
Free Rad. Res., Vol. 29, pp. 127-135 
Reprints available directly from the publisher 
Photocopying permitted by license only 

© 1998 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Harwood Academic Publishers imprint, 
part of The Gordon and Breach Publishing Group. 

Printed in Malaysia. 

Ozone Exposure Generates Free Radicals in the 
Blood Samples In Vitro. Detection by the ESR 
Spin-Trapping Technique 
IKUKO UENO a'*, MIKIO HOSHINO a, TOSHIAKI MIURA b and NARIKO SHINRIKI c 

a The Institute of Physical and Chemical Research, Hirosawa, Wako-shi, Saitama, Japan; bCollege of Medical Technology, 
Hokkaido University, Sapporo, Japan; CTsukuba Materials Information Laboratory, Sapporo Branch, 1-45-510, $1W27, 
Chuoh-ku, Sapporo 064-0801, Japan 

Accepted by Prof. E. Niki 

(Received 26 November 1997; In revised form 1 April 1998) 

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% NaC1 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 NaC1 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 NaOC1 indicates that 
C1- reacts with ozone to give C10-. Presumably, 
further oxidation of CIO- by ozone leads to the 
formations of "OH and the unidentified oxidants. 

Keywords: Ozone, human blood, carbon-centered radical, 
hydroxyl radical, ESR spin-trapping, C1- effect 

Ozone  is k n o w n  as a highly reactive oxidant  to be  
haza rdous  for the life. Ill Indeed,  m a n y  repor ts  

pub l i shed  so far indicated toxic effects of ozone 

on the exper imenta l  animals  wi th  induct ion 
of var ious  diseases,  especially in respiratory 
systems.  [2-41 However ,  since more  than 40 years  

ago low levels of  ozone have  been used  as a 
therapeut ic  reagent  for patients  suffering f rom 
var ious  chronic diseases in European  countries. I5] 

In those therapeut ic  usages  (au tohemotherapy) ,  

a small  vo lume  of b lood d r a w n  f rom a pat ient  
was  exposed  to a dose  of ozone gas ex vivo, and 

then, the ozone- t reated b lood was  reinfused into 
the b lood-s t ream of the donor. In our  previous  
in vitro exper iments  h u m a n  blood specimens  
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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. I61 No significant loss of the enzymatic 
functions was observed in the erythrocytes, in 
which a large amount of glutathione remained in 
the reduced fo rm.  [6] These observations consisted 
of reports on the interactions between ozone and 
tissue constituents. [3"7"81 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. I91 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. I1°1 Chemically, ozone is a strong 
oxidant with generation of "OH which exhibits 
radiomimetic toxicity in living cells. |n-151 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 ceils 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 C1- for the hydroxyl radical 

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

MATERIALS A N D  M E T H O D S  

O z o n e  G e n e r a t i o n  

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 (~tg 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. 

M e t h o d s  

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-l-pyroline-l-oxide (DMPO, Labotec 
Co., Tokyo, Japan) as follows: Ten ~1 DMPO (final 
concentration, 0.09M) and I ml 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 1.2 ml of the air from the tube by 
using an injection syringe, I ml 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, I61 we confirmed that the 
ozone concentrations displayed on the ozone 
generator agreed well to those quantitated by 
the KI method [16] in a neutral phosphate buffer 
with a regression coefficient of 1.010. Complete 
consumption of 100 ~tg of ozone in I ml of blood 
by the 30s mixing adopted here was also 
confirmed by the KI method I161 in the previous 
experiments. Thus, we adjusted the ozone 
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FREE RADICALS DETECTED IN THE OZONE-EXPOSED BLOOD 129 

concentration to 20-100 ~g (0.416-2.08 ~tmol/ml 
of the ozone-oxygen gas mixture in the ozone 
generator, and mixed I ml of the blood with I ml 
of the ozone-oxygen gas mixture to give 20- 
100 ~g 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), NaC1 
and NaOC1 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 (160~1), which set to the 
cavity of the ESR spectrometer (JEOL FE-1X with 
100kHz field modulation, X-band). Recordings 
of the spectra started 1 min 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. 117'181 

RESULTS 

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

the ESR cuvette. Recordings of the ESR spectra 
started just 1 min 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 ~g 
(0.83 Ilmol) of ozone. Main signal o f  DMPO-spin 
adduct composed of six lines with hyperfine 
splitting constants of AN=15.6G and A~H= 
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 100~tg (0.208- 
2.08 ~tmol) of ozone showed the same six lines 
as observed in Figure I 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 ~tg 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 

20 G 
AN - ' * l  

a I I 
[ Six-lines 

FIGURE 1 ESR spectrum of DMPO-spin adduct formed in whole blood mixed with ozone gas in the presence of DMPO. 
One ml of blood was mixed with 40 ~tg of ozone in the presence of l0 gl of DMPO (final concentration, 0.09M) in a sealed 
tube (10ml) for 30s. Then, the sample was transferred to a quartz fiat ESR cuvett (160gl), which was fixed in the cavity. 
Recording of the ESR spectrum started 1 min after mixing blood with ozone and took 2 min. Other experimental conditions 
were noted in the Methods. 
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3O 

i/ 
20[- 

0 0 10 20 40 80  100 
Ozone ( p g / m  I Blood ) 

FIGURE 2 Effect of the dose of ozone on the formation of 
DMPO-spin adduct in the whole blood. Each I ml of blood 
was mixed with ozone (20, 40, 60, 80, or 100 ~g) in the pres- 
ence of 0.09 M 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. 

p roduc t ion  of DMPO-spin adduct  wi th  the 6-1ine 
signal. These data  also indicated that the reactive 
component(s)  counterbalanced with 20~g of 
ozone and  excess ozone consumed by  other  
antioxidants wi thout  formation of radicals. When  
ozone (100 ~tg) was first mixed with blood in the 
absence of DMPO and then DMPO was a d d e d  
2 or 15rain thereafter, ESR spect rum showed  
the 6-line signal as in the case of mixing ozone 
wi th  b lood in the presence of DMPO (data not  
shown). We p resumed  that in the reaction 
be tween blood component(s)  and ozone,  some 
long-lived ozonide(s) or radical(s) was generated 
and after decomposi t ion of the ozonide(s) to 
radical, it was t rapped  by  DMPO with produc t ion  
of DMPO-spin adduct  having the 6-line signal. 
From the hyperf ine  splitting constants of the 
signal (AN = 15.6 G, A~H = 23.3 G) we  assigned 
the 6-line signal to the DMPO-spin adduc t  of 
carbon-centered radical. 

(A) 

20G 

FIGURE 3 ESR spectra of DMPO-spin adducts formed in 
the blood plasma mixed with different amounts of ozone 
gas in the presence of DMPO. Each I ml of blood plasma 
was mixed with either 40 ~g (A) or 60 ~g (B) of ozone in 
the presence of DMPO. Other experimental conditions were 
same as in Figure 1. 

In order  to make clear whe ther  the radicals 
t rapped  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 wi th  40 and  
60 ~g 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 = 15.6 G, 
A M = 23.3 G) and four lines (AN = A~-~ = 15.0 G), 
were  observed in the ESR spectra. However ,  at 
60 ~g of ozone the 4-line signal was  more  pro- 
minent.  These data indicated that w h e n  plasma 
was t reated with ozone the same radical as 
that t rapped  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  plot ted against 
the dose of ozone. In the doses less than 40 ~g of 
ozone,  the intensities of both  spectra were  similar 
to each other, however,  in the doses at 60 ~tg 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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FREE RADICALS DETECTED IN THE OZONE-EX1K)SED BLOOD 131 

6 0  

~ 4 0  

0 

FIGURE 4 
spin adducts in the blood plasma and the dose of ozone. 
Each 1 ml of blood plasma was mixed with ozone (20, 40, 
60, 80 or 100lag) 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. 20  G 

' 1 

I DMPO-OH 
/ / o  

~)... ~ -o / 

I I (A) ~ i 

0 20 40 60 80 100 
Ozone (pg/ml Plasma) ~. .~ ,%,~,  

Correlation between the formation of DMPO- 

Six-lines 

Three-lines 

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 = A ~  = 
15.0 G), 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 

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% 
NaC1 solution added with (A) or without (B) ethanol (final 
concentration, 0.35M) was exposed to I ml of ozone gas 
(90 lag) 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% NaC1 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 
C1--containing solutions DMPO-OH was gener- 
ated from DMPO in the presence of ozone. 
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132 I. UENO et al. 

However, detection of DMPO-OH does not 
necessarily give the proof of the formation of 
°OH. [18A9] It is well known that "OH reacts with 
ethanol by hydrogen atom abstraction to form 
c~-hydroxy ethyl radical which reacts with DMPO 
yielding spin adduct of the carbon-centered 
radical with the 6-line ESR signal. I18"2°1 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 NaC1 
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 NaC1 solution (Figure 5A) was 
formed from "OH by the spin-trapping reaction; 
generation of °OH was confirmed in the ozone- 
treated NaC1 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 Cl-, "OH was generated in the 
aqueous solutions treated with ozone. 

Bernofsky et al. I211 reported DMPO-OH forma- 
tion in the reaction of 7 x 10-2M NaOC1 and 
DMPO. We assumed that ozone oxidized NaC1 to 
NaOC1 even though the rate constant is very low 
(3 x 10-3M "1 s-l), [221 and the produced NaOC1 
was responsible for generation of the DMPO-spin 
adducts observed in Figure 5A. To prove this 
hypothesis, NaOC1 solution was mixed with 
ozone in the presence of DMPO. 

As shown in Figure 6, the ESR spectrum 
observed in the ozone-treated NaOC1 solution 
(0.0006%, 8 x 1W 5 M) was almost identical to that 
obtained in the ozone-treated NaC1 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 NaOC1 and DMPO showed 
no significant signals (data not shown), indicat- 
ing that DMPO-OH was formed in the CIO- 
solution at the concentration far lower than that 

20G 

FIGURE 6 ESR spectra of DMPO-spin adducts formed in 
the NaOC1 solution exposed to ozone gas in the presence 
of DMPO. One ml of 0.0006% NaOCl solution was exposed 
to I ml of ozone gas (90 ~g) in the presence of DMPO. 
Other experimental conditions were same as in Figure 1. 

of Nac1, and requirement of further oxidation of 
C10- 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 = 15.6 G, A~I-I = 23.3 G) was de- 
tected by ESR. The 6-line signal was very similar 
to that reported by Makino et al. t231 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 W-irradiated linolenic acid 
by Fujita et al. I241 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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FREE RADICALS DETECTED IN THE OZONE-EXPOSED BLOOD 133 

by ESR measurement in linoleic acid by Goldstein 
e ta / .  [251 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 a/. [131 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. [26] 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 C10- and 
ozone, as will be discussed later. 

According to Makino eta/. [23] "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. ~181 In the present experiments not only in 
the blood plasma but also in PBS and saline, all 

of them contained Cl-, DMPO-OH was formed 
when they were treated with ozone in the pre- 
sence of DMPO. We verified the generation of 
"OH in the C1--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 [61 as 
well as other reports [27"28] very high concentra- 
tions of antioxidants including ascorbic acid, uric 
acid and c~-tochopherol, are present in the blood 
plasma. No significant damage of the erythrocyte 
functions were observed. As described in the 
methods, ozone less than 100~tg (2.08~mol) 
was completely consumed by 1 ml of whole blood 
by 30 s 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 
2.9~mol [281) in 0.5ml of the plasma fraction 
(corresponding to 1 ml of the whole blood) are 
enough to react with 100 ~g (2.08 ~mol) 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 /o r  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 
usual ly used  in the ozone  exposure  experiments,  
only a ve ry  minor  amoun t  of ozone passed 
th rough  the ant ioxidant-defense system might  
react wi th  the platelet a n d / o r  cells. 

We observed p redominan t  format ion of 
DMPO-OH in the blood plasma when  treated 
with a rather  high dose of ozone (60 ~ g / m l  of 
plasma). F rom the observed format ion of "OH in 
the NaC1 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 format ion in the blood plasma. Under  
exposure  to ozone  DMPO-OH was formed not  
only in the blood plasma, PBS and saline, bu t  also 
in the di luted NaOC1 solution. These observa- 
tions suggest  that oxidation of C1- by  ozone 
contributes to the formation of DMPO-OH. 
Janzen e ta / .  [291 postula ted HOCI as a source of 

DMPO-OH produced  in the respiratory burst  of 
neutrophils  and  Bernofsky eta/. [211 demonst ra ted  
the DMPO-OH format ion through non-radical 
reactions be tween  NaOC1 and DMPO. Our  pre- 
sent exper iments  indicated fur ther  oxidation of 
OC1- to some radical such as C10" is required to 
form DMPO-OH. This observat ion is suppor ted  
by  the repor t  of BrO" formation in the reaction of 
BrO-  and  "OH der ived  f rom ozone.  [3°1 Thus, in 

the b lood plasma, PBS, and saline solutions 
exposed to ozone,  DMPO-OH might  also be 
p roduced  in a reaction of DMPO with  some 
unident i f ied Cl-containing radical such as C10" 
th rough  the format ion of C10- .  In all the C1-- 
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 NaOC1 solutions 
wi thout  add ing  organic compounds  other  than 
DMPO in the presence of ozone. Similar spin 
adduc t  wi th  the 6-line signal was repor ted  in 
dimeric s t ructure of DMPO or DMPO condensed 
with its derivative. I311 The 6-line signal was not  
observed in the simple aqueous DMPO solution 

wi thout  NaC1 in the presence of ozone  (data 
not  shown),  and therefore, the signal observed in 
the NaCl-containing solutions seems to be due  
to the c o mp o u n d  p roduced  f rom DMPO by  
dimerizat ion a n d / o r  decomposi t ion  in the pres- 
ence of NaC1. 

In summary,  the present  work  demons t ra ted  
the generat ion of two radical species in the whole  
blood exposed  to ozone. One is carbon-centered 
radical(s) which is detected as DMPO-spin 
adduc t  with an ESR signal composed  of six 
lines bo th  in the whole  blood and its plasma 
fraction. This carbon-centered radical is likely to 
be genera ted  in the reaction of plasma compo-  
nents, probably  unsa tura ted  fatty acids, wi th  
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 C1- is essential for the generat ion of "OH 
in the ozone-exposed aqueous  solutions and 
blood plasma. 
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