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This article describes the principles and limitations of methods used to investigate reactive oxygen species (ROS) protective properties of dietary
constituents and is aimed at providing a better understanding of the requirements for science based health claims of antioxidant (AO) effects of
foods. A number of currently used biochemical measurements aimed of determining the total antioxidant capacity and oxidised lipids and pro-
teins are carried out under unphysiologcial conditions and are prone to artefact formation. Probably the most reliable approaches are measure-
ments of isoprostanes as a parameter of lipid peroxidation and determination of oxidative DNA damage. Also the design of the experimental
models has a strong impact on the reliability of AO studies: the common strategy is the identification of AO by in vitro screening with cell lines.
This approach is based on the assumption that protection towards ROS is due to scavenging, but recent findings indicate that activation of tran-
scription factors which regulate genes involved in antioxidant defence plays a key role in the mode of action of AO. These processes are not
adequately represented in cell lines. Another shortcoming of in vitro experiments is that AO are metabolised in vivo and that most cell lines are
lacking enzymes which catalyse these reactions. Compounds with large molecular configurations (chlorophylls, anthocyans and polyphenolics)
are potent AO in vitro, but weak or no effects were observed in animal/human studies with realistic doses as they are poorly absorbed. The
development of -omics approaches will improve the scientific basis for health claims. The evaluation of results from microarray and proteomics
studies shows that it is not possible to establish a general signature of alterations of transcription and protein patterns by AO. However, it was
shown that alterations of gene expression and protein levels caused by experimentally induced oxidative stress and ROS related diseases can be
normalised by dietary AO.

Dietary antioxidants: -Omics methods: Health claims

It is well documented that oxidative stress, defined by Blomh-
off" as a “condition that is characterised by the accumulation
of non-enzymatic oxidative damage to molecules that threaten
the normal functions of a cell or the organism” is involved
in the aetiology of a large number of human diseases. Typical
examples are various forms of cancer (breast, colon and liver),
neuropathological ~disorders such as Parkinson’s and
Altzheimer’s disease, inflammations including hepatitis
and inflammatory bowel diseases, different types of dermatitis
as well as bacterial and viral infections (HBV, sepsis),
diabetes, and rheumatoid arthritis (for review see™®). Also
coronary heart diseases which are the major cause of death
in industrialised countries®® and idiopathic infertility*>,
which has increased over the last decades in Western countries
seem to be causally related to reactive oxygen species (ROS)
meditated damage and it has been stressed that oxidative
damage is also involved in several diseases of ageing, e.g.
Werner’s syndrome(s), progeria(7), amyotrophic lateral scler-
osis, cataract formation and decreased immune functions® ',

Already half a century ago it was found that the acute
toxic, DNA-damaging and carcinogenic effects of ionising
radiation which are predominantly caused by the formation

of ROS can be reduced by antioxidant vitamins such as C,
E, and A"'""?. In the following decades, it became apparent
that plant derived foods as well as beverages contain a large
number of compounds which protect against oxidative
damage and its consequences. Typical examples for such
antioxidants which have been defined as “redox-active com-
pounds that reduce pro-oxidative stress by reacting non-enzy-
matically with a reactive oxidant”" are flavonoids and
phenolic acids contained in fruits and vegetables(m_m, ally-
slulfides in  Allium species'®, hydroxycinnamic acids
in coffee’®??, phenolic compounds in wines®" and veg-
etable oils(22), catechins in teasm), specific ingredients of
common spices such as capsaicin in chillies®®, gingerol®
and curcumin®®, chlorophylls®”, anthocyanins in berries®®
as well as carotenoids®® to name only a few.

The increasing evidence of the strong impact of the redox
status on human health has stimulated intense research activi-
ties in this field. It has been estimated that around 10 papers
dealing with oxidative stress and/or antioxidants are published
daily(') and many of them concern the identification of dietary
compounds in the diet and investigations concerning their
mode of action. The results of these efforts have a strong
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impact on the development of nutritional recommendations
and led to the development of supplements which contain
high levels of food derived antioxidants®® and to the pro-
duction of functional foods. A broad variety of different
methods are currently used to study antioxidants in human
foods and to identify and characterise their active principles.
The models include chemical—analytical and physical
measurements, experiments with subcellular fractions and
intact cells, animal studies as well as human intervention
trails. In the last decade, new biomarkers have been developed
and validated which can be used in human studies and the
rapid development of -omics techniques (in particular the
use of microarrays and two dimensional gel electrophoresis)
offers the possibility to explore the effects of antioxidants
on gene expression and protein levels and to study alterations
of disease related patterns(3l_33).

The aim of the present article is it to give a critical overview
on the advantages and limitations of the different approaches
which are currently used with particular emphasis on the
newly developed methods. We anticipate that it will help in
the interpretation of existing data and lead to the develop-
ment of improved strategies concerning the detection of
antioxidants.

The formation of ROS as well as their physical and chemi-
cal properties, their reactions with organic molecules and
their inactivation by antioxidants have been extensively
described in the scientific literature®*3®. Therefore, these
topics are confined in the present article to short descriptions
which are essential to understand the subsequent chapters.

Formation of reactive oxygen species (ROS)

Pro-oxidants (often termed as reactive oxygen species) can be
classified in two groups, namely radicals and non-radicals.
Radicals (O,, O, , OH, ROO’, RO, and NO) contain unpaired
electrons in the shells around the nucleus which causes the
high reactivity of these species (except O,), due to their ability
to donate or receive other atoms to obtain stability. Important
non-radicals comprise hyperchlorous acid (HOCI), hydrogen
peroxide (H,O,), organic peroxides, aldehydes and ozone
(03). The most relevant ROS as well as some of their main
reactions are shown in Fig. 1.

Superoxide (O, ), which is formed for example during
respiration in mitochondria (as a consequence of reduction
of oxygen required for APT production) forms at low pH
hydroperoxyl (HO,) which penetrates the cell membranes
more easily than the charged form®”*®. Enzymatic as well
as non-enzymatic dismutation leads to formation of hydrogen
peroxide (H,O,) which can be detoxified enzymatically (cata-
lase, glutathion peroxidase). H,O, molecules can damage cells
at low concentrations and degrade haem proteins and oxidise
DNA, enzymes, —SH groups and keto acids and are also the
source of more deleterious species such as HOCI and OH.
The latter radical is short lived and reacts at a high rate
with most organic molecules (DNA, amino acids, sugars, pro-
teins, lipids). Transition metals (first row of the D block of the
periodic table) contain unpaired electrons (except Zn) and can
therefore be considered as radicals. In particular copper and
iron are contained at relatively high concentrations in many
organisms. At physiological pH, most of the metals are
present in oxidised forms (Fe’', Fe*"), but after reduction
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Fig. 1. Different form of reactive oxygen species and their interaction with
organic molecules.

(e.g. by ascorbic acid or via the Haber-Weiss reaction
O, + Fe’™ — 0, + Fe?™), they can undergo “Fenton type”
reactions (e.g. Fe’™ + H,0, — Fe** +OH + OH™). These
two processes explain the formation of OH" in vivo. However,
it is notable that in organisms, metals are always bound to pro-
teins and membranes and it has been shown that they can
undergo in this state the aforementioned reactions and produce
OH at a single site and convert non-reactive radicals to highly
reactive species.

Nitric oxide (NO) is produced by oxydation of the terminal
guanidine-nitrogen atoms of arginine®®~*®. This reaction is
catalysed by nitric oxide synthetases (NOS, i.e. neuronal
NOS, endothelial NOS and inducible NOS). NO' can react
with different radicals, the most important reaction under
physiological conditions is the formation of peroxynitirite
(ONOO™) in which O; is involved®®**”. ONOO™ can
cause damage similar to that induced by OH*?.

The biological significance of the different ROS species has
been discussed quite controversially. Some authors suggested
that O, and NO' are the most relevant ones, while other
stressed that peroxyl radicals may be even more 1mp0nant(8)

Several exogenous factors contribute to oxidative stress.
Ionising radiation causes toxic effects in organisms primarily
via ionisation of intracellular water". Also non-ionising radi-
ation (UV light) can indirectly produce a variety of ROS
species including O3*?. Other major sources of exposure are
air pollutants such as cigarette smoke™®? and car exhausts*®,
drugs (bleomycin, doxorubicine)* as well as pesticides and
herbicides®® and industrial chemicals“”. Also pathogenic
microorganisms may produce oxygen species, but the most
relevant external source is nutrition as most of the foods we
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consume are oxidised and contain oxidants such as peroxides,
aldehydes, fatty acids and transition metals @34,

The most important endogenous processes of ROS pro-
duction are respiration processes in the mitochondria and the
massive continuous production of radicals is even increased
in ageing cells®™". Another source are white blood cells
involved in immune responses which can undergo a respira-
tory bust that is characterised by an up to 20-fold increase
of oxygen production®®®. During this reaction, NAPDH
serves as a donor of electrons which results in the production
of O, from oxygen. The enzyme myeloperoxidase catalyses
the production of HOCI by interaction between H,O,
peroxides and chlorides®*>.

Targets of oxidative damage

The continuous exposure to ROS from exogenous and endoge-
nous sources results in oxidative damage of many cell com-
ponents and alterations of cellular functions; some of these
changes can be used as markers of oxidative stress and to inves-
tigate putative protective effects of phytochemicals.

Proteins. Radicals react in particular with nucleophilic
amino acids for example with tryptophane, histidine and
cysteine(56’57). Apart from direct oxidation of SH-groups by
H,0, and O, , organic radicals may bind covalently to cellular
proteins which are part of cell membranes or have enzymatic
functions. One of the major adducts which can be easily
detected is 3-nitrotyrosine which is produced by interactions
between ONOO and other nitrogen reactive radicals with
the amino acid tyrosine(sg). Also relatively resistant amino
acids such as lysine and proline can be hydroxylated non-
enzymatically by OH®?,

It is also known that ROS can destroy peptide bonds and
cause drastic alterations of their structures resulting in changes
of their cellular functions (for review see®®). NO' reacts in
particular with Fe—S centres of proteins which transport
electrons and this affects the functions of mitochondria®?.
Another important feature is their reaction with thiol groups
of proteins; a typical example is the S-nitrosylation of caspases
which are part of cell signalling processes®".

Lipids. All cellular membranes are vulnerable to oxidation
due to their high concentrations of unsaturated fatty acids.
Damage of lipids by ROS (lipid peroxidation, LP) occurs in
three stages. In the first (“initiation phase”), double bonds of
fatty acids are attacked by radicals which leads to formation
of fatty acids radicals. During the “propagation”, a chain reac-
tion takes place which leads to continuous formation of these
radicals. The last stage (chain determination) occurs following
interactions ROO™ or with other radical types and/or antioxi-
dants (for a detailed description of LP see38:62:63) Important
marker molecules formed during LP are aldeydes and ketones,
for example malonedialdehyde (MDA) and 4-hydroxynonenal
(4-HNE) as well as the family of isoprostanes which are
excreted in the urine. Oxidation of fatty acids can be measured
with the relative change in the fatty acid pattern and the
formation of conjugated dienes.

Blood cholesterols can be oxidised by ROS to form
oxidised low density lipoproteins (LDL). The oxidative
modification hypothesis of atherosclerosis assumes that circu-
lating LDL particles are modified by oxidation and that these

particles are then taken up by macrophages inside the arterial
wall and form the start of atherosclerotic plaques©*®%.

DNA damage. ROS can damage DNA either directly or
indirectly (via LP). The major part of damage is attributable
to OH' radicals which interact either with the sugar phosphate
chain or oxidise bases and form reaction products such as thy-
mine glycol, 5-hydroxy-uracil and 8-hydoxy-desoxyguanosine
(8-OH-dG)®*%” Also NO' can damage DNA indirectly via
formation of peroxynitrite, another pathway of damage is
the formation of covalent bonds between radicals and nucleo-
bases38:68:69)

The most important indirect form of DNA damage is caused
by LP (for review see’?). Lipid radicals formed during the
chain reaction cause adduct formation, strand breaks and
DNA-protein crosslinks. The former lesions are also induced
by specific end products of the reaction such as alkenes
and alkanes”’"’® and numerous studies have been published
which concern the genotoxic effects of reaction products
such a MDA and 4-HNE"?. Nuclelotide- as well as base exci-
sion repair mechanisms (BER and NER) prevent the persis-
tence of oxidative lesions. Oxidised guanosine is removed
by the action of glycosylases such as 8-oxoguanine DNA gly-
cosylase 1 and 2 (OGG1 and OGG2); mispaired adenines by
MYH and MTHI1. NEIL glycosylases containing (3/8-elimin-
ation activities excise a broad range of oxidatively damaged
bases, including 5-hydroxyuracil (5-OHU), thymine glycol
(Tg), uracil, 8-oxoguanine (8-0x0G) and ring-fragmented pur-
ines”. Also pyrimidine derived lesions are a substrate of this
latter enzyme, important uracil specific enzymes are for
example UNG and SMUGI. A detailed description of repair
of oxidised DNA can be found in the articles of Sanderson
et al. ", Krokan ez al. > and Cooke et al. .

Oxidative stress, cell signalling and activation of transcription
factors

The exposure of organisms to ROS causes dramatic changes in
gene regulation patterns and protein synthesis. In lower
eucaryotes, e.g. in yeast the expression of up to 1/3 of the
genes is affected by oxidative stress””, mammalian cells are
somewhat less flexible but still hundreds of genes have been
identified which react towards oxidative damage. During the
last decades, complex signalling pathways have been discov-
ered which activate transcription factors involved in gene
regulation. The networks involved in ROS mediated cellular
responses have been described in a number of reviews 88
In the present article we will give a short overview on the
most important processes since the mode of action of dietary
antioxidants may involve changes of signalling pathways
which cause activation of cellular defence systems®.

Alterations of cell signalling pathways. Oxidants can
impinge signalling either by influencing redox dependent pro-
tein—protein interactions or via altering enzyme activities, i.e.
oxidations leading to inhibition of phosophor/serine/threonine-,
phosphothyrosine- and phospholipid-phosphatase3(82). The key
reactions which have been identified are interactions with
sulphydryl groups on their cysteine residues®®.

The intracellular responses can be grouped in two cate-
gories namely receptor-mediated ones and non-receptor
effects. Fig. 2 gives a schematic overview on the different
processes.

ssa.d Ansseniun abpriquuied Aq auljuo paysiiqnd 26596805 L LL000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114508965752

MS British Journal of Nutrition

ES6 S. Knasmiiller et al.

SO 1

Nucleus

Fig. 2. Impact of ROS on cell signalling and activation of transcription factors.

Growth factors and cytokines (e.g. TNF-q, IL-1) cause ROS
production in non-pathogenic cells and activate intracellular
receptor mediated signalling which affect mitogen activated
protein kinases (MAPKSs). Growth factor receptors are tyrosine
kinases (RTLs), apart from these, also non-receptor protein
kinases have been identified which are also activated by
ROS and belong for example to the Src family®”*®. Activated
Src binds to membranes and initiates MAPKSs, NfkB and PI3K
signalling pathways’®. Other important targets involved in
signalling are Ras (membrane bound G proteins involved
in the regulation of cell growth), protein tyrosine phosopha-
tases (PTP) and seronine/threonine kinases. The most import-
ant representative of the latter group is protein kinase C (PKC),
its catalytic site is a zinc finger domain containing
several cysteine rich regions which can be modified by various
oxidants®”.

MAPKs (for a detailed description see®”) relay signals
generated by exogenous or endogenous stimuli to intracellular
space via phosphorylation of proteins. During this process, the
kinases interact also with downstream mediators including
transcription factors®”. Studies on the upregulation of
MAPKSs have shown that these processes are type and stimuli
specific. For example, it was found that endogenous H,0O,
production by respiratory burst induces ERK but not p38
kinase®” while exogenous peroxide treatment activates the
latter enzyme(%).

Activation of transcription factors by ROS. The most sig-
nificant effects of ROS on MAPKSs concern the activation of
transcription factors which control the expression of protective
genes, arrest division of damaged cells and induce apoptosis
(programmed cell death).

~» Antioxidant enzymes
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i
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DNA ) - ";‘*Stress proteins

\ > Chaperones

AP-1 is a collection of dimeric basic region-leucine zipper
proteins which are for example induced by metals and
H,0,“*® and regulate cell growth, differentiation and
apoptosis.

NF«kB is a DNA binding protein which is sequestered in the
cytoplasm because of an interaction with a member of the
inhibitory IkB family. Activation via ROS causes dissociation
and allows NFkB to enter the nucleus and activate genes
involved in inflammatory responses, transformation and angio-
genesis(%). A number of investigations showed that that acti-
vation by different stimuli can be blocked by antioxidants
including N-acetlylcysteine, cysteine, vitamin E, thiols and
green tea polyphenolics”®.

Another important factor which plays a key role in protect-
ing cells from malignant transformation is p53, also termed a
“tumour suppressor” since it arrests cell cycle and induces
apoptosis®”. p53 is directly activated by oxidants and its
overexpression leads to increase of intracellular ROS levels.
One of the important functions of p53 is the up regulation
of proteins that play a role in ROS mediated apoptosis
namely ferrodoxin reductase (FDXR) and a novel stress-
response gene Redd1/HIF-1 originally isolated as an HIF-1-
response gene®®. It was shown in a number of in vitro studies
that antioxidants reduce apoptosis rates due to interaction with
p53(99’100). In a recent human intervention study we observed
a drastic reduction of the apoptosis frequencies in lympho-
cytes after consumption of wheat sprouts which is probably
due to antioxidant effects'°".

Two other transcription factors affected by ROS are nuclear
factor of activated T cells (NFAT) and HIF. The former
family regulates muscle growth and differentiation as well
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as cytokine formation and angiogenesis(%’]oz) ; while the latter

is a heterodimer controlling genes encoding for vascular endo-
thelial growth factor (VEGF), aldolase, enolase and lactate
dehydrogenase(lm).

Probably the most important contribution to cell defence
against oxidative stress is mediated through transcriptional
activation of genes via a cis-acting enhancer known as antioxi-
dant responsive element (ARE) which was discovered by
Pickett and co-workers"'**~'%® and identified in the 5'flanking
flanking regions of many genes. A number of studies showed
that the transcription factor Nrf2 which belongs to the CNC
(cap‘N’collar) basic leucine zipper family and is represented
in many tissues is the key mediator of ARE dependent acti-
vation'?19®) - Comparative investigations with genetically
altered rodents (Nrf2 + /4 and Nrf2 —/—) showed that
numerous genes are regulated by the element including
those which encode for protection against ROS such as gluta-
mate cystein ligase (GCL) which catalyses the rate limiting
step of glutathione synthesis, NADPH quinone oxidoreductase
(NQO), glutathione S-transferase (GST), aldehyde dehydro-
genase (ADH), glutathione peroxidase, glutathione reductase,
peroxiredoxin I (PrxI), superoxide dismutase (SOD), catalase,
and thioredoxin'®''?. Also enzymes which are involved in
the supply of reducing equivalents (e.g. glucose-6-phosphate
dedydrogenase) as well as xenobiotic drug metabolising
enzymes (e.g. CYPs), chaperones, and stress response proteins
are regulated by Nrf2¢''-112)

Recent investigations showed that the actin binding protein
Kelch-like Ech-associated protein (Keapl) regulates transcrip-
tion factor Nrf2 by controlling its stability and subcellular
localisation" 3~ 1% The disruption of the Keap-Nrf2 complex
by oxidative stress leads to Nrf2 accumulation in the nucleus
where it is associated with small MAF transcription factors
and mediates ARE dependent gene expression (see Fig. 2).

It is well documented that chemicals which release ROS
such as metals"'®!""” and vascular diseases (arteriosclerosis,
diabetes, chronic renal failure, preeclampsia) both cause
induction of the different transcription factors described
above!'®).

The interaction of phytochemicals with these processes has
been reviewed in several articles"'®~'" It was shown that
phenolics such as EGCG and resveratrol and spice ingredients
(e.g. capsaicin, curcumin) inhibit the transcription factors
NFkB, AP-1 and B-catenin-TcF signalling via interaction
with upstream signalling pathways (IKK phosphorylation,
MAPK phosphorylation and PI3K/Akt phosphorylation), in
parallel proinflammatory mediators (TNF-«, IL, PGE2 and
NO) and the activities of proinflammatory enzymes (COX 2,
iNOS) were reduced!'?. In the case of COX 2, it is known
that inhibition by synthetic compounds such as non-steroidal
anti-inflammatory drugs (NSAIDS) is paralleled by decreased
rates of colon and colorectal cancers in humans'?*'**_ On the
contrary, the induction of detoxifying enzymes (including
those which inactivate ROS) is due to activation of the trans-
cription factor Nrf2. Typical example for dietary antioxidants
which cause an induction of this transcription factor are
synthetic and tea specific phenolics, isothicoyanates and
sulforaphane(124), curcumin''> and flavonoids!?*'%7,

The molecular mechanisms by which phytochemicals inter-
act with signal transmission cascades are not precisely known.
It is supposed that the downregulation of transcription factors

may be due to the direct scavenging of ROS. In the case of
Nrf2 it was shown that the activation by sulforaphane and syn-
thetic alkylating compounds is due to modifications of
cysteine residues of Keapl, a sensor protein which regulates
Nrf2¢28=13D However it cannot be excluded that Nrf2 acti-
vation seen with certain phytochemicals may be due to release
of ROS; it is known that antioxidants (in particular phenolics)
can act under certain conditions as pro-oxidants.

Conventional and new methods for the detection of dietary
antioxidants

A large number of different techniques have been developed
to monitor oxidative damage and its consequences; these
approaches can be also used to identify dietary antioxidants
and their mode of action. These methods are often applied
in experimental systems in which oxidative stress is induced
by specific treatments or diseases. The most frequently
employed models are described in the next chapter; the fol-
lowing sections describe physics—based and biochemical
methods, techniques for the detection of oxidative DNA-
damage, approaches used to investigate alterations of signal-
ling pathways as well as the advantages and disadvantages
of -omics techniques (Fig. 3).

Induction of oxidative stress in biological systems

In experiments with subcellular fractions and in in vitro
experiments with cells, ROS are in most cases generated by
chemical reactions, for example with the xanthine/xanthine
oxidase system by hydroquinone oxidation®*13%13% which
generate O, . Transition metals such as copper and iron play
a major role in Fenton type reactions thereby forming
mainly OH radicals. Another frequently used approach is
the use of chemicals such as H,O,, #-butyl-hydrogenperoxide
or bleomycin which release O, and OH or of compounds
such as menadione*®, paraquatms), and plumbaginm(’)
which form O,.

Activated phagocytic cells produce oxygen radicals as part
of their defence system and a burst of ROS can be induced by
exposing such cells to bacteria, particles or certain chemicals;
one of the most powerful responses can be evoked with the
tumour promotor phorbol myristate acetate "),

Chemicals which generate ROS are rarely used in animal
studies due to their high reactivity. A more convenient way
to cause oxidative damage which has been also used in numer-
ous in vitro experiments is ionising radiation. Indirect
approaches are feeding of vitamin E deficient diets"*®, iron
overload"** or inhalation of oxygen(mo).

Organ specific inflammations can be induced with certain
chemicals; for example liver cirrhosis with CC14(]41) or thioa-
cetamide'*?, 2.,4,6-Trinitrobenzene sulfonic acid, oxazolone
and dextran sodium sulfate are used in models for inflamma-
tory bowel diseases'*?; diabetes can be caused by the anti-
biotic streptozotocin.

In the last years, a variety of genetically altered mice and rat
strains have been developed as models for ROS-related dis-
eases for example animals which are deficient in specific
SOD forms"** and GST isozymes"*¥.

Disease related models include those of ataxia-telangiecta-
sia'*, Alzheimer’s"*® and Parkinson’s"*”’ disease, ageing

ssa.d Ansseniun abpriquuied Aq auljuo paysiiqnd 26596805 L LL000S/ZL0L 0L/Bio 10p//:sdny


https://doi.org/10.1017/S0007114508965752

MS British Journal of Nutrition

ES8 S. Knasmiiller et al.

A
Lipids

UCEUUNI N =——— N\orthern blots

=——"— Microarray studies

Gene expression

Alteration of

Protein synthesis techniques

—

Fig. 3. Overview of different methods used for the detection of dietary antioxidants.

models"®. In addition, also rodent species have been deve-
loped which are deficient in specific genes encoding for
repair of oxidative DNA damage such as Oggl (449" and
Myh 159,

Most human studies on dietary antioxidants are carried out
with healthy volunteers. In this context it is notable that a
number of parameters such as age, sex, body mass index,
and seasonal variations were found to affect the redox
status and should be taken into consideration in dietary
studies'*>V. In the last years, a number of antioxidant studies
has been conducted in which oxidative stress was induced
by physical exercise""°*'"® or hyperbaric treatment">*
and also with patients with ROS related diseases such
as diabetes(155_157), HIV“SS), atherosclerosis and coronary
artery diseases''>”, (160-16D " yremia'®? or systemic
lupus erythematosus

cancer
(163)

Conventional methods used for the detection of oxidative
stress or for the identification of antioxidative dietary
components

This part of the review will focus on conventional methods
used to describe oxidative stress, and will be divided into
five parts namely (1) physics based approaches, (2) methods
used for the determination of the antioxidant compounds; (3)
biochemical methods used to monitor the oxidation of macro-
molecules and their oxidation products, (4) approaches for the
detection of ROS induced DNA-damage and (5) methods used
to measure antioxidant enzymes and transcriptional factors.
Trapping of reactive species. The only technique that can
measure free radicals directly and specify them is electron
spin resonance (ESR), because it detects the presence of

=——" Proteomics/Metabolics

‘— Detection of H-scavenging and reducing effects: oxygen radical absorbance capacity
(ORAC), total reactive antioxidant potential (TRAP), total oxyradical scavenging
capacity (TOSC), trolox equivalent antioxidant capacity (TEAC), ferric reducing
antioxidant power (FRAP) test, diphenyl-1-picrylhydrazyl (DPPH) test

(— Physical methods: electron-spin resonance (ESR), nuclear magnetic resonance (NMR)

———= 3' Nitrotyrosine, protein bound carbonyls, advanced oxidation proteins products

Lipid peroxidation: thiobarbituric acid reactive substances - malondialdehyde
——— (TBARS - MDA), conjugated dienes, low density lipoprotein (LDL) oxidation,

isoprostanes, breath hydrocarbons;

Aldehydes: 4-hydroxynonenal (4-HNE), hexanal, propanal

——=—= Classical methods: Micronucleus (MN) assay, sister chromatid exchange (SCE),
chromosomal aberration (CA) analyses, gene-mutation assays, prevention of base-
oxidation (8-OHdG), single cell gel electrophoresis assay (comet assay)

Conventional methods (e.g. reverse transcription polymerase chain reaction RT-PCR),

——= Conventional methods (enzyme measurements), Western blots, immunological

unpaired electrons. However, ESR can only be used to monitor
only fairly unreactive radicals, since reactive ones do not
accumulate at high-enough levels. One solution to this problem
is to add ‘traps’ or ‘probes’, i.e. agents that intercept reactive
radicals reacting with them to form a stable radical that
can be detected by ESR. Whole-body ESR techniques are
being used with rodents'®” but are currently not applicable
to humans due to the lack of human safety data on the
probes. A wide range of traps is available for use in
animals and cell culture systems, not only N-tertbutyl-
p-phenylnitrone (PBN) and 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO)"'®®  which were frequently used, but also
“newcomers” as 1,1,3-trimethyl-isoindole N-oxide (TMINO)(I“),
5,5-diethylcarbonyl-1-pyrroline  N-oxide (DECPO)!'®”, N-2-
(2-ethoxycarbonyl-propyl)-a-phenyl-nitrone (EPPN)"'®®, 5-diet
hoxyphosphoryl-5-methyl-1-pyrroline N-oxide (DEPMPO)'%>
and 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide
(BMPO)'®”. A generally underestimated problem is, that the
reaction products giving an ESR signal, can be rapidly removed
in vivo and in cultured cells, both by enzymic metabolism and
by direct reduction by agents such as ascorbate!’?.

Approaches to determine the total antioxidant capacity.
Two main approaches have been developed to evaluate the
antioxidant capacity in foods and human material (in particu-
lar plasma and LDL). The first measures the ability of a sub-
stance to transfer one electron to reduce compounds like
radicals, carbonyls or metals. The most popular tests which
belong to this category are the ferric iron reducing antioxidant
parameter (FRAP), the Trolox equivalent antioxidant capacity
(TEAC), and the diphenyl-1-picrylhydrazyl test (DPPH).
Methods which fall into the second category are based on
their ability to quench free radicals by hydrogen donation.
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Some scientists believe that these reactions are similar to the
reaction mechanisms of antioxidants''”". The most popular
methods are the oxygen radical absorbance capacity test
(ORAC), the total radical trapping antioxidant parameter
(TRAP), the total oxidant scavenging capacity (TOSC)
method (all measuring effects in the hydrophilic compartment
of the plasma) and the inhibition of linoleic acid and LDL
oxidation.

Free radical quenching methods. The ORAC assay, which
is based on the work of Ghiselli et al. (172), Glazer"'”® and Cao
et al. "’ measures the antioxidant inhibition of ROO" induced
oxidations. Therefore, it reflects the classical H donating
ability of antioxidants in the hydrophilic compartment. The
peroxyl-radical reacts with a fluorescent probe thereby
forming a non-fluorescent product which can be quantitated
by following the fluorescence over time. In earlier studies,
B-phycoerythrin was used as the fluorescent agent emitting
in the visible region (Exc 495nm, Em 595nm), but due to
shortcomings and inconsistencies of the results, fluorescein or
dichlorofluorescein are currently used, since they are less
reactive and more stable'’*. The antioxidative activity can be
expressed as the lag time or the net integrated area under
the fluorescence curve (AUC). ORAC values are reported as
Trolox equivalents. Originally, the ORAC assay was limited
to the measurement of hydrophilic chain breaking anti-
oxidant capacity. A newer protocol, in which lipophilic and
hydrophilic compounds are selectively separated by extraction,
allows now also the quantification of lipophilic antioxidants
using a mixture of acetone and water''’®. The advantage of
the ORAC assay is that it can be automated. Convincing results
have been obtained with 48 or 96 well plates coupled with
a microplate reader’’””. One important parameter is the tem-
perature control (37°C), as small temperature differences
decrease the reproducibility of the test!”®. A principal draw-
back of the test is, that the effect of oxidation of the photo-
receptor of the protein used does not necessarily reflect
protection against oxidative damage of the protein itself7).

The TRAP assay, proposed by Wayner ez al. "5 is based
on the use of 2,2'-azobis(2,4-amidinopropane)dihydrochloride
(AAPH), a hydrophilic azo-compound which generates
peroxyl-radicals. AAPH decomposes at 37°C spontaneously
with a known rate. Various substances like 2,2-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), R-phycoery-
thrin or 2'-7'-dichlorofluorescin (DCFH)!'3!~3% have been
used as oxidizable agents. A comprehensive review on the
different modifications has been published by Ghiselli
et al. "®¥_ The basic reactions of the procedure are similar
to those of the ORAC assay. The probe reacts with ROO’ radi-
cals at low concentrations with a significant spectroscopic
change in between the native and the oxidized sample and
no radical chain reaction beyond sample oxidation should
occur. The antioxidant capacity is determined as the time
required to consume all antioxidants by extension of the lag
time for appearance of the oxidized probe when antioxidants
are present. TRAP values are usually expressed as the lag
time of the sample compared to the corresponding times for
Trolox. The test is relatively complex to perform, requires
experience and is time-consuming. The use of the lag phase
is based on the assumption that all antioxidants show a lag
phase and that the lag phase corresponds to the antioxidative
capacity.

One drawback of TRAP and ORAC is the interference of
proteins which contribute by = 80 % to the total antioxidant
capacity'’>!89_ Therefore, Trolox can be used as an internal
standard or the samples must be deproteinized prior to the
measurements.

The TOSC assay was initially used for environment
related studies on marine organisms(185’186). It is based on
the inhibition of the radical-dependent formation of ethylene
from ketomethiolbutyric acid by antioxidants. This procedure
permits testing against three different ROS species (i.e.
peroxyl-, hydroxyl-radicals as well as peroxynitrite) with
physiological relevance and different reactivities. It can be
conducted at physiological temperature and pH; non-linear
concentration-dependent activity variations can be examined
easily and different types of antioxidant reactions (retardant
or fast-acting) can be distinguished. However, high throughput
analyses are not possible and multiple injections of each
sample are required in order to observe ethylene formation.
Further limitations are the multiple endpoints of calculated
20, 50 and 80% TOSC and the DTsq (first derivative of
TOSC of 50 %) since it was shown that there is no linear
relationship between the different multiple endpoints(187).

The chemiluminescence assay (CL) is a modification of the
TRAP assay. Radical formation is followed by CL or photo-
CL (PCL). CL is characterized by low emission intensity
and by the fact that reactions with oxidants emit CL. The
most widely used marker is luminol 88189 but also biumines-
cent proteins like pholasin are becoming popular(lgo_lgz). The
antioxidant capacity is the time of depressed light emission,
which is measured at 10 % recovery of light output.

Recently Popov et al. (93 have described the PCL, a com-
mercial test system termed PHOTOCHEM for the determi-
nation of the integral antioxidative capacity towards 02(193).
In a strict sense, the method measures antiradical capacity.
In contrast to many other assays used to determine AOC,
this procedure requires no standardisation of the pH and of
the temperature. However, to date, the system is only mar-
keted by one company (Analytic Jena, Germany) and reagents
for the hydrophilic and lipophilic assays are only available
from the manufacturer; furthermore, a high throughput is not
possible. Ascorbic acid is normally used for the determination
of hydrophilic and Trolox for the lipophilic antioxidative
capacity.

Low-density lipoprotein (LDL) oxidation is based on the
autoxidation of linoleic acid or LDL which is induced
in vitro mainly by Cu®*" or some other azo-initiators'**~ 9%
LDL-oxidation is of higher physiological relevance when
tested under in vivo conditions and not ex vivo. The oxidation
is monitored at 234 nm for conjugated dienes or by peroxide
values for lipid hydroperoxides. LDL has to be freshly isolated
from blood which is a time- and material-consuming pro-
cedure which requires ultracentrifugation. During the prep-
aration, low temperature and light protection are
essential'®”. Further, conjugated dienes can be formed in pre-
sence of polyunsaturated fatty acids.

Recently, fluorescence and UV based ELISA assays with
plasma became available, for which no complicated and
time consuming LDL isolation is needed. This methods can
also be used for larger human trials. Also the procedure deve-
loped by Holvoet er al. "®® who measured oxidized LDL
levels by a competitive ELISA utilizing a specific murine
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monoclonal antibody (mAb-4E6) based on UV is employed
quite often at present’*®. The AOC is determined in all
these experiments either as AUC or as the lag time until the
antioxidants are consumed. An important modification was
developed by Frankel er al. '®” who determined the second-
ary oxidation product hexanal from LDL. Hexanal was
chosen, since it is the major oxidation product of n-6 fatty
acids and is monitored with head space gas chromatography,
the percentage inhibition of hexanal formation is used as a
parameter for AOC. In many ex vivo studies LDL was iso-
lated, subsequently the substances were added and tested on
their ability to delay oxidation. This scenario does not reflect
in vivo conditions. Furthermore, not all oxidation inducers
which are used ex vivo can be used for in vivo testing'”.

The Crocin bleaching assay monitors the protection of
AAPH-induced crocin bleaching, by antioxidants®*”. Crocin
is a mix of natural pigments and absorbs, similar to carote-
noids, at 450 nm. Therefore, the interpretation of the results
can be complicated in experiments with food samples.
Initially, the test was used for the analysis of plasma
samples®”". One of its limitations is that crocin is not
commercially available, but high sample throughput with
microplates is possible.

Single electron transfer methods. In these assays, the
sample itself is an oxidant that abstracts an electron from
the antioxidant, thereby causing colour changes which are pro-
portional to the AOC. When the change of absorbance is
plotted against the antioxidant concentration, the slope of
the curve reflects the total reducing capacity. In contrast to
the methods described in the last chapter, no oxygen radicals
are present in the system; therefore, it can be assumed that the
reducing capacity is equal to the antioxidant capacity.

The TEAC-assay is a spectrophotometric test which was
developed by Miller et al. ®®®. 22-Azinobis(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS) is oxidized by ROO" to
a green-blue radical cation. The ability of antioxidants to
delay colour formation is expressed relative to Trolox. Orig-
inally, the test used metmyoglobin and H,O,, and the ABTS
radical was measured at 734 nm. Meanwhile, various modifi-
cations have been developed(203’204). After generation of the
ABTS radical, the sample to be tested is added, subsequently
other chemicals like manganese dioxide, ABAP, potassium
persulfate or enzymes are used to generate the ABTS rad-
ical!7%-202203-209 " Temperatures higher than 37°C, which are
not physiological and different absorption maxima (415, 645
734 or 815nm) are frequently used. Depending on the proto-
col, the decrease or increase in ABTS radical absorbance in
presence of the test sample or Trolox at a fixed time point is
measured and the antioxidant capacity is calculated as
Trolox equivalents. ABTS is not a physiological substance.
It reacts fast with aqueous and organic solvents and substances
with a low redox potential show a good response. Therefore,
phenolic compounds or ascorbic acid react quite well with
ABTS whereas lipophilic compounds respond more weakly.
The test can be adapted to microplates and is not restricted
to a narrow pH range, but high haemoglobin concentration
in the plasma may interfere with the measurements.

The FRAP assay determines the reduction of 2,4,6-tripyri-
dyl-s-triazine (TPTZ) in plasma to a coloured product®®
and has also been adapted for food samples®®’?"®_ Similar
to the TEAC assay, compounds with a redox potential

<0-7V are detected. FRAP not enable to monitor compounds
that quench radicals like proteins or thiol compounds such as
glutathione (similar to all the “reducing assays”) and can
therefore underestimate the AOC. In order to maintain the
solubility of Fe, the assay is conducted at acidic conditions
(pH of 3-6). Most redox reactions take place within a few min-
utes, therefore both tests consider most of the substance
effects (like polyphenols) but not all, since some substances
have longer reaction times''”®. This was recently shown for
polyphenols like caffeic-, tannic-, ferulic- or ascorbic acids,
where the absorption steadily increased for hours®*®. Since
the test reflects only the reducing potential and does not con-
sider H transfer, it should only be considered in combination
with other methods to give a more complete picture. Similar
to the TEAC, it is a relatively easy test procedure, can be
done manually or fully automated and requires no expensive
equipment.

The copper reducing assay (CUPRAC, AOP-90) is a modi-
fication of the FRAP in which iron is replaced by Cu; Cu*" is
reduced to Cu't@'”. The assay is conducted at 490 nm with
bathocuprine, or at 450nm with neocuproine. Results are
expressed as uric acid equivalents. Since copper has a lower
redox potential than iron, but enhances the redox cycling
potential, its pro-oxidative potential can be more sensitive''’>.
The limitations regarding the underestimation of slower reac-
tive molecules is similar to the other assays but one of it
advantages is that almost every antioxidant including thiols
can be detected”.

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical used in
the DPPH-assay is stable, deep purple, commercially avai-
lable and has not to be generated. The test was developed
by Brand-Williams ez al. *'". The loss of DPPH colour at
515nm after reaction with test compounds is measured
either by decrease of absorbance or by electron spin reson-
ance®'?. The concentration of a 50 % decrease of the DPPH
radical is defined as ECso, the time to reach it as Tgcso.
Since the DPPH assay uses a wavelength of 515nm, it can
interfere with substances with a similar spectrum like carote-
noids®'®. The test considers both, electron transfer as well
as hydrogen (H) transfer reactions with the focus on the
prior. Again, smaller molecules have better access to the rad-
ical site and contribute to a higher extent to the AOC"”. The
test procedure itself is quite simple and fast and requires only
a spectrophotometric device.

For all the electron transfer tests it can be assumed that they
“overestimate” smaller molecules and hydrophilic substances
like ascorbic acid, uric acid or polyphenols and reflects not
always the situation in the organism(zm).

From the evaluation of the different assays it becomes clear
that no single test reflects the overall antioxidative capacity of
antioxidants. Both hydrophilic and lipophilic activities must
be considered, as well as H transfer and single electron trans-
fer mechanisms and additional tests which reflects the inacti-
vation of various reactive oxygen/nitrogen species are
needed to fully estimate the AOC (Table 1).

Oxidation of macromolecules

Biomarkers of lipid oxidation. Cell membranes are highly
susceptible to LP due to their specific composition which is
charactesized by high amounts of polyunsaturated fatty acids
(PUFAs)®!'®. LP oxidation is a chain reaction (see above)
and leads to structural and functional damage of membranes
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Table 1. Comparison of methods used to determine the total antioxidant capacity (TAC)

Test systems Principle Endpoint Biological relevance  Simplicity/throughput*  Number of studies with dietary antioxidantst
ORAC H-transfer Lag time AUC +++ ++/+++ 156
TRAP H-transfer Lag time +++ - = /- - 270 TRAP
TOSC H-transfer AUC DTsg ++ /= - = 23 TOSC
CL/PCL Not known Lag time AUC ++ +/= = CL 2445
PHOTOCHEM 11
LDL Oxidation  H-transfer Lag time +++ uc: - -/— - LDL-oxidation 2357
— (in vitro) ELISA: ++/++
TEAC Electron-transfer A Optical density — — ++/++ TEAC 217
TAC 133
FRAP Electron-transfer A Optical density —— — ++4+/4++ FRAP 173
CUPRAC Electron-transfer A Optical density — — +++/+4++ 6
DPPH Electron-transfer A Optical density — — +/+ DPPH 1061

CL, chemiluminescence assay; CUPRAC, cupric reducing antioxidant capacity; DPPH, 2,2-diphenyl-2-picrylhydrazyl assay; ELISA, enzyme-linked immunosorbent assay;
FRAP, ferric reducing ability of plasma; LDL, low density lipoprotein; ORAC, oxygen radical absorbance capacity test; PCL, photo-chemiluminescence assay; TEAC, trolox
equivalent antioxidative capacity; TOSC, total oxidant scavenging capacity; TRAP, total radical trapping antioxidant parameter.

* +,++,+++, positive; —, — —, — — —, negative; UC, ultracentrifugation.

1 Number of antioxidant studies conducted with the different methods identified by use of a computer aided search (Scopus database).

as well as to the formation of lipid hydroperoxides which are
unstable and degrade to various secondary oxidation products.

The formation of malondialdehyde (MDA) is the most
widely used parameter of PUFA peroxidation in the thiobarbi-
turic acid-reacting substances (TBARS) assay. One of the
oldest and still most widely used methods is based on the pre-
cipitation of protein nearly at boiling conditions®'®. The
samples are heated for 1h with TBA at low pH and the
pink chromogen formed absorbs at 532 nm. The sample prep-
aration has been criticized since it is far from physiological
conditions and not the free MDA in the original sample is
measured but the amount generated by decomposition of
lipid peroxides during heating®'”. Furthermore, it is known
that also other compounds like sugars, amino acids or bilirubin
are able to react with TBA®'®. The sensitivity of the test can
be increased by combining it with HPLC to separate such
compounds before acidic heating®'?.

In the last few years, several innovations have been intro-
duced to improve the specificity of the test and to reduce
known bias. In particular the temperature at the deproteniza-
tion step has been reduced to physiological conditions. In
addition, several methods have been developed which do not
require derivatization®%*?" or new derivatization agents
like 2.4-dinitrophenylhydrazine®? or diaminonaphtha-
lene®*. Very recently, GC/MS based methods have been
developed which possess high sensitivity showing an overesti-
mation of MDA levels*****>_ Although it is questionable
whether MDA measurements are a reliable method for LP,
it is well documented by a large number of studies that
increased levels are found in patients with ROS related
diseases®*®.

The first step of PUFA oxidation is the conjugation of
double bonds leading to formation of conjugated dienes
(CD) which absorb at around 234nm. They can either be
absorbed by lipids but also in plasma samples. The plasma
preparation is more physiological and requires no heat treat-
ment. In plasma samples, CD are usually analysed with
HPLC-UV detection®*”. Determination of the diene levels
cannot be used alone to describe oxidative stress, but when
measured with HPLC-CD, the findings can support results
obtained with other more reliable parameters of oxidative

stress. Although MDA and CD are both primary oxidation
products, they can develop differently in the same sample
due to different mechanisms of formation®*®.

Isoprostanes are stable oxidation products from arachidonic
acid, initially formed from phospholipids and released into
circulation before the hydrolyzed form is excreted in
urine®?. A large number of endproducts can theoretically
be generated but interest has focused mainly on F,,-isopros-
tanes™”; the must promising marker for oxidative stress/
injury being 8-prostaglandin Fo PV, At present it is regarded
as one of the most reliable markers of oxidative stress,
although the presence of detectable concentrations of
isoprostanes in biological fluids requires continuous lipid per-
oxidation?. Several favourable characteristics make iso-
prostanes attractive as reliable markers for oxidative stress,
i.e. they are specific oxidation products, stable, present in
detectable quantities, increased strongly at in vivo oxidative
stress, and their formation is modulated by antioxidants®*",
Various approaches such as gas chromatography—mass spec-
trometry (GC-MS), GC-tandem MS, liquid chromato-
graphy—tandem MS and immunoassays are available for the
detection of F,u-isoprostanes®*>. The first results were pro-
duced by use of the MS technique, and various isoprostanes
can be separated with this method®*. Recently, immunoas-
says have been developed which correlate apparently quite
well with the results obtained with GC—MS measurements
in urine but some discrepancies might occur with plasma
samples when they were not tested on cross reactivity with
other prostaglandin metabolites'>®?. Nevertheless, their use
might be appropriate in intervention studies with various
blood samplings from the same subject, thereby focusing not
on absolute levels but on relative changes.

The measurement of breath hydrocarbons is a non-invasive
method which allows to determine LP through exhaled breath
by measuring trace volatile hydrocarbons(23 4 Ethane formation
results from n-3 oxidation, pentane formation is caused by n-6
oxidation. Although the data reported on their consistency
to describe LP are quite convincing, the limiting factor is
their detection. They are mainly employed with GC—FID, but
one concern is the background level in the breath since
bacteria were shown to produce significant amounts of theses
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hydrocarbons in vivo 3% Furthermore, the separation of differ-
ent hydrocarbons is not easy due to similar boiling points**®.

Aldehydes represent stable products of PUFA oxidation.
4-Hydroxynonenal (4-HNE) and hexanal are mainly formed
by n-6 fatty acid oxidation, while propanol and 4-hydroxyhexe-
nal result from n-3 fatty acid oxidation'****7**®_High concen-
trations of 4-HNE have been shown to trigger well-known toxic
pathways such as induction of caspases, the laddering of geno-
mic DNA, and release of cytochrome ¢ from mitochondria,
which may lead to cell death®?. The most frequently used
methods for determination of the aldehydes are GC-MS,
GC-head space or HPLC®*?. Also polyclonal or monoclonal
antibodies directed against 4-HNE-protein conjugates are now
frequently used for 4-HNE measurements®*").

Biomarkers of protein oxidation. Markers of protein oxi-
dation are less frequently used than lipid oxidation parameters
(Table 2). They are mainly applied in combination with LP
markers, although their formation has been associated with
several diseases®*?.

Formation of protein bound carbonyls is most abundant
endpoint used to monitor protein oxidation®***** by a con-
ventional colorimetric assay using 2,4-dinitrophenylhdra-
zine®*. The test is easy to perform, but large quantities of
solvents are required. Recently, an ELISA method has been
developed and the results correlated well with the spectropho-
tometric method**?,

Advanced oxidation protein products (AOPP) are predomi-
nantly albumin and its aggregates damaged by oxidative
stress?*”. They contain abundantly dityrosines which cause
crosslinking, disulfide bridges and carbonyl groups and are
formed mainly by chlorinated oxidants such as hypochloric
acid and chloramines resulting from myeloperoxidase
activity®®, AOPP have several similar characteristics as
advanced glycation endproducts-modified proteins. Induction
of proinflammatory activities, adhesive molecules and cytokines
is even more intensive than that caused by advanced
glycation end products (AGEs). They are referred to as markers
of oxidative stress as well as markers of neutrophil acti-
vation®*®. Protein oxidation products mediated by chlorinated
species (HOCI) generated by the enzyme myeloperoxidase
were found in the extracellular matrix of human atherosclerotic
plaques and increased levels of advanced oxidation protein
products were postulated to be an independent risk factor for
coronary artery disease*?>"). AOPPs are expressed as chlora-
mine-T equivalents by measuring absorbance in acidic
conditions at 340 nm in presence of potassium iodide. The test
is easy to perform and can be carried out with microprobes.

Markers of oxidative DNA damage used in studies with diet-
ary antioxidants. During the last fifty years, a broad variety
of genotoxicity test procedures have been developed which are
used for routine testing of chemicals, in environmental
research and also in human studies concerning the impact of
occupational exposure, lifestyle factors and nutrition on
DNA-integrity. Due to the conservative structure of the gen-
etic material, mutagenicity experiments can be carried out
with a broad variety of indicator organisms including bacteria,
yeasts, plants, invertebrates including Drosophila, laboratory
rodents and also with cultured mammalian cells*3?~2%,
The advantages and limitations of the different methods for
the detection of DNA-protective dietary factors have been
described by Knasmiiller and coworkers®>~2" One of the

Table 2. Main biomarkers for lipid and protein oxidation

Number of studies with dietary antioxidants*

Simplicity/throughput/importance

Biological system

Methods

Marker

Test

TBARS-3570; 16 %iv; 53 %an; 31 %hu
MDA-16 255; 14 %iv; 53 %an; 33 %hu

GC-MS: —/+/+

HPLC: +/+/—
-

Plasma/serum, cells

HPLC
GC-MS

Lipid oxidation

TBARS/MDA

Conjugated dienes with HPLC-68; 29 %iv; 23 %an; 48 %hu

HPLC Foods, plasma, cells

Lipid oxidation
Lipid oxidation

Conjugated dienes

F2-lsoprostane-260; 12 %iv; 34 %an; 54 %hu

GC-MS: —/—/+

Plasma/serum, urine

GC-MS
ELISA

GC

F.-Iso-prostanes

ELISA: —/+/+
+i-1+

299; 24 %an; 76 %hu

Exhaled air

Lipid oxidation
Lipid oxidation

Breath hydrocarbons

Aldehydes

4-HNE-389; 12 %iv; 52 %an; 36 %hu

HPLC: +/+/+
GC-MS: —/—/+

Plasma, LDL, urine

HPLC
GC-MS

Protein carbonyls-355; 26 %iv; 31 %an; 43 %hu

Photom: +/+/—

Plasma

Photom
ELISA
ELISA

Protein oxidation

Protein bound carbonyls

ELISA: +/+/—
+/+ 1+

AOPP-196; 19 %iv; 12 %an; 69 %hu

Protein oxidation Plasma, urine

AOPP

AOPP, advanced oxidation protein products; CD, conjugated dienes; GC/MS, gas chromatography—mass spectrometry; ELISA, enzyme-linked immunosorbent assay; 4-HNE, 4-hydroxynonenal; HPLC, high-performance liquid chroma-

tography; MDA, malondialdehyde; TBARS, thiobarbituric acid reactive substances. Distribution of the total studies to in vitro (iv), animal (an) and human (hu) studies: iv%, percentage in vitro; an%, percentage animal studies;

%hu, percentage human studies.
*The number of antioxidant studies conducted with the different methods was assessed by use of a computer aided search (Scopus database).
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main problems (which is encountered also relevant for studies
of the effects of dietary antioxidants) encountered in experi-
ments with mammalian cells and lower organisms concerns
the inadequate representation of the metabolism of the test
compounds which may lead to results which cannot be
extrapolated to humans. Nevertheless, all these methods
have been used to study oxidative DNA-damage and to
investigate putative protective effects of phytochemicals.
At present, the most widely used endpoints are gene muta-
tion assays with bacteria and mammalian cells (Salmonella
typhimurium/microsome test, HPRT gene mutation assay),
chromosome analyses in metaphase cells which can be con-
ducted with stable cell lines (e.g. CHO, V79) and lymphocytes
in vitro but can be also scored in in vivo and ex vivo exper-
iments with blood cells. Another important endpoint are
micronuclei which are formed as a consequence of chromo-
some breakage (clastogenicity) and aneuploidy and are less
time consuming to evaluate as chromosomal aberra-
tions***®_The most frequently used approaches to monitor
antioxidant effects of dietary factors are described in the sub-
sequent chapters.

The most widely used bacterial mutagenicity test procedure
is the Salmonella/microsome assay, which has been developed
by B. Ames in the 1970s*°”. The test is based on the detection
of back mutations in specific genes which encode for histidine
biosynthesis. One of the disadvantages of the initial set of tester
strains was, that none of them was highly sensitive towards oxi-
dative effects, therefore new polyplasmid strains (TA102 and
TA104) were constructed which are in particular suitable for
the detection of mutagenic effects caused by ROS®®”. Since
the target gene is located in these strains (in contrast to the clas-
sical tester strains) on plasmids, it can be easily lost and due to
the high spontaneous reversion rates many groups encountered
difficulties with these derivatives. Nevertheless, the Salmonella
strains are at present widely used in antioxidant experiments;
mutations are induced either by radiation or chemically and
putative protective compounds or complex mixtures are
plated on histidine free selective media plates together with
the indicator bacteria. After incubation, the differences in the
numbers of his™ revertants serves as an indication of protective
effects. The test procedure has been standardised for routine
testing of chemicals (see for example OECD guideline
471(26”) and the criteria which have been defined (sufficient
number of plates, inclusion of positive and negative controls,
testing of different doses) can also be applied for the detection
of antioxidants. One of the problems which affects the
reliability of the test results, concerns the fact that false positive
effects may be obtained with compounds which cause bacteri-
cidal or bacteriostatic effects since these parameters are not
monitored under standard conditions. A typical example are
the protective effects seen with cinnamaldehyde®®®. With
complex dietary mixtures, difficulties may be encountered
due to their histidine contents®®>.

Apart from the Salmonella/microsome assay, also a number
of other bacterial genotoxicity tests have been developed
which are less frequently used, e.g. assays, based on the
scoring of backward or forward mutations with E. coli strains,
tests based on the induction of repair processes, such as umu
and SOS chromotest or differential DNA-repair assays based
on the comparison of the survival of strains differing in
their DNA-repair capacity®®.

Single cell gel electrophoresis (SCGE) assays are based on
the determination of DNA migration in an electric field which
leads to formation of COMET shaped images. In the initial
version, the experiments were carried out under neutral
conditions which allowed only the detection of double
strand breaks®®?. Subsequently, Tice er al. *®® and Singh
et al. ?%® developed protocols for experiments in which the
cells are lysed under alkaline conditions (pH > 13), which
enables the additional detection of single strand breaks and
apurinic sites. One of the main advantages of this test
procedure is, that it does not require cell divisions (which
are a prerequisite for gene mutation and micronucleus exper-
iments), therefore only short incubation periods are required
so that not only stable cell lines can be used for in vitro
studies but additionally also primary cells from different
organs. Furthermore, it is also possible to carry out in vivo
experiments with rodents and to study effects in a broad var-
iety of tissues®®*”. In most human studies, peripheral lympho-
cytes have been used as target cells, few experiments were
conducted with exfoliated epithelial cells®*®~2"" which are
problematic due to their low viability. Very recently, also
results from a human intervention trail with antioxidants
were reported in which bioptic material from the colon was
analysed?’?.

Collins et al. developed in the 1990s a protocol in
which isolated nuclei are treated with lesion specific enzymes
(endonculease III, formadidopyrimidine glycosylase, FPG).
This approach has been used intensely to study the prevention
of endogenous formation of oxidised purines and pyrimidines.
However, it is crucial in these experiments to determine the
optimal amounts of the enzymes due to their instability.
More recently, Collins and coworkers published an additional
modified version of the SCGE test which enables to monitor
the impact of compounds on the repair capacity of the
cells®’*?7 and it was shown in a few model studies that anti-
oxidants may alter DNA-repair processes(276’277). In order to
obtain information concerning alterations of the sensitivity
towards exogenous ROS mediated damage, it is possible to
treat the cells with H,O, other radical generating chemicals
or radiation (ROS-challenge).

In the guidelines published by Tice er al. **> and Hartmann
et al. (278), a number of criteria are defined which are essential
to obtain reliable results. They concern for example the
number of parallel cultures and cells which are required in
in vitro studies, the number of animals and treatment periods
and also adequate statistical methods. It was generally agreed,
that different parameters such as tail lengths of the comets, as
well as percentage DNA in tail and tail moment are acceptable
and that apart from automated image analysis systems also
manual scoring methods are acceptable®’”. An important
point which is also relevant for antioxidant studies concerns
the fact that multiple doses should be tested to substantiate
effects and that it is necessary to monitor acute toxic effects.
It is well documented that cell death leads to degradation of
DNA, therefore it is essential to determine the viability of
the cells after treatment with appropriate methods in in vitro
experiments and to monitor toxic effects in inner organs by
histopathology®’® and exclude conditions under which
strong acute effects are observed in animal experiments.
These criteria are fulfilled in most recent studies, but not in
a number of older investigations.

(273)
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The SGCE technique has been used in numerous in vitro
investigations to study antioxidant effects of individual com-
pounds and complex mixtures in stable cell lines and in
human lymphocytes. Typical examples are investigations of
flavonoids by Anderson and coworkers with blood and
sperm  cells®®%28D " experiments concerning antioxidant
effects of coffee and its constituents(zgz), studies on the protec-
tive effects of tea catechins®®*?*¥ to name only a few. Also
quite a substantial number of in vivo studies with labora-
tory animals have been published, e.g. with carotenoids®®,
quercetin®®®, vitamins E and C?*”) and garlic 0il®®®.

The results of human studies are described in the reviews of
Moller & Loft®**=2*Y Most of them were conducted as inter-
vention trails which have the advantage that inter-individual
variations can be reduced. In total, 76 investigations have
been published since the first trial was conducted by Pool-
Zobel et al. in 1997%°%. Evidence for antioxidant effects
was observed in approximately 64 % of the studies (25/39);
the highest number of protective effects concerned the preven-
tion of endogenous formation of oxidised pyrimidines, (39 %
of the trials, 7/19), while in few studies evidence for reduced
sensitivity towards ROS and protection against formation of
oxidised purines was found. The lowest rate of protective
effects was seen when the SCGE analyses were carried out
under standard conditions (i.e. without ROS challenge and
enzymes). Clear evidence for protective effects was observed
for example in experiments with lycopene and tomatoes**®,
cruciferous and leguminous sprouts(294) and carotenoid sup-
plementation®>. In our own experiments we found strong
protective properties of sumach (a common spice) and its
main active principle gallic acid®®®, wheat sprouts(lm), after
consumption of coffee® and in experiments with Brussels
sprouts®””. The latter observation is of particular interest;
since no effects were seen in a large intervention trial in
which the participants consumed 600g of fruits and veg-
etables/d**® our findings may be taken as an indication that
coffee intake may contribute to a higher extent to ROS protec-
tion than plant derived foods.

Moller & Loft (2004) discuss in their papers also the possi-
ble shortcomings of intervention trails and emphasize the
importance of controlled study designs which should include
a sufficient number of participants and additionally also
either placebo groups or washout periods(zgo). These latter cri-
teria are not fulfilled in some of the older studies.

Micronucleus (MN) experiments have nowadays largely
replaced conventional chromosomal aberration (CA) analyses
(which have been used extensively in the past to study
protective effects of antioxidants towards radiation and
chemically induced DNA-damage) as they are less time con-
suming and laborious. Both endpoints can be used in in vitro
experiments with cell lines and lymphocytes; one of the most
promising newer developments is the use of human derived
liver cell lines (HepG2, HepG3 etc). HepG2 cells have
retained the activities of drug metabolising enzymes includ-
ing those which metabolise plant specific antioxidants and
thus may reflect the effects in humans more adequately
than cell lines which are commonly used in genetic toxi-
cology (for reviews see??9 730Dy

The most widely procedure used in animal experiments is
the bone marrow MN assay. Since it is problematic to
induce MN with chemical oxidants in vivo, most experiments

were conducted with radiation. Standardised guidelines have
been published for this test system, e.g. by OECD®’?, and
one of the most important parameters relevant for AO studies
is the treatment period. It is also notable, that one of the main
shortcomings of this test is due to the fact that reactive
molecules may not reach the target cells; this explains why
negative results were obtained with a number of potent
genotoxic carcinogens, also antioxidant effects may not be
detected due to this limitation. Typical examples for AO
studies in which this assay was used are experiments with
epigallocatechin gallate, vitamin C, lipoic acid, ubidecarenone
or coenzyme Q(10)©@03-308)

The development of the cytokinesis block micronucleus
(CBMN) method by Fenech et al. (09319 gllows to monitor
MN formation in peripheral blood cells in vitro and can be
also used in dietary human studies with lymphocytes. It is
based on the use of the mitogen phytohaemagglutinin (which
stimulates nuclear division), in combination with cytochalasin
B (which stops cellular division), so that MN can be scored
in binucleated cells. Typical examples for the use of this
approach are supplementation studies with vitamin C and
intervention trials with red wine(311_313), in vitro experiments
with wine specific phenolic compounds(3 D as well as tests
with the antioxidant drugs amifostine and melatonin®'?.

More than 100 different oxidative modifications of DNA
have been described in the literature®'® and it is notable
that oxidative adducts occur at a frequency of 1 or more
orders of magnitude higher than non-oxidative adducts®'”.
The dominant oxidative modification of DNA is 8-hydroxy-
lation of guanine, which leads to formation of 8-oxo-7,8-dihy-
dro-2-deoxyguanosine (8-oxodG). In most studies, this
oxidation product was measured in urine and in leukocytes,
but it is also possible to monitor it in various inner organs,
e.g. in liver, lung and kidneys(318_32”. The first investigations
were conducted in the late 1980s°*® and a number of differ-
ent methods have been developed namely gas chromatography
coupled with mass spectrometry(323), liquid chromatography
prepurification followed by gas chromatography coupled
with mass spectrometry(324), liquid chromatography coupled
with tandem mass spectrometry(325), high-performance liquid
chromatography ~ with electrochemical ~detection®*6~2%)
high-performance liquid chromatography with mass spec-
trometrymg) and enzyme-linked immunosorbent assay based
methods®*?,

It is well known that guanine is easily prone to oxidation if
stringent precautions are not taken during preparation of
samples for analysis**", therefore much of what is measured
could be artefacts. In order to prepare compounds for analysis
by gas chromatography coupled with mass spectrometry
which enables the simultaneous analysis of a number of diffe-
rent adducts®*?, DNA is chemically hydrolysed and con-
verted into a volatile form by derivatization with a suitable
reagent. This reaction is normally carried out at high tempera-
ture. During the derivatization reaction, oxidation occurs to an
extent that overwhelms the amount originally present®¥ =%
Generally speaking, gas chromatography coupled with
mass spectrometry estimates of DNA oxidation have been
higher than high-performance liquid chromatography with
electrochemical detection estimates by about a factor of
10°*¥. The cause of this difference (an overestimate due to
artificial oxidation with gas chromatography coupled with
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mass spectrometry vs an underestimate due to inefficient
enzymatic digestion with high-performance liquid chromato-
graphy with electrochemical detection) has now been
settled®. In addition, GC/MS analyses are difficult to
perform, labour-intensive and exhibit poor sensitivity or
inadequate specificity when they are used to test urinary
samplesm(’). After enzymatic hydrolysis of DNA to nucleo-
sides it is possible to analyse the probes with chromatography
by high-performance liquid chromatography(”s). 8-Oxo0-dG
and its corresponding base 8-oxo-Gua are electrochemically
active, lending themselves to sensitive -electrochemical
detection. The relative simplicity and sensitivity of high-
performance liquid chromatography with electrochemical
detection of 8-oxo-dG have made it the most popular
method for monitoring of DNA-oxidation®*”. The high-
performance liquid chromatography with electrochemical
detection method itself has been criticized for its high
variability®**2%_ Estimates of the ratio of 8-oxodG to dG
have ranged from approximately 0-25 X 107° to =104
possibly due to artificial oxidation®”*®  Dreher &
Junod®*? described in detail how the formation of artefacts
that occurs with high-performance liquid chromatography
with electrochemical detection can be avoided. Also this
method is prone to oxidation of samples during preparation
for analysis but by use of antioxidants and anaerobic con-
ditions during isolation and hydrolysis of DNA, these effects
can be minimised.

Immunoassays have, by far, demonstrated the greatest
versatility in terms of the matrices to which they can be applied
(urine, serum, plasma, cell culture medium, DNA hydrolysates),
and simplicity of use®3?, but comparisons with urinary
8-0xodG levels by chromatographic techniques revealed
strong discrepancies of the results**' ~3*_ The precise reason
for the higher enzyme-linked immunosorbent assay based
methods values remains unknown although there is a correlation
between the data obtained by this and HPLC based
methods®*! 3% Nevertheless, this method can be applied to
studies comparing relative urinary 8-oxo-dG values among
several groups if the determination of the exact concentratins
of 8-0x0-dG in urine is not required(342’343).

The European Standards Committee on Oxidative DNA
Damage(261’3447347) studied systematically the reasons for
the discrepancies of the results obtained with different
methods. Comparative analyses of baseline 8-oxo-dG levels
in mammalian cell DNA, by different methods in different
laboratories showed that estimates of 8-0xo-dG in pig liver,
using chromatographic techniques, ranged between 2.23 and
441 per 10° guanines, and in HeLa cells DNA between 1.84
and 214. In the case of chromatographic methods, it was
argued that spurious oxidation during work-up has been a pro-
blem and the trustworthiest results are the lowest. Most
laboratories employing HPLC—ECD were able to measure
chemically induced damage with similar efficiency and dose
response gradients for seven of the eight sets of results were
almost identical. GC-MS and HPLC-MS/MS, employed in
three laboratories, did not convincingly detect dose response
effects. In another study, Gedik & Collins®*” evaluated data
obtained in various laboratories in studies on 8-oxodG in
calf thymus DNA, pig liver, oligonucleotides, HeLa cells
and lymphocytes. The authors conclude that HPLC—-ECD is
capable of measuring 8-oxo-dG induced experimentally in

the different types of samples. On the contrary, GC-MS
failed to detect a dose response of physically (photosensitizer
Ro 19-8022 and visible light) induced 8-0xodG formation and
was not regarded as a reliable method for measuring low
levels of damage; also HPLC-MS/MS was not found capable
of detecting low levels of oxidative DNA damage.

8-Ox0-dG studies were used in a number of animal studies
with laboratory rodents for example with cyanidin-3-glyco-
side®*® curcumin®*?, grape juice(350), green tea extract,
catechins®*"*% and coffee”? to name only a few.

The formation of oxidised guanine was also monitored
extensively in human studies. It was shown that certain dis-
eases such as cancer, Parkinson’s and Alzheimer’s diseases,
multiple sclerosis, HIV, cystic fibrosis of lung, muscular dys-
trophy, diabetes mellitus, rheumatoid arthritis®? as well as
occupational exposure to coal dust®?, polyaromatic hydro-
carbons and aromatic amines®>>*°® asbestos®>”, arsenic®*®
and smoking**®**® lead to increased urinary excretion.

The results of dietary intervention trials are summarised in
the reviews of Moller & Loft®*°? At present results of 23
studies are available, and in 12, protective effects were found.
Evidence for reduced formation was seen for example in inter-
vention trials with individual vitamins (C and E) and with sup-
plements containing different vitamins, red ginseng, green tea
and red wine and in newer investigations with specific veg-
etables®>??°?. Machowetz e al. °V published recently an
interesting study in which they found a significant (13 %)
reduction of the formation of oxidised bases after consumption
of olive oil which could be not explained by the phenolic con-
tents of the different oils. Examples for studies in which no
effects were detected are intervention trials with B-carotene,
low vitamin E levels in combination with polyunsaturated
fatty acids and cranberry juice®*%362,

Correlations between different markers of oxidative stress.
The questions if and to which extent relationships exist
between the sensitivity of commonly used biomarkers of oxi-
dative stress and endpoints of oxidative DNA damage, is
addressed in the review of Dotan er al. ®°®. The authors ana-
lysed the results of studies in which two or more methods
were used under identical experimental conditions and con-
clude that good correlations exist between measurements of
peroxidation products such as MDA, lipid hydroperoxides,
F-2 isoprostanes, conjugated dienes, glutathione and protein
carbonyls but not with other criteria of the oxidative status
such as the concentrations of antioxidants (TAC) and DNA
migration (SCGE assay).

The evaluation of recent studies with dietary antioxidants
shows that in general good correlations are observed between
different biomarkers in in vitro experiments while this is not
the case for animal and human studies. Results obtained
with curcurmin, lycopene and ellagic acid in X-radiation
experiments in vitro showed that the antioxidants increased
the levels of GSH and reduced lipid peroxidation (MDA for-
mation), in parallel a decrease of MN formation was
observed*®* =2 Also in a study with colon derived cell
lines (HT29, CaCo2), and phenolic apple juice extracts,
improvement of the intracellular redox status (measured
with dichloroflurecein assay) was paralleled by decreased
DNA-damage in SCGE experiments*®”.

In a recent Indian study(368) with mice, a clear correlation
was observed between protection against radiation induced
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DNA-migration in lymphocytes and TBARS formation by
gallic acid, while no such relations could be seen between
these parameters in experiments with vitamin E deficient
rats. Although the TBARS levels were significantly increased,
formation of 8-oxodG and comet formation were not
affected®®?.

Also in human studies controversial results were obtained in
multiple endpoint studies. Consumption of anthocyanin/poly-
phenolic rich fruit juices reduced in an intervention trial
(n=18) DNA-migration in lymphocytes and increased
the levels of reduced GSH, while other parameters (MDA
in plasma, excretion of isoprostanes in urine) were not
affected®’®. Also in an earlier study (n=27) with two
juices containing either cyanidin glycoside or EGCG, a signifi-
cant decrease of ENDO III lesions was observed in COMET
assays, while other markers of the redox status (FRAP,
TBARS, and FOX2) were not altered®’". In another larger
study (n = 36), significant decreases of plasma antioxidant
capacity and reduced ratio of GSH:GGSG were found while
the concentration of reduced GSH and 8-0x0-dG in lympho-
cytes were not altered®’?.

Also changes of markers of oxidative DNA-damage did
not correlate in all studies. In workers exposed to coke
ovens and of graphite electrode producing plants significant
increases of both 8-0xo-dG concentrations and FPG
lesions were observed in white blood cells®*®. Also Gedik
et al.®™® found a good overall correlation between
8-0x0-dG excretion in urine and FPG lesions in lymphocytes
in unexposed individuals (n = 8), while no associations were
detected at the individual level. On the contrary, no corre-
lations between these two endpoints were found in a much
larger study (n=99)*"?. Only few investigations have
been conducted in which MN and comet formation were
studied in parallel. In in vitro experiments with radiated lym-
phocytes both parameters were reduced by several dietary
antioxidants(3647366), but in a recent trial with wheat sprouts
(n = 13), a significant decrease of FPG lesions was detected
in lymphocytes whereas no differences in the comets were
detected under standard conditions with Endo III and the fre-
quencies of MN were also not altered in the same target
cells"V. Tt is notable that the differences between formation
of 8-0x0-dG and comet formation may be due to the fact that
the latter parameter detects a broader spectrum of lesions.
The discrepancies between results of MN assays and comet
measurements may be due to the fact that DNA oxidation
is efficiently repaired and does not necessarily lead to
double strand breaks which cause formation of chromosomal
aberrations and MN.

The discrepancies seen in comparative experiments raise
the question which of the parameters is the most reliable. In
terms of prevention of diseases the most reliable endpoints
are probably those which are directly related to specific patho-
logic conditions. For example, oxidized LDL is known to be
related to coronary heart disease®’> while for chromosomal
aberrations and micronuclei it is well known that they are pre-
dictive for increased cancer risks®’®*’”. The association
between comet formation in lymphocytes and human diseases
is not fully understood at present but it is known that occupa-
tionally exposed individuals as well as individuals with dis-
eases which are associated with elevated cancer risks show
increased comet formation®>7=378:379),

Measurement of antioxidant enzymes and of proteins
involved in cell signalling and transcription

In many AO studies, the activities of enzymes were measured,
which inactivate ROS and are part of the endogenous defence
system. Table 3 lists up examples of such studies, a detailed
description of currently used methods for the measurement
of SOD, GPx and CAT can be found in the paper of Vives-
Bauza et al. %,

In many investigations it was found, that dietary factors cause
an induction of SOD. For example, significant effects were seen
in human trials with coffee®®?, Brussels sprouts(297), gallic
acid®8D, plant extract supplements(382) and phenolics rich
diets®®. However, in some studies e.g. in an animal study by
Akturk and coworkers®*®®, a decrease of its activity was found
with antioxidants. Also in the case of heme oxygenase-1 (HO-
1) induction effects were observed in most investigations (see
Table 3), while glutathione peroxidase (GPx) was not altered
in the majority of human and animal studjes?82-381:384-386)
one exception being experiments with Ginkgo biloba extracts
administered to ethanol fed rats, in which an increase was
detected®®”. It can be seen in Table 3 that the results of
catalase (CAT) measurements with different dietary the anti-
oxidants are inconsistent. Antioxidant diets caused an induction
of CAT in a human study(382) while garlic feeding to rats caused
a decrease of its activity**®

NADPH-quinone reductase (NADPH-QR) was used as a
marker enzyme for the general induction of phase I and
phase II enzymes. Prochaska & Talalay®®*® developed a pro-
tocol for high throughput measurements of food derived
enzyme inducers with a murine hepatoma cell line (Hepa
1c1c7), subsequently, an improved protocol was developed,
which enables the discrimination between monofunctional
and bifunctional inducers®®” i.e. between compounds which
cause an induction of both, phase I and phase II enzymes
and those which only affect the latter group. In a large
number of studies, induction of NADPH-QR was observed
with a variety of different dietary compounds in this expe-
rimental system; one of the most potent inducers identified
was sulforaphane, which was used as a model compound in
numerous subsequent experiments®*”. However, comparative
measurements in human derived cells (Hep G2) showed, that
the measurement of NADPH-QR does not correlate quantita-
tively with the induction of GST, a key enzyme involved in
the detoxification of many carcinogens*".

Gamma glutamylcysteine synthetase (GCS) can be regarded
as an “indirect” AO enzyme. It catalyses the rate limiting step
of glutathione (GSH) synthesis(392) and its activity can be
measured with the protocol of Nardi and coworkers®?¥.
This mehtod is based on the formation of c-glutamylcysteine
from cysteine and glutamic acid which is quantified by deriva-
tization with bromobimane and fluorimetric detection after
separation by high performance liquid chromatography. It
was shown that coffee diterpenoids and also other antioxidants
such as the phenolic food additive butylated hydroxyanisole
and vitamin E induce GCS®**7*%9. GSH itself is a potent
antioxidant and scavenges predominantly O,, ‘OH, RO
and ROO®*”. In a number of dietary studies the ratio
between oxidised and reduced GSH was monitored as a
parameter of antioxidant effects. The method is based on
spectrophotometric measurements with Ellmans reagent**®
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Table 3. Overview on currently used methods for the detection of antioxidant enzymes and examples of their induction by food constituents
Detection method* Example/resultst Reference
Superoxide dismutase (SOD)
SM of SOD activites: Bioxytech SOD-525™ kit (OXIS Untreated hypertensive (SHR) rats (n = 6/group): significant 1 (585)
International): tetrahydro 3,9,10-trihydroxy-benzofluorene is of immunodetectable SOD in the renal cortex and | in the
converted to a chromophore, A = 525 nm medulla
WB analysis of protein levels with immunodetection (using a A diet enriched with a-tocopherol, ascorbic acid, selenium, zinc
primary antibody for Cu Zn SOD and Mn SOD) reversed: the effects on SOD on the protein level
t.o. kidney In control rats no effect of the AO-diet was seen — SOD activity
(same in all groups)
SM (McCord & Fridovich®®®) ferricytochrome ¢ as indicating Plant extracts in capsules (675 mg/d for 120 days Protandim: B. (382,586)
scavenger (SOD activities were assayed by their capacity to monniera, S. marianum, W. somnifera, green tea polyphenols,
compete with native or partially succinylated ferricytochrome ¢ EGCG, tumeric) were administered to healthy volunteers
for superoxide radicals generated by the xanthine/xanthine (n=20) and caused a significant T in erythrocyte SOD after
oxidase system); A = 550 nm 120 days
t.o. blood
SM of SOD-activity®®” in the supernatant of tissue homoge- Diazinone (an insecticide causing ROS and lipid peroxidation) (384,587)
nates: a red formazan dye formed by superoxide radicals treated Wistar albino rats (n = 6—8/group): 1 levels of SOD
(generated by the xanthine/xanthine oxidase system) reacting Diazinone + Vit C + Vit E: | SOD activity and | lipidperoxida-
with iodophenyl-nitrophenol phenyltetrazolium tion
t.o. heart
SM 588): modified from®8® of erythrocyte Cu Zn SOD activity by Soy isoflavone-rich capsules (138 mg isoflavones/day for 24 (588,590)
monitoring the inhibition of autooxidation of pyrogallol; days or placebo, cross-over design) were given to postmeno-
A=320nm pausal breast cancer survivors (n = 7); a significant 1 of
t.o. blood erythrocyte Cu Zn SOD levels was found
Catalase (CAT)
SM59): variation of absorbance due to dismutation of H,O, by Untreated hypertensive (SHR) rats: 1 levels of immunodetect- (585)
CAT, A =240nm able CAT compared to control rats, but no 1 in enzyme
WB: quantification of post translational protein levels activity
(immunodetection with primary antibodies) Antioxidant therapy (see above): T CAT activity
t.o. kidney
SM of erythrocyte CAT®%2 following breakdown of H,O, based Supplementation with plant extract (675 mg/d for 120 days; see (382,592)
on UV-absorption of peroxide, A = 240 nm above): 1 erythrocyte CAT activity in healthy volunteers
t.o. blood (n=20)
SM of the rate constant of decomposition of H,0,®%¥; Diazinone (see above) treatment in Wistar rats: 1 CAT activity (384,593)
A =240nm
t.o. heart Diazinone + Vit C + Vit E: — CAT activity
SM of H,0,%%¥ Effect of a 2% garlic diet (2 weeks) on renal and hepatic CAT (386)
WB analysis of protein levels (immunodetection with rabbit expression of Wistar rats (n = 10/group)
anti-human CAT antibody) CAT activity | and CAT protein level | (Western blot) in garlic (593,594)
Northern blot analysis of m-RNA levels fed rats in kidney and liver
CAT synthesis and degradation determined by kinetic of CAT m-RNA level < (Northern blot)
reappearance of CAT activity after aminotriazole injection Rate of CAT synthesis | in kidney and liver
according to Price et al. 5% Rate of CAT degradation «
t.o. kidney and liver
Glutathione peroxidase (GPx)
SM of GPx activity®®®: GSH oxidation by cumene hydroperoxide Diazinone treatment in Wistar rats: — GPx activity; diazinone + (384)
is catalysed by GPx; GSH-reductase recovers GSSG with Vit C + Vit E: « GPx activity; both groups had the same
concomitant oxidation of NADPH to NADP; decrease of GPx activity as the control group
absorbance by NADPH is measured at A = 340nm
t.o. heart (595)
SM of GPx activitiy®®® using the same substrates as Paglia & 2% garlic diet had no effect on GPx activity in kidneys and livers (386)
Valentine®®®, A = 340nm of Wistar rats (n = 10/group)
t.o. kidney and liver
SM of GPx activity: Bioxytech GPX-340™ kit (OXIS Inter- Untreated hypertensive (SHR) rats (n= 10): 1 of immunodetect- (585)
national): the assay is based on the assay of Paglia & able GPx, — GPx activity compared to controls (WKY)
Valentine®®® but +BOH is used instead of cumene hydro- AO treated (diet enriched with a-tocopherol, ascorbic acid, sel-
peroxide enium, zinc) SHR rats: | of immunodetectable GPx to the
WB analysis of protein levels (immunodetection with primary levels seen in controls, slight | GPx activity
antibodies)
t.o. kidney
SM of GPx activity®®” with slight medications: incubation with Ethanol fed rats (2-4 g/kg, n = 8/group): | GPx activity (387,597)

H»0, and GSH, addition of trichlor-acetic acid; after centrifu-
gation disodium hydrogen phosphate and DTNB are added to
the supernatant and absorbance measured, A = 412nm

t.o. liver

After administration of a Ginkgo biloba extract (48 or 96 mg/kg)
for 90 days before ethanol treatment: 1 GPx activity
No effect on GPx without ethanol treatment
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Detection method* Example/resultst Reference
Heme oxygenase-1 (HO-1)
RT-PCR for m-RNA level determination Chronic ethanol administration to rats (see above): (599)
Flow cytometry for determining HO-1 protein levels according to | HO-1 expression on m-RNA and protein level (598)
Chow et al. ®%®: fluorescent emission caused by binding of Ginkgo biloba extract without ethanol treatment: 1 of HO-1
HO-1 antibodies was measured with a flow cytometer m-RNA and protein levels v. controls
t.o. liver
SM of HO-1 activity®®®: determination of the conversion rate of Coincubation of human hepatocytes with ethanol (100 mM) and (599,600)
heme to bilirubin (A absorbance between A = 464 and 530 nm) quercetin (10—200 pm) for 24 h in vitro: 1T of HO-1 activity and
Cells: human hepatocytes protection from ethanol derived oxidative stress
SM of HO-1 activity (see above) Exposure of cells to curcumin (5—15 um, for 18 h): 1 of HO-1 (601)
WB analysis of protein levels (immunodetection with a polyclonal m-RNA, 1 of HO-1 protein level, T of HO-1 activity
rabbit anti-HO-1 antibody) Hypoxic culture conditions (for 18 h): T of HO-1 m-RNA, 1 of
Northern blot analysis of m-RNA levels HO-1 activity, effect potentiated by curcumin (5 pm)
Cells: bovine aortic endothelial cells
NADPH-quinone reductase (NAPHD-QR)
Luciferase assay (Dual-Luciferase Assay System, Promega): rat Sulphoraphane treated Hep G2 cells transfected with QR (391)
QR luciferase promoter construct transfected into human reporter constructs: 1 of NADPH-QR transcription
hepatoma cells; luciferase activity determined as ratio of firefly
luminescence to renilla luminescene by use of a luminometer
Cells: human hepatoma cell line (HepG2)
SM of NADPH-QR activity®®?: dicumorol sensitive reduction of CDF 344 (crl/BR) male rats (n = 4/group) received crambene (602,603)
DCPP, A = 600 nm (50 mg/kg bw) or I13C (56 mg/kg bw) by gavage for 7 days:
t.o. liver 1 of NADPH-QR and GST activity
Co-treatment of crambene and I3C potentiated activation of
NADPH-QR and GST
Quantitative bioassay of inducer potency (adapted from De Long Hepa 1c1c7 murine hepatoma cells treatment with extract of (390,606)
et al. ®°% as described in Prochaska et al. *®®) in Hepa 1c1c7 mature fresh broccoli or of broccoli sprouts: 1 of NADPH-QR
cells grown in 96-well microtiter plates; SM of the reduction of activity; see also Talalay et al. ©°® for results with different
2,6-dichloroindophenol by NADH; A = 610 nm compounds
Cells: Hepa 1c1c7 murine hepatoma cell line
Inducible nitric oxygen synthetase (iNOS)
RT-PCR for m-RNA level determination In vitro treatment of LPS-stimulated mouse macrophage cells (607)
WB analysis of protein levels (RAW 264.7) with lutein: | LPS-induced NO-production;
Cells: mouse macrophage (RAW 264.7) | iINOS m-RNA levels; | iINOS protein levels
RT-PCR for m-RNA level determination Transgenic mice (Alb c-Myc/TGF-a) show 1 iNOS levels; dietary (608)
WB analysis of protein levels supplementaion with Vit E (2000 units/kg diet for 9 or 26
Immunohistochemistry (using a mouse monoclonal anti-iINOS weeks, n= 8-15/group): | iINOS expression
antibody)
t.o. liver
RT-PCR for m-RNA level determination Curcumin (1-20 M) treatment caused of ex vivo cultured (609,610)
Citrulline assay (according to Hevel & Marletta®®®) enzyme mouse macrophages: | INOS m-RNA level
activity measured by the conversion rate of [*H]arginine to Oral administration (2 x 92 ng curcumin/g bw) to LPS pretreated
[3H]citrulline, the level of radioacitivity correlates to enzyme mice: | iINOS m-RNA
activity « in ad libitum fed mice
t.o. liver, cells: BALB/c mouse peritoneal macrophages
NAD(P)H: quinone oxidoreductase 1 (NQO1)
RT-PCR for m-RNA level determination Treatment of cells with the phenolic antioxidant butylated hydro- (611)
WB analysis of protein levels xyanisole (5—200 um for 24 h) and its metabolite tert-butylhy-
Cells: primary cultured rat and human hepatocytes droquinone (200 pum for 24 h): 1 of NQO1 protein level and
1 of NQO1 transcription
SM of NQO1 activity®®389): based on the coupling of the 6-methylsulfinyl hexyl isothiocyanate (an active principle of (612)
oxidation of menadione to the reduction of a tetrazolium salt wasabi) treatment (0-1-5 pM for 24 h) of cells
and measuring the formation of the resulting blue formazan 1 of NQO1 protein level and T of NQO1 activity
dye with a microplate reader; A = 595nm
RT-PCR for m-RNA level determination
Cells: Hepa 1c1c7 murine hepatoma cells
SM of NQO1 activity®'® using 2,6 dichlorophenol indophenol as Oral treatment of A/J mice (n = 4-5/group) with garlic organosu- (614)

a substrate
WB analysis of protein levels (due to low pulmonary expression
of NQO1, WB analysis could not be performed in the lung)
t.o. forestomach and lung

lifdes (2 x 25 pm): T of forestomach NQO1 activity, 1 of
forestomach NQO1 protein levels
DATS and DAS treatment: 1 of lung NQO1 activity

*SM, spectrophotometric measurement; t.o., target organ; GSH, glutathione; GSSG, oxidised form of glutathione; NADPH, nicotinamide adenine dinucleotide phosphate; n.i.,
not indicated; RT-PCR, real time polymerase chain reaction; WB, Western blot.
1 1, increase; |, decrease; « , unchanged; bw, body weight; h, hours; AP-1, activating protein-1; CAT, catalase; DAS, diallyl sulphide; DATS, diallyl trisulfide; EGCG, epigal-
locatechin-3-gallate; GPx, glutathione peroxidase; HO-1, heme oxigenase-1 protein; LPS, lipopolysaccharide; iNOS, inducible nitric oxide synthase; NAD(P)H, nicotinamide
adenine dinucleotide phosphate; QR, quinone reductase; SOD, superoxide dismutase; TGF-«, transforming growth factor-a.
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and changes were observed in newer in vivo studies for
example with kawheol/cafestol*®?, polyphenol rich cere-
als®® antioxidant (vitamins C and E, L-carnitine, and lipoic
acid or additional bioflavonoids, polyphenols, and caroten-
oids) enriched diets*°” and vitamin E“°D. GSH is also the
substrate of glutathione-S-transferases (GSTs), which are
regulated by Nrf2 and catalyse the detoxification of a broad
variety of xenobiotics including food specific carcinogens
(for reviews see®™®>4%¥) and it has been postulated that
GSTs are also involved in the inactivation of radicals®**”#*?

Increased levels of the antioxidant enzymes listed in Table 3
are also seen under oxidative stress conditions and in inflam-
matory and ROS-related diseases and in tumour tis-
sues**4%_This holds also true for GCS which is increased
for example by NO and in meta- and dysplastic cells“*?.
Therefore the induction of these enzymes cannot be taken as
a firm evidence for protective properties of dietary constitu-
ents and results of such measurements should be supported
by additional data.

A plethora of methods has been developed to monitor the
impact of antioxidants on proteins involved in cell signalling
and on the activation of transcription factors. A detailed
description of the currently used techniques is beyond the
scope of the present article. In general, biochemical standard
methods, such as Western blots, Northern blots, real time
PCR and ELISA-based techniques are employed. For
the measurement of kinases, e.g. mitogen activated protein
kinases (MAPKSs) and others, like protein kinase C (PKC)
as well as phosphoinositide 3 kinase (PI3K), which are also
important targets of phytochemicals'?"*°® mainly Western
blots with phosphorylation specific antibodies“?*%® and
more recently also more expensive ELISA techniques are used
(for commercially available test kits and description of methods
see also www.biocompare.com or www.cellsignal.com).
Transcription factors like the nuclear factor kappa B (NFkB)
can be determined by the luciferin/luciferase system, which is
a sensitive reporter assay for gene expression. D-Luciferin is
the substrate for firefly luciferase catalyzing the oxidation of
luciferin to oxyluciferin in presence of ATP and magnesium,
resulting in bioluminescence“*”. By use of this assay,
expression of NFkB can be measured in vivo simultaneously
in different organs“lo) or in stable cell cultures®*"#!1.

Two other enzymes, which are often monitored in anti-
oxidant studies are cyclooxygenase 2 (COX 2) and ornithine
decarboxylase (ODC). They are regarded as important
makers of inflammation and tumour development.

COX 2 is an inducible enzyme which can be activated by
NFkB and catalyses the cyclooxygenase pathway of prosta-
glandin synthesis from arachidonic acid. It is abundant in acti-
vated macrophages and other cells at sites of inflammation.
COX 2 overexpression has been found in various types of
human cancers*'?. Protein and m-RNA levels of COX 2
are measured with Western blots, SDS-PAGE, and Northern
blots. COX 2 activity can be determined in various ways; a)
oxygen consumption can be monitored using an oxygen elec-
trode™'?, b) by measurement of COX 2 produced prostaglan-
dines via enzyme immunoassays (EIA)(4]4), ¢) In addition,
several methods for the determination of peroxidase activity
of COX 2 with luminescent detection have been developed
(for a detailed description of methods and commercially
available test kits see e.g. www.caymanchem.com/app/

template/cur-rents,010.vm/a/z; ELISA kits also can be found
on www.calbiochem.com). The results obtained in exper-
iments with dietary antioxidants on COX 2 inhibition are
reviewed in the article of Surh and coworkers®'.

ODC catalyses the decarboxylation of ornithine into
putrescine and is involved in cell proliferation. Its activity is
rapidly modified in response to various chemical or physical
stimuli'®. ODC is a marker enzyme for tumour promotion
and is upregulated in transformed cells'”. The reduction of
its activity as well as reversal of the malignant state of cells
by antioxidants has been shown in many studies*'®*'?. Vari-
ous methods for ODC activity measurements were developed,
including radiometric assays based on trapping the [**C]0,
generated from the decarboxylation of [1~'*CJornithine*?,
the retention of *H-putrescine from tritiated ornithine on a
strong cation-exchange paper(‘m) and the determination of
the radiolabelled form of the enzyme-activated suicide inhibi-
tor of ODC, difluoro-methylornithine (DEMO)**?. A radio-
immunoassay using purified polyclonal antibodies has also
been employed in some experiments“*. More recently,
chemiluminescence and spectrophotometry based methods
have became available*!®+*%.

Use of -omics based approaches for the investigation of
oxidant and antioxidant effects

During the last decade, a number of new techniques has been
developed and optimised which enable the simultaneous
detection of a large number of alterations of biological
functions. The use of these approaches in nutritional sciences
has led to the formation of a new discipline termed “Nutrige-
nomics”“*. The overall aim of this new field of research is to
find out how dietary factors alter gene transcription, protein
expression and metabolism“*® in regard to health effects.
The area covers three interrelated main areas namely trans-
criptomics (gene expression analyses), proteomics (global pro-
tein analysis) and metabolomics (metabolite profiling). Details
on the basic concepts can be found in the article of Kussmann
et al. “*7.

In the following chapters we will focus on the description
of results which have been obtained in studies concerning
the effects of oxidative stress and with dietary antioxidants
in transcriptomics, proteomics and metabolomics. The latter
approach are based on the chemical characterisation of
metabolites by use of nuclear magnetic resonance and/or
mass spectrometry(428’429). The use of these techniques for
dietary studies is described in recent reviews, e.g.****" Of
particular interest for the detection of oxidant/antioxidant
effects are analyses of the lipidome (i.e. of the lipids in
biological liquids).

Only few dietary studies have been carried out in which the
effects of plant foods, beverages and phytochemicals were
investigated. Urinary patterns of three types of diets — vege-
tarian, low meat and high meat consumption in humans
were compared, and a specific vegetarian metabolic signatures
(i.e. a metabolite of microbial metabolism) were found**?. In
other dietary studies with humans, e.g. with camomile tea®??
and also with black and green teas ¥ changes were regis-
tered; e.g. in the latter trial a change of the excretion of
dihydroxyphenylsulphates (end products of flavonoid degra-
dation by colonic bacteria) was seen.
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Other studies which are notable are the one of Solanky
et al. > who investigated the impact of isoflavones on
plasma profiles, and the investigations of Ito et al. “****7 who
studied metabolites of dietary polyphenolics. Fardet et al
studied the excretion profiles after consumption of whole-
grain and refined wheat flours*®. Overall, none of these inves-
tigations is clearly indicative for antioxidant properties of the
food factors studies and the changes detected concern alterations
of the composition of the gut microflora and of energy metab-
olism, or the identification of compound specific metabolites.

Transcriptomics

Basic principles. Subtractive and differential hybridization
of messenger RNAs (mRNAs) have been the most frequently
employed techniques to determine disparities in the steady
state expression levels of transcripts in cells at a given time,
the latter in general referred to as the transcriptome. Starting
in the early eighties, cDNA (complementary DNA to mRNA)
libraries have been used to identify clones representative of
genes whose changes in transcription and/or mRNA stability
result from variations in the proliferation state*®, the stage of
development and disease****"), or the consequences of an
agent(442). Although these techniques allow to reveal the
whole transcriptome and to select for both, known and unknown
differentially expressed mRNAs characteristic to open systems,
these methods showed limitations due to the preferential identi-
fication of highly to moderately abundant mRNAs“*¥. Sub-
sequently, several more efficient procedures emerged, among
them the reverse transcription-polymerase chain reaction (RT-
PCR)-based representational difference analysis (RDA)W¥,
the differential display (DD) technique and the serial analysis
of gene expression (SAGE)#*#9 which both represent open
screening techniques even allowing to detect and quantify
differentially expressed mRNA species of low abundance.
Yet, these methods are subject to the criticism that they require
considerable sequencing efforts and may yield false positive
signals which demand additional experimental arrangements
to get rid of them. In the mid to late nineties, DNA microarrays
have been developed for the high throughput expression
profiling of the transcriptome which facilitates to dissect
the genetic flow of information upon various (patho)physiol-
ogical stages and to identify suitable drug targets**7#4*

DNA microarrays are currently widely used and provide
the unique opportunity to detect hybridization signals to
sequenced clones and collections of partially sequenced
cDNAs known as expressed sequence tags (ESTs) #9450,
A variety of different cDNA microarrays with high density
hybridization targets immobilized on nitrocellulose or nylon
surfaces are available and frequently applied in basic research
and clinical settings*>". Advances in the microarray technology
are associated with the development of different techniques to
synthesize DNA probes and to deliver them by immobilization
on solid surfaces*?. Beside mechanical microspotting and
ink jetting of non-synthetic cDNA probes with various lengths
on coated glass slides which were prepared by biochemical
methods such as PCR, the photolithography technologies
employs in situ synthesis of oligonucleotides.

The isolation of total RNA or mRNA by standard bioche-
mical methods requires quality control by analyzing the
respective integrity. Solid techniques are available to amplify
even low amounts of the extracted RNA for subsequent label-
ing and hybridization on microarrays. Particular efforts have

been made to separate RNA in polysome-associated species
which are involved in protein synthesis and to profile trans-
lated mRNA in order to more closely depict the proteome
and to identify both transciptionally and translationally con-
troled mRNAs“3~*% In all experimental settings, standard
operating procedures are recommended for the RNA extrac-
tion and labeling, the hybridization procedure and the sub-
sequent monitoring of hybridization signals to obtain
reproducible and comparable microarray data. Cross-analysis
of hybridization signals from independent experiments per-
formed in triplicate ensures a high reliability of results. For
routine applications, e.g. GeneSpring™ provides a user-
friendly solution for the computational analysis of raw data
allowing hierarchical clustering of data sets. However, evalu-
ation of whole-genome microarrays requires particular efforts
with regard to the management of data. Changes in the tran-
scriptome indicated by microarray assays depend finally on
the confirmation of data by quantitative RT-PCR which is
the most sensitive method for the detection of rarely expressed
transcripts“>®. The incorporation of SYBR Green dye or the
disruption of the Tagman probe exhibit fluorescence during
RT-PCR, and are frequently using techniques for the quantita-
tive analysis of mRNA expression. Together, cDNA or oligo-
nucleotide microarrays are regarded as powerful tools for
the profiling of the transcriptome, and being greatly versatile
in gene throughput by customization and applicability in
various experimental approaches.

Results of microarray studies concerning the transcription
of genes by oxidative stress. Several reviews on the impact
of oxidative stress on gene regulation have been pub-
lished 0457459, probably the most comprehensive overview
is the one by Allen & Tressin®”. However, most of the data
contained in these surveys are derived from experiments
with conventional methods (including RT-PCR). The present
paper is confined to newer findings obtained with arrays
which are increasingly used in the last years.

The investigations can be grouped into three categories
namely in vitro experiments with stable cell lines or primary
cells; animal studies and gene expression analyses with
humans. Table 4 gives an overview of groups of genes
which were measured in a number of studies.

In vitro studies: An interesting and promising approach has
been published by Scherf and coworkers“®” who assessed
gene expression profiles in 60 human derived cancer cell
lines for a drug discovery screen. They used relatively large
arrays (8000 genes) and tested approximately 70000 com-
pounds; subsequently the results were clustered according to
different parameters including known mechanisms of action
of the different compounds. The database which emerged
from this large study is available from NCI (http//dtp.nci.
nih.gov) and provides a valuable source of information.
It was employed for example in a study by Efferth &
Oesch®? to characterize the molecular mechanisms of the
toxicity of two antimalarial drugs; the authors selected from
the database 170 genes involved in oxidative defence and
metabolism which they used to design a custom made array
and tested the acute toxic effects of the compounds in the
individual cell lines; on the basis of the patterns they found
distinct differences in the mode of action of the two drugs.

All other studies with human derived cells comprised a lower
number of cell lines and chemicals. Murray et al. “®® compared
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Table 4. Examples for genes which are transcriptionally regulated by oxidative stress

Gene name [Gene bank ID]

Protein function and occurrence

GPX1 [NM_000581], GPX2 [NM_002083], GPX3 [NM_002084], GPX4
[NM_002085], GPX5 [NM_001509], GPX6 [NM_182701], GPX7
[NM_015696]

GSTZ1 [NM_145870]

PRDX1 [NM_002574], PRDX2 [NM_005809], PRDX3 [NM_006793],
PRDX4 [NM_006406], PRDX5 [NM_012094], PRDX6 [NM_004905]

CAT [NM_001752]

MGST3 [NM_004528]

SOD1 [NM_000454], SOD2 [NM_000636], SOD3 [NM_003102]

TXNRD1 [NM_003330], TXNRD2 [NM_006440]

MT3 [NM_005954]

NOS2A [NM_000625]

AOX1 [NM_001159]

EPHX2 [NM_001979]

FOXM1 [NM_202002]

GLRX2 [NM_016066]

FDX1 [NM_004109]

CCNA2 [NM_001237]

JUND [NM_005354]

Different forms of glutathione peroxidase which detoxify H,O»

OS*: GPX2 mainly in the Gl tract and liver, GPX4 — testes, GPX5 —

epidymis, GPX6 — embryonal form

LOtT: GPX1, GPX2 cytoplasm, GPX3, GPX5, GPX6 — secreted protein
GPX4 — mitochondria, cytoplasm

Maleylacetoacetate isomerase: bifunctional enzyme catalyzing gluta-
thione-conjugation with specific substances — has also GPx activity

OS: primary in liver and kidney

LO: cytoplasm

Peroxiredoxins reduce peroxides, PRDX1, PRDX2 may be involved
in cell signalling cascades of growth factors and TNFa by regulating
the intracellular concentrations of H,O,. PRDX3 and PRDX4 are
involved in MAP3K13 which triggers the regulation of NFkB, PRDX6
is involved in the detoxification of H,O,, fatty acids, and phospholi-
pids

LO: PRDX1, PRDX2, PRDX4 — cytoplasm, PRDX3 — mitochondria,
PRDX5 — mitochondria, cytoplasm, peroxisomes, PRDX6 —
cytoplasm, lysosome

Catalase: detoxification of H,O,, one of the most important detoxifying
enzymes found in many eukaryotic and prokaryotic cells

LO: Peroxisomes

Microsomal glutathione S-transferase 3: functions as a glutathione
peroxidase

OS: heart, skeletal muscle

LO: microsome

Superoxide dismutase which detoxifies O,

LO: SOD1 is found intracellulary (cytoplasm), SOD3 (Cu—2Zn depen-
dent) is found in extracellular fluids (plasma, plasma, lymph and
synovial fluid). SOD2 (Mn — form) is found in mitochondria

Thioredoxin reductase, contributes to oxidative stress resistance,
maintains thioredoxin in a reduced state

OS: TXNRD2 is highly expressed in the prostate, ovary, liver, testes,
uterus, colon and small intestine

LO: TXNRD1 — cytoplasm, TXNRD2 — mitochondria

Metallothionein-3: binds heavy metals and is known to be also involved
in oxidative defence

LO: Abundant in a subset of astrocytes in the normal human brain

Nitric oxide synthase (inducible) produces NO" which is a messenger
molecule with diverse functions

OS: expressed in liver, retina, bone cells and epithelial cells of the lung,
not expressed in platelets

Aldehyde oxidase, catalyses the formation of carboxylic acids from alde-
hydes (aldehyde +H,O + O, = carboxylic acid + H20,)

LO: abundant in liver and muscle

Epoxide hydrolase 2 — substrates are hydroxyl perepoxides such as
alkene oxides, oxiranes, catalyses also the detoxification of toxic
xenobiotics

LO: cytoplasm, peroxisomes

Forkhead box protein M1 transcriptional activation factor: may play a
role in the control of cell proliferation

OS: Expressed in thymus, testis, small intestine, colon, followed by
ovary; appears to be expressed only in adult organs containing prolif-
erating/cycling cells or in response to growth factors

LO: nucleus

Glutaredoxin-2 (mitochondrial form): glutathione dependent oxidoreduc-
tase that maintains mitochondrial redox homeostasis upon induction
of apoptosis by oxidative stress

OS: Widely expressed in different organs (brain, heart, skeletal muscle,
colon, etc.)

LO: Isoform 1: mitochondria. Isoform 2: nuclei

Ferredoxin-1: participates in the synthesis of thyroid hormones; electron
transport intermediate of cytochrome P450

LO: mitochondria, mitochondrial matrix

Cyclin-A2 — cell cycle regulation

LO: In contrast to cyclin A1, which is present only in germ cells, this
cyclin is expressed in a broad variety of tissues

Transcription factor jun-D: binds to AP-1 site and upon cotransfection
stimulates the activity of a promoter that bears an AP-1 site, binds
DNA as a dimer

LO: nucleus
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Table 4. Continued

Gene name [Gene bank ID]

Protein function and occurrence

HMOX1 [NM_002133]

HSPA1A [NM_005345], HSPA1B [NM_005346]

GCLM [NM_002061]

TOP2A [NM_001067], TOP2B [NM_001068]

DDIT3 [NM_004083]

Heme oxygenase 1 — cleaves the heme ring at the alpha methene
bridge to form biliverdin, which is subsequently converted to bilirubin
by biliverdin reductase. Under physiological conditions, the activity of
heme oxygenase is highest in the spleen, where senescent erythro-
cytes are sequestrated and destroyed

LO: microsomes

In cooperation with other chaperones, Hsp70s stabilize preexistent pro-
teins against aggregation and mediates the folding of newly translated
polypeptides in the cytosol as well as within organelles. These cha-
perones participate in these processes through their ability to recog-
nize nonnative conformations of other proteins

8-Glutamyl-cysteinyl ligase — ATP + L-glutamate + L-cysteine = ADP +
phosphate + gamma-L-glutamyl-L-cysteine

LO: in all tissues examined; highest levels in skeletal muscles

DNA topoisiomerase: control of the topological states of DNA by transi-
ent breakage and subsequent rejoining of DNA strands; topoisome-
rase |l causes double-strand breaks

LO: TOP2A: generally located in the nucleoplasm, TOP2B: in the
cytoplasm

DNA damage-inducible transcript 3: inhibits the DNA-binding activity of
C/EBP and LAP by forming heterodimers that can not bind DNA

LO: nucleus

* 08, Organ specificity.
1 LO, Location.

the effects of different types of stress (heat shock, ESR stress,
oxidative stress and crowding) in human fibroblasts and HeLa
cells and found clear differences in the responses. On the con-
trary, similar transcription patterns were identified by Chuang
et al. “*® who analysed the effects of three ROS generating
chemicals namely H,O,, 4-HNE and tBOH in human retinal
cells. Other papers with human derived cells were published
by Yoneda et al. 89 who studied the effects of H,0, and
tobacco smoke in bronchial epithelial cells and Morgan and
coworkers*®® who used the human derived liver cell line
HepG?2 to investigate the effects of a variety of ROS generating
chemicals. Except in the later study, relative large arrays
(>1000 genes) were used in these investigations. In some
experiments, ionising radiation was used to induce stress
responses; for example Amundson er al. “°® analysed the
expression of genes caused by +y-radiation in twelve different
human cell lines.

Another topic which was addressed in in vitro gene
expression studies concerns the impact of specific cell
functions (transcription factors, enzymes involved in signal-
ling pathways) which are regulated by ROS. Investigations
which fall into this category are for example analyses of the
impact of PI3K in tBOH induced gene expression in IMR3
cells“67) experiments on the role of the BRCA1 gene in
breast cancer cells(468), as well as comparative studies with
cell lines differing in their p53 status, Nrf2 functions and
SOD activity“@*?=471.

Animal experiments: Only a few studies have been carried
out in which the effects of ROS were investigated in labora-
tory rodents have been published so far. Examples for exper-
iments with different oxidants are described in the articles of
McMillian et al. “7**7® who analysed gene expression patterns
of oxidants in rat livers and attempted to establish compound
specific expression signatures. Examples for the use of knock-
out animals are the investigations of Yoshihara et al. “’* and

Thimmulappa and coworkers“’> who studied comparatively

gene expression patterns in normal, SOD and Nrf2 deficient
animals.

Another topic which has been addressed in a number of
in vivo array studies concerns the impact of ageing on gene
transcription and oxidant responses. As mentioned above,
it is assumed that several age related diseases are due
to increased oxidative damage and it was shown by Lee
et al. “7°=*"® that transcription patterns in muscles, brain
and heart of mice are age dependent. Edwards et al. “479)
found subsequently, that paraquat induced expression patterns
differ significantly depending on the age of the animals.

Human studies: Only few articles have appeared in the last
years. An example for an occupational study is the one pub-
lished by Wang er al. “®” who investigated the responses of
blood cells in metal fume exposed workers. It is assumed
that ROS are at least partly involved in the toxic effects of
metals and indeed the authors found that oxidative damage
responsive genes were altered in their expression. Microarrays
were also used in a number of studies with patients who suf-
fered from ROS related diseases such as rheumatoid arthritis,
inflammatory bowel disease, arterial fibrillation and sickle cell
anaemia®®! ~*89,

The results of all these investigations aimed at identifying
genes which are transcriptionally regulated by ROS depend
largely on the experimental model used and the most impor-
tant parameters are the origin of the cells, the time schedule
as well as the mechanisms by which oxidative damage is
induced; also the design and size of array technique plays
an important role.

The results of the in vitro experiments described above
show that the patterns of gene alterations caused by oxidants
depends primarily on the type of indicator cells used and to
a lesser extent on the chemicals“*>**¥_ On the basis of the
current state of knowledge one may expect that genes which
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are predominately altered in their transcription are those which
are regulated by ROS dependent transcription factors. Indeed,
it was found in some studies that Nrf2/ARE, apoptosis and
pS53 regulated genes are affected 7498472473 However, in
some investigations only little evidence for the up regulation
of such genes was detected“®®*8548%) and often genes were
identified which are involved in cell cycle regulation, cellular
communication, biosynthesis and metabolism. Some of them
are controlled by ROS dependent signalling pathways and
transcription factors but the patterns seen in the different
studies are highly divergent and it is not possible to identify
specific marker genes 07408484487,

What are the reasons for the strong inconsistencies? As men-
tioned above, one of the important parameters is the origin of
the cells. For example, Murray ez al. “°® compared the effects
of ROS generating chemicals in human fibroblasts and HeLa
cells under identical experimental conditions and found the
former cells by far more responsive. The reasons for these
discrepancies may be due to the fact that signalling pathways
and transcription factors are partly tissue specific and may be
impaired in cancer cells lines which are frequently used in
array studies. Nrf2 and p53 are found in a broad variety of
different organs“®®, while NFkB is lacking in a number of
tissues®”). It is known that p53 is frequently mutated in tumours
in many organs(489_491), and it was shown in a comparative
study with p5S3 + and p53 — cell lines that loss of this function
has a substantial impact on oxidative stress induced gene
transcription(469). In addition, it is so that xenobiotic drug
metabolising as well as antioxidant enzymes, which are
controlled by the ARE element are highly organ specific
(see Table 3). It is also well documented that stable cell lines
used routinely in toxicological studies lack the activities of
phase I, phase II and antioxidant enzymes which are regulated
by ARE via Nrf2@%9, therefore strong efforts have been made
to establish cell lines which have retained the activities of
these enzymes in an inducible form. Also other factors may
account for the inconsistency of the results“®? found strong
differences between the results of array studies conducted
in vitro and in rodents, and the authors hypothesized that the
fact that substantially more genes were transcriptionally
regulated in vivo may be due to the inadequate representation
of cell communication in cultures.

Another important parameter which has been often neg-
lected is the time dependency of AO responses 46Z46+487),
For example, three distinct phases could be discriminated in
experiments with human bronchial epithelial cells. The first
was characterised by upregulation of apoptosis related genes
and MAPKs, the second by activation of proteins involved
in the turnover of damaged proteins and only in the third
(10h after the challenge) activation of genes was observed
which are involved in the detoxification of ROS“6+487),

Despite these inconsistencies, it is possible to define a
number of genes which are typical markers of oxidative
stress under experimental conditions (Table 3) and it was
possible to establish distinct signatures of gene expression
for different types of oxidative tress in specific experimental
models such as macrophage activation, peroxisomal prolifer-
ation and ROS releasing chemicals in rat hepatocytes
in vivo “7**73_ Also in in vitro studies with a human derived
liver cell line a clear difference was observed between
oxidative and non-oxidative stress responses*®”.

It is known for other areas of genomic research that studies
interrogating gene transcription in similar contexts often
resulted in poor overlapping lists of regulated genes (for a
general review see™?); are a typical example are the strongly
divergent results obtained in investigations aimed at identify-
ing retinoic acid responsive genes*”?. These inconsistencies
have lead to strong efforts to elucidate the methodological
reasons for these variations and it became clear that corre-
lations are improved when low abundant genes are
excluded*®®. Different platforms were established which
attempted to standardise the techniques of array based
approaches. The outcome of these efforts have been published
in a number of recent articles*?3 4%,

Results of microarray studies with dietary antioxidants. In
total, results from approximately 60 studies are available at pre-
sent in which the impact of dietary antioxidants on gene
expression patterns was investigated. The number of publication
has almost doubled in the last two years and it is also interesting
that many of the newer studies were conducted with laboratory
rodents; nevertheless in vitro experiments with stable cell lines
are still dominating. It is also notable, that research focused
predominantly on specific types of compounds such as resvera-
trol, a phenolic compound from red wine, epigallocatechingalle-
ate (EGCG), the main catechin in green tea, cucurmin contained
in the spice tumeric, sulphoraphane the breakdown product of
glucobrassicin (a glucosinolate found in cruciferous vegetables)
and the phytoestrogen genistein which is contained in soy
beans. Several reviews have been published which contain
results of microarray studies with phytochemicals. The most
comprehensive one by Narayanan®" describes data obtained
in twenty studies (3 in vivo, 17 in vitro) with various dietary
components, the findings with EGCG are summarised in the
paper of Mariappan ef al. “*, results with carotenoids can be
found in the overview of Elliott®%,

Table 5 summarises the results of newer studies which have
not been evaluated in the aforementioned articles. The first
part describes results of in vitro experiments with cells lines,
the second contains in vivo experiments with laboratory
rodents.

Apart from the in vitro and animal studies, also a few
human intervention trials have been carried out with antioxi-
dants. For example Majewitz et al. SOD conducted a study
with normal and apoE smokers (which carry a specific
mutation in apolipoprotein E and are at increased risk for cor-
onary heart disease). Before and after vitamin C supplemen-
tation (60 mg/P/4 weeks) they analysed monocytes by use of
a small array (225 genes). After the intervention, the
expression of 22 of the genes was altered in normal smokers,
71 were altered in apoE individuals. The most interesting
observation was the down regulation of TNF- and its recep-
tor, also genes encoding for the neutrophil growth factor
receptor and the monocyte chemoattractant protein receptor
were affected. These genes are involved in inflammatory
responses and it is known that TNF-f3 is regulated by NF«B.
Another human study was published by Hoffmann and cowor-
kers®®? who analysed the effects of consumption of a poly-
phenolics mix in lymphocytes of healthy individuals by use
of a small targeted array (containing 96 transcripts related to
drug metabolism). Fifty six genes were found expressed in
the target cells and seven of them were altered after the inter-
vention, three of them encoded for cytochrome P450 isozymes
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Table 5. Examples for results obtained with dietary antioxidants in microarray experiments

Treatment/aim Cells/AS* Resultst References
In vitro investigations
Quercetin PK-3, NLCap, DU-145 human prostate cancer In prostate cancer cell lines | of the (615)
Aim: study the impact on cells lines; BG-9 normal human fibroblast expression of cell cycle related genes (e.g.
growth inhibition of pros- cells line E- and D-type cycline genes) was observed
tate cancer cells AS: number of genes not specified as well as | of tumour suppressor genes
(e.g. CBP, PTEN, MSH2, TGFBR1, ALK-5)
and | of oncogenes (p53, CDK2)
Quercetin Human CO-115 colon adenocarcinoma cells 5000—7000 genes were affected, specific (616)
Aim: study the antitumour AS: whole genome microarray effects on genes related to cell cycle arrest
activity of Q (CDKN-group) and modulation of the
expression of apoptosis related genes
(e.g. p53-related genes), only one antioxi-
dant gene (LOXL3) was altered
Genistein Human prostate cancer cell lines LNCaP and 11 genes were strongly altered; 1 glutathione (617)
Aim: study the impact on PC-3 peroxidase 1, aldolase A, quiescin Q6, ras
prostate cancer develop- AS: 557 genes related to cancer homolog gene family, member D; | of
ment apoptosis inhibitor (survivin), MAPKS,
fibronectin 1, topoisomerase lla etc.
Epigallocatechin gallate SH-SY5Y human neuroblastoma cell lines | of expression of apoptotic genes (Bax and (618,619)
Aim: study effects on cell AS: 25 genes Bcl-2) and of the cell cycle inhibitor Gadd45
division as well as caspase 6
Epigallocatechin gallate Dimethyl benzanthracene transformed breast EGCG treatment caused changes in trans- (620)
Aim: investigation of the cancer cell line D3-1 formed cells that promote a more “normal”
protective role of EGCG AS: 7500 genes phenotype. | of AhR (a transcription factor
on breast cancer develop- involved in the biological responses to poly-
ment cyclic aromatic hydrocarbons, e.g. CYP1A1,
CYP1A2 and CYP1B1). Also changes
involved in nucleo-cytoplasmatic transport
(SCS-1) were affected
1 of dehydrocarbonases (AKR)
Epigallocatechin gallate Rat H4IIE hepatoma cells | of number of genes involved in fatty acid (621)
Aim: study impact of gene AS: size not specified synthesis, oxidation and activation as well
regulation of glucose as in triacethylglycerol synthesis
metabolism 1 of genes involved in glycolysis and glucose
transport
Diallyl disulfide HCT-15 human colon tumour cell line | of cell cycle regulated genes (e.g. Cdk6) as (622)
Aim: investigation on cell AS: size of the array not specified well as oncogenes, tumour suppressors and
division and overall extracellular matrix and communication
tumour behaviour genes
1 cell cycle proteins (cdk2, 3, 4, etc.) as well
as different growth factors, microfilaments,
protein turnover related genes
1 DNA damage related genes (e.g. XP-related
genes)
Diallyl trisulfide Human derived hepatoma cells (HepG2) Only three genes were altered: T PPAR-a (623)
Aim: investigation of lipid- AS: 452 genes (peroxisome activated receptor alfa) and
lowering properties HNF-4a (hepatocyte nuclear factor 4 alfa),
| CYP7A1 (involved in the oxidation of
xenobiotics)
Gallic acid Human chronic myogenous leukaemia cell Several antioxidant genes |, i.e. GPX, thio- (32)
Aim: investigation of antioxi- K562 redoxin (TXN), thioredoxin peroxidase
dant effects AS: 82 genes (antioxidant enzymes and DNA (AOE372), several DNA polymerase genes
repair) (POLD1 and 2), X-ray repair genes
(XRCC5), DNA-3-methyladenine
glycosidase
Vanillin and cinnamaldehyde Mismatch-repair deficient (MMR ™) human Eight genes affected which play a role in DNA- (624)
Aim: investigation of preven- colon cancer cell line HCT116 damage and oxidative and stress response,
tion of formation of spon- AS: 14500 genes e.g. 1 HMOX1 (heme oxygenase), HSPA1B
taneous mutations (heat shock protein)
| of 14 genes involved in cell growth and
differentiation: (MAPK2, FGFR2, TGFB111,
etc.)
Resveratrol Human ovarian cancer cell line PA-1 118 genes were altered 1 of antioxidant (625)

Aim: general chemo-
protective properties

AS: 7448 genes

enzymes (NQO 1, NAD(P)H quinone oxire-
ductase 1, thioredoxin reductase 1), apopto-
sis related genes (p21), investigation of time
course of gene regulation
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Treatment/aim

Cells/AS*

Resultst

References

Lycopene

Aim: investigation of the
effects on breast cancer
genes

Vitamin E

Aim: investigations on gene
expression related to pre-
vention of DNA-adduct
formation by lipid peroxi-
dation products

Apple flavonoids

Aim: study patterns of gene
expression (not specified)

Resveratrol

Aim: investigations on the
role of macrophage inhibi-
tory cytokine-1 (MIC-1) in
resveratrol-induced growth
inhibition of human pan-
creatic cancer cell lines

Genistein (G)

Aim: investigations on the
effect of G on global gene
expression patterns in
androgen-responsive
human prostate cancer
cell line

Phenethylisothiocyanate
(PEITC)

Aim: to further clarify the
molecular effects of
PEITC in causing death of
human colon adenocarci-
noma cells

Quercetin

Aim: to elucidate possible
mechanisms involved in
inhibition of proliferation of
tumour cells

Vitamin E

Aim: effects on global
gene expression — time
dependency

Turmeric supplements

Aim: mechanism of action of
turmeric in the treatment
of arthritis

Human breast cancer cells lines (MCF7,
MDA-MB-231) and the fibroblastic cell line
MCF-10a

AS: 202 genes

Differentiated and undifferentiated human
colonocytes (with/without oxidative stress)
AS: global gene expression

HT29 human colon cancer cells
AS: 96 genes of drug metabolism

CD18 and S2-013 human pancreatic cell lines
AS: global gene expression

LNCaP androgen-responsive human prostate
cancer cell line
AS: global gene expression

HCT-116 human colon adenocarcinoma cell
line
AS: small cluster of apoptosis-related genes

Caco-2 human colon cancer cell line
AS: expression of 4000 human genes

d" Fisher 344 rats fed with vitamin E deficient
diet or Vit E supplemented diet (60 mg/kg)

AS: 7000 genes t.o. testes and liver

Several time points were monitored

Q Lewis rats were treated i.p. with 25 pug
rhamnose/g bw and with various doses of
turmeric extract i.p. (0-5—1-0 pl/g)

AS: 31000 genes

t.o. arthritic joints

Changes in genes related to apoptosis, cell
cycle and signalling. Apoptosis related
genes: p53, caspase 8, TNF (all |), cell
cycle genes: cyclin E, etc. 1. Also various
DNA-repair genes 1

In total 118 genes were affected which con-
cern the cell cycle (cyclin D1, p27, p21,
MAPKs, CDK-2); DNA-repair (p21, RAD54
homologous recombination) and also con-
nective tissue related genes

1 of glutathione tranferases (GSTP-1, GSTP-
2, MGST2) and cytochromes CYCP4F3,
CHST5 genes

| of EPHX1

1 of expression of MIC-1 in both cell lines

1 of expression of growth differentiation factor
15 (GDF15), sensescence-associated
epithelial membrane protein (SEMP),
major histocompatibility complex, class I, F
(HLA-F) and 17 other genes in S2-013
cell line

28 genes were affected

19 androgen up-regulated genes were | by G
(TNF-induced protein, prostatic kallikrein 2,
prostate specific antigen kallikrein 3 and
others)

4 androgen down-regulated genes T by G
(dopa decarboxylase, BRCA-1-associated
RING domain 1, butyrylcholinesterase,
phosphoinositide-3-kinase)

5 genes 1 by both androgen and G (stearoyl-
CoA desaturase, UDP-glucose dehydro-
genase)

1 of expression of GADD45

| expression of cell cycle genes (for example
CDC6, CDK4 and cyclin D1), | cell prolifer-
ation and induced cell cycle arrest

1 of expression of several tumour suppressor
genes. In addition, genes involved in signal
transduction pathways like beta catenin/TCF
signalling and MAPK signal transduction
were influenced by quercetin

Five genes and seven sequence tags were
altered at least at three time points (gamma
glutamylcysteinyl synthetase, GSH synthe-
tase, 5-a-steroid reductase, factor 1X, sca-
venger receptor CD36), furthermore, subunit
of 8-GCS, coagulation factor IX, steroid
reductase type 1, etc.

1 of a variety of chemokines and cytokines
(GRO/KC, MCP-1, MIP-1a, MIP3a, CXC
chemokine LIX) and adhesion factors that
facilitate inflammatory cell recruitment to the
joint for another group of target genes.
COX2 was | significantly, gene expression
controlled by transcriptional factors TIL-2,
TNFa was 1

(626)

(627)

(628)

(629)

(630)

(631)

(632)

(633,634)

(505)
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Treatment/aim

Cells/AS*

Resultst

References

Epigallocatechin gallate

Aim: comparison of the
impact of Nrf2 on
expression profiles

Red wine polyphenolics
(RWP)

Aim: investigate the effect
on the prevention of car-
cinogenesis in the intesti-
nal mucosa

Resveratrol (R)
Aim: investigation on stress
response in rat liver

Genistein (G)

Aim: study impact of the iso-
flavone on fatty acid
metabolism

Vitamin C (Vc)

Aim: impact on lifespan and
antioxidant defence
mechanisms

Caffeic acid phenetyl ester
Aim: impact on atheros-
clerosis

o' C57BL/6J (Nrft/t) and & C57BL/6J/Nrf
(—/—) knockout mice

EGCG: 200 mg/kg bw oral single dose

AS: 34000 genes

t.o. liver and colon

d Fisher 344 rats fed with high fat diet
RWP were fed in the diet (50 mg/kg)
AS: 5677 genes

t.0. colon mucosa

d and Q@ CD rats

t.o. liver

Treatment: different doses of R
(0-3—3-0gm/kg/day), oral administration,
28 days

AS: 140 stress related genes

J" C57BL/6 mice fed low fat diet, a high fat
diet or high fat diet supplemented with
genistein (2 g/kg), 12 weeks

AS: 6531 transcripts

t.o. liver

C57BL/6 mice, sex not specified, maintained
either at normal temperature (+22°C) or
+7°C (increase of metabolism) and sup-
plemented diet (180 mg/kg), lifespan feeding

AS: 163 genes

t.o. liver

Apolipoprotein E-deficient mice (Apoe — /—)

and normal C57/B6, 30 mg/kg bw 12 weeks

AS: 3758 genes expression t.o. aorta
Analyses were conducted in untreated mice
and mice which were under oxidative stress

EGCG regulated 671 Nrf2 dependent genes (635)
and 256-independent genes in the liver; in
the colon 228 Nrf2 regulated genes and 98
independent genes were identified. Genes
fell into the functional categories: proteol-
ysis, detoxification, transport, cell growth
and apoptosis, cell adhesion and transcrip-
tion factors
20 genes 1, 366 |, among the | genes 41 (636)
were related to immune- and anti-inflamma-
tory response. In addition also genes were
affected which are involved in steroid meta-
bolism, | of genes involved in energy
metabolism pathways (COX6-8, etc.). T of
cholesterol 7a-hydroxylase (CYP7A1)
Dose dependent effects 1 of CYP-450 isoen- (504)
zymes as well as CYP-reductase induction
of AO genes such as SOD2 and thisulfate
sulfurtransferase (TST) at the highest dose,
but decrease of these genes at lower doses.
Other genes affected were MAPK, p38,
CAT, HO-1, as well as UGT-encoding
genes. In @ the number of genes altered
was ca. 2-fold higher than in &
97 genes were altered by high fat diet, 80 of (637)
them were normalized by G supplemen-
tation. Many of them were associated with
cholesterol biosynthesis, but additionally
also genes involved in detoxification and
inflammatory processes were affected,
e.g. metallothionein 1, GST, kallikrein B
(plasma1), serine proteinase inhibitor (clade
A, member 3G), serine protease inhibitor
1-5. Also apoptosis related genes were
affected
After 6 months no gene alterations were (5086)
found, after 22 months: 3 genes 1 (COX2,
p21, UDP—glucuronosyltransferase)
8 genes |: e.g. SOD, quinone NAD(P)H-dehy-
drogenase and different other genes not
involved in AO defence
Altered genes are not clearly specified; overall (638)
expression induced by oxidative stress was
reverted by CAPE-treatment
Authors mention that that basic transcription
factors, growth factors and cytokines as well
as cell adhesion genes are | in apoe — /—
mice after CAPE treatment

*AS, Arrays size (genes number); SD, Sprague—Dawley

1 |, downregulation; 1, upregulation; <, no changes; CDKN, cyclin-dependent kinase inhibitor; COX, cyclooxygenase; FGFR2, fibroblast growth factor receptor 2; GAPDH,
glyceraldehyde-3-phosphatase dehydrogenase; LOXL, lysyl oxidase-like genes; MAPK2, mitogen-activated kinase 2; MCP-1, monocyte chemoattractant protein 1; MPK6,
mitogen-activated protein kinase 6; NAD(P)H, nicotinamide adenine dinucleotide phosphate; NQO1, NAD(P)H dehydrogenase, quinone 1; TNF, tumour necrosis factor;
TGFB, transforming growth factor beta; TF, transcription factor; SOD, superoxide dismutase; n.s., not statistically significant.

(2F1, 3A4 and 3AY5), two for them for sulfotransferases (SULT
2A1 and 1C2) the others were associated with microsomal
GST, nicotinamide—N-methyltransferase and the ATP binding
cassette.

All of the compounds listed in the table are potent antioxi-
dants and it is apparent that many of the transcriptional
changes which were detected concern genes which encode
for AO defence, inflammatory responses, apoptosis and cell
signalling and division. Nevertheless, it is not possible, to
define a general signature of AO effects. The lack of a
common pattern may be due to the fact that the chemical
structures of the antioxidants as well as their mode of action
and tissue specificity differs substantially. For example

vitamins C and E differ strongly in their organ distribution
and it their ability to inactive ROS species®®®. Furthermore,
also the experimental design of the studies plays an important
role. As described above, the expression patterns seen with
resveratrol were highly sex specific, in female mice the
number of genes which were transcriptionally altered in hepa-
tic tissue was approximately 3 times higher in females as com-
pared to males®*®. Also organ differences have an impact on
the results of array studies, for example EGCG affected in the
liver of mice three times more genes as compared to the
colon®. Another important parameter affecting the outcome
is the time dependency of the expression patterns and also the
dose dependency of the responses (see Table 5).
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The results of microarray analyses do at present not allow to
draw firm conclusions if a compound elicits ROS protective
effects. For example, findings obtained with moderate doses
of vitamin C in mice®’® indicate that it rather induces inflam-
mation (up regulation of COX 2) and reduces ROS protection
(down regulation of SOD). Also the results obtained with
diallyldisulfide in HepG2 cells were unspecific and not indica-
tive for antioxidant properties which are well documented for
this compound®®”. However, it may be possible that general
antioxidant gene expression patterns can be defined on the
basis of comparative standardised experiments with a variety
of compounds which are lacking at present. The currently
available results show that microarray studies nevertheless
provide highly useful information concerning the molecular
mechanisms of prevention of ROS related diseases. Typical
examples are the results of studies with prostate cancer cell
lines and compounds such as resveratrol and sulforaphane
which showed that these compounds interact with the
transcription of genes involved in cell cycle regulation and
apoptosis; these findings provide a possible explanation for
protective effects of these dietary components towards
prostate cancer cell line LNCaP (for review seem)); also the
assumption of cancer protective effects of EGCG and retinoids
could be enhardened by results of array studies“?%->°?.

Proteomics

Basic principles. Proteomics is a screening technology
based on the separation, quantification and identification of
proteins from biological samples and allows to directly ident-
ify proteins bearing oxidative modifications. Adaptive cell
responses in order to cope with the cell damage imposed by
oxidative stress may as well be investigated by transcrip-
tomics. As proteins are translated by ribosomes based on the
information provided by mRNA molecules, no protein can
be synthesised without the appropriate RNA. On the other
hand, the mere existence of mRNA does not mean that the
corresponding protein gets translated. It only means that the
protein might get translated upon demand. This defines one
main difference between proteomics and transcriptomics.
Transcriptomics shows which genes are expressed, but does
not tell which proteins actually get translated. The picture
gets even more complicated, when time is considered. Some
proteins such as histones are almost exclusively translated
during the S-phase of the cell cycle, but not in GO®®).
A poor correlation of proteomics to transcriptomics data
may be the consequence, because these proteins may be abun-
dant in GO, but no corresponding mRNA may be detectable at
this time. On the other hand, several regulatory proteins such
as p53 may be subject to continuous protein degradation by
proteasomes. Here, protein amounts may accumulate to
minute and undetectable amounts only, while the mRNA
may be easily detectable. This explains why proteomics may
give very different results when compared to transcriptomics.

In order to assign the identity of the modified molecules,
separation of proteins may be applied before the detection
of oxidative modification. 2D-PAGE is still the most import-
ant technique to separate proteins according to electric
charge and molecular weight®?. Protein spots on 2D gels
can be identified by Western analysis or mass spectrometric
analysis of tryptic digests and quantified by a variety of
techniques including silver staining, fluorescence detection
or autoradiography®'®. This approach is used to perform

comparative analysis of protein fractions isolated from e.g.
treated and untreated cells. Spot patterns can be compared in
order to detect alterations in relative amounts or, quite relevant
to oxidative stress, protein modifications accompanied by
changes of the molecular charge of the protein. Application
of immunological detection of carbonyl groups or nitro-tyro-
sine by Western analysis may subsequently identify the modi-
fied proteins. Thus, application of 2D-PAGE may enable the
detection of upregulated and/or modified proteins consequent
to oxidative stress. The main draw-back of 2D-PAGE is its
limited resolution and sometimes poor reproducibility con-
cealing many important effects®'". The number of proteins
accessible via 2D-PAGE is usually in the order of several hun-
dreds and hardly exceeds thousand different proteins>’®.

Another essential technique for proteome analysis is
mass spectrometry. Upon tryptic digestion, peptides can be
obtained from isolated proteins which can be forwarded to
mass analysis. Determination of the molecular weight of
the peptides by e.g. MALDI-TOF provides a fingerprint of
peptide masses for each protein®'?. As tryptic peptides may
be predicted from databases for all known proteins, a best-fit
search can be performed resulting in candidates which show
theoretical peptide masses comparable to those identified in
the experiment. This technique is called fingerprint analysis
and can be applied only to well-purified proteins as potentially
obtained from 2D-PAGE. Minimal contamination of peptide
preparations may render fingerprint data not accessible for
meaningful interpretation and are a main drawback of this
method.

Much more robust and powerful is the identification of pep-
tide sequences obtained from peptide fragmentation analysis.
Peptides can be fragmented specifically in a mass spec-
trometer resulting in the breakage of a single peptide bond
per molecule®'?. Ordering of the resulting peptide fragments
may generate mass differences according to single amino
acids in the peptide. As a result, not only total masses of pep-
tides are determined as in case of fingerprint analysis, but
complete amino acid sequences are obtained, which allow
identification of proteins with much higher confidence.
Furthermore, amino acid modifications may be determined
by fragmentation analysis. When applied to isolated spots
from 2D-gels, proteins can be identified with very high
confidence. Furthermore, specific modifications such as oxi-
dation of methionine, cysteine, tryptophan or others can be
determined®'®. On the other hand, the determination of
amino acid sequences renders separation of proteins before
tryptic digest unnecessary. Protein mixtures may be digested
and then peptide mixtures separated by e.g. nano-flow chro-
matography®'®. Peptide sequences may be determined suc-
cessively and peptides derived from one protein sorted after
the experiment. This powerful technique is called shotgun
analysis and enables the identification of more proteins as
2D-PAGE/MS®'V. As long as peptide modifications are
detected, protein modification can also be assigned. The
major drawback of this approach is the limited sequence cove-
rage rendering a lot of information missing and the inappli-
cability of immunological detection methods®'®.

As a consequence, the experimental design studies has to
be carefully prepared for proteome. First of all, it should
be clear what to look at. In case of assessment of the
extent of damage in response to a defined challenge, a bulk
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analysis summarizing the extent of e.g. carbonyl formation
with chemical or immunological methods may be appropri-
ate. When the identity of target proteins appears desirable,
2D-PAGE can be used to assign the identity to the modified
proteins. Here, the poor access of e.g. membrane proteins
by most proteome analysis techniques poses®'” a severe
limitation. Mass analysis of the tryptic digest of an isolated
2D-spot may easily identify the corresponding protein
because a few peptide fragmentation data may be sufficient
for unequivocal protein identification. When the target
amino acids of a modified protein are desired, full sequence
coverage of the identified peptides is desired, but hard to
realise. Peptides have to be ionised before they can be ana-
lysed by mass spectrometry. Ionisation is an unpredictable
event and may be strongly dependent on chemical properties
of the peptide. Consequently, only a subset of the peptides
generated by proteolytic digests can usually be detected by
mass spectrometry®'®.

Results of proteomic studies concerning oxidative stress. In
order to identify proteins related to oxidative stress, several strat-
egies were employed. A direct consequence of ROS-mediated
damage may be amino acid modifications such as oxidation or
nitration. Such modifications are accessible via peptide frag-
mentation analysis by mass spectrometry. While this method
is very exact providing direct proof of oxidation together with
the identification of the target protein and target amino acid, it
has several draw-backs. First, it is almost impossible to survey
the total amino acid sequence of proteins. Consequently, a nega-
tive result is hardly a proof for the absence of modifications.
Second, proteins are very sensitive to artifacts introduced by
sample handling procedures. For the proteome analysis of
cells, they have to be lysed to extract the proteins for further
analyses. Upon cell lysis, organelles get ruptured, calcium is
set free, enzymes may get activated and many biochemical
reactions including oxidations may get out of control. Also
separation of proteins by 2D-PAGE exposes proteins to
oxygen. This can be directly observed by the detection of
oxidized methionine in samples from the same cell lysis,
which were processed by 2D-PAGE and shotgun analysis in par-
allel. The proteins separated by 2D-PAGE generally show more
methionine oxidation compared to the same proteins analysed
by shotgun proteomics(519). Thus, it is essential to most accu-
rately control all experimental conditions and run comparative
experiments strictly in parallel. Actually, several amino acid
modifications consequent to oxidative stress are detectable by
mass spectrometry, including oxidation of cysteine®2*32")
methionine and tryptophan®'®, and nitration of tyrosine®*?.
Beside direct amino acid modification, the formation of disulfide
bridges by oxidation may form protein adducts‘®*> or protein
glutathione adducts®*?. Amino-acid adducts can also be
detected with antibodies specific for e.g. nitrotyrosine and
carbonyl adducts®*>3?®, As mentioned above, the assignment
of the target protein identity might be a daunting task and
the assignment of the modified amino acid within the sequence
is impossible. On the other hand, modified peptides which
may be missed by MS-based analysis might be easily detected
with antibodies.

In contrast to the identification of proteins directly targeted
by oxidative stress, an alternative approach is the investi-
gation of the response of cells via up-regulation and down-
regulation of regulatory proteins®®. Here, rather indirect

effects are observed, which may be consequent to transcrip-
tional alterations of genes helping the cell to manage the
stress situation and, on the other hand, proteasomal degra-
dation of damaged proteins. As a consequence, the readout
of such an experiment may become very complex, because
we can see a lot of protein alterations, but we do not know
where they are coming from. To reduce the complexity of
the biological system, prokaryotes and yeast were used to
investigate the basic responses to oxidative stress®2"3?%,
These works indicate that the expected up-regulation of anti-
oxidant proteins and chaperones may be accompanied by
substantial alterations in the metabolic state of the cells.
Again, several approaches are feasible to investigate cellular
responses. First, cells can be treated with sub-lethal concen-
trations of agents mediating oxidative stress such as H,O,.
After a defined period of time, treated and untreated samples
are forwarded to proteome analysis and the results compared
in a quantitative fashion. Several studies with human mono-
cytes and epithelial cells demonstrated that again, besides the
obvious target proteins such as redox regulators and chaper-
ones, a broad variety of other protein families seems to be
involved in regulatory processes consequent to oxidative
stress including cytoskeletal proteins and glycolytic pro-
teing529:530)

Second, cells which are very sensitive to oxidative stress
may be compared to others which were made resistant e.g.
by chronic exposure with increasing HO, concentrations>>".
Here, differentially expressed proteins may include those
which actually mediate resistance. Obviously, proteins differ-
entially expressed due to different differentiation or activation
states of the investigated cells may repress the identification of
the true players related to oxidative stress control. Rather
multiple comparisons of various cell systems or additional
functional assays may allow to identify the relevant proteins.
For example, it was demonstrated that enzyme aldose
reductase identified by comparative analysis indeed mediates
protection in Chinese hamster fibroblasts®*".

Finally, the involvement of oxidative stress in human dise-
ases has been investigated by analysis of clinical material and
it was shown that proteomics may help to understand patho-
physiological processes relevant to the disease state. The
involvement and relevance of protein oxidation in brain
tissue in Alzheimer’s disease has been clearly demons-
trated®*>>3¥_ Specific oxidative modifications may also be
involved in obesity(534), , and various forms of
inflammatory diseases®>®.

Results of proteomic studies with dietary antioxidants.
Although numerous position papers emphasized the impor-
tance of proteomics techniques in the investigations of
health effects of dietary factors'>*” =349, the number of studies
which contain data on the effects of food related compounds
on protein patterns is strikingly low. One of the reasons may
be that proteomics requires, unlike other techniques described
in this article, a sound financial background to establish a pro-
teomics facility. Most of the existing labs are specialised in
the analysis of specific cells and tissues. Table 6 summarizes
examples for results obtained in recent studies.

It is quite clear that in most in vitro studies more drastic
effects were observed than in human trials. This discrepancy
may be not only due to the differences in the effects of the
compounds tested, but also to the use of high doses in the
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Table 6. Examples for results obtained with dietary antioxidants in recent proteomics studies
Treatment/methods/aim* Cells/speciest Resultst Reference
In vitro
Diallyl trisulfide (DATS) BGCB823, human gastric cancer 17 proteins | and 27 proteins 1 after DATS treatment (639)
25, 50 um for 24, 48, 72 and 96 h cell line ~50 % of these sensitive proteins are associated with
2DE, MALDI-TOF MS and 41 spots identified apoptotic pathways, e.g. GST pi |, cytokeratin 8 |,
LC-MS/MS VDAC-1 |, VDAC-2 |, annexin| 1, enolase1 1,
Aim: responses of protein ATP-synthase C 1, etc.
expression to DATS treatment of
cells
Quercetin HT-29, human colon cancer cells  Alterations of apoptosis involved proteins: anti-apoptotic heat (405)
150 uM for 72h 28 spots identified shock proteins hsp 70-1 and HSPBP1 | ; GrpE |
2DE, MALDI-TOF MS (substrate of hsp-70), caspases 1 (various cytoskeletal
Aim: identify cellular targets of puta- proteins: lamins, ninein), annexin I, Il T, human DEAD box
tive colorectal cancer protective protein |, stathmin |, triosephosphate isomerase |
effect of flavonoids (all over-expressed in human cancers)
Alterations of metabolism: Krebs-cycle enzymes
Resveratrol (RSV) 4 HCT116, human colon cancer RSV responsive events: fragmentation of lamin A/C protein; (640)
50, 100, 200 M for 12 and 24 h cell lines (Bax + /—; —/—, caspase 6 activation (caspase protease T, accumulation
2DE, MALDI-TOF MS p53 + /+; —/-) of the active form); ribosomal protein p0 1, dUTPase |,
Aim: identify mechanisms of RSV 4 spots identified stathmin 1 | ; data suggest that caspase 6 and its
triggered apoptosis cleavage of lamin A plays an important role in apoptosis
signalling triggered by RSV
Resveratrol (RSV) LNCap, DU145, PC-3, human 24 polypeptide spots were markedly T or | 1 of them (641)
50 um for 12, 24 and 48 h prostate cancer cell lines was identified by MS as phosphoglycerate mutase B |
RT PCR 1 spot identified (essential for glucose metabolism, functional significance
2DE-SDS-PAGE, MALDI MS unclear); apoptosis T by RSV (determined by DAPI and
Aim: study anti-carcinogenic Annexin V staining); microarray analysis of cDNA showed
mechanism of RSV against differential expression of 48 genes (involved in cell cycle
prostate cancer regulation, apoptosis and glycolysis)
Cocoa-derived pentameric Human breast cancer cells (MDA  G1-modulatory proteins: specific dephosphorylation, « (642)
procyanidin (pentamer) MB-231; -436; -438; SKBR-3, protein expression (Cdc2, forkhead TF) — p53 depho-
100 pg/ml for 48 or 72h MCF-7) and B(a)p immortalized sphorylation, < in protein expression
p53 and pRb: PAGE cells (184-A1N4, -B5) Retinoblastoma protein: | of expression; specific cytotoxic
Multiplayer dot blot, immunoblotting 45 spots effects of the pentamer in breast cancer cells due to site
Aim: elucidate which mechanism specific dephosphorylation and | of cell cycle regulatory
the pentamer causes cell cycle proteins
arrest in breast cancer cells
L-Ascorbic acid (LAA) NB4 human leukemia cells 9 proteins were sensitive to LAA treatment: e.g. subunit of (643)
0-5mm for 30 min 9 spots identified protein disulfide isomerase protein |, Ig heavy chain
2DE, MALDI-TOF MS binding protein (BiP = Hsp70 chaperone) |, tropomyosin
Aim: to identify the early protein |, etc.
targets of LAA induced toxicity in Change in intracellular thiol/disulfide conditions (GSSG T,
leukaemia cells modulation of disulfide bond formation); activation of
oxidative stress-inducible apoptosis (measured by FACS
analysis)
All-trans retinoic acid (vitamin A MCF-7, human breast cancer Alterations in clusters of proteins involved in the TGFB (644)
related compound) cells signalling pathway and apoptosis (e.g. post-transcriptional
1 um for up to 7 days, 18 spots identified and splicing factors: hnRNP A/B |, H1 1,H2 1,H3 |)
2DE, MALDI-TOF MS; MS peptide Energy production. GTP ATP phopspho-transferase | ;
sequencing glutamate dehydrogenase |
Aim: to analyse the molecular Cell proliferation/differentiation: Rho GDP dissociation
mechanism of Vit A induced inhibitor T ; nuclear protein Hee-1 |
growth inhibition in breast
cancer cells
Flavone (a potent apoptosis HT-29, a human colon Apoptosis associated proteins (annexins |, cytoskeletal
inducer) cancer cell line caspase substrates and heat shock proteins only detected (645)
150 pm, 24 h 20 spots identified in control)
2DE, MALDI-TOF MS Metabolic changes: enzymes of the citric acid cycle |
Aim: search for the molecular (succinate dehydrogenase, isocitrate dehydrogenase,
targets of flavone induced apop- NADPH dehydrogenase, etc.)
tosis in human colon cancer cells AO-enzymes: protein levels of catalase and thioredoxin
peroxidase |
Marker of colon cancer. protein kinase C-8 not detectable
Genistein (co-treatment with oxi- EA. hy926, human endothelial 47 spots were found to differ after ox-LDL treatment; com- (646)

dised LDL) v. ox-LDL treatment
alone

2:5pM, 24 h (ox-LDL 5 pm)

2DE, MALDI-TOF MS

Aim: mechanism of atherosclerosis
preventive effects of genistein

cells
47 spots identified

bined treatment (ox-LDL + genistein) could reverse in the
case of 29 proteins the alterations induced by the stressor
e.g. cyto-skeletal proteins, annexins, S-adenosylhomocys-
teine hydrolase (| by ox-LDL, T by genistein), methionine
adenosyl-transferase subunit (| by ox-LDL, 1 by
genistein)
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Treatment/methods/aim* Cells/speciest Resultst Reference
Genistein (in combination with HUVEC, primary human Genistein reversed stressor induced alterations (8 of 10 (544)
homocysteine or ox-LDL) endothelial cell line proteins altered by homocysteine and 2 of 9 altered by
2-50r25um 19 spots identified ox-LDL), e.g. homocysteine reduced proteins were
2DE, MALDI-TOF MS reversed by genistein: annexin V (anti-thrombotic protein)
Aim: search of molecular targets of 1, lamin A (role in prevention of hypertension) 1, apoptosis
anti-atherogenic effects of genis- linked gene 2-protein 1 ; ox-LDL induced proteins were
tein reversed by genistein: ubiquitin conjugating enzyme 12
(foam cell formation) |, aldehyde dehydrogenase |
In vivo studies
Control food vs AO rich diet. Vit C, Beagle dogs | in expression levels of oxidative stress biomarkers: protein  (546)
Vit E, L-carnithine, a-lipoic acid n=23, sex n.i. carbonyl levels of glutamate dehydrogenase |, GAPDH
(combined with a program of 4 treatment groups |, neurofilament triplet protein |, a-enolase |, GIT- and
behavioural enrichment) for 2,8 6 spots identified fascin actin bundling protein |, Cu/Zn SOD 1, fructose
years t.o. brain (parietal cortex) bisphosphate aldolase C 1, creatine kinase 1, glutamate
2DE, MALDI-TOF MS dehydrogenase 1, GAPDH 1 (increased enzyme activi-
Aim: effect of an AO-fortified diet on ties: SOD, GST, hemeoxygenase)
cognitive dysfunction and oxi-
dative stress in a canine model of
human ageing
Grape seed extract (rich in Q SD rats 18 altered proteins identified: e.g. heat shock proteins associ-  (647)
proanthocyanidins) v. control n=10, 2 groups ated with protein folding and apoptosis 1 (HSP-60, HSC
food 18 spots identified 70 and 71), creatine kinase brain g chain T (ATP-turn-
5% in the diet for 6 weeks 7 of these by LC—MS/MS over), neurofilament triplet protein light and medium chain
2DE, MALDI-TOF t.o. brain T (NF-L, NF-M: cytoskeletal components important for
Aim: analysis of molecular basis of neuronal maintenance)
AO activities of polyphenols, Glial fibrillary acidic protein |, vimentin | ( = cytoskeletal
search for alterations in specific proteins, 1 in Alzheimer’s disease), enolase | (glycolytic
(protective) brain proteins pathway)
Basal diet and 3 different Q C57BI6 mice 39 proteins displayed differential expression; 6 could be (648)
vegetable diets: 10, 20 and 40 % n= 28, 4 groups identified (with a role in the protection against colon can-
vegetable mixtures (lyophilised Analysis of 6 spots identified cer): myosin regulatory light chain 2 1 but n.s., carbonic
cauliflower, carrots, peas and t.0. colon (mucosa cells) anhydrase | 1, high mobility group protein 1 | but n.s.,
onions mixed with basal diet), pancreatitis associated protein 3 1, GAPDH |, ATP
2DE, MALDI-TOF MS synthase oligomycin sensitivity conferral protein |
Aim: effect of increased vegetable
intake on protein expression
Genistein (isoflavone in soy) Q SD rats Proteins important for cell differentiation and gland matu- (649)
500 ng/g bw, s.c., day 16, 18 and n =5 rats/group ration were found altered: GTP-cycohydrolase 1, tyrosine
20 postpartum (prepubertal) Immunoblots: n=8-10 hydroxylase 1, vascular endothelial growth factor receptor
2DE, MALDI-TOF MS and immuno- rats/group 2 |, fertility protein SP22 1, y-synuclein 1, peroxiredoxin
bloting t.o. breast (mammary gland) 1 |, ABC-transporter 1
Aim: to elucidate mechanisms of 6 spots identified
suppression of chemically
induced breast cancer and effect
on mammary gland differentiation
Diet supplemented with cruciferous Healthy volunteers The cruciferous diet yielded the largest impact on serum pro- (650)
(radish, sprouts, broccoli, n= 38, 2 groups teins, further classification showed alterations of 2 polypep-
cabbage. .. 436 g/d), allium 1 spot identified tides in the broccoli-group: one could be identified as B-
(chives, garlic, onion, 190 g/d) or t.o. blood (analysis of plasma chain of a 2-HS glycoprotein | (involved in insulin resist-
apiaceous vegetables (dill, celery, proteins) ance and immune functions)
carrots, 270 g/d) v. control diet;
cross-over study design, 7 days
MALDI-TOF MS
Aim: monitoring the impact of diffe-
rent vegetable diets on protein
expression in plasma
Human studies
Brussels sprouts Healthy non-smoking volunteers 511 spots were detected, 48 of them identified (385)

300 g/P/d for 5 days; dietary inter
vention study 2D-PAGE, MS/MS;
protein amount: fluorescence
detection; protein synthesis:
autoradiography quantification
(metabolic labelling with
35S-methionine/cysteine)

Aim: monitoring the impact of
sprout consumption on protein
expression

n=59=8d=2

48 spots identified

t.o. blood (primary white blood
cells)

2 alterations after sprout consumption were found: 1 of syn-

thesis of Mn-SOD (1-56-fold); | of synthesis of heat shock

protein 70 kDa protein (2-27-fold)
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Table 6. Continued

Treatment/methods/aim* Cells/speciest Resultst Reference
Vitamin C (Vc) supplementation Haemodialysis pts 30 polypeptides showed different levels in HD patients in (651)
prospective randomised open n=40, @ + J; 2 groups +/— comparison to individuals with normal renal function
label trial Vit C and control group, n= 13, Levels of 15 polypeptides were altered after Vc supplemen-
250 mg, 3 X /week, oral for 2 e+ tation in, only one of them could be identified and most
months; 1 CE fraction identified likely represents B-2-microglobulin | (predictor of renal
CE and ESI-TOF-MS; relevant poly-  t.o. blood (plasma proteins) insufficiency)
peptides: MALDI TOF/TOF
Aim: investigate the effects of Vc
on biomarkers of oxidative stress
and inflammation in haemodialy-
sis (HD) patients
a-Tocopherol (AT) v. placebo, Healthy volunteers 12 proteins 1 after supplementation; one of them was (652)

n=32011d,219)

3 groups (n=10)

1 spot identified

t.o. blood (plasma proteins)

double blind, parallel design
134 or 268 mg (200 or 400 |U)/day
for 14 or 28 days; 2DE,
MALDI-MS
Aim: examine effects of AT on
protein expression

identified: T proapolipoprotein A1 (result confirmed
by ELISA)

SwissProt Accession numbers: VDAC-1, P21796; VDAC-2, P45880; HSPBP1, QINZL4; GrpE, Q9HAV7; DEAD, Q92499; TGFB, PO1137; Rho GDP, P52565; forkhead TF,

Q08050.

*AO, antioxidant; bw, body weight; CE, capillary electrophoresis; 2 DE, two-dimensional electrophoresis; 2DE-SDS-PAGE, two-dimensional electrophoresis-sodium dodecylsul-
fate polyacrylamide gel electrophoresis; ESI, electro spray ionisation; h, hour; LC—MS/MS, liquid chromatography ion trap tandem mass spectrometry; MALDI-TOF MS,
matrix assisted laser desorption ionization time-of-flight mass spectrometry; n.i., not indicated; ox-LDL, oxidised low density lipoproteins; s.c., subcutaneous.

1 SD, Sprague—Dawley, pts, patients, t.o., target organ.

1 |, downregulation; 1, upregulation; <, no changes; TF, transcription factor; SOD, superoxide dismutase; GAPDH, glyceraldehyde-3-phosphatase dehydrogenase; n.s., not

significant.

experiments with isolated cells. Unphysiological test con-
ditions my lead to secondary effects which may be due to
cell death and not caused by the test compound itself.
Furthermore, in some of the studies high abundant proteins
(a-2 HS glycoprotein) with high inter-individual variations
were postulated to be biomarkers for dietary effects. Many
of the compounds/diets altered the expression of proteins,
which play a role in apoptosis, cytoskeleton structure and
energy metabolism, while no substantial alterations of
enzymes were seen which are involved in ROS defence,
except SOD, which was found upregulated in some of the
studies.

Metabolomics

Impact of the experimental design on the outcome of antiox-
idant studies. In the last chapters we described extensively
the technical difficulties of AO studies and the limitations of
the reliability of different methods. Also the experimental
design has a strong impact on the outcome and on the predic-
tive value of investigations concerning antioxidant properties
of dietary compounds which are conducted to find out if
beneficial effects can be expected in humans.

General problems of the experimental designs of AO
studies. Fig. 4 summarises the advantages and disadvantages
of different experimental models. At present around 90 % of
AO experiments are conducted in vitro with stable cell lines
or with subcelluar fractions.

The classical strategy used to identify dietary antioxidants is
the screening of a large number of potential candidates in high
throughput systems and in vitro by use of stable cell lines and
subsequently investigate the most promising compounds in
more reliable models (e.g. in animals studies and in human
intervention trials). This approach is justified on the basis of
the assumption that the key mode of action of dietary antiox-
idants is the direct (non-enzymatic) inactivation of ROS which
can be easily detected in this simple systems. However, it

became clear over the last years that the mechanisms by
which dietary compounds protect against ROS are by far
more complex and that indirect modes of action such as induc-
tion of enzymes and other defence mechanisms play an
important role. For example, the coffee diterpeonids cawheol
and kafestol do not protect human lymphocytes under in
vitro conditions against ROS mediated DNA damage®®”
while Huber et al. ®°* found in experiments with rats that
they are potent inducers of the enzyme gamma-glutamylcys-
teine synthetase (GCS) which catalyses the rate limiting step
of the synthesis of glutathione which is a potent antioxi-
dant®”. Tt is conceivable that the increased GSH levels
seen in the plasma of coffee drinkers®*® and the protection
against oxidative DNA damage observed in a human interven-
tion trial and in animal experiments*****” with coffee are due
to this mechanism.

AO enzymes and also transcription factors which regulate
cellular defence mechanisms may be not represented ade-
quately in stable cancer cell lines which are used in AO
studies. For example, it is known that that p53 controls the
transcription of a variety of genes which encode for responses
towards antioxidants®?. Since > 50 % of human tumours are
pS3 deficient due to mutations®>?, cell lines derived from
them will not adequately reflect AO responses. Also the
origin of the cells is important, while p53 and NrF2 are
found in many organs, NFkB is not or only weakly expressed
in certain tissues®®; also the activities of AO enzymes show
strong organ specificities (see Table 4). As mentioned
above, the differences in the transcription pattern of genes in
studies with oxidants and antioxidants support the assumption
that the cellular responses depend largely on the type of indi-
cator cells used.

Another important issue concerns the representation of
phase I and phase Il enzymes which metabolise dietary antiox-
idants and therefore may alter their protective properties;
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Predictive value, costs, time requirement

System Advantages/Disadvantages

+no firm information if effects take place intracellulary
+no information about biological effects

sinexpensive and fast (high throughput)

+"Artificial ¢ provide partial information about radical specificity

redox reactions

+no information if effects take place intracellulary

+no information concerning the metabolism and bio-
availability of the antioxidants screening

Subcellular +high throughput screening

fractions

sonly partial information on intracellular effects
¢ metabolism of antioxidant only partly reflected
esignalling pathways are only partly reflected

+no information on absorbtion and on organ specific
effects

Experiments . . . A .
with intact cells  *N° information about bioavailability and on impact of

the microflora

s+enable to monitor organ specific effects
ereflect absorption and metabolism

+some mammalian/ROS-models reflect the situation in
humans inadequately

Animal studies 4 extrapolation of the results to humans possible

+provide information concerning absorption and
metabolism in humans

+ most experiments are conducted with lymphocytes,
plasma or urine and provide less information on effects
in inner organs

ng_...-——-—F‘__“-
L,—_.—._._-

a

Human

erequirement to establish "controlled" conditions in
intervention trials

udles estrong intra-individual variations

Fig. 4. Advantages and disadvantages of different experimental used to investigate ROS — protective effects of phytochemicals.

furthermore also reactions catalysed by the intestinal micro-
flora are not reflected under in vitro conditions. Polyphenolics
are extensively metabolised in the gut and in the body and
non-conjugated metabolites most often account for a minor
fraction of the circulating metabolites®>?. In the case of iso-
quercitrin it was shown that completely different conjugates
are formed under in vitro conditions (i.e. after exposure to
colon cell lines) as in the serum of rats® >34, Hydroxycin-
namic acids which are potent oxidants in coffee are glucuro-
nated in the body®>>>®, but stable cell lines and peripheral
lymphocytes which are used in in vitro experiments lack glu-
curonosyltransferase (UGT) activity which catalyses this reac-
tion®7>>®_ In most cases, it is not known if and to which
extent the AO properties of conjugates differ from that of
the parent compounds, but for glucuronides of isoflavones
and epicatechin it has been shown that they provide no

protection against oxidative stress®>’°? while the parent

compounds are potent antioxidants. The inadequate represen-
tation of drug metabolising enzymes is a general problem
which is also encountered in acute toxicity and genotoxicity
experiments with stable cells lined and various attempts
were made to solve it. For example, the cultivation con-
ditions of primary hepatocytes which possess a broad spec-
trum of xenobiotic drug metabolising enzymes have been
improved®®"3%? other solutions may be the establishment
of hepatoma cell lines which have retained the activities of
several enzymes in an inducible form, (for review see@*?)
and the construction of genetically engineered lines which
express human phase I and phase II enzymes©%*3%.

The cultivation conditions of the cells may have a strong
impact on the outcome of antioxidant studies. It is known
that the composition of the medium affects the sensitivity
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of cells towards ROS. For example when lymphocytes are
treated with ROS-generating chemicals in serum, they are
up to five times less sensitive as compared to treatment in
regular medium (L. Elbling, personal communication).
When coffee or coffee specific compounds (chlorogenic and
caffeic acid) were tested at high concentrations in genotoxi-
city tests with bacteria or human lymphocytes in vitro,
strong effects were observed which were attributed to for-
mation of H,O,, while with lower doses clear antioxidant
effects were detectable and it was postulated by Aeschbacher
et al.®® that adverse effects do not take place under
realistic in vivo conditions.

On the basis of the results of in vitro experiments it was
possible to identify a number of highly potent antioxidants
such as chlorophylls(S(’(’), curcumin®®”, EGCG®®® and
anthocyanins(569) which are currently sold as food sup-
plements and/or used for the production of functional
foods®’®. However, the results of experiments in which
protection of oxidative DNA damage was monitored with
foods containing these compounds are not promising, i.e.
negative results were for example obtained with green
vegetables, EGCG supplemented products(289’298’571) and
anthocyan rich blueberries”®*®. The reasons for these disap-
pointing results are probably due to the fact that the active
compounds which have a large molecular configuration are
only poorly absorbed, therefore protective effects can be
expected in the digestive tract but not in inner organs. In
recent investigations, we found in a human intervention
trial (SCGE experiments) with lymphocytes that gallic acid
(GA), a small phenolic molecule, contained in specific
plant foods reduces the formation of oxidised bases in
peripheral lymphocytes with 30—40 fold higher efficiency
as vitamins E and C while under in vitro conditions similar
protective effects were observed®®®372_ One of the reasons
for the strong antioxidant properties of GA may be its high
absorption rate®’®.

Overall, the predictive value of results obtained in in vivo
experiments with rodents are higher as those of in vitro fin-
dings but one of the problems encountered in the interpretation
of animal derived results is due to the fact that putative
antioxidants were often administered at high doses which
are irrelevant for humans.

The major problem of human studies concerns the fact that
most experiments are carried out with peripheral blood cells
and plasma and it remains unclear if and to which extent
protection against ROS mediated damage can be expected in
inner organs. In the case of GA we observed significant
reduction of radical induced damage in a variety of inner
organs in animal experiments®®'=’?  also for a number of
other compounds such as lycopene and vitamins and E it is
known that the reduction of damage seen in blood cells in
humans is paralleled by protective effects in a variety of
tissues "7,

An important question which has been neglected in human
intervention trials concerns the impact of the overall antioxi-
dant status of the participants on the outcome of protection
studies. It can be expected that individuals which consume
AO rich diets respond less sensitive. In the case of folic
acid it has been shown that supplementation is only effective
in regard to improvement of the DNA stability in individuals
with low intake levels®’®. On the basis of these findings

Fenech®’” developed the “genome health clinic and genome
health nutrigenomics* concept which postulates individualised
supplementation strategies on the basis of biochemical and
DNA-stability measurements and can be also applied to
antioxidants®7#>7%,

Justification of heath claims for antioxidant properties
of dietary factors?

Growing consumer concerns about the health attributes of
food products and supplements and the increased production
of health foods have led to extensive discussions of the scien-
tific evidence required for health claims®%9, Already in 2001,
the global sales of functional foods were estimated USD 47,6
billion worldwide®®". As a consequence, authorities such as
the US Food and Drug Administration and the European
Commission have issued new rules directed at inaccuracies,
confusion and false information related to functional and
dose related risk reduction claims®*>~3%%_ The EU regulation
on nutrition and health claims made on foods (No. 1924/2006)
entered into force on July 1st, 2007 and it is clearly stated in
article 6 that claims have to be “based on and substantiated by
generally accepted scientific evidence”.

The evaluation of the methods which are currently used
to investigate the antioxidant properties of foods and food
constituents show that not all approaches provide reliable
results. Data from in vitro experiments cannot be extrapolated
to the human situation in general, while the value of results
obtained in animal and human studies depends largely on
the experimental design and on the techniques employed. As
mentioned above, frequently used methods such as TBARS
measurements and the quantification of protein bound carbo-
nyls and breath hydrocarbons do not provide firm evidence
for AO effects, also some TAC measurements, which are
conducted under unphyiological conditions (e.g. TOSC,
CUPRAC), may not be reliable!!”!%57, Despite the uncertaini-
ties concerning the reliability of TAC measurements, results of
such experiments can support the overall evidence for ROS
protective effects but claims should be not solely based on
such studies. Probably more relevant information can be
expected from HPLC based isoprostane measurements as a
marker for lipid peroxidation and from results of experiments
concerning prevention of oxidative DNA-damage (HPLC
based determination of oxidised bases, SCGE experiments
with restriction enzymes). In this context it is notable that
there is strong evidence that a number of ROS related diseases
(including cancer) are causally directly related to damage of
the genetic material (see introduction section).

As mentioned above, measurements of the induction of
antioxidant enzymes do not provide reliable information
for protective effects as they can also be induced by ROS
themselves and their up regulation may reflect prooxidant
effects.

Although the results obtained with -omics techniques no
not allow to establish antioxidant specific patterns of gene
transcription and protein alterations they can provide evidence
for protective effects of antioxidants in specific experimental
settings.

For example, it was found in a few studies that the trans-
cription of genes caused by oxidative stress or by ROS related
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diseases can be normalised by dietary antioxidants which
strongly supports the assumption of protective properties.

A promising strategy for the justification of health claims
may be the combination of different methods to a test battery,
but the selection of the individual approaches and techniques
to be included will be a matter of intense debate.
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