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Effectiveness of ozonated saline in the treatment of
VX2 tumors in rabbits
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ABSTRACT

Objective To investigate the efficacy, safety, and associated mechanisms of injected ozonated saline in the
treatment of VX2 tumors.

Methods A total of 90 rabbits bearing VX2 tumors on their left hind legs were randomly divided into three
groups. The control group (A) received normal saline, while groups B and C received 20 pg/mL and 40 pg/mL
05/0, ozonated saline, respectively. Rabbits were anesthetized and 2 mL of blood was drawn directly from the
heart to measure serum concentrations of interleukin (IL-6) and tumor necrosis factor (TNF-o). The skin
covering the VX2 tumor was cut in each rabbit and the maximum and vertical diameters of the tumors were
measured under direct visualization. Several milliliters of saline, saline pre-treated with 20 ug/mL O3/O,, or
saline pre-treated with 40 pg/mL O3/O, were directly injected into the tumors of groups A, B, and C,
respectively (injection volume (milliliter) =1/2 volume of the tumor, V = 1/2ab?. On days 4, 8 and 12
following treatment, 10 rabbits were randomly selected from each group for blood sample collection, and
serum IL-6 and TNF-o were measured. The tumor growth rate was calculated by measuring the maximum and
vertical diameters of the VX2 tumors under direct visualization. All selected rabbits were euthanized and the
tumors, livers, and lungs were removed for pathological examination. The tumor necrosis rate was calculated
by cutting the tumors into half along the longitudinal axis and measuring the maximum diameters of the
intratumoral necrotic regions.

Results The average tumor volume in the three groups increased to different degrees at each time point;
however, the average tumor growth rates in groups B and C were substantially lower than that in group A,
exhibiting a statistically significant difference. The difference in the tumor growth rate between group B and
group C was not statistically significant. The serum concentrations of 1L-6 and TNF-a increased in the three
groups at each time point, with larger increases occurring in groups B and C; however, the greater increases did
not reach statistical significance. Although the diameters of the necrotic areas were larger in both groups B and
C than that in group A, significant differences in necrotic area diameters were only found when comparing
groups A and C on days 4 and 12 following treatment.

Conclusion Direct injection of different concentrations of ozonated saline into VX2 tumors significantly
increased intratumoral necrosis and reduced the tumor growth rate. The associated mechanism may be partially
mediated by I1L-6 and TNF-a, as the serum concentrations of these molecules increased after the treatment.
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INTRODUCTION

Several studies have reported that ozone is an
effective treatment for tumors (in vivo) and tumor cell
lines (in vitro) (1-3). The clinical application of
ozonated autohemotherapy effectively improves
tumor hypoxia and sensitivity to chemotherapy (4). A
previous study (5) demonstrated that ozone damages
tumor ultrastructure; however, the use of ozone is
limited due to its short half-life, strong inhalation
toxicity, and the risk of air embolisms. Ozone is
soluble in water, where it becomes more stable and
safe while retaining its efficacy. Thus, ozonated water
may be more appropriate for therapeutic purposes than
ozone (6). Ozonated water has been largely used in the
treatment of arthritis, infectious wounds, peritonitis,
oral diseases, and gynecological diseases in clinical
practice (7-9), but has rarely been utilized in
experimental studies on tumors (10). This study aims
to evaluate the efficacy of ozonated saline injected
directly into VX2 tumors and explore the potential
mechanisms involved in the effects of ozonated saline
on VX2 tumors.

MATERIALS AND METHODS

Rabbit VX2 tumor model preparation

This study was approved by the ethics committee of
Second Military Medical University. The tumor model
was established using rabbit VX2 tumor modeling,
described by Wei et al. (5) Ninety male New Zealand
white rabbits, weighing 2.5-3 kg, were used for in vivo
tumor modeling. The Naval Medical Research
Institute of the Second Military Medical University in
Shanghai provided and maintained all of the animals
and all experimental procedures were performed at the
Naval Medical Research Institute. Every rabbit was
fed with 145-150 g fodder daily and some water, and
was kept in a cage alone. The VX2 tumor strain was
kindly provided by Zhongshan Hospital, Fudan

University, Shanghai, and was maintained and
passaged in rabbits. After anesthetizing each
tumor-bearing rabbit with a 3% pentobarbital sodium
solution (0.8-1 mL/kg) injected into the ear veins, the
rabbit was placed on an operating bench in a supine
position. The hair on the medial thigh of the left hind
limb was then removed, Anerdian skin disinfection
was performed, an incision was made in the tumor
region and the flesh-like tumor tissue collected. The
tumor tissues were washed twice in normal saline and
cut into ~1 x 1 mm® tissue blocks. The tissue blocks
were then injected into the left hind-limb medial thigh
muscles of the experimental rabbits. Subsequent
experiments were conducted after the tumors grew to
1-2 cmin size.

Preparation of ozonated saline

Chilled normal saline (stored at 4<C) was used for
the preparation of ozonated saline. An 0zone generator
from Humares GmbH (Bruchsal, Germany) was used
to freshly prepare the ozonated normal saline one hour
before use. Ozonated normal saline was made by
constantly injecting the oxygen/ozone mixture into 30
mL of cold normal saline at ozone concentrations of
20 pg/mL or 40 pg/mL, at a speed of 3 L/min, at room
temperature for 20 min. The ozonated saline was then
stored at 4<C and utilized in later experiments at low
temperatures.

Experimental grouping and sample
collection

Ninety New Zealand white rabbits were randomly
divided into three groups. Rabbits were anesthetized
as described above, disinfected by iodophor for the
skin of precordial region, and 2 mL of blood was
collected from the heart. An incision was made
through the skin in the region where the tumor was
present and the maximum and vertical diameters of the
tumor were measured using Vernier calipers.
Low-temperature saline (Group A), 20 pg/mL
low-temperature ozonated saline (Group B), or 40
pg/mL low-temperature ozonated saline (Group C)
was administered into the tumors via multipoint
puncture injection (dose = % of the tumor volume, V =
ab?/2). The skin was sutured and disinfected and the
animals were housed in the original cages. Ten rabbits
from each group were randomly selected on days 4, 8,
and 12 post-surgery, anesthetized as described above,
disinfected as described previously, and 2 mL of blood
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was withdrawn from the heart, as above. An incision
was made in the skin and the maximum and vertical
diameters of the tumors were measured as before. The
selected tumor-bearing rabbits were euthanized and
tumor, liver, and lung tissues were collected. VX2
tumor morphology and color, as well as the presence,
size, morphology, and number of subcutaneous
daughter foci and the presence of liver and lung
metastases were observed via the unaided eye.

Estimation of tumor volume, tumor growth
rate (TGR), internal necrosis rate,
interleukin (IL)-6, and tumor necrosis
factor-alpha (TNF-a) concentration

Estimation of tumor volume and TGR

Tumor length and diameter on the day of treatment
was used to calculate the tumor volume, which was
defined as V,. The tumor length and diameter on the
X" day after treatment was used to calculate the tumor
volume (V). The formula V/V, <100% was used to
calculate the TGR of the tumor volume. A TRG > 100%
was defined as tumor enlargement, and a TGR < 100%
was defined as tumor shrinkage.

Estimation of the internal necrosis rate of
the tumors

The residue-like tissue observed by the unaided eye
was defined as necrotic tissue. The maximum (longest)
diameter of the tumor specimen (D) and the maximum
(longest) diameter of the internal necrotic tissue of the
tumor (d) were measured after cutting along the
maximum (longest) diameter of the tumor. The
internal necrosis rate was calculated using the formula
d/D =<100%.

Estimation and fold change calculation of
serum IL-6 and TNF-a

The concentrations of IL-6 and TNF-a in all serum
samples were measured using ELISA Kits, according
to the manufacturer’s instructions. These experiments
were conducted by the Immunology Department of
the Second Military Medical University. The
concentrations of serum IL-6 and TNF-a were
measured both pre-treatment and post-treatment to
calculate the fold change of IL-6 and TNF-a. A
value >1 and a value <1 represented an increase and

Table 1 Average tumor growth rate (%).

Group Day 4 Day 8 Day 12

Group A 3.89+1.79 4.754.78 8.1543.41
Group B 1.5240.59 2.9540.81 4.1242.05
Group C 1.3540.40 3.0541.40 4.7742.25

decrease, respectively, in concentrations of IL-6 and
TNF-a.

Statistical analysis

SPSS 19.0 software (SPSS Inc., Chicago, IL, USA)
was used for statistical analysis in this study.
Measurement data are presented as the mean =+
standard deviation. Fisher’s least significant
difference (LSD) t-test was used for comparisons
between groups and within groups. P < 0.05 was
considered to indicate a statistically significant
difference.

RESULTS

Tumor growth rate

Table 1 demonstrates the tumor growth rates in the
three groups of animals. Significant differences in
tumor growth rates were found at different time points
between the experimental groups and the control
group (P =0.000 at day 4; P =0.012 at day 8; and P =
0.004 at day 12). No significant difference in tumor
growth rate was found between the two experimental
groups (Groups B and C; P > 0.05). On day 4, two
tumors in group B and four tumors in group C had
shrunk obviously, while the tumor volumes in group A
were larger. On day 8, only one tumor (different from
the ones that had shrunk before) in group C had shrunk,
while the remaining tumors including the ones that
originally shrunk in group C were enlarged. On day 12,
all tumors including the ones that originally shrunk in
the three groups were enlarged.

Changes of TGR As shown in Figure 1, the overall
changes in tumor growth rate increased in all three
groups during the experiment. The most obvious
increase was observed in group A on days 8 and 12.
The tumor growth rates in Groups B and C were
similar on day 0-8, with the tumor volume growth rate
in group C slightly higher than in group B on days
8-12.

Internal tumor necrosis rate
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n Table 2 shows the tumor necrosis rates in the

Changes of TGR different groups. The internal necrosis rates in groups
B and C on days 4 and 12 were higher than in group A.

The difference was statistically significant between

group C and group A (P < 0.05); however, the

6 differences were not statistically significant where
comparing group C to group B or group A to group B

- / + (P > 0.05). The internal necrosis rates in groups B and
5 "‘t C were higher on day 8 than in group A. However,

= ¢ there were no statistically significant differences in

1 internal necrosis rates between the all groups on day 8
(P > 0.05). As shown in Figure 2, the internal necrosis

rate of the tumors in group A (control group)

Tumor Growth Rate
(100 )

davs after treatment demonstrated a linear increase; however, it was
significantly lower compared with the two
Figure 1 Changes of tumor growth rate. experimental groups B and C.

. Changes in IL-6 concentration
Changes of TNR

As shown in Table 3, the fold increase in IL-6 levels
among the three groups at different time points was
not statistically different (P > 0.05). On day 4, the
increases in IL-6 concentration in the experimental
,__-——/ groups were obviously higher than in the control
/ group but there were no statistical significance. In

addition, the IL-6 concentration in group C was
slightly higher than in group B. On day 8, the increase
in IL-6 concentration was similar among the three
groups, while on day 12, the fold increase in IL-6 in

group A was slightly higher than in groups B and C.
Figure 3 demonstrates the overall variation in fold

days after treatment increase in IL-6 levels during the experiment. The fold
increases in IL-6 were linear in groups A and B, while
the fold increase in IL-6 was slightly reduced on days

Tumor Necrosis Rate
(1000)

Figure 2 Changes of tumor necrosis rate.

Table 2 Internal necrosis rate of the tumors (%). 5-8 but elevated in days 9-12 in group C. The fold
Group Day 4 Day 8 Day 12 increase in I_L-6 was_optlmlzed in group C on day 4,
Group A 0.3840.22 0.4840.28 0.5940.26 and the fold increase in IL-6 was lowest in Group A on
Group B 0.5546.30 0.5740.33 0.6946.25 day 4. The fold increase in IL-6 was similar in all
Group C 0.700.14 0.6640.12 0.830.06

groups on day 8, while the fold increase in IL-6 was

Table 3 Fold increase in IL-6 concentration. the lowest in group C and the highest in group A on

day 12.
Group Day 4 Day 8 Day 12
Group A 0.9840.27 1.1240.32 1.3040.43
Group B 1.04+40.42 1.1340.63 1.2540.36 Changes in TNF-a concentration
GroupC  1.14#40.28 1.1240.17 1.1940.52

Table 4 shows the fold change in TNF-a
Table 4 Fold increase in TNF-a concentration tumor morphology concentration in the three groups. No significant
and metastasis. . . .

differences in TNF-o concentration were found at the
Group  Day4 Day 8 Day 12 different time points among the three groups (P >
Group A 1.0520.17 1.1840.38 1.1740.27 . . .
Group B 1.2140.48 1.1540.58 1.2940.37 005) The fO|d INncrease In the TNF-a concentration

GroupC  1.1140.23 1.2540.19 1.3340.47 was higher in the experimental groups (groups B and
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Figure 4 Changes of TNF-a concentration.

C) than in the control group (group A) on days 4 and
12.

Figure 4 demonstrates the variation in the TNF-a
concentration fold increase, showing increases in both
groups A and C at different time points, but a slight
decrease in group B on days 5-8, which was even
lower than the control group (group A) and reversed
(increased again) on days 9-12.

Tumor morphology and metastasis

Tumor metastasis

No tumor metastasis was found in any animal in any
of the three groups on day 4. However, on day 8, two
cases of lung metastasis and one case of ascites were
found in group A and one case of lung metastasis was
found in group B; no tumor metastasis was found in
group C. On day 12, another one case of lung
metastasis was found in group A, and one case of liver
metastasis was found in groups B and C respectively.
In group A, one case of cachexia was found on day 8
and three cases of cachexia were found on day 12. No
cachexia was found in either groups B or C at any time
point.

Subcutaneous daughter foci

Two cases of adjacent nodules (with approximate
diameters of 0.4 cm) were found in group A prior to
treatment and three cases of small nodules were found
in group B (with diameters of 0.3 cm. 0.3 cm, and 0.4
cm) before treatment. Only one small nodule
(approximately 0.4 cm in diameter) was found in
group C prior to treatment. After treatment, the
nodules and tumors in group A were fused, one nodule
in group B disappeared, and no further growth or
fusion of the other nodules was found.

DISCUSSION

Evaluation of the efficacy of ozonated
saline for the treatment of VX2 tumors

A previous study by our group showed that ozone
damages the internal structure of tumor cells; higher
ozone concentrations corresponded to changes in
tumor structure that were more obvious and an
increase in internal tumor necrosis (5). Kuroda et al.
(10) demonstrated that ozonated water significantly
reduced the tumor growth rate and significantly
increased the internal necrotic area of the tumors when
compared with the control group treated with sterile
distilled water. They also that the area of necrotic
tumor cells became larger as the ozonated water
concentration increased.

Similar results were found in this study. Although
the tumor volumes in the three groups of animals had
increased, the tumor growth rate in the experimental
groups (groups B and C) were significantly lower than
that in the control group (group A). In addition, there
was less tumor metastasis and larger area of internal
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tumor necrosis in the two experimental groups
compared to the control group (most significant on
day 4). These results suggest that the ozonated saline
significantly reduced tumor growth rate and increased
tumor necrosis in a short period of time, and may even
shrink or even eliminate tumor(s).

In the study by Kuroda et al. (10), sterile distilled
water, which is hypotonic and causes cell swelling and
disintegration when injected into muscles or directly
into tumors, was used for the control group. Thus, the
differences in the internal necrotic areas in the
experimental and control groups were not significant
in that study. In the current study, normal saline was
used as the isotonic solution, which did not present the
same problems as the low-permeability, sterile
distilled water, suggesting that the conclusion of the
present study is more reliable.

Previous studies (7,10,11) have shown that the size
of the tumor necrotic area depends and the ozone
inhibition of tumor cell growth depend on the ozone
concentration. In this study, the diameters of internal
tumor necrosis in the experimental groups were
significantly higher than those in the control group on
day 4, post treatment. The larger diameter was more
pronounced in the group (group C), which received
the higher concentration of ozonated saline; however,
the diameters of internal tumor necrosis were not
statistically significantly different between groups B
(low ozonated saline concentration) and C (high
ozonated saline concentration). Tumor necrosis in the
three groups became gradually more similar with
prolonged treatment duration, suggesting that the 20
pg/mL ozone concentration reached the optimal
tumoricidal effect and that the increased ozone
concentration (40 pg/mL) did not further enhance this
effect. We speculate that further experiments using a
low concentration of ozonated saline may achieve the
desired outcomes such as tumor reduction and/or
increasing of intra-tumoral necrosis. In addition, low
concentrations of ozonated saline cause less pollution
than high concentrations. An accurate measurement of
the concentration of dissolved ozone in ozonated
saline could provide more information in terms of
using relatively low, but effective concentrations of
ozonated saline for tumor treatment; however,
accurately detecting the concentration of ozone in
water is difficult.

According to the observed tumor growth rates and
internal necrosis conditions, the tumor growth rate on
day 8 was significantly accelerated and the internal
necrosis rate was decreased. This suggests that the

local reinjection of ozonated saline may be necessary
on one of the days between 4-8 to induce necrosis and
decrease activity in tumor tissues, thereby producing
the desired anticancer effect.

Preliminary evaluation of the mechanism
of action of ozonated saline in the
treatment of VX2 tumors

Tumor cells lacking antioxidants can be directly
oxidized by the soluble ozone in ozonated water and
its oxidation products, resulting in tumor tissue
damage that is more severe with higher concentrations
of ozone. A previous study by our group revealed that
the direct injection of an O3/O, mixture of different
concentrations into VX2 tumors damaged the cellular
membrane, mitochondria, endoplasmic reticulum, and
nucleus, resulting in tumor cell death (5). When
dissolved in water, ozone generates oxygen free
radicals and promoted tumor cell apoptosis and
mitochondrial damage. The reduction of the oxygen
molecule into O*, via electrons leaking from the
damaged mitochondria, increases the damage to tumor
cells and induces tumor cell apoptosis (9,12,13).
Reactive oxygen species (ROS) change the hypoxic
tumor environment and inhibit tumor growth and
metastasis. In addition, ROS increase the local oxygen
content and regulate in vivo immune function;
treatment outcomes are better with hypoxia that is
more severe (7,14-16). Dissolved ozone also reacts
with unsaturated fatty acids and generates a relatively
stable and strong oxidant, hydrogen peroxide (H,O5).
A low H;O, concentration activates a series of
biochemical reactions (17) and ultimately causes cell
death.

Dissolved ozone induces the release and activation
of a variety of immune factors (18). TNF-a is the
strongest cytokine against tumor activity and mediates
cytotoxicity to achieve an anticancer effect through
the signal transduction of its receptor. TNF-a induces
the generation of oxygen free radicals, mediated by
IL-8, while in turn, the oxygen free radicals promote
the tumoricidal effects of TNF-a. This positive
feedback system causes the immune mechanism to
exert antitumor effects (11). Schulz and Bauer (19)
reported that TNF-a induces oxygen free radicals to
cause tumor cell apoptosis. Since the initial
concentrations of survival factors are low in tumor
cells, TNF-a is very effective. Mule et al. (20)
demonstrated that IL-6 exhibits antitumor activity by
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activating an in vivo immune mechanism. In addition,
IL-6 induces lymphokine-activated killer (LAK) cells
and natural killer (NK) cells, which enhances the
tumor cell-killing effect, and thereby promotes
antibody synthesis and improves immunity in vivo
(21). However, in the current study, no significant
differences in the fold increases of IL-6 and TNF-a
were found in the peripheral blood between the two
experimental groups and the control group, suggesting
that the dose of ozonated saline used in this study was
relatively low. Furthermore, only one injection was
administered in this study, which did not significantly
affect the concentrations of immune factors in whole
blood, but might have stimulated the local immune
response so as to enhance the antitumor effect of
ozonated saline. Thus, in future studies, the dose
and/or number of injections should be increased in
order to induce these immune reactions.

SUMMARY

In this study, ozonated saline increased the tumor
necrotic area, induced the release of immune factors,
improved the in vivo immune response, and slowed
down the tumor growth rate, suggesting that a direct
injection of ozonated saline into VX2 tumors inhibited
the growth of transplanted VX2 tumors in rabbits.

Possible mechanisms for this may include 1)
damage to tumor cell ultrastructure inducing tumor
cell disintegration and apoptosis, resulting in a
reduction in the tumor activity; 2) a change in the
hypoxic environment of tumor cells, leading to a
reduction in tumor growth; and/or 3) the activation of
in vivo immune mechanisms and regulatory effects
that indirectly triggered antitumor effects.
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