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In this work we have investigated the effects of iron-induced free radical formation in normal human 
erythrocytes in vitro, as a model system for studying iron damage, and in erythrocytes from patients with 0- 
thalassaemia major. The resulting oxidative effects were measured in terms of methaemoglobin formation 
and reduced glutathione loss. The effects of desferrioxarnine, an iron-chelating agent, were also 
investigated. 

The results show that the increased methaemoglobin formation after iron-induced oxidative stress is con- 
sistent with a decline in the intracellular glutathione levels and that this process is inhibited by 
desferrioxamine. Similar treatment of red cell haemolysates produces less methaemoglobin. This suggests 
that, on exposure of intact erythrocytes to iron-induced free radical effects, the red cell membrane 
exacerbates the breakdown of the antioxidant defences of the cell and the oxidation of haemoglobin. 
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INTRODUCTION 

The mechanism of iron-induced free radical production may have an important role 
in pathological conditions such as iron-overload in thalassaemia' and excess iron in 
the synovial fluid of rheumatoid arthritis patients2. Free radical formation catalysed 
by transition metal ions is well-documented according to the Fenton3 and Haber- 
Weiss reactions4. 

Fe3+ + 0;- -+ Fez+ + 0, 
Fe2+ + H,02 + Fe3+ + -OH + OH- FENTON 

0;- + H,O, O2 + -OH + OH- HABER-WEISS 

In conditions such as thalassaemia the transferrin-iron saturation in the plasma 

catalyst 
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may be exceeded and the excess iron may cause free radical damage to cells5 and 
tissues6. 

The purpose of this project is to compare a model system for excess iron with its 
effects on erythrocytes in such a pathological disorder. The free radical effects are 
monitored by measuring methaemoglobin formation and cellular glutathione oxida- 
tion which under normal conditions are prevented by the antioxidant defences of the 
cell. Ascorbate is included in this model system since it is given as well as 
desferrioxamine to thalassaemic patients to aid iron excretion'. However, it has been 
reported that ascorbate may enhance tissue damage e.g. deterioration of cardiac func- 
tion in the patients*. Oral ascorbate (200 mg daily) has been shown to double iron 
excretion in most patients9. Normal physiological ascorbate concentrations in the 
blood of healthy individuals range from 0.006-0.017 mM up to 0.08 mM when the 
human blood is fully saturated. Ascorbate in blood is normally present in the plasma 
in the reduced form. 

MATERIALS AND METHODS 

Fresh human erythrocytes were obtained from normal, healthy donors and from 
splenectomised patients with P-thalassaemia major. After centrifugation, the plasma 
and the buffy coat were removed and the red cells washed three times with isotonic 
phosphate buffer, pH 7.4. 

Erythrocytes at a 5% suspension in isotonic buffer were incubated with iron (11) 
sulphate (100 pM), or iron (111) chloride (100 pM), L-ascorbic acid (Sigma) (1 mM), 
hydrogen peroxide (200 plvl) in the presence and absence of desferrioxamine mesylate 
(CIBA) (400 pM). Methaemoglobin formation was measured according to the 
method inlo involving a spectrophotometric assay at 620 nm. Reduced glutathione 
levels were determined by the Beutler assay" involving the spectrophotometric 
measurement of complexes with 5 , 5 ' -  dithio-bis-(2-nitrobenzoic acid) at 412 nm and 
using reduced glutathione (Sigma) as standard. 

In the experiments involving the haemolysates the original red cells were lysed in 20 
volumes of ice-cold distilled water (comparable with the intact cell concentrations) 
and treated as in the intact cell experiments. 

Haemolysis was monitored according to the method of Brownlee et a P .  

RESULTS 

Exposure of normal human erythrocytes to iron-induced free radical formation 
involving the 100 pM iron (II)/l mM ascorbate/200 pM hydrogen peroxide system 
for varying time intervals induces a progressive increase in the oxidation of 
haemoglobin to methaemoglobin up to ten hours and this rate continues steadily up to 
24 hours (Figure 1). Curve (g) of Figure 1 shows the same profile whether or not the 
oxidising system includes the 200 pM hydrogen peroxide suggesting that the presence 
of hydrogen peroxide in these systems makes no additional positive contribution to 
the oxidative effects on haemoglobin. The iron-chelating agent desferrioxamine 
(400 pM) delays the formation of methaeomoglobin but does not totally inhibit the 
axidation. The rate of the decline in the reduced glutathione levels on incubation of 
the erythrocytes is greatly increased in the presence of the iron/ascorbate/hydrogen 
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FIGURE I 
rnethaemoglobin production in normal human erythrocytes + desferrioxamine. 

a. control erythrocytes 
b. 400 pM desferrioxamine - treatment 
c. 100 pM iron (11)/1 mM ascorbate/200 pM hydrogen peroxidd400 pM desferrioxamine - treatment 
d .  100 pM iron (I1)/1 mM ascorbate/400 pM desferrioxamine - treatment 
e. 100 pM iron ( I I I ) / l  mM ascorbate/200 pM hydrogen peroxide/400 pM desferrioxarnine - treatment 
f .  100 pM iron ( I I I ) / l  mM ascorbatel i 200 pM hydrogen peroxide 
g. 100 pM iron (II)/l mM axorba te l  * 200 pM hydrogen peroxide 

The effects of the iron (II)/hydrogen peroxide/ascorbate - free radical system on 

peroxide system (Figure 2). The half-life of reduced glutathione is ca. 6 hours in 
control erythrocytes, ca. 2 hours in the iron (II)/ascorbate/hydrogen peroxide 
system, ca. 3 hours with desferrioxamine included in the experimental system. 
Desferrioxamine does not totally inhibit the iron-induced free radical effects. 

The degree of haemolysis of the intact cells with time of incubation varies little up to 
a ten-hour incubation in any of these systems (8%) and reaches 12% after a 24 hour 
treatment . 

Iron (111) in this normal erythrocyte model system is comparable with iron (11) in its 
oxidative effects on haemoglobin (Figure 1). 

Treatment of red cell haemolysates under the same conditions as the intact 
erythrocytes (Figure 3) has no significant effect up to a ten-hour incubation. After 24 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

1/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



i
 

FI
G

U
R

E
 2

 
T

he
 e

ff
ec

ts
 o

f 
th

e 
ir

on
 (

II
)/

hy
dr

og
en

 p
er

ox
id

e/
as

co
rb

at
e 
-
 fr

ee
 r

ad
ic

al
 s

ys
te

m
 o

n 
re

du
ce

d 
gl

ut
at

hi
on

e 
(-

) 
an

d 
m

et
ha

em
og

lo
bi

n 
le

ve
ls

 (
--

) 
in

 
no

rm
al

 h
um

an
 e

ry
th

ro
cy

te
s. 

a,
a'

 c
on

tr
ol

 e
ry

th
ro

cy
te

s 
b,

b'
 1

00
 p

M
 ir

on
 (1

1)
/1

 m
M

 a
sc

or
ba

te
/4

00
 p

M
 d

es
fe

rr
io

xa
rn

in
e -
 tr

ea
tm

en
t 

c,
c' 

10
0 

pM
 i

ro
n 

(1
1)

/1
 r

nM
 a

sc
or

ba
te

/k
20

0 
p

M
 h

yd
ro

ge
n 

pe
ro

xi
de

 -
 tr

ea
tm

en
t 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

1/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



OXIDATIVE EFFECTS OF IRON ON ERYTHROCYTES 59 

hours increased oxidation of methaemoglobin occurs in the iron/ascorbate/hydrogen 
peroxide system, but this is only 30% of that of the intact erythrocyte system (Figure 
1). In the presence of desferrioxamine (Figure 4) the effect of the Iron (11) - free 
radical system on methaemoglobin formation in the haemolysates is not highly 
significantly different from that in the absence of this iron-chelator. 

All these effects in the intact normal erythrocytes are more pronounced in the red 
cells from some patients with 0-thalassaemia major (Figure 5 )  in that a higher level of 
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FIGURE 3 
(II)/ascorbate/hydrogen peroxide - free radical system. 

1. control erythrocytes 
2. 100 pM iron (11)/1 mM ascorbate/-+200 pM hydrogen peroxide. 

Methaemoglobin production in normal red cell haemolysates after oxidative stress with iron 
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FIGURE 4 The effects of desferrioxamine (400 pM) on rnethaemoglobin production in normal red cell 
haernolysates during oxidative stress with iron (II)/ascorbate/hydrogen peroxide - free radical system. 

1. control erythrocytes 
2. 100 pM iron ( I I ) / l  mM ascorbate/200 pM hydrogen peroxide 
3.  100 NM iron (11)/1 mM ascorbate 

methaemoglobin is produced in the one group of patients after 5 hours, in comparison 
with normal cells. The other group corresponds more closely with erythrocytes from 
normal subjects which may be anticipated since the majority of blood cells circulating 
in these patients are transfused (Table I). Desferrioxamine considerably inhibits 
methaemoglobin formation in these systems. The serun. ferritin levels do not 
correlate directly with the propensity for haemoglobin oxidation in this number of 
patients (Table I). 
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FIGURE 5 
moglobin production in erythrocytes from patients with P-thalassaemia major. 

a control erythrocytes 
b,c 100 pM iron (II)/I mM ascorbate/400 pM desferrioxamine - treatment of cells from Group 2 and 

d,e 100 pM iron (1I)/1 mM ascorbatd * 200 pM hydrogen peroxide - treatment of Group 2 and Group 1 

The effects of the iron (Il)/hydrogen peroxide/ascorbate - free radical system on methae- 

Group 1 patients respectively 

patients respectively. 

DISCUSSION 

Haemoglobin in normal red cell haemolysates is less susceptible to oxidation by iron- 
induced free radical effects than haemoglobin in intact erythrocytes. This work 
demonstrates that the human erythrocyte membrane has an important role in 
enhancing the free radical damage initiated by the addition of iron(II)/ascorbate/ 
hydrogen peroxide to red cells possibly through the formation of lipid hydroperoxides 
and their reactive intermediates. 
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TABLE I 
Serum ferritin levels and time interval since transfusion for thalassaemic patients 

Patient Group 

A.L. 2 
A.L. 2 
A.H. 1 
C.K. 1 
S.A. 2 
M.S. 2 

Serum Ferritin (pg/l) 
(on the day of expt.) 

2000 
1760 
2520 
1800 
1380 
2790 

Time interval 

transfusion 
since last Age 

~~ 

4 weeks 15 
3 weeks 15 
5 weeks 14 
5 weeks 23 

11 weeks 22 
8 weeks 14 

In the intact erythrocyte system, desferrioxamine is relatively less effective in 
partially suppressing the oxidation of reduced glutathione than the oxidation of 
haemoglobin. However, desferrioxamine has no effect on free radical-induced 
methaemoglobin formation in treated haemolysates compared with its inhibitory 
action in the intact erythrocyte system. This observation suggests that 
desferrioxamine is acting through an inhibition of the membrane-mediated free 
radical effects on the haemoglobin. 

This supports the idea that the site of action of desferrioxamine is mainly 
extracellular. Further evidence for this suggestion comes from the finding” that 
desferrioxamine-iron(II1) complexes do  not permeate the red cell membrane. 
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