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ABSTRACT
In these studies iron-containing compounds associated 

with the erythrocyte membrane in the haemoglobinopathy sickle 
cell anaemia have been investigated with respect to their 
nature, catalytic activity and location. It has previously 
been suggested that membrane-associated iron catalyses 
processes leading to oxidative membrane damage in these 
erythrocytes. Additionally, the potential contribution of 
membrane oxidation in sickle erythrocytes to the pathology of 
the disease has been examined in the present studies.

Non-haem iron was detected in sickle, but not normal, 
erythrocyte membrane preparations. Further investigation 
indicated that these iron-species are associated with the 
cytoskeletal protein component of the erythrocyte membrane 
and that they are able to catalyse the propagation of lipid 
peroxidation.

The possibility that oxidative membrane damage 
contributes to the characteristic morphological degeneration 
of sickle erythrocytes and thereby the pathology of the 
disease has been assessed using an incubation system which 
mimics the repeated deoxygenation and oxygenation experienced 
by erythrocytes in the circulation and reproduces the 
physiological degeneration of sickle erythrocytes. The 
results indicate that oxidative damage is not an important 
factor in the formation of irreversibly sickled cells or cell 
dehydration, factors believed to contribute to vaso- 
occlusion. However, a positive correlation was found between 
erythrocyte membrane lipid peroxidation and the frequency of 
vaso-occlusive crises which is discussed in terms of other 
processes potentially contributing to vaso-occlusion.



Using the same incubation system it has been 
demonstrated that the hydroxypyridinone iron chelator CP094 
can enter intact sickle erythrocytes, chelate the non-haem 
iron and suppress lipid peroxidation. Desferrioxamine was 
less effective, consistent with a slow rate of entry into 
erythrocytes.

Additionally, the ability of desferrioxamine to scavenge 
radicals by donation of a hydrogen atom from a hydroxamate 
group has been demonstrated. Thus antioxidant effects of 
desferrioxamine must be interpreted with respect to both iron 
chelation and radical scavenging.
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CHAPTER 1 INTRODUCTION
1.1 Free Radicals. Oxidative Stress and Iron
1.1.1 Introduction

A free radical is defined as a molecular species capable 
of independent existence which has one or more unpaired 
electrons. Radical species are often more reactive than 
parent non-radical compounds.

Aerobic biological tissues are subjected to a constant 
flux of the superoxide radical (02‘”) , arising from the 
reduction of molecular oxygen, and the concomitant production 
of hydrogen peroxide, which although not a radical can 
participate in the formation of highly reactive radicals in 
the presence of suitable forms of transition metals.

Antioxidant defence mechanisms function to minimise the 
accumulation of superoxide and hydrogen peroxide and to 
minimise the production of more reactive oxidant species and 
their destructive interaction with lipids, proteins, nucleic 
acids, carbohydrates and many metabolites.

The level of oxidative stress encountered by a tissue 
may be increased if 1) the level of basal radical generation 
increases, 2) the antioxidant defences are compromised or 3) 
transition metal containing compounds become available in a 
form or a location in which their ability to catalyse the 
production of highly reactive oxidants from hydrogen peroxide 
and superoxide is enhanced.

A detrimental role for increased oxidative stress and 
oxidative tissue damage has been implicated in a wide range 
of pathological and toxicological situations. The question 
as to whether oxidative damage contributes significantly to 
the overall pathophysiology has to be addressed separately
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for each situation and in many cases a definitive answer is 
not available.

In this chapter the processes of radical generation, 
radical interaction with biomolecules and antioxidant 
protection are reviewed with emphasis on the role of iron 
compounds.

1.1.2 Free radical generation in vivo
1.1.2.1 Superoxide and the superoxide theory of oxygen 

toxicity
In 1969 McCord & Fridovich1 described the catalytic 

activity of a copper containing enzyme previously known as 
erythrocuprein (from human erythrocytes) or hemocuprein (from 
bovine erythrocytes) as a superoxide dismutase (SOD) 
catalysing reaction 1. In the absence of SOD the mutual 
reaction between superoxide radicals (reaction 1) is 
negligible. However, the equivalent reaction between 
superoxide and its conjugate acid, the hydroperoxyl radical, 
(reaction 3) is much faster (k3 = 9.7 X 107 M“1s"1) and at 
physiological pH the overall rate constant for the 
uncatalysed dismutation process is in the region of 105-106 
M_1s"*1 2.

02*“ + °2*~ + 2H+ h 2°2 + °2 (reaction 1)
02'~ + H+ = H02* (reaction 2, pXa = 4.8)
H02* + °2*~ + H+ h2°2 + °2 (reaction 3)

The rate constant for the reaction of the superoxide radical 
with the active site of SOD (the rate limiting step) is «2.4 
X 109 M“1s"1 3. McCord & Fridovich concluded that the
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presence of such an enzyme in a wide range of tissues infers 
an important toxic role for superoxide in vivo.

Since the initial suggestion by McCord and Fridovich 
many lines of evidence have emerged supporting the idea that 
superoxide dismutase performs an essential and ubiquitous 
defensive role against oxidative stress in vivo4. However, 
in general superoxide itself is not considered a highly 
reactive species and does not react with most biological 
molecules at an appreciable rate2.

It is therefore widely believed that the most important 
damaging effects of superoxide are mediated through its 
involvement in the generation of more reactive species via 
interaction with transition metal compounds.

1.1.2.2 Generation of superoxide
Superoxide is generated in vivo by a wide range of 

mechanisms in most if not all cells.

l.l.2.2.1 Autoxidation mechanisms
Several biological molecules autoxidise in the presence 

of molecular oxygen to produce the superoxide radical. One 
such reaction of great significance within the erythrocyte is 
the autoxidation of haemoglobin to methaemoglobin and the 
concomitant production of the superoxide radical5'6.

The haem iron of deoxyhaemoglobin is maintained in the 
ferrous state by interaction with the globin chain. However, 
when oxygen becomes ligated partial transfer of an electron 
occurs from the haem iron atom to the oxygen molecule leaving 
the haem iron with partial ferric characteristics7 (reaction 
4) .
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HbFe2+ + 02 = Hb(Fe2+-02 «♦ Fe3+-02“) (reaction 4)
Hb(Fe2+-02 ** Fe3+-02~) = HbFe3+ + 0 2 ' ~ (reaction 5)

The autoxidation of haemoglobin is often described as 
the direct decomposition of oxyhaemoglobin to give the 
superoxide radical and methaemoglobin (reaction 5) . However, 
the above mechanism does not adequately explain the observed 
dependence of the rate of autoxidation on the pH, the anion 
concentration and the concentration of molecular oxygen or 
the apparent autoxidation of deoxyhaemoglobin8'9. An 
alternative mechanism for the process has been proposed8'9 as 
represented below (reactions 6-8) .

Hb02 = Hb + 02 (reaction 6)
Hb + H+ + IT Hb(H+) (L~) (reaction 7)
Hb(H+) (L~) + 02 = metHb(L”) + H+ + 02*“ (reaction 8)
(Where L” represents an anion)

In addition oxyhaemoglobin can be oxidised by superoxide 
and methaemoglobin reduced by superoxide but these reactions 
are slow and would be insignificant in the presence of SOD in 
intact erythrocytes10'11.

In erythrocytes methaemoglobin is enzymatically reduced 
to oxyhaemoglobin by the action of methaemoglobin reductase. 
In patients with hereditary methaemoglobinaemia (deficient in 
methaemoglobin reducing capacity) the methaemoglobin 
reappears in the erythrocytes at a linear rate of 0.5-3% per 
day after all of the methaemoglobin has been reduced by 
appropriate therapy indicating that spontaneous autoxidation 
of haemoglobin occurs slowly in vivo12.
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Other biological molecules which undergo autoxidation 

include flavins13'14, catecholamines15, thiols such as 
cysteine16 and quinones17. The biological importance of 
superoxide production arising from autoxidation of these 
latter molecules is difficult to assess.

1.1.2.2.2 The respiratory burst defence mechanism
The 'professional' phagocytic cells (neutrophils, 

monocytes, macrophages and eosinophils) contain a membrane- 
bound flavoprotein/cytochrome enzyme complex referred to as 
the NADPH oxidase18-20 which can be activated by a large 
number of stimuli to consume oxygen (the respiratory burst) 
and produce the superoxide radical at the external face of 
the cell membrane utilising reducing equivalents from 
intracellular NADPH21-24.

Superoxide, hydrogen peroxide and other toxic oxidants 
such as hypochlorous acid produced by the enzyme 
myeloperoxidase25'26 constitute a major mechanism by which 
these cells kill invading bacteria and virus infected 
cells27'28.

Various inborn defects of the NADPH oxidase system form 
the basis of chronic granulomatous disease29-31. Abnormal 
excessive oxidant production by phagocytic cells may be 
important in autoimmune diseases including rheumatoid 
arthritis32, acute respiratory distress syndrome and 
reperfusion injury33.

More recently it has been reported that non-phagocytic 
cells, ie. fibroblasts, possess a NAD(P)H oxidase which also 
produces superoxide although in lesser amounts34'35. The 
importance of this latter observation is not known.
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1.1.2.2.3 Mitochondrial electron transport chain

In the majority of cell types the major intracellular 
source of superoxide is likely to be the electron transfer 
chain of mitochondria. Molecular oxygen has been suggested 
to be reduced to superoxide as single electrons leak from the 
NADH ubiguinone reductase complex and reduced forms of 
ubiquinone36”39. Attempts to estimate the steady state 
concentration of the superoxide radical in mitochondria have 
suggested a figure in the region of 8 X 10”12 M40.

In specific tissues leakage of electrons from other 
electron transfer chains may constitute important additional 
sources of superoxide radicals. For example in the liver 
superoxide has been proposed to be produced via the leakage 
of electrons from NADPH-cytochrome P-450 reductase to 
molecular oxygen.

1.1.2.2.4 Enzymic production of superoxide
Several enzymes can directly reduce molecular oxygen to 

superoxide including; xanthine oxidase, indoleamine
dioxidase, aldehyde oxidase and tryptophan dioxygenase.
Xanthine dehydrogenase, which is present in a wide range of
tissues, uses NAD+ as an electron acceptor in the conversion 
of hypoxanthine to xanthine and urate. It has been proposed 
that xanthine dehydrogenase undergoes proteolytic conversion 
to xanthine oxidase in ischaemic tissues41, and may 
constitute a potential source of superoxide in ischaemia
reperfusion injury.

In addition some enzymes such as glycolate oxidase and 
urate oxidase located in the peroxisomes reduce molecular 
oxygen directly to hydrogen peroxide.
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1.1.2.3 The role of transition metal compounds in radical 

generation
1.1.2.3.1 The potential role of low molecular weight iron 

complexes
Soon after McCord and Fridovich had described the action 

of superoxide dismutase it was suggested that superoxide 
contributes to oxygen toxicity by interacting with hydrogen 
peroxide in the Haber-Weiss reaction42 (reaction 9).

H202 + °2*~ °2 + 0H* + 0H_ (reaction 9)

However, the Haber-Weiss reaction requires the presence 
of catalytic amounts of transition metal ions such as 
iron43”45. Iron ions, complexed by appropriate biological
molecules, are often implicated as potential in vivo 
catalysts of the Haber-Weiss reaction46'47 (reactions 10 & 
11) .

02 *” + complex-Fe3+ -*> complex-Fe2+ + 02 (reaction 10) 
complex-Fe2+ + H202 OH* + OH” + complex-Fe3+ (reaction 11)

H202 + 02*” 02 + OH* + OH” (reaction 9)

Superoxide is able to both reduce ferric iron (reaction 
10) and oxidise ferrous iron48'49. The overall reaction is 
dependent on the nature of the iron complex50. Some 
physiological reducing agents including ascorbate51, 
glutathione52 and NADH and NADPH53 may be able to stimulate 
hydroxyl radical production by reducing ferric iron in place 
of superoxide.



19
In order for an iron II complex to reduce hydrogen 

peroxide, the Fenton reaction (reaction 11) , there is a 
requirement for a coordination site which is either free or 
occupied by a readily dissociable ligand such as water54'55.

The hydroxyl radical reacts with a wide range of 
biological molecules at almost diffusion controlled rates and 
thus could initiate oxidative damage if it is produced in 
vivo. However, there is little direct evidence for the in 
vivo production of the hydroxyl radical.

Although the hydroxyl radical is well accepted as a 
product in the classic Fenton reaction carried out with 
relative concentrated reactants in acidic media56 the nature 
of the oxidising species is not well established for the 
reaction of iron complexes at near neutral pH. The reactions 
of polyaminocarboxylate complexes of iron with hydrogen 
peroxide have been extensively studied under physiological 
conditions. There is considerable evidence that the hydroxyl 
radical is produced during the reaction of hydrogen peroxide 
with the ferrous EDTA chelate at near neutral pH55'57. 
However, the formation of another reactive oxidant, possibly 
a ferry 1 species [(FeIV=0)2+ or (FeIV-OH)3+] or a ferrous 
peroxo complex (Fe11 (H202)2+) has been proposed for the 
reaction between hydrogen peroxide and ferrous iron chelated 
by HEDTA or EDDA at neutral pH58'59.

It must be concluded that the precise mechanism for the 
reaction between hydrogen peroxide and low molecular weight 
iron complexes at neutral pH remains controversial, and may 
be influenced by the nature of the ligand. A better 
understanding of the occurrence and nature of low molecular 
weight iron complexes in vivo may prove necessary before the
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identity of in vivo "Fenton type oxidant(s)" can be 
clarified. Iron in vivo is normally contained within or 
tightly associated with specific proteins (section 1.1.4.4) 
and as such the ability of the iron to participate in the 
above reactions is restricted. A cellular low molecular 
weight transit iron pool has often been implicated60, but 
there is little agreement on its nature ' .  Thus in normal 
tissues the presence of a suitable form of low molecular 
weight iron to catalyse the production of the hydroxyl 
radical or other reactive oxidant is speculative. However, 
in certain pathological situations or in conditions of 
increased oxidative stress suitable forms iron may become 
available following release from proteins (section 1.1.5).

As a conseguence of the high reactivity of the hydroxyl 
radical the lifetime of hydroxyl radical in vivo would be 
minimal (estimated as 10_9s)63 and it follows that hydroxyl 
radical mediated damage would be limited to the immediate 
vicinity of the site of generation. It has been suggested 
that a low molecular weight ferryl iron species might be 
expected to be less strongly oxidising than the hydroxyl 
radical64 and thus may be more specific in its reactions.

1.1.2.3.2 The potential role of the haem proteins myoglobin 
and haemoglobin

In view of the restricted availability of low molecular 
weight iron complexes in vivo much recent attention has been 
centred on the potential of haem proteins, particularly 
myoglobin and haemoglobin, to contribute to oxidative damage 
following activation by hydrogen peroxide.

Mixtures of metmyoglobin and hydrogen peroxide have been
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reported to oxidise a wide range of substrates including 
polyunsaturated fatty acids65"67, ascorbate67'68, 
glutathione69, B-carotene65, cholesterol66, Trolox C67, 
desferrioxamine67'70'71, salicylate66'67 and methional65 and 
induce membrane peroxidation70-73. Similarly methaemoglobin 
can be activated by hydrogen peroxide to produce a powerful 
oxidant which can induce membrane lipid peroxidation72'74.

Interaction of these haem proteins with hydrogen
peroxide involves two electron oxidation/reduction. 
Formation of a ferryl-oxo haem species75 and a globin
radical, which probably ultimately resides on a peripheral 
tyrosine residue67'74'76, have been postulated. The overall 
reaction may be represented as shown below (reaction 12).

(G) (P) Fe111 + H202 -♦ (G+*) (P)FeIV=0 + H20 (reaction 12) 
where (G) represents the globin chain (s) and (P) the
porphyrin ring

However, it is not clear whether the cleavage of the 0-0 bond 
of hydrogen peroxide proceeds by a heterolytic mechanism, 
involving the simultaneous transfer of two electrons as
implied in reaction 12, or in two single electron steps 
involving the initial homolytic scission of hydrogen peroxide 
(reaction 13) followed by the subseguent reaction of the 
resulting hydroxyl radical with the haem protein (reaction 
14) .
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(G) (P) Fe111 + H202 -+ (G) (P) FeIV-OH + HO* (reaction 13)
(G-H) (P)FeIV-OH + HO* -*• (G+*) (P) FeIV-OH + H20 (reaction 14)

Production of the hydroxyl radical has not been
demonstrated66'73'77, however, hydroxyl radicals formed within 
the haem pocket would not necessarily be available to react 
with detector molecules before reacting with the haem 
protein.

Oxidation of a variety of substrates (see above) by the 
activated haemoprotein regenerates the ferric 
haemoprotein66"71 with rapid disappearance of the globin
radical67.

Alternatively incubation of metmyoglobin with excess 
hydrogen peroxide has been demonstrated to lead to covalent 
modification of the haemoprotein78, and release of iron 
following haem degradation has been reported for both 
metmyoglobin and methaemoglobin treated with excess hydrogen 
peroxide70'71'77'79"81. Thus in addition to the potential role 
of activated haem proteins to directly initiate oxidative 
damage in vivo under conditions of increased radical 
generation haem protein breakdown may also lead to the 
release of iron capable of catalysing the Fenton reaction.

The presence of ascorbate, desferrioxamine or 
erythrocyte membranes during the incubation of myoglobin with 
hydrogen peroxide has been reported to protect against iron 
release probably by supplying reducing equivalents to the 
activated haem protein70'71.

The ferrous form of myoglobin interacts with hydrogen 
peroxide to form metmyoglobin as the ultimate product82. A 
complex series of reactions, dependent on the myoglobin/H202
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ratio, including the formation of a ferryl species have been 
proposed83'84. The interaction of oxymyoglobin with hydrogen 
peroxide has been reported to induce peroxidation of 
arachidonic acid85. Oxyhaemoglobin may also undergo a 
similar process77.

1.1.3 Oxidative modification of biomolecules
1.1.3.1 Introduction - the biological reactions of free 

radicals
The oxidative modification of lipids, proteins, nucleic 

acids, carbohydrates and most metabolites is considered to 
require initiation by a highly reactive oxidant species such 
as the hydroxyl radical, alkoxyl radicals, hydroperoxide 
activated myoglobin and haemoglobin and in some cases peroxyl 
radicals. Superoxide is considered poorly reactive and in 
general unable to initiate the processes of oxidative damage.

Nevertheless, the reaction between superoxide and nitric 
oxide, or endothelial derived relaxing factor (EDRF), to give 
the peroxynitrite ion (reaction 15) is potentially of great 
importance. The balance between EDRF production and 
superoxide production may be of significance in the control 
of vasotension via controlling the annihilation of the 
former. Excessive superoxide production, proposed to occur 
in ischaemia reperfusion injury, may induce vasoconstriction 
through such a mechanism. In addition, decomposition of 
peroxynitrous acid (the protonated form of the peroxynitrite 
ion) may lead to formation of either the hydroxyl radical and 
nitrogen dioxide (reaction 16) or the nitrate ion (reaction 
17) . A recent report has implicated a considerable yield of 
the hydroxyl radical86 under physiological conditions.
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Og'+ NO' — >ONOO~ + H*^=: ONOOH <*•««•« »>
nitric peroxynitrite peroxynitrous
oxide acid

0 = N
O - O H  — ► N O g + O H  (reaction 16)

0=N
| ) 0  —  H"** +  N O 3 (reaction 17)

H O

Other reactions of the superoxide radical include the 
inactivation of catalase, and glutathione peroxidase in the 
absence of glutathione4. However, there is little evidence 
that these interactions could be of any significance in vivo. 
It has also been reported that NADH is oxidised by superoxide 
when bound to lactic dehydrogenase87, but this reaction 
proceeds fairly slowly (k = 1 X 105 M-1s-1) and therefore is 
probably not of any significance in vivo.

Reports of NAD(P)H oxidase type activity by non- 
phagocytic cells ie. fibroblast34'35 may be an indication of 
a useful extracellular role for superoxide.

1.1.3.2 Lipid peroxidation
l.l.3.2.1 Initiation of lipid peroxidation

Initiation of lipid peroxidation involves the 
abstraction of a hydrogen atom from a methylene group of a 
polyunsaturated fatty acid by a suitably reactive species 
(Figure 1.1.3.2.1). Molecular rearrangement gives a more 
stable conjugated diene radical and the carbon centred 
radical reacts with molecular oxygen forming a lipid peroxyl 
radical.
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Figure 1.1.3.2.1 The initiation of lipid peroxidation and

formation of lipid hydroperoxides
The abstraction of a hydrogen atom from one of the 

methylene groups of arachidonic acid is shown together with 
the formation of 11-hydroperoxyarachidonic acid. The 
formation of cyclic peroxides and endoperoxides is shown in 
Figure 1.1.3.2.3 .
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Formation of lipid hydroperoxides occurs as the lipid 

peroxyl radical abstracts a hydrogen atom from an adjacent 
polyunsaturated fatty acid or from a-tocopherol. Abstraction 
from neighbouring polyunsaturated fatty acid continues the 
peroxidation process whereas interaction with a-tocopherol 
causes chain breaking.

Alternatively a peroxyl radical with a double bond 
to the carbon bearing the peroxyl group can cyclise to form 
a five membered ring cyclic peroxide (Figure 1.1.3.2.3). The 
formation of cyclic endoperoxides often follows for fatty 
acids with 3 or more double bonds (Figure 1.1.3.2.3).

The Hydroxyl Radical: The hydroxyl radical is sufficiently
reactive to abstract a hydrogen atom from polyunsaturated 
fatty acids and thus has often been put forward as a 
potential initiating species in biological systems.

However, some studies have shown that although the 
hydroxyl radical is produced in incubations of ferrous iron 
and hydrogen peroxide in the presence of liposomes or 
microsomes and lipid peroxidation is stimulated, catalase or 
hydroxyl radical scavengers do not modulate lipid 
peroxidation88-91. Such observations might be indicative of 
restricted accessibility of the scavengers to radical 
formation at the specific site of radical attack, or in some 
cases the role of the hydroxyl radical in the initiation of 
lipid peroxidation is questioned.

Alternative initiating species: Some workers have proposed
a reactive Fe2+/02/Fe3+ complex as an important species 
initiating lipid peroxidation90'91. Such a complex has, to
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date, not been directly observed and recently the requirement 
for specific ferric/ferrous iron mixtures has been questioned 
by the observation that other metal ions, Pb2+ or Al3+, in 
addition to Fe3+ modulate Fe2+ mediated lipid peroxidation92. 
The active species involved in initiation of lipid 
peroxidation mediated by low molecular weight iron complexes 
remains controversial.

It is not necessary to invoke low molecular weight iron 
complexes for initiation of lipid peroxidation. Myoglobin or 
haemoglobin activated with hydrogen peroxide are also able to 
initiate lipid peroxidation70-73 (section 1.1.2.3.2). This 
may be of significance in vivo in situations of excessive 
radical generation such as during reperfusion of ischaemic 
tissue or associated with inflammation responses.

The hydroperoxyl radical is sufficiently reactive to 
abstract a hydrogen atom from polyunsaturated fatty acids. 
The biological relevance of this, if any, is unknown.

1.1.3.2.2 Iron-catalysed propagation of lipid peroxidation
Low molecular weight complexes of iron, free haem and 

haem containing proteins can catalyse the breakdown of lipid 
hydroperoxides giving as initial products either the lipid 
alkoxyl or peroxyl radicals.

The breakdown of lipid hydroperoxides by iron ions has
been reported93'94 for which the following reactions (18 & 19)
have been postulated.

Fe2+ + LOOH -*• Fe3+ + LO* + OH- (reaction 18)
Fe3+ + LOOH - Fe2+ + LOO* + H+ (reaction 19)
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However, there is little direct evidence for the oxidation of 
hydroperoxides by ferric iron as represented in reaction 19. 
Ferric iron ions bound to bleomycin have been reported to 
cleave the peroxide bond of fatty acid hydroperoxides by a 
homolytic process inconsistent with this oxidative scheme95.

Free haem (haematin or haemin), model iron porphyrin 
compounds and various haem containing proteins including 
methaemoglobin, oxyhaemoglobin, metmyoglobin, cytochrome C, 
cytochrome C peroxidase, cytochrome P-450, horseradish 
peroxidase and chloroperoxidase will also catalyse the 
decomposition of hydroperoxides93'97-106. Variations on two 
basic mechanisms have been implicated for the reaction 
between ferric haem compounds and hydroperoxides namely 
homolytic or heterolytic cleavage as depicted in reactions 20 
and 21(a & b) respectively.

(Pr) (P) Fe111 + ROOH -+ (Pr) (P) FeIV-0H + RO* (reaction 20)

(Pr) (P) Fe111 + ROOH -► (Pr) (P+*) FeIV=0 + ROH (reaction 21a) 
(Pr-H) (P) FeIIX + ROOH -► (Pr+*) (P)FeIV=0 + ROH + H+ (21b)
(where (P) represents the porphyrin ring and (Pr) the protein 
moiety of a haemoprotein where applicable)

Whereas homolytic scission of hydroperoxides leads to 
the formation of alkoxyl radicals, heterolytic cleavage does 
not involve the direct production of any hydroperoxide- 
derived radical species.

Product studies have implicated homolytic scission 
(reaction 20) for the reaction between haematin and various 
fatty acid hydroperoxides96'97. The initial breakdown of 13
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-hydroperoxy linoleic acid by haematin and the proposed 
subsequent reactions are shown in Figure 1.1.3.2.2. 
Additionally systems utilising model iron porphyrins have 
provided evidence that the initial reaction between these 
ferric species and a range of hydroperoxides is a homolytic 
rather than heterolytic scission100'102, although this has 
been disputed by some authors106.

Alternatively the reaction for the peroxidase enzymes 
with either hydrogen peroxide or organic peroxides has been 
suggested to proceed by a heterolytic scission 
mechanism104'107'108. One reducing equivalent is derived from

• • • 1 HQthe haem iron atom, such that a ferryl species is formed , 
and the second is derived from the haem ring in the case of 
horseradish peroxidase109 and chloroperoxidase (reaction 21a) 
or from a tryptophan residue in the case of cytochrome C 
peroxidase107, (reaction 21b)

The reaction of metmyoglobin with t-butyl hydroperoxide 
or cumene hydroperoxide has been reported to involve two 
electron oxidation of the protein leading to the formation of 
a ferryl species and a globin radical67 (directly analogous 
to the activation of myoglobin by hydrogen peroxide, see 
section 1.1.2.3.2). The inability to detect hydroperoxide 
derived radicals during the initial reaction between 
metmyoglobin and these oxidants under the conditions of this 
study67 is indicative of heterolytic scission (reaction 21b) . 
However, the possibility that alkoxyl radicals produced by 
homolysis of the hydroperoxide (reaction 20) react with a 
globin amino acid within the haem pocket (reaction 22) , 
without becoming available for spin trapping can not be 
discounted.
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(G-H) (P) FeIV-OH + RO* -► (G+-) (P)FeIV-OH + ROH (reaction 22) 
(where (G) represents the globin chain)

Other haem proteins, including catalase110 and 
cyclooxygenase111, have been reported to undergo two electron 
oxidation/reduction reactions with organic hydroperoxides. 
Radical species, have been detected during the reaction of 
the latter haem protein with 15-hydroperoxyeicosatetraenoic 
acid111.

The mechanisms for homolytic and heterolytic 
hydroperoxide breakdown as written in reactions 20 and 21 do 
not allow the direct production of the peroxyl radical. 
Lipid alkoxyl radicals produced by homolytic scission can 
abstract a hydrogen atom from a methylene group of a 
polyunsaturated fatty acid and the resulting carbon radical, 
conjugated diene system will then react with oxygen to form 
a peroxyl radical (Figure 1.1.3.2.1). Alternatively 
epoxidation of lipid alkoxyl radicals may be followed by 
peroxyl radical formation (Figure 1.1.3.2.2). However, 
e.s.r. spin trapping experiments of the reaction between a 
range of haem compounds, including peroxidases, metmyoglobin 
and methaemoglobin, with t-butyl hydroperoxide or cumene 
hydroperoxide have indicated that the peroxyl radical is 
produced in excess of the alkoxyl radical101. Furthermore, 
in the case of the reaction of chloroperoxidase with ethyl 
hydroperoxide peroxyl radicals can be trapped in the absence 
of detectable alkoxyl radical96,104. The oxidation of 
hydroperoxide by activated haem compounds possibly by 
reactions as represented below (reactions 23 and 24) have 
been proposed to explain the production of the peroxyl
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(P) FeIV-OH + ROOH -► (P) Fe111 + ROO* + "OH + H+ (reaction 23) 
(P+*) FeIV=0 + ROOH -► (P)FeIV=0 + ROO* + H+ (reaction 24) 
where (P) represents the porphyrin ring

Although such reactions are of a speculative nature some 
support has been provided from model systems in which the 
oxidation of t-butyl hydroperoxide by a ferryl iron porphyrin 
species (ferryl tetramesitylporphyrin) has been reported105. 
Additionally, reduction of a ferryl iron porphyrin species 
(m-tetrakis(2,6-dimethyl-3-sulfonatophenyl) porphinato- 
ironlV) by hydrogen peroxide has been proposed presumably 
with the formation of 02-*/H02* 102.

There is little evidence to suggest that peroxyl radical 
formation via the oxidation of hydroperoxides by ferric haem 
compounds (reaction 25) occurs102.

(P)Fe111 + ROOH -► (P)Fe11 + ROO* + H+ (reaction 25)

The reaction of some haem proteins, including 
chloroperoxidase104 and myoglobin67 with organic 
hydroperoxides has been observed to cause haem loss.

1.1.3.2.3 Breakdown products of peroxidised lipids
Lipid hydroperoxides are broken down in the presence of 

transition metals as described above or spontaneously on 
heating. Breakdown of lipid hydroperoxides can proceed via 
highly complex mechanisms to give a wide variety of products 
including alkanes, alkenes, alkanals such as malondialdehyde,
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alkenals such as 4-hydroxynonenol, epoxides, alkenyl or alkyl 
radicals and others112. For example, malondialdehyde has 
been suggested to arise as a result of the breakdown of 
endoperoxides, hydroperoxy epidioxides or some 
dihydroperoxides produced during oxidation of polyunsaturated 
fatty acids113,114. One scheme postulated for the generation 
of malondialdehyde is shown in Figure 1.1.3.2.3.

Aldehydic breakdown products of lipid peroxidation can 
modify proteins, potentially causing loss of activity, by 
binding to cysteine -SH groups or amino groups. The 
bifunctional malondialdehyde can cause intra or inter 
molecular cross-linking of proteins. It has been reported 
that malondialdehyde and 4-hydroxynonenal can modify the 
apolipoprotein B100 moiety of LDL, reacting with lysine and 
possibly other amino acid residues, which is thought to 
modify the interaction between the lipoprotein and its 
receptor115'116.

1.1.3.2.4 Enzymic lipid peroxidation 
Lipoxygenases

The Lipoxygenase enzymes introduce dioxygen into 
polyunsaturated fatty acid in a stereospecific manner 
generating fatty acid hydroperoxides117 (Figure 1.1.3.2.4.1) . 
Three classes of lipoxygenases are known, referred to as 5, 
12 and 15 lipoxygenases. The nomenclature refers to the 
carbon atom of arachidonic acid which is predominantly 
oxygenated. For example, 15 lipoxygenase, reported in 
reticulocytes and leucocytes, oxygenates carbon 15 of 
arachidonic acid giving predominantly 15(S)-hydroperoxy- 
5,8,11,13-eicosatetraenoic acid. Linoleic acid, another
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Figure 1.1.3.2.4.1 Schematic representation of the

catalytic mechanism of the lipoxygenase 
enzymes

The polyunsaturated fatty acid substrate is initially 
oxidised as hydrogen abstraction occurs from a methylene 
group flanked by two double bonds. During this process the 
enzyme iron centre becomes reduced. After reaction of the 
fatty acid radical with molecular oxygen the peroxyl radical 
is reduced with concomitant oxidation of the iron centre.
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stereospecific 
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E-Fe III

E-Fe III E-Fe II
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0-0
0-0 '' >H



36
potential substrate for 15 lipoxygenase, is oxygenated at 

carbon 13 to give 13(S)-hydroperoxy-9,11-octadecadienoic 
acid.

The action of 5 lipoxygenase on arachidonic acid 
constitutes the initial steps in the synthesis of the 
leukotrienes. 5 lipoxygenase catalyses the production of 
5 (S) -hydroperoxy-6,8,11,14-eicosatetraenoic acid which can in 
turn be converted into leukotriene A4, a 5,6 epoxide with a 
conjugated triene structure, by the consecutive action of the 
same enzyme. Leukotriene A4 is then converted to other 
species by various mechanisms; for example, leukotriene B4 is 
produced by enzymic hydrolysis. Leukotriene B4 is released 
by neutrophils and serves as a neutrophil chemoattractant and 
stimulates aggregation, degranulation and the respiratory 
burst. Little is known about the biological relevance of 
products of the 12 and 15 lipoxygenases.

15 Lipoxygenase, unlike the 5 and 12 enzymes, is able to 
act on esterified fatty acids in polyunsaturated 
phospholipids118 and thus may be able to introduce lipid 
hydroperoxides into some biological membranes.

Lipoxygenases contain non-haem iron which has been 
suggested to undergo redox transitions between the ferrous 
and ferric states during oxygenase catalysis119 (Figure
1.1.3.2.4.1).

Cyclo-oxygenase
Cyclo-oxygenase is a lipoxygenase like enzyme which 

catalyses the stereospecific oxygenation of polyunsaturated 
fatty acids incorporating two molecules of oxygen117. The
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Figure 1.1.3.2.4.2 The production of P662 and P6H2 from

arachidonate
The conversion of arachidonic acid to PGG2 and the 

subsequent conversion of PGG2 to PGH2 are both catalysed by 
cyclo-oxygenase (see text).
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action of cyclo-oxygenase on arachidonic acid constitutes 

the initial step in the production of prostaglandins and 
thromboxanes. The first product is prostaglandin G2 (PGG2) 
which has a 9,11-endoperoxide and a 15-hydroperoxide (Figure
1.1.3.2.4.2). Cyclo-oxygenase also has a peroxidase type
activity and catalyses the reduction of PGG2 to PGH2 (which 
differs from PGG2 having an hydroxy group at position 15) at 
the expense of suitable reductants. The peroxidase activity 
is also important in the activation of the enzyme from the 
resting state. PGH2 can be enzymatically converted to a 
variety of biologically active prostanoids.

Unlike the lipoxygenases, cyclo-oxygenase contains a 
haem-iron centre. During the peroxidase type mechanism 
higher oxidation states of haem have been suggested to be 
generated in addition to an haemoprotein associated radical 
species111. Indeed it has been suggested that radical 
intermediates of the peroxidase type mechanism may initiate 
the cyclo-oxygenase activity on arachidonic acid.

1.1.3.3 Oxidative protein modification
1.1.3.3.1 Amino acid modification

Amino acid residues in proteins can be oxidatively 
modified by oxygen derived free radicals, particularly the 
hydroxyl radical. Some amino acids; methionine, histidine, 
tryptophan, tyrosine, proline and cysteine are particularly 
susceptible120'121. Some characterised amino acid oxidation 
products are shown in Figure 1.1.3.3.1.
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Oxidation of methionine to methionine sulphoxide has 

been reported in a wide range of proteins subjected to 
oxidative stress and is often associated with loss of 
function. The enzyme methionine sulphoxide reductase, which 
has been found in human lung, eye and neutrophils, reduces 
protein methionine sulphoxide residues to methionine and can

• • • • • *199potentially restore activity of the oxidised protein .
Similarly oxidation of histidine residues in several
• • • 1 9 ̂proteins has been reported to cause loss of activity . 

Modification of histidine residues may act as a label for 
intracellular proteolytic digestion. A recent report has 
described the production of aspartate following hydroxyl 
radical attack on histidine in proteins124.

The reactions of tryptophan with the hydroxyl radical 
and singlet oxygen are well characterised125 leading to 
several products including 5-hydroxy tryptophan and the 
kynurenines which have fluorescence characteristics distinct 
from native tryptophan. Immunoglobulins with altered 
fluorescence characteristics compatible with tryptophan 
oxidation have been isolated from synovial fluid from

• • • • • 1 9 fipatients with rheumatoid arthritis and fluorescent changes 
compatible with tryptophan oxidation are observed after

• • • • 19 7exposing a wide range of proteins to the hydroxyl radical .
Oxidation of tyrosine to dityrosine provides a mechanism 

by which protein crosslinking may occur. Such crosslinking 
can be differentiated from sulphydryl bonds on sodium dodecyl 
sulphate gel electrophoresis as it is not reduced by 
dithiothreitol.

Reversible changes in the redox status of protein 
cysteine residues has been noted to cause inhibition of some
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enzymes and activation of others120. In addition to 
disulphide bridges, mixed disulphides can be formed between 
proteins and glutathione.

Irreversible modification of cysteine residues may 
result following reaction with oxidants. Cysteine or 
glutathione react rapidly with the hydroxyl radical or rather 
more slowly with the superoxide radical (k = >5 X 104 M-1s_1 
for cysteine (pH 7), 6.7 X 105 M"1s“1 for glutathione (pH
7.8)2) leading to the formation of the thiyl radical as
represented below.

R-SH + *0H -► R-S* + H20 (reaction 26)
R-SH + 02*“ + H+ -*■ R-S* + H202 (reaction 27)

The reaction between oxygen and the glutathione thiyl radical 
gives rise to a complex series of reactions thought to
involve reactive species such as the peroxysulphenyl radical 
(Glutathione-S02*) and produce singlet oxygen128. Glutathione 
sulphonate (Glutathione-S03H) is a final product. Similar 
reactions involving protein cysteine residues have been 
suggested to occur under conditions of oxidative stress i n

1.1.3.3.2 Fragmentation and aggregation of proteins
In addition to the specific amino acid alterations 

described above proteins can also undergo fragmentation and 
crosslinking following attack by the hydroxyl radical. 
Superoxide has no effect alone but does potentiate 
fragmentation induced by the hydroxyl radical in the presence 
of oxygen127'130.
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Proteins exposed to radiolytically generated hydroxyl 

radical in the presence of molecular oxygen have been 
reported to undergo fragmentation giving fragments of defined 
size127'130. Fragmentation may result from oxidative 
modification of specific amino acids, in particular oxidation 
of proline and histidine appears to be important in 
fragmentation124'130'131. The production of fragments of 
specific molecular weight in systems involving transition 
metal ions and a reducing agent132 may indicate site specific 
attack of hydroxyl radicals in the region of metal binding.

In the absence of molecular oxygen, hydroxyl radical 
generation induces polypeptide crosslinking which is mainly 
stable to reducing agents possibly representing bityrosine 
bonds121'127'130'132-134. Additionally exposing bovine serum 
albumin to the hydroxyl radical in the absence of oxygen 
causes an increase in the number of half cystine residues 
detected after hydrolysis, whereas exposure to the hydroxyl 
radical with superoxide and oxygen leads to a reduction121.

Both fragmentation and cross-linking have been reported 
for protein constituents of peroxidising membranes or 
lipoproteins133'135-137 and incubation of proteins with organic 
hydroperoxides or oxidised phosphatidylcholine liposomes in 
the presence of transition metals leads to fragmentation138.

l.l.3.3.3 Proteolytic breakdown of oxidised protein
Oxidatively damaged proteins are more susceptible to 

proteolysis by a wide range of purified proteases. Enhanced 
susceptibility is induced by the hydroxyl radical, either in 
the presence or absence of oxygen and superoxide ' ,  by 
organic hydroperoxides in the presence of transition
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metals138, by thymine derived peroxyl radicals130 and also 
after hydrogen peroxide treatment of haemoglobin140.

Treatment of intact erythrocytes or membrane free 
lysates with oxidants or addition of oxidatively damaged 
proteins to lysates also induces proteolytic degradation of 
oxidatively damaged proteins139'141”143. The major pathway of 
proteolysis of oxidatively damaged proteins in erythrocytes 
involves a 670kDa multicatalytic proteinase complex named 
macroxyproteinase (M.O.P.) which has been suggested to be 
widely distributed in eukaryotic cells144”146. It is thought 
that the increased hydrophobicity of oxidised proteins is the 
major 'signal' conferring proteolytic susceptibility.

1.1.3.4 Oxidative damage to nucleic acids and carbohydrate
Oxidants can also interact with nucleic acids. For 

example the hydroxyl radical produced radiolytically can 
cause single and double strand breaks in cellular DNA in 
addition to a wide range of base modifications. 
Alternatively DNA damage in cells exposed to oxidants such as 
hydrogen peroxide may be mediated by hydroxyl radical 
production catalysed by transition metal ions associated with 
the DNA. Several DNA repair processes are involved in 
repairing oxidative damage to DNA. The presence of oxidative 
breakdown products of DNA bases such as thymidine glycol and 
hydroxymethyluracil in human urine suggests that radical 
modification of cellular DNA and resultant repair processes 
occur continuously in normal individuals. Radical mediated 
DNA damage may be particularly important in the processes of 
cancer.

Little work has focused on radical attack on
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carbohydrates. Of particular note, it has been reported that 
hyaluronic acid is degraded by hydroxyl radicals45,147. It is 
not clear if this is an important factor leading to shorter 
average chain lengths of hyaluronic acid in the synovial 
fluid of rheumatoid arthritis patients.

1.1.4 Protective systems against oxidants
Antioxidant defence mechanisms function to minimise the 

accumulation of superoxide and hydrogen peroxide and to 
minimise the production of more reactive oxidant species and 
their destructive interaction with lipids, proteins, nucleic 
acids, carbohydrates and many metabolites.

1.1.4.1 Enzymatic antioxidant systems
1.1.4.1.1 Superoxide Dismutase

There are two types of SOD in mammalian cells, copper 
zinc SOD which is mostly cytosolic, although it may also be 
present in the inter-membrane space of mitochondria, and the 
manganese enzyme which is mainly located in the mitochondrial 
matrix, but is also found in the cytosol of liver cells. 
Another form of the copper zinc enzyme, extracellular SOD, 
appears to be attached externally to the cell membrane of a 
variety of cells particularly endothelial cells148-150.

Mammalian erythrocytes contain copper zinc SOD 
exclusively. Varying estimates of human erythrocyte SOD 
content have been reported ranging from approximately 0.5jug 
per mg haemoglobin151 which corresponds to a concentration of

• 1 R9about 5/zM to 2.9/xg per mg haemoglobin .
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1.1.4.1.2 Catalase

Catalase is a 4 subunit haem protein involved in the 
detoxification of hydrogen peroxide. It catalyses the 
breakdown of hydrogen peroxide according to the two stage 
mechanism shown (reactions 28 & 29) below where compound 1 is 
an oxidised form of catalase in which iron has a nominal 
valency of Fe(V). However, extensive charge delocalisation 
occurs in the haem ring and the exact structure of compound 
1 is not clear.

catalase-Fe3+ + H202 -*■ compound 1 (reaction 28)
compound 1 + H202 -► catalase-Fe3+ + 2H20 + 02 (reaction 29)

Catalase is generally located within peroxisomes in 
animal tissues. Human erythrocytes contain a relatively high 
catalase activity free in the cytosol153. Early reports 
suggested that catalase plays a minimal role in the removal 
of hydrogen peroxide from human erythrocytes under normal 
conditions and that hydrogen peroxide is principally 
detoxified by glutathione peroxidase154. However, more 
recently it has been shown that catalase does indeed 
contribute to the removal of hydrogen peroxide under normal 
conditions155.

1.1.4.1.3 Glutathione Peroxidase
Glutathione peroxidase is a selenium containing enzyme 

in which the selenium is present at the active site probably 
as selenocysteine. In a sequential mechanism the
hydroperoxide substrate is reduced at the expense of the 
enzyme which is regenerated by glutathione. Oxidised
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glutathione (GSSG) is enzymatically reduced by glutathione 
reductase at the expense of NADPH produced by the pentose 
phosphate pathway156. Glutathione peroxidase will act on a 
variety of peroxides including hydrogen peroxide, and fatty 
acid hydroperoxides following excision from membrane 
phospholipids by phospholipases157'158. A similar selenium 
containing enzyme, phospholipid hydroperoxide glutathione 
peroxidase, has been characterised which is able to directly

• • • 1RQreduce membrane phospholipid hydroperoxides-1-3*. Human 
erythrocytes are moderately rich in glutathione peroxidase160 
and contain in the region of 2-3 mM reduced glutathione161.

1.1.4.1.4 Glutathione Transferases
The glutathione transferases, which do not contain 

selenium, constitute a large family of enzymes which 
conjugate glutathione to foreign substances and endogenous 
compounds serving a detoxification role. They are especially 
prevalent in the liver but have also been reported in other 
tissues including erythrocytes162.

Glutathione transferases in the liver have been reported 
to catalyse the selenium independent reduction of organic 
hydroperoxides but not hydrogen peroxide163.

1.1.4.2 Lipid soluble antioxidants
The major lipid soluble antioxidant is a-tocopherol 

which functions by donating a hydrogen atom to lipid peroxyl 
or alkoxyl radicals thus halting the chain reactions of lipid 
peroxidation. The a-tocopheryl radical formed is stabilised 
by delocalisation of the remaining unpaired electron into the 
molecules aromatic structure and is not sufficiently reactive
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to propagate lipid peroxidation by abstracting a hydrogen 
atom from an undamaged fatty acid. a-Tocopherol can be 
regenerated from the tocopheryl radical by ascorbic acid164. 
However, a further oxidation product a-tocopherylquinone is 
not reduced back to a-tocopherol. In addition a-Tocopherol 
can both quench and react with singlet oxygen and thus 
possibly protect membranes from this species, and react with 
the hydroperoxyl radical.

Various carotenoids have also been implicated as chain 
breaking antioxidants, for example 13-carotene and lycopene 
are present in small amounts in low density lipoproteins. 
The extent of their antioxidant contribution in vivo is not 
clear.

a-Tocopherol is the major, if not only, lipid soluble 
antioxidant of the erythrocyte membrane165'166.

1.1.4.3 Water soluble antioxidants
1.1.4.3.1 Ascorbate

Ascorbate performs many antioxidant functions. In 
addition to regenerating a-tocopherol as described above it 
can directly reduce superoxide and the hydroperoxyl radical2 
to give the semidehydroascorbate radical. It also scavenges 
singlet oxygen, reduces thiyl radicals and interacts with 
hypochlorous acid167. Ascorbate can reduce ferryl forms of 
m y o g l o b i n  and r e d u c e  f e r r i m y o g 1 o b i n  to
ferromyoglobin68'70'71'168. Ascorbate has also been reported 
to slowly reduce methaemoglobin to the ferrous form12.

Oxidised ascorbate is regenerated enzymatically. Two 
molecules of semidehydroascorbate interact in a 
disproportionation reaction to regenerate ascorbate and form



48
dehydroascorbate. Dehydroascorbate is enzymatically
converted to ascorbic acid by the action of dehydroascorbate 
reductase at the expense of two molecules of reduced 
glutathione (reaction 30) .

dehydroascorbate + 2GSH -*■ GSSG + ascorbate (reaction 30)

In addition another enzyme NADH-semidehydroascorbate 
reductase regenerates ascorbate from the radical form at the 
expense of one molecule of NADH (reaction 31).

semidehydroascorbate + NADH -*• ascorbate + NAD+ + H+ 
(reaction 31)

However, ascorbate can also have a pro-oxidant effect 
which appears to reflect its ability to reduce transition 
metal ions51,89,169. For example self administration of 
ascorbate by iron overloaded multiply transfused thalassaemia 
patients without the accompanying desferrioxamine can induce 
severe reactions170.

The ascorbate concentration in human erythrocytes has 
been reported to be in the region of 40jixM171. The reaction 
of ascorbate with superoxide in intact erythrocytes will be 
insignificant compared to the action of erythrocyte 
superoxide dismutase.

l.l.4.3.2 Glutathione
In addition to its reducing roles in conjunction with 

glutathione peroxidase and dehydroascorbate reductase, 
glutathione can also directly scavenge singlet oxygen and the
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hydroxyl radical. Glutathione also reacts slowly with the 
superoxide radical leading to the production of singlet

• • • 1 0 ftoxygen and reactive glutathione radicals .
An important function of glutathione is the maintenance 

of the reduced sulphydryl status of cellular proteins.
Conversely glutathione disulphide (GSSG) can inactivate a 
number of enzymes, presumably by forming mixed disulphides 
with them and thus the ratios of reduced GSH to GSSG are 
maintained high. Reduction of GSSG to GSH by glutathione
reductase is the major mechanism maintaining the
abovementioned ratio. In addition glutathione disulphide can 
be released from cells under conditions of oxidative stress.

In human erythrocytes over 98% of total glutathione is 
maintained in the reduced form172'173. In addition to 
reduction of GSSG by glutathione reductase de novo synthesis 
of glutathione occurs and the glutathione turnover time in 
human erythrocytes has been estimated as approximately 6 
days174. Glutathione can potentially be lost from the
erythrocyte by the action of glutathione-s-transferase162 or
by secretion as GSSG175.

1.1.4.4 Protection by compartmentalisation of transition 
metals

The vast majority of iron in vivo is contained within or 
tightly associated with specific storage and transport 
proteins or incorporated into haem and iron sulphur
containing enzymes and as such the ability of the iron to 
generate highly reactive oxidant species is normally
restricted. Similarly copper is transported tightly 
associated with certain proteins.
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1.1.4.4.1 Haem proteins

About two thirds of bodily iron is contained within 
haemoglobin. Under normal circumstances in the erythrocyte 
the generation of highly reactive oxidants by haemoglobin 
must be considered minimal as is evidenced by the negligible 
membrane lipid peroxidation. Indeed haemoglobin has been 
reported to protect erythrocytes against membrane oxidation 
during exposure to oxidative stress176'177. Myoglobin in 
myocytes has also been proposed to play a protective role 
against hydroperoxides in conjunction with suitable cellular 
reducing agents, particularly ascorbate, by acting in a 
peroxidase type manner68'69'168,178.

Haemoproteins released into extracellular fluid present 
a greater oxidative threat. Haemoglobin or haem liberated by 
haemolysis of erythrocytes are bound by haptoglobin and 
haemopexin respectively which diminishes the effectiveness of 
the former compounds in stimulating lipid peroxidation179-181. 
The haptoglobin-haemoglobin and haemopexin-haem complexes are 
rapidly removed from the circulation.

1.1.4.4.2 Ferritin
Ferritin is the major cellular iron storage molecule. 

It comprises a protein shell made up of 24 subunits 
surrounding a ferrihydrite core. Each ferritin molecule may 
hold up to 4500 molecules of iron although in healthy 
individuals ferritin is not normally iron saturated182. Iron 
within ferritin is probably not able to interact with 
hydrogen peroxide to produce the hydroxyl radical although 
iron can be released from ferritin by superoxide and other 
reducing agents (see section 1.1.5.1).
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Haemosiderins are believed to be degradation products of 

ferritin formed in lysosomes by the action of proteases 
and/or following radical attack183. The organisation of the 
iron cores from haemosiderins isolated from different iron 
overload states vary from that of ferritin and from each 
other184-188. Haemosiderins have lower protein contents than 
ferritin and differences have been observed between the 
polypeptide chain length187'189. Iron contained within 
haemosiderin is considered to be not readily available to 
participate in Fenton type reactions190'191. The generation 
of haemosiderin from ferritin may be a protective mechanism 
in iron overload as iron is released from haemosiderin less 
readily than from ferritin190-192.

1.1.4.4.3 Transferrin
Iron is transported between different tissues in the 

plasma bound to the protein transferrin. Normally plasma 
transferrin is only about 30% saturated with iron. 
Transferrin has two high affinity binding sites (stability 
constant 1020) for ferric iron and iron correctly bound to 
non-saturated transferrin is not available to catalyse the 
production of the hydroxyl radical193'194. Reports of 
transferrin-iron catalysed production of the hydroxyl radical 
following saturation of the transferrin by incubation with 
iron in vitro195 may be explained by non-specific binding of 
iron to the protein.

1.1.4.4.4 Lactoferrin
Lactoferrin is an iron binding protein similar to 

transferrin found in some extracellular fluids and milk and
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which is secreted by phagocytic cells during phagocytosis. 
Lactoferrin differs from transferrin in that it retains iron 
at lower values of pH. The function of lactoferrin in the 
respiratory burst of neutrophils has been a point of 
controversy in whether it mediates the production of hydroxyl 
radicals from superoxide and hydrogen peroxide produced 
during phagocytosis or whether it is present to suppress such 
reactions. As shown for transferrin iron bound by non
saturated physiological lactoferrin does not act as a Fenton 
catalyst193'194, whereas lactoferrin which has been iron-

• • • • 1 Qfiloaded m  vitro is an effective Fenton catalyst*1* .

1.1.4.4.5 Caeruloplasmin and copper binding proteins
Serum copper is mainly contained within or bound to 

caeruloplasmin and as such is unavailable to catalyse the 
formation of the hydroxyl radical. Similarly albumin, 
present in human plasma at levels of 40mg/ml, may have an 
important role in binding copper ions such that reaction of 
the copper with hydrogen peroxide will lead to 
inconsequential site specific radical damage to the albumin 
itself197. Intracellular binding of copper may be mediated 
by the small sulphur rich proteins metallothioneins.

Caeruloplasmin additionally has a ferroxidase activity, 
catalysing the oxidation of iron II to iron III with the 
concomitant reduction of oxygen to water (reaction 32) 198.

4Fe2+ + 02 + 4H+ -> 4Fe3+ + H20 (reaction 32)

Other antioxidant properties of caeruloplasmin include the 
stoichiometric reaction with superoxide199 and hydrogen
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1.1.4.5 Extracellular antioxidant defences
Human extracellular fluids contain little or no 

catalase, SOD or glutathione peroxidase. Plasma glutathione 
peroxidase is distinct from the cellular enzyme200-204. The 
role of this enzyme is not clear as its K m  («4.3mM202) for 
glutathione is much greater than the plasma concentration of 
glutathione (2juM205) . Removal of superoxide or hydrogen 
peroxide by the above enzymes has been suggested to 
contribute little to the antioxidant activity of 
extracellular fluid205. Indeed superoxide, which can cross 
the erythrocyte membrane through the anion channel207'208 and 
hydrogen peroxide, which rapidly diffuses across membranes, 
may be primarily removed from the plasma by diffusion into 
and metabolism within erythrocytes209.

An important factor in the antioxidant potential of 
extracellular fluids is sequestration of transition metal 
ions in forms which are not able to catalyse the production 
of the hydroxyl radical as discussed in the previous section.

Other important antioxidants in the plasma include 
ascorbate (50-200/xM) and lipoprotein a-tocopherol210'211 as 
discussed above and uric acid (0.25-0.45mM). Urate will 
directly scavenge singlet oxygen, hypochlorous acid and 
peroxyl and alkoxyl radicals and can bind iron and copper in 
forms which do not promote free radical reactions. In 
addition albumin reacts with hypochlorous acid and possibly 
scavenges peroxyl radicals197.
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1.1.5 Iron decompartmentalisation. overload and disease
1.1.5.1 Oxidant induced iron decompartmentalisation

The superoxide dependent iron release from ferritin has 
been shown in vitro in the presence of activated 
polymorphonuclear leucocytes or on addition of potassium 
superoxide212, using mixtures of xanthine oxidase with 
hypoxanthine, xanthine or acetaldehyde213-215 or upon 
radiolytic generation of superoxide216. Iron released from 
ferritin in vivo may be complexed to biological molecules 
such as ATP, ADP or amino acids and could potentially 
catalyse the Haber-Weiss reaction.

Similarly incubation of methaemoglobin or metmyoglobin 
with excess hydrogen peroxide or organic hydroperoxides in 
vitro has been shown to cause haem loss and iron 
release70'71'11'79-81. iron released from these haem proteins 
could also exist in a form able to catalyse the Haber-Weiss 
reaction. The formation of oxidative breakdown products of 
haemoglobin, haemichromes, is described in section 1.2.2.2.4.

1.1.5.2 Iron decompartmentalisation in disease
Evidence for the occurrence of iron 

decompartmentalisation has been provided for some 
pathological situations.

In patients with rheumatoid arthritis, elevated levels 
of ferritin are found in the synovial fluid and

9 1 7 - 9 1 Q • •membrane^1' and 'loosely bound' iron species have been 
reported in the synovial fluid of some patients220-222. The 
loosely bound iron may represent iron released from ferritin, 
or from haemoglobin following bleeding into the synovium, by 
excess radical generation from leucocytes. The arthritic
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joint has been reported to contain abnormally short chain 
length hyaluronic acid and thiobarbituric acid reactive 
products'^0 and it is possible that hydroxyl radical 
production catalysed by the loosely bound iron is a factor in 
the development of these abnormalities45.

In the thalassaemia syndromes unbalanced production of 
the a  or &  globin chains of haemoglobin leads to excessive 
breakdown of globin monomers and the formation of inclusion 
bodies containing haemichromes224'225. Isolated globin 
monomers are more susceptible to denaturation by hydrogen 
peroxide than tetramer haemoglobin; haemichrome is produced 
in the reaction226. In addition many unstable, mutant 
haemoglobins have been described; the intracellular breakdown 
of which results in haem/globin dissociation and the 
formation of haemichromes224,227.

Loosely bound iron has been reported in the 
cerebrospinal fluid of patients with neuronal ceroid 
lipofuscinoses220'222'228. The origin of the iron or the 
molecular basis of the disease are not known.

A detrimental role for iron decompartmentalisation has 
been implicated in ischaemia reperfusion injury. Preliminary 
results have indicated an increase in the levels of 
desferrioxamine chelatable iron in kidneys subjected to 
ischaemia229.

1.1.5.3 Iron Overload
The importance of iron sequestration in the control of 

oxidative stress is evidenced in conditions of iron overload. 
Iron overload is occurs in patients with idiopathic 
haemochromatosis, characterised by an abnormally high level
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of iron absorption by the gut, or multiply transfused 
patients with thalassaemia major. Plasma transferrin becomes 
saturated and the presence of iron loosely bound to serum 
components has been reported222'230. The liver and spleen 
become iron loaded with a high haemosiderin content 
particularly in the lysosomes of hepatic cells and 
spleen191'231'232. Differences between the iron cores of the 
haemosiderins found in haemochromatosis and transfusional 
iron overload suggest that different mechanisms of 
haemosiderin formation may take place187'188. Pathological 
damage, in particular to the liver and heart, results which 
is thought to be mediated through iron catalysed radical 
generation233-235.
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1.2 The Ervthrocvte
1.2.1 The ervthrocvte membrane

The erythrocyte membrane fulfils several complex 
functions essential to erythrocyte performance. The roles of 
the membrane include; maintenance of cation gradients and 
cell hydration, maintenance of cell shape, presentation of a 
biocompatible cell surface by maintaining aminophospholipids 
in the inner monolayer and transport of metabolites.

Structurally the membrane is sufficiently physically 
resistant and deformable to survive around half a million 
passages through the heart and to endure repeated physical 
distortion as the erythrocyte negotiates capillaries and the 
cordal sinus portals of the spleen with dimensions much 
smaller than its own diameter.

The structural organisation of the erythrocyte membrane 
is reviewed below, which is followed by an overview of the 
oxidative events which occur in erythrocytes exposed to 
experimental conditions of oxidative stress, and the 
consequences in terms of membrane function and structure.

1•2•1•1 Erythrocyte membrane structure
1.2.1.1.1 Membrane protein structure

The mature erythrocyte does not contain microtubules, 
actin microfilaments or intermediate filaments which are the 
constituents of the cytoplasmic cytoskeleton of most 
eukaryotic cell. Instead the erythrocyte membrane has an 
extensive protein network underlying and associated with the 
lipid bilayer236-238 (Figure 1.2.1.1.1), referred to as the 
membrane cytoskeleton, which imbues the physical resilience 
required of the erythrocyte239.
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Figure 1.2.1.1.1 The erythrocyte membrane cytoskeleton

A schematic representation of the erythrocyte membrane 
is shown indicating the major interactions between the 
membrane proteins (see text).
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The principal components of the erythrocyte membrane 

cytoskeleton are spectrin, actin and band 4.1240'241. 
Spectrin is a rod shaped molecule of about lOOnm length 
consisting of two linear subunits. In general the spectrin 
heterodimers are found in head to head association forming a 
spectrin tetramer. Each end of the spectrin tetramer 
associates tightly with actin oligomers (composed of 12-14 
monomers) and the band 4.1 protein242. Other minor proteins 
involved in the spectrin actin junction the band 4.9 protein, 
adducin, erythrocyte tropomyosin and tropomyosin binding 
protein. The precise roles of the latter 4 proteins in the 
spectrin-actin network are not known.

Regulation of the membrane cytoskeleton properties may 
be possible. Spectrin, actin, proteins 4.1 and 4.9 and 
adducin are all targets for erythrocyte protein kinases. In 
general phosphorylated proteins associate with reduced 
affinity although little is known about how phosphorylation 
affects the overall membrane properties. Adducin (and 
possibly protein 4.1) binds calmodulin in a calcium dependent 
manner which inhibits the ability of adducin to promote 
spectrin-actin binding. Elevation of intracellular calcium 
by 1-3 fold results in decreased erythrocyte 
deformability243.

Interactions between the membrane cytoskeleton and the 
bilayer involve both the integral membrane proteins and 
aminophospholipids. Band 4.1 protein has been reported to 
associate with the glycophorins C and A, the anion 
t r a n s p o r t e r  (band 3) and d i r e c t l y  with 
phosphatidylserine244'245. In addition spectrin binds to the 
protein ankyrin, which in turn is associated with the anion



60
transporter protein. Spectrin has also been suggested to 
interact directly with phospholipids, particularly

• • 0  Af\phosphatidylethanolamine .
Other proteins are associated with the cytoplasmic side 

of the erythrocyte membrane which are not constituents of the 
membrane cytoskeleton. The glycolytic proteins aldolase, 
phosphofructokinase and glceraldehyde-3-phosphate 
dehydrogenase (band 6) are associated with the cytoplasmic 
domain of the anion transporter and band 4.2 is associated 
with both the cytoplasmic domain of the anion transport 
protein and ankyrin247.

1.2.1.1.2 Membrane lipid organisation
The erythrocyte membrane lipid consists of about 60% 

phospholipid and 25% cholesterol. The remainder is made up 
of mostly of cholesterol esters and glycolipids. The major 
phospholipids are sphingomyelin (25%), phosphatidylcholine 
(28%), phosphatidylethanolamine (28%) and phosphatidylserine 
(14%). Phosphatidylinositol, phosphatidic acid,
polyglycerolphospholipids and lysolecithin are minor 
components each representing between 1-2% of the total 
phospholipid.

The phospholipids are unequally distributed between the 
inner and outer monolayer248-250 such that all of the 
phosphatidylserine and 80% of the phosphatidylethanolamine 
are found in the inner membrane leaflet, and over 75% of both 
phosphatidylcholine and sphingomyelin are located in the 
outer monolayer. The phospholipid asymmetry is maintained by 
interactions between phospholipids and the membrane 
cytoskeleton and by an ATP-dependent translocation
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mechanism251"253. ATP dependent phospholipid translocation 
and other ATP dependent processes involving phospholipids may 
play an important role in the maintaining erythrocyte 
shape254.

The major fatty acid components of the membrane 
phospholipids are palmitic (28%), stearic (15%), oleic (20%), 
linoleic (11%) and arachidonic (11%). Other polyunsaturated 
fatty acids (20:3; 20:5; 22:5; 22:6) make up a further 6-7% 
of the phospholipid fatty acyl chains. It is notable that 
the two aminophospholipids have greater arachidonic acid 
contents than phosphatidylcholine.

Potential repair processes for the human erythrocyte 
membrane phospholipids have been reported. Erythrocytes take 
up free fatty acids and incorporate them into membrane 
phospholipids by acylation to lysophospholipids255"260. The 
rate of phospholipid fatty acyl turnover in vivo is not 
known, but a relatively rapid uptake of fatty acid can be 
demonstrated in vitro («2%/hour257) . Exposure of
erythrocytes to peroxides has been reported to increase the 
rate of incorporation of labelled fatty acid into membrane 
phosphatidylethanolamine261,262. Presumably fatty acyl 
hydroperoxides are cleaved more rapidly by endogenous 
phospholipases , allowing glutathione peroxidase to act on 
the hydroperoxide157'158 and leaving a lysophospholipid to be 
freshly acylated.

1.2.2 Experimental oxidative damage to the ervthrocvte
The effects on the erythrocyte of model systems of 

oxidative stress has been extensively investigated. The 
consequences of oxidative modification in terms of membrane
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structure and function have to some extent been 
characterised.

1.2.2.1 Oxidative processes in the erythrocyte
Addition of hydrogen peroxide (in the presence of azide) 

or t-butyl hydroperoxide to intact erythrocytes leads to loss 
of reduced glutathione, oxidation of haemoglobin to 
methaemoglobin, membrane lipid peroxidation with formation of 
fluorescent lipid material and oxidation of membrane protein 
thiols177'262'264"268.

• • • 0 f\0Depletion of glutathione is an early event probably 
representing the enzymatic detoxification of peroxides by 
glutathione peroxidase.

Membrane oxidation following addition of hydrogen 
peroxide is most likely induced by activation of haemoglobin 
to a ferryl species and/or production of the hydroxyl radical 
or other oxidant following iron release from haemoglobin. 
Reaction of t-butyl hydroperoxide with haemoglobin would give 
rise to peroxyl (and possibly alkoxyl) radicals which could 
directly attack the membrane components in addition to ferryl 
species and iron release, t-Butyl hydroperoxide is less able 
to cause oxidation of haemoglobin free membranes. In the 
latter case oxidation is stimulated by the addition of 
haemoglobin, haemin or Ferrous-ADP269.

Incubations of intact erythrocytes with iron, hydrogen 
peroxide (in the absence of azide) and ascorbate has been 
shown to induce the generation of thiobarbituric acid 
reactive material but not fluorescent lipid material and the 
loss of reduced glutathione176'270. Isolated erythrocyte 
membranes are more highly susceptible to lipid peroxidation
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under these conditions than intact erythrocytes176'271'272. 
These reports demonstrate the capacity of non-haem iron to 
induce membrane oxidation in the erythrocyte.

Under such iron mediated oxidative stress methaemoglobin 
formation and binding of haemichromes to the cell membrane

• • • 1 7occurs under conditions where cellular ATP is depleted . 
Methaemoglobin reductase regenerates haemoglobin using NADH 
a an electron donor and thus metabolites for glycolysis are 
required for its action. Surprisingly membrane lipid 
peroxidation proceeds more extensively in the presence of 
metabolites176.

1•2.2 • 2 The consequences of oxidation for membrane 
structure and function

1.2.2.2.1 Membrane oxidation and altered ion permeability
The capacity of the erythrocyte membrane to maintain 

cation gradients and cell hydration is vital for cell 
deformability. Excessive compromise of ion gradient 
regulation may be a factor in oxidant induced haemolysis273.

Erythrocytes incubated with hydrogen peroxide (in the 
presence of azide) or t-butyl hydroperoxide exhibit increased 
ionic permeability, which in the case of hydrogen peroxide 
but not t-butyl hydroperoxide, appears to depend on oxidation 
of membrane sulphydryl groups265"268. Changes in ionic 
permeability induced by t-butyl hydroperoxide may involve 
formation of 'pores' in the lipid bilayer266"268.

Thiol oxidation has been reported to increase potassium 
permeability265. A potential 'target' is the chloride 
dependent potassium transporter which can be stimulated in 
young erythrocytes by N-ethyl maleimide leading to increased
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potassium permeability274. Alternatively loss of cellular 
potassium following oxidative membrane damage may reflect an
• • • • • • 070impaired activity of the sodium potassium pump .

Exposure of erythrocytes to superoxide and hydrogen 
peroxide generated by xanthine oxidase/ xanthine or t-butyl 
hydroperoxide269'275 has been reported to inhibit the 
magnesium dependent calcium ATPase partly via reversible 
oxidation of protein sulphydryl groups and additionally via 
a lipid peroxidation dependent process. However, a high 
degree of inhibition would be required to result in calcium 
accumulation due to the extensive capacity of this ion pump.

1.2.2.2.2 Membrane oxidation and phospholipid asymmetry
Increased availability of phosphatidylserine in the 

outer monolayer of the erythrocyte membrane induced by 
oxidative stress has been suggested to stimulate clot

• • • • 97formation in an m  vitro assay .
Extensive thiol oxidation, induced with diamide and 

tetrathionate, has been reported to cause increased 
a c c e s s a b i 1 ity of p h o s p h a t i d y l s e r i n e  a n d  
phosphatidylethanolamine to external phospholipase A2277 and 
increased transbilayer flipflop rates for 
phosphatidylcholine278. Extensive crosslinking of spectrin
and other cytoskeletal proteins was also reported. Similarly

!

treatment of erythrocytes with millimolar concentrations of 
hydrogen peroxide (in the presence of azide) or 
malondialdehyde has been reported to induce increased

• • t • • 9 7Q •accessability of aminophospholipids . However, micromolar 
hydrogen peroxide (in the presence of azide) does not have 
this effect280.
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1.2.2.2.3 Changes in membrane structural properties

Incubation of fresh erythrocytes with t-butyl 
hydroperoxide177 or hydrogen peroxide (in the presence of 
azide)280 leads to the formation of echinocytes. Echinocytes 
are morphologically altered cells which are formed upon 
cellular depletion of ATP254. Echinocyte formation following 
oxidative stress may occur by direct perturbation of the 
membrane rather than via ATP depletion as the incubations 
were relatively short (60 minutes) and in the latter study 
glucose was provided to maintain ATP levels.

Hydrogen peroxide (in the presence of azide) has been 
proposed to induce a reduction in membrane deformability 
possibly associated with binding of small amounts of 
haemoglobin to spectrin280'281. However, the extent to which 
changes in deformability are mediated by the formation of 
echinocytes it is not clear. Other studies have indicated 
reduced cell deformability following treatment with 
micromolar malondialdehyde282'283. Reduction of whole cell 
deformability is not necessarily indicative of the state of 
the membrane as cell dehydration will result in a lower cell 
def ormabi1ity.

Some authors have reported reduced lipid fluidity 
following treatment of erythrocytes with t-butyl 
hydroperoxide177 or iron284, whereas others have found the 
opposite effect after initiating lipid peroxidation with 
photoactivated protoporphyrin IX273 or addition of 
tetramethylammonium superoxide284. An increased negative 
charge at the membrane surface has been demonstrated 
following incubation with t-butyl hydroperoxide177.
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Figure 1.2.2.2.4 Stages in the oxidative denaturation of

haemoglobin induced by phenylhydrazine 
or acetylphenylhydrazine.
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1.2.2.2.4 Membrane interaction with oxidative breakdown 

products of haemoglobin
Exposure of normal erythrocytes to oxidising agents 

including hydrogen peroxide280'281, iron/ ascorbate/ hydrogen 
peroxide176 and t-butyl hydroperoxide266'267 has been reported 
to induce methaemoglobin formation and membrane-association 
of haemoglobin derived compounds. Little information is 
available as to the precise nature of the haemoglobin derived 
compounds.

The oxidative breakdown of haemoglobin following 
treatment with phenylhydrazine or acetylphenylhydrazine has 
been more extensively studied and may hold parallels for the 
oxidative breakdown by peroxides. Exposure to these agents 
gives rise initially to methaemoglobin followed by reversible 
and irreversible haemichromes285. Haemichromes are low spin 
forms of ferric haemoglobin in which the sixth coordination 
position of the haem group is occupied by a ligand provided 
by the globin chain following denaturation of the globin 
chain, or the hydroxyl anion286. Reversible haemichromes may 
be reduced to functional haemoglobin, whereas irreversible 
haemichromes have undergone separation of the globin chains. 
On preparation of erythrocyte membranes following such 
treatment irreversible haemichromes are found to be membrane- 
associated285 .

The reactions of phenylhydrazine or acetyl 
phenylhydrazine with haemoglobin are complex and not fully 
characterised . Superoxide and hydrogen peroxide are 
produced and it has been suggested that a ferryl form of 
haemoglobin is formed as an intermediate285. In addition 
various reactive intermediates of phenylhydrazine and
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complexes of the products of haemoglobin and phenylhydrazine 
have been implicated.

1.2.2.2.5 Oxidation induced cell-cell interactions and 
phagocytosis

Autoantibody binding may be a signalling mechanism 
involved in normal erythrocyte senescence inducing the 
removal of erythrocytes in the reticuloendothelial system. 
The accumulation of oxidative changes may play a role in this 
process.

Incubation of erythrocytes with MDA288'289, t-butyl 
hydroperoxide or phenylhydrazine290 has been shown to 
increase phagocytosis by macrophages. Incubation of MDA 
treated erythrocytes with normal autologous serum further 
increases phagocytosis by macrophages, which is inhibited by 
Fc fragments, suggesting that Fc receptor mediation is one 
aspect of the observed phagocytosis288. Further studies291 
have shown that erythrocytes exposed to oxidative stress 
(xanthine /xanthine oxidase + ferric iron or ferric iron-ADP 
alone), bind increased levels of an antibody present in 
normal sera directed against erythrocyte band 3 protein. The 
changes leading to binding can be inhibited by incorporation 
of a-tocopherol during incubation or reversed by incubation 
with dithiothreitol.

Other workers have shown that intracellular precipitates 
of denatured haemoglobin generated by phenylhydrazine 
treatment are localised together with clumps of the anion 
transporter protein band 3 which in turn are associated with 
clusters of surface bound immunoglobulin292-294.
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1.3 Sickle Cell Anaemia
1.3.1 Sickle cell anaemia is primarily a genetic

disorder
1.3.1.1 The genetic basis

Sickle cell anaemia is an inherited disease in which a 
single amino acid substitution (glutamate -*■ valine in the S- 
globin chain) affects the haemoglobin molecule. Deoxygenated 
sickle haemoglobin has a reduced solubility compared to 
normal haemoglobin and undergoes polymerisation and fibre 
formation within deoxygenated sickle erythrocytes. The 
kinetics of polymerisation are complex and highly dependent 
on many factors including the oxygen tension, haemoglobin S 
concentration, temperature, pH, salts, 2,3-diphosphoglycerate 
concentrations and the concentrations of other forms of 
haemoglobin (eg. foetal haemoglobin)295-297.

The presence of haemoglobin S polymer inside sickle 
erythrocytes reduces the cell deformability and gross 
morphological distortion results from intracellular fibre 
formation.

1.3.1.2 Pathology of the sickle erythrocyte - an overview
The major characteristic of sickle cell disease is

occlusion of capillary networks reflecting decreased 
erythrocyte deformability. It has been suggested that at any 
one time a fraction of tissue capillaries are occluded in a 
dynamic, chronic process involving occlusion of fresh

• • • • 9 Q £%capillaries and unblockage of occluded capillaries^ . In 
addition to the chronic processes of capillary occlusion 
sickle patients suffer acute 'sickle infarctive crises' 
characterised by localised, extensive capillary obstruction
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leading to severe ischaemic episodes and tissue necrosis 
often in bone marrow, spleen, retina and abdomen and 
occasionally in the central nervous system potentially 
resulting in stroke.

Sickle cell anaemia is also characterised by a 
background state of chronic haemolytic anaemia resulting from 
the drastically reduced erythrocyte lifespan (average («17 
days) compared to normal erythrocytes («120 days)298 and a 
high degree of reticulocytosis (6-26%)298/299. Additionally 
sequestration crises involving dramatic and often fatal 
decrease of the haemoglobin level occur probably following 
widespread sickling in splenic and hepatic sinuses.

There is a high child mortality rate amongst patients 
with sickle cell anaemia mainly due to acute infections, 
sequestration crises and cerebrovascular incidents. In later 
life sickle patients show signs of cardiomyopathy, renal and 
hepatic failure, musculoskeletal damage, leg ulcers and often 
suffer from the pneumonia like acute chest syndrome with 
fever, tachycardia, cough and chest pain.

1.3.2 Secondary abnormalities of the sickle ervthrocvte
When considering the mechanisms of capillary blockage, 

the initiation of sickle crises or the factors involved in 
early erythrocyte destruction it must be appreciated that 
sickle erythrocytes exhibit a wide range of secondary 
abnormalities which arise directly or indirectly from the 
abnormal properties of sickle haemoglobin and that 
erythrocyte populations from any one patient are highly 
heterogeneous in respect to the degree of these 
abnormalities. Such abnormalities include; altered membrane
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permeability resulting in cell dehydration, membrane 
alterations which lead to permanent morphological distortion 
of the cells, aberration of the lipid bilayer, modification 
of cell-cell interactions, and oxidative damage to the 
membrane.

There is also great variation between the clinical 
severity of the disease suffered by different sickle patients 
although the genetic basis of the disease is the same. The 
clinical variation has not been satisfactorily explained and 
increasing attention is being focused on the secondary 
erythrocyte abnormalities described above as modulators of 
clinical severity.

In this respect oxidative membrane damage may be 
particularly important. Aspects of oxidative stress in the 
sickle erythrocyte and other secondary erythrocyte 
abnormalities are reviewed below; In many cases membrane 
changes show close parallels to those described above for 
erythrocytes exposed to experimental models of oxidative 
stress.

1.3.3 Oxidative stress in sickle erythrocytes
1.3.3.1 Membrane oxidation of the sickle erythrocyte

Elevated levels of endogenous membrane lipid 
peroxidation have been reported for sickle erythrocytes, 
measured as thiobarbituric acid reactive products300 and 
fluorescent chromolipid content301. However, elevated levels 
of fluorescent lipid material have not been confirmed in 
later studies300. Some authors have reported a marginal 
decrease in the percentage of polyunsaturated fatty acids in 
sickle erythrocyte membranes301.
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In addition various aspects of oxidative modification of 

membrane proteins have been demonstrated. The levels of 
reduced protein thiol groups in spectrin, band 3, band 4.1, 
band 4.9 and band 6 are diminished compared to the thiol

1 9Q  *3 0 0  *309redox status of normal erythrocyte membranes-1- ^ ' . The 
thiol redox status of sickle erythrocytes can only be 
partially restored with dithiothreitol302 and high molecular 
weight aggregates of cross-linked proteins are not detected

• . . .  *303by electrophoresis under non-reducing conditions^ . An 
potential explanation of these two points was provided with 
the detection of cysteic acid by amino acid analysis of 
sickle erythrocyte membrane band 4.1 protein129. In addition 
reduced levels of methionine, tyrosine, arginine and lysine 
and elevated amounts of glutamate were found in the sickle 
band 4.1 protein129.

1.3.3.2 Radical generation by sickle haemoglobin
Sickle haemoglobin in solution at pH 7.2 and 37°C has 

been reported to undergo spontaneous conversion to 
methaemoglobin at a rate approximately 1.7 X greater than 
normal haemoglobin304. This could potentially lead to an 
increase in superoxide generation within the sickle 
erythrocyte305.

1.3.3.3 Abnormal iron-containing species in sickle 
erythrocytes

Several groups have suggested, on the basis of 
spectroscopic measurements on erythrocyte membranes prepared 
by hypotonic lysis, that sickle erythrocyte membranes retain 
more haem-containing compounds than normal erythrocyte
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membranes306-309. However, there has been poor agreement on 
the absolute levels of haem retained by sickle membranes 
(values are shown in Table 1.3.3.3 after conversion to 
comparable units). One component of the haem-containing 
compounds retained by sickle membrane preparations has been 
reported to represent haemichrome306. However, conclusive 
identification is not possible from the spectroscopic 
evidence presented. Furthermore analysis involved
homogenisation of the membranes which may cause denaturation 
of haemoglobin310,311.

Other studies in which the levels of iron retained by 
sickle erythrocyte membranes have been determined by atomic 
absorption spectroscopy have shown levels well in excess of 
all estimates of haem iron300 (Table 1.3.3.3).

In addition to spectroscopic analysis of erythrocyte 
membranes, Mossbauer spectroscopy performed on intact 
erythrocytes has indicated the presence of an iron compound 
compatible with the iron core of ferritin or haemosiderin in 
sickle but not normal erythrocytesJX<£/J .

Microscopic studies have revealed that sickle 
erythrocytes contain membrane-associated inclusion bodies 
which have been suggested to contain globin and represent 
denatured haemoglobin s314/315. The electrophoretic mobility 
of the globin components was compatible with haem free globin 
chains314. In agreement, polyacrylamide gel electrophoresis 
has indicated the presence of amounts of membrane-associated 
globin which excede the estimates of haem in sickle membrane 
preparations308'309.
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Table 1.3.3.3 Estimates of haem/haemoglobin/iron retained 
by membrane preparations from sickle and 
normal erythrocyte

Parameter measured Sickle erythrocytes Normal erythrocytes
Membrane-associated haem (nmol/mg membrane protein)

Asakura et al.. 1977306 6.3 (SD 2.8) n=17 1.2 (SD 0.6) n=15
Campwala & Desforges, 9.2 (SD 3.2) n=5 2.4 (SD 0.8) n=8
1982307
Sears & Luthra, 1983308 1.4 (SD 0.2) n=16 0.6 (SD 0.08) n=13
Kuross et al. . 1988309 2.1 (SD 0.5) n=20 0.8 (SD 0.2) n=10
Membrane-associated total iron (nmol/mg membrane protein)
Rice-Evans
et al.. 1986300 31.8 (SD 18) n=5 0.4

Quantification of haem iron: 306»307 - spectroscopic measurement in Soret 
region of membranes in SDS; 309 - spectroscopic measurement in Soret

7f)0region of membranes in formic acid; - benzidine method for
haemoglobin. Quantification of total iron: 300 - atomic absorption
spectroscopy

1.3.3.4 Altered antloxldant defences of the sickle 
erythrocyte

Several reports have suggested that sickle erythrocytes 
have altered levels of various antioxidant defence 
components.

Increased cellular activity of SOD was originally 
reported for sickle erythrocytes301. However, more recently 
it has been suggested that healthy blacks have higher levels 
of SOD (of same specific activity) than healthy white 
subjects152. In the latter study the activity of superoxide 
dismutase in sickle patients was found to be similar or lower
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than that in healthy blacks and showed negative correlation 
with clinical severity. It seems unlikely that the 
differences between these studies solely reflect the control 
groups chosen and the levels of superoxide dismutase must be 
considered controversial.

Similarly reports of the cellular activity of 
glutathione peroxidase in sickle erythrocytes are 
contradictory. Both increased316 and decreased301 cellular 
activities have been reported. Both studies made use of 
spectroscopic measurements of the oxidation of NADPH during 
the incubation of erythrocyte lysate with added NADPH, 
glutathione, glutathione reductase and EDTA following the 
addition of cumene hydroperoxide316 or hydrogen peroxide with 
azide301. Methodology used in the second study301 included 
conversion of the haemoglobin to cyanomethaemoglobin thus 
minimising potential interactions between the haemoglobin and 
the peroxide.

It has also been suggested that the activity of 
glutathione reductase is decreased in sickle 
erythrocytes317'318. Levels of reduced cellular glutathione 
have been reported to be slightly decreased in sickle 
erythrocytes318'319, but other authors have found no

• • • t q o nsignificant difference . Glucose-6-phosphate dehydrogenase 
activity may be increased in sickle cells318'320. Whereas 
some authors have found no alteration of ATP levels in sickle 
erythrocytes321, others have reported decreased levels in a 
subgroup of patients with higher ISC levels320.

The levels of plasma and erythrocyte membrane a- 
tocopherol have been reported to be decreased in sickle

O 1 £L *39 9erythrocytes-3-LO as have the levels of plasma ascorbate .



76
Lastly the cellular activity of catalase has also been

qmsuggested to be decreased .

1.3.4 Altered cation permeability and dehydration of 
sickled cells

A fraction of sickle erythrocytes become dehydrated and 
abnormally dense within a few days (5-10) of maturing from 
the reticulocyte stage299. The dehydration process is 
associated with potassium loss from the erythrocyte, and to 
a lesser extent sodium accumulation. Overall there is a 
cellular loss of monovalent cations and an increase in 
calcium content. The cellular haemoglobin content remains 
unchanged during this process resulting in an increase in 
haemoglobin concentration.

The process of dehydration is thought to a play major 
role in the pathophysiology of the disease. There is a delay 
period between deoxygenation of sickle erythrocytes and the 
formation of polymer296 which is thought to allow a fraction 
of sickle erythrocytes to pass through the capillary network 
before sickling occurs, thus minimising the chances of 
occlusion. The delay time is highly dependent on haemoglobin 
S concentration such that dehydrated cells which have a 
higher concentration of haemoglobin may sickle immediately 
upon entering capillaries. Additionally the elevated 
intracellular haemoglobin is responsible for an increased 
intracellular viscosity associated with a decrease in 
deformability. Perfusion of rat tissues with sickle 
erythrocytes suggest occlusive roles for specific 
subpopulations of sickle erythrocytes including the dense 
dehydrated erythrocytes323"325. Similarly in vitro studies
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have suggested that the presence of a dense subpopulation of 
cells has a disproportionate effect on the overall 
1filterability' of the sickle cell population326”328.

1.3.4.1 Possible mechanisms leading to sickle cell 
dehydration

When sickle erythrocytes are deoxygenated and become 
morphologically sickled the cation permeability of the plasma 
membrane becomes increased leading to efflux of potassium and 
influx of sodium329”332 as well as influx of calcium333”335. 
These deoxygenation mediated changes are largely reversed on 
reoxygenation. However, sodium influx and potassium efflux 
following deoxygenation in vitro are balanced such that no 
overall change in monovalent cation content or cell hydration 
occurs329'331 and therefore several additional mechanisms have 
been invoked to explain the dehydration of sickle cells.

An important factor in dehydration appears to involve 
loss of potassium via the chloride dependent potassium 
channel274'336”341. This channel is inactive in normal mature 
erythrocytes but is apparently active in sickle 
erythrocytes336'337. Activity in sickle erythrocytes is 
further stimulated by several factors including treatment 
with N-ethyl maleimide. It is conceivable that oxidative 
modification of the protein thiol redox status in vivo may 
contribute to the abnormal activity of this ion channel in 
sickle erythrocytes.

The elevated cellular calcium content of sickle cells 
has prompted suggestions that dehydration of sickle 
erythrocytes may be dependent on potassium loss via the 
calcium activated potassium channel (Gardos channel)329.
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Figure 1.3.5.1 Irreversibly sickled cells
Electron micrograph of sickle erythrocytes fixed after 

washing and oxygenation. Several irreversibly sickled cells 
are evident in addition to a variety of deformed discocytes.
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However, it has since been shown that the elevated 

cellular calcium in sickle erythrocytes is compartmentalised 
within endocytic vesicles342-344 and appears not to be 
available to stimulate potassium transport335'345. 
Nevertheless, it is still possible that transient increases 
in cytosolic calcium occurring on deoxygenation may stimulate 
potassium efflux and dehydration346.

Interestingly the calcium ATPase in sickle erythrocytes 
may become oxidatively modified. Treatment with
dithiothreitol has been reported to reverse partial 
inactivation of the ATPase in sickle erythrocytes275. The 
low degree of inactivation described would be expected to be 
inconsequential in terms of intracellular calcium 
concentration.

1.3.5 Irreversibly sickled cells
1•3•5.l Introduction

Irreversibly sickled cells (ISCs) are dense, dehydrated 
cells characterised by an undefined membrane lesion which 
causes retention of an elongated sickle morphology even when 
they are fully oxygenated (Figure 1.3.5.1). The levels of 
ISCs are highly variable between different patients (4-44% of 
the erythrocyte population)298,299,347 but moderately stable 
in individual patients347. ISC formation can occur as little 
as 5-10 days after maturation from the reticulocyte stage but 
in general ISCs are believed to represent the older sickle 
erythrocytes299. ISCs are rapidly removed from the 
circulation (half life «2 days)299. Accordingly the level of 
ISCs has been inversely correlated with average erythrocyte 
survival time298'347.
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Perfusion of rat tissues with sickle erythrocytes 

suggest occlusive roles for the irreversibly sickled 
cells323-325. Furthermore some authors have suggested that 
ISCs and other dense, dehydrated cells are selectively 
destroyed during infarctive crises suggesting that they may 
be specifically sequestered during vaso-occlusion348. 
However, several studies have failed to show a correlation 
between ISC levels and frequency of sickle crises349,350.

1.3.5.2 Membrane defects of irreversibly sickled cells
The membrane o>f ISCs have been reported to be more 

resistant to deformation (greater shear elastic modulus) than 
those of other sickle erythrocytes or normal 
erythrocytes351'352. Other studies have suggested that the 
membrane lipid fluidity, particularly of irreversibly sickled 
cells, is decreased353'354. Membrane lipid peroxidation 
resulting in decreases of the relative proportion of 
polyunsaturated fatty acids301 may be a factor in the 
decreased membrane lipid fluidity.

Triton extracted membrane cytoskeletons prepared from 
ISCs retain an elongated morphology suggesting that 
modification of the cytoskeletal network may underlie the

• • • o c cpersistence of sickled shape exhibited by these cells . 
Various cytoskeletal proteins of sickle cell erythrocytes 
exhibit abnormal interactions. Reduced binding of sickle 
band 4.1 protein tto membrane and inside out vesicle 
preparations has been reported129. Reduced binding of sickle 
spectrin to spectrin depleted membrane preparations has also 
been reported356. However, at present it is not possible to 
assign responsibility for any of the physical properties of
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Figure 1.3.6 Spicule formation in sickle erythrocytes
A schematic representation of the process of spiculation 

in sickle erythrocytes is shown (see text) . It has been 
suggested that the loss of the lipid bilayer-cytoskeleton 
interactions induces an increased rate of phospholipid 
flipflop between the outer and inner membrane leaflet in the 
spicule region.
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ISCs specifically to the molecular modifications described 

above.
ISC formation can be mimicked in vitro under 

physiological conditions by repeated deoxygenation and 
reoxygenation sickle erythrocytes357'358. In vitro formation 
of ISCs follows cell dehydration characterised by potassium 
loss with sodium and calcium influx. ISCs formed in vitro 
exhibited increased rigidity (greater shear elastic modulus)

q c q  *3 60comparable to that found for endogenously formed ISCs ' .

1.3.6 Alterations in lipid organisation and bilaver
properties in sickle ervthrocvtes

It has been suggested that upon deoxygenation of sickle 
cells in vitro elongating fibres of haemoglobin S protrude 
through the membrane cytoskeleton to form projections from 
the cell surface, referred to as spicules, enveloped by lipid 
bilayer material361 (Figure 1.3.6). Reoxygenation induces 
the release of rods or microvesicles consisting of 
haemoglobin, membrane lipids and integral membrane proteins 
but not cytoskeletal proteins, proposed to be derived from 
the terminal ends of the spicules. Free spicule-like rod and 
microvesicle material has also been detected in sickle but 
not normal plasma361.

The breakdown of cytoskeletal-phospholipid interactions 
occurring during the sickling process has been reported to 
result in an apparent increase in availability of the 
aminophospholipids to external agents362 and an enhanced rate 
of phosphatidylcholine 'flipflop1 between the inner and outer 
monolayers which reverts to normal on reoxygenation252'278. 
Increase in steady state content of aminophospholipids in the
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external monolayer during deoxygenation of reversibly 
sickleable cells has been suggested to be small unless the 
cells are ATP depleted253. However, irreversibly sickled 
cells may permanently retain elevated levels of 
phosphatidylserine in the outer membrane leaflet and 
accordingly have some stimulatory effect in in vitro clotting 
assays362'363. It is of interest that the ATP-dependent 
process involved in the translocation of aminophospholipids 
to the inner monolayer has been reported to proceed rather 
slower in sickle erythrocytes compared to normal364. 
Treatment with N-ethyl maleimide inhibits the process and 
therefore reduced activity in sickle cells may reflect 
oxidative modification of an enzymic factor. The reduced 
efficiency of the translocation mechanism in addition to the 
permanent detachment of areas of lipid bilayer from the 
membrane cytoskeleton in ISC may allow the build up of 
aminophospholipids in the outer monolayer.

1.3.7 Cell-cell interactions and cell surface charge of
sickle erythrocytes

Oxygenated sickle erythrocytes, particularly dense cells 
and ISCs, are abnormally adherent to cultured human vascular 
endothelium cells ' .  The degree of adherence shown by 
erythrocytes from different patients is highly variable has 
been suggested to correlate with vaso-occlusive severity of 
the disease349. Abnormal adherence may be related to 
abnormal sialic acid charge distribution on sickle

o r eerythrocyte membranes'303.
In addition sickle erythrocytes cells are phagocytosed 

by macrophages significantly more readily than normal
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erythrocytes367. Increased phagocytosis has been suggested 
to be at least partially Fc mediated reflecting elevated 
membrane bound antibody367'368. In particular ISCs and other 
dense cells have been suggested to exhibit elevated adherence 
to macrophages and monocytes367'369 and these cell 
subpopulations reportedly have the greatest amounts of 
membrane bound antibody368'370. Autoantibody binding to 
modified surface antigen on dehydrated and irreversibly 
sickled cells may be an important factor leading to the rapid 
destruction of these cells in the reticuloendothelial 
system293'371'372.

Increased autoantibody binding may result from processes 
of oxidative modification to the membrane. Alternatively (or 
additionally) intracellular precipitation of denatured 
haemoglobin reportedly leads to clumping of the anion 
transporter protein which in turn appears to provide surface 
antigenic characteristics293'294.

1.3.8 Approaches to the treatment of sickle cell anaemia
Several potential approaches to therapy have been 

considered for sickle cell anaemia296'373: 1. Disruption of 
interactions between haemoglobin S molecules; 2. Raising the 
oxygen affinity of the haemoglobin 3. Decreasing the 
intracellular haemoglobin S concentration; 4. Increasing 
haemoglobin F content; 5. Neutralising the membrane defect 
which leads to cell dehydration.

Disruption of intermolecular contacts and therefore 
polymerisation of haemoglobin S may be achieved theoretically 
by either blocking the contact point amino acid residues or 
by agents which change the quaternary structure in an
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appropriate way. At present no such agent is available for 
use although several candidates are under investigation.

Slightly raising the oxygen affinity of sickle 
haemoglobin would delay deoxygenation and consequently delay 
polymerisation. Clinical trials of sodium cyanate which 
causes carbamoylation of haemoglobin and exhibits an 
antisickling effect mainly through increasing the oxygen
affinity lead to an increase of haematocrit level with 
rheological effects which negated the benefits of decreased 
sickling.

Decreasing the intracellular haemoglobin concentration 
has been attempted using an extreme regime of sodium
restriction, high fluid intake and the use of a diuretic. A 
small decrease in haemoglobin concentration was noted with 
apparently beneficial effects in terms of frequency and 
duration of crises.

Another approach is based on the observation that sickle 
patients with hereditary persistence of foetal haemoglobin or 
sickle patients of arabic origin with high levels of
haemoglobin F had much milder forms of the disease. 
Investigations are underway to stimulate expression of the 
gamma-globin gene (gamma-globin replaces B-globin in 
haemoglobin F) . Recent clinical studies have failed to show 
a simple linear relationship between haemoglobin F levels and 
various indices of severity, but suggested that some
protective effect is seen above a threshold level of 
haemoglobin f374'375.

An inhibitor of the chloride dependent potassium 
channel341 and various drugs which might be expected to 
directly or indirectly modulate the calcium activated
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potassium channel346'357'360'376 have shown positive effects on 
cell hydration in vitro. Cetiedil, an inhibitor of the 
calcium activated potassium channel has been shown to 
slightly reduce the severity of vaso-occlusive sickle crises 
in clinical trials377.

However, at present there is no specific treatment 
available for sickle cell anaemia. Management is restricted 
to early diagnosis, counselling, prophylactic antibiotics and 
pneumococcal vaccination and analgesic treatment during 
crises. Sickle patients are not normally transfused on a 
regular basis but partial exchange transfusions may be 
beneficial for patients deteriorating after crisis or to 
prevent recurrence of central nervous system infarctions. 
Hypertransfusion regimes are sometimes used to cover 
stressful periods such as operations or pregnancies.

1.3.9 The suppression of oxidative damage as a potential
therapy

Oxidative membrane damage may potentially contribute to 
the severity of the disease. Membrane oxidation may be a 
factor in the membrane lesion responsible for the retention 
of elongated morphology and increased rigidity of 
irreversibly sickled cells or may be involved in altered 
membrane permeability leading to cation loss and dehydration. 
Additionally the rapid removal of sickle erythrocytes from 
the circulation may result from oxidative modification of the 
membrane generating a senescent antigenic signal.

The above considerations are the basis of increasing 
research interest into oxidative events in sickle 
erythrocytes.
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Potential approaches to therapy based on the suppression 

of oxidative stress clearly do not address the genetically 
determined polymerisation behaviour of sickle haemoglobin. 
However, it is possible that suppression of the oxidative 
events occurring in sickle erythrocytes may induce some 
amelioration of the severity of the disease.
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1.4 Iron Chelators
1.4.1 Iron chelators in the suppression of oxidative 

stress
Chelation of iron ions by a molecule(s) which forms a 

specific conformation around the metal, such as the 
octahedral arrangement afforded by desferrioxamine, leaving 
no free coordination site, prevents the ability of the iron 
to catalyse the formation of the hydroxyl radical54'55 or the 
propagation of lipid peroxidation94. It has been suggested 
that chelators which interact with iron fulfilling this 
requirement could potentially be of therapeutic benefit in 
pathological situations characterised by iron catalysed 
oxidative damage378.

1.4.2 Desferrioxamine
Desferrioxamine is the only iron chelator in regular 

clinical use. It is routinely given to patients with B- 
thalassaemia major for whom the regular transfusions required 
for survival would lead to iron overload if chelation therapy 
was not provided. The benefits of desferrioxamine treatment 
in terms of prolonging survival of these patients are now 
well established379.

The structure of desferrioxamine mesylate is shown in 
Figure 1.4.2. The linear molecule wraps around an atom of 
ferric iron such that the three hydroxamate groups interact 
with iron in a hexadentate manner. The ferric iron chelate 
(ferrioxamine) is extremely stable (stability constant

q  1 * 3 8 0  • • • • • •10J1)JOU and considerable evidence indicates that ferrioxamine 
cannot catalyse the Haber-Weiss reaction or initiate



Figure 1.4.2 The structures of desferrioxamine mesylate
and the hydroxypyridinone CP094
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• • • • • C A  0 7 Q  0 0 1oxidative damage in biological systems3*' J'°'J .

Desferrioxamine effectively promotes iron clearance in 
the clinical treatment of iron overload232'382'383. The 
mechanisms leading to iron excretion following 
desferrioxamine administration are not well understood. 
Desferrioxamine has been reported to stimulate iron release 
from a variety of cell types in culture including human 
epithelial Chang cells384'385, rat fibroblasts386, rat 
hepatocytes387, rat myocardial cells234 or from various cell 
types in vivo in animal models388-390. However, with the 
exception of a few studies evidence for entry of 
desferrioxamine into cells is circumstantial.

Direct evidence for the entry of desferrioxamine into 
cells has been reported for cultured hepatocytes387 and K562 
erythroleukemic cells391. However, the interpretation of 
these reports is not clear and consideration of the 
hydrophylic nature of desferrioxamine (Kpart = 0.01 between 
n-octanol and Tris-HCl, pH 7.4 2 0mM392) suggests that
desferrioxamine will not readily enter cells by equilibration 
across the membrane. The uptake of desferrioxamine by 
endocytosis has recently been reported393.

1.4.2.1 Electron transfer properties of Desferrioxamine
Recently it has become evident that in addition to its 

iron chelating properties desferrioxamine can also partake in 
oxidation reduction reactions. Oxidation of desferrioxamine 
by the hydroxyl radical (k = 1.3 X 1010 M-1 s-1) has been 
reported to give rise to the desferrioxamine nitroxide 
radical indicating donation of reducing equivalents from the 
hydroxamate group394. Similarly superoxide has been shown to



• • • • • o q a  o q coxidise desferrioxamine to give the same product '
although the reaction proceeds moderately slowly (k = 9 X 102 
M -i <,-1)396.

In addition desferrioxamine can also scavenge the 
peroxyl radical397'398. The mechanism for peroxyl radical 
scavenging may involve donation of reducing equivalents from 
the hydroxamate group but surprisingly ferrioxamine, in which 
the hydroxamate groups are involved in iron chelation, can 
also scavenge the peroxyl radical although about 3 times less 
readily397'398.

Desferrioxamine has been reported to react with ferryl 
haem protein species. Interaction with hydrogen peroxide 
activated horseradish peroxidase gives rise to the 
desferrioxamine nitroxide radical394. Similarly
desferrioxamine will reduce ferryl myoglobin to its ferric

70 71 • • •form ' and scavenge the globin radical of hydrogen peroxide 
activated myoglobin with concomitant production of the 
desferrioxamine nitroxide radical67.

Other authors have shown the generation of the 
desferrioxamine nitroxide radical after illumination with 
various photosensitizers including rose bengal and 
riboflavin399.

The desferrioxamine nitroxide radical reacts with 
cysteine, glutathione, methionine, ascorbate and Trolox C and 
can inactivate yeast alcohol dehydrogenase395. It has also 
been suggested that the nitroxide radical can be reduced by 
superoxide399.

In addition to the reducing roles mentioned above 
desferrioxamine has been reported to stimulate the oxidation 
of oxyhaemoglobin in erythrocyte haemolysates400'401 or
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oxidation of oxyleghaemoglobin402.

Desferrioxamine, but not ferrioxamine, has also been 
suggested to react with the peroxynitrite ion, the product of 
the reaction between nitric oxide and superoxide, although no

• ft ftmechanism has been proposed .

1.4.3 Hvdroxypvridinones
The hydroxypyridinone iron chelators are currently being 

assessed as potential therapeutic agents392'403”405. They have 
the advantage over desferrioxamine of being orally
active403”405.

CP094 (l-ethyl-2-ethyl-3-hydroxypyridin-4-one) (Figure
1.4.2), is amongst the most promising of these compounds for 
potential clinical use392'406. It is moderately lipophilic 
(Kpart = °«85 between n-octanol and Tris-HCl, pH 7.4, 20mM) 
and therefore might be expected to cross cell membranes; and 
binds iron III with a binding constant (J33) of 1036 392.

It might be expected that CP094 would have greater
access to intracellular iron stores than desferrioxamine and 
it will be interesting to see what effect this has on the 
relative efficiency for iron clearance of these two chelators 
in clinical trials.
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CHAPTER 2 METHODS
2.1 General methodological considerations
Handling of blood: All manipulations of sickle or normal
blood were initiated as soon as possible generally within 3 
hours of venipuncture and in all cases within 17 hours. 
Blood samples were stored/transported at 4°C before use.

Electron spin resonance spectroscopy: E.s.r. studies were
performed at the University of York with the collaboration of 
Dr. M.J. Davies. Erythrocyte membrane samples were prepared 
at the Royal Free Hospital and transported to York at 4°C for 
analysis the following day.

Thiobarbituric acid assay: This assay was used to provide a
comparative index of lipid peroxidation in treated and 
untreated sickle erythrocyte membranes, and normal 
erythrocyte membranes handled in an identical manner, within 
the limitations discussed in section 2.4.1. The results 
presented are not intended for absolute quantitation of lipid 
peroxidation. In all cases sickle and normal membranes were 
assayed simultaneously.

Preparation of glassware: For assays involving the
determination of iron, washed glassware was soaked overnight 
in hydrochloric acid (2M) and then rinsed extensively in 
distilled water prior to use. For procedures involving the 
extraction of lipids or the determination of lipid phosphorus 
all glassware used was soaked overnight in RBS phosphate free 
detergent and rinsed thoroughly in distilled water prior to 
use. No significant contamination of glassware was indicated
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by appropriate control tubes run in the appropriate assays 
after carrying out these procedures.

Water: Glass distilled water was routinely used from the
same source. No indication of significant iron contamination 
was observed at any stage in either the ferrozine assay or 
iron quantification by atomic absorption analysis.

Commercial ferritin: Ferritin was dialysed against
conalbumin407 in isotonic saline before use to remove 
contaminating iron. After dialysis the ferritin iron content 
was assessed using atomic absorption spectroscopy after 
digestion in concentrated nitric acid. On average each 
ferritin molecule contained approximately 1250 molecules of 
iron. In some experiments (as indicated) ferritin was 
dialysed against EDTA before use.

Haemin: Haemin was dissolved as described previously408.
Haemin was added to sodium hydroxide (0.02M) and stirred in 
the dark for 10 minutes. The solution was diluted with water 
to give a final sodium hydroxide concentration of 5mM and 
then centrifuged at 20000g for 10 minutes to remove 
undissolved haemin. The haemin concentration was determined 
using the molar extinction coefficient of 58400 M”1 cm-1 at 
385nm. The required haemin concentration was obtained by 

1 dilution with sodium hydroxide (5mM).

Chemicals: A full list of chemicals together with the
appropriate grade of purity and supplier is provided in 
appendix A.
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2.2 Manipulations of blood and erythrocytes
2.2.1 Blood samples from sickle and normal donors
Anticoagulant: Heparin: Commercially supplied heparinised

tubes (Vacutainers)
Acid citrate dextrose: Glucose (0.114M),
trisodium citrate (30mM), sodium chloride 
(72.6mM), citric acid (2.81mM) pH6.4 

Blood samples: Blood was taken from patients homozygous for
the sickle haemoglobin gene into heparin anticoagulant at the 
time of routine attendance at the sickle cell clinic of 
Professor A. Bellingham at Kings College Hospital, London. 
The majority of patients from whom samples were taken were 
free from symptoms of vaso-occlusive sickle crises at the 
time of these visits. Normal blood was taken from laboratory 
personnel into lithium heparin or acid citrate dextrose 
anticoagulant at the same time as sickle blood samples were 
obtained.

2.2.2 Separation of ervthrocvtes from whole blood
Whole blood was centrifuged at 600g for 10 minutes at 

4°C in graduated centrifuge tubes using a swing out rotor. 
The plasma and buffy coat were removed by aspiration. Packed 
erythrocytes were washed twice in 10 volumes of phosphate 
(5mM) buffered sodium chloride (0.15M) pH7.4, or other buffer 
as required, by centrifugation at 600g for 10 minutes at 4°C.
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Figure 2.2.3 Density separation of erythrocyte sub

populations
A schematic representation of the density separation of 

sickle erythrocytes is shown (see text).
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2.2.3 Density separation of ervthrocvte sub-populations
Principle: Sickle cells which have become dehydrated in the
circulation have a greater density than normal erythrocytes. 
In this procedure the dense, dehydrated sickle erythrocytes 
are separated from sickle erythrocytes with normal density by 
centrifugation using a Percoll-diatrizoate mixture. The 
majority of the ISCs and other morphologically abnormal cells 
are found in the dense fraction.
Reference:
Solutions:

360
HEPES buffer: HEPES (20mM), sodium chloride 
(135mM), potassium chloride (5mM), magnesium 
chloride (ImM), disodium hydrogen phosphate 
(ImM),glucose (5mM), pH7.40, osmolarity
300mosm/Kg H20.
Percoll-diatrizoate solution: 10.0ml of
sodium diatrizoate in water (50% w/v) were 
mixed with 45.0ml Percoil. HEPES buffer 
(10.0ml) was added to 49.5ml of the above 
mixture and the osmolarity was adjusted to 
300 mosm/Kg H20 by adding water. The volume 
was then made up to 75.0ml with HEPES buffer. 

Procedure: Packed erythrocytes, washed twice in HEPES
buffer, were resuspended in an equal volume of the same 
buffer. The erythrocyte suspension (2ml) was carefully 
layered over the Percoll-diatrizoate solution (2ml) in a 
glass centrifuge tube with an internal diameter of 10mm. 
After centrifugation at 400g for 20 minutes at room 
temperature erythrocytes with normal density were removed 
from the surface of the Percoll-diatrizoate cushion using a 
pasteur pipette. This fraction is referred to in the text as
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the normal density fraction. Erythrocytes with elevated 
density, which had pelleted bellow the Percoll-diatrizoate, 
could then be removed in a similar manner. This latter 
fraction is referred to as the dense fraction. Finally each 
fraction of erythrocytes was washed twice in 10 volumes of 
HEPES buffer at 4°C.

2.2.4 Preparation of ervthrocvte membranes
Reference: 409
Procedure: Packed, washed erythrocytes were lysed by adding
10 volumes of 5mM phosphate buffer pH7.4 (at 4°C) while 
mixing. After leaving on ice for 30 minutes the erythrocyte 
membranes were packed by centrifugation at 20,000g for 10 
minutes at 4°C (Sorvall SS-34 rotor) and the haemoglobin 
containing supernatant was removed by aspiration. The 
erythrocyte membranes were then washed 3 times by 
resuspending in fresh buffer (same volume as used for lysis) 
followed by centrifugation under the same conditions. 
Finally the membranes were resuspended in phosphate (5mM) 
buffered sodium chloride (0.15M) pH7.4 and packed by
centrifugation. Erythrocyte membranes were quantified on the 
basis of protein concentration using the assay of Lowry et 
al.410.

2.2.5 Isolation of the ervthrocvte membrane cvtoskeleton
Principle: In this procedure Triton X-100 is used to
solubilise erythrocyte membrane lipid. The residual, intact 
cytoskeletons are washed free of solubilised lipid, Triton X- 
100, haemoglobin, other cytosolic components and integral 
membrane proteins by centrifugation through a sucrose
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solution.
Reference: 411
Solutions: Triton X-100 extraction solution: Triton X-

100 (150mg/ml), HEPES (24mM), sodium chloride 
(0.15M), disodium EDTA 0.5mM, dithiothreitol 
(0.5mM), pH7.0 (prepared fresh each day) 
Sucrose wash: Sucrose (30% w/v), HEPES
(24mM), potassium chloride (0.6M), ATP 
(0.5mM), disodium EDTA (0.5mM), 
dithiothreitol (0.5mM), pH7.0 (prepared fresh 
each day)
Phenvlmethvlsulphonvlfluoride (PMSF): PMSF
(5%w/v) in methanol (prepared fresh each day) 

Procedure: PMSF was added to packed washed erythrocytes to
give a final concentration of 0.05% (w/v) and thorough mixing 
achieved by repeatedly inverting the tube. After 5 minutes 
the cells were resuspended in an equal volume of phosphate 
(5mM) buffered sodium chloride (0.15M) pH7.4. The resultant 
erythrocyte suspension was mixed with an equal volume of 
Triton X-100 extraction solution by inversion and the mixture 
was rapidly layered on top of 20ml of sucrose wash in a 
centrifuge tube. Cytoskeletons were pelleted through the 
sucrose wash by centrifugation at 2 0,000 rpm in a 6 X 36ml 
MSE swingout rotor for lh. After centrifugation the upper 
layer (red with haemoglobin) was aspirated and the walls of 
the centrifuge tube were washed with phosphate (5mM) buffered 
sodium chloride (0.15M) pH7.4 to remove residual haemoglobin 
and Triton-X 100 before the lower sucrose wash (colourless) 
was removed leaving a firm pellet of cytoskeletal material. 
The cytoskeletons were washed by resuspending in 10ml
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phosphate (5mM) buffered sodium chloride (0.15M) pH7.4 and 
centrifuging at 31,000g for 30 minutes (Sorvall SS-34 rotor) 
and finally resuspended with 0.8ml of the same buffer. The 
entire procedure was carried out at 4°C. Cytoskeleton 
preparations were quantified on the basis of protein content. 
The assays of Lowry et al.410 and Bradford412 were used to 
determine the protein concentration of the initial 
preparations. Equivalent results were obtained from both 
assays and in later preparations protein concentration was 
determined using the assay of Lowry et al. alone.

2.2.6 Quantification of ervthrocvte membranes and 
cvtoskeletons

2.2.6.1 The Lowry protein assay 
Reference: 410
Solutions: Copper sulphate.5H20 (1% w/v)

Sodium potassium tartrate (2% w/v)
Sodium carbonate (2% w/v) in sodium hydroxide 
(0.1M)
Folin and Ciocalteu's reagent diluted 1:1 
with water immediately before use 
Standard protein stock solution: bovine serum 
albumin (4g/l) in water 

Procedure: The alkaline copper solution was prepared just
prior to use by mixing 1 volume of copper sulphate solution 
with 1 volume of sodium potassium tartrate solution followed 
by 98 volumes of the sodium carbonate solution. Alkaline 
copper solution (5ml) was added to 100/jI of sample, 
containing between 20-lOOjLtg of protein, diluted with 900/xl of 
water. After 10 minutes 0.5ml of diluted Folin and
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Ciocalteus1 reagent was added. The absorbance at 750nm was 
read after 3 0 minutes and within 90 minutes from the final 
addition.

Standard curve: A series of dilutions of bovine serum
albumin in water were prepared containing between 0 and lOOjxg 
protein in 1ml volume and the assay was performed as 
described above on each dilution. The exact concentration of 
the bovine serum albumin stock solution was determined using 
the molar extinction coefficient of 45000 for bovine serum 
albumin at 279nm after diluting to approximately 0.2g/l.

2.2.6.2 The Bradford protein assay 
Reference: 412
Solutions: Protein reagent: Coomassie Brilliant blue G-

250 (lOOmg) was dissolved in 50ml 95% 
ethanol. To this solution 100ml 85% (w/v)
phosphoric acid was added and the resulting 
solution was diluted to a final volume of 11 
and filtered with Whatman 1 paper.
Standard protein stock solution: bovine serum 
albumin (4g/l) in water 

Procedure: To 0.1ml of cytoskeleton preparation containing
between 10-lOO^g protein was added 5ml of the protein 
reagent. The absorbance at 595nm was measured after 5 
minutes and before 20 minutes against a reagent blank 
prepared from 0.1ml phosphate (5mM) buffered sodium chloride 
(0.15M) pH7.4 and 5ml of the protein reagent.

Standard curve: A series of dilutions of bovine serum
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albumin in phosphate (5mM) buffered sodium chloride (0.15M) 
pH7.4 were prepared containing between 0 and 100/xg protein in 
0.1ml volume and the assay was performed as described above 
on each dilution. The exact concentration of the bovine 
serum albumin stock solution was determined as described 
above (section 2.2.6.1)

2.3 Quantification and Characterisation of Iron-Containing 
Compounds

2.3.1 Atomic absorption spectroscopy
Preparation of samples: A precise volume of sample (0.5-
1.0ml) was pipetted into a large diameter boiling tube and 
heated at 170°C for 2 hours or until the sample was 
completely desiccated. After allowing the tube to cool, 
2.0ml nitric acid (70%) was added to the dried sample which 
was heated at 170°C until complete evaporation of the nitric 
acid had occurred. A further 2ml of nitric acid was used to 
resuspend the residue after allowing the tube to cool. A 
blank was prepared in the same way using a volume of buffer 
equal to the original sample volume.
Reference: 413
Procedure: The concentration of iron in digested samples was
determined using a Perkin-Elmer 3030 atomic absorption 
spectrophotometer from the absorbance of monochromatic 
radiation at 248. 3nm using a stoichiometric acetylene-air mix 
flame. An iron hollow-cathode lamp with neon filling was 
used which was operated at a current of 12mA. The slit width 
used was 0.2nm.
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Figure 2.3.2 The structure of ferrozine

Ferrozine acts as a bidentate ligand with ferrous ions 
forming a coloured complex414. The ligating ferroin group is 
formed from the pyridyl nitrogen and the triazine nitrogen 
atom in position 2.
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Standard Iron solutions: Working standard iron solutions (0-
4mg iron/1) were prepared by dilution of a ferric nitrate 
stock solution | (lg iron/1) (BDH) with distilled deionised 
water.

2.3.2 Non-haem iron assay
Principle: Ferrozine (Figure 2.3.2) interacts with ferrous
ions to form an intensely coloured complex (3 ferrozine: 1 
iron) which is stable over a wide range of pH values. In 
this assay the ferrozine-iron complex is quantified 
spectrophotometrically after the addition of excess ferrozine 
in the presence of ascorbate which serves to reduce ferric 
iron to the ferrous form. The assay as described by Ceriotti 
& Ceriotti415, intended as an assay for serum iron, is 
performed at pH 1.7 (to facilitate the release of iron from 
transferrin) with the addition of thiourea to minimise 
interfering reactions between ferrozine and serum copper.

To estimate non-haem iron retained by erythrocyte 
membrane preparations sodium dodecyl sulphate (0.67% w/v) was 
added in order to solubilise the membranes. The assay was 
further adapted to allow quantification of non-haem iron at 
pH 7.4.

As expected, iron contained within haemoglobin, 
methaemoglobin or haemin did not react in the non-haem iron 
assay.

2.3.2.1 The non-haem iron assay at pH 1.7 
Reference: 415
Solutions: Ascorbate solution: ascorbate (1% w/v) ,

thiourea (0.25% w/v) in hydrochloric acid
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(0.1M) (prepared immediately before use) 
Sodium dodecvl sulphate: (10% w/v) in water
Glvcine buffer: glycine (0.8 M) , hydrochloric
acid (5mM) adjusted to pH 4.15 with 
hydrochloric acid
Ferrozine: (2% w/v) in water (prepared fresh 
each day)

Procedure: A 0.2ml aliquot of the sample to be tested was
added to 2.0 ml of the ascorbate solution, 0.2 ml sodium
dodecyl sulphate, 0.5 ml glycine buffer and 0.1 ml ferrozine 
previously mixed in a glass tube. The tube was rapidly 
whirlimixed and the contents transferred to a glass or quartz 
cuvette. The absorbance at 562nm was measured at intervals 
for up to 48h. Blanks were prepared substituting water for 
ferrozine and the absorbance at 562 nm was subtracted from 
the absorbance values of the assay mixture. Similarly, 
reagent blanks were prepared by adding distilled water to the 
reagent mixture in place of sample.

Standard curve: Solutions of ferric or ferrous iron were
prepared just prior to use (using FeCl3.6H20 or FeS04.7H20 
respectively) at a range of concentrations between 0-0.446mM 
in hydrochloric acid (lOmM). Standard curves were prepared 
by adding 0.2ml ferric or ferrous iron to the assay mixture 
as described above and the absorbance at 562nm was determined 
after 30 minutes. The addition of iron in lOmM hydrochloric 
acid increased the final concentration of hydrochloric acid 
in the assay from 67.5mM to 68.2mM and had no measurable 
effect on the pH.

Equivalent results were obtained using the molar



106
I
! extinction coefficient of the iron:ferrozine (1:3) complex of 
27900 M”1 cm”1 414.

2.3.2.2 The non-haem iron assay at pH 7.4
Solutions: Ascorbate (5% w/v) in water, adjusted to

pH7.4 with sodium hydroxide (prepared 
immediately before use)
Sodium dodecvl sulphate (10% w/v) in water 
Phosphate buffered saline: 14.29mM with
respect to phosphate (prepared from disodium
hydrogen phosphate and sodium dihydrogen 
phosphate), sodium chloride (0.2M), pH7.4 
Ferrozine (2% w/v) in water, adjusted to 
pH7.4 with sodium hydroxide (prepared fresh 
each day)

Procedure: A 0.2ml aliquot of the sample to be tested was
added to 2.1ml of phosphate buffered saline, 0.2 ml sodium
dodecyl sulphate, 0.4ml of ascorbate and 0.1 ml ferrozine 
previously mixed in a glass tube. The tube was whirlimixed 
rapidly and the contents were transferred to a glass or 
quartz cuvette. The absorbance at 562 nm was measured at 
intervals for up to 48h. Blanks were prepared as described 
in section 2.3.2.1.

Standard curve: Standard curves were prepared as described
in section 2.3.2.1. No difference was observed between 
standard curves prepared with ferrous or ferric iron. The 
addition of iron solutions in hydrochloric acid (lOmM) caused 
a decrease in pH from 7.4 to 7.2.

Equivalent results were obtained using the molar



extinction coefficient of the iron:ferrozine (1:3) complex of 
27900 M"1 cm-1 414.

2.3.3 Assay for haem iron
Principle: Levels of haem retained by erythrocyte membranes
have been determined by a method involving the conversion of 
haem to a fluorescent porphyrin derivative during heating 
with oxalic acid. Fluorescence spectroscopy has been used to 
quantify the porphyrin derivative.
Reference: Adapted from 416
Procedure: Membrane preparations were diluted with phosphate 
(5mM) buffered sodium chloride (0.15M) pH7.4 to obtain final 
protein concentrations of 0.4, 0.8 and 1.2 mg/ml. To lOOjtil 
of each dilution in a boiling tube was added 4ml of oxalic 
acid (1M) and the contents of the tube were mixed. The tubes 
were immediately placed into a heating block preheated to 
110°C, stoppered with a glass marble and incubated for 90 
minutes. After incubation the tubes were allowed to cool to 
room temperature and the fluorescence emission spectra of the 
incubation mixture was recorded between 560 and 700nm with an 
excitation wavelength of 410nm using a Perkin-Elmer MBF-44B 
fluorescence spectrometer. During fluorescence analysis the 
excitation and emission slit widths were set to lOnm. The 
height of the emission peak at 605nm was measured under 
standardised machine conditions and compared with the 
standard curve. A solution of quinine sulphate (0.1mg/l) in 
sulphuric acid (0.1M) was used to precisely reproduce the 
machine gain settings before each assay.
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Figure 2.4.1 The reaction of thiobarbituric acid with

malondialdehyde
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A linear relationship was obtained between the levels of 

haem detected in membrane samples and the membrane protein 
concentration in the assay up to but not above 1.2mg/ml 
membrane protein. No fluorescence was observed for membrane 
samples or standard haemoglobin solutions mixed with oxalic 
acid but not heated, or solutions of oxalic acid heated with 
no additions.

Standard curve: A series of dilutions of haemoglobin (in
phosphate (5mM) buffered sodium chloride (0.15M) pH7.4) or 
haemin (dissolved as described in section 2.1) were prepared. 
To lOOjLil of standard solution containing 0 to 0.4 nmoles of 
haem was added 4ml of oxalic acid (1M) . Incubation and 
fluorescence analysis was performed as described above. 
Equivalent linear standard curves, in terms of fluorescence 
intensity per mole of haem, were obtained from haemoglobin or 
haemin.

2.4 Methods used in the evaluation of cellular oxidation
2.4.1 The thiobarbituric acid assay for lipid 

peroxidation
Principle: Heating of peroxidised lipid material under
acidic conditions induces the breakdown of lipid 
hydroperoxides to give many products. Amongst these 
products, malondialdehyde will react with thiobarbituric acid 
to form a characteristic pink chromophore (Figure 2.4.1) 
which is measured in this assay. Although malondialdehyde is 
the major product which undergoes this reaction, other 
breakdown products of lipid hydroperoxides can react with 
thiobarbituric acid to give similar chromophores. In
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particular the alk-2-enals and the alka-2,4-dienals, 
potential products of the breakdown of lipid hydroperoxides 
under acidic conditions, have been reported to form a pink 
chromophore with thiobarbituric acid identical to the 
chromophore formed with malondialdehyde417. Therefore, 
although a standard curve is prepared with malondialdehyde to 
ensure comparability between assays, the assay result is not 
intended to be used as a quantitative measure of either 
preformed malondialdehyde or malondialdehyde produced from 
lipid hydroperoxides during the assay procedure, but as a 
relative measure of the degree of lipid peroxidation.

Aspects to consider in the use of the thiobarbituric acid 
assay: It has been suggested that in the presence of lipid
hydroperoxides peroxidation of polyunsaturated fatty acids 
occurs during the acidic heating stage and therefore the 
assay not only measures endogenous lipid peroxidation but 
also lipid peroxidation occurring during the assay itself418. 
In control experiments, performed during the evaluation of 
the thiobarbituric acid assay applied to erythrocyte 
membranes, addition of the antioxidant butylated 
hydroxytoluene or the iron chelator desferrioxamine was found 
not to influence the final absorbance reading [Baysal, E. & 
Rice-Evans, C. unpublished results]. This suggests that 
peroxidation occurring during the assay itself is not an 
important factor in the assay as performed in this 
laboratory.

It has been reported that the presence of trace amounts 
of iron in the thiobarbituric acid assay is required for the 
production of the pink chromophore when assaying fatty acid
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hydroperoxides and that further addition of inorganic iron 
can augment the assay result418'419. However, the amounts of 
non-haem iron retained by sickle erythrocyte membranes 
(average concentration in thiobarbituric assay mixture «15/xM) 
would be expected to be insufficient to substantially 
increase the final absorbance value in the thiobarbituric 
acid assay418'419.

The requirement for trace amounts of iron in the 
thiobarbituric acid assay418 is at first sight inconsistent 
with the lack of response reported above on adding 
desferrioxamine to the thiobarbituric acid assay performed 
with erythrocyte membrane. However, it has been reported 
that haem iron, which is retained by both sickle and normal 
erythrocyte membranes, will also fulfil the requirement for 
iron in this assay at much lower concentrations than non-haem 
iron420.

Reference: Adapted from 421 as described in 300
Solutions: Thiobarbituric acid (0.75% w/v) dissolved in

hydrochloric acid (0.1M)
Trichloroacetic acid (10% w/v)

Procedure: To 0.5ml of erythrocyte membrane material was
addecL 0.5ml trichloroacetic acid followed by 0.5ml 
thiobarbituric acid in hydrochloric acid. The mixture was 
heated in a boiling water bath for 20 minutes in a glass tube 
stoppered with a glass marble and allowed to cool. To remove 
precipitated membrane material the assay mixture was 
centrifuged at 900g for 10 minutes at room temperature. The 
supernatant was re-centrifuged at 40000g for 10 minutes at 
20 °C to remove remaining particulate material and the
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absorbance of the solution was read at 532nm and 580nm. 
Blanks prepared in an identical manner substituting 0.5ml of 
phosphate (5mM) buffered sodium chloride (0.15M) pH7.4 for 
the membrane material had minimal absorbance at 532nm («
0.003 absorbance units) and no absorbance at 580nm.

The absorbance at 580nm was monitored as a estimate of 
any background absorbance in the region around 532nm 
potentially interfering with the assay of thiobarbituric acid 
reactive products and was subtracted from the absorbance at 
532nm before calculation of results. Excessive amounts of 
haem retained by membrane preparations could potentially 
produce such a background absorbance. The absorbance at 
580nm did not exceed 0.010 absorbance units. The absorbance 
peak of the thiobarbituric acid-malondialdehyde complex does 
not extend to 580nm.

Standard curve: Malondialdehyde was prepared by the
hydrolysis of 1,1,3,3-tetramethoxypropane in hydrochloric 
acid (0.1M) for 15 minutes at room temperature immediately 
prior to use. After hydrolysis the malondialdehyde was 
diluted in phosphate (5mM) buffered sodium chloride (0.15M) 
pH7.4. The thiobarbituric acid assay was performed on 0.5ml 
aliquots containing 0-5 nmoles of malondialdehyde.

2.4.2 The spectrofluorimetric assay of chromolipids 
Principle: Aldehydes produced during the process of lipid
peroxidation can react with amino groups on lipid, protein 
and nucleic acid molecules to produce fluorescent Schiff 
bases. Fluorescent lipid derivatives (chromolipids) can be 
detected in lipid extracts from peroxidised biological
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material422. Thus fluorometric detection of chromolipids can 
be used as a measure of the extent of lipid peroxidation. 
Reaction of malondialdehyde with phosphatidylethanolamine in 
vitro gives rise to fluorescent products423. The fluorescent 
lipid derivatives formed in biological systems may represent 
the products of such reactions. Alternatively chromolipids 
may arise from interaction between monofunctional aldehydes 
such as 4-hydroxynonenal and aminophospholipids424. The 
following sections (2.4.2.1-2.4.2.4) describe the procedures 
for lipid extraction and the fluorometric assay of 
chromolipids.

2.4.2.1 Lipid extraction 
Reference: 425
Procedure: Packed erythrocytes (0.5ml) were lysed by the
addition of 0.5ml water while mixing with a vortex mixer and 
allowed to stand for 10 minutes on ice. A 1:2 mixture of 
chloroform and methanol (3ml) was added to the lysate 
followed by continuous whirlimixing for 30 seconds. 1ml of 
chloroform was added followed by 1ml of water, whirlimixing 
for 30 seconds after each addition. An aqueous phase (upper) 
and an organic phase (lower) were resolved by centrifugation 
at 900g for 10 minutes at room temperature. The aqueous 
phase was aspirated and the plug of denatured haemoglobin 
carefully removed to leave the lipid containing organic 
phase. Aliquots of the organic phase were taken as required, 
dried down under a stream of nitrogen and either resuspended 
in chloroform for fluorometric analysis or stored at -20°C 
under nitrogen.
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2.4.2.2 Lipid extraction 
Reference: 426
Procedure: Packed erythrocytes (0.5ml) were lysed by the
addition of 0.5ml water while mixing with a vortex mixer and 
allowed to stand for 15 minutes at room temperature. Propan- 
2-ol (5.5ml) was added slowly while mixing and left to stand 
for 1 hour at room temperature mixing occasionally. 
Chloroform (3.5ml) was then added while mixing and left to 
stand for 1 hour at room temperature mixing occasionally. 
Precipitated protein was pelleted by centrifugation at 900g 
for 2 0 minutes at room temperature. The propan-2-ol/ 
chloroform supernatant containing extracted lipids was dried 
down under a stream of nitrogen. The lipid extract was 
resuspended in 2ml of chloroform-methanol (2:1) and inorganic 
phosphorus was removed by washing with 0.4ml of 0.05M 
potassium chloride. After removal of the aqueous phase the 
lipid extract was again dried down under nitrogen and either 
resuspended in 3ml chloroform for fluorescent analysis or 
stored at -20°C under nitrogen.

2.4.2.3 Assay of lipid phosphorus in lipid extracts 
Reference: 427
Reagents: Perchloric acid (70%)

Ammonium molvbdate (2.5%)
Ascorbate (10%) (prepared daily).

Procedure: Aliquots of extracted lipid in chloroform,
containing 0-5/ig phosphorus, were dried down under a stream 
of nitrogen in a boiling tube. Perchloric acid (0.5ml) was 
added and then each tube was stoppered with a glass marble 
and heated for 20 minutes at 170°C. After allowing to cool
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3.5ml of distilled water was added followed by 0.5ml of the 
ammonium molybdate solution and 0.5ml of the ascorbate 
solution, mixing well with a vortex mixer after each 
addition. The final colour was developed by incubating for 
30 minutes at 37°C and the absorbance was read at 797nm.

Standard curve: A stock solution containing 5mg/l phosphorus
was prepared using potassium dihydrogen phosphate from which 
a series of dilutions was made to give 0-5jug phosphorus in 
3.5ml of water. To these standards was added 0.5ml of 
perchloric acid and the procedure as described above was 
followed from the addition of ammonium molybdate.

2.4.2.4 Spectrofluorimetrie detection of chromolipids in
lipid extracts

Procedure: The fluorescence emission spectra of lipid
extracts dissolved in chloroform was recorded between 400 and 
500nm with an excitation wavelength of 350nm using a Perkin- 
Elmer MBF-44B fluorescence spectrometer. The excitation and 
emission slit widths were set to 5nm. A solution of quinine 
sulphate (0.1mg/l) in sulphuric acid (0.1M) was used to 
precisely reproduce the machine gain settings before each 
assay. The emission peak occurred at approximately 43 0nm.

2.4.3 Cellular glutathione levels
Reference: 161
Reagents: Precipitating solution: Metaphosphoric acid (1.67% 

w/v), Sodium chloride (30% w/v) and disodium EDTA 
(0.2% w/v) in water
Disodium hydrogen phosphate (0.3M) in water



116
5.5'-dithiobis-(2-nitrobenzoic acid) (DTNB) (lmM) 
in phosphate (5mM) buffered sodium chloride 
(0.15M) pH7.4 (prepared fresh each day)

Procedure: The glutathione content of erythrocytes was
normally determined for erythrocytes in suspension at known 
haematocrit values in phosphate (5mM) buffered sodium 
chloride (0.15M) pH7.4. To 0.2 ml of the erythrocyte
suspension at 4°C was added 1.8ml of distilled water. 
Precipitating solution (3ml) was then added and the mixture 
was left on ice for 5 minutes. Filtration was carried out 
through Whatman No.l filter paper to remove precipitated 
protein. To 2ml of the clear colourless filtrate was added 
4ml of disodium hydrogen phosphate solution at room 
temperature, followed by 1ml of DTNB. The absorbance at 
412nm was measured after leaving for 10 minutes at room 
temperature.

Standard curve: A standard glutathione solution (0.285mM)
was prepared in water immediately prior to use and diluted to 
give a series of dilutions containing 0-228jumoles of 
glutathione in 0.8ml. Precipitating solution (1.2ml) was 
added to each dilution followed by 4ml of disodium hydrogen 
phosphate solution. Finally 1ml of DTNB was added and the 
absorbance measured at 412nm after leaving for 10 minutes at 
room temperature.

2.5 SDS-polvacrvlamide gel electrophoresis of ervthrocvte 
membrane proteins

2.5.1 General description
Electrophoresis of erythrocyte membrane proteins was
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performed using 5% polyacrylamide tube gels as described by 
Fairbanks et al.428. Visualisation of the major protein 
bands was achieved by staining with Kenacid blue R and the 
membrane components were quantified by densitometry of the 
stained bands.

2.5.2 Preparation of gels
Gel composition: Acrylamide (5% w/v), methylenebisacrylamide 
(0.188% w/v), sodium dodecyl sulphate (0.2% w/v), glycerol 
(10% v/v), Trizma base (40mM), sodium acetate (20mM), 
disodium EDTA (2mM), ammonium persulphate (5.70mM) and TEMED 
(0.03% v/v), pH7.4
Solutions: Tris acetate buffer PH7.4: Trizma base

(0.4M), sodium acetate (0.2M) and disodium 
EDTA (20mM). The pH is adjusted to 7.4 with 
glacial acetic acid before making up to 
volume
Acrylamide-methylenebisacrvlamide: acrylamide 
(40% w/v) and methylenebisacrylamide (1.5% 
w/v) in water (prepared fresh each day) .

Gel preparation: To 5ml of the Tris acetate buffer was added
6.25ml of the acrylamide-methylenebisacrylamide stock 
solution, 10ml of glycerol (50% w/v) and 27.1ml of water. 
The mixture was degassed for 10 minutes by stirring under 
reduced pressure in a side-arm flask attached to a vacuum 
pump. After the degassing procedure 1.0ml of SDS (10% w/v) 
was added followed by 0.65ml of freshly prepared ammonium 
persulphate (0.438M) and finally 15/xl TEMED. After thorough 
mixing gels were poured.
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Gel tubes: Gels were poured in glass tubes 10cm long with an
internal diameter of 5mm. Before use gel tubes were cleaned 
by boiling in distilled water with sodium dodecyl sulphate 
and then rinsed thoroughly in distilled water with one drop/1 
of Photoflow (Kodak) added to the final rinse. Gel mixture 
was added to a height of 8cm, overlayed with water, and the 
tube was left in a vertical position for 30mins after which 
time the polymerisation was complete. The water was removed 
before electrophoresis.

2.5.3 Preparation of samples
Composition of the sample solubilising solution: sodium
dodecyl sulphate (5% w/v), sucrose (50% w/v), Trizma base 
(50mM), disodium EDTA (5mM), DL-dithiothreitol (160mM), 
bromophenol blue (0.05% w/v) pH8.0

Preparation of the sample solubilising solution: To 2.5g of 
sodium dodecyl sulphate, 25g of sucrose, 1.23g of DL- 
dithiothreitol and 25mg of bromophenol blue was added 2.5ml 
of trizma base (1M) adjusted to pH8.0 with hydrochloric acid 
and 5ml of disodium EDTA (50mM) adjusted to pH8.0 with 
hydrochloric acid and the mixture was made up to a final 
volume of 50ml.

Preparation of samples: To 0.1ml of erythrocyte membranes or 
cytoskeleton preparation was added 25/zl of the sample 
solubilising solution and the mixture was heated in a boiling 
water bath for 3 minutes. Solubilised samples were stored at 
-20°C before electrophoresis. In some cases membranes were 
solubilised in sample solubilising solution with the omission
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2.5.4 Electrophoresis
Running buffer was prepared by diluting the Tris acetate 

buffer pH7.4 (section 2.5.2) 10 fold with water and adding 
sodium dodecyl sulphate to a final concentration of 0.2% 
(w/v). The apparatus was filled with running buffer and the 
tube gels inserted so that the top of the tubes was covered 
by the running buffer. Samples were carefully loaded onto 
the polyacrylamide gels using an automatic pipette by 
submerging the pipette tip bellow the running buffer. 40/zg 
of solubilised protein was loaded onto each gel. Initially 
a current of 1mA was applied per gel until the sample was 
observed to have entered the gel (30 minutes) at which point 
the current was increased to 5mA per gel at which it was 
maintained until the tracker dye (bromophenol blue) 
approached the end of the gel. The running time was 
approximately 3 hours. After electrophoresis the gels were 
removed from the gel tubes using a syringe with a fine 
hypodermic needle by injecting a stream of water between the 
gel and the wall of the tube.

2.5.5 Staining of the gels
The protein bands in the gels were stained overnight 

with a solution of Kenacid blue R (0.5g/l) in an propan-2-ol 
(25% v/v), acetic acid (10% v/v), water mixture. The gels 
were destained for 36 hours in an propan-2-ol (10% v/v) , 
acetic acid (10% v/v), water mixture with two changes of 
destain solution. Gels were finally stored in 7% glacial 
acetic acid in the dark.
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2.5.6 Densitometric quantification of membrane proteins

The protein bands were quantified as a percentage of the 
total membrane protein stained with Kenacid blue R using a 
Chromoscan 3 (Joyce Loebl) gel densitometer.

2.6 Electron Spin Resonance Spectroscopy
2.6.1 General principles

Electron spin resonance (e.s.r.) spectroscopy is a 
method which allows detection and often identification of 
species with an unpaired electron and therefore can be useful 
in the study of biologically relevant radicals. An unpaired 
electron behaves analogously to a small magnet, so that if an 
external magnetic field is applied it can align itself either 
parallel or antiparallel to the field and thus have two 
possible energy levels. The electron can be induced to move 
from the lower energy level to the higher energy level by 
supplying energy in the form of microwave radiation at a 
specific frequency. In practice the sample is irradiated 
with microwave radiation of a fixed frequency while the 
strength of the magnetic field is altered. The electron will 
move from the lower energy state to the higher energy state 
when the frequency of the radiation and the strength of the 
magnetic field satisfy the equation h v = g & B, where h is 
Plancks constant, v is the frequency of radiation in GHz, 6 
is the Bohr magneton (a constant) and B is the strength of 
the magnetic field in Gauss (10 Gauss = lmT). The value of 
g is dependent on the environment of the electron and 
therefore is characteristic of the radical species. The 
change in energy level of the unpaired electron is 
accompanied by an absorption of microwave radiation which is
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Figure 2.6.1 The structure of the t-butyl peroxyl radical 
adduct to the spin trap 5,5-dimethyl-l-pyrroline N-oxide 
(DMPO) is shown together with a schematic representation of 
the hyperfine splitting giving rise to the 12 line e.s.r. 
spectrum (simulation). The values of the hyperfine splitting 
constants (in mT) and the computer simulation of the e.s.r 
spectrum are taken from Davies, 1988101. The larger of the 
two hydrogen splittings (1.088 mT) is due to the hydrogen 
atom at position 2, and the smaller (0.130 mT) to a hydrogen
atom at position 3. Of the two hydrogen atoms at position 3
only the one in the cis position to the t-butyl peroxide
group gives rise to splitting.
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detected by the e.s.r spectrometer. Therefore it is possible 
to calculate the g-value of the radical species under study 
by inserting the experimental values of v and B into the 
above equation.

Unfortunately the value of g is often rather similar for 
many biologically relevant radicals but identification of the 
radical species may be possible in such situations if the 
unpaired electron resides on an atom close to a nitrogen or 
hydrogen atom in the same molecule. Interaction with a 
nitrogen nucleus causes the absorption peak to be split into 
a triplet, whereas interaction with the nucleus of a hydrogen 
atom will split the absorption peak into a doublet. The 
distances between the peaks, referred to as the hyperfine 
splitting constants, are characteristic of particular radical 
species and often allow identification. For greater 
definition e.s.r spectrometers are set up to show the first 
derivative of the absorption spectra.

2.6.2 The Investigation of hydroperoxide breakdown
2.6.2.1 The requirement for a spin trap

A major restriction in the detection of radicals by 
e.s.r. spectroscopy in biological systems is the short half- 
life of many of the relevant radical species. Unless the 
rate of generation of the radical is particularly great they 
rarely reach a steady state concentration sufficient for 
direct detection. One of the most useful means of 
circumventing this problem is through the use of spin trap 
molecules. A spin trap should ideally react rapidly with a 
wide variety of radicals and give stable radical adducts for 
which the e.s.r. spectra would allow definitive
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identification of the initial radical species. 5,5-dimethyl- 
l-pyrroline N-oxide (DMPO) is a commonly used spin trap which 
effectively traps, and allows identification of, a wide range 
of biologically relevant radical species. Its use to detect 
peroxyl and alkoxyl radicals derived from the breakdown of 
organic hydroperoxides has been recently documented101. The 
spin trap a-phenyl-t-butyl nitrone (PBN) is not so useful in 
the detection of the peroxyl radicals as the adducts are 
short lived at room temperature. Furthermore, the hyperfine 
splitting seen with PBN radical adducts does not vary as much 
as with the radical adducts to DMPO and definitive
identification is often not possible. However, the high 
lipophilicity of this spin trap (Kpart = 16 between n-octanol 
and water) make it useful for the detection of carbon centred 
lipid radicals.

2.6.2.2 Procedure and machine conditions
Solutions: t-Butvl hydroperoxide was diluted in

deionised distilled water to a final 
concentration of 50mM. (prepared fresh each 
day)
5.5-Dimethvl-l-pvrroline-N-oxide DMPO (lOOmM 
or 133mM) was made up in 50mM phosphate 
buffer pH7.4.
Hydrogen peroxide was diluted in deionised 
distilled water to a stock concentration of 
50mM. (prepared fresh each day) 
Desferrioxamine mesylate was dissolved in 
water as required.
g-Phenvl-t-butvlnitrone PBN (75mM) was made
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up in 50mM phosphate buffer pH7.4.

Procedure: Incubations as described in the results sections 
were initiated by the addition of t-butyl hydroperoxide or 
hydrogen peroxide as appropriate. Incubations including 
erythrocyte membranes consisted of 100/xl of membrane 
preparation in a final reaction volume of 250/xl. The final 
protein concentration of erythrocyte membranes in the 
incubations was on average 1.73 mg/ml. Preincubation of 
membranes with desferrioxamine was achieved by adding 25/xl of 
the required desferrioxamine stock solution to 100/xl of 
membrane preparation. After 60 minutes incubations were 
started by the addition of DMPO and t-butyl hydroperoxide. 
Concentrations of desferrioxamine referred to in the text 
apply to the final concentration in the 250/xl incubation 
mixture.

Complete reaction mixtures were rapidly transferred to 
aqueous sample cells which were aligned in the cavity of a 
Bruker ESP 300 electron spin resonance spectrometer equipped 
with lOOKHz modulation and a Bruker ER035M gaussmeter for 
field calibration. Spectra were recorded 90s after mixing 
and where necessary scanned repeatedly with 10s intervals. 
The microwave frequency used was 9.768GHz (power 13dB) and 80 
Gauss (8mT) scans were performed around a field centre of 
3480 Gauss (348mT). The scan time was 300s. Other machine 
settings were: time constant 320ms, modulation amplitude 1.0 
Gauss and gain 1 X 106.

Experiments involving the addition of ferritin to t- 
butyl hydroperoxide were carried out using ferritin which had 
previously been dialysed against ImM EDTA for 12 hours at 5°C 
and pH 7.4.
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2.6.2.3 Interpretation of results

Hyperfine splitting constants were measured directly 
from the field scan and compared with previously reported 
values101'395'429. Spin adduct concentrations were compared 
by measuring the peak to peak line height of signals recorded 
at identical times after initiation of the reaction using 
identical machine settings.

2.7 The deoxvribose assay for hydroxyl radical production 
Principle: Hydroxyl radicals attack deoxyribose to form
products that, upon heating with thiobarbituric acid at low 
pH, yield a pink chroBiogen430’433.
Reference: 432
Solutions: Phosphate buffer: potassium dihydrogen

phosphate (28.57mM) in water adjusted to pH
7.4 with potassium hydroxide (phosphate
buffer was dialysed for 48 hours against 
conalbumin to remove contaminating iron) 
Deoxvribose: (7mM) in phosphate buffer
(dialysed overnight against conalbumin after 
making up in buffer)
Hydrogen peroxide: (lOmM) in stock buffer
(prepared fresh each day)
Ascorbate: (ImM) in water (prepared fresh
each day)
Thiobarbituric acid: 1% (w/v) in 0.05M NaOH 
Trichloroacetic acid: 10% (w/v)
Iron III:EDTA: Ferric chloride and EDTA were
dissolved in water immediately prior to use.

Procedure: Membranes (0.2ml) were added to a mixture of
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0.4ml deoxyribose, 0.1ml hydrogen peroxide, 0.1ml ascorbate 
and 0.2ml of phosphate buffer in an eppendorf tube. The 
mixture was incubated for 1 hour at 37°C. After incubation 
membranes were removed from the mixture by centrifugation 
(13000 rpm in a Sorval microspin 24s microfuge) and 0.5ml of 
the supernatant was heated with 0.5ml thiobarbituric acid and 
0.5ml trichloroacetic acid for 20 minutes at 100°C. The 
absorbance was read at 532nm. Reagent blanks were run 
omitting membranes. Positive controls were run in which Iron 
III:EDTA (molar ratio 1:1.04) was substituted for membrane 
preparations at a range of final concentrations between 25- 
100/xM with respect to iron.

2.8 Haematoloqical Measurements
2.8.1 Quantification of erythrocytes using a coulter 

counter
Erythrocytes were counted using a Coulter Counter (model 

ZBI) after suitable dilution in Isoton II. Machine settings 
used were: 0.5ml sample volume, aperture current 0.25mA,
Amplification 2, Thresholds Lower = 9, upper > 110. The 
Coulter Counter Coincidence Correction Table was used as 
required.

2.8.2 Measurement of haematocrit values
Haematocrit values of anticoagulated whole blood or 

erythrocyte suspensions were measured using a 
microhaematocrit centrifuge (Hawksley) spinning for 5 
minutes.
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2.8.3 Microscopic observation of erythrocytes 
Fixative solution: Glutaraldehyde (1.5% v/v), cacodylate

(0.05M), sucrose (0.05M), pH7.4,
osmolarity 3 00mosm/Kg H20.

Fixation procedure: One drop of packed washed cells was added 
to 0.5ml of fixative solution in an Eppendorf tube and mixed 
thoroughly by inversion. Fixed cells were stored at 4°C 
until viewed.

Light microscopy: Fully oxygenated cells were normally
visualised in wet preparations under coverslips at 400X
magnification using a Nikon Labophot phase contrast 
microscope. Cells were judged to be ISCs (elongated cells 
with length > 2X width), reversibly sickled cells (normal 
discocytes under the oxygenated conditions) or irregular 
discocytes. 5 field of 100 cells were assessed in this way 
for each sample.

2.8.4 The cvanomethaemoglobin assay for haemoglobin
The concentration of haemoglobin in cell suspensions or 

anticoagulated blood was assessed using the test combination 
kit of Boehringer Mannheim (124729).

2.8.5 Calculation of mean cell haemoglobin concentration
The mean cell haemoglobin concentration (M.C.H.C.) of 

cells in suspension or whole blood was calculated by dividing 
the haemoglobin concentration of the sample by the 
haematocrit value of the sample as shown bellow.
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Figure 2.9.1 Schematic representation of the apparatus

used to cycle sickle and normal erythrocytes
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2.9 Design of Apparatus and Experimental Conditions for the 

in vitro Deoxvqenation-Oxvqenation Cycling of 
Erythrocytes

2.9.1 Design of apparatus and some practical
considerations

A schematic representation of the apparatus used is 
shown in Figure 2.9.1. Suspensions of erythrocytes in buffer 
were incubated at 37°C in sealed 50ml glass conical flasks 
which were gently shaken to ensure rapid equilibration of the 
suspension with the gaseous contents of the flask. The 
flasks were flushed with nitrogen followed by air in a cyclic 
manner to bring about the repeated deoxygenation and 
reoxygenation of the erythrocytes. A device constructed by 
the author was used to control the flow of the gasses. 
Nitrogen and air were supplied to the device from compressed 
gas cylinders. One of the two gasses was allowed to flow 
through the device at any one time through a solenoid valve. 
An electronic timer was used to automatically open and close 
the solenoid valves changing over the gas flow at 
programmable intervals. The gas flow rate was controlled by 
a flow meter (Platon). The gasses were humidified by 
bubbling through distilled water and distributed equally to 
8 identical flasks. The gasses were introduced into the 
flasks using a large hypodermic needle (16g) inserted through 
a rubber seal and a second shorter needle of the same gauge 
was used as an exit port. The whole apparatus was maintained 
at 37°C at which temperature condensation within the gas 
distribution pipes was minimal.
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Oxygen tension: Conditions were chosen such that the partial
oxygen tension in the erythrocyte suspension oscillated 
between 25 and 80mmHg which represent average values of the 
oxygen tensions experienced by erythrocytes passing through 
muscle or lung capillaries respectively. To achieve these 
values the rate of gas flow was adjusted to 
31.5ml/flask/minute and the periods of gas flow were set to 
10 minutes and 4 minutes for nitrogen and air respectively. 
Partial oxygen tension of the erythrocyte suspension was 
measured with a Corning 158 blood gas analyser after drawing 
0.3ml of the suspension into a 1ml syringe using a long 
hypodermic needle which was inserted through the rubber seal 
into the incubation flask. To assess the degree of 
erythrocyte sickling under these conditions samples were 
fixed at the end of the deoxygenation and oxygenation periods 
by drawing a small volume of erythrocyte suspension into a 
lml syringe containing buffered glutaraldehyde solution and 
rapidly mixing. Almost all (>90%) sickle erythrocytes were 
sickled at the end of the deoxygenation period, whereas only 
a small percentage of cells (probably ISCs) were sickled at 
the end of the oxygenation period. As expected deoxygenation 
had no effect on the morphology of normal erythrocytes.

Osmolarity: Changes in osmolarity effect erythrocyte volume 
and therefore the intracellular concentration of haemoglobin. 
Such changes can influence the degree of intracellular 
haemoglobin polymerisation295 and therefore may effect the 
extent of formation of irreversibly sickled cells and the 
dehydration of sickle cells during repeated deoxygenation and 
oxygenation. In order to avoid changes in osmolarity of the
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erythrocyte suspension brought about by evaporation it is 
necessary to humidify the nitrogen and air used to flush the 
incubation flasks. Optimum humidification of the gasses was 
obtained by bubbling though distilled water at 46°C. Under 
these conditions the osmolarity of the incubation suspension 
was unchanged after 19 hours of deoxygenation oxygenation 
cycling.

2.9.2 Deoxvaenation oxygenation cycling
Reference: 359
Solutions: Cycling buffer: HEPES (20mM), sodium chloride

(135mM), potassium chloride (5mM), calcium 
chloride (2mM), magnesium chloride (ImM), 
sodium dihydrogen phosphate (ImM), glucose 
(lOmM) , bovine serum albumin (2g/l), 
gentamicin (50mg/l), pH7.40 at 37°C,
osmolarity 300mosm/Kg H20 

Procedure: Incubations were performed with sickle
erythrocytes from the normal density fraction after density 
separation or with normal erythrocytes. Packed erythrocytes 
(0.5ml) were resuspended with 19.5ml of cycling buffer, 
containing any additions, in the incubation flasks. The 
erythrocyte suspensions were repeatedly deoxygenated and 
oxygenated (referred to as cycling) at 37 °C using the 
apparatus described above such that the partial oxygen 
tension oscillated between 25 and 80mmHg over a cycle lasting 
14 minutes. After cycling the flasks were opened to the 
atmosphere and gently shaken for 30 minutes to ensure 
complete oxygenation of the erythrocytes. The erythrocytes 
were then washed 3 times in 80 volumes of HEPES at 4°C. No
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appreciable haemolysis occurred after cycling for up to 19 
hours under these conditions as judged by visual inspection 
of the cycling buffer for haemoglobin after packing the 
erythrocytes. The levels of erythrocyte ATP have been 
reported to be maintained for up to 24 hours cycling in this 
buffer359.

2.10 Statistical analysis
The distribution of data was assessed to be Gaussian or 

otherwise by means of normal plots. Data were sorted into 
ascending order and then plotted against the standard normal 
deviate. The standard normal deviate is the number of 
standard deviations below or above the mean that is expected 
for an observation with a given rank from a sample of a given 
size from a normal distribution. A straight line indicates 
that the distribution of the data is compatible with a Normal 
distribution.

Paired and unpaired t-tests were applied to Normally 
distributed data for paired and independent observations 
respectively. Difference testing for independent
observations from non-Normal distributions was carried out 
using the Mann-Whitney test.

Correlation was assessed using Spearman's rank 
correlation method |which allows correlations to be made 
without assuming a Gaussian distribution for the data sets. 
The parameter rs represents Spearman's rank correlation 
coefficient. As for the standard Pearson correlation 
coefficient (r) values of rg = ± 1 indicates a "perfect" 
correlation whereas values around 0 indicate no correlation.
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CHAPTER 3. IRON-CONTAINING COMPOUNDS ASSOCIATED WITH

SICKLE ERYTHROCYTE MEMBRANES
3.1 Aims

The studies reported in this section were undertaken in 
order to characterise, and assess the catalytic properties of 
iron-containing compounds retained by sickle erythrocyte 
membrane preparations. Furthermore studies are presented 
with bearing on the location of the iron compounds.

3.2 Elevated levels of iron-containing compounds are 
retained bv membrane preparations from sickle 
ervthrocvte
Membranes were prepared from sickle and normal 

erythrocytes by hypotonic lysis followed by repeated 
washing409 and finally washed with phosphate buffered saline 
pH 7.4. Normal erythrocyte membranes prepared in this way 
were white in colour indicating a minimal residual content of 
haemoglobin. The low levels of haem-containing compounds 
retained by such membrane preparations has previously been 
demonstrated by spectroscopic analysis306'307'309. The colour 
of membranes prepared from sickle erythrocyte membranes 
ranged from white to off-white/tan.

The membranes were quantified on the basis of protein 
using the assay of Lowry et al.410 and the overall levels of 
iron retained in the preparations were assayed by atomic 
absorption spectroscopy.

The total levels of iron retained by sickle erythrocyte 
membranes were significantly greater than those retained by 
normal erythrocyte membranes (Figure 3.2; Table 3.2).
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Figure 3.2 Distribution of the levels of iron retained

by membranes prepared from sickle and normal 
erythrocytes

The inset represents a normal plot of the distribution 
of the levels of iron retained by sickle erythrocyte 
membranes. The systematic curve obtained indicates that 
these data are skewed to the right and do not have a Gaussian 
distribution.
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A large variation was seen between the levels of iron 

retained by erythrocyte membrane preparations from different 
sickle patients and the distribution of these levels was not 
Gaussian (Figure 3.2). In most cases membranes prepared from 
erythrocytes from the same patient on different occasions 
retained similar amounts of iron. High patient to patient 
variability has been noted for many of the abnormal 
erythrocyte characteristics described in section 1.3.

3.3 The nature of iron compounds associated with sickle and 
normal ervthrocvte

3.3.1 Membrane-associated haem iron
Haem iron was quantified in membrane preparations from

sickle and normal erythrocytes using a modification of the 
fluorometric assay of Morrison416. There was no significant 
difference between the levels of haem iron retained by sickle 
erythrocyte membranes and those retained by normal 
erythrocyte membranes (Table 3.2).

3.3.2 Membrane-associated non-haem iron
3.3.2.1 The non-haem iron assay of Ceriotti and Ceriotti

Membranes were prepared from sickle and normal 
erythrocytes and examined for non-haem iron-containing 
compounds by the assay of Ceriotti and Ceriotti415 with the 
addition of SDS (0.67% w/v) to solubilise membranes.

Non-haem iron was detected in sickle membrane 
preparations but not normal membrane preparations. The total 
levels of non-haem iron (Table 3.2) were calculated from the 
absorbance readings at 48 hours, after which time no further 
reaction occurred.
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Figure 3.3.2.1 The response of the non-haem iron compounds

retained by sickle erythrocyte membranes in 
the non-haem iron assay of Ceriotti & 
Ceriotti (pHl.7)

The time course of reaction is shown for the iron 
compounds retained by erythrocyte membrane preparations in 
the non-haem iron assay. (3 individual patients 
representative of 12 tested)
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Table 3.2 Levels of iron-containing compounds retained by 

sickle and normal erythrocyte membranes.

Iron (nmol/mg membrane protein)
Total 1 Haem iron Non-haem iron 2

Sickle
mean (SD) 25 (23) a 1.58 (0.61) b 22 (20)
median (range) 15 (1-93) 1.57 (0.35-2.58) 16 (5-78)
<n) (37) (13) (27)
Normal
mean (SD) 1 (0.6) 1.69 (0.73) non
median (range) 1 (1-2) 1.67 (0.53-2.56) detected
<n) (13) (6) (6)

Total iron determined by atomic absorption spectroscopy 
Calculated from the absorbance readings at 48 hours in the non-haem

iron assays at pH1.7 and pH7.4 (see text sections 3.3.2.1 & 3.3.2.2) 
a Significantly different from normal p<0.0001 (Mann-Whitney test)
b No significant difference from normal p=0.73 (2 sample t-test)

The reaction of the non-haem iron retained by sickle 
membrane preparations in this assay was biphasic. On average 
50% (SD 12%, n=12) of the non-haem iron reacted within 30 
minutes whereas the remainder reacted more slowly over many 
hours (Figure 3.3.2.1).

The sum of the levels of non-haem iron and haem iron 
retained by sickle erythrocyte membranes determined by the 
specific assays for these iron species agreed with estimates 
of the overall levels of iron determined by atomic absorption 
spectroscopy within the limits of accuracy of the assays.

3.3.2.2 The non-haem iron assay at physiological pH
The biphasic response described above for sickle 

membrane preparations in the non-haem iron assay may 
represent the presence of two distinct non-haem iron
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Figure 3.3.2.2 Individual patient studies: the responses of

iron compounds retained by sickle erythrocyte 
membranes in the non-haem iron assays at pH
1.7 ( ----  ) and pH7.4 (----  )
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components with different availabilities to the ferrozine 
ligand.

The non-haem iron assay as described by Ceriotti & 
Ceriotti is performed at pH 1.7. The release of iron from 
ferritin and haemosiderin, which are potential sources of 
non-haem iron in sickle erythrocytes, has been suggested to 
be favoured at acidic pH190. The non-haem iron assay was 
therefore modified to be performed at a pH value of 7.4 to 
allow comparison of the availability of iron-compounds 
retained by sickle erythrocyte membranes to ferrozine at 
acidic and physiological pH values.

The non-haem iron compounds retained by sickle 
erythrocyte membrane preparations responded in the modified 
assay in a similar biphasic manner as observed in the acidic 
non-haem iron assay. However, the initial phase of the 
response at pH 7.4 was not so rapid (complete after 60-90 
minutes) and constituted a slightly smaller proportion (44% 
[SD 11%] at 60 minutes or 49% [SD 11%] at 90 minutes, n=21) 
of the total non-haem iron (Figure 3.3.2.2).

No further reaction was observed after 48 hours. The 
total levels of non-haem iron calculated from the absorbance 
values at 48 hours were in good agreement when erythrocyte 
membrane preparations from 6 sickle patients were examined 
side by side in the non-haem iron assays at both pH 7.4 and 
pH 1.7 (shown for 3 representative patients in Figure
3.3.2 . 2) .

As expected non-haem iron was not detectable in normal 
erythrocyte membrane preparations with the non-haem iron 
assay at pH7.4.
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Figure 3.3.2.3 The response of iron salts in the non-haem

iron assay
The responses of iron II sulphate (circles) and iron III 

chloride (triangles) in the non-haem iron assays at both pH 
values are shown. Points represent the mean of 3 independent 
experiments. Where not shown error bars representing the SD 
are within symbols.
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3.3.2.3 Iron salts in the non-haem iron assay

The responses of iron salts in the non-haem iron assays 
at pH 1.7 and 7.4 were studied for comparison with the 
response of non-haem iron compounds retained by sickle 
erythrocyte membranes.

When iron II sulphate and iron III chloride freshly made 
up in lOmM hydrochloric acid were added to the acidic non- 
haem iron assay (iron concentration in the assay 29.8 /iM) the 
iron reacted to completion within 30 minutes (Figure 
3.3.2.3). No difference could be distinguished between the 
time courses for the reactions of ferrous or ferric iron.

The ferrous and ferric salts reacted within 1 minute in 
the non-haem iron assay at physiological pH (Figure 3.3.2.3) 
(iron concentration in the assay 29.8 n M )  . No difference 
could be distinguished between the reaction of ferrous or 
ferric iron.

Following reaction of either iron salt in either assay 
the absorbance reading of the assay solution remained 
unchanged for at least 48 hours.

3.3.2.4 Ferritin in the non-haem iron assay
Similarly the response of iron contained within ferritin 

was examined in the non-haem iron assays at both pH values.
When ferritin in isotonic saline was added to the acidic 

non-haem iron assay the iron within the molecule reacted in 
a biphasic manner (Figure 3.3.2.4a). Approximately 38% of 
the iron reacted within 30 minutes. The remainder reacted 
more slowly such that after 48 hours about 87% of the total 
iron content had reacted.

The response of ferritin in the non-haem iron assay at
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physiological pH was markedly different (Figure 3.3.2.4b). 
The rapid phase of reaction seen in the acidic assay was 
largely abolished and only approximately 55% of the iron had 
reacted after 48 hours.

The responses of ferritin in the non-haem iron assays at 
both pH values in the absence of SDS were essentially similar 
to those described above, although in both cases the release 
of iron was slightly slower without the detergent.
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The response of ferritin in the non-haem 
iron assay at pH1.7 - Individual samples 
of different concentration

(p) - 30/xg ferritin in the assay (70.5 nmol iron in assay) 
(0) - 15/xg ferritin in the assay (35.3 nmol iron in assay) 
(a) - 4/xg ferritin in the assay (9.4 nmol iron in assay)
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Figure 3.3.2.4b
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The response of ferritin in the non-haem 
iron assay at pH7.4

(d ) - 3 0/xg ferritin in the assay (70.5 nmol iron in assay) - 
mean of 2 independent experiments (variation < 10% of 
mean)

(O) - 15/xg ferritin in the assay (35.3 nmol iron in assay)
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3.4 Catalytic properties of iron species retained bv sickle

ervthrocvte membrane
The following studies were carried out to investigate 

the potential of the iron-containing compounds described 
above to catalyse processes leading to oxidative damage to 
the sickle erythrocyte membrane.

3.4.1 Levels of membrane-associated iron and membrane 
lipid peroxidation

Membranes were prepared from sickle and normal 
erythrocytes. For each membrane preparation the extent of 
endogenous lipid peroxidation was assessed by the 
thiobarbituric acid assay and the overall level of iron 
retained by the membranes was determined by atomic absorption 
spectroscopy.

In an analogous manner to the variable levels of non- 
haem iron retained by sickle erythrocyte membranes the levels 
of lipid peroxidation measured in fresh erythrocyte membrane 
preparations was also highly variable for erythrocytes from 
different sickle patients. Where erythrocyte membranes were 
prepared from the same patient on different occasions similar 
degrees of lipid peroxidation were measured. Sickle 
erythrocyte membrane preparations which retained higher 
levels of iron exhibited higher levels of endogenous membrane 
lipid peroxidation compared to sickle erythrocyte membranes 
which retained lower levels of iron or normal membranes 
(Table 3.4.1).
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Table 3.4.1 The levels of iron retained by membrane 
preparations from sickle erythrocytes and the 
relationship with endogenous membrane lipid 
peroxidation.

Total Iron retained Endogenous membrane 
by membranes lipid peroxidation
(nmol/mg membrane (nmol TBAR/mg
protein) membrane protein)

Sickle patient

mean (SD)

OG 97 2.84
LE 56 2.65
EA 44 3.25
AJ 32 0.81
OS 15 0.74
JM 11 0.57
AD 5 0.27
TR 1 0.19
ibranes

1 (0.6) 0.24 (0.08)
n=13 n=17
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Figure 3.4.2.1.1 Peroxyl and alkoxyl DMPO-radical adducts

detected during incubation of sickle and 
normal erythrocyte membranes with t- 
butyl hydroperoxide

ESR spectra recorded 90s after mixing sickle (A) or 
normal (B) erythrocyte membranes with t-butyl hydroperoxide 
(lOmM) and DMPO (40mM). Signals were assigned to a mixture 
of the peroxyl (•) and alkoxyl (a ) radical adducts to DMPO. 
The hyperfine splitting constants measured directly from 
field scans were a N 1.45, a H 1.09, a H 0.13 mT for the peroxyl 
DMPO radical adducts and a N 1.49, a H 1.60 mT for the alkoxyl 
DMPO radical adducts.

1 mT
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3.4.2 Membrane-associated iron compounds in the

propagation of lipid peroxidation
3.4.2.1 The catalysis of hydroperoxide breakdown by 

membrane-associated iron compounds
The iron-containing compounds retained by erythrocyte 

membrane preparations were examined for their ability to 
catalyse the breakdown of hydroperoxides. Erythrocyte 
membranes were mixed with t-butyl hydroperoxide (lOmM) in the 
presence of the spin trap DMPO (40mM) at pH 7.4 and incubated 
at 22 °C for up to 80 minutes whilst assessing radical 
formation using electron spin resonance spectroscopy.

When sickle erythrocyte membranes were examined in this 
way radical signals were detected in the first field scan 
(started 90 seconds after mixing) (Figure 3.4.2.1.1). Weaker 
signals with similar characteristics were observed when 
normal erythrocyte membranes were incubated with t-butyl 
hydroperoxide and DMPO under identical conditions. The 
signals in both cases were assigned to peroxyl and alkoxyl 
radical adducts to DMPO by comparing their hyperfine 
splitting constants, measured directly from the field scans, 
with previously reported values101. The isotropic nature of 
the spectra suggests that the radicals trapped with DMPO are 
relatively small species and therefore probably derived from 
t-butyl hydroperoxide rather than lipid hydroperoxides.

Figure 3.4.2.1.2 shows the relative intensities of the 
radical-DMPO adduct signals over three consecutive field 
scans (started 90, 400 and 710s after mixing) for incubations 
of sickle and normal erythrocyte membranes with t-butyl 
hydroperoxide. The signals detected during incubation of
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Figure 3.4.2.1.2 Intensities of peroxyl and alkoxyl DMPO

radical adducts observed during
incubation of sickle and normal
erythrocyte membranes with t-butyl 
hydroperoxide
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Figure 3.4.2.1.2 The amplitude of the first peak of both the 
peroxyl-DMPO and alkoxyl-DMPO signals was measured directly 
from 3 consecutive scans for each membrane preparation 
studied. Sickle erythrocyte membranes (21 patients) . Normal 
erythrocyte membranes (10 normal donors unless other number 
shown). In some incubations with normal erythrocyte 
membranes the first alkoxyl-DMPO peak was not sufficiently 
intense to measure a peak height.
* significantly different from normal p<0.0001 (2 sample 

t-test), p<0.0005 (Mann Whitney test)
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sickle membranes were significantly more intense than those 
detected during incubation of normal membranes at each time 
point. A similar trend was seen for the alkoxyl-DMPO radical 
adduct signals. The signals increased in intensity over the 
three consecutive field scans and were still detectable, 
although reduced in intensity, 80 minutes after mixing.

Identical incubations of erythrocyte membranes and t- 
butyl hydroperoxide were carried out replacing DMPO with 
another spin trap PBN (30mM) . The spin trap PBN forms 
relatively unstable adducts with the peroxyl species434. 
However, its highly lipophilic nature (Kpart = 16 between n- 
octanol and water)434 make it particularly useful to detect 
carbon centred lipid radicals.

Radical signals were observed in incubations of sickle 
or normal membranes with t-butyl hydroperoxide (Figure
3.4.2.1.3). Sickle erythrocyte membranes gave rise to more 
intense signals than normal membranes. The signals were 
compatible with a PBN adduct to a carbon centred radical on 
the basis of the hyperfine splitting constants429. The high 
field peaks of the spectra were reduced in height and 
broadened indicating a large radical, possibly a lipid 
radical.

Further experiments were carried out with the aim of 
detecting lipid peroxyl and alkoxyl radicals formed during 
the iron catalysed breakdown of endogenous lipid 
hydroperoxides in the absence of t-butyl hydroperoxide. 
Membranes were mixed with the spin trap DMPO (40mM) alone at 
pH 7.4 and incubated at 22°C for 30 minutes during which time 
the mixture was repeatedly scanned. No radical signals were 
detected with either sickle or normal membranes.
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Figure 3.4.2.1.3 Incubations of sickle and normal

erythrocyte membranes with t-butyl 
hydroperoxide in the presence of the 
spin trap PBN

ESR spectra recorded during incubations of sickle and 
normal erythrocyte membranes with t-butyl hydroperoxide 
(lOmM) and PBN (30mM). Spectra were recorded 30 minutes (A) 
and 60 minutes (B) after mixing normal membranes or 30 
minutes (C) and 60 minutes (D) after mixing sickle membranes 
with t-butyl hydroperoxide and PBN. The signal was
putatively assigned to a PBN adduct to a carbon centred lipid 
radical (see text). The hyperfine splitting constants
measured directly from the field scan were aN = 1.52mT and aH 
= 0.35mT. Note the high field peaks (right hand side) of the 
spectra which are reduced in height and broadened indicating 
a large radical or a radical otherwise restricted in 
rotation.
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Figure 3.4.2.2.1 Peroxyl and alkoxyl radical generation

and the total levels of iron retained by 
sickle erythrocyte membranes

The first peroxyl and alkoxyl radical adduct peaks were 
measured 150s or 135s respectively after mixing erythrocyte 
membranes with t-butyl hydroperoxide and DMPO. Closed
circles represent preparations of sickle erythrocyte 
membranes from 21 different patients. Open triangles
represent preparations of normal erythrocyte membranes.
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3•4•2.2 Hydroperoxide breakdown and membrane iron content

The relationship between the extent of radical formation 
induced by adding sickle membranes to t-butyl hydroperoxide 
in the presence of DMPO as described above and the iron 
loading of the membranes was examined.

The intensity of the peroxyl-DMPO radical adduct signals 
correlated moderately well (rs=0.87, p<0.002, n=21) with the 
overall levels of iron retained by sickle membrane 
preparations (guantified by atomic absorption spectroscopy) 
(Figure 3.4.2.2.1). A weaker correlation (rs=0.67, p<0.002, 
n=21) was seen between the intensity of the alkoxyl-DMPO 
radical adduct signals and the overall levels of iron 
retained by sickle membrane preparations.

Similarly the relationship between the extent of radical 
formation induced by adding sickle membranes to t-butyl 
hydroperoxide and the levels of the different components of 
non-haem iron retained by sickle membranes was examined. The 
levels of the more rapidly reacting component of non-haem 
iron showed a stronger correlation with the intensity of 
DMPO-radical adduct signals (correlation with the peroxyl- 
DMPO adduct: rs=0.94, p<0.01, n=7) than the more slowly
reacting component (rg=0.75, p<0.02, n=7) (Figure 3.4.2.2.2) .
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Figure 3.4.2.2.2 Peroxyl radical generation and the

levels of non-haem iron components 
retained by sickle membranes
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Figure 3.4.2.2.2 The first peroxyl-DMPO radical adduct 
peak was measured 150s after mixing erythrocyte membranes 
with t-butyl hydroperoxide and DMPO. Open circles represent 
sickle erythrocyte membrane preparations from 7 different 
patients. Closed circles indicate the mean level of peroxyl- 
DMPO radical adducts detected for incubations of normal 
erythrocyte membranes from 10 donors; error bars SD. For 
each membrane preparation the peroxyl radical generation is 
plotted against the levels of both the more rapidly reacting 
component of non-haem iron (defined as iron which reacted 
within 60 minutes in the non-haem iron assay at pH7.4) and 
the more slowly reacting component of non-haem iron 
(calculated as the total level of non-haem iron - the rapidly 
reacting component) in separate graphs.
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3.4.3 The catalytic properties of ferritin

The ability of ferritin, alone or mixed with normal 
membranes, to catalyse the breakdown of t-butyl hydroperoxide 
was assessed using electron spin resonance spectroscopy. 
Concentrations of ferritin equivalent, in terms of iron 
content, to the most iron loaded sickle membranes 
investigated (95 /zM iron in incubation) or 10 fold greater 
had no detectable catalytic activity on t-butyl 
hydroperoxide, as expected.

3.4.4 Membrane-associated iron compounds - interaction 
with hydrogen peroxide

3•4•4.1 Electron spin resonance spectroscopy studies
The non-haem iron-containing compounds retained by 

sickle erythrocyte membrane preparations were examined for 
their ability to catalyse the formation of the hydroxyl 
radical. Erythrocyte membranes were mixed with hydrogen 
peroxide (lOmM) in the presence of the spin trap DMPO (40mM) 
at pH 7.4 and incubated at 22 °C for 30 minutes whilst 
assessing radical formation using electron spin resonance 
spectroscopy. No radical signals were seen when incubating 
either sickle or normal erythrocyte membranes under these 
conditions.

In contrast when Iron III:EDTA (final concentrations 
80/zM: 400/zM) was incubated with hydrogen peroxide under the 
same conditions signals characteristic of the hydroxyl 
radical adduct to DMPO were observed (not shown).
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3.4.4.2 Deoxyribose Assay

Further studies were carried out to assess the non-haem 
iron-containing compounds retained by sickle erythrocyte 
membranes as potential catalysts of the Fenton reaction using 
the deoxyribose assay for hydroxyl radical production.

The deoxyribose assay as described by Halliwell et 
al,.432 proved not to be applicable to the study of membrane 
samples. One hour incubations of deoxyribose, hydrogen 
peroxide and ascorbate in phosphate buffer432 in the absence 
of iron:EDTA followed by incubation with thiobarbituric acid 
and trichloroacetic acid produced high background absorbance 
readings (A532«400). Dialysis of buffer and reagent 
solutions against conalbumin407 to remove contaminating iron 
had no effect on the background absorbance readings. 
Addition of iron III (25-100/iM) chelated to EDTA 
significantly increased the final absorbance readings in a 
concentration dependent manner as expected. However, 
incorporation of sickle or normal membranes into the assay 
consistently lead to a decrease in the final absorbance value 
to a level below the absorbance obtained in the iron free 
blank.
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3.5 The location of membrane-associated iron compounds
3.5.1 Alms

The studies described in this section were carried out 
to provide further information about the location of the 
abnormal non-haem iron compounds in sickle erythrocytes.

The erythrocyte membrane cytoskeleton was isolated free 
from membrane lipid, integral membrane proteins and 
cytoplasmic peripheral membrane proteins by a methodology 
which is very different to the preparation of erythrocyte 
membranes. Cytoskeletons were characterised in terms of 
protein and lipid content and examined for iron-compounds.

3.5.2 Composition of cytoskeleton preparations
3.5.2.1 The protein composition of cytoskeleton 

preparations
Cytoskeletons were prepared from sickle and normal 

erythrocytes411 and their protein composition was assessed 
using SDS-polyacrylamide gel electrophoresis on 5% (w/v)
gels428. Cytoskeletons prepared from sickle and normal 
erythrocytes had similar protein compositions. The major 
proteins in these preparations were spectrin, actin and band
4.1 (Figure 3.5.2.1, Table 3.5.2.1) as expected. Band 4.9, 
a minor cytoskeleton protein, was retained in the 
preparations to a variable extent and band 7 and globin were 
present as minor components. As expected band 6, band 4.2 
and almost all of the band 3 proteins had been removed in the 
preparation procedure. Unidentified bands, possibly 
proteolytic products of ankyrin, were observed in the region 
of the gel between the migration positions of band 2.3 of 
ankyrin and band 3.



Figure 3.5.2.1 The protein composition of sickle and normal
cytoskeleton preparations

The protein composition of cytoskeleton preparations was 
examined by SDS-polyacrylamide gel electrophoresis according 
to Fairbanks et al.428. (A) normal membrane; (B) sickle
membrane; (C) normal cytoskeleton; (D & E) sickle 
cytoskeletons; (F) globin standard. 40jLtg of protein was 
loaded onto each gel

A  B  C  D  E  F

spectrin 
ankyrin 

band 3 
band 4.1 
band 4.2 
band 4.9 

actin 
band 6 
band 7 

globin
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Table 3.5.2.1 The protein composition of sickle and normal
cytoskeleton preparations as determined by 
SDS-polyacrylamide gel electrophoresis.

% of total protein stained by Kenacid blue R
Membranes Cytoskeletons

Normal Sickle Normal Sickle

Proteins
mean
n=5

(SD) mean
n=3

(SD)
n=2

mean
n=6

(SD)

Cytoskeletal
spectrin 27.0 (3.5) 28.3 (2.0) 36.0, 42.9 41.2 (5.7)
band 4.1 5.0 (0.2) 4.7 (0.3) 5.6, 6.2 6.6 (1.2)
band 5 5.6 (0.6) 5.7 (0.9) 10.7, 11.7 10.4 (0.7)
band 4.9 2.7 (0.1) 3.6 (1.4) 2.8, 0.9 3.5 (0.8)

Integral
band 3 32.3 (3.3) 28.7 (1.9) 5.6, 4.8 6.8 (0.9)

Cytoplasmic
ankyrin* 6.9 (2.4) 6.4 (1.4) - -
band 4.2 6.7 (0.3) 6.4 (0.6) - -
band 6 5.2 (0.7) 4.8 (1.1) - -

Others
band 7 2.3 (0.7) 4.8 (1.1) 2.6, 1.7 3.5 (1.1)
globin 3.0 (1.0) 5.6 (2.5) 3.7, 6.5 4.4 (2.7)

In membrane preparations the ankyrin content was calculated 
as the sum of the proteolytic fragments, bands 2.1, 2.2 and
2.3. Ankyrin may be present in cytoskeletal preparations as 
proteolytic fragments with different migration positions (see 
Figure 3.5.2.1).
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A further unidentified band migrated to a position just above 
globin.

If it is assumed that all the membrane spectrin is 
conserved in the isolated cytoskeletons, it can be calculated 
from the relative percentage of spectrin in membrane and 
cytoskeleton preparations that about 33% of the membrane 
protein is removed during cytoskeleton preparation.

3.5.2.2 The lipid content of cytoskeleton preparations
The levels of phospholipid retained in cytoskeleton 

preparations from sickle and normal erythrocytes were 
determined after washing and resuspending the cytoskeletons 
in TRIS (5mM) buffered sodium chloride (0.15M) pH 7.4. 
Residual lipid material was extracted425 and quantified by 
assaying phosphorus427. Phospholipid retention was
calculated per protein content of the cytoskeletons and 
compared with the phospholipid content of normal membranes 
determined in an identical manner. Quantification of 
phospholipid per protein content will tend to overestimate 
the percentage retention of phospholipid as membrane protein 
(band 3, band 4.2 and band 6) is also removed during 
cytoskeleton preparation.

The levels of phospholipid retained by sickle (14 [SD 6] 
f i g / mg protein, n=4) and normal (9 [SD 5] f i g / mg protein, 
n=3) cytoskeleton preparations were minimal compared to the 
phospholipid content of normal erythrocyte membranes (499 [SD 
26] /xg/ mg protein, n=3) . This represents a retention of 
1.8% or 1.2% of the membrane phospholipid for sickle or 
normal cytoskeletons respectively after correction for the 
removal of 3 3% of membrane protein.
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Figure 3.5.3 The response of iron compounds retained by

sickle erythrocyte cytoskeleton preparations 
in the non-haem iron assay at pH7.4.

The time course of reaction of the iron compounds 
retained by erythrocyte cytoskeleton preparations from 3 
different patients (representative of 7 tested) is shown. 
The biphasic response is similar to that of sickle membrane 
preparations suggesting the retention of two components of 
non-haem iron by cytoskeleton preparations.
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3.5.3 Iron content of cytoskeleton preparations

The overall levels of iron retained by sickle and normal 
erythrocyte cytoskeleton preparations were determined by 
atomic absorption spectroscopy. Whereas little if any iron 
was detectable in cytoskeletons prepared from normal 
erythrocytes, relatively high levels of iron were retained by 
cytoskeleton preparations from sickle erythrocytes (Table
3.5.3). As seen for erythrocyte membrane preparations the 
levels of iron retained by erythrocyte cytoskeletons was 
highly variable between different sickle patients but 
cytoskeletons prepared from erythrocytes from the same 
patient on different occasions retained similar levels of 
iron.

The majority of the iron retained by sickle 
cytoskeletons was non-haem iron which reacted in the non-haem 
iron assay in a biphasic manner similar to the non-haem iron 
compounds retained by sickle erythrocyte membranes (Figure
3.5.3, Table 3.5.3). Non-haem iron was not detectable in 
cytoskeleton preparations from normal erythrocytes.

If the iron-containing compounds retained by sickle 
membrane and cytoskeleton preparations are associated with 
the membrane cytoskeleton in intact erythrocytes and do not 
simply become trapped during preparation it might be expected 
that equivalent amounts of iron per cytoskeleton protein 
content would be found in membrane and cytoskeleton 
preparations. It was not possible, with the limited volume 
of sickle blood available, to prepare erythrocyte 
cytoskeletons and membranes from the same blood sample. 
However, it was possible on a few occasions to compare the 
levels of iron retained by erythrocyte cytoskeletons with the
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levels of iron retained by erythrocyte membranes prepared 
from different samples from the same patient on different 
dates.

Erythrocyte cytoskeleton preparations retained more iron 
per mg protein than erythrocyte membrane preparations (Table
3.5.3). The levels of iron retained by membrane and 
cytoskeleton preparations can be compared on the basis of 
cytoskeletal protein after multiplying the value for membrane 
preparations by 100/67 (assuming that 33% of membrane protein 
is removed during cytoskeletal preparation). If such a 
calculation is performed the levels of iron retained by 
cytoskeleton and membrane preparations are in good agreement 
except in the case of patient EA for whom greater amounts of 
iron were found in cytoskeleton preparations than membrane 
preparations.
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Table 3.5.3 Levels of iron-containing compounds retained
by erythrocyte cytoskeletons.

Total non-haem + haem 
iron

(nmol / mg cytoskel

Non-haem iron 

.eton protein)
Total Rapidly

reacting
component

Normal
1 0
2 0
3 0
4 4

Sickle
patient

LT 71 67 36
FP 11 12 9
GN 16 14 8
ML 32 [16; 23 weeks] 32 17
SL [28; 11 weeks] 42 23
SH - 98 67
KC - 26 11
OS 20 [15, 18 weeks]
AP 26
PD 37
AK 17
EA 230, 208 [44; 19 weeks]
PA 112
CC 47
AL 118
GB 7
AB 16 [10; 19 weeks]

mean (SD) 54 (60)

Figures in square brackets represent determinations of 
the total levels of iron retained by membrane preparations 
from the same patient (in nmol Fe/mg membrane protein) and 
the number of weeks separating the observations (see text). 
Cytoskeletons were prepared from patient EA on two occasions 
separated by 14 weeks.
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CHAPTER 4 DESFERRIOXAMINE AS A CHAIN BREAKING ANTIOXIDANT
4.1 Aims

In a previous study desferrioxamine was found to inhibit 
peroxidative processes during incubation of isolated sickle 
membranes300. Recent reports have suggested that
desferrioxamine in addition to its iron chelating properties 
can also undergo electron transfer reactions and act as a 
radical scavenger (section 1.4.2.1). It is not clear by 
which mechanism(s) desferrioxamine inhibited peroxidation in 
sickle membranes in the abovementioned study.

The following section reports the addition of 
desferrioxamine to incubations of sickle and normal 
erythrocyte membranes with t-butyl hydroperoxide. The mode 
of action of desferrioxamine in this system has been 
investigated by electron spin resonance spectroscopy.

4.2 Electron spin resonance studies on the mode of action of
desferrioxamine
The effects of desferrioxamine on the breakdown of 

hydroperoxide catalysed by erythrocyte membrane iron 
compounds was studied by preincubating sickle and normal 
erythrocyte membranes with desferrioxamine (concentration in 
incubation 90/zM) for 60 minutes at 22°C before adding DMPO 
(40mM) and t-butyl hydroperoxide (lOmM). Radical generation 
was monitored by e.s.r. spectroscopy, as described in section 
3.4.2.1, after the addition of t-butyl hydroperoxide. This 
concentration of desferrioxamine represents a two fold 
excess over the total levels of iron retained by the most 
iron-loaded sickle membrane preparation studied.

When sickle membranes were pretreated with
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desferrioxamine prior to incubating with t-butyl 
hydroperoxide and DMPO significantly less peroxyl and alkoxyl 
DMPO radical adducts were detected compared to similar 
incubations with no pretreatment (Table 4.2). In addition a 
further radical signal was detected which was identical to a 
previously reported signal attributed to the desferrioxamine 
nitroxide radical395 (Figure 4.2.1).

Preincubation with higher concentrations of
desferrioxamine (concentration in incubation ImM or lOmM) 
further suppressed the levels of peroxyl and alkoxyl DMPO 
radical adducts detected, and increased concentrations of the 
desferrioxamine nitroxide radical were observed (Figure
4.2.1).

When normal membranes were pretreated with
desferrioxamine (90^M in the incubation) before incubating 
them with hydroperoxide and DMPO no reduction was seen in the 
signal intensity of the peroxyl or alkoxyl DMPO radical 
adducts (Table 4.2), but the signal attributed to the 
desferrioxamine nitroxide radical was observed (Figure
4.2.2).

Preincubation with higher concentrations of
desferrioxamine (concentration in incubation ImM or lOmM) 
caused a suppression in the levels of peroxyl and alkoxyl 
DMPO radical adducts detected, and increased concentrations 
of the desferrioxamine nitroxide radical were observed 
(Figure 4.2.2).
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Table 4.2 The effects of preincubating with desferrioxamine 
on the levels of peroxyl radical detected in 
incubations of erythrocyte membranes with t-butyl 
hydroperoxide•

Peroxyl-DMPO radical adduct signal intensity (peak to 
peak height [mm]/membrane protein concentration [mg/ml])

150s 460s
Erythrocyte -----------------  ------------------
membranes - DFO + DFO - DFO + DFO

Sickle
mean (SD) n=5 7.9 (1.7) 5.8 (1.3) 12.1 (2.3) 8.2 (2.7)

p=0.0020 p=0.0084
Normal
mean (SD) n=5 4.1 (1.3) 5.0 (1.7) 6.3 (1.0) 7.1 (1.5)

p=0.14 p=0.20

Where indicated membranes were preincubated with 
desferrioxamine (concentration in incubation 90juM) for 1 hour 
as described in the text before adding DMPO and t-butyl 
hydroperoxide. Intensities of signals attributed to the t- 
butyl peroxyl radical adduct to DMPO corresponding to 150 and 
4 60 seconds after addition of the hyroperoxide are 
represented. Significance levels are shown for the 
differences between the intensities of peroxyl-DMPO radical 
adduct signals observed with preincubated and untreated 
membranes (paired t-test).
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Figure 4.2.1 The effects of desferrioxamine on incubations

of sickle erythrocyte membranes with t-butyl 
hydroperoxide.

Sickle erythrocyte membranes were preincubated with 
desferrioxamine at various concentrations for 1 hour at 22°C, 
pH7.4. Incubations were started with the addition of DMPO 
(40mM) and t-butyl hydroperoxide (lOmM). Spectra were 
recorded 400s after the last addition. A series of spectra 
are shown for incubations with membranes prepared from one 
patient (representative of 3 experiments involving 
preincubation with this range of desferrioxamine 
concentrations). The total amount of membrane non-haem iron 
in the incubations for the example shown was 7.8 nmoles 
(incubation volume 250^1). Spectra shown represent
incubations: (A) with no desferrioxamine pretreatment; (B)
membranes pretreated with desferrioxamine (90/xM concentration 
in incubation) ; (C) membranes pretreated with desferrioxamine 
(ImM concentration in incubation); (D) membranes pretreated 
with desferrioxamine (lOmM concentration in incubation).

Spectra were assigned to mixtures of the peroxyl (•) and 
alkoxyl (a ) radical adducts to DMPO and the desferrioxamine 
nitroxide radical (■). The intensities of the peroxyl and 
alkoxyl DMPO radical adduct signals were measured using the 
first peaks of the respective signals which are not obscured 
by the desferrioxamine nitroxide radical signal. Hyperfine 
splitting constants measured for the desferrioxamine 
nitroxide radical were aN 0.78mT a2H 0.63mT. Values for the 
peroxyl and alkoxyl radical adducts to DMPO as given in 
Figure 3.4.2.3.1.
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Figure 4.2.2 The effects of desferrioxamine on incubations

of normal erythrocyte membranes with t-butyl 
hydroperoxide.

Normal erythrocyte membranes were preincubated with 
desferrioxamine and then incubated with DMPO and t-butyl 
hydroperoxide as described in the caption to Figure 4.2.1. 
Spectra were recorded 400s after the last addition. A series 
of spectra are shown for incubations with membranes prepared 
from one normal donor which as expected retained no non-haem 
iron (representative of 3 experiments involving preincubation 
with this range of desferrioxamine concentrations). Spectra 
shown represent incubations: (A) with no desferrioxamine
pretreatment; (B) membranes pretreated with desferrioxamine 
(90/liM concentration in incubation) ; (C) membranes pretreated 
with desferrioxamine (ImM concentration in incubation); (D) 
membranes pretreated with desferrioxamine (lOmM concentration 
in incubation).

Spectra were assigned to mixtures of the peroxyl (•) and 
alkoxyl (a ) radical adducts to DMPO and the desferrioxamine 
nitroxide radical (■) . Hyperfine splitting constants were as 
reported above.
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4.3 The effects of ferrioxamine in incubations of
ervthrocvte membranes
Experiments similar to those described above with 

desferrioxamine were carried out involving pretreatment of 
sickle and normal erythrocyte membranes with ferrioxamine 
(the desferrioxamine:iron chelate) at different 
concentrations for 1 hour at 22°C and pH 7.4 before adding 
DMPO (40mM) and t-butyl hydroperoxide (lOmM). Radical 
generation was detected by e.s.r spectroscopy as described 
above after the addition of t-butyl hydroperoxide.

Ferrioxamine was not as effective as desferrioxamine in 
suppressing the levels of the peroxyl and alkoxyl DMPO 
radical adducts. Preincubating sickle or normal membranes 
with ferrioxamine at concentrations up to ImM (concentration 
in the incubation) had no effect on the intensity of the 
e.s.r. signals attributed to the peroxyl and alkoxyl DMPO 
radical adducts. However, preincubation with ferrioxamine at 
concentrations of 5mM or lOmM (concentration in the 
incubation) suppressed the levels of peroxyl and alkoxyl DMPO 
radical adducts detected during incubation of sickle or 
normal erythrocyte membrane with hydroperoxide (Figure 4.3). 
A greater suppression was seen with the higher concentration. 
Signals from the desferrioxamine nitroxide radical were not 
observed during these experiments.
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Figure 4.3 The effects of preincubation with

ferrioxamine on incubations of sickle 
erythrocyte membranes with t-butyl
hydroperoxide.

Sickle erythrocyte membranes were preincubated with 
ferrioxamine at various concentrations followed by addition 
of DMPO and t-butyl hydroperoxide as described in the text. 
A series of spectra are shown for incubations with membranes 
prepared from one sickle patient (representative of 2 
experiments involving preincubation with this range of 
ferrioxamine concentrations). The total amount of membrane 
non-haem iron in the incubations for the example shown was 
9.5 nmoles (incubation volume 250/zl) . Spectra were recorded 
400s after the last addition. Spectra shown represent 
incubations: (A) with no ferrioxamine pretreatment; (B)
membranes pretreated with ferrioxamine (90/xM concentration in 
incubation); (C) membranes pretreated with ferrioxamine (ImM 
concentration in incubation); (D) membranes pretreated with 
desferrioxamine (5mM concentration in incubation); (E)
membranes pretreated with ferrioxamine (lOmM concentration in 
incubation). Spectra were assigned to mixtures of the 
peroxyl (•) and alkoxyl (a ) radical adducts to DMPO. 
Qualitatively similar results were observed in two equivalent 
experiments with normal erythrocyte membranes.
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4.4 Desferrioxamine as a chain breaking antioxidant in a

model system of hydroperoxide breakdown
The radical scavenging properties of desferrioxamine 

were studied in a model system of hydroperoxide breakdown. 
Desferrioxamine at various concentrations was incubated with 
methaemoglobin (8.55 X 10“7M) , t-butyl hydroperoxide (lOmM) 
and DMPO (40mM) while radical production was detected by
e.s.r spectroscopy as described above. The concentration of
methaemoglobin used here is comparable in terms of haem to 
the levels of membrane-associated haem iron in the 
incubations of sickle and normal erythrocyte membranes with 
hydroperoxide described above. The major signal detected 
during incubation of methaemoglobin, t-butyl hydroperoxide 
and DMPO was the t-butyl peroxyl radical adduct to DMPO 
(Figure 4.4). Other signals attributed to the t-butyl
alkoxyl radical adduct to DMPO and the well characterised
oxidation product of the spin trap DMPOX435 were also 
observed. Incorporation of desferrioxamine (lOOjuM) elicited 
pronounced decreases in the intensity of the signals 
corresponding to the peroxyl and alkoxyl DMPO radical adducts 
(Figure 4.4). Additionally a very strong signal attributed 
to the desferrioxamine nitroxide radical was observed. When 
a higher concentration of desferrioxamine (ImM) was used a 
further decrease in the levels of peroxyl and alkoxyl DMPO 
radical adducts and an increase in the levels of the 
desferrioxamine nitroxide radical was seen (not shown).
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Figure 4.4 Desferrioxamine as a chain breaking

antioxidant in a model system of 
hydroperoxide breakdown

t-Butyl hydroperoxide was incubated with methaemoglobin 
and DMPO in the presence and absence of desferrioxamine at 
22°C and pH 7.4 as described in the text. Spectra were 
recorded 90s after mixing. Spectra shown represent 
incubations: (A) with no desferrioxamine; (B) with 100/xM
desferrioxamine. Spectra were assigned to mixtures of the 
peroxyl (•) and alkoxyl (a ) radical adducts to DMPO, the 
DMPOX radical (▼) and the desferrioxamine nitroxide radical 
(major spectrum in (B)).
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CHAPTER 5 OXIDATIVE CHANGES IN SICKLE ERYTHROCYTES AND

APPROACHES TO THE SUPPRESSION OF OXIDATIVE 
DAMAGE DURING IN VITRO FORMATION OF 
IRREVERSIBLY SICKLED CELLS

5.1 Aims
The investigations described in this section were carried 

out to assess the progression of membrane oxidation in the 
sickle erythrocyte during cell ageing and to appraise 
oxidative membrane damage as a potential contributory factor 
in the processes of cell deterioration.

Various authors have repeatedly deoxygenated and 
reoxygenated sickle erythrocytes in vitro under physiological 
conditions, mimicking the passage of the erythrocytes around 
the circulation357"360. Such treatment reproduces the 
formation of ISCs, cell dehydration and impairment of cell 
rheology which occur in vivo.

As part of the work reported here an apparatus has been 
developed to carry out the cycling of erythrocytes. Levels 
of membrane non-haem iron and membrane oxidation have been 
monitored alongside in vitro ISC formation. Furthermore, 
approaches to the suppression of oxidative damage, including 
the chelation of intracellular non-haem iron have been 
investigated in this system and assessed as a potential 
strategy to ameliorate ISC formation.
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5.2 Experimental Overview

Sickle blood contains a highly heterogenous mixture of 
erythrocytes ranging from the more dehydrated cells which 
include the majority of the ISCs and other morphologically 
distorted cells to more normal reversibly sickleable cells. 
It is desirable to carry out cycling experiments on the more 
normal sickle erythrocytes after separating out the most 
damaged dehydrated cells. Such an approach facilitates the 
characterisation of cell deterioration induced by cycling and 
allows comparison of the changes occurring during the model 
cycling procedure with the characteristics of the more 
pathological cells found endogenously in sickle blood.

Dehydrated sickle erythrocytes, which have an elevated
density, were separated from more normal sickle cells by

• • • • •centrifugation giving two fractions referred to as the
dense fraction and the normal density fraction.

Sickle erythrocytes from the normal density fraction or 
normal erythrocytes were repeatedly deoxygenated and 
reoxygenated (cycled) for various times at 37°C and pH7.4 in 
cycling buffer using the apparatus described in section 
2.9.1. After the cycling treatment the cells were oxygenated 
and washed.

Samples of oxygenated erythrocytes were routinely fixed 
in glutaraldehyde before and after the cycling process to 
assess changes in morphology. Other assays and measurements 
were performed on intact erythrocytes or membranes prepared 
from the erythrocytes as required.

5.3 Cell morphology and dehydration
The proportion of sickle cells forming the dense fraction
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varied from patient to patient (range 0-60%, mean 15%) . No 
dense fraction was obtained with normal erythrocytes 
subjected to the same procedure. The endogenous dense 
fraction of sickle erythrocytes contained cells with a wide 
range of morphologies including a relatively high proportion 
of irreversibly sickled cells (mean 20%, SD 7%), irregular 
discocytes and some moderately normal discocytes (Figure
5.3.1). The normal density fraction contained mainly 
discocytes with a low proportion (mean 3%, SD 2%) of ISCs 
(Figure 5.3.1).

The mean cell haemoglobin concentration (M.C.H.C.) was 
determined as an index of the degree of cell dehydration. 
Loss of erythrocyte water leads to a reduced cell volume and 
thus an increase in M.C.H.C.. Sickle erythrocytes from the 
dense fraction showed elevated M.C.H.C values as expected, 
whereas the M.C.H.C. of sickle cells from the normal density 
fraction was comparable to that of normal erythrocytes (Table 
5.3) .

Cycling of sickle erythrocytes from the normal density 
fraction induced the formation of ISCs such that after 19 
hours of this treatment the ISC levels were comparable with 
the levels of ISCs found endogenously in the dense fraction 
(Figure 5.3.1, Table 5.3). Similarly an increase in the 
proportions of irregular discocytes was observed. Minimal 
ISC formation occurred in the first 10 hours of cycling 
although an increase was observed in the numbers of irregular 
discocytes. In most samples of cycled sickle erythrocytes 
(fixed while oxygenated) a small percentage of cells were 
observed with spicule type membrane protrusions (Figure
5.3.2). In most cases the spicules appeared to be
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disintegrating. This is in accordance with previous reports 
suggesting that spicules are formed during deoxygenation and 
break down on reoxygenation .

Additionally the M.C.H.C. showed a significant increase 
after cycling for 19 hours (Table 5.3) indicative of cell 
dehydration.

Cycling of normal erythrocytes for 19 hours had no effect 
on the cell morphology or M.C.H.C. (Figure 5.3.3).

Table 5.3 Erythrocyte characteristics before and after
cycling

Dense
Fraction
Untreated

Normal density fraction
Untreated Cycled lOh Cycled 19h

ISCs m  
mean (SD)
Sickle
erythrocytes 20 (7) a 

n=25
Normal
erythrocytes

M.C.H.C. ( a / d l )  
mean (SD)
Sickle
erythrocytes 40 (2) a 

n=8
Normal
erythrocytes

3 (2) 
n=29

0
n=6

32 (1) 
n=ll

35 (1) 
n=3

5 (1) 
n=9

18 (9) a 
n=29

0
n=6

36 (2) b 
n=ll

35 (2) 
n=3

Significance values for differences from untreated normal density 
fraction: a p<0.0001; b p=0.0004 (paired t-test)
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Figure 5.3.1 Sickle erythrocytes morphologies from the

dense and normal density fractions and 
changes occurring during cycling

Unseparated untreated sickle erythrocytes

Untreated sickle erythrocytes - Normal density fraction
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Untreated sickle erythrocytes - Dense fraction

Sickle erythrocytes - Normal density fraction cycled 19 hours



Figure 5.3.2 Spicule formation in cycled sickle
erythrocytes

Sickle erythrocytes from the normal density fraction were 
cycled for 19 hours. An ISC showing spicule formation (see 
text) is visible in the centre of the field.
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Figure 5.3.3 Untreated and Cycled normal erythrocytes

Untreated normal erythrocytes

Normal erythrocytes cycled 19 hours



191
5.4 The effects of cycling on membrane-associated non- 

haem iron and oxidative parameters
5.4.1 Membrane-associated non-haem iron

Membranes were prepared from untreated sickle 
erythrocytes from both density fractions and from sickle 
erythrocytes from the normal density fraction after cycling 
and the levels of both components of non-haem iron retained 
by these preparations were assayed at pH7.4. For most, but 
not all, of the sickle patients studied membranes prepared 
from the dense and normal density erythrocyte fractions 
retained similar levels of both the more rapidly and the more 
slowly reacting components of non-haem iron (Table 5.4.1). 
Cycling of sickle erythrocytes for up to 19 hours had no 
effect on the levels of either component of non-haem iron 
retained by erythrocyte membrane preparations (Table 5.4.1).

The extent of ISC formation during cycling of sickle 
erythrocytes showed no relationship with the levels of 
membrane-associated non-haem iron (Table 5.4.1).

Non-haem iron was not detectable in membranes prepared 
normal erythrocytes cycled for up to 19 hours.
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Table 5.4.1 Non-haem iron retained by membranes

preparations from the dense and normal 
density fractions of sickle erythrocytes and 
the effect of cycling

Dense Fraction Normal Density Fraction
Untreated Cycled 19h

Non-haem* Non-haem* Non-haem*
iron (ISCS %) iron (ISCs %) iron (ISCs %)

Patient
GR 7 (31) 9 (2) 7 (16)

10 11 13
KH 6 (31) 6 (4) 5 (15)

5 6 9
AS 22 (18) 16 (1) 17 (9)

12 8 9
SH 38 (29) 16 (3) 16 (4)50 25 22
OL 4 (15) 5 (2) 5 (11)3 2 3
CH 7 (22) 7 (2) 9 (28)

8 11 12
WT N.D. N.D. 8 (3) 7 (38)

5 5
LT N.D. N.D. 11 (10) 10 (42)

10 10
CA N.D. N.D. 3 (3) 4 (27)

4 3
SP N.D. N.D. 28 N.D. 27 N.D.

50 55
LS N.D. N.D. 3 N.D. 2 N.D.

5 5
* - Levels of non-haem iron are expressed in nmol/mg membrane 
protein. Upper figures represent the levels of the more 
rapidly reacting component of non-haem iron (reacting within 
60 minutes in the non-haem iron assay at pH7.4); lower 
figures represent the levels of the more slowly reacting 
component of non-haem iron (total non-haem iron - more 
rapidly reacting component). N.D. - not determined.
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5.4.2 Membrane lipid peroxidation

The effects of cycling on the levels of membrane lipid 
peroxidation, measured by the thiobarbituric acid assay, were 
studied on erythrocytes from 20 sickle patients. Cycling for 
19 hours induced a decrease in membrane lipid peroxidation in 
erythrocytes from 15 of the 20 patients (Table 5.4.2). The 
erythrocytes from these 15 patients had higher levels of 
endogenous membrane lipid peroxidation (> 0.80 nmol TBAR/ mg 
membrane protein). The levels of membrane lipid peroxidation 
in the erythrocytes from the other 5 patients were not 
altered after 19 hours cycling (Table 5.4.2). The 
erythrocytes from the latter group had more normal levels of 
endogenous membrane lipid peroxidation (< 0.80 nmol TBAR/ mg 
membrane protein).

Cycling of the erythrocytes from the first group for 10 
hours caused a decrease in the levels of membrane lipid 
peroxidation similar in extent to the decrease observed after 
cycling for 19 hours (Table 5.4.2). However, 5 hours of 
cycling had no effect on membrane lipid peroxidation 
suggesting that the factors responsible for the decrease were 
not effective in this shorter time scale (n=l, endogenous 
level 1.43 nmol TBAR/ mg membrane protein). Cycling of 
normal erythrocytes had no effect on the minimal levels of 
endogenous membrane lipid peroxidation exhibited by these 
cells.

Consistent with above observations, untreated sickle 
erythrocytes from the dense fraction had lower levels of 
endogenous lipid peroxidation than the cells from the 
corresponding normal density fraction for the patients with 
higher levels of erythrocyte membrane peroxidation (Table
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5.4.2). There was no significant difference between the 
levels of membrane lipid peroxidation in erythrocytes from 
untreated dense and normal density fractions of the samples 
with lower endogenous membrane lipid peroxidation.

Incubations were carried out in order to ascertain 
whether the action of repeatedly deoxygenating and 
oxygenating sickle erythrocytes contributed to the decrease 
in lipid peroxidation observed on cycling sickle 
erythrocytes. Such incubations were performed under 
identical conditions as for the cycling experiments except 
that the erythrocytes were maintained in the oxygenated 
state. Incubation of sickle erythrocytes with higher 
endogenous levels of lipid peroxidation for 19 hours produced 
a varied response. Erythrocytes from 6 sickle patients 
showed no change in the levels of membrane lipid peroxidation 
after 19 hours incubation. The levels of membrane lipid 
peroxidation of erythrocytes from another 4 patients 
decreased during 19 hours incubation by on average 3 0% (SD 
6%) compared to an average decrease of 43% (SD 12%) observed 
after cycling erythrocytes from the same patients for 19 
hours. As expected no formation of ISCs occurred during the 
incubation experiments.

No relationship was observed between the extent of ISC 
formation after 19 hours cycling and the initial levels of 
lipid peroxidation of the sickle erythrocytes.

5.4.3 Chromolipids in sickle and normal erythrocytes
Lipid material was extracted from sickle and normal

• • A0f%erythrocytes using either the method of Rose & Oklander or 
Bligh & Dyer425 and examined for fluorescent chromolipids
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with an excitation wavelength of 350nm and scanning the 
emission spectrum between 400-500nm.

No significant differences in the fluorescence properties 
of membrane lipid extracts was observed for sickle 
erythrocytes from the dense fraction or normal density 
fraction or from normal erythrocytes. Cycling either sickle 
or normal erythrocytes for up to 19 hours prior to lipid 
extraction had no significant effect on the fluorescence 
intensity of lipid extracts in the region of the emission 
spectra characteristic of chromolipids (430nm) however slight 
increases in the fluorescent emission at 400nm were observed 
in both cases (Figure 5.4.3).

For comparison normal erythrocytes were incubated at 37°C 
for 2 hours with t-butyl hydroperoxide (0.5mM) and sodium 
azide (0.5mM). After such treatment the relative
fluorescence intensity increased by 10 fold with an emission 
peak of 420-430nm (Figure 5.4.3).

5.4.4 Membrane protein organisation
No change in membrane protein composition, as monitored 

by SDS-polyacrylamide gel electrophoresis, was seen after 
cycling either sickle or normal erythrocytes for 19 hours 
(Figure 5.4.4). The membrane protein composition of sickle 
erythrocytes from the dense and normal density fractions of 
sickle samples were no different from each other or from that 
of normal erythrocytes.
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Figure 5.4.3 The fluorescence spectra of lipid extracts from 
untreated and cycled sickle and normal erythrocytes are shown 
in (A) and (B) respectively for an excitation wavelength of 
350nm. Spectra shown are representative of sickle
erythrocytes examined from 6 patients and normal erythrocytes 
from 2 donors. The spectrum of chromolipids formed during 
incubation of normal erythrocytes with t-butyl hydroperoxide 
(0.5mM) and sodium azide (0.5mM) for 2 hours is shown in (C) . 
Lipid extraction was performed by the method of Rose & 
Oklander426.
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Figure 5.4.4 Membrane protein composition of untreated and 

cycled sickle and normal erythrocytes.
(A) normal erythrocytes, uncycled; (B) normal 

erythrocytes, cycled 19h; (C) sickle erythrocytes - normal
density fraction, uncycled; (D) sickle erythrocytes - normal 
density fraction, cycled 19h; (E) sickle erythrocytes - dense 
fraction, uncycled. 40/Ltg of protein was loaded onto each 
gel. Samples shown were solubilised in the presence of 
dithiothreitol428. Similarly no differences were observed 
between untreated or cycled sickle or normal erythrocyte 
membranes solubilised in the absence of dithiothreitol.

A B C D E
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5.4.5 Cellular glutathione levels

The levels of reduced glutathione in sickle erythrocytes 
were measured as a marker of oxidative status. The overall 
levels of reduced glutathione measured in unseparated sickle 
erythrocytes were no different from those of normal 
erythrocytes (Table 5.4.5). After separation the glutathione 
content of sickle erythrocytes from the normal density 
fraction was in the normal range, whereas the glutathione 
levels of sickle erythrocytes from the dense fraction were 
significantly lower (Table 5.4.5).

Cycling of sickle erythrocytes from the normal density 
fraction for 19 hours induced a 25% decrease in the cellular 
levels of reduced glutathione (Table 5.4.5). Similar 
treatment of normal erythrocytes caused only a minor decrease 
(10%) in the glutathione levels.
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Table 5.4.5 Cellular glutathione levels
Erythrocyte reduced glutathione
(mmol/1 packed cells; [mmol/mmol haemoglobin])

Untreated Cycled 19h
Sickle
mean (SD) n=5

Unseparated 2.41 (0.3)
[0.473 (0.07)]

Normal density 2.49 (0.3) 1.86(0.3)®
fraction [0.499 (0.08)] [0.336 (0.05)] b
Dense fraction 2.00 (0.2) c -

[0.330 (0.03)] d
Normal (unseparated)
mean (SD) n=5 2.39 (0.4) 2.17(0.3)e

[0.471 (0.07)] [0.415 (0.07)] f

Expressing the levels of cell glutathione in mmol/1 
packed cells allows comparisons of the cellular concentration 
of glutathione between the different treatments. Expressing 
the levels of glutathione per haemoglobin content gives a 
more accurate reflection of the amount of glutathione per 
cell. Cellular haemoglobin content is constant in sickle 
erythrocytes from different density fractions299.

Significance values for differences from untreated sickle 
erythrocytes (normal density fraction): a p<0.0001; b
p=0.0002; c p=0.0065; d p=0.0037 (paired t-test). 
Significance values for differences from untreated normal 
erythrocytes e p=0.0022; f p=0.0004 (paired t-test). The 
percentage decrease in glutathione levels seen after cycling 
sickle erythrocytes for 19 hours was significantly greater 
than the decrease observed after cycling normal erythrocytes 
for 19 hours p<0.0001 (2 sample t-test).
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5.4.6. Enhancement of intracellular thiol levels with N- 

acetylcysteine
Cycling experiments were carried out with the addition 

of N-acetylcysteine (5mM) to the cycling buffer. Following 
the cycling treatment levels of ISCs were determined and the 
intracellular thiol levels were assayed with the glutathione 
assay161.

After 19 hours cycling of either sickle or normal 
erythrocytes with N-acetylcysteine the cellular thiol levels 
were enhanced compared to incubations without N-acetyl 
cysteine. The thiol supplementation was considerably greater 
in normal erythrocytes compared to sickle erythrocytes (Table 
5.4.6). No protection in terms of ISC formation was afforded 
by cycling sickle erythrocytes with N-acetylcysteine.

In control experiments standard curves prepared with N- 
acetylcysteine or glutathione gave identical absorbances on 
a molar basis in the glutathione assay.
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Table 5.4.6 Enhancement of Intracellular thiols with N- 
acetylcysteine

Intracellular thiol levels 
(mmol/1 packed cells;
[mmol/mmol haemoglobin])
Normal Sickle
erythrocytes erythrocytes ISCs (%)
mean (SD) mean (SD) mean (SD)
n=4 n=3 n=6

Cycled 19h 2.30 (0.2) 1.68 (0.1) 17 (7)
[0.444 (0.03)] [0.313 (0.04)]

Cycled 19h + N-acetyl- 4.38 (0.1) a 2.65 (0.2) b 19 (7)
cysteine (5mM) [0.842 (0.03)] c [0.482 (0.02)] d
Uncycled & untreated 2.52 (0.3) 2.28 (0.1) 3(1)

[0.501 (0.04)] [0.455 (0.04)]

Significance values for differences from erythrocytes cycled 
19h without N-acetylcysteine a p<0.001, b p<0.05, c p<0.001, 
d p<0.02 (paired t-test). The difference between the
intracellular thiol levels in normal erythrocytes cycled with
or without N-acetylcysteine is significantly greater than the 
difference between the intracellular thiol levels in sickle 
erythrocytes cycled with or without N-acetylcysteine p<0.001 
(2 sample t-test).
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5.5 Iron chelators and the suppression of oxidative damage

Chelation of the non-haem iron compounds within intact 
sickle erythrocytes has been investigated as a potential 
approach to the suppression of oxidative membrane damage to 
these cells in the in vitro cycling system. The capacities 
of two iron chelators with different lipophilicity, namely 
desferrioxamine and CP094 (section 1-4), to chelate 
intracellular iron and moderate oxidative damage have been 
compared.

5.5.1 Cycling studies with CP094
Sickle erythrocytes from the normal density fraction and 

normal erythrocytes were cycled after incorporation of CP094 
(ImM) in the cycling buffer. Following the cycling treatment 
the levels of ISCs were determined and erythrocyte membranes 
prepared. Levels of membrane-associated non-haem iron and 
membrane lipid peroxidation were assessed.

After cycling sickle erythrocytes with CP094 for 10 or 
19 hours the majority of the component of non-haem iron which 
reacted more rapidly in the non-haem iron assay had been 
removed from the erythrocyte membrane (Figure 5.5.1, Table
5.5.1.1).

Similar experiments in which sickle erythrocytes were 
incubated with CP094 (ImM) for 1 hour in the oxygenated state 
suggest that CP094 is not able to enter the cells and chelate 
membrane-associated non-haem iron to any great extent within 
this shorter time scale (Table 5.5.1.1).
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Figure 5.5.1 The response in the non-haem iron assay

(pH7.4) of membranes prepared from sickle 
erythrocytes cycled with and without CP094

Intact sickle erythrocytes were cycled in the presence or 
absence of CP094. After removing extracellular iron chelator 
membranes were prepared and the levels of both components of 
non-haem iron retained by the membranes were assessed by the 
non-haem iron assay.

Cycled 19h20c’«>
-O -----------------
Untreatedoco

n

£4)
E
O'
E

<u
Li- Cycled 19h + CP094
o
Ec

0 60 120 180

Time (m inutes)

c0)■*-»oV-
CL

0)co
n£
<u£
O'£

30

Cycled 19h

20 Untreated

Cycled 19h + CP094

0 10 20 30 40
Time (hours)



206

Table 5.5.1.1 Chelation of membrane-associated non-haem iron 
by CP094

Membrane-associated non-haem iron 
(nmol/mg membrane protein)
Rapidly reacting Slowly reacting
component component
(reacted within 60 (total non-haem iron
minutes) - rapidly reacting

component)
1 Hour Incubation Treatment
Patient LT WT LT WT
Incubated no chelator 10 7 10 5
Incubated + CP094 (ImM) 6 6 9 5
Untreated & unincubated 11 8 10 5
10 Hours Cvclina Treatment
Patient SL SR SP SL SR SP
Cycled no chelator 17 12 34 12 13 61
Cycled + CP094 (ImM) 3 2 8 9 10 51
Untreated & uncycled 15 10 33 10 11 60
19 Hours Cvclina Treatment
6 Patients Mean (SD) Mean (SD)
Cycled no chelator 10 (5) 11 (6)
Cycled + CP094 (ImM) 2 (I)8 8 (3)b
Untreated & uncycled 10 (5) 10 (8)

Intact sickle erythrocytes were cycled in the presence 
or absence of CP094. After removing extracellular iron 
chelator membranes were prepared and the levels of both 
components of non-haem iron retained by the membranes were 
assessed by the non-haem iron assay (pH 7.4). Significance 
values for differences from cycled no chelator: a p=0.010; b 
p=0.18 (paired t-test)

The levels of the unavailable component of membrane- 
associated non-haem iron were not significantly altered after
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cycling sickle erythrocytes for up to 19 hours with CP094 
(Table 5.5.1.1).

Sufficient CP094 was present during cycling experiments 
to chelate 3 0 fold the total level of non-haem iron (rapidly 
reacting + slowly reacting components) retained by the most 
iron loaded membrane preparation.

Cycling sickle erythrocytes with CP094 for 5, 10 or 19 
hours suppressed the levels of membrane lipid peroxidation 
below those of erythrocytes cycled without chelators (Table
5.5.1.2). This suppression of lipid peroxidation occurred 
for sickle erythrocytes with both higher and lower levels of 
endogenous lipid peroxidation.

Table 5.5.1.2 Suppression of membrane lipid peroxidation in 
sickle erythrocytes by CP094

Membrane lipid peroxidation 
(nmol TBAR / mg membrane protein)
Cycling treatment time Incubated

19 hours 10 hours 5 hours 1 hour
n=8 n=2 n=l n=3
mean (SD) mean (SD)

Cycled no chelator 0.91 (0.6) 1.52/ 0.78 1.40 1.02 (0.2)
Cycled + CP094 (ImM) 0.48 (0.2)a 0.62/ 0.53 0.50 0.94 (0.2)
Untreated & uncycled 1.20 (1.0) 2.41, 0.86 1.43 0.95 (0.2)

Intact sickle erythrocytes were cycled in the presence 
or absence of CP094. After removing extracellular iron 
chelator membranes were prepared and lipid peroxidation 
determined by the thiobarbituric acid assay. Significance 
values for differences from cycled no chelator: a p=0.025
(paired t-test)
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No suppression of lipid peroxidation was seen in similar 

experiments in which oxygenated sickle erythrocytes were 
incubated with CP094 (ImM) for 1 hour (Table 5.5.1.2).

The extent of ISC formation during cycling of sickle 
erythrocytes was unaffected by the addition of CP094 (Table 
5.5.1.3) .

Cycling with the CP094:iron (3:1) complex had no effect 
on sickle erythrocytes. Cycling with CP094 had no effect on 
normal erythrocytes in terms of lipid peroxidation or cell 
morphology.

Table 5.5 .1.3 Cycling with CP094 and the formation of
irreversibly sickled cells

Irreversibly sickled cells (%) 
Cycling treatment time 
19 hours 10 hours
mean (SD) n=13 mean (SD) n=6

Cycled no chelator 19 (11) 4 (1)
Cycled + CP094 (ImM) 21 (10) 5 (3)
Untreated & uncycled 3 (1) 3 (2)
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5.5.2 Cycling studies with desferrioxamine

Sickle erythrocytes from the normal density fraction and 
normal erythrocytes were cycled after incorporation of 
desf errioxamine (400/iM) in the cycling buffer. Following the 
cycling treatment the levels of ISCs were determined and 
erythrocyte membranes prepared. Membrane-associated non-haem 
iron and membrane lipid peroxidation were assessed. Because 
desf errioxamine, a hexadentate chelator, coordinates iron III 
in a 1:1 ratio whereas the bidentate chelator CP094 
coordinates iron in a 3:1 ratio comparisons of activity on a 
molar basis will give desferrioxamine three times as many 
iron-binding equivalents as CP094. Hence desferrioxamine at 
400 juM has 1.2 X the iron binding capacity of CP094 at ImM.

Desferrioxamine was much less effective than CP094 in its 
ability to remove the intracellular non-haem iron compounds 
from the sickle erythrocyte membrane during cycling 
treatment. Cycling with desferrioxamine for 10 hours caused 
only minimal if any reduction in the levels of the more 
rapidly reacting component of membrane-associated non-haem 
iron (Table 5.5.2.1). After 19 hours of cycling with 
desferrioxamine the levels of this component of membrane- 
associated non-haem iron were decreased in erythrocytes from 
two patients (SP and LT) by 33% and 50% respectively. For a 
third patient (WT) no significant removal of iron was 
observed (Table 5.5.2.1).

The levels of the unavailable component of membrane- 
associated non-haem iron were not significantly altered after 
cycling sickle erythrocytes for 10 or 19 hours with 
desferrioxamine (Table 5.5.2.1)
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Table 5.5.2.1 Chelation of membrane-associated non-haem iron 
by desferrioxamine

Membrane-associated non-haem iron 
(nmol/mg membrane protein)

Rapidly reacting Slowly reacting
component component
(reacted within 60 (total non-haem iron
minutes) - rapidly reacting

component)
10 Hours Cycling Treatment
Patient AD LW JN AD LW JN
Cycled no chelator 16 28 17 8 20 11
Cycled + DFO (400/iM) 13 23 13 8 19 11
Untreated & uncycled 15 25 14 7 21 12
19 Hours Cvclina Treatment
Patients SP LT WT SP LT WT
Cycled no chelator 27 10 7 55 10 5
Cycled + DFO (400^M) 18 5 5 53 8 3
Untreated & uncycled 28 11 8 50 10 5

Intact sickle erythrocytes were cycled in the presence 
or absence of desferrioxamine. After removing extracellular 
iron chelator membranes were prepared and the levels of both 
components of non-haem iron retained by the membranes were 
assessed by the non-haem iron assay (pH 7.4).

Sufficient desferrioxamine was present during cycling to 
chelate 40 fold the total level of non-haem iron (rapidly 
reacting + slowly reacting components) retained by the most 
iron-loaded erythrocytes membrane preparation.

The relative abilities of desferrioxamine and CP094 to 
suppress membrane lipid peroxidation were compared on 
erythrocytes from the same patient. Erythrocytes cycled for
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19 hours with desferrioxamine had lower levels of lipid 
peroxidation (1.52 nmol TBAR/mg membrane protein) than 
erythrocytes which had been cycled for 19 hours without 
chelator (2.12 nmol TBAR/mg membrane protein). However, 
cycling for 19 hours with CP094 (ImM) caused a much greater 
reduction in the levels of lipid peroxidation (final level 
0.75 nmol TBAR/mg membrane protein).

The extent of ISC formation during cycling of sickle 
erythrocytes was unaffected by the addition of 
desferrioxamine (Table 5.5.2.2).

Cycling with desferrioxamine had no effect on normal 
erythrocytes in terms of lipid peroxidation or cell 
morphology.

Table 5.5.2.2 Cycling with desferrioxamine and the formation
of irreversibly sickled cells

Irreversibly sickled cells (%)
mean (SD) n=5

Cycled 19 hours no chelator 36 (7)
Cycled 19 hours + DFO (ImM) 36 (8)
Untreated & uncycled 4 (3)
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Figure 6.2 Correlation between the frequency of crisis and 

the levels of erythrocyte membrane lipid 
peroxidation

For three patients (not represented) no crises had been 
recorded in the previous five years. The values of membrane 
lipid peroxidation measured for these patients were 0.88, 
0.82 and 0.67 nmol TBAR / mg membrane protein.
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CHAPTER 6 CLINICAL CORRELATIONS WITH OXIDATIVE STRESS

PARAMETERS
6.1 Aims

In this section oxidative parameters have been examined 
for correlation with haematological measurements and the 
frequency of crises suffered by individual patients.

6.2 Oxidative stress parameters and frequency of painful
crises
The frequency of sickle pain crises was investigated for 

correlation with the levels of erythrocyte membrane lipid 
peroxidation. Frequency was calculated as the number of 
painful crises for which the patient received hospital 
attention divided by the time period (months) over which the 
patient was treated. The minimum period of treatment was 15 
months and patient history more than 5 years previous to the 
measurement of oxidative damage was ignored. No attempt was 
made to grade the severity of painful crises. The patients 
used for this correlation had not been transfused within 3 
months prior to the measurement of membrane lipid 
peroxidation.

The frequency of crises correlated positively with the 
levels of endogenous membrane lipid peroxidation of sickle 
erythrocytes (rs = 0.898, n=8, p<0.01) (Figure 6.2). No
correlation was observed between lipid peroxidation and the 
time elapsed between the previous crisis and the measurement 
of membrane oxidation (rs = -0.238, n=8) .

Sickle erythrocytes, unlike normal erythrocytes, often 
contain foetal haemoglobin (range 2-32%) 375. It has been 
suggested that patients with high foetal haemoglobin levels 
(> 20%) show amelioration of sickle crises375. The
percentage of foetal haemoglobin for 10 of the 11 patients 
studied for the above correlation had been previously



214
determined at Kings College Hospital by standard 
electrophoretic methodology and ranged from 1.6-6.5%. As 
expected375 no correlation was seen between the frequency of 
crises calculated for these patients and the percentage of 
foetal haemoglobin (rs = -0.309, n=10).

6.3 Oxidative stress parameters and haematocrit level
The blood haematocrit value is a measure of the degree 

of anaemia. The haematocrit of whole blood samples was 
measured and examined for possible correlation with the 
levels of membrane lipid peroxidation and membrane-associated 
iron compounds in sickle erythrocytes. Haematocrit values 
measured for sickle blood samples were on average low (mean 
0.34, SD 0.09, range 0.17-0.52, n=57) compared to normal
samples (0.45, SD 0.08, range 0.39-0.54, n=10). No
correlation was found between the haematocrit values and 
membrane lipid peroxidation of sickle erythrocytes (rg = 
0.001, n=27). Similarly the haematocrit values did not
correlate with the total levels of membrane-associated iron 
(rs = -0.039, n=12), the more rapidly reacting component of 
non-haem iron (rs = -0.195, n=12) or the more slowly reacting 
component of non-haem iron (rg = -0.349, n=12).

6.4 Oxidative parameters and the levels of ISCs
The levels of ISCs were determined for sickle blood and 

examined for any correlation with the levels of membrane 
lipid peroxidation and membrane-associated iron compounds in 
the erythrocytes. The levels of ISCs for unseparated 
erythrocytes ranged from 3-22% (mean 10, SD 5, n=18). No 
correlation was seen between the levels of irreversibly
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sickled cells and the total levels of iron associated with 
erythrocyte membrane preparations (rg = 0.265). Similarly 
there was no correlation between endogenous levels of 
membrane lipid peroxidation of sickle erythrocytes and the 
levels of ISCs (rg = 0.286, n=21).

6.5 Oxidative parameters and the proportion of dense 
dehydrated cells
After density separation the proportion of cells forming 

the endogenous dense fraction was noted and examined for any 
correlation with the levels of membrane lipid peroxidation 
and membrane-associated non-haem iron compounds for membranes 
prepared from unseparated erythrocytes.

No correlation was seen between the levels of either 
component of membrane-associated non-haem iron and the 
proportion of erythrocytes making up the dense fraction 
(rapidly reacting component rg = 0.455, n=ll; slowly reacting 
component rg = 0.292, n=ll). Similarly there was no
correlation between endogenous levels of membrane lipid 
peroxidation of sickle erythrocytes and the percentage of 
cells making up the dense fraction (rg = 0.164, n=33).
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CHAPTER 7 DISCUSSION
7.1 The nature of membrane-associated iron containing 

compounds in sickle ervthrocvtes
In this report the retention of relatively high levels 

of non-haem iron by membranes prepared from sickle 
erythrocytes but not normal erythrocytes is documented. The 
results suggest that a component of the non-haem iron is 
available to catalyse radical reactions and is associated 
with the erythrocyte membrane. In contrast to earlier 
studies similar amounts of haem containing compounds have 
been found to be retained by sickle and normal erythrocyte 
membrane preparations.

7.1.1 Non-haem iron compounds
The biphasic response observed for sickle erythrocyte 

membranes in the non-haem iron assay performed at both 
physiological and acidic pH is compatible with the presence 
of two distinct non-haem iron-containing compounds. This 
interpretation is strengthened by the observation that 
treatment of sickle erythrocytes with the iron chelator 
CP094a before preparing membranes abolishes the more rapid 
phase of the biphasic response of sickle membranes in the 
non-haem assay whereas the more slowly reacting component of 
the response is largely unaffected. These two observations 
taken together indicate the presence of two components of 
non-haem iron differing in their availability for chelation 
by CP094 and susceptibility to reduction by ascorbate and/or 
complexation by ferrozine under the conditions of the

a The action of CP094 is discussed in detail in 
section 7.5
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ferrozine assay.

A potential candidate for the non-haem iron compounds 
retained by sickle erythrocyte membrane preparations is 
ferritin. Other workers have detected an iron compound 
compatible with the cores of either ferritin or haemosiderin 
within intact sickle erythrocytes by Mossbauer 
spectroscopy3-1- ^ ' a l t h o u g h  unfortunately the range of 
temperatures used for these studies does not allow further 
characterisation of the iron core by determination of the 
blocking temperature185'187'188. Additionally, elevated levels 
of ferritin protein have been detected in sickle erythrocyte 
haemolysates compared to normal erythrocyte haemolysates 
using a radioimmuno assay313.

Part or all of the component of non-haem iron retained 
by sickle erythrocyte membranes which reacted more slowly in 
the non-haem iron assay at pH 7.4 may represent iron 
contained within ferritin which may be slowly released 
through the action of the high concentrations of ascorbate 
utilised in the assay. Ascorbate has previously been shown 
to stimulate the release of iron from ferritin436.

The responses of horse spleen ferritin in the non-haem 
iron assay performed at physiological and acidic pH were 
broadly comparable with those of the abovementioned component 
of sickle membrane iron. However, it is notable that only 
about half of the iron contained within horse spleen ferritin 
was released in the non-haem iron assay at pH 7.4 within the 
48 hour timescale during which complete reaction of the non- 
haem iron species retained by sickle erythrocyte membranes 
occurred.

The component of non-haem iron retained by sickle
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erythrocyte membranes which reacted more rapidly in the non- 
haem iron assay at pH 7.4 is unlikely to represent iron 
contained within ferritin by reason both of its response in 
this assay and its availability to the hydroxypyridinone 
CP094. Whereas CP094 was able to chelate most or all of this 
component within 10 hours when added to incubations of intact 
sickle erythrocytes, the rates of direct removal of iron from 
ferritin by a range of hydroxypyridinones have been reported 
to be considerably slower437. No such experiments have yet 
been reported for CP094 itself.

The precise identity of this latter component of non-haem 
iron remains to be determined. The reactivity of this 
component in the non-haem iron assay suggests that the iron 
is readily reduced by ascorbate. This together with its 
availability to the chelator CP094 is suggestive that this 
component of non-haem iron may potentially be able to 
participate in radical reactions.

Recent studies by other workers438, who have used a 
similar non-haem iron assay, are in close agreement with the 
current investigation similarly suggesting the presence of 
two components of non-haem iron in sickle erythrocyte 
membrane preparations. The faster rates of reaction reported 
by these authors for both components of non-haem iron with
ferrozine (at pH 4.5) probably reflect the use of
considerably higher concentrations of ascorbate in the assay.

7.1.2 Haem-iron compounds
The disparity between the present study and several

previous studies3 ° J * which have suggested that sickle 
erythrocyte membrane preparations retain elevated levels of
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haem iron can be explained by methodological differences in 
the preparation of erythrocyte membranes. In the present 
study erythrocyte membranes, prepared by standard procedures 
of hypotonic lysis and repeated washing in hypotonic 5mM 
phosphate buffer, were submitted to a final wash in phosphate 
(5mM) buffered sodium chloride (0.15M) pH 7.4. In all the 
preceding studies306-309 membrane preparations were left in 
hypotonic buffer and not subjected to a final isotonic wash.

At low ionic strengths sickle oxyhaemoglobin has been 
reported to bind to normal erythrocyte membranes to a greater 
extent than normal haemoglobin439'440. However, addition of 
sodium chloride (0.15mM) at pH 7.0 was found to normalise the 
binding of oxyhaemoglobin S in relation to oxyhaemoglobin 
A439.

Thus the increased retention of haem compounds by sickle 
membrane preparations reported previously would appear to 
reflect the greater electrostatic attraction between the 
erythrocyte membrane and sickle haemoglobin compared to 
normal haemoglobin encountered at low ionic strength and thus 
may be of limited significance when considering intact sickle 
erythrocytes in vivo.

7.2 Cellular location and origin of non-haem iron species in
sickle ervthrocvtes
The available evidence suggests that the more rapidly 

reacting component of non-haem iron, but not the more slowly 
reacting component, is probably associated with the 
erythrocyte membrane within intact cells. However, the 
possibility that cytoplasmic non-haem iron-complexes become 
associated with the membrane during disruption of the intact
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cell can not be ruled out.

The non-haem iron species within sickle erythrocytes may 
represent iron retained from erythroid precursor cells.

7.2.1 Cellular location of iron containing compounds
The retention of both components of non-haem iron by both 

membrane and lipid free cytoskeleton preparations may 
indicate an association between the iron species and the 
cytoskeletal membrane proteins. However, it is possible that 
one or both of the non-haem iron components become "trapped" 
within membranes and cytoskeletons during preparation.

Other authors have found that turning sickle erythrocyte 
membranes inside out causes releases a substantial part of 
non-haem iron although the more rapidly reacting component is 
selectively retained438. These results suggest that the more 
available component of non-haem iron but not the less 
available component is associated with isolated erythrocyte 
membranes. Indeed if the more slowly reacting component does 
represent iron within ferritin there is little precedent for 
membrane-associated ferritin which is generally accepted to 
be a soluble molecule.

The precise membrane location and mode of association of 
the more available component of non-haem iron are not clear. 
Whereas in the present report this component is retained by 
phospholipid-free cytoskeleton preparations, the authors 
mentioned above438 have suggested that the more available 
component represents ferric ions complexed to negatively 
charged aminophospholipids. This suggestion was made on the 
basis of the ability of phospholipase D to release the iron 
from inside out membrane preparations. However, loss of
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cytoskeletal protein during phospholipase treatment of inside 
out membranes was not considered. Further studies are 
required to clarify this situation.

Close association of the more available component of non- 
haem iron with the membrane within intact erythrocytes would 
potentially allow the iron to stimulate oxidative membrane 
modification. Cycling studies on intact erythrocytes 
discussed below suggest that non-haem iron compounds are 
indeed able to catalyse membrane lipid peroxidation.

7.2.2 Source of the iron
Non-haem iron within sickle erythrocytes could 

potentially represent residual iron, retained during the 
maturational process from ferritin rich precursor cells ie 
erythroblasts. Erythroblasts take up iron from transferrin, 
the majority of which is ultimately destined for haem 
synthesis. Iron uptake occurs concomitantly with apoferritin 
synthesis and the incorporation of iron into ferritin441. 
The precise interactions between iron within ferritin and 
iron utilised for haem synthesis are not clear.

Excess ferritin appears to be removed during the normal 
process of erythrocyte maturation both by exocytosis from 
erythroblasts and by the action of the spleen on 
reticulocytes442. Accordingly only small quantities of 
ferritin protein can be detected by radioimmunoassay in 
mature normal erythrocytes313'443'444. In contrast to sickle 
erythrocytes no ferritin like iron is detected by Mossbauer 
spectroscopy m  mature normal erythrocytes ' .

Increased retention of ferritin during erythrocyte 
maturation has been postulated in several pathologies.
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Ferritin aggregates are sometimes observed in a small 
proportion of the reticulocytes and erythrocytes of patients 
with a variety of haemolytic anaemias, including idiopathic 
acquired haemolytic anaemia and hereditary 
spherocytosis442'445. Such intracellular aggregates are 
mainly observed in the cells of patients with higher levels 
of circulating reticulocytes suggesting that the retention of 
ferritin is dependent on accelerated erythropoiesis445. 
Considerably higher proportions of cells contain such 
aggregates in splenectomised, anaemic patients emphasising 
the importance of a functional spleen in the process of 
ferritin removal during erythrocyte maturation445. 
Furthermore, ferritin aggregates have also been observed in 
reticulocytes and erythrocytes of some apparently 
haematologically normal patients following splenectomy442'445.

In sickle cell anaemia the rapid destruction of 
erythrocytes produces a state of chronic haemolytic anaemia, 
which is frequently accompanied by reticulocytosis. 
Furthermore, extensive damage to the spleen usually occurs in 
early childhood as a result of multiple occlusive episodes. 
Thus by comparison with other haemolytic anaemias described 
above there would appear to be a reasonable basis for the 
retention of ferritin during erythrocyte maturation in sickle 
cell anaemia.

Iron overload (in haemochromatosis443'444) , or disruption 
of haemoglobin synthesis (in the sideroblastic anaemias442'446 
or the thalassaemic syndromes312'313'443'444'447'448) have also 
been associated with maturational retention of ferritin 
within erythrocytes. However, sickle cell anaemia patients 
are not usually iron overloaded and it is not thought that
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disruption of haemoglobin synthesis results from the sickle 
haemoglobin mutation.

Preliminary investigations of erythrocyte membrane 
preparations from splenectomised patients (with immune 
thrombocytopenia) or patients with haemochromatosis or 
sideroblastic anaemia by a non-haem iron assay similar to the 
method described here have revealed the retention of slow 
reacting iron, presumably contained within ferritin, but no 
rapidly reacting iron438.

The origin of the more available component of non-haem 
iron retained by sickle erythrocyte membrane preparations is 
not clear. Iron could potentially be released from ferritin 
by cellular reducing agents. However, as noted above no 
comparable, available component of non-haem iron is found in 
membrane preparations from other pathological erythrocytes 
which contain ferritin. Furthermore the ratios of available 
non-haem iron compared to the component of iron putatively 
identified as ferritin are in general similar for membranes 
prepared from the normal density fraction of sickle 
erythrocytes and the predominantly older299 dehydrated cells 
of the dense fraction. This observation is not compatible 
with the progressive release of iron from ferritin by the 
action of cellular reducing agents.

Others438'449 have suggested that the non-haem iron 
species retained by sickle erythrocyte membranes may be 
derived from the oxidative breakdown of haemoglobin. 
However, this would appear unlikely in the light of the 
present studies indicating that there are no excess haem- 
containing species associated with the sickle erythrocyte 
membrane. The in vitro oxidation of haemoglobin in
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erythrocytes induced by a range of oxidants involves 
considerable precipitation and membrane-association of haem- 
containing degradation products (section 1.2.2.2.4).

A possibility at present unstudied is that polymerisation 
of sickle haemoglobin within erythrocyte precursor cells 
maturing in the low oxygen tension environment of the bone 
marrow in some way disrupts the normal maturational pathways 
of iron metabolism.

7.3 Catalytic activity of membrane-associated iron
Electron spin resonance spectroscopy studies suggest that 

the non-haem iron compounds retained by sickle erythrocyte 
membranes can catalyse the breakdown of organic 
hydroperoxides. Mechanistic aspects of this process are 
discussed.

7.3.1 Catalytic properties of non-haem iron species 
retained by sickle erythrocyte membranes

The breakdown of t-butyl hydroperoxide by normal 
erythrocyte membranes can be attributed to catalysis by the 
low levels of haemoglobin or haemoglobin derived haem 
compounds retained by these preparations.

Membranes prepared from sickle erythrocytes were 
significantly more effective per unit membrane in inducing 
the breakdown of t-butyl hydroperoxide even though the levels 
of haem-iron retained by sickle erythrocyte membranes were no 
different from those retained by normal membranes. The 
positive correlation observed between the extent of radical 
formation and the levels of non-haem iron retained by sickle 
erythrocyte membrane preparations suggests that the
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additional ability of sickle membranes to induce the 
breakdown of hydroperoxides results from the catalytic 
properties of the non-haem iron species.

A further indication that the non-haem iron species 
catalyse the breakdown of hydroperoxide in these incubations 
is given by the observation that preincubation of sickle 
membranes with the lower concentration of desferrioxamine 
(90/xM final concentration) reduces the intensities of the 
radical-DMPO signals to levels comparable with those observed 
in incubations of normal membranes with t-butyl 
hydroperoxide. This reduction in intensity of the radical- 
DMPO adduct signals seen with the lower concentration of 
desferrioxamine probably reflects chelation of a catalytic 
non-haem iron species rather than direct scavenging of 
radicals by desferrioxamine as discussed in section 7.7. 
Other studies suggest that desferrioxamine is able to chelate 
the component of iron which reacts more rapidly in the non- 
haem iron assay but not the slow reacting component in 
unsealed membrane preparations438.

The component of iron which both reacts readily in the 
non-haem iron assay and is available for chelation is clearly 
more likely to catalyse the breakdown of hydroperoxides than 
the component attributed to iron within ferritin.

Previous studies have indicated that sickle but not 
normal erythrocyte membranes incubated alone in phosphate 
buffer undergo lipid peroxidation demonstrable after 5 hours 
as increased thiobarbituric acid reactive products300. In 
the light of the present studies this observation is most 
readily explained as the breakdown of preformed lipid 
hydroperoxides in the sickle membranes by non-haem iron
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compounds. Accordingly the incubation induced increase of 
lipid peroxidation was completely inhibited by incorporation 
of desferrioxamine300.

In the present studies the peroxyl and alkoxyl species 
trapped with DMPO are likely to be mainly derived from t- 
butyl hydroperoxide rather than lipid hydroperoxides as 
indicated by the isotropic nature of the radical-adduct 
signals. This is in accordance with the relatively high 
concentrations of t-butyl hydroperoxide (lOmM) used in the 
incubations which must greatly exceed the levels of 
endogenous lipid hydroperoxides. Experiments with the spin 
trap PBN, which due to its highly lipophilic nature is more 
likely to trap lipid radicals, suggest that lipid 
peroxidation is occurring to a greater extent in sickle 
membranes compared to normal membranes during incubations 
with t-butyl hydroperoxide as expected. The failure to 
detect radicals during incubation of erythrocyte membranes 
with DMPO in the absence of t-butyl hydroperoxide probably 
reflects insufficient sensitivity of peroxyl and alkoxyl 
radical detection.

The ability of the non-haem iron compounds retained by 
sickle membrane preparations to catalyse hydroxyl radical 
generation has not been demonstrated, although iti cannot be 
ruled out. The mechanism giving rise to the hydroxyl 
radical, detected by e.s.r. spectroscopy, during reaction 
between Fe3+-EDTA and hydrogen peroxide is not clear. In 
acidic solution ferric iron has been reported to catalyse the 
decomposition of hydrogen peroxide and the hydroxyl radical 
proposed as an intermediate on the basis of inhibition by
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Figure 7.3.1 The reaction scheme, as proposed by Francis

et_al450, for the breakdown of hydrogen 
peroxide by ferric EDTA

H a0a *  HO” + H + P^h2°2= 1125

[Fem (edta)(OH")]8- H ° 2 (edta)FeinN
/HQ-

3-

OH' 
I H a0 

[Fen(edta)]2_ + Oa”
2- OH' P_[Fem (edta)(OH")] + 0 a' — ► [Fen(edta)] + oa 

[Fen(edta)]S”+ H aOa -+ [Fenl(edta)(OH')f + 'OH

(A comprehensive kinetic analysis is presented by the 
authors)
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scavenger molecules and kinetic considerations56. The 
hydroxyl radical was suggested to arise as a result of 
reactions 33, 10-11. However, there is little direct 
evidence for the occurrence of reaction 33.

Fe3+ + H202 -»■ Fe2+ + H+ + H02* (reaction 33)
02*“ + Fe3+ -»• Fe2+ + 02 (reaction 10)
Fe2+ + H202 -*• Fe3+ + *OH + “OH (reaction 11)

At alkaline or near neutral pH ferric EDTA has been 
reported to form a coloured complex with the hydrogen 
peroxide ion (H02“) (Figure 7.3.1) and it has been proposed 
that the breakdown of this complex results in reduction of 
the iron to give the ferrous chelate which may then react 
with hydrogen peroxide to generate the hydroxyl 
radical450'451. However, little direct evidence has been
presented that the breakdown products of the ferric- EDTA- 
peroxo complex include the ferrous chelate.

Other workers have detected hydroxyl radical production 
during the incubation of hydrogen peroxide and ferric EDTA at 
pH 8 55.

7.3.2 Mechanisms of hydroperoxide breakdown catalysed by 
erythrocyte membrane-associated iron

The relative intensities of the e.s.r. signals indicate 
greater steady state concentrations of the t-butyl peroxyl- 
DMPO radical-adduct compared to the t-butyl alkoxyl-DMPO 
radical-adduct in reaction mixtures of both sickle or normal 
erythrocyte membranes with t-butyl hydroperoxide.

The reaction between the t-butyl alkoxyl radical and DMPO
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is likely to be substantially faster (k = 7.3 X 108 M"1 s~ 
1)434 than the equivalent reaction for the t-butyl peroxyl 
radical with DMPO (cf. reaction between DMPO and CC1300* [k 
= 2.5 X 107 M"1 s"1]; CHC1200* [k = 1.3 X 107 M"1 s"1] ;
CH2C100* [k = 2.1 X 106 M”1 s"1])434. Additionally the t-butyl 
peroxyl-DMPO radical adduct is relatively unstable434'452, and 
has been suggested to be catalytically broken down by iron 
complexes to give the t-butyl alkoxyl radical101.

The predominance of the t-butyl peroxyl-DMPO adduct in 
these studies despite the lesser trapping efficiency of DMPO 
for the peroxyl radical indicates that the steady state 
concentration of the t-butyl peroxyl radical is considerably 
greater than that of the t-butyl alkoxyl radical.

A scheme of reactions can be envisaged whereby t-butyl 
hydroperoxide can be broken down by a non-haem iron complex 
to give predominantly the peroxyl radical if autoxidation of 
the iron II compound proceeds more rapidly than its reaction 
with t-butyl hydroperoxide.

complex-Fe3+ + tBuOOH -»■ complex-Fe2+ + tBuOO* + H+
(reaction 19)
complex-Fe2+ + 02 -*• complex-Fe3+ + 02*“ (reaction 33) 
(complex-Fe2+ + tBuOOH -»• complex-Fe3+ + tBuO* + OH"
(reaction 18))

The reaction of superoxide with DMPO (10 M"1 s”1)2 is 
likely to be considerably slower than the reaction of the t- 
butyl peroxyl radical with the spin trap and thus detection 
of superoxide in the present systems would be minimal.

Similarly any putative reaction scheme for the
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interaction between haemoglobin-derived haem-species retained 
by sickle and normal membranes and t-butyl hydroperoxide must 
be considered in the light of the higher steady state 
concentrations of peroxyl radical compared to alkoxyl radical 
indicated by the present studies.

Previous investigations of the reaction between 
methaemoglobin or oxyhaemoglobin with excess t-butyl 
hydroperoxide in a membrane free system have indicated 
production of the t-butyl peroxyl and alkoxyl radicals101. 
Considerations of the trapping efficiency of these radical 
species by DMPO as detailed above suggest that the peroxyl 
radical also achieved greater steady state concentrations 
than the alkoxyl radical in the abovementioned studies. 
Additionally, the formation of a globin radical has been 
suggested during the reaction between methaemoglobin and t- 
butyl hydroperoxide103.

By analogy with the reaction of metmyoglobin or 
methaemoglobin with hydrogen peroxide (section 1.1.2. 3.2) and 
the reaction of metmyoglobin with t-butyl hydroperoxide 
(section 1.1.3.2.2) the reaction between methaemoglobin and 
t-butyl hydroperoxide would seem likely to proceed with the 
initial generation of a higher oxidation state (ferryl) of 
the haem. Either heterolytic (reaction 34) or homolytic 
(reaction 35) reductive cleavage of the hydroperoxide bond 
may be considered. In the latter case subsequent hydrogen 
abstraction from the globin chain by the hydroperoxide 
derived radicals could be invoked to explain the globin 
radical formation proposed by others103 (reaction 36).
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(G) (P) Fe111 + tBuOOH -► (G+*) (P) FeIV=0 + tBuOH (reaction 34) 
(G) (P) Fe111 + tBuOOH (G) (P) FeIV-OH + tBuO* (reaction 35) 
(G-H) (P)FeIV-OH + tBuO’ -► (G+*) (P) FeIV-OH + tBuOH 
(reaction 36)
where (P) represents the porphyrin ring and (G) the globin 
chains.

Peroxyl radical formation may result from various 
subsequent reactions. The oxidation of t-butyl hydroperoxide 
by ferryl forms of peroxidase enzymes104'105 and by a model 
ferryl iron porphyrin compound106 has been proposed to 
explain the generation of peroxyl radical (see section
1.1.3.2.2). Ferryl haemoglobin species may undergo a similar 
reaction (reaction 37) .

(G) (P) FeIV-OH + tBuOOH -► (G)(P)FeIZI + tBuOO* + H+ + "OH 
(reaction 37)

The abstraction of the hydroperoxide hydrogen from t- 
butyl hydroperoxide by the t-butyl alkoxyl radical also gives 
rise to the peroxyl radical452 (reaction 38) .

tBuOOH + tBuO* -*■ tBuOO* + tBuOH (reaction 38)

However, the rate constant for this reaction in aqueous 
solution [(1.2 ± 0.2) X 106 M”1 s-1]453 suggests that
production of the t-butyl peroxyl radical in this way would 
be insignificant compared to the trapping of the alkoxyl 
radical by DMPO (k = 7.3 X 108 M_1 s"1)434.

The production of the peroxyl radical in incubations of
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methaemoglobin103, metmyoglobin103 or chloroperoxidase104 with 
t-butyl hydroperoxide has been demonstrated directly by 
e.s.r. spectroscopy without the use of spin traps indicating 
that peroxyl radical generation in such systems is not simply 
an artefact of spin trapping.

Although it is probable that t-butyl hydroperoxide 
derived radicals interact with the membrane lipids in the 
present study leading to the formation of lipid peroxyl 
radicals, the e.s.r. spectra for the peroxyl-DMPO adducts are 
not indicative of trapped lipid radicals (see section 7.3.1).

Therefore the most likely scheme of reactions by which 
the haemoglobin-derived haem species retained by sickle or 
normal erythrocyte membranes interact with t-butyl 
hydroperoxide appears to be via either homolytic or 
heterolytic reductive scission of the hydroperoxide 
(reactions 35 & 34 respectively) followed the oxidation of t- 
butyl hydroperoxide by ferryl haem species to give the 
peroxyl radical (reaction 37).

It is not possible to rule out the heterolytic scission 
of t-butyl hydroperoxide (reaction 34) on the grounds that 
the t-butyl alkoxyl-DMPO radical-adduct was detected as t- 
butyl alkoxyl radicals may arise from the breakdown of DMPO 
trapped peroxyl radical101 as described above or can arise 
from the mutual reaction of two t-butyl peroxyl radicals as 
represented below105'453'454 (reaction 39).

2t-Bu00* -*■ t-Bu-O-O-O-O-t-Bu -► 2t-BuO* + 02 (ground state) 
(reaction 39)
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7.4 Changes in oxidative parameters during in vitro cycling

The progression of oxidative events in sickle 
erythrocytes has been assessed in a model system designed to 
closely mimic the pathological deterioration of sickle 
erthrocytes in vivo. These studies are complemented by 
investigations on density separated erythrocyte populations.

The results suggest that membrane lipid peroxidation 
occurs at an early stage in the erythrocyte lifetime and that 
subsequent changes in lipid peroxidation represent both pro- 
oxidative and opposing processes.

There is no evidence from cellular glutathione levels 
that the erythrocyte antioxidant defences are overwhelmed by 
excessive radical generation.

7.4.1 Formation of ISCs and cell dehydration
The repeated deoxygenation and reoxygenation of sickle 

erythrocytes, a procedure which mimics their passage around 
the circulation, has previously been shown to reproduce in 
vitro the formation of ISCs, cell dehydration and development 
of increased cell rigidity which occur in yjyo357/359/360/455. 
In the present study changes in cell morphology and the 
degree of dehydration which occurred during cycling 
experiments were compatible with the endogenous processes of 
erythrocyte deterioration which occur in vivo.

It should be noted that the deoxygenation/ reoxygenation 
cycle time in the in vitro system is 14 minutes, whereas in 
vivo erythrocytes complete a passage around the circulation 
on average in «1 minute. In vivo it might be expected that 
a large fraction of erythrocytes complete a passage around 
the circulation and return to the lungs without having
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undergone haemoglobin polymerisation or sickling on account 
of the delay time of the polymerisation process . Indeed 
some authors have estimated the average percentage of 
reversibly sickleable cells (ie. not ISCs) which are sickled 
in venous blood to be as low as 10% . The longer
deoxygenation time experienced in the model cycling system 
ensures that haemoglobin polymerisation occurs in almost all 
cells.

The 'more efficient1 sickling of cells in the model 
system probably accounts for the formation of substantial 
numbers of ISCs within 19h whereas in vivo the timescale of 
ISC formation is longer299.

7.4.2 Lipid peroxidation in sickle erythrocytes
That the decrease in the levels of membrane lipid 

peroxidation seen after prolonged cycling (10 or 19 hours) of 
sickle erythrocytes is physiologically relevant is suggested 
by the observation that the more dehydrated, distorted, 
predominantly older299 cells (untreated dense fraction) have 
lower levels of membrane lipid peroxidation than the more 
normal, less dense sickle erythrocytes.

The decrease in lipid peroxidation was totally dependent 
for some patients or partially dependent for others on the 
repeated deoxygenation and oxygenation of sickle 
erythrocytes, suggesting a major role for the consequences of 
polymerisation and depolymerisation of sickle haemoglobin. 
The formation of spicules during deoxygenation in vitro361 
(section 1.3.6) followed by loss of lipid hydroperoxides as 
the spicules break down on reoxygenation releasing 
microvesicles could result in a deoxygenation/ oxygenation
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dependent decrease in erythrocyte membrane lipid 
peroxidation. Spicule formation and microvesiculation may 
occur in vivoJOX and therefore these processes could also 
explain the lower levels of lipid peroxidation seen in the 
endogenous dense fraction of sickle erythrocytes.

To adequately explain the decrease in membrane lipid 
peroxidation the lipid material lost through spiculation 
would have to be more highly peroxidised than the bulk 
membrane lipid. Other workers have suggested that the lipid 
bilayer in spiculated regions, having lost the structural 
restrictions imposed by interaction with the cytoskeleton, is 
more susceptible to lipid peroxidation362. However, this has 
not been satisfactorily demonstrated. It is of interest that 
sickle erythrocytes appear to deform on the same axis over 
repeated cycles of deoxygenation456. Thus if the process of 
spiculation does influence lipid peroxidation the effects may 
be predominantly localised to specific areas of the membrane.

The smaller decrease in membrane lipid peroxidation seen 
after prolonged incubations (19 hours) of fully oxygenated 
erythrocytes from some patients is not explained by the 
formation of spicules. A potential mechanism which could 
result in a decrease in lipid peroxidation is the selective 
cleavage of lipid hydroperoxides by an endogenous erythrocyte 
phospholipase A2263. Excised fatty acid hydroperoxides would 
be available for reduction by glutathione peroxidase157'158 at 
the expense of cellular glutathione.

A further mechanism which may contribute to the non 
deoxygenation/ reoxygenation dependent decrease in lipid 
peroxidation is radical scavenging by components of the 
cycling buffer. HEPES is known to react with the hydroxyl
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radical with a rate constant of 5.1 X 109 M”1 s”1 457 and may 
react with the superoxide radical458. The ability of HEPES 
to scavenge peroxyl or alkoxyl radicals has not been 
investigated. Albumin may be able to scavenge peroxyl 
radicals197 but the concentration used in the cycling buffer 
was much lower than physiological.

The levels of membrane lipid peroxidation measured in 
untreated, density separated sickle erythrocytes suggest the 
possibility that membrane lipid peroxidation may occur 
preferentially during the process of erythrocyte maturation.

A mechanism potentially leading to lipid peroxidation in 
sickle reticulocytes may involve the reticulocyte 
lipoxygenase. The 15 lipoxygenase of reticulocytes is 
thought to play an essential role in the maturational 
degradation of mitochondria by catalysing the production of 
lipid hydroperoxides in the mitochondrial membrane459'460. 
The formation of lipid hydroperoxides has been postulated to 
be a prerequisite for further mitochondrial degradation by an 
ATP and ubiquitin dependent proteinase. If the more 
available component of non-haem iron reported here is present 
within sickle reticulocytes and partially or wholly situated 
adjacent to mitochondrial membranes it could potentially 
propagate non-enzymic lipid peroxidation following the 
enzymic formation of lipid hydroperoxides.

For such processes to contribute to the increased levels 
of lipid peroxidation in mature sickle erythrocytes 
initiation of lipid peroxidation in the cell membrane would 
also be required. Lipid radicals generated in mitochondria 
close to the cell membrane could potentially initiate lipid 
peroxidation in the cell membrane. The lower reactivity of
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peroxyl radicals compared to alkoxyl radicals, which predicts 
a greater potential diffusion radius63, would suggest that 
lipid peroxyl radicals may play a greater role in such 
processes.

However, it must also be considered that reticulocytes 
contain almost the full complement of haemoglobin, which can 
also catalyse the breakdown of hydroperoxides, and that 
little non-enzymic lipid peroxidation appears to occur in 
reticulocytes as evidenced by the stereochemistry of oxidised 
products of linoleic and arachidonic acid460.

The similarity of the fluorescence properties of lipid 
extracts from sickle or normal erythrocytes is in agreement 
with a previous report300. In an earlier study marginally 
elevated chromolipid fluorescence was found for a density 
separated ISC rich fraction of sickle cells but not for 
sickle erythrocytes with normal density461.

7.4.3 Glutathione levels in sickle erythrocytes.
The similarity of reduced glutathione levels in sickle 

and normal erythrocytes in the present study is in agreement 
with a previous report320. However, other workers have found 
marginally decreased glutathione levels in unseparated 
populations of sickle erythrocytes319.

The normal or only slightly diminished levels of reduced 
glutathione in sickle erythrocytes would appear inconsistent 
with reports of substantially oxidised membrane protein 
cysteine residues129'300'302. A component of the oxidised

• , . 1 O  Qmembrane sulphydryl groups may exist as cysteic acid and 
as such would not be available to reduction by cellular 
glutathione. Similarly, membrane sulphydryl groups which
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have reacted with aldehydes derived from peroxidising fatty 
acids would not be available to reduction by cellular 
glutathione. However, a considerable proportion («50%) of 
the sulphydryl groups of sickle erythrocyte membranes 
reported to be oxidised are reduced by dithiothreitol129'302 
and thus might be expected to be available to reduction by 
glutathione in intact sickle erythrocytes.

N-acetylcysteine when used at a high concentration (5mM) 
entered sickle and normal erythrocytes supplementing the 
intracellular thiol levels. The less pronounced enhancement 
of cellular thiol for sickle erythrocytes compared to normal 
erythrocytes may reflect either a greater rate of 
intracellular oxidation of the N-acetylcysteine in sickle 
erythrocytes or a reduced ability to enter these cells.

7.5 Chelation of intracellular non-haem iron compounds
These studies suggest that the hydroxypyridinone CP094 

can chelate the more available component of membrane- 
associated non-haem iron on entering sickle erythrocytes and 
suppress lipid peroxidation within a timescale in which 
desferrioxamine is unable to enter the erythrocyte.

7.5.1 The differential abilities of CP094 and 
desferrioxamine to enter cells.

The ability of CP094 to enter intact erythrocytes is 
predicted by the lipophilicity of the free chelator392 and 
confirmed in these studies. However, the present 
investigations provide no indication as to the ability of the 
CP094-iron complex to cross the erythrocyte membrane and exit 
from these cells. CP094-iron complex trapped within sickle
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erythrocytes in these studies would have been released during 
membrane preparation. In a recent study pyridin-2-one and 
pyridin-4-one compounds have been used to deliver zinc into 
sickle and normal erythrocytes462. The results suggest that 
the ability of the uncharged \ (chelator1-) 2~Zn2+ complexes to 
cross the erythrocyte membrane depends crucially, as might be 
expected, on the partition coefficient of the complex such 
that complexes with a Kpart <0.2 (between n-octanol and TRIS- 
HC1, 20mM, pH7.4) cross only slowly. The Kpart of the 
uncharged (CP0941-)3-Fe3+ complex, which would be expected to 
be the predominant species within sickle erythrocytes in the 
present study, is 0.07 392 and thus only slow diffusion
across the erythrocyte membrane might be expected.

Desferrioxamine will rapidly chelate the more available 
component of non-haem iron in unsealed sickle membrane 
preparations438. Therefore the inability to chelate non-haem 
iron in intact sickle cells within 10 hours probably reflects 
the minimal entry of this chelator into erythrocytes. This 
is in agreement with a previous study which indicated that 
desferrioxamine does not enter erythrocytes within 24 
hours463.

A recent report suggests that desferrioxamine can cross 
the rat yolk sac membrane by non-specific fluid-phase 
pinocytosis but found no indication that desferrioxamine can 
cross this membrane by passive diffusion393. This is 
consistent with the minimal ability of desferrioxamine to 
enter erythrocytes, cells which do not normally undergo 
pinocytosis.

The implication from the present studies is that the 
ability of CP094 to enter cells by passive diffusion would
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allow this chelator access to a wider range of cell types and 
possibly intracellular compartments compared to 
desferrioxamine if used as a clinical iron chelator. More 
efficient clearance of excess iron may result or
alternatively undesirable removal of iron-stores from some 
cell types may occur. Indeed, despite the higher 
chelator:iron ratio of the hydroxypyridinones compared to 
desferrioxamine, CP094 and desferrioxamine have recently been 
reported to induce similar increases in iron excretion from 
iron loaded mice per mole chelator464.

7.5.2 Suppression of membrane lipid peroxidation in
intact cells

The suppression of membrane lipid peroxidation observed 
concomitantly with the chelation of the more available 
component of non-haem iron by CP094 during cycling is 
indicative that this component actively catalyses oxidative 
processes in the membrane of intact erythrocytes. The 
overall changes in lipid peroxidation occurring during
cycling of intact sickle erythrocytes therefore appear to 
depend on opposing processes of lipid peroxidation and loss 
of hydroperoxide material.

A further possibility is that CP094 can in addition act 
as a chain breaking antioxidant. 2,3-Dihydroxypyridine (a 
pyridin-2-one) has been demonstrated to be a moderately 
effective peroxyl radical scavenger398.
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7.6 Implications for the consequences of membrane-associated 

non-haem iron and oxidative processes in sickle
erythrocytes, and potential areas of further study
Although there has been considerable interest in recent 

years centred around oxidative events in sickle erythrocytes 
there is no clear indication that oxidative modification to 
the erythrocyte contributes to any aspect of the disease 
pathophysiology.

It has been reported that treatment of sickle
erythrocytes with malondialdehyde during either prolonged 
deoxygenation461, or repeated deoxygenation and 
reoxygenation465 induces the formation of ISCs.
Additionally, dietary supplementation of sickle patients with 
a-tocopherol in a small scale trial has been reported to 
increase the levels of plasma tocopherol and reduce the

• • • Afifilevels of ISCs found in the circulation . These
observations have led to speculation that oxidative membrane 
damage may contribute to the membrane lesion which ultimately 
results in the retention of the elongated shape by ISCs.

However, in the present studies several lines of evidence 
suggest that ISC formation occurs independently of membrane 
oxidation. Firstly the suppression of lipid peroxidation 
following chelation of erythrocyte non-haem iron by CP094 did 
not ameliorate the extent of ISC formation during in vitro 
cycling. Secondly, the extent of ISC formation during 
cycling showed no correlation with the levels of membrane- 
associated non-haem iron or membrane lipid peroxidation of 
the erythrocytes. Similarly the endogenous levels of ISCs 
showed no relationship with these parameters. Lastly ISC
formation occurred with no detectable fragmentation or
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cross linking of erythrocyte membrane proteins and furthermore 
no such modification was detected in density separated, ISC 
enriched erythrocyte subpopulations.

These considerations suggest that the studies mentioned 
above involving treatment with malondialdehyde461'465 are 
irrelevant to the formation of ISCs under physiological 
conditions.

Correlation of membrane lipid peroxidation or non-haem 
iron levels with either the haematocrit value or the 
percentage of dense dehydrated cells gives no indication that 
oxidative processes in sickle erythrocytes contribute to 
either the greatly reduced erythrocyte lifespan or the 
processes of cell dehydration.

The implication of the correlation between membrane lipid 
peroxidation and the frequency of crises in sickle patients 
is not clear. Known characteristics of sickle erythrocytes, 
other than the polymerisation of sickle haemoglobin, which 
may modulate vaso-occlusion include the formation of ISCs 
(section 1.3.5), cell dehydration (section 1.3.4) and the 
propensity to adhere to endothelium cells (section 1.3.7). 
As described above the present studies give no indication 
that oxidative membrane damage contributes to either ISC 
formation or sickle cell dehydration. One possibility that 
may merit investigation is that oxidative membrane damage 
could influence vaso-occlusion by inducing cell-cell 
interactions with capillary endothelial cells.

Other authors have reported that oxidatively stressing 
normal erythrocytes with phenazine methosulphate (which 
provides a source of superoxide and hydroxyl radical in the 
presence of NADH) can induce adherance to endothelial
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cells467, albeit that adherance was apparently mediated by 
dehydration resulting from the oxidative insult. Clearly the 
relevance of such experiments to sickle erythrocytes can be 
questioned. Little is known about the molecular basis of the 
cellular adhesion either in oxidatively stressed normal 
erythrocytes or in untreated sickle erythrocytes. One 
potential factor in the adherance of sickle erythrocytes to 
endothelial cells is the uneven distribution of membrane 
sialic acid reported for these cells365. It is not clear 
whether oxidative membrane damage contributes to the 
redistribution of sialic acid.

An issue which has not been addressed is the potential 
role of oxidant generation as a result of the sickle 
infarctive-crises and subsequent clearance of the blocked 
capillaries which constitute an ischaemia reperfusion 
situation. Sickle pain crisis may last over several hours or 
days reflecting localised ischaemia most commonly to bone or 
skeletal muscle. Little is known about the processes by 
which blood flow is restored; presumably this involves the 
destruction of the occluding blood cells by the action of 
neutrophils and the complement pathway during the 
inflammatory response. Reperfusion associated oxygen radical



generation by neutrophils, or xanthine oxidase produced by 
the action of proteases on xanthine dehydrogenase, may add to 
tissue damage following ischaemic episodes. However, it 
would seem unlikely that such processes contribute 
significantly to the oxidative membrane damage of large 
numbers of sickle erythrocytes in the circulation.
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7.7 Desferrioxamine as a radical scavenging antioxidant

Electron spin resonance spectroscopy studies performed 
on incubations of sickle and normal membranes with t-butyl 
hydroperoxide following preincubation with desferrioxamine 
indicate that desferrioxamine is participating in electron 
transfer reactions in these systems. The appearance of the 
desferrioxamine nitroxide radical suggests that the iron 
chelator is donating a hydrogen atom (or electron) from one 
of its hydroxamate groups to a radical or oxidant species.

The desferrioxamine nitroxide radical has been previously 
observed following interaction of desferrioxamine with the 
hydroxyl radical394, the superoxide radical394'395, horseradish 
peroxidase in the presence of hydrogen peroxide394, activated 
myoglobin67 and following illumination with 
photosensitizers399.

In the present studies the decrease in intensity of the 
t-butyl peroxyl-DMPO and the t-butyl alkoxyl-DMPO radical- 
adduct signals observed after preincubation of both sickle 
and normal membranes with higher concentrations of 
desferrioxamine (> ImM) may indicate direct interaction 
between desferrioxamine and the peroxyl and alkoxyl species 
(reactions 40 & 41).

-N (OH) -C (O) - + tBuOO* -► -N(O*) -C (O) - + tBuOOH (reaction 40) 
-N (OH) -C (O) - + tBuO* -N (0*) -C (0) - + tBuOH (reaction 41) 
(where -N(0H)-C(0)- represents one of the three hydroxamate 
groups of desferrioxamine - the preference of reaction of the 
three hydroxamate groups is not clear.

Other workers have reported the ability of
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desferrioxamine to scavenge lipid peroxyl radicals in an iron 
free system397'398. These authors found that ferrioxamine can 
also scavenge the peroxyl radical, but to a lesser extent. 
Similarly in the present studies ferrioxamine, at higher 
concentrations than desferrioxamine, reduced the signal 
intensities of the peroxyl- and alkoxyl-DMPO radical-adducts. 
It would seem unlikely that ferrioxamine scavenges radicals 
by electron or hydrogen atom donation from a hydroxamate 
function as these groups are involved in interactions with 
ferric iron. The absence of any signal characteristic of the 
desferrioxamine nitroxide radical in these incubations is 
consistent with this postulate.

Alternatively desferrioxamine may be interacting with 
hydroperoxide activated haemoprotein species derived from 
haemoglobin or methaemoglobin retained by sickle and normal 
membranes. A recent report suggests that the interaction 
between desferrioxamine and activated myoglobin involves 
reduction of both the surface globin radical and the ferryl 
haem group67. Analogous processes with activated haemoglobin 
may occur in the present studies as represented below 
(reaction 42, 43 & 44).
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(G+*) (P)FeIV=0 + 2 -C(0H)-N(0)-

-+ (G-H) (P)Fe111 + 2 -C (0*) -N (0) - + ”0H (reaction 42) 
(it is not clear whether two hydroxamate groups from the same 
desferrioxamine molecule undergo oxidation or whether 
hydroxamate groups from different molecules are involved)

It is possible that the reaction proceeds in two distinct 
steps as represented in reactions.

(G+*) (P) FeIV=0 + -C (OH) -N (0) - -► (G-H) (P)FeIV=0 + -C(0*)-N(0)- 
(reaction 43)

(G) (P) FeIV=0 + -C(OH) -N(0) - -► (G) (P)Fe111 + -C(0‘)-N(0)- + “OH 
(reaction 44)

The ability of low concentrations (90/xM) of 
desferrioxamine to reduce the levels of peroxyl-DMPO and 
alkoxyl-DMPO radical-adducts detected in incubations of 
sickle erythrocyte membranes with t-butyl hydroperoxide 
probably reflects the chelation of catalytic non-haem iron 
species rather than electron transfer reactions. In support 
of this conclusion although weak signals assigned to the 
desferrioxamine nitroxide radical were detected in 
incubations of both sickle and normal membranes with t-butyl 
hydroperoxide and 90/zM desferrioxamine no reduction in the 
intensity of the peroxyl- or alkoxyl-DMPO signals was 
observed for the incubations with normal membranes.

If desferrioxamine is interacting with the peroxyl 
radical it must be concluded that in these membrane 
incubations 90juM desferrioxamine does not significantly 
deplete the steady state levels of peroxyl radical, whereas 
higher concentrations (ImM or lOmM) of desferrioxamine have 
a significant chain-breaking antioxidant effect.

Alternatively if the main electron transfer reactions
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undergone by desferrioxamine are with activated haemoglobin 
species it is possible that at low concentrations 
desferrioxamine preferentially scavenges a peripheral globin 
radical (reaction 43) which might be expected to generate the 
desferrioxamine nitroxide radical without affecting 
production of the peroxyl radical. At higher concentrations 
both scavenging of a peripheral globin radical and reduction 
of ferryl haem protein may occur. Reduction of the ferryl 
species by desferrioxamine (reaction 44) would generate the 
desferrioxamine nitroxide radical and inhibit the production 
of the peroxyl radical (see reaction 37).

This order of reactivity is consistent with the 
abovementioned study67 on activated myoglobin in which the 
interaction between desferrioxamine and the surface globin 
radical was reported to be faster than the reduction of the 
ferryl haem group by desferrioxamine.

It is possible that desferrioxamine could also be 
scavenging the peroxyl-DMPO adduct radical. However, the 
desferrioxamine nitroxide radical can be observed by e.s.r 
during incubation of methaemoglobin with t-butyl 
hydroperoxide in the absence of spin trap (personal 
communication from M.J. Davies) indicating that this is 
probably not an important pathway.
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ABBREVIATIONS

ADP adenosine-5'-diphosphate
ATP adenosine-5 1-triphosphate
CP094 l-ethyl-2-ethyl-3-hydroxypyridin-4-one
DFO desferrioxamine
DMPO 5,5-dimethyl-l-pyrroline-N-oxide
DTNB 5,51-dithiobis-(2-nitrobenzoic acid)
EDDA ethylenediaminediacetic acid
EDRF endothelial derived relaxing factor
EDTA ethylenediaminetetraacetic acid
ESR electron spin resonance
GSH glutathione (reduced form)
GSSG oxidised disulphide glutathione
HEDTA N-hydroxyethylethylenediaminetriacetic acid
HEPES N-2-hydroxyethyl piperazine-N-2-ethane sulphonic

acid
ISC irreversibly sickled cells
MDA malondialdehyde
NADH nicotinamide adenine dinucleotide (reduced form)
NADPH nicotinamide adenine dinucleotide phosphate

(reduced form)
PAGE polyacrylamide gel electrophoresis
PBN a-Phenyl-t-butylnitrone
PMSF phenylmethylsulphonylfluoride
SD standard deviation
SDS sodium dodecyl sulphate
TEMED N ,N ,N ',N 1-tetramethyl-ethylenediamine
TBA thiobarbituric acid
TBAR thiobarbituric acid reactive (compounds)
tBuOOH t-butyl hydroperoxide
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APPENDIX A REAGENTS

The reagents used are listed below together with the
supplying company and other pertinent details. All reagents
were of Analar grade from BDH limited or of similar purity 
from Sigma Chemical Company unless otherwise stated.

List of reagents: acetic acid, glacial (BDH); acrylamide
(BDH, Electran grade); adenosine-51-triphosphate (Sigma); 
ammonium molybdate (BDH); ammonium persulphate (BDH); L- 
ascorbic acid (BDH); bovine serum albumin (Sigma);
bromophenol blue (BDH); t-butyl hydroperoxide (Aldrich); 
cacodylic acid (Sigma); chloroform (BDH, Spectrosol grade); 
citric acid (BDH); conalbumin, crude from chicken egg white 
(Sigma); copper sulphate (BDH); desferrioxamine mesylate
(Ciba Geigy, Desferal); 5,5-dimethyl-l-pyrroline-N-oxide 
(DMPO) (Aldrich); 5,51-dithiobis-(2-nitrobenzoic acid) (DTNB) 
( S i g m a )  ; D L - d i t h i o t h r e i t o l  ( S i g m a )  ; 
ethylenediaminetetraacetic acid, disodium salt, (EDTA) 
(Sigma); ferric Chloride (BDH); ferritina, horse spleen 
(Sigma); ferrous sulphate (Sigma); ferrozine, (3-(2-pyridyl)- 
5,6-bis(4-phenyl-sulphonic acid)-1,2,4-triazine) (Sigma); 
Folin and Ciocalteu's phenol reagent, 2.0 normal (Sigma); 
gentamicin sulphate B.P. (Nicholas); D + glucose (Sigma); 
glutaraldehyde, 25% (Bio-Rad, Electron microscopy grade); 
glutathione (reduced form) Sigma; glycine (Sigma); haematin, 
bovine (Sigma); haeminb, bovine (Sigma); haemoglobin, human 
(Sigma); N-2-hydroxyethyl piperazine-N-2-ethane sulphonic 
acid, (HEPES) (BDH, Biochemical grade); hydrochloric acid 
(BDH); hydrogen peroxide (BDH, Aristar grade); kenacid blue 
R (BDH, Electran grade); magnesium chloride (BDH);
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metaphosphoric acid (Aldrich); methanol (BDH, Spectrosol 
grade); N ,N 1-methylenebisacrylamide (BDH, Electran grade); 
nitric acid, 70% (BDH, Spectrosol grade); oxalic acid 
(Sigma); perchloric acid, 70% (BDH); percoll (Pharmacia); a- 
P h e n y l - t - b u t y l n i t r o n e  ( P B N )  ( A l d r i c h )  ; 
phenylmethylsulphonylfluoride (PMSF) (Sigma); potassium 
chloride (BDH); potassium dihydrogen orthophosphate (BDH); 
potassium sodium tartrate (BDH); propan-2-ol (BDH); quinine 
sulphate (BDH); sodium acetate (BDH); sodium diatrizoate 
(Sigma); sodium dodecyl sulphate (BDH, Biochemical grade); 
sodium carbonate (BDH); sodium chloride (BDH); trisodium 
citrate (BDH) ; disodium hydrogen orthophosphate (BDH) ; sodium 
dihydrogen orthophosphate (BDH); sodium hydroxide (BDH); 
sucrose (BDH, Aristar grade); sulphuric acid (BDH, 
Microanalytical grade); N,N,N',N'-tetramethyl-ethylenediamine 
(TEMED) (Sigma); 1,1,2,2-tetramethoxypropane (Aldrich); 2- 
thiobarbituric acid (Sigma); thiourea (Sigma); 
trichloroacetic acid (BDH); Triton X-100 (Sigma); 
tris(hydroxymethyl)aminomethane (Trizma base) (Sigma)
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The mechanism of action of desferrioxamine in the inhibition of the catalysis of iron-induced oxidative damage has been ascribed to its ability 
to chelate available ferric ion (Kb — 1031). However, recent work has proposed that the trihydroxamate moiety of desferrioxamine can also be in
volved in electron transfer reactions involving the superoxide radical, peroxidase/hydrogen peroxide mixtures and ferryl myoglobin radicals. In 
this study we report evidence for the ability of desferrioxamine to inhibit peroxidative damage to pathological membranes with which non-haem 

iron is associated through a mechanism of action as a lipid chain breaking antioxidant, independently of its iron chelating properties.

Desferrioxamine; Iron; Antioxidant; Sickle erythrocyte membrane; Electron spin resonance spectroscopy

1. IN TR O D U C T IO N

Desferrioxamine is currently the only iron chelator in 
widespread clinical use to treat states of iron overload.

; It chelates available ferric iron [1] rendering it unable to 
; participate in redox cycling and thereby catalyse poten

tially damaging redox reactions. Iron within haem is 
not chelatable.

Abnormal iron-containing species have been describ
ed both within the intact sickle erythocyte and asso
ciated with the isolated membrane [2-9], the majority 

[ of the latter being mainly non-haem in nature [8,9]. 
| Studies in vitro have suggested that such iron species 
j may contribute towards the amplification and propaga

tion of peroxidative damage to lipids in sickle cell mem
branes by catalysing the breakdown of lipid hydro
peroxides, these responses being suppressed on incor
poration of antioxidants such as tocopherol [4]. Desfer- 

1 rioxamine has also been reported to suppress the incu- 
f bation-induced exacerbation of lipid peroxidation in 
' sickle cell membranes [4], This observation was inter- 
1 preted as an indication of the availability of chelatable 
! iron in the sickle cell membrane and its involvement in 
; the mechanism of the peroxidative degradation of the 
membrane lipids.

Recent work has proposed that the trihydroxamate 
moiety o f desferrioxamine, the centre involved in the 
1 binding of the iron, can be involved in electron transfer 
through its ability to donate atoms or electrons to

Correspondence address: C. Rice-Evans, Department of Chemistry 
and Biochemistry, Royal Free Hospital School of Medicine, Universi
ty of London, Rowland Hill Street, London NW3 2PF, UK

horseradish peroxidase/hydrogen peroxide mixtures 
[10,11] and to ferryl myoglobin [11-13] and to interact 
with superoxide radicals [14]. The oxidation of 
oxyhaemoglobin [15,16] and oxyleghaemoglobin [17] 
by desferrioxamine has also been documented.

Here we report findings consistent with the ability of 
desferrioxamine to act as a chain-breaking antioxidant 
of peroxidising lipids in biological membranes in
dependently of its iron chelating properties. The results 
provide evidence for the formation of the desferriox
amine nitroxide radical suggesting that the iron- 
mediated propagation of lipid peroxidation may be in
hibited in sickle erythrocyte membranes by a mecha
nism of hydrogen donation from the trihydroxamate 
centre.

2. M A TER IA LS A N D  M ETHODS

All reagents were obtained from Sigma unless otherwise stated. 
Desferrioxamine was used as the mesylate derivative (Desferal, Ciba- 
Geigy). Horse spleen ferritin in isotonic saline was dialysed extensive
ly against conalbumin (50 mg/ml) before use [18].

Erythrocyte membranes were prepared from sickle and normal 
erythrocytes by the method of Dodge et al. [19] at pH 7.4 and not 
subsequently resealed. Membranes were quantified on the basis of 
protein content using the method of Lowry et al. [20] with bovine 
serum albumin as a standard.

Membrane-associated non-haem iron was assayed utilising a 
modification of the ferrozine assay [21] at pH 7.4 in 10 mM 
phosphate-buffered saline with sodium dodecyl sulphate (0.67% w/v) 
to solubilise membranes. The absorbance at 562 nm was monitored as 
a function of time. The reaction between ferrozine and membrane- 
associated non-haem iron was complete after 48 h. Concentrations of 
non-haem iron were calculated by use of standard curves prepared us
ing ferrous sulphate or ferric chloride in 10 mM hydrochloric acid. 
Equivalent results were obtained making use of the molar extinction
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coefficient for the ferrozine:iron complex of 2.79x 104 at 562 nm
[22]. The response of ferritin in this assay was also examined.

The ability of membrane-associated iron components to catalyse 
the breakdown of organic hydroperoxides to alkoxyl and peroxyl 
radical species was assessed using electron spin resonance spec
troscopy applying the spin trap 5,5-dimethyl-l-pyrroIine-/V-oxide 
(DMPO). Sickle and normal erythrocyte membranes (1.7 mg pro
tein/ml) were incubated at 22°C with /-butyl hydroperoxide (10 mM) 
and DMPO (40 mM) in an aqueous sample cell within the cavity of a 
Bruker ESP 300 electron spin resonance spectrometer equipped with 
100 kHz modulation and a Brucker ER035M gaussmeter for field 
calibration. Hyperfine coupling constants were measured directly 
from the field scan and compared with previously reported values
[23]. Spectra were recorded 90 s after mixing and, where necessary, 
scanned repeatedly with 10 s intervals. Spin adduct concentrations 
were obtained by measuring the peak to peak line heights of signals 
recorded at identical times after initiation of the reaction using iden
tical machine settings.

Ferritin, at concentrations corresponding to the levels of non-haem 
iron species associated with sickle membranes, was examined in this 
system after extensive dialysis against EDTA.

3. RESULTS A N D  DISCUSSION

To elucidate the catalytic properties of iron-con
taining components associated with the sickle ery
throcyte membrane electron spin resonance spectro
scopy was applied using the spin trap DM PO . The abili
ty of the membrane-bound iron complexes retained by 
sickle erythrocyte membranes to initiate the breakdown 
of a model hydroperoxide, /-butyl hydroperoxide, to 
alkoxyl and peroxyl radical species was assessed: typical 
ESR spectra of alkoxyl-DMPO and peroxyl-DMPO 
radical adducts are shown in Fig. 1. Significantly higher 
concentrations of the alkoxyl and peroxyl radical spin 
adducts were produced by sickle erythrocyte mem
branes compared to normal membranes (Table I).

The levels and availability for reaction at physio
logical pH  of non-haem iron species associated with 
sickle membranes were assessed as described in section
2. One component of this iron reacted within 60 min in 
this assay. This available component was present at 
levels of 6.1 ± 4  nmol iron/mg membrane protein 
(n =  13 patients) which represents 46 ±  1197o (n = 13) of 
the total non-haem iron associated with the erythrocyte 
membranes of this group of patients. The remainder of 
the iron species was unavailable to ferrozine within a 
realistic time scale. Non-haem iron was not detected in 
normal membrane preparations.

Investigations were undertaken to correlate the extent 
of the hydroperoxide breakdown, in terms of peroxyl 
radical generation, with the levels of non-haem iron 
associated with erythrocyte membranes from different 
sickle patients. The initial rate of peroxyl radical spin 
adduct generation from hydroperoxide catalysed by 
sickle erythrocyte membranes correlated (r=0 .95) 
(Fig. 2) with the levels of the more available component 
of the iron component.

The presence of a more available and less available 
component of non-haem iron associated with sickle 
erythrocyte membranes is consistent with earlier reports

1 mT

B

H

Fig. 1. ESR spectra observed on reaction of erythrocyte membranes 
with /-BuOOH in the presence of the spin trap DMPO. Spectra of in
cubations (22°C, air-saturated, pH 7.4) containing sickle cell 
erythrocyte membranes (A) or normal erythrocyte membranes (B), 10 
mM /-BuOOH and 40 mM DMPO were recorded 90 s after mixing. 
Spectra assigned to a mixture of the peroxyl (•) and alkoxyl (A) 
radical adducts to DMPO by comparison of hyperfine coupling con

stants with previously reported data [23].

[8,9] in which it has been suggested that the less 
available component may represent iron within ferritin. 
In the present studies, ferritin released iron very slowly 
in the non-haem iron assay, comparably with the less 
available component of non-haem iron associated with 
sickle erythrocyte membranes, whereas ferrous and fer
ric iron salts reacted to completion within 1 min. Fer
ritin, at suitable concentrations, admixed with normal 
membranes or alone demonstrated no detectable 
catalytic activity on /-butyl hydroperoxide, as expected, 
when examined by ESR spectroscopy.

The effects of desferrioxamine on the production of 
alkoxyl and peroxyl radicals in this system were studied 
by preincubating sickle or normal erythrocyte mem
branes with desferrioxamine (90 /*M) for 1 h at 22°C 
before the addition of /-butyl hydroperoxide (10 mM) 
and DM PO (40 m M). This treatment significantly 
reduced the levels of alkoxyl and peroxyl radical spin 
adducts (Table I) and in addition signals from the

Table I

Radical generation from hydroperoxide catalysed by membrane- 
associated iron-species and the effect of desferrioxamine (DFO)

Treatment

Peroxyl radical adduct signal (peak height in 
mm/unit membrane concentration)

Sickle erythrocyte 
membranes

Normal erythrocyte 
membranes

none 7.93 ± 1.6* 4.11 ± 1.3
dexferrioxamine

(90 ̂ M) 5.79 ± 1.3t 5.02 ± 1.7

Sickle and normal membranes were added to /-butyl hydroperoxide 
and the radical generation after 150 s was assessed by electron spin 
resonance spectroscopy using the spin trap DMPO. Identical mem
brane aliquots were pretreated with desferrioxamine before examina
tion in the same way. Values are given as peak-to-peak line heights of 
the peroxyl radical adduct in mm obtained using identical machine 
conditions, after division by the protein concentration of the mem
brane preparation in mg/ml. Values are mean + SD for 5 determina

tions.
* Different from normal membranes (PC 0.01, two sample /-test) 
t Different from untreated sickle membranes (P<0.01, paired /-test)
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Fig. 2. Available non-haem iron-species associated with the sickle 
membrane and generation of radical species from hydroperoxide. The 
levels of non-haem iron reacting within 60 min in the ferrozine assay 
are shown for sickle erythrocyte membranes from different patients 
and correlated with the radical generation induced by these mem
branes as measured by electron spin resonance spectroscopy (A, 
peroxyl radical adduct measured after 150 s; see text). Radical genera
tion from hydroperoxide in the same system induced by normal mem

branes (■, average of 5 preparations) is shown for comparison.

Fig. 3. Alkoxyl-DMPO and peroxyl-DMPO radical adduct signals as 
detected by ESR produced by the reaction of sickle erythrocyte mem
branes with t-butyl hydroperoxide with and without desferrioxamine. 
Spectra were recorded at pH 7.4 and 22°C, under air-saturated condi
tions, 400 s after mixing. Sickle erythrocyte membranes were mixed 
with f-butyl hydroperoxide (10 mM) and DMPO (40 mM) in the 
absence of desferrioxamine (A) and with 90 /jM  desferrioxamine (B). 
Spectra assigned to a mixture of the peroxyl (•) and alkoxyl (A) 
radical adducts to DMPO and to the desferrioxamine nitroxide 

radical (■).

desferrioxamine nitroxide radical [14] were also 
detected (Fig. 3). These responses were more extensive 
at higher desferrioxamine concentrations, with greater 
suppression o f the signals corresponding to alkoxyl and 
peroxyl radical adducts such that at 10 mM the signals 
were almost completely eliminated and greatly increas
ed concentrations of desferrioxamine radicals were 
observed. In similar experiments incorporating ferriox- 
amine (the iron complex o f desferrioxamine) no nitrox
ide signals were observed. No D M PO  adducts to the 
hydroxyl radical were observed in these experiments.

W hen norm al erythrocyte m embranes were similarly 
preincubated with desferrioxamine at concentrations of 
10 m M  or greater, the levels o f the alkoxyl and peroxyl 
DM PO radical adducts were diminished and the desfer
rioxamine nitroxide radical was observed. Lower con
centrations o f desferrioxamine (90 /tM) were ineffec
tive. Breakdown of hydroperoxides by norm al ery
throcyte membranes is attributable to the low levels of 
associated haem iron. Similar results were obtained 
from  experiments carried out to assess the scavenging 
of alkoxyl and peroxyl radicals by desferrioxamine in a 
model system utilising 7-butyl hydroperoxide and 
m ethaem oglobin in the absence o f non-haem  iron (data 
not shown).

A part from  its capacity to chelate ferric iron, desfer
rioxam ine can be oxidised by the superoxide radical 
[14], has been reported to act as an electron donor to 
the ferryl myoglobin radical [12], and has recently been 
shown to scavenge the peroxyl radical in suspensions of 
linoleic acid in which oxidation has been initiated by a 
therm olabile azo com pound [24]. In this study desfer
rioxam ine has been shown to decrease the intensity of 
the observed alkoxyl and peroxyl D M PO  radical ad
ducts generated by endogenous iron complexes

associated with sickle erythrocyte membranes and by 
other systems.

The generation o f the desferrioxamine nitroxide 
radical in all o f these systems indicates that desferriox
amine is acting as a chain breaking radical scavenger by 
donating an electron or hydrogen atom  from  the 
hydroxam ate centre, although the possibility that 
desferrioxamine is additionally involved in chelating 
available non-haem  iron associated with the sickle 
erythrocyte mem brane cannot be excluded. This may 
have im portant implications in the development of 
possible strategies to suppress the oxidative dam age in 
sickle erythrocytes.
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Fig. 1. General appearance o f radioautograph of incubations 
of rat liver homogenate using [ l4C]progesterone as substrate 
showing insignificant effect o f thalidomide on metabolite 

formation

T.l.c. solvents: benzene/acetone (4:1 v/v). Arc 1, control liver 
incubation with no drugs; arc 2, control with 2 pg of un
labelled progesterone plus liver; arc 3, aminoglutethimide 
phosphate added; arc 6, purified [ l4C (progesterone substrate 
blanks; arcs 4. 5, 7 and 8, thalidomide.

cheaper double-coated film gives good results with l4C. A 
central hole is bored in the plastic sheet with a hot spike (4-8 
mm) for the defatted cotton wick which dips into a shallow 
15 cm diameter Petri dish (50 ml vol;) that acts as the sheet 
support. A  large desiccator encloses the whole system. A 
cool atmosphere is required to avoid solvent flow variations. 
A circular grid is pencilled on the sheet by a compass before 
running to align metabolites with standards on inspection 
after development. Dyes are spotted on between some 
samples to check for moisture and regularity of running in 
hygroscopic solvents, since the dyes run consistently near

different steroids. These are: Rhodamine-B, which stays at 
origin unless wet; fluorescein, which marks 19-hydroxy- 
androstenedione; 4,4'-dihydroxyazobenzene and 4-amino- 
azobenzene, which enclose testosterone and some 
hydroxysteroids and Sudan Blue, which acts as a front 
marker and for low polarity steroids.

Toxic effects of thalidomide may be due to a D-glutamic 
derivative rather than a more natural L-folic-like form N-O- 
(carboxybenzoyl)glutamic acid. Intercalation of thalidomide 
might occur into DNA (Koch & Czejka, 1986). Thalidomide 
inhibited generation of 0 2 and O H ' by neutrophils without 
significant effect on chemiluminescence (Miyachi et al. 
1982) and is an anti-inflammatory agent and immuno
suppressant (not via prostaglandin inhibition) (Vogelsang et 
al., 1986). It inhibits protein synthesis differentially (like 
cycloheximide) (Shull, 1984).

The drug has been used to alleviate terminal cancer pain 
and has a sedative effect. Aphthous oral conditions of the 
chronic incurable Beghet type are particularly distressing 
(Lehner & Lyne, 1969) and any drug reducing the need for 
high dose steroids which is fairly safe is useful.

A 34-year-old patient reported by Lim, who had acute- 
graft-versus-host disease following bone marrow transplant 
had failed to respond to the usual drugs, but responded to 
400 mg/day of thalidomide immunosuppression (Lim et al., 
1988)."
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Effect of glucose on cytosolic calcium and inositol phosphates in insulin-secreting HIT-T15 cells

JUDITH MEATS, LEONARD BEST and STEPHEN 
TOMLINSON
Department o f Medicine, University o f Manchester, 
Manchester M l3 9PT, U.K.

There is much evidence to suggest that Ca2 + is an important 
second messenger involved in controlling the secretion of 
insulin (reviewed by Prentki & Matschinsky, 1987). One sug
gestion is that glucose causes depolarization of /3-cells by 
closing K + channels, thus permitting Ca2 + to enter the cell 
through voltage-sensitive Ca2 + channels (Henquin, 1987). 
Elevation of cytosolic Ca2 + in response to glucose has been 
shown in several studies where /3-cells have been loaded with 
Ca2+-sensitive fluorescent dyes (Rorsman et al., 1984; 
Wollheim & Biden, 1986; Grapengiesser et al., 1988). How
ever, Boyd et al. (1986) found no effect of glucose on cyto-

Abbreviations used: Ins A  Ins/L, InsP,. inositol mono-, bis- and 
trisphosphate, respectively.

plasmic Ca2+ in HIT-T15 cells, despite strong evidence for 
glucose-sensitive stimulation of insulin secretion in these 
cells, and dependence of this reaction on extracellular Ca2 + .

The turnover of inositol lipids in islets is also believed to 
be important in the regulation of insulin secretion (reviewed 
by Best & Malaisse, 1983). Glucose and other agonists 
stimulate the breakdown of phosphoinositides to inositol 
phosphates and diacylglycerol, which may influence insulin 
secretion through effects of protein kinase C, and by assist
ing in the release of Ca2+ from intracellular stores (Zawalich 
etal., 1983; Joseph et al, 1984).

We have used the /3-cell line HIT-T15 to look more closely 
at the effect of glucose on intracellular Ca2+ and inositol 
lipids.

Suspensions of H IT cells were loaded with Quin 2-AM in 
the absence of glucose (Boyd et al., 1986) and the fluor
escence of stirred cell-suspensions was monitored continu
ously. There was a short delay after the addition of 10 
niM-glucose (0.5-1.0 min) then the concentration of cytosolic
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Fig. 1. Relationship between extracellular Ca2+ (fCa2+]J  and 
changes in cytosolic Ca2+ (fCa2+]J  following stimulation with 

glucose

Cells were loaded with quin 2 in the absence of Ca2+ and 
equilibrated with the appropriate dose for 7 min before the 
addition of glucose. The concentration of cytosolic Ca2+ was 
calculated from fluorescence values (Tsien et al., 1982). 
Values for fluorescence due to extracellular quin, and to 
autofluorescence were subtracted.

Ca2+ was increased by up to 76%. The reaction was com
plete within 5 min. This effect of glucose was dependent on 
the concentration of extracellular Ca2+ (see Fig. 1) and was 
inhibited by verapamil. Cytosolic Ca2+ rose from 164 nM to 
289 nM in the presence of 10 mM-glucose only, compared 
with a change from 131 nM to 159 nM with 10 mM-glucose 
and 40 ^M-verapamil. We also found that glucose enhanced 
the secretion of insulin from H IT  cells, the extent of the 
stimulation again being dependent on the concentration of 
extracellular calcium (data not shown).

H IT  cells were labelled overnight with [3H]inositol and 
stimulated with glucose. Glucose (10 mM) caused significant 
enhancement of the production of the inositol phosphates 
inositol mono- and bis-phosphate (Ins.P+InsP2), and ino
sitol trisphosphate (InsP3) (52507±3133 c.p.m. and 
2151511983 c.p.m. respectively, compared with 
3859612184 c.p.m. and 1270512671 c.p.m. for controls 
without glucose), significant effects of 2.5 mM-glucose were 
observed on the production of InsP±InsP2 only 
(49213 ±2502 c.p.m.).

This work provides the first direct evidence that glucose 
stimulates the concentration of cytosolic Ca2+ in H IT  cells. 
These results are consistent with those from other groups 
who have looked at the effect of glucose on single islet cells 
(Wollheim & Biden, 1986; Grapengiesser et al., 1988). How
ever, our results contradict those of Boyd et al. (1986). Three 
important differences between the studies may account for 
the discrepancy. Boyd et al. used a lower extracellular Ca2 + 
than we did (1 mM instead of 2.5 mM, see Figure) and fluor
escence was measured for only 1 min; we found there was a 
delay of up to 1 min before enhancement of Ca2 + occurred. 
Our experiments were performed at 37°C rather than room 
temperature; one report states that Ca2+ channels do not 
open at temperatures below 27°C (Escolar etal., 1987).

Thus, we have made some novel observations concerning 
the action of glucose on the metabolism of Ca2+ and inositol 
lipids in H IT  cells; our work suggests these cells are a useful 
model in which to study the role of these processes in the 
control of insulin secretion.
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Membrane-associated iron-species and membrane oxidation in sickle-cell disease

ANDREW  HARTLEY and CATHERINE RICE-EVANS 
Department of Biochem istry and Chemistry, Royal Free 
Hospital School o f Medicine, Rowland H ill Street, London 
NW32PF, U.K.

During its shortened lifetime in the circulation, the sickle 
erythrocyte is subjected to mechanical stresses by repeated 
polymerization and depolymerization of the haemoglobin. 
Concurrently, abnormal interactions between haemoglobin

Abbreviations used: ISC, irreversibly sickled cells; TBAR, thio
barbituric acid-reactive.

and the membrane occur [1, 2] and morphological cyto- 
skeletal defects develop [3]. It has been suggested that the 
deformed cytoskeleton is responsible for the retention of the 
sickled morphology by irreversibly sickled cells (ISCs) when 
oxygenated. (ISCs comprise between 4 and 44% of the 
erythrocyte population [4]). Potential contributing factors to 
these cytoskeletal modifications may be modified thiol redox 
status [5] and reduced spectrin-ankyrin interaction [6].

Our previous results [7] and those of others [2, 8] have 
indicated that iron-containing species are bound to the 
sickle-cell membrane. Furthermore, the iron has been impli
cated in the propagation of endogenous lipid peroxidative 
processes in the membrane [7].
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Table 1. A comparison of the levels of iron-species and globin bound to sickle and normal 
cytoskeletons, and the correlation between iron-species retention and lipid peroxidation in

sickle erythrocyte membranes

Values are means ± s.d. for (n) values or single determinations where shown for individual 
patients.

Endogenous lipid 
Bound iron Globin content peroxidation (TBAR)

(nmol/mg of protein) (nmol/mg of protein) {A531/mg of protein per ml)

Cytoskeletons
Sickle 73.5 ±77 (6) 3.30 ±2.4 (6)
Normal 2.15* 3.87*

Membranes
Sickle

O.G. 96.8 0.418
L.E. 55.7 0.392
E.A. 44.3 0.472
A.J. 31.6 0.122
O.S. 14.6 0.108
J.M. 10.5 0.084
Mean 42.3 ±29 (6) 0.266 ±0.16 (6)

Normal 1.25 ±0.9 (11) 0.038 ±0.02 (5)

*Mean of two observations.

In these studies we have examined the cytoskeleton as a 
possible location of iron species, and the significance of such 

| species in relation to the extent of lipid peroxidation.
' Cytoskeletons were prepared from normal and sickle 

erythrocytes [9]. This involved extraction of membrane lipids 
with Triton X-100 under isotonic conditions. The resulting 

! cytoskeletons were washed and stripped of integral mem
brane proteins using 0.6 m-KC1.

Sickle and normal membranes were prepared [10], but 
using 5 mM-isotonic and hypotonic Tris buffers (pH 7.4) in 
preparation and finally washing into isotonic 5 mM-phos- 
phate buffer, pH 7.4. Protein concentration was determined 
using the assays of Lowry et al. [11] and Bradford [12] with 
bovine serum albumin as standard. Lipid peroxidation was 
measured as thiobarbituric acid-reactive (TBAR) products 
as previously described [7]. Total iron levels were measured 
by atomic absorption spectroscopy and are expressed as 
nmol of iron/mg of membrane or cytoskeletal protein as 
appropriate. The protein composition of the cytoskeletons 
and membranes was determined by SDS/polyacrylamide-gel 

| electrophoresis using 5% (w/v) gels [13]; globin standards 
t were run simultaneously. Erythrocytes from different patient 
| cohorts were used in cytoskeleton and membrane studies.

Cytoskeletons from sickle and normal erythrocytes 
! showed similar protein compositions, consisting essentially 
i of spectrin and actin, and band 4.1 to variable extents. 

Globin and band 7 (3%) appeared as minor constituents. Dif
ferences between sickle and normal cytoskeletons were 
observed in minor (less than 5% of total Coomassie-stained 
protein) uncharacterized bands in the region corresponding 

! to an M r between 98 000 and 165 000.
Although the globin content was not significantly different 

(Table 1), greater amounts of iron-species were retained in 
the sickle than in the normal cytoskeletons. The level of iron- 
species was greatly in excess of the amount of globin in 
sickle, unlike normal, cytoskeletons.

Studies on sickle membranes indicate that those with the 
greatest retention of iron-species showed correspondingly 
high levels of endogenous lipid peroxidation. Sickle erythro
cyte samples with more normal membrane characteristics,

| including the extent of lipid peroxidation, as previously 
observed [7], were also examined and the extent of mem

brane-bound iron retention was observed to be within the 
normal range.

These results indicate that the iron-containing species are 
bound to a large extent to the membrane cytoskeleton in 
sickle erythrocytes. The levels of iron-species are in excess of 
globin and therefore may be dissociation products of haemi- 
chromes or other denatured forms of haemoglobin. The pre
cise nature of the iron is important. Haem-iron bound to the 
cytoskeleton in close proximity to the membrane lipid is able 
to catalyse the breakdown of lipid hydroperoxides propagat
ing lipid peroxidation [14]. Other studies have shown haem 
binding to spectrin in vitro [15].

The mechanism of initiation of peroxidation in sickle cells 
has not been addressed. Iron released from haem could par
ticipate in initiation, and this possibility is being investigated.

This study supports ideas that membrane damage in sickle 
erythrocytes is exacerbated by membrane-bound iron- 
species, and further localizes at least part of this iron to the 
membrane cytoskeletal proteins.

We acknowledge financial support from the Science and 
Engineering Research Council and the Peter Samuel-Royal Free 
Fund. We thank Professor A. Bellingham for providing sickle 
erythrocyte samples, and Mr Neville Green for assistance with 
atomic absorption spectroscopy studies.
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Pertussis toxin reverses noradrenaline inhibition of insulin release from electrically permeabilized 
islets

SHANTA J. PERSAUD, PETER M. JONES and 
SIMON L. HOWELL
Department of Physiology, King’s College London, Campden 
H ill Road, London W8 7AH, U.K.

Noradrenaline (NA) inhibits stimulated insulin release from 
both intact (Nakaki et al., 1981) and permeabilized (Tama- 
gawa et al., 1985) islets through activation of cc2-adreno- 
receptors in the /3-cell plasma membrane. The precise 
mechanisms of action of this catecholamine are unknown, 
but involvement of the inhibitory guanine nucleotide binding 
protein, Gi, has been implicated following the observations 
that Bordetella pertussis toxin (PT) reverses adrenaline 
blockade of glucose-stimulated insulin release from intact 
islets and promotes ADP-ribosylation of a 41 kDa islet mem
brane protein (Malaisse et al., 1984). We have investigated 
the ability of PT to relieve the NA inhibition of calcium- 
induced insulin release from electrically permeabilized islets 
of Langerhans.

Islets were isolated under aseptic conditions by collage- 
nase digestion of rat pancreata (Howell & Taylor, 1968). 
They were maintained in the absence or presence of PT (100 
ng/ml) for 24 h in tissue culture medium 199 [pH 7.4; 10% 
(v/v) fetal calf serum, streptomycin (100 pg/m\), penicillin 
(100 units/ml)] at 37°C, in a humidified atmosphere of 0 2/ 
C(J2 (19:1). After incubation islets were thoroughly washed 
in a K +-glutamate based Ca2+/EGTA buffer (permeation 
buffer, pH 6.6) with CaCl2 added to give a free Ca2+ concen
tration of 50 nM (Jones et al., 1985), then permeabilized at 
4°C by five exposures to an electric field of 3.4 kV/cm. 
Groups of 10 permeabilized islets were incubated at 37°C 
for 30 min in 1 ml of permeation buffer containing 50 nM or 
10 //M-free calcium in the absence or presence of NA. Insu
lin secretion from permeabilized /3-cells was measured by 
radioimmunoassay (Jones et al., 1988). ADP-ribosylation in 
situ of islet membrane proteins by PT was measured by 
preincubating 200 islets with or without PT (1 pg/ml) for 2 h 
at 37°C. The islets were washed and electrically permeabi
lized as described above. One hundred islets from either 
group were equilibrated on ice for 15 min with 5 pCi of 
[«-32P]NAD + in 100 p i of permeation buffer then incubated 
for 30 min at 37°C. After centrifugation for 15 s at 9000 g the 
supernatant was discarded and 20 p\ of a ‘stop’ buffer [10% 
(w/v) SDS, 5% (v/v) mercaptoethanol, 5% (w/v) glycerol, 250 
mM-Tris and Bromophenol Blue] were added to the islet 
pellet. The samples were boiled for 3 min and proteins were 
separated by polyacrylamide-gel electrophoresis. The incor
porated radioactivity was detected by autoradiography.

Both control and toxin-treated islets responded to an 
increase in free Ca2+ concentration, from 50 nM to 10 pu, 
with a 2-fold increase in insulin secretion (P< 0.001 for 
both). Calcium-stimulated insulin release from islets incu
bated in the absence of toxin was significantly [P<  0.005), 
but incompletely, inhibited by 10 //m-NA. Increasing the 
concentration of NA to 50 pu  did not further increase the 
extent of inhibition (Table 1). Pretreating islets with PT (100 
ng/ml) for 24 h reduced the attenuation of calcium-induced

Abbreviations used: NA, noradrenaline; PT, pertussis toxin.

Table 1. Effect of NA on insulin release from control and PT- 
treatedpermeabilized islets

Insulin release in response to 10//M-Ca2+ was significantly 
attenuated by both 10 pu- and 50 / * m - N A  and this inhibition 
was alleviated by prior exposure of islets to B. pertussis toxin 
(100 ng/ml). Secretion is expressed as meanis.E.M. of the 
number of experiments indicated in parentheses. Significance of 
difference by paired /-tests: **P< 0.005, *P<0.05 and NS 
P> 0.05 versus 10 pu-Ca2 +

Insulin release (pg/h per islet)

Addition control Toxin-treated

50nM-Ca2+
10 pM-C&1 +
10 pu-Ca2+ + 10 /4M-NA

379±46 (8) 
758±85 (8) 
546 ±53 (8)**

405 ±56 (7) 
876 ±104 (7) 
780 ± 79 (7)NS

50 nM-Ca2+
10 pM-Ca1+
10 ,«M-Ca2+ + 50 /<m-NA

467 + 24(5) 
926 ±38 (5) 
656 ±39 (5)**

464±59 (5) 
1022 ±56 (5) 
854 ±52 (5)*

insulin release by both concentrations of NA (Table 1). In the 
presence of 5 pC i of [a-32P]NAD + , PT (1 pg/ml) stimulated 
the ADP-ribosylation in situ of a protein of approximate 
molecular mass 41 kDa.

In common with intact islets, PT-treated permeabilized 
islets show resistance to the inhibitory action of NA, and this 
can be related to ADP-ribosylation of a 41 kDa protein. 
These results suggest that B. pertussis toxin alleviates NA  
reduction of calcium-stimulated insulin release by preventing 
transduction of the inhibitory signal. The best characterized 
41 kDa substrate of PT is the a-subunit of Gi; its activation 
results in inhibition of adenylate cyclase activity (Gilman, 
1986). It is unlikely that this is the sole target of PT in /3-cells 
because the addition of exogenous cyclic AMP does not fully 
reverse catecholamine inhibition of /3-cell secretory activity 
(Jones etal., 1987).
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Effects of dietary vitamin E and selenium levels on rat liver and kidney microsomal 
glucose-6-phosphatase

DAVID C. WATTS and IBTISAM J. FARAJ 
Department o f Biochemistry, United Medical and Dental 
Schools (Guy’s Campus), London Bridge, London SE1 9RT, 
U.K.

Wills (1971) and Benedetti et al. (1980) associated lipid per
oxidation in microsomal vesicles with membrane breakdown 
and inactivation of glucose-6-phosphatase (Glu6Pase) 
activity. Hafeman & Hockstra (1977) reported that a dietary 
deficiency of vitamin E, a lipid-soluble antioxidant, and Se, a 
cofactor for glutathione peroxidase, resulted in enhanced 
lipid peroxidation. The present work confirms that thio- 
barbiturate-reacting substances increased in vitamin E/Se 
deficiency (approx. 33%; P<0.01) but finds no corre
sponding decrease in liver Glu6Pase activity. Nor was the 
enzyme inactivated in vitro by malonaldehyde at a concen
tration 100 times the physiological level.

Glu6Pase activity reflects the combined action of a 
specific transporter, carrying glucose 6-phosphate (Glu6P) 
through the vesicle, and the Glu6Pase on the membrane 
interior. Mannose 6-phosphate (Man6P) enters vesicles by 
passive diffusion but is hydrolysed by the same phosphatase. 
Glu6Pase activity measured after treatment of the vesicles 
with the solubilizing detergent, CHAPS (Watts et al., 1987), 
indicates total phosphatase activity. That measured without 
detergent reflects permease activity with Glu6P, or mem
brane diffusion with Man6P.

Nine groups of five weanling rats were fed a vitamin 
E-free and Se-free torula yeast-based diet plus water, ad 
libitum, and a supplement of a//-rac-a-tocopheryl acetate at 
0, 100 or 1000 p.p.m. plus 0, 0.1 or 1.5 p.p.m. sodium 
selenite. The diet with 100 p.p.m. vitamin E plus 0.1 p.p.m. 
Se corresponds to a ‘normal’ level. After 28 days, liver and 
kidney microsomes were prepared from each animal (Palade 
& Siekevitz, 1956). Glu6Pase activity was measured by Pj 
release from substrate after 10 min incubation at 30°C. Pj 
formation was linear with time both with and without deter
gent.

The overall changes, compared with the ‘normal’ group, 
may be summarized as follows.

With no vitamin E the total Glu6Pase activity (140 nmol 
of Pj formed/min per mg of protein) was unaffected; the 
permease activity (70.5 nmol of Pj/min per mg) was slightly 
raised with 0 p.p.m. Se and further raised (50% max) with 1 
and 1.5 p.p.m. Se (P<0.05). Mannose-6-phosphatase

Abbreviations used: Glu6Pase, glucose-6-phosphatase; Glu6P, 
glucose 6-phosphate; Man6P, mannose 6-phosphate; Man6Pase, 
mannose-6-phosphatase.

(Man6Pase) activity was slightly decreased (P=  0.05), but 
membrane diffusion was approx. 50% increased (22.8 to 
31.5 nmol of Pj/min per mg; P < 0.05) at all Se levels.

With 100 p.p.m. vitamin E and 0.1 p.p.m. Se (‘normal’ 
value), Glu6Pase was unaltered by lowering the Se to 0 
p.p.m.; with 1.5 p.p.m. the activity was increased by 30% 
(P<0.05). Low and high Se increased permease activity by 
37% and 63%, respectively (P<0.05). Parallel results were 
obtained with Man6P.

With 1000 p.p.m. vitamin E there was a significant 
increase in both Glu6Pase and Man6Pase (35-45%; 
PC0.05) activities at all Se levels. The Glu6Pase activities 
were significantly greater with 0 and 1.5 p.p.m. Se than with 1 
p.p.m. Se. This trend was seen with Man6Pase but the results 
were not significant. Similarly, the permease was increased 
relative to the control and the low and high Se values were 
again greater than ‘normal’. The same picture emerged for 
Man6P diffusion, with activity being 50% greater (P<0.05) 
with 0 p.p.m. Se and 25% greater (not significant) with 1.5 
p.p.m. Se.

In summary, the results show that reducing the vitamin E 
level in the diet to zero does not result in a decrease in 
Glu6Pase activity, while raising the level tenfold causes an 
approx. 50% increase. Se is without effect at zero vitamin E 
but at the normal and high vitamin E levels a departure from 
the ‘normal’ Se level results in increased enzyme activity. 
Permease activity and membrane diffusion change in parallel, 
suggesting a membrane-mediated effect on the transporter 
rather than an increase in the number of transporter sites.

Rat kidney microsomal Glu6Pase and Man6Pase activi
ties are similar to those in the liver. By contrast, the phospha
tase activity is extremely robust and hardly affected by any 
changes in dietary vitamin E and Se, with the Glu6Pase 
being increased 35% (P< 0.01) only with vitamin E at 1000
p.p.m.
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Iron redistribution and lipid peroxidation in the ischaemic kidney

JOND. G O W ER *G U Y HEALING,*
BARRY J. FULLERt and COLIN J. GREEN*
* Section o f Surgical Research, Clinical Research Centre, 
Watford Road, Harrow, Middlesex HA13UJ, U.K. and 
t Academic Department o f Surgery, Royal Free Hospital and 
School o f Medicine, Pond Street, Hampstead, London NW3 
2QG, U.K.

An imbalance in the production and removal of oxygen- 
derived free radicals may be an important factor in the

pathogenesis of the damage which occurs to organs following 
periods of ischaemia followed by reperfusion with oxy
genated blood. In the presence of transition metals, particu
larly iron, these reactive species initiate the peroxidation of 
membrane-bound polyunsaturated fatty acids which can lead 
to cell necrosis (Wills, 1969). Thus the physiological pro
cessing of iron is designed to minimize the existence of 
forms of this metal which are able to catalyse these damaging 
reactions. Iron is stored intracellularly in ferritin; however, a 
small pool of catalytic iron exists in the cell in the form of low 
molecular mass chelates (Mulligan et al., 1986).
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Table 1. Effect of cold ischaemia and warm ischaemia on the level of total iron and desferri- 
oxamine-available iron in the rabbit kidney

Total iron (nmol/mg of protein) in homogenates of rabbit kidneys was determined by 
atomic absorption spectroscopy and desferrioxamine-available (DFX-A) iron (pmol/mg 
protein) by h.p.l.c. as described in the text. Values represent the mean ± s.d . of six deter
minations. *Significantly {P< 0.05) different from control; **significantly> [P < 0.005) 
different from control.

Cortex Medulla

Total iron DFX-A iron Total iron DFX-A iron

Control 6.6310.95 2961100 5-61 + 1.45 3451177
24 h Cold ischaemia 5.4110.91 604+118** 4.40 + 0.56 6201139**
2 h Warm ischaemia 5.4210.27 488194* 5.5911.10 5991160*

We have previously demonstrated that homogenates of 
rabbit kidneys exhibit elevated rates of lipid peroxidation fol
lowing periods of warm or cold ischaemia and that periods of 
reperfusion in vivo result in further oxidative damage (Green 
et al., 1986a, b). Administration of free radical scavengers 
and the iron chelator desferrioxamine reduced the formation 
of lipid peroxidation markers under these conditions which 
suggested that involvement of chelatable iron in the mechan
ism of this damage (Green et al., 19866). In the present 
study, we have measured the level of iron available for chela
tion by desferrioxamine in rabbit kidneys and demonstrate 
that periods of both warm and cold ischaemia result in a 
redistribution of intracellular iron to more available forms 
which may be responsible, at least in part, for the initiation of 
peroxidative damage upon re-oxygenation of the kidney.

New Zealand White rabbits were anaesthetized, and both 
kidneys removed and flushed with hypertonic citrate solu
tion as previously described (Green et al., 19866). One 
kidney was assayed immediately (control) and the contrala
teral organ was subjected to either 2 h warm ischaemia (left 
in situ) or 24 h storage at 0°C in the flush solution. Kidneys 
were divided into cortex and medulla, homogenized in 0 .1  m -  

Tris/HCl buffer, pH 7.4 (25%, w/v), and centrifuged at 
10 000 g for 15 min. Triplicate aliquots of the supernatants 
were incubated with desferrioxamine (2 mM) for 1 h, and the 
parent drug and its iron-bound form, ferrioxamine, were 
extracted using Bond-Elut C l8 cartridges (Gower et al., 
1989). Quantitation of the two forms of the drug was 
achieved using reversed-phase h.p.l.c. with u.v. detection and 
the ferrioxamine/desferrioxamine, ratio calculated (Gower et 
al., 1989). The amount of chelatable iron in each sample was 
determined from a standard curve obtained from triplicate 
standards which contained 0, 10, and 25 nmol of Fe3+/ml 
and were subjected to the same procedure. The total iron 
content of the samples was determined by atomic absorption 
spectroscopy and protein contents by the method of Lowry 
etal. (1951).

Measurement of the desferrioxamine/ferrioxamine ratio in 
kidney homogenates showed that periods of both warm and 
cold ischaemia resulted in significant increases in the des
ferrioxamine-available iron pool in both the medulla and 
cortex (Table 1). There was no change in the total iron con
tent of the tissues (Table 1), hence a redistribution of iron to 
more available forms had occurred as a result of 2 h warm 
ischaemia or 24 h cold ischaemia. It is likely that this extra 
available iron was derived from ferritin. The release of ferri
tin iron involves the reduction of ferric ions to the ferrous 
state and may therefore be stimulated during ischaemia due 
to the build up of reducing species including a decreased pH.

It cannot be stated with certainty that the iron measured in 
this study is in a form which is able to catalyse the initiation 
of lipid peroxidation. However, the availability of iron for 
chelation by desferrioxamine is highly suggestive of its avail
ability to catalyse this damaging reaction. The redistribution 
of iron to more available pools as a result of ischaemia may 
therefore be an important factor in the underlying mechan
ism which results in increased levels of lipid peroxidation 
under these circumstances. This possible role of iron in the 
pathogenesis of ischaemic tissue damage suggests that iron- 
chelators may have therapeutic value under these conditions.
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The nature of membrane-bound iron-species involved in radical-mediated damage to sickle 
erythrocytes

ANDREW  HARTLEY and CATHERINE RICE-EVANS 
Department of Biochemistry and Chemistry, Royal Free 
Hospital School o f Medicine, Rowland H ill Street, London 
NW32PF, U.K.

Iron-catalysed radical-mediated damage to lipids and pro
teins can proceed via different mechanisms depending on the 
nature of the iron.

Abbreviation used: DFO, desferrioxamine.

Haem proteins, such as methaemoglobin, cytochrome c 
and myoglobin, as well as haematin and iron salts, will cata
lyse the breakdown of lipid hydroperoxides [1,2] propagat
ing further lipid peroxidation and generating reactive species 
capable of modifying proteins [3].

Non-haem iron, complexed to low-A/r biomolecules as 
well as iron salts will catalyse the production of reactive radi
cal species capable of initiating lipid peroxidation and oxida
tive protein damage [4-6].
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Sickle cell erythrocytes exhibit various membrane and 
metabolic defects, as reviewed by Rice-Evans et al. [7], which 
may contribute to the severity of the disease. One such 
abnormality is that iron-containing species are bound to the 
erythrocyte membrane [8-10]. Rice-Evans et al. [9, 11] have 
reported increased endogenous levels of membrane lipid 
peroxidation in sickle erythrocytes and have shown evidence 
that membrane-bound iron species catalyse this peroxida
tion.

Here we examine the nature of the iron species and report 
the existence of non-haem iron bound to sickle erythrocyte 
membranes.

Sickle and normal erythrocyte membranes were prepared 
using a modification [11] of the method of Dodge et al. [12], 
and quantified using the protein assay of Lowry et al. [13].

Haem iron, including haem in proteins, was determined by 
the fluorimetric assay of Morrison [14], Non-haem iron was 
determined by an assay utilizing ferrozine and ascorbate [15] 
with the addition of 0.67% (w/v) SDS to solubilize the mem
branes. Total iron was determined by atomic absorption 
spectroscopy.

The levels of iron species bound to membranes prepared 
from sickle and normal erythrocytes are shown in Table 1. 
Similar amounts of haem iron are bound to sickle and nor
mal membranes. However, sickle erythrocyte membranes, 
unlike normal membranes, contain non-haem iron. The level 
of membrane-bound non-haem iron is in excess of haem 
iron and varies greatly between samples from different 
patients. Approximately half of the non-haem iron reacts 
with ferrozine in the presence of ascorbate within 60 min, 
whereas the remainder reacts more slowly.

The level of haem bound to sickle erythrocyte membranes 
reported here, 2.06 ±1.2 nmol/mg of protein, agrees well 
with the value of 2.1 ±0.5 nmol/mg of protein obtained by 
Kuross et al. [10] using a spectrophotometric method. How
ever, whereas we find a similar value for the haem content of 
normal membranes, 1.91 ±0.8 nmol/mg of protein, Kuross 
et al. reported a significantly lower normal membrane-bound 
haem level of 0.8 ±  0.2 nmol/mg of protein.

Recently, this group has shown that the iron species in 
sickle erythrocyte membrane preparations are mainly asso
ciated with the cytoskeleton [11], where they may have a 
catalytic role contributing towards the cytoskeletal abnor
malities described by others [16,17].

The precise nature of the non-haem iron associated with 
sickle membranes is of great interest. The component which 
reacts rapidly with ferrozine may represent iron readily avail
able to catalyse radical-mediated reactions, possibly com- 
plexed with membrane lipids or proteins. The remaining iron 
appears to be released more slowly from a less available 
source. It is unlikely that this iron is contained within ferritin, 
reported in the sickle erythrocyte [18], as the latter molecule 
is soluble. Haemosiderin is a possible source of the slow 
reacting iron component.

Previously Rice-Evans et al. [9] have shown that the iron 
chelator desferrioxamine (DFO) will inhibit increases in lipid 
peroxidation when sickle membranes are incubated at 37°C. 
DFO chelates ferric ions but not haem-iron or iron within 
proteins. In the light of the current studies, DFO may be act
ing by chelating the more available component of non-haem 
iron described here thereby rendering it unable to participate 
in the propagation of lipid peroxidation. Iron in a form

Table 1. Levels of haem iron and non-haem iron bound to mem
branes prepared from normal and sickle erythrocytes

Normal membranes Sickle membranes

1.7 ± 1 (n = 8) 34.8±31(« = 6)

1.91 ±0.8 {n = 8) 2.06 ± 1.2 (« = 12)

Total iron
(nmol/mg of protein)
Haem iron 
(nmol/mg of protein)

Non-haem iron 
(nmol/mg of protein)

30 min (time of reaction 0.0 (« = 1) 10.4±4(« = 4)
with ferrozine)

60 min 0.0(n = 10) 12.8±9(n = 13)
96 h 0.0 (n = 1) 33.0±27(« = 6)

potentially chelatable by DFO can, in the absence of such 
chelators, also participate in reactions which generate radical 
species capable of initiating lipid peroxidation or oxidative 
protein damage.
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tion spectroscopy studies.
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Intracellular low molecular weight iron

N. DEIGHTON and R. C. H IDER
Department of Pharmacy, King’s College, Manresa Road, 
London SW3 6LX, U.K.

Summary

A low molecular weight complex of an iron oligomer 
(Mr~1000) has been isolated from rat liver and charac
terized physically and chemically. The h.p.l.c.-purified 
material contains the free amino acids glutamate and aspart
ate. Chemical techniques suggest the iron present in the fac
tor is as iron(III) and is readily donated to high-affinity 
chelators such as the hydroxypyridinones and desferri- 
oxamine.

The isolation and characterization o f a low molecular weight 
iron complex from rat liver

In biological systems the majority of oxygen-derived free 
radicals formed via metal complexes are produced by either 
the Cu(I):Cu(II) or Fe(II):Fe(III) redox couples.

The ability of metal complexes to generate hydroxyl radi
cals are dependent on both the stereochemical environment 
and the binding affinity of the ligand for the metal (Singh & 
Hider, 1988a, b ). Furthermore, iron(II) complexes tend to be 
more efficient than those of iron(III), as the metal is in the 
correct redox state to take part in the reaction:

Fe(II) + H 20 2 —  Fe(III) + H O - +HO-

For these reasons we argue that, to avoid toxicity, low 
molecular mass ‘transit’ species (Jacobs, 1977) are probably 
stable complexes of iron(III). These complexes must not, 
however, be so stable as to prevent metal transfer to iron- 
requiring metalloproteins.

A  low molecular mass iron-containing fraction has been 
isolated from rat liver using a sequence of chromatographic 
procedures, including h.p.l.c. (Full details of purification and 
chromatograms are available on request.) The molecular 
mass of the species is estimated to be 1000-1500, which is in 
close agreement to previous reports (Mulligan et al., 1986; 
Jones & Grady, 1988).

Glu and Asp (as the free acids) were found to be asso
ciated with the metal at a Glu:Asp ratio of 7:2. Atomic 
absorption spectroscopy reveals the liver concentration of 
iron in this form is approximately 2 pu. Also associated with 
the fraction are chromium (0.2 pu) and aluminium (0.4 pu). 
The iron contained in the fraction is in the iron(III) state and 
is rapidly chelated by 4-hydroxypyridinones, but less readily 
by the hexadentate chelator, desferrioxamine. Bathophen- 
anthroline, an iron(II) chelator, only removes iron from the 
fraction in the presence of dithionite.

The u.v. spectrum of the fraction is similar to those of a 
number of oligomeric iron compounds containing bridging 
carboxylate functions (Fig. 1) prepared by Lippard (1988). 
The carboxylate-containing ligands may be simple anions 
such as acetate, or more complex, such as alanine (Holt et al., 
1974). Chromium(III) forms analogous compounds (Cotton 
& Wilkinson, 1980).

A series of compounds [Iron(III): acidic amino acids] have 
been prepared for comparison with the purified liver frac
tion. These possess spectra similar to both the isolated frac
tion and the tri-iron(III) materials of Lippard. In particular, a 
compound, tentatively identified as Fe30[Glu]6, has been the 
most extensively studied. Iron in this form is rapidly chelated 
by 4-hydroxypyridinones, but more slowly by desferri
oxamine. As is the case with the liver fraction, bathophen- 
anthroline (in the absence of a reductant) will not remove

R

R
Fig. 1. p 3- Oxo triiron (III) cluster

iron from the material. This synthetic material, like the frac
tion isolated from liver, readily donates iron to ferritin in the 
presence of phosphate. Preliminary e.s.r. studies have been 
unable to distinguish the iron in the liver fraction from that in 
the synthetic material.

It is also known that iron(lII)-carboxylate bonds are facile, 
permitting rapid ligand exchange. The carboxylate- 
surrounded, 3-fold channels of ferritin are strikingly similar 
in size and shape to the tri-iron unit (Rice et al., 1983). The 
relative positions of the channel carboxylate functions sug
gest that ligand exchange with the Glu residues would be 
possible. Indeed, such a mechanism of iron uptake is sup
ported by the finding that Fe-O-Fe moieties form on the 
surface of ferritin (Chasteen et a l, 1985; Yang et a l, 1987).

Further physical and chemical characterization of both the 
biological and synthetic materials is in progress.
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Fig. 1. Encapsulation efficiency in multi- and uni-lamellar 
liposomes prepared by classical methods (MLV and LUV, 
respectively) or by freeze-thaw procedure (FT-MLV and 

FT-LUV, respectively)

The statistical significance of the yield encapsulation 
between similar liposomes prepared by both procedures has 
been evaluated by the Wilcoxon test. *P  < 0.05.

That increased encapsulation of CF is related to particular 
properties of CF is supported by two additional series of 
experiments using protein A  and the pN2-a-l AT plasmid 
(Fig. lb).  Protein A was also more efficiently encapsulated 
(2-fold) in FT-MLV than in MLV, but no significant differ
ences were observed between LUV and FT-LUV. In 
contrast, the freeze-thaw procedure failed to increase the 
yield of DNA encapsulation in both FT-MLV and FT-LUV 
liposomes.

In summary, our results suggest that the freeze-thaw 
procedure increases the encapsulation efficiencies of small 
molecules such as CF in multi- and uni-lamellar liposomes, 
but the yield of drug encapsulation may be principally 
limited by the size and/or structure of the molecules.

This work has been supported by grant UPV-075.327-3/87 from 
Universidad del Pais Vasco UPV/EHU.

1. Machy, P., Arnold, B., Alino, S. & Leserman, L. D. (1986) 
J. Immunol. 136,3110-3115

2. Leserman, L. D„ Machy. P., Aragnol, D. & Alino, S. (1987) in 
New Advances in Developmental Cancer Chemotherapy, pp. 
299-331, Academic Press, London and New York

3. Gregoriadis, G. (1984) Liposome Technology’, vols. I. II, III and
IV, CRC Press, Boca Raton, FL

4. Gruner, S. M., Leuk, R. P., Janoff, A. S. & Ostro, M. J. (1985) 
Biochemistry 24, 2833-2842

5. Mayer, L. D., Hope. M. J., Cullis. P. R. & Janoff, A. S. (1985) 
Biochim. Biophys. Acta 817, 193-1 96

6. Stewart. J. C. M. (1 980) Anal. Biochem. 104, 10-14
7. Salacinski, P. R. P., McLean, C., Sykes, J. E. C., Clement-Jones,

V. V. & Lowry, P. (1981) Anal. Biochem. 117, 1 36-146
8. Labarca, C. & Paigen, K. (1980) Anal. Biochem. 102, 344-352
9. Mayer, L. D„ Hope, M. J., Cullis, P. R. (1986) Biochim. Biophys. 

Acta 858, 161-168

Received 22 June 1989

Influence of lipid characteristics on the encapsulation efficiency and stability of liposomes

M. A. BUSQUETS,* Y. CAJAL.f M. A. ALSINA,*
A. CABANES, I. HARO,t F. REIGf and 
J. M. GARCIA ANTO Nt
* Faculty o f Pharmacy, University o f Barcelona, Plaza Pius 
XII, Barcelona 08034, Spain and t Peptide Laboratory, CSJC- 
CID, Jordi Girona 18-26, 08034-Barcelona, Spain

Entrapment efficiency and stability are two main points to be 
considered as far as the practical uses of loaded liposomes 
are concerned. Carboxyfluorescein has been extensively 
used as a reference molecule to check these two parameters 
[1], Nevertheless, the evidence accumulated over the past few 
years shows that it is difficult to generalize and results can 
vary from one type of liposome to the other, and are highly 
dependent on the physicochemical characteristics of the lipids 
and of the encapsulated drug. In a previous paper [2], we 
found that opioid molecules gave important differences in 
encapsulation efficiencies despite their structural similiarties.

This led us to undertake a systematic and comparative 
study of the encapsulation efficiency and stability in dehydra- 
tion-rehydration vesicles (DRV), prepared with saturated

Abbreviations used: DRV. dehydration-rehydration vesicle; PBS. 
phosphate-buffered saline; PL, phospholipid.

and unsaturated phospholipids (PL) containing two different 
drugs: gentamicin and morphine. This investigation was 
carried out for two different molecules: morphine hydro
chloride and gentamicin sulphate.

Egg phosphatidylcholine was purchased from Merck 
(Frankfurter Strasse 250, D-6100 Darmstadt 1, R.F.A.) and 
purified by column chromatography. Hydrogenated egg 
phosphatides were from Asahi (Tokyo 100, Japan). Chole
sterol was from Aldrich (D-7924 Steinheim, F.R.G.). Phos
phate salts employed for the preparation of 
phosphate-buffered saline (PBS) solutions were quality pro 
analysi (Merck). The pH of the PBS solutions was always 7.4. 
Gentamicin sulphate was kindly supplied by Infavet (Macia 
Vila 1, 43201 Reus, Spain). Morphine hydrochloride was 
kindly supplied by Federacion Farmaceutica (Barcelona) 
(Ausias Marc 101, Barcelona, Spain).

DRV were prepared according the description given in 
[3]. The ratio of PL to drug was 12.5:1 (w/w).

The entrapment and encapsulation efficiencies, given as 
mg of drug/mmol of PL and percentage of the initial amount 
of drug incorporated into the liposomes, as well as the 
encapsulation capacity (volume of entrapped aqueous phase/ 
mg of PL), are given in Table 1.

It is clear that under the same conditions of initial con
centration (w/w) and PL/drug ratio (w/w), the main para-
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Table 1. Incorporation of morphine and gentamicin into DRVs 
of varying lipid composition

Results are given as mean + s.E.M. EPC, egg phosphatidyl
choline; HEPC, hydrogenated egg phosphatidyl choline.

Lipid Drug

Encapsulation
efficiency

(%)

Entrapment Encapsulation 
efficiency capacity 

(mg/mmol of PL) (/d/mg of PL)

EPC Morphine 21.3±0.58 13.15 ±0.67 1.7 ±0.077
HEPC Morphine 3.78 ±0.49 2.38 ±0.31 0.3 ± 0.04
EPC Gentamicin 49.55 ±2.35 22.27 ±1.07 3.96 ±0.19
HEPC Gentamicin 57.41 ±0.01 26.72 ±0.50 4.57 ±0.09

meter affecting the efficiency of the whole process is the 
chemical structure of the drug molecule. The saturated or 
unsaturated character of PL acyl chains seems to play a 
secondary role. The reason for this low incidence could be 
the high content of cholesterol in the DRV preparations. It is 
well known that this molecule modulates the fluidity of the 
bilayers, having a dual behaviour, depending on the initial 
ordered state of the PL (‘gel’ or ‘fluid’). In the present case, as 
the starting phospholipids have extreme packing charac
teristics it is logical to assume that cholesterol fluidizes the 
hydrogenated PL bilayers and introduces order in the 
natural phosphatidylcholine bilayers, thus rendering both 
lipid mixtures in a similar physicochemical state. The 
influence of chemical nature of the drug in the encapsulation 
efficiency can be explained by differences in hydrophobicity

of both molecules. Taking into account the pK values of 
gentamicin and morphine, at pH 7.4, morphine is partly non- 
protonated and is therefore more hydrophobic than genta
micin. This apparently anomalous behaviour has been 
reported for two states of the same molecule — pilocarpine 
free base/pilocarpine hydrochloride [4] and codeine free 
base/codeine hydrochloride [2], One would expect a direct 
relationship between hydrophobicity and encapsulation 
efficiency, but on the contrary it seems that extreme values of 
hydrophobicity or hydrophilicity give better yields. The same 
trends were observed in the stability studies. The amount of 
free morphine released from liposomes represented, after 5 
weeks of storage at 4°C, 95% and 90% of the total drug 
initially encapsulated in liposomes formed by saturated and 
unsaturated lecithins, respectively. These values were 30% 
and 10%, respectively, when the encapsulated drug was 
gentamicin.

All these results show the need to optimize studies in 
order to find the best working conditions for each drug.
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Desferrioxamine and membrane oxidation: radical scavenger or iron chelator?

ANDREW HARTLEY,* M ICHAEL J. DAVIESt and 
CATHERINE RICE-EVANS*
* Department o f Biochemistry, Royal Free Hospital School of 
Medicine, Rowland H ill Street, London NW3 2PF, U.K. and 
t Department of Chemistry, University o f York, Heslington, 
York YOl 5DD, U.K.

Oxidative membrane damage can be both initiated (reviewed 
in [1-3]) and propagated [4, 5] by radical reactions catalysed 
by low molecular mass complexes of non-haem iron.

The iron chelator desferrioxamine complexes ferric ions 
with a binding constant of 1031 [6]. It has also been shown to 
interact with the superoxide radical [7, 8], the peroxyl radical 
[9] and to inhibit peroxidation in membranes by acting as an 
electron donor [10].

Abnormal iron-containing species associated with the 
erythrocyte membrane in sickle-cell anaemia have been 
described [11-13]. These have been implicated in the 
catalysis of radical reactions leading to the oxidative mem
brane damage characteristic of this disease [12], In particular, 
the oxidative modifications to the cytoskeletal proteins [14] 
may contribute towards the development of morphologically 
altered cytoskeletons in irreversibly sickled cells [15],

Recent reports suggest that these membrane-associated 
iron species are bound to the cytoskeleton [16], are mostly 
non-haem in nature and are composed of two components: a 
less accessible component which may be contained within 
ferritin or haemosiderin and a more accessible component 
[17, 18]. Haem iron is a minor component of membrane- 
associated iron.

Abbreviation used: DMPO, 5,5-dimethyl-1 -pyrroline N-oxide.

Here we have used electron spin resonance (e.s.r.) 
spectroscopy to assess the nature and catalytic ability of the 
iron associated with sickle-cell membranes and the sub
sequent responses on incorporation of desferrioxamine.

Erythrocyte membranes were prepared from sickle and 
normal erythrocytes [19] at pH 7.4 as described in [12], To 
assess the ability of membrane-associated iron species to 
catalyse the breakdown of hydroperoxides, membranes (1.7 
mg of protein/ml) were mixed with t-butyl hydroperoxide 
(10 mM). The alkoxyl and peroxyl radical products were 
detected, using the spin trap DMPO (40 mM), with a Bruker 
ESP 300 e.s.r. spectrometer. Hyperfine coupling constants 
were measured directly from the field scans. Total 
membrane-associated iron species and the specific com
ponents were quantified as previously described [18],

The addition of sickle erythrocyte membranes initiated 
the breakdown of t-butyl hydroperoxide to alkoxyl and 
peroxyl radical species. Typical e.s.r. spectra of alkoxyl- 
DMPO and peroxyl-DMPO radical adducts are shown in 
Fig. 1.

The initial rate of alkoxyl and peroxyl radical spin adduct 
generation from t-butyl hydroperoxide induced by erythro
cyte membranes of different sickle patients was found to 
correlate (r = 0.95, n = T) with the levels of the more access
ible component of non-haem iron associated with these 
membranes. The addition of normal erythrocyte membranes 
also initiated the breakdown of t-butyl hydroperoxide to 
alkoxyl and peroxyl radical species, but to a considerably 
lesser extent.

The catalytic action of the normal erythrocyte membranes 
can be accounted for by the low levels of membrane- 
associated haem iron. Since the levels of haem iron are
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Fig. 1. Alkoxyl-DMPO and peroxyl-DMPO radical adduct signals as detected by e.s.r. 
produced by the reaction of sickle erythrocyte membranes with t-butyl hydroperoxide 

with and without desferrioxamine (DFO)

Spectra were recorded at pH 7.4 and 22°C, under air-saturated conditions, 400 s 
after mixing. Sickle erythrocyte membranes were mixed with t-butyl hydroperoxide 
(10 mM) and DMPO (40 mM) in the absence of desferrioxamine {a) and with 90 ^m- 
desferrioxamine [b). Spectra were identified by comparison of hyperfine coupling 
constants with previously reported data [20].

similar in the normal and sickle membrane preparations [18], 
the increased activity of the latter can be ascribed to the non- 
haem iron species, in particular, to the more available non- 
haem iron component. Ferritin (dialysed) at appropriate 
concentrations did not have any catalytic activity.

Preincubation of sickle erythrocyte membranes with 90 
/iM-desferrioxamine significantly reduced the levels of 
alkoxyl and peroxy] radical spin adducts produced in the 
t-butyl hydroperoxide system and signals from the desferri
oxamine nitroxide radical [7] were also detected (Fig. 1). On 
similar treatment of the normal membranes no modification 
was observed.

Higher concentrations (10 mM) of desferrioxamine had a 
more pronounced effect on reducing the levels of alkoxyl and 
peroxyl radical adducts in both sickle and normal mem
branes, while the signals corresponding to the desferri
oxamine nitroxide radical increased.

These results suggest that at low concentrations (90 //m ) 
desferrioxamine appears to be acting mainly as an iron 
chelator, binding the more accessible component of non- 
haem iron, thus partially inhibiting the catalysis of the hydro
peroxide breakdown. At high (>  1 mM) concentrations, 
desferrioxamine is also acting as a scavenger of peroxyl and 
alkoxyl radicals.

We thank Professor A. Bellingham for providing sickle erythro
cyte samples. We acknowledge financial support from the Peter 
Samuel-Royal Free Fund and the S.E.R.C. (Quota award to A.H.).
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Mechanisms of /ra/w-chloride activation of a Cl /H + symport in brush-border membrane vesicles 
from guinea-pig ileum
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is o
By using brush-border membrane vesicles (BBMVs) from E. c.
guinea-pig ileum, we have shown that intestinal Cl - trans- u °
port involves mainly an electroneutral C L /H + symport 'g_E
(C L /O H - antiport). In contrast, these vesicles exhibit only I  o
little rheogenic C L  uniport activity and neither C L /N a +, - 
C L /K + nor 2C L/N a + /K + symport activities [1].

To distinguish between a specific C L /O H - antiporter 
(where the main substrate would indeed be OH ) and a 
less specific C L/an ion antiporter accepting either C L  or 
h c o ;  in the place of OH , we have re-examined the effect 
of (cold) trans-CL  on ds-36C L  uptake. This uptake was 
quantified under standard conditions (Fig. 1) by using a rapid 
filtration technique and guinea-pig ileal BBMVs preloaded 
under iso-osmotic conditions with the appropriate ions by 
entrapment during vesicle formation.

To short-circuit all possible electrical gradients, the 
experiments reported here were all performed in the 
presence of equilibrated K + concentrations and valinomycin.
As verified in separate experiments, these conditions offer 
the additional advantage of permitting the instant abolition 
of all pH gradients simply by the addition of the K + /H  + 
ionophore, nigericin.

In the absence both of a pH gradient (pH0Ul = pH in = 7.5) 
and of trans-C L  (C l”ut/Clj” = 14/0 mM), C L  uptake occurs 
downhill and is unaffected by nigericin (lowest curve, Fig. 1).

A t the same pH, vesicle preloading to C lout/C lin = 14/200 
mM causes a 230% increase in the initial rate of C L  uptake 
and leads to a transient C L  accumulation with an overshoot 
at 20 s (r20) = 2.2 (upper curve, Fig. 1). Under these con
ditions, nigericin inhibits only slightly the initial rate of 
chloride uptake, but drastically reduces the size of the over
shoot to r2l) =1.3 (middle curve, Fig. 1).

Although these results seem to suggest the existence in the 
small intestine of a C L /C L  exchange mechanism, other 
experimental evidence indicates the absence of any obliga
tory C L /C L  antiport since C L  uphill transport can be 
energized by alcalin-inside pH gradients in the total absence 
of either trans-CL  or H C O / [1].

Here, we propose an alternative explanation for the results 
in Fig. 1, based on a general co-transport model in which C L  
and H + are two co-substrates, each binding to its own 
specific binding site in a two-site carrier.

We distinguish two phases in the stimulatory effect of 
trans-C L . First, at 2 s (initial entry rate), there is a strong 
stimulation that is inhibited only slightly by nigericin. This 
can be interpreted easily in terms of carrier theory. If the 
permeability constant of the empty carrier is small when 
compared with that of the CL-loaded carrier, cold trans-C L  
would facilitate carrier recycling and therefore stimulate thet 
initial entry rate of ra -36C L .

Secondly, at longer time periods, trans-C L  energizes 
36C L  uphill transport for two reasons: at the high intra-* 
vesicular C L  concentrations used, the carrier would be

Abbreviation used: BBMV, brush-border membrane vesicle.
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Fig. 1. Effect o f trans-Cl on the time course o f chloride 
uptake in the absence o f a pH  gradient

Both the extra- and the intra-vesicular spaces contained; (i) a 
20 mM-Hepes/40 mM-citric acid buffer adjusted with Tris to 
give pHom = pH in = 7.5; and (ii) 200 mM of the potassium salt 
of either gluconate or chloride to give [Cl-]0Ut/[C l-]in concen
tration ratios of either 14/0 (a) or 14/200 (□, ■) mM. 
Valinomycin was present throughout at 10 /ug/mg of protein. 
Nigericin (■) also was at 10 //g/mg of protein: both iono- 
phores were added in the dry state and were mixed with the 
vesicles at least 15 min before the transport assay. Because, 
at zero trans-Cl- , statistically indistinguishable results were 
obtained in either the absence or the presence of nigericin, 
the relevant data are pooled under the same symbol ( A ). 
Absolute C L  uptakes are expressed in nmol/mg of protein 
(for each point n =  9, except fo r the lower curve where 
/7 =  18).

saturated, and proton efflux through the C L /H + symport 
would occur readily and faster than proton influx by the 
same mechanism. The alcalin-inside pH gradient thus result
ing would be sufficient to cause the nigericin-sensitive C L  
overshoot observed. The small, time-dependent, nigericin- 
insensitive component of the overshoot, evidenced by the 
middle curve in Fig. 1, can be explained in terms of cold 
intravesicular C L  inhibiting competitively the efflux of intra- 
vesicularly trapped 36C1- .

In conclusion, we point out that if, from a physicochemical 
point of/view, a C L /H + symport and a C L  /O H - antiport 
are equivalent, and therefore indistinguishable, a quantitative 
analysis 'o f the co-transport model proposed here might 
permit a two-site C L /H + symport and a single-site C L /  
OH - antiport to be distinguished kinetically.
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FREE R A D I C A L S ,  E R Y T H R O C Y T E  DISORDERS AND IRON 
DECOMPARTMENTALISATION

CATHERINE RICE-EVANS AND ANDREW HARTLEY
Department of Biochemistry, Royal Free Hospital School of 
Medicine, Rowland Hill Street, London NW3

SUMMARY
The role of iron-containing.oxidative denaturation products of 
haemoglobin in the pathophysiology and decreased cellular 
survival of erythrocytes is under investigation. The
bioavailability of decompartmentalised iron complexes for the 
propagation of radical reactions and the consequences for 
sickle erythrocytes and B-thalassaemic erythrocytes have been 
assessed by measurement of lipid peroxidation, protein
oxidation, antioxidant status and preliminary studies on the 
nature of the iron species. The results suggest that the 
presence of iron-containing breakdown products of haemoglobin 
and decompartmentalised iron complexes in or close to sickle 
cell and thalassaemic membranes provide a source of continued 
oxidative stress which possibly underlies the membrane 
abnormalities and contributes towards premature erythrocyte
destruction.
INTRODUCTION
The biochemical events associated with haemoglobin
autoxidation and the subsequent damage to the cell are 
fundamental to the understanding of the function of the 
erythrocyte and its pathophysiology in abnormal states.
Although the erythrocyte is packed with iron, it does not 
succumb to the deleterious effects of iron-mediated radical 
reactions in the normal state due to compartmentalisation of 
the iron in oxyhaemoglobin. The binding of oxygen in 
haemoglobin involves a substantial migration of charge from 
the haem iron to oxygen, effectively producing the superoxide 
anion as the 6th coordinating ligand in oxyhaemoglobin and 
forming low-spin ferric iron (III) iron (refs. 1-3). On 
deoxygenation the shared electron is normally returned to the 
iron when the oxygen is released. The location of the oxygen 
binding site in the highly hydrophobic environment of the 
globin chain folding and the complexing of the iron to the 
imidazole sidechains in the globin chains stabilises the 
functional form of haemoglobin in vivo and in vitro and the 
tendency of reduced haem iron to undergo autoxidation is 
decreased (refs. 4,5). When the hydrophobic region about the 
haem moiety is disturbed, slight modifications in the haem 
pocket may allow access of small anions or water. 
Consequently, the haem iron loses an electron and is oxidised 
to the high-spin ferric state, methaemoglobin, and releasing 
superoxide radical (ref. 6).
Within the normal erythrocyte there normally develops a
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balance between the spontaneous production of methaemoglobin 
on autoxidation of haemoglobin, and the restoration of this 
oxidised haemoglobin to its normal functional state (Fig.l) 
via the antioxidant defences. Any pathological situation 
which increases the turnover of this cycle whether increased 
oxidative stress or impaired antioxidant defences will enhance 
production of oxidised haemoglobin and generation of active 
oxygen species. During the oxidative denaturation of 
haemoglobin (Fig.2)r methaemoglobin is converted to reversible 
haemichromes which are reducible to functional haemoglobin. 
In due course, reversible haemichromes are oxidatively 
denatured more extensively (separation of a and B chains may 
occur) and irreversible haemichromes are formed. Haemichromes 
are also formed as intermediate denaturation products in the 
oxidation of isolated a or B haemoglobin subunits (as in the 
thalassaemias) and in some abnormal haemoglobin variants. 
These are not reconstitutable to functional haemoglobin and 
precipitate (ref. 7) appearing morphologically as Heinz bodies 
which may bind to the membrane. Under normal physiological 
conditions the link between haem and globin is very stable 
(ref. 8) but in pathological cells increased haem dissociation 
occurs (ref. 9). Haem is toxic when released from its natural 
globin anchor and, being non polar, attaches to membrane 
lipids and cytoskeletal proteins (ref. 10). Residual globin 
is also thought to bind to the membrane.



The formation of inclusion bodies exerts considerable 
oxidative stress as a result of increased production of oxygen 
radicals which may be involved in membrane disruption as well 
as decreasing the deformability and ultimate survival of the 
erythrocyte. Generation of lipid hydroperoxides, which are 
quite stable under physiological conditions, will not only 
affect membrane.functional and structural integrity, but also 
their decomposition in the presence of iron complexes such as 
haem, haemin, methaemoglobin, haemichromes, to peroxy radicals 
(ref.11) will initiate new rounds of lipid peroxidation thus 
amplifying the initial lesion. In addition, several amino 
acid constituents of the membrane proteins are particularly 
vulnerable to oxidation. For example, radical-mediated 
oxidation of tryptophan to kynurenine, N-formyl kynurenine, 5- 
hydroxy tryptophan and other species (ref.12) may occur 
reflecting direct attack by hydroxyl radicals or by peroxy 
radicals formed as metabolites of adjacent lipid 
hydroperoxides in the membrane. The oxidation of methionine 
to methionine sulphoxide (ref.13) and cysteine to cysteic acid 
may reflect superoxide radical attack. The ultimate 
consequences of excessive protein oxidation may be 
fragmentation or breakdown, on the one hand, or cross-linking 
or aggregation on the other hand, depending on the nature of 
the radical species and the susceptible amino acids involved. 
Oxidised proteins become increasingly susceptible to 
proteolytic attack (ref.14) so in pathological states radical 
damage to proteins may lead to intracellular accumulation of 
denatured proteins, of which erythrocytes have no means of 
disposing.
In this paper emphasis will be given to the role of iron- 
containing oxidative denaturation products of haemoglobin in 
the pathophysiology and decreased cellular survival of two 
erythrocyte disorders B-thalassaemia major and sickle cell 
disease.
TRANSFUSIONAL IRON OVERLOAD
The thalassaemias are a group of inherited disorders in which 
globin chain synthesis is impaired. Although the genetic 
defects of B-thalassaemia major have been studied extensively 
(ref.15), the premature removal of abnormal red blood cells 
from the circulation and in the bone marrow is not clearly 
understood. Decreased red cell deformability (ref.16) has 
been described, which is probably due to the precipitation of 
unpaired a-globin chains forming intracellular inclusions in 
close proximity to the membrane, which are subsequently pitted 
by the spleen.
The iron from the a-chain inclusions digested within the 
reticuloendothelial cells seems to be moved preferentially 
into the iron stores. This abnormal handling of iron leads to 
excessive gastrointestinal iron absorption that can pose a 
serious clinical problem in the thalassaemia syndromes. 
Untreated patients die of anaemia in infancy unless regularly 
transfused. Regular blood transfusion causes iron loading 
over and above the capacity of the iron-binding proteins, 
leading to the appearance of low molecular weight iron 
complexes in the blood serum and iron deposition in the liver, 
spleen and endocrine glands. These excessive amounts of iron 
are accumulated by catabolism of senescent erythrocytes and by 
abnormally high iron absorption (refs.i7,18). There is no 
efficient protective mechanism to eliminate excess body iron.
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Patients with thalassaemia major are treated for iron overload 
with desferrioxamine which forms an iron (III) complex, 
ferrioxamine (ref.19), and is rapidly excreted in the urine.
DISPLACED IRON AND SICKLE CELL ANAEMIA
In contrast, in sickle cell anaemia, where haemoglobin does 
not extensively precipitate, iron from premature erythrocyte 
destruction is available for. other developing red cells.
In sickle cell disease the primary defect is the increased 
viscosity of the deoxygenated blood due to the polymerisation 
of the HbS distorting the cell in the drepanocytic morphology 
which returns to normal on reoxygenation, in the first

membranc-bound hacmichromc



instance. During tne process of reversible sickling, a poorly 
defined membrane injury is induced which may be due to 
membrane distortion by haemoglobin S, culminating in the 
formation of irreversibly sickled cells. One of the important 
factors .in the induction of sickling may be abnormal 
interactions between the mutant Hb and the membrane. This 
suggestion is supported by the retention of the sickled 
morphology in irreversibly sickled cells (ISCs) even when the 
Hb is completely reoxygenated. This implies that the membrane 
is an important locus of the secondary cellular damage and is 
most interestingly manifested in the sickled arrangement of 
the cytoskeletal proteins, spectin, actin and band 4.1,
prepared from irreversibly sickled cells compared with those 
prepared from reversibly sicklable cells (refs.20,21). During 
the repeated sickling cycles the cytoskeletal proteins have 
undergone a structural transition - is this mediated by 
oxidative breakdown products of haemoglobin?
Sickle erythrocytes become dense and dehydrated in the
circulation (ref.22) generating a variable'fraction of cells 
with increased mean cell haemoglobin concentration, leading to 
loss of def ormability. Haemoglobin has been found to be 
associated with sickle cell membrane preparations
(ref s . 23,24), and it has been proposed that the level is 
unaffected by the extent of reticulocytosis (ref.25). The
increase in haemoglobin retention has been attributed to the 
dense fraction of sickle cells which contain a high proportion 
of irreversibly sickled cells (ref.22) implying that during 
the conversion of reversibly sicklable to irreversibly sickled 
cells there is an alteration in membrane structure which 
considerably enhances the binding of haemoglobin S to the

Evidence for the role of membrane-bound iron in the 
pathophysiology of sickle cell anaemia (Table 1)

The relationship between membrane-bound iron levels, 
endogenous lipid peroxidation and protein oxidation in 
membranes from sickle cells and from normal erythrocytes

Table 1

Sickle Normal
IRON LEVELS:
membrane-bound iron
(ug iron/mg protein)
ENDOGENOUS
LIPID PEROXIDATION:
TBAR-products
(A532/nig protein/ml)
MEMBRANE PROTEIN OXIDATION
% tryptophan oxidised

2.00±1 
(16)

0.150±0.03 
(19)
11%
(4)
65±5
(14)

0.07±0.05 
(11)

0.072±0.01 
(21)
1.3%
(4)
84±9
(24)

reduced thiol groups 
(n moles/mg protein)



membrane, or binding of haemoglobin S to the membrane causes 
alteration in the membrane structure. Further, sickle cells 
are under increased oxidative stress as evidenced by decreased 
activities of glutathione peroxidase and catalase (ref.26), 
decreased levels of vitamin E in plasma and erythrocyte 
membranes (ref.27) and increased levels of superoxide 
dismutase (ref.26).
Our previous studies (refs.28,29) have shown that sickle 
erythrocyte membranes retain membrane-bound iron at levels 
equivalent to 0.8% of the cellular haemoglobin, determined by 
atomic absorption spectroscopy. Asakura (ref.25) had
previously identified membrane bound haemoglobin components in 
sickle cell membranes as irreversible haemichromes 
corresponding to 0.2% of the haemoglobin, the levels being 
independent of the extent of reticulocytosis.
Increased levels of. endogenous peroxidation products have 
been determined in sickle erythrocytes and their membranes 
(refs.28,30) from patients with >5% irreversibly sickled cells 
without exogenous stress. The bioavailability of membrane- 
bound iron was assessed by incubating membranes for 5h at 37°C 
and the generation of breakdown products of lipid peroxidation 
was shown to increase. This implication of membrane-bound 
iron species, possibly originating from oxidative denaturation 
products of haemoglobin was confirmed by the incorporation of 
scavengers and an iron chelator during the incubation (Table 
2). The incubation-induced propagation of oxidative damage 
was inhibited by ascorbate and vitamin E; the effectiveness of 
the iron chelator desferrioxamine in this regard was 
unexpected since it will not bind iron in haem or 
haemichromes, leading to the question: is chelatable iron

Table 2

The effects of radical scavenging systems on oxidative damage 
in sickle cell membranes

Thiobarbituic acid- 
reactive products: 
Acj32/mg protein/ml

0.260+0.03 
0 .111±0 . 02 
0.141+0.01 
0.104+0.02

0.069+0.01
0.085+0.01
0.074+0.01

Sickle cell membranes
Control-incubated 
tdesferrioxamine (0.4mM) 
tascorbate (5mM)
♦-vitamin E (0.1 mg/ml)
Normal erythrocyte mcmcranes
Control-incubated
+ascorbate (5mM)
tdesferrioxamine (0.4mM)

(n=5)



dissociating irom sucn species, or are tne origins or m e  
membrane-bound iron ferritin or low molecular weight iron 
residual from the reticulocyte stage which has become 
decompartmentalised via intracellular oxidation processes, or 
is desferrioxamine acting in some other capacity? Preliminary 
investigations (in collaboration with Dr J Lunec and Dr H 
Griffiths, Selly Oak Hospital) of oxidised protein 
constituents by hplc analysis of oxidised amino acid 
constituents of sickle cell membrane proteins after pronase 
digestion (refs.31,32) have implicated oxidised tryptophan 
components which are mainly consistent with N-formyl 
kynurenine, kynurenine, 5-hydroxy tryphophan, suggesting the 
involvement of lipid peroxy radicals or hydroxyl radicals. 
Membrane protein thiol sidechains in sickle cell membranes 
have been shown in our earlier studies to be modified but no 
crosslinking via oxidised disulphide links was detectable by 
polyacrylamide gel electrophoresis in non-reducing systems 
(ref.28). This possibly suggests the formation of further 
oxidation products of cysteine such as cysteic acid, which is 
currently under investigation by hplc.
These correlations suggest that oxidative damage is related to 
mechanisms involving increased oxidative denaturation of 
haemoglobin and iron-retention by the membrane. In order to 
identify the nature of the membrane-bound iron we have 
undertaken studies applying electron spin resonance in 
collaboration with Professor M C R Symons and Dr Ian Rowlands 
at the University of Leicester (ref.33). Preliminary studies 
have suggested that compared with normal erythrocytes sickle 
erythrocytes contain a tenfold increase in levels of 
methaemoglobin, as well as increased haemichromes (ref.34)
BIOAVAILABILITY OF DECOMPARTMENTALISED IRON COMPLEXES IN 
THALASSAEMIC MEMBRANES
B-Thalassaemia major was defined as an oxidative disorder in 
the early 1970s when increased lipid peroxidation was 
demonstrated in hydrogen peroxide-stressed erythrocytes in 
which catalase had been inhibited (ref.35). We have assessed 
the bioavailability of membrane-bound iron complexes and their 
role in the oxidative degeneration of thalassaemic membranes 
(ref.36) by studying:
(i) the membranes in terms of total iron retention, by atomic 
absorption spectroscopy, (ii) the ability of membrane-bound 
iron complexes to stimulate lipid peroxidation via t-butyl 
hydroperoxide-mediated radical production (membranes at a 
concentration of 1.5 mg/ml were incubated with ImM t-butyl 
hydroperoxide, 37°C,’ 45 min, the reaction stopped with
butylated hydroxy tolvene and lipid peroxidation assayed by 
the thiobarbituric acid method), and (iii) vitamin E status 
determined by hplc (studied in collaboration with Professor A 
T Diplock and Dr P McCarthy, Guy’s Hospital Medical School). 
The results are tabulated in Table 3. The erythrocytes were 
divided into three groups according to the vitamin E status: 
normal erythrocytes, thalassaemic - Group I - from 
thalassaemic patients with vitamin E levels at the lower end 
of the normal range, and thalassaemic Group II - from 
thalassaemic patients, deficient in vitamin E. A correlation 
is shown between patients whose erythrocyte membranes 
contained elevated membrane-bound iron levels and the ability 
to propagate peroxidative damage to the membrane lipids 
mediated by t-butyl hydroperoxide; those effects are more 
pronounced in the vitamin E-deficient samples.



Table 3

The relationship between membrane-bound iron levels, iron- 
mediated peroxidisability and vitamin E status in thalassaemia 
major.

Thalassaemic Normal 
erythrocytes erythrocytes

Group I Group II
IRON LEVELS: 
Membrane-bound iron 
(ug iron/mg protein) 
LIPID PEROXIDATION: 
TBAR-products 
(As32/mg protein/ml)
PLASMA VITAMIN E LEVELS 
(ug/ml)

0.30+0.2 
(3) ‘

0.81+0.6
(5)

0.21+0.08 0.36+0.25
(5 (12)

12.12+4.6 5.82+2.1
(26) (25)

0.15+0.1
(6 )

G.C9+C.06
(8 )

13.03+5.6
(13)

CONCLUSIONS
The presence of iron-containing breakdown products of 
haemoglobin and decompartmentalised iron complexes in sickle 
cell and thalassaemic membranes provides a source of continued 
oxidative stress which possible underlies the membrane 
abnormalities and contributes towards premature erythrocyte 
destruction.Other situations in which the toxic effects of erythrocytes 
may arise are those in which haemolysis may occur and 
denaturation products of haemoglobin are available outside the 
erythrocyte, for example, bleeding into inflamed areas 
exacerbates the inflammation, bleeding into the eye causes 
severe retinal degeneration, the contribution of denatured 
blood in post-ischaemic-reperfusion injury, in organ 
preservation for transplantation or in myocardial infarction. 
Hydrogen peroxide or lipid hydroperoxides can cause the 
release of iron from haemoglobin extracellularly (ref.37) and 
this released iron may be responsible for haemoglobin- 
stimulated reactions in these situations.
ACKNOWLEDGEMENTS
We thank the Science and Engineering Research Council and the 
Peter Samuel Royal Free fund for financial assistance.

REFERENCES
1 J J Weiss, The nature of iron bound in oxhaemoglobin.

Nature 202 (1964) 83-84
2 J. Peisach, W.E. Blumberg, B.A. Wittenberg and J.B.

Wittenberg, The electronic structure of protohaem
proteins III The configuration of the haem and its
ligands. J. Biol Chem 243 (1968) 1871-1880



3 J.B. Wittenberg, B.A. Wittenberg, J. Peisach, W.E. 
Blumberg, On the state of iron and the nature of the 
ligand in oxyhaemoglobin. Proc. Natl. Acad Sci. 67 
(1970) 1846-1853

4 D.R. Williams, The Metals of Life, Van Nostrand 
Rheinhold, London, 1971

5 P. Aisen, in: Iron Metabolism, CIBA Foundation Symposium
51, Elsevier, 1977 pp 1-17

6 B. Goldberg, A.Stern, J. Peisach, The mechanism of 
superoxide anion generation by the interaction of 
pheylhydrazine with haemoqlobin. J. Biol. Chem. 25 
(1976) 3045-3051

7 E.A. Rachmitewitz, J. Peisach and W.E. Blumberg, Studies 
on the stability of oxyhaemoglobin A and its constituent 
chains and their derivatives. J. Biol. Chem. 246 (1971) 
3356-3366

8 M. Brunori, J. Wyman, E. Antonini, A.Rossi-Fannelli, 
Studies on the oxidation-reduction potentials of haem 
proteins. J. Biol. Chem. 240 (1965) 3317-3324.

9 F. Bunn, J.H. Jandl, Exchange of haem among haemoglobin 
molecules. Proc. Natl. Acad. Sci. 56 (1966) 974-978

10 N. Shaklai, Y. Shvirno, E. Rabizadeh, I. Kirschner-Zilber, 
Accumulation and drainage of haemin in the red cell 
membrane. Biochim Biophys Acta 821 (1985) 355-366

11 P. O ’Brien, Intracellular mechanisms for the
decomposition of a lipid peroxide. Can. J. Biochem. 47 
(1969) 485-492

12 J. Butler, B.M. Hoey, J.S. Lea, The measurement of 
radicals by pulse radiolysis, in: C. Rice-Evans and B. 
Halliwell (Eds), Free Radicals: Methodology and Concepts, 
Richelieu Press, London, 1988 In Press

13 H. Sies, Biochemistry of oxidative stress, Angewandte 
Chemie 25 (1986) 1058-1071

14 R.L. Levine, C.N. Oliver, R.M. Fulks, E.R. Stadtman, Proc 
Natl. Acad Sci. 78 (1981) 2120-2124

15 D.J. Weatherall, J.B. Clegg, Thalassaemia revisited, 
Cell. 29 (1982) 7-9

16 W. Tillmann, W.Schroter, Rheological properties of
erythrocytes in heterozygous and homozygous 6-
thalassaemia. Brit. J. Haematol 43 (1979) 401-411

17 H.A. Pearson, R.T. O ’Brien, Semin Haematol 12 (1975) 255- 
265

18 R.A. Risdon, M. Barry, D.M. Flynn, Transfusional iron 
overload: hepatic fibrosis in thalassaemia. J. Pathology 
116 (1975) 83-95

19 C. Rice-Evans, Oxidative modifications in erythrocytes
induced by iron, in: C. Rice-Evans (Ed.) Free Radicals,
Oxidant Stress and Drug Action, Richelieu Press, London, 
1987, pp

20 S.E. Lux, K.M. John, M.J. Karnovsky, Irreversible 
deformation of the spectrin-actin lattice in irreversibly 
sickled cells J. Clin. Invest. 58 (1976) 955-963

21 O.S. Platt, J.F. Falcone, S.E. Lux, Molecular defect in 
the sickle erythrocyte skeleton. Abnormal s p e c t r i n  
binding to sickle inside-out vesicles. J. Clin. Invest. 
75 (1985) 266-271

22 M.R. Clark, N. Mohandas, S.B. Shohet, Def ormability of 
oxygenated irreversibly sickled cells. J. Clin. Invest. 
65 (1980) 185-196.



23 S. Fischer, R.L. Nagel., R.M. Bookchin, E.F. Roth, I. 
Tellez-Nagel, The binding of haemoglobin to membranes of 
normal and sickle erythrocytes. Biochim. Biophys. Acta. 
375 (1975) 422-433

24 N. Shaklai, V.S. Sharma, H.M. Ranney, Interaction of 
sickle cell haemoglobin with erythrocyte membranes. 
Proc. Natl. Acad. Sci. 78 (1981) 65-68

25 T. Asakura, K. Minakata, K. Adachi, M.O. Russell, E. 
Schwartz, Denatured haemoglobin in sickle erythrocytes. 
J. Clin Invest 59 (1977) 633-640

26 S.K. Das and R.C. Nair, Superoxide dismutase, glutathione 
peroxidase, catalase and lipid peroxidation of normal and 
sickled erythrocytes. Brit. J. Haematol 44 (1980) 87-92

27 D. Chiu and B. Lubin, Abnormal vitamin E and glutathione 
peroxidase levels in sickle cell anaemia. J. Lab. Clin. 
Med. (1979) 94, 542-548

28 C. Rice-Evans, S.C. Omorphos, E. Baysal, Sickle cell
membranes and oxidative damage. Biochem. J. 237 (1986) 265-
269

29 C. Rice-Evans and S.C. Omorphos, Free radical-induced
membrane damage in sickle erythrocytes, in: Y. Beuzard,
S. Charache, F. Galacteros (Eds) Approaches to the 
Therapy of Sickle Cell Anaemia, INSERM, Paris, 1986,
pp 329-336

30 C. Rice-Evans, S.C. Omorphos, E. Baysal, Sickle cell
pathology: is the membrane important? in: C. Rice-Evans
(Ed) Free Radicals, Cell Damage and Disease, Richelieu 
Press, London, 1986 pp 149-166.

31 H. Griffiths, J. Unsworth, D.R. Blake and J. Lunec, 
Oxidation of amino acids within serum proteins, in: C. 
Rice-Evans and T. Dormandy (Eds) Free Radicals: 
Chemistry, Pathology and Medcine, Richelieu Press, 
London, 1988, pp 439-454

32 H. Griffiths, A. Hartley, J. Luvec, C. Rice-Evans, 
unpublished data.

3 3 I. Rowlands and MCR Symons, Tumours and iron: the use of 
electron spin resonance, in: C. Rice-Evans and B.
Halliwell (Eds) Free Radicals: Methodology and Concepts,
Richelieu Press, London, 1988, In Press 

3 4 I. Rowlands, A. Hartley, C. Rice-Evans, MCR Symons, 
unpublished data.

3 5 E.A. Rachmilewitz, S.B. Shohet, B.H. Lubrnu, Lipid 
peroxidation in B-thalassaemia major. Blood 47 (1976)
495-505.

36 J. Ablett, P. McCarthy, C. Rice-Evans, A.T. Diplock, D. 
Flynn, in preparation

37 J.M.C. Gutteridge, Iron promoters of the Fenton reaction 
and lipid peroxidation can be released from haemoglobin 
by peroxides. FEBS Lett. 201 (1986) 291-195


