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GENERAL INFORMATION

Ferrous (Fe 2+) non-haem iron is a principal pro-oxidant in human organism.
By being the most abundant transitional metal in human organism it can initiate
and potentate the generation of free radicals through Fenton chemistry and thus
propagate free radical reactions. The mechanisms to sequester iron should keep
iron bound, but in several pathological conditions the ability to keep iron in
harmless state can be compromised locally or even systemically (Crichton et al.
2002, Casanueva and Viteri 2003, Buss et al. 2003).

On the other hand, reduced glutathione is one of the major intracellular
antioxidants. Reduced glutathione (GSH) is a tripeptide synthesized from the
precursor amino acids cysteine, glutamate, and glycine. It is the most abundant
nonprotein intracellular thiol, with multiple roles as an antioxidant agent.
Actually, GSH is a major nonenzymatic intracellular antioxidant. One of its
main mechanisms of defence is formation of glutathione disulfide (GSSG) by
the help of glutathione peroxidase. GSSG must be rapidly converted back to
GSH by the combination of glutathione reductase and NADPH. The GSH redox
status is important in the regulation of most cellular metabolic processes
including transcriptional activation and any depletion of GSH results in high-
grade oxidative stress (Moran et al. 2001, Jefferies et al. 2003, Pompella et al.
2003).

These two above mentioned powerful factors (iron and glutathione)
reciprocally modulate the critical balance of pro-oxidants and antioxidants —
that determines many processes of the cellular function including growth and
apoptosis and is crucial in the pathogenesis of numerous diseases like
atherosclerosis, cancer, diabetes, neurodegenerative diseases etc. Despite of sig-
nificance of iron and glutathione (especially its redox status) for human
physiology and metabolism their role and indicative power are still among the
open problems, and, particularly, simultaneous evaluation of their impact using
different clinical groups needs still special investigation.

The current investigation consists of studies that evaluate the level of
potentially harmful oxidative stress in several groups of healthy subjects and
patients (conditionally healthy adults with alimentary iron overload, pregnant
women with borderline anaemia, patients of coronary angioplasty, atopic and
contact dermatitis, Alzheimer’s disease). Special emphasis is drawn on non-
haem iron content and RBC-s glutathione redox ratio as exceptionally indicative
and — what is critically important for clinical medicine — modifiable parameters.
Nevertheless can either of those or any other parameter in this context be
analysed alone, but only in a complex of evaluating oxidative damage on lipids
and proteins, and measuring the indices of systemic oxidative defence, so a
complex investigation of oxidative damage has been undertaken. The
information summarised herein has both fundamental value and practical
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outcome for targeted clinical evaluation and modulation of non-haem ferrous
iron and glutathione system to predict, avoid and combat high-grade oxidative
stress caused pathological events.

Profound (high-grade) oxidative stress

In order to present the material clear and concise it is necessary to define some
terms first.

Oxidative stress (OxS) is defined as the shift of balance between
antioxidants and pro-oxidants towards pro-oxidants that may lead to potentially
harmful processes (Sies 1991, Halliwell and Gutteridge 1999, Zilmer et al.
1999).

“Pro-oxidants” or “oxidative stressors” is a common term for all factors
which are able to induce and develop OxS in human organism. Oxidative
stressors comprise mainly free radicals and other reactive oxygen species (ROS)
and reactive nitrogen species (RNS) as well as ions of transition metals (Zilmer
etal. 1999).

Antioxidant is any substance that, when present at low concentrations
compared with those of an oxidizable substrate, significantly delays or prevents
oxidation of that substrate (Halliwell and Gutteridge 1999).

Free radicals are species containing one or more unpaired electrons
independent of their route of origin — including ROS and RNS (Halliwell and
Gutteridge 1999).

Lipid peroxidation is the main form of oxidative damage to lipids, a process
that is determined by the peroxide forming mechanisms and peroxide removing
antioxidants.

Under normal physiological conditions, the rate and magnitude of reactive
species formation is balanced by the rate and magnitude of their
elimination/control. As for the source of pro-oxidants, normal mitochondrial
respiration constantly leaks super oxide radicals (O,"), and monoamine-oxidase
activity constantly produces H,O, (Halliwell and Gutteridge 1999). Iron
produces free radicals mainly through catalysing the Haber-Weiss reaction
generating hydroxyl radicals OH® and NADPH oxidase adds to super oxide
generation (Leite et al. 2004).

Human cells generally function in a reduced state but some degree of
localised oxidation is needed. Cells have evolved to use reactive oxygen species
(ROS), such as super oxide and hydrogen peroxide, as signalling molecules
(Yeh et al. 2003, Touyz et al. 2003). Under physiological conditions, ROS are
important regulators of cell cycle, protein kinase activity and gene expression.
Subtoxic ROS and RNS production can lead to alterations in cellular and extra
cellular redox state, and such alterations have been shown to signal changes in
cell functions. Numerous cellular processes including gene expression can be
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regulated by subtle changes in redox balance. Examples of this include the
activation of certain nuclear transcription factors, and the determination of
cellular fate by apoptosis or necrosis.

Reactive oxygen species function as important intracellular second messen-
gers to activate many downstream signalling molecules, such as mitogen-
activated protein kinase, protein tyrosine phosphatases, protein tyrosine kinases
and transcription factors. Activation of these signalling cascades leads e.g. to
VSMC growth and migration, modulation of endothelial function, expression of
pro-inflammatory mediators and modification of extra cellular matrix. Further-
more, ROS increase intracellular free Ca>* concentration, a major determinant
of vascular reactivity (Touyz et al. 2003).

Biological peroxides (i.e. ONOO "and H,0,) have been implicated as
regulators of redox sensitive cell signalling pathways. Several studies have
shown that H,O, regulates transcriptional and translational events in many cell
types, the downstream targets including the mitogen activated protein (MAP)
kinases, and nuclear factor kappa B (NF-kB) and hypoxia-inducible factor
(HIF). These are important components of numerous redox sensitive signalling
pathways that link extra cellular stimuli to gene regulation (Yeh et al. 2003).

The recognition of ROS/RNS and redox-mediated protein modifications as
transducing signals has opened up a new field of cell regulation and provided a
novel way of controlling disease processes. One such approach has been proven
feasible for gene expression governed by the transcription factor NF-kB.
NF-kB is among the most important transcription factors shown to respond
directly to oxidative stress (Haddad 2002).

Cellular redox balance is, under normal circumstances, maintained so that
overall reducing conditions prevail. Thiols, by virtue of their ability to be
reversibly oxidized, are recognised as key components involved in the
maintenance of redox balance. Increasing evidence suggests that thiol groups
located on various molecules act as redox sensitive switches thereby providing a
common trigger for a variety of ROS and RNS mediated signalling events
(Moran et al.2001).

Thus, cellular signalling pathways are generally subjected to dual redox
regulation in which redox state has opposite effects on upstream signalling
systems and downstream transcription factors. Not only are the cellular signal-
ling pathways subjected to redox regulation, but also the signalling systems
regulate the cellular redox state. When cells are activated by extra cellular
stimuli, the cells produce ROS, which in turn stimulate other cellular signalling
pathways, indicating that ROS act as second messengers. It is thus evident that
there is cross talk between the cellular signalling system and the cellular redox
state (Kamata and Hirata 1999).

Inoue et al. have showed that a cross talk of nitric oxide and oxygen radi-
cals regulates the circulation, energy metabolism, reproduction, and remodelling
of cells during embryonic development, and functions as a major defence
system against pathogens as well as fates of pathogens and their hosts and that
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oxidative stress in and around mitochondria also determines cell death in the
development of animals and tissue injury caused by anticancer agents by some
carnitine-inhibitable mechanism (Inoue et al. 2003).

It all shows that low-grade OxS has an adaptive and regulative character.

At the same time, any prolonged excess of ROS and RNS or depletion of
antioxidants (this situation is called profound or high-grade OxS, HOxS) causes
damages of lipids, proteins and DNA.

Apoptosis is accompanied by an intracellular shift towards increased
oxidation, but too much oxidation will stop apoptosis by oxidizing and inacti-
vating the caspase enzymes. Transition-metal ions are liberated from metall-
oproteins as a primary mechanism of injury by oxidative damage (Halliwell
2000).

The oxidation mechanism for disease pathogenesis states that an imbalance
in cell redox state alters function of multiple cellular pathways.

Neither O," nor H,O, react with DNA but H,O, crosses the mitochondrial
and plasma membranes reaching DNA, where bound transition metals produce
in situ OH", thus causing DNA damage. Oxidized bases and single- and double-
strand DNA breaks occur and can be detected with biochemical methods
(Halliwell and Gutteridge 1999).

Powerful oxidizing agents such as the hydroxyl radical directly modify
amino acid side chains of proteins, resulting in a diverse array of altered amino
acids. Among these modifications, generation of free carbonyls is considered
specific for oxidative damage (Smith et al. 1998). Protein carbonyls result from
the interaction of free radicals with amino acid residues oxidating their
sulthydryl groups and hydroxylating tyrosine and phenylalanine (Halliwell and
Gutteridge 1999). Under the influence of excess oxidative stress, modifications
of proteins and polynucleotides take two forms: (a) adduction reactions by
highly reactive intermediate products of lipid peroxidation or glycation, and (b)
direct oxidative modification of the macromolecules (Smith et al. 1998).

Fe*" or Cu” can initiate a lipid peroxidation cascade in biological memb-
ranes and lipoproteins by the production of OH" (by reacting with unsaturated
fatty acids in the presence of O,). Transition-metal-based radicals may be
responsible for initiating the peroxidation of lipids and the formation of
conjugated diene double bonds, fluorescent chromo lipids and alkoxyl and
peroxyl radicals that are able to propagate lipid peroxidation to final end
products such as pentane, ethane, malondialdehyde (reacting with thiobarbituric
acid, TBARS), hexanal, isoprostanes etc (Halliwell and Gutteridge 1999).

OxS has been acknowledged to be a pathogenetic and/or etiological factor
of numerous pathological conditions. HOxS has a major influence in diseases of
actiology of multifactorial origin. So the role of HOxS has been accepted (and
proven) in atherosclerosis, tumours (Jefferies et al. 2003) and neurodegenerative
diseases (Perry et al. 2002), but also in diabetes (Haskins et al. 2003) and
development of rheumatoid arthritis (Jaswal et al. 2003).
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On the other hand it has been observed that in diseases with a definite
causative aetiological factor (a specific allergen in allergic contact dermatitis,
bacterium in tuberculosis, virus in HIV-infection), the reaction of the human
organism, and thus the generation/manifestation of a disease in answer to the
causative agent and the following progression of the state, is dependent of the
balance between prooxidants and antioxidants.

The oxidative theory of aging is one of many possibilities to explain the
process of growing older. It is based on the knowledge that many age-related
diseases and diseases that accelerate the aging process are connected to
oxidative damage (Polla et al. 2003).

Monitoring OxS can be done indirectly by assaying products of oxidative
damages on lipids, proteins and DNA or investigating the potential (total
antioxidative potency) of an organism, tissue, cells or body fluid to withstand
further oxidation.

Pro-oxidants

v

[ S S

Antioxidants
High-grade oxidative stress
>
Time

Regulation A disease’s
of a healthy pathogenesis
organism’s has been
metabolism facilitated/

initiated

Figure 1: Oxidative stress in the process of disease progression.

14



More and more scientific investigations are undertaken to define complexes of
markers that are cost-effective, easy to use and informative to be used in clinical
settings to predict, avoid and combat high-grade oxidative stress caused events.
Both the piling evidence reviewed in literature and our sets of experiments
indicate that evaluation of ferrous (non-haem) iron status and the integrity of the
glutathione system can add valuable information for making clinical decisions.

Oxidative stress and cardiovascular diseases

The free radical theory of aging (free radicals generate molecular damage to
lipids, proteins and nucleic acids) (Harman 1956) has been acknowledged to be
the first to connect the diseases of the elderly and free radicals.

Animal studies support a fundamental role for ROS in cardiovascular
disease (Griendling and FitzGerald 2003). Animal models of atherosclerosis
have documented that all the constituents of the plaque produce and use ROS.
Atheroma formation is associated with the accumulation of lipid peroxidation
(LPO) products and excessive formation of oxidized LDL (OxLDL), induction
of inflammatory genes, inactivation of NO resulting in endothelial dysfunction,
activation of matrix metalloproteinases (that modulates collagen degradation,
which is important in lesion instability) and increased smooth muscle cell
growth (Griendling and FitzGerald 2003).

Atherosclerosis is accompanied by degeneration of vascular endothelial
cells and vascular smooth muscle cells due to programmed cell death (Unter-
luggauer et al. 2003). Oxidized LDL can induce endothelial cell apoptosis in
vitro and this effect may be prevented by HDL (Speidel et al. 1990). Unter-
luggauer et al. have demonstrated on a model system of human endothelial cells
that a significant accumulation of ROS is detected in senescent but not young
endothelial cells and this accumulation induces growth arrest in the G1 phase of
the cell cycle and cell death occurs by apoptosis (Unterluggauer et al. 2003).

In many forms of hypertension, the increased ROS are derived from
NAD(P)H oxidases (Landmesser and Harrison 2001, Leite et al. 2004) and it
could serve as a triggering mechanism for uncoupling endothelial NOS by
oxidants. The mechanism by which oxidative stress is increased by
hyperlipidemia could involve the renin-angiotensin system (RAS). In rats made
hypertensive by angiotensine Il infusion, NAD(P)H oxidase subunit expression
and O, production are increased. Both the resulting impaired endothelium-
dependent vasodilatation and the hypertension can be corrected by infusion of
modified forms of SOD penetrating the vessel wall. Recent data suggest the
persistence of low levels of oxidant stress during the vascular repair reaction in
neointimal and medial layers (Leite et al. 2004). Another potentially pro-
atherogenic effect of angiotensin II, as well as of cytokines produced by
inflammatory cells, is up regulation of adhesion molecule expression and
expression of receptors for oxidized LDL. Angiotensin II causes also hyper-
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trophy of vascular smooth muscle in a ROS-dependent fashion. It has been
implied that other mediators can share these properties of angiotensin II
(Griendling and FitzGerald 2003). Thus, angiotensin II is a potent stimulator of
OxS and RAS blocking agents may reduce the profound OxS in the body.

Another potential effect of elevated ROS in atherosclerosis is a compen-
satory increase in a mutant form of a functionally active extra cellular SOD
(ecSOD) that converts excessive O," into extra cellular HO,. There may still
be the possibility that H,O, rather than O, is the main ROS in atherogenesis
(Griendling and FitzGerald 2003).

Increased vascular O," production, decreased tissue glutathione, impaired
endothelial-dependent relaxation, and increased NAD(P)H oxidase activity
leading to uncoupling of eNOS have all been demonstrated in animal models of
diabetes as well as in human patients with type II diabetes (Griendling and
FitzGerald 2003). All those factors together with disturbances of iron meta-
bolism have an impact on the pathogenesis of CHD.

In balloon-catheter injury models, it has been documented that mechanical
injury promotes an initial loss of cellularity, and also that programmed cell
death or apoptosis is observed early after balloon distension injury and may
contribute to the early medial smooth muscle cell loss. Evidence suggests that
members of the mitogen-activated protein kinase family or mediators play an
important regulatory role in apoptosis (Pollman et al. 1999). In addition to
mediators in the mitogen-activated protein kinase family, ROS may also
mediate the cell suicide program as well as cell growth. Pollman et al. docu-
mented that balloon injury was associated with a marked reduction in
glutathione levels and demonstrated that treatment with antioxidants such as
N-acetylcysteine (NAC) and pyrrolidine dithiocarbamate (PDTC) inhibited the
acute induction of cell death. They concluded that balloon injury induces acute
cell death via a redox-sensitive mechanism (Pollman et al. 1999). The results
were consistent with the hypothesis that stress-activated protein kinases
activation is part of the redox-sensitive pathway regulating the acute induction
of medial smooth muscle cell apoptosis in response to balloon angioplasty
injury. After vascular injury, activation of enzymes such as NADPH oxidase
leads to a marked increase in super oxide generation, proportional to the degree
of injury, which rapidly subsides. Such early super oxide production is
significantly greater after stent deployment, as compared to balloon injury
(Leite et al. 2004). In addition to animal models, some clinical trials have
indicated that antioxidant drugs might have particular efficacy in preventing
restenosis in response to balloon injury (Daida et al. 2000).
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Oxidative stress and pregnancy

Pregnancy, mostly because of the mitochondria-rich (mitochondrial mass
increases with gestational age) placenta, is a condition that favours oxidative
stress (Sies 1991, Wang and Walsh 1998, Casanueva and Viteri 2003). Transi-
tion metals, especially iron, which is particularly abundant in the placenta, are
important in the production of free radicals (Casanueva and Viteri 2003). At the
same time placenta is highly vascular and exposed to high maternal oxygen
partial pressure (Casanueva and Viteri 2003). In addition NO is also locally
produced by the placenta and together with other reactive nitrogen species
contributes to potential oxidative stress in the presence of transition metals. The
placenta is also rich in macrophages favouring local placental production of free
radicals, including reactive chlorine species in which free iron is also implicated
(Halliwell and Gutteridge 1999).

Reduced glutathione has been found elevated during pregnancy in
erythrocyte lysates (Wisdom et al. 1991), SOD activity in erythrocytes and
plasma thiol levels have been found to be lower during pregnancy and coeru-
loplasmin levels have been found to be higher during pregnancy than in
nonpregnant women (Casanueva and Viteri 2003). Serum levels of CD,
fluorescent chromo lipids and TBARS increase in normal pregnant women,
reaching their maxima in the second trimester and then decline until term.
Plasma ascorbic acid concentration varies by intake but generally decreases in
normal pregnancy, severely so in preeclampsia (Hubel et al. 1997). Nitrio-
sothiols and other metabolites derived from free radicals are exaggerated in
gestational hypertensive diseases and diabetes (Kossenjans et al. 2000).

Defence mechanisms against free radical damage (bilirubin, glutathione,
SOD, CAT, GPx, Gred) are also enhanced as pregnancy progresses (Casanueva
and Viteri 2003). However, pregnancy is a state where this adaptation and
equilibrium between free radicals and protective mechanisms are easily
disrupted as evidence by the propensity toward the development of gestational
hypertension and insulin resistance that in some cases can lead to gestational
diabetes.

Results of Orhan et al. (2003) suggest that oxidative stress and subsequent
lipid peroxidation accompany the complications of hypertension, preeclampsia
and diabetes mellitus in pregnancy. Hyperglycaemia itself can favour
nonenzymatic glycation, which can induce ROS formation in the presence of
reactive transitional metals. It also induces reductions in serum transferring and
in the activities of CuZnSOD and of coeruloplasmin ferroxidase (Casanueva
and Viteri 2003). Evidence of elevated levels of intracellular iron and ROS in
insulin resistance (Fernandez-Real et al. 2002) and diabetes and prevention of
diabetic foetal anomalies by the reduction of iron and oxidative stress reinforces
this concept (Lao et al. 2002).

The supplementation of antioxidants, such as vitamin E and/or C, to prevent
eclampsia and diabetes mellitus during pregnancy has been suggested and
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several animal models and even clinical trials have been conducted (Chappell et
al. 1999).

Both abnormalities in the glutathione system and disturbances in iron
metabolism have an impact on non-physiological events during pregnancy.
Monitoring both glutathione and iron status in pregnant women is highly
important as the primary negative consequences of depletion of GSH or excess
of iron have a hidden nature.

Oxidative stress and Alzheimer’s disease

Multiple lines of evidence have implicated OxS and free radical damage to the
pathogenesis and possible aetiology of Alzheimer’s disease (AD). Cellular
changes show that oxidative stress is an event that precedes the appearance of
the hallmark pathologies of the disease, neurofibrillary tangles and senile
plaques (Perry et al. 2002). The damage of oxygen radicals found in AD inclu-
des advanced glycation end products, nitration, lipid peroxidation adduction
products as well as carbonyl-modified neurofilament protein and free carbonyls
(Perry et al. 2002). The OxS-mediated damage (like lipid peroxidation) seems
to have regional pattern (Karelson et al. 2001).

The most crucial aspects of the cellular oxidative damage in AD patho-
genesis appear to be cytosceletal modifications in neurons susceptible to AD,
that cause irreversible cellular dysfunction and ultimately lead to neuronal death
(Smith et al. 1995). The oxidative conversion of protein side-chains to reactive
carbonyl or acylating moieties, or adduction of bifunctional sugar- or lipid-
derived products can result in abnormal protein cross-linking. Covalent cross-
linking may in fact represent a neurotoxic event by inhibiting turnover. At the
same time, several oxidative modifications may generate chemical species that
support further oxidative stress through redox cycling or transition metal
sequestration (Perry et al. 2003). Perry has also suggested that as both
neurofilament tangles (NFT) and amyloid B (AB) show the lowest levels of 8-
hydroxyguanosine, a marker of recent ROS attack, but high levels of advanced
glycation end products or lipid peroxides, both Af and NFT may serve an
antioxidant function, and thus be cellular compensations for increased oxidative
stress (Perry et al. 2003).

Preliminary epidemiological and clinical studies suggest that inhibiting
oxidative stress and glycation are effective in reducing the clinical mani-
festation of neurodegenerative diseases (Munch et al. 1998).

Regional differences in protein damage (Hensley et al. 1995) and dini-
trophenyl (DNP) adduct formation has been objectivized in the cell bodies and
apical dendrites of the pyramidal neurons of the hippocampus in cases of AD,
but not in control subjects. Senile plaques (including dystrophic neuritis, p-
amyloid deposits, microglia, astrocytes, and adjacent oligodendrocytes) showed
no reaction with DNPH in experiment (Smith et al. 1998). The authors
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concluded that their results do not support the senile plaque as the primary site
of free radical imbalance but rather implicate an ROS source within the cell
body (Smith et al. 1998).

Specific biologic mechanisms are thought to interchangeably interact among
patients with AD, producing different phenotypic profiles, which partially
depend on a genetic basis (Mosconi et al. 2003). Over 100 mutations of the
amyloid precursor protein, presenilin 1, and presenilin 2 genes have been
described in the rare, early-onset dominant form of familial AD (FAD)
(Rosenberg 2000). Alternatively, in the more common sporadic manifestations
of AD (SAD), a genetic locus on chromosome 19, coding for the apolipoprotein
E (apoE), has been associated with increased susceptibility (Rosenberg 2000).
However, more than 70% of the AD cases in the general population are un-
related to any of these four genes, suggesting that genetic predisposition could
act in concert with several epigenetic factors to determine AD onset (Rosenberg
2000).

It has been demonstrated that both haem oxygenase-1 (HO-1) protein and
its mRNA are increased in brains of AD patients, indicating the up-regulation of
antioxidant enzymes (Perry et al. 2002). An altered iron metabolism and release
and glutathione depletion have an impact on neurodegeneration including AD
(Perry et al. 2003).

Oxidative stress and other potential problems

Increasing evidence in both experimental and clinical studies suggests that
oxidative stress plays a major role in the pathogenesis of both types of diabetes
mellitus (I and II). HOxS appears to be the pathogenic factor in underlying
diabetic complications. Free radicals are formed disproportionately in diabetes
by glucose oxidation, nonenzymatic glycation of proteins, and the subsequent
oxidative degradation of glycated proteins. Consequently, the free radicals thus
generated promote the development of complications of diabetes mellitus. 8-
hydroxydeoxyguanosine (8-OHdG) has been suggested to serve as a new
sensitive biomarker of the in vivo oxidative DNA damage in diabetes (Wu et al.
2004).

Chronic rheumatic diseases are another area that has been linked to HOxS.
Several different pathways can lead to increased formation of reactive oxygen
species in inflamed joints. This enhanced oxidation plays a significant role in
the tissue damage and inflammation perpetuating process in rheumatoid syno-
vium (Ozturk et al. 1999). Although LPO affects many cellular components, the
primary site involves membrane-associated PUFA and protein thiols. It is
apparent that patients of rheumatoid arthritis (RA) are exposed to OxS and are
more prone to LPO. Accordingly, altered concentrations of some antioxidants
have also been reported. The concentrations of whole blood glutathione and
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total thiols have been found to be significantly lower in patients of RA, as
compared to healthy controls (Jaswal et al. 2003).

Patients with chronic renal failure (CRF) are in a state of HOxS compared
with healthy controls. The most informative indices to evaluate the degree of
OxS in CRF have been reported to be GSSG level, GSSG/GSH status, LDL lag
phase and CD (Annuk et al. 2001).

Intracellular reduction-oxidation status is a primary regulator of cellular
growth and development. Evidences that support the involvement of free
radicals in tumour promotion include the following facts: (i) a number of free
radical-generating compounds are found to be tumour promoters in various
animal model systems, (ii)) ROS generating systems can mimic the biochemical
action of tumour promoters, (iii) some tumour promoters stimulate the
production of ROS, (iv) tumour promoters modulate the cellular antioxidant
defence systems, and (v) free radical scavengers, detoxifiers and antioxidants
inhibit the process of tumour promotion. The role of ROS in the progression
stage of carcinogenesis is evident from the fact that a number of different free
radical generating compounds enhance the malignant conversion of benign
papillomas into carcinoma and their effectiveness may be related to the type of
radicals produced into the biological system (Athar 2002).

The causal relationship between the markers of OxS and clinical severity of
an infection has not yet been established, but Madebo et al. established lower
concentrations of antioxidant vitamins C, E and A and also lower thiol
concentrations, particularly of the reduced forms, and higher malondialdehyde
(MDA) that was associated with clinical severity in tuberculosis patients
compared to endemic control group (Madebo et al. 2003). Aukrust et al. (2003)
established that highly active antiretroviral therapy was accompanied by both an
improvement of glutathione redox-status and an increase in levels of antioxidant
vitamins in patients of HIV infection. Apart from that, glutathione supple-
mentation in vitro increased T-cell prolifration in these patients.

So the heterogeneous spectrum of disabilitating diseases like diabetes, RA
and malignancies have all been connected to amelioration of the antioxidant
defence systems including the glutathione system and to disturbances of iron
metabolism leading to an excess of the pro-oxidant (Salonen et al. 1999, Huang
2003, Jefferies et al. 2003, Jaswal et al. 2003).
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The pro-oxidants in human body,
special emphasis on ferrous iron

The pro-oxidants are reactive oxygen species (ROS) that are generated during
oxidative burst in macrophages, in the leak of electrons in cellular breathing
etc., and reactive nitrogen species (RNS) as well as transition metal ions that
can take part in free radical processes as initiators or activators. The divalent
ferrous iron is one of the major pro-oxidants of human organism (Halliwell and
Gutteridge 2003, Polla et al. 2003).

(ROS) can be divided to free radicals (FR), which are based on an oxygen
atom (super oxide radical, hydroxyl radical, etc) and oxygen-containing oxi-
dizing non-radical compounds (may be converted to FR) like H,O,,
hypochlorous acid (HOCI), ozone, singlet oxygen ('0,), 4-hydroxynonenal, etc.

(RNS) can similarly be FR, which are based on a nitrogen atom (nitric
oxide radical, etc) and nitrogen-containing non-radical compounds (peroxy-
nitrite etc) (Zilmer et al. 1999).

The endogenic sources for reactive species production in human organism
may be as follows (Zilmer et al. 1999, Halliwell and Gutteridge 1993, Leite et
al. 2004):

Mitochondrial respiratory chain (O,")

Inflammation and phagocytosis (O,", OH", H,0,, HOCI)

Xanthine oxidase (0,")

Vascular NAD(P)H oxidase (O,")

Cyclooxygenase (LOO")

Free iron and copper as transition metals (OH")

Destruction of senescent bio molecules by peroxisomes

Reaction between O," and NO® (yields in peroxynitrite)

Reaction between H,O, and peroxynitrite (singlet oxygen)

Auto-oxidation of catecholamines

Ischaemia/reperfusion (ROS and RNS)

Prolonged severe emotional stress (ROS and RNS)

etc.

It is important to note that iron is potentially the strongest factor considering the
production of different free radicals. During normal metabolism ROS (O,",
H,0,, *OH) are generated from molecular oxygen (O). Through Fenton
reaction Fe(Il) is oxidized to Fe(Ill) in the presence of H,O, and a highly
reactive "OH is produced.

Oz_“‘ H202 _> 02+ OH + OH.
Iron catalyses this reaction

Oz_ + Fe3+—> 02 + Fe%
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Fe*+ H,0, —» Fe*" + OH + OH"

It has been estimated that the rate of oxidation of oxidizable substrate by
“Fe’™+0,” could be as much as 10® faster than the rate of oxidation by the
Fenton reaction (Huang 2003). These results suggest that “Fe**+0,” chemistry
is probably the most important route for free radical biology of iron. In fact,
0," and H,0, may be produced directly from dissolved oxygen (O,) in aqueous
media in the Fe*"-mediated autoxidation reactions as follows:

Fe*'+0, —®» Fe’™+0,” (1)

Fe*+0,"+2H" —® F'+H,0, (2)
Fe'+H,0,—» F’+*OH+OH  (3)

In comparison with Fenton/Haber—Weiss reactions where iron is catalytic or
redox cycled, iron is consumed in iron autoxidation reactions. For example,
oxidants produced by the interaction of Fe*" and O, may be quenched by Fe**
itself at the high concentrations as follows:

Fe*'+OH' —» Fe*'+OH  (4)

According to the reactions (1)—(4), a self-quenching reaction can be written as
follows:

4Fe* +0, - 2H" — 4Fe*+20H"

It is known that the activation of oxygen by iron is subject to both kinetic and
thermodynamic restraints, and therefore, reactions (1)—(3) as described are
oversimplified. For example, it has been suggested that oxidants other than the
hydroxyl radical (OH"), such as ferryl or iron oxo, may also be generated
(Huang 2003).

Super oxide radical O, is capable of reducing ferritin-bound ferric (Fe’)
iron to the ferrous state (Fe’"), whereupon it is released from ferritin and
becomes available to catalyse a self-propagating burst of oxidation (Crichton et
al. 2002).

Thus free iron is probably the most important factor in the free radicals of
human body via its potent contribution to production of hydroxyl radicals,
especially from mild oxidizing agents or a mild reducing agent as H,O,.
Hydrogen peroxide (H,O,) is apparently able to cross cell membranes readily
(Halliwell et al. 2000). In chemical terms, H,O, is poorly reactive: it can act as a
mild oxidizing or as a mild reducing agent. The danger of H,O, largely comes
from its ready conversion to the indiscriminately reactive hydroxyl radical
(OH"), either by exposure to ultraviolet light or by interaction with transition
metal ions, of which the most important in vivo is iron. H,O, can contribute to
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Fenton chemistry not only by being one of the substrates but also by providing
the other, e.g. by liberating iron from haem proteins. At sites of inflammation,
H,0, generated by activated phagocytes appears to modulate the inflammatory
process, e.g. by up-regulating expression of adhesion molecules, controlling cell
proliferation or apoptosis and modulating platelet aggregation. It thus seems
likely that most or all human cells are exposed to some level of H,O,. These
data emphasize the importance of metal ion sequestration in preventing the
toxicity of H,O, in vivo by decreasing the occurrence of Fenton chemistry, and
help explain why a failure of such sequestration can produce devastating tissue
damage in almost all organs of the body (Halliwell et al. 2000).

The reactive nitrogen species nitric oxide NO, formed by the nitric oxide
synthase, NOS, plays an important role in the cell as an antimicrobial agent. Its
reaction with super oxide will form the extremely toxic peroxynitrite species,
ONOO'. The increase of cellular iron content may alter the ability of iNOS (that
is a haem enzyme) to adequately respond to cellular requirements. INOS
expression is also controlled by free iron within the cell (Crichton et al. 2002).
The role of the macrophages in liver homeostasis is critical as macrophages are
able to phagocytose senescent erythrocytes (predominantly in the spleen). In the
macrophage, the free iron, liberated from haem by haem oxygenase, is
incorporated into ferritin or released into the circulation to be bound by
transferrin. Investigators claim that the presence of excessive amounts of iron in
the macrophage may adversely interfere with their role in the activation of
NADPH oxidase and the generation of ROS as an inflammatory response
(respiratory burst). The production of NO and consecutive ONOQO' is one of the
major mechanisms in the macrophages defence system. It has been shown that
stimulated macrophages from iron-loaded rats had a significantly reduced
ability to produce NO (Crichton et al. 2002).

Cells, such as hepatocytes, which have high antioxidant protection are less
susceptible to iron, whereas those that have less, like many brain cells, are more
sensitive to iron catalysed oxidative stress (Crichton et al. 2002).

LDL cholesterol becomes oxidized when it comes in contact with unstable
free radicals, such as the hydroxyl radical (OH"), singlet oxygen (O,), or
hydrogen peroxide (H,0,). The intensified generation of ROS is potentially
harmful to practically all cellular and extra cellular structures: proteins (both
inside and outside the cells), lipids (lipid peroxidation), DNA (cross links and
fractioning), mitochondria (decoupling of oxidative phosphorylation) — and all
of theses disturbances can be potentated by ferrous iron (Polla et al. 2003).

A substantially elevated production of ROS may be caused by environmental
factors (radiation, cigarette smoke) or pathological conditions (ischemia-
reperfusion, inflammation and infection) (Polla et al. 2003). In many of these
situations the potentiating role of iron has been proven.
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Human body iron

The common oxidation states of iron are ferrous (Fe*") or ferric (Fe’). At
neutral and alkaline pH ranges, the redox potential for iron in aqueous solutions
favours the ferric state, at acidic pH values, the equilibrium favours the ferrous
state. In organism ferrous iron is mainly the component of functioning iron-
protein complexes and ferric iron is mainly present in iron’s transportation and
storage complexes. All the important steps in iron transportation and storage
include reduction and re-oxidation of iron. The reduction of Fe** to Fe*' is
mediated by NADP/NADPH system. Fe*"-s conversion to Fe’" is regulated by
ferroxidases, mainly ferroxidase II (Geisser 1998, Crichton et al. 2002).

Iron has an affinity for electronegative atoms such as oxygen, nitrogen and
sulphur, which provide the electrons that form the bonds with iron (Geisser
1998, Zilmer et al. 1999). Iron can bind to a variety of macromolecules and
catalyse the generation of unstable free radicals. It means that no free iron can
be allowed to be present in a living organism. To protect against such reactions,
several iron-binding proteins function specifically to store and transport iron.
These proteins have both a very high affinity for the metal and incompletely
filled iron-binding sites (Geisser 1998, Crichton et al. 2002, Zilmer et al. 1999).

Iron in human organism is almost exclusively a component of proteins:
nonhaem proteins (ferritin, transferrin, lactoferrin and redox-enzymes, Fe-S-
proteins) and haem proteins (enzymatic like NOS, cytochromes, catalase,
peroxidases and nonenzymatic like haemoglobin and myoglobin). Iron is in the
functional centre of haemoglobin’s haem, enabling the transportation of oxygen
from lung capillaries to the tissues and iron is in the functional part of the
oxidation chain in the cell as the functional part of cytochromes (Geisser 1998).

The majority of the iron present in an organism is in use as a component of
haemoglobin or myoglobin (2—5 g). In normal circumstances 3 to 4 times less is
stored in ferritin and only 1/100™ is — bound to proteins — present in serum
(Geisser 1998, Zilmer et al. 1999, Arosio and Levi 2002).

Absorption of iron

The high affinity of iron for both specific and non-specific macromolecules
leads to the absence of significant formation of free iron salts, and thus this
metal is not lost via usual excretory routes. Rather, excretion of iron occurs only
through the sloughing of tissues that are not reutilised (epidermis, hair,
gastrointestinal mucosal cells) and physiological/ pathological losses of blood
(Geisser 1998, Crichton et al. 2002). In a healthy adult male the loss is about 1
mg/day. Children, premenopausal women and patients with blood loss naturally
have increased iron requirements. The lost amount should be substituted.
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Cooking of food increases the availability of the metal in the gut. The low
pH of stomach contents permits the reduction of ferric ion to the ferrous state
(Zilmer et al. 1999).

The major site of absorption of iron is in the small intestine, with the largest
amount being absorbed in the duodenum. Humans consume iron in two forms —
haem iron (ferrous) is present in fauna i.e. meat, liver, blood etc. Nonhaem iron
is mostly present in plants — and the majority of it is ferric. The absorption of
haem iron and nonhaem iron from the food is different (Lieu et al. 2001, Huang
2003).

The absorption of haem iron is receptor-mediated (a putative haem receptor
on the apical membrane of the enterocyte) and is not dependent on the pH of
intestinal lumen or accompanying food constituents. About 20 to 25% of haem
iron present in food is absorbed. Only after the absorption into the mucosal
cytoplasm the metal is split off from the porphyrin ring with the help of
microsomal haem oxygenase in the endoplasmic reticulum.

In the absorption of non-haem iron, dietary ferric iron can be reduced to
ferrous iron by duodenal ferric reductase, Dcytb prior to its transport into the
enterocyte via the divalent cation transporter DMT1 (also known as Nramp?2 or
DCT1) (Crichton et al. 2002). A ferric reductase is associated with DMT1 and it
reduces ferric ions to ferrous ions in the lumen. Thus, ferrous ion uptake
prevails but ferric ions can also bind via mucin-solubilized way to a trans-
membrane integrin and are carried then to a soluble protein mobilferrin (Zilmer
et al. 1999, Aisen et al. 1999, Lieu et al. 2001). From nonhaem iron present in
food about 5 % is absorbed.

When iron is absorbed into the mucosal cell, it divides between the ferritin
of mucosal cell and the basal membrane of the cell through which (with the help
of IREG1, a transmembrane iron transporter protein) iron is bound to transferrin
in the capillaries. Hephaestin, a membrane-bound protein, promotes oxidation
of ferrous iron to ferric iron, that will allow rapid binding of iron to transferrin
and its delivery to cells expressing IRP-regulated transferrin receptors, thus
preventing endothelial damage (Crichton et al. 2002).

The major barrier to the absorption of iron is not at the lumenal surface of
the duodenal mucosal cell. Whatever the requirements of the host are, in the
face of an adequate delivery of iron to the lumen a substantial amount of iron
will enter the mucosal cell. Regulation of iron transfer occurs between the
mucosal cell and the capillary bed (Zilmer et al. 1999, Crichton et al. 2002,
Huang 2003). Hephaestin, Fe-binding chaperones and some other agents help
ferroportinl (an iron export protein FPN1) to obtain iron (both ferrous and
ferric), which is probably transported across the basolateral membrane in the
ferrous state. Thus, evidently the reductase activity of FPN1 reduces Fe'™ to
Fe*". Once the Fe*" reaches the external surface of basolateral membrane it is
probably oxidized to Fe*" by the plasma ferroxidase coeruloplasmin and bound
to plasma apotransferrin to form an iron transport protein transferrin (Zilmer et
al. 1999, Crichton et al. 2002).
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Iron transportation,
uptake and utilization by mammalian cells

The protein in serum involved in the transport of iron is transferrin, a
glycoprotein synthesized in the liver, consisting of a single polypeptide chain of
78000 Da with two iron binding sites. Transferrin binds ferric, but not ferrous
iron. The binding of each ferric ion is absolutely dependent on the coordinate
binding of an anion, which in the physiological state is carbonate (Aisen et al.
1999).

In healthy individuals, plasma transferrin saturation is usually 20-35% of
maximum meaning that most transferrin molecules have one or two unoccupied
iron binding sites and free iron cannot be detected (Crichton et al. 2002).
Patients with various malignancies have a diminished capacity to sequester iron
and serum free iron can sometimes be detected, especially after chemotherapy
and in other conditions with cell death/lysis.

Transferrin binds to specific cell surface receptors (TfRs) that mediate the
internalisation of the protein in almost all mammalian cells (Lieu et al. 2001).

The transferrin-transferrin receptor complex is internalised in clathrin-coated
vesicles. The vesicles lose their coat, and the resulting smooth vesicles fuse
with endosomes. The interior of the endosomal compartment is maintained
acidic (approximately pH 5.5). Iron is released from the transferrin-transferrin
receptor as Fe’" and transported out of the endosome by the divalent cation
carrier DMT1, the transmembrane iron transporter.

Once the iron has been released it is rapidly bound by intracellular protein
ligands, notably the iron storage protein ferritin. A major part of intracellular
iron utilization is accounted for by the synthesis of iron-containing proteins.

Recent evidence suggests that some types of cells may express a transferrin-
independent iron transport system. For example, mice and humans lacking
transferrin, while anaemic, show iron overload in parenchymal tissues such as
liver and spleen (Huang 2003).

Intracellular iron transport and storage

Organisms require an intracellular storage form of iron that is soluble, non-toxic
and bio-available. Ferritin, the principal iron storage protein, is widely
distributed in many mammalian cell types. The structural and biochemical
properties of ferritins in different organisms — from bacteria to humans — are
generally the same, although their roles in metabolism are slightly different
(Aisen et al. 1999, Arosio and Levi 2002).

The protein (apoferritin) consists of a roughly spherical hollow shell
composed of 24 structurally equivalent subunits. The apoferritin shell encloses
an internal cavity of maximum diameter about 80 A, within which iron is
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deposited in small crystalline particles essentially as an inorganic ferric
oxyhydroxide polymer with some phosphate (Lieu et al. 2001). This iron core,
which can attain a maximum content of 4500 iron atoms within a single
molecule, is insoluble at pH 7 in water, but is rendered soluble by the very
stable apoferritin protein shell that surrounds it.

In human ferritin two types of subunits are described: H and L. Iron
deposition can be divided into stages: (i) oxidation of Fe’" mainly by
H-subunits, (ii) migration of Fe’”, (iii) mineralisation (strengthening) of the
core, mainly by L-chains.

Human H-ferritin oxidizes iron fast in a reaction also generating hydrogen
peroxide (Arosio and Levi 2002). In tissues with the function of iron storage
like in the liver and spleen, ferritins contain more H-subunits (Arosio and Levi
2002).

Ferritins are located mainly in the cytosol, thus keeping the stored iron away
from the cell nucleus and other organelles (Arosio and Levi 2002). Recently a
new, mitochondrial ferritin has been discovered and its described functions
resemble considerably H-ferritin (Arosio and Levi 2002). Low amounts of
ferritin are also present in serum and secreted liquids. The physiological role of
serum ferritin has not been elucidated yet but it has clinical importance as a
marker of stored iron (Arosio and Levi 2002, Zilmer et al. 1999). When the
amount of iron in the body increases, ferritin synthesis is up regulated on
translational level.

Recent investigations have clarified several aspects of the relationship
between iron and ferritin — how is the iron core formed and hydrogen peroxide
generated, for example. It has been shown that the ferroxidase-catalytical centre
is the most important place of control of iron availability — that in turn
influences several cellular functions e.g. proliferation and resistance to
oxidative damage (Arosio and Levi 2002, Crichton et al. 2002). The answer to
the apoptotic stimuli depends on the ferritin expression in a tissue (Arosio and
Levi 2002).

The regulation of ferritin expression is mostly post-transcriptional and iron-
dependent, based on the interaction of iron regulatory proteins (IRP) with iron
responsive elements (IRE) on mRNA. The system is sensitive to both
potentially available iron and to the oxidative status of the cell (is activated by
NO® and H,0, — Aisen et al. 1999), and it regulates similarly the H- and L-
chains. The other, less characterized regulatory system(s) that are not neces-
sarily iron-mediated and are probably transcriptionally regulated, which
establish the tissue-specific pattern of H:L ratio (Arosio and Levi 2002).

Ferritin can also be viewed as a member of the group of proteins that
respond to stress and inflammation (inflammatory cytokines, particularly
tumour necrosis factor o (TNFa) and interleukin-2 (IL-2), up regulate ferritin
synthesis in various mammalian cells (Zilmer et al. 1999, Arosio and Levi 2002,
Crichton et al. 2002). Most of the stimuli related to inflammation and directed
to ferritin synthesis is claimed to up regulate H-ferritin preferentially over the L,
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thus determining an increase of the catalytic sites and a reduction of cell iron
availability. Ferritin expression is modulated by a variety of conditions
associated with oxidative stress that act either directly on gene expression or
indirectly via the modification of IRPs activity (Arosio and Levi 2002).
Abnormalities in ferritin expression not apparently related to alterations in iron
metabolism have been observed in many types of cancer. Evidence has been
presented that oncogenes may regulate ferritin expression (Arosio and Levi
2002).

Ferritin capacity to prevent iron pro-oxidant activity by oxidizing and
sequestering the metal inside the shell remains the most likely explanation for
its anti-oxidant activity (Arosio and Levi 2002). The protein shell of ferritin is
notably stable at pH above 5—6. However, some substances like super oxide
radical and some types of radiation are capable of releasing iron from ferritin.
Physiological reductants such as ascorbate and glutathione do not release iron
from ferritin at significant rates. It has been demonstrated that xanthine oxidase
is able to mobilize iron from ferritin in the presence and in the absence of
oxygen, that iron release is mediated by super oxide (Biemond et al. 1986).
Reduced flavins and many redox-cycling xenobiotics have also been shown to
release iron from ferritin (e.g. paraquat, adriamycin) (Galey 1997).

Mitochondrial ferritin has the potential of being an important regulator of
local iron trafficking and defence against the possible interaction between free
iron and ROS, both present in the organelle (Arosio and Levi 2002).

Usually degradation of ferritin takes place in the “secondary lysosomes”,
encapsulated in the membrane, and that is supposed to be the source of
haemosiderin — the storage form of iron, from which iron can not be taken up
any more.

Intracellular iron metabolism

Once iron has been assimilated by a mammalian cell, it can undergo a series of
intracellular transfers. In most mammalian cells, the bulk of the intracellular
non-haem iron is found in ferritin and its lysosomal degradation product,
haemosiderin, or in a number of non-haem iron proteins (oxygenases, ribonuc-
leotide reductase, electron transport iron-sulphur proteins) (Arosio and Levi
2002).

There remains however an intermediate pool of chelatable low-molecular-
weight or “transit” iron, which is speculated to be “in transit” between the
extracellular (transport) and intracellular (storage) forms of the metal. The
effects attributed to the transit iron pool are numerous. Such low molecular
weight iron can act as a catalyst in the Fenton reaction to potentate oxygen
toxicity by the generation of a wide range of free radical species, including
hydroxyl radicals (Crichton et al. 2002). Using the metal sensitive fluorescent
probe calcein, the estimated concentrations of low-molecular-weight iron are in
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the range of 0.2—-1.5 uM for resting erythroid and myeloid cells and about
10 uM in rat hepatocytes. Yet, levels of low-molecular-weight iron in healthy
human’s serum have not been reported or estimated (Huang 2003).

An increase in intracellular iron stimulates apoferritin synthesis and, in
hepatocytes, diminishes transferrin synthesis. It may be the source of iron for
the terminal step in haem biosynthesis, source of iron for incorporation into
ferritin etc. (Crichton et al. 2002). It has been stated that Fe-S clusters are
synthesized only inside the mitochondria and are locally used by mitochondrial
enzymes or exported for insertion in cytosolic and nuclear enzymes (Lill and
Kispal 2000).

In normal human subjects some 40 mg of tissue iron is mobilized per day.
About 80% of this represents the recycling of iron (derived from the catabolism
of RBCs). Most of the remaining 7-8 mg of tissue iron mobilized daily in
normal subjects is derived from hepatocytes. In clinical situations characterized
by parenchymal iron overload the mobilization of hepatocyte iron is of
paramount importance (Aisen et al. 1999).

In mammals the balance between iron uptake and intracellular storage (and
utilisation) is achieved predominantly at the level of protein synthesis
(translation of mRNA into protein) rather than at the level of transcription
(mRNA synthesis). Regulatory sequences (iron regulatory elements — IREs) are
located in the non-coding or un-translated regions (UTRs) of the mRNA, at
either the 5’— and 3’-extremities of the coding part of the mRNA sequence:
IREs in the former are usually associated with initiation of translation, in other
words ribosome binding, whereas those at the 3’-UTR are associated with
mRNA stability and degradation (Crichton et al. 2002). Two cytosolic IRE-
binding proteins (known as iron regulatory proteins — IRPs), found in many cell
types, act as iron sensors, essentially exist in two conformations (Crichton et al.
2002).

Haem proteins are conjugated proteins that contain haem. They are divided:
(i) nonenzymatic (haemoglobin, myoglobin) and (ii) enzymatic (cytochromes,
catalases, peroxydases). In non-enzymatic haem proteins the function of haem
is to bind oxygen. In enzymatic haemoproteins the role depends upon the
apoprotein — in cytochromes haem is active in electron transport, in catalase
haem is a component of active centre (Zilmer et al. 1999, Crichton et al. 2002).

Human organism gets haem from food, but cannot use directly the haem
absorbed. There is no transport of haem between organs, so every tissue has to
synthesize its own haem for its needs. The only condition needed is the
presence of mitochondria in the cells. In all tissues the rate-limiting factor is
ALA synthase (aminolevulinic acid synthase). The coenzyme of this enzyme is
pyridoxal-phosphate (that derives from B6). Myoglobin reminds 1 Hgb subunit
as it has one protein and one haem particle. Some pharmaceuticals and ROS can
oxidize haem iron to Fe 3+ and convert myoglobin to metmyoglobin.

A class of ion channel, the large-conductance calcium-dependent Slol BK
channels, possesses a conserved haem-binding sequence motif. It has been
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shown that haem binds to Slo1 BK channels with a high affinity, suggesting that
haem may function as an acute cell-signalling molecule producing fast-acting
non-genomic modulation of protein function. After cellular injury, hypoxia
and/or stress, haem is liberated from haemproteins, leading to an increase in the
free haem concentration. The extracellular haem released during haemolysis and
trauma can be transported across the plasma membrane. In addition, cells may
contain other endogenous haem-like molecules that mimic haem action.
Inhibition of plasma-membrane Slol BK channels is generally expected to exert
an excitatory influence on cellular excitability. The existence of Slol BK
channels in mitochondria, where haem synthesis takes place, has been
documented as well (Tang et al. 2003).

The effects of reactions between Hgb and biologically relevant peroxides in
the context of cell signalling have not been explored. The concentrations of cell-
free Hgb can potentially compete with endogenous reactions that consume the
peroxides mentioned. Therefore, the effects of Hgb on cell function may be
subtler than oxidative damage mediated by Hgb and involve perturbation of
redox sensitive signalling pathways (Yeh and Alayash 2003).

The catabolism of haem-containing proteins presents two requirements to
the mammalian host: (i) the development of means of processing the hydro-
phobic products of porphyrin ring cleavage and (ii) the retention and
mobilization of the contained iron so that it may be reutilised. Senescent RBCs
are recognized by their membrane changes and removed and haem is degraded
primarily by a microsomal enzyme system in reticuloendothelial cells (Crichton
et al. 2002).

In certain diseases destruction of RBCs occurs in the intravascular
compartment rather than in the extravascular reticuloendothelial cells. In these
circumstances transferrin binds free iron and thus permits the reutilization of the
metal. Free haemoglobin in the plasma is bound to haptoglobins and delivered
to the reticuloendothelial cells (Zilmer et al. 1999, Crichton et al. 2002).

Haem oxygenase 1 (HO-1) is an inducible enzyme that catalyses the rate
limiting step in the degradation of heam to biliverdin, carbon monoxide and
iron. Activation of HO-1 is an ubiquitous cellular response to oxidative stress
(Crichton et al. 2002). HO-1 is considered to be protective against oxidative
stress and it inhibits iNOS in activated macrophages by decreasing haem
availability for NOS synthesis (Crichton et al. 2002).

Iron deficiency and overload

Iron deficiency is the most widespread mechanism of anaemia and has been
acknowledged as a problem centuries ago. It affects about 5% of the population
in America and Europe and even more in the third world. Arbitrarily it can be
divided in stages: (1) depletion of stores, (2) anaemia and (3) impairment of
enzyme function (Crichton et al. 2002). The clinical consequences derive from
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the diminished capacity of RBCs to transport oxygen (i.e. anaemia) and, in

more advanced stages, from impairment of the function of other haem proteins

and proteins with Fe-S clusters.
The causes of iron deficiency may be:

e increased losses of blood

e increased needs (pregnancy)

e strict diets and eating predominantly foodstuffs containing low amounts of
iron

e limitations in absorption (chronic gastritis, ulcer patients on medication,
gastrectomy).

The defined risk groups for developing iron deficiency anaemia are infants
(especially if keen on drinking lots of milk), pregnant women and patients with
chronic losses of blood.

Iron overload is a newly recognized problem and could therefore be
underestimated as well as overemphasized. It affects about 1% of the population
in America and Europe (Crichton 2002). Iron overload is mistakenly believed to
be rare. Iron overload is an increase in total body iron generally exceeding 5 g
(Huang 2003).

Generally iron overload may be caused by
e increased haemolysis/ transfusions
e increased alimentary intake, especially when combined to vitamin C and

alcohol
e genetic haemochromatosis (heterozygote prevalence 3—5%, homozygous

state 0.25% of the population, but penetrance not conclusively defined,

Beutler et al. 2003).

Two point mutations have been found within the HFE protein in
haemochromatosis patients. HFE, originally called HLA-H, is a protein that
resembles atypical HLA class I molecules, consistent with the localization of
the gene near the HLA cluster. One of the two point mutations, at position 282
of the gene, changing the invariant cysteine to tyrosine (indicated as Cys282Tyr
or C282Y), has been found to be mutated in 90% of the American patients
studied. The second point mutation, His63Asp, has been found in more diverse
ethnic backgrounds and may represent an older mutation. The association
between HFE and B,-microglobulin seems necessary for the interaction of HFE
with transferrin receptor and subsequent cellular transferrin iron uptake (Huang
2003).

Any iron overload increases the possibility of free-iron-derived highly
damaging events. The effects of iron excess can be local or generalized.
Generalized iron excess is observed in chronic primary and transfusion iron
overload, the cause may be also chronic intake of supplements containing high
amounts of iron (Green et al. 1989). Local iron excess and iron-mediated
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oxidative stress have been demonstrated in the intestinal mucosa, liver, spleen,
bone marrow and placenta (Casanueva and Viteri 2003). When exposed to
excess intake of iron, the intestinal mucosa stores most of it as ferritin, but it is
vulnerable to oxidative damage secondary to the continuous presence of a
relatively small excess of iron intake (Geisser 1998, Lund et al. 2001). Intestinal
mucosal iron accumulation leading to gastrointestinal erosions has been
documented in patients at therapeutic doses (Abraham et al. 1999).

In an animal model the production of free radicals in intestinal mucosa in
response to therapeutic iron was more prominent in previously iron-deficient
subjects (Srigiridhar and Nair 1998). Excessive iron load in the liver, pancreas,
skin, and connective tissue has been linked to an increased risk for carcinomas
and sarcomas, probably because of increased oxidative stress. Iron has also been
reported to be a risk factor for colon cancer. Individuals with serum ferritin
levels higher than 70 pg/l have an increased risk of recurrence of colon
adenoma as compared to those with lower values (Lieu et al. 2001). A
haemochromatosis gene mutation Cys282Tyr and an increased risk of
cardiovascular diseases have been connected (Roest et al. 1999, Tuomainen et
al. 1999, Garry 2001).

The information that can be gathered
by measuring parameters of iron metabolism

Hgb is measured by different methods, but it always expresses the amount of
haemoglobin (in erythrocytes as well as in serum — the latter not contributing
significantly in normal conditions) in one litre of blood.

RBC-= erythrocyte count can be measured under a microscope but nowadays
it is mostly counted mechanically

MCV= mean cellular volume describes the mean volume of erythrocytes. In
iron depletion MCV is less than normal, as a rule.

MCH= mean cellular/corpuscular haemoglobin, that describes the mean
amount of haemoglobin in one erythrocyte. In iron depletion MCH is usually
less than normal.

MCHC= mean cellular haemoglobin concentration, a calculative figure from
MCYV and MCH In iron depletion MCHC can be below normal.

Ht=haematocrit, the percentage of cellular matter in whole blood, mainly
measured by centrifuging cells to the lower part of a capillary tube and
measuring their volume afterwards

Serum iron (Fe-ser) describes the concentration of iron (bound to
transferrin) in serum Serum iron samples must be taken in the morning after an
overnight fast as marked daily variation occurs (up to 30%)

TIBC= total iron binding capacity, describes mainly the amount of iron, that
can be safely bound to transferrin (UIBC=unsaturated iron binding capacity)

32



+ the amount of iron that is already bound to transferrin (Fe-ser). % sat,
saturation % of iron-binding proteins, calculated as serum iron/TIBCx100%,
corresponds in serum to transferrin saturation (see below).

Transferrin, the transport protein, is measured by the methods suitable for
measuring all specific proteins, but mainly by immunoassays.

Transferrin saturation is calculated from the figures of transferrin content
and iron content in an amount of serum.

Serum ferritin is believed to be the best figure for evaluating body iron
stores, Ing of serum ferritin corresponding to 8 mg of stored iron — when
inflammation, acute MI or other critical event is not present.

RBC ferritin responds to acute changes more slowly and can be therefore
used in acute clinical situations, but the correlation between RBC-ferritin and
body iron stores is not believed to be so precise.

The soluble fraction of transferrin receptor can be measured also. In many
situations it is considered to be the best parameter describing iron stores.

A pathological form of iron — so-called chelatable iron (desferal-chelatable,
bleomycin-chelatable, etc. by detection method) s. nontransferrin-bound iron
should not be present in serum, but becomes detectable in critical pathological
situations (preterm infants with haemolysis, cancer patients receiving
chemotherapy, chronic inflammatory conditions,) and soon after ingestion of an
iron bolus (Casanueva 2003).

Iron and atherogenesis

For over 20 years now it has been speculated that the “diseases of civilization”
as atherosclerosis, coronary heart disease (CHD), Alzheimer’s disease etc. are
strongly related to oxidative stress, mediated by free iron (Lieu et al. 2001).

As concerning CHD, in 1981 Sullivan first proposed the so-called iron
hypothesis, suggesting that regular menstrual loss, rather than other effects of
estrogen, protects women against CHD (Sullivan 1981). He was assisted with
the results of Berge et al. more than 10 years later. The parallel rise in serum
ferritin, total cholesterol, and LDL cholesterol might contribute to the increased
risk of coronary heart disease among postmenopausal women (Berge et al.
1994).

More to that, in has been documented, that estrogens directly alter the iron
redox chemistry, this fact probably being involved in the antioxidant effects of
these molecules (Ruis-Larrea 1995). These two facts: smaller iron stores and
altered redox potential of iron — could really be responsible for the well-known
fact that premenopausal women experience only 30-50% of the CHD incidence
and mortality of age-matched men. Recent studies have suggested that iron
depletion protects endothelial function, an effect that may contribute to the
lower disease rates of menstruating women (Sullivan 2003).
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The iron hypothesis is strongly supported by the work of J.T. Salonen et al.
(starting with Salonen et al. 1992). It is widely believed that oxidation of LDL
cholesterol is a pivotal step in atherogenesis. Native LDLcholesterol, whose
serum levels correlate well with CHD risk, is only weakly atherogenic. Oxi-
dized LDLcholesterol, on the other hand, is strongly atherogenic, being a
chemo-attractant for macrophages, which in turn internalise the lipid compo-
nents via the unregulated scavenger receptor. Eventually, this unlimited lipid
uptake produces immobilized, lipid-laden foam cells which accumulate to sub
endothelial raised lesions, the probable precursors of atherosclerotic plaques
(Zilmer et al. 1999).

Serum ferritin concentration has been shown to have statistically significant
direct correlations with most of the measured oxysterols. Different oxysterols
derive from different pools of cholesterol, and are produced both by cholesterol
autoxidation and by specific cholesterol oxidizing enzymes. Oxysterols may
have a double role in atherosclerosis: they have been shown in vitro to promote
cellular damage, possess cytotoxic and apoptotic properties, and in that way
progress atherosclerosis, but on the other hand, oxysterols have multiple
cholesterol homeostasis regulating functions (Tuomainen et al. 2003).

The role of iron is proposed to be crucial in undermining successful ageing.
Increases in ROS may result from environmental exposures, including tobacco
smoke, non-ionizing or ionizing radiation, or from pathological conditions such
as ischaemia-reperfusion, infection or inflammation. These conditions are
linked to a variety of diseases, whether genetically determined or age-related.
Iron has been shown to contribute to oxidative stress and the pathological
process of many of these diseases.

Exposure to oxidizing stress, endogenous or exogenous, stimulates the
activity of endogenous anti-oxidants. During ageing, these endogenous anti-
oxidant stores will be depleted, suggesting that exogenous anti-oxidants become
more critical in older individuals. Key among exogenous anti-oxidants are those
derived from the ingestion of nutrient-rich foods. Iron plays a negative role in
this equilibrium and overall tends to accelerate the onset and development of
various age-related diseases. The involvement of iron in ageing has been
established in many studies using iron chelation or iron deprivation as the
experimental approach (Polla et al. 2003).

Iron and pregnancy

Iron-deficiency anaemia is considered the most widespread pregnancy-
associated pathological condition. Severe anaemia (Hgb less than 80 g/l) in the
first half of pregnancy is proved to be associated with preterm delivery and
small-for-gestational-age foetus (Scanlon et al. 2000, Rasmussen 2001,
Schiimann 2001). In contrast, the values of borderline anaemia (96—105 g/l of
Hgb) appear to be related to the minimum incidence level of preterm delivery
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(Steer 2000, Malhotra et al. 2002). This is attributed to the fact that high (over
120 g/1) values of haemoglobin might indicate the inadequacy of adaptational
plasma volume expansion in the third trimester rather than an iron-replete state
of the woman (Scholl and Reilly 2000). Perinatal maternal and foetal
complications have been found to increase exponentially once Hgb values
decrease further below 90 g/l. On the other hand — the incidence of gestational
hypertension, preeclampsia, eclampsia, low birth weight, and low Apgar scores
increase rapidly when Hgb levels surpass 130 g/l (Casanueva and Viteri 2003).
Another group of investigators who report a connection between higher serum
ferritin and spontaneous pre-term birth explain the phenomenon with ferritin
being a marker of inflammation (Paternoster et al. 2002).

The World Health Organization (WHO) has recommended universal supple-
mentation with iron from the second trimester onwards with 60 mg/d until
delivery (and 3 months postpartum in the regions where the prevalence of
anaemia is > 40%)(Casanueva and Viteri 2003). Ferrous iron is the form that is
mostly used for correction of iron deficiency and iron medical preparations
(also those exceeding RDA 10 times or more) are sold over the counter.

At the same time there is no scientifically proven and ultimate consensus
about using the iron therapy (the criteria for its use as well as the dosage) during
pregnancy.

The amount of iron that should be absorbed to satisfy the gestational needs
has been estimated to be 4—5 mg/d during the second trimester and 6—7 mg/d
during the third trimester (Hallberg et al. 1992). The need may be met in
account of pre-pregnancy iron reserves, the percentage of absorption is higher
as pregnancy progresses (Hahn et al. 1951) and there is no physiological loss of
menstrual blood during pregnancy. Women with prepregnancy ferritin levels
> 20 pg/l are reported not to have a marked decline in serum ferritin throughout
the course of pregnancy (Kaufer and Casanueva 1990). During pregnancy, iron
deficiency anaemia of uncomplicated nutritional origin is most often mild (Hgb
usually 95-110 g/1) (Casanueva and Viteri 2003).

The maternal surface of the trophoblastic microvilli of the human placenta is
very rich in transferrin receptors. As pregnancy progresses, different
mechanisms (thinning of the syncytiotrophoblast, increments in placental blood
flow and in transferrin receptors) enhance the transfer of iron to the placenta
and the foetus (Parkkila et al. 1997). Non-transferrin bound iron may be
involved in placental transfer of iron (Wessling-Resnick 2000). Elevated non-
transferrin-bound iron has been detected in plasma and in umbilical cord blood
shortly after the ingestion of iron supplements (Breuer et al. 2000).

A phenomenon, reported in subjects receiving daily iron supplementation, is
a rapid decline of plasma ferritin after stopping the iron supplementation.
Possible explanations for these findings are that the high plasma ferritins after
daily iron supplementation inhibit food iron absorption or that they reflect, at
least partially, an inflammatory process secondary to excess iron and oxidative
stress that recedes with time (Casanueva and Viteri 2003).
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The whole issue becomes more intricate as pregnancy itself induces
oxidative stress (Morris et al. 1998, Geisser 1998) and as preeclampsia is pro-
ved to be (at least partially) mediated by oxidative stress (Hubel 1998, Roberts
and Cooper 2000, Vaughan and Walsh 2002).

In gestational diabetes, both BMI and serum ferritin levels have been found
to be independent predictors of 2-h glucose during an oral glucose tolerance test
(Lao and Tam 2001).

Iron and neurodegeneration

Iron accumulation in the brain has been associated with Parkinson’s disease,
Alzheimer’s disease, Huntington’s chorea and HIV encephalopathy, basal
ganglia disease and Hallervorden Spatz syndrome, while in Friedrich ataxia,
excessive mitochondrial iron accumulation occurs particularly in brain and
cardiac tissue (Crichton et al. 2002).

Brain cells, including neurons, astrocytes and microglia, show a decreased
ability to respond to oxidative stress, particularly with respect to their levels of
glutathione and glutathione peroxidase (Crichton et al. 2002). With ageing there
is a significant increase in iron stores in the brain (Crichton et al. 2002).

Dopamine-rich regions of the brain may be especially sensitive to altered
iron metabolism, first because monoamine oxidase produces hydrogen
peroxide, and second because dopamine firmly binds iron and as a catechol can
undergo redox cycling, thereby generating reduced oxygen species (Galey
1997).

Smith et al. (1997) examined the distribution of iron in the brain of cases of
Alzheimer’s disease (AD) employing a histochemical stain binding of iron (II)
cyanide (ferrocyanide) to iron (III) in tissue to give a complex that can be
observed. They found striking accumulations of ferric iron closely associated
with senile plaques, neurofibrillary tangles, and neutrophil threads (i.e. the
pathological lesions) in cases of AD, but not in control cases. As iron was
specifically localized to lesions of AD and not the glial cells which contain
abundant iron binding proteins, the authors suggested that the lesion-associated
iron was distinct from that sequestered by normal storage proteins. The authors
also noted that the pattern of redox-available iron in neurons was strikingly
similar to the localisation of HO-1 (Smith et al. 1997).
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Iron and skin

Chronic exposure to ultraviolet light has been shown to result in an increased
skin level of nonhaem iron. This iron accumulation is likely to be the
consequence of a UVB radiation-induced capillary damage and leakage of
protein-bound iron (Bissett et al. 1991). Apart from ferritin, another potentially
significant source of free iron may be other iron-containing proteins e.g.
enzymes that contain [4Fe-4S] clusters have been shown to oxidize by super
oxide with a loss of ferrous iron from the cluster (Galey 1997). There have been
published no human experiments concerning local changes of iron in skin
diseases before our group of investigators. In 2003 the results were repeated
with atomic absorption spectrometry and gas chromatography-mass spectro-
metry showing that the atopic dermatitis dermis contained higher iron
concentrations compared to controls (Leveque et al. 2003).

Iron and allergy

One potential hazard concerning iron therapy during pregnancy could be a
hypothesis that (alimentary) iron could be the root cause of autism and
childhood allergies (Padhye 2003). This phenomenon logically links the
problems of iron supplements during pregnancy and allergic diseases of the
skin. The hypothesis is based on the chronological matching of the frequency of
pervasive developmental disorders (including autism) and the increase in iron
consumption and iron-fortification of infant food mixtures (in last 30years).
This period has shown a substantial decrease in iron deficiency but most of
other childhood diseases tend to increase their frequency. Iron is capable to
modulate the activity of immune system, generating the hyper reactive immune
response. There has been demonstrated a connection between autoimmunity and
autism (Singh et al. 1998). The effect of iron on intestine and microflora may
contribute to the entrance of peptidic antigens to bloodstream. Developing
thymocytes acquire iron from transferrin by endocytosis of the transferrin
receptor but how transferrin crosses the blood—thymus barrier is unknown. Iron
deficiency causes a decrease in circulating T lymphocytes as a result of thymus
atrophy and decreased thymocyte proliferation (Bowlus 2003). Iron overload as
a result of transfusions in thalassemia is associated with decreases in circulating
CD4+ T lymphocytes and the presence of immature CDlat+ T lymphocytes.
Expansion of CD8+CD28— T lymphocytes has been associated with iron
overload due to mutations in the MHC class I-like gene HFE (Bowlus 2003).

The association of the iron transporter NRAMP1 with autoimmune disorders
and the finding that iron can catalyse the production of cryptic epitopes suggests
a unique role that iron may play in the pathogenesis of many disorders of
autoimmunity (Bowlus 2003).

37



Iron and other health hazards

The relationship between iron metabolism and type 2 diabetes is bi-
directional—iron affects glucose metabolism, and glucose metabolism impinges
on several iron metabolic pathways. Oxidative stress and inflammatory
cytokines influence these relationships, amplifying and potentiating the initiated
events (Fernandéz-Real et al. 2002).

Increased iron stores have been found to predict the development of type 2
diabetes while iron depletion has been shown to be protective. Iron-induced
damage might also modulate the development of chronic diabetes compli-
cations. Iron influences glucose metabolism, even in the absence of significant
iron overload. In the general population, body iron stores are positively
associated with the development of glucose intolerance, type 2 diabetes
(Salonen et al. 1999), and gestational diabetes (Lao and Tam 2001).

Iron appears to influence the development of diabetic nephropathy and
vascular dysfunction. In the apparently healthy general population, serum levels
of ferritin have been found to be positively correlated with baseline serum
glucose and with the area under the curve for glucose during the glucose oral
tolerance test (Tuomainen et al. 1997).

It has been suggested that regulation of iron uptake by insulin occurs in
parallel with its effects on glucose transport (Tanner and Lienhard 1997). HOxS
induces both insulin resistance by decreasing internalisation of insulin
(Bertelsen et al. 2001) and increased ferritin synthesis. Glycation of transferrin
decreases its ability to bind ferrous iron (Fujimoto et al. 1995) and, by
increasing the pool of free iron, stimulates ferritin synthesis.

Facchini (1998) found significant reductions in insulin concentrations
1 month after performing a 550-ml phlebotomy in healthy volunteers. It has also
been suggested that the increased insulin sensitivity observed in vegetarian
subjects might be related to their low-iron diet (Fernandéz-Real et al. 2002).

Chronic hepatitis C virus (HCV) infection has been known to be associated
with a high risk of hepatocellular carcinoma (HCC) due to iron overload.
Excess iron tends to generate ROS within cells, which causes mutagenic
lesions, such as 8-hydroxy-2’-deoxyguanosine (8-OHdG). It has been suggested
that iron-lowering treatments not only could significantly decrease elevated
levels of hepatic 8-OHdG but also could prevent the development of HCC in
these patients (Kato et al. 2001).

Four epidemiological studies have found a higher cancer risk in patients with
larger iron stores than in those with smaller ones. In addition to its effect on
carcinogenesis, iron can also maintain the growth of malignant cells as well as
growth of pathogens. Breast cancer cells, for instance, display 5-15 times more
transferrin receptors than normal breast tissue. Iron-carrying transferrin is in
fact a growth factor. Hyposideremia in patients with cancer or infection is
claimed not to be a para-phenomenon but a functioning defence mechanism
“nutritional immunity” (Gurzau et al. 2003).
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Tumour cells in a highly proliferative state have a high density of transferrin
receptors, and antisense cDNA for the transferrin receptor has been shown to
reduce TfR mRNA and expression, resulting in more inhibition of growth of
human breast carcinoma cells than normal breast cells. Monoclonal antibodies
against TfR severely restricted the growth of lymphoma tumours in mice. The
chelator currently used to treat iron overload disease, deferoxamine (DFO), has
shown anti-proliferative activity against leukaemia and neuroblastoma cells in
vitro, in vivo, and in clinical trials, suggesting that iron deprivation may be a
useful anti-cancer strategy (Huang 2003).

Human body antioxidant defence system

Halliwell and Gutteridge have proposed a broad definition of antioxidants (as

they state, antioxidant is a term widely used but rarely defined): antioxidant is

any substance that, when present at low concentrations compared with those of
an oxidizable substrate, significantly delays or prevents oxidation of that

substrate (Halliwell and Gutteridge 1999).

Antioxidant defences comprise:

e agents that catalytically remove free radicals and other “reactive species”.
Examples are the enzymes SOD, CAT, peroxidases and “thiol-specific
antioxidants”.

e proteins that minimize the availability of pro-oxidants such as iron ions,
copper ions and haem. Examples are transferrins, haptoglobins, haemopexin
and metallothionein. This category includes proteins that oxidize ferrous
ions, such as coeruloplasmin.

e proteins that protect bio molecules against damage (including oxidative
damage) by other mechanisms, e.g. heat shock proteins.

e low-molecular-mass agents scavenging ROS and RNS. Examples are
glutathione, ascorbic acid, a-tocopherol and (possibly) bilirubin and uric
acid. (Halliwell and Gutteridge 1999)

Other important antioxidants may include thioredoxin, and selenoproteins other
than GPx. The composition of antioxidant defences differs from tissue to tissue
and between cell types within a tissue. Nitric oxide may be an important
antioxidant in the vascular system. Extracellular fluids have different protective
mechanisms from the intracellular environment (Halliwell and Gutteridge
1999). By the place of action the components of the antioxidative defence
system can be divided as follows (the list is not complete):

Human plasma antioxidants
e Water-soluble: vitamin C, albumin, uric acid, coeruplasmin, apotransferrin
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e Lipid-soluble: vitamin E, carotenoids, ubiquinol
Cellular antioxidants
e Water-soluble: Glutathione (GSH), vitamin C, SOD, CAT, GPx
e Lipid-soluble: vitamin E, carotenoids, ubiquinol (Zilmer et al. 1999)

Besides the bio molecules that comprise the antioxidative defence system in the
classical concept there are many molecules present in an organism that have
antioxidant properties but that fulfil other functions (being metabolites etc) —
pyruvate, a natural energy-yielding fuel in myocardium, neutralizes peroxides
by a direct decarboxylation reaction, and indirectly augments the glutathione
(GSH) antioxidant system by generating NADPH reducing power via citrate
formation (Mallet et al. 2002). Blood plasma albumin, urea and bilirubin have
proved to have substantial antioxidative properties (Zilmer et al. 1999, Mates et
al. 2000)

Diet-derived antioxidants are important in maintaining human health (Halli-
well 1999). In a diseased organism also a medication may act as pro-oxidant or
antioxidant.

Membrane and extra cellular antioxidants

Coenzyme Q10, an important molecule in cellular breathing, has considerable
antioxidant properties, and as being lipid-soluble, its main place of action (as an
antioxidant) is cellular membranes and lipoproteins.

Vitamin E, a lipid-soluble vitamin, has become a classical example of
antioxidants as its main known function for a considerable period of time was to
be an antioxidant in cellular membranes and lipoproteins. a-Tocopherol is
concentrated inside the membranes, in blood lipoproteins and adrenal glands. It
quenches and reacts with 'O, and is a scavenger of "OH, able to protect
membranes from these extremely reactive species. However, its major
antioxidant action in biological membranes is to act as a chain breaking
antioxidant, donating labile hydrogen to peroxy and alkoxy radicals, thereby
breaking the radical chain. It has been proposed that o-tocopherol® may be
reduced by ascorbic acid or reduced glutathione. These are scavengers of ROS
and other reactive species.

Vitamin C is active extracellularily as well as inside cells, but as its
concentration is times higher in several cell types, it will be discussed in next
chapter.

Living organisms have evolved mechanisms to sequester transition metal
ions into protein-bound (with transferring or coeruloplasmin) forms that cannot
catalyse OH' formation and other free radical reactions in vivo. These
mechanisms are especially important in such extracellular fluids as the blood
plasma (Halliwell et al. 2000).
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Blood plasma albumin, among its many other functions, serves as an impor-
tant extra cellular antioxidant. Of extra cellular, mainly blood plasma anti-
oxidants, the role has been quite well described for bilirubin and urea. Urate
binds iron and copper and scavenges OH", 'O, and peroxy radicals (Mates et al.
2000).

GSH is used for detoxification of several xenobiotics by glutathione S-
transferases (GST). Increases in serum gamma-glutamyl transferase (GGT) lead
to an increase in the production of free radicals, particularly in the presence of
iron (Jefferies et al. 2003).

Intracellular antioxidants

The most important intracellular antioxidant is reduced glutathione. Glutathione

(L-y-Glu-L-Cys-Gly) is a tripeptide synthesized from the precursor amino acids

cysteine, glutamate, and glycine de novo within the liver and is released into

blood and bile (Jefferies et al. 2003). GSH is present in millimolar range in

mammalian cells (Anderson et al. 1989). Gamma-glutamylcysteine synthase, a

rate-limiting enzyme for the synthesis of GSH, may play crucial role in

antioxidant defence mechanisms. Oxidants can up-regulate the transcription of
gamma-glutamylcysteine synthase genes (Jefferies et al. 2003). The isopeptide
nature of the y-glutamyl linkage renders GSH resistant to cleavage by most
peptidases. GSH is capable of limiting the extent of mitochondrial damage as it
inactivates reactive oxygen species (Jefferies et al. 2003).
In short, the established biofunctions of GSH are the following ones:

e GSH prevents the denaturation of haemoglobin and reduces methaemoglobin
back to haemoglobin in the RBCs (the needed high level of GSH is
maintained by reduction of GSSG rapidly back to GSH by NADPH and
flavoenzyme glutathione reductase (GRed);

e as the major cellular non-enzymatic antioxidant GSH eliminates reactive
oxygen species (ROS), like hydroxyl radical, peroxynitrite, peroxides and
N,O; and plays a principal role in cellular defence against high-grade
oxidative and nitrosative stress, mainly via co-operation with Se-containing
glutathione peroxidase (GPx);

e GSH is necessary for the synthesis of proteins and nucleic acids, in protein
folding and for the processing of leukotrienes and prostaglandins;

e it is used for the detoxification of several xenobiotics by glutathione S-trans-

ferases (GST);

GSH (GSNO) is involved in transport and storage of nitric oxide;

GSH is involved in transport of amino acids into the liver and kidney cells;

GSH is involved in the transmembrane transport of organic solutes;

GSH has a role in maintaining communication between cells, and preventing

protein — SH groups from oxidizing and cross-linking;
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e GSH is a cofactor for several enzymes like the glutathione peroxidase family
enzymes;

e it is involved in the regulation (glutathionylation) of action of several key-
enzymes and proteins (GADDH, phosphorylase, creatinine kinase, ras, etc)
and in the restoration of sulthydryl groups of proteins (maintenance of
enzymes and proteins in active forms);

e GSH acts also as a molecular regulator of whole cellular physiology (it parti-
cipates in BCL-2’s ability to suppress apoptosis, in regulation of the hexose
monophosphate shunt, has role in signal transduction, etc);

e GSH is involved in many metabolic events including ascorbic acid
metabolism;

e GSH can chelate copper ions and diminish their ability to generate free
radicals;

e GSH is required for stabilization of cell membranes and it may be important
in the absorption of iron and selenium;

e GSH redox status is important in the regulation of most cellular metabolic
processes including transcriptional activation (Anderson et al. 1989,
Anderson 1997, Zilmer et al. 1999, Sies 1999, Halliwell and Gutteridge
1999, Valencia et al. 2001, Dickinson and Forman 2002, Filomeni et al.
2002, Jefferies et al. 2003).

Glutathione conjugate

Plasma membrane
Cytosol

Electrophile GSH conjugate

GSH-S-transferase

GSH Peroxides,
Electrophilic //: \ / free radicals

compounds
Glutathione Glutathione
Reductase peroxidase
GSSG H,O

Figure 2: Some basic mechanisms of glutathione functions.
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Many of the properties of GSH are linked to its thiol nature. Thiols, by virtue of
their ability to be reversibly oxidized, are recognised as key components
involved in the maintenance of redox balance. Additionally, increasing evidence
suggests that thiol groups located on various molecules act as redox sensitive
switches thereby providing a common trigger for a variety of ROS and RNS
mediated signalling events (Moran et al. 2001).

Cellular thiols are critically important in maintaining the cellular antioxidant
defence network. In addition, thiols play a key role in regulating redox-sensitive
signal transduction process. Lipoic acid is a highly promising thiol antioxidant
supplement (Sen 2001).

In addition to glutathione system (see below) the thioredoxin (TRX) system
(TRX, TRX reductase, and NADPH) is a ubiquitous thiol oxidoreductase
system that regulates cellular reduction/oxidation (redox) status. The oxidation
mechanism for disease pathogenesis states that an imbalance in cell redox state
alters function of multiple cell pathways (Yamawaki et al. 2003). The flavin
containing thioredoxin reductase (EC 1.6.4.5) is an ubiquitous enzyme able to
reduce O," and NO by using thioredoxin as a substrate.

Glutathione peroxidases (GPx) remove H,0, by coupling its reduction to
H,O with reduced glutathione, GSH. GPx-s are present in human cells in
concentrations often in the millimolar range and can act on peroxides other than
H,0," They can catalyse GSH-dependent reduction of fatty acid hydro-
peroxides, but cannot act upon fatty acid peroxides esterified to lipid molecules
in liposomes or membranes: they have to be first released by lipases. GPx
contains selenocysteine in the active site (Halliwell and Gutteridge 1999).
Glutathione reductase enzymes reduce glutathione disulfide (GSSG) back to
GSH, most of the NADPH needed for this reaction is generated in the oxidative
pentose phosphate pathway (Halliwell and Gutterigde 1999). Molecules
containing cysteine residues (the sulthydryl groups) are easily participated in
thiol-disulfide exchange. Therefore, oxidation of GSH to GSSG occurs. GSSG
can exchange with protein sulfhydryls to produce protein-glutathione mixed
disulfides (proteinSSG). Glutatathione peroxidases (GP) create a disulphur bond
between two GSH molecules to form oxidized glutathione (GSSG). GSH
reductase then catalyses the formation two molecules of GSH from one
molecule of GSSG. The four GP enzymes are: (i) classical GPx-1; (ii) gastro-
intestinal GPx-GI; (iii) plasma GPx-P; and (iv) phospholipid hydroperoxide
PHGPx (Jefferies et al. 2003).

Superoxide dismutase (SOD) enzymes are important intracellular anti-
oxidants that remove the superoxide radical catalytically (no other substrate has
been detected) (Halliwell and Gutteridge 1999). Copper-zinc-containing
superoxide dismutases (CuZnSODs) are present in virtually all eucayotic cells
and in many procaryotes. In animal cells, most CuZnSOD is located in the
cytosol, but some appears in lysosomes, peroxisomes, nucleus and the space
between inner and outer mitochondrial membranes bound to inner membranes
of mitochondria (Halliwell and Gutteridge 1999, Inoue et al. 2003).
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Manganese SODs (MnSOD) catalyse essentially the same reaction as
CuZnSODs, but in most animal tissues they are largely (if not entirely) located
in the mitochondria (so erythrocytes don’t contain it) (Halliwell and Gutteridge
1999).

Hydrogen peroxide is usually removed in aerobes by two types of enzyme.
The catalases directly catalyse decomposition of H,O, to O,. Peroxidases
remove H,O, by using it to oxidize another substrate. In humans catalase is pre-
sent in all organs, being especially concentrated in liver. In animal cells catalase
mainly is located in peroxisomes (that contain many of the cellular enzymes
that generate H,O,. Mitochondria contain little, if any, catalase (Halliwell and
Gutteridge 1999). Because mitochondria are the major site of free radical
generation, they are highly enriched with enzymes, such as Mn-type superoxide
dismutase in matrix, and antioxidants including GSH on both sides of inner
membranes, thus minimizing oxidative stress in and around this organelle
(Inoue et al. 2003).

Vitamin C has considerable antioxidant activity in vitro, in part because of
its ease of oxidation and because the semialdehyde ascorbate radical derived
from it is of low reactivity. Ascorbate is a good reducing agent. Donation of one
electron by it gives the semidehydroascorbate (or ascorbyl) radical. Loss of a
second electron converts this radical to dehydroascorbate, an unstable molecule.
Metabolic pathways exist that can recycle ascorbyl radical and
dehydroascorbate back to ascorbate, using NADH or GSH as sources of redu-
cing power. Dehydroascorbate can also decompose non-enzymically, yielding
in a range of products. Ascorbyl radical is fairly unreactive, and this poor
reactivity is the essence of ascorbate’s antioxidant effects. Essentially, a highly
reactive free radical (e.g. RO®, RO,", OH’, NO,") is reduced by ascorbate, and
the new (ascorbyl) radical so generated is poorly reactive. Ascorbate can also
scavenge several non-radical reactive species, such as hypochlorous acid, ozone
and nitrating agents derived from peroxynitrite. Ascorbate is present in human
plasma at levels usually in the range 20-90 uM. Higher levels have been
reported in cerebrospinal fluid and gastric juice. Intracellular ascorbate levels
may be in the mM range, at least in some cell types. One largely unexplored
area is the sub-cellular distribution of ascorbate: since it can directly reduce
several cytochromes and other biomolecules in vitro, ascorbate might have to be
excluded from certain sub-cellular compartments. The ranges of ascorbate
levels in vivo, both extracellularly and intracellularly, are within the
concentration ranges that are capable of exerting powerful antioxidant effects in
vitro (Halliwell 2001). Consumption of foods rich in vitamin C (fruits and
vegetables) is associated with decreased risk of cardiovascular disease, of many
types of cancer and possibly of neurodegenerative disease, but the extent of
which vitamin C contributes to these effects is uncertain (Halliwell 2001).

Ferritin sequesters iron ions, while ceruloplasmin sequesters copper ions so
that these ions are not available to catalyse the Haber—Weiss reaction generating
*OH or to perform the decomposition of hydroperoxides. Ceruloplasmin has
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also ferroxidase activity: it oxidizes Fe*" to Fe*" and so inhibits *OH formation
from H,0O, and iron dependent lipoperoxidation (Mates et al. 2000).

Animal studies have shown that circulating cells exhibit membrane
alterations when there is a lack of vitamin E in the diet. The mitochondrial
membranes of the reticulocytes and lymphocytes appear bloated and
disintegrated; the number of platelets, which are more adhesive, increases and
produces more thromboxanes in comparison with those of normal rats. The
response of T and B lymphocytes to mitogenic stimuli, the mixed lymphocyte
reaction and the number of cells forming plates are considerably depressed. On
the contrary, carotenoids and in particular beta-carotene either directly or
indirectly as precursor of vitamin A, enhance T cell proliferation and
cytotoxicity, macrophage killing, and TNF-a secretion. B-carotene is a powerful
scavenger of 'O, (Mates et al. 2000).

Glutathione system in different conditions

One of the major mechanisms of protection against carcinogenesis, muta-
genesis, and other forms of toxicity mediated by carcinogens is the induction of
enzymes involved in their metabolism, particularly glutathione-S-transferase
(GST), uridine diphosphate-glucuronosyl transferases, and quinone reductases.
40-60% of the human population are homozygous for deletion of the entire
gene (GSTM1*0). The GSTM1-null phenotype has been associated with an
increased risk for lung cancer in heavy smokers and for colorectal cancer. The
GSH system provides a link between environmental insults and cancer. Diet can
influence the level of expression GSH related isoenzymes and thereby affect the
risk of cancer (Jefferies et al. 2003).

The main biochemical steps during inflammation, the production of
cytokines and acute phase proteins, strongly modify the GSH pool. The GSH
participates in many important physiological processes controlling the homeo-
stasis of the cells. A higher demand of cysteine (Cys) supply causes difficulties
in maintaining a constant GSH level (Santangelo 2003). The concentrations of
whole blood glutathione and total thiols have been found to be significantly
lower in patients of RA, as compared to healthy controls (Jaswal et al. 2003).

There has been found an inverse association between GSH and systolic
blood pressure in untreated hypertensive subjects (Muda et al. 2003).

The correlation between MDA and GSH has been established in a small
survey on acute myocardial infarction patients but no correlation with cardiac
enzyme concentrations was detected in these settings. The persons with acute
myocardial infarction had GSH levels significantly lower than age- matched
controls (Kharb 2003).
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Polymorphism has been observed in key enzymes of GSH metabolism and
some alleles have been associated with an impaired redox buffer system
downsteam diseases, and susceptibility to ischaemia (Jefferies et al. 2003).

Members of the glutathione-S-transferase (GST) super family catalyse the
conjugation of GSH with target compounds to form GSH conjugates. These
GSH conjugates are converted to mercapturic acids for excretion. These
structurally related molecules are involved in diverse functions that relate to the
heat-shock response, the detoxification of electrophiles, drug resistance,
carcinogenesis, and immunomodulatory functions (Jefferies et al. 2003).

Serum gamma-glutamyl transferase (GGT) that normally catalyses the first
step in the degradation of extracellular GSH is used as an index of cholestatic
liver disease, high alcohol consumption, and the use of enzyme-inducing drugs.
Increases in serum GGT lead to an increase in the production of free radicals,
particularly in the presence of iron. It has been proposed that the catabolism of
GSH can play a prooxidant role in selected conditions. Paolicchi et al. have
suggested that the GGT-mediated cleavage of GSH—allegedly through the
generation of the more reactive thiol cysteinyl-glycine—could cause the
reduction of ferric iron Fe(Ill) to ferrous Fe(Il), thus starting an iron redox-
cycling process liable to result in the production of ROS and stimulation of
oxidative reactions. GGT has been shown to stimulate a GSH-dependent lipid
peroxidation in model systems involving Fe(IIl) complexes as redox catalysts
and purified linoleic acid peroxidizable substrate (Paolicchi et al. 2002). People
with high serum GGT levels have an increased risk of death because there is an
association between GGT and other risk factors, and GGT itself is an inde-
pendent predictor of risk (Jefferies et al. 2003).

So it can be concluded that alterations in the functioning of the central
intracellular antioxidant glutathione and glutathione-linked systems have been
described in pathological conditions of different pathogenetic mechanisms and
organ systems.
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AIMS OF THE PRESENT STUDY

Oxidative stress is a double-edged sword: at low-grade it is necessary in human
organism, but it becomes excessively activated in many pathological conditions.
As literature (and previous investigation projects of Tartu University
Department of Biochemistry) have shown the evaluation of oxidative-stress-
linked events and situations has to be multicomponent and systemic as there is
no universal parameter that can be interpreted without appropriate context.

The work consisted of several studies to assess systemically the
OxS-associated impact of alimentary iron overload — the two model systems
were selected as no investigations alike have been published but the situations
described in these model systems are quite common in today’s medical routine
praxis. The other branch of investigations was aimed on finding out if OxS-
related parameters (antioxidative or pro-oxidative) have any predictive value in
the process of post-angioplasty restenosis. So the aims were defined as follows:

1. To measure the affect of chronic alimentary iron overload on the markers of
OxS in a model system of a village population.

2. To assess the influence of supplementary peroral ferrous iron on the para-
meters of OxS during uncomplicated pregnancy in the situation of borderline
anaemia with no additional risk factors for profound OxS.

3. To assess if any of the parameters of OxS or their combination measured
preprocedurally is informative in predicting restenosis after coronary angio-
plasty.

4. To summarize information gathered on the basis of aims 1 to 3 via com-
parision of the expression and level of OxS in other quite different clinical
groups (atopic and contact dermatitis, Alzheimer’s disease) to extract iron-
and glutathione-targeted outcomes for routine clinical medicine.
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MATERIALS AND METHODS

In different sets of investigation the subjects were 35 clinically healthy adults
from a village in Southern Estonia whose everyday tap water contained iron up
to 9 times more than the maximum allowed content; 13 clinically healthy
pregnant nonsmokers with a borderline anaemia who had been prescribed oral
ferrous supplements and 6 matched women as their control; 54 patients of
coronary angioplasty in whom we evaluated the prognostic value of markers of
OxS towards restenosis; in 6 subjects with allergic or irritant contact dermatitis
and in 5 subjects with Ni-positive patch test sites in lesional area and contra-
lateral control area the parameters of iron metabolism and oxidative stress were
measured; in 12 chronic hand dermatitis patients (and 4 control subjects) the
same parameters were determined in evaluation of the treatment effect of pure
emollient créme and its combination with a glucocorticoid cream; in the
postmortem brains of 13 sporadic Alzheimer’s disease (AD) patients and 3
familial AD patients in comparison of 8 control subjects the parameters of OxS
were quantitated.

The methods used in these sets of investigation are components of the OxS-
describing complex investigation in the Department of Biochemistry.

To be more specific, lipid peroxidation is being evaluated by the following
parameters (that are combined in different studies based on the specific
conditions of the evaluated process): thiobarbituric acid reactive substances —
malondialdehyde and others (TBARS), conjugated dienes (CD), low-density-
lipoprotein baseline oxidation (LDL baseline) and LDL resistance to oxidation
lag phase (LDL lag phase).

To quantitate the oxidative damage to protein fraction, protein carbonyl
groups (presented to mg protein, PC) are measured.

From antioxidative enzymes catalase (CAT), superoxide dismutase (SOD),
glutathione reductase (GRed) and glutathione peroxidase (GPx) are measured.

The overall antioxidativity is described by two methods: total antioxidative
status (TAS) and total antioxidative activity (TAA). The concentration of
vitamin C in fluids can be measured.

Intracellular OxS is described by glutathione redox ratio (oxidized/reduced
glutathione mg/mg) and the absolute amounts of glutathione fractions (GSSG,
GSH, tGSH).
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Conjugated dienes (CD), LDL lag phase and
thiobarbituric acid reactive substances (TBARS)

Conjugated dienes (CD), thiobarbituric acid reactive substances’ content
(TBARS) and LDL lag phase describe mainly the situation of OxS in the lipid
fraction. CD are a form of compounds that are constructed from unsaturated
fatty acids by free radical reactions. LDL lag phase describes the period during
which the non-HDL-fraction of a sample/a subject is resistant to oxidation in
the standard oxidation conditions.

CD were measured according to Recknagel and Glende (1984), described in
detail in Kullisaar et al. (2003). Briefly freshly prepared serum was frozen at —
80°C with 16.8 nM BHT (butylated hydroxytoluene, final concentration) and
analysed within a month. Samples (150ul) + 150ul 0.9% NaCl were incubated
at 37° C for 30 min, 0.25% BHT (15ul) was added, the samples were extracted
with heptane/isopropanol (1:1, whole volume 1800ul) and acidified by 500ul
SN HCI. After extraction with cold heptane (1600ul), samples were centrifuged
(for 5 min at 3000 rpm) and absorbance of heptane fraction was measured at
234nm (spectrophotometer Jenway 6405).

LDL lag phase was calculated from the curve that is formed from the results
of measuring the protein-adjusted quantity of the non-HDL fraction (prepared
from EDTA-plasma) peroxidation in time spectrophotometrically at 234 nm
(Esterbauer et al. 1992, Zhang et al. 1994). Briefly the lipoproteine fraction
(non-HDL-fraction, LPF) was precipitated from 2 ml twice-diluted EDTA-
plasma by adding 0.2 ml precipitation reagent (2% dextran sulfate: MgCl, (2M,
pH 7.0) 1:1 v/v), vortexing for 1 min and centrifuging at 1500 g for 10 min. In
order to remove EDTA from the LPF the pellet was suspended in 2 ml 0.9%
PBS and reprecipitated by adding 0.1 ml precipitation reagent, vortexed and
centrifuged. The precipitated LPF was dissolved in 2 ml 4% PBS and this
solution was used immediately. The protein content in LPF was assayed by the
method of Lowry et al. (Lowry et al. 1951). The protein concentration of
EDTA-free LPF was adjusted to 2 mg protein/ml. The oxidation was initiated
by the action of a freshly prepared aqueous solution of CuSO,"5 H,O (final
concentration 45 uM) to the LPF (2 mg protein/ml) and the oxidation of this
fraction was evaluated by continuously monitoring the formation of conjugated
dienes at a maximum absorbance at 234 nm with different intervals of incu-
bation at 37°C. The kinetics of the diene formation (the increase of the
absorbance versus time) can be devided into three phases: lag phase (during
which the diene absorption increases only weakly), propagation phase (rapid
increase of the diene absorption) and decomposition phase. The resistance to
oxidation was defined as the length of the lag phase, calculated from the
interval between the intercept of the tangent of the slope of the curve with time-
scale axis.
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Lipid peroxidation can be also assessed via the basal level of thiobarbituric
acid (TBA) reactive substances (TBARS).

TBARS was measured by method compiled on the ground of the method
described by Ohkawa and our experiments (Ohkawa et al. 1979, Starkopf et al.
1995). Several methodological modifications were introduced, such as heating
samples up to 80°C (instead generally used boiling), acidification, immediately
adding an adequate concentration of an antioxidant (butylated hydroxytoluene,
BHT) to the samples etc. to suppress artefactual changes during handling and
assay procedures. All assays were triplicated. All samples were usually
analysed the same day within 4 hours (samples are also stable at —18°C for 2—4
days).

Samples (250ul) plus 250ul 0.9% NaCl (reagent blank contains only
isotonic saline) were incubated in small glass vials at 37° C for 30 min, 0.25%
BHT (15ul) was added to interrupt the reaction and pH of the mixture was
acidified with 500 ul acetate buffer (mixture of 0.2N acetic acid and 0.2 N
CH;COONa to get a buffer with pH 3.55-3.65 (at 35°C). Then fresh 1% TBA
(1000ul) solution was added, heated at 80° C for 70 min and after carefully
cooling (in ice cold water for 5 min) the reaction mixture was acidified by cold
500ul 5N HCI. After extraction (5 min, shaking at minimum for 2 min) with
ice-cold butanol (1700 ul), samples were centrifuged (for 10 min at 3000 rpm)
and absorbance of the butanol fraction was measured at 534 nm (colour is stable
during 30 min). In the case of Fe-TBARS 100pl pro-oxidant solution 2.374 mM
FeSO, x 7H,O (finally 475uM Fe*") was added to 250ul sample + 150ul 0.9%
NaCl (reagent blank contains isotonic saline 400ul and 100ul pro-oxidant
solution 2.374 mM FeSO,4 x 7H,0), incubated (37°C, 30 min.) and after adding
0.25% BHT (15ul) assessment follows as for TBARS. Tetraetoxypropane has
been used as internal standard for MDA.

Serum iron parameters
(Fe-s, UIBC, TIBC and %sat; ferritin)

Serum iron (Fe), unsaturated iron binding capacity (UIBC), total iron binding
capacity (TIBC) and saturation of iron-binding proteins (%sat) were measured
with a manual spectrophotometrical assay (kit 565-A, Sigma St. Louis Mo) that
is based on ferrozine, a sulfonated derivative of diphenyltriazine, forming a
water-soluble magenta complex with iron. For the determination of the tissue
iron content (Fe) and unsaturated iron binding capacity (UIBC) we also used the
Sigma 565-A kit. We took 250 pl of the tissue homogenate, treated it as in the
kit protocol, the only modification being centrifugation of the tubes for 10 min
at 3000 RPM before every measurement.
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Ferritin was analysed by the chemiluminescence method (the analysis was
performed in Tartu University Clinics’ joint laboratories on the Immulite
analyser).

The interpretation of the parameters and indicativity please see in “The pro-
oxidants, special emphasis on iron”, 32-33.

Glutathione (GSH, GSSG, GSSG/GSH, tGSH)

Glutathione (GSH) and its fractions measured in whole blood indicate mainly
the situation of oxidative stress within the cells (including RBCs and endothelial
cells). Measurements of glutathione are actually measurements of thiols in
whole blood (a modified method of Bhat) (Bhat et al. 1992). The method is
based on the formation of a chromophoric product from the sulfhydryl reagent
5,5-dithiobis- (2-nitrobenzoic acid), Ellmann reagent, in the presence of GSH.
The contents of total and oxidized glutathione are directly measured and the
content of reduced glutathione is calculated from them.

Stock solutions of various regents were made in 0.1 M sodium phos-
phate/0.005 M EDTA buffer, pH 7.5. Solution of GSH was prepared before use
in cold 0.01 N HCL

Determination of total glutathione content (GSH plus GSSG) of whole blood
was made as follows. 10ul whole blood (heparinized) was mixed with 0.99 ml
of 0.2 M sodium phosphate buffer (pH 7.5), containing 0.01M EDTA for
hemolyze, and let to stand for 10 min. To 50ul of hemolyzate 500ul 0.2 M
sodium phosphate buffer, containing 0.01 M EDTA was added. The reaction
was initiated with 0.3 mM NADPH and 0.5 U glutathione reductase (GSH-
RED) and continued for 6 min. After that there were added 1ml 0.2 M sodium
phosphate buffer, containing 0.01 M EDTA and 100ul 1mM 5,5’-dithiobis-(2-
nitrobenzoic acid) in 0.2 M sodium phosphate buffer. After 3 min the extinction
was recorded spectrophotometrically at 412 nm (spectrophotometer Jenway
6300). The glutathione content was calculated on the basis of the standard curve
obtained with known amounts of glutathione (GSH). Glutathione was expressed
as ug/ml.

To assay for GSSG, 10ul whole blood (heparinized) was mixed with 2ul
4-vinylpyridine and kept at room temperature for 1 h. Then 0.99 ml of 0.2 M
sodium phosphate buffer (pH 7.5) was added. To hemolyzate (50ul) there was
added 500ul 0.2 M sodium phosphate buffer, containing 0.01 M EDTA. The
reaction was initiated with 0.3 mM NADPH and 0.5 U glutathione reductase
(GSH-RED) and continued for 6 min. After that there was added 1ml 0.2 M
sodium phosphate buffer, containing 0.01 M EDTA and 100ul 1mM 5,5°-
dithiobis-(2-nitrobenzoic acid) in 0.2 M sodium phosphate buffer. After 3 min
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the extinction was recorded spectrophotometrically at 412 nm. GSH concent-
ration was calculated as the difference between total glutathione and GSSG.

Reduced glutathione (GSH) is a tripeptide (glycine-cysteine-glutamate) and
oxidized glutathione (GSSG) consists of two tripeptides connected with a
disulfide bond. Thus they form a redox-pair. As the molecule of GSSG is only
two H-atoms smaller than two molecules of GSH, we believe tat when
describing the redox ratio of glutathione, the formula pg of GSSG/ug GSH is
more representative than mmol GSSG/mmol GSH.

Another mehod to measure red blood cells glutathione (RBC-GSH, tGSH)
was used in some situations and mainly in the earlier years. The method does
not give an opportunity to quantitate the fractions and redox ratio.

RBC-GSH was measured with Ellman reagent (Ellman 1959) as described in
literature (Beutler et al. 1963). Briefly, tridistilled water (1800ul) and 1000ul of
500 mM perchloric acid were added to 200ul blood to hemolyse RBCs and
remove protein. After 5 minutes procedure protein sediment was eliminated by
centrifugation for 10 min at 3000 rpm. Then 600ul of supernatant was taken,
700ul Na,HPO,4 (300mM) and 150ul Ellman reagent were added. This mixture
was incubated for 10 min at 37°C. The absorbance of yellow dye was measured
at 412 nm. The content of GSH was calculated on the ground of standard plot
(1-20mg of GSH/dL).

GSH mg/dl RBCs = GSH conc. (from standard plot)/ hematocrit.
The reference value is 57-80 mg GSH per deciliter RBCs.

Catalase (CAT)

Catalase (CAT) is one of the most important intracellular antioxidant enzymes
that together with superoxide dismutase control the level of intracellular free
radicals — the role of catalase being neutralizing hydrogen peroxide.

CAT was measured by a method of Goth (1991a), the method being
spectrophotometrical based on hydrogen peroxide forming a stable complex
with ammonium molybdate.

Heparin serum was used. In the case of hemolysis it is necessary to
determine serum (10ul of serum is necessary) hemoglobin concentration with
the bensidine method. If haemoglobin concentration is more than 100mg/1 the
sample must be discarded (significantly haemolyzed sample gives an artificial
increase of catalase activity).

200ul of serum was incubated in 1000ul substrate (65 pmol/ ml H,O; in
60 mmol/l sodium-potassium phosphate buffer, pH 7.4) at 37°C for 60 s. The
enzymatic reaction was stopped by adding 1000ul of 32.4 mmol/l ammonium
molybdate ((NH4)sMo0,0,4 “4H,0) and the yellow complex of molybdate and
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H,0, was measured at 405 nm against control blank (1200ul buffer, 1000l
molybdate; control of enzyme: molybdate was added prior to the enzyme;
control of substrate: 0,2 ml of buffer was added instead of the enzyme).
Catalase activity kU/l was expressed as:

kU/1 = (control of enzyme preparation- sample) / control of substrate) e 271

Superoxide dismutase (SOD)

A special kit RANSOD (Randox Laboratories LtD) was used. RANSOD allows
to analyse the RBCs levels of SOD. RANSOD employs xanthine and xanthine
oxidase (XOD) to generate superoxide radicals which react with special reagent
(tetrazolium salt, called as I.N.T.) to produce red formazan dye. As SOD,
present in sample, competes with [.N.T. for superoxide radicals it is possible to
assess SOD by the degree of inhibition of formazan dye formation.

For preparation of RBC’s lysate 0.5 ml of whole blood (taken with heparin)
was centrifuged for 10 minutes at 3000 rpm and the serum was aspirated off.
The RBCs were washed four times with 3 ml of 0.9 % saline with centrifugation
for 10 minutes at 3000 rpm after each wash. The washed centrifuged RBCs
were frozen (—18°C for 24 hours). After that RBCs were haemolyzed by 2.0 ml
cold milliQ water, mixed and left to stand at +4°C for 15 minutes. The lysate
was diluted with 0.01M pH 7.0 phosphate buffer, so that the inhibition was
between 30% and 60% (a 25 fold dilution of lysate for human samples, dilution
factor = 100).

0.05 ml of diluted sample and 1.7 ml of mixed substrate were pipetted into a
cuvette (at 37°C) and mixed. Phosphate buffer instead of the sample was used
as reagent blank. After mixing 0.25 ml of xanthine oxidase was added.

After mixing the initial absorbance A; (at 505nm) was read after 30 seconds
and the timer started simultaneously. Final absorbance A, was read after
3 minutes. SOD activity was calculated and given as SOD U/g haemoglobin.

Glutathione peroxidase (GPx)

A special kit RANSEL (Randox Laboratories LtD) was used. RANSEL allows
to analyse the levels of GPx in whole blood, RBCs and platelets.

RANSEL is based on the reaction of GSH with Cumene hydroperoxide
(ROOH) catalysed by GPx and yielding in GSSG. The latter is converted by
glutathione reductase (GSHRed) and NADPH to GSH and NADP. The
concentration of GPx is assessed from the decrease in absorption at 340nm due
to the oxidation of NADPH to NADP.
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0.05 ml heparinized whole blood was diluted by 1 ml diluting agent, incu-
bated for 5 minutes and 1 ml of double strength Drabkin’s reagent (Drabkin’s
reagent: 0.0016 M KCN; 0.0012 M K,Fe(CN)g; 0.0238 M NaHCO;) was added.

0.02 ml of diluted sample, 1.00 ml of the reagent and 0.04 ml of Cumene
were pipetted into a cuvette (at 37°C). MilliQ water was used instead of a
sample as reagent blank.

After mixing the initial absorbance was read at 340nm against air after one
minute and the timer was started simultaneously. After 1 and 2 minutes the
absorbance was read again. Reagent blank value was substracted from that of
the sample. GPx activity was expressed as U/g Hgb.

Total antioxidant activity (TAA) and status (TAS)

Total antioxidant activity (TAA) describes the overall antioxidant potency of a
medium. In case of measuring it in serum in a situation of no remarkable tissue
damage it mostly reflects the extracellular/intravasal antioxidant activity. TAA
(an original method of our Dept. of Biochemistry, Starkopf et al. 1995) is the
percentage a sample inhibits a standard linolenic acid peroxidation.

For LA-standard stock LA (alfa-linolenic acid, from Sigma, code L2376)
was dissolved (10 ul of linolenic acid was added to 1000ul 96% ethanol drop by
drop (permanent mixing). This solution was kept for 2 days at —18°C in dark in
a carefully closed glass vial. From this solution 400 ul was dissolved (drop by
drop, permanent mixing) in 50 ml warm 40°C isotonic saline. Suitable portions
of this solution (LA-standard stock) were frozen in carefully closed glass vials
and the content of one vial was used as a standard in one experiment.

0.15ul 0.35% SDS was measured into a vial and 400 ul of heated (up to
40°C) LA-standard stock was added to get a homogenous solution of LA-stan-
dard. Then to a sample (30ul of serum diluted 1:3.3 in isotonic saline) 100 pl
(final concentration 200 pM) FeSO4 was added and incubated in the presence
of LA-standard for 60 min at 37°C. Reagent blank contains only LA-standard
and isotonic saline. Then 0.25% 35ul BHT was added and the mixture was
treated with 500ul acetate buffer to acidified mixture (pH 3.55-3.60) and heated
with fresh 1% TBA solution (1000ul) at 80°C for 40 min. After cooling for 5
min in ice cold water the reaction mixture was acidified by cold 500 pl
5 N HCI, extracted with cold butanol (1700pul), centrifuged (for 10 min at 3000
rpm) and absorbance of the butanol fraction (amount of TBARS) was measured
at 534 nm. The TAA of a sample was expressed (%) as inhibition by the sample
of LA-standard peroxidation as follows:

[1-(As534 (sample) / A534 (LA as control)] e 100
In the earlier years this parameter was termed antioxidative status (AOS).
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For determination of total antioxidant status (TAS) we used a kit (Randox
Laboratories LtD, Cat. No. NX2332). A specific agent ABTS (2,2’-azino-di-
benzthiazoline sulphonate) is incubated with a peroxidase (metmyoglobin) and
hydrogen peroxide to produce the radical cation ABTS®". This has a relative
stable blue-green colour, and can be detected at 660 nm. Antioxidants in the
added sample cause suppression of this colour production to a degree that is
proportional to their concentration. The values are expressed as Trolox units (0—
2.5 mmol/l). Trolox is a water-soluble vitamin E analogue.

Protein carbonyl content (PC)

Protein carbonyl (PC) measurement is the most widely accepted possibility to
evaluate the oxidative damage to the protein fraction as the content of carbonyl
groups increases in free radical induced reactions. The information identifies
oxidative damage to proteins that may preceed the clinical symptoms of a
disease (Perry et al. 2003, Dalle-Donne et al. 2003b). The usage of protein CO
groups as biomarkers of oxidative stress has some advantages in comparison
with the measurement of other oxidation products because of the relative early
formation and the relative stability of carbonylated proteins. Most of the assays
for detection of protein CO groups involve derivatisation of the carbonyl group
with 2,4-dinitrophenylhydrazine (DNPH), which leads to formation of a stable
dinitrophenyl (DNP) hydrazone product. This then can be detected by various
means, such as spectrophotometric assay, enzyme-linked immunosorbent assay
(ELISA), and one-dimensional or two-dimensional electrophoresis followed by
Western blot immunoassay (Dalle-Donne et al. 2003a).

PC were quantified by a compiled method based on the methods of Levine et
al. (1990) and Grattagliano et al. (1996) with our little modification. 0.050 ml
freshly prepared plasma (approximately 3 mg of protein) was precipitated with
0.200 ml of 10% TCA and after centrifugation for 10 min at 3500p the pellet
was treated with 0.5 ml 10 mM 2,4 DNPH in 2M HCI or only with 0.5 ml 2M
HCI as a control blank. Samples were incubated for 60 min at room temperature
with continuous mixing. Next, 0.5 ml of 20% TCA was added and proteins
were precipitated by centrifugation for 10 min at 3500p and the supernatant was
discarded. The pellet was washed 3 times with 1ml 1:1 ethanol/ethyl acetate
(centrifugation was followed after 10 min standing of the mixture). The final
precipitate of protein was dissolved in 0.6 ml 6M guanidine/20mM K-phosphate
buffer, pH 2.3 for 30 min at 37°C with vortexing. Any insoluble materials were
removed by centrifugation. The different spectrum of the DNPH-derivates
versus HCI controls was followed spectrophotometrically at 350-380nm with a
scan program. The concentration of carbonyl groups (CC) was calculated from
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the spectrum maximum, using a molar absorption coefficient (e) of 22 mM —
Icm—1 as the extinction coefficient for aliphatic hydrazones.

CC (nmol/ml) = Abs365(max) (Test-Blank) x 10% e

Protein content (mg/ml) was determined in each sample (parallel) versus
guanidine and calculated from a bovine serum albumin standard curve dissolved
in guanidine-HCI and read at 280 nm (Lyras et al. 1996). The carbonyl content
was expressed as nmol carbonyl/ mg protein (Cao and Cutler 1995). Reactive
carbonyls (nmol/ mg protein) were in the range 0.3...2.50.

When analyzing tissue samples the difference is in the initial stages: tissue
samples were homogenized 1:10 in Hepes buffer with aprotinin (freshly
prepared), centrifuged after 15 minutes standing at 4000p at 4°C for 10 minutes,
the supernatant was mixed with streptomycine sulphate (final concentration
1%), allowed to stand at room temperature with vortexing every 3 minutes for
15 minutes and precipitated by centrifugation at 4°C for 10 minutes at 4000p.
0.100 ml of supernatant was mixed either with 0.400 ml 10mM DNPH in 2M
HCI or 0.400 ml 2M HCI alone as control blank. The following steps were
identical to the procedure with plasma.

Biochemical studies have demonstrated increased DNPH-derived adducts by
assay of tissue homogenates from normal ageing and Alzheimer disease (Smith
1991). However, in light of the large number of free carbonyls in the vas-
culature of all samples, particularly of the aged, the specificity and sensitivity of
whole-tissue analysis to detect disease related increases, particularly for an age-
related disease, are limited. Therefore, disease-related neuronal damage could
be masked by damage to vessels when whole-tissue homogenates are used
(Smith et al. 1998). Human diseases associated with protein carbonylation
include Alzheimer’s disease, chronic lung disease, chronic renal failure, dia-
betes and sepsis (Dalle-Donne et al. 2003).

Vitamin C in serum (VitC)

The content of vitamin C in serum was measured with a ferrozine method based
on Butts and Mulvihill’s method (1975) modified by Miller et al. (unpublished
material, acquiered by personal contacts).

Ferrous chromogenic methods depend on the reduction of Fe’* to Fe’" ions
by ascorbate, which is simultaneously converted to dehydroascorbate. The
formed Fe®" ions are subsequently reacted with a chelator (such as dipyridyl or
Ferrozine) and the resulting complex quantitated spectrophotometrically. Other
slower-acting reducing substances may also generate Fe** from Fe®*, but not to
a significant extent during a 4.5-5 second period.

The ferrozine method measures only reduced ascorbic acid. The method can
be applied to investigate plasma or serum and urine.
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The needed reagents were: 1) Ascorbic acid standard (10, 25, 50, 75 and
100umol/l for standard curve and 50 or 100pumol/l for every set, (2) Ferric
ammonium sulphate dodecahydrate, 8.3 mmol/l in 20 mmol/l sulphuric acid, (3)
Ferrozine [3-(2pyridyl)-5,6-bis(4-phenyl-sulphonic acid)-1,2,4-triazine] 2.23
mmol/l in acetate buffer 367 mmol/l, pH 4.0. Working colour reagent was
prepared 1:9 from (2) and (3) ex tempore.

For sample preparation 200 ul of 10%TCA was taken and 50ul of plasma
was added with vortexing and centrifuged 10 min at 3000 rpm.

To 100 ul of sample, standard or blank, 300 ul of diluent (Aq dest) was
added, incubated 60 seconds at 37°C, 1000 ul of working colour reagent (37°C)
was added and the absorbance was measured at 550 nm at exactly 5 seconds.

A standard curve was drawn once for every set of reagents and two standards
(50 and 100 pmol/l) in every set of samples was included to be sure that the
standard curve fitted.

The concentration of ascorbic acid was read from the standard curve. The
result was multiplied 5 times (dilution coefficient ) to get the actual concent-
ration in the sample. Reference range of this method is 75-150 pmol/l for
plasma.

Dissertant performed self-handidly the approbation and compilation of the
methods of measuring carbonyl groups in serum and homogenates and
measuring iron and UIBC in homogenates. All the measurements of PC, Fe,
UIBC and vitamin C described in this dissertation are performed by the disse-
tant.

Statistical analysis

Statistical analysis was performed with Microsoft Excel 2000 (average,
standard deviations, Student’s t-test for unpaired data between groups) and the
indices that showed significant difference with this test were controlled with
one-way ANOVA test by the help of Microcal Origin 3.5 programme (Microcal
Software Inc.) in one set of experiments.
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RESULTS

A long-term presence of excess iron in drinking water may lead to positive iron
balance in an organism that becomes apparent in the measurable impairment of
redox balance towards oxidative stress. In our investigation the subjects with
alimentary iron overload had higher iron content of serum than endemic average
(22.8£7.3 compared to 16.1+1.8umol/l in women and 25.8+7.3 compared to
20.2£1.9 pumol/l in men), at the same time total iron binding capacity tended to
be lowered (meaning on the account of unsaturated iron binding capacity) and
the transferrin content was unaltered. CD and TBARS levels were significantly
higher in subjects with alimentary iron overload than endemic normal (age-
matched subjects of healthy citizens of Tartu) (Publication I). The RBC
glutathione was significantly lowered in the iron-overloaded group (50.4+13.4
mg/dl compared to endemic normal 64.8+9.4 mg/dl, p<0.001).

The effect of peroral iron supplement preparation (to be precise the
preparation was Spartocine from USB Pharma, Belgium containing ferrous
aspartate) on the markers of oxidative stress measurable in venous blood was
evaluated in a group of healthy pregnant women with borderline anaemia in
cooperation with Tartu University Clinic of Obstetrics and Gynaecology
(Publication II).

In agreement with previously published data (Raijmakers et al. 2001, Little
and Gladen 1999) we found that the content of conjugated dienes and
glutathione redox ratio tend to increase as pregnancy progresses. The content of
carbonyl groups and TAA stayed on the same high level (an adult normal range
for TAA is 3843.7%). As for CAT there was much diversity but the means did
not differ from each other and from the endemic normal. Compared to endemic
normal CD were relatively high (45.4 to 53.9 in different groups versus
38.4+£7.5uM). LDL lag phases in turn were relatively short when compared to
endemic normal (30.0-38.5 versus 49+10 min). No statistically significant
correlations between individual parameters were found — including the tested
correlations between glutathione redox ratio and any of the measured iron
parameters.

No significant differences between groups were seen before the test period
except the difference in haemoglobin content — although all the subjects
included had haemoglobin values between 97 and 111 g/I the doctors seem not
to resist the urge to treat a woman with haemoglobin smaller than 105 g/l. The
only parameter that gave p<0.05 after 4 weeks was GSSG — but both groups had
a roughly 2-fold increase in GSSG content that affected tGSH value also.
Altogether, the GSSG/GSH ratio was high (0.76+0.28) from the beginning in
both groups, the endemic normal being 0.17. Mostly the value could be
attributed to relatively low content of GSH (the endemic normal being
195+17ug/ml).
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Table 1. The overall dynamics of parameters during the investigation period in the
study group of healthy pregnant nonsmokers with borderline anaemia.

Parameter Before After p
Hgb, g/l 106.1+6.4 107.847.1 0.30
Serum Fe, mmol/l 14.7+9.6 14.1+10.1 0.31
UIBC, mmol/l 50.4+17.4 50.7+£17.4 0.27
%sat 24.2+17.4 21.9+14.3 0.22
Ferritin ng/ml 13.1£13.1 10.0+8.3 0.08
CD, uM 47.4%13.5 53.8+17.5 0.06
TAA, % 46.1£5.0 44.5+5.5 0.15
CAT, kU/ 50.4+38.1 46.2426.9 0.28
PC, nmol/mg prot 2.0240.42 1.91+0.37 0.18
Glutathione, pg/ml 174.9+64.1 292.4+74.7 0.0002 **
GSSG, pg/ml 71.9430.3 132.2441.6 0.000015 **
GSH, pg/ml 102.94+43.0 160.2465.1 0.01*
GSSG/GSH 0.76+0.28 1.03£0.64 0.03 *
LDL lag phase, min 33.4+10.3 34.245.8 0.44

Serum Fe in both groups was about 14 mmol/l after the investigation period, but
the “starting points” appeared to be slightly (though not significantly) different.
Ferritin was about at the level of anaemia criteria (that is 12 ng/ml). There were
no changes in catalase activity.

To evaluate the value of the gathered information (also including the studies
done in cooperation with The Department of Dermatology and Venearology) in
prognosing a clinical situation we performed a prospective investigation where
we linked the preprocedural values of complex OxS parameters with the
possibility of postangioplasty restenosis.

The results (Publication III) revealed that glutathione redox-ratio was the
most informative parameter (again) that implies on paramount importance of
endothelial factors in the process of restenosis.

As it was predicted there could be found numerous correlations between
parameters when subjects were analysed from the point of view of classical risk
factors (hypertension, smoking status, diabetes etc).

When analyzing the enrolled diabetic patients compared to non-diabetic
patients we found differences in glutathione redox-status (GSSG/GSH 1.92+
2.19 in diabetics versus 0.90+ 0.76 in non-diabetics, p=0.03) and LDL-lag
phase (64.17£18.58 min in diabetics and 53.89£13.65min in non-diabetics,
p=0.03). Smokers were significantly younger (50.7+£9.4 versus 59.548.1 years,
p=0.005) and current non-smokers had significantly higher BMI (28.6%
3.3versus 25.542.9, p=0.006). The persons with chronic (extracardial) illnesses
had higher TAA (37.7£6.0mmol/l versus 33.8+5.3mmol/l, p=0.03) and they had
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been smoking longer (23.3£12.9 versus 13.4+ 14.9 years, p=0.03). Hyper-
tensive patients had LDL lag phase shorter than normotensive patients
(51.3£15.2min versus 61.2+14.2 min, p=0.04). The activity of GPx in high
blood pressure group was lower than in the subjects with normal blood pressure
(9.64+7.0 U/g Hgb versus 24.83£18.1 U/g Hgb, p=0.01). Patients with previous
myocardial infarction had less CD (41.6£12.6uM versus 54.04+21.5uM,
p=0.02) but no difference in LDL lag phase. All subjects but one of those who
developed restenosis had stent(s) that represented well the overall use of stents
in that period. Two women out of 8 female subjects developed restenosis. The
finding that LDL oxidation lag phase is longer (though not significantly) in the
restenosis group cannot be explained by the fact that diabetic patients had the
same tendencies as only one diabetic patient had confirmed restenosis.

When restricting the analysis to just comparing the persons who had
developed restenosis with subjects who had not had aggravation of symptoms in
a year the only oxidative stress-related parameters that had significant
differences with both statistical methods was the glutathione redox ratio and the
activity of GPx. All subjects who had confirmed restenosis had had previously
myocardial infarction but not all subjects who had had previous myocardial
infarction developed restenosis. Nevertheless having a myocardial infarction in
anamnesis was a significant predictor for restenosis (p=0.01). When comparing
the restenosis group with clinically stable group we found no difference in
cholesterol or HDL-cholesterol. Although we measured also the concentration
of vitamin C in blood plasma it proved not to be informative in our settings (the
values rangeing from 20-250 uM in the restenosis group and from 50-180 uM
in the no-further-complaints group, the averages=SD being correspondinly
125.2482.7 uM and 104.14+30.7 uM, p=0.16).

The glutathione redox-ratio was significantly higher (that means more
oxidised) in the restenosis group (2.21+£2.36 versus 0.88+0.74, p=0.002). SOD
activity in both groups was similar to endemic normal (that is 722+86 U/g Hgb,
unpublished data) so the change of this enzyme’s activity would not likely be a
common reason for impaired endothelial defence in angioplasty patients. The
activity of GPx in the restenosis group was 40.36 £ 35.16 U/g Hgb and 15.01
12.29 U/g Hgb in the clinically stable group (the endemic normal being
45+11 U/g Hgb (unpublished data)) — so the change of the activity of GPx
might also not serve as an indicative predictive parameter for restenosis as the
restenosis subjects resemble the endemic normal more than the subjects not
developing complaints in a year.

The results are associated with another investigation where the dissertant
also participated in: the investigation that compared the Swedish genetic and
sporadic forms of Alzheimer’s disease (AD) (Publication IV). The investigation
revealed statistically significantly higher level of OxS in the lesional area of
familial (genetically determined) AD. A conclusion was drawn that the higher
level of OxS measured by more oxidated glutathione redox ratio and greater
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oxidative damage of protein fraction (measured by protein carbonyl groups in
tissue homogenates) may have connection with the higher speed of progression
of the genetically determined AD.

The cooperation projects with the Department of Dermatology and Vene-
arology gave the following major results: (i) contact dermatitis caused an at
least 4-fold increase in the iron level in the positive patch test sites and the
indices of iron, TIBC and CD were high in the apparently healthy skin of the
patients with persistent hand dermatitis (Publication V), (ii) The treatment of
chronic hand dermatitis patients with emollient cream alone or with its
combination with glucocorticoids improved the glutathione redox ratio but did
not alter the iron parameters (Publication VI), (iii) allergic contact dermatitis
increased the blood glutathione redox ratio that could be normalized with an
“antioxidant cocktail”, (iv) different allergens have differences in the bio-
chemical OxS markers in positive patch-test sites: nickel sulphate rises the skin
iron content and glutathione redox ratio but epoxy resin does not (Publication
VIII).

When comparing different investigated groups with each other we could see
a shift towards OxS in several clinical situations and an enhancement of both
antioxidative defence and OxS in the investigated group of pregnant women
(Figure 3).
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Figure 3. The parameters of different study groups, compared to average of normal
(markes as X).

Abrreviations: PrFe+ — pregnant women with iron supplementation; PrFe— — pregnant
women without iron supplementation; PTCArest — group of post-angioplasty restenosis;
PTCAno — group of no post-angioplasty progression of disease; VastFe — drinking
water iron overload group; Normal — endemic average.
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DISCUSSION

Oxidative stress (OxS) status has become a matter of growing interest and
numerous fundamental and clinical investigations. Oxidation and reduction
modulate all cellular events, including modification of signalling molecules in
intra- and intercellular communication (Pompella et al. 2003, Halliwell and
Gutteridge 1999). HOxS as an important factor in the pathogenesis of numerous
pathological conditions should not be unnoticed in clinically healthy
populations and subject groups with minimal clinical problems (as borderline
anemia in pregnancy) both in clinical medicine and organization of medical
care.

Any chronic iron overload is a major cause of organ/tissue failure (including
liver, kidney, pancreas, endothelium) worldwide, but its pathogenesis remains
to be elucidated, state Bartfay et al. (2003). Even without being so categorical
iron, especially ferrous iron, has an important role being present in apoptosis
and infection (Boelaert et al. 1996), inflammation (Karatas et al. 2003),
carcinogenesis and atherosclerosis (Jefferies et al. 2003). In 1981 Sullivan first
proposed the iron hypothesis of atherosclerotic heart disease and Salonen et al.
were the first to report the connection between ishaemic heart disease and body
iron stores (Salonen et al. 1992). From that point on there have been
implications on possible link between the physiological blood loss (meaning
also the loss of iron as 1 ml of RBC contains ca 1 mg of iron) of premenopausal
women and their lower risk for coronary heart disease when compared to age-
matched men (Sullivan 1981, Berge et al. 1994).

The term” successful aging” that comprises maintaining both mental and
physical health until the end of life has become of major importance in the
aging society — both on the level of an individual and on the level of the whole
society. As an undermining factor for successful aging the contribution of
HOxS has been described in several processes (from neurodegenerative
problems to atherosclerosis, carcinogenesis and skin processes) (Polla et al.
2003). Thus the conclusion drawn by Polla et al. (2003) that iron should be left
out from all vitamin- and mineral supplements designed for the elderly — may
be the minimum that should be bared in mind in clinical practice.

The chronic alimentary iron overload has not been conclusively described
from the point of view of development of OxS (including cellular one). The
associations of African iron overload with up to 100 mg of iron from a local
beer, associations between alcochol intake and iron and the problems of
haemochromatosis (e.g. mutation C282Y) are the main areas of sparse
investigation (Crichton and Ward 2003, Heath and Fairweather-Tait 2003).
A recent publication revealed that elevated (defined as over 200 ng/ml of serum
ferritin) levels of body iron combined with serum elevations of LDL or reduced
levels of HDL are associated with significantly higher levels of C-reactive
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protein — that has been proved to be an independent risk factor for cardio-
vascular disease (Mainous et al. 2004). No publications on possible iron over-
load of humans due to drinking water iron content can be found in Medline. In
2004 an article has been published linking myocardial infarction and chemistry
of ground water — one mg/l increment in iron of ground water increased the risk
of first-time acute myocardial infarction for 10%, but the differences were not
statistically significant (Kousa et al. 2004).

The results of our investigation raise the concern of drinking water being a
real additional source of pro-oxidant ferrous iron (Publication ) as a chronic
iron overload with tap water resulted in positive iron balance and an increase in
RBC total glutathione content in addition to a measurable increase in lipid
peroxidation.

Pregnancy is associated with an alteration in expression of OxS (both
parameters of oxidation and antioxidative defence are elevated). These changes
may serve an adaptational role and as long as the importance of them is not
clearly understood no attempts to correct these changes is advisable. But
preeclampsia is associated to an even more serious dysbalance towards
oxidative stress and development of this pathological condition is definitely
undesirable. In addition to this speculations have been made (Gratacos 2000)
that an uncompensated oxidative stress experienced during pregnancy could
predict or affect some pathological conditions of the mother in the future. The
effect on the developing fetus cannot be excluded either (e.g. from the point of
view of future diabetes or atherosclerosis).

When the best results for the baby and the mother are achieved at haemo-
globin levels classically considered to be an anaemia requiring therapeutic
control (Rasmussen 2001, Casanueva and Viteri 2003), maybe the time has
come to trust the nowadays small-blood-losing operating techniques and the
physiological changes in the organism of a pregnant woman — and give up the
supplementation of (at least ferrous) iron in case of borderline anemia. At least
until the actual need and possible damage from treating and not treating to the
mother and the baby has been elucidated.

In our observational investigation we could not detect any deleterious
impairments of parameters measuring different sides of OxS in pregnant women
with borderline anaemia and no additional risk factors for developing profound
OxS. We found however a significant difference between iron-supplemented
and non-iron-supplemented groups in the content of RBC GSSG that at least
should drive the attention to the glutathione system during iron supplementation
(Publication II). Unfortunately no-one has established the normatives of
reduced and oxidised glutathione or their ratio for different stages of pregnancy
— it has been only shown that the redox ratio increases till the end of second
trimester (Casanueva and Viteri 2003). So our study — although quite limited in
terms of enrolement and sample size — clearly shows that extensive
investigations have to be conducted until a single number or difference in time
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regarding the glutathione system may be rendered as pathological in pregnant
women.

For many years numerous investigators have implied on ferrous iron
supplementation as a potential hazard to health but the recommendations of the
WHO and some national suggestions still recommend high doses of ferrous iron
to pregnant women. As in this particular situation not only the health of young
women but also of their offspring may be negatively influenced there remains to
be conducted extensive scientific investigation of potential effects of this action.
Even a short-term use of iron medical preparations should be monitored from
the point of view of OxS to avoid damages in a situation influencing two
generations at a time — pregnancy. Sub clinical tortuous damages during
pregnancy might increase the risk for the mother or the baby as the OxS-
mediated free radical processes may initiate the pathogenesis of diseases e.g.
diabetes.

The issue of iron and glutathione during pregnancy may lead to health
hazards to the offspring. One study implying on this possibility indicates the
preventive effect of Lactobacillus GG against atopic eczaema in infants
(Kallioméki et al. 2001) — as the microbe is efficient in sequestering iron.

Our study on atopic dermatitis confirms the concern as both lesional areas
and apparently healthy skin had high redox ratio of glutathione and nonhaem
iron content. In cooperation with the Tartu University Department of Dermato-
logy and Venearology we performed an investigation of subjects with allergic
or irritant contact dermatitis (Publication V, VII), reactive patch test reaction
sites (Publication VIII) and chronic hand dermatitis with different schemes of
treatment (Publication VI). In those projects the dissertant performed the
measurements of iron, UIBC, TIBC and %saturation of iron-binding proteins in
the biopsy samples and participated in interpretation of the results from the
point of view of iron metabolism and interactions. The work also demonstrated
the striking importance of glutathione redox ratio in evaluation of tissue
(intracellular) OxS.

We could assume that more intensive lipid peroxidation (LPO) in the lesions
of chronic hand dermatitis is due to “free” iron as in patients’ skin the iron level
was 2.5 times higher than in healthy control subjects. Furthermore, the iron
level in normal skin was significantly associated with disease duration. Redox
active iron could trigger additional LP. Skin barrier function is intimately
associated with lipid metabolism. Intensive LP, besides damaging cell
membranes may affect skin barrier lipids that might lead to further damage of
the skin barrier function. Glutathione has been postulated to play an important
role in inhibiting contact dermatitis. Increase of GSSG/GSH before treatment
and decrease after it confirms direct connection between skin inflammation and
glutathione redox status (Publication VI).

It seems that the glutathione system, particularly the levels of both GSH and
glutathione redox status, may have prognostic value for predicting restenosis
after coronary angioplasty. The speculation is in consistency with the results of
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Pollman et al. (1999) who registered a decline of GSH content after balloon
inflation. The previously comprised glutathione redox ratio may thus be an
important cofactor for unfavourable outcome. Indeed, glutathione has become a
matter of growing biomedical and clinical interest (Dickinson and Forman
2002, Filomeni et al. 2002, Jefferies et al. 2003, Townsend et al. 2003, Pom-
pella et al. 2003). Clinical data (Kugiyama et al. 2001) and a wide spectrum of
GSH biofunctionality (a principal antioxidative compound in cellular defence
against high-grade oxidative and nitrosative stress; participation in the
metabolism of nitric oxide, leukotrienes and prostaglandins; involvement in the
regulation (glutathionylation) of key-enzymes like phosphorylase, creatinine
kinase, etc.; restoration of activity of proteins and enzymes; stabilization of bio-
membranes and a modificator of intracellular signals including those of
inflammation, gene expression and cell proliferation) indicate the importance of
glutatione. Hence, maintenance of physiological glutathione redox ratio has
high impact as the response of cells to any stress involves changes in thiol
content as they are consumed to protect cells by different actions like anti-
oxidation, detoxification, signalling, and the direct modification/regulation of
biomolecules.

Any interpretation of data about GPx remains speculative due to the diverse
nature of restenosis, existence of isoforms of GPx and multifaced bio-
functionality of GSH (there a lot of GPx- nonrelated pathways for GSH).
However, one possible explanation of the lower activity of GPx in the subjects
who did not develop restenosis compared to the endemic normal and restenosis
group may be that the failure to regulate the activity of GPx may serve as one of
the mechanisms of restenosis-prone endothelial response.

Another finding that can not be overlooked is that our endemic normal for
serum catalase activity is 55423 kU/I and the average of subjects with both
favorable outcome and restenosis was 2—3 times higher. When looking into the
results in detail we found one subject with endemic normal values in the
restenosis group and 17 in the clinically stable group. What is more interesting
is that the correlation coefficient between GPx and CAT values was —0.25 in the
stable group and —0.88 in the restenosis group.

The publications (Boullier et al. 2000, Igarashi et al. 2003, Cipollone et al.
2003, Mazeika et al. 2003) report somewhat conflicting results concerning the
predictive value of lipoproteins towards restenosis. We did not find any
significant differences between groups in the content of total cholesterol or
HDL-fraction. The classical risk factors of atherosclerosis as hypertension, dia-
betes and hypercholesterolaemia were not predictive for restenosis in our group.
The results of the effect of PTCA on the “classical” parameter of MDA are
conflicting. In 1997 Oosenbrug stated a temporary increase in MDA
(Oostenbrug et al. 1997) but in 2002 Olsson et al. (2002) questioned the effect
as they could not measure any increase in MDA after 30 to 90 minutes and
Cedro et al. (2002) had results consistent with the latter in 1 min after deflation.
As angioplasty temporarily increases at least F2-isoprostane production (Iuliano
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et al. 2001) the pre-existing protective potential of the local endothelium
becomes of major importance. So it may be speculated that the predictive
factors should be searched for from the list of endothelial parameters rather than
from those of LDL or other circulating compounds. The results on an
experimental model (Janiszewski et al. 1998) and a link between tissue factor
activity and restenosis (Tutar et al. 2003) have supported this concern as tissue
factor is normally of perivascular origin and its pathological expression of
endothelial cells may contribute to thrombosis and atherosclerosis progression.

As a result of our investigation we would suggest that the troubled redox
status of glutathione as a member of complex analysis for predictive factors
should be an alarm for possibly increased risk of restenosis.

The content of glutathione and its fractions as well as redox-ratio are
important parameters of cellular life as the glutathione system is a modulator of
gene expression, antitoxic, antioxidative — and pro-oxidative in some special
conditions (as an intracellular signalling system) (Pompella et al. 2003).

All our investigations showed that evaluation of the glutathione system may
be an indicative parameter in a complex investigation of patients e.g. for predic-
ting post-angioplasty restenosis (Publication III) or determining the degree of
damage in diseased skin (Publication V, VI, VIII) or the status of oxidative
stress during pregnancy (Publication II) or in settings of potentially advanced
contact with pro-oxidants (Publication I). The central role of ferrous iron as a
pro-oxidant was also proved in the clinical situations tested by us (alimentary
iron overload, dermatitis, Alzheimer’s disease, pregnancy).

Any piece of information gathered in the complicated network of the
functioning of human organism in conditions of excess oxidative stress
contributes to the better understanding of medical as well as biological puzzles
of human disease. From the point of view of OxS many scientific findings have
not reached the bedside of a patient: for many years numerous investigators
have implied on ferrous iron supplementation as a potential hazard to health but
the recommendations of the WHO and some national suggestions still re-
commend high doses of ferrous iron to pregnant women. As in this particular
situation not only the health of young women but also of their offspring may be
negatively influenced there remains to be conducted extensive scientific
investigation of potential effects of this action. In our observational investi-
gation we found a significant difference between iron-supplemented and non-
iron-supplemented groups in the content of RBC GSSG that at least should
drive the attention to the glutathione system in iron supplementation.

When trying to search a (group of) parameter(s) that would be helpful in
predicting restenosis after coronary angioplasty we found that — again — the
glutathione system was the most informative.

The important outcome is that in all of these investigated situations the most
indicative parameter was some component of the glutathione system. And this
is the outcome for clinical medicine — both the system of glutathione and the
availability of ferrous iron in organism can be modified to a certain extent.
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Iron and glutathione — two powerful but modifiable factors
in the process of oxidative stress

The effect of iron chelation and deprivation

The importance of iron in clinical medicine has been established centuries ago,
but mostly in connection with the problems of iron deficiency. Recent decades
have brought an additional accent to the story of iron and health. The central
role of iron in oxidative stress and the possibility to reduce the generation of
OH® with deprivatisation of iron in the environment has lead to a therapeutic
approach in managing diseases that are mediated by profound OxS. The
positive effect has been shown in ishaemia-reperfusion injury, eye-, brain- and
muscular diseases as well as in slowing down the aging processes in the skin
(Polla et al. 2003). The reduction of ishaemia-reperfusion injury by chelation of
iron with desferroxamine (DFO) has been demonstrated by Qayumi et al.
(1992) on a swine model and Nakamura et al. (1992) on the isoleted rabbit
heart. But all is not clear in that matter: in 1997 Jensen et al. (1997) did not find
statistically significant improvement of myocardial function after iron chelation
in patients with transfusional iron overload — although the impairment of
myocardial function was in tight correlation with the degree of iron overload.

In a mouse model of Duchenne’ muscular dystrophy Bornman et al. (1999)
have demonstrated the reduction of necrotic fibers in iron-deprived mice.

In Alzheimer’s disease it has been demonstrated the increase of iron content
in lesions (Smith 1997) and the increase of the concentration of an iron-binding
protein p97 in serum (Kennard et al. 1996) as well as the potentiating influence
of iron to the effect of amyloid to neurons (Goodman and Mattson 1994) There
are no conclusive results of clinical intervention trials of iron clelation or
deprivation in that disease, but the reports of ongoing trials are promising
(Ritchie et al. 2003, Regland et al. 2001). Recent findings show that iron
chelation may prevent the reductions in dopamine and motor disturbances
associated with Parkinson’s disease (Levenson 2003, Kaur et al. 2003).

Some (but moderate to this time) effect of iron chelation has been described
in the treatment of tumours both in animal models and human investigations
(Buss et al. 2003) — and the key to only moderate efficacy in human investi-
gation has been proposed to be not the marginal significance of the process but
the weak power of the used chelator (DFO) in tested circumstances.

Both animal- and human studies have proved the efficiency of iron chelator
2-furildioxime (FDO) in prevention of skin photodamage (Bissett et al. 1994)
and the same was observed on hairless mice with another iron chelator — kojic
acid (Mitani et al. 2001).
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The possible modulation of the GSH balance:
N-acetylcysteine (NAC), glutamine, the potential role
of synthetic analogues of glutathione

The GSH participates in many important physiological processes controlling the
homeostasis of the cells. A higher demand of Cysteine (Cys) supply causes
difficulties in maintaining a constant GSH level. The role of GSH as a key
regulator of thiol redox intracellular balance is established. This reveals that
GSH is essential in regulating the cell’s life cycle and that the reduction of
intracellular GSH contributes to chronic inflammation. The fact that Cys
availability is generally a limiting factor for the GSH synthesis has stimulated
the development of a pharmacologically useful Cys pro-drug. The simplest
derivative and analogue of reduced glutathione is N-acetylcysteine (NAC),
which appears to be the prototype of all Cys suppliers (Santangelo 2003).

Fischer et al. demonstrated on an animal model that administration of NAC
(dogs, 100 mg/kg from 10 minutes before to 1 hour after bypass) preserved
systolic function and enhanced myocardial edema resolution after cardio-
pulmonary bypass/cardioplegic arrest. Furthermore, OxS was significantly
reduced in the treated animals (Fischer et al. 2003). In a recently published
artcle (Jeremias et al. 2004) where the authors could not show a prevention of
vascular post-angioplasty-restenosis with NAC (rabbits got 150 mg/kg of NAC
7 days before and 21 days after balloon injury) they concluded that one
potential explanation for the lack of benefit of NAC in their study was the
relatively high glutathione levels at baseline (in the range of 30 pmol/l) as
compared to ~10 pumol/l in humans. It is therefore conceivable that further
elevation of glutathione beyond 30 pmol/l is of no clinical effect, while
glutathione induction in humans may be more beneficial.

NAC has cancer chemopreventive properties attributable to its nucleo-
philicity, antioxidant activity, and a variety of other mechanisms. Albini et al.
have demonstrated that NAC has anti-invasive, antimetastatic, and antiangio-
genic effects in in vitro and in vivo test systems. Additionally, in a mouse model
of Kaposi’s sarcoma it has been shown that the daily administration of NAC
with drinking water, initiated after the tumour mass had become established and
detectable, produced a sharp inhibition of tumour growth, with regression of
tumours in half of the treated mice along with a prolonged median survival time
(Albini et al. 2001).

Glutamine (GLN) is an important metabolic fuel for intestinal epithelial cells
and a precursor to the antioxidant glutathione (GSH), which has antiapoptotic
effects. In cultured intestinal epithelial cells, GLN depletion increases oxidant-
induced apoptosis (Evans et al. 2003). GLN supplementation is established to
reduce significantly tumour development in a breast cancer model and to restore
the depressed serum levels of glutathione (Todorova et al. 2003). It is also
shown that oral GLN supplementation significantly reduces GSH levels in the
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cancer cells and stimulates apoptosis in these cells through this action (Todo-
rova et al. 2003).

Apart from the effect of GLN on stimulating apoptosis in cancer cells it is
beneficial to the normal cells of the organism. As concluded in the literature
review, oral GLN supplementation may decrease the incidence and/or severity
of chemotherapy-associated mucositis, irinotecan-associated diarrhea, pacli-
taxel-induced neuropathy, hepatic veno-occlusive disease in the setting of high
dose chemotherapy and stem cell transplantation, and the cardiotoxicity that
accompanies anthracycline use. It has been claimed that in the presence of
oxidative stress, glutamine is rate limiting for GSH synthesis. Thus GLN
supplementation may enhance the therapeutic index by protecting normal
tissues from, and sensitizing tumour cells to chemotherapy and radiation-related
injury (Savarese et al. 2003). All of this effect though may not account on the
effect on GSH as GLN has numerous functions in human organism
(Newsholme et al. 2003). Evans et al. have shown that GLN specifically
protects intestinal epithelial cells against cytokine-induced apoptosis, and that
this occurs by a mechanism that is distinct from the protection against oxidative
stress mediated by cellular GSH (Evans et al. 2003). Recent findings show that
the extracellular glutamine level affects the susceptibility of cells to different
apoptosis triggers: whereas glutamine-starving cells are more sensitive to Fas
ligand-mediated apoptosis, they are desensitized against the cytotoxic effects of
TNF-alpha (Oehler and Roth 2003).

As intracellular glutathione content and redox ratio are important determi-
nants of cellular metabolism including the process of apoptosis, it is pharmaco-
logically tempting to influence the situation. It would be therapeutically
beneficial to modify the drug resistance of cancer cells or viability of ischemic
neuronal cells — which both have glutathione as a triggering mechanism. Seve-
ral glutathione analogues have been synthesized and used experimentally and in
clinical trials, targeted especially to cancer cells’ chemotherapy resistance.
These compound include glutathione — S-transferase inhibitors and prodrugs,
glyoxalase I inhibitors, and S-nitroseglutathione (Hamilton and Batist 2004). A
different approach is mimicking the glutathione effects in neuroprotection
(Karelson et al. 2002).

Another possibility to modify the antioxidative defence system is systematic
co-administratoion of antioxidant vitamins in adequate doses — like we have
demonstrated in Publication VII, where 25-days administration of D-alpha-toco-
pherol 300-100 mg/die and vitamin C 200 mg/die was accompanied by
normalisation of systemic glutathione redox ratio in an allergic contact
dermatitis patient.

As it can be concluded from our investigation and the information summa-
rised herein non-haem ferrous iron as a central pro-oxidant from one side and
the critical balance of the glutathione system from the other side often
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determine the faith of health and disease. The possibilities to modify these
parameters are being only in the beginning of wider clinical use but as
numerous investigations are being undertaken worldwide the future of mana-
geing disease-associated profound OxS are promising.
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CONCLUSIONS

Ferrous non-haem iron is one of the central pro-oxidants in human organism.
On the other hand, reduced glutathione is one of the major intracellular
antioxidants. These two powerful factors reciprocally influence the critical
balance of pro-oxidants and antioxidants — that determines many processes of
the cellular function including growth and apoptosis and is crutial in the
pathogenesis of numerous diseases.

The current investigation evaluates the level of potentially harmful oxidative
stress in several groups of healthy subjects and patients (healthy adults with
alimentary iron overload, pregnant women with borderline anaemia, patients of
coronary angioplasty, atopic and contact dermatitis, Alzheimer’s disease).
Special emphasis is drawn on non-haem iron content and RBC-s glutathione
redox ratio as exceptionally indicative and — what is critically important for
clinical medicine — modifiable parameters. Nevertheless can either of those or
any other parameter in this context be analysed alone, but only in a complex of
evaluating oxidative damage on lipids, proteins, and in some cases in nucleic
acids and measuring the indices of systemic antioxidative defence, so a complex
investigation of oxidative damage has been undertaken. The information
summarised herein has both fundamental value and practical outcome in
opening a window for targeted clinical evaluation and modulation of non-haem
iron and glutathione system to predict, avoid and combat high-grade oxidative
stress caused events.

Based on the investigation of different clinical situations the following
conclusions may be drawn:

1. A chronic alimentary overload with iron in our test group indicated an
increased risk of high-grade oxidative stress as measured by the indices of
lipid peroxidation and total glutathione content.

2. Supplemental peroral ferrous iron administration during uncomplicated
pregnancy was not conclusively proven to have adverse effects on OxS but
the significant difference from the unsupplemented group in GSSG content
indicates a possible increase in risk.

3. Of the preprocedural markers of OxS only glutathione redox ratio (and GPx)
showed a significant correlation with postangioplasty restenosis. As glutat-
hione balance (redox ratio) is to some extent a modifyible system it would be
useful to include determinations of glutathione in routine management of
angiplasty patients and in complex evaluation of restenosis risk in the future.

4. In various clinical situations (the mentioned above along with atopic and
contact dermatitis) the markers of glutathione system proved to be one of the
most sensitive to the changing situation of OxS during disease or treatment.
On the other hand the amount of prooxidant nonhaem iron correlated with
the OxS severity measured by other parameters and the clinical situation.
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SUMMARY IN ESTONIA

Mitteheemse kahevalentse raua ja glutatiooni redoks-suhte
hindamine oksiidatiivse stressi patogeneetilisuse niitajana
erinevatel Kliinilistel gruppidel

Kéesolev uurimistod hindab mitmetel tervete ja patsientide gruppidel (terved
taiskasvanud kroonilise raua iiletarbimise tingimustes, kerge aneemiaga rase-
dad, koronaarse angioplastika patsiendid, atoopilise ning kontaktdermatiidi
podejad, Alzheimeri tdve haiged) potentsiaalselt kahjuliku oksiidatiivse stressi
taset, eriline tdhelepanu on pdoratud mitteheemse raua hulgale kui suhteliselt
kergesti mojutatavale ning oksiideeritud/redutseeritud glutatiooni suhtele kui
ilimalt informatiivsele ja samuti modifitseeritavale parameetrile. Siiski ei saa
selles kontekstis kumbagi neist ega ka {ihtki teist parameetrit késitleda isoleeri-
tuna, vaid ainult kompleksis oksiikahjustuse hindamisega nii lipiidide, valkude
kui monel juhul ka nukleiinhapete tasandil ning siisteemse antioksiidantse kaitse
niitajatega.

Raua kui iihe olulisima ning laialt levinud prooksiidandi toimet inim-
organismi oksiidatiivse stressi mdjutatud protsesside kujundajana on raske iile
hinnata. Kahes esmapilgul lihtsas situatsioonis (normiiiletav rauasisaldus tsent-
raalses veevarustussiisteemis ja poolprofiilaktiline rauapreparaatide manusta-
mine rasedatele) Onnestus nédidata voimalikke riske edasisteks patogeneetilisteks
arenguteks. Alimentaarne raud kui voimalik raua ilelaadumise allikas on
kirjanduses suhteliselt vdhe tdhelepanu leidnud. Seost on leitud hemo-
kromatoosiga, on ndidatud pinnasvee rauasisalduse ja miiokardi infarktide hulga
voimalikku seost (Kousa et al. 2004).

Rauapreparaatide manustamisel rasedatele ei ole kliiniline praktika aga
vastavuses teadusuuringute tulemustega: kui uuringud néitavad emale ja lapsele
soodsaimaks ema hemoglobiinivaédrtust 95-105 ning védidavad, et naisel, kes
alustab rasedust ferritiinivadrtusega vahemalt 20 ng/l, ei kujune rauavaegust,
siis klinitsistid {ile maailma piitidlevad visalt hemoglobiinivdértuseni véahemalt
120 g/l. Meie tervetest rasedatest koosnevas uuringugrupis ei kujunenud
siisteemset siligavat oksilidatiivset stressi 36 mg ferroraua lisamanustamisel
vorrelduna rauapreparaati mittesaanutega, kuid oksiideeritud glutatiooni vaartu-
sed saavutasid neljanddalase jélgimisperioodi lOpuks statistiliselt tdendose
gruppidevahelise erinevuse.

Uuringu osas, kus hindasime oksiidatiivse stressi parameetrite voimalikku
informatiivsust koronaarse angioplastika prognoosi suhtes, leidsime restenoosi-
ning stabiilse kliinilise seisundi gruppide vahelise erinevuse taas glutatiooni
redoks-suhtes ning glutatiooni peroksiidaasi aktiivsuses. Klassikalistes koro-
naartdve riskitegurites gruppidevahelist erinevust ei tdheldatud. Jareldasime, et
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endoteeli kaitsevdime hindamine riski analiilisimisel, ning vdimalusel ka modi-
fitseerimine, v3iks olla osa angioplastikapatsiendi kasitlusest.

Sarnaselt eelkirjeldatud kliinilistele situatsioonidele osutus glutatiooni
redoks-suhe informatiivseks ka atoopilise ja allergilise kontaktdermatiidi pat-
sientide puhul, kus nii glutatioonisiisteem kui nahas olev mittecheemse raua hulk
olid soltuvuses kliinilise seisundi raskusest (v6i vastupidi).

Mitteheemne kahevalentne raud on iiks inimorganismi kesksetest pro-oksii-
dantidest. Teiselt poolt on redutseeritud glutatioon iiks pohilisi rakusiseseid
antioksiidante. Need kaks vdimsat faktorit mojustavad vastassuundadest
organismi pro- ja antioksiidantide kriitilist tasakaalu — mis médrab raku-
funktsiooni ja paljude metaboolsete radade — kaasa arvatud kasvu ja apoptoosi —
kulgemise ning on mairav mitmete haiguste patogeneesis.

73



ACKNOWLEDGEMENTS

My greatest thanks belong to my colleagues in the Depatment of Biochemistry,
where a great working mileau has been created with a continuous possibility to
discuss or plan investigations, solve problems and celebrate results.

Personally I would like to thank

Professor Mihkel Zilmer, my supervisor, for his patience, faith and
professional advice througout the study process,

Assistant professor Maido Uuskiila, my supervisor in clinical matters, for a
stabile and innovative approach to the investigation,

Tiiu Kullisaar and Kersti Zilmer, who shared an office and a computer with
me in different years, for their cooperative spirit and inspiring discussions,

Dr. Maigi Eisen and Dr. Sirje Kaur, with whom we shared a cooperation
project and who were kind enough to allow to use the results of the work as a
part of this work,

Associate professor Tiiu Vihalemm for the inpiring introduction to the
glutathione world,

Associate professor Ello Karelson for being a role model of scientific
approach,

Ceslava Kairane and Kiilli Teder for always finding the time for my
unevenly arriving samples and scientific discussions,

The laboratory assistents Anneli and Anu for practical help in logistic and
paperwork matters,

The department’s secretary Hell for smooth solving of organizational
matters,

I would also like to acknowledge the patience of my mother and Marta Liina
and Artur, who managed with me not being always present and my colleagues
in the family doctor’s practice who accepted my half-presence and solved the
urgent questions with professional creativity.

74



REFERENCES

Abraham SC, Yardley JH, Wu TT, 1999. Erosive injury to the upper gastrointestinal
tract in patients receiving iron medication: an underrecognized entity. Am J Surg
Pathol 23: 1241-7.

Aisen P, Wessling-Resnick M, Leibold EA, 1999. Iron metabolism. Curr Opin Chem
Biol 3: 200-6.

Albini A, Morini M, D’Agostini F, Ferrari N, Campelli F, Arena G, Noonan DM, Pesce
C, De Flora S, 2001. Inhibition of angiogenesis-driven Kaposi’s sarcoma tumor
growth in nude mice by oral N-acetylcysteine. Cancer Res 61: 8171-8.

Anderson ME, Underwood M, Bridges RJ, Meister A, 1989. Glutathione metabolism at
the blood-cerebrospinal fluid barrier. FASEB J 3: 2527-31.

Anderson ME, 1997. Glutathione and glutathione delivery compounds pp 65-78 in
Antioxidants in disease mechanisms and therapy. Advances in pharmacology vol.
38, edited by Sies H.Academic Press, Inc, San Diego, USA.

Annuk M, Fellstrom B, Akerblom O, Zilmer K, Vihalemm T, Zilmer M, 2001.
Oxidative stress markers in pre-uremic patients. Clin Nephrol 56: 308—-14.

Arosio P, Levi S, 2002. Ferritin, iron homeostasis and oxidative damage. Free Rad Biol
Med 33: 457-63.

Athar M, 2002. Oxidative stress and experimental carcinogenesis. Indian J Exp Biol 40:
656-67.

Aukrust P, Muller F, Svardal AM, Ueland T, Berge RK, Froland SS, 2003. Disturbed
glutathione metabolism and decreased antioxidant levels in human immuno-
deficiency virus-infected patients during highly active antiretroviral therapy —
potential immunomodulatory effects of antioxidants. J Infect Dis 188: 232-8.

Azevedo LCP, Pedro M de A, Souza LC, de Souza HP, Janiszewski M, da Luz PL,
Laurindo FRM, 2000. Oxidative stress as a signaling mechanism of the vascular
response to injury: The redox hypothesis of restenosis. Cardiovasc Res 47: 436-45.

Bartfay WJ, Davis MT, Medves JM, Lugowski S, 2003. Milk whey protein decreases
oxygen free radical production in a murine model of chronic iron-overload
cardiomyopathy. Can J Cardiol 19: 1163-8.

Berge LN, Bonaa KH, Nordoy A, 1994. Serum ferritin, sex hormones, and cardio-
vascular risk factors in healthy women. Arterioscler Thromb 14: 857-61.

Bertelsen M, Anggard EE, Carrier MJ, 2001. Oxidative stress impairs insulin inter-
nalization in endothelial cells in vitro. Diabetologia 44: 605—13.

Beutler E, Duron O, Kelly B, 1963. An improved method for the determination of blood
glutathione. J Lab Clin Med 61:822-6.

Beutler E, Hoffbrand V, Cook J, 2003. Iron deficiency and overload. Hematology 40—
61.

Bhargava B, Karthikeyan G, Abizaid AS, Mehran R, 2003. New approaches to
preventing restenosis. Br Med J 327: 274-9.

Bhat GB, Tinsley SB, Tolson JK, Bath JM, Block ER, 1992. Hypoxia increases the
susceptibility of pulmonary artery endothelial cells to hydrogen peroxide injury.
J Cell Physiol 152: 228-38.

Biemond P, Swaak AJG, Beindorf CM, Koster JF, 1986. Superoxide-dependent and
independent mechanisms of iron mobilization from ferritin by xanthine oxidase.
Biochem J 239: 169-73.

75



Bissett DL, Chatterjee R, Hannon DP, 1991. Chronic ultraviolet radiation-induced
increase in skin iron and the photoprotective effect of topically applied iron chela-
tors. Photochem Photobiol 54: 215-23.

Bissett DL, Oelrich DM, Hannon DP, 1994. Evaluation of a topical iron chelator in
animals and in human beings: short-term photoprotection by 2-furildioxime. J Am
Acad Dermatol 31: 572-8.

Boelaert JR, Weinberg GA, Weinberg ED, 1996. Altered iron metabolism in HIV
infection: mechanisms, possible consequences, and proposals for management Infect
Agents Dis 5: 36-46.

Bornman L, Baladi S, Richard MJ, Tyrrell RM, Polla BS, 1999. Differential regulation
and expression of stress proteins and ferritin in human monocytes. J Cell Phys 178:
1-8.

Boullier A, Walters-Laporte E, Hamon M, Tailleux A, Amant C, Amouyel P, Fruchart
J, Bertrand M, Duriez P, 2000. Absence of relationship between plasma Lp(a), Lp-
Al, anti-oxidised LDL autoantibodies, LDL immune complexes concentrations and
restenosis after percutaneous transluminal coronary angioplasty. Clin Chim Acta
299: 129-40.

Bowlus, CL, 2003. The role of iron in T cell development and autoimmunity. Autoimm
Rev 2: 73-8.

Breuer W, Ronson A, Slotki IN, Abramov A, Hershko C, Cabantchik I, 2000. The
assessment of serum nontransferrin-bound iron in chelation therapy and iron
supplementation. Blood 95: 2975-82.

Buss JL, Torti FM, Torti SV, 2003. The role of iron chelation in cancer therapy. Curr
Med Chem 10: 1021-34.

Cacciatore I, Caccuri AM, Di Stefano A, Luisi G, Nalli M, Pinnen F, Ricci G, Sozio P,
2003. Synthesis and activity of novel glutathione analogues containing an urethane
backbone linkage. Farmaco 58: 787-93.

Cao C, Cutler R, 1995. Protein oxidation and Aging. Arch Biochem Biophys 320: 106—
114.

Casanueva E, Viteri FE, 2003. Iron and oxidative stress in pregnancy.
J Nutr. 133: 1700S-8S.

Cedro K, Marczak E, Czerwosz L, Herbaczynska-Cedro K, Ruzyllo W, 2002. Elective
coronary angioplasty with 60 s balloon inflation does not cause peroxidative injury.
Eur J Clin Invest 32:148-52.

Chappell LC, Seed PT, Briley AL, Kelly FJ, Lee R, Hunt BJ, Parmar K, Bewley SJ,
Shennan AH, Steer PJ, Poston L, 1999. Effect of antioxidants on the occurrence of
pre-eclampsia in women at increased risk: a randomised trial. Lancet 354: 810-6.

Cipollone F, Fazia M, Iezzi A, Pini B, Costatini F, De Cesare D, Paloscia L, Materazzo
G, D’Annunzio E, Bucciarelli T, Vecchiet J, Chiarelli F, Cuccurullo F, Mezzetti A,
2003. High preprocedural non-HDL cholesterol is associated with enhanced
oxidative stress and monocyte activation after coronary angioplasty: possible
implications in restenosis. Heart 89: 773-9.

Crichton RR, Wilmet S, Legssyer R, Ward RJ, 2002. Molecular and cellular mecha-
nisms of iron homeostasis and toxicity in mammalian cells. J Inorg Biochem 91: 9—
18.

Daida H, Kuwabara Y, Yokoi H, Nishikawa H, Takatsu F, Nakata Y, Kutsumi Y,
Oshima S, Nishiyama S, Ishiwata S, Kato K, Nishimura S, Miyauchi K, Kanoh T,
Yamaguchi H., 2000. Effect of probucol on repeat revascularization rate after

76



percutaneous transluminal coronary angioplasty (from the Probucol Angioplasty
Restenosis Trial [PART]). Am J Cardiol 86: 550-2, A9.

Dalle-Donne I, Rossi R, Giustarini D, Milzani A, Colombo R, 2003a. Protein carbonyl
groups as biomarkers of oxidative stress. Clin Chim Acta 329: 23-38.

Dalle-Donne 1, Giustarini D, Colombo R, Rossi R, Milzani A, 2003b. Protein
carbonylation in human diseases. Trends Mol Med 9: 169-76.

Dibra A, Mehilli J, Braun S, Hadamitzky M, Baum H, Dirschinger J, Schuhlen H,
Schomig A, Kastrati A, 2003. Association between C-reactive protein levels and
subsequent cardiac events among patients with stable angina treated with coronary
artery stenting. Am J Med 114: 715-22.

Dickinson DA, Forman HJ, 2002. Cellular glutathione and thiols metabolism. Biochem
Pharmacol 64: 1019-26.

Ellman G, 1959. Tissue sulfhydryl groups. Arch Biochem Biophys 82: 70-7.

Evans ME, Jones DP, Ziegler TR, 2003. Glutamine prevents cytokine-induced
apoptosis in human colonic epithelial cells. J Nutr 133: 3065-71.

Esterbauer H, Gebicki J, Puhl H, Jurgens J, 1992. The role of lipid peroxidation and
antioxidants in oxidative modification of LDL. Free Rad Biol Med 13: 341-90.

Facchini FS, 1998. Effect of phlebotomy on plasma glucose and insulin concentrations.
Diabetes Care 21: 2190.

Fernandez-Real JM, Lopez-Bermejo A, Ricart W, 2002. Perspectives in diabetes: cross
talk between iron metabolism and diabetes. Diabetes 51: 2348-54.

Filomeni G, Rotilio G, Ciriolo MR, 2002. Cell signalling and the glutathione redox
system. Biochem Pharmacol 64: 1057-64.

Fischer UM, Cox CS Jr, Allen SJ, Stewart RH, Mehlhorn U, Laine GA, 2003. The
antioxidant N-acetylcysteine preserves myocardial function and diminishes
oxidative stress after cardioplegic arrest. J Thorac Cardiovasc Surg 126: 1483-8.

Fujimoto S, Kawakami N, Ohara A, 1995. Nonenzymatic glycation of transferrin:
decrease of Iron-binding capacity and increase of oxygen radical production. Biol
Pharm Bull 18 :396—400.

Galey J-B, 1997. Potential use of iron chelators against oxidative damage, pp 167-203
in Antioxidants in desease mechanisms and therapy, Advances in pharmacology vol
38, ed. Sies H, Academic Press, Inc, San Diego, USA.

Garry PJ, 2001. Ageing successfully: a genetic perspective. Nutr Rev 59: S93—-S101.

Geisser P: Iron Therapy with Special Emphasis on Oxidative Stress, ed 1. Vifor Inc,
1998

Goth L, 1991 a. A simple method for determination of serum catalase activity and
revision of reference range. Clin Chim Acta 196: 143-52.

Go6th L, 1991 b. Serum catalase: reversibly formed charge isoform of erythrocyte
catalase. Clin Chem 37: 2043-47.

Goodman Y, Mattson MP, 1994. Secreted forms of B-amyloid precursor protein protect
hippocampal neurons against amyloid B-peptide-induced oxidative injury. Exp
Neurol 128: 1-12.

Gratacos E, 2000. Lipid-mediated endothelial dysfunction: a common factor to
preeclampsia and chronic vascular disease. Eur J Obstet Gynecol Reprod Biol 92:
63-6.

Grattagliano I, Vendemiale G, Sabba C, Buonamico P, Altomare E, 1996. Oxidation of
circulating proteins in alcocholica: role of acetaldehyde and xanthine oxidase.
J Hepatol 25: 28-36.

77



Green P, Eviatar JM, Sirota P, Avidor I, 1989. Secondary hemochromatosis due to
prolonged iron ingestion. Isr ] Med Sci 25: 650-1.

Griendling KK, FitzGerald GA, 2003 Oxidative stress and cardiovascular injury: Part I1:
animal and human studies. Circulation 108: 2034-40.

Gurzau ES, Neagu C, Gurzau AE, 2003. Essential metals—case study on iron. Eco-
toxicol Environ Saf 56: 190-200.

Haddad JJ, 2002. Oxygen-sensing mechanisms and the regulation of redox-responsive
transcription factors in development and pathophysiology. Respir Res 3: 26.

Hahn PF, Carothers EI, Darby WJ, Martin M, Sheppard CW, Cannon RO, Beam AS,
Densen PM, Peterson JC, McClellan GS, 1951. Iron metabolism in early pregnancy
as studied with the radioactive isotope 59Fe. Am J Obstet Gynecol 61: 477-86.

Hallberg L, 1992. Iron balance in pregnancy and lactation. In: Nutritional Anemias,
(Fomon SJ & Zlotkin S, eds.), pp. 13-28. Nestle Nutrition Workshop Series, Vol 30.
Raven Press, New York, NY.

Halliwell B, 1999. Antioxidant defence mechanisms: from the beginning to the end (of
the beginning). Free Radic Res 31: 261-72.

Halliwell B, 2000. The antioxidant paradox. Lancet 355: 1179-80.

Halliwell B, 2001. Vitamin C and genomic stability. Mutat Res 475: 29-35.

Halliwell B, Clement MV, Long LH, 2000. Hydrogen peroxide in the human body.
FEBS Lett 486: 10-3.

Halliwell B, Gutteridge JMC, 1999. Free Radicals in Biology and Medicine. Third
Edition. Oxford University Press Inc., New York.

Hamilton D, Batist G, 2004. Glutathione analogues in cancer treatment. Curr Oncol Rep
6: 116-22.

Harman D, 1956. Aging: a theory based on free radical and radiation chemistry.
J Gerontol 11: 298-300.

Haskins K, Bradley B, Powers K, Fadok V, Flores S, Ling X, Pugazhenthi S, Reusch J,
Kench J, 2003. Oxidative stress in type 1 diabetes. Ann N Y Acad Sci 1005: 43-54.

Heath AL, Fairweather-Tait SJ, 2003. Health implications of iron overload: the role of
diet and genotype. Nutr Rev 61: 45-62.

Hensley K, Hall N, Subramaniam R, Cole P, Harris M, Aksenov M, Aksenova M,
Gabbita SP, Wu JF, Carney JM, Lovell M, Markesbery WR, Butterfield DA, 1995.
Brain regional correspondence between Alzheimer’s disease histopathology and
biomarkers of protein oxidation. J Neurochem 65: 2146-56.

Hollan S, Johansen KS, 1993. Adequate iron stores and the ‘Nil nocere’ principle.
Haematologia (Budap) 25: 269-84.

Horlitz M, Sigwart U, Niebauer J, 2002. Fighting restenosis after coronary angioplasty:
contemporary and future treatment options. Int J Cardiol 83: 199-205.

Huang X, 2003. Iron overload and its association with cancer risk in humans: evidence
for iron as a carcinogenic metal. Mutat Res 533: 153-71.

Hubel CA, 1998. Dyslipidemia, iron, and oxidative stress in preeclampsia: assessment
of maternal and feto-placental interactions. Semin Reprod Endocrinol 16: 175-92.
Hubel CA, Kagan, VE, Kisin E, McLaughlin M K, Roberts J M, 1997. Increased
ascorbate radical formation and ascorbate depletion in plasma from women with

preeclampsia: implications for oxidative stress. Free Radic Biol Med 23: 597-609.

Igarashi Y, Aizawa Y, Satoh T, Konno T, Ojima K, Aizawa Y, 2003. Predictors of

Adverse Long-Term Outcome in Acute Myocardial Infarction Patients Undergoing

78



Primary Percutaneous Transluminal Coronary Angioplasty — With Special Refe-

rence to the Admission Concentration of Lipoprotein (a) —. Circulation J 67: 605—11.
Imai K, Matsubara T, Kanashiro M, Ichimiya S, Hotta N, 2001. Lipid peroxidation may

predict restenosis after coronary balloon angioplasty. Jap Circulation J. 65: 495-99.

Inoue M, Sato EF, Nishikawa M, Park AM, Kira Y, Imada I, Utsumi K, 2003. Cross
talk of nitric oxide, oxygen radicals, and superoxide dismutase regulates the energy
metabolism and cell death and determines the fates of aerobic life. Antioxid Redox
Signal 5: 475-84.

Tuliano L, Praticé D, Greco C, Mangieri E, Scibilia G, FitzGerald GA, Violi F, 2001.
Angioplasty Increases Coronary Sinus F,-Isoprostane Formation: Evidence for In
Vivo Oxidative Stress During PTCA. J Am Coll Cardiol 37: 76-80.

Janiszewski M, Pasqualucci CA, Souza LC, Pileggi F, da Luz PL, Laurindo FR, 1998.
Oxidized thiols markedly amplify the vascular response to balloon injury in rabbits
through a redox active metal-dependent pathway. Cardiovasc Res 39: 327-38.

Jaswal S, Mehta HC, Sood AK, Kaur J, 2003. Antioxidant status in theumatoid arthritis
and role of antioxidant therapy. Clin Chim Acta 338: 123-9.

Jefferies H, Coster J, Khalil A, Bot J, McCauley RD, Hall JC, 2003. Glutathione. ANZ J
Surg 73: 517-22.

Jensen PD, Olsen N, Bagger JP, Jensen FT, Christensen T, Ellegaard J, 1997. Cardiac
function during iron chelation therapy in adult non-thalassaemic patients with
transfusional iron overload. Eur J Haematol 59: 221-30.

Kamata H, Hirata H, 1999. Redox regulation of cellular signalling. Cell Signal 11: 1—
14.

Karatas F, Ozates I, Canatan H, Halifeoglu I, Karatepe M, Colakt R, 2003. Antioxidant
status & lipid peroxidation in patients with rheumatoid arthritis. Indian J Med Res
118: 178-81.

Karelson E, Bogdanovic N, Garlind A, Winblad B, Zilmer K, Kullisaar T, Vihalemm T,
Kairane C, Zilmer M, 2001. The cerebrocortical areas in normal brain aging and in
Alzheimer’s disease: noticeable differences in the lipid peroxidation level and in
antioxidant defense. Neurochem Res 26: 353—61.

Karelson E, Mahlapuu R, Zilmer M, Soomets U, Bogdanovic N, Langel U, 2002.
Possible signaling by glutathione and its novel analogue through potent stimulation
of fontocortical G proteins in normal aging and in Alzheimer’s disease. Ann N Y
Acad Sci 973: 537-40.

Kato J, Kobune M, Nakamura T, Kuroiwa G, Takada K, Takimoto R, 2001. Norma-
lization of elevated hepatic 8-hydroxy-2’-deoxyguanosine levels in chronic hepatitis
C patients by phlebotomy and low iron diet. Cancer Res 61: 8697—702.

Kaufer M, Casanueva E, 1990. Relation of prepregnancy serum ferritin levels to
hemoglobin levels throughout pregnancy. Eur J Clin Nutr 44: 709-15.

Kaur D, Yantiri F, Rajagopalan S, Kumar J, Mo JQ, Boonplueang R, Viswanath V,
Jacobs R, Yang L, Beal MF, DiMonte D, Volitaskis I, Ellerby L, Cherny RA, Bush
Al, Andersen JK., 2003. Genetic or pharmacological iron chelation prevents MPTP-
induced neurotoxicity in vivo: a novel therapy for Parkinson’s disease. Neuron 37:
899-909.

Kennard ML, Feldman H, Yamada T, Jefferies WA, 1996. Serum levels of the iron
binding protein p97 are elevated in Alzheimer’s disease. Nature Med 2: 1230-35.
Kharb S, 2003. Low blood glutathione levels in acute myocardial infarction. Indian

J Med Sci 57: 335-7.

79



Kossenjans W, Eis A, Sahay R, Brockman D, Myatt L, 2000. Role of peroxynitrate in
altered fetal-placental vascular reactivity in diabetes and preeclampsia. Am
J Physiol Heart Circ Physiol 278: H1311-9.

Kousa A, Moltchanova E, Viik-Kajander M, Rytkonen M, Tuomilehto J, Tarvainen T,
Karvonen M, 2004. Geochemistry of ground water and the incidence of acute
myocardial infarction in Finland. J Epidemiol Community Health 58: 136-9.

Kugiyama K, Miyao Y, Sakamoto T, Kawano H, Soejima H, Miyamoto S, Yoshimura
M, Ogawa H, Sugiyama S, Yasue H, 2001. Glutathione attenuates coronary
constriction to acetylcholine in patients with coronary spastic angina. Am J Physiol
— Heart and Circulat Physiol 280: H264—71.

Kullisaar T, Songisepp E, Mikelsaar M, Zilmer K, Vihalemm T, Zilmer M, 2003.
Antioxidative probiotic fermented goats’ milk decreases oxidative stress-mediated
atherogenicity in human subjects. Br J Nutr 90: 449-56.

Landmesser U, Harrison DG, 2001. Oxidative stress and vascular damage in hyper-
tension. Coron Artery Dis 12: 455-61.

Lao TT, Chan PL, Tam KF, 2001. Gestational diabetes mellitus in the last trimester: a
feature of maternal iron excess? Diab Med 18: 218-23.

Leite PF, Liberman M, Sandoli de Brito F, Laurindo FR, 2004. Redox processes
underlying the vascular repair reaction. World J Surg 28: 331-6.

Levine RL, Garland D, Oliver CN, Amici A, Climent I, Lenz AG, Ahn BW, Shaltiel S,
Stadtman ER, 1990. Determination of carbonyl content in oxidatively modified
proteins. Methods in Enzymol 186: 464—87.

Levenson CW, 2003. Iron and Parkinson’s disease: chelators to the rescue? Nutr Rev
61:311-3.

Leveque N, Robin S, Muret P, Mac-Mary S, Makki S, Humbert P, 2003. High iron and
low ascorbic acid concentrations in the dermis of atopic dermatitis patients.
Dermatology 207: 261-4.

Lieu PT, Heiskala M, Peterson PA, Yang Y, 2001. The roles of iron in health and
disease. Molec Aspects Med 22: 1-87.

Lill R, Kispal G, 2000. Maturation of cellular Fe-S proteins: an essential function of
mitochondria. Trends Biochem Sci 25: 352—-6.

Little RE, Gladen BC, 1999. Levels of lipid peroxides in uncomplicated pregnancy: a
review of the literature. Reprod Toxicol 13: 347-52.

Lowry OH, Rosenburg NL, Farr AL, Randall RJ, 1951. Protein measurement with the
Folin phenol reagent. J Biol Chem 193: 265-75.

Lund EK, Fairweather-Tait SJ, Warf SG, Johnson IT, 2001. Chonic exposure to high
levels of dietary iron fortification increases lipid peroxidation in the mucosa of the
rat large intestine. J Nutr 131: 2928-31.

Lyras L, Evans PJ, Shaw PJ, Ince PG, Halliwell B, 1996. Oxidative Damage and Motor
Neurone Disease. Difficulties in the Measurement of Protein Carbonyls in Human
Brain Tissue. Free Radic Res 24: 397-406.

Madebo T, Lindtjorn B, Aukrust P, Berge RK, 2003. Circulating antioxidants and lipid
peroxidation products in untreated tuberculosis patients in Ethiopia. Am J Clin Nutr
78: 117-22.

Mainous III AG, Wells BJ, Everett CJ, Gill JM, King DE, 2004. Association of Ferritin
and Lipids With C-Reactive Protein. Am J Cardiol 93: 559-62.

Malhotra M, Sharma JB, Batra S, Sharma S, Murthy NS, Arora R, 2002. Maternal and
perinatal outcome in varying degrees of anemia. Int J Gyn Obst 79: 93—100.

80



Mallet RT, Squires JE, Bhatia S, Sun J, 2002. Pyruvate restores contractile function and
antioxidant defenses of hydrogen peroxide-challenged myocardium. J Mol Cell
Cardiol 34: 1173-84.

Mates JM, Perez-Gomez C, Blanca M, 2000. Chemical and biological activity of free
radical ‘scavengers’ in allergic diseases. Clin Chim Acta 296: 1-15.

Mazeika P, Prasad N, Bui S, Seidelin PH, 2003. Predictors of angiographic restenosis
after coronary intervention in patients with diabetes mellitus. Am Heart J 145: 1013—
21.

Mitani H, Koshiishi I, Sumita T, Imanari T, 2001. Prevention of the photodamage in the
hairless mouse dorsal skin by kojic acid as an iron chelator. Eur J Pharmacol 411:
169-74.

Moran LK, Gutteridge JM, Quinlan GJ, 2001. Thiols in cellular redox signalling and
control. Curr Med Chem 8: 763-72.

Morris JM, Gopaul NK, Endresen MJ, Knight M, Linton EA, Dhir S, Anggard EE,
Redman CW, 1998. Circulating markers of oxidative stress are raised in normal
pregnancy and pre-eclampsia. Br J Obstet Gynaecol 105: 1195-9.

Mosconi L, Sorbi S, Nacmias B, De Cristofaro MT, Fayyaz M, Cellini E, Bagnoli S,
Bracco L, Herholz K, Pupi A, 2003. Brain metabolic differences between sporadic
and familial Alzheimer’s disease. Neurology 61: 1138—40.

Muda P, Kampus P, Zilmer M, Zilmer K, Kairane C, Ristimae T, Fischer K, Teesalu R,
2003. Homocysteine and red blood cell glutathione as indices for middle-aged
untreated essential hypertension patients. J Hypertens 21: 2329-33.

Munch G, Schinzel R, Loske C, et al. 1998. Alzheimer’s disease—synergistic effects of
glucose deficit, oxidative stress and advanced glycation endproducts. J Neural
Transm 105: 439-61.

Nakamura H, del Nido PJ, Jimenez E, Sarin M, Feinberg H, Levitsky S, 1992. Age-
related differences in cardiac susceptibility to ischemia/reperfusion injury: response
to desferroxamine. J Thorac Cardiovasc Surg 104: 165-72.

Newsholme P, Lima MM, Procopio J, Pithon-Curi TC, Doi SQ, Bazotte RB, Curi R,
2003. Glutamine and glutamate as vital metabolites. Braz J Med Biol Res 36: 153—
63.

Ochler R, Roth E, 2003. Regulative capacity of glutamine. Curr Opin Clin Nutr Metab
Care 6: 277-82.

Ohkawa H, Ohishi N, Yagi K, 1979. Assay for lipid peroxidation in animal tissues by
thiobarbituric acid reaction. Anal Biochem 95: 351-8.

Olsson KA, Harnek J, Ohlin AK, Pavlidis N, Thorvinger B, Ohlin H, 2002. No increase
of plasma malondialdehyde after primary coronary angioplasty for acute myocardial
infarction. Scand Cardiovasc J 36:237-40.

Oostenbrug GS, Mensink RP, Bar FW, Hornstra G, 1997. Lipid peroxidation-associated
stress during percutaneous transluminal coronary angioplasty in humans. Free Radic
Biol Med 22: 129-36.

Ozturk HS, Cimen MYB, Cimen OB, Kacmaz M, Drek J, 1999. Oxidant/antioxidant
status of plasma samples from patients with rheumatoid arthritis. Rheumatol Int 19:
35-7.

Orhan H, Onderoglu L, Yucel A, Sahin G, 2003. Circulating biomarkers of oxidative
stress in complicated pregnancies. Arch Gynecol Obstet 267: 189-95.

81



Srigiridhar K, Nair KM, 1998. Iron-deficient intestine is more susceptible to
peroxidative damage during iron supplementation in rats. Free Radic Biol Med 25:
660-5.

Padhye U, 2003. Excess dietary iron is the root cause for increase in childhood Autism
and allergies. Med Hypotheses 61: 220-2.

Paolicchi A, Dominici S, Pieri L, Maellaro E, Pompella A, 2002. Glutathione cata-
bolism as a signaling mechanism. Biochem Pharmacol 64: 1027-35.

Parkkila S, Waheed A, Britton RS, Bacon BR, Zhou XY, Tomatsu S, Fleming R, Sly
WS, 1997. Association of the transferrin receptor in human placenta with HFE the
protein defective in hereditary hemocromatosis. Proc Natl Acad Sci USA 94:
13198-202.

Paternoster DM, Stella A, Gerace P, Manganelli F, Plebani M, Snijders D, Nicolini U,
2002. Biochemical markers for the prediction of spontaneous pre-term birth. Int
J Gyn Obst 79: 123-9.

Perry G, Cash AD, Smith MA, 2002. Alzheimer Disease and Oxidative Stress.
J Biomed Biotechnol 2: 120-3.

Perry G, Nunomura A, Raina AK, Aliev G, Siedlak SL, Harris PL, Casadesus G,
Petersen RB, Bligh-Glover W, Balraj E, Petot GJ, Smith MA, 2003. A metabolic
basis for Alzheimer disease. Neurochem Res 28: 1549-52.

Polla AS, Polla LL, Polla BS, 2003. Iron as the malignant spirit in successful ageing.
Ageing Res Rev 2: 25-37.

Pollman MJ, Hall JL, Gibbons GH, 1999. Determinants of vascular smooth muscle cell
apoptosis after balloon angioplasty injury. Influence of redox state and cell
phenotype. Circ Res 84: 113-21.

Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF, 2003. The changing faces
of glutathione, a cellular protagonist. Biochem Pharmacol 66: 1499-503.

Qayumi AK, Janusz MT, Jamieson WR, Lyster DM, 1992. Pharmacological inter-
ventions for prevention of spinal cord injury caused by aortic crossclamping.
J Thorac Cardiovasc Surg 104: 256-61.

Raijmakers MTM, Zusterzeel PLM, Roes EM, Steegers EAP, Mulder TPJ, Peters
WHM, 2001. Oxidized and Free Whole Blood Thiols in Preeclampsia. Obstet
Gynecol 97: 272-6.

Rasmussen KM, 2001. Is There a Causal Relationship between Iron Deficiency or Iron-
Deficiency Anaemia and Weight at Birth, Length of Gestation and Perinatal
Mortality? J Nutr 131: 590S—603S.

Recknagel RO, Glende EA, 1984. Spectrophotometric detection of lipid conjugated
dienes. Methods Enzymol 105: 331-7.

Regland B, Lehmann W, Abedini I, Blennow K, Jonsson M, Karlsson I, Sjogren M,
Wallin A, Xilinas M, Gottfries CG, 2001. Treatment of Alzheimer’s disease with
clioquinol. Dement Geriatr Cogn Disord 12: 408—4.

Ritchie CW, Bush AI, Mackinnon A, Macfarlane S, Mastwyk M, MacGregor L,
Kiers L, Cherny R, Li QX, Tammer A, Carrington D, Mavros C, Volitakis I, Xilinas
M, Ames D, Davis S, Beyreuther K, Tanzi RE, Masters CL, 2003. Metal-protein
attenuation with iodochlorhydroxyquin (clioquinol) targeting Abeta amyloid
deposition and toxicity in Alzheimer disease: a pilot phase 2 clinical trial. Arch
Neurol 60: 1685-91.

Roberts JM, Cooper DW, 2001. Pathogenesis and genetics of pre-eclampsia. Lancet
357: 53-6.

82



Roberts MJD, Yuong IS, Trouton TG, Trimble ER, Khan MM, Webb SW, Wilson CM,
Patterson GC, Adgey AA, 1990. Transient release of lipid peroxides after coronary
artery balloon angioplasty. Lancet 336: 143-5.

Roest M, van der Schouw YT, de Valk B, Marx JJ, Tempelman MJ, de Groot PG,
Sixma JJ, Banga JD, 1999. Heterozygosity for a hereditary hemochromatosis gene is
associated with cardiovascular death in women. Circulation 100 : 1268-73.

Rosenberg RN, 2000. The molecular and genetic basis of AD: the end of the beginning.
The 2000 Wartenberg lecture. Neurology 54: 2045-54.

Ruiz-Larrea B, Leal A, Martin C, Martinez R, Lacort M, 1995. Effects of estrogens on
the redox chemistry of iron: a possible mechanism of the antioxidant action of
estrogens. Steroids 60: 780-3.

Salonen JT, Nyyssonen K, Korpela H, Tuomilehto J, Seppanen R, Salonen R, 1992.
High stored iron levels are associated with excess risk of myocardial infarction in
eastern Finnish men. Circulation 86: 803—11.

Salonen JT, Tuomainen T-P, Nyyssonen K, Lakka H-M, Punnonen K, 1999. Relation
between iron stores and non-insulin-dependent diabetes in men: case-control study.
Br Med J 317: 727-30.

Santangelo F, 2003. Intracellular thiol concentration modulating inflammatory res-
ponse: influence on the regulation of cell functions through cysteine prodrug
approach. Curr Med Chem 10: 2599-610.

Savarese DM, Savy G, Vahdat L, Wischmeyer PE, Corey B, 2003. Prevention of
chemotherapy and radiation toxicity with glutamine. Cancer Treat Rev 29: 501-13.

Sayre LM, Perry G, Smith MA, 1999. Redox metals and neurodegenerative disease.
Curr Opin Chem Biol 3: 220-5.

Scanlon KS, Yip R, Schieve LA, Cogswell ME, 2000. High and Low Haemoglobin
Levels During Pregnancy: Differential Risks for Preterm Birth and Small for
Gestational Age. Obstet Gynecol 96:741-8.

Schnyder G, Rouvinez G, 2003. Total plasma homocysteine and restenosis after
percutaneous coronary angioplasty: current evidence. Ann Med 35: 156-63.

Scholl TO, Reilly T, 2000. Anaemia, Iron and pregnancy Outcome. J Nutr 130: 443S—
78S.

Schiimann K, 2001. Safety Aspects of Iron in Food. Ann Nutr Metab 45: 91-101.

Sen CK, 2001. Update on thiol status and supplements in physical exercise. Can J Appl
Physiol 26 Suppl: S4-12.

Sies H, 1991. Oxidative stress II. Oxidants and antioxidants. Academic Press, London.

Sies H, 1999. Glutathione and its role in cellular functions. Free Radic Biol Med 27:
916-21.

Singh VK, Lin S, Yang VC, 1998. Serological association of measles virus and human
herpesvirus-6 with brain autoantibodies in Autism. Clin Immunol Immunopathol 89:
105-8.

Smith CD, Carney JM, Starke-Reed PE, Oliver CN, Stadtman ER, Floyd RA,
Marksberry WR, 1991. Excess brain protein oxidation and enzyme dysfunction in
normal aging and in Alzheimer disease. Proc Natl Acad Sci USA 88: 10540-3.

Smith MA, Sayre LM, Monnier VM, Perry G, 1995. Radical AGEing in Alzheimer’s
disease. Trends Neurosci 18: 172-6.

Smith MA, Harris PL, Sayre LM, Perry G, 1997. Iron accumulation in Alzheimer
disease is a source of redox-generated free radicals. Proc Natl Acad Sci USA 94:
9866-8.

83



Smith MA, Sayre LM, Anderson VE, Harris PL, Beal MF, Kowall N, Perry G, 1998.
Cytochemical demonstration of oxidative damage in Alzheimer disease by
immunochemical enhancement of the carbonyl reaction with 2,4-dinitro-
phenylhydrazine. J Histochem Cytochem 46: 731-5.

Speidel MT, Booyse FM, Abrams A, Moore MA, Chung BH, 1990. Lipolyzed hyper-
triglyceridemic serum and triglyceride-rich lipoprotein causevlipid accumulation in
and are cytotoxic to cultured human endothelial cells. High density lipoproteins
inhibit this cytotoxicity. Thromb Res 58: 251-64.

Starkopf J, Zilmer K, Vihalemm T, Kullisaar T, Zilmer M, Samarutel J, 1995. Time
course study of oxidative stress during open heart surgery. Scand J Thorac
Cardiovasc Surg 29: 181-6.

Steer PJ, 2000. Maternal hemoglobin concentration and birth weight. Am J Clin Nutr
71: 51285S8-7S

Sullivan JL, 1981. Iron and the sex difference in heart disease risk. Lancet 1: 12934,

Sullivan JL, 2003. Are menstruating women protected from heart disease because of, or
in spite of, estrogen? Relevance to the iron hypothesis. Am Heart J 145: 190—4.

Tang XD, Xu R, Reynolds MF, Garcia ML, Heinemann SH, Hoshi T, 2003. Haem can
bind to and inhibit mammalian calcium-dependent Slol BK channels. Nature 425:
531-5.

Tanner LI, Lienhard GE, 1989. Localization of transferrin receptors and insulin-like
growth factor II receptors in vesicles from 3T3-L1 adipocytes that contain intra-
cellular glucose transporters. J Cell Biol 108 :1537-45.

Todorova VK, Kaufmann Y, Luo S, Harms SA, Babb KB, Klimberg VS, 2003.
Glutamine supplementation reduces glutathione levels and stimulates apoptosis in
DMBA-induced mammary tumors. J Surg Res 114: 276.

Touyz RM, Tabet F, Schiffrin EL, 2003. Redox-dependent signalling by angiotensin 11
and vascular remodelling in hypertension. Clin Exp Pharmacol Physiol 30: 860-6.
Townsend DM, Tew KD, 2003. The role of glutathione-S-transferase in anti-cancer

drug resistance. Oncogene 22: 7369-75.

Tuomainen T-P, Nyysonen K, Salonen R, Tervahauta A, Korpela H, Lakka T, 1997.
Body iron stores are associated with serum insulin and blood glucose concentrations.
Diabetes Care 20: 426-8.

Tuomainen TP, Kontula K, Nyyssonen K, Lakka TA, Helié T, Salonen JT, 1999.
Increased risk of acute myocardial infarction in carriers of the hemochromatosis
gene Cys282Tyr mutation: a prospective cohort study in men in eastern Finland.
Circulation 100: 1274-9.

Tuomainen TP, Diczfalusy U, Kaikkonen J, Nyyssonen K, Salonen JT, 2003. Serum
ferritin concentration is associated with plasma levels of cholesterol oxidation
products in man. Free Radic Biol Med 35: 922-8.

Tutar E, Ozcan M, Kilickap M, Gulec S, Aras O, Pamir G, Oral D, Dandelet L, Key NS,
2003. Elevated whole-blood tissue factor procoagulant activity as a marker of
restenosis after percutaneous transluminal coronary angioplasty and stent implan-
tation. Circulation 108: 1581-4.

Unterluggauer H, Hampel B, Zwerschke W, Jansen-Diirr P, 2003. Senescence-
associated cell death of human endothelial cells: the role of oxidative stress. Exp
Gerontol 38: 1149-60.

Valencia E, Marin A, Hardy G, 2001. Glutathione—nutritional and pharmacological
viewpoints: part II. Nutrition 17: 485-6.

84



Vaughan JE, Walsh SW, 2002. Oxidative stress reproduces placental abnormalities of
preeclampsia. Hypertens Pregnancy 21: 205-23.

Walker ARP, 1998. The remedying of iron deficiency: what priority should it have? Br
J Nutr 79: 227-35.

Wang Y, Walsh SW, 1998. Placental mitochondria as a source of oxidative stress in
pre-eclampsia. Placenta 19: 581-6.

Wessling-Resnick M, 2000. Iron transport. Annu Rev Nutr 20: 129-51.

Wisdom SJ, Wilson R, McKillop JH, Walker JJ, 1991. Antioxidant systems in normal
pregnancy and in pregnancy-induced hypertension. Am J Obstet Gynecol 165: 170—
4.

Wu LL, Chiou CC, Chang PY, Wu JT, 2004. Urinary 8-OHdG: a marker of oxidative
stress to DNA and a risk factor for cancer, atherosclerosis and diabetics. Clin Chim
Acta 339: 1-9.

Wykretowicz A, Dziarmaga M, Szczepanik A, Guzik P, Wysocki H, 2003. Prospective
evaluation of hydroperoxide plasma levels and stable nitric oxide end products in
patients subjected to angioplasty for coronary artery disease. Int J Cardiol 89: 173-8.

Yamawaki H, Haendeler J, Berk BC, 2003. Thioredoxin: a key regulator of cardio-
vascular homeostasis. Circ Res 93: 1029-33.

Yeh LH, Alayash Al, 2003. Redox side reactions of haemoglobin and cell signalling
mechanisms. J Intern Med 253: 518-26.

Yock CA, Boothroyd DB, Owens DK, Garber AM, Hlatky MA, 2003. Cost-effec-
tiveness of bypass surgery versus stenting in patients with multivessel coronary
artery disease. Am J Med 115: 382-9.

Yokoi H, Daida H, KuwabaraY, Nishikawa H, Takatsu F, Tomihara H, Nakata Y,
Kutsumi Y, Ohshima S, Nishiyama S, Seki A, Kato K, Nishimura S, Kanoh T,
Yamaguchi H, 1997. Effectiveness of an Antioxidant in Preventing Restenosis After
Percutaneous Transluminal Coronary Angioplasty: The Probucol Angioplasty
Restenosis Trial. ] Am Coll Cardiol 30: 855-62.

Zhang A, Vertommen J, Van Gaal L, De Leeuw I, 1994. A rapid and simple method for
measuring the susceptibility of low-density-lipoprotein and very-low-density-
lipoprotein to copper catalyzed oxidation. Clin Chim Acta 227: 159-73.

Zilmer M, Karelson E, Vihalemm T, 1999. Meditsiiniline biokeemia II. Inimorganismi
metabolism: biokeemilised ja meditsiinilised aspektid (Medical biochemistry II.
Metabolism of human organism: biochemical and medical aspects). Tartu.

85



PUBLICATIONS



Rehema A, Zilmer M, Zilmer K, Kullisaar T, Vihalemm T.
Could Long-Term Alimentary Iron Overload Have an Impact
on the Parameters of Oxidative Stress?

Ann Nutr Metab 1998; 42: 40-43.

Rehema A, Zilmer K, Klaar U, Karro H, Kullisaar T, Zilmer M.
Ferrous iron administration during pregnancy and

adaptational oxidative stress.

Medicina (Kaunas) 2004; 40: 547-552.

Rehema A, Uuskiila M, Kairane C, Kullisaar T, Zilmer K,
Vihalemm T, Teder K, Zilmer M.

Glutathione redox ratio may have prognostic value

for predicting restenosis after coronary angioplasty (manuscript).

Bogdanovic N, Zilmer M, Zilmer K, Rehema A, Karelson E. The Swedish
APP670/671 Alzheimer’s disease mutation:

the first evidence for strikingly increased oxidative injury

in the temporal inferior cortex.

Dement Geriatr Cogn Disord 2001; 12: 364-370.

Kaur S, Eisen M, Zilmer M, Rehema A, Kullisaar T, Vihalemm T, Zilmer K.
Patients with allergic and irritant contact dermatitis are characterized by striking
change of iron and oxidized glutathione status in nonlesional area of the skin.

J Invest Dermatol 2001; 116: 886—890.

Kaur S, Eisen M, Zilmer M, Rehema A, Kullisaar T, Vihalemm T, Zilmer K.
Emollient cream and topical glucocorticoid treatment of chronic hand dermatitis:
influence on oxidative stress status of the skin.

J Dermatol Sci 2003; 33: 127-129.

Eisen M, Kaur S, Rehema A, Kullisaar T, Vihalemm T,

Zilmer K, Kairane C, Zilmer M.

Allergic contact dermatitis is accompanied by severe abnormal changes in
antioxidativity of blood.

Biomed Pharmacother 2004; 58: 260-263

Kaur S, Zilmer M, Eisen M, Rehema A, Kullisaar T, Vihalemm T, Zilmer K.
Nickel sulphate and epoxy resin: differences in iron status and glutathione redox

ratio at the time of patch testing.
Arch Dermatol Res 2004; 295: 517-520.



CURRICULUM VITAE

I. Uldandmed
Nimi: Aune Rehema
Siinniaeg ja koht: 25.01.70 Tartu
Kodakondsus. Eesti Vabariigi kodanik
Perekonnaseis: vallaline, 1 laps

Aadress, telefon, e-mail: 65201 Vastseliina Rahu 10-23; 5285533;
aunel0@hotmail.com, aune.rehema@ut.ee

To66koht, amet: TU Biokeemia Instituut, assistent;
OU Dr Aune, juhataja

Haridus (kdrgkool, eriala):  Tartu Ulikool, ravi 1993, iildinternatuur 1995,
peremeditsiini residentuur 2001

Keelteoskus: inglise kdnes ja kirjas, vene

Teenistuskiik (asutuse nimetus, ametikoht, tootamise aeg — eeskétt teadus-
asutustes):

1995-2002 Vastseliina Ambulatooriumi juhataja

1996-2000 TU Biokeemia Instituudi doktorant

2001-2002 TU Biokeemia Instituudi vanemlaborant

2002 TU Biokeemia Instituudi assistent

2003— OU Dr Aune juhataja

II. Teaduslik ja arendustegevus

1. Peamised uurimisvaldkonnad. Ldpetatud on prognoosiuuring PTCA patsien-
tidel koostods TU Kardioloogia kliinikuga, saime kirjandusega haakuvad
tulemused, kus soltuvust klassikalistest ateroskleroosi riskiteguritest ei
leitud, kiill aga osutus oluliseks endoteliaalne kaitsepotentsiaal. Lébitud ning
publitseeritud tervete tdiskasvanute peroraalse raua iilelaadumisuuring
(krooniline alimentaarne raua iilelaadumine pdhjustab olulise oksiidatiivse
stressi) Koostodprojektis TU Naistekliinikuga, kus uurisime tervetele
madala hemoglobiinivddrtusega rasedatele rakendatud rauaravi (raud kui
pro-oksiidant!) mdju oksiidatiivse stressi parameetritele, on tulemused
vormistatud artikliks. Neerupuudulikkuse tottu dialiilisravi ning i/v Fe-
kelaati saavatel patsientidel on méadratud valkudele tekitatud oksilikahjustuse
ulatust. Osaletud koostddprojektis TUK Nahahaiguste kliinikuga oksii-
datiivse stressi, eriti pro-oksiidantide osast atoopilise ja allergilise kontakt-
dermatiidi kliinilise pildi raskusastme kujunemisel. Koostooprojektis TUK
Spordimeditsiini  kliinikuga modtsime kestvusalade fiilisilise koormuse
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korral kujunevat oksiidatiivset stressi ning selle taastumise diinaamikat.
Valkude oksiikahjutusi on uuritud ka sporaadilise ja geneetiliselt determi-
neeritud Alzheimeri tove patsientidel — koos muude parameetritega. Koos-
t66s TU Mikrobioloogia Instituudiga on esimesed tulemused kokku vdetud
antioksiidantsete laktobatsillide omaduste uurimisel — konkreetselt nende
rauasidumisvdime ning rauasisalduse méairamine. T66 idee — samad OS
parameetrid, mida jélgime eri riskigruppidel ning nende seos (koronaarse)
ateroskleroosiga — on toonud vilja huvitavad korrelatsioonid, mille prakti-
line kasu ateroskleroosi siisteemses profiilaktikas (nii primaarses kui sekun-
daarses) on tdoendoline.

Teaduslikke publikatsioone: 15 (sh. seitse CC artiklit).

Uurimistoetused ja lepingud: doktorantide sihtfinantseerimine TARBK 1128,
sihtfinatseerimine TARBKO411; ETF grant 3358, ETF grant 5327 (toetus
artikli publitseerimiseks).

Muu teaduslik organisatsiooniline ja erialane tegevus puudub.
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. Loenguid 1998.a. 10 tundi, praktikume/seminare 80 tundi. Loenguid 1999.a.

10 tundi, praktikume/seminare 80 tundi. Loenguid 2000.a. 8 tundi, prakti-
kume/seminare 90 tundi. Loenguid 2001.a. 6 tundi, praktikume/seminare
106 tundi. 2002. aastal loeng 2 tundi, seminare 4 tundi. 2003. aastal 6 t
loenguid, 74 tundi seminare ja praktikume.
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Glutathione redox ratio may have prognostic value
for predicting restenosis after coronary angioplasty

Aune Rehema™, Maido Uuskiila®, Ceslava Kairane®, Tiiu Kullisaar®,
Kersti Zilmer®, Tiiu Vihalemm?, Kiilli Teder®, Mihkel Zilmer®

? Department of Biochemistry, Tartu University, Ravila 19, 51014 Tartu, Estonia
® Clinic of Cardiology, Tartu University Clinics, Puusepa 8, 51014 Tartu, Estonia
“corresponding author
*The corresponding authors’ address: Department of Biochemistry, Ravila st. 19, 51014
Tartu, Estonia; phone 37 27 374 314, fax 37 27 374 312, E-mail aunel0@hotmail.com

Abstract

Background

Excess oxidative stress is present both during vascular intervention and in
restenosis following coronary angioplasty (PTCA). Restenosis is still a major
drawback in the use of this procedure.

Methods

The aim of our study was to find any oxidative stress-related factors that might
help to predict restenosis. We measured the level of both parameters of cellular
OS (erythrocyte (RBC) glutathione peroxidase (GPx) and superoxide dismutase
(SOD), blood concentrations of total, oxidized and reduced glutathione (tGSH,
GSSG and GSH) and glutathione redox ratio (GSSG/GSH) and serum activity
of catalase (CAT)) and parameters of systemic OS (serum concentration of
conjugated dienes (CD) and lag phase of LDL oxidation (LDL lag phase) as
well as plasma protein carbonyls (PC), total antioxidant activity (TAA) and
total antioxidant status (TAS)) in 54 PTCA patients. 12-month event-free
survival was taken for the end point for no restenosis (n=44) and
angiographically confirmed narrowing of the treated vessel more than 50% of
post-procedural was considered definite restenosis (n=7).



Results

The parameters showing difference for these groups were GSSG/GSH (2.21+
2.36 vs. 0.88% 0.74, p=0.002) and GPx (40.36+35.16 vs. 15.01£12.29 U/g Hb,
p=0.003). Differences in TAS and hematokrit were not confident.

Conclusions

Intracellular glutathione system is involved in maintenance of balance between
pro-oxidants and antioxidants, modification of signals etc. Glutathione redox
ratio seems to be a possible candidate to be included in complex investigation of
angioplasty patients for predicting restenosis.

Key words: Angioplasty; Restenosis; Oxidative stress; Glutathione

Background

Coronary angioplasty with or without stenting has become a possibility of
treating segmentary narrowings in coronary arteries. The high incidence of post-
procedural restenosis remains one of the major drawbacks. Because of that the
high hopes concerning the procedure have decreased to the point where the
cost-effectiveness of angioplasty is worse than of bypass surgery in some
specific patient groups [1]. It has been claimed that percutaneous coronary
interventions and local approaches to prevent restenosis such as coated stents
are not expected to prevent atherosclerosis progression, myocardial infarction
and cardiovascular death [2]. Although extensive investigations have been
undertaken and numerous parameters reported (including single nucleotide
polymorphisms, vessel caliber and lesion length) no definite factors that might
predict restenosis have been elucidated yet. Finally discovering them might be
beneficial for selecting patient groups for this procedure or/and influencing
these factors to decrease the incidence of restenosis by defining risk groups and
individual managing of patients before and after coronary angioplasty.

The main problem is that traditional risk factors of atherosclerosis do not
predict restenosis [3]. Even before the redox hypothesis of restenosis was
formulated [4], the indices of the phenomenon — lipid peroxides, oxidized thiols
etc. — have been measured in different modes trying to evaluate their dynamics
during angioplasty [5—8], and even an antioxidant has been used in attempt of
reducing the restenosis rate [9]. Papers report that angioplasty increases local
F,— isoprostane formation [10], in patients with angiographic restenosis plasma
concentrations of a hydroperoxide increase and of a nitric oxide end product
(NO(x)) decrease [11]. Several promising results have been reported, proposing
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the role of TBARS, plasma homocysteine, C-reactive protein (baseline C-
reactive protein levels did not correlate with restenosis, but were associated with
almost a two-fold increase in the rate of death or myocardial infarction after
coronary stenting) and non-HDL-cholesterol [12—16]. Despite of that we still
lack indicative predictive parameters for restenosis.

The pathogenetic link between excess oxidative stress and restenosis is
multicomponent. Mechanisms identified in restenosis include stent under-
expansion, immediate recoil, formation of thrombus and the ‘normal’ healing in
response to arterial injury involving proliferation of intimal smooth muscle cells
and extra cellular matrix, as well as vascular remodeling and decreased
apoptosis [17]. ROS can induce endothelial dysfunction and macrophage
activation, resulting in the release of cytokines and growth factors that stimulate
matrix remodeling and smooth muscle cell proliferation [2]. The role of redox
processes as mediators of vascular repair and contributors to post-angioplasty
restenosis is increasingly evident [18]. Oxidation and reduction influence many
intra-and intercellular signaling systems, involving the signals leading to
apoptosis, inflammation and neointimal proliferation, the different roles of
glutathione being only an example [19].

We conducted an observational survey of 54 PTCA patients trying to find a
link between the pre-procedural markers of oxidative stress and restenosis. Prior
to the procedure we measured the content of intracellular antioxidant enzymes
SOD, CAT and GPx, the more general parameters TAS and TAA and the
relation GSSG/GSH in blood, the parameters of lipid peroxidation CD and LDL
lag phase and a parameter of protein oxidation — carbonyl groups of protein.
After a year the results were grouped and analyzed based on the clinical
outcome.

Materials and methods

Subjects and procedure

We analyzed blood (fractionated immediately after withdrawal) from 54
patients who underwent PTCA in Tartu University Hospital and used data from
their medical records as well as from a questionnaire concerning their lifestyle.
Consecutive patients to whom the procedure was performed on weekdays were
included (for technical reasons). All participants were asked to evaluate their
quality of life a year later and post another small questionnaire. Tartu University
ethics committee approved the survey (protocol 47/22 — 1997) and all
participants gave their written informed consent. Restenosis was evaluated
angiographically if one was necessary for reoccurring/worsening of clinical
symptoms.



In our group we had 8 women, 6 diabetes patients, 19 subjects were hyper-
tensive and 16 reported other chronic illnesses. We had 11 current smokers, but
only 7 persons had no smoking in history. The average age of the subjects was
56.219 .4 years.

The angioplasties were performed by one team with the same equipment.
Stenting was used if sufficiently good antegral flow was not achieved by
balloon affiliations only.

Conjugated dienes (CD) and LDL lag phase

Unless mentioned otherwise, all reagents were obtained from Sigma (Sigma
Aldrich , St Louis, Mo), analytical grade.

Conjugated dienes (CD) and LDL lag phase describe mainly the situation
of OS in the lipid fraction. CD are a form of compounds that are constructed
from unsaturated fatty acids by free radical reactions. LDL lag phase describes
the period during which the non-HDL-fraction of a sample/a subject is resistant
to oxidation in the standard oxidation conditions. CD were measured according
to Recknagel and Glende [20]. Briefly freshly prepared serum was frozen at —
80°C with 16.8 nM BHT (butylated hydroxytoluene, final concentration) until
analyzed within a month. Samples (150ul) + 150ul 0.9% NaCl were incubated
at 37° C for 30 min, 0.25% BHT (15ul) was added, the samples were extracted
with heptane/ isopropanol (1:1, whole volume 1800ul) and acidified by 500pl
SN HCI. After extraction with cold heptane (1600ul), samples were centrifuged
for 5 min at 3000 rpm and absorbance of the heptane fraction was measured at
234nm. LDL lag phase is calculated from the curve that is formed from the
results of measuring the protein-adjusted quantity of the non-HDL fraction
(prepared from EDTA-plasma) peroxidation in time spectrophotometrically at
234 nm [21, 22]. Briefly the lipoproteine fraction (non-HDL-fraction, LPF) was
precipitated from 2ml twice-diluted EDTA-plasma by adding 0.2 ml
precipitation reagent (2% dextran sulfate : MgCl, (2M, pH 7.0) 1:1 v/v),
vortexing for 1 min and centrifuging at 1500 g for 10 min. In order to remove
EDTA from the LPF the pellet was suspended in 2 ml 0.9% PBS and
reprecipitated by adding 0.1 ml precipitation reagent, vortexed and centrifuged.
The precipitated LPF was dissolved in 2 ml 4% PBS and this solution was used
immediately. The protein concentration of EDTA-free LPF was adjusted to
2 mg protein/ml. The oxidation was initiated by the action of a freshly prepared
aqueous solution of CuSO,e5 H,O (final concentration 45 uM) to the LPF
(2 mg protein/ml) and the oxidation of this fraction was evaluated by
continuously monitoring the formation of conjugated dienes at a maximum
absorbance at 234 nm with different intervals of incubation at 37°C. The
kinetics of the diene formation (the increase of the absorbance versus time) can
be divided into three phases: lag phase (during which the diene absorption

4



increases only weakly), propagation phase (rapid increase of the diene
absorption) and decomposition phase. The resistance to oxidation was defined
as the length of the lag phase, calculated from the interval between the intercept
of the tangent of the slope of the curve with time-scale axis.

Glutathione (tGSH) and fractions

Glutathione (tGSH) and its fractions — reduced glutathione (GSH) and
glutathione disulphide (GSSG) — measured in whole blood indicate mainly the
situation of oxidative stress within the cells (including RBCs and endothelial
cells). Measurements of glutathione are actually measurements of thiols. We
used a modified method of Bhat [23]. The method is based on the formation of a
chromophoric  product from the sulthydryl reagent 5,5-dithiobis-
(2-nitrobenzoic acid), Ellmann reagent, in the presence of GSH. The contents of
total and oxidized glutathione are directly measured and the content of reduced
glutathione is calculated from them.

Stock solutions of various regents were made in 0.1 M sodium phos-
phate/0.005 M EDTA buffer, pH 7.5. Solution of GSH was prepared before use
in cold 0.01 N HCL

For determination of total GSH 10uL whole blood (heparinized) was
mixed with 0.99 ml of 0.2M sodium phosphate buffer (pH 7.5), containing
0.01M EDTA for hemolyze, and let to stand for 10 min. To 50ul of hemolysate
500ul 0.2 M sodium phosphate buffer, containing 0.01 M EDTA was added.
The reaction was initiated with 0.3 mM NADPH and 0.5 U glutathione
reductase (GSH-RED) and continued for 6 min. After that there were added 1ml
0.2 M sodium phosphate buffer, containing 0.01 M EDTA and 100ul 1mM
5,5’-dithiobis-(2-nitrobenzoic acid) in 0.2 M sodium phosphate buffer. After 3
min the extinction was recorded spectrophotometrically at 412 nm (Spectro-
photometer Jenway 6300). The glutathione content was calculated on the basis
of the standard curve obtained with known amounts of glutathione (GSH).
Glutathione was expressed as pg/ml.

To assay for GSSG (pg/ml), 10ul whole blood (heparinized) was mixed
with 2pl 4-vinylpyridine and kept at room temperature for 1 h. Then 0.99 ml of
0.2M sodium phosphate buffer (pH 7.5) was added. The hemolysate (50ul) was
treated as described in the previous section for tGSH. GSH concentration was
calculated as the difference between total glutathione and GSSG.

The GSSG/GSH ratio was calculated as pg GSSG/ ng GSH.



Catalase (CAT)

Catalase is one of the most important intracellular antioxidant enzymes that
together with superoxide dismutase control the level of intracellular free
radicals. Located in the cytosol and peroxisomes, it reduces H,O, to water. CAT
was measured in serum by a method of Goth [24], the method being
spectrophotometrical based on hydrogen peroxide forming a stable complex
with ammonium molybdate. Serum CAT is a charge isoform of RBC CAT and
the formation of charge isoforms of catalase is caused by a reversible,
conformational modification due to matrix effect of serum [25].

In the case of hemolytic serum hemoglobin concentration was determined
with the bensidine method. If hemoglobin concentration was more than 100mg/1
the sample was discarded (significantly hemolyzed sample gives an artificial
increase of catalase activity) — in two cases we had to do this.

200pl of serum was incubated in 1000l substrate (65 mmol/l H,O, in 60
mmol/l sodium-potassium phosphate buffer, pH 7.4) at 37° for 60 s. The
enzymatic reaction was stopped with adding 1000ul of 32.4 mmol/l ammonium
molybdate ((NH4)¢Mo0,0,4 #4H,0) and the yellow complex of molybdate and
H,0O, was measured at 405 nm against control blank (1200ul buffer, 1000ul
molybdate; control of serum: molybdate was added prior to serum; control of
substrate: 0.2 ml of buffer was added instead of serum). Catalase activity in
kU/l was expressed as:

CAT kU/I= (control of enzyme preparation- sample) / control of substrate) e 271. (1)

Total antioxidant activity (TAA) and total antioxidant status (TAS)

Total antioxidant activity (TAA) describes the overall antioxidant potency of a
medium. In the case of measuring it in serum in a situation of no remarkable
tissue damage it mostly reflects the extracellular/ intravasal antioxidant activity.
TAA (an original method of our Dept. of Biochemistry [26] is the percentage a
sample inhibits a standard linolenic acid peroxidation.

For LA-standard LA (alpha-linolenic acid, from Sigma, code L2376) was
dissolved (10 ul of linolenic acid was added to 1000ul 96% ethanol drop by
drop (permanent mixing). This solution was kept for 2 days at —18°C in dark in
a carefully closed glass vial. From this solution 400 pl was dissolved (drop by
drop, permanent mixing) in 50 ml warm 40°C isotonic saline. Suitable portions
of this solution (LA-standard) were frozen in carefully closed glass vials and the
content of one vial was used as a standard in one experiment.

0.15ul 0.35% SDS was measured into a vial and 400 pl of heated (up to
40°C) LA-standard was added to get a homogenous solution of LA-standard.
Then to a sample (30ul of serum diluted 1:3.3 in isotonic saline) 100 ul (final



concentration 200 uM) FeSO4 was added and incubated in the presence of LA-

standard for 60 min at 37°C. Reagent blank contains only LA-standard and
isotonic saline. Then 0.25% 35ul BHT was added and the mixture was treated
with 500ul acetate buffer to acidified mixture (pH 3.55-3.60) and heated with
fresh 1% TBA solution (1000ul) at 80°C for 40 min. After cooling for 5 min in
ice cold water the reaction mixture was acidified by cold 500 pul 5 N HCI,
extracted with cold butanol (1700ul), centrifuged (for 10 min at 3000 rpm) and
absorbance of the butanol fraction (amount of TBARS) was measured at 534
nm. The TAA of a sample was expressed ( %) as inhibition by the sample of
LA-standard peroxidation as follows:

[1-( As34 (sample) / A534 (LA as control)] e 100. 2)

We used a kit (Randox Laboratories LtD, Cat. No. NX2332) for an assay of
total antioxidant status (TAS). The values are expressed as Trolox units
(0-2.5 mmol/l). Trolox is a water-soluble vitamin E analogue.

Protein carbonyls (PC)

Protein carbonyls (PC) were quantified by a slightly modified method of Levine
et al. [27]. 0.050 ml freshly prepared plasma (approximately 3 mg of protein)
was precipitated with 0.200 ml of 10% TCA and after centrifugation for 10 min
at 3500p the pellet was treated with 0.5 ml 10 mM 2,4 DNPH in 2M HCI or
only with 0.5 ml 2M HCI as a control blank. Samples were incubated for 60 min
at room temperature with continuous mixing. Next, 0.5 ml of 20% TCA was
added and proteins were precipitated by centrifugation for 10 min at 3500p and
the supernatant was discarded. The pellet was washed 3 times with 1ml 1:1
ethanol/ethyl acetate (centrifugation was followed after 10 min standing of the
mixture). The final precipitate of protein was dissolved in 0.6 ml 6M
guanidine/20mM K-phosphate buffer, pH 2.3 for 30 min at 37°C with
vortexing. Any insoluble materials were removed by centrifugation. The
different spectrum of the DNPH-derivates versus HCI controls was followed
spectrophotometrically at 350-380nm with a scan program. The concentration
of carbonyl groups (CC) was calculated from the spectrum maximum, using a
molar absorption coefficient of 22 mM —1cm-1 as the extinction coefficient for
aliphatic hydrazones.

CC (nmol/ml) = Abs365(max) (Test-Blank) x 10° / 22 3)

Protein content (mg/ml) was determined in each sample (parallel) versus
guanidine and calculated from a bovine serum albumin standard curve dissolved
in guanidine-HCI and read at 280 nm [28]. The carbonyl content was expressed
as nmol carbonyl/ mg protein.



Superoxide dismutase (SOD)

A special kit RANSOD (Randox Laboratories LtD) was used. RANSOD allows
analyzing the RBCs levels of SOD. RANSOD employs xanthine and xanthine
oxidase (XOD) to generate superoxide radicals that react with special reagent
(tetrazolium salt, called as I.N.T.) to produce red formazan dye. As SOD,
present in sample, competes with [.N.T. for superoxide radicals it is possible to
assess SOD by the degree of inhibition of formazan dye formation.

SOD activity was calculated and given as SOD U/g hemoglobin.

Glutathione peroxidase (GPx)

For determination of GPx activity a special kit RANSEL (Randox Laboratories
LtD) was used. RANSEL allows to analyze the levels of GPx in whole blood,
RBCs and platelets.

RANSEL is based on the reaction of GSH with Cumene hydroperoxide
(ROOH) catalyzed by GPx and yielding in GSSG. The latter is converted by
glutathione reductase (GSHRed) and NADPH to GSH and NADP. The
concentration of GPx is assessed from the decrease in absorption at 340nm due
to the oxidation of NADPH to NADP. GPx activity was expressed as U/g Hb.

Statistical analysis

Statistical analysis was performed with Microsoft Excel 2000 (average, standard
deviations, Student’s t-test for unpaired data between groups) and the indices
that showed significant difference (p<0.05) with this test were controlled with
one-way ANOVA test by the help of Microcal Origin 3.5 programme (Microcal
Software Inc.).



Results

All subjects were alive a year later and no non-fatal myocardial infarctions were
recorded in them.

Out of 54 procedures 3 were unsuccessful and the patients were assigned to
reconstructive surgery. The data of these patients (all men) were not used in
further analysis.

In the group of reoccurring symptoms (n=9) there were angiographically
proven restenoses defined as narrowing of a vessel by >50% in 7 patients (in 2
women and 5 men) and one patient (man) had developed stenosis in another
branch. The anamnestic parameters of the subjects having restenoses and
symptom-free/ stable subjects (stable group) are presented in Tablel.

All subjects who had confirmed restenosis had had previously myocardial
infarction but not all subjects who had had previous myocardial infarction
developed restenosis. Nevertheless having a myocardial infarction in anamnesis
was a significant predictor for restenosis (p=0.01, Tablel).

When comparing the restenosis group with clinically stable group we
found no difference in cholesterol or HDL-cholesterol (Table 2). The
glutathione redox-ratio was significantly higher (that means more oxidized) in
the restenosis group. SOD activity in both groups was similar to endemic
normal (that is 722+86 U/g Hb, unpublished data) so the change of this
enzyme’s activity would not likely be a common reason for impaired
endothelial defense in angioplasty patients. The activity of GPx in the restenosis
group was 40.36 + 35.16 U/g Hb and 15.01 £ 12.29 U/g Hb in the clinically
stable group (the endemic normal being 4511 U/g Hb (unpublished data)) — so
the change of the activity of GPx might also not serve as an indicative
predictive parameter for restenosis as the restenosis subjects resemble the
endemic normal more than the subjects not developing complaints in a year.

There also appeared a significant difference between groups in hematokrit
values (38.3343.72% vs. 41.25+3.60%, p= 0.04) and TAS (0.98+£0.16mmol/l vs.
0.84+0.15mmol/l, p= 0.014) with Student’s t-test but the results were not
confined by 1-way ANOVA.

Discussion

The novelty of our study stands in the complex approach to the problem of post
angioplasty restenosis from the point of view of systemic and cellular oxidative
stress. Intracellular factors (GSH, GPx, SOD, CAT) and circulating lipids’ and
proteins’ oxidative state (LDL lag phase, CD, PC) as well as more general
parameters TAA and TAS were quantitated prior to the procedure. The
endpoints were event-free survival and restenosis within a year. Although most
restenoses develop within six months post procedurally [29] we selected longer
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period as the indication for repeating angiography in our settings depended on
the patients’ subjective assessment of his symptoms. Like clinicians in their
treatment decisions we relied on the subjective criteria, as, though not done in
the PTCA group but in coronary artery bypass grafting, the SHOT study clearly
related the presence of angina pectoris and occurrence of myocardial infarction
in 1 year to occlusion rates [30].

As it was predicted there could be found numerous correlations between
parameters when subjects were analyzed from the point of view of classical risk
factors (hypertension, smoking status, overweight, diabetes etc).

When analyzing the enrolled diabetic patients compared to non-diabetic
patients we found differences in glutathione redox-status (GSSG/GSH 1.92+
2.19 in diabetics versus 0.90+ 0.76 in non-diabetics, p=0.03) and LDL-lag
phase (64.17£18.58 min in diabetics and 53.89£13.65min in non-diabetics,
p=0.03). Smokers were significantly younger (50.7+£9.4 versus 59.548.1 years,
p=0.005) and current non-smokers had significantly higher BMI (28.6%
3.3versus 25.512.9, p=0.006). The persons with chronic (extracardial) illnesses
had higher TAA (37.7£6.0mmol/l versus 33.8+5.3mmol/l, p=0.03) and they had
been smoking longer (23.3£12.9 versus 13.4+ 14.9 years, p=0.03). Hyper-
tensive patients had LDL lag phase shorter than normotensive patients
(51.3+£15.2min versus 61.2+14.2 min, p=0.04). The activity of GPx in high
blood pressure group was lower than in the subjects with normal blood pressure
(9.64+7.0 U/g Hb versus 24.83x18.1 U/g Hb, p=0.01). Patients with previous
myocardial infarction had less CD (41.6£12.6uM versus 54.04121.5uM,
p=0.02) but no difference in LDL lag phase. All subjects but one of those who
developed restenosis had stent(s) that represented well the overall use of stents
in that period. Two women out of § female subjects developed restenosis. The
finding that LDL oxidation lag phase is longer (though not significantly) in the
restenosis group cannot be explained by the fact that diabetic patients had the
same tendencies as only one diabetic patient had confirmed restenosis.

When restricting the analysis to just comparing the persons who had
developed restenosis with subjects who had not had aggravation of symptoms in
a year the only anamnestic difference was in having previous myocardial
infarction(s) and the only oxidative stress-related parameters that had significant
differences with both statistical methods was the glutathione redox ratio and the
activity of GPx. It seems that the glutathione system, particularly the levels of
glutathione redox status, may have prognostic value for predicting restenosis
after coronary angioplasty.

Indeed, glutathione has become a matter of growing biomedical and
clinical interest [30-33, 19]. In balloon-catheter injury models, it has been
documented that mechanical injury promotes an initial loss of cellularity, and
also that programmed cell death or apoptosis is observed early after balloon
distention injury and may contribute to the early medial smooth muscle cell
loss. ROS may mediate the cell suicide program as well as cell growth. Pollman
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et al documented that balloon injury was associated with a marked reduction in
glutathione levels and demonstrated that treatment with antioxidants such as N-
acetylcysteine (NAC) and pyrrolidine dithiocarbamate (PDTC) inhibited the
acute induction of cell death. They concluded that balloon injury induces acute
cell death via a redox-sensitive mechanism [35]. Souza et al (2000)
demonstrated a massive occurrence of electron transfer reactions during or
shortly after vascular injury. They also observed a profound decrease of the
GSH/GSSG ratio and glutathione pool showing that intracellular thiols were
major targets for the electron transfer reactions [36]. Clinical data [37] and a
wide spectrum of GSH biofunctionality (a principal antioxidative compound in
cellular defense against high-grade oxidative and nitrosative stress; participation
in the metabolism of nitric oxide, leukotrienes and prostaglandins; involvement
in the regulation (glutathionylation) of key-enzymes like phosphorylase,
creatinine kinase, etc.; restoration of activity of proteins and enzymes;
stabilization of biomembranes and a modification of intracellular signals
including those of inflammation, gene expression and cell proliferation) indicate
the importance of glutatione. Already in 1998 it has been shown that the RBCs
afforded some protection against oxidative damage to the endothelial cells by
taking up and deactivating the superoxide ions. As demonstrated, this protection
depends upon intact RBC glutathione system [38]. Hence, maintenance of
physiological glutathione redox ratio has high impact as the response of cells to
any stress involves changes in thiol content as they are consumed to protect
cells by different actions like antioxidation, detoxification, signaling, and the
direct modification/regulation of biomolecules.

Any interpretation of data about GPx remains speculative due to the
multifaceted nature of restenosis, existence of isoforms of GPx and multifaceted
biofunctionality of GSH (there a lot of GPx- nonrelated pathways for GSH).
However, one possible explanation of the lower activity of GPx in the subjects
who did not develop restenosis compared to the endemic normal and restenosis
group may be that the failure to regulate the activity of GPx may serve as one of
the mechanisms of restenosis-prone endothelial response. Already in 1993 the
activity of GPx was measured during PTCA in humans — and the results
indicated the fall of GPx activity that was maximal 10 min after balloon
deflation and lasted at least 60 min [39].

Another finding that cannot be overlooked is that our endemic normal for
serum catalase activity is 55423 kU/I and the average of subjects with both
favorable outcome and restenosis was 2—3 times higher. This might be of the set
implied by Cedro as “enhanced lipid peroxidation and inefficient antioxidant
defense mechanisms are likely to be present in an atherosclerosis-related disease
“[8]. When looking into the results in detail we found one subject with endemic
normal values in the restenosis group and 17 in the clinically stable group. What
is more interesting is that the correlation coefficient between GPx and CAT
values was —0.25 in the stable group and —0.88 in the restenosis group.
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The publications [3, 16, 40] report somewhat conflicting results concerning
the predictive value of lipoproteins towards restenosis. We did not find any
significant differences between groups in the content of total cholesterol or
HDL-fraction. Of the last-mentioned HDL-content at least showed a trend that
might transform in statistical difference in other subject groups. Based on our
results it may be speculated that the most indicative predictive factors should be
searched for from the list of endothelial parameters rather than from those of
LDL or other circulating compounds. The results of the effect of PTCA on the
“classical” parameter of MDA are conflicting. In 1997 Oosenbrug stated a
temporary increase in MDA [6] but in 2002 Olsson et al questioned the effect as
they could not measure any increase in MDA after 30 to 90 minutes [41] and
Cedro et al [8] had results consistent with the latter in 1 min after deflation. As
angioplasty temporarily increases at least F2-isoprostane production [10] the
pre-existing protective potential of the local endothelium becomes of major
importance. The results on an experimental model [7] and a link between tissue
factor activity and restenosis [42] have supported this concern as tissue factor is
normally of perivascular origin and its pathological expression of endothelial
cells may contribute to thrombosis and atherosclerosis progression.

As a result of our investigation we would suggest that the troubled redox
status of glutathione as a member of complex analysis for predictive factors
should be an alarm for possibly increased risk of restenosis.

Conclusions

Intracellular glutathione system is involved in maintenance of balance between
pro-oxidants and antioxidants, modification of signals etc. Glutathione redox
ratio seems to be a possible candidate to be included in complex investigation of
angioplasty patients for predicting restenosis.
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Tables
Tablel — Anamnestic data of the subjects.

Parameter Restenosis (n=7) Stable (n=44) p
Age, years 54.86 + 10.59 57.00 £9.61 0.30
BMI, kg/m’ 26.53 £2.70 27.67 +3.70 0.23
Years of stenocardia 5.94 +8.95 7.37+10.29 0.39
Years since diagnosis 2.60 +3.81 2.16+3.88 0.08
Previous IM (n) 7 11 0.01*
Diabetes (n) 1 5 0.37
Hypertension (n) 3 16 0.16
Smoking (n) 3 7 0.23

The anamnestic and paraclinical findings of the subjects who had confirmed
restenosis and who had no increase in stenocardia intensity /stage nor
fatal/nonfatal myocardial infarction (termed “stable” in the table) a year after
angioplasty. Data are presented mean £ SD. p is calculated with t-test. p is
considered significant (*) when <0.05.
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Table 2 — Comparison of preprocedural biochemical markers.

Parameter Restenosis Stable p
Cholesterol, mmol/l 6.14 +2.39 6.22 +1.64 0.46
HDL cholesterol, mmol/l 0.94+0.19 1.15+0.29 0.09
Hb, g/l 13470 £ 11.77 140.41 £ 10.18 0.09
Ht, % 38.33+3.72 41.25+3.60 0.04
LDL lag phase, min 62.86 £ 6.31 53.70 £ 14.33 0.05
CD uM 42.24 +£14.99 52.11 £ 18.81 0.10
CAT kU/1 165.67 + 80.54 134.93 £ 93.02 0.21
TAA % 34.57 £5.53 35.66 £6.16 0.33
TAS mmol/l 0.98 £0.16 0.84 £ 0.15 0.014
PC nmol/mg prot 1.10 £ 0.41 1.09 £0.53 0.48
GSSG/GSH pg/pg 2.21£2.36 0.88 +£0.74 0.002*
GPx U/g Hb 40.36 £ 35.16 15.01 £12.29 0.003*
SOD U/g Hb 737.93 £192.18 709.44 £ 159.62 0.34

The biochemical findings of the subjects who had confirmed restenosis and who
had no intensification of complaints (the ‘“stable” group) a year after
angioplasty. Data are presented mean + SD. p is calculated with t-test. p is
marked significant (*) when <0.05 also with one-way ANOVA.
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