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Abstract

Electron paramagnetic resonance (EPR) spectroscopy of spin labels was used to monitor membrane dynamic changes in 
erythrocytes subjected to oxidative stress with hydrogen peroxide (H2O2). The lipid spin label, 5-doxyl stearic acid, responded 
to dramatic reductions in membrane fluidity, which was correlated with increases in the protein content of the membrane. 
Membrane rigidity, associated with the binding of hemoglobin (Hb) to the erythrocyte membrane, was also indicated by a spin-
labeled maleimide, 5-MSL, covalently bound to the sulfhydryl groups of membrane proteins. At 2% hematocrit, these alterations 
in membrane occurred at very low concentrations of H2O2 (50 µM) after only 5 min of incubation at 37°C in azide phosphate 
buffer, pH 7.4. Lipid peroxidation, suggested by oxidative hemolysis and malondialdehyde formation, started at 300 µM H2O2 
(for incubation of 3 h), which is a concentration about six times higher than those detected with the probes. Ascorbic acid and 
α-tocopherol protected the membrane against lipoperoxidation, but did not prevent the binding of proteins to the erythrocyte 
membrane. Moreover, the antioxidant (+)-catechin, which also failed to prevent the cross-linking of cytoskeletal proteins with 
Hb, was very effective in protecting erythrocyte ghosts from lipid peroxidation induced by the Fenton reaction. This study also 
showed that EPR spectroscopy can be useful to assess the molecular dynamics of red blood cell membranes in both the lipid 
and protein domains and examine oxidation processes in a system that is so vulnerable to oxidation.

Key words: Electron paramagnetic resonance; Spin label; Erythrocyte; Membrane fluidity; Membrane oxidation; 
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Red blood cells (RBCs) are continuously exposed to 
reactive oxygen species (ROS) produced as a result of 
their high cellular oxygen concentration and abundant 
heme iron content (1). The autoxidation of oxyhemo-
globin to methemoglobin generating superoxide anion 
radical (O2.-) represents the main source of ROS in 
RBCs (2). Hydrogen peroxide (H2O2) is produced by 
O2.- dismutation, which causes oxidative modifications 
in oxyhemoglobin (3). Exposure of oxyhemoglobin to 
H2O2 leads to increased concentration of methemoglo-
bin, lipid peroxidation (4), and spectrin-hemoglobin (Hb) 
complexes (5). In addition, the erythrocyte membrane is 
particularly sensitive to oxidative damage due to its high 
polyunsaturated fatty acid content, and hence, it repre-
sents an important system to study the effect of oxidative 
stress (6,7). In this respect, RBCs have been used as a 
model for the assessment of oxidative damage caused by 

a variety of inducers such as H2O2, Cu2+-ascorbic acid, 
Fe2+-ascorbic acid, azo compounds, and the xanthine/
xanthine oxidase system (4,7-9). 

Several studies using fluorescence spectroscopy 
(4,9), scanning electron microscopy (SEM) (2,5,8) and 
spectrophotometry (10,11) have suggested that oxidative 
damage promoted by ROS may be mitigated by antioxi-
dants. In particular, many studies have reported protec-
tive effects of dietary antioxidants against H2O2-induced 
oxidation in human RBCs. For instance, preincubation of 
human erythrocytes with a red wine extract significantly 
prevents oxidative hemolysis, methemoglobin production 
and lipid peroxidation induced by H2O2 (4). Similarly, peel 
extracts from unripened and ripened mango fruits have 
protective effects on H2O2-induced hemolysis, lipid per-
oxidation, membrane protein degradation, and morpho-
logical alteration of human RBCs detected by SEM (11), 
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and potato peel extracts have provided protection against 
H2O2-induced morphological changes in rat RBCs (7).

Electron paramagnetic resonance (EPR) spectroscopy 
of spin labels has been used to access dynamic molecular 
changes in cell membranes due to lipid and protein oxidation. 
Membrane rigidity associated with increased malondial-
dehyde (MDA) formation was found in apical segments of 
coffee seedling roots after chilling stress (12,13), in mito-
chondria subjected to iron-induced lipoperoxidation (14), in 
lead-exposed HepG2 cells (15) and in sonicated soybean 
phospholipid vesicles upon lipoperoxidation with iron/ascor-
bate (16). Oxidative stress of the integral proteins of cell 
membranes reduces the mobility of the protein backbone, 
which has been monitored using thiol-specific spin labels 
(17-19). In the present study, we have detected dramatic 
stiffening in the erythrocyte membrane of cells subjected to 
oxidative stress with H2O2, in the presence of azide, which 
was correlated with an increase in the protein content of 
the membrane. Surprisingly, membrane alterations were 
observed at seversl times lower H2O2 concentrations and 
incubation than necessary for oxidative hemolysis and 
thiobarbituric acid reactive species (TBARS) formation. 
To examine this oxidative process in more detail, we also 
analyzed the protective effects of three classic antioxidants 
on the physicochemical changes induced by free radical 
stress in both lipid and protein components of the RBC 
membrane. 

Material and Methods

Chemicals
The spin labels, 5-doxyl stearic acid (5-DSA) and 

3-maleimide-proxyl (5-MSL), were purchased from Sigma 
(USA), whereas all other reagents were purchased from 
either Sigma or Merck S.A. (Brazil). All solutions were 
prepared with Milli-Q water.

Preparation of erythrocytes and induction of 
oxidative stress

Human blood samples obtained from two blood banks 
in Goiânia, Brazil, were diluted in phosphate-buffered 
saline (PBS, 10 mM phosphate, 150 mM NaCl, pH 7.4) 
containing 1 mM sodium azide and centrifuged three 
times at 150 g for 10 min at 4°C. Plasma and white blood 
cells were carefully removed by aspiration in each wash. 
Oxidative stress was induced in the erythrocytes at 2% 
hematocrit in PBS with the desired concentration of H2O2 
and incubation at 37°C for 3 h. The reagent solutions were 
gently shaken every 30 min during incubation. To evaluate 
the protective effect of antioxidant molecules, RBCs were 
previously incubated for 30 min at 37°C with the desired 
concentrations of ascorbic acid, (+)-catechin, L-carnosine, 
or α-tocopherol before the oxidation process. In tests that 
measured the antioxidant effect of catalase, sodium azide 
was not added to the PBS.

Determination of hemolysis
The hemolytic level was determined spectrophoto-

metrically. After the sample was oxidized by following the 
experimental protocol described above, the reagent solu-
tions were centrifuged for 10 min at 300 g and at 25°C 
and the absorption of the supernatant (A) was measured 
at 540 nm. Percent RBC lysis was determined according 
to the following equation: % hemolysis = Aa - Ac1 / Ac2 - 
Ac1, where Ac1 is the control sample (0% H2O2), Ac2 is the 
sample completely hemolyzed with Milli-Q water and Aa is 
the sample with the desired H2O2 concentration. 

Determination of TBARS
MDA production was measured according to the fol-

lowing protocol (20). After incubating the RBCs in solutions 
containing H2O2, 10% trichloroacetic acid (TCA (w/v) final 
concentration) was added to 1.5 mL of the supernatant solu-
tion of erythrocytes. The solutions were then centrifuged for 
10 min at 300 g and 1 mL thiobarbituric acid (TBA, 1% in 
0.05 M NaOH) was added to the supernatant. The reagent 
solution was heated to 95°C for 30 min. After cooling to 
4°C, 1 mL n-butanol was added to each tube to extract the 
MDA-TBA complex. TBARS concentration was obtained 
by subtracting 20% of the absorbance at 453 nm from the 
absorbance at 532 nm, using a molar extinction coefficient 
of 1.56 x 105 M-1 cm-1.

Spin labeling of lipid and protein components of the 
erythrocyte membrane

After exposure to oxidative stress, the erythrocytes were 
sedimented by a 10-min centrifugation at 300 g and 4°C. 
The lipid component of the membrane was spin labeled 
by adding ~1 µL 5-DSA (5 mg/mL in ethanol) to the RBC 
pellet. Maleimide labeling of erythrocyte membranes was 
performed by first incubating the samples in 5 mM phos-
phate, pH 8.0, for 2 h at 4°C, centrifuging for 30 min at 
20,000 g and 4°C, and carefully removing the supernatant. 
This procedure was repeated until the supernatant was free 
of residual hemoglobin. Then, ~2 µL 5-MSL (50 mg/mL in 
ethanol) was added to the membranes and was allowed to 
react for 30 min at 4°C. The unbound label was removed 
by centrifugation.

Preparation, oxidation and spin labeling of 
erythrocyte ghosts

Erythrocytes at ~6% hematocrit were incubated in 5 mM 
PBS, pH 8.0, for 2 h at 4°C. After a 30-min centrifugation at 
20,000 g and 4°C, the supernatant was carefully removed. 
The above procedure was repeated until the supernatant 
was free of residual Hb. The erythrocyte ghosts were then 
resuspended in PBS. To induce oxidative stress, 2 mM H2O2 
and 200 µM FeSO4 in 150 mM NaCl, pH 7.0, were added 
to the ghost suspension and incubated at 37°C for 1 h. To 
evaluate the protective effect of (+)-catechin, erythrocyte 
ghosts were preincubated for 30 min at 37°C with the de-
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sired aliquot of this antioxidant molecule and subjected to 
oxidative stress as described above.

Protein quantification of oxidized erythrocyte 
membranes

The protein content of the membrane of oxidized eryth-
rocytes was measured using a commercial kit (Sigma) 
based on the reaction of bicinchoninic acid (BCA) (21,22). 
After erythrocyte exposure to oxidative stress, erythrocyte 
ghosts were prepared and a small aliquot was added to 
a solution of BCA reagent. After incubation for 30 min at 
37°C, absorbance was measured at 562 nm. The protein 
concentration was determined with a calibration curve 
prepared with bovine serum albumin (BSA).

EPR spectroscopy
EPR spectroscopy was performed with a 

Bruker ESP 300 spectrometer (Rheinstetten, 
Germany) equipped with an ER 4102 ST 
resonator and a Bruker temperature control-
ler. The instrument settings were: microwave 
power of 2 mW, modulation frequency of 
100 KHz, modulation amplitude of 1.0 G, 
magnetic field scan of 100 G, sweep time of 
168 s, and detector time constant of 41 ms. 
All measurements were performed at room 
temperature (24-26°C).

Results 

Ascorbic acid and α-tocopherol as 
inhibitors of H2O2-induced hemolysis 
and TBARS formation in RBCs

The levels of H2O2-induced oxidative 
hemolysis measured at 2% hematocrit (Figure 
1A) indicate that RBC damage occurs in the 
concentration range of 0.3 to 1 mM H2O2. The 
protective effects of the antioxidants, ascor-
bic acid and α-tocopherol, against oxidative 
hemolysis induced by 0.8 mM H2O2 (Figure 
1B) show that ascorbic acid provided a maximum protective 
effect at concentrations around 160 µM, leading to almost 
no oxidative damage, whereas α-tocopherol provided only 
a discrete effect at concentrations near 300 µM, with a re-
duction of the hemolytic level to about 30%. TBARS levels 
increased significantly when erythrocytes were treated with 
H2O2 (Figure 1A). The protective effects of ascorbic acid 
and α-tocopherol against the oxidative damage of RBC 
membranes were consistent with the results of protection 
against hemolysis (Table 1).

Alteration in erythrocyte membrane fluidity
EPR spectra of 5-DSA in erythrocyte membranes previ-

ously exposed to different H2O2 concentrations (Figure 2A) 
demonstrate that the addition of H2O2 leads to an increase 

in membrane stiffness as indicated by the spectral EPR pa-
rameter 2A//. The behavior of 2A// with the oxidative stress 
induced by H2O2 at 2% hematocrit is shown in Figure 2B. 
Membrane fluidity assessed by the 2A// parameter results 
in a sigmoidal curve as in the case of the hemolytic effect 
(Figure 1A), but the changes in membrane fluidity were 
initiated at H2O2 concentration of about 50 µM, which is 
approximately six times lower than for the hemolytic ef-
fect (~300 µM). Also, the antioxidants ascorbic acid and 
α-tocopherol at concentrations that were protective against 
hemolysis (Figure 1B) did not show any ability to prevent 
changes in erythrocyte membrane fluidity. Furthermore, the 
oxidation process triggered by H2O2 occurred rapidly be-
cause the increase of the 2A// parameter was observed after 
only 5 min of exposure to H2O2 and could not be prevented 

Figure 1. Percent hemolysis (filled squares) and TBARS (open squares) induced 
by different H2O2 concentrations in an erythrocyte suspension at 2% hematocrit 
(Panel A). Protective effects of ascorbic acid (circles) and α-tocopherol (stars) on 
percent hemolysis induced by 0.8 mM H2O2 (Panel B). TBARS = thiobarbituric 
acid reactive species.

Table 1. Production of thiobarbituric acid reactive species 
(TBARS) in erythrocyte suspensions with 0.8 mM H2O2 and pro-
tective effect of ascorbic acid and α-tocopherol at several con-
centrations.

Antioxidant (µM) TBARS (µmol/mL)

Ascorbic acid α-tocopherol

    0 1.44 ± 0.21 1.44 ± 0.21
  20 0.53 ± 0.25 -
  60 0.49 ± 0.14 -
100 - 1.35 ± 0.28
160 0.54 ± 0.15 -
200 - 1.32 ± 0.20
300 - 1.03 ± 0.28
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by well-known antioxidants such as 
ascorbic acid and (+)-catechin.

The results presented above 
indicate that the membrane fluid-
ity changes in RBCs oxidized with 
H2O2 were caused by the membrane 
protein component. The formation 
of cross-links between spectrin and 
oxidized Hb (5) and/or the binding of 
hemichromes in the membrane (23) 
could alter the microenvironment 
around the spin probe and reduce its 
rotational motion. It is well known that 
integral membrane proteins restrict 
the motion of spin-labeled lipids that 
surround their hydrophobic regions in 
the membrane interior (24,25). Thus, 
the restricted motion of the lipid spin 
probe in the membrane upon oxidative 
stress could be explained by altera-
tions in the protein component of the 
membrane. To examine the probable 
relationship between the observed 
reduction in membrane fluidity and 
the binding of Hb to the membrane, an 
experiment measuring protein content 
as a function of H2O2 concentrations 
was performed (Figure 3). A correla-
tion between an increase in total 
protein concentration in erythrocyte 
membranes and the reduction in 
membrane fluidity caused by gradual 
increases in H2O2 concentration was 
observed (Figure 3).

Oxidation of erythrocyte 
membrane proteins

To examine the dynamic changes 
in erythrocyte membrane proteins, 
the thiol-specific spin label, 5-MSL, 
was used. The EPR spectra of 5-MSL 
attached to sulfhydryl groups of 
RBC membrane proteins previously 
exposed to different H2O2 concentra-
tions are shown in Figure 4A. EPR 
spectra of nitroxide side chains are 
generally characterized by the coex-
istence of two spectral components, 
indicating two probe populations 
with different states of mobility in 
thermodynamic equilibrium (26-28). 
Therefore, each 5-MSL spectrum is 
the overlap of two spectral compo-
nents denoted S (strongly immobi-
lized) and W (weakly immobilized). 

Figure 2. A, Electron paramagnetic resonance (EPR) spectra of 5-doxyl stearic acid in 
erythrocyte membranes in the presence of gradually increasing H2O2 concentrations. 
The vertical dotted lines are references for the control value of the 2A// parameter, the 
outer hyperfine splitting. The total scanning range of the magnetic field of all spectra 
was 100 G. B, EPR parameter, 2A//, for the control (squares), the 160-µM ascorbic acid-
treated (circles) and the 300-µM α-tocopherol-treated (stars) samples as a function of 
H2O2 concentration.

Figure 3. Protein content of the erythrocyte membranes (filled squares) and the electron 
paramagnetic resonance parameter, 2A//, of 5-doxyl stearic acid in the erythrocyte mem-
branes (open squares) as a function of H2O2 concentration. Insert, The linear correlation 
coefficient in the plot of protein content versus 2A// was R = 0.96. 
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The S and W components are associated 
with restricted and less restricted motion 
of the nitroxide on the 9.4-GHz EPR time 
scale. Two parameters measured directly 
in the EPR spectra, W/S and 2A// (Figure 
4A), are useful for monitoring the effect of 
rigidity on the protein. As shown in Figure 
4B, the parameters W/S and 2A// indicate 
that H2O2 promotes the rigidity of mem-
brane proteins with the effect starting at 60 
µM. The oxidative process of erythrocyte 
membrane proteins will probably cause 
the formation of complexes with oxidized 
Hb through intra- and interprotein cross-
linkings, which restrict the segmental mo-
tions of the protein backbone (5,23). 

Furthermore, the increase in the signal 
intensity of 5-MSL during the oxidative 
process (Figure 5) indicates an increase 
in the number of SH groups that are ac-
cessible to the spin probe. An increase of 
membrane-bound Hb aggregates could 
explain the additional reactive sites be-
cause each Hb contributes its own free 
SH groups. The amount of accessible SH 
groups in the membrane increases with the 
gradual increase of H2O2 concentration 

Figure 4. A, Electron paramagnetic resonance (EPR) spectra of 5-MSL bound to 
erythrocyte membrane proteins in the presence of gradually increasing H2O2 con-
centrations. The relative intensities of the resonance lines S and W (the fraction of 
labels in the strongly and weakly immobilized components, respectively) are related 
to protein dynamics, as well as the 2A// parameter (the separation between the verti-
cal dotted lines in the magnetic-field unit). B, The W/S intensity ratio (filled squares) 
and the electron paramagnetic resonance parameter 2A// (open squares) plotted as 
a function of H2O2 concentration.

Figure 5. H2O2 concentration dependence of the signal intensity of 
5-MSL attached to sulfhydryl groups of erythrocyte membrane pro-
teins (open squares) and the electron paramagnetic resonance pa-
rameter, 2A//, of the spin-labeled lipid, 5-doxyl stearic acid, in erythro-
cyte membranes (filled squares).
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and is well correlated with the membrane protein content 
and the decrease of membrane fluidity as assessed by 
5-DSA. Our results support the idea that cross-linking 
takes place between oxidized Hb and membrane proteins 
during the oxidation process induced by H2O2. However, 
above 0.3 mM H2O2 the amount of accessible SH groups 
is diminished, suggesting the occurrence of oxidation of 
these groups at higher H2O2 concentrations. 

Effect of azide
In the present study, we used 1 mM sodium azide in 

erythrocyte suspension to inhibit catalase. Without azide, 
the hemolytic levels are dramatically reduced, reaching a 
maximum of 5% over the entire range of measured H2O2 
concentrations (Figure 6). In this case, the membrane rigidity 
was only observed at very high H2O2 concentrations (20 
mM), about two hundred times the H2O2 concentrations 
necessary to obtain similar membrane rigidity in the ab-
sence of azide (Figure 2). It is worth mentioning that even 
L-carnosine, a compound that is being extensively studied 
due to its ability to prevent protein damage and cross-linkings 

mediated by agents such as MDA (the lipid peroxidation 
product) (29), had no protective effect against the membrane 
rigidity induced by H2O2 oxidation (data not shown).

Because H2O2 induces damage on the erythrocyte 
membrane that cannot be prevented by classical antioxi-
dants, probably due to the high amount of iron present in 
the erythrocyte, we conducted an experiment using ghost 
membranes with the addition of iron sulfate and H2O2. The 
EPR parameter, 2A//, for 5-DSA indicated a less pronounced 
effect of membrane rigidity (Figure 7) and 100 µM (+)-cat-
echin was able to protect the membrane against alterations 
in rigidity. TBARS production (Figure 7) also showed the 
protective effect of (+)-catechin on the ghost membranes.

Figure 6. Electron magnetic resonance parameter, 2A//, of 5-doxyl 
stearic acid in erythrocyte membranes (circles) and oxidative 
hemolytic level (squares) plotted against H2O2 concentration for 
samples with no inhibition of catalase present in the erythrocyte.

Figure 7. A, Electron magnetic resonance (EPR) spectrum of 
5-doxyl stearic acid in erythrocyte ghosts oxidized with 2 mM 
H2O2 and 200 µM FeSO4. B, Control sample (not oxidized). C, 
Samples pre-treated with 100 µM (+)-catechin and then oxidized 
as in A. The EPR parameter, 2A//, increases for the oxidized sam-
ple, indicating a reduction in molecular dynamics or increased 
molecular order. The high-field resonance line of the inner hyper-
fine splitting (indicated by an arrow for each spectrum) decreases 
in the spectrum of oxidized membranes, indicating a loss of probe 
mobility. The figure also shows a decrease in the production of 
thiobarbituric acid reactive species (TBARS) resulting from lipid 
peroxidation of erythrocyte ghosts due to the antioxidant activity 
of (+)-catechin.
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Discussion

In the current study, the membrane dynamic changes 
in erythrocytes subjected to oxidative stress with H2O2 
were characterized by EPR spectroscopy using spin labels 
specific for both lipid and protein components. Interestingly, 
the lipid spin label 5-DSA was able to detect the alterations 
in the protein component of the membrane caused by the 
binding of Hb to erythrocyte membranes. The EPR spectra 
of lipid spin labels in lipid bilayers containing proteins are 
generally composed of two spectral components, a fact 
indicating the coexistence of two populations of spin la-
bels differing in their state of mobility. The more restricted 
component is associated with the boundary lipids where 
the spin labels surround the hydrophobic regions of pro-
teins, whereas the more mobile component arises from 
the spin labels located in the bulk bilayer phase, away 
from the protein (24,25). However, probably due to the 
high protein concentrations in the erythrocyte membrane 
(~50%), only the spectral component corresponding to the 
spin label contacting proteins appears in the EPR spectra 
of 5-DSA, indicating that the fraction of spin labels without 
any contact with proteins is too small. Thus, a spin-labeled 
lipid may detect changes in the protein component of 
RBC membranes. For oxidized samples of RBC ghosts, 
increases in the 2A// parameter of up to about 2 G were 
observed (Figure 7). For erythrocyte membranes, in which 
protein binding occurs in the membrane upon oxidation 
with H2O2, the observed increases were about 5 G (Fig-
ure 2B). Equivalent increases of the 2A// parameter (2 
and 5 G) could be achieved by lowering the temperature 
of the non-oxidized membrane by about 8° and 20°C, 
respectively (30).

Several studies have assessed the degree of lipid peroxi-
dation using EPR spectroscopy of spin-labeled lipids incor-
porated into membranes. For instance, the chilling stress in 
coffee seedlings caused by plant exposure to a temperature 
of 10°C for 6 days in darkness led to membrane stiffness 
of the plant root, which was associated with growth inhibi-
tion, changes in metabolic rates and MDA formation and 
was interpreted to be due to lipid peroxidation (12,13). The 
increase in the 2A// parameter of 5-DSA measured directly in 
intact root-tip segments was about 2 G for coffee seedlings 
exposed to chilling stress. Similar increases in 2A// were 
caused by iron-induced lipoperoxidation in mitochondrial 
membranes, which was prevented by 25 µM dipyridamole, 
a coronary vasodilator (14). These data are consistent with 
the increase of about 2 G in the 2A// parameter, observed 
here for ghost membranes, which was caused by lipid 
peroxidation with Fe2+ plus H2O2. In the membrane model 
of sonicated soybean phospholipid vesicles, the effect of 
lipid peroxidation with iron/ascorbate on membrane fluidity 
was dependent on the nitroxide position along the fatty-acid 
chain. Maximum rigidity was observed for the positional 
isomers 10- and 12-DSA (16). 

Oxidative stress on the protein component of cell 
membranes has been monitored by EPR spectroscopy of 
spin-labeled maleimide in several studies, indicating that 
the spectral intensity ratio, W/S, may be a general index of 
oxidative injury to membrane proteins (17-19). For instance, 
it has been reported that oxidative stress induced by iron/
ascorbate on the rodent synaptosome membrane causes 
stiffness in the protein component as judged by the EPR 
parameter W/S from a thiol-selective spin-label (18). In 
the present study, we show that another more important 
spectral parameter, 2A//, directly related to the dynamics 
of the protein backbone, also indicates stiffening when the 
proteins are oxidized. Here, the variation of 2A// for 5-MSL 
in erythrocyte membranes oxidatively stressed by H2O2 was 
1 G (Figure 4B), which is only half the variation observed 
with the spin-labeled lipid in RBC ghosts (Figure 7). The 
experimental error of 2A// is 0.5 G, but the high reproduc-
ibility of the EPR technique allowed us to obtain a curve and 
significant differences. EPR spectroscopy also allows an 
assessment of the amount of free sulfhydryl groups in the 
sample that is proportional to the signal intensity of thiol-
specific spin labels. The amount of accessible SH groups 
gradually increased with H2O2 concentration in RBCs, 
suggesting that proteins, possibly Hb molecules, bind to the 
membrane during oxidative stress and contribute additional 
SH groups. The amount of free thiol groups in the erythrocyte 
membrane correlated with the membrane’s protein content 
and degree of rigidity in the H2O2-concentration range of 
50 to 200 µM (Figure 5). A decrease in the number of free 
SH groups was observed for concentrations of 300 to 1500 
µM, the same concentration range at which the hemolytic 
and TBARS levels were increased. These results suggest 
that during the process of lipid peroxidation the SH groups 
are oxidized, in agreement with complementary studies 
showing that the SH group content in erythrocyte ghosts 
decreases with lipid peroxidation by H2O2 (19).

Snyder et al. (5) showed that H2O2 induces the formation 
of a spectrin-Hb complex in human erythrocyte membranes 
associated with a progressive alteration in the cell’s shape 
to echinocytic morphology, decreased cell deformability and 
increased phagocytosis. The authors pointed out that the 
role of heme proteins is crucial for the occurrence of these 
cellular changes because they can be completely inhibited 
by prior exposure of erythrocytes to carbon monoxide. Lipid 
peroxidation does not appear to be important because the 
antioxidant butylated hydroxytoluene was only able to inhibit 
lipoperoxidation, while failing to prevent the formation of the 
spectrin-Hb complex (5). In addition, Aydogan et al. (31) 
showed that L-carnosine significantly improved the RBC 
deformability, which is impaired by H2O2-induced oxidative 
stress. In our experiments, the antioxidants ascorbic acid 
and α-tocopherol prevented oxidative hemolysis and TBARS 
production, but neither they nor L-carnosine were able to 
prevent large increases in membrane rigidity observed 
when RBCs were exposed to H2O2.
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These results suggest that the oxidative hemolysis 
measured here was due to lipid peroxidation and that the 
antioxidants acted only as free radical scavengers. Similarly, 
the antioxidant (+)-catechin also prevented membrane rigid-
ity and TBARS production in erythrocyte ghosts induced 
by the Fenton reaction but was unable to inhibit damage to 
the intact erythrocyte. Thus, catalase seems to be the only 
antioxidant able to prevent alterations in the erythrocyte 
membrane dynamics when oxidative stress is triggered 
by hydrogen peroxide in the presence of hemoglobin. 
In fact, oxidative damage to RBCs during refrigerated 
storage has been well documented (23,32) and recently, 
the probable formation of non-reducible cross-linkings 
of oxidized/denatured Hb or hemichromes was detected 
with RBC membranes (23). The present study highlights 
the role of catalase in protecting RBC against exogenous 
hydrogen peroxide. Although azide has been widely used 
as an inhibitor of catalase in RBC, its specificity needs 
to be further investigated. Along with catalase, hydrogen 
peroxide is also decomposed by glutathione peroxidase 
and cytoplasmic peroxiredoxins. Furthermore, it has been 
reported that peroxiredoxin 2, the third most abundant 
protein in erythrocytes, appears to play an important role 
in the metabolism of low-level hydrogen peroxide in the 
erythrocyte (33-35). 

In conclusion, the present study showed that EPR 
spectroscopy of a spin-labeled lipid is highly sensitive to 
the binding of oxidized Hb to the membrane when RBCs 
are subjected to oxidative stress with H2O2. The increase 

in membrane rigidity caused by this oxidation process was 
also detected by a thiol-specific spin label, which allowed 
us to quantify the free sulfhydryl groups. The amount of ac-
cessible thiol groups correlated with the protein content of 
the erythrocyte membrane and with the membrane rigidity 
at low H2O2 concentrations. At higher H2O2 concentrations 
(0.4 mM), there is oxidation of SH groups. Hemolysis and 
TBARS formation, observed for higher H2O2 concentrations, 
was inhibited by ascorbic acid and α-tocopherol, but these 
antioxidants, as well as L-carnosine and (+)-catechin, were 
unable to prevent the membrane rigidity, which occurs even 
for low H2O2 concentrations and short incubation periods. 
Moreover, a reduction in the fluidity of erythrocyte ghosts 
induced by the Fenton reaction was inhibited by the antioxi-
dant (+)-catechin. We also showed that EPR spectroscopy 
can be useful to assess the molecular dynamics of RBC 
membranes in both the lipid and protein domains, and thus 
examine the oxidation processes in a system that is so 
vulnerable to oxidation.
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