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ABSTRACT: Suggestions that oxidative stress plays a role in
human diseases have led to the proposal that health might be
improved by increased dietary intake of antioxidants. Plant-de-
rived antioxidants, such as flavonoids or rosemary extracts, are
increasingly proposed as important dietary antioxidant factors,
and foods rich in antioxidants are also receiving attention. Be-
fore widescale usage of natural and synthetic antioxidants can
be suggested, it is necessary to establish the properties of such
molecules. Assays for characterizing the potential proox-
idant/antioxidant actions of food additives, antioxidant supple-
ments, antioxidant drug molecules, and nutrient components
have been developed for this purpose.
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For the health-conscious consumer, the words “free radicals™
and “antioxidants” have become fashionable. A free radical is
any chemical species capable of independent existence that
possesses one of more unpaired electrons, an unpaired electron
being one that is alone in an orbital. Conventionally, radicals
are denoted by the insertion of a dot(-). The term “reactive oxy-
gen species” (ROS) is often used to denote all oxygen-derived
species. Table 1 presents examples of ROS and their character-
istics (1). Excessive production of these species, beyond the
antioxidant defense capacity of the body, can cause oxidative
stress (2). In principle, oxidative stress also may be mediated
by activation of phospholipases, increased activity of the radi-
cal-generating enzymes (e.g., xanthine oxidase) and/or their
substrates (e.g., hypoxanthine), disruption of electron transport
chains and increased electron leakage for O, release of free
metal ions from sequestered sites and/or muscle, activation of
cyclooxygenase and lipoxygenase, and release of heme pro-
teins (hemoglobin, myoglobin). Free-radical oxidation in foods
and in living organisms may be considered from the standpoint
of four distinctive interfacial groups: bulk food lipids (e.g.,
oils), dispersed food lipids (e.g., membranes and emulsions
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such as salad dressing), dispersed lipids in living organisms
(membranes and organelles), and free-radical reactions in wa-
tery fluids in organisms (e.g., cytoplasm, plasma). Prooxidant
considerations may have different implications for each of the
groups, €.g., they may be totally irrelevant for the bulk food
lipids but highly relevant for the dispersed food lipids and bio-
logical fluids in organisms.

Free radical oxidation of the lipid components in foods by
the chain reaction of lipid peroxidation is a major problem for
food manufacturers (3—8). The extent to which oxidation of
fatty acids and their esters occurs in foods depends on the
chemical structure of the fatty acid, the nature of food process-
ing and the temperature at which the foods are stored and/or
cooked, and the minor constituent antioxidants. An antioxidant
may be defined as a substance that, when present at low con-
centrations compared with those of an oxidizable substrate
such as fats, proteins, carbohydrates or DNA, significantly de-
lays or prevents oxidation of the substrate. Other definitions
abound. For example, Porter (9) considered an antioxidant as
“any acidic compound (including phenols) usable in foods
which can readily donate an electron or a hydrogen atom to a
peroxyl or alkoxy radical to terminate a lipid peroxidation
chain reaction or to regenerate a phenolic compound, or which
can effectively chelate a prooxidant transition metal.” Food
manufacturers continue to add antioxidants during food pro-
cessing to minimize lipid oxidation (3,4,8,9). Antioxidants can
act at different levels in the oxidative sequence that involves
lipids. For example, they may act by decreasing localized oxy-
gen concentrations; preventing first-chain initiation by scav-
enging initiating radicals, such as hydroxyl radicals; binding
metal ions in forms that will not generate the lipid peroxida-
tion-initiating species, such as hydroxyl radical, ferryl radical,
or Fe®*/Fe**/0, complexes, and/or will not decompose lipid
peroxides to peroxyl or alkoxyl radicals; decomposing perox-
ides by converting them to nonradical products, such as alco-
hols; and/or by chain-breaking whereby intermediate radicals,
such as peroxy! and alkoxyl radicals, are scavenged to prevent
continued hydrogen abstraction. Porter ef al. (10) recently dis-
cussed the current status of the mechanism of free-radical oxi-
dation of unsaturated lipids.

Food manufacturers strive to produce products that main-
tain their shelf life and nutritional quality over a specific pe-
riod under given conditions. For the consumer, the considera-
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TABLE 1
Examples of Reactive Oxygen Species (ROS)?

REVIEW

Characteristics

Radicals
Superoxide 0,”
Hydroxyl OH
Peroxyl, alkoxyl RO, RO
Oxides of nitrogen NO', NO,
Nonradicals
Hydrogen peroxide H,0,
Hypochlorous acid HOCI
Ozone O,
Singlet oxygen o,

Oxygen-centered radical with selective
reactivity. This species is produced by a
number of enzyme systems, by autooxidation
reactions and by nonenzymatic electron
transfers that univalently reduce molecular
oxygen. In aqueous solution, O, can oxidize
ascorbic acid. it can also reduce certain iron
complexes, such as cytochrome ¢ and ferric-
ethylenediaminetetraacetic acid (Fe** EDTA).
Superoxide dismutase (SOD) accelerates the
dismutation of O, converting it to hydrogen
peroxide (H,0,) and oxygen (O,).

A highly reactive oxygen-centered radical, which
attacks afl molecules in the human body,
including tissues that may occur in the
myocardium.

Typically organic radicals often encountered as
intermediates during the breakdown of peroxides
of lipids in the free-radical reaction of
peroxidation. CCl,O," has been used extensively
to study potential antioxidant action of
biomolecules.

Nitric oxide is formed in vivo from the amino
acid L-arginine. Nitrogen dioxide is formed

when NO reacts with O, and is found in polluted
air and smoke, such as from cigarettes.

Formed in vivo when O,"~ dismutates and also by
many oxidase enzymes. H,O, at low (micromolar)
levels also appears poorly reactive. However,
higher levels of H,0, can attack several

cellular energy-producing systems; for example,

it inactivates the glycolytic enzyme
glyceraldehyde-3-phosphate dehydrogenase. H,0,
also forms OH" in the presence of transition

metal ions and O, "~ can facilitate this reaction.

A powerful oxidant often present in household
bleaches but formed in the human neutrophils at
sites of inflammation by action of the enzyme
myeloperoxidase. May also react with O, to
generate OH" in neutrophils.

Formed in the environment inhabited by humans.
This noxious gas has been shown to deplete
plasma antioxidants vitamin D, vitamin E, and
uric acid.

The spin of one of the electrons of the

two outer orbitals is inverted, removing the
quantum-mechanical spin restrictions of
molecular oxygen.

“Adapted from Reference 1.

tion is somewhat different. Almost all foreign materials in-
gested undergo biochemical transformation and are processed
such that the body derives, where applicable, benefits from
the ingested food. The chemical nature of the food compo-
nents, effects of components within the food matrix, the diet
under consideration, and the health status of the consumer all
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combine to affect the bioavailability of the nutritive compo-
nent (11). Products from oxidation of lipid components
(12-15) or of other substrates in the food, which may accu-
mulate in deteriorated foods, can become available when con-
sumed. They may present pharmacological problems to the
consumer if such products are absorbed in high enough quan-
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tities. The effect of cholesterol oxidation products in choles-
terol-containing foods in the human diet is illustrative. There
is compelling evidence that several cholesterol oxides are cy-
totoxic, atherogenic, mutagenic, and carcinogenic (14,16).
Cholesterol molecules are closely associated with membrane
phospholipids and contain a A>-double bond, which is prone
to oxidation (17). Antioxidants indigenous to foods (3,4,18,19)
and oil-soluble antioxidants in foods, such as butylated hy-
droxyanisole (BHA), butylated hydroxytoluene (BHT), ter-
tiary butylhydroquinone (TBHQ), esters of 3,4,5-trihydroxy-
benzoic acid (propyl, octyl, and dodecyl esters), ethoxyquin
(6-ethoxy-1,2-dihydro-2,2,4-trimethy] quinoline) (used mostly
in animal feeds), and dl-o-tocopherols, continue to be used
commercially (4,20). However, there have been numerous
concerns (although no data exist for humans) about the toxi-
city of synthetic antioxidants (21-28). Nevertheless, there is
an interest in the use of natural antioxidants, such as those
from rosemary. extracts, in the preservation of food materials.
Plant extracts that also have been proposed to contain antiox-
idant capabilities include cocoa shells, oats, tea, olives, gar-
lic, ginger, red onion skin, grapes, apple cuticle, wheat
gliadin, korum rind, licorice, nutmeg, clove, oregano, thyme
(Thymus vulgaris), mustard leaf seed, chia seed, peanut seed
coat, birch bark, carob pod, tempeli, yam, mango, mangos-
tum, and Vanilla planifolia. Flavonoids and other polyphe-
nols found in some of these extracts are widely discussed as
potential antioxidant prophylactics (1,29,30). Flavonoids are
naturally occurring benzo-y-pyrone derivatives, which are
ubiquitous in plant cells and are therefore accessible to con-
sumers through diets of plant origin (31,32). Ramanathan and
Das (33) have showed that addition of polyphenols and an-
tioxidants reduced the extent of lipid peroxidation, measured
by thiobarbituric acid (TBA) number, in raw fish stored at
4°C and in steam-cooked fish stored for 1 wk at 4°C and —
20°C. Lipids in fish are more prone to lipid peroxidation than
the lipid components in meat due to the high degree of unsat-

Lipid peroxidation assays

Assays of Prooxidant action
1. Deoxyribose assay

—
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uration in fish lipids and to high concentrations of metal ions,
especially in seafoods (34). Flavonoids are used commercially
and are often found in milk, lard, and butter. They are combined
with synergists, such as citric acid, ascorbic acid or phosphoric
acid (4), and are components of many folk medicines (35,36).

Phenolic antioxidants, such as carnosic acid or carnosol
from rosemary, have been shown to stimulate free-radical dam-
age to nonlipid components, such as DNA, proteins, and car-
bohydrates, by in vitro assays (37-39). This has led to the de-
velopment of experimental tools for characterizing potential
prooxidant and/or antioxidant actions (1,38-42). The emerging
in vitro data would help delineate the in vivo contribution of
antioxidants to modulation of the pathological consequences
of free radicals in the human body as well as evaluation of the
potential uses of natural antioxidants during food processing.

The need for the food manufacturer to produce quality
products that have reasonable shelf lives by use of food-grade
antioxidants during food processing must be balanced by the
increasing interest in the use of antioxidants as prophylactics
in human degenerative diseases.

PROOXIDANT ACTION AND ITS MEASUREMENT
IN VITRO

Table 1 highlights some of the reactive oxygen species often
discussed in the literature and their biological characteristics.
In Figure 1, some current tools for characterizing antioxi-
dant/prooxidant actions (reviewed in Refs. 1, 42, and 43) are
summarized. The remainder of this paper will discuss the as-
says for prooxidant action.

Hydroxyl radical (OH") is often generated in the test tube
by means of a reaction mixture that contains ascorbate, H,0,,
and Fe**-EDTA at pH 7.4 (Egs. 1 and 2) (44,45). Under the
assay conditions, addition of ascorbic acid greatly increases
the rate of OH' generation by reducing iron and maintaining a
supply of Fe?*:

Reactions with CCl30,®

2. Bleomycin assay
3. Copper -phenanthroline assay

Assessment of antioxidant
and prooxidant actions of
dietary components

/ Reactions with HOCI

Measurements of lipid oxidation
(primary and secondary products)

Iron availability assays

Reactions with O,®

Estimation of rate constants of
reaction with OHe
—Novel use of the deoxyribose
assay

Reactions with H,O,

FIG. 1. Experimental approaches for the characterization of potential antioxidant and prooxidant actions.
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Fe**-EDTA + ascorbate — FeZ*-EDTA + oxidized ascorbate [1]

Fe’*-EDTA + H,0, - Fe>*-EDTA + OH' + OH~ [2]

THE DEOXYRIBOSE ASSAY AND ITS APPLICATION

When the sugar deoxyribose (DR) is added to the system dis-
cussed above, the OH'-dependent oxidation is directed to DR
to yield products (Eqgs. 3, 4) that can be quantitatively mea-
sured as TBA-malondialdehyde (MDA) adducts (44,45). The
DR assay has become a useful experimental tool for investi-
gating the ability of molecules to react with OH:

OH' + DR — fragment -» MDA [3]
2 TBA + MDA — chromogen [4]

The extent of inhibition by antioxidants in the DR assay is de-
pendent on the concentration of the molecule compared with
DR and on its rate constant for reaction with OH" (45).

Studies in which the DR assay is used can provide useful in-
formation on the likelihood that molecules could chelate iron
ions in a way that prevents them from catalyzing OH' forma-
tion. Thus, when iron is added to the assay mixture as ferric
chloride instead of as ferric-EDTA, some of the Fe3* ions bind
to DR, and damage to the sugar becomes site-specific such that
the OH' formed by bound iron ions immediately attacks the DR
(46). The ability of a substance to inhibit DR degradation under
these reaction conditions is a measure of its ability to interfere
with site-specific Fenton chemistry (47,48).

When ascorbate is omitted from the DR reaction mixture,
the ability of added compounds to reduce the Fe3*-EDTA
complex (reaction 2) can be tested. This has been developed
into an index for prooxidant action, allowing assessment of
antioxidant molecules in nonlipid systems (1,46). It is the
ability of the added compound to mediate reaction similar to
that of ascorbate that constitutes the basis of the prooxidant
test. “The Fe>* -EDTA complex has a tested propensity to be
reduced by the prooxidant (if, indeed, it is able to do so). It
follows that the redox potentials of other metal complexes
(which may be physiologically relevant) would vary” (1).
This simple idea led to the proposal to use assays that involve
DNA damage to specifically test for the abilities of dietary
antioxidants to exert prooxidant actions, different from their
intended abilities to minimize oxidation of lipids. The tests
involve measurement of DNA damage in the presence of
bleomycin—iron and copper—1,10-phenanthroline complexes.

OXIDATIVE DNA DAMAGE AND MEASUREMENT
OF PROOXIDANT ACTIONS

Aside from lipids, DNA is also a major cellular component and
1s prone to oxidative attack. DNA damage is often measured as
stngle-strand breaks, double-strand breaks, or chromosomal
aberrations (49). Mechanisms involving the Fenton system, ion-
izing radiation, and nuclease activation have been suggested to
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account for much of the DNA damage that occurs in biological
systems (50-58). In the Fenton mechanism, oxidative stress
could cause release of catalytic copper or iron within cells,
which could bind to DNA. Metal ions are among the naturally
occurring metal constituents of the cell’s nucleus (59,60). Gen-
eration of OH" by reaction of H,O, with the transition metal ions
already bound onto the DNA would lead to strand breakage,
base modification, and DR fragmentation. In the nuclease acti-
vation mechanism, oxidative stress leads to inactivation of
Ca?*-binding by endoplasmic reticulum, inhibition of plasma
membrane Ca**-extrusion systems, and the release of Ca®* from
mitochondria. This sequence of events leads to increases in the
levels of intracellular free calcium ions. The resulting endonu-
clease activation leads to DNA fragmentation without the base
modification observed in the Fenton mechanism.

Hydroxyl radicals (OH") induce extensive damage to all
four bases in DNA to yield a variety of products (Fig. 2)
(51,53,54,56,61,62). Thus, OH" can add to guanine residues
at C4, Cs, and Cq positions to give hydroxyguanine radicals
that can have various fates. For example, addition of OH" to
C, of guanine produces a radical that can be reduced to 8-hy-
droxy-7,8-dihydroguanine, oxidized to 8-hydroxyguanine (8-
OH-Gua) or can undergo ring opening, followed by one-elec-
tron reduction and protonation, to give 2,6-diamino-4-hy-
droxy-5-formamidopyrimidine, usually abbreviated as
FapyGua. OH’ can add on to C,, Cs, or Cq of adenine. Among
other fates, the C; OH" adenine radical can be converted into
8-hydroxyadenine (8-OH-Ade) by oxidation or can undergo
ring opening, followed by one-electron reduction, to give 5-
formamido-4,6-diaminopyrimidine (FapyAde). Pyrimidines
are also attacked by OH" to give multiple products. Thus,

NH,
o o H
It z
HN NH-—CH N
)% ‘ OJ\N H
HyN N NH, H H
2,6-diamino-5-formamidopyrimidi 6-hydroxy-5-hydrocytosine
(FAPy-guanine)
Q NH, o
HN N l
)\ | \>—OH HN NH—CH
N SN TN /KN |
H H H H,
8-hydroxyguanine 4,6-diamino-5-formamidopyrimidine
(FAPy-adenine)

QU om
A, Lon
H
o) 11\-1{ M
thymine glycol
FIG. 2. Structures of modified bases in DNA induced by OH" and iden-

tified by gas chromatography-mass spectrometry with selected ion
monitoring (Refs. 61,62).
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thymine can form cis- and trans-thymine glycols (5,6-dihy-
droxy-6-hydrothymines), 5-hydroxy-5-methylhydantoin, 5,6-
dihydrothymine and 5-hydroxymethyluracil. Cytosine can
form several products, including cytosine glycol and 5,6-di-
hydroxycytosine.

OH: generation within whole cells or isolated chromatin can
result in the formation of cross-links between DNA bases and
amino-acid residues in nuclear proteins. Thus, thymine—tyrosine,
thymine-aliphatic amino acid, and cytosine—tyrosine links have
been identified in isolated calf thymus chromatin that was sub-
jected to y-irradiation or treated with metal ions and H,0, (61).
The ability of antioxidants to induce OH'-dependent base modi-
fication may therefore be used as a tool for assessing prooxidant
potentials. It also follows that antioxidants may be assessed for
their ability to inhibit DNA base modifications in vitro. The fol-
lowing example is illustrative of the rationale advocated.

The classic flavor of vanilla, prominent in certain foods, is
attributed to vanillin and vanillic acid that occur in the fruit
of V. planifolia, a tropical plant. Vanillin and vanillic acid pro-
tect lipid substrates from peroxidation (38,63,64). Incubation
of calf-thymus DNA with a system that produces OH" radi-
cals gives rise to extensive chemical modification of the DNA
bases in a way that appears to be diagnostic for OH- radical,
Thymine glycol, 8-hydroxyguanine, dihydroxycytosine, and
formamidopyrimidines (Fig. 2) were measured by gas chro-
matography—mass spectrometry (GC-MS) with selected ion
monitoring (61,65).

Table 2 shows that incubation of DNA with Fe(IIT)-EDTA,
ascorbate, and H,0, led to significant rises in the amounts of
several oxidatively-modified bases: this is characteristic of
attack by OH'. Modification was inhibited by OH- scav-
engers, such as mannitol, dimethylsulfoxide, and hypotaurine
(Table 2). Trolox C, an effective scavenger of OH-, also in-
hibited the base modification (Table 2). Omission of ascor-
bate from the reaction mixture greatly decreased the DNA
base modification (Table 2, first line), but vanillin restored
some of it (Table 2, last line).

The resuits of GC-MS analysis of modified bases in DNA
are often expressed as nanomoles of modified bases per mil-
ligram of DNA (equivalent to pmol/ug DNA). However, it is
easy to convert these data into the actual number of bases

TABLE 2
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modified. Dividing the amount of nmol bases/mg DNA by
3.14 (or multiplying by 0.318) gives the number of modified
bases per 10° bases in DNA, i.e., 1 nmol/mg DNA corre-
sponds to about 318 modified bases per 10® DNA bases. The
in vivo significance of this prooxidant characteristic for
vanillin is not at all clear, and much more work is needed in
this area, primarily to evaluate the contribution of phenolic
antioxidant compounds to oxidative damage in humans (see
later discussions).

MEASUREMENT OF PROOXIDATION ACTION
BY USE OF THE BLEOMYCIN-IRON-DEPENDENT
DNA DAMAGE

Bleomycin, an antitumor antibiotic, binds to DNA by using
its bithiazole and terminal amine residues, and also com-
plexes with metals (such as iron) by using the B-aminoala-
ninepyrimidine-B-hydroxy histidine portion of the molecule
(Fig. 3). The bleomycin assay was first described to measure
nontransferrin bound iron in biological samples (66).
Bleomycin binds iron ions, and the bleomycin—iron complex
will degrade DNA in the presence of O, and a reducing agent,
such as ascorbic acid. The reaction occurs by attack of a fer-
ric bleomycin peroxide (BLM-Fe(IHl)-O,H™) on the DNA.
The ferric peroxide can be formed by direct reaction of fer-
ric-bleomycin with hydrogen peroxide, or from a BLM-
Fe(III)-O, complex. It is possible that, under certain condi-
tions, BLM-Fe(III)-O, might decompose to yield 0, and
BLM-Fe(II)-O,H" to release OH" (67,68). Other studies
[e.g., Gajewski et al. (69)] have shown that the hydroxyl rad-
ical is not necessarily the major DNA-damaging species in
the bleomycin system. Damage to DNA in the presence of a
BLM-Fe complex has been adopted as one mechanism to ex-
amine the prooxidant actions of antioxidants (natural or syn-
thetic) and for assessing proposed antioxidants (38,42,70).
The BLM-Fe (III) complex by itself is inactive in induc-
ing damage in DNA. Oxygen and a reducing agent or hydro-
gen peroxide are required for the damage to DNA to occur.
DNA cleavage by BLM releases some free bases and base
propenals in amounts that are stoichiometric with strand
cleavage (71). When heated with TBA at low pH, base prope-

Damage to DNA Bases by Hydroxyl Radicals Generated from Fe(Ill)-EDTA, H,0, and Ascorbate or Vanillin at pH 7.4°

Products monitored (nmol/mg DNA)

Systems tested A B C D E Total
DNA, Fe’*-EDTA, H,0, (RM) 0.08 0.02 0.06 0.10 0.43 0.69
RM + ascorbate 100 uM (RMA) 1.13 0.98 1.76 8.20 2.94 15.01
RMA + mannitol 100 mM 0.23 0.06 0.12 0.33 0.31 1.05
RMA + Trolox C 20 mM 0.31 0.11 0.17 0.88 0.21 1.68
RMA + DMSO 100 mM 0.14 0.01 0.08 0.19 0.15 0.57
RMA + hypotaurine 20 mM 0.19 0.04 0.18 0.41 0.42 1.24
RM + vanillin 20 mM 0.40 0.18 0.26 1.20 0.50 2.30

“A = thymine glycol; B = 5,6-dihydroxycytosine; C = 4,6-diamino-5-formamidopyrimidine; D = 2,6-diamino-4-hydroxy-5-formamidopyrimidine; E = 8-hy-
droxyguanine. Taken from Aruoma et al. (38). Values for the products formed are the means of three determinations that agreed to within 10%. Control ex-
periments showed that Trolox C, mannitol, hypotaurine, vanillin, or dimethylsulfoxide (DMSO) did not themselves cause any base modification. RM, reac-
tion mixture; RMA, reaction mixture plus ascorbate.

JAOCS, Vol. 73, no. 12 (1996)
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FIG. 3. Structure of antibiotic bleomycin A,.

nals rapidly decompose to give MDA, which combines with
TBA to form a pink (TBA),MDA adduct (66,68,72). A posi-
tive test is obtained when the compound is abie to reduce
BLM-Fe’*-DNA complex to the more active BLM-Fe?*-
DNA comiplex (in the presence of oxygen) in the absence of
added ascorbate in the reaction mixture, resulting in DNA
damage (42,70).

DNA DAMAGE IN THE PRESENCE OF A
COPPER-1,10,PHENANTHROLINE COMPLEX

Another method for assessing iron-reducing prooxidant ac-
tivity is copper-phenanthroline-mediated DNA damage.
There is considerable interest in the use of copper ions, com-
plexed to 1,10-phenanthroline (OP), to induce strand break-
age in DNA. The complex has nuclease activity and has been
used for structural studies upon DNA (73,74).

The original copper-phenanthroline assay was developed
to measure copper ions in biological fluids (75) but has been
adapted as a method for assessing the prooxidant action of
food additives and/or nutrient components (42,70). Hydrogen
peroxide is implicated in the mechanism of the DNA damage
by the copper-phenanthroline system. Food additives and/or
nutrient components that exert prooxidant action in the cop-
per phenanthroline system do not react with hydrogen perox-
ide to the extent that would affect the outcome of the assay.
Hydroxyl radicals are involved in the damage to DNA caused
by the copper-phenanthroline system (76,77). Unlike the
BLM-Fe-mediated damage to DNA, damage in the copper-
phenanthroline system is confined mainly to the DNA bases.
The small amount of DNA sugar damage is what the copper-
phenanthroline assay measures. When a reducing agent is
omitted from the reaction mixture, no damage to deoxysugar
in DNA occurs in this system. Increasing the concentrations
of the reducing agents, such as ascorbate and/or mercap-
toethanol, leads to increased deoxysugar damage. This is in
agreement with earlier observations that the nuclease activity
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of copper-phenanthroline complex is potentiated by thiols, a
superoxide generating system, xanthine-xanthine oxidase,
and NADH in the presence of hydrogen peroxide (78).

In summary, the deoxyribose assay allows determination
of rate constants of reactions with OH' radicals, assessment
of abilities to exert prooxidant action, and assessment of abil-
ities to chelate metal ions. The net outcome can be further in-
vestigated with assays that involve DNA damage to assess
prooxidant actions. These assays have unique features. The
positive prooxidant actions in the deoxyribose system rely on
the ability of the compounds to promote reduction of Fe** to

2* chelates and, hence, OH' formation in the presence of
H,0,. Assays that involve DNA rely on ability to reduce ei-
ther the BLM-Fe-DNA or copper—1,10,phenanthroline-DNA
complex. If the compound under test promotes the two reac-
tions described, it possesses a prooxidant property and has to
be subjected to a more careful evaluation. A compound might
be prooxidant in the deoxyribose system and/or the DNA sys-
tem but sometimes not in both. There are often solubility
problems. Fortunately, organic solvents do not affect the out-
come of DNA-dependent assays. Thus, where the deoxyri-
bose assay cannot be performed due to solubility restriction,
the copper—phenanthroline assay would suffice. Circumvent-
ing potential prooxidant action could contribute to increased
protective ability of dietary antioxidants toward susceptible
substrates. For example, proteins protect DNA against the
prooxidant actions of some flavonoids and polyphenolic com-
pounds in in vitro systems (79).

SIGNIFICANCE OF THE CONCEPT OF PROOXIDANT
ACTION OF ANTIOXIDANTS TO THE FOOD MATRIX
AND IN VIVO

It is generally accepted that certain components in foods and
some plant materials have beneficial antioxidant effects. For
example, red wine contains beneficial flavonoids and
polyphenolic compounds (80-82), but this is often compli-
cated by the realization that some components in food and
plant materials can have adverse effects. The interaction be-
tween food additives and nutrient components within the food
matrix, coupled with other interactions when the food and
plant materials are consumed, is an area of current interest. A
majority of the antioxidants present in plants or added to
foods [e.g., propyl gallate, flavonoids, o-tocopherols (vita-
min E), gossypol, quercetin, carnosic acid, carnosol, cate-
chins, epicatechins, vitamin C] are all capable of stimulating
free-radical damage to nonlipid components, carbohydrates
and DNA in vitro, and may therefore exact prooxidant actions
in biological systems. Prooxidant action would have different
implications for the food matrix and the biological system.
For the food matrix, the emphasis is on minimizing oxidation
to the lipid component of the food. For the human body, dif-
ferent factors have to be considered. For example, iron ions
that are catalytic for free-radical reactions are safely se-
questered in the human body. They can become available at
sites of tissue injury, e.g., in advanced atherosclerotic lesions



REVIEW

(83). Swain and Gutteridge (84) showed that lesions can con-
tain ferrioxidase I activity due to caeruloplasmin and im-
munologically detectable caeruloplasmin. Ehrenwald et al.
(85) have demonstrated that caeruloplasmin, which contains
one redox-active copper per protein molecule, can oxidize
low-density lipoprotein (LDL). Indeed, increased serum cop-
per levels are associated with accelerated progression of
carotid atherosclerosis in humans. The body’s iron storage
protein ferritin has been reported to be associated with carotid
atherosclerosis. That transition metal ions within human
atherosclerotic lesions can stimulate LDL oxidation by
macrophages (86,87) suggests that use of natural antioxidants
needs to be approached with caution.

If the extent of prooxidant activity of compounds tested is
limited, this could suggest that the effects are unlikely to pre-
sent a problem in biological systems. Dietary antioxidants can
exert a number of effects in vivo, such as promoting increased
synthesis of endogenous antioxidant defenses by upregula-
tion of their biosynthesis and/or increased gene expression
(88). Ushakova et al. (88) suggested that “the elevated levels
of glutathione in antioxidant-fed mice can be explained by the
presence of vitamin E in the dietary supplement, which may
preserve the pool of endogenous glutathione.” The authors
also demonstrated that dietary supplements can indeed mod-
ify gene expression induced by heat shock in vivo as well as
protect animal tissues against oxidative stress by enhancing
the level of endogenous antioxidants and inducing heat shock
protein (hsp) —70 gene expression (88). Dietary antioxidants
may act directly by scavenging reactive oxygen species in
vivo. Cillard et al. (89), upon investigating the effects of ex-
perimental factors on the prooxidant behavior of o-toco-
pherol in vitro, found that the prooxidant effect was depen-
dent on the concentration of the antioxidant, solvents, and hy-
droperoxides (or the oxidizable substrate) in the assay system.
Ascorbic acid has the propensity to act as a prooxidant at low
concentrations but act as an antioxidant at high concentrations
in foods that contain autoxidizable lipids (90-96).

For a proposed antioxidant to have a physiologically
meaningful effect in vivo, it must become absorbed and pre-
sented to the site of intended action at a concentration that ac-
tually exerts an antioxidant effect. However, the feasibility of
a compound exerting a direct antioxidant effect can be evalu-
ated by in vitro tests that investigate how the putative antioxi-
dant can (or cannot) react with biologically relevant oxygen-
derived species. This may then be extrapolated to in vivo sit-
uations (1,42).

This paper has discussed experimental tools that would fa-
cilitate the complete evaluation of the antioxidant actions of
novel compounds that would complement data from bulk-
phase lipid and lipid emulsion studies (e.g., 97-102).

As far as the ability of nutrients and drugs to act as antiox-
idants in vivo is concerned, specific assays are being devel-
oped to measure rates of oxidative damage to proteins, DNA,
and lipids (1,103,104). Steady-state and total body oxidative
damage to these molecular targets provide novel tools to ex-
amine the effects of antioxidants in vivo.

1623

ACKNOWLEDGMENT

I am grateful to the UK Ministry of Agriculture Fisheries and Food,
the World Cancer Research Fund, and Nestec SA, Switzerland for
research support.

REFERENCES

I. Aruoma, O.1., Characterization of Drugs as Antioxidant Pro-
phylactics, Free Radical Biol. Med. 20:675-705 (1996).

2. Sies, H., (ed.) Oxidative Stress, Academic Press, London, 1985.

3. Léliger, J., The Use of Antioxidants in Food, in Free Radicals
and Food Additives, edited by O.1. Aruoma and B. Halliwell,
Taylor & Francis, London, 1991, pp. 121-150.

4. Hudson, B.LF. (ed.), Food Antioxidants, Elsevier Applied Sci-
ence, London, 1990.

5. Namiki, M., Antioxidants/Antimutagens in Foods, Crit. Rev.
Food Sci. Nutri. 29:273-300 (1990).

6. Porter, N.A., Mechanism for the Autoxidation of Polyunsatu-
rated Lipids, Acc. Chem. Res. 19:262-268 (1986).

7. Frankel, E.N., Lipid Oxidation, Prog. Lipid Res. 19:1-22
(1980).

8. St. Angelo, A.J., (ed.), Lipid Oxidation in Food, American
Chemical Society, Series 500, Washington, 1992.

9. Porter, W L., Paradoxical Behaviour of Antioxidants in Food and
Biological Systems, Toxicol. Indus. Health 9:93-122 (1993).

10. Porter, N.A., S.E. Caldwell, and K.A. Mills, Mechanism of
Free Radical Oxidation of Unsaturated Lipids, Lipids
30:277-290 (1995).

11. Aruoma, O.L., Free Radicals and Food, Chem. Br. 29:210-214
(1993).

12. Kubow, S., Routes of Formation and Toxic Consequences of
Lipid Oxidation Products in Foods, Free Radical Biol. Med.
12:63-81 (1992).

13. Addis, P.B., and G.J. Warner, The Potential Health Aspects of
Lipid Oxidation Products in Food, in Free Radicals and Food
Additives, edited by O.1. Aruoma and B. Halliwell, Taylor &
Francis, London, 1991, pp. 77-119.

14. Paniangvait, P., A J. King, and B.G. Jones, Cholesterol Oxides
in Foods of Animal Origin. J. Food Sci. 60:1159-1174 (1996).

15. Addis, P.B., Occurrence of Lipid Oxidation Products in Foods,
Food Chem. Toxicol. 24:1021-1030 (1986).

16. Addis, P.B., T.P. Carr, C.A. Hassel, Z.Z. Huang, and G.J.
Warner, Atherogenic and Anti-atherogenic Factors in the
Human Diet, Biochem. Soc. Symp. 61:259-271 (1996).

17. Smith, L.L., Cholesterol Autoxidation, Chem. Phys. Lipids
44:87-125 (1987).

18. Pratt, D.E., Antioxidants Indigenous to Foods, Toxicol. Ind.
Health 9:63-75 (1993).

19. Shahidi, F., and J.P.K.P.D. Wanasundara, Phenolic Antioxi-
dants, Crit. Rev. Food Sci. Nutr. 32:67-103 (1992).

20. Papas, A.M., Oil-Soluble Antioxidants in Foods, Toxicol. Ind.
Health 9:123-149 (1993).

21. Stich, H.F., The Beneficial and Hazardous Effects of Simple
Phenolic Compounds, Mutat. Res. 259:307-324 (1991).

22. Sgaraghi, G., L. Della Corte, R. Pulitti, F. De Sarlo, R. Fran-
calanci, and A. Guarna, Oxidation of 2-z-Butyl-4 Methoxyphe-
nol (BHA) by Horseradish and Mammalian Peroxidase Sys-
tems, Biochem. Pharmacol. 29:763-769 (1980).

23. Kahl, R., Protective and Adverse Biological Actions of Pheno-
lic Antioxidants, in Oxidative Stress: Oxidants and Antioxi-
dants, edited by H. Sies, Academic Press, London, 1991, pp.
245-273.

24. Thompson, D.C., and M.A. Trush, Studies on the Mechanism
of Enhancement of Butylated Hydroxytoluene-Induced Mouse
Lung Toxicity by Butylated Hydroxyanisole, Toxicol. Appl.
Pharmacol. 96:122-131 (1988).

JAOCS, Vol. 73, no. 12 (1996}



1624

25.

26.

27.

28.

29.

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Ito, N., S. Fukushina, and H. Tsuda, Carcinogenicity and Mod-
ification of the Carcinogenic Response by BHA, BHT and
Other Antioxidants, CRC Crit. Rev. Toxicol. 15:109-115
(1985).

Wagner, P., and R.A. Lewis, Interaction Between Activated
Nordihydroguaiaretic Acid and Deoxyribonucleic Acid,
Biochem. Pharmacol. 29:3229-3306 (1980).

World Health Organisation International Agency for Research
on Cancer (IARC), Evaluation of the Carcinogenic Risk of
Chemicals to Humans, 40:123-159 (1986).

Life Sciences Research Office (LSRO), Evaluation of Evidence
for the Carcinogenicity of Butylated Hydroxyanisole (BHA),
FASEB, Bethesda, 1994.

Mehta, A.C., and T.R. Seshadri, Flavonoids as Antioxidants, J.
Sci. Ind. Res. India 18B:24-28 (1959).

Hertog, M.G.L., E.J.M. Feskens, P.C.H. Hollman, M.B. Katan,
and D. Kromhout, Dietary Antioxidant Flavonoids and Risk of
Coronary Heart Disease, Lancet 342:1007-1011 (1993).
Herrmann, K., Flavonols and Flavones in Food Plants: A Re-
view, J. Food Technol. 11:433-448 (1976).

Kuhnau, S., The Flavonoids: A Class of Semi-Essential Food
Components: Their Role in Human Nutrition, World Rev. Nutr.
Diet 24:117-191 (1976).

Ramanathan, L., and N.P. Das, Studies on the Control of Lipid
Oxidation in Ground Fish by Some Polyphenolic Natural Prod-
ucts, J. Agric. Food Chem. 40:17-21 (1992).

Khayat, A., and D. Schwall, Lipid Oxidation in Seafood, Food
Technol. (Chicago) 37:130-140 (1983).

Anton, R., Flavonoids and Traditional Medicine, in Plant
Flavonoids in Biology and Medicine Il: Biochemical and Med-
icinal Properties, edited by V. Cody, E. Middleton, J.B. Har-
borne, and A. Bevertz, Alan R. Liss, New York, 1988, pp.
423-438.

Wollenweber, E., Occurrence of Flavonoid Aglycones in Med-
icinal Plants, in /bid., edited by V. Cody, E. Middleton, J.B.
Harborne, and A. Bevertz, Alan R. Liss, New York, 1988, pp.
45-55.

Laughton, M.J., B. Halliwell, P.J. Evans, and J.R.S. Hoult, An-
tioxidant and Prooxidant Actions of the Plant Phenolics
Quercetin, Gossypol and Myricetin, Biochem. Pharmacol. 38:
2859-2865 (1989).

Aruoma, O.1., P.J. Evans, H. Kaur, L. Sutcliffe, and B. Halli-
well, An Evaluation of the Antioxidant and Potential Prooxi-
dant Properties of Food Additives and Trolox C, Vitamin E and
Probucol, Free Radical Res. Commun. 10:143-157 (1990).
Aruoma, O.I, B. Halliwell, R. Aeschbach, and J. Loliger, An-
tioxidant and Prooxidant Properties of Active Rosemary Con-
stituents: Carnosol and Carnosic Acid, Xenobiotica 22:257-268
(1992).

Halliwell, B., How to Characterize a Biological Antioxidant,
Free Radical Res. Commun. 9:1-32 (1990).

Aruoma, O.L, Prooxidant Properties: An Important Considera-
tion for Food Additives and/or Nutrient Components, in Free
Radicals and Food Additives, edited by O.I. Aruoma and B.
Halliwell, Taylor & Francis, London, 1991, pp. 173-194.
Aruoma, O.1., Nutrition and Health Aspects of Free Radicals
and Antioxidants, Food Chem. Toxicol. 32:671-683 (1994).
Halliwell, B., R. Aeschbach, J. Léliger, and O.1. Aruoma, The
Characterization of Antioxidants, Ibid. 33:601-617 (1995).
Halliwell, B., J.M.C. Gutteridge, and O.I. Aruoma, The De-
oxyribose Method: A Simple “Test Tube” Assay for Determi-
nation of Rate Constants for Reaction of Hydroxyl Radicals,
Anal. Biochem. 165:215-219 (1987).

Aruoma, O.I., Deoxyribose Assay for Detecting Hydroxyl Rad-
icals, Methods Enzymol. 233:57-66 (1994).

Aruoma, O.1., M. Grootveld, and B. Halliwell, The Role of Iron
in Ascorbate-Dependent Deoxyribose Degradation. Evidence

JAOCS, Vol. 73, no. 12 (1996)

REVIEW

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

62.

63.

64.

65.

66.

67.

Consistent with a Site-Specific Hydroxyl Radical Generation
Caused by Iron lons Bound to the Deoxyribose Molecule, J.
Inorg. Biochem. 29:289-299 (1987).

Gutteridge, J.M.C., Reactivity of Hydroxyl and Hydroxyl-Like
Radical Discriminated by Release of Thiobarbituric Acid-Re-
active Material from Deoxyribose, Nucleosides and Benzoate,
Biochem. J. 224:761-767 (1984).

Aruoma, O.1., and B. Halliwell, The Iron Binding and Hydroxyl
Radical Scavenging Action of Anti-Inflammatory Drugs, Xeno-
biotica 18:459-470 (1988).

Breimer, L.H., Molecular Mechanisms of Oxygen Radical Car-
cinogenesis and Mutagenesis. The Role of DNA Base Damage,
Mol. Carcinog. 3:188-197 (1990).

Stoewe, R., and W.A. Priitz, Copper-Catalyzed DNA Damage
by Ascorbate and Hydrogen Peroxide: Kinetics and Yield, Free
Radical Biol. Med. 3:97-105 (1987).

. Halliwell, B., and O.I. Aruoma, DNA Damage by Oxygen-De-

rived Species. Its Mechanism and Measurement in Mammalian
Systems, FEBS Lett. 281:9-19 (1991).

Frenkel, K., Carcinogen-Mediated Oxidant Formation and Ox-
idative DNA Damage, Pharmacol. Thera. 53:127-166 (1992).
Aruoma, O.1., and B. Halliwell, DNA Damage by Free Radi-
cals: Carcinogenic Implications, in Immunopharmacology of
Free Radical Species, edited by D.R. Blake and P.G. Winyard,
Academic Press, London, 1995, pp. 199-214.

Breen, A.P., and J.A. Murphy, Reactions of Oxyl Radicals with
DNA, Free Radical Biol. Med. 18:1033-1077 (1995).

Marnett, L.J., and P.C. Burcham, Endogenous DNA Adducts:
Potential and Paradox, Chem. Res. Toxicol. 6:771-785 (1993).
Von Sonntag, C., The Chemical Basis of Radiation Biology,
Taylor & Francis, London, 1987.

Byrnes, R.W., Evidence for Involvement of Multiple Iron
Species in DNA Single-Strand Scission by H,0, in HL-60
Cells, Free Radical Biol. Med. 20:399—-406 (1996).

Reid, T.M., and L.A. Loeb, Effect of DNA Repair Enzymes on
Mutagenesis by Oxygen Free Radicals, Mutat. Res.
289:181-186 (1993).

Bryan, S.E., D.L. Vizard, D.A. Beary, R.A. LaBiche, and K.J.
Hardy, Partitioning of Zinc and Copper Within Subnuclear Nu-
cleoprotein Particles, Nucleic Acids Res. 9:5811-5823 (1981).
Pezzano, H., and F. Podo, Structure of Binary Complexes of
Mono- and Polynucleotides with Metal Ions of the First Transi-
tion Group, Chem. Rev. 80:365-401 (1980).

. Dizdaroglu, M., Chemical Determination of Free Radical In-

duced Damage to DNA, Free Radical Biol. Med. 10:225-242
(1991).

Halliwell, B., and O.1. Aruoma, (eds.), DNA and Free Radicals,
Ellis Horwood, London, 1993.

Burri, J., M. Graf, P. Lambelet, and J. Léliger, Vanillin: More
Than a Flavouring Agent—A Potent Antioxidant, J. Sci. Food
Agric. 48:49-56 (1989).

Liy, J., and A. Mori, Antioxidant and Prooxidant Activities of
p-Hydroxybenzyl Alcohol and Vanillin: Effects on Free Radi-
cals, Brain Peroxidation and Degradation of Benzoate Deoxyri-
bose, Amino Acids and DNA, Neuropharmacology 32:59-669
(1993).

Aruoma, O.1., B. Halliwell, and M. Dizdaroglu, Iron-Ion De-
pendent Modification of Bases in DNA by the Superoxide Rad-
ical Generating System Hypoxanthine/Xanthine Oxidase, J.
Biol. Chem. 264:20509-20512 (1989).

Gutteridge, JM.C., D.A. Rowley, and B. Halliwell, Superox-
ide-Dependent Formation of Hydroxyl Radicals in the Presence
of Iron Salts. Detection of Free Iron in Biological Systems
Using the Bleomycin-Dependent Degradation of DNA,
Biochem. J. 199:263-265 (1981).

Sigiura, Y., T. Suzuki, J. Kuwahara, and H. Tanaka, On the
Mechanism of Hydrogen Peroxide-, Superoxide-, and Ultravio-



68.

69.

70.

71.

72.

73.

74.

75.

76

71.

78.

79

80.

81.

82.

83.

84.

8s.

86.

REVIEW

let Light-Induced DNA Cleavages of Inactive Bleomycin Iron-
(IIT) Complex, Biochem. Biophys. Res. Commun.
105:1511-1518 (1982).

Petering, D.H., R.W. Byrnes, and W E. Antholine, The Role of
Redox-Active Metals in the Mechanism of Action of
Bleomycin, Chem. Biol. Interact. 73:133-182 (1990).
Gajewski, E., O.I. Aruoma, M. Dizdaroglu, and B. Halliwell,
Bleomycin-Dependent Damage to Bases in DNA Is a Minor
Side Reaction, Biochemistry 30:2444-2448 (1991).

Aruoma, O.I,, Use of DNA Damage as a Measure of Prooxi-
dant Actions of Antioxidant Food Additives and Nutrient Com-
ponents, in DNA and Free Radicals, edited by B. Halliwell and
O.L. Aruoma, Ellis Horwood, London, 1993, pp. 315-327.
Burger, R M., J. Peisach, and S.B. Horwitz, Mechanism of
Bleomycin Action: in vitro Studies, Life Sci. 28:715-727
(1981).

Giloni, L., M. Takeshita, F. Johnson, C. Iden, and A.P. Groll-
man, Bleomycin-Induced Strand Scission of DNA: Mechanism
of Deoxyribose Cleavage, J. Biol. Chem. 256:8608-8615
(1981).

Sigman, D.S. Nuclease Activity of 1,10-Phenanthroline-Cop-
per lon, Acc. Chem. Res. 19:180-186 (1986).

Thederahn, T.B., D.M. Kuwabra, T.A. Larson, and D.S. Sig-
man, Nuclease Activity of 1,10-Phenanthroline—Copper: Ki-
netic Mechanism, J. Am. Chem. Soc. 111:4941-4946 (1989).
Gutteridge, J.M.C., and B. Halliwell, The Role of Superoxide
and Hydroxyl Radicals in the Degradation of DNA and De-
oxyribose Induced by a Copper-Phenanthroline Complex,
Biochem. Pharmacol. 31:2801-2805 (1982).

- Que, B.G., K.M. Downey, and A.G. So, Degradation of De-

oxyribonucleic Acid by a 1,10-Phenanthroline—-Copper Com-
plex: The Role of Hydroxyl Radicals, Biochemistry 19:
5987-5991 (1980).

Dizdaroglu, M., O.1. Aruoma, and B. Halliwell, Modification
of Bases in DNA by Copper-lon-1,10-Phenanthroline Com-
plexes, Ibid. 29:8447-8451 (1990).

Reich, K.A., L.E. Marshall, D.R. Graham, and D.S. Sigman,
Cleavage of DNA by the Phenanthroline-Copper Ion Complex.
Superoxide Mediates the Reaction Dependent on NADH and
Hydrogen Peroxide, J. Am. Chem. Soc. 103:3582-3584 (1981).

. Smith, C., B. Halliwell, and O.I. Aruoma, Protection by Albu-

min Against the Prooxidant Actions of Phenolic Dietary Com-
ponents, Food Chem. Toxicol. 30:483-489 (1992).

Frankel, E.N., A L. Waterhouse, and P. Teissedre, Principal
Phenolic Phytochemicals in Selected California Wines and
Their Antioxidant Activity in Inhibiting Oxidation of Human
Low Density Lipoproteins, J. Agric. Food Chem. 43:890-894
(1995).

Frankel, E.N., J. Kanner, J.B. German, E. Parks, and ].E. Kin-
sella, Inhibition of Human Low Density Lipoprotein Oxidation
by Phenolic Substances in Red Wine, Lancet 341:454-457
(1993).

Kanner, J., E. Frankel, R. Granit, B. Gorman, and J.E. Kinsella,
Natural Antioxidants in Grapes and Wines, J. Agric. Food
Chem. 42:64-69 (1994).

Smith, C., M.J. Mitchinson, O.I. Aruoma, and B. Halliwell,
Stimulation of Lipid Peroxidation and Hydroxyl Radical Gen-
eration by the Contents of Human Atherosclerotic Lesions,
Biochem. J. 286:901-905 (1992).

Swain, J., and J.M.C. Gutteridge, Prooxidant Iron and Copper,
with Ferroxidase and Xanthine Oxidase Activities in Human
Atherosclerotic Material, FEBS Lett. 368:513-515 (1995).
Ehrenwald, E., G.M. Chisolm, and P.L. Fox, Intact Human
Ceruloplasmin Oxidatively Modifies Low Density Lipoprotein,
J. Clin. Invest. 93:1493-1501 (1994).

Salonen, J.T., R. Salonen, K. Seppanen, M. Kantola, S. Suntio-
nen, and H. Kerpela, Interactions of Serum Copper, Selenium

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

1625

and Low Density Lipoprotein Cholesterol in Atherogenesis, Br.
Med. J. 302:756-760 (1991).

Lamb, D.J., M.J. Mitchinson, and D.S. Leake, Transition Metal
Tons Within Human Atherosclerotic Lesions Can Catalyse the
Oxidation of Low Density Lipoprotein by Macrophages, FEBS
Lett. 374:12—16 (1995).

Ushakova, T., H. Melkonyan, L. Nikonova, N. Mudrik, V.
Grogvadze, A. Zhukova, A.l. Gaziev, and R. Bradbury, The Ef-
fect of Dietary Supplements on Gene Expression in Mice Tis-
sues, Free Radical Biol. Med. 20:279-284 (1996).

Cillard, J., P. Cillard, P., and M. Cormier, Effect of Experimen-
tal Factors on the Prooxidant Behaviour of a-Tocopherol, J.
Am. Oil Chem. Soc. 57:255-261 (1980).

Erdman, J.W., Ir., and B.P. Klein, Harvesting, Processing, and
Cooking Influences on Vitamin C in Foods, in Ascorbic Acid:
Chemistry, Metabolism, and Uses, edited by P.A. Seib and
B.M. Tolbert, American Chemical Society, Washington, D.C.,
1982, pp. 498-532.

Kanner, J., H. Mendel, and P. Budowski, Prooxidant and An-
tioxidant Effects of Ascorbic Acid and Metal Salts in a B-
Carotene-Linoleate Model System, J. Food Sci. 42:60-64
(1977).

Mahoney, J.R., and E. Graf, Role of Alpha-Tocopherol, Ascor-
bic Acid, Citric Acid and EDTA as Oxidants in Model Systems,
Ibid., 51:1293-1296 (1986).

Cort, W.M., Antioxidant Properties of Ascorbic Acid in Foods,
in Ascorbic Acid: Chemistry, Metabolism And Uses, edited by
P.A. Seib and B.M. Tolbert, American Chemical Society,
Washington, D.C., 1982, pp. 533-550.

Gardner, L.K., and G.D. Lawrence, Benzene Production from
Decarboxylation of Benzoic Acid in the Presence of Ascorbic
Acid and a Transition-Metal Catalyst, J. Agric. Food Chem.
41:693-695 (1993).

Lambelet, P., F. Saucy, and J. Loliger, Radical Exchange Reac-
tions Between Vitamin E, Vitamin C and Phospholipids in Au-
toxidizing Polyunsaturated Lipids, Free Radical Res. 20:1-10
(1994).

Schaefer, D.M., Q. Liu, C. Faustman, and M.-C. Yin, Supranu-
tritional Administration of Vitamins E and C Improves Oxida-
tive Stability of Beef, J. Nutr. 125:17925-1798S (1995).
Farag, R.S., A.ZM.A. Badei, F.M. Hewedi, and G.S.A. El-
Baroty, Antioxidant Activity of Some Spice Essential Oils on
Linoleic Acid Oxidation in Aqueous Media, J. Am. Qil Chem.
Soc. 66:782-799 (1989).

Allen, J.C., and R.I. Hamilton (eds.), Rancidity in Foods, Else-
vier Applied Science, London, 1983.

Sherwin, E.R., Oxidation and Antioxidants in Fat and Oil Pro-
cessing, J. Am. Oil Chem. Soc. 55:809-814 (1978).

Satue, M.T., S.W. Huang, and E.N. Frankel, Effect of Natural
Antioxidants in Virgin Olive Oil on Oxidative Stability of Re-
fined, Bleached and Deodorized Olive Oil, Ibid. 72:1131-1137
(1995).

Pryor, W.A., T. Strickland, and D.F. Church, Comparison of
the Efficiencies of Several Natural and Synthetic Antioxidants
in Aqueous Sodium Dodecyl Sulfate Micelle Solution, /bid.
110:2224-2229 (1988).

Pryor, W.A., J.A. Cornicelli, L.J. Devall, B. Tait, B.K. Trivedi,
D.T. Witiak, and M. Wu, A Rapid Screening Test to Determine
the Antioxidant Potencies of Natural and Synthetic Antioxi-
dants, J. Org. Chem. 58:3521-3532 (1993).

Halliwell, B., Free Radicals and Antioxidants: A Personal
View, Nutr. Rev. 52:253-265 (1994).

Aruoma, O.1., and S. Cuppett (eds.), Antioxidant Methodology
in vivo and in vitro Concepts, AOCS Press, Champaign, 1997,
in press.

[Received October 3, 1995; accepted July 25, 1996}

JAQCS, Vol. 73, no. 12 (1996)



