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Antioxidants in Food:
Mere Myth or Magic Medicine?
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The powerful action of antioxidants in preventing premature lipid oxidation in food suggests that the same compounds,
when consumed with the daily diet, could unfold antioxidative/anti-aging effects in the human body. Therefore, it has
been hypothesized that antioxidants are helpful in preventing various diseases. More detailed chemical and physiological
examination of antioxidants shows, however, that the extrapolation of in vitro data to in vivo behavior may be misleading.
Indeed, such a procedure fails to take into account the mismatch between most in vitro models (e.g., cell cultures) and in
vivo systems. For example, the physiological relevance of pro-oxidative and other physiological activities of antioxidants
have been largely underestimated. Actually, contrary to the antioxidant hypothesis, clinical trials testing the health benefits
of dietary antioxidants have reported rather mixed or negative results. Many clinical studies have not taken into account the
nutrikinetic and nutridynamic nature of antioxidants. Further, oxidative stress is not only an inevitable event in a healthy
human cell, but responsible for the functioning of vital metabolic processes, such as insulin signaling and erythropoietin
production. In the light of recent physiological studies it appears more advisable to maintain the delicate redox balance of
the cell than to interfere with the antioxidant homeostasis by a non-physiological, excessive exogenous supply of antioxidants

in healthy humans.
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INTRODUCTION

Antioxidants, such as tert-butyl-4-hydroxyanisol, 3,5-di-
tert-butyl-4-hydroxytoluol, members of the vitamin E family,
ascorbic acid, and citric acid, are frequently used food additives
(Table 1). They protect items which are susceptible to oxidative
degradation and prevent them from a premature loss of quality.
Their efficiency, even at dosages of 0.1% or lower, has been
proven since a long time (Pokorny, 2007; Pokorny, 2007) and
explained by either.

« scavenging of free radicals (phenols may donate a hydrogen
atom to a fatty acid radical, forming a reconstituted fatty acid
and a more stable phenol radical, thus breaking the chain
reaction)

» low redox potential (sacrificing themselves in favor of other,
less easily oxidized food constituents) or

Address correspondence to Ralf G. Berger, Institute of Food Chemistry,
Gottfried Wilhelm Leibniz University Callinstr. 5, Hannover 30167, Germany.
E-mail: rg.berger @Ici.uni-hannover.de

» complexing of catalytic trace metal ions (which would other-
wise accelerate lipid oxidation by facilitating electron transfer
reactions).

Supported by advances in high-performance liquid chro-
matography coupled to mass spectrometric techniques and
rapid bioassays, such as ORAC (oxygen radical absorbance
capacity), a wealth of compounds with anti-oxidative properties
has been detected and identified in foods including fruits,
vegetables, oilseeds, nuts, teas, cocoa, coffee, spices, meat, and
cereals (Hall, 2001). Starting in the late 1990s food producers
have transformed this knowledge into the idea that antioxidants
in food could also protect sensitive constituents of human cells
from oxidation, thereby obviating severe diseases, such as
atherosclerosis, cancer, and cataract (Frei, 2004).

This idea met the spirit of the time: Food was no longer well
marketable using the same old nutritional and quality promises;
food was no longer regarded as a source of just energy and
building blocks but as a carrier of “functional ingredients”
(Hahn et al., 2002; Hahn and Strohle, 2004). To equalize food
and a human body in terms of susceptibility to antioxidants
appears so convincing and established that a recent review
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Table 1 Common antioxidants added to or present in food

Antioxidant Representative/chemical structure
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ascorbates, isoascorbic acid and ascorbyl palmitate HO o
; 0]
HO
HO  OH

carotenes and carotenoids

R R N e R N T S NN

citrates, lactates, fumarates O OR"
m
RO OR'

OH
t-butyl-4-hydroxyanisol, 3,5-di-z-butyl-4-hydroxytoluol OH
o

1o

ethylene diaminotetraacetate O
OH o
0] H
J‘K/ H N \)L OH
HO
O
OH
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OH
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phenols (simple phenols, phenol carboxylic acids, phenylpropanes, (o)
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HO

(Continued on next page)
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Table1 Common antioxidants added to or present in food (Continued)
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Antioxidant

Representative/chemical structure

phosphates (di-, tri-, oligo-), phosphatidylcholin, phosphatidylethanolamine

phythoestrogens

sulfites (mono-, hydrogen-, di)

selenium (as selenocysteine in glutathione peroxidase and in thyroxine dejodase)

0. O HyH; GHs
I?—O—C -C '|\|«l+'CH3
o CHs

HSOy

HSe o
NHz*

thiosulfinates, such as allicin, glutamylcysteinyl glycine and other sulfur compounds

tocopherols and tocotrienols

vanillin and some other phenolic flavors

1l
/\/S\S/\/

“The term antioxidant is not restrained by any internationally accepted definition (Becker et al., 2004).

concludes that antioxidants are “traditionally recognized to
be food components that have anti-aging effects” (Yamashita,
2009). Not only food enriched with antioxidants, but also an
impressive number of plant extracts are now in the marketplace,
often decorated with mysterious “health” attributes. The present
note intends to pour some water into the (highly antioxidative)
wine.

THE FREE RADICAL THEORY OF CHRONIC DISEASE

The rapid advances in understanding the patho-biochemical
processes mediated by free radicals and other reactive oxygen
species in the late 1980s and early 1990s resulted in the so-called

“free radical theory” of chronic diseases (Goldstein and Witz,
1990; Halliwell, 1989; Hennig and Chow, 1988; Jiirgens et al.,
1987; Vuillaume, 1987) and aging (Pacifici and Davies, 1991).
Several population-based observational and cross-sectional
analyses indicated that a high dietary intake of antioxidants as
well as higher plasma concentrations of vitamin E, vitamin C,
and S-carotene may prevent cardiovascular disease (Eichholzer
et al.,, 1992; Gey et al., 1987; 1991; 1993; 1993; Knekt et
al., 1994; Osganian et al., 2003; 2003; Riemersma et al.,
1991; Rimm et al., 1993; Stampfer et al., 1993) and cancer
(Eichholzer et al., 1992; Stdhelin et al., 1991; 1991; Tamimi
et al., 2005; Zhang et al., 1999). Similar studies found that
persons who took vitamin E supplements had a lower risk of
coronary disease (Rimm et al., 1993; Stampfer et al., 1993).
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Figure1 Endogenous and exogenous sources replenish electrons to control oxidative damage in vivo (PUFA Polyunsaturated Fatty Acid, GSH Glutathione, PPP

Pentose Phosphate Pathway).

CHARACTERISTICS OF ANTIOXIDANTS

The general definition of an antioxidant is based on activity
rather than on structure or mechanism (Table 1). Halliwell and
Guteridge (1995) defined an antioxidant as “any substance that,
when present at low concentrations compared with those of an
oxidizable substrate, significantly delays or prevents oxidation
of that substrate”; later, the same author (Halliwell, 2007) de-
fined an antioxidant as “any substance that delays, prevents,
or removes oxidative damage to a target molecule.” Similarly,
Khlebnikov et al. (2007) have defined the term antioxidant “as
any substance that directly scavenges ROS or indirectly acts to
up-regulate antioxidant defenses or inhibit ROS production.”

Some assays detect inhibition of peroxidation (malonalde-
hyde, carotene bleaching, conjugated diene); others detect
electron or radical scavenging (2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) assay, and the ferric reducing antioxidant power
(FRAP) assay) (Moon and Shibamoto, 2009). The rapid ORAC
assay has gained increasing popularity, although the results
often coincide with the total phenols as determined by the
Folin-Ciocalteu reagent (Zheng and Wang, 2001). Not only the
results of various assays differ for a certain extract or compound
(Dudonné et al., 2009; Krings and Berger, 2001), but variants of
the same assay may also give deviating results (Alarcén et al.,
2008). This is not surprising, as the quantitative in vitro capacity
of an antioxidant may depend on pH, solvent, oxidation levels,
and other reaction conditions (Frankel and Finley 2008).
Phenols are more active in the (non-physiological) alkaline
range, and the hydrophilic ascorbic acid will not perform well
in a linoleic acid micelle assay (Robbins et al., 2006).

JANUS FACED IN VITRO BEHAVIOR
OF ANTIOXIDANTS

Reliable biomarkers of oxidative damage in human tissues,
such as 8-0x0-2'-deoxyguanosine (DNA oxidation), malondi-
aldehyde, and isoprostanes (Basu, 2004) (lipid oxidation), cer-
tain carbonyls (protein oxidation), and carboxyl methyl lysine
(reaction between carbohydrates and free amino groups) (Valko
et al., 2007) are usually elevated in smokers and in patients with
Alzheimer’s disease, cancer, autoimmune diseases, hepatitis,
metabolic syndrome, neurodegenerative diseases, and arthritis
(Frei, 2004). If there was a causal correlation between the func-
tional integrity of some of the cellular constituents and the risk

of these diseases, antioxidants should contribute to a risk reduc-
tion if they reach their site of action. Nevertheless, it is obvious
that oxidative processes not only occur within cells, but in all
the compartments of the human body. Oxidation of circulating
LDL-particles is one example of such processes and is known
to be one etiological factor in atherogenesis. Even within the
intestine, non-absorbed as well as secreted antioxidants could
show health effects.

The contradicting findings in studies with antioxidants may
result from a deeper biochemical ambivalence of antioxidants.
Above a certain concentration some antioxidants become pro-
oxidants. For example, a-tocopherol is sacrificed during the
autoxidation of unsaturated fatty acids to form a hydrox-
yalkylquinone. Thus, a strong oxidant is accumulating over time,
and the intermediate radicals may accumulate as well and ini-
tiate, in spite of their relative inertness, new chain reactions on
the long-term (Fig. 1). Ascorbic acid turns into a pro-oxidant in
the presence of Fe** ions producing O, ions and OH radicals
along the Fenton reaction. Likewise, the pro-oxidative character
of carotenoids and flavonoids may result from accumulating re-
active intermediates or stabilizing interactions with heavy metal
ions. A similar situation was reported for complex extracts from
spices (Bonanni et al., 2007).

More specifically, many secondary plant metabolites with
antioxidant properties possess other, possibly adverse bioac-
tivities. Not so long ago, polyphenols and others have been
classified “antinutrients.” An example is sesame lignans, known
phytoestrogens, which were shown to complement tocotrienol
in the skin in preventing oxidative damage induced by UV-B
light (Yamashita 2009). Such compounds and other famous an-
tioxidants, such as quercetin show genotoxic activity in vitro
and pro-apoptotic effects in cell systems (Stopper et al., 2005).
The same applies to resveratrol, a plant defense phenol with
numerous physiological activities (Pinto et al., 2004). The sales
of red wine boomed after its supposed activity in protecting
against tumor development had been made public. (Intriguingly,
the well-proven carcinogenic potential of ethanol has not been
brought to the awareness of a broader public.) Likewise, the con-
sumption of cranberries and cinnamon is promoted by reports
on the absorption of hydrolyzable proanthocyanidins which are
said to protect lipoproteins and reduce inflammatory processes
(Beecher, 2004). However, hydrolyzable proanthocyanidins are
potentially toxic at least to ruminants (through the formation of
pyrogallol), while non-hydrolyzable species are considered to
be non-toxic because they are not absorbed (Reed, 1995).

Thermal treatment of food results in the formation of roast
flavors, brown pigments (melanoidins), and antioxidants along
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the so-called Maillard reaction. The antioxidant capacity of
beer, for example, was equally distributed over fractions with
different molecular mass and highly correlated to color—the
deeper the color, the more pronounced was the antioxidant
capacity. Extracts of roasted wheat germ and coffee scavenged
free radicals as measured by the DPPH assay (Krings et al.,
2006). The radical-scavenging activity assay and a repair
enzyme based in vitro DNA protection assay (3D-assay), when
applied to fractions of the total extract, did not give concurrent
data. Moreover, results strongly depended on chosen concen-
tration of the fraction. Lee and Shibamoto (2002) discussed a
correlation of antioxidative and mutagenic properties in food
model systems and in actual foods. Similarly, Oikawa (2008)
reported that antioxidants may also induce DNA damage in hu-
man cultured cell lines; it is concluded that “some antioxidants
play paradoxical roles acting as ‘double-edged sword.”’

CAN CELL CULTURES MIMIC PHYSIOLOGICAL
CONDITIONS?

Cell culture based assays were suggested to overcome the
Janus faced in vitro results and to account for the complex
bioactivities of some compounds (Liu, 2007). For experimen-
tal reasons, mainly cancer cell lines are used (Wolfe et al.,
2008). However, the results of cell culture experiments with
antioxidants strongly depended on the cell type, the cell cul-
ture medium, and the absence or the presence of other antiox-
idants (Babich et al., 2009; Long et al., 2000; 2007; Long and
Halliwell, 2009; Roques et al., 2002; Wee et al., 2003). There-
fore, some of the data generated in the cell culture arena show-
ing beneficial or potentially harmful effects of antioxidants may
simply represent artifacts (Long and Halliwell 2009; Long et
al., 2000).

There are several discrepancies between cell cultures and
more complex in vivo systems (Horrobin, 2003):

» “The types and rates of nutrient and oxygen supply, and carbon
dioxide and metabolite removal, are different”;

e “The endocrine environment is different, both in terms of the
amounts and patterns of hormones present and their kinetic
change”;

» “The antibiotic environment is different: in vivo cells are not
normally bathed in penicillin, streptomycin, and other antibi-
otics™;

e “The lipid environment is different. The phospholipid com-
position of cells in culture is quite different from the phos-
pholipid composition of the parent in vivo cells”;

» “Even when appropriate constituents are present in culture
fluid, their concentrations may be dramatically different from
anything seen in vivo.”

There is evidence that results from in vitro studies, test-
ing non-physiological concentrations in cell cultures, cannot be
transferred to in vivo conditions (Schmitt et al., 2007). A sim-

ple one-to-one extrapolation of in vitro data to in vivo behavior
must therefore be misleading: “What happens in a Petri dish or
in preclinical assays may not happen in people” (Bjelakovic and
Gluud, 2007).

TAKING THE STEP TO IN VIVO

The comparison of epidemiological and in vivo intervention
studies shows an apparent contradiction: Diets high in fresh
fruits and vegetables decrease the risk of some chronic diseases.
The results of in vivo intervention studies and of epidemiological
studies with specific antioxidants, however, are rather equivocal.
Supplementation of humans with vitamin C and E showed, for
example, a significant lowering of in vivo oxidation in some, but
not in all interventional trials (Frei, 2004; Huang et al., 2000;
McCall and Frei, 1999).

Clinical trials testing the health benefits of dietary antioxi-
dants gave mixed results, but overall failed to confirm the hy-
pothesis. For example, 15 randomized trials with large cohorts
of patients (1000 or more) and a follow-up of up to 12 years
were analyzed (Vivekananthan et al., 2003). Tocopherol did “not
provide benefit in mortality compared with control treatment
or significantly decrease risk of cardiovascular death or cere-
brovascular accident. S-Carotene led to a small but significant
increase in all-cause mortality and with a slight increase in car-
diovascular death.” Similarly discouraging data were obtained
from an extended meta-analysis of vitamin E-supplementation
studies (Miller et al., 2005) and from another one conducted
on data from 68 randomized trials with 232,606 patients
(Bjelakovic et al., 2007). While in the latter study ascorbic acid
and selenium had “no significant effect on mortality,” “treat-
ments with B-carotene, vitamin A, and vitamin E” were sup-
posed to even “increase mortality.”

There has been no lack of attempts to explain the negative
outcome of these laborious studies. Some authors have criticized
methodical shortcomings (e.g., questionable data combination
of studies with heterogeneity in the study samples, selection
bias due to the exclusion of such trials where no deaths oc-
curred, etc.) (Bell and Grochoski, 2008; Blatt and Pryor, 2005;
DeZee et al., 2005; Hemild, 2005; Jialal and Devaraj, 2005;
Krishnan et al., 2005; Lim et al., 2005; Meydani et al., 2005;
Taylor and Dawsey, 2007). It is also possible (although not
proven) that antioxidants of plant origin, such as ascorbic acid
or fB-carotene are useful plasma markers of fruit and vegetable
intake, but the marker does not need to be the bioactive con-
stituent. Antioxidants may exert their effects not through an an-
tioxidant mechanism, but by indirectly affecting up-regulation
of genes involved in defense or DNA-repair mechanisms, thus
promoting the maintenance of metabolic homeostasis or cell
integrity. B-Carotene, for instance, has shown no effect in pre-
venting lung cancer when applied in population-based trials,
but exerted a significant increase of cancer in heavy smokers.
This compound induces cytochrome P450 enzymes, thus en-
hancing the biotransformation of benzo[a]pyrene (B[a]P) to the
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powerful carcinogen B[a]P-7,8-diol-9,10-epoxid (Paolini et al.,
2003; 1999). Also discussed are: patients already diagnozed
with a disease may respond less or better (Osawa and Kato,
2005) or differently to an antioxidant; unknown synergis-
tic/antagonistic effects among antioxidants or antioxidants and
pharmaceuticals may hide the effect aimed at (Leger, 2006);
methods for measuring plasma levels of antioxidant, antioxi-
dant metabolites, and metabolic target may have been insuffi-
cient (Frankel and Finley, 2008).

Based on these findings some have exclaimed the end of the
antioxidant hypothesis (Heyden, 2003). For example, Green-
berg (2005) stated that it may be “past time for the scientific
and public health communities to loosen their ties to a theory
that lacks predictive ability for human diseases.” However, most
clinical studies simply have not taken into account the specific
nutrikinetic and nutridynamic nature of antioxidants. There are
many ways a prevention human interventional trial might fail
(Blumberg and Frei, 2007; Frei, 2004; Hatfield and Gladyshev,
2009; Jialal and Devaraj, 2003). Frequent drawbacks were re-
cently summarized: “The intervention dose was too high or low,
the planned trial duration was too short, an unexpected side ef-
fect ended the trial early, intervention adherence was poor, too
many control participants ‘dropped in’ to the intervention, only
subgroups of participants were susceptible to the intervention,
or the intervention itself affected end point detection” (Kristal
2008).

EVALUATING THE RESULTS OF INTERVENTION
STUDIES

o Aspects “Dosage’ and “Baseline Nutrient Status.” Effects
of bioactive constituents are co-determined by the dose ap-
plied. The trace element selenium is a good example: A dis-
tinct U-shaped dose-response curve exists between the supply
of selenium and the risk of cancer. This non-linear relationship
implies that more of a potential cancer-preventing nutrient,
such as selenium is not necessarily better. A person’s baseline
nutrient status and the amount of selenium intake determine
whether selenium supplementation will cause a net benefit
(Waters et al., 2005). In general, the benefit of a micronutri-
ent supplementation is greater in people with an inadequate
intake. This can be demonstrated by the results of an inter-
vention trial with 30.000 people carried out in the Chinese
province of Linxian. The daily administration of S-carotene,
vitamin E, and selenium to people with a sub-optimal intake
over a period of several years resulted in a 20% risk reduc-
tion for cancer of the stomach, and the total mortality was
decreased by about 10% at the same time. Likewise, the re-
sults of the French study SU.VIL.MAX with more than 13,000
adults indicated that the administration of a physiologically
matched combination-supplement can possess a preventive
benefit in people with a sub-optimal intake of antioxidants,
which is often prevalent in men (Galan et al., 2005). These

results have led to the notion “that it is time to move beyond
the belief that any particular agent administered at the same
dose to all participants will benefit the overall population”
(Rayman et al., 2009).

Aspect “Synergism” Antioxidants Show Distinct Syner-
getic Effects. The vitamins E and C are, for example, in-
tegrated into an anti-oxidative network together with other
compounds such as ubiquinol or «-lipoic acid. In this net-
work vitamin C is the most important antioxidant in the hy-
drophilic phase, while vitamin E is effective in the lipophilic
cell compartments (Packer et al., 2001). Because most chronic
diseases are of multi-causal origin, the supplementation with
a single antioxidant seems unreasonable. The negative results
of respective interventional trials with single or few antiox-
idants, as for example in SELECT (Selenium and vitamin
E Cancer Prevention Trial; (Lippman et al., 2009)) or PHS-
IT (Physicans’ Health Study II; (Gaziano et al., 2009)) are
not surprising. Consequently, it was stated that “single-agent
interventions, even in combinations, may be an ineffective
approach to primary prevention in average-risk populations”
(Gann, 2009).

Aspect “Time.” Chronic nutrition-associated diseases may
evolve over decades. It is unlikely that intervention trials will
detect hard clinical end points within a few months (Ames
et al., 2007; Waters et al., 2008). The results of several co-
hort studies indicated that the protective effect of folic acid-
containing multivitamins towards colorectal tumours clearly
emerge only after a use of ten years and longer (Fuchs et al.,
2002; Giovannucci et al., 1998; Jacobs et al., 2001).

Aspect “Chemistry.” The binding status of a chemical
(speciation) determines its physiology. For example, L-
selenomethionine, which was used in the SELECT trial
cited above, is metabolized in a different way than selenite
or selenium-enriched baker’s yeast. The latter forms have
anti-cancerogen efficacy as it was shown in human and
animal trials (Hatfield and Gladyshev 2009). The impact
of stereochemistry was shown for vitamin E and its role
in atherosclerosis. In comparison with RRR-a-tocopherol,
the synthetic all-rac- «-tocopherol exhibited a different
biopotency (Brigelius-Flohé et al., 2002).

Aspect “Bioavailability.” In vivo antioxidant activity may
start already in the gastrointestinal tract (Halliwell et al.,
2000). Absorption after ingestion is an obvious prerequisite
for any cellular activity of an antioxidant. There is ample con-
troversy on this issue for both phenols (Fernandez-Panchon
et al., 2008; Karakaya, 2004) and carotenoids (Southon and
Faulks, 2001). It was concluded from intervention studies that
flavonols are absorbable and accumulate in plasma (Crozier
et al., 2000), while a more recent study emphasized multiple
effects of food processing on their bioavailability (Hackman
et al., 2007). The situation is not only complicated by the
chemical diversity of natural antioxidants in food, but also
by numerous conjugated (glycosylated, esterified, oligomer-
ized) forms which may all differ in gastrointestinal absorp-
tion (Miller and Ruiz-Larrea, 2002). After absorption the



Downloaded by [Texas A& M University Libraries and your student fees] at 11:06 21 March 2012

168 R. G. BERGER ET AL.

antioxidant has to reach the place of action and must not be
converted to inactive metabolites. This is at least questionable
for flavonoids, as these molecules can undergo metabolism
in human tissue and colon bacteria, thereby loosing part or
all of their antioxidant capacity (Halliwell et al., 2005). Once
absorbed and present in plasma or cells, flavonoids can ex-
ert multiple biological functions besides antioxidant activity,
such as affecting enzyme activity of cyclooxygenases and
lipoxygenases and act as receptor ligands of the estrogen and
other receptors (Halliwell et al., 2005; Virgili and Marino,
2008). Taken together, it seems doubtful that what we eat as
an antioxidant finally reaches the intracellular sites aimed at.

REVISION OF THE ROLE OF REACTIVE OXYGEN
SPECIES (ROS) IN HUMANS

Oxidative stress is defined as an imbalance of pro-oxidative
and antioxidative processes in the human body. Many authors
have supposed that elevated levels of ROS must cause severe
diseases, like elevated levels inevitably in spoil potato chips.

ROS are endogenous species produced in a vitamin B, de-
pendent reaction by NADPH oxidase to help, for example, in
phagocytosis and cell signaling (Yazdanpanah et al., 2009). In an
animal model, increased oxidative stress induced by the deletion
of superoxide dismutase genes did not result in accelerated aging
(Doonan et al., 2008; Van Raamsdonk and Hekimi, 2009). ROS
were a major effector of blood-cell development in Drosophila
(Owusu-Ansah and Banerjee, 2009), and elevated transcription
of genes involved in ROS formation in mice blood cell progen-
itors indicated that they might play a similar role in mammals
(Tothova et al., 2007). In zebrafish H,O, signaled to leucocytes
in wound healing (Niethammer et al., 2009). The p53 tumor
suppressor was identified as a part of the regulatory means of
cells to cope with oxidation under conditions of average stress
(Olovnikov et al., 2009). Besides this, ROS were involved in
several other biochemical and physiological processes, such as
insulin signaling, control of ventilation, and erythropoietin pro-
duction (Droge, 2002).

The vital role of a balanced antioxidant status of the cell was
emphasized by recent work on metabolic alterations and cancer
(Schafer et al., 2009). An oncogene (ERBB2) over-expressing
breast epithelial cell line was compared to a normal cell line.
In the latter, mitochondrial oxidative stress was attenuated by
glucose which bypassed glycolysis and generated NADPH, a
powerful antioxidant, through the pentose phosphate pathway.
This protected normal cells from oxidative damage. ERBB2 ex-
pression in the mobile cancer cells maintained glucose uptake
(by activating a cancer inducing pathway), compensating for
energy depletion, and thus protected cancer cells from starva-
tion. The same was achieved in normal, glucose-starved cells
supplemented with an antioxidant (50 M trolox), showing that
regular NADPH production prevented pathological oxidative
stress. This means that an exogenous antioxidant could even

2NADP*

Ribu-5-P

7 N

+ CO, +2 NADPH D
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Fueling the Antioxidant Chain

(
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Respiratory Chain  Oxidative Damage
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Figure 2 Increasing oxidative stress in mitochondria damages matrix-
detached human breast cells. Oncogene over-expression maintains their glucose
uptake through activating a cancer-inducing pathway. At the same time, oxida-
tive stress is compensated by the conversion of glucose to NADPH through the
pentose pathway. Trolox, a synthetic antioxidant, was able to replace NADPH
in normal detached cells. The intriguing question is if exogenous antioxidants
may abet the conversion of normal cells to cancer cells through this interference.

contribute to the survival of a detached cell on its way to dedif-
ferentiation and cancer initiation (Fig. 2).

CONCLUSION

The gap between the antioxidative effects in vitro compared
to the much more complex situation in vivo is obvious. Look-
ing at the profound physiological relevance of antioxidants
it seems appropriate to call for more detailed investigations
(Davies et al., 2005), particularly on absorption, nutrikinetics,
clinical effects, and toxicity of continuous ingestion. Forced by
worldwide food laws the toxicology of some synthetic antiox-
idants is well-known, which applies to many isolated natural
antioxidants to a much lesser extent (Pokorny, 2007). Remark-
ably little work has been done on the structure-activity relation-
ship of antioxidants (Kim and Lee, 2004). There is conflicting
evidence concerning the potential benefit of higher intakes of
especially single antioxidants due to different reasons. As a
consequence, a permanent intake of non-physiological dosages
of isolated antioxidants should not be recommended to healthy
consumers. This must not be confused with a high intake of
fruit and vegetables, which is considered safe and beneficial.
The present antioxidant hype promotes the sales of side-steams
of food processing, such as grain husks or apricot kernel powder.
Two decades ago nobody would have seriously classified such
materials as edible. It is high time to readjust the biased views
on antioxidants, and to base medical and “health” statements
on sound data. A vision for a path forward could be that health
effects have to be shown on a broad basis of scientific data—and
this must be underlined—by weighing the evidence. Data from
human studies are required as well as those explaining mecha-
nisms. This approach is becoming public policy in the European
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Community (EC) in order to protect the consumer against mis-
leading claims. Regulation (EC) No 1924/2006 on nutrition and
health claims made on foods and the corresponding regulation
(EC) No. 353/2008 establishing implementing rules for appli-
cations for authorization of health claims emphasize that health
claims will only be permitted if based on and substantiated by
generally accepted scientific data, especially in human studies
of the target group.

REFERENCES

Alarcén, E., Campos, A. M., Edwards, A. M., Lissi, E., and Lépez-Alarcén, C.
(2008). Antioxidant capacity of herbal infusions and tea extracts: A compar-
ison of ORAC-fluorescein and ORAC-pyrogallol red methodologies. Food
Chem. 107: 1114-1119.

Ames, B. N., McCann, J. C., Stampfer, M. J., and Willett, W. C. (2007).
Evidence-based decision making on micronutrients and chronic disease:
Long-term randomized controlled trials are not enough. Am. J. Clin. Nutr.
86: 522-523.

Babich, H., Liebling, E. J., Burger, R. F., Zuckerbraun, H. L., and Schuck, A.
G. (2009). Choice of DMEM, formulated with or without pyruvate, plays
an important role in assessing the in vitro cytotoxicity of oxidants and pro-
oxidant nutraceuticals. In Vitro Cell. Dev. Biol.: Anim. 45: 226-233.

Basu, S. (2004). Isoprostanes: Novel bioactive products of lipid peroxidation.
Free Radical Res. 38: 105-122.

Beecher, G. R. (2004). Proanthocyanidins: Biological activities associated with
human health. Pharm. Biol. (Lisse, Neth.) 42: 2-20.

Bell, S.J., and Grochoski, G. T. (2008). How safe is vitamin E supplementation?
Crit. Rev. Food Sci. Nutr. 48: 760-774.

Bjelakovic, G., and Gluud, C. (2007). Surviving antioxidant supplements. J.
Natl. Cancer Inst. 99: 742-743.

Bjelakovic, G., Nikolova, D., Gluud, L. L., Simonetti, R. G., and Gluud, C.
(2007). Mortality in randomized trials of antioxidant supplements for primary
and secondary prevention: Systematic review and meta-analysis. JAMA, J.
Am. Med. Assoc. 297: 842-857.

Blatt, D. H., and Pryor, W. A. (2005). High-dosage vitamin E supplementa-
tion and all-cause mortality. Ann. Intern. Med. 143: 150-151; author reply
156-158.

Blumberg, J. B., and Frei, B. (2007). Why clinical trials of vitamin E and cardio-
vascular diseases may be fatally flawed. Commentary on “The relationship
between dose of vitamin E and suppression of oxidative stress in humans.”
Free Radical Biol. Med. 43: 1374-1376.

Bonanni, A., Campanella, L., Gatta, T., Gregori, E., and Tomassetti, M. (2007).
Evaluation of the antioxidant and prooxidant properties of several commercial
dry spices by different analytical methods. Food Chem. 102: 751-758.

Brigelius-Flohé, R., Kelly, F. J., Salonen, J. T., Neuzil, J., Zingg, J-M., and Azzi,
A. (2002). The European perspective on vitamin E: Current knowledge and
future research. Am. J. Clin. Nutr. 76: 703-716.

Crozier, A., Burns, J., Aziz, A. A., Stewart, A. J., Rabiasz, H. S., Jenkins, G. L.,
Edwards, C. A., and Lean, M. E. (2000). Antioxidant flavonols from fruits,
vegetables and beverages: Measurements and bioavailability. Biol. Res. 33:
79-88.

Davies, E., Greenacre, D., and Lockwood, G. B. (2005). Adverse effects and
toxicity of nutraceuticals. Rev. Food Nutr. Toxic. 3: 165-195.

DeZee, K. J., Shimeall, W., Douglas, K., and Jackson, J. L. (2005). High-dosage
vitamin E supplementation and all-cause mortality. Ann. Intern. Med. 143:
153-154; author reply 156-158.

Doonan, R., McElwee, J. J., Matthijssens, F., Walker, G. A., Houthoofd, K.,
Back, P., Matscheski, A., Vanfleteren, J. R., and Gems, D. (2008). Against
the oxidative damage theory of aging: Superoxide dismutases protect against
oxidative stress but have little or no effect on life span in Caenorhabditis
elegans. Genes Dev. 22: 3236-3241.

Droge, W. (2002). Free radicals in the physiological control of cell function.
Physiol. Rev. 82: 47-95.

Dudonné, S., Vitrac, X., Coutiere, P., Woillez, M., and Mérillon, J.-M. (2009).
Comparative study of antioxidant properties and total phenolic content of 30
plant extracts of industrial interest using DPPH, ABTS, FRAP, SOD, and
ORAC assays. J. Agric. Food Chem. 57: 1768-1774.

Eichholzer, M., Stihelin, H. B., and Gey, K. F. (1992). Inverse correlation
between essential antioxidants in plasma and subsequent risk to develop
cancer, ischemic heart disease and stroke respectively: 12-year follow-up of
the prospective Basel study. Exs. 62: 398-410.

Fernandez-Panchon, M. S., Villano, D., Troncoso, A. M., and Garcia-Parrilla,
M. C. (2008). Antioxidant activity of phenolic compounds: From in vitro
results to in vivo evidence. Crit. Rev. Food Sci. Nutr. 48: 649—-671.

Frankel, E. N. and Finley, J. W. (2008). How to standardize the multiplic-
ity of methods to evaluate natural antioxidants. J. Agric. Food Chem. 56:
4901-4908.

Frei, B. (2004). Efficacy of dietary antioxidants to prevent oxidative damage
and inhibit chronic disease. J. Nutr. 134: 31965-3198.

Fuchs, C. S., Willett, W. C., Colditz, G. A., Hunter, D. J., Stampfer, M. J.,
Speizer, F. E., and Giovannucci, E. L. (2002). The influence of folate and
multivitamin use on the familial risk of colon cancer in women. Cancer
Epidemiol. Biomarkers Prev. 11: 227-234.

Galan, P,, Briancon, S. et al. (2005). Antioxidant status and risk of cancer in the
SU.VIL.MAX study: Is the effect of supplementation dependent on baseline
levels? Br. J. Nutr. 94: 125-132.

Gann, P. H. (2009). Randomized trials of antioxidant supplementation for cancer
prevention. First bias, now chance - next, cause. JAMA, J. Am. Med. Assoc.
301: 102-103.

Gaziano, J. M., Glynn, R. J., et al. (2009). Vitamins E and C in the prevention of
prostate and total cancer in men. The Physicians’ Health Study II randomized
controlled trial. JAMA, J. Am. Med. Assoc. 301: 52-62.

Gey, K. F, Moser, U. K., Jordan, P., Stihelin, H. B., Eichholzer, M., and
Luedin, E. (1993). Increased risk of cardiovascular disease at suboptimal
plasma concentrations of essential antioxidants: An epidemiological update
with special attention to carotene and vitamin C. Am. J. Clin. Nutr. 57:
787S-1978S.

Gey, K. F,, Puska, P, Jordan, P., and Moser, U. K. (1991). Inverse correlation
between plasma vitamin E and mortality from ischemic heart disease in
cross-cultural epidemiology. Am. J. Clin. Nutr. 53: 326S-334S.

Gey, K. F, Stihelin, H. B., and Eichholzer, M. (1993). Poor plasma status of
carotene and vitamin C is associated with higher mortality from ischemic
heart disease and stroke: Basel Prospective Study. Clin. Investig. 71: 3-6.

Gey, K. F, Stahelin, H. B., Puska, P., and Evans, A. (1987). Relationship of
plasma level of vitamin C to mortality from ischemic heart disease. Ann. N.
Y. Acad. Sci. 498: 110-123.

Giovannucci, E., Stampfer, M. J., Colditz, G. A., Hunter, D. J., Fuchs, C.,
Rosner, B. A., Speizer, F. E., and Willett, W. C. (1998). Multivitamin use,
folate, and colon cancer in women in the Nurses’ Health Study. Ann. Intern.
Med. 129: 517-524.

Goldstein, B. D. and Witz, G. (1990). Free radicals and carcinogenesis. Free
Radical Res. Commun. 11: 3-10.

Greenberg, E. R. (2005). Vitamin E supplements: Good in theory, but is the
theory good? Ann. Intern. Med. 142: 75-76.

Hackman, R. M., Polagruto, J. A., Zhu, Q. Y., Sun, B., Fujii, H., and Keen, C.
L. (2007). Flavanols: Digestion, absorption and bioactivity. Phytochem. Rev.
7: 195-208.

Hahn, A., Schmitt, B., Strohle, A., and Watkinson, B. M. (2002). Wirkstoffe
funktioneller Lebensmittel in der pravention der arteriosklerose-teil 1: Phys-
iologische grundlagen der wirkung von omega-3-fettsduren. Ernahr.-Umsch.
49: 172-178.

Hahn, A., and Strohle, A. (2004). w-3-Fettsduren: Privention degenerativer
Erkrankungen. Chem. Unserer Zeit. 38: 310-318.

Hall, C., III (2001). Sources of natural antioxidants: Oilseeds, nuts, ce-
reals, legumes, animal products, and microbial sources. Antioxid. Food.
159-209. Eds. Pokorny, J., Yanishileva, N., Gordon, M. Woodhead publ.
Cambridge.



Downloaded by [Texas A& M University Libraries and your student fees] at 11:06 21 March 2012

170 R. G. BERGER ET AL.

Halliwell, B. (1989). Free radicals, reactive oxygen species, and human disease:
A critical evaluation with special reference to atherosclerosis. Br. J. Exp.
Pathol. 70: 737-757.

Halliwell, B. (2007). Biochemistry of oxidative stress. Biochem. Soc. Trans. 35:
1147-1150.

Halliwell, B., and Gutteridge, J. M. (1995). The definition and measurement of
antioxidants in biological systems. Free Radical Biol. Med. 18: 125-126.
Halliwell, B., Rafter, J., and Jenner, A. (2005). Health promotion by flavonoids,
tocopherols, tocotrienols, and other phenols: Direct or indirect effects? An-

tioxidant or not? Am. J. Clin. Nutr. 81: 268S-276S.

Halliwell, B., Zhao, K., and Whiteman, M. (2000). The gastrointestinal tract: A
major site of antioxidant action? Free Radical Res. 33: 819-830.

Hatfield, D. L. and Gladyshev, V. N. (2009). The outcome of sele-
nium and vitamin E cancer prevention trial (SELECT) reveals the need
for better understanding of selenium biology. Mol. Interventions 9:
18-21.

Hemild, H. (2005). High-dosage vitamin E supplementation and all-cause mor-
tality. Ann. Intern. Med. 143: 151-152; author reply 156-158.

Hennig, B., and Chow, C. K. (1988). Lipid peroxidation and endothelial cell
injury: Implications in atherosclerosis. Free Radical Biol. Med. 4: 99—106.
Heyden, S. (2003). The end of treatment with antioxidative vitamins. Aktuel.

Ernahrungsmed. 28: 113-120.

Horrobin, D. F. (2003). Opinion: Modern biomedical research: An internally
self-consistent universe with little contact with medical reality? Nat. Rev.
Drug Discovery. 2: 151-154.

Huang, H.-Y., Helzlsouer, K. J., and Appel, L. J. (2000). The effects of vitamin
C and vitamin E on oxidative DNA damage: Results from a randomized
controlled trial. Cancer Epidemiol. Biomarkers Prev. 9: 647-652.

Jacobs, E. J., Connell, C. J., Patel, A. V., Chao, A., Rodriguez, C., Seymour, J.,
McCullough, M. L., Calle, E. E., and Thun, M. J. (2001). Multivitamin use
and colon cancer mortality in the Cancer Prevention Study II cohort (United
States). Cancer Causes Control. 12: 927-934.

Jialal, I., and Devaraj, S. (2003). Antioxidants and atherosclerosis: Don’t throw
out the baby with the bath water. Circulation 107: 926-928.

Jialal, I., and Devaraj, S. (2005). High-dosage vitamin E supplementation and
all-cause mortality. Ann. Intern. Med. 143: 155; author reply 156-158.

Jiirgens, G., Hoff, H. F., Chisolm, G. M., 111, and Esterbauer, H. (1987). Modifi-
cation of human serum low density lipoprotein by oxidation: Characterization
and pathophysiological implications. Chem. Phys. Lipids. 45: 315-336.

Karakaya, S. (2004). Bioavailability of phenolic compounds. Crit. Rev. Food
Sci. Nutr. 44: 453-464.

Khlebnikov, A. L., Schepetkin, I. A., Domina, N. G., Kirpotina, L. N., and Quinn,
M. T. (2007). Improved quantitative structure-activity relationship models to
predict antioxidant activity of flavonoids in chemical, enzymatic, and cellular
systems. Biorg. Med. Chem. 15: 1749-1770.

Kim, D.-O., and Lee, C. (2004). Comprehensive study on Vitamin C Equivalent
Antioxidant Capacity (VCEAC) of various polyphenolics in scavenging a free
radical and its structural relationship. Crit. Rev. Food Sci. Nutr. 44: 253-273.

Knekt, P, Reunanen, A., Jarvinen, R., Seppanen, R., Heliovaara, M., and Aro-
maa, A. (1994). Antioxidant vitamin intake and coronary mortality in a lon-
gitudinal population study. Am. J. Epidemiol. 139: 1180-1189.

Krings, U., and Berger, R. G. (2001). Antioxidant activity of some roasted foods.
Food Chem. 72: 223-229.

Krings, U., Johansson, L., Zorn, H., and Berger, R. G. (2006). In vitro DNA-
protective activity of roasted wheat germ and fractions thereof. Food Chem.
97: 712-718.

Krishnan, K., Campbell, S., and Stone, W. L. (2005). High-dosage vitamin E
supplementation and all-cause mortality. Ann. Intern. Med. 143: 151; author
reply 156-158.

Kristal, A.R. (2008). Are clinical trials the “gold standard” for cancer prevention
research? Cancer Epidemiol. Biomarkers Prev. 17: 3289-3291.

Lee, K-G., and Shibamoto, T. (2002). Toxicology and antioxidant activities
of non-enzymatic browning reaction products: Review. Food Rev. Int. 18:
151-175.

Leger, C. L. (2006). Antioxidants of food origin: Variety, actions, interactions.
OL, Corps Gras, Lipides. 13: 213-222.

Lim, W-S., Liscic, R., Xiong, C., and Morris John, C. (2005). High-dosage
vitamin E supplementation and all-cause mortality. Ann. Intern. Med. 143:
152; author reply 156—158.

Lippman, S. M., Klein, E. A., et al. (2009). Effect of selenium and vitamin E
on risk of prostate cancer and other cancers. The Selenium and Vitamin E
Cancer Prevention Trial(SELECT). JAMA, J. Am. Med. Assoc. 301: 39-51.

Liu, R. H. (2007). Cell culture models to assess bioactivity of functional foods
and dietary supplements. ACS Symp. Ser. 956: 83-91.

Long, L. H., Clement, M. V., and Halliwell, B. (2000). Artifacts in cell culture:
Rapid generation of hydrogen peroxide on addition of (—)-epigallocatechin,
(—)-epigallocatechin gallate, (4)-catechin, and quercetin to commonly used
cell culture media. Biochem. Biophys. Res. Commun. 273: 50-53.

Long, L. H. and Halliwell, B. (2009). Artefacts in cell culture: Pyruvate as a
scavenger of hydrogen peroxide generated by ascorbate or epigallocatechin
gallate in cell culture media. Biochem. Biophys. Res. Commun. 388: 700-704.

Long, L. H., Kirkland, D., Whitwell, J., and Halliwell, B. (2007). Different
cytotoxic and clastogenic effects of epigallocatechin gallate in various cell-
culture media due to variable rates of its oxidation in the culture medium.
Mutat. Res., Genet. Toxicol. Environ. Mutagen. 634: 177-183.

McCall, M. R. and Frei, B. (1999). Can antioxidant vitamins materially reduce
oxidative damage in humans? Free Radical Biol. Med. 26: 1034-1053.

Meydani, S. N., Lau, J., Dallal, G. E., and Meydani, M. (2005). High-dosage
vitamin E supplementation and all-cause mortality. Ann. Intern. Med. 143:
153; author reply 156—158.

Miller, E. R., I1I, Pastor-Barriuso, R., Dalal, D., Riemersma, R. A., Appel, J. J.,
and Guallar, E. (2005). Meta-analysis: High-dosage vitamin E supplementa-
tion may increase all-cause mortality. Ann. Intern. Med. 142: 37-46.

Miller, N.J. and Ruiz-Larrea, M. B. (2002). Flavonoids and other plant phenols
in the diet: Their significance as antioxidants. J. Nutr. Environ. Med. 12:
39-51.

Moon, J-K, and Shibamoto, T. (2009). Antioxidant assays for plant and food
components. J. Agric. Food Chem. 57:1655-1666.

Niethammer, P., Grabher, C., Look, A. T., and Mitchison, T. J. (2009). A tissue-
scale gradient of hydrogen peroxide mediates rapid wound detection in ze-
brafish. Nature. 459: 996-999.

Oikawa, S. (2008). Mechanism of oxidative DNA damage induced by environ-
mental carcinogens and antioxidants. Genes Environ. 30: 1-9.

Olovnikov, I. A., Kravchenko, J. E., and Chumakov, P. M. (2009). Homeostatic
functions of the p53 tumor suppressor: Regulation of energy metabolism and
antioxidant defense. Semin. Cancer Biol. 19: 32-41.

Osawa, T., and Kato, Y. (2005). Protective role of antioxidative food factors
in oxidative stress caused by hyperglycemia. Ann. N. Y. Acad. Sci. 1043:
440-451.

Osganian, S. K., Stampfer, M. J., Rimm, E., Spiegelman, D., Hu, F. B., Manson,
J. E., and Willett, W. C. (2003). Vitamin C and risk of coronary heart disease
in women. J. Am. Coll. Cardiol. 42: 246-252.

Osganian, S. K., Stampfer, M. J., Rimm, E., Spiegelman, D., Manson, J. E., and
Willett, W. C. (2003). Dietary carotenoids and risk of coronary artery disease
in women. Am. J. Clin. Nutr. 77: 1390-1399.

Owusu-Ansah, E., and Banerjee, U. (2009). Reactive oxygen species prime
Drosophila haematopoietic progenitors for differentiation. Nature. 461:
537-541.

Pacifici, R. E. and Davies, K. J. (1991). Protein, lipid and DNA repair systems
in oxidative stress: the free-radical theory of aging revisited. Gerontology. 37:
166-180.

Packer, L., Weber, S. U., and Rimbach, G. (2001). Molecular aspects of alpha-
tocotrienol antioxidant action and cell signalling. J. Nutr. 131: 369S-373S.
Paolini, M., Abdel-Rahman, S. Z., Sapone, A., Pedulli, G. F., Perocco, P.,
Cantelli-Forti, G., and Legator, M. S. (2003). b-Carotene: A cancer chemopre-
ventive agent or a co-carcinogen? Mutat. Res. - Rev. Mut. Res. 543: 195-200.

Paolini, M., Cantelli-Forti, G., Perocco, P., Pedulli, G. F., Abdel-Rahman, S.
Z., Legator, M. S. (1999). Co-carcinogenic effect of b-carotene. Nature. 398:
760-761.

Pinto, M. C., Garcia-Barrado, J. A., and Macias, P. (2004). Antioxidative proper-
ties of resveratrol: Effect on lipoxygenase activity. Recent Res. Dev. Biochem.
5:281-290.



Downloaded by [Texas A& M University Libraries and your student fees] at 11:06 21 March 2012

ANTIOXIDANTS IN FOOD 171

Pokorny, J. (2007). Antioxidants in food preservation. In: Handbook of Food
Preservation. pp. 259-286, CRC Press: Boca Raton, FL.

Pokorny, J. (2007). Are natural antioxidants better and safer than synthetic
antioxidants? Eur. J. Lipid Sci. Technol. 109: 629-642.

Rayman, M. P., Combs, G. D., Jr., and Waters, D. J. (2009). Selenium and
vitamin E supplementation for cancer prevention. JAMA, J. Am. Med. Assoc.
301: 1876.

Reed, J. D. (1995). Nutritional toxicology of tannins and related polyphenols in
forage legumes. J. Anim Sci. 73: 1516-1528.

Riemersma, R. A., Wood, D. A., Macintyre, C. C., Elton, R. A., Gey, K. F., and
Oliver, M. F. (1991). Risk of angina pectoris and plasma concentrations of
vitamins A, C, and E and carotene. Lancet. 337: 1-5.

Rimm, E. B., Stampfer, M. J., Ascherio, A., Giovannucci, E., Colditz, G. A.,
and Willett, W. C. (1993). Vitamin E consumption and the risk of coronary
heart disease in men. New Engl. J. Med. 328: 1450-1456.

Robbins, R. J., Kwik-Uribe, C., Hammerstone, J. F., and Schmitz, H. H.
(2006). Analysis of flavanols in foods: What methods are required to en-
able meaningful health recommendations? J. Cardiovasc. Pharmacol. 47:
S110-S118.

Roques, S. C., Landrault, N., Teissedre, P-L., Laurent, C., Besancon, P., Rouanet,
J-M,, and Caporiccio, B. (2002). Hydrogen peroxide generation in Caco-2
cell culture medium by addition of phenolic compounds: Effect of ascorbic
acid. Free Radical Res. 36: 593-599.

Schafer, Z. T., Grassian, A. R., Song, L., Jiang, Z., Gerhart-Hines, Z., Irie, H. Y.,
Gao, S., Puigserver, P., and Brugge, J. S. (2009). Antioxidant and oncogene
rescue of metabolic defects caused by loss of matrix attachment. Nature. 461:
109-113.

Schmitt, B., and Wolters, M., et al. (2007). Effects of combined supplementation
with B vitamins and antioxidants on plasma levels of asymmetric dimethy-
larginine (ADMA) in subjects with elevated risk for cardiovascular disease.
Atherosclerosis. 193: 168-176.

Southon, S., and Faulks, R. (2001). Predicting the bioavailability of antioxidants
in food: The case of carotenoids. In: Antioxidants in Food: Practical Appli-
cations, pp. 124-143, Pokorny, J., Yanishlieva, N., and Gordon, M., Eds.,
Woodhead Publishing Ltd., Boca Raton, FL.

Stihelin, H. B., Gey, K. F., Eichholzer, M., and Ludin, E. (1991). Beta-
carotene and cancer prevention: The Basel Study. Am. J. Clin. Nutr. 53:
265S-269S.

Stihelin, H. B., Gey, K. F.,, Eichholzer, M., Ludin, E., Bernasconi, F., Thurney-
sen, J., and Brubacher, G. (1991). Plasma antioxidant vitamins and subsequent
cancer mortality in the 12-year follow-up of the prospective Basel Study. Am.
J. Epidemiol. 133: 766-775.

Stampfer, M. J., Hennekens, C. H., Manson, J. E., Colditz, G. A., Rosner, B.,
and Willett, W. C. (1993). Vitamin E consumption and the risk of coronary
disease in women. New Engl. J. Med. 328: 1444—1449.

Stopper, H., Schmitt, E., and Kobras, K. (2005). Genotoxicity of phytoestrogens.
Mutat. Res.-Fundam. Mol. Mech. Mutag. 574: 139-155.

Tamimi, R. M., Hankinson, S. E., Campos, H., Spiegelman, D., Zhang, S.,
Colditz, G. A., Willett, W. C., and Hunter, D. J. (2005). Plasma carotenoids,
retinol, and tocopherols and risk of breast cancer. Am. J. Epidemiol. 161:
153-160.

Taylor, P. R. and Dawsey, S. (2007). Antioxidant supplements and mortality.
Reply. JAMA, J. Am. Med. Assoc. 298: 401-402.

Tothova, Z., and Kollipara, R., et al. (2007). FoxOs are critical mediators of
hematopoietic stem cell resistance to physiologic oxidative stress. Cell. 128:
325-339.

Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T.D., Mazur, M., and Telser, J.
(2007). Free radicals and antioxidants in normal physiological functions and
human disease. Int. J. Biochem. Cell Biol. 39: 44-84.

Van Raamsdonk, J. M. and Hekimi, S. (2009). Deletion of the mitochondrial
superoxide dismutase sod-2 extends lifespan in Caenorhabditis elegans. PLoS
Genet. 2: €1000361. doi: 10.1371/journal.pgen.1000361.

Virgili, F., and Marino, M. (2008). Regulation of cellular signals from nutritional
molecules: A specific role for phytochemicals, beyond antioxidant activity.
Free Radical Biol. Med. 45: 1205-1216.

Vivekananthan, D. P, Penn, M. S., Sapp, S. K., Hsu, A., and Topol, E. J. (2003).
Use of antioxidant vitamins for the prevention of cardiovascular disease:
Meta-analysis of randomised trials. The Lancet. 361: 2017-2023.

Vuillaume, M. (1987). Reduced oxygen species, mutation, induction and cancer
initiation. Mutat. Res. 186: 43-72.

Waters, D. J., Chiang, E. C., and Bostwick, D. G. (2008). The art of casting
nets: Fishing for the prize of personalized cancer prevention. Nutr. Cancer.
60: 1-6.

Waters, D. J., Shen, S., Glickman, L. T., Cooley, D. M., Bostwick, D. G., Qian,
J., Combs, G. F, Jr., and Morris J. S. (2005). Prostate cancer risk and DNA
damage: Translational significance of selenium supplementation in a canine
model. Carcinogenesis. 26: 1256—1262.

Wee, L. M., Long, L. H., Whiteman, M., and Halliwell, B. (2003). Factors affect-
ing the ascorbate- and phenolic-dependent generation of hydrogen peroxide
in Dulbecco’s Modified Eagles Medium. Free Radical Res. 37: 1123-1130.

Wolfe, K. L., Kang, X., He, X., Dong, M., Zhang, Q., and Liu, R. H. (2008).
Cellular antioxidant activity of common fruits. J. Agric. Food Chem. 56:
8418-8426.

Yamashita, K. (2009). Studies on enhancement of in vivo antioxidant activity
by mutual interactions of food components: Sesame lignan and vitamin E.
Nippon Eiyo, Shokuryo Gakkaishi. 62: 155-163.

Yazdanpanah, B., and Wiegmann, K., et al. (2009). Riboflavin kinase couples
TNF receptor 1 to NADPH oxidase. Nature. 460: 1159-1163.

Zhang, S., Hunter, D. J., Forman, M. R., Rosner, B. A., Speizer, F. E., Colditz,
G. A., Manson, J. E., Hankinson, S. E., and Willett, W. C. (1999). Dietary
carotenoids and vitamins A, C, and E and risk of breast cancer. J. Natl. Cancer
Inst. 91: 547-556.

Zheng, W., and Wang, S. Y. (2001). Antioxidant activity and phenolic com-
pounds in selected herbs. J. Agric. Food Chem. 49: 5165-5170.



