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Our previous studies have shown that iron is released 
in a free (desferrioxamine-chelatable) form when eryth- 
rocytes undergo oxidative stress (incubation with 
oxidizing agents or aerobic incubation in buffer for 
24-60 h (a model of rapid in vitro ageing)). The release is 
accompanied by oxidative alterations of membrane 
proteins as well as by the appearance of senescent 
antigen, a signal for termination of old erythrocytes. In 
hemolytic anemias by hereditary hemoglobin altera- 
tions an accelerated removal of erythrocytes occurs. An 
increased susceptibility to oxidative damage has been 
reported in fl-thalassemic erythrocytes. Therefore we 
have investigated whether an increased iron level and 
an increased susceptibility to iron release could be 
observed in the erythrocytes from patients with fl- 
thalassemia. Erythrocytes from subjects with thalasse- 
mia intermedia showed an extremely higher content 
(0 time value) of free iron and methemoglobin as com- 
pared to controls. An increase, although non-statisti- 
cally-significant,was seen in erythrocytes from subjects 
with thalassemia major. Upon aerobic incubation for 
24 h the release of iron in fl-thalassemic erythrocytes 
was by far greater than in controls, with the exception of 
thalassemia minor. When the individual values for free 
iron content (0 time) seen in thalassemia major and 
intermedia were plotted against the corresponding 
values for HbF, a positive correlation (P < 0.001) was 
observed. Also, a positive correlation (P < 0.01) was 

seen between the values for free iron release (24h 
incubation) and the values for HbF. These results 
suggest that the presence of HbF is a condition 
favourable to iron release. Since in fl-thalassemia the 
persistance of HbF is related to the lack or deficiency of 
fl chains and therefore to the excess of a chains, the 
observed correlation between free iron and HbF, is 
consistent with the hypothesis by others that excess of 
a chains represents a prooxidant factor. 

Keywords: Erythrocytes, fl-thalassemia, oxidative stress, 
iron release, foetal hemoglobin (HbF) 

I N T R O D U C T I O N  

As is k n o w n ,  e ry th rocy tes  u n d e r g o  oxidat ive  
modi f ica t ions  d u r i n g  their age ing  in blood.  Ill 

Also it is k n o w n  that  a n u m b e r  of  oxidat ive  

a l terat ions  occur  in e ry th rocy tes  incuba ted  wi th  
ox idants  in vitro, ll~sl Similar modi f i ca t ions  have  

been  f o u n d  in e ry th rocy tes  w i th  he red i t a ry  

a b n o r m a l  hemoglob ins .  For ins tance  f luorescent  
phospho l ip id s ,  tgl ox id ized  cys te inyl  res idues  and  
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408 L. CICCOL! et al. 

high-molecular-weight aggregates in band 4.1 
membrane protein [ml have been found in sickle 
erythrocytes. Analogous alterations as well as 
increased susceptibility to oxidative damage have 
been reported in erythrocytes from patients 
with fl-thalassemia, tnl hemoglobin K61n ~121 and 
glucose-6-phosphate dehydrogenase defici- 
ency. [131 What remains to be elucidated is the 
source of oxidative stress in these erythrocytes. 

As for fl-thalassemic erythrocytes, recent stud- 
ies seem to demonstrate that unbalance between 
c~ and fl chains plays a crucial role in producing 
such an oxidative stress. [14-161 As is known, 
persistence of fetal hemoglobin (HbF, c~2-Y2), 
owing to absent or reduced synthesis of fl chains 
(and consequently of HbA1), is a feature of fl- 
thalassemia. Because of the impossibility of 
producing fl chains at normal rate, staminal cells 
substitute them with -y chains (persistance of 
HbF) and with 6 chains (slight increase in 
HbA2). Therefore in fl-thalassemia a marked 
excess of o~ chains occurs and such excess pro- 
bably represents the source of oxidative stress. In 
fact it has been observed that isolated o~ chains 
directly generate oxygen species. [17'181 In addi- 
tion, because of inherent instability of a chains, 
damage to red cells by oxidative means may be 
further potentiated by heme, or heme derived 
iron, released from the excess of ~ chains. [19-211 
Finally, in vitro sensitivity of c~ chains loaded [221 
erythrocytes to exogenous oxidants correlates 
with the amount of membrane bound hemoglobin 
or heme iron. Also fl-thalassemic red cells show 
evidence of elevated oxidative damage ~n'23"241 
and produce hydroxyl radicals when stimulated 
with ascorbate.E251 

Our previous studies [26'27] have shown that 
iron is released in a free form when mouse 
erythrocytes are incubated with a number of 
oxidizing agents, such as phenylhydrazine and 
others. Iron is released from hemoglobin; I281 the 
release is accompanied by methemoglobin (Met- 
Hb) formation and, under conditions of gluta- 
thione (GSH) depletion, by lipid peroxidation 
and hemolysis, too. A similar release of iron also 

o c c u r s  [29] during erythrocyte ageing, experimen- 
tally induced by aerobic incubation of calf or 
human erythrocytes in buffer for 24-60 h (a model 
of rapid in vitro ageing). The release is accom- 
panied I291 by oxidative alterations of membrane 
proteins as well as by the appearance of senescent 
antigen, as measured by autologous IgG binding. 
Intracellular chelation of the released iron by 
chelators which enter erythrocytes, prevents both 
membrane protein alterations and senescent anti- 
gen formation. Increased amount of IgG with 
antiband 3 specificity has been found in sickle 
and hemoglobin K61n erythrocyte ~3°1 and prob- 
ably even in fl-thalassemic erythrocyte, ml We 
therefore suggested the possibility that the release 
of iron in a reactive form is a relevant factor in 
membrane protein oxidation and consequent 
generation of senescent antigen. 

Since senescent antigen acts as a specific signal 
for termination of old ceils, and since in hemolytic 
anemias by hereditary hemoglobin alterations 
an accelerated removal of erythrocytes occurs, 
we investigated whether an increased free iron 
level and an increased susceptibility to iron 
release could be observed in erythrocytes from 
patients with these hemolytic diseases. In this 
note we present the results obtained in fl-thalas- 
semia. The release of iron in possible experimental 
models [32] of thalassemia is also presented. 

MATERIALS A N D  M E T H O D S  

Patients studied Informed consent was ob- 
tained from control subjects and patients. 
Patients were from the Center for the Study of 
Microcitemias, Ospedali Riuniti, Foggia, Italy. 
Five patients with fl-thalassemia major (all sple- 
nectomized), five patients with fl-thalassemia 
intermedia (one, R.A. - see Table I - splenecto- 
mized) and five patients with fl-thalassemia 
minor (all non-splenectomized) were studied. 
All the patients were adult and the diagnosis 
of the various forms of thalassemia had 
been performed in childhood and based on 
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IRON RELEASE IN fl-THALASSEMIC ERYTHROCYTES 409 

TABLE I HbF, HbA2, HbA,  total Hb  content,  MCV (mean  cell volume),  RBC (red blood cell) and  hematocr i t  in f l- thalassemic 
pat ients  a n d  controls 

Patients HbF (o~2,),2) HbA2 (c~262) H b A  Total Hb  MCV (fl) RBC Hematocr i t  
(%) (%) (%) (g/dL) (106/].tl) (%) 

Tha lassemia  major  C.A. 5.4 2.0 92.6 8.9 85.7 3.22 27.6 
C.M. 25.3 1.8 72.9 9.8 90.0 3.40 30.6 
S.G. 3.9 2.5 93.6 9.7 85.9 3.44 29.5 
V.V. 10.9 1.8 87.3 9.2 82.0 3.62 29.7 
B.P. 7.1 2.1 90.8 7.6 80.2 2.86 23.5 

M e a n 4 - S E M  10.5±3.9  2.04-0.1 87 .4±4 .7  9 .0+0 .4  84.84-1.7 3 .30±0.1  28 .2+1.3  
B.R 92.5 2.9 4.6 7.1 75.7 3.22 24.4 
C.R. 20.6 5.3 74.1 7.8 79.5 3.47 27.6 
EP.* 75.0 3.2 13.2 9.5 74.7 4.10 31.2 
R.A. 11.9 4.6 83.5 7.2 72.7 3.52 25.6 
C.G. 17.0 6.2 76.8 6.3 69.5 3.28 22.8 

M e a n ± S E M  43.44-16.7 4.44-0.6 50.44-17.1 7.64-0.5 74.44-1.7 3.524-0.15 26.34-1.4 
P.E 1.7 4.7 93.6 11.1 64.9 5.73 37.2 
A.L. 1.6 4.2 94.2 11.1 61.8 5.51 34.0 
B .A. n.d. 4.6 95.4 9.9 58.4 5.39 31.4 
M.V. n.d. 4.4 95.6 9.5 56.5 5.45 30.8 
B.A. n.d. 5.7 94.3 10.6 56.1 6.09 34.2 

M e a n 4 - S E M  4.74-0.3 94.64-0.4 10 .4±0.4  59.54-1.7 5.634-0.12 33.54-1.1 
C.R. n.d. - -  - -  11.3 81.2 4.50 36.6 
L.M. n.d. - -  - -  14.2 78.9 5.59 44.1 

D.M.P. n.d. 2.8 97.2 12.5 88.0 4.43 39.0 
C.A. 0.6 2.3 97.1 12.8 85.1 4.59 39.0 
T.D. 0.5 2.6 96.9 12.9 89.1 4.39 39.1 

M e a n 4 - S E M  2.64-0.1 97.14-0.1 12.74-0.5 84.54-1.9 4.704-0.2 39.64-1.2 

Tha lessemia  in termedia  

Tha lessemia  minor  

Controls  

The  tha lassemia  major s amples  (from splenectomized patients)  were obtained pr ior  to the  next  t ransfusion,  typically 4 weeks  after 
the last  t ransfusion.  O u t  of the tha lassemia  in termedia  patients ,  two ( including the  sp lenec tomized  one, R.A.) required t ransfus ion 
at i rregular  intervals  a n d  none  h a d  been t ransfused  4 -5  m o n t h s  prior  to blood wi thdrawal .  
*In this  pat ient  Hb  Lepore  (8.6%) was  also present.  
n.d.: not  detectable. 

electrophoretic analysis of hemoglobin, presence 
of erythroblasts in peripheral blood and clinical 
data. At the time of withdrawal the various 
types of hemoglobin as well as the other 
hematological parameters were as reported in 
Table I. 

The determination of the various types of 
hemoglobin was performed using an automated 
cation-exchange HPLC system (Diamat, Bio-Rad) 
and three BIS-TRIS/phosphate buffers of in- 
creasing ionic strength (Hemoglobin Dual Kit, 
Bio-Rad). 

Erythrocyte incubation The erythrocytes were 
prepared by centrifugation from heparinized 
blood and washed three times with 0.123M 
NaC1, 28mM sodium phosphate/potassium 
phosphate buffer, pH 7.4, and resuspended in 

the same buffer as a 50% (v/v) suspension. Iron 
contamination was removed from the buffer 
as previously described. I261 The incubation was 
carried out aerobically for 24 h in the presence of 
antibiotics (20 units penicillin and 20 ~g strepto- 
mycin/ml of buffer). At 0 time and at the end 
of the incubation, samples were withdrawn for 
the determination of free (desferrioxamine 
(DFO)-chelatable) iron, Met-Hb, [33] GSH 1341 and 
hemolysis. ~261 Free iron was determined as a 
DFO-iron complex (ferrioxamine) as previously 
reported. I261 

In separate experiments, erythrocytes from 
normal subjects were incubated as above in the 
presence of phenylhydrazine (5 mM) or methyl- 
hydrazine (5.7 mM) for 2 h, and free iron, Met-Hb, 
GSH and hemolysis were determined as above. 
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410 L. CICCOLI et al. 

a and fl chains were isolated from hemog- 

lobin of normal  subjects according to Bucci and 
Front±cell±. [351 

RESULTS AND DISCUSSION 

As shown in Table II, erythrocytes f rom subjects 

with thalassemia intermedia showed an ex- 

tremely higher  content (0 time value) of free iron 

as compared  to controls. An increase (+92%), 

al though non-statistically-significant, was also 

seen in erythrocytes from subjects with thalasse- 

mia major (who were transfused monthly),  while 

essentially no increase was found in thalassemia 

minor. Upon  aerobic incubation for 24 h, a release 

of iron was seen in all the erythrocytes, including 

control (this latter result confirms our  previous 
data E281 on iron release in in vitro ageing of 

normal  erythrocytes). However,  iron release in 

erythrocytes with abnormal hemoglobins was 

by far greater than in controls, with the excep- 

tion of thalassemia minor. The highest values 

were found in thalassemia intermedia, even if 
in the latter, because of the high 0 time value, 

the difference between 24 h and 0 time values 

was similar to that found in thalassemia 

major. Methemoglobin content (0 time) and 
formation (after 24 h incubation) were markedly  

increased in erythrocytes with thalassemia 

intermedia. 

No significant differences were found in the 

GSH content (0 time) or decrease (after incuba- 

tion) in abnormal  erythrocytes with respect to 

controls, even if a tendency to a lower GSH con- 
tent (0 time) was observed in thalassemia inter- 

media and minor. The hemolysis observed after 

the aerobic incubation was higher in thalassemia 

intermedia, while in the other forms of thalasse- 

mia was similar to that occurring in controls. 

One patient (RA) of the thalassemia intermedia 

group showed free iron values (0 time, 3.9; 

incubation, 8.3) similar to those of controls, when  

trasfused relatively recently (1.5 month). She 

showed higher free iron levels (0 time 5.7; 

incubation, 18.5) when transfused 2.5 months  in 

advance; and highest free iron levels (0 time, 10.7; 

incubation, 12.4nmol/ml)  when  transfused 4.5 

months  in advance. In the latter case it can be 

imagined that the erythrocytes are not mixed with 

normal (transfused) cells and that the free iron 

content is proper  of the thalassemia intermedia 

group. 

As shown in Table I, the percentage of HbF was 

highest in erythrocytes from subjects with thalas- 

semia intermedia; it was increased, as compared  

to controls, in erythrocytes with thalassemia 

major, and to a much  lesser extent (at least when  

detectable) in thalassemia minor. This is in agree- 

ment with the current knowledge.  The higher 

amount  of HbF in thalassemia intermedia as 

TABLE II Free iron (DFO-chelatable), methemoglobin (Met-Hb), glutathione (GSH) and hemolysis in fl-thalassemic erythro- 
cytes at 0 time (real content) and after 24 h of aerobic incubation 

Incubation time (h) Free iron (nmol/ml) Met-Hb (nmol/ml) GSH (nmol/ml) Hemolysis (%) 

Controls 0 1.2 -~ 0.3 82 i 7 1388 4- 213 1.5 ± 0.1 
24 6.2 4- 0.6 402 ± 59 155 + 42 5.4 -t- 0.8 

Thalassemia major 0 2.3 4. 0.7* 113 4. 28 1372 4,120 1.3 4- 0.5 
24 13.0 4. 2.0 599 4. 54 147 4. 44 3.1 ± 0.5 

Thalassemia intermedia 0 16.0 4- 4.8 788 4. 235 855 4.111 1.5 :t: 0.6 
24 24.2 ± 5.1"* 1376 4, 88 320 + 88 9.2 4,1.2"** 

Thalassemia minor 0 1.7 4. 0.1 97 ± 25 967 4, 59 1.1 4- 0.1 
24 5.7 + 1.2 486 4. 99 188 4-15 3.9 ± 1.1 

The results are the means :t__ SEM of 5 samples. Results are expressed as nmol/ml of incubation mixture, with the exception of 
hemolysis. 
*Not significantly different (0.10 > P > 0.05) from the respective control, 0 time value. 
**Significantly different (P < 0.05) from the respective 0 time value, as measured with t-test for paired samples. 
***Significantly different (P < 0.05) from the respective control 24 h value. 
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IRON RELEASE IN fl-THALASSEMIC ERYTHROCYTES 411 

compared  to thalassemia major was obviously 
due  to the fact that in the latter all the subjects were  
continously transfused. In spite of this, however,  
in the latter subjects thalassemic erythrocytes 
mus t  have been present  at the time of with- 
drawal,  as shown by  the large increase in HbF as 
compared  to controls. This is the reason w h y  the 
thalassemia major samples were  considered in 
the following plots. 

As shown in Figure 1, when  the individual  
values for free iron content  (0 time) seen in 
thalassemia major and intermedia were plotted 
against the corresponding values for HbF, a 
positive correlation (P<0.001) was observed 
(Figure I(A)). Also a positive correlation (P < 0.01) 
was seen be tween the values for free iron 

(A) 40- 

BO, 

6 

0 

° . . " "  
...,,...- (r=0.867; p<O.O01 ) 

/o°J° D 
0 [] ..'"" 

n...'" 

O / °  
"0 0 

i i 

HbF (~) 
(B) ~o-} 

0 40 
,~ ( r=0 .799 ;  p<O.O1 ) 

O l  , i i i 
0 25 5O 76 100 

I-lbF 
(~) 

FIGURE 1 (A) Correlation between free iron and HbF con- 
tent in erythrocytes of fl thalessemic patients (major and 
intermedia). (B) Correlation between free iron release (24 h 
incubation) and HbF content in erythrocytes of fl- 
thalassemic patients (major and intermedia). 

release (24 h incubation) and the values for HbF 
(Figure I(B)). On the contrary, no correlation was 
found between iron content or release on one 
hand and Met-Hb content or formation on the 

other (data not shown). 
Since, as stated above, in fl-thalassemia the 

persistance of HbF is related to the lack or 
deficiency of fl chains and therefore to the excess 
of c~ chains, the observed correlation between free 
iron and HbF, is in agreement  with the hypothesis  
that excess of o~ chains represents a prooxidant  
factor. This is probably due  to the fact that c~ 
chains are more  prone to release iron in a free 
form. In considering this, we carried out  studies in 
which isolated c~ and fl chains were  incubated 
separately under  aerobic conditions with the aim 
of demonstra t ing an increased iron release from 
c~ chains as compared  to fl chains. However ,  no 
clear results were obtained because both isolated 
chains, and especially ~ chain, precipitated to 
some extent dur ing  the incubation, thus render-  
ing difficult or impossible free iron determination.  
Nevertheless  HbF is considered an unstable 
hemoglobin t361 and therefore its persistance is 

consistent with an increased iron release. 
It has been shown that excess of unpaired  c~- 

and fl-globin chains interact with the membrane  
skeleton of erythrocytes in fl- and ~-thalassemia, 
respectively. [37"38] Also it has been s h o w n  [32'391 

that incubation of normal erythrocytes  with 
pheny lhydraz ine  or methy lhydraz ine  induces 
association of oxidized c~- or fl-globin chains with 
membrane  skeleton, thus mimicking, at least in 
part, the cytoskeletal alterations seen in fl- and c~- 
thalassemia, respectively. Table III shows that 
incubation of normal erythrocytes with phenyl-  
hydraz ine  or methylhydraz ine  also induces a 
considerable release of iron and Met-Hb forma- 
tion. Therefore  iron release can be observed,  
after aerobic incubation, in both  models  of 
thalassemia, which reinforces the v iew that the 
susceptibili ty to release iron in a free form is a 
feature of erythrocytes in these heredi tary  hemo- 
globin alterations. This is also true for the only 
case of sickle cell anemia (HbSS) examined in 
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412 L. CICCOLI et al. 

TABLE III Free iron (DFO-chelatable), methemoglobin (Met-Hb), glutathione (GSH) and hemolysis in human erythrocytes 
incubated with phenylhydrazine or with methylhydrazine 

Incubation time (h) "Free" iron (nmol/ml) Met-Hb (nmol/ml) GSH (nmol/ml) Hemolysis (%) 

Control 0 1.4 + 0.3 77 ± 11 896 ± 58 1.5 4- 0.5 
2 1.5 4- 0.5 90 ± 14 839 ± 50 1.9 ± 0.5 

Phenylhydrazine 2 39.9 + 5.9 4380 ± 40 312 4. 59 1.0 ± 0.1 
MethyLhydrazine 2 31.1 4. 5.1 2862 ± 215 329 ~ 78 1.2 :k 0.3 

Erythrocytes are incubated with phenylhydrazine (5 raM) or with methylhydrazine (5.7 mM) for 2 h at 37°C. The results are the 
means + SEM of 4--8 experiments. 

w h i c h  the  e r y t h r o c y t e  con t en t  of  free i ron  w a s  

16 n m o l / m l  a n d  the  r e l ease  af ter  i n c u b a t i o n  w a s  

38 n m o l / m l .  

H e i n e  i ron ,  n o n - h e i n e  i r on  a n d  free i r on  w e r e  

f o u n d  to be  i n c r e a s e d  in  i n s i d e - o u t  m e m b r a n e s  

f r o m  e r y t h r o c y t e s  of  HbSS,  H b S C  a n d  s p l e n e c t o -  

m i z e d  f l - t ha l a s semic  pa t i en t s .  [2°'4°'41] In  c~-hemo- 

g l o b i n  cha in  l o a d e d - e r y t h r o c y t e s ,  c o n s i d e r e d  a 

v e r y  i n t e r e s t i n g  m o d e l  of  f l - tha l a s semic  cells,  [16] 

m e m b r a n e  b o u n d  h e i n e  a n d  i ron  w e r e  s ignif i -  

c a n t l y  e l e v a t e d  a n d  the  cel ls  w e r e  m o r e  s u s c e p -  

t ib le  to l i p i d  p e r o x i d a t i o n ,  w h i c h  c o u l d  b e  

i n h i b i t e d  b y  e n t r a p m e n t  of  an  i ron  chela tor .  

O u r  r e su l t s  c o n f i r m  a n d  e x t e n d  these  o b s e r v a -  

t ions  in  tha t  t h e y  d e m o n s t r a t e  a n d  offer  the  d i r ec t  

m e a s u r e m e n t  of i r on  in a free fo rm.  The  m a r k e d l y  

i n c r e a s e d  l eve l  of  f ree  i r on  b o t h  in  n a t i v e  cells a n d  

af te r  the  o x i d a t i v e  s t ress  i m p o s e d  b y  the  p r o -  

l o n g e d  ae rob ic  i n c u b a t i o n  m a y  r e p r e s e n t  the  

t r i gge r  for  the  o x i d a t i v e  d a m a g e  seen  in fl- 

t h a l a s s e m i c  e r y t h r o c y t e s .  I t  m a y  a lso  r e p r e s e n t  

the  m e c h a n i s m  of  f o r m a t i o n  of  s enescen t  cel l  

an t igen ,  or  a n y  o t h e r  m e m b r a n e  e v e n t  r e s p o n s i b l e  

for  the  e a r l y  r e m o v a l  of  e r y t h r o c y t e s  f r o m  the  

b l o o d  s t r eam.  

A c k n o w l e d g e m e n t s  
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