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Abstract The unsaturated fatty  acyl  residues of egg yolk lec- 
ithin are selectively removed when  bilayer  dispersions of the 
lipid are exposed to decomposing  peroxychromate at pH 7.6 
or pH 9.0.  Mannitol (50 mM or 100 mM) partially  prevents 
the oxidation of the phospholipid due to  decomposing per- 
oxychromate  at pH 7.6 and the amount of  lipid lost is inversely 
proportional to the concentration of mannitol. N,N-Dimethyl- 
p-nitrosoaniline, mixed with the lipid in a molar ratio of 1.3: 1, 
completely  prevents the oxidation of  lipid due to  decomposing 
peroxychromate at pH 9.0, but  some  linoleic  acid is lost if the 
incubation is done at pH 7.6. If the concentration of this 
quench  reagent is reduced tenfold, oxidation of linoleic  acid 
by decomposing  peroxychromate at pH 9.0 is observed. Hy- 
drogen peroxide is capable  of  oxidizing the unsaturated fatty 
acids  of  lecithin  dispersions.  Catalase or boiled  catalase (2  mg/ 
ml) protects the lipid from  oxidation due to decomposing per- 
oxychromate at pH 7.6 to approximately the same extent, but 
their protective  effect is believed to be due to the non-specific 
removal of 'OH. It is concluded that 'OH is the species re- 
sponsible  for the lipid oxidation  caused by decomposing per- 
oxychromate. This is consistent with the observed  bleaching 
of N,N-dimethyl-p-nitrosoaniline and the formation of a char- 
acteristic  paramagnetic 'OH adduct of the spin trap, 5,5-di- 
methylpyrroline-l-oxide.-Edwards, J. C., and P. J. Quinn. 
Decomposing  potassium peroxychromate  produces  hydroxyl 
radical  ('OH) that can peroxidize the unsaturated  fatty acids 
of phospholipid  dispersions.]. Lipid Res. 1982. 23: 994-1000. 
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Active species of  oxygen,  such  as 'OH, 0; ~ and sin- 
glet  oxygen are  generated in biological systems by a 
variety  of methods (1). These oxygen species have  been 
implicated  in the bactericidal  action  of  granulocytes 
(2,3),  and in lipid peroxidation (4), and they  can  damage 
the functional activity of biological membranes ( 5 ,  6). 
The  unsaturated lipids of biological membranes  are sus- 
ceptible to oxidative  damage  and lipid peroxidation has 
been implicated in photosensitized damage  to chloroplasts 
(7) and  to  the  photoreceptor cells of  the retina (8). 

Decomposing peroxychromate, KsCrOs, has been 
used  as  a source of active oxygen species to  examine 
their effects on biochemical  functions (9, 10). We  have 
attempted  to  model  these systems by observing the per- 
oxidation  of  unsaturated lipids in bilayer  dispersion 
(1 1) and  other lipid structures (1  2). The  advantage  of 
this system is that it  can  produce active species of oxy- 
gen  capable  of  causing lipid peroxidation in  high 
amounts,  and  the effects of lipid peroxidation  on  mem- 
brane  structure  can  be  determined by conventional 
physical methods. 

The  peroxychromate  anion, Cr08'-, decomposes 
readily in aqueous systems to release  several species ca- 
pable  of  causing lipid peroxidation.  These  include H 2 0 2  
and 'OH (9), singlet  oxygen (1 3), and possibly 02. - (1 4). 
Although  singlet  oxygen  has  been  suggested  as one of 
the  primary lipid oxidants  produced by decomposition 
of  peroxychromate (1 0) ,  singlet  oxygen quenchers such 
as  sodium  azide  (15) and singlet  oxygen traps such  as 
2,5-dimethylfuran and 2,5-diphenylfuran (7) did not 
prevent loss of  unsaturated  fatty acids from lecithin dis- 
persions (1 1). We have, therefore,  studied this  oxidation 
system using other specific oxidant  traps  and  quenchers 
to identify the oxygen  species  involved in peroxidation 
of unsaturated lecithin  bilayers  in  water. 

MATERIALS  AND  METHODS 

Suspensions (1.2 mg/ml;  approximately 1.5 mM) of 
pure egg yolk lecithin  were prepared by ultrasonication 
with an M.S.E. ultradisintegrator  for 1 min at  room 
temperature in 0.1 M  potassium phosphate  buffer  (pH 
7.6). The  suspensions were then  centrifuged  for 10 min 
at 1000 g before use, to  remove  titanium  dislodged 
from  the  probe. No steps  were  taken  to  remove  traces 
of  iron  from  the  phosphate  buffer. 
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Potassium peroxychromate (62 mg) was added  to 
10.0 ml  of phospholipid suspension. The conditions of 
peroxychromate decomposition were controlled by a 
Radiometer TTT-1 pH-stat delivering 0.5 N HCI to 
maintain the system at  pH 7.6. Decomposition at  a tem- 
perature of 30°C was virtually complete within 1  hr 
under these conditions. This was verified by monitoring 
the production of chromate by measuring the extinction 
at 376 nm  of  samples diluted in  0.1 M potassium  phos- 
phate buffer (pH  10.0). High pH provides a  more ac- 
curate spectral analysis  of chromate (1 6, 17). 

After decomposition was complete, the lipids were 
extracted by the method of  Bligh and Dyer (1 8), meth- 
ylated  with 14% (w/v) BF3  in methanol and analyzed 
by gas-liquid chromatography as described previously 
(1 1). The extent of oxidation was measured by observ- 
ing changes in the  ratio of unsaturated fatty acids rel- 
ative to  the endogenous palmitate of the lecithin. Some 
of the organic solvent extracts were assayed for lipid 
hydroperoxide content by the method of  Buege and 
Aust (1 9). 

In the electron paramagnetic resonance (EPR) spin 
trapping experiment,  9.6 mg  of peroxychromate was 
added to 0.4 ml  of 0.1 M phosphate buffer (pH 7.6) 
containing about 50 PI of 5,5-dimethylpyrroline-l-o~- 
ide, but  no lipid. An  EPR spectrum was recorded im- 
mediately at a  temperature of about 20°C. 

Lecithin was dispersed in buffer (pH 7.6) containing 
mannitol (50 mM or 100 mM)  when required. In ex- 
periments with N,N-dimethyl-p-nitrosoaniline, 2 or 20 
Pmol  of the quench reagent in chloroform was mixed 
with egg yolk lecithin before sonication for  1 min  in 
0.1 M potassium phosphate buffer (pH 7.6 or 9.0).  In 
another  experiment,  the lecithin was suspended in 
buffer (pH  9.0) containing 20 PM N,N-dimethyl-p-ni- 
trosoaniline. Spectra of organic solvent extracts  after 
Bligh and Dyer (18) from samples containing N,N-di- 
methyl-p-nitrosoaniline were recorded over the  range 
of 200-700 nm. 

Catalase was added  to lecithin suspensions at pH 7.6 
when required to give a final  enzyme concentration of 
0.2 or 2.0 mg/ml. Catalase solutions were inactivated 
by heating in a boiling water bath for  15 min. Enzyme 
activity was assayed by a method based on  that of Berg- 
meyer (20). 

Egg yolk phosphatidylcholine was obtained from 
Lipid Products, Redhill, Surrey. N,N-Dimethyl-p-nitro- 
soaniline and bovine liver  catalase (E.C.1.11.1.6) of 
nominal specific  activity 2100 I.U. were obtained from 
the Sigma  Chemical Co. Ltd., London. 5,5-Dimethyl- 
pyrroline- 1 -oxide was obtained from the Aldrich Chem- 
ical Co. Ltd., London. Potassium peroxychromate was 
prepared as described previously (1 1). All other re- 
agents were of Analar grade. 

RESULTS 

Exposure of a dispersion of egg yolk lecithin to de- 
composing  potassium peroxychromate results in a loss 
of unsaturated fatty acyl residues from the phospho- 
lipid. This is illustrated in Fig. 1, which  shows a signif- 
icant decrease in the  ratio of unsaturated to saturated 
fatty  acids  following incubation of phospholipid disper- 
sions  with decomposing potassium peroxychromate. 
This loss of unsaturated fatty acid represents approxi- 
mately a 12% decrease in the  number of  moles  of  oleic 
acid and approximately a  39% decrease in the number 
of  moles  of  linoleic  acid residues of the phospholipid. 

The fatty acid  composition  of the egg yolk lecithin 
varied from batch to batch and  the following fatty acids 
were observed in the experiments reported in Fig.  1: 
palmitic  acid (29.8 mol %), stearic acid (14.0 mol %), 
oleic  acid (32.5 mol %), and linoleic  acid (23.5 mol 
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Fig. 1. Histogram of fatty acid molar ratios with respect to palmitate. 
The means k SEM of duplicate samples from five experiments are 
given. Control samples (unshaded areas) consist of egg yolk lecithin 
dispersions in 0.1 M potassium phosphate  buffer, pH 7.6, (1.20 mg/ 
ml) incubated at 30°C for 1 hr. Oxidized samples (hatched areas) were 
obtained by incubating potassium peroxychromate (62 mg) in 10.0 ml 
of the phospholipid dispersion under  the same conditions as the con- 
trol, while maintaining the  pH  at 7.6. 
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Fig. 2. Electron paramagnetic  resonance  spectrum  of  the radical trapped by 5,5-dimethylpyrroline-l-oxide 
(DMPO) in the presence of decomposing peroxychromate.  Peroxychromate was decomposed in 0.1 M  phosphate 
buffer  (pH 7.6) containing  the spin trap but  no lipid. The EPR spectrum observed (a 1:2:2:1 quartet with a 
splitting constant of 15.22 g) was identical to  the hydroxyl adduct of DMPO  described by other workers (refs. 
29-31,  35) and illustrated in the lower left corner of the figure. No EPR signal was observed in the absence 
of decomposing peroxychromate. The spectrum was recorded with a  modulation  amplitude of 0.2 g,  a scan 
rate of 2 5  g/m'ln-, and .a time  constant of 0.003 S. 

%). No other fatty acids were detected in  significant 
amounts although it  has recently been reported (21) 
that this  lipid  also contains palmitoleic  acid (1.4 mol 
%) and arachidonic acid (1.5 mol %). The extent of 
oxidation under our standard conditions was different 
for each batch but the mean oxidation for 39 experi- 
ments using six batches of  lipid was 18% oleic and 45% 
linoleic  acids oxidized. Solvent extracts (18) from 1:4 
dilutions of oxidized lipid dispersions had an absorbance 
of 0.37 f 0.01 at 353 nm (4) (corresponding to the pro- 
duction of 0.84 pmol  lipid hydroperoxide) when  assayed 
for lipid hydroperoxide. No loss of fatty acid was ob- 
served if a lecithin dispersion was mixed  with a buffer 
solution in  which  potassium preoxychromate had been 
fully decomposed and then incubated for 1 hr  at 3OoC, 
although organic solvent extracts from these dispersions 
assayed for lipid hydroperoxide had an absorbance of 
0.18 k 0.03 at 353 nm (4) (corresponding to the pro- 
duction of 0.42 pmol  lipid hydroperoxide). This sug- 
gests that  the reactive species that cause  losses  of un- 
saturated fatty acids are relatively short-lived compared 
to those that cause the production of  lipid hydroper- 
oxides. 

A number of active oxygen species are believed to 
be  generated in this system, so in order to identify the 
reactive species  responsible for loss of unsaturated fatty 
acids,  specific traps were employed. 

The 'OH radical is reputed  to be amongst the active 
oxygen  species, and its production was verified by de- 
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composing potassium peroxychromate in phosphate 
buffer not containing phospholipid in the presence of 
a spin trap, 5,5-dimethylpyrroline- 1 -oxide, which forms 
an identifiable adduct with 'OH. The electron para- 
magnetic resonance spectrum of the  products  formed 
in the reaction is presented in Fig. 2. This shows a 
1:2:2: 1 quartet with a splitting constant of 15.22 G typ- 
ical  of 5,5-dimethylpyrroline-l-oxide-trapped hydroxyl 
radicals. No attempt was made to quantitate  the 'OH 
generated by the system. 

To check if 'OH was involved  in unsaturated lipid 
loss, quench reagents with varying degrees of  specificity 
for 'OH were added  to phospholipid dispersions ex- 
posed to decomposing peroxychromate. The presence 

TABLE 1. Effect of N,Ndimethyl-p-nitrosoaniline on oxidation of 
egg yolk lecithin by exposure to decomposing peroxychromate 

w Loss 
C 18:2 Sample 

% Loss 
C 18:l 

Oxidation at  pH 7.6 (5)  11.9 f 0.4 39.2 f 2.6 
Oxidation at  pH 7.6 

with .OH quencher (4) 0 11.9 2 0.7 
Oxidation at  pH 9.0  (2) 4 29 
Oxidation at  pH 9.0 

with ,OH quencher (2) 0 0 

Values are mean percentage losses of oleic and linoleic acid relative 
to palmitate of egg yolk lecithin dispersions exposed to decomposing 
peroxychromate at constant  pH. The  number of experiments is shown 
in parentheses. The oxidation at  pH 7.6 values are calculated from 
Fig. 1 and the means +- SEM of the values are shown. 
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of mannitol provided partial protection against lipid 
loss; 38% of the  unsaturated fatty acid loss was pre- 
vented when phospholipids were dispersed in 50 mM 
mannitol and 65% of the  unsaturated fatty acid loss was 
prevented in the presence of 0.1 M mannitol. The color 
of the reaction mixture, however, became green instead 
of  yellow, indicating that mannitol may interfere with 
the decomposition of the peroxychromate. 

The effect  of N,N-dimethyl-p-nitrosoaniline added 
to  the phospholipid dispersion in a molar proportion of 
1.3: 1 quench reagent  to lipid, and cosonicated in buffer 
of pH 9.0 or 7.6 was examined next. The results are 
presented in Table 1 and show that N,N-dimethyl-p- 
nitrosoaniline provides complete  protection against 
lipid loss at pH 9.0 in the presence of decomposing 
peroxychromate. At pH 7.6, some loss of linoleic  acid 
was observed, but  the loss of the monoenoic fatty acid 
was completely prevented by the  quench  reagent. Other 
experiments performed at  pH 9.0, using one-tenth  the 
molar proportion of quench  reagent, showed  similar 
effects to those shown  in Table 1 for  the reaction per- 
formed  at  pH 7.6, namely a complete protection against 
loss of  oleic acid, but only partial protection against loss 
of linoleic acid. If  a phospholipid dispersion prepared 
at pH 9.0 in the presence of N,N-dimethyl-pnitrosoan- 
iline (20 pM), was exposed to decomposing peroxy- 
chromate (at pH 9.0), no prevention of unsaturated 
fatty acid loss was observed. The reaction of N,N-di- 
methyl-p-nitrosoaniline with  ’OH was checked by re- 
cording the absorbance of organic solvent extracts of 
the reaction mixture in the spectral range 200 to 700 
nm. Fig. 3 shows spectra of lipid extracts from control 
samples and samples oxidized in the presence of decom- 
posing peroxychromate at  pH 9.0. The characteristic 
absorbance maximum of N,N-dimethyl-pnitrosoaniline 
at 425 nm observed in the  control samples is removed 
after  exposure to peroxychromate and is replaced by 
a smaller  peak centered at 398 nm. 

Hydrogen peroxide is another possible oxidant that 
could be responsible for loss of unsaturated fatty acids. 
This may be  formed directly as a  product of peroxy- 
chromate decomposition or by the reaction of  two  ‘OH 
radicals. The results presented in Table 2 show that 
addition of  catalase (0.2 mg/ml or 2.0 mg/ml) or of 
boiled catalase (2.0 mg/ml) gave partial protection 
against lipid loss. However, there was no significant dif- 
ference between the effects  of the native and boiled 
catalase (both 2.0 mg/ml) on lipid loss. Measurement 
of the native catalase  activity after  exposure to decom- 
posing peroxychromate showed  it to be completely in- 
activated during  peroxychromate decomposition. In 
other  experiments it was found  that incubating disper- 

I A =  0 . 4  
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W a v e l a n g t h  (nm) 

Fig. 3. Typical UV-visible spectra of organic solvent extracts from 
phospholipid  dispersions containing N,Ndimethyl-pnitrosoaniline at 
pH 9.0. A spectrum of an extract of a control sample diluted tenfold 
in chloroform (-): spectrum of an undiluted extract from a  sample 
in  which peroxychromate has been decomposed (- - -). 

sions  of egg yolk phosphatidylcholine with  potassium 
chromate (206 mM) and  H202 (95 mM), in approximate 
concentrations expected if peroxychromate completely 
decomposed to give only peroxide and chromate, 
caused a marked loss of unsaturated fatty acids: 1 1 % of 
the oleoyl residues and 53% of the linoleoyl residues 
were removed. 

DISCUSSION 

The peroxychromate anion,  CrOs3-, consisting  of a 
central chromium atom in the oxidation state +5 sur- 
rounded by four peroxy anions (OZ2-) in a dodecahedral 
arrangement (22), decomposes spontaneously in neutral 
or alkaline aqueous solutions according to  the reaction: 

4 Cr08’- + 2 H 2 0  - 4 Cr04*- + 4 OH- + 7 O2 I )  

Some  of the oxygen released in the reaction is  known 
to be  in the singlet form (1 3), and it has been estimated 
that  the yield  is 6 * 2% based on peroxychromate (23). 
It was assumed  in earlier studies that singlet oxygen was 
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TABLE 2. Effect of catalase and boiled catalase on the oxidation 
of egg yolk lecithin by exposure to decomposing  peroxychromate 

Sample C 18:l" 
R Loss 

C 18:2" 
% Loss 

K5Cr0, - catalase (4) 17 L 2 53 L 3 
K5Cr08 + catalase (0.2 mg/ml) (2) 13 38 
K$Cr08 + catalase (2.0 mg/ml) (2) 2 31 
K$CrOs + boiled catalase (2.0 mg/ml) (4) 12 2 3" 36 L 8' 

Means k SEM are shown. 
".'Significantly different from KsCr08 - catalase: ", P < 0.05; 

(, P < 0.01. 
Values indicate the percentage losses of oleic and linoleic acid rel- 

ative to palmitate of egg yolk lecithin dispersions exposed to decom- 
posing peroxychromate at constant pH (7.6). The catalase was added 
after sonication of  the lipid. The number of experiments is shown in 
parentheses. 

responsible for the oxidation of unsaturated lipids (1 0, 
12), but  the lack  of protection by singlet oxygen quench- 
ers (1 1) suggests that active oxygen  species other than 
singlet  oxygen are involved. This observation, however, 
does not exclude the possibility that singlet  oxygen is 
produced during peroxychromate decomposition. 

The present experiments suggest that 'OH is respon- 
sible for the loss of unsaturated fatty acids from phos- 
pholipid dispersions exposed to decomposing peroxy- 
chromate. The evidence supporting this contention is 
first, that  the presence of N,N-dimethyl-p-nitrosoaniline 
provides complete protection at pH  9.0 against selective 
loss of unsaturated fatty acids. This reagent is not known 
to react with  any other form of  oxygen at  pH 9.0 other 
than 'OH (24), its  use as a specific 'OH trap has been 
validated (25, 26), and its reaction with  species gener- 
ated  during peroxychromate decomposition is clearly 
demonstrated (Fig.  3). It is noteworthy that relatively 
high concentrations of the  trap  are  required for com- 
plete protection against  lipid loss and this implies that 
the  number of potential oxidizing species is high in this 
particular oxidizing system. Some loss of  linoleic, but 
not oleic acid, at lower concentrations of the  trap  (or 
higher concentrations at  pH 7.6) indicates that 'OH may 
be required to oxidize monoenoic fatty acids, whereas 
dienoic fatty acids may react with other active oxygen 
species that are derived initially from 'OH. One example 
is the formation of H202 in the reaction: 

'OH + 'OH "+ HZ02 2)  

We  have attempted  to examine this point by observing 
the effect of catalase in the system, but similar protection 
is obtained with both the native and  denatured enzyme. 
Since H 2 0 2  in the presence of chromate can  cause  lipid 
oxidation, the failure of native catalase to provide better 
protection than the boiled  enzyme  suggests that removal 
of HZ02 is not the factor involved  in preventing oxi- 
dation. Inactivation of  catalase during peroxychromate 

decomposition  suggests reaction with 'OH and is con- 
sistent  with  ability  of a variety  of organic molecules to 
quench 'OH nonspecifically (27). Nevertheless, the pos- 
sibility that  other active  species generated initially from 
'OH  cause  lipid loss cannot be excluded. Another in- 
dication of the primary role of  'OH is that mannitol, an 
'OH quencher (28), inhibits lipid loss although it could 
be argued  that  the sugar interferes with the mechanism 
of peroxychromate decomposition. 

The production of  'OH was clearly  shown by for- 
mation  of a radical species trapped by 5,5-dimethylpyr- 
roline-1-oxide, with spectral characteristics identical to 
those  described  for 5,5-dimethylpyrroline-l-oxide- 
trapped hydroxyl  radicals (29-31), when the reagent 
was present in buffer in which peroxychromate was de- 
composing.  No evidence for production of hydrope- 
roxyl  radical (protonated superoxide anion radical) was 
obtained, although it can be detected by this spin trap 
(32). Although 02" has  been reported as a  product of 
peroxychromate decomposition (1 4) this has  been  chal- 
lenged (9). 

The possibility that contaminating iron salts were re- 
sponsible for 'OH production (33) was excluded by fail- 
ure  to detect spin-trapped radicals  when 5,5-dimethyl- 
pyrroline-1-oxide was incubated with buffer; this may 
be  because  of rapid autoxidation of the  Fe2+, which is 
an efficient generator of  'OH (34)  into the less efficient 
Fe3+ by phosphate buffer (35). 

We conclude that 'OH radical is produced during 
peroxychromate decomposition and is probably the pri- 
mary  species  responsible for loss of unsaturated fatty 
acyl residues of phospholipids in aqueous dispersions. 
The 'OH radical  has  previously  been  shown to react 
with aromatic compounds incorporated into bilayers  of 
saturated lecithins (36),  to initiate oxidative damage to 
model membrane systems (37),  to be the cause  of  al- 
loxan-induced diabetes (38), and to be involved  in ra- 
diation-induced damage to alveolar macrophages (39). 
The bactericidal action of xanthine oxidase is also  be- 
lieved to be due  to  the formation of 'OH from 0; - and 
H202 (40) but the involvement of 'OH in this and  the 
liver  microsomal NADPH-oxidase systems  in  lipid per- 
oxidation has  been disputed (41, 42). Peroxidation of 
membrane lipids  has  been  shown to result in increased 
membrane rigidity (43) and increased bilayer perme- 
ability to solutes (44, 45). The extent  to which cellular 
function is perturbed by such changes remains to be 
assessed.l 

We are grateful to  Professor M .  J. Perkins and H. Kaur for 
assistance with electron spin resonance  measurements. Fi- 
nancial assistance was provided by the Agricultural Research 
Council. J.C.E. was supported by a Chelsea College postgrad- 
uate  studentship. 
Manuscript received 29 October 1981 and in raised  form 1 1  February 1982. 

998 Journal of Lipid Research Volume 23, 1982 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


REFERENCES 

1. Pryor, W.  A. 1976. The role of free radicals in biological 
systems. I n  Free Radicals in Biology. Vol. 1. W.  A. Pryor, 
editor. Academic Press, New York. 1-49. 

2. Rosen, H.,  and S. J. Klebanoff. 1977. Formation of singlet 
oxygen by the myeloperoxidase-mediated antimicrobial 
system. J .  Biol. Chem. 252: 4803-4810. 

3. Babior, B.  M. 1978.  Oxygendependent microbial killing 
by phagocytes. Part 11. N.  Engl. J .  Med. 298 721-725. 

4. Kellogg, E. W., and I.  Fridovich. 1977. Liposome oxi- 
dation and  erythrocyte lysis  by enzymatically generated 
superoxide with hydrogen  peroxide. J .  Biol. Chem. 252: 
6721-6728. 

5. Kong, S., and A. J. Davison. 1981. The relative effec- 
tiveness of'OH,  H202+  and  reducing  free radicals in caus- 
ing damage  to biomembranes. Biochim. Biophys. Acta. 6 4 0  

6. Wills, E.  D. 1971. Effect  of lipid peroxidation on mem- 
brane-bound enzymes of the endoplasmic reticulum. Bio- 
chem. J .  123: 983-99 1. 

7. Foote, C .  S. 1976. Photosensitized oxidations and singlet 
oxygen. In  Free Radicals in Biology. Vol. 2. W.  A. Pryor, 
editor. Academic Press, New York. 85-133. 

8. Krasnovsky, A. A., and V. E. Kagan. 1979. Photosensi- 
tization and quenching of singlet oxygen by pigments and 
lipids of photoreceptor cells of the  retina. FEBS  Left. 108: 
152-154. 

9. Paschen, W., and U. Weser,  1975.  Problems  concerning 
the biochemical action of superoxide dismutase. 2. Physiol. 
Chem. 356: 727-737. 

10. Baird, M. B., H. R. Massie, and M. J. Piekielniak. 1977. 
Formation of lipid peroxides in isolated rat liver micro- 
somes by singlet molecular oxygen. Chem. Biol. Interact. 

1 1 .  Edwards, J. C . ,  and P. J. Quinn.  1981. The oxidation of 
bilayer dispersions of unsaturated phosphatidylcholines 
by decomposing potassium peroxychromate. Chem. Phys. 
Lipids. 28: 89-97. 

12. Edwards, J. C., and P. J. Quinn. 1980.  Controlled  per- 
oxidation of lipids by singlet oxygen. Biochem. Soc. Trans. 
8: 196-197. 

13.  Peters, J. W . ,  J. N.  Pitts, I.  Rosenthal, and  H.  Fuhr.  1972. 
A new and unique  source of singlet 02. J .  Am.  Chem. Soc. 

14.  Hodgson, E. K., and I. Fridovich. 1974. The production 
of superoxide radical during  the decomposition of potas- 
sium peroxychromate (V). Biochemistry. 13: 381 1-381 5. 

15. Hasty, N.,  P.  B. Merkel, P. Radlick, and D. R. Kearns. 
1972. Role of azide in singlet oxygen reactions: reaction 
of azide with singlet oxygen. Tetrahedron  Lett. 1: 49-52. 

16. Charlot,  G.  1964.  Colorimetric  Determination of  Ele- 
ments: Principles and Methods. Elsevier, Amsterdam. 
226. 

17.  Sandell, E. B., and  H. Onishi. 1978. Photometric  Deter- 
mination of Traces of Metals. Wiley-Interscience, New 
York. 246. 

18. Bligh, B. G., and W. J. Dyer. 1959. A  rapid method of 
total lipid extraction and purification. Can. J .  Biochem. 
Physiol. 37: 9  1 1-9 17. 

19. Buege, J. A. and S. D. Aust. 1977. Microsomal lipid per- 
oxidation. In  Methods in Enzymology: Biomembranes C 
and Biological Oxidations. S. Fleischer and L. Packer, 
editors. Academic Press, New York. 52: 302-3 10. 

313-325. 

16: 145-153. 

94: 4348-4350. 

20. Bergmeyer,  H-U.  1955.  Zur Messung von Katalase-Ak- 
tivitaten. Biochem. Z. 327: 255-258. 

21. Fukuzawa, K., H. Chida, A. Tokumura,  and  H. Tsuka- 
tani. 1981. Antioxidative effect of a-tocopherol incor- 
poration into lecithin liposomes on ascorbic acid-Fe2+-in- 
duced lipid peroxidation. Arch. Biochem. Biophys. 206: 173- 
180. 

22.  Stomberg, R., and C. Brosset. 1960. The crystal structure 
of potassium peroxychromate. Acta  Chem.  Scand. 1 4  441- 
452. 

23.  Peters, J. W., P. J. Bekowies,  A. M. Winer, and J. N. Pitts. 
1975. An investigation of potassium peroxychromate as 
a  source of singlet oxygen. J. Am.  Chem. SOC. 97: 3299- 
3306. 

24. Kraljic, I . ,  and C. N.  Trumbore.  1965.  pNitrosodimeth- 
ylaniline as an OH-radical scavenger in radiation chem- 
istry. J .  Am.  Chem. Soc. 87: 2547-2550. 

25. Bors, W., C .  Michel, and M. Saran.  1979. On the  nature 
of biochemically generated hydroxyl radicals. Studies us- 
ing the bleaching of p-nitrosodimethylaniline as a  direct 
assay method. Eur. J .  Biochem. 95: 621-627. 

26. Rigo, A., R. Stevenato, A. Finazzi-Agro, and G. Rotilio. 
1977. An attempt  to evaluate the  rate of the Haber-Weiss 
reaction by using 'OH radical scavengers. FEBS  Lett. 8 0  
130-132. 

27. Anbar, N., and P. Neta.  1967.  A compilation of  specific 
bimolecular rate constants for  the reactions of hydrated 
electrons,  hydrogen  atoms, and hydroxyl radicals with 
inorganic and organic  compounds in aqueous solution. 
Int. J .  Appl.  Radiat. Isot. 18: 493-523. 

28. Repine, J. E., J. W. Eaton, M.  W. Anders, J. R. Hoidal, 
and R. B. Fox. 1979.  Generation of hydroxyl radical by 
enzymes, chemicals, and human phagocytes in vitro. De- 
tection with the anti-inflammatory agent dimethyl-sul- 
phoxide. J .  Clin.  Invest. 64: 1642-165 1 .  

29.  Harbour, J. R., V. Chow, and J. R. Bolton. 1974. An 
electron spin resonance study of the spin adducts of 'OH 
and  HO; radicals with nitrones in ultraviolet photolysis 
of aqueous  hydrogen  peroxide solutions. Can. J .  Chem. 52: 
3549-3553. 

30. Sargent, F. P., and E.  M. Gardy. 1976. Spin trapping of 
radicals formed during radiolysis of aqueous solutions. 
Direct electron spin resonance observations. Can.J. Chem. 
54: 275-279. 

3 1. Floyd, R. A., L. M. Soong, M. A. Stuart,  and D. L. Reigh. 
1978. Spin trapping of free radicals produced  from ni- 
trosamine carcinogens. Photochem. Photobiol. 28: 857-862. 

32. Finkelstein, E., G. Rosen, and E. J. Rauckman. 1980. Spin 
trapping of superoxide and hydroxyl radical: practical 
aspects. Arch. Biochem. Biophys. 200: 1-1  6. 

33. Halliwell, B., and J. M. C. Gutteridge. 1981. Formarion 
of a thiobarbituric-acid-reactive substance from deoxyri- 
bose in the presence of iron salts: the role of superoxide 
and hydroxyl radicals. FEBS  Lett. 128: 347-352. 

34. Floyd, R. A. 1981. Hydroxyl free radical formation  from 
hydrogen  peroxide as catalyzed by metal chelates. A spin- 
trapping study. Biophys. J .  33: 296a. 

35. Floyd, R.  A. 1981. DNA-ferrous iron catalyzed hydroxyl 
free radical formation  from  hydrogen  peroxide. Biochem. 
Biophys. Res.  Commun. 9 9  1209-1215. 

36. Barber, D. J. W., and J. K. Thomas. 1978. Reactions of 
radicals with lecithin bilayers. Radiat. Res. 74: 51-65. 

37. Raleigh, J. A., W. Kremers, and B. Gaboury.  1977. Dose- 
rate  and oxygen effects in models of  lipid membranes: 
linoleic acid. Int. J .  Radiat. Biol. 31: 203-213. 

Edumrds nnd Quinn Phospholipid  oxidation 999 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


38. Meckstroth, W. K. ,  L. M. Dorfman, and R. E. Heikkila. 
1980. Reactivity of the hydroxyl  radical  with  amygdalin 
in aqueous solution. Biochem. Pharmacol. 2 9  3307-3309. 

39.  McLennan, G., L. W. Oberley, and A. P. Autor. 1980. 
The role of oxygenderived  free radicals  in radiation-in- 
duced damage and death of nondividing eukaryotic cells. 
Radiat. Res. 84: 122-132. 

40. Rosen, H., and S. J. Klebanoff. 1981. Role  of iron and 
ethylenediaminetetraacetic acid  in the bactericidal activity 
of a superoxide anion-generating system. Arch. Biochem. 
Biophys. 208: 5 12-5 19. 

4 1 .  Tien, M., B. A. Svingen, and S. D. Aust. 198 1 .  Super- 
oxide dependent lipid peroxidation. Federation Proc. 4 0  
179-182. 

42. Svingen, B. A,, F. 0. O’Neal, and S. D. Aust. 1978. The 
role of superoxide and singlet  oxygen in  lipid peroxida- 
tion. Photochem. Photobwl. 28: 803-809. 

43. Dobretsov, G.  E., T. A. Borschevskaya, V. A. Petrov, and 
Y .  A. Vladimirov. 1977. The increase of  phospholipid 
bilayer  rigidity after lipid peroxidation. FEBS Lett. 84: 

44. Hicks, M., and J. M. Gebicki. 1978. A quantitative rela- 
tionship  between  permeability and the degree of perox- 
idation in ufasome membranes. Biochem. Biophys. Res. Com- 
mun. 8 0  704-708. 

45. Nakazawa, T., and S. Nagatsuka. 1980. Radiation-in- 
duced lipid peroxidation and membrane permeability in 
liposomes. Znt. J .  Radiat. Biol. 3 8  537-544. 

125-128. 

1000 Journal of Lipid Research Volume 23, 1982 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

