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Effect of nutrition on oxidative stress
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ABSTRACT

Although oxygen is a necessary molecule for catabolic and anabolic processes in animals
and humans, it is also a main source of reactive oxygen species (ROS). Oxidative stress occurs
when the amount of generated ROS exceed cellular antioxidant defences, causing oxidative
damage of DNA structure and consequently failure of essential pathways of lipids, proteins and
carbohydrates metabolism. Mitochondrial respiratory chain is the main site of free radicals with
genotoxic properties. ROS is genotoxic not only in relation to sensitive mitochondrial DNA but also
to nuclear DNA and much attention has been paid to its oxidative damage. It is supposed that the
increase of a lifespan can be achieved by energy restriction causing decreased metabolic rate and
therefore reducing intensity of oxidation and generation of ROS. The paper describes our recent
results concerning oxidative effects of restricted energy supply and administration of ubiquinone,
vitamins C and E, and taurine on different cellular and morphological parameters of oxidative stress
in rats, pigs and horses. Based on the novel literature and own experiments it is concluded that ROS
generation is a necessary element of life and the action of antioxidative network, being related to all
essential life processes, is orchestrated by requirements for ROS.
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REACTIVE OXYGEN SPECIES

On our planet exist two categories of life form; photosynthesizing plants
that capture solar energy (photons) and use it to produce reduced carbonaceous
compounds; and animals and human who eat reduced compounds, part of them
change to own tissues, part of them oxidize with release energy and part of them
excrete (McCord, 2000). Aerobic oxidation of nutrients is the most efficient source
of energy for the body, but at the same time stimulates synthesis of toxic reactive
oxygen species (ROS) and in consequence can cause an oxidative stress. Body
metabolism is the main contributor of ROS, which paradoxically are generated by
the most important metabolic processes sustaining life, growth and development.

A free radical is described as a atomic or molecular species capable of
independent existence that contains one or more unpaired electrons in one of
the molecular orbitals (Halliwell and Gutteridge, 1989). Original source of free
radicals is oxygen. Molecular oxygen (dioxygen *0,) has two unpaired electrons
with parallel spin in different antibonding orbitals, so *O, is a free radical -
biradical. Oxygen is a relatively stable ROS caused by this kind of spin restriction,
however, it is capable of accepting electrons, especially via enzymatic reaction
and therefore becomes a very strong oxidizing agent. Oxygen may be a source of
following main ROS:

® Superoxide anion (O,”) is formed from one electron reduction of oxygen

and can easily dismuate to H,O,. Although, the superoxide radical is not
highly reactive with DNA, it is rapidly reacting with compounds containing
SH-groups (cystein), as well as with ascorbate, NADH, collagen and has a
high affinity to iron, dissolving it from proteins. O,~ diffuses poorly across
cell membranes (Slater et al.,1995; Bartosz, 2003)
® Hydrogen peroxide (H,0O,) is formed from dysmutation of O,". It is less
reactive than the superoxide radical, but actively oxidizes SH groups and
ions of transitional metals. It can easily diffuse across cell membranes but
it also destroys them, especially in the present of histidin (Bartosz, 2003)
® Hydroxyl radical (OH) is formed from H,O, in Fenton reaction catalysed
by transition metals. Hydroxyl radicals attack all protein, lipids and DNA
indiscriminately, initiating destructive free-radical chain reactions that
spread damage and destruction. (McCord, 2000).
Oxygen is also a source of other stress-related molecules. ROS is generated in
different cell and tissue structures as a consequence of a variety of enzymatic
and non-enzymatic processes. Oxidative stress occurs when ROS and oxidative-
stress related molecules generated in the extracellular environmental or within
the cell exceed cellular antioxidant defences and causes cytotoxic consequences
for lipids, proteins, carbohydrates, and most critical for DNA (Cadenas, 1989).
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The main places of ROS production are mitochondrial respiratory chain,
electron transport chain (in microsomal, mitochondrial and nucleic membranes),
peroxisomes, desaturases in endoplasmic reticulum and also in phagocytizing
cells. Oxidative stress contributes to all inflamatory diseases: arthritis, vasculitis,
glomerulonephritis, lupus erythematosus, adult respiratory distress syndrome,
ischaemic diseases, stroke, intestinal ischaemia, hemochromatosis, acquired
immunodeficiency syndrome, emphysaemia, organ transplantation, gastric
ulcers, hypertension and preeclampsia, neurologic diseases, Alzheimer’s disease,
Parkinson disease, amyotrophic lateral sclerosis, muscular dystrophy, alcoholism,
smoking-related diseases and many others (McCord, 2000).

OXIDATIVE STRESS INFLUENCES DNA HOMEOSTASIS

When DNA is attacked by oxygen free radicals, one of the DNA bases
called guanine is transformed to 8-hydroxy-2-deoxyguanosine. Product of
hydroxylation at C8 position of 2’-deoxyguanosine is measured at a trace level
(picogram amounts) as an indicator of DNA damage (Soultanakis et al., 2003).
8-0x0-2’-deoxyguanosine (8-oxodG) is a product of oxidative modyfication
and can be incorporated into DNA, causing A:T to C:G mutations (Kasprzak
and Biatkowski, 2000). Moreover, the DNA single-strand breaks production
is related to concentration of 8-hydroxy-2'-deoxyguanosine (SOHdG) in DNA
(Toyokuni and Sagripanti, 1996). The formations of 8-OHdG in DNA is likely to
be involved in mutagenesis and cancerogenesis (Asami et al., 1996). The natural
genetic code is altered by changes in the individual nucleotide bases (A,C,G,T) in
double-helix DNA molecules and point mutations are generated by these changes.
The point mutations are inbuilt into future cell generation as the cells replicate
and in consequence lead to mutagenesis and cancerogenesis. Our cell nucleus
has about 50 cm of DNA requiring a 50,000-fold reduction in length to fit into
the nucleus and nuclear matrix (Higuchi, 2003). Thus, DNA is a complex and a
powerful structure requiring an efficient and strong protection, but still it has to be
considered that degraded DNA is a source of residues of yet unknown activities.

Mitochondrial respiratory chain accounts for most of the superoxide generated
in the cell with leakage sites at complex I (dehydrogenase NADH) and at
ubisemiquinone (Riley, 1994). Generated superoxide radical can be a source of
subsequent ROS, including hydroxyl radical with genotoxic properties. When
positioned close to mitochondrial DNA it exhibits higher amounts of steady state
oxidative damage compared with nuclear DNA (Yakes and Van Houten, 1997).
8-0x0-2’-deoxyguanosine has been shown to be present in mitochondrial DNA
(mtDNA) at a level 16 fold higher than in nuclear DNA, what is consistent with
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the high levels of ROS generated in the oxidative enzymes chain. According to
Barciszewski et al. (1995) an age-associated accumulation of 8-OHdG in human
mtDNA in the muscle takes place. In a subject below the age of 55 years the level
of 8-OHdG in mtDNA was under 0.02% of total 8-OHdG, while it reached a level
of 0.51% at the age of 85 years. In accordance with the “oxidative-damage idea
of aging” the ageing is caused by an increase in the steady-state levels of reactive
oxygen species and by proton “leaks”.

Such events can also result from mutations in respiratory chain enzymes
(Martin and Loeb, 2004). Trifunovic et al. (2004) demonstrated that knockout
mice [defective in mtDNA polymerase-y-enzyme responsible for mtDNA repair
processes (Martin and Loeb, 2004)] developed an mtDNA mutator phenotype
with a three fold to five fold increase in the level of point mutations, as well
as increased amounts of deleted mtDNA. This increase in somatic mtDNA
mutations is associated with reduced lifespan and premature onset of ageing-
related phenotypes such as weight loss, reduced subcutaneous fat, alopecia,
kyphosis, osteoporosis, anaemia, reduced fertility and heart enlargement. Lack of
mitochondrial superoxide dismutase (MnSOD) in knockout mouse caused death
within a few days after birth (Li et al., 1995). These experiments indicate that
overproduction of superoxide radical in mitochondria is highly dangerous for the
body.

It is supposed that the increase of a lifespan of humans and animals can be
achieved by energy restriction causing decreased metabolic rate (Fu at el., 2004).
Therefore by “reducing intensity of oxidation” in the mitochondrial respiratory
chain it is possible to sustain metabolic efficiency for a prolonged period of life.

Effects of dietary restriction on oxidative/antioxidative state in pigs have been
investigated by Sawosz et al. (2004). A restricted supply of protein and energy
had no effect on the activity of antioxidative enzymes ZnCuSOD, GPx, as well
as on the total antioxidative status in serum. Further, there was no effect on the
concentration of the end products of lipid peroxidation (TBA-RS) in serum, and
on the level of oxidative degradation of DNA (8-0xodG) in the liver. We also
observed the influence of addition of ubiquinone to a diet for pigs on the redox
state by strengthening ubiquinone complex against electron leak in the respiratory
chain. However, the addition of ubiquinone had no effect on homeostasis of redox
state in blood (SOD, GPx, TBA-RS, TAS) and in the liver (8-ox0dG ).

ROS is genotoxic not only in relation to sensitive mtDNA but also to nuclear
DNA (ncDNA) and RNA. ncDNA is the key molecule carrying the genetic
information, and much attention has been paid to its oxidative damage. More
than 20 different modifications are supposed to be formed in DNA by the action
of ‘OH. This radical is responsible for DNA damage, such as scission of DNA
strands (Higuchi, 2003), strand breaks or modification of pyrimidine, as well as
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purine bases (Barciszewski et al., 1995) and formation of DNA-protein cross links
(Dizdaroglu, 1991).

DNA breaks are classified into single and double-strand DNA breaks.
However, biological role of this phenomenon is not clarified; generally single-
strand cleavage of DNA plays a role as a signal to induce apoptosis, being
controlled by the repair enzyme system. Double strand DNA breaks can lead
directly to chromosomal aberration and mutagenesis (Lobrich et al., 1994)
but also to apoptosis or necrosis - two different incidents of cell death. A very
important factor responsible for the process of cells” death seems to be a size of
molecules produced during DNA oxidative degradation and their availability for
enzymes involved in apoptosis. The content of 8-0xodG in DNA may be a reason
for creation of giant DNA fragments or high molecular weight DNA fragments
(Higuchi, 2003) unavailable for cells enzymes.

In our measurements concerning prooxidative effects of mega doses of
vitamin C it has been demonstrated that vitamin C supplied at 0.3, 0.6 and 0.9%
affected lipid peroxidation (increased TBA-RS) (Niemiec, 2004). However, 8-
oxodG concentration was only elevated in livers of rats receiving 0.9%. Also
morphological evaluation of liver demonstrated necrotic changes in animals
receiving 0.9% vitamin C (Ostaszewska et al., 2004), indicating that 8-oxodG
concentration may be involved in necrosis but not in apoptosis.

Transition metals play an important role in forming genotoxic hydroxy radical
(Aisen et al., 2001). It seems that the degradation of DNA is highly dependent on
a distance between Fe and DNA and availability of Fe to form hydroxyl radical,
because it has a mean half life of 10 sec. Toyokuni and Sagripanti (1996)
investigated effects of Fe (III) or Cu (II) on degradation of DNA (level of DNA
single-strand breaks and concentration of 8-OHdG in DNA). They demonstrated
a high correlation between the concentration of Fe (III), as well as Cu (II) in the
presence of ascorbinate, and the concentration of 8-OHdG. Therefore, it can be
expected that the presence of Fe (III) close to ncDNA or mtDNA may generate
hydroxyl radical and consequently oxidative degradation of DNA.

Furthermore, the cancerogenic transition metal ions Ni (II), Cu (II), Co ((II),
Cd (II) are able to inhibit human 8-oxodGTPase (Kasprzak and Biatkowski, 2000).
Increasing concentration of 8-OHdG may be caused by an increase of OH generation
by accumulating copper in hepatocytes or depressing the enzymatic activity for
removing of 8-OHdG, which is dependent on divalent cations (Barciszewski et
al., 1995). In our experiments (Niemiec, 2004) it has been demonstrated that
the megadosis of vitamin C increased concentration of Fe but at the same time
decreased concentrations of Cu and Ca in the liver of rats. Vitamin C, as a reducing
factor, probably elevated deposition of Fe (but not Cu) in the liver. We also observed
reduction of the total antioxidant status in serum and enhanced concentration of 8-
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OHAJG in the liver. Ascorbate may affect availability of Fe for Fenton reaction and
support formation of hydroxyl radical (Bartosz, 2003). The liver has a tendency of
trapping Fe associated with ascorbate (Kang, 2001) and generating -OH via Fenton
reaction leading to oxidative alteration of DNA and liver lesions.

ROS AS A REGULATOR OF CELL FUNCTIONING

ROS is not only injurious by-product of cellular metabolism but also an
essential participant in cell signaling and regulation (Kamata and Hirata, 1999).
ROS, as well as nitrogen oxygen species (NOS) act as potential mediators able to
affect signal transduction pathways of the proliferative and functional response
of target cells. ROS may be generated as molecular messenger modifying growth
factors, cytokines and other mediators (Keller and Matson, 1998).

It has been demonstrated (Sawosz et al., 2005) that restricted diet significantly
decreased the level of insulin, leptin and thyroxin, however, it had no influence on
redox state. Therefore, it can be suggested that the influence of dietary restriction
on ageing may be caused by a signaling role of ROS but not due to cytotoxicity.
Hence, energy restriction lowers the expression of genes responsible for oxygen
respiration, in particular cytochrome c (to 1/23 of normal), causing reduced
metabolic rate (Lane, 2003).

Schmid et al. (1999) focused on a novel mechanism for ,,redox priming*
based on the predisposition of phosphocreatine together with H O, to serve as
an alternate phosphate donor for the autophosphorylation of the insulin receptor
kinase. The priming effect of H,O, appears to involve conversion of four cysteine
residues into sulphenic acid, which produces a structural change in insulin receptor
kinase that allows for binding of phosphocreatine at a site distinct from the ATP
(Thannickal and Fanburg, 2000). Furthermore, H,O, acts as catalyst of reaction
coupling diiodotyrosine into synthesis of thyroxine (Lamas et al., 1972).

It is well known the cytotoxic and gene regulating effects of tumor necrosis
factor o (TNF o) are mediated by mitochondrial ROS formation (Goossens et
al., 1995). ROS is involved in activation of a variety of kinases; protein kinase C
(Nishikawa et al., 2000) as well as mitogen-activated protein kinase (MAPK) and
tyrosine kinases (McCord, 2000).

Particularly important seems to be the role of mitochondria in regulation of
redox cell signaling via ROS and reactive nitrogen species (NOS). Nitric oxide
(NO) - most important NOS - is produced from arginine in a specific subcellular
location but also in mitochondria (Giulivi et al., 1998). Brookes et al. (2002)
suggested that the reaction between NO- and O, within the mitochondrial inner
membrane is a significant pathway for O, and NO' consumption and the regulation
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of NO- binding to cytochrome ¢ oxidase. Consequently, NO- has the potential to
regulate O, gradient within tissues. Under physiological conditions for NO:
formation, the overall result is extension of O, gradients and avoidance of hypoxia
in cells most distal from the O, supply (Brooks et al., 2002). As a source for the
formation and target of modifications mediated by reactive oxygen and nitrogen
species mitochondria are recognized as a site critical in cellular response to redox
stress (Bailey et al., 2005).

Essential and also intriguing is the role of S and mainly of a thiol group (present in
cysteine) acting as a counterbalance to oversupply of oxygen. When thiol groups are
oxidized the hydrogen atom is extracted forming sulphur bonds, known as disulphide
bridges. The thiol groups can also form S-nitrosothiol. The formation of either a
disulphide bridge or an S-nitrosothiol modifies the structure of the functional protein
in a reversible way. Furthermore, the oxidative state of thiols affects protein activity,
acting as a molecular on-off switch (Griffiths, 2002). These reactions govern activities
of functional proteins which stimulate the transcription of genes.

A cell being “stressed” first uses antioxidant enzymes and molecules and then
oxidizes thiol groups of protein. As a result of this process the proteins acting as
transcription factors are activated. The transcription factors which activities are
controlled by the oxidation of thiol groups include: AP-1, P-53, proinflamatory NF-
kB involved in activation of offensive genes and Nrf-2, stimulating expression of
defensive genes responsible for producing antioxidants like SOD, katalase and GPx,
as well as for synthesis of several proteins like iron binding proteins, metallothionein
and haem oxygenase (HO-1). These proteins improve cell resistance against overall
stress factors (Rabilloud et al., 2001; Mitsumoto et al., 2002)._

The question is whether an oversupply of antioxidants protects thiol groups
against oxidation preventing synthesis of anti-stress protein. The addition of
taurine decreased oxidative degradation of DNA (8-0x0odG) in pigs during stress
induced by vitamin C (Sawosz et al., 2004). Probably, taurine, being an important
donor of SH-groups, increased the pool of thiol groups available for oxidation. In
consequence the antioxidative state of the organism was enhanced. The activity of
SOD, GPx or the level of albumine did not increase, indicating that the threshold
for synthesis of antioxidative compounds was elevated.

Moreover, metal-ion clusters in metallenzymes play a very important role in
cellular signaling modified by ROS. The iron-sulphur tetranuclear 4Fe-4S core
is the most common of this prosthetic groups which is modyified by O, . Iron
regulatory proteins which contain 4Fe-4S cluster are sensitive to oxidation, and
they may be targets of site-directed, metal-catalysed oxidation by ROS (Fenton
chemistry), which marks them for ubiquitination and degradation. Therefore,
ROS may be capable of regulating cell function by altering the stability of certain
metal-containing proteins (Iwai et al., 1998; Thannickal and Fanburg, 2000).
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ANTIOXIDANT A FOE OR A FRIEND

It is interesting where is the border line between “good” and “bad” function
of antioxidants throughout their control of ROS generation. Which level of
antioxidants can sustain body homeostasis and whether an oversupply of
antioxidants has a depressive effect on oxidative stress resistance? We have
investigated effects of a number of dietary antioxidants during different states
of organism in pigs and rats. The addition of a-tocopherol to the diet increased
content of n-3PUFA in tissues and decreased concentration of TBA-RS in serum
of pigs receiving linseed oil (Sawosz, 1999). However, in pigs supplemented
with lard there was no effect on TBA-RS but a significant decrease of n-3PUFA.
These results indicate that antioxidative role of vitamin E may only take place
during imbalance of redox homeostatsis (f. expl. triggered by PUFA). In the other
experiment vitamin E effectively reduced losses of cystein during storage of pork
(Sawosz et al., 2003). Cystein is one of the most important sources of thiol groups
which are final oxidative substrates after all other reserves are depleted.

High doses of vitamin C for growing rats caused oxidative stress characterized
by increased concentration of TBA-RS in serum and 80dG in DNA of liver and
provoked the oxidative burst of neutrophiles rats (Niemiec, 2004; Niemiec et al.,
2005). The mega doses of vitamin C did also degradate collagen structures of
lens capsule of rats’ eyes (Ostaszewska et al., 2005, personal communication).
Furthermore, morphological examinations of the liver revealed three fold
increases in a number of liver cells without or with degenerated nuclei, as well
as liver necrosis (Ostaszewska et al., 2004). In the other experiment (Niemiec,
2004) rats were exposed to UV or IR radiation which causes oxidative stress. In
both cases a supplement of vitamin C fortified state of oxidative stress (increase
of TBA-RS in serum and 80dG in DNA). Prooxidative effects of vitamin C were
verified in experiments with pigs (Sawosz, 2004), demonstrating degradation of
DNA without changes of TBA-RS level. It is interesting to notice that the activity
SOD increased, which may confirm the theory that prooxidative agents through
generations of ROS can stimulate synthesis of antistress proteins (SOD).

CONCLUSIONS

All living organisms have a very efficient and complementary network
of antioxidant defence. This antioxidative network is closely related with all
metabolic processes and its action is a function of variety of internal and external
factors. The internal factors are age, life stage, genetic origin and consequently
abilities to response to stress, while the external factors are environmental and
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nutritional conditions which may depress or magnify body responses. Depending
on the combination of these factors the living organism may show different
requirements and responses to antioxidants. On the other hand, the oxidative stress
is the only donor of ROS which is a necessary element of life. Thus antioxidants
per se are neither good nor bad, but their action can either be helpful or unhelpful
depending on requirements for ROS.
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STRESZCZENIE
Wplyw zywienia na stres oksydacyjny

Chociaz tlen jest czasteczka niezbgdna do proceséw katabolicznych i anabolicznych
zachodzacych w organizmie zwierzat i czlowieka, jest takze zréodtem reaktywnych form tlenu
(ROS). Stres oksydacyjny pojawia si¢ wowczas, gdy ilo§¢ powstatych ROS przekracza komérkowa
zdolno$¢ antyoksydacyjna, powodujac oksydatywne zniszczenie struktury DNA, a w konsekwencji
zaktocenie $ciezki przemian thuszczow, biatek i weglowodandw.

Mitochondrialny tancuch oddechowy jest glownym miejscem wystgpowania wolnych
rodnikow o wlasciwosciach genotoksycznych. ROS sa nie tylko genotoksyczne w odniesieniu do
mitochondrialnego DNA, ale takze w stosunku do DNA zawartego w jadrze i duzo uwagi po§wigca
si¢ jego uszkodzeniu w wyniku oksydacji. Przypuszcza sig, ze wydtuzenie dtugosci zycia mozna
osiagnaé przez ograniczenie ilo$ci energii powodujacej zmniejszenie intensywno$ci przemian
metabolicznych, a przez to redukcj¢ proceséw oksydacyjnych i powstawanie ROS.

W  przegladzie omoéwiono wyniki naszych ostatnich badan dotyczacych procesow
oksydacyjnych zachodzacych przy ograniczonej podazy energii w paszy, dodatku ubichinonu,
witamin C i E oraz tauryny i ich wplywu na wybrane wskazniki komoérkowe i morfologiczne
w stresie oksydacyjnym u szczuréw, $win i koni. Opierajac si¢ na wspotczesnej literaturze oraz
badaniach wtasnych mozna stwierdzi¢, ze powstawanie ROS jest niezbgdnym elementem istnienia
i odpowiedzi ukladu antyoksydacyjnego, zwiazanego z podstawowymi procesami zyciowymi,

wywotane zapotrzebowaniem na ROS.



