local invasive growth "¢, perifocal
tumour spreading > and regional and distant
tumour spreading 3142022,

Experimental evidence indicates that hypoxia
not only induces proteome changes influencing
tumour propagation but also drives malignant pro-
gression through transient and persistent genomic
changes in neoplastic cells "%, Hypoxia pro-
motes genomic instability (through point muta-
tions, gene amplification, and chromosomal rear-

rangements) and may unveil pre-existing cryptic
genetic variations, thus increasing the number of
genetic variants.

Tumour hypoxia, when assessed by polarograph-
ic probes, is an independent prognostic factor for
response to treatment and/or survival of patients
with head and neck %%, uterine cervical tumour 2
and sarcoma **'. As demonstrated by Overgaard’s
meta-analysis *, improving tumor oxygenation can
lead to better local control and increased over-
all survival rates following chemo-radiotherapy.
Consequently, several strategies have been pro-
posed to enhance tumor oxygenation inducing a
constant restoration of normoxia. Ozone therapy
is a technique that has been used in the treatment
of ischemic syndromes *%.

Bernardino Clavo described a relationship
between oxygenation in head and neck cancer and
in anterior tibialis muscles*, and an ozone therapy-
induced improvement in the oxygenation of the
‘most-hypoxic’ anterior tibialis muscles, together
with improvement in the most hypoxic tumors .
These data suggested that ozone therapy could
have some positive effect during the treatment of
head and neck cancer*.

Nevertheless, the potential usefulness of ozone
therapy alone or as an adjuvant in neoplastic
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patients receiving chemo-radiotherapy warrants
further investigation.

The aim of the present study was to evaluate
whether O,treatment could affect cell growth and
cell cycle in the SK-N-SH human neuroblastoma
cell line.

Materials and Methods
Cell Culture

Human SK-N-SH cell line was maintained as
a monolayer culture in EMEM supplemented
with 10% heat-inactivated FCS (Life Technologies,
Scotland, United Kingdom), antibiotics and L-
glutamine (2 mM) at 37°C in a 5% CO,/95% air
atmosphere in a humidified incubator.

Ozone Generation

Ozone therapy was administrated using clini-
cal grade O,, the O,/O, gas mixture was prepared
with an ozonosan a plus photonic device 1014/10
(Dr. Hansler, Germany) and sterilized by passage
though a sterile 0.20 pm filter.

Treatment and Growth Inhibition Assay

Cells were seeded at a density of 1.0x 10° cells
perT25 flask and after 24 hours of cell culture were
treated at room temperature using an ozonosan o
plus photonic device. Different O, doses (6, 12, 25,
50 and 80 pg/ml) were tested as a single-dose regi-
men. As repeated-dose regimen, O, was added at
concentrations of 6, 12, 25, 50 and 80 pg/ml given
24 hours after seeding and repeated three hours
after the first treatment. After O,, the flasks were
immediately put back in the incubator and cell
viability, evaluated as trypan blue exclusion test,
was determined daily from day 1 (four hours after
treatment) to day 3 (48 hours after treatment) of
culture. Data were evaluated as percentages of
control (i.e., absolute treated cell number/absolute
control sample). All the experiments were repeat-
ed four times and each experimental sample was
seeded in triplicate.

Cell Cycle Analysis

The cell cycle was studied using Propidium
Todide (PT) staining. PI stained treated and untreat-
ed cells were harvested, washed in cold PBS, fixed
in 70% ethanol for at least one hour, and, after
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removing alcoholic fixative, stained with a solution
containing 50 pg/mL PI (Sigma Chemical) and 75
KU/mL RNase (Sigma Chemical) in PBS for 30
minutes at room temperature in the dark. Samples
were then measured by using a FACScan cytofluo-
rimeter (Becton Dickinson, Sunnyvale, CA).

Propidium lodide Cytotoxicity Assay

The capacity of 6, 12,25, 50 and 80 pg/ml O,used
in a single or repeated-regimen, to produce cell
death was determined by PI staining exclusion test
and flow cytometry. Cytotoxicity was defined as
the cellular damage identified by PI staining, which
shows the loss of structural integrity of the plasma
membrane, a typical event of necrotic cell death.
SK-N-SH cell line was stained with 100 ul of the
supravital PI (4 mmol/L) for three minutes. After
incubation, cells were washed with 5% bovine
serum albumin in PBS and kept on ice until flow
cytometry analysis.

Results

The oxonation experiments were conducted
to investigate whether O, could be considered
an antineoplastic drug. First we determined the
optimal schedule of ozone treatment. We exposed
cells to 6, 12, 25, 50 and 80 pg/ml O, doses and
examined the effects produced by treatment on
cell growth and the cell cycle at different times
after ozone exposure (4,24, and 48 hours). At each
time, cells were harvested and counted using the
trypan blue dye exclusion test. After addition of O,
given in a single dose (6, 12,25,50 and 80 pg/ml), a
dose-dependent inhibition of cell proliferation was
observed (figure 1A). Four hours after exposure
of cells to 80ug/ml, a cell growth inhibition of 58%
was observed. The inhibitory effect become 99%
after 48 hours, whereas growth inhibitions of 33%
and 29% were obtained after 4 hours of exposure
to 50 and 25 pg/ml O, and persisting during the
48 hours following treatment. When cells were
exposed to the lowest O, doses of 12 and 6 pg/ml
the growth inhibitions were about 24% and 17%,
respectively. These latter effects were partially lost
during the following days, with cell growth inhibi-
tion values evaluated 48 hours after O, treatment
of about 17% and 10%, respectively.

We also measured the effect of repeated doses
of 6,12, 25, 50 and 80 ug/ml O,. Figure 1B shows
that the different doses of 6, 12,25, 50 and 80 pg/ml
given 24 hours after seeding and repeated three
hours after the first treatment (repeated dose-
regimen) enhanced cell growth reduction. The
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Figure 1 O,-induced growth inhibition in SK-
N-SK human cell line. 1x10° cells were seeded
in T25 flasks and O, exposure was administered
24 h later. Cells were seeded at a density of
1.0x10° cells per T25 flask and, after 24 hours
of cell culture, cells were exposed to increas-
ing doses of O, 6%, 127, 25 %50 “and 80™ pg/ml
in a single dose regimen A) and a repeated
dose regimen B). The analysis was performed
4,24 and 48 hours after treatment. At each time
point the cells were harvested and counted
by trypan blue exclusion test. Cell counts are
reported as percentages of control. Data are
representative of three different experiments.
Values are means of triplicate samples.

% of cell growth inhibition
(T/C)

maximum antiproliferative effect was observed at
80 pg/ml dose with similar values to those obtained
with the previous regimen of O, treatment.

Four hours after the start of 50 and 25 pg/ml
exposure we already observed cell growth inhi-
bition of about 61% and 50% respectively (ver-
sus 33% and 29% obtained with the single-dose
regime) and it was maintained up to the last time
point of the cell growth experiment (days 3 = 48
hours after start of O, treatment). The percentage
of inhibition was about 37% and 20% in the 12
and 6 pg/ml O;-treated cells in comparison with the
single-dose regimen (24% and 17%, respectively)
and it was partially recovered during the following
48 hours.

To evaluate whether O;-induced cell growth
inhibition could be related to cell cycle pertur-
bations, PI staining and fluorescence-activated
cell sorting analysis were done on SK-N-SH cells
exposed to 6, 12, 25, 50 and 80 pg/ml O, in single
or repeated-dose regimen (table 1A and B). This
analysis, performed at different times after 6, 12,25
and 50 pg/ml O, exposure, given in a single dose-
regimen, revealed an accumulation of the cells in
the S-phase (41%, 44%, 46%, 50% and 34% in
O, treated and untreated cells, respectively) sug-
gesting a prolonged stay of the O -treated cells
in S-phase. However, this S-phase accumulation
was completely overcome in the 48 hours follow-
ing 6 and 12 pg/ml O,-treated cells. No detectable

100 =
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60 - O 03 (50ug/ml)
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40

20
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changes in the PI percentage toxicity was observed
after 6, 12, 25 and 50 pg/ml O, exposure being less
than 10% at 48h. Conversely the PI percentage
toxicity was more than 75% after the highest dose
indicating 80 pg/ml as a lethal dose.

The O, repeated dose-regimen induced an accu-
mulation of cells in the G2 phase of the cell cycle
compared with untreated cells and evaluated four
hours after treatment (the G2 phase were 25%,
33%,40%,50% and 19% in 6, 12,25 and 50 pg/ml
and untreated cells, respectively). Cells treated by
6 and 12 pg/ml O, progressively decreased the G2
phase percentages to 17% and 23 %, respectively
within 48 hours after O, treatment and concomi-
tantly increased the G1 phase (49% and 46%,
respectively). Conversely, 48 hours after 25 pg/ml
treatment, the G2 accumulation was still evident
(40%). The cell cycle effect induced by 6 and 12
pg/ml O, doses was associated with a moderate
cytotoxicity, evaluated as percentage of PI stained
cells, being <13% and 15%, respectively, while a
more consistent toxicity was observed at 25 pg/ml
O, dose (more than 25%) within the same time
interval (48 hours from treatment). Twenty-four
hours after 50 pg/ml treatment, the cell cycle
profile demonstrated that O, led to irreversible
cellular damage promoting cell killing. Consistent
with this hypothesis is the increasing toxicity per-
centages observed, the percentages of PI-positive
cells was 50% at 48 hours. Moreover, these data
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Table 1. Effect of O; on cell cycle distribution of SK-N-SH human neuroblastoma cells
A Single dose-regime B Repeated dose-regime
) %
| a1 S | Gz | Toxicity Gl | S | G2 | Toxicity

~ Control 47 34 19 2 Comtrol | 47 | 34 | 19 | 3

0, ougm | 45 | 41 | M 3 0 Gngmi | 45 | 30 | 25 | 5

Shours | pgml | @2 | a4 | 4 | 4 o | 120gml |32 |35 33 |7

25pgml | 40 | 46 | 143 25ugmi | 30 | 30 | a0 | 15

CSopgml | 39 | 50 11 5 Sopg/ml | 22 28 50 30

80pg/ml nv_ | v | v 69 80pg/ml | nv | nv | v | 70

Control | 44 | 34 | 22 2 CControl | 43 | 34 | 22 | 3

0, 6ugm | 45 | 37 | 18 3 0 Gpgm | 4 | 31 | 28 | 8

2hours | Vpgml | 41 | 40 | 19 | 3 | ey [ 12wgml | 44 | 31 | 25 | 12

2pgml | 39 | 40 | 2 S 25pg/ml | 20 40 40 23

~ S0pg/ml | 40 | 41 | 19 8 S0pg/ml nv nv nv 50

80pgml | v | v | v 78 80pg/mi nv nv nv 80

Control | 49 39 | 12 2 Control | 49 | 39 | 12 | 3

0 6ug/ml 46 41 13 5 0 6pg/ml 49 34 17 13

_25pg/ml | 42 2 | 16 2. 25pg/ml | 20 | 40 | 40 | 30

Sopgiml | 43 | 42 | 15 - SOpg/ml | w | wv | w | SO

80pg/ml nv nv nv 80 S0pg/ml nv nv nv 88

FCM cell cycle analysis of untreated and O,-treated SK-H-SH cells at the 4. 24 and 48 after the treatment. The cell cycle phase percentages were
estimated by applying the MODFIT software to the PI/DNA histograms. Data are means of three separate experiments with similar results.

confirmed that 80 pug/ml O, is a lethal dose. These
findings indicate that ozone acts as a real chemi-
cal drug capable of inhibiting neuroblastoma cell
growth suggesting its possible antineoplastic role
in neuroblastoma cancer.

Discussion

In solid tumours, oxygen delivery to the respir-
ing neoplastic and stromal cells is frequently
reduced or even abolished by a deteriorating dif-
fusion geometry, severe structural abnormalities
of tumour microvessels, and impaired microcir-
culation ®. In an increasing number of reports on
tumour oxygenation, the addition, anemia and for-
mation of methemoglobin or carboxyhemoglobin
reduce the blood’s capacity to transport O,. As a
result, areas with very low (down to zero) oxygen
partial pressure exist in solid tumours, occurring
either acutely or chronically. These microregions
of very low or zero O, partial pressures are hetero-
geneously distributed within the tumour mass and
may be located adjacent to regions with normal
O, partial pressure. In contrast to normal tissue,
neoplastic tissue can no longer fulfil physiologic
functions. Thus, tumour hypoxia cannot be defined
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by functional deficits, although areas of necrosis,
which are often found in tumour tissue on micro-
scopic examination, indicate the loss of vital nyv=
not evaluable cellular functions. Actually hypoxia
(defined as the fraction of measured O, partial
pressures of <5 mmHg) is a statistically significant
adverse prognostic factor of disease-free survival.
A Kaplan—-Meier analysis showed statistically sig-
nificantly shorter survival and recurrence-free sur-
vival for patients with hypoxic tumors. The results
were consistent with the hypothesis that radio-
biologically hypoxic tumors (i.e., tumors with a
reduced radiosensitivity at critically low O, levels)
are less curable ®, even though the role of hypoxia
in conventional antineoplastic drug resistance
could not be excluded.

These data were supported by Cox regression
analysis which revealed tumor oxygenation as the
strongest independent prognostic factor, followed
by FIGO stage 2. Of special interest was the fact
that the disadvantage in outcome for patients
with hypoxic tumor was independent of primary
treatment (radiation therapy or radical surgery).
Sundfor et Al* reported a poor outcome associ-
ated with low oxygen tension in 40 patients with
advanced squamous cell carcinoma of the uter-
ine cervix. These findings are in agreement with
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results obtained by Fyles et Al* who found that
the pretreatment oxygenation status of tumors
can predict disease-free survival in patients with
cervical cancer. In addition, Knocke et Al* con-
firmed the prognostic relevance of pretreatment
tumor oxygenation status by studying 51 patients
with cancer of the uterine cervix after radiation
treatment. The pretreatment tumor oxygenation
status was also assessed in patients with soft-tissue
sarcoma: patients with hypoxic tumor were associ-
ated with a poorer survival when compared with
patients with normoxic tumor resulting from local
treatment failure or distant metastases 34454,

Recent work has led to the hypothesis that
tumor hypoxia may be associated with malignant
progression by locoregional and distant tumor
propagation. This observation was confirmed by
Hochel et Al who reported that hypoxia may not
only counteract O,-dependent forms of therapy
but may also advance tumor progression per se
independently of treatment . Since modification
of the levels of hypoxia with therapy has been
shown to improve therapeutic outcomes 2, several
strategies have been proposed to enhance tumor
oxygenation inducing a constant restoration of
normoxia.

A special workshop sponsored by the National
Cancer Institute, established the need to inves-
tigate methods to overcome tumor hypoxia ¥.
Clavo reported that ozone therapy could have an
important role in increased oxygenation restoring
normoxia in the most poorly oxygenated head and
neck tumors .

Ozone (O,) is the allotropic form of oxygen
with three atoms and two unpaired electrons,
which has a higher oxidizing capacity than oxygen.
Nevertheless, the potential usefulness of ozone
therapy as an adjuvant in chemo-radiotherapy for
neoplastic lesions warrants further investigation.
Our findings demonstrated that O, affects cell
growth and the cell cycle in the neuroblastoma
SK-N-SH cell line. Our data are in agreement
with Sweet et Al* who reported ozone as a pos-
sible antineoplastic drug because of its capacity
to inhibit the growth of human cancer cells. Since
the therapeutic window for ozone concentration
ranges from 20 to 80 pug/ml*, we utilized 6, 12, 25,
50 and 80 pg/ml O, doses to verify its possible anti-
tumoral effect on the SK-N-SH human neuroblas-
toma cell line.

We found that the 6, 12, 25, 50 and 80 pg/ml O,
doses produced different cell cycle effects when
administered in single or repeated-dose regime.
We showed that tumor cells exposed to the lowest
O, doses of 6 and 12 pg/ml when given in single
dose-regime partially recovered the O,-induced S-
phase accumulation while 6 and 12 pg/ml given in

a repeated dose-regimen produced a different cell
cycle perturbation, inducing a G2 arrest. However,
this G2 accumulation was overcome in the 48
hours following treatment. Whereas the 25 pg/ml
O,, given in the repeated dose-regime abolished
the ability of the cells to overcome the G2 block
compared to the lowest doses (6 and 12 pg/ml).
Indeed, this G2 block seems to be permanent,
because at 48 hours after the start of treatment a
fraction of the cells was still in G2 phase (40%). On
the contrary, 25 pg/ml O,, in a single dose-regime
produced a slight S-phase accumulation. The high-
est dose of 80 pg/ml in both single and repeated
dose-regimens produced irreversible cellular dam-
age, indeed the cells were not able to repopulate
the cell cycle and died from necrosis, whereas 50
pg/ml O, given in a single dose-regime did not pro-
duce any significant toxic effect. Our hypothesis
is that different molecular events occur following
O,, which affect the cell cycle and can lead in turn
to DNA damage repair, cell cycle perturbation or
death. If the damage is too massive it is followed
by death in an attempt to eliminate such severely
damaged cells.

This hypothesis is supported by the capacity of
O, when administered as autotransfusion in cancer
patients, to react with organic compounds (hydro-
soluble and lipophilic antioxidants, unsaturated
fatty acids, etc) generating a number of messengers
acting on various blood components and procur-
ing early (by ROS) and late (by LOP) biological
effects. Bocci et Al* showed that ozone, via the
transitory action of hydrogen peroxide, acts as a
mild inducer of cytokines in leukocytes. Therefore,
by releasing cytokines in lymphoid microenvi-
ronments primed lymphocytes and monocytes
may slowly bring about a concerted activation of
the immune system usually suppressed by tumor
growth.

In contrast to the claim of a possible O, toxic
effect on blood cells, it has been reported that O,-
induced toxicity is overcome using the appropriate
dose. Indeed, the range of the therapeutic window
has been determined between 20 and 80 ug/ml per
ml of blood cells (0.42-1.68 mM) which did not
produce any toxic effect. Indeed, patients undergo-
ing ozone therapy do not have adverse effects and
most patients reported a feeling of wellness and
euphoria. Normally a cycle of 14-15 treatments
(twice weekly) significantly improves visual acuity
in about 70% of patients with the atrophic form of
age-related macular degeneration: (ARMD)* and
in most patients with chronic limb ischemia (stage
II) #*32. Our data are in partial agreement with
results obtained by Bocci et Al* on O, cytotoxic-
ity. We did not find toxicity at doses of 6, 12, 25
and 50 pg/ml when O, was administered in a single
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dose-regime while toxicity was obtained when O,
was given in a repeated dose-regime. The highest
dose of 80 ug/ml produced an elevated cytotoxic-
ity in both single and repeated-dose regime and
was considered a lethal dose. We observed that the
O, induced a dose dependent cell growth inhibi-
tion and that the highest dose was able to activate
necrotic cell death by producing irreversible cel-
lular damage inhibiting the progression of cells
through the cell cycle. In agreement with Bocci
et AL“ we also believe that ozone acts as a real
chemical drug.

Conclusion
Ozone directly inhibited neoplastic cell growth

following injection into the neoplastic nodule or
via reinfusion of ozonated blood in patients bearing

90

neuroblastoma cells. In accordance with Overgaard
2 we think that improving tumor oxygenation can
lead to better local neoplastic control, increased
patient survival rates and a better quality of life.
Indeed ozone therapy could be a new therapeutic
approach targeted to specifically bypass the resist-
ance implemented by hypoxic selection reducing
the risk of hypoxia-mediated treatment failures
and improving survival and disease-free recur-
rence in neuroblastoma cancer patients. Besides
the normalization of hypoxia, ozone therapy dis-
plays other interesting biological effects that may
enhance the therapeutic outcome.
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