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Abstract. The generation of reactlve oxygen species (ROS) is a steady-state celiular
event in respiring cells. Thelr production can be grossly amplified in response to a
variety of pathophysiological conditions such as inflammation, immunologic disor-
ders, hypoxia, hyperoxia, metabolism of drug or alcohol, exposure to UV or therapeu-
tic radiation, and deficiency in antioxidant vitamins. Uncontrolled production of ROS
often leads to damage of cellular macromolecules (DNA, protein, and lipids) and other
small antioxidant molecules. A number of major cellular defense mechanisms exist to
neutralize and combat the damaging effects of these reactive substances. The enzy-
mic system functions by direct or sequential removal of ROS (superoxide dismutase,
catalase, and glutathione peroxidase), thereby terminating their activities. Metal bind-
ing proteins, targeted to bind iron and copper fons, ensure that these Fenton metals
are cryptic. Nonenzymic defense consists of scavenging molecules that are endog-
enously produced (GSH, ubiquinols, uric acid) or those derived from the diet (vitamins
C and E, lipoic acid, selenium, riboflavin, zinc, and the carotenoids). These antioxidant
nutrients occupy distinct cellular compartments and among them, there are active
recycling. For example, oxidized vitamin E (tocopheroxy radical) has been shown to
be regenerated by ascorbate, GSH, lipoic acid, or ubiquinols. GSH disulfides (GSSG)
can be regenerated by GSSG reductase (a riboflavin-dependent protein), and enzymic
pathways have been identified for the recycling of ascorbate radical and dehydro-
ascorbate. The electrons that are used to fuel these recycling reactions (NADH and
NADPH) are ultimately derived from the oxidation of foods. Sickle cell anemia, thalas-
semia, and glucose-6-phosphate-dehydrogenase deficlency are all hereditary disorders
with higher potential for oxidative damage due to chronic redox imbalance in red cells
that often resuits in clinical manifestation of mild to serve hemolysis in patients with
these disorders. The release of hemoglobin during hemolysis and the subsequent thera-
peutic transfusion in some cases lead to systemic iron overloading that further potenti-
ates the generation of ROS. Antioxidant status in anemia will be examined, and the
potential application of antioxidant treatment as an adjunct therapy under these condi-

tions will be discussed.
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he production of reactive oxygen and nitrogen spe-
cies is a steady-state event in respiring cells, and it is
now recognized that uncontrolled production of
these reactive species is the primary cause of some major
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degenerative conditions (1). Cellular defense, targeted
against these transient but damaging species, can be
grouped under several mechanisms, and collectively they
operate to terminate free radical reactions or remove reac-
tive species and their secondary products. To minimize
heavy metal-induced catalysis of the Fenton and Haber-
Weiss reactions that generate the most reactive hydroxyl
radical, expression of several specific metal-binding pro-
teins such as haptoglobin, ceruloplasmin, ferritin, transfer-
rin, lactoferrin, and albumin, ensures that these metals re-
main cryptic, thereby serving as a key preventive measure in
the overall free radical defense system. Antioxidant en-
zymes, most of which are highly dependent upon exogenous
co-factors for their activity, can dismutate superoxide anion
(superoxide dismutase) directly into hydrogen peroxide



which in turn can be removed by catalase or several forms
of glutathione peroxidase. Finally, direct quenching of radi-
cals can be achieved by a series of endogenous and exog-
enous antioxidants (Table I). Functioning as scavengers,
these molecules donate electrons, and themselves become
free radicals that can either initiate chain reactions or con-
versely, be regenerated. It is now known that active repair
pathways exist in which endogenous antioxidants such as
glutathione, ubiquinol and NADH/NADPH, are obligatory
in the recycling pathways (Figs. 1 and 2).

The antioxidant status in chronic disorders, particularly
those with enhanced oxidative stress, has not drawn suffi-
cient attention in the past. In this article, three major red cell
disorders, namely, sickle cell anemia (SCA), a-thalassemia,
and glucose-6-phosphate dehydrogenase (G6PD) defi-
ciency, are chosen as representative chronic disorders.
These hereditary conditions are characterized by well-
defined genetic defects with distinct clinical manifestation.
However, increased oxidative damage to red cells is com-
monly associated with all three disorders, and such in-
creased oxidative damage to red cells has been attributed to
accelerated red cell destruction in all three cases. Transfu-
sion is standard treatment procedure for acute episodes of
hemolytic anemia, but repeated transfusions generate a state
of iron-loading that further complicates the clinical mani-
festation and management of these diseases. Although iron-
chelating therapy with desferrioxamine is able to remove
excessive iron, the procedure often induces a secondary
deficiency of zinc and other divalent cations and creates
new problems in mineral nutrition. Another characteristic of
genetic anemia is an overall accelerated production of re-
active oxygen species (ROS) that tend to deplete cellular
antioxidants. This review focuses on the interactions of cel-
lular antioxidants and examines the antioxidant status of
these patients with special emphasis on the potential adjunct
treatments with antioxidant therapy.

Table I. Micronutrients and Endogenous
Antioxidants Involved in Free Radical Defense®

Nutrients Functional role
Carotenoids Hydrophobic antioxidant
Vitamin E Hydrophobic antioxidant
Vitamin C Hydrophilic antioxidant
Niacin, tryptophan  Precursors to NADH/NADPH
Riboflavin Cofactor for GSH reductase
Dihydrolipoic acid Antioxidant
Selenium Integral part of GSH perioxidase
Zinc/copper Integral part of superoxide dismutase
Manganese Integral part of superoxide dismutase
Plant phenolics Hydrophobic antioxidant
Bioflavinoids Hydrophobic antioxidant
GSH Endogenous hydrophilic antioxidant
Ubiquinol Endogenous hydrophobic antioxidant
NADH/NADPH Endogenous hydrophilic antioxidants

2 Modified from Ref. 121,

AA GSSG NADPH 6-Phospho
gluconate
Gluta- GSH- . Pentose
redoxin reductase G-6-PD Shunt
DHA GSH NADP G-6-P
GSH-
peroxidase
ROOH, H,0, ROH, H,0

Figure 1. Redox cycling of glutathione (GSH) coupled with intracel-
lular reduction of dehydroascorbic acid (DHA) to ascorbic acid (AA)
and removal of peroxides by GSH peroxidase. GSSG, glutathione
disulfide; G-6-PD, glucose-6-phosphate dehydrogenase; ROOH, or-
ganic peroxide; ROH, organic alcohol. Modified from Ref. 8.

Central Role of Endogenous Antioxidants

Cellular redox state has been increasingly recognized as
a critical component of stress-induced cellular response in
the disease state. A significant portion of the cellular redox
state is governed by key endogenous antioxidants: glutathi-
one, ubiquinol (Coenzyme Q), and the pyridine nucleotides
(NADH and NADPH) that occupy the cytosol or membrane
component of the cell (Table I). Once formed from de novo
synthesis, they are maintained chiefly by their correspond-
ing recycling pathways. Since the predominant repairing
pathways are enzymic, they have requirements for specific
co-factors, an adequate supply of which is therefore neces-
sary to restore the cellular redox state. For example, the
regeneration of oxidized glutathione disulfide (GSSG) re-
quires both NADPH and glutathione reductase, the activity
of which is dependent upon adequate intake of riboflavin
and an operative pentose shunt that provides NADPH (Fig.
1 and Table I).

Glutathione (GSH) is an ubiquitous tripeptide that plays
a central role in the overall maintenance of the cellular
redox state. Its intracellular concentration ranges up to 10
mM, with 95% present in the reduced sulfhydryl form (2, 3).
Among the roles attributed to GSH, some of which will be
discussed in detail, are maintenance of protein sulfhydryl
groups; protection of cells against oxidative or radiation-
induced damages; detoxification of highly reactive xenobi-
otic metabolites or peroxides; and regeneration of antioxi-
dant vitamins. Figure 1 depicts the interaction of GSH with
other major cellular antioxidants. It is clear that a steady-
state GSH level is highly coupled with the energy status of
the organism and proper functioning of the pentose shunt
pathway. Thus, fasting could reduce the intracellular GSH
pool by half.

Ubiquinol is a major endogenous antioxidant that func-
tions in the mitochondrial electron transport chain. Together
with tocopherol, they represent two major membrane-
associated antioxidants. It is known that a high level of
ubiquinol supplementation in the diet of rats can replace the
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need for vitamin E (4). Although the semiquinone form of
ubiquinone has been implicated in generating superoxide
and hence is a pro-oxidant (5), ubiquinol has been shown to
repair the tocopheroxyl radical (6, 7).

Pyridine nucleotides are major electron carriers; their
levels are in turn governed by adequate intake of niacin, or
under extreme conditions, tryptophan can replace niacin to
form nicotinamide (Table I). The reduced forms of these
pyridine nucleotides are continuously maintained by elec-
trons derived from the oxidation of foods. Therefore, cel-
lular redox-cycling is tightly coupled with the energy status
of an organism, and it can be expected that during prolonged
energy deficit or deficiencies of niacin or riboflavin, the
efficiency of redox cycling will be compromised. Hence,
from the point of view of energy balance, the repairing
processes are costly, resulting in a net consumption of food-
derived electrons. Other nutritional influence on cellular
antioxidant defense systems have been reviewed (8).

Interaction of Antioxidants and Regeneration of
Antioxidant Vitamins: Recycling of Vitamin E

A large body of evidence suggests that a high degree of
interaction exists among endogenous and exogenous anti-
oxidants. The ability of one antioxidant to regenerate an-
other oxidized species is common, and appears to be more
dependent on the pecking order of their corresponding re-
dox p<iential than their cellular compartments (9). Located
in the biomembrane, vitamin E acts as a major peroxyl
radical scavenger with powerful chain-breaking properties,
and its protective role as a membrane stabilizer is well es-
tablished. In 1968, Tappel (10) proposed that ascorbate may
function to regenerate oxidized vitamin E. Although it is
difficult to conceive of this occurring in vivo due to distinct
cellular locations of these two vitamins, a direct reduction of
tocopheroxyl radical by ascorbate was detected in a pure
solution (11). Subsequent studies revealed that oxidation of
vitamin E can be spared by ascorbate or glutathione in a
number of pure or biological systems (12-20). In human
platelet homogenate, addition of arachidonic acid caused a
rapid oxidation of endogenous vitamin E by free radicals
generated from the turnover of arachidonic acid via the
12-lipoxygenase pathway (Fig. 2). In this system, distinct
chemical and enzymic pathways for vitamin E recycling, af-
forded by ascorbate and glutathione, have been identified (21).

To what extent does the redox cycling of vitamin E
occur in vivo? In intact animals, a sparing effect of vitamin
C on the nutritional status of vitamin E has been demon-
strated in guinea pigs (22), in a genetic rat model defective
in ascorbate synthesis (23, 24), and in fish (25). In humans,
evidence for the recycling of vitamin E by vitamin C is less
clear due to inherent experimental design difficulties in de-
pleting a human subject of vitamin E. In an attempt to
demonstrate the interaction in humans, Jacob et al. (26)
reported a trend toward sparing of tissue vitamin E by vi-
tamin C. More studies will be needed to show conclusively
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Figure 2. Interaction of antioxidants: Pathways for the oxidation and
regeneration of vitamin E. Modified from Ref. 121.

whether the recycling reactions are physiologically relevant
in man. Whether ascorbate is the key reductant in the recy-
cling reaction or whether endogenous antioxidants such as
ubiquinol, glutathione, or dihydrolipoate, which have been
shown to reduce tocopherol radical (4, 6, 19, 27), are re-
mains to be elucidated. In intact animals, it is important to
note that an adaptive response to oxidative stress may result
in upregulating the synthesis of endogenous antioxidants.
For example, in a rat model that was subjected to serve
oxidative stress from depletion of dietary vitamin E and
selenium, there was an increased expression of the ubi-
quinol-dependent enzymic system in the plasma membrane
(28). Hence, an adaptive response to oxidative stress may
enrich the total pool of antioxidants of an organism through
an increased expression of enzymes that are responsible for
the synthesis of endogenous antioxidants. Along the same
lines, recent interests in other minor dietary antioxidants
such as plant phenolic compounds and bioflavonoids, which
exhibit similar pharmacokinetics as vitamin E (i.e., plasma
level in the micro molar range), may enter the overall pool
of antioxidants that fuels recycling reactions. Their involve-
ment in cellular redox state remains as a new frontier for
more investigation.

Recycling and Transport of Vitamin C

Pathways for the recycling of ascorbate radical (semi-
dehydroascorbate) as well as the two-electron oxidized
product, dehydroascorbic acid, have been reported. A semi-
dehydroascorbate reductase activity that requires NADH as
an electron donor has been described by several indepen-
dent groups (29-31). The existence of this reductase may be
significant in specialized tissues that require a higher intra-
cellular concentration of ascorbate. In the adrenal gland, for
example, the synthesis of catecholamine generates two
ascorbate radicals per each molecule of norepinephrine
made. However, the role of this reductase in the overall
maintenance of the vitamin C pool in man is unclear at
present. Recent studies from Levine et al. (32, 33) further
reinforce the notion that the maintenance of a high concen-
tration of intracellular ascorbate is of great physiological
significance. In neutrophils, distinct ascorbate transporters
were identified that actively pump ascorbate from plasma



(1M range) against a 50-fold gradient so that intracellular
ascorbate can reach the mM range. The same group also
described another major ascorbate transport pathway that
requires first an extracellular oxidation of ascorbate into
dehydoascorbate followed by its transport into cells by glu-
cose transporters 1 and 3 (34). Once inside the cell, dehy-
droascorbate was shown to be rapidly reduced back to
ascorbic acid by glutaredoxin, with consumption of gluta-
thione (35). Therefore, the recycling reactions of ascorbate
are highly dependent on endogenously produced antioxi-
dants such as NADH and glutathione, Figure 1 summarizes
the intracellular reduction of dehydroascorbate coupled with
the redox cycling of glutathione. For more information on
ascorbate transport and recycling, the readers are referred to
an excellent recent review (36).

Pro-Oxidant Effect of Antioxidants

Paradoxical observations with regard to certain pro-
oxidant effects of antioxidant compounds (vitamins C, E,
and GSH and glucose) have been reported under certain
special experimental conditions, indicating the complex in-
terdependency among the pool of physiological relevant
cellular antioxidants. It has long been recognized that au-
toxidation of GSH generates superoxide radicals (37), and
addition of GSH to a red cell preparation was shown to
induce red cell hemolysis (38). Conditions necessary to
demonstrate the pro-oxidant effects of reducing agents in-
clude: 1) the induction of oxidative stress by the presence of
either a free radical initiator or the involvement of Fenton
metal ions; and 2) the severe depletion or absence of one of
the key antioxidants. Thus, in low-density lipoproteins
(LDL) loaded with vitamin E, Stocker and co-workers have
demonstrated that radical initiator-induced oxidation of
LDL was potentiated. Addition of ubiquinol, which was low
in LDL particles, was able to reverse the pro-oxidant effect
of vitamin E loading (39-41). Thus, in a system that is
devoid of reductant capable of regenerating the one-electron
oxidized product of vitamin E (tocopheroxyl radical), this
relatively stable radical may initiate chain reactions to oxi-
dize lipids in the LDL particle. At present, the physiologic
relevance of the tocopherol-mediated LDL oxidation re-
mains unclear.

When red cell hemolysis was used as the criterion of
oxidative stress, it was shown that addition of vitamin C/de-
hydroascorbate (42) or GSH (38) could potentiate the rate of
hemolysis. In a study designed to evaluate the pro-oxidant
potential of antioxidant compounds in a rat model fed dif-
ferent levels of dietary vitamin E, Wang et al. (43) reported
that red cell GSH content was in direct proportion to the
levels of dietary vitamin E, which in turn was inversely
related to the rate of H,0,-induced red cell hemolysis. In-
terestingly, in the vitamin E-depleted red cells, addition of
either GSH, vitamin C, or glucose significantly increased
the rate of hemolysis induced by the addition of azobis-
radical generator. However, treatment of vitamin E-
sufficient red cells with these antioxidants provided consid-

erable protection against hemolysis. Hence, it appears that
cellular vitamin E level can influence GSH content directly
in cells, and under conditions of low or absent vitamin E,
GSH and vitamin C can become pro-oxidants. Based on
available evidence, it is concluded that in the presence of a
complete profile of antioxidants, they function collectively
as antioxidants, but under extreme conditions when one of
the antioxidants is absent or low, other reducing agents can
have pro-oxidant activity.

Enhanced Oxidative Stress in SCA, Thalassemia
and G6PD-Deficiency

Sickle hemoglobin is a result of a point mutation in the
B-globin gene leading to a single amino acid substitution in
the number 6 position of the B-globin chain. SCA is gen-
erally referred to as the homozygous state of the disease
because heterozygous state (commonly referred as sickle
trait) is usually asymptomatic (44). Since the major function
of hemoglobin is to carry molecular oxygen, autoxidation of
hemoglobin by oxygen will be an inevitable event. It is
estimated that = 3% of oxyhemoglobin is oxidized to met-
hemoglobin daily with the concomitant production of su-
peroxide anion (45-47). Sickle hemoglobin has been re-
ported to exhibit accelerated autoxidation under various
conditions (48-51). Hence, enhanced oxidative stress as in-
dicated by increased susceptibility to lipid peroxidation
(52), and increased generation of ROS has been found in
sickle red cells (53).

The molecular defect in a-thalassemia is due to the
deletion of a-globin genes leading to the disproportional
presence of globin chains within the red cells of the affected
individuals. In terms of clinical presentations, mild to severe
hemolytic anemia would be expected from various types of
a-thalassemia (44). A preponderance of recent evidence in-
dicates that the enhanced destruction of thalassemic red
cells in vivo is largely attributed to increased oxidative
stress to these cells (54-58). Furthermore, recent studies
have pointed out that the enhanced oxidative damage to the
cell membrane is largely due to the increased binding of
globin chains to the membrane (54-58). Such increased
binding of the globin chain to the membrane could lead to
the release of heme moiety from the globin chain to the
membrane followed by deleterious oxidative reactions ini-
tiated by the heme moiety. G6PD-deficiency is by far the
most common enzymopathy affecting over 200 million
people worldwide and is mainly caused by diverse point
mutations in the G6PD gene. G6DP is a key enzyme for the
pentose pathway (hexose monophosphate shunt) which is
essential for an adequate supply of NADPH. The red cell
has limited capacity for reducing power, and in the absence
of intracellular organelles, it depends solely on the pentose
pathway for the generation of NADPH. Since the produc-
tion of NADPH in G6PD-deficient red cells is highly com-
promised, increased oxidative stress in G6PD-deficient cells
is well documented (59-61). To add to the intrinsic prob-
lems of oxidant load, additional oxidative stress is attributed
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to periodic exposure to unprotected hemoglobin resulting
from hemolysis. Repeated transfusions, which remain as
standard treatment procedure to some of these conditions,
generate a state of iron-overloading that further compro-
mises the antioxidant status and complicates the clinical
manifestations and management of these diseases. Although
iron-chelating therapy with desferrioxamine is able to re-
move some excessive iron, the procedure induces a second-
ary deficiency of zinc and other divalent cations leading to
major problems in mineral nutrition.

Nutritional Problems and Impaired Antioxidant
Status in SCA, a-Thalassemia,
and G6PD-Deficiency

Children with sickle cell anemia exhibit stunted growth
(reduced weight and height) (62-64), and there is evidence
that these children have higher requirements for dietary pro-
tein and energy due to an accelerated rate of whole-body
protein turnover and, consequently, an increased energy ex-
penditure (65). Direct determination of resting energy ex-
penditure has confirmed that adolescents with sickle cell
anemia have a higher than normal resting metabolic rate
(66). It is clear from these studies that whereas total caloric
and protein intake of patients maybe comparable to nondis-
ease controls, the overall accelerated metabolic demand ren-
ders the level of intake to be inadequate to maintain normal
growth and development.

By far the most severe nutrition problem in the three
main anemias discussed is the continuing depletion of an-
tioxidant nutrients in response to chronic oxidative stress. In
the sickle cell/thalassemia condition, there is a persistent
state of low-grade inflammation as evidenced by the el-
evated levels of circulating inflammatory proteins such as
C-reactive protein and soluble HLA class-I heterodimers
(67). Table IT summarizes the antioxidant status in genetic
anemia, There are gross depletions of hydrophilic and hy-
drophobic antioxidants, and there is depressed antioxidant
enzyme activity that is functionally linked to the increased
need for antioxidant defense under these chronic inflamma-
tory conditions. With the exception of a compensatory in-
crease in glutathione peroxidase activity found in thalasse-
mia and glucose-6-phosphate dehydrogenase deficiency, all
other parameters reviewed were significantly depressed.

Severe impairment of vitamin E status is a common

feature in all three conditions of genetic anemia (Table II),
and this is due to higher consumption of this vitamin (63,
68). In sickle cell patients, plasma vitamin E concentrations
were negatively associated with vaso-occlusive events (69)
as well as a higher number of irreversibly sickled cells.
Supplementation with this vitamin has been shown to re-
store plasma vitamin E levels, improve clinical outcome,
and reduce the number of irreversible sickled red cells (70—
73). Similar supplemental effect and improved outcome
were reported in patients with thalassemia (68) and glucose-
6-phosphate-dehydrogenase deficiency in which reduced
hemolysis and improved red cell survival were seen after
vitamin E supplements (74, 75).

In some of the studies reported, plasma vitamin E con-
centrations in patients were below 0.6 mg/dl, a cut-off point
below which is considered inadequate for vitamin E nutri-
ture in man. In a long-term feeding trial aimed at determin-
ing the vitamin E need of man, Horwitt et al. (76) depleted
human subjects with a low vitamin E diet (3 mg/day) for 6
years. Both plasma vitamin E levels and hydrogen peroxide-
induced red cell hemolysis were employed as criteria for
vitamin E adequacy. When plasma levels dropped below 0.6
mg/dl, a significant increase in H,0,-induced red cell he-
molysis occurred. Incubation of red cells from depleted sub-
jects with vitamin E in vitro further reinforced the notion
that a minimum level of plasma vitamin E is needed to
protect red cells from peroxide-induced hemolysis (77).
Similar findings were reported in patients with Cystic Fi-
brosis with mal-absorption of lipids. In an extensive study
of vitamin E status and peroxide-induced red cell hemolysis
in patients with Cystic Fibrosis, Farrell et al. (78) confirmed
that plasma vitamin E dose-dependently protected red cells
from peroxide-induced hemolysis. At present, it is unclear
whether a low vitamin E status in plasma and red cell mem-
brane is a direct trigger to the periodic hemolysis seem in
genetic anemia. However, available evidence seems to sug-
gest that vitamin E supplementation should be beneficial to
patients with genetic anemia. Reduced circulating leuko-
cytes and vitamin C is another common feature in patients
with genetic anemia (Table II). In thalassemia, this defect
has been linked with biochemical function of vitamin C in
collagen formation and bone health to the increased inci-
dence of osteopenia, frequent fractures, and skeletal defor-
mities commonly found in patients with thalassemia (79).

Table Il. Antioxidant Status in Patients with Genetic Anemia?

Antioxidants Sickle cell anemia Thalassemia G-6-P D deficiency
Vitamin E d 83, 69-71, 96-98 d 79, 94, 95, 100-109 4 74,75,99
Vitamin C 196,114,115 179 499
Carotenoids {96,117 179 499
GSH { 80, 84 | 118 12,83 118, 119
GSH-peroxidae 198, 110, 111 T107, 112 174,112,113
GSH-reductase 180 — 12,81,82
Zinc 4863 4120 —

4 Numbers denote reference number reporting the same event.
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With the depletion of ascorbate and continuing demand for
redox repair, it is not surprising that the glutathione level is
also low in genetic anemia in view of the intense interaction
of soluble reductants (Fig. 1) and the impaired GSH reduc-
tase activity seen in sickle cell (80) and G-6-PD deficiency
(2, 81, 82, Table II). The depletion of cellular GSH has been
shown to cause higher glycation of hemoglobin in glucose-
6-phosphate-dehydrogenase deficiency (83) and an in-
creased number of irreversibly sickled red cells (84).

Implications of Low Antioxidant Status in
Genetic Anemia: Lipid Peroxidation
and Atherogenesis

Both hemoglobin and iron are potent catalysts for lipid
peroxidation. Peroxidation of lipids and more specifically
the oxidation of low-density lipoproteins (LDL) is now rec-
ognized as a key cause of atherogenesis (85). Antioxidants
play major roles in the process of atherosclerosis, and the
protective effects of vitamin E in the atherogenic process
has been reviewed recently (86). When LDL was enriched
with dietary vitamin E, the rate of LDL oxidation was
shown to be significantly reduced in cell-mediated LDL
oxidation (87) or when LDL oxidation was induced by ad-
dition of copper ion in vitro (87-90). Similar inhibition of
LDL oxidation by vitamin C has been reported (91-93). The
low status of vitamins C and E in genetic anemia will render
the LDL more prone to oxidative attack. Indeed, LDL from
patients with thalassemia was found to be more susceptible
to in vitro oxidative modification (94). In another study with
thalassemia, the oxidative state of LDL was found to con-
tain significantly lower vitamin E, together with a 3-fold
increase in conjugated dienes and a 17% reduction in the
lysil residues of Apo B-100 (95). Thus, a higher rate of LDL
oxidation in thalassemia patients is due to a lower concen-
tration of vitamin E in the LDL particles. This elevated
steady-state oxidation suggests an increased risk of athero-
genesis in thalassemia. Since enrichment with vitamins E
and C was effective in preventing LDL oxidation, it appears
that repletion of antioxidants in genetic anemia may prove
to be effective in reducing the risk of developing blood
vessel-related disorders.

Prospective Research

In the preceding review, it is clear that interactions
occur among all the antioxidant nutrients regardless of their
locations in the cell and that recycling is a dominant path-
way for the maintenance of cellular redox potentials. The
totality of the evidence suggests a notion of interdependence
among antioxidants and that depletion of one will likely
lead to a reduction of others. The electrons that fuel these
recycling reactions are ultimately derived from the oxida-
tion of foods and as such, the repairing pathways are closely
linked to the overall energy status of an individual. It is
equally clear that patients with these genetic defects suffer
from chronic oxidative stress and have an altered redox state
characterized by a gross depletion of antioxidant nutrients

(Table II). Most of the clinical events in patients with these
disorders were precipitated directly by severe antioxidant
depletion resulting in inadequate protection. Therefore, sys-
tematic large-scale clinical trials involving the supplemen-
tation of combined antioxidant nutrients from Table I may
generate useful information from which antioxidant replace-
ment therapy maybe used as adjunct treatment for these
disabling conditions. In addition, the altered metabolic state
in sickle cell anemia, which raises the need for dietary pro-
tein and total energy, suggests that the increased require-
ments for macronutrients should also be considered.
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