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Abstract It was found that human erythrocytes underwent 
hemolysis when incubated with peroxynitrite at 37°C under air. 
The extent of hemolysis increased with increasing peroxynitrite 
concentration and decreasing hematocrit. The peroxynitrite-
induced hemolysis was suppressed only partially by a radical 
scavenging antioxidant such as uric acid and Trolox, a water-
soluble vitamin £ analogue, but reduced glutathione, N-
acetylcysteine and albumin efficiently inhibited the hemolysis. 
A selenium-containing organic compound, ebselen, also sup-
pressed the hemolysis. On the other hand, nitric oxide and 
superoxide generated concomitantly from 3-morpholinosydnoni-
mine (SIN-1) did not induce appreciable hemolysis, while it 
converted hemoglobin to methemoglobin extensively. 
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1. Introduction 

Nitric oxide (NO) is, like oxygen, a double-edged sword. It 
exerts diverse biological functions such as blood pressure 
modulation, vasodilation, neurotransmission and inhibition 
of platelet adherence and aggregation, but it also mediates 
tissue injury and may contribute to the pathology of neuro-
degenerative disease, inflammation, and atherosclerosis [1,2]. 
NO is not reactive per se, but it reacts with superoxide rapidly 
to give peroxynitrite, ONOO , which induces various oxida-
tive damage [3]. NO together with superoxide induces lipid 
peroxidation [4,5], but NO also acts as a potent peroxyl rad-
ical scavenger and inhibits lipid peroxidation [6-10]. 

The oxidation of erythrocytes has been studied extensively 
as a model of oxidative damage of biomembranes [11]. For 
example, it has been shown that free radicals attack erythro-
cyte membranes to induce the oxidations of lipids and pro-
teins and eventually cause hemolysis and that such hemolysis 
is suppressed by vitamin E and vitamin C [12-15]. In the 
present study, it was found that peroxynitrite was capable 
of inducing hemolysis of human erythrocytes which was sup-
pressed efficiently by albumin and glutathione. 
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Abbreviations: AAPH, 2,2'-azobis(2-amidinopropane) dihydrochlo-
ride; NAC, W-acetylcysteine; NO, nitric oxide; PBS, phosphate 
buffered saline; PCOOH, phosphatidylcholine hydroperoxide; 
PEOOH, phosphatidylethanolamine hydroperoxide; SIN-1, 3-mor-
pholinosydnonimine 

2. Materials and methods 

2.1. Materials 
Fresh, heparinized blood from a healthy donor was centrifuged at 

lOOOXg for 10 min and erythrocytes were separated from plasma and 
buffy coat and washed three times with a physiological saline. Perox-
ynitrite was synthesized from hydrogen peroxide and KNO2 in phos-
phate buffered saline (pH 7.4) as described in the literature [2]. After 
quenching of the reaction with ice cold NaOH, the top layer of the 
solution was collected and the concentration of peroxynitrite was 
determined from an absorption at 302 nm and a molar extinction 
of 1670 M_1 cm-1 [2]. The remaining hydrogen peroxide was re-
moved with MnC>2. 2,2'-Azobis(2-amidinopropane) dihydrochloride 
(AAPH) was obtained from Wako Pure Chemical Ind. (Osaka, Ja-
pan). Ebselen, 2-phenyl-l,2-bezisoselenazol-3(2H)-one, was a kind gift 
from Dr. Masayasu at Daiichi Pharmaceutical Co. (Tokyo, Japan). 
Other chemicals were of the highest grade available commercially. 

2.2. Methods 
The erythrocyte suspensions in physiological saline containing 

30 mM phosphate buffer (pH 7.4) were incubated at 37°C in air 
and an aliquot was taken out periodically to measure the extent of 
hemolysis spectrophotometrically as described in the previous paper 
[12]. The consumption of endogenous a-tocopherol was measured 
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 m/min [16]. 
The electrochemical detector (Shiseido Nanospace SI-1, Tokyo) was 
set at +800 mV. The amount of reduced glutathione was measured 
with Ellman's reagent as described in the literature [17]. Phosphati-
dylcholine hydroperoxide (PCOOH) and phosphatidylethanolamine 
hydroperoxide (PEOOH) were measured by a chemiluminescence-
based high performance liquid chromatography assay [18]. 

3. Results 

It was found that human erythrocytes underwent hemolysis 
when incubated with peroxynitrite at 37°C under air in phys-
iological saline (pH 7.4). The hemolysis was observed rapidly 
after addition of peroxynitrite and then increased only grad-
ually with time (data not shown). Little hemolysis was ob-
served in the absence of peroxynitrite. Furthermore, it was 
confirmed that the addition of peroxynitrite solution after 
standing at room temperature and pH 7.4 for 1 h did not 
induce hemolysis, suggesting that the species such as nitrite, 
nitrate and hydrogen peroxide which might contaminate the 
solution are not responsible for hemolysis. The endogenous 
a-tocopherol decreased rapidly immediately after the addition 
of peroxynitrite but then remained unchanged. A similar phe-
nomenon was observed with reduced glutathione (data not 
shown). The extent of hemolysis increased with increasing 
concentration of peroxynitrite (Fig. 1). 

The endogenous a-tocopherol and glutathione in the eryth-
rocytes were consumed during incubation with peroxynitrite 
in a concentration-dependent manner (Fig. 2). The amounts 
of a-tocopherol and glutathione consumed were smaller than 
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Fig. 1. Effects of peroxynitrite concentration and hematocrit on the 
hemolysis. Human erythrocytes were incubated with different con-
centrations of peroxynitrite at 37°C in air for 30 min and the extent 
of hemolysis was measured as described in Section 2.2. Hematocrit: 
dark-saded boxes, 5%; light-shaded boxes, 10%. Values are means 
± S.E. of 3 to 4 independent experiments. 

the initial amount of peroxynitrite added and the erythrocytes 
underwent hemolysis while a considerable amount of a-to-
copherol still remained. 

The effects of various antioxidants against hemolysis of 
human erythrocytes induced by peroxynitrite were studied 
and the results are summarized in Fig. 3. Trolox, a water-
soluble analogue of vitamin E which acts as a potent radical 
scavenger, uric acid and catalase were not very effective but 
glutathione, iV-acetylcysteine and albumin suppressed the he-
molysis completely. Ebselen, a synthetic selenillm-containing 
compound, was also effective in suppressing the hemolysis, 
although it increased hemolysis by itself. 

It has been found previously that AAPH which generates 
aqueous peroxyl radicals by thermal decomposition in air in-
duces hemolysis [12-15]. In the present study the hemolysis 
induced by peroxynitrite and AAPH was compared at the 
point when about the same extent of hemolysis took place. 
The results are summarized in Table 1. Peroxynitrite (300 uM) 
induced 21% hemolysis in 1 h, while AAPH (150 mM) in-

duced 26% hemolysis in 2.5 h. Since the half-life of peroxyni-
trite under the present conditions is about 1 s [2], it is assumed 
that all of peroxynitrite is decomposed in 1 h. The amount of 
free radicals (aqueous peroxyl radicals) formed from AAPH is 
calculated from 1.30 X10"6 X AAPH (M)xtime (s) [19] and it 
is obtained as 1.30X 10_ 6X0.150x2.5x3600= 1755 uM in 
2.5 h. Substantially all of the endogenous a-tocopherol and 
glutathione were consumed in the AAPH-induced oxidation, 
but considerable amounts were still remaining in the oxidation 
induced by peroxynitrite. The most notable difference between 
the reactions induced by peroxynitrite and AAPH is the for-
mation of lipid hydroperoxide. Phosphatidylcholine hydroper-
oxide was not detected in the peroxynitrite-induced oxidation, 
while a considerable amount was found in the oxidation in-
duced by AAPH. Little phosphatidylethanolamine hydroper-
oxide was formed in both oxidations. 

3-Morpholinosydnonimine (SIN-1) is known to generate 
spontaneously both superoxide and nitric oxide concomitantly 
under physiological conditions and can be used as a conven-
ient source of peroxynitrite [20]. It was observed that phos-
phatidylcholine hydroperoxide was formed when liposomal 
membranes were incubated with SIN-1 (data not shown), 
but little hemolysis took place when human erythrocytes 
were incubated with SIN-1 at concentrations as high as 
10 mM. Instead, the formation of methemoglobin was ob-
served, apparently by reacting with nitric oxide. On the other 
hand, the extent of methemoglobin formation by peroxynitrite 
was small. 

4. Discussion 

It was found previously that the aqueous peroxyl radicals 
derived from AAPH attack erythrocyte membranes to induce 
the oxidations of phospholipids, protein and a-tocopherol, 
which eventually lead to hemolysis [12-15]. The extent of 
hemolysis was directly proportional to the amount of peroxyl 
radicals formed [14]. As shown above, peroxynitrite induced 
hemolysis of human erythrocytes in a concentration-depend-
ent manner. The hemolysis induced by peroxynitrite and 
AAPH has similarities and dissimilarities. One of the major 
differences between the hemolysis induced by two kinds of 
different oxidants is the formation of phosphatidylcholine hy-
droperoxide. No hydroperoxide was observed in the peroxy-
nitrite induced oxidation, whereas a considerable amount was 
observed in the oxidation induced by AAPH. 

600 

500 

400 

300 

200 

100 

0 

1 TUA 

"■i 

■i 

<•-. 

T 
. - . ■ * " " 

I 

) . 
. -! 

I 
I 

0 100 200 300 500 

Peroxynitrite , (xM 

300 

'200 
x 
CO 

100 

X 

_X 

■.(.■it 

I 
0 100 200 300 500 
Peroxynitrite , |iM 

Fig. 2. Consumption of a-tocopherol and reduced glutathione during hemolysis induced by peroxynitrite. Human erythrocytes (10% hematocrit) 
were incubated with peroxynitrite at 37°C in air for 60 min and the concentrations of remaining a-tocopherol and glutathione were measured 
as described in Section 2.2. Values are means ± S.E. of 3 to 4 independent experiments. 
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3. Effects of antioxidants against hemolysis of human erythrocytes induced by peroxynitrite. Human erythrocytes (10% hematocrit) were 
incubated with 100 uM peroxynitrite in the absence and presence of antioxidant in physiological saline (pH 7.4) at 37°C in air for 60 min and 
the extent of hemolysis was measured as described in Section 2.2. Black boxes, extent of hemolysis without peroxynitrite but with antioxidant. 
Open boxes, extent of hemolysis with peroxynitrite and antioxidant. Control, without antioxidant. Mean±S.D., n = 3; UA, uric acid; GSH, 
glutathione; NAC, /V-acetylcysteine; Alb, albumin; SOD, superoxide dismutase. 

The facts that phosphatidylcholine hydroperoxide 
(PCOOH) was formed but that little phosphatidylethanol-
amine hydroperoxide (PEOOH) was formed in the AAPH-
induced oxidation of erythrocytes suggest that the radicals 
attack erythrocyte membranes from outside. On the other 
hand, it has been reported that more PEOOH was formed 
than PCOOH during the oxidative damage of erythro-
cytes induced by superoxide [21]. In the present study, it 
was found that peroxynitrite induced hemolysis without ap-
preciable lipid peroxidation. Probably peroxynitrite and/or 
the active species derived from it attack proteins more pref-
erentially than lipids in the erythrocyte membranes. Thus, the 
mode of oxidative damage of erythrocyte membranes depends 
on the oxidants. 

The efficiency of antioxidant also depends on the oxidants. 
The water-soluble radical-scavenging antioxidants such as as-
corbic acid and Trolox are effective against AAPH-induced 
oxidations, whereas glutathione, which is less reactive toward 
peroxyl radicals than Trolox, does not act as an efficient in-
hibitor [13]. On the other hand, glutathione exerted much 
more potent activity than Trolox and uric acid (Fig. 3) in 
suppressing the hemolysis induced by peroxynitrite. White-
man and Halliwell [22] observed that glutathione was effective 
in protecting against peroxynitrite-dependent tyrosine nitra-
tion and ai-antiproteinase inactivation and Salgo and Pry or 
reported that Trolox inhibited peroxynitrite-induced apoptosis 
in rat thymocytes [23]. The formation of urate radical has 
been reported in the reaction with peroxynitrite [22]. 

Ebselen is a selenium-containing compound which exerts 
glutathione peroxidase activity [24], thereby acting as a potent 
antioxidant against metal-induced oxidation. It was observed 
in the present study that ebselen suppressed the peroxynitrite-
induced hemolysis. This may be accounted for by the recent 
finding by Matsumoto and Sies [25] that ebselen acts as a 
potent scavenger of peroxynitrite. 

In conclusion, the present study shows that, although the 
details of the underlying mechanism are not clear, peroxyni-
trite is capable of inducing hemolysis of erythrocytes. How-
ever, it may be noteworthy that SIN-1 which generates both 
superoxide and nitric oxide concomitantly did not induce he-
molysis, implying that hemoglobin might act as a scavenger of 
nitric oxide [26] to inhibit the formation of peroxynitrite and 
accordingly hemolysis as well. 
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