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Nitrogen dioxide less than 100ppm in air induced lipid peroxidation of liposome composed of 
1-palmitoyl-2-arachidonylphosphatidylcholine as assessed by thiobarbituric acid reactivity. The nitrogen 
dioxide-induced lipid peroxidation was enhanced by cysteine, glutathione and bovine serum albumin. 
While the activity of nitrogen dioxide in air to induce single strand breaks of supercoiled plasmid DNA 
was low, the breaking was remarkably enhanced by cysteine, glutathione and bovine serum albumin. ESR 
spin trapping using 5,5-dimethyl-l-pyrroline N-oxide showed that certain strong oxidant(s) were generated 
by interaction of nitrogen dioxide and cysteine. The spin trapping using 3,5-dibromo-4-nitrosobenzene- 
sulfonate suggested that sulfur-containing radicals were generated by interaction of nitrogen dioxide and 
cysteine or glutathione. Hence, certain sulfur-containing radicals generated by the interaction which could 
effectively induce lipid peroxidation and DNA strand breaks. 

KEY WORDS: Nitrogen dioxide, cysteine, glutathione, sulfur-containing radical, lipid peroxidation, 
DNA breaking. 

INTRODUCTION 

Nitrogen dioxide, a free radical toxin in mainstream cigarette smoke (above 50 ppm), 
in smog (up to 1 ppm) and in polluted urban air (usually at 0.02-0.2 ppm), has been 
known to cause various disorders such as pulmonary edema, pulmonary fibrosis, 
bronchitis and promotion and implantation of c a n ~ e r . ~ . ~  In mammalian cells, 
nitrogen dioxide is probably formed as an oxidation product of nitric oxide formed 
via arginine pathway as a physiologically essential messenger m~lecule .~~’  Exposure 
of nitrogen dioxide in air at low levels in vivo and in vitro causes an initiation of 
autoxidation of polyunsaturated fatty Our in vitro studies have demon- 
strated that the lipids in low density lipoprotein (LDL) was effectively oxidized by 
exposure to nitrogen dioxide in air, and the LDL thus oxidized whose apoprotein B 
was modified by lipid peroxidation products was readily taken up by macrophages 
to produce foam cells.I3 It has been shown that nitrogen dioxide in air can convert 
cysteine (Cys) into cystine,I4 and more efficiently damage Tyr and Trp residues in 
 protein^.'^ It is also known that nitrogen dioxide in air induces chromosomal aber- 
rations and sister chromatid exchanges in vitro and in vivo,’6.L7 and is active as a 

*Correspondence to: K. Kikugawa, Ph.D., Professor, Tokyo College of Pharmacy, 1432-1 
Horinouchi, Hachioji, Tokyo 192-03, Japan. 
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400 K .  KIKUGAWA ET AL.  

tumor promoter.” Strand break of DNA molecule in cells by nitrogen dioxide has 
been d e m ~ n s t r a t e d . ’ ~ ~ ~ ~  

It was found in the present investigation that nitrogen dioxide in air became more 
powerful free radical species that initiated lipid peroxidation and induced DNA 
strand breaking by interaction with Cys, glutathione (GSH) and bovine serum 
albumin (BSA). Generation of new free radical species by the interaction of nitrogen 
dioxide and these components was suggested by ESR spin trapping technique. 

MATERIALS AND METHODS 

Nitrogen dioxide (about 100 ppm) in air or in nitrogen gas was obtained from Nippon 
Sanso Ltd., Tokyo, Japan. The concentration of nitrogen dioxide was determined 
each time according to the method of Salzman21~zz using a conversion coefficient of 
NO,/NO; : 0.84, the coefficient being adopted in Japan Industrial Standard. 

L-a-Phosphatidic acid (PA), GSH and BSA were obtained from Sigma Chemical 
Company (St Louis, MO). Dipalmitoylphosphatidylcholine (DPPC) and l-pal- 
mitoyl-2-arachidonylphosphatidylcholine (PAPC) were obtained from Funakoshi 
Company (Tokyo, Japan). Cholesterol, tyrosine (Tyr), tryptophan (Trp) and thio- 
barbituric acid (TBA) were obtained from Wako Pure Chemical Industries (Osaka, 
Japan). Cys was from Nacalai tesque (Kyoto, Japan). Supercoiled plasmid pBR 322 
DNAz3 (1 mg/ml in lOmM Tris-HC1 (pH 8.0), 1 mM EDTA) was obtained from 
Takara-shuzo Company (Kyoto, Japan). 5,5-Dimethyl-l -pyrroline N-oxide (DMPO) 
and 3,5-dibromo-4-nitrosobenzenesulfonic acid sodium salt hydrate (DBNBS) were 
obtained from Labotec Company (Tokyo, Japan). 

Liposomes 

DPPC and PAPC liposomes were prepared from the mixtures of DPPC or PAPC: 
PA: choleterol (6: 1 : 3) according to the methods previously de~cribed.’~”~ After 
lyophilization, liposomes were hydrated in 10 mM Tris-HC1 buffered saline (pH 7.5) 
for use. Concentration of liposomes was determined by measuring phosphorus accor- 
ding to the method previously described.26 

Thiobarbituric Acid (TBA) Reactivity 

The TBA reactivity was determined according to the method originally devised by 
Ohkawa et aL2’ Briefly, to a 0.8-ml solution of liposome (3 pmol/ml), 50 pl of 0.8% 
butylated hydroxytoluene solution in glacial acetic acid, 0.2 ml of 8.1% sodium 
dodecylsulfate solution, 1.5 ml of acetate buffer (pH 3.9, and 1.5 ml of 0.8% TBA 
solution were added. After keeping at 5°C for 60min, the mixture was heated at 
100°C for 60 min. Red pigment produced was determined by absorbance at 532 nm 
after extraction with 1-butanoVpyridine mixture. 

DNA Strand Breaking Studies 
Exposure of nitrogen dioxide was conducted in two ways. (i) Nitrogen dioxide in air 
or in nitrogen gas was passed into a 10O-pl solution of supercoiled plasmid pBR 322 
DNA in 50 mM phosphate buffer (pH 7.5) (10 pg/ml) containing the indicated con- 
centration of each amino acid, GSH or BSA at room temperature at a flow rate of 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



INTERACTION OF NITROGEN DIOXIDE WITH CYSTEINE 40 1 

10 ml/min for up to 20 h. (ii) Nitrogen dioxide in air was passed over the surface of 
the above DNA solution which was gently swirled throughout the exposure. After the 
treatment, a 10-pl aliquot of the mixture was subjected to agarose gel electrophoresis 
as described,’* in order to detect conversion of the supercoiled form I DNA into the 
open circular relaxed form I1 DNA and/or the linear form I11 DNA.” 

ESR Spin Trapping Studies 

Nitrogen dioxide in air was passed into the solution of DMPO or DBNBS in 50 mM 
phosphate buffer (pH7.5) containing each amino acid, GSH or BSA at room 
temperature at a flow rate of 15 ml/min for the indicated period. The ESR spectra 
were obtained on a Varian E-4 EPR spectrometer. The instrumental conditions were: 
field setting at 338.5 mT, scan range of lOmT, microwave power of 10 mW and 
modulation amplitude of 0.1 mT. 

RESULTS 

Effect of Cys, GSH and BSA on Nitrogen Dioxide-Induced Lipid Peroxidation 
of Liposomes 

Effect of various amino acids, GSH and BSA on the lipid peroxidation of liposomes 
induced by nitrogen dioxide in air was investigated. Nitrogen dioxide (60-80 ppm) in 
air was passed into a suspension of DPPC or PAPC liposome at room temperature 
for up to 5 h. Air was similarly passed into the suspension as a control experiment. 
The degree of lipid peroxidation was assessed by the TBA reactivity. The TBA reac- 
tivity of the nitrogen dioxide-exposed DPPC liposome did not increase during the 
experimetal periods. The TBA reactivity of the nitrogen dioxide-exposed PAPC 
liposome increased gradually (Figure 1, open circle), whearas the reactivity of the air- 
exposed PAPC liposome did not. The nitrogen dioxide-exposure to the suspension 
of PAPC liposome containing Cys dramatically increased the TBA reactivity (closed 
circle). The increased reactivity was similarly observed when nitrogen dioxide was 
exposed to the suspension of PAPC liposome containing GSH (open triangle). While 
most other amino acids did not affect the increase of the TBA reactivity of PAPC 
liposome induced by nitrogen dioxide, Trp and Tyr were found to be inhibitory 
(closed triangle and open square). When nitrogen dioxide was exposed to the suspen- 
sion of PAPC liposorne containing BSA, the TBA reactivity was extensively 
increased (closed square). The results indicate that Cys, GSH and BSA had stimu- 
latory effect, and Trp and Tyr had inhibitory effect on the nitrogen dioxide-induced 
lipid peroxidation of PAPC liposome. The inhibitory effect of Trp and Tyr may be 
due to the consumption of nitrogen dioxide by these amino acids. It has been shown 
that nitrogen dioxide reacts swiftly with Tyr to form dityrosine and 3-nitrotyrosine 
and with Trp to form complex  product^.'^ It was found in the present experiment 
that dityrosine was similarly produced in the nitrogen dioxide-exposures to the mix- 
ture of PAPC and Tyr and to the solution of Tyr alone. 

Effect of Cys, GSH and BSA on Nitrogen Dioxide-Induced DNA 
Strand Breaking 
DNA breaking activity of nitrogen dioxide in air was examined by using a supercoiled 
plasmid pBR 322 DNA. It is known that the supercoiled (form I) DNA is converted 
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2o ; 
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Time of exposure (h) 

FIGURE 1 The TBA reactivity of PAPC liposome exposed to nitrogen dioxide in the presence of amino 
acids, GSH and BSA. Nitrogen dioxide (60-80 ppm) in air was passed into a 3.5 ml of 0.1 M Tris-HCl 
buffered saline (pH 7.5) containing 120 pmol PAPC liposome in the absence (0) and presence of 0.25 mM 
Cys ( 0 ) .  1 mM GSH (A), 1 mM Trp (A), 1 mM Tyr (0) and 1.5 mg/ml BSA (m) at room temperature 
at  10 ml/min. The TBA reactivity was determined as described in MATERIALS AND METHODS sec- 
tion, and expressed as the amount of red pigment produced. 

into a nicked open circular form (form 11) and/or into a linear form (form 111) 
when the single strands are cleaved, and they can be separated by agarose gel 
electroph~resis.~~ 

Introduction of nitrogen dioxide to the DNA solution was performed in two ways: 
passage of nitrogen dioxide in air into the DNA solution or passage over the surface 
of the DNA solution. When nitrogen dioxide (50-70 ppm) in air was passed into the 
DNA solution, form I DNA was slightly converted into form I1 DNA (Figure 2A, 
lane b). When the gas was passed into the DNA solution containing Cys at two dif- 
ferent concentrations, form I DNA was effectively converted into form I1 DNA 
(lanes c and d). When the gas was passed into the DNA solution containing GSH at 
two different concentrations, form I DNA was similarly converted into form I1 DNA 
(lanes e and f). Passage of the gas into the DNA solution containing Trp, Tyr, Ala, 
His and Met did not show the breaking activity (data not shown). When the gas was 
passed into the DNA solution containing both Cys and Tyr, the breaking activity 
stimulated by Cys was abolished. When the gas at 30-40ppm was passed into the 
DNA solution containing BSA, effective conversion of form I DNA into form I1 
DNA was observed (lane g). In order to know the effect of oxygen in the gas, air in 
the gas was replaced by nitrogen gas. When nitrogen dioxide (70-80 ppm) in nitrogen 
gas was passed into the DNA solution containing Cys (lane h) and GSH (lane i), form 
I DNA was similarly converted into form I1 DNA. Hence, oxygen may not be 
involved in the enhancement of the nitrogen dioxide-induced DNA strand breaking 
by Cys and GSH. As control experiments, air was passed into the DNA solution con- 
taining Cys and GSH, but the form I DNA was little converted. 
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B 

FIGURE 2 Agarose gel electrophoresis of supercoiled pBR 322 DNA treated with nitrogen dioxide in 
the presence of amino acids, GSH and BSA. A: Nitrogen dioxide (50-70 ppm) in air was passed into the 
DNA solution containing none (lane b), 0.5 mM (lane c) and 5 mM Cys (lane d), and 1 mM (lane e) and 
10 mM GSH (lane f) for 10 h. Nitrogen dioxide (30-40 ppm) in air was passed into the DNA solution con- 
taining 10 mg/ml BSA for 5 h (lane g). Nitrogen dioxide (70-80 ppm) in nitrogen gas was passed into the 
DNA solution containing 10 mM Cys (lane h) and 10 mM GSH (lane i) for 20 h. B: Nitrogen dioxide 
(70-80 ppm) in air was passed over the surface of the DNA solution containing none (lane b), 10 mM Cys 
(lane c) and 10 mg/ml BSA (lane d) for 20 h. Lane a shows the control DNA. Positions of a supercoiled 
form (form I), a nicked open circular form (form 11) and a linear form (form 111) are indicated. 

Nitrogen dioxide (70-80 ppm) in air was passed over the surface of the DNA solu- 
tion containing Cys and BSA (Figure 2B). In this exposure, although nitrogen dioxide 
in air was active to convert form I DNA into form I1 DNA (lane b), the breaking 
activity was remarkably enhanced by Cys (lane c) and BSA (lane d). In the exposure 
in the presence of Cys (lane c), a slight amount of form I11 DNA was detected, 
indicating the effective cleavage of the single strands. It is difficult to compare the 
degrees of the single strand breaks obtained by the two series of experiments: nitrogen 
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404 K. KIKUGAWA ET AL. 

dioxide passage into (Figure 2A) and over (Figure 2B) the DNA solution, because the 
concentrations of nitrogen dioxide and the effectors are different. From the results 
obtained above, it is likely that the interaction of nitrogen dioxide with Cys, GSH 
and BSA produced certain active components that would induce single strand breaks 
of the supercoiled plasmid DNA. 

ESR Studies by Use of Spin Trapping Agents 
When nitrogen dioxide in air was passed into the DMPO solution, no ESR spin 
signals were observable. In contrast, introduction of the gas into the DMPO solution 
containing Cys generated spin signals characteristic to those of 5,5-dimethyl- 
pyrrolidone-(2)-oxyl(l) (DMPOX)30 with hyperfine splitting constant (hfsc) of 
aN = 0.725 mT and aH = 0.40 mT (Figure 3). DMPOX is a spin adduct produced by 
oxidation of DMP0.30 Hence, certain strong oxidant@) may be produced by inter- 
action of nitrogen dioxide with Cys. 

When nitrogen dioxide in air was passed into the DBNBS solution, weak spin 
signals composed of a triplet with hfsc of aN = 1.26 mT appeared (Figure 4B). The 
signals may be due to the nitroxyl free radical spin adduct related to the interaction 
of DBNBS with nitrogen dioxide alone. Generation of the signals were not affected 
by the presence of Ala (Figure 4D). The signals were not observable in the presence 
of Tyr (Figure 4F), probably because Tyr trapped nitrogen dioxide by formation of 
3-nitrotyrosine and dityrosine.” 

When nitrogen dioxide in air was passed into the DBNBS solution containing Cys 
(Figure 4H) and GSH (Figure 4K), the intense signals due to the nitroxyl free radical 
with hfsc of aN = 1.26 mT appeared. The signals were abolished in the presence of 
Tyr (Figure 41). The results suggest that the reaction of nitrogen dioxide with Cys or 
GSH gave free radical species, i.e., sulfur-containing radicals, which were in turn 
trapped by DBNBS to produce the nitroxyl free radical. The hfsc value of the nitroxyl 
free radical was indistinguishable from that of the spin adduct of DBNBS and sulfur 
trioxide anion radical (aN = 1.27 mT).” 

When nitrogen dioxide in air was introduced into the DBNBS solution containing 

FIGURE 3 ESR spectrum,of the mixture of 0.1 M DMPO and 1 mM Cys in 50 mM phosphate buffer 
(pH 7.5) into which nitrogen dioxide (60-70 ppm) in air was passed at a flow rate of 10 ml/min for 19 h. 
Receiver gain was set at 1250. 
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A Notie _ v -  

B + N O 2  

C +Ala  - 
D + A l a + N O z  

E +Tyr 

F + T y r + N O 2  

G +Cys 1 

- 
L tTrp 

1 mT * 

Receiver gain: 

12.50 

32 

200 

50 

2000 

FIGURE 4 ESR spectra of the DBNBS solution containing amino acids, GSH and BSA exposed to 
nitrogen dioxide. Nitrogen dioxide (60-80 ppm) in air was passed into 0.1 ml of 0.1 M DBNBS solution 
in 50mM phosphate buffer (pH 7.5) containing 10mM each amino acid or 1% BSA at a flow rate of 
10 ml/min for 3 h.  
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406 K. KIKUGAWA ET AL. 

Trp, the intense signals due to the nitroxyl free radical spin adduct with hfsc of 
aN = 1.36 mT appeared (Figure 4M). Tyr was little inhibitory to the appearance of 
the signals (Figure 4N). The hfsc of the signals indicates the formation of the nitroxyl 
free radical spin adduct formed by the reaction of aliphatic carbon-centered radicals 
with hfsc of aN = 1.25-1.47 mT.32 The results suggest that the reaction of nitrogen 
dioxide with Trp gave certain aliphatic carbon-centered free radicals, which were in 
turn trapped by DBNBS to produce the nitroxyl free radicals. 

It was found that introduction of nitrogen dioxide into the DBNBS solution con- 
taining BSA gave broad spin signals, suggesting the formation of free radicals by 
interaction of nitrogen dioxide and BSA (Figure 40). 

DISCUSSION 

It has been well-known that exposure of nitrogen dioxide in air at low concentrations 
to lipids causes an initiation of autoxidation of polyunsaturated fatty It is 
generally recognized that antioxidants including protein-SH groups protect lipids 
from in vivo autoxidation caused by nitrogen However, it was found in 
the present experiments that protein-SH groups including Cys, GSH and BSA 
enhanced the lipid peroxidation of liposome induced by nitrogen dioxide (less than 
100 ppm) in air. This activity of enhancement may be derived from the interaction 
of nitrogen dioxide and these protein-SH groups. ESR spin-trapping studies indi- 
cated that strong oxidants including sulfur-containing radicals may be generated by 
the interaction of nitrogen dioxide with Cys and GSH. The radical oxidants may 
abstract hydrogen atom from polyunsaturated fatty acids to initiate lipid peroxida- 
tion in the presence of molecular oxygen. The present results suggest that nitrogen 
dioxide-induced lipid peroxidation can be enhanced by protein-SH groups under 
relatively severe conditions of nitrogen dioxide (below 100 ppm) just employed in the 
present study. 

It has been demonstrated that exposure of nitrogen dioxide (up to 500ppm) to 
Chinese hamster cells causes cellular DNA strand  break^.'^^^ In the present study, 
exposure of nitrogen dioxide in air to supercoiled plasmid DNA resulted in a slight 
strand breaking. To our surprise, Cys, GSH and BSA did not prevent but enhanced 
the DNA strand breaking. Oxygen may not be necessary for the enhancement. Both 
the strand breaking activity and the ESR spin signals generated by the interaction of 
nitrogen dioxide with Cys were abolished by Tyr, indicating that the the strand break- 
ing activity was due to the radical species. As well as nitrogen dioxide alone, the 
radical species may abstract hydrogen atom from the deoxyribose moiety to cleave 
the phosphodiester bonds of DNA molecules. The present results indicate the possi- 
ble enhancement of nitrogen dioxide-induced DNA strand breaks by these thiol com- 
pounds under relatively severe conditions, 

It has been shown that nitrogen dioxide at low levels can cause damage of amino 
acids, most effectively Trp and Tyr.’’ Damage of Trp and Tyr is little prevented by 
Cys, indicating that Trp and Tyr are more susceptible to nintrogen dioxide than 
Cys.” In the present study, while the ESR spin signals from the interaction of 
nitrogen dioxide with Cys was abolished by the presence of Tyr, the signals from the 
interaction with Trp could not. Thus, Trp may be more susceptible to nitrogen diox- 
ide than Tyr. The order of the susceptibility of these amino acids to nitrogen dioxide 
may be Trp, Tyr and Cys. 

Our previous study has shown that the chemistry of a spin trapping agent 
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INTERACTION OF NITROGEN DIOXIDE WITH CYSTEINE 407 

DBNBS31932 is very complex, and it gives weak ESR spin signals after long time 
incubation with amino acids including Cys, GSH, Trp and Pro.34 In the present 
study, the more intense nitroxyl free radical spin signals were observed when DBNBS 
was added to the reaction mixture of nitrogen dioxide with Cys, GSH and Trp. The 
nitroxyl free radicals from Cys and GSH may be derived from sulfur-containing 
radicals, and that from Trp may be from carbon-centered radical, judging from the 
hfsc of the nitroxyl free radicals. While the sulfur-containing radicals generated from 
protein-SH groups were active to initiate lipid peroxidation and to induce DNA 
strand breaks, the carbon-centered radical generated from Trp was not. The precise 
structures of these radical species were now unclear. 

In conclusion, protein-SH groups enhanced lipid peroxidation and DNA strand 
breaks induced by nitrogen dioxide at below l00ppm in air by generating sulfur- 
containing radicals. 

Acknowledgements 
The authors would like to thank Misses Kaori Takahashi and Yukiko Takayanagi for their assistance in 
part of the work. 

References 
1. R.J. Stephens, G. Freeman and M. Evans (1972) Early response of lungs to low levels of nitrogen diox- 

2. T.L. Guidotti (1979) The higher oxides of nitrogen: Inhalation toxicology. Environmental Research, 

3. S.V. Dawson and M.B. Schenker (1979) Health effects of inhalation of ambient concentrations of 
nitrogen dioxide. American Review of Respiratory Diseases, 120, 281-292. 

4. A. Richter and V. Richter (1983) A new relationship between air pollutant inhalation and cancer. 
Archives of Environmental Health, 38,69-75. 

5 .  A. Richter (1988) Effects of nitrogen dioxide and ozone on blood-born cancer cell colonization of the 
lungs. Journal of Toxicology and Environmental Health, 25, 383-390. 

6. M.A. Marletta, P.S. Yoon, R. Iyengar, C.D. Leaf and J.S. Wishnok (1988) Macrophage oxidation 
of L-arginine to nitrite and nitrate: Nitric oxide is an intermediate. Biochemistry, 27, 8706-871 1. 

7. T. McCall and P. Vallance (1992) Nitric oxide takes center-stage with newly defined roles. Trends in 
Pharmacological Sciences, 13, 1-6. 

8. J .N. Roehm, J.G. Hadley and D.B. Menzel(1971) Oxidation of unsaturated fatty acids by ozone and 
nitrogen dioxide. A common mechanism of action. Archives of Enviromental Health, 23, 142-148. 

9. R. Collard and W.A. Pryor (1979) A specific spectrophotometric determination of long chain nitro 
compounds and its application to nitrogen dioxide-initiated lipid autoxidation. Lipids, 14, 748-75 1. 

10. W.A. Pryor and J.W. Lightsey (1981) Mechanisms of nitrogen dioxide reactions: Initiation of lipid 
peroxidation and the production of nitrous acid. Science, 214, 435-437. 

11. W.A. Pryor, J.W. Lightsey and D.F. Church (1982) Reaction of nitrogen dioxide with alkenes and 
polyunsaturated fatty acids; Addition and hydrogen abstraction mechanisms. Journal of the 
American Chemical Society, 104, 6685-6692. 

12. K. Kikugawa and K. Kogi (1987) Oxidation products of linoleate and linolenate exposed to nitrogen 
dioxide. Chemical and Pharmaceutical Bulletin, 35, 344-349. 

13. K. Kikugawa, M. Beppu and Y. Okamoto (1994) Macrophage uptake of low density lipoprotein 
damaged by nitrogen dioxide in air. Lipids, submitted for publication. 

14. W.A. Pryor, D.F. Church, C.K. Govindan and G. Crank (1982) Oxidation of thiols by nitric oxide 
and nitrogen dioxide; Synthetic utility and toxicological implications. Journal of Organic Chemistry, 

15. K. Kikugawa, T. Kato and Y. Okamoto (1994) Damage of amino acids and proteins induced by 
nitrogen dioxide, a free radical toxin, in air. Free Radical Biology and Medicine, 16, 373-382. 

16. H. Tsuda, A. Kushi, D. Yoshida and F. Goto (1981) Chromosomal aberrations and sister chromatid 
exchanges induced by gaseous nitrogen dioxide in cultured Chinese hamster cells. Mutation Research, 

ide. Archives of Environmental Health, 24, 160-179. 

15, 443-472. 

47, 156-159. 

89, 303-309. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



408 K. KIKUGAWA ET AL.  

17. K. Isomura, M. Chikahira, K. Teranishi and K. Hamada (1984) Induction of mutations and 
chromosome aberrations in lung cells following in vivo exposure of rats to nitrogen oxides. Mutation 
Research, 136, 119-125. 

18. T. Ichinose, K. Fujii and M. Sagai (1991) Experimental studies on tumor promotion by nitrogen diox- 
ide. Toxicology, 67, 211-225. 

19. S. Gorsdorf, K.E. Appel, C .  Engeholm and G. Obe (1990) Nitrogen dioxide induces DNA single 
strand breaks in cultured Chinese hamster cells. Carcinogenesis, 11, 37-41. 

20. H. Bittrich, A.K. Matzig, I .  Kraker and K.E. Appel (1993) Nitrogen dioxide induced DNA single 
strand breaks are inhibited by antioxidative vitamins in V79 cells. Chemico-Biological Interactions, 

21. B.D. Saltzman (1954) Colorimetric microdetermination of nitrogen dioxide in the atmosphere. 
Analytical Chemistry, 26, 1949-1955. 

22. B.D. Saltzman (1960) Modified nitrogen dioxide reagent for recording air analyzers. Analytical 
Chemistry, 32, 135-136. 

23. J.G. Sutcliffe (1978) Complete nucleotide sequence of the Escherichia coli plasmid pBR 322. Cold 
Spring Harbor Synmposia on Quantitative Biology, 43, 77-90. 

24. C. Kirby and G. Gregoriadis (1984) Dehydration-rehydration vesicles: a simple method for high yield 
drug entrapment in liposomes. Bio-Technology, 2,  979-984. 

25. F. Szoka and D. Papahadjopoulos (1978) Procedure for preparation of liposomes with large internal 
aqueous space and high capture by reverse-phase evaporation. Proceedings of the National Academy 
of Sciences of the United States of America, 75, 4194-4198. 

26. E. Gerlach and B. Deuticke (1963) Simple microdetermination of phosphate by paper 
chromatography. Biochemische Zeitschrift, 337, 477-479. 

27. K. Kikugawa, T. Kojima, S. Yamaki and H. Kosugi (1992) Interpretation of the thiobarbituric acid 
reactivity of rat liver and brain homogenates in the presence of ferric ion and ethylenediaminetetra- 
acetic acid. Analytical Biochemistry, 202, 249-255. 

28. K. Hiramoto, H. Johkoh, K.4. Sako and K. Kikugawa (1993) DNA breaking activity of the carbon- 
centered radical generated from 2,2 ‘-azobis(2-amidinopropane) hydrochloride (AAPH). Free Radical 
Research Communications, 19, 323-332. 

29. P.H. Jonson and L.I. Grossman (1977) Electrophoresis of DNA in agarose gels. Optimizing separa- 
tions of conformational isomers of double- and single-stranded DNAs. Biochemistry, 16,4217-4224. 

30. R.A. Floyd and L.M. Soong (1977) Spin trapping in biological systems. Oxidation of the spin trap 
5,5-dimethyl-l-pyrroline-l -oxide by a hydroperoxide-hematin system. Biochemical and Biophysical 
Research Communications, 74, 79-84. 

31. K. Stolze and R.P. Mason (1987) Spin trapping artifacts in DMSO. Biochemical and Biophysical 
Research Communications, 143, 941-946. 

32. H. Kaur, K.H. Leung and M.J. Perkins (1981) A water-soluble, nitroso-aromatic spin trap. Journal 
of the Chemical Society, Chemical Communications, 142-143, 

33. B. Halliwell, M.-L. Hu, S. Louie, T.R. Duvall, B.K. Tarkington, P. Motchnik and C.E. Cross (1992) 
Interaction of nitrogen dioxide with human plasma. Antioxidant depletion and oxidative damage. 
FEBS Letters, 313, 62-66. 

34. K. Hiramoto, Y. Hasegawa and K. Kikugawa (1994) Appearance of ESR signals by the reaction of 
3,5-dibromo-4-nitrosobenzenesulfonate (DBNBS) and non-radical biological components. Free 
Radical Research Communications, in press. 

86, 199-211. 

Accepted by Professor E. Niki 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.




