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Induced erythrocyte membrane peroxidation (Em) is 
considered as an accurate model of reperfusion injuries 
and as such was used to investigate protective effects of 
various drugs. EMP was induced by an azo initiator and 
monitored by oxygen uptake. Both hydrophilic (ascorbic 
acid) and lipophilic (a-tocopherol, probucol, nicanartine) 
chain-breaking antioxidants as well as ferriheme-bound 
drugs (deferoxamine, chloroquine) inhibited EMP. 
When antioxidants and fdeme-bound  drugs were com- 
bined, synergistic effects were observed. It is proposed 
that ferriheme compounds which catalyse peroxide 
induced lipid peroxidation were blocked by deferoxam- 
ine and/or chloroquine. So these drugs inhibited at least 
partly the membrane peroxidation process and added 
their effects to the ones of chain-breaking antioxidants. 

Keywords: Antioxidant, peroxidation, erythrocyte, chloro- 
quine, deferoxamine, ferriheme 

INTRODUCTION 

Numerous physiopathological states such as 
inflammation, hypoxia-reperfusion and radia- 
tion['l generate excess of reactive oxygen species 

in blood. One of the consequences of this over- 
production is circulating lipids peroxidation 
including low density lipoproteins peroxidation 
which are involved in the atherosclerosis 
process.['] Erythrocyte membrane peroxidation 
(EMF') has been observed in diseases such as 
sickle cell anemia,[*5] malarial6] and hemolytic 
anemia171 where simultaneously plasma antioxi- 
dants levels were found suggest- 
ing that the plasma antioxidant capacity would 
contribute to the erythrocyte membrane antioxi- 
dant system and thus would be connected with 
oxidative stress suffered by erythrocytes. 

To study this phenomenon, we now propose a 
method to measure the plasma capacity of inhibi- 
tion of erythrocyte membrane peroxidation 
(IEMP). This method is derived from the initial 
technique of Wayner et al. based on lipid peroxi- 
dation induced by an azo initiator and monitored 
by oxygen consumption with a Clark-type elec- 
trode.['*] In this preliminary study, we apply this 

* Corresponding author. Tel.: (+33) 1 49 81 36 71. Fax: (+33) 1 49 81 35 94. 
Present address: Laboratoire de Pharmacologie, Faculte de Medecine, 8 rue du General Sarrail, 94010 Creteil, France. 
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technique to plasma of healthy volunteers, then 
to plasma loaded with several drugs. 

MATERIALS AND METHODS 

Chemicals 

2,2'-azobis (2-amidinopropane)-dihydrochlo- 
ride (AAPH) was purchased from Wako Pure 
Chemical Industries. Nicanartine was obtained 
from Merz (Frankfurt am Main, Germany), chloro- 
quine sulfate was from Specia Rhhe-Poulenc 
Rorer (Paris, France), probucol was from Marion 
Merrel (Levallois-Perret, France). Others chemi- 
cals were obtained from Sigma. 

Preparation of Erythrocytes 

Venous blood was obtained from healthy sub- 
jects (7 males and 9 females) 23-29 years old and 
collected into K,-EDTA vacutainersTM. Blood 
was centrifuged (3000 rpm, 5 min) and plasma 
was stored at -80°C. Erythrocytes were stored in 
autologous plasma at +4"C. Assays were done in 
triplicate as soon as possible within 24 hours. 
Erythrocytes were washed three times with NaCl 
0.9% just before assay. 

IEMP Assay with Erythrocytes (Figure 1) 

According to Wayner et al. (12), lipid peroxida- 
tion was initiated by AAPH decomposition at 
37°C to yield peroxyl radicals at a known and 
constant rate Ri. When lipid EMP was estab- 
lished, plasma was added and decreased the 
lipid peroxidation rate. The inhibition period of 
EMP, T plasma, was defined as the duration of 
the plasma decrease of the peroxidation rate. 
Then, the lipid peroxidation rate returned to its 
initial value. IEMP was defined as 

IEMPp1,,,, = (Ri . T plasma)/f (1) 

where f is the plasma dilution in buffer. Ri was 
estimated by adding trolox (a chain-breaking 
antioxidant) when the plasma inhibition period 
was over. The second inhibition period of EMP 
induced by trolox, T trolox, was defined as 

IEMP,,1,, = (Ri . T trol~x)fltrolox] (2) 

where [trolox] is trolox concentration. Ri was cal- 
culated as follows 

Ri = (2 . [ trolox])/T tr010x (3) 

on the basis that trolox is trapping 2 peroxyl rad- 
icals per molecule. 

IEMPP1,, was calculated according to 

IEMPPh,, = (2 . [trolox] . T plasma)/ 
(T trolox . f )  (4) 

The slope ratio Pl/P2 (Figure 1) is another use- 
ful parameter to measure the inhibition of lipid 
peroxidation by plasma. Before plasma was 
added, the rate of oxygen consumption due to 
lipid peroxidation was described by a straight 
line with slope P1; during plasma inhibition 
period of EMP a new straight line was obtained 
with slope P2. 

The oxygen concentration was monitored with 
a Clark-type HansatechTM oxygen electrode. To 
increase EMP rate, linoleic acid was added in the 
buffer (115mM NaClr5.4mM KCl, 1.8mM CaC12, 
0.8 mM MgC12, 5 mM Glucose, pH = 7.4). Linoleic 
acid which is water insoluble was mixed with 
plasma to obtain an emulsion. Twenty five pl of 
plasma and 1 pl of linoleic acid were vortexed for 
30 seconds. Twenty p1 of this mixture were 
added to the buffer also containing 4mM AAPH 
at 37"C, protected from light. The final volume in 
the oxygen electrode cell was 1.5ml. One p1 of 
washed erythrocytes were added to the cell. To 
obtain the plasma inhibition period, a volume of 
plasma loaded or not with drugs was added dur- 
ing EMP, followed by addition of 1 pl trolox solu- 
tion (5mM, in dimethyl formamide) when the 
plasma inhibition period was over. 
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FIGURE 1 IEMP assay with the plasma and erythrocytes of a healthy volunteer. Assay is done in buffer (115 mM NaCl, 5.4mM KC1, 
1.8 mM CaC12,0.8 mM MgC12,5 mM Glucose, pH=7.4) containing 4 mM AAPH at 37°C protected from light. Oxygen concentration 
in the electrode cell is monitored with a Clark-type oxygen electrode. After linoleic acid-plasma mixture addition, oxygen 
consumption is low, indicating a slow rate of lipoprotein peroxidation. Then oxygen consumption and lipid peroxidation rates 
increase strongly upon erythrocyte addition. P1 is the slope of the straight line generated by oxygen consumption during lipid 
peroxidation. P2 is the slope of the straight line representing oxygen consumption during inhibition period of EMF' induced by plasma 
(Tplasma). T trolox is the inhibition period of EMP due to trolox addition. 

IEMP Assay with Ghosts Data Analysis 

Hemoglobin-free e ythrocytes ghosts were prepared by 
lysing 1 ml of cells with 15 ml of 10 mmolll tris bufer 
(pH = 7.4) according to Moore et al. (25). Pellets were 
washed twice with tris bufer and once more with the 
bufer (115mM NaCl, 5.4mM KCl, 1.8mM CaC12, 
0.8 mM MgC12, 5mM Glucose, pH = 7.4). Membrane 
pellets were collected after each step by centrifuging 
the lysed suspension at 10,OOOg for 20 minutes. 

The assays with ghosts were performed as described 
above, except that 1 pl of hemoglobin-pee erythrocytes 
ghosts were used instead of 1 pl of washed erythrocytes. 

Data were analyzed by an iterative non linear 
regression program (Micropharm, Inserm, 1990). 

RESULTS 

The IEMP assay is depicted on Figure 1. A signif- 
icant inhibition of EMP required at least 20 p1 of 
plasma for healthy volunteers. The plasma IEMP 
distribution is presented in Figure 2. The mean 
value is 1.53 k 0.30 pM. 
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FIGURE 2 Plasma IEMP distribution in a healthy volunteer population. Plasma samples from 16 volunteers were investigated 
(7 males, 9 females). Results are expressed as percent of the population. 

T plasma and T trolox are the classical parame- 
ters used to estimate plasma antioxidant activ- 
ity.[l2] The ratios T plasma/T trolox and Pl/P2 
were obtained from the plasma of a healthy volun- 
teer. The following plasma volumes were added 
(15pl, 20~1, 25~1, 30~1, 40~1, 60~1). As shown in 
Figure 3, there was a strong correlation between 
the time and slope ratios (Y = 0.992). When plasma 
was loaded with antioxidants, the determination 
of P1/P2 ratio was prefered to T plasma/T trolox 
as the first one is quicker. Moreover, during the 
inhibition period, the rate of oxygen consumption 
was decreased but a residual oxygen consumption 
level was observed. Then, at the end of the inhibi- 
tion period, the oxygen concentration in electrod 
cell is no more sufficient to evaluate T trolox. 

Antioxidant tested drugs were (i) lipophilic 
chain-breaking antioxidants: a-tocopherol, 
probuc01)'~1 nicanartine[131 (ii) hydrophilic chain- 
breaking antioxidant: ascorbic acid (iii) ferri- 
heme- bound drug deferoxamine mesylate,[15] 

chloroquine sulfate.[16] The plasma of a healthy 
volunteer was loaded with increasing concentra- 
tions of these drugs. The relationship between 
P1/P2 and drug plasma concentration is 
depicted in Figure 4 and EC 50 values for each 
drug are summarized in Table I. EC 50 values 
presented in Table I were underestimated for a- 
tocopherol and ascorbic acid since these vitamins 
are already present in plasma. The most power- 
ful antioxidant was probucol. Combi-nations of 
probucol with deferoxamine and chloroquine 
were also investigated. The ferriheme-bound 
drug concentrations were set to their EC 50 val- 
ues. At these concentrations, ferriheme-bound 
drugs produced a slight inhibition of EMP. The 
combination of deferoxamine or chloroquine 
with probucol produced a sigruficant increase in 
the antioxidant activity, i.e., a decrease of the 
probucol EC 50,0.270 mM probucol alone versus 
0.064 mM probucol + deferoxamine ( p  < 0.01) 
and 0.079 mM probucol+ chloroquine ( p  < 0.01). 
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FIGURE 3 Relationship between the PllP2 and TplasmalTtrolox ratios. Experiments were done with the plasma of an healthy 
volunteer. For each assay, the slopes and inhibition periods were estimated. The linear regression is PUP2 = 4.575 ('I plasman trolox) 
i- 0.633 (r = 0.992). 

The IEMP assay with ghosts was made to investi- 
gate the injluence of oxidized hemoglobin on EMF' 
and the lack of peroxidation inhibition by deferoxam- 
ine and chloroquine without erythrocytes. The lag 
time between ghosts addition and the increase of lipid 
peroxidation rate was in the order of thousand sec- 
onds whereas it was in the order of ten seconds with 
erythrocytes. In the ghosts assay, the IEMP values 
of plasma containing deferoxamine mesylate (10 m M )  
or chloroquine sulfate (12 m M )  were respectively 
3.10k0.14 mM and 2.83k0.83mM. These IEMP 

values were not statistically different from those 
observed on plasma without drugs 12.91 f0.36 mM). 

DISCUSSION 

An interpretation of the IEMP mechanism is pro- 
posed in Figure 5. Oxygen consumption corre- 
sponds to fatty acid peroxide formation. The use 
of linoleic acid which is a readily oxidizable lipid 
increases the rate of lipoproteins peroxidation.[l2I 
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FIGURE 4 Inhibition of lipid peroddation by probucol in the plasma of a healthy volunteer. Twenty ml of plasma containing 
increasing concentrations (C) of probucol were added in the electrode cell to induce an inhibition period. The ratio PUP2 (= E) was 
determined in each assay. The data were fitted to the equation EE = (Emax. CH)/(EGOH+CH) where H is the Hill coefficient, EC50 
is the probucol plasma concentration that produces 50% of maximum effect (Emax). 

Its selection was based on the fact that Guo et al. 
showed that hydroperoxides formed in erythro- 
cytes membrane during AAPH-induced peroxi- 
dation were mainly derived from linoleic acid.[17] 
The plasma peroxyl radical trapping antioxidant 
activity was already evidenced by Wayner et al. 
by its ability to delay lipoproteins peroxidation 
induced by AAPH.i'21 Similarly, we showed that 
plasma could decrease EMP rate during a limited 
time interval. Our method has the advantage of 

being faster than the technique of Wayner et al. 
and could be used as a routine test to investigate 
the plasma capacity to inhibit EMP. 

Chain-breaking afitioxidants are able to trap 
free radicals directly. Lipophilic drugs such as 
a-tocopherol, probucol, nicanartine inhibited 
EMF as did ascorbic acid, a hydrophilic antioxidant 
(Table I). This inhibition of peroxidation is usually 
explained by a cooperative process between 
a-tocopherol and ascorbic acid.['*] In our assay, a 
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TABLE I Inhibition of EMP (Erythrocyte Membrane Peroxi- 
dation) by various drugs and their combinations 

Drugs EC 50 (mmol/l) 

Lipophilic chain-breaking antioxidants 
probucol 
nicanartine 
alpha tocopherol 

Hydrophilic chain-breaking antioxidant 
ascorbic acid 

Ferriheme-bound drugs 
deferoxamine mesylate 
chloroquine sulfate 

Associations 
probucol with deferoxamine mesylate 5 mM 
probucol with chlorine sulfate 5.9 mM 

0.270 0.006 
0.528+0.015 
3.456k0.508 

0.952k0.126 

5.060f0.275 
5.869 kO.011 

0.604 k0.006 
0.079 0.007 

EC 50 is established according to equation E = (Emax CH)/ 
(EC 50H + C") where C is the drug concentration, H is the Hill 
coefficient, E is the observed effect (pl/P2), EC 50 is the drug 
concentration that produces 50% os maximum effect (Emax). 
Values are mean *standard deviation of 2 experiments. 

direct activity of ascorbic acid on free radicals gen- 
eration by AAPH decomposition is also likeky to 
occur. But surprisingly, drugs which are not 
chain-breaking antioxidants like chloroquine 
inhibited also EMP. An explanation of this phe- 
nomenon can be deduced from the ferriheme role 
in EMP. Ferriheme which is both hemin (iron 111 
photophorphyrin IX chloride) and hematin (iron 
111 protoporphyrin IX hydroxide) is a potent cata- 
lyst of "peroxide-induced" lipid peroxidation. 
This absence of catalysing activity in ghost assays 
explains the lag time increase before the increase of the 
lipid peroxidation rate. Ferriheme released by oxi- 
dized hemoglobin promote lipid peroxidation by 
its catalytic ability in a Fenton rea~tion."~] Defe- 
roxamine which is an iron chelator binds ferri- 
heme and thus inhibits hemin-induced hemolysis. 
This inhibition is explained by preventing ferri- 
heme from binding to sites where it initiates 
hemolytic damage or by the lack of intrinsic 
hemolytic activity of deferoxamine or chloroquine- 
ferriheme complex when it binds to 
Chloroquine also binds ferriheme with a high 
affinity[161 and probably shares the same inhibition 
mechanism. These observations suggest that 

(i) lipid EMP could induce hemoglobin oxidation 
generating oxidized hemoglobin like ferriheme 
derivatives[21] and that (ii) chloroquine and defer- 
oxamine could inhibit EMP by binding these 
derivatives. According to our data (Table I), there 
is a synergy between ferriheme-bound drugs and 
chain-breaking antioxidants. An interest of the syn- 
ergistic combination is the decrease of the effective 
plasma concentration of probucol. In our assays, probu- 
col EC50 value reduced from 0.270 k 0.006 mM to 
0.064+0.006 mM, value close to the in vivo plasma 
concentration observed (Cmax = 0.190 mM).[zl 

EMP is a chain reaction which is developed 
from an initial oxidation process and contributes 
to hem~lysis.[~~] Our interpretation of EMP agrees 
with observations in hemolytic diseases. Admi- 
nistration of chain-breaking antioxidant results in 
rapid correction of hemolysis as described in 
infants with cystic fibrosis and severe hemolytic 
anemia.L7] The hemolysis in adult and neonatal 
erythrocytes caused by oxidation of lipid emul- 
sion can be inhibited by defero~amine.[~~I In sickle 
cell disease the addition of both ascorbate and 
deferoxamine is necessary to offer a significant 
protection of membrane.[25] An explanation of this 
phenomenon could be that in high levels, ascor- 
bate can become a pro-oxidant by reacting with 
iron components to catalyze the formation of 
hydroxyl radicals.IZ6] The combination of ascor- 
bate and deferoxamine could prevent this interac- 
tion and this potential pro-oxidant activity. The 
high levels of hemin in the membranes of sickle 
cells[27 could be also involved in this phenome- 
non. Deferoxamine is able to prevent hemin- 
induced peroxidation by binding with hemin. The 
side effects of deferoxamine can limit its use. Our 
results suggest that chloroquine could provide an 
alternative to deferoxamine in this indication. 

Oxidative processes of erythrocyte membrane 
but also lipoproteins peroxidation may be 
induced by hemin. The release of hemin due to 
the hemolysis would involve a lipoprotein perox- 
idation catalysis.[''] This strongly supports the 
hypothesis that EMP inhibition would be a way 
to prevent lipoprotein peroxidation which seems 
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FIGURE 5 An interpretation of the erythrocyte membrane peroddation induced by AAPH. n' is a peroxyl radical obtained from 
AAPH decomposition. LH is the polyunsaturated fatty acid (linoleic acid or fatty acid of lipoproteins or erythrocyte membrane) and 
L' is the corresponding radical. LOOH is a hydroperoxide formed from fatty acid peroddation and LOO' is the corresponding peroxyl 
radical. Lipoproteins + linoleic acid generates L' and LOO' during peroddation. These radicals can react with fatty acids in eqhrocyte 
membranae inducing EMP. L' and LOO' formed by EMP can induce hemoglobin oxidation producing ferriheme. Ferriheme increases 
EMP and oxygen consumption by catalysing lipid peroxidation in erythrocyte membrane. Adapted from a scheme of LDL 
peroddation (30). 
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to be implied in atherosclerosis.[29] Our results 
show that a chain-breaking antioxidant plus 
ferriheme-bound drug combination would be an 
efficient therapy in different disease but further 
investigations should be performed to evaluate 
the accuracy of this combination. 
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