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Abstract

The free form of the iron ion is one of the strongest oxidizing agents in
the cellular environment. The effect of iron at different concentrations
(0,1,5,10,50,and 100 uM Fe3*) on the normal human red blood cell
(RBC) antioxidant system was evaluated in vitro by measuring total
(GSH) and oxidized (GSSG) glutathione levels, and superoxide dis-
mutase (SOD), catalase, glutathione peroxidase (GSH-Px) and reduc-
tase (GSH-Rd) activities. Membrane lipid peroxidation was assessed
by measuring thiobarbituric acid reactive substance (TBARS). The
RBC were incubated with colloidal iron hydroxide and phosphate-
buffered saline, pH 7.45, at 37°C, for 60 min. For each assay, the
results for the control group were: a) GSH =3.52 + 0.27 uM/g Hb; b)
GSSG=0.17+0.03 uM/g Hb; c) GSH-Px = 19.60 + 1.96 1U/g Hb; d)
GSH-Rd=3.13+0.17 IU/g Hb; e) catalase = 394.9 + 22.8 IU/g Hb; 1)
SOD = 5981 + 375 IU/g Hb. The addition of 1 to 100 uM Fe3* had no
effect on the parameters analyzed. No change in TBARS levels was
detected at any of the iron concentrations studied. Oxidative stress,
measured by GSH kinetics over time, occurs when the RBC are
incubated with colloidal iron hydroxide at concentrations higher than
10 uM of Fe3*. Overall, these results show that the intact human RBC
is prone to oxidative stress when exposed to Fe3* and that the RBC has
a potent antioxidant system that can minimize the potential damage
caused by acute exposure to a colloidal iron hydroxide in vitro.
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Introduction

Iron deficiency anemia is the most com-
mon cause of chronic anemia throughout the
world, mainly in developing countries. In
addition to blood loss and iron malabsorp-
tion, anemia may be caused by inadequate
diet (1), blood withdrawn by diagnostic phle-
botomy in hospitalized patients (2), hook-
worm infestation (3), and chronic inflamma-

tory disease (4). Once the diagnosis of iron
deficiency anemia is confirmed and the pos-
sible causes are identified and treated, re-
placement of iron stores is indicated. Most
patients respond favorably to oral iron prepa-
rations. However, when oral supplementa-
tion is not possible or fails, the use of paren-
teral iron is indicated (5). Side effects, which
are usually mild, may occur in 25% of pa-
tients receiving parenteral iron treatment (6).
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On the other hand, iron ions may cause
cellular damage by themselves. Several dis-
ease states are due to an imbalance between
the activities of an oxidant agent and the
antioxidant system within the cell (7). One
of the strongest oxidizing agents is the free
form of iron, Fe3". Under normal conditions,
however, the availability of Fe*" for cata-
lyzing free radical reaction in vivo is ex-
tremely limited (8,9). It has been shown that
oxidation of hemoglobin and lipid peroxida-
tion of human red blood cell (RBC) mem-
branes occur due to iron overload (10). The
RBC are intrinsically prone to oxidative stress
because they are exposed to high oxygen
tension, and have a characteristic structural
composition with polyunsaturated fatty acid
in the membrane, besides the presence of
hemoglobin-bound iron (11,12). However,
membranes and cytoplasmic compartments
of RBC have an efficient antioxidant mech-
anism that maintains their integrity. A de-
toxifying system consisting of reduced gluta-
thione (GSH), superoxide dismutase (SOD),
catalase, glutathione peroxidase (GSH-Px)
and vitamin E prevents oxidative damage. In
addition, there is also a system consisting of
NADPH-dependent methemoglobin reduc-
tase, ascorbic acid, and glutathione reduc-
tase (GSH-Rd), whose main role is the re-
pairing of damage that follows oxidative
stress (13). Colloidal iron hydroxide is used
for parenteral treatment of severe iron defi-
ciency anemia and its action upon the RBC
is not completely established. Furthermore,
we are not aware of a comprehensive evalu-
ation of the consequences of acute iron over-
load on the RBC antioxidant system and its
related enzymes in the literature. Thus, the
aim of the present study was to determine the
response of erythrocytes exposed to differ-
ent concentrations of colloidal iron hydrox-
ide.

Material and Methods

The protocol for this study was approved
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by the Ethics Committee of the Botucatu
Medical School of the University of the State
of Sdo Paulo (UNESP), and the procedures
were conducted according to the Helsinki
Declaration, as revised in 1983. All subjects
gave their informed consent.

The effects of different concentrations of
Fe3* were investigated on the normal RBC in
vitro. Thiobarbituric acid reactive substance
(TBARS), and total GSH and oxidized glu-
tathione (GSSG) levels were measured. Ac-
tivities of SOD, catalase, GSH-Px and GSH-
Rd enzymes were determined. All variables
were measured at six different iron concen-
trations (0, 1, 5, 10, 50, and 100 uM Fe3")
provided as colloidal iron hydroxide
(NORIPURUM®, BYK, S&o Paulo, SP, Bra-
zil).

Blood samples were withdrawn by veni-
puncture from 22 healthy male blood donors
(age = 28 + 12 years) and centrifuged at
3,000 rpm for 20 min. Plasma and the buffy
coat were discarded. The RBC were washed
three times in cold isosmotic phosphate-buff-
ered saline (PBS; 0.160 M NaH,PO,, 0.121
M Na,HPO,.H,0, 0.154 M NaCl, pH 7.45)
and incubated at 37°C for 60 min with PBS
and colloidal iron hydroxide (v/v/v), obtain-
ing six different final iron concentrations:
GO (300/600/0), G1 (300/599/1), G5 (300/
595/5), G10 (300/590/10), G50 (300/550/
50), and G100 (300/500/100). After incuba-
tion, the RBC were washed with PBS to
remove iron excess, and subsequently hemo-
lyzed. The hemolysate 1:20 (50 ul of RBC in
950 pl of ice-cold distilled water) was used
for hemoglobin (Hb), total GSH, GSSG, SOD
and catalase measurements. Water was re-
placed with a stabilizing solution (2.7 mM
EDTA and 0.7 mM 2 mercaptoethanol) for
GSH-Px and GSH-Rd activity measurements.
A 1:5 (v/v) dilution of the hemolysate in ice-
cold distilled water was used for TBARS
measurement.

Total Hb was estimated as cyanmethe-
moglobin using Drabkin’s reagent and ab-
sorbance measurements at 546 nm (14). GSH
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was determined using a kinetic assay involv-
ing the continuous reduction of 5,5'-dithio-
bis-(2-nitrobenzoic acid) by GSH in the pres-
ence of NADPH, forming 2-nitro-5-thioben-
zoic acid, which was read at 412 nm (15).
GSSG was determined in hemolysate previ-
ously incubated with 4 vinyl-pyridine for 60
min at room temperature. GSH and GSSG
levels are reported as uM/g Hb. Standard
curve was determined daily with freshly pre-
pared standard solution of 33 mM GSSG.
GSH-Rd activity was evaluated by moni-
toring NADPH oxidation at 340 nm and at
37°C (16). The assay mixture contained 1 M
Tris, 5 mM EDTA buffer, pH 8.0, 33 mM
GSSG and 2 mM NADPH. The enzyme
activity (IU/g Hb) was calculated using a
millimolar extinction coefficient of 6.22 for
NADPH at 340 nm. GSH-Px activity was
determined by monitoring NADPH oxida-
tion at 340 nm and at 37°C in an assay
mixture containing 1 M Tris, 5 mM EDTA
buffer, pH 8.0, 0.1 M GSH, 10 IU/ml GSH-
Rd, 2 mM NADPH and 7 mM tert-butyl
hydroperoxide. The assay mixture for cata-
lase activity (IU/g Hb) determination con-
tained 1 M Tris, 5 mM EDTA bufter, pH 7.0
and 200 mM hydrogen peroxide (H,0,). Dis-
appearance of H,O, was monitored at 240
nm for 30 s (17). SOD activity was measured
according to the method described by Beutler
(18). Briefly, the reaction is dependent on
the presence of superoxide anions that cause
the oxidation of pyrogallol. The inhibition of
pyrogallol oxidation by SOD was monitored
at 420 nm, and the amount of enzyme pro-
ducing 50% inhibition was defined as one
unit of enzyme activity (IU/g Hb). The assay
mixture contained 1 M Tris, 5 mM EDTA
buffer, pH 8.0, and 10 mM pyrogallol.
Membrane lipid peroxidation was assayed
by determining the interaction of thiobarbi-
turic acid (TBA) with the breakdown prod-
uct of lipid peroxidation under acid pH con-
ditions. The pink chromophore was deter-
mined at 535 nm. The assay mixture con-
tained 0.67% TBA, pH 2.0, and TBARS was

expressed as nM/g Hb (19).

GSH (L-y-glutamyl-L-cysteinylglycine),
the most prevalent intracellular thiol, is
known to function as an antioxidant. Oxida-
tive stress leads to oxidation of GSH to
GSSG and formation of protein-SS-protein.
Therefore, we may expect a decrease in GSH
level when the cell is under oxidizing envi-
ronment. In the present investigation, oxida-
tive stress was evaluated as the changes in
GSH levels over time in hemolysate from
RBC incubated previously with different iron
ion concentration.

To determine iron-induced oxidative
stress, RBC from 14 blood donors were in-
cubated with 0, 5, 10, and 100 uM of colloi-
dal iron hydroxide for 1 h at 37°C (final
incubation conditions as described above).
After incubation the RBC were washed three
times with PBS to remove the iron excess.
The RBC were hemolyzed and the hemoglo-
bin level determined. The GSH level in the
hemolysate was measured at 50-s intervals
throughout 300 s.

All data are reported as mean + SEM.
One-way analysis of variance was used to
compare mean values among the six iron-
treated groups. Comparisons of GSH levels,
over time, in hemolysates of RBC incubated
with different iron concentrations were made
by the two-way repeated measures analysis
of variance and the post hoc Tukey test.
Significance was set at 5% (20).

Results and Discussion

Mean = SEM values for variables esti-
mated at different concentrations of Fe3", in
the whole RBC, are shown in Table 1. No
significant differences were observed among
the groups treated with concentrations up to
100 uM Fe3* for all the variables studied.

The results show that the addition of up
to 100 uM colloidal Fe?* to a suspension of
normal human erythrocytes does not alter
the glutathione redox system and associated
enzymes of these cells. Therefore, it may be
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Table 1 - Total glutathione (GSH), oxidized glutathione (GSSG), glutathione peroxidase (GSH-Px), glutathione reductase (GSH-Rd), catalase,
superoxide dismutase (SOD) and thiobarbituric acid reactive substance (TBARS) levels in red blood cells incubated with six concentrations of Fe3*
(GO =0 uM Fe3*; G1 = 1 uM Fe3*; G5 = 5 uM Fe3*; G10 = 10 uM Fe3*; G50 = 50 uM Fe3+; G100 = 100 uM Fe3*) at 37°C for 60 min.

All data are reported as mean + SEM. Superscripts indicate number of samples. The groups were compared by one-way analysis of variance and

the level of significance was set at 5%.

Variables GO G1 G5 G10 G50 G100
GSH (uM/g Hb) 3.52 + 0.2717 3.63 + 0.4613 3.43 + 0.3915 3.55 + 0.2514 3.69 + 0.2913 3.38 + 0.2213
GSSG (uM/g Hb) 0.17 + 0.0317 0.21 + 0.0413 0.20 + 0.0314 0.24 + 0.0314 0.22 + 0.0413 0.22 + 0.0513
GSH-Px (IU/g Hb) 19.60 + 1.9617 18.10 * 1.9117 19.50 + 1.9317  18.40 + 1.8917 20.10 + 1.4817  16.50 + 1.9917
GSH-Rd (IU/g Hb) 3.13 + 0.1722 3.27 + 0.2518 3.24 + 0.2619 3.30 + 0.2218 3.41 + 0.2818 3.36 + 0.3419

394.9 + 22.822
5981 + 37520
13.40 + 0.9814

Catalase (IU/g Hb)
SOD (IU/g Hb)
TBARS (nM/g Hb)

393.5 + 23.818
6197 + 46518
14.10 + 1.7114

394.3 + 22,120
6081 + 48319
11.70 + 1.1114

374.1 + 23.819
5515 + 41918
13.50 + 1.4314

393.1 + 28.418
6391 + 48818
14.50 + 1.4914

377.5 + 24.418
6276 + 55018
14.90 + 1.0214
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assumed that RBC is well equipped to neu-
tralize the oxidative stress imposed by the
colloidal iron. In this way, the RBC behaves
differently from other cells exposed to the
iron ion. For example, hepatocytes from pa-
tients suffering from hemochromatosis (21),
isolated heart from rats treated with 6 injec-
tions of 25 pug Fe*™ (22), rat myocardial cells
incubated with 0.36 mM ferric ammonium
citrate (23), and disrupted brain tissue (11)
are morphologically and physiologically al-
tered by lipid peroxidation, increased lyso-
somal fragility, and oxidation of GSH sec-
ondary to iron overload. We did not observe
changes in lipid peroxidation or GSH in our
experiment. Nevertheless, we have to point
out that our experimental conditions were
different from those authors.

Besides being potentially prone to oxida-
tive stress, under some circumstances eryth-
rocytes may spontaneously produce signifi-
cant amounts of the oxidative agent superox-
ide (0,*) and hydrogen peroxide (24). These
features may facilitate and accelerate red
cell membrane lipid peroxidation, as can be
seen in situations such as microbleeding,
where hemoglobin and hemichrome dena-
turation and iron release occur (11). Despite
these characteristics, the observation of clini-
cal or laboratory erythrocyte dysfunction due
to oxidative damage is uncommon. RBC

resistance to oxidative stress may be an
evolutive characteristic of these highly spe-
cialized cells and may quite well explain
why they are resistant to the damage caused
by in vitro iron overload, as observed in the
present study. Bartal et al. (25) found an
increased malondialdehyde (MDA) and GSH
depletion in red cells exposed to t-butyl hy-
droperoxide. Other investigators have shown
increased MDA and GSH-Px activity (26)
and increased superoxide dismutase (27) in
red blood cells exposed to hydrogen perox-
ide. However, it should be pointed out that
those researchers used t-butyl hydroperox-
ide and hydrogen peroxide, which are stron-
ger oxidants than the ion Fe* used in the
present study. It is likely that the difference
of oxidizing agent may explain the discrep-
ancies observed among the studies.

A relative predominance of Fe3* or Fe?
may lead to different results in the oxidative
process (11,28,29). Fe3* induces a slower
peroxidation of membranes than Fe*, There-
fore, incubation of RBC with colloidal Fe3*
for 60 min may not cause any membrane
damage detectable by methods as employed
in this work. The maximum concentration of
iron (100 uM) used in the present study was
10-fold higher than the normal blood levels
of free iron. Borg and Schaich (30) stress
that high concentrations of iron (100-200
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uM) inhibit iron-dependent oxidative reac-
tions because the ion contributes to the for-
mation of peroxyl and alkoxyl and termi-
nates the peroxidation process. However,
Halliwell (31) points out that a putative large
availability of iron in the medium increases
the probability of oxidative lesions. In the
present study, a wide range of iron concen-
trations was used. Nevertheless, we did not
observe any changes in the glutathione re-
dox system associated with the iron concen-
tration. Since the maintenance of enzyme
activity was verified for each enzyme stud-
ied, we suggest that the enzymatic stability
was the result of the strong antioxidant capa-
bility of the RBC toward oxidative stress
(32,33).

In the experiment, TBARS levels did not
differ significantly among the groups ex-
posed to the different concentrations of iron,
and the possibility remains that colloidal
iron hydroxide induces no measurable mem-
brane lipid peroxidation.

The 60-min period of incubation with
iron adopted in this study is similar to that
used by Rice-Evans et al. (28), who found a
30% reduction in GSH levels when com-
pared with the levels obtained at the begin-
ning of the incubation period. These authors
added H,0, and ascorbate to the system in
their in vitro assays. In the present study, to
simulate the acute iron overload that occurs
in parenterally iron-treated patients, those
reagents were not added to the medium be-
cause they might have induced oxidative
lesions by themselves. Therefore, the com-
position of the incubation medium used by
those authors may explain the differences
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