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Generation of free radicals in the reaction of ozone with
blood samples and related salt solutions was investi-
gated in vitro by using ESR spin-trapping technique
with DMPO. In the reactions of low levels of ozone, a
carbon-centered radical was spin-trapped with DMPO,
giving rise to the 6-line ESR signal in both whole blood
and blood plasma. In the blood plasma, DMPO-spin
adduct of hydroxyl radical (DMPO-OH) was detected
together with the spin adduct of carbon-centered
radical. The present spin-trapping study demonstrates
that, when exposed to ozone, 0.9% NaCl solution in the
presence of DMPO gives rise to the formation of
DMPO-OH. The addition effects of ethanol, which is
a *OH scavenger, into the NaCl solution reveal that
DMPO-OH is produced by the reaction of DMPO
with both *OH and unidentified oxidants originated
from the reaction of C1™ and ozone. Based on these
observations, we consider that *OH is generated
similarly in the blood plasma exposed to ozone. The
ESR study of DMPO-spin adducts in the ozone-
exposed aqueous solution of NaOCl indicates that
CI” reacts with ozone to give ClO™. Presumably,
further oxidation of CIO~ by ozone leads to the
formations of *OH and the unidentified oxidants.
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Ozone is known as a highly reactive oxidant to be
hazardous for the life.!"} Indeed, many reports
published so far indicated toxic effects of ozone
on the experimental animals with induction
of various diseases, especially in respiratory
systems.”*! However, since more than 40 years
ago low levels of ozone have been used as a
therapeutic reagent for patients suffering from
various chronic diseases in European countries.””
In those therapeutic usages (autohemotherapy),
a small volume of blood drawn from a patient
was exposed to a dose of ozone gas ex vivo, and
then, the ozone-treated blood was reinfused into
the blood-stream of the donor. In our previous
in vitro experiments human blood specimens

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/19/11
For personal use only.

128 I. UENO et al.

were treated with ozone gas in the same manner
as the European autohemotherapy. We found that
ozone was completely consumed by the blood
plasma constituents, mainly ascorbic acid, uric
acid and a-tocopherol, but, these antioxidants in
the plasma still remained after exposure to ozone
gas.! No significant loss of the enzymatic
functions was observed in the erythrocytes, in
which a large amount of glutathione remained in
the reduced form. These observations consisted
of reports on the interactions between ozone and
tissue constituents.’>”#! We speculated that in the
autohemotherapy ozone or ozone-derived free
radicals stimulated some blood components
ex vivo, and the stimulated components further
activated cytokine network after returning back
into the blood-stream of patients.

Recently, Bocci and his group reported the
induced formation of interferon ~ in human
blood specimens in vitro after giving a low dose
of ozone under the similar conditions as those
used in the autohemotherapy.”) This report
supports our concept that ozone indirectly gives
its effects on the human immune system in the
autohemotherapy.

Regulation of cytokine gene expression by
active oxygen species has been reported in the
whole blood."” Chemically, ozone is a strong
oxidant with generation of *OH which exhibits
radiomimetic toxicity in living cells."’*® There-
fore, it is quite possible that free radicals are
generated in the blood under exposure of ozone.
We hypothesized as follows: first, free radicals are
generated in the blood under exposure of ozone
and the free radicals stimulate blood cells ex vivo,
and second, the stimulated blood cells promote
cytokine production of the surrounding cells after
returning back to the blood-stream in vivo. Based
on these hypotheses, we investigated, as the first
step, generation of free radicals in the blood
specimens under treatment of ozone by using
the spin-trapping ESR technique. Here we show
generation of carbon-centered and hydroxyl
radicals in the blood samples together with
requirement of Cl” for the hydroxyl radical

generation in aqueous solutions when they are
treated with low levels of ozone in vitro.

MATERIALS AND METHODS

Ozone Generation

Ozone was generated from oxygen gas (99.99%)
by using an ozone generator equipped with an
UV (253.7nm) monitor and a display of ozone
concentration (ug of O3/ ml gas) (MEZONE M-10,
Nippon Ozone Co., Tokyo, Japan). Ozone-
oxygen gas mixture containing an adequate con-
centration of ozone was drawn from a nozzle
attached to the generator by a microsyringe.

Methods

A fresh human blood sample collected in the
presence of 3.8% trisodium citrate (9:1, v/v) was
treated with ozone gas in the presence of 5,5-
Dimethyl-1-pyroline-1-oxide (DMPO, Labotec
Co., Tokyo, Japan) as follows: Ten pl DMPO (final
concentration, 0.09M) and 1ml of the anti-
coagulant-containing blood sample (designated
as blood) were sequentially put in a glass tube
(10ml, Venoject tube, Termo Co., Tokyo, Japan).
The tube was sealed with a silicone rubber cap.
After drawing 1.2ml of the air from the tube by
using an injection syringe, 1ml of the ozone-
oxygen gas mixture quickly drawn from the
ozone generator into a microsyringe was imme-
diately injected into the tube. The ozone and
blood in the tube were quickly mixed avoiding
the foam formation by horizontal rotation of the
tube for 30s. In the quantitative experiments
conducted previously,'® we confirmed that the
ozone concentrations displayed on the ozone
generator agreed well to those quantitated by
the KI method™® in a neutral phosphate buffer
with a regression coefficient of 1.010. Complete
consumption of 100 ug of ozone in 1 ml of blood
by the 30s mixing adopted here was also
confirmed by the KI method® in the previous
experiments. Thus, we adjusted the ozone
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concentration to 20-100 pg (0.416-2.08 pmol/ml
of the ozone-oxygen gas mixture in the ozone
generator, and mixed 1 ml of the blood with 1 ml
of the ozone-oxygen gas mixture to give 20—
100 pg of ozone/ml blood in the tube. In some
experiments, DMPO was added after the treat-
ment of blood with ozone. Samples of blood
plasma, phosphate buffered saline (PBS), NaCl
and NaOClI were treated with ozone in the same
manner as in the case of the blood. The sample
thus treated with ozone was transferred to a flat
quartz ESR cuvette (160ul), which set to the
cavity of the ESR spectrometer (JEOL FE-1X with
100kHz field modulation, X-band). Recordings
of the spectra started 1min after the addition
of ozone-oxygen gas to the sample in the glass
tube at 24°C. Each scan took 2min. The ESR
spectra of the DMPO-spin adducts were identi-
fied based on the hyperfine splitting constants
reported previously.!”'®)

RESULTS

Each 1 ml of blood sample was mixed with ozone
gas for 30s in a sealed tube containing 0.09M
DMPO followed by transferring the mixture to

the ESR cuvette. Recordings of the ESR spectra
started just 1min after the addition of ozone to
the blood with 2 min sweep time. Figure 1 shows
an ESR spectrum of the blood mixed with 40 ug
(0.83 pmol) of ozone. Main signal of DMPO-spin
adduct composed of six lines with hyperfine
splitting constants of Any=15.6G and Agy=
23.3G. The blood sample without ozone treat-
ment showed no signal in the presence of DMPO
(data not shown). All the blood samples mixed
with varied doses from 10 to 100pg (0.208-
2.08 umol) of ozone showed the same six lines
as observed in Figure 1 but with varied intensities
(data not shown).

In order to investigate the correlation between
the dose of ozone and generation of the DMPO-
spin adduct, intensities of the first (extreme left-
hand peak) signal of the ESR spectra, recorded
for the first 2 min, were plotted against the dose
of ozone. As shown in Figure 2, the intensity of
DMPO-spin adduct increased with the dose of
ozone until at 20 pg of ozone/ml blood, followed
by almost constant level thereafter, to 80 pg of
ozone. These data suggest that a specific com-
ponent(s) present in the whole blood reacts
with ozone or ozone-derived radical to give
the carbon-centered radical(s), leading to the
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FIGURE 1 ESR spectrum of DMPO-spin adduct formed in whole blood mixed with ozone gas in the presence of DMPO.

One mi of blood was mixed with 40 g of ozone in the presence of 10l of DMPO (final concentration, 0.09M) in a sealed

tube (10ml) for 30s. Then, the sample was transferred to a quartz flat ESR cuvett (160 ul), which was fixed in the cavity.

Recording of the ESR spectrum started 1min after mixing blood with ozone and took 2 min. Other experimental conditions

were noted in the Methods.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/19/11

For personal use only.

130 L. UENO et al.

20

10

DMPO SpinAduct(Arbitrary Intensity)

" 3. 1 |
0 10 20 40 80 100
Ozoneljg/ miBlood)

FIGURE 2 Effect of the dose of ozone on the formation of
DMPO-spin adduct in the whole blood. Each 1ml of blood
was mixed with ozone (20, 40, 60, 80, or 100 ug) in the pres-
ence of 0.09M DMPO, as done in Figure 1. After recording
the ESR spectra of each samples intensities of the first signal
of each spectra were plotted against the dose of ozone.

production of DMPO-spin adduct with the 6-line
signal. These data also indicated that the reactive
component(s) counterbalanced with 20pg of
ozone and excess ozone consumed by other
antioxidants without formation of radicals. When
ozone (100 pug) was first mixed with blood in the
absence of DMPO and then DMPO was added
2 or 15min thereafter, ESR spectrum showed
the 6-line signal as in the case of mixing ozone
with blood in the presence of DMPO (data not
shown). We presumed that in the reaction
between blood component(s) and ozone, some
long-lived ozonide(s) or radical(s) was generated
and after decomposition of the ozonide(s) to
radical, it was trapped by DMPO with production
of DMPO-spin adduct having the 6-line signal.
From the hyperfine splitting constants of the
signal (AN=15.6G, Apn=23.3G) we assigned
the 6-line signal to the DMPO-spin adduct of
carbon-centered radical.
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FIGURE 3 ESR spectra of DMPO-spin adducts formed in
the blood plasma mixed with different amounts of ozone
gas in the presencé of DMPO. Each 1ml of blood plasma
was mixed with either 40ug (A) or 60ug (B) of ozone in
the presence of DMPO. Other experimental conditions were
same as in Figure 1.

In order to make clear whether the radicals
trapped by DMPO in the whole blood were
generated in the plasma fraction of the blood,
we examined ESR spectra of DMPO-spin adducts
formed in the plasma each mixed with 40 and
60ug of ozone in the presence of DMPO. As
shown in Figure 3A and B, in both cases two
spectra, each composed of six lines (An=15.6G,
Apy=23.3G) and four lines (Any = A =15.0G),
were observed in the ESR spectra. However, at
60 ug of ozone the 4-line signal was more pro-
minent. These data indicated that when plasma
was treated with ozone the same radical as
that trapped in the whole blood was generated.
However, another radical species which showed
the 4-line signal was possibly generated.

In Figure 4, the intensities of the first signal of
the two DMPO-spin adducts were plotted against
the dose of ozone. In the doses less than 40 pg of
ozone, the intensities of both spectra were similar
to each other, however, in the doses at 60 g or
higher, the intensity of the 4-line signal increased
with the rate twice larger than that of the 6-line
signal intensity. Thus, in the blood plasma some
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FIGURE 4 Correlation between the formation of DMPO-
spin adducts in the blood plasma and the dose of ozone.
Each 1ml of blood plasma was mixed with ozone (20, 40,
60, 80 or 100pug) in the presence of 0.09M DMPO. After
recording the ESR spectra of each samples, intensities of
the first signals of each spectra were plotted against the
ozone dose. {#) DMPO-spin adduct of carbon-centered radi-
cal. (o) DMPO-OH.

chemical component which gave the 4-line signal
in ESR spectra was generated together with the
carbon-centered radical in the reaction with
ozone. The component with 4-line signal signifi-
cantly increased with increasing ozone dose.
When the plasma sample was treated with ozone
in the absence of DMPO, and then DMPO was
added, the ESR spectrum showed only the
6-line signal (data not shown), indicating a short
life-time of the component which formed DMPO-
spin adduct with the 4-line signal. Because
the DMPO-spin adduct showed the ESR spec-
trum consisted of the 1:2:2:1 quartet signal
with hyperfine splitting constants (An=Agu=
15.0G), we assigned the adduct to DMPO-OH.
In order to find out the mechanism of genera-
tions of the radicals observed in the ozone-mixed

DMPO-OH
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FIGURE 5 ESR spectra of DMPO-spin adducts formed in
the saline solutions exposed to ozone gas in the presence or
absence of ethanol together with DMPO. One ml of 0.9%
NaCl solution added with (A) or without (B) ethanol (final
concentration, 0.35M) was exposed to 1ml of ozone gas
(90pg) in the presence of DMPO. Other experimental con-
ditions were as same as in Figure 1.

plasma fraction, PBS solution, instead of blood
plasma, was treated with ozone in the presence
of DMPO. A prominent signal of DMPO-OH
appeared as in Figure 3B (data not shown).
When 0.9% NaCl solution was used, instead
of PBS, the same 4-line signal of DMPO-OH
was observed together with small signals prob-
ably composed of 6 and 3 lines, respectively
(Figure 5A). These data indicated that in all the
Cl™-containing solutions DMPO-OH was gener-
ated from DMPO in the presence of ozone.
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However, detection of DMPO-OH does not
necessarily give the proof of the formation of
*OH.["81 1t js well known that *OH reacts with
ethanol by hydrogen atom abstraction to form
a-hydroxy ethyl radical which reacts with DMPO
yielding spin adduct of the carbon-centered
radical with the 6-line ESR signal.“s’zm Therefore,
in order to verify that the DMPO-OH was
generated in the spin-trapping reaction of *OH
with DMPO, that is, “OH was surely generated in
the reaction, ozone gas was mixed with the NaCl
solution in the presence of 0.35M ethanol to-
gether with DMPO. As shown in Figure 5B, in the
presence of ethanol the 6-line signal was higher

than that in the absence of ethanol in Figure 5A,

indicating that at least a part of DMPO-OH

observed in the NaCl solution (Figure 5A) was .

formed from *OH by the spin-trapping reaction;
generation of “OH was confirmed in the ozone-
treated NaCl solution, though the signal height of
DMPO-OH was lowered only a little (Figure 5B).
DMPO-containing water showed no ESR signals
by the addition of ozone (data not shown). Thus,
in the presence of C1~, *OH was generated in the
aqueous solutions treated with ozone.

Bernofsky et al.”!! reported DMPO-OH forma-
tion in the reaction of 7 x 1072M NaOCl and
DMPO. We assumed that ozone oxidized NaCl to
NaOCl even though the rate constant is very low
(3x107*M s, and the produced NaOCl
was responsible for generation of the DMPO-spin
adducts observed in Figure 5A. To prove this
hypothesis, NaOCl solution was mixed with
ozone in the presence of DMPO.

As shown in Figure 6, the ESR spectrum
observed in the ozone-treated NaOCl solution
(0.0006%, 8 x 10> M) was almost identical to that
obtained in the ozone-treated NaCl solution
(0.9%, 0.154M) (Figure 5A). It consists of a
marked signal of DMPO-OH and signals of six
and three lines. In the absence of ozone, the
solution containing NaOCl and DMPO showed
no significant signals (data not shown), indicat-
ing that DMPO-OH was formed in the ClO~
solution at the concentration far lower than that
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FIGURE 6 ESR spectra of DMPO-spin adducts formed in
the NaOCl solution exposed to ozone gas in the presence
of DMPO. One mi of 0.0006% NaOCl! solution was exposed
to Iml of ozone gas (90ug) in the presence of DMPO.
Other experimental conditions were same as in Figure 1.

of N ;Cl, and requirement of further oxidation of
ClO™ by ozone for the formation of DMPO-OH.

DISCUSSION

When ozone was given to the whole blood or its
plasma fraction in the presence of DMPO,
DMPO-spin adduct with a spectrum composed
of 6 lines (AN=15.6G, Agy=23.3G) was de-
tected by ESR. The 6-line signal was very similar
to that reported by Makino et al.”® in the rabbit
serum incubated at 37°C in the presence of
DMPO. They also demonstrated formation of
the 6-line signal by incubating linolenic acid
with DMPO. The same 6-line signal was also
reported in the UV-irradiated linolenic acid
by Fujita et al.®"! These data indicated that,
when certain unsaturated fatty acids were oxi-
dized, intermediarily produced carbon-centered
radicals were able to be detected by ESR spin-
trapping technique. In the case of ozone expo-
sure, generation of free radical was also detected
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by ESR measurement in linoleic acid by Goldstein
et al®! In their report at least 3h was taken
before the appearance of free radical, suggesting
ozonization of the fatty acid followed by decom-
position of the ozonide to free radical. Free radical
production from ozonized unsaturated fatty
acids was also reported by Pryor et al." Blood
plasma contains more than hundred nmol/ml of
unsaturated fatty acids. We presumed that some
plasma component(s), probably unsaturated
fatty acid(s), reacted with ozone to form ozon-
ide(s), which then decomposed to free radi-
cal(s). Because the 6-line signal of the spin adduct
was detected even DMPO was added 15 min after
mixing of ozone to the plasma, we supposed that
the ozonide(s) or free radical of the unsaturated
fatty acid(s) kept itself stably for a while in the
blood plasma. Based on these presumptions we
assigned the ESR spectrum with 6-line signal
obtained in our plasma experiments to the
DMPO-spin adduct of carbon-centered radical(s).

It has been reported that superoxide anion and
hydroxyl radicals are generated in the ozonated
water.?! In the present experiments, neither the
spin adduct of superoxide anion nor that of
hydroxyl radical was detected in the whole
blood in the presence of ozone, instead, DMPO-
spin adduct of carbon-centered radical(s), was
detected, as described above. However, when
plasma fraction was used, instead of whole
blood, DMPO-OH was formed together with
the DMPO-spin adduct of the carbon-centered
radicals. In higher doses of ozone larger amounts
of DMPO-OH were generated. Presumably, the
major amount of DMPO-OH in the ozone-treated
plasma is produced by the reaction of DMPO and
unidentified oxidants generated from ClIO™ and
ozone, as will be discussed later.

According to Makino et al.”®! "OH was gener-
ated in the process of lipid peroxidation and
trapped by DMPO as DMPO-OH. However,
DMPO-OH formations were reported in various
reactions of DMPO other than spin-trapping of
*OH."® In the present experiments not only in
the blood plasma but also in PBS and saline, all

of them contained C1~, DMPO-OH was formed
when they were treated with ozone in the pre-
sence of DMPO. We verified the generation of
*OH in the Cl™-containing solutions by showing
appearance of DMPO-spin adduct of carbon-
centered radical together with decreased forma-
tion of DMPO-OH in the ethanol added saline
solution. We concluded that in the blood plasma
at least a part of ozone decomposed with
production of *OH, which was trapped by DMPO
with formation of DMPO-OH.

In the whole blood treated with ozone, DMPO-
OH was not detected as mentioned above. As
demonstrated in the previous experiments'® as
well as other reports’”?®! very high concentra-
tions of antioxidants including ascorbic acid, uric
acid and o-tochopherol, are present in the blood
plasma. No significant damage of the erythrocyte
functions were observed. As described in the
methods, ozone less than 100pg (2.08 pmol)
was completely consumed by 1 ml of whole blood
by 30s mixing. It is known that plasma compo-
nents such as proteins, unsaturated fatty acids,
nucleotides and amino acids have antioxidant
properties. They are all highly reactive with
ozone and their total amounts (more than
29umol®) in 0.5ml of the plasma fraction
(corresponding to 1 ml of the whole blood) are
enough to react with 100 pg (2.08 umol) of ozone.
Therefore, when ozone gas comes into the blood
major part of the ozone reacts first with those
plasma antioxidants without generation of radi-
cals. Among the rest of ozone, certain part reacts
with unsaturated fatty acids to form ozonides,
which decompose to peroxide radicals, as de-
tected as the 6-line signal of DMPO-spin adduct.
Some part directly decomposes to -OH in the
plasma. Lacked observation of the <OH in the
whole blood might be due to the immediate
reaction of -OH with other organic substances
on the surface of the platelet and/or cells.
After these reactions if ozone still remains it
reacts with platelet and/or cells. In the present
study, the dose of ozone given to the whole
blood is almost identical with that utilized in
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the autohemotherapy. Even though the concen-
tration of the dosed ozone was higher than that
usually used in the ozone exposure experiments,
only a very minor amount of ozone passed
through the antioxidant-defense system might
react with the platelet and/or cells.

We observed predominant formation of
DMPO-OH in the blood plasma when treated
with a rather high dose of ozone (60ug/ml of
plasma). From the observed formation of *OH in
the NaCl solution exposed to ozone (Figure 5)
we estimate that at least some part of the DMPO-
OH detected in the blood plasma reflects the
*OH formation in the blood plasma. Under
exposure to ozone DMPO-OH was formed not
only in the blood plasma, PBS and saline, but also
in the diluted NaOCI solution. These observa-
tions suggest that oxidation of ClI~ by ozone
contributes to the formation of DMPO-OH.
Janzen et al.*) postulated HOCI as a source of
DMPO-OH produced in the respiratory burst of
neutrophils and Bernofsky et al.”"! demonstrated
the DMPO-OH formation through non-radical
reactions between NaOCl and DMPO. Our pre-
sent experiments indicated further oxidation of
OCI" to some radical such as ClO® is required to
form DMPO-OH. This observation is supported
by the report of BrO® formation in the reaction of
BrO~ and *OH derived from ozone.*” Thus, in
the blood plasma, PBS, and saline solutions
exposed to ozone, DMPO-OH might also be
produced in a reaction of DMPO with some
unidentified Cl-containing radical such as ClIO*
through the formation of CIO™. In all the ClI™-
containing solutions a small signal with three
lines was detected in ESR spectra. It was not
identified in the present experiments, however.

In the present experiments, the 6-line signal
was also observed in PBS and NaO(Cl solutions
without adding organic compounds other than
DMPO in the presence of ozone. Similar spin
adduct with the 6-line signal was reported in
dimeric structure of DMPO or DMPO condensed
with its derivative.®" The 6-line signal was not
observed in the simple aqueous DMPO solution

without NaCl in the presence of ozone (data
not shown), and therefore, the signal observed in
the NaCl-containing solutions seems to be due
to the compound produced from DMPO by
dimerization and/or decomposition in the pres-
ence of NaCl.

In summary, the present work demonstrated
the generation of two radical species in the whole
blood exposed to ozone. One is carbon-centered
radical(s) which is detected as DMPO-spin
adduct with an ESR signal composed of six
lines both in the whole blood and its plasma
fraction. This carbon-centered radical is likely to
be generated in the reaction of plasma compo-
nents, probably unsaturated fatty acids, with
ozone. Another is "OH which is detected as
DMPO-OH in the blood plasma. The detection
of *OH in the saline exposed to ozone indicates
that Cl~ is essential for the generation of *OH
in the ozone-exposed aqueous solutions and
blood plasma.
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