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The Role of Ascorbate in Antioxidant Protection of
Biomembranes: Interaction with Vitamin E and Coenzyme Q
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One of the vital roles of ascorbic acid (vitamin C) is to act as an antioxidant to protect cellular
components from free radical damage. Ascorbic acid has been shown to scavenge free radicals
directly in the aqueous phases of cells and the circulatory system. Ascorbic acid has also been
proven to protect membrane and other hydrophobic compartments from such damage by
regenerating the antioxidant form of vitamin E. In addition, reduced coenzyme Q, also a
resident of hydrophobic compartments, interacts with vitamin E to regenerate its antioxidant
form. The mechanism of vitamin C antioxidant function, the myriad of pathologies resulting
from its clinical deficiency, and the many health benefits it provides, are reviewed.
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INTRODUCTION

Ascorbic acid (vitamin C) was selected by bio-
logical systems during evolution to perform a large
number of vital functions due to its ease of synthesis
from p-glucose (Nishikimi and Yagi, 1991) and, based
on its redox potential of 40.080, its efficient donation
of reducing equivalents to a variety of compounds
(Davies et al., 1991). Vitamin C was discovered as
an essential nutritional component in humans by its
ability to prevent scurvy in individuals deficient in
vitamin C (Lind, 1753) due to its function in the
hydroxylation reactions of procollagen (Peterkofsky,
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“Now I must speak of all kinds of studies of the antiscorbutic factor. It is a
thankless task because the number of research studies is so great that it is
clearly impossible to review them all; moreover, by failure of agreement,
they present such gaps that it is truly difficult to present a consistent
thesis.”

Mme. L. Randoin, 1923

1991) and its regulation of collagen synthesis indepen-
dent of hydroxylation (Houglum et al., 1991). In
addition to its vital function in connective tissue pro-
tein post-translational hydroxylation and carnitine
synthesis (Rebouche, 1991; Ha et al., 1991), vitamin
C has been shown to facilitate iron absorption (Sie-
genberg et al., 1991), regulate cholesterol synthesis
(Harwood et al., 1986) and elimination (Ginter,
1978, 1989; Ginter et al., 1981), be involved in or of
benefit to xenobiotic detoxification (Ginter, 1989;
Gutierrez, 1988; Brodfuehrer and Zannoni, 1986;
Matsushita et al., 1993; Nagyova et al., 1994), inhibit
mutagenesis and carcinogenesis (Kyrtopoulos et al.,
1991; Licht et al., 1988; Fukushima et al., 1990; Mori
et al., 1988; Pienkowska et al., 1985; Hasegawa et al.,
1990; Hayatsu et al., 1988; Ghaskadbi et al., 1992;
Anderson and Theron, 1990; Carpenter, 1991;
Krinsky, 1993; Wise ef al., 1993; Liehr et al., 1989),
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strengthen immune system function (Block et al,
1991; Dobias et al., 1986; Leibovitz and Siegal,
1981; Johnston et al., 1987, Meydani, 1993; Haskell
and Johnston, 1991; Jacob et al., 1991; Bendich, 1988,
1992; Chandra, 1992), have a role in prevention and
treatment of cancer (Cameron and Pauling, 1976,
1980; Richards, 1988, 1991; Pavelic et al., 1989;
Henson et al., 1991; Block, 1992, 1993; Eichholzer
et al., 1992; Gey, 1992, 1993; De Loecker et al.,
1993; Huber et al., 1993; Kaugers et al., 1993), cellu-
lar differentiation (Franceschi, 1992), cataract and
inflammatory eye episode prevention (Bensch et al.,
1985; Williams and Paterson, 1986; Garland, 1991;
Organisciak et al., 1992; Penn et al., 1992; Taylor,
1992, 1993; Ames et al., 1993; Bunce, 1993; Eye Dis-
ease Case-Control Study Group, 1993), regulation of
aging and inhibition of aging-related pathologies
(Beyer and Starnes, 1985; Newton et al, 1985;
Cutler, 1986; Sram et al., 1990; Garland, 1991;
Deucher, 1992; Goode et al., 1992; Ames et al.,
1993; Block, 1993; Fernandez-Calle et al., 1993;
Lopez-Torres et al., 1993; Meydani, 1993), exercise
injury prevention (Goldfarb, 1993; Jakeman and
Maxwell, 1993; Peters et al., 1993; Viguie et al.,
1993), cardiovascular disease prevention and hyper-
tension treatment (Gerster, 1991; Eichholzer et al.,
1992; Gey, 1992, 1993; Jacques, 1992a, b; Simon,
1992; Gey et al., 1993; Kaul et al., 1993; Jackques
et al., 1994), lowering of ischemia-reperfusion injury
and improvement of organ transplantation success
(Sakamoto et al., 1992; Doppelfeld and Parnham,
1992; Lee ef al., 1992; Rabl et al., 1993; Rice-Evans
and Diplock, 1993; Sciamanna and Lee, 1993), treat-
ment of HIV infection (Harakeh et al., 1990; Baker,
1991; Harakeh and Jariwalla, 1991; Baruchel and
Wainberg, 1992), lowering of side-effect toxicity of
cancer treatment (Fujita et al., 1982; Shimpo et al.,
1991; Rivas-Olmedo et al., 1992), prevention and
treatment of stroke (Eichholzer et al., 1992), inhibi-
tion of LDL oxidation (Jailal and Grundy, 1993),
protection of brain (Makar et al., 1994) and puimon-
ary function (Schwartz and Weiss, 1994), and a
number of other processes.

Because of the dire consequence and obvious
association of scurvy resulting from ascorbic acid
deficiency, it has long been assumed that scurvy is
the only pathology related to vitamin C deficiency
and that an intake of vitamin C adequate to prevent
scurvy is sufficient in all respects. A large number of
observations have provided strong support for the
concept that the suggested minimum daily require-
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ment of ascorbic acid (ca. 60 mg/day) is insufficient
and results in subclinical vitamin C deficiency
associated with a number of clinical entities. The
pathological consequences of subclinical vitamin C
deficiency have been detailed in several volumes and
articles (Stone, 1972; Basu and Schorah, 1982; Clem-
etson, 1989; Davies et al., 1991; Gaby et al., 1991,
Stéhelin et al., 1991; Eichholzer et al., 1992) and the
ethical-political aspects of medical use of vitamin C
have been reviewed (Richards, 1988, 1991). Because of
the proliferation of publications over the past several
years regarding the beneficial effects of so-called
“megadoses” of vitamin C in cancer prevention and
a large number of other pathologies, the adequacy of
the RDA of 60mg/day (100 mg/day for smokers)
(Schectman et al., 1991; Schectman, 1993) has been
questioned and an increased daily consumption
implied or suggested (Bieri, 1987; Block et al., 1991;
Block, 1991a, b, 1993a, b; Bates, 1993). As many of
the pathologies prevented or remedied by vitamin C
are related to free radical damage to various cellular
components including membranes (Hayaishi e al.,
1988; Halliwell and Gutteridge, 1989; Beyer, 1990;
Ernster and Beyer, 1991; Pryor, 1991; Wolff, 1993)
and, as vitamin C has been shown to act as an efficient
antioxidant (Bendich et al., 1986; Bieri, 1987, Wefers
and Sies, 1988; Basaga, 1990; Chow, 1991; Niki, 1991;
Stocker and Frei, 1991; Byers and Perry, 1992; Meister,
1992; Sies et al., 1992; Mulholland and Strain, 1993;
Nordmann, 1993; Rice-Evans and Diplock, 1993;
Rose and Bode, 1993), it is appropriate that this article
reviews the recent literature with respect to the anti-
oxidant function of vitamin C in the protection of
membranes from free radical damage.

Vitamin C has been shown to be able to function
as a chain-breaking antioxidant of lipid peroxidation
in an in vitro cell-free system (Doba et al., 1985; Niki
et al., 1985) and to protect various foods from oxi-
dative deterioration (Cort, 1982; Bendich et al., 1986;
Frankel, 1989; Niki, 1991). Vitamin C is able to per-
form as an antioxidant either by reacting directly
with a number of oxy- or peroxy-radicals in the
aqueous phase. Since ascorbic acid is a weak, dibasic
acid which is water soluble at physiological pH, it has
long been assumed that its antioxidant function is
confined to the aqueous phase of the cell and circu-
latory system. However, the demonstration that vita-
min C may interact with the alpha-tocopheroxyl
radical, regenerating the antioxidant form of vita-
min E, alpha-tocopherol (Packer et al., 1979; Niki
et al., 1982; McCay, 1985), provided evidence that
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vitamin C also serves indirectly in the protection of
membrane components susceptible to free radical
damage. In addition to vitamin E, coenzyme Q in
the hydroquinone state (CoQH,) has been shown
to function as an efficient antioxidant in the many
cellular membranes in which it resides (for reviews
see Beyer et al., 1986, 1987; Beyer, 1989, 1990,
1992, 1994; Beyer and Ernster, 1990; Ernster and
Beyer, 1991; Ernster and Forsmark-Andrée, 1993).
This review, then, will report some of the relatively
recent findings demonstrating the antioxidant role of
vitamin C in the protection of membranes, and other
hydrophobic compartments, from oxidative free
radical damage.

ANTIOXIDANT CHEMISTRY AND
MECHANISMS

Ascorbic acid (AH,) has a dissociation constant
in water of 7.94 x 107> (pK, = 4.10) (Handbook,
1992-93), resulting in the dominant form at pH7

being the ascorbate anion (AH™). Dehydroascorbic

acid (A) can also be formed via a two-step reversible
oxidation process involving the formation of the inter-
mediate ascorbyl radical (A™) (Laroff et al., 1972).
The interconversions of these three forms of vitamin
C are shown in Fig. 1. The dehydroascorbate com-
ponent may exist in several states, the hydrated
hemiketal being the preferred state under aqueous con-
ditions (Tolbert and Ward, 1982). It is important to
note that delocalization of the unpaired electron in
the ascorbyl radical (A™") renders it rather unreactive.
Its fate is to disproportionate according to the sequence

2AT +H" 5> AH +A (1)

or it may react with other free radicals and in so doing
it terminates the propagation of free radical reactions
in which it may be involved (Bielski, 1982).

Ascorbic acid is able to react with the superoxide
radical as shown in reaction (2):

0, +AH — HO,” +A" (2)

o OH

L-Ascorbate (pK=4.2)

Ascorby!
Radical

Dehydro-t-ascorbic acid

Fig. 1. Molecular interconversion of vitamin C.

and is also able to scavenge the hydroxyl (or per-
hydroxyl) radical:

HO, + AH™ — H,0, + A~ 3)

Formation of the superoxide and hydroperoxyl
radicals are considered the most common under
physiological conditions (Fridovich, 1976) and their
reactions with ascorbate have been studied with flash
photolysis and pulse radiolysis (Bielski, 1982; Cabelli
and Bielski, 1983; Nadezhdin and Dunford, 1979). In
addition, ascorbate is able to react efficiently and
directly with the following radical species with k
values between 2x 107 and 2x1078M~'sh:
C1;CO0’, Cl,CHOO', CICH,00", "00CCI,CO,™,
"OOCHCICO,”, CH;00°, and (CH;),C(OH)-
CH,00" (Niki, 1991). Ascorbate has also been
shown to be an effective scavenger of singlet oxygen
(Bodannes and Chan, 1979) as well as the highly
damaging hydroxyl radical (OH") (Rose, 1990).

In the presence of transition metals, and at high
concentrations of ascorbate, hydroperoxyl and super-
oxide radicals may be formed in vitro (Halliwell and
Gutteridge, 1989; Cheeseman et al., 1984). The auto-
oxidation of ascorbate proceeds with the formation of
an intermediate superoxide anion:

AH +0,—- A" 4+0, +H" (4)

a process which is inhibited in the presence of the
enzyme superoxide dismutase (Puget and Michael-
son, 1974; Scarpa et al., 1983).

Although the ability of ascorbic acid, at high
concentrations, to form free radicals and initiate the
process of lipid peroxidation has been demonstrated
in vitro (Girotti, 1985), leading to rumors that high
intakes of vitamin C results in damage to the recipi-
ent, there is little objective evidence supporting
significant prooxidant activity of ascorbic acid in
vive (Bendich et al., 1986).

ANTIOXIDANT HYDROPHOBIC PHASE
MEMBRANE PROTECTION

A number of hydrophobic phase and membrane
components including polyunsaturated fatty acids
and esters, lipoproteins, and phospholipids are
oxidized by free radicals in a three-stage chain oxida-
tion process of lipid peroxidation. This process, and
the antioxidant effects of ascorbic acid, has been stud-
ied in vitro using azo initiators (A—N=N-A), such
as  2,2'-azobis(2-amidinopropane)dihydrochloride,
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which are able to generate free radicals (Yamamoto
et al., 1984; Barclay et al., 1984). The reactions of the
three stages of azo dye-initiated lipid peroxidation are
shown in reaction (5)-(10), where A—N=N=A is the
azo initiator, LH is a lipid, L" a lipid radical, and LO,’
a lipid peroxyl radical.

Initiation:
A-N=N-A - A"+N, +'A (5)
A"+ 0, - AO; (6)
AO;" + LH + O, — AOOH + LOy’ (7)
Propagation:
LO,"+ LH - LOOH + L' (8)
L"+0, - LO, (9)
Termination:
2L0O," — Inert products (10)

Chain-breaking antioxidants, including ascorbic
acid, inhibit the peroxidation process by scavenging
AO," or LO," radicals, thereby inhibiting the initi-
ation stage. As Niki ez al. (1984) have demonstrated,
the length of the induction period of the initiation
stage of azo initiator-induced oxidation of methyl
linoleate in organic solvent is directly proportional
to ascorbic acid concentration. Ascorbic acid has
also been shown to inhibit the oxidation of aqueous
phase-dispersed phosphatidylcholine liposomes and
methyl linoleate micelles under conditions of free
radical generation in the aqueous phase (Yamamoto
et al., 1984; Niki et al., 1985; Doba et al., 1985).
Ascorbic acid has also been shown to prevent free
radical damage to membranes of erythrocytes in
aqueous suspension via oxidation of membrane pro-
teins and lipids resulting in hemolysis (Yamamoto
et al., 1986; Miki et al., 1987; Niki, 1987). On the
basis of such observations, it has been concluded
that ascorbic acid scavenges oxygen radicals formed
in the aqueous phase before the radicals attack
erythrocyte membranes, and thus it protects mem-
branes from oxidative damage (Niki, 1991).

Biological systems possess a large variety and
concentration of radical-trapping antioxidants
(Halliwell and Gutteridge, 1989), some of which are
primary (major or only function) and some of which
are secondary or incidental (Beyer, 1994). Measure-
ment of total radical-trapping antioxidant potential
(TRAP) in blood plasma indicates that vitamin C,
vitamin E, urate, protein (Wayner ef al, 1985,
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1987), and coenzyme Q (Beyer, 1992) are the major
functional antioxidants. Niki et al. (1988) have
demonstrated that, during free radical generation in
the aqueous phase of whole blood suspensions, a
number of antioxidants in both the plasma and the
erythrocytes interact with the radicals and decrease
oxidative damage. The primary antioxidant, which is
the most efficient and is consumed prior to utilization
of the other antioxidants, is ascorbic acid, followed by
bilirubin, uric acid, coenzyme Q, and vitamin E
in plasma. After most of the plasma antioxidant
capacity is depleted, erythrocyte membrane vitamin
E and —SH groups commence function. Niki (1991)
has offered the logical explanation that vitamin C is
the “primary and the most important defence against
the radicals in the aqueous phase.”

One question concerning the antioxidant func-
tion of vitamin C which must be addressed is the
relevance of mechanistic and in vitro studies to the
role of vitamin C in vivo. Using a vitamin C-deficient
rat model, Kunert and Tappel (1983) have demon-
strated an increase in whole-body lipid peroxidation
while Kato et al. (1981) have reported inhibition by
ascorbic acid of lipid peroxidation in rat liver.

Although vitamin C has been shown conclusively
to be an efficient antioxidant in the aqueous phase, its
lack of solubility in the membrane hydrophobic phase
restricts its ability to inactivate free radicals formed
within membranes or block their damaging effects
(Niki et al., 1985; Doba et al., 1985).

ROLE OF VITAMIN C IN ANTIOXIDANT
PROTECTION OF MEMBRANES

As mentioned above, although ascorbic acid is
able to protect membranes from free radicals gener-
ated in the aqueous phase, it is not an efficient scaven-
ger of free radicals generated within the hydrophobic
membrane phase. As first suggested by Tappel (1962,
1968), aerobic organisms have selected a mechanism
to protect membranes from free radical damage utiliz-
ing a chemical interaction between ascorbic acid in the
aqueous phase and regeneration of alpha-tocopherol
in the membrane hydrophobic phase. The literature
regarding the role of ascorbic acid in the generation of
the active antioxidant form of vitamin E, alpha-
tocopherol, up to 1988 has been reviewed (Niki,
1991). Recent information relevant to the role of anti-
oxidants functional in the membrane phase (vitamin E
and coenzyme Q) and the regeneration of their active
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antioxidant forms will now be addressed. In general,
recent literature on the interaction between vitamin C
and vitamin E has provided strong support for the
nonenzymatic regeneration of alpha-tocopherol
(TCOH) from the alpha-tocopheroxyl radical
(TCO"), formed when alpha-tocopherol scavenges a
peroxyl radical (ROO"), by ascorbate (AH") as
shown in reactions (11) and (12):

ROO’ + TCOH — ROOH + TCO"  (11)
TCO' + AH™ — TCOH + A~ (12)

Ascorbate is regenerated either by GSH-dependent
dehydroascorbate reductase (Halliwell and Gutter-
idge, 1989) or nonenzymatically by dihydrolipoic
acid (Constantinescu et al., 1993). Because free radi-
cals generated in biological systems at physiological
pH, and their reduced forms, are uncharged, it has
been hypothesized (Njus and Kelly, 1991) that both
vitamins C and E donate single hydrogen atoms in
vivo instead of separate electron transfer and proton
equilibrium steps. The dependence of ascorbate and
glutathione upon vitamin E in protection against
microsomal lipid peroxidation has been reported by
Wefers and Sies (1988a), and the same authors have
reviewed the roles of vitamins E and C, beta-carotene,
and other carotenoids in antioxidant defense (Wefers
and Sies, 1988b; Sies et al, 1992). A significant
contribution to the understanding of the functional
significance of the interactive antioxidant roles of
vitamins C and E has been provided by the demon-
stration of this process in vivo utilizing a mutant rat
strain unable to synthesize ascorbic acid (Igarashi
et al., 1991). The antilipoperoxidant activities of
alpha-tocopherol and ascorbic acid, protecting
erythrocyte membranes, have been shown to be
potentiated by rutin (Négre-Salvayre et al., 1991), a
water-soluble flavenoid, secondary antioxidant
(Beyer, 1994).

The beneficial effect of an increase in the total
radical-trapping antioxidant potential (TRAP) of
plasma of humans, stimulated by oral supplementa-
tion with large doses of vitamins C and E, has been
reported (Muiholland and Strain, 1993). Using an
ESR steady-state method, Roginsky and Stegmann
(1993) have studied the kinetics of the reaction
between ascorbate and the phenoxyl radical from
alpha-tocopherol. In a recent publication on “the
pecking order of free radicals and antioxidants,”
Buettner (1993) has reviewed the thermodynamics
of free radical reactions of interest to health, the

fundamental thermodynamics and kinetic properties
associated with chain-breaking antioxidants, and the
“interfacial” nature of the reaction between the
tocopheroxyl free radical and ascorbate. In a review
appropriately entitled “Partners in Defense, Vitamin
E and Vitamin C,” Chan (1993) has reviewed the
concept of nonenzymic regeneration of vitamin E by
vitamin C and the enzymatic regeneration of
hydrophobic-phase vitamin E by glutathione. Con-
tributions to understanding the interactive roles of
vitamins C and E in the prevention of free radical
oxidation of plasma LDL, an essential event in
cholesterol plaque formation, have been published
recently (Frei, 1991; Mackness et al., 1993) and
reviewed (Jackson et al., 1993).

In addition to vitamin C, reduced coenzyme Q
(CoQH,;) has been shown to protect the many cellu-
lar membranes and plasma lipoproteins in which it
resides from free radical damage (see Beyer, 1992,
1994 for recent reviews). In addition to direct inter-
action of CoQH, with lipid peroxyl radicals (Beyer,
1988; Beyer et al., 1987), CoQH, has been shown to
be an efficient regenerator of alpha-tocopherol from
the tocopheroxyl radical (Frei ef al., 1990; Mukai
et al., 1990, 1992; Packer et al., 1991; Ernster et al.,
1992; Freisleben and Packer, 1993). The possible
sequence of events depicting the interaction of
CoQH, with the superoxide radical (O, ") and the
perferryl radical (Fe3+——02_') (cf. Beyer and Ernster,
1990; Beyer, 1992) are shown in reactions (13) and
(14):

COQH2 + 02_. — COQ_. + H202 (13)
CoQH, + Fe’* -0, —
CoQ™" + Fe** + H,0, (14)

The H,O, generated in reactions (13) and (14) would
be removed by catalase, peroxidase, or GSH-
peroxidase (Beyer, 1992). The quenching of carbon-
centered lipid radicals CL") and/or lipid peroxyl
radicals (LOO") by CoQH,; has also received consid-
eration (Beyer and Ernster, 1990; Forsmark ef al.,
1991) and is depicted in reactions (15) and (16):

CoQH, +L" — CoQ"+LH+H"  (15)
CoQH, + LOO" — CoQ ™" + LOOH + H* (16)

As mentioned above, reduced coenzyme Q is able to
regenerate the active form of vitamin E from the
alpha-tocopheroxyl radical (TCO") according to
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reaction (17):
CoQH; + TCO* — CoQ "+ TCOH + H" (17)

Another possible mechanism accounting for the anti-
oxidant activity of CoQH, is derived from observa-
tions of Cadenas et al. (1988) who have observed the
interaction of superoxide dismutase (SOD) with
hydroquinones and, in conjunction with the two-
electron quinone reductase DT-diaphorase (Ernster
et al., 1987), inhibits autooxidation of hydro-
quinones. Cadenas et al. (1988) have proposed a
new function for SOD, a superoxide: semiquinone
oxidoreductase activity, in which SOD-Cu®* is
reduced by the superoxide radical:

SOD—-Cu’" + 0™" — SOD-Cu" + 0, (18)

followed by oxidation of SOD—Cu™ by a semiquinone
intermediate:

SOD—Cu™ + Q™ — SOD—Cu** +Q* (19)

If, in fact, DT-diaphorase were able to interact with
coenzyme Q to form CoQH,, indirect evidence for
which has been presented (Beyer, 1994), the sum of
reactions (18) and (19) is shown in reaction (20):

0,7 4+ CoQ ™" — 0, + CoQ*™ (or CoQH,) (20)

The reaction between DT-diaphorase and coenzyme
Q would dismutate the CoQ semiquinone and thus
prevent the transfer of the unpaired electron to
oxygen and formation of the superoxide radical.

Although it may be argued that, based upon the
high degree of hydrophilicity of ascorbic acid and
hydrophobicity of alpha-tocopherol, requiring resi-
dence in two distinct cellular compartments, the
chemical interaction of the two molecules is unlikely
in vivo, a number of studies clearly indicate just such
synergistic interaction in liposomal and membrane
systems (Niki et al., 1985; Doba et al., 1985; Chan,
1993; Buettner, 1993; Roginsky and Stegmann, 1993;
Sies et al., 1992; Négre-Salvayre et al., 1991). Recent
studies have also demonstrated synergism between
vitamins C and E in vivo (Anderson and Theron,
1990; Igarashi et al., 1991; Mulholland and Strain,
1993).

CONCLUSIONS

Very convincing evidence exists providing strong
support for an antioxidant role for ascorbic acid,
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protecting not only the aqueous compartments of
the cell, extracellular matrix, and circulatory system
in which it resides but, in addition, hydrophobic
phases such as circulatory system lipoproteins and
membrane systems in general. Ascorbic acid may per-
form its antioxidant function either by quenching
various free radical species directly or by reducing
membrane-bound oxidized vitamin E at the mem-
brane surface. The ability of reduced coenzyme Q,
also a membrane-bound component, to also regener-
ate the antioxidant form of vitamin E has also been
demonstrated. Further experiments should be
designed to investigate in detail the interaction of
vitamins C and E, and coenzyme Q, all powerful
antioxidants, in the vital protection of membrane com-
ponents against injury from damaging free radicals.

NOTE ADDED IN PROOF

Subsequent to submission of the manuscript, a
number of articles relevant to issues treated above
have been published. In addition to the impressive
number of functions listed in the Introduction
section, vitamin C has been reported to be of benefit
to patients with macular degeneration (Seddon and
Hunnekens, 1994) and HTLV-I-associated myelo-
pathy (Kataoka et al., 1993) and may exert a protective
effect against the development of gastric cancer in
humans (Dyke et al., 1994). In addition, vitamin C
has been shown to protect cells from free radical da-
maging effects of gamma-radiation in embryos
(Yoshimura et al., 1993) and testes (Nara et al.,
1994) and to function as a vital antioxidant in the
brain (Reiber ef al., 1994). Ascorbic acid treatment
has also been shown to protect against the free
radical-associated toxic effects of cadmium (Shiraishi
et al., 1993), trimethyltin (Bannon et al., 1993) and
endotoxin-induced lung injury (Dwengen et al.,
1994). Recent evidence also indicates that vitamin C
decreases endogenous lipid peroxidation (Chakra-
borty et al., 1994, Garg and Mahajan, 1993; Barja et
al., 1994), protein oxidative damage (Barja et al.,
1994), affects longevity (Garg and Mahajam, 1993;
Yu, 1994}, inhibits skin tumor promotion (Battalora
et al., 1993), protects the liver from oxidative damage
(Chen and Tappel, 1994) and reduces erythrocyte
membrane nitroxide radicals (Zhang and Fung,
1994). Synergism between vitamins C and E in mem-
brane protection has been confirmed (Lambelet e al.,
1994) and reviewed (Reed, 1993). The protective role
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of coenzyme Q in low density lipiprotein oxidizability
by copper has also been demonstrated (Kontash ez al.,
1994). Current controversies regarding use of vitamin
supplements have been reviewed (Reynolds, 1994) and
the conclusion reached that high-dose nutritional
vitamin supplementation provides major benefits with
respect to prevention of cancer, cardiovascular disease,
carpal tunnel syndrome, and neural tube defects, “to
name a few.” In addition, review articles, regarding
nutrient antioxidants and cellular defense mechanisms
against damage from free radicals have appeared (Yu,
1994; Bonorden and Pariza, 1994).

ACKNOWLEDGMENTS

The author wishes to thank Ms. Boon Neo J.
Ong for her very careful reading of the manuscript
and for computer software advice, Professor Hiroshi
Ikuma for generously providing a valuable reference,
the Flsa U. Pardee Foundation for financial support,
and The University of Michigan for freedom from
excess teaching duties and other unrewarded respon-
sibilities, allowing the author time to complete this,
and other, articles.

REFERENCES

Ames, B. N., Shigenaga, M. K., and Hagen, T. M. (1993). Proc.
Natl. Acad. Sci. USA 90, 7915-7922.

Anderson, R., and Theron, A. J. (1990). World Rev. Nutr. Diet 62,
27-58.

Baker, D. H. (1991). Nutr. Rev. 50, 15-18.

Barclay, L. R. C., Locked, S. J., MacNeil, J. M., Van Kessel, J., and
Barton, G. W. (1984). J. Am. Chem. Soc. 106, 24792481,
Baruchel, S., and Wainberg, M. A. (1992). J. Leukocyte Biol. 52,

111-114.

Basaga, H. A. (1990). Biochem. Cell. Biol. 68, 989-998.

Basu, T. K., and Schorah, C. J. (1982). Vitamin C in Health and
Disease, Avi Publishing Co., Westport.

Bates, C. J. (1993). Proc. Nutr. Soc. 52, 143—154.

Bendich, A. (1988). Nutr. Immunol. 7, 125-147.

Bendich, A. (1992). J. Nutr. 122, 601-603.

Bendich, A., Machlin, L. J., Scandurra, O., Burton, G. W., and
Wayner, D. D. M. (1986). Adv. Free Rad. Biol. Med. 2, 419—
444.

Bensch, K. G, Fleming, J. E., and Lohmann, W. (1985). Proc. Natl.
Acad. Sci. USA 82, 7193-7196.

Beyer, R. E. (1988). Free Rad. Biol. Med. 5, 297-303.

Beyer, R. E. (1989). In CRC Handbook of Free Radicals and Anti-
oxidants in Biomedicine, Vol. 2 (Miguel, J., Qunitanhila, A. T.,
and Weber, H., eds.), CRC Press, Boca Raton, pp. 45-62.

Beyer, R. E. (1990a). In Highlights in Ubiquinone Research (Lenaz,
G., Barnabei, O., Rabbi, A., and Battino, M., eds.), Taylor &
Francis, London, pp. 258-261.

Beyer, R. E. (1990b). Free Rad. Biol. Med. 8, 545-565.

Beyer, R. E. (1992). Biochem. Cell Biol. 70: 390—403.

Beyer, R. E. (1994). Mol. Aspects Med., in press.

Beyer, R. E., and Ernster, L. (1990). In Highlights in Ubiquinone
Research (Lenaz, G., Barnabei, O., Rabbi, A., and Battino, M.,
eds.), Taylor & Francis, London, pp. 191-213.

Beyer, R. E., and Starnes, J. W. (1985). In Pathobiology of Cardio-
vascular Injury (Stone, H. L., and Wiglicki, W. B., eds.),
Martinus Nijhoff, Boston, pp. 489-511.

Beyer, R. E., Nordenbrand, K., and Ernster, L. (1986). In Bio-
medical and Clinical Aspects of Coenzyme Q, Vol. 5 (Folkers,
K., and Yamamura, Y., eds.), Elsevier Science Publishers,
Amsterdam, pp. 17-24.

Beyer, R. E., Nordenbrand, K., and Ernester, L. (1987). Chem. Scr.
27: 145-153.

Bielski, B. H. (1982). Adv. Chem. Ser. 200, 81-100.

Bieri, J. G. (1987). Free Rad. Biol. Med. 3, 193-197.

Block, G. (1992a). Nutr. Rev. 50, 207-213.

Block, G. (1992b). Ann. N.Y. Acad. Sci. 669, 280-292.

Block, G. (1993a). Toxicol. Ind. Health 9, 295-301.

Block, G. (1993b). J. Natl. Cancer. Inst. 85, 846—-8438.

Block, G. (1993c). Age 16, 55-58.

Block, G., Henson, D. E., and Levine, M. (1991a). Nutr. Cancer 15,
249--250.

Block, G., Henson, D. E., and Levine, M. (1991b). Ann. Int. Med.
114, 909-910.

Bodannes, R. S., and Chan, A. C. (1979). FEBS Lett. 105, 195-196.

Brodfuehrer, J. E., and Zannoni, V. G. (1986). Biochem. Pharmacol.
35, 637-644.

Bunce, G. E. (1993). Nutr. Rev. 51, 84-86.

Byers, R., and Perry, G. (1992). Annu. Rev. Nutr. 12, 139-159.

Cabelli, D. E., and Bielski, B. H. J. (1983). J. Phys. Chem. 87, 1809~
1812.

Cadenas, E., Mira, D., Brunmark, A., Lind, C., Segura-Anguilar,
J., and Ernster, L. (1988). Free Rad. Biol. Med. 5, 71-79.
Cameron, E., and Pauling, L. (1976). Proc. Natl. Acad. Sci. USA 73,

3685-3689.

Cameron, E., and Pauling, L. (1980). Exerc. Health 16, 1-8.

Carpenter, M. P. (1991). In Vitamins and Cancer Prevention, Wiley-
Liss, Inc., New York, pp. 61-90.

Chan, A. C. (1993). Can. J. Physiol. Pharmacol. T1, 725-731.

Chandra, R. K. (1992). Lancet 340, 1124-1127.

Cheeseman, K. H., Burton, G. W., Ingold, K. U., and Slater, T. F.
(1984). Toxicol. Pathol. 12, 235-239.

Chow, C. K. (1991). In Trace Elements, Micronutrients, and Free
Radicals (Dreosti, 1. E., ed.), Humana Press, Totowa, pp. 129—
147.

Clemetson, C. A. B. (1989). Vitamin C, Vols. I, II, III, CRC Press,
Boca Raton.

Constantinescu, A., Han, C., and Packer, L, (1993). J. Biol. Chem.
268, 10906-10913.

Cort, W. M. (1982). Adv. Chem. Ser. 200, 533-550.

Cutler, R. G. (1986). In Physiology of Oxygen Radicals (Taylor,
A. E., Maalon, S., and Ward, P., eds.), American Physio-
logical Society, Bethesda, pp. 251-285.

Davies, M. B., Austin, J., and Partridge, D. A. (1991). Vitamin C:
Its Chemistry and Biochemistry, Royal Society of Chemistry,
Letchworth.

De Loecker, W., Janssens, J., Bonte, J., and Taper, H. S. (1993).
Anticancer Res. 13, 103—-106.

Deucher, G. P. (1992). In Free Radicals and Aging (Emerit, 1., and
Chance, B., eds.), Birkhduser Verlag, Basel, pp. 428-437.
Doba, T., Burton, G. W. and Ingold, K. U. (1985). Biochim.

Biophys. Acta 835, 298-303.

Dobias, L., Lochman, T., and Machalek, J. (1986). J. Appl. Toxicol.
6,9-11.

Doppelfeld, I.-S., and Parnham, M. J. (1992). Meth. Find. Exp. Clin.
Pharmacol. 14, 419-430.

Eichholzer, M., Stdhelin, H. B., and Gey, K. F. (1992). In Free



356

Radicals and Aging (Emerit, 1., and Chance, B., eds.), Birk-
héuser Verlag, Basel, pp. 398-410.

Ernster, L., and Beyer, R. E. (1991). In Biomedical and Clinical
Aspects of Coenzyme Q. Vol. 6 (Folkers, K., Littarru, G. P.,
and Yamagami, T., eds.), Elsevier Science Publishers,
Amsterdam, pp. 45-58.

Ernster, L., Estabrook, R. W., Hochstein, P., and Orrenius, S., eds.
(1987). Chem. Scr. 27A.

Ernster, L., and Forsmark-Andreée, P. (1993). Clin. Invest. 71, S60—
S65.

Ernster, L., Forsmark, P., and Nordenbrand, K. (1992). Biofactors
3, 241-248.

Eye Disease Case-Control Study Group (1993). 4rch. Ophthal. 111,
104-109.

Férnandez-Calle, P., and Jiménez-Jiménez, F. J., Molina, J. A,
Cabrera-Valdivia, F., Vazquez, A., Urra, D. G., Bermejo, F.,
Matallana, M. C., and Codoceo, R. (1993). J. Neurol. Sci. 118,
25-28.

Fischer-Nielsen, A., Loft, S., and Jensen, K. G. (1993). Carcinogen-
esis 14, 2431-2433.

Forsmark, P., Aberg, F., Norling, B., Nordenbrand, K., Dallner,
G., and Ernster, L. (1991). FEBS Lett. 285, 39-43.

Franceschi, R. T. (1992). Nutr. Rev. 50, 65-70.

Frankel, E. N. (1989). Biblio, Nutr. Diet 43, 297-312.

Frei, B. (1991). Am. J. Clin. Nutr. 54: 11135-1118S.

Frei, B., Kim, M. C., and Ames, B. N. (1990). Proc. Nati. Acad. Sci.
USA 87, 4879-4883.

Freisleben, H.-J., and Packer, L. (1993). Biochem. Soc. Trans. 21,
325-330.

Fridovich, 1. (1976). In Free Radicals in Biology, Vol. 1 (Pryor,
W. A, ed.), Academic Press, New York, pp. 239-277.

Fujita, K., Shinpo, K., Yamada, K., Sato, T., Miini, H., Shamoto,
M., Nagatsu, T., Takeudhi, T., and Umezawa, H. (1982).
Cancer Res. 42, 309-316.

Fukushima, S., Uwagawa, S., Shirai, T., Hasegawa, R., and Ogawa,
K. (1990). Cancer Res. 50, 4195-4198.

Gaby, S. K., Bendich, A., Singh, V. N., and Machlin, L. J. (1991).
Vitamin Intake and Health—A Scientific Review, Marcel
Dekker, New York.

Garland, D. L. (1991). Am. J. Clin. Nutr. 54, 11985-1202S.

Gerster, H. (1991). Int. J. Vit. Nutr. Res. 61, 277-291.

Gey, K. F. (1992). In Lipid-Soluble Antioxidants: Biochemistry and
Clinical Applications (Ong, A. S. H., and Packer, L., eds.),
Birkhéuser Verlag, Basel, pp. 442-456.

Gey, K. F. (1993). Br. Med. Bull. 49, 679-699.

Gey, K. F., Moser, U. K., Jordan, P., Stdhelin, H. B., Eichholzer,
M., and Liidin, E. (1993). Am. J. Clin Nutr. 57, 787S-797S.

Ghaskadbi, S., Rajmachlkar, S., Agate, C. Kapadi, A. H,,
and Valdya, V. G. (1992). Teratog., Carcinog., Mutagen. 12:
11-19.

Ginter, E. (1978). Adv. Lipid Res. 16, 167-220.

Ginter, E. (1989). Nutrition 5, 369-374.

Ginter, E., Bobek, P., Babala, J., Kubec, F., Urbanova, D., and
Cerna, O. (1981). Adv. Physiol. Sci. 12, 79-88.

Girotti, A. W., Thomas, J. P., and Jorden, J. E. (1985). Photochem.
Photobiol. 41, 267-276.

Goldfarb, A. H. (1993), Med. Sci. Sports Exerc. 25, 232-236.

Goode, H. G., Burns, E., and Walker, B. E. (1992). Br. Med. J. 305,
925-927.

Gutierrez, P. L. (1988). Drug Metab. Rev. 19, 319-343.

Ha, T. Y., Otsuka, M., and Arakawa, N. (1991). J. Nutr. Sci.
Vitaminol. 37, 371-378.

Halliwall, B., and Gutteridge, J. M. C. (1989). Free Radicals in
Biology and Medicine, 2nd edn., Clarendon Press, Oxford,
pp. 123-126.

Handbook of Chemistry and Physics, 731d edn. (1992-1993). CRC
Press, Boca Raton, p. 39.

Beyer

Harakeh, S., and Jariwalla, R. J. (1991). Am. J. Clin. Nutr. 54,
12318-12358.

Harakeh, S., Jariwalla, R. J., and Pauling, L. (1990). Proc. Natl.
Acad. Sci. USA 87, 7245-7249.

Harwood, H. J., Jr., Greene, Y. J., and Stacpoole, P. W. (1986). J.
Biol. Chem. 261, 7172-7135.

Hasegawa, R., Furukawa, F., Toyoda, K., Takahashi, M., Hayashi,
Y., Hirose, M., and Ito, N. (1990). Jpn. J. Cancer Res. 81, 871—
8717.

Haskell, B. E., and Johnston, C. S. (1991). Am. J. Clin. Nutr. 54,
12285-12308S.

Hayaisha, O., Niki, E., Kondo, M., and Yoshikawa, T. (eds.)
(1988). Medical, Biochemical, and Chemical Aspects of Free
Radicals, Elsevier Science Publishers, Amsterdam.

Hayatsu, H., Arimoto, S., and Negishi, T. (1988), Mutat. Res. 202,
429-446.

Henson, D. E., Block, G., and Levine, M. (1991). J. Naitl. Cancer
Inst. 83: 547-550.

Houglum, K. P., Brenner, D. A., and Chojkier, M. (1991). Am. J.
Clin. Nutr. 54, 11415-1143S.

Huber, M. H,, Lee, J. S., and Hong, W. K. (1993). Sem. Oncol. 20,
128-141.

Igarashi, O., Yonekawa, Y., and Fujiyama-Fujihara, Y. (1991).
J. Nutr. Sci. Vitaminol. 37, 359-369.

Jackques, E. I. M., Sulsky, S. L., Perrone, G. A., and Schaefer, E. J.
(1994). Epidemiology 5, 19-26.

Jackson, R. L., Ku, G., and Thomas, C. E. (1993). Med. Res. Rev.
13, 161-182.

Jacob, R. A, Kelley, D. S., Pianalto, F. W., Swendseid, M. E.,
Henning, S. M., Ahang, J. Z., Ames, B. N., Fraga, C. G.,
and Peters, J. H. (1991). Am. J. Clin. Nutr. 54, 13025~
1309S.

Jacques, P. F. (1992a). Int. J. Vitam. Nutr. Res. 62, 252-255.

Jacques, P. F. (1992b). Ann. N.Y. Acad. Sci. 669, 205-214.

Jakeman, P., and Maxwell, S. (1993). Eur. J. Appl. Physiol. 67, 426~
430.

Jialal, I., and Grundy, S. M. (1993). Circulation 88, 2780-2786.

Johnston, C. S., Kolb, W. P, and Haskell, B. E. (1987). J. Nutr. 117,
764-768.

Kaugars, G. E., Silverman, S., Jr., Lovas, J. G. L., Brandt, R. B.,
Thompson, J. S., and Singh, V. N. (1993). J. Cell. Biochem.
17F, 292-298.

Kaul, K., Siveski-Iliskovic, N., Hill, M., Slezak, J., and Singall, P. K.
(1993). J. Pharmacol. Toxicol. Meth. 30: 55-67.

Krinsky, N. 1. (1993). Ann. N.Y. Acad. Sci. 686, 229-242.

Kyrtopoulos, S. A., Pignatelli, B., Karkanias, G., Golematis, B.,
and Esteve, J. (1991). Carcinogenesis 12, 1371-1376.

Lee, K. C., Horan, P. J., Canniff, P. C., Silver, P. J., and Ezrin, A. M.
(1992). Drug Dev. Res. 27, 345-360.

Licht, W. R., Tannenbaum, S. R., and Deen, W. M. (1988).
Carcinogenesis 9, 365-372.

Liebovitz, B., and Siegel, B. V. (1981). Adv. Exp. Med. Biol. 135, 1—
25.

Liehr, J. G., Roy, D., and Gladek, A. (1989). Carcinogenesis 10,
1983-1988.

Lind, J. (1753). A Treatise of the Scurvy, Sands, Murray and
Cochrane, Edinburgh. Reprinted, (1953). (Stewart, C. P., and
Guthrie, D., eds.), Edinburgh University Press, Edinburgh.

Lopez-Torres, M., Pérez-Campo, R., Rojas, C., Cadenas, S., Barja,
G. (1993). Free Rad. Biol. Med. 15, 133-142.

Mackness, M. L., Abbott, C., Arrol, S., and Darrington, P. N.
(1993). Biochem. J. 294, 829-834.

Makar, T. K., Nedergaard, M., Preuss, A., Gelbard, A. S., Perumal,
A. S., and Cooper, A. J. L. (1994). J. Neurochem. 62, 45-53.

Matsushita, N., Kobayashi, T., Oda, H., Horio, G., and Yoshida,
A. (1993). J. Nutr. Sci. Vitaminol. 39, 289-302.

McCay, P. B. (1985). Annu. Rev. Nutr. 5, 323-340.



Membrane Antioxidant Protection: Vitamins C and E and Coenzyme Q 357

Meister, A. (1992). Biochem. Pharmacol. 44, 1905-1915.

Meydani, S. N. (1993). Nutr. Rev. 51, 106-115.

Miki, M., Tamai, H., Mino, M., Yamamoto, Y., and Niki, E.
(1987). Arch. Biochem. Biophys. 258, 373-380.

Mori, S., Takeuchi, Y., Toyama, M., Makino, S., Harauchi, T.,
Kurata, Y., and Fukushima, S. (1988). Cancer Lett. 38, 275~
282.

Mukai, K., Kikuchi, S., and Urano, S. (1990). Biochim. Biophys.
Acta 1035, 77-82.

Mukai, K., Itoh, S., and Morimoto, H. (1992). J. Biol. Chem. 267,
22279-22281.

Mulholland, C. W., and Strain, J. J. (1993). Int. J. Vitam. Nutr. Res.
63, 27-30.

Nadezhdin, A. D., and Dunford, H. B. (1979). Can. J. Chem. 57,
3017-3022.

Nagyova, A., Ginter, E., and Stefek, M. (1994). J. Nutr. Biochem. 5,
10-14.

Neégre-Salvayre, A., Affany, A., Hariton, C., and Salvayre, R.
(1991). Pharmacology 42, 262-272.

Newton, H. M. V., Schorah, C. J., Habibzadeh, N., Morgan, D. B.,
and Hullin, R. P. (1985). Am. J. Clin. Nutr. 42, 656—659.

Niki, E. (1987). Chem. Phys. Lipids 44, 227-253.

Niki, E. (1991). World Rev. Nutr. Dietet. 64, 1-30.

Niki, E., Tsuchiya, J., Tanimura, R., and Kamiya, Y. (1982). Chem.
Leit. 6, 789-792.

Niki, E., Saito, T., Kawakami, A., and Kamiya, Y. (1984). J. Biol.
Chem. 259, 4177-4182.

Niki, E., Kawakami, A., Yamamoto, Y., and Kamiya, Y. (1985).
Bull. Chem. Soc. Jpn. 58, 1971-1975.

Niki, E., Yamamoti, Y., Takahashi, M., Yamamoto, K., Yama-
moto, Y., Komuro, E., Miki, M., Yasuda, H., and Mino, M.
(1988). Vitamins (Kyoto) 62, 200.

Nishikimi, M. and Yagi, K. (1991). Am. J. Clin. Nutr. 54, 1203S-1208S.

Njus, D., and Kelly, P. M. (1991). FEBS Lett. 284, 147-151.

Nordmann, R. (1993). Comp. Rend. Soc. Biol. 187, 277-285.

Organisciak, D. T., Bicknell, I. R., and Darrow, R. M. (1992). Curr.
Eye Res. 11, 231-241.

Packer, J. E., Slater, T. F., and Willson, R. L. (1979). Nature
(London) 278, 737--738.

Packer, L., Kagan, V., and Servinova, E. (1991). In Biomedical and
Clinical Aspects of Coenzyme Q, Vol. 6 (Folkers, K., Littarru,
G. P., and Yamagami, Y., eds.), Elsevier Science Publishers,
Amsterdam, pp. 115-123.

Pavelic, K., Kos, Z., and Spaventi, S. (1989). Inz. J. Biochem. 21,
931-935.

Penn, J. S., Thum, L. A., and Naash, M. 1. (1992). Invest. Ophthai-
mol. Vis. Sci. 33, 1836-1845.

Peterkofsky, B. (1991). dm. J. Clin. Nutr. 54, 11355-11408.

Peters, E. M., Goetzsche, J. M., Grobbelaar, B., and Noakes, T. D.
(1993). Am. J. Clin. Nutr, 57, 170-174.

Pienkowska, K., Gajcy, H., and Koziorowska, J. (1985). Pol. J.
Pharmacol. Pharm. 37, 601-607.

Pryor, W. A. (1991). Am. J. Clin. Nutr. 53, 3913-3935.

Puget, K., and Michaelson, A. M. (1974). Biochemie 56, 1255-1267.

Rabl, H., Khoschsorur, G., Colombo, T., Petritsch, P., Rauchen-
wald, M., Koltringer, P., Tatzber, F., and Esterbauer, H.
(1993). Kid. Int. 43, 912-917.

Rebouche, C. J. (1991). Am. J. Clin. Nutr. 54, 1147S5-11528.

Rice-Evans, C. A., and Diplock, A. T. (1993). Free Rad. Biol. Med.
18, 77-96.

Richards, E. (1988). Soc. Stud. Sci. 18, 653-701.

Richards, E. (1991). Vitamin C and Cancer— Medicine or Politics?,
St. Martin’s Press, New York.

Rivas-Olmedo, G., Barriga-Arceo, S. D., and Madrigal-Bujaidar,
E. (1992). J. Toxicol. Environ. Health 35, 107-113.

Roginsky, V. A., and Stegmann, H. B. (1993). Chem. Phys. Lipids
65, 103—-112.

Rose, R. C. (1990). Biochem. Biophys. Res. Commun. 169, 430—436.

Rose, R. C., and Bode, A. M. (1993). FASEB J. 7, 1135-1142.

Sakamoto, A., Ohnishi, S. R., Ohnishi, T., and Ogawa, R. (1991).
Free Rad. Biol. Med. 11, 385-391.

Scarpa, M., Stevenato, R., Viglino, P., and Rigo, A. (1983). J. Biol.
Chem. 258, 6695—6697.

Schectman, G. (1993). Ann. N.Y. Acad. Sci. 686, 335-346.

Schectman, G., Byrd, J. C., and Hoffman, R. (1991). Am. J. Clin.
Nutr. 53, 1466-1470.

Schwartz, J., and Weiss, S. T. (1994). Am. J. Clin. Nutr. 59, 110—
114.

Sciamanna, M. A., and Lee, C. P. (1993). Arch. Biochem. Biophys.
305, 215-224.

Shimpo, K., Nagatsu, T., Yamada, K., Sato, T., Niimi, H., Sha-
moto, M., Takeuchi, T., Umezawa, H., and Fujita, K. (1991).
Am. J. Clin. Nutr. 54, 1298S-13018.

Siegenberg, D., Baybes, R. D., Bothwell, T. H., Macfarlane, B. J.,
Lamparelli, R. D., Car, N. G., MacPhail, P., Schmidt, U.,
Tal, A., and Mayet, R. (1991). Am. J. Clin. Nutr. 53, 537-
541.

Sies, H., Stahl, W., and Sundquist, A. R. (1992). 4dnn. N.Y. Acad.
Sci. 669, 7-20.

Simon, J. A. (1992). J. Am. Coll. Nutr. 11, 107-125.

Sram, R. J., Binkova, B., Kocisova, J., Topinka, J., Fojtikova, 1.,
Hanel, 1., Xlaschka, J., Kotésovec, F., Kubicek, V., and
Gebhart, J. A. (1990). In Mutation and the Environment, Part
C, Wiley-Liss, Inc., New York, pp. 327-337.

Stihelin, H. B., Gey, XK. F., Eichholzer, M., Liidin, E., Bernascont,
F., Thurneysen, J., and Brubacher, G. (1991). Am. J. Epide-
miol. 133, 766—775.

Stocker, R., and Frei, B. (1991). In Oxidative Stress: Oxidants and
Antioxidants (Sies, H., ed.), Academic Press, London, pp. 213—
243.

Stone, 1. (1972). The Healing Factor— “Vitamin C” against Disease,
Perigee Books, New York.

Tappel, A. L. (1962). Vitam. Horm. 20, 493--510.

Tappel, A. L. (1968). Geriatrics 23, 97-105.

Taylor, A. (1992). Ann. N.Y. Acad. Sci. 669, 111-124.

Taylor, A. (1993). J. Am. Coll. Nutr. 12, 138—146.

Tolbert, B. M., and Ward, J. B. (1982). Adv. Chem. Ser. 200, 101
123.

Viguie, C. A., Frei, B., Shingnaga, M. K., Ames, B. N., Packer, L.,
and Brooks, G. A. (1993). J. Appl. Physiol. 75, 566-572.
Wayner, D. D. M., Burton, G. W., Ingold, K. U., and Locke, S.

(1985). FEBS Lett. 187, 33-37.

Wayner, D. D. M., Burton, G. W., Ingold, K. U., Barkley, L.R. C.,
and Locke, S. J. (1987). Biochim. Biophys. Acta 924, 408-419.

Wefers, H., and Sies, H. (1988a). Eur. J. Biochem. 174, 353-357.

Wefers, H., and Sies, H. (1988b). In Oxy-Radicals in Molecular
Biology and Pathology (Cerutti, P. A., Fridovich, 1., and
McCord, J. M., eds.), Alan R. Liss, Inc., New York, pp.
481-490.

Williams, R. N., and Paterson, C. A. (1986). Exp. Eye Res. 42,211--218.

Wise, J. P., Orenstein, J. M., and Patierno, S. R. (1993). Carcino-
genesis 14, 429-434.

Wolff, S. P. (1993). Br. Med. Bull. 49, 642-652.

Yamamoto, Y., Haga, S., Niki, E., and Kamiya, Y. (1984). Bull.
Chem. Soc. Jpn. 57, 1260—1264.

Yamamoto, Y., Niki, E., Kamiya, Y., Miki, M., Tamai, H., and
Mino, M. (1986). J. Nutr. Sci. Vitaminol. 32, 475-479.

REFERENCES ADDED IN PROOF

Bannon, A. W., Verlangieri, A. J., Wilson, M. C., and Kallman,
M. J. (1993). NeuroToxicol. 14, 437444,



358

Barja, G., Lopez-Torres, M., Pérez-Campo, R., Rojas, C., Cadenas,
S., Prat, J., and Pamplona, R. (1994). Free Rad. Biol. Med. 17,
105-115.

Battalora, M. St. J., Kruszewski, F., and DiBiovanni, J. (1993).
Carcinogenesis 14, 2507-2512.

Bonorden, W. R., and Pariza, M. W. (1994). In Nutritional Toxi-
cology (Kotsonis, N., Mackey, M., and Hjelle, J., eds.), Raven
Press, Ltd., New York, pp. 19-48.

Chakraborty, S., Nandy, A., Mukhopadhyay, M., Mukhopadhyay,
C. K., and Chatterjee, I. B. (1994). Free Rad. Biol. Med. 16,
417-426.

Chen, H., and Tappel, A. L. (1994). Free Rad. Biol. Med. 16, 437
444.

Dwenger, A., Pape, H. C., Bantel, C., Schweitzer, G., Krumm, K.,
Grotz, M., Leuken, B., Funk, M., and Regel, G. (1994). Eur. J.
Clin. Invest. 24, 229-235.

Dyke, G. W., Craven, J. L., Hall, R., and Garner, R. C. (1994).
Carcinogenesis 15, 291-295.

Garg, S. K., and Mahajam, S. (1993). Age 16, 87-92.

Kataoka, A., Imai, H., Inayoshi, S., and Tsuda, T. (1993). J. Neurol.
Neurosurg. Psychiat. 56, 1213-1216.

Beyer

Kontush, A.,” Hiibner, C., Finckh, B., Kohlschiitter, A., and
Beisiegal, U. (1994). FEBS Lett. 341, 69-73.

Lambelet, P., Saucy, R., and Loliger, J. (1994). Free Rad. Res. 20,
1-10.

Narra, V. R., Harapanhalli, R. S., Howell, R. W, Sastry, K. S. R,
and Rao, D. V. (1994). Radiat. Res. 137, 394-399.

Reed, D. J. (1993). In Vitamin E in Health and Disease (Packer, L.,
and Fuchs, J., eds.), Marcel Dekker, New York, pp. 269-282.

Reiber, H., Martens, U., Prall, F., and Uhr, M. (1994). J. Neuro-
chem. 62, 608—614.

Reynolds, R. D. (1994). J. Am. Coll. Nutr. 13, 118-126.

Seddon, J. M., and Hennekens, C. H. (1994). Arch. Ophthalmol.
112, 176-179.

Shiraishi, N., Uno, H., and Waalkes, M. P. (1993). Toxicol. 85, 85~
100.

Yoshimura, T., Matsuno, K., Miyazaki, T., Suzuki, K., and Wata-
nabe, M. (1993). Radiat. Res. 136, 361-365.

Yu, B. P. (1994). Physiol. Rev. T4, 139-162.

Zhang, Y., and Fung, L. W.-M. (1994). Free Rad. Biol. Med. 16,
215-222.



