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Abstract To elucidate the protective role of nitric oxide (NO) 
against lipid peroxidation, the effect of NO donor on the forma- 
tion of lipid hydroperoxide and consumption of a-tocopberol in 
the oxidation of soybean phosphatidylcholine liposomal mem- 
branes was studied. The oxidation was induced by either aqueous 
or lipophilic peroxyl radicals generated by the hydrophilic or 
lipophilic azo compound, respectively. It was found that NO acted 
as a potent antioxidant by scavenging peroxyl radicals rapidly. 
It was also found that NO was capable of penetrating multilamel- 
lar membranes to scavenge lipid peroxyl radicals and spare (x- 
tocopherol. 
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I. Introduction 

peroxyl radicals are responsible for both chain initiation and 
propagation, which makes it possible to measure the antioxi- 
dant action of NO specifically as a scavenger of peroxyl radical; 
(2) the azo compounds enable us to generate initiating radicals 
at a constant rate at a controlled site; and (3) soybean PC 
contains high concentrations of linoleic acid moieties which 
makes it easy to follow the rate of oxidation quantitatively. NO 
was generated from NO-releasing compound, 1-hydroxyl-2- 
oxo-3-(N-ethyl-2-aminoethyl)-3-ethyl- 1-triazene (NOC 12), 
which releases NO spontaneously at ambient temperatures 
without the requirement of enzyme activation or biotransfor- 
mation (Eq. 1) [15]. 

,o 

N-o ~+ 
H5C 2 - N ~ - - C  2 H 5 ~ 2NO + H 5 C 2 NHCH2CH 2 NHC 2 H 5 (1) 

Nitric oxide (NO) has received much attention because of its 
diverse biological activities [1]. Its structure is simple, but its 
action and function are complex. It is an endothelial-derived 
relaxation factor which modulates blood pressure and it also 
mediates a variety of biological actions ranging from vasodila- 
tion, neurotransmission, inhibition of platelet adherence and 
aggregation, and killing of pathogens [1,2]. It is known that NO 
plays both salutary and toxic role. For example, it has been 
reported that NO mediates tissue injury but also prevents dam- 
age during the ischemia-reperfusion event [3]. It has been also 
found that NO together with superoxide induces lipid peroxida- 
tion [4] and oxidative modification of low-density lipoprotein 
(LDL) [5-9], but that it also inhibits lipid peroxidation [6,10 
12], the total effect of NO being critically dependent on relative 
concentrations of individual reactive species [11]. The rate con- 
stants for the reaction of NO with the peroxyl radicals derived 
from alcohols were obtained a s  10  9 M - I s  -1 [13]. The basic 
chemistry of NO is not well understood yet and the present 
study was undertaken to elucidate the action of NO as a radi- 
cal-scavenging antioxidant and compare it with those of ascor- 
bic acid (vitamin C) and ~-tocopherol (vitamin E), major hy- 
drophilic and lipophilic antioxidants in vivo. The oxidation of 
soybean phosphatidylcholine (PC) liposomes induced by either 
hydrophilic or lipophilic azo compound was chosen as the 
oxidation system considering following advantages [14]: (1) the 
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Abbreviations: AAPH, 2,2'-azobis(2-amidinopropane) dihydrochloride; 
AMVN, 2,2'-azobis(2,4-dimethylvaleronitrile); EDTA, ethylenedi- 
amine-tetraacetic acid; LDL, low-density lipoprotein; NOC12, 1-hy- 
droxyl-2-oxo-3-(N-ethyl-2-aminoethyl)-3-ethyl-l-triazene; PBS, phos- 
phate-buffered saline; PC, phosphatidylcholine. 

2. Materials and methods 

2.1. Materials 
NOC12 was supplied from Dojindo Laboratories and used as re- 

ceived. Soybean PC was purchased from Sigma (St Louis, MO) and 
purified before use by column chromatography [16]. 2,2'-Azobis(2- 
amidinopropane) dihydrochloride (AAPH) and 2,2'-azobis(2,4-dimeth- 
ylvaleronitrile) (AMVN) were obtained from Wako Pure Chemical Ind. 
(Osaka, Japan). (2R,4'R,8"R)-ot-Tocopherol kindly supplied from Eisai 
Co. (Tokyo, Japan) and commercial ascorbic acid were used without 
further purification. 

2.2. Oxidath)n procedure 
Soybean PC liposomal membranes were prepared as reported previ- 

ously [16]. Briefly, soybean PC and lipophilic additives, such as AMVN 
and c~-tocopherol, when used were dissolved into methanol in a pear- 
shaped flask and the solvent was evaporated slowly to obtain a thin film 
on the flask wall. A phosphate-buffered saline (PBS, pH 7.4) containing 
100/2M ethylenediaminetetraacetic acid (EDTA) was added and the 
film was peeled off to obtain a white milky suspensions ofmultilamellar 
vesicles. Water-soluble additives, such as AAPH, NOC12 and ascorbic 
acid, were added when required as a PBS solution containing 100 ,uM 
EDTA after preparation of the liposomes. The oxidation was per- 
formed at 37°C in air. An aliquot of the reaction mixture was taken out 
periodically and analysed as described below [17]. 

2.3. Analysis of products and antioxidant 
The oxidation of soybean PC liposomes gives conjugated diene hy- 

droperoxides almost quantitatively [16]. The formation of PC hydro- 
peroxides was followed with an HPLC by measuring conjugated diene 
at 234 nm absorption [11]. The silica gel column, LC-Si (25 cm) (Su- 
pelco, Tokyo, Japan) was used and methanol/40 mM phosphate buffer 
(90:10 v/v) was used as an eluent at a rate of 1.0 ml/min. The consump- 
tion of c~-tocopherol was followed with an HPLC equipped with an 
electrochemical detector using LC-18 column (Supelco) and methanol/ 
tert-butyl alcohol (90:10 v/v) containing 50 mM NaC104 as an eluent 
at a rate of 1.0 ml/min. The electrochemical detector (Kotaki ECP-1, 
Chiba, Japan) was set at + 800 inV. 
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Fig. 1. Effect of NOC12 on the oxidation of soybean PC liposomes 
induced by AAPH. The oxidation of soybean PC (5.15 mM) mul- 
tilamellar vesicles was carried out at 37°C in air in the presence of 
AAPH (0.50 mM) with and without NO donor NOC12 and the accu- 
mulation of PC hydroperoxides (PCOOH) was followed with HPLC as 
described in Section 2. The initial concentration of NOC12 was n: 0; 
m: 2; o:5; A: 20/.tM. 

3. Results 

The oxidation of soybean PC liposomes induced by either 
AAPH or AMVN gives PC hydroperoxides quantitatively at 
a constant rate. Fig. 1 shows that the rate of accumulation of 
PC hydroperoxides was 6.35 x 10 -9 M/s. The rate of aqueous 
radical flux from 0.50 mM AAPH in the aqueous phase is 
calculated as 0.65 x 10 -9 M/s [14]. Thus, the kinetic chain length 
is obtained as 9.8. As shown in Fig. 1, NOC12 suppressed the 
oxidation initially and gave a clear lag time, which increased 
with increasing NOC12 concentration. 

Fig. 2 shows the results of oxidation of soybean PC li- 
posomes (multilamellar vesicles) induced by lipophilic AMVN 
in the absence and presence of NOC12. AMVN was incorpo- 
rated into the membranes by mixing with soybean PC before 
preparation of the film and hence AMVN must be present in 
every membrane. In the absence of any antioxidant, PC hy- 
droperoxides were accumulated at a constant rate without any 
lag phase ([3 in Fig. 2). Ascorbic acid (20 pM) added to the 
reaction mixture at 220 min incubation did not suppress the 
oxidation appreciably ([] in Fig. 2). When 5 p M  NOC12 was 
added, the oxidation was suppressed intially and then pro- 
ceeded at the similar rate as that without NOC12 after a lag 
period of about 60 min (m in Fig. 2). When 20pM NOC12 was 
then added into the reaction mixture after the lag time at 250 
rain incubation, the oxidation was suppressed almost com- 
pletely again ( ,  in Fig. 2). Little oxidation was observed in 180 
min when 20/,tM NOC12 was added initially. 

The effect of NO on the oxidation of soybean PC liposomes 
inhibited by ~-tocopherol was also studied (Fig. 3). c~-Tocophe- 
rol was incorporated into the membranes simultaneously with 
AMVN. The oxidation was suppressed by c~-tocopherol effi- 
ciently, cz-Tocopherol was consumed at a constant rate and, 
when it was depleted, the lag phase was over and a fast oxida- 
tion took place. When 2 ArM NOC12 was added, the lag phase 

was prolonged and the rate of consumption of ~-tocopherol 
was decreased. A higher concentration of NOC 12 (20 pM)  gave 
more profound effect, i.e., little oxidation was observed in 200 
rain and ~-tocopherol was spared more markedly. To test the 
role of decomposition product from NOC 12 as an antioxidant, 
the solution containing NOC12 was incubated at 37°C for 3 
days and then added to the reaction mixture. The oxidation was 
not suppressed appreciably by this solution (NOC 12 equivalent 
to 50 ~tM), suggesting that N,N'-diethylethylenediamine does 
not act as an antioxidant. 

4. Discussion 

The above results clearly show that the NO donor NOC12 
suppresses the oxidations of soybean PC liposomal membranes 
effectively. Upon thermal decomposition, NOC12 gives 2 mol- 
ecules of NO and N,N'-diethylethylenediamine [15]. As de- 
scribed above, N,N'-diethylethylenediamine was virtually inef- 
fective in suppressing the oxidation, and it may safely be as- 
sumed that NO was responsible for the inhibition of oxidation. 

The inhibitory effect of NO on the oxidation of lipids has 
been reported by several groups. The effect of NO on the 
oxidation of LDL has been studied extensively. Dee et al. [18] 
found that NO was capable of either enhancing or suppressing 
the ferryl myoglobin-mediated oxidation of LDL depending on 
the relative concentrations of NO to hydrogen peroxide. Jessup 
et al. [6] have found that NO exerts a protective role in prevent- 
ing the oxidative modification of LDL by macrophages, al- 
though it can oxidize LDL together with superoxide. Hogg et 
al. [10] also observed the inhibitory effect of NO on the oxida- 
tion of LDL and proposed that NO inhibited oxidation by 
scavenging carbon-centered and peroxyl radicals. Padmaja and 
Hire [13] have measured the absolute rate constant for the 
reactions of NO and peroxyl radicals derived from alcohols by 
laser-flash photolysis with kinetic spectrophotometry and 
found that the reactions are very fast with the rate constant of 
> 109 M-Is -~. More recently, Rubbo et al. [11] have studied the 
effect of NO on soybean PC liposomal membranes induced by 
superoxide, hydrogen peroxide and peroxynitrite and found 
that NO can act as a radical scavenging antioxidant. They in 
fact identified the products formed by the interactions of NO 
with lipid peroxyl and alkoxyl radicals [11]. 

The results of the present study are in agreement with the 
previous findings and clearly show that NO acts as a peroxyl 
radical scavenging antioxidants. The oxidation system em- 
ployed in this study is simple and only peroxyl radicals are 
involved in both chain initiation and propagation. That is, the 
azo compound undergoes thermal decomposition to give car- 
bon-centered radical, which reacts quite rapidly with oxygen to 
give peroxyl radical. This radical attacks bisallylic hydrogen of 
phosphatidylcholine and induces chain propagation, in which 
the lipid peroxyl radicals act as chain carrying species. Thus, 
the inhibition of oxidation of AAPH or AM VN-initiated oxida- 
tion of soybean PC liposomes by NO is ascribed exclusively to 
the scavenging of peroxyl radicals (derived from the azo com- 
pound and/or lipid) by NO. 

This study gives us new interesting information. The results 
in Fig. 1 show that NO scavenges aqueous peroxyl radicals 
derived from AAPH and/or lipophilic peroxyl radicals derived 
from PC, but they do not prove if NO is really capable of 
scavenging lipophilic radicals. The oxidation of soybean PC 
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Fig. 2. Effect of NO donor NOCI2 on the oxidation of soybean PC 
liposomes induced by AMVN. The oxidation of soybean PC (5.15 mM) 
multilamellar vesicles was induced by AMVN (1 raM) at 37°C in air 
in the absence and presence of NOC 12 and the formation of PC hydro- 
peroxides (PCOOH) was measured as described in Section 2. NOC12 
was added as a PB solution after preparation of liposomes. The initial 
concentrations of NOC12 was D: 0; m: 5 uM; e :  20 #M. Ascorbate 
(20 ,uM) and NOC12 (20 #M) was added to the reaction mixture at the 
point indicated by an arrow and PCOOH was measured, the results 
being shown by [] and *, respectively. 

multilamellar liposomal membranes induced by AMVN incor- 
porated into the membranes proceeds at every membrane to 
give PC hydroperoxides. Fig. 2 shows that NOCI2 added into 
the aqueous phase after preparation of the membranes sup- 
pressed the oxidation almost completely, implying that NO is 
capable of penetrating the membranes and scavenging radicals 
in every membrane. On the other hand, ascorbic acid (a potent, 
hydrophilic radical scavenging antioxidant) added similarly did 
not suppress the oxidation, suggesting that ascorbic acid lo- 
cated outside multilamellar vesicles is not capable of scavenging 
lipophilic radicals within the membranes efficiently. Further- 
more, the results in Fig. 3 show that NOC12 added into the 
aqueous phase outside multilamellar vesicles spared ~-tocophe- 
rol incorporated into membranes, suggesting that NO released 
from NOC12 outside the membranes competes with c~-tocophe- 
rol well and spares it. 

~-Tocopherol scavenges peroxyl radical in solution with a 
rate constant of about 10 6 M-Is 1 [19,20]. The antioxidant 
activity of c~-tocopherol is reduced in the membranes [21] and 
the rate constant for scavenging PC peroxyl radical in lipo- 
somal membranes is reported as 5.8 x 103 M-Is ' [22]. If we 
assume the rate constants for scavenging peroxyl radicals by 
NO and ~-tocopherol in the membranes as 109 [13] and 104 M 
s -l [22], respectively, then it follows that NO can compete 
equally well with c~-tocopherol at much smaller concentration. 
If we further assume the concentration of c~-tocopherol in 
plasma to be 20 #M, then NO of as low as 0.2 nM is estimated 
to be as effective as c~-tocopherol. Ascorbate also scavenges 
aqueous peroxyl radical rapidly with a rate constant of about 
l 0  5~ l 0  6 M -I s -I  [20,23]. If we assume the rate constant for scav- 
enging peroxyl radical and concentration of ascorbate in the 
plasma as 5 x 105 M ~ s -t and 50 #M, respectively, then it is 

calculated that 25 nM NO is as effective as ascorbate in scav- 
enging aqueous radicals. From these calculations, one might 
speculate that NO may under some conditions predominate 
over c~-tocopherol as an antioxidant. It may be worth noting 
that NO is lipophilic, the lipid:water partition coefficient being 
8:1 [11]. However, it should be pointed out that, as discussed 
above, NO can move between the membranes very freely. 

The antioxidant efficacy of NO depends not only on its rate 
constant for scavenging peroxyl radical but also on the stability 
of the reaction products and other competing reactions. The 
reaction of NO with peroxyl radical gives nitrosoperoxo com- 
pound or organic peroxynitrite [11,13], which may 

LO2"+'NO-->LOONO ~[LO'+'N02] + free LO'+'NO2 (2) 

--> LONO 2 (3) 

decompose to give alkoxyl and nitrogen dioxide radicals (Reac- 
tion 2) and/or stable organic nitrite (Reaction 3) [13,24,25]. If 
the nitrosoperoxo compound should give alkoxyl radical, this 
will end up in the chain branching and NO does not act as an 
antioxidant unless NO scavenges the alkoxyl radical efficiently. 
Such reactions have been studied extensively by Pryor et al. 
[24,25] and the formation of free alkoxyl radical was confirmed 
by spin trapping [24]. The stability of nitrosoperoxo compound 
depends on the solvent [13] but its stability and fate in the 
membranes and lipoproteins are not known. The homolysis of 
peroxynitrous acid to give free hydroxyl and nitrogen dioxide 
radicals has been shown to be unfavorable from thermody- 
namic and kinetic considerations [26,27]. The homolytic scis- 
sion of organic peroxynitrite to give alkoxyl radical and nitro- 
gen dioxide should be more feasible than that of peroxynitrous 
acid, but the present study suggests that organic peroxynitrite 
is stable under the conditions employed here. 

It is known that NO reacts rapidly with superoxide at diffu- 
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Fig. 3. Oxidation o f  soybean PC liposomes induced by A M V N  in the 
presence of c~-tocopherol and NO donor NOC 12. AMVN (1.0 mM) and 
~-tocopherol (2.2 #M) was incorporated simultaneously into soybean 
PC multilamellar liposomal membranes (5.15 mM), which were sub- 
jected to oxidation by incubation at 37°C in air with and without 
NOCI2. The formation of PC hydroperoxides (PCOOH) (solid sym- 
bols) and consumption of c~-tocopherol (open symbols) was measured 
with an HPLC as described in Section 2. The initial concentration of 
NOCI2 was m, G: 0; *, o: 2 pM; e, o: 20#M. 
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sion control  rate to give peroxynitri te [28,29], which induces the 
oxidations of  various biological molecules. Thus, the presence 
of  superoxide will diminish the ant ioxidant  nature of  NO but 
instead enhances prooxidant  function of NO. 

In conclusion, the present study shows clearly that  NO is 
capable of acting as a potent  ant ioxidant  against lipid peroxida- 
tion by scavenging peroxyl radical. NO is diffusible through 
membranes and it might  even predominate  over ct-tocopherol 
under some circumstances but the total  ant ioxidant  efficacy of 
NO depends on its concentration, the relative importance of  the 
competing reactions, such as with superoxide, and stability of 
the organic peroxynitrite. 
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