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1

1

ANTIOXIDANT SYSTEMS IN ANIMAL BODY

Self-preservation is the first law of nature

Introduction

For the majority of organisms on Earth, life without oxygen is impossible. Animals,
plants and many microorganisms rely on oxygen for the efficient production of
energy. However, the high oxygen concentration in the atmosphere is potentially
toxic for living organisms. It is interesting that oxygen toxicity was first described
in laboratory animals in 1878 (see Knight, 1998). For the last few years free
radical research has generated valuable information for further understanding not
only detrimental, but also beneficial role of free radicals in cell signaling and
other physiological processes. The benefit or harm of free radicals ultimately
depend on the level of their production and efficiency of antioxidant defence.

Free radicals and reactive oxygen and nitrogen species

Free radicals are atoms or molecules containing one or more unpaired electrons.
Free radicals are highly unstable and reactive and are capable of damaging
biologically relevant molecules such as DNA, proteins, lipids or carbohydrates.
The animal body is under constant attack from free radicals, formed as a natural
consequence of the body’s normal metabolic activity and as part of the immune
system’s strategy for destroying invading microorganisms. The internal and
external sources of free radicals are shown in Table 1.1. Recently collective terms
reactive oxygen species (ROS) and reactive nitrogen species (RNS) have been
introduced (Halliwell and Gutteridge, 1999) including not only the oxygen or
nitrogen radicals, but also some non-radical reactive derivatives of oxygen and
nitrogen (Table 1.2).

Did you know that free radicals are produced as a result of
physiological metabolism in the body?
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2   Selenium in Nutrition and Health

Table 1.1 Internal and external sources of free radicals (Adapted from Furst, 1996 and Halliwell, 1996).

Internally generated External sources

Mitochondria (ETC) Cigarette smoke
Phagocytes Radiation
Xanthine oxidase UV light
Reactions with Fe2+ or Cu+ Pollution
Arachidonate pathways Certain drugs
Peroxisomes Chemical reagents
Inflammation Industrial solvents
Biomolecule oxidation (adrenaline, dopamine,
   tetrahydrofolates, ect.)

Table 1.2  Reactive oxygen and nitrogen species (Adapted from Halliwell and Gutteridge, 1999).

Radicals Non-radicals

Alkoxyl, RO* Hydrogen peroxide, H
2
O

2

Hydroperoxyl, HOO* Hypochlorous acid, HOCl
Hydroxyl, *OH Ozone, O

3

Peroxyl, ROO* Singlet oxygen,  1O
2

Superoxide, O
2
* Peroxynitrite, ONOO-

Nitric oxide, NO* Nitroxyl anion, NO-

Nitrogen dioxide, NO
2
* Nitrous acid, HNO

2

Superoxide (O
2
*-) is the main free radical produced in biological systems during

normal respiration in mitochondria and by autoxidation reactions with half-life at
37°C in the range of 1 x 10-6 second. Superoxide can inactivate some enzymes
due to formation of unstable complexes with transition metals of enzyme prosthetic
groups, followed by oxidative self-destruction of the active site (Chaudiere and
Ferrari-Iliou, 1999). Depending on condition, superoxide can act as oxidizing or
a reducing agent.  It is necessary to mention that superoxide, by itself, is not
extremely dangerous and does not rapidly cross lipid membrane bilayer (Kruidenier
and Verspaget, 2002). However, superoxide is a precursor of other, more powerful
ROS. For example it reacts with nitric oxide with a formation of peroxynitrite
(ONOO-), a strong oxidant, which lead to formation of reactive intermediates due
to spontaneous decomposition (Kontos, 2001; Mruk et al., 2002). In fact ONOO-
was shown to damage a wide variety of biomolecules, including proteins (via
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Antioxidant Systems in Animal Body   3

nitration of tyrosine or triptophan residues or oxidation of methionine or
selenocysteine residues), DNA and lipids (Groives, 1999). Superoxide can also
participate in the production of more powerful radicals by donating an electron,
and thereby reducing Fe3+ and Cu2+ to Fe2+ and Cu+, as follows:

O
2
-  +  Fe3+/Cu2+  Fe2+/Cu+  + O

2

Further reactions of Fe2+ and Cu+ with H
2
O

2
 are a source of the hydroxyl radical

(*OH) in the Fenton reaction:

H
2
O

2
 + Fe2+/Cu+    *OH + OH- + Fe3+/Cu2+

The sum of reaction of superoxide radical with transition metals and transition
metals with hydrogen peroxide is known as the Haber-Weiss reaction. It is
necessary to underline that superoxide radical is a “double-edged sword”. It is
beneficial when produced by activated polymorphonuclea leukocytes and other
phagocytes as an essential component of their bactericidal activities but in excess
it may result in tissue damage associated with inflammation.

Did you know that superoxide radical is the major radical
produced in biological systems?

Hydroxyl radical is the most reactive species with an estimated half-life of only
about 10-9 second. It can damage any biological molecule it touches, however, its
diffusion capability is restricted to only about two molecular diameters before
reacting (Yu, 1994). Therefore, in most cases damaging effect of hydroxyl radical
is restricted to the site of its formation. In general, hydroxyl radical can be generated
in human/animal body as a result of radiation exposure from natural sources (radon
gas, cosmic radiation) and from man-made sources (electromagnetic radiation
and radionuclide contamination). In fact in many cases hydroxyl radical is a trigger
of chain reaction in lipid peroxidation.

Did you know that hydroxyl radical is short-lived but most
powerful radical in biological systems?

Therefore, ROS/RNS (Table 1.3) are constantly produced in vivo in the course of
the physiological metabolism in tissues. It is generally accepted that the electron-
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4   Selenium in Nutrition and Health

Table 1.3 Effect of free radicals on DNA damages (Adapted from Diplock, 1998).

Radical Effect

ROO* Guanine oxidized
OH* All four bases are affected
O

2
*-, H

2
O

2
No base changes

ONOO- Xanthine, hypoxanthine,  8-nitroguanine are affected

transport chain in the mitochondria is responsible for major part of superoxide
production in the body (Halliwell and Gutteridge, 1999). Mitochondrial electron
transport system consumes more than 85% of all oxygen used by the cell and,
because the efficiency of electron transport is not 100%, about 1-3% of electrons
escape from the chain and the univalent reduction of molecular oxygen results in
superoxide anion formation (Halliwell, 1994; Singal et al., 1998; Chow et al.,
1999). About 1012 O

2
 molecules processed by each rat cell daily and if the leakage

of partially reduced oxygen molecules is about 2%, this will yield about 2 x1010

molecules of ROS per cell per day (Chance et al., 1979). An interesting calculation
has been made by Halliwell (1994), showing that in the human body about 1.72
kg/year of superoxide radical is produced. In stress condition it would be
substantially increased. Clearly, these calculations showed that free radical
production in the body is substantial and many thousand biological molecules
can be easily damaged if are not protected. Recently the role of mitochondria as
a permanent source of ROS has been questioned (Staniek and Nohl, 2000). The
activation of macrophages in stress conditions is another important source of free
radical generation. Immune cells produce ROS/RNS and use them as an important
weapon to destroy pathogens (Schwarz, 1996; Kettle and Winterbourn, 1997;
See Chapter 6).

Did you know that about 2 x1010 molecules of ROS
are produced per cell per day?

The most important effect of free radicals on the cellular metabolism is due to
their participation in lipid peroxidation reactions. The first step of this process is
called the initiation phase, during which carbon-centered free radicals are produced
from a precursor molecule, for example a polyunsaturated fatty acid (PUFA):

                        
 InitiatorLH   L*
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The initiator in this reaction could by the hydroxyl radical, radiation or some
other events or compounds. In presence of oxygen these radicals (L*) react with
oxygen producing peroxyl radicals starting the next stage of lipid peroxidation
called the propagation phase:

L* +O
2  

 LOO*

At this stage a relatively unreactive carbon-centered radical (L*) is converted to a
highly reactive peroxyl radical. A resulted peroxyl radical can attack any available
peroxidazable material producing hydroperoxide (LOOH) and new carbon-
centered radical (L*):

LOO* + LH   LOOH + L*

Therefore lipid peroxidation is a chain reaction and potentially large number of
cycles of peroxidation could cause substantial damage to cells. In membranes the
peroxidazable material is represented by PUFAs. It is generally accepted that PUFA
susceptibility to peroxidation is proportional to amount double bounds in the
molecules. In fact, docosahexaenoic acid (DHA, 22:6n-3) and arachidonic acid
(AA, 20:4n-6) are among major substrates of the peroxidation in the membrane.
It is necessary to underline that the same PUFAs are responsible for maintenance
of physiologically important membrane properties including fluidity and
permeability. Therefore as a result of lipid peroxidation within the biological
membranes their structure and functions are compromised. Proteins and DNA are
also important targets for ROS.

Did you know that in the human body about 1.72 kg/year of
superoxide radical is produced?

It has been shown that the DNA in each cell of a rat is hit by about 100,000 free
radicals a day and each cell sustains as many as 10,000 potentially mutagenic (if
not repaired) lesions per day arising from endogenous sources of DNA damage
(Ames and Gold, 1997; Helbock et al., 1998; Ames, 2003; Diplock, 1994).
Therefore, some oxidative lesions escape repair and the steady state level of
oxidative lesions increased with age, and an old rat has accumulated about 66,000
oxidative DNA lesions per cell (Ames, 2003). Oxidation, methylation, deamination
and depurination are four endogenous processes leading to significant DNA
damage with oxidation to be most significant one and approximately 20 types of
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6   Selenium in Nutrition and Health

oxidatively altered DNA molecules have been identified. The chemistry of attack
by ROS on DNA is very complex and lesions in chromatin include damage to
bases, sugar lesions, single strand-breaks, basic lesions and DNA-nucleoprotein
cross-links (Diplock, 1994).

Did you know that an old rat has accumulated about 66,000
oxidative DNA lesions per cell?

The complex structure of proteins and a variety of oxidizable functional groups
of the amino acids make them susceptible to oxidative damage. In fact, the
accumulation of oxidized proteins has been implicated in the aging process and
in other age-related pathologies. A range of oxidized proteins and amino acids
has been characterised in biological systems (Table 1.4; Kehrer, 2000; Dean et
al., 1997).

Table 1.4  Oxidized protein and amino acids found in biologic systems (Adapted from Kehrer, 2000;
Dean et al., 1997).

2-Oxohistidine Hydro(pero)xyleucine
3-chlorotyrosine Hydro(pero)xyvaline
3-Nitrotyrosine N-Formylkynureinine
5-Hydroxy-2-aminovaleric acid Kynurenine
Aminomalonic acid o- and m-tyrosine
Dimers of hydroxylated aromatic  amino acids p-Hydroxyphenylacetaldehyde
Dopa Protein carbonyls

 In general the accumulation of oxidized proteins depends on the balance between
antioxidants, prooxidants and removal/repair mechanisms. Oxidation of proteins
leads to the formation of reversible disulfide bridges. More severe protein oxidation
causes a formation of chemically modified derivatives e.g. shiff’s base (Tirosh
and Reznick, 2000). Nitric oxide, hydroxyl radical, alkoxyl and peroxyl radicals
as well as carbon-centered radicals, hydrogen peroxide, aldehydes or other
products of lipid peroxidation can attack protein molecules.  Usually oxidative
modification of proteins occurs by two different mechanisms: a site-specific
formation of ROS via redox-active transition metals and non-metal-dependent
ROS-induced oxidation of amino acids (Tirosh and Reznick, 2000). The
modification of a protein occurs by either a direct oxidation of a specific amino
acid in the protein molecule or cleavage of the protein backbone. In both cases
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biological activity of the modified proteins would be compromised.  The degree
of protein damage depends on many different factors (Grune et al., 1997):

• the nature and relative location of the oxidant or free radical source;
•  nature and structure of protein;
•  the proximity of ROS to protein target ;
•  the nature and concentrations of available antioxidants.

Free radicals are implicated in the initiation or progression phase of various diseases,
including cardiovascular disease, some forms of cancer, cataracts, age-related
macular degeneration, rheumatoid arthritis and a variety of neuro-degenerative
diseases (Hogg, 1998; McCord, 2000; Table 1.5). In general, it is widely believed
that most human diseases at different stages of their development are associated
with free radical production and metabolism.  Normally, there is a delicate balance
between the amount of free radicals generated in the body and the antioxidants to
protect against them. For the majority of organisms on Earth, life without oxygen
is impossible, animals, plants and many micro-organisms relying on oxygen for
the efficient production of energy. However, they pay a high price for pleasure of
living in an oxygenated atmosphere since high oxygen concentration in the
atmosphere is potentially toxic for living organisms.

Did you know that free radicals damage not only lipids
but also DNA and proteins?

Three levels of antioxidant defence

During evolution living organisms have developed specific antioxidant protective
mechanisms to deal with ROS and RNS (Halliwell and Gutteridge, 1999). Therefore
it is only the presence of natural antioxidants in living organisms which enable
them to survive in an oxygen-rich environment (Halliwell, 1994). These
mechanisms are described by the general term “antioxidant system”. It is diverse
and responsible for the protection of cells from the actions of free radicals. This
system includes:

• natural fat-soluble antioxidants (vitamins A, E, carotenoids, ubiquinones,
etc.);

• water-soluble antioxidants (ascorbic acid, uric acid, taurine, etc.)
• antioxidant enzymes: glutathione peroxidase (GSH-Px), catalase (CAT) and

superoxide dismutase (SOD).
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8   Selenium in Nutrition and Health

Table 1.5 Free radical involvement in the development of human diseases (adapted from Surai and
Sparks, 2001; McCord, 2000; Hogg, 1998 and references there).

Liver Eye
Reperfusion Retionopathy of prematurity
Toxic effects of chemicals: halogenated Photic retinopathy
   hydrocarbons, quinones,  iron, Macular degeneration
   acetaminophen, ethanol Ocular hemorrhage
Endotoxin Cataracts

Kidney Muscle
Autoimmune nephrosis:inflammation Muscular dystrophy
Toxic effects of chemicals:  amino- Over-exercising
  glycosides, heavy metals

Lung Skin
Normobaric hyperoxic injury Radiation (UV or ionising)
Bronchopulmonary displasia Thermal injury
Toxic effects of chemicals: paraquat, Toxic effects of chemicals:
  bleomicin    tetracyclines  stimulating
Emphysema   photosensitization
Asbestosis Contact dermatitis
Idiopathic pulmonary fibrosis Porphyria

Heart and cardiovascular system Brain and nervous system
Atherosclerosis Parkinson’s disease
Hemochromatosis Alzheimer’s disease
Reperfusion: after infraction or Tardive dyskinesia
  transplant Neuronal ceroid lipofuscinosis
Selenium deficiency (Keishan disease) Neurotoxins
Toxic effects of chemicals: ethanol, Hypertensive cerebrovascular injury
  doxorubicin Allergic encephalomyelitis
Myocardial infarction Multiple sclerosis

Gastrointestinal tract Inflammatory-immune system
Reperfusion Glomerulonephritis
Toxic effects of chemicals: nonsteroidal Vasculitis
  and anti-inflammatory agents, alloxan,  iron Autoimmune disease
Pancreatitis, Colitis, Intestinal ischemia, Lupus erythermatosus
  Gastric ulcers Reumatroid arthritis

Blood Miscellaneous/general
Malaria Aging
Various anemias AIDS, Cancer, Diabetes
Protoporphyrin photooxidation Inflammation
Toxic effects of chemicals:  phenyl- Trauma
  hydrazine, primaquine and related drugs,  Ischemia/reperfusion
  sulfonamides, lead etc. Radiation injury
Favism Rheumatoid arthritis and lupus
Fanconi’s anemia Toxic effects of chemicals: alloxan

  (diabetes), iron overload
Acute pancreatitis, Amyloidosis
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• thiol redox system consisting of the glutathione system (glutathione/
glutathione reductase/glutaredoxin/glutathione peroxidase and a thioredoxin
system (thioredoxin/thioredoxin peroxidase/thioredoxin reductase) (for
details see Chapter 2).

The protective antioxidant compounds are located in organelles, subcellular
compartments or the extracellular space enabling maximum cellular protection to
occur. Thus antioxidant system of the living cell includes three major levels of
defence (Niki, 1996; Surai, 1999; Surai, 2002):

The first level of defence is responsible for prevention of free radical formation
by removing precursors of free radicals or by inactivating catalysts and consists
of three antioxidant enzymes namely SOD, GSH-Px and CAT plus metal-binding
proteins (Figure 1.1).  Since the superoxide radical is the main free radical produced
in physiological conditions in the cell (Halliwell, 1994) superoxide dismutase
(EC 1.15.1.1) is considered to be the main element of the first level of antioxidant
defense in the cell (Surai, 1999). This enzyme dismutates the superoxide radical
in the following reaction:

                           

 SOD2O
2
*

  
+2H+

      
H

2
O

2
+O

2

First level of defence:

Prevention of radical formation

Superoxide dismutase, glutathione peroxidase, catalse,  
glutathione and thioredoxin systems and  

Metal-binding proteins

Second level of defence:

Prevention and restrictition of chain formation  
and propagation

Vitamins A, E, C, Carotenoids, Ubiquinols, Glutathione, Uric acid

Third level of defence:

Excision and repair of damaged parts of molecules

Lipases, Peptidases, Proteases, Transferases,  
DNA-repair enzymes etc

Figure 1.1  Three lines of antioxidant defence in animal cells (adapted from Surai, 1999).
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Superoxide dismutase was discovered by McCord and Fridovich in 1969 as an
enzymatic activity in preparations of carbonic anhydrase or myoglobin that
inhibited the aerobic reduction of cytochrome c by xanthine oxidase. Therefore,
haemocuprein, which was discovered much earlier, became copper-zinc superoxide
dismutase (Bannister, 1988). This discovery opened new era in free radical research.
At present, three distinct isoforms of SOD have been identified in mammals, and
their genomic structure, cDNA, and proteins have been described (Zelko et al.,
2002). SOD1, or Cu,Zn-SOD, was the first enzyme of this family to be
characterised and is a copper and zinc-containing homodimer that is found almost
exclusively in intracellular cytoplasmic spaces. It exists as a 32 kDa homodimer
and is present in the cytoplasm and nucleus of every cell type examined (Zelko et
al., 2002).

Did you know that there are three different forms
of superoxide dismutase in mammalian cells?

The second member of the family (SOD2) has manganese (Mn) as a cofactor and
therefore called Mn-SOD. It was shown to be a 96 kDa homotetramer and located
exclusively in the mitochondrial matrix, a prime site of superoxide radical
production (Halliwell and Gutteridge, 1999). Therefore the expression of Mn-
SOD is considered to be essential for the survival of aerobic life and the
development of cellular resistance to oxygen radical-mediated toxicity (Fridovich,
1995). Mn-SOD is inducable enzyme and its activity is affected by cytokines and
oxidative stress. In fact, Mn-SOD has been shown to play a major role in promoting
cellular differentiation and in protecting against hyperoxia-induced pulmonary
toxicity (Fridovich, 1995). The biological importance of Mn-SOD is illustrated in
Table 1.6. In 1982, a third SOD isozyme was discovered by Marklund and
coworkers and called extracellular superoxide dismutase (EC-SOD), due to its
exclusive extracellular location. EC-SOD is a glycoprotein with a molecular weight
of 135,000 kDa with high affinity for heparin. However, there are some species-
specific variations in molecular weight. EC-SOD is present in various organisms
as a tetramer or, less commonly, as a dimer and contains one copper and one zinc
atom per subunit, which are required for enzymatic activity (Fattman et al., 2003).
The expression pattern of EC-SOD is highly restricted to the specific cell type and
tissues where its activity can exceed that of Cu,Zn-SOD or Mn- SOD. The fourth
form of the enzyme Fe-SOD was isolated from various bacteria but not found in
animal tissues (Michalski, 1992). Furthermore, a novel type of nickel-containing
SOD was purified to apparent homogeneity from the cytosolic fractions of
Streptomyces sp (Youn et al., 1996). The biosynthesis of SODs, in most biological
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systems, is well controlled. In fact, exposure to increased pO2, increased
intracellular fluxes of O2-, metal ions perturbation, and exposures to several
environmental oxidants have been shown to influence the rate of SOD synthesis
in both prokaryotic and eukaryotic organisms (Hassan, 1988).

Table 1.6 The biological importance of Mn-SOD (adapted from Mates et al., 1999).

N Mn-SOD manipulationm Effects

1 Inactivation of Mn-SOD genes in Increases mutation frequency in aerobic
E. coli conditions

2 Elimination of Mn-SOD gene in Increases its sencitivity to oxygen
Saccharomycetes cervisiae

3 Lack of expression in Mn-SOD Dilated cardiomyopathy and neonatal lethality
knock-out mice

4 Effect of TNF Selectively induces Mn-SOD in various mouse
tissues and cultural cells

5 Transfection of Mn-SOD cDNA into Rendered the cells resistant to paraquat, TNF and
cultural cells adriamycin-induced cytotoxicity

6 Expression of human Mn-SOD Protects against oxygen-induced pulmonary
genes in transgenic mice injury and adriamycin-induced cardiac toxicity

The hydrogen peroxide formed by SOD action can be detoxified by GSH-Px or
CAT which reduce it to water as follows:

                                           
 GSH-Px

H
2
O

2
 + 2GSH  GSSG+2H

2
O

                     
 Catalase

2H
2
O

2
   2H

2
O + O

2

Catalase (EC 1.11.1.6) is a tetrameric enzyme consisting of four identical subunits
of 60 kDa containing a single ferriprotoporphyrin group per subunit. It plays an
important role in the acquisition of tolerance to oxidative stress in the adaptive
response of cells (Mates et al., 1999). In mammalian cells, NADPH is bound to
catalase protecting it from inactivation by H

2
O

2 
(Chaudiere and Ferrari-Illiou,

1999). Since GSH-Px has a much higher affinity for H
2
O

2
 than CAT (Jones et al.,

1981) and wider distribution in the cell (catalase is located mainly in peroxisomes),
the H

2
O

2
 removal from the cell is very much dependent on GSH-Px. Details of

GSH-Px action are shown in Chapter 2. Recently it has been shown that thioredoxin
peroxidases are also capable of directly reducing hydrogen peroxide (Nordberg
and Arner, 2001). It is interesting that the levels of antioxidant enzymes are regulated
by gene expression as well as by post-translational modifications (Fugi and
Taniguchi, 1999).
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Did you know that as part of GSH-Px and Thioredoxin
reductase Se regulates the first and second levels of

antioxidant defence?

Transition metal ions also accelerate the decomposition of lipid hydroperoxides
into cytotoxic products such as aldehydes, alkoxyl radicals and peroxyl radicals:

LOOH + Fe2+  LO*  + Fe3+ + OH-

LOOH + Fe3+  LOO* + Fe2+ + H+

Therefore, metal-binding proteins (transferrin, lactoferrin, haptoglobin, hemopexin,
metallothionenin, ceruloplasmin, ferritin, albumin, myoglobin, etc.) also belong
to the first level of defence. It is necessary to take into account that iron and
copper are powerful promoters of free radical reactions and therefore their
availability in “catalytic” forms is carefully regulated in vivo (Halliwell, 1999).
Therefore organisms have evolved to keep transition metal ions safely sequestered
in storage or transport proteins. In this way the metal-binding proteins prevent
formation of hydroxyl radical by preventing them from participation in radical
reactions. For example, transferrin binds the iron (about 0.1% of the total body
reserves), transports it in the plasma pool and attaches it to the transferrin receptor.
The important point is that iron associated with transferrin will not catalyse free
radical reaction. Ferritin is considered to be involved in iron storage (about 30%
of total body reserves) within the cytosol in various tissues including liver and
spleen. Major part of iron in the body (55-60%) is associated with hemoglobin
within red cells and about 10% with myoglobin in muscles (Galey, 1997). A range
of other iron-containing proteins (mainly enzymes) can be found in the body
including NADH dehydrogenase, cytochrome P450, ribonucleotide reductase,
proline hydroxylase, tyrosine hydroxylase, peroxidases, catalase, cyclooxygenase,
aconitase, succinate dehydrogenase, etc. (Galey, 1997). Despite an importance
of iron in various biochemical reactions, iron can be extremely dangerous when
not carefully handled by proteins. In fact, in many stress conditions a release of
free iron from its normal sites and its participation in Fenton chemistry mediate
damages to cells.  For example superoxide radical can release iron from ferritin
and H

2
O

2
 degrades the heme of hemoglobin to liberate iron ions (Halliwell, 1987).

Did you know that metal-binding proteins bind Fe and Cu and
prevent their participation in free radical production?

Ceruloplasmin  is another major protein mediating free radical metabolism being
a copper-binding protein. Under physiological conditions it binds six or seven
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copper ions per molecule preventing their participation in free radical generation.
About 5% of human plasma copper is bound to albumin or to amino acids and the
rest is bound to ceruloplasmin. Furthermore ceruloplasmin possesses antioxidant
properties itself being able to scavenge superoxide radical (Yu, 1994). Therefore,
it is now quite clear that metal sequestration is an important part of extracellular
antioxidant defence.

Unfortunately this first level of antioxidant defence in the cell is not sufficient
to completely prevent free radical formation and some radicals do escape through
the preventive first level of antioxidant safety screen initiating lipid peroxidation
and causing damage to DNA and proteins. Therefore the second level of defence
consists of chain-breaking antioxidants - vitamin E, ubiquinol, carotenoids, vitamin
A, ascorbic acid, uric acid and some other antioxidants. Glutathione and
thioredoxin systems  also have a substantial role in the second level of antioxidant
defence (for details see Chapter 2). Chain-breaking antioxidants inhibit
peroxidation by keeping the chain length of the propagation reaction as small as
possible. Therefore, they prevent the propagation step of lipid peroxidation by
scavenging peroxyl radical intermediates in the chain reaction:

LOO* + Toc  Toc* + LOOH

(LOO* is lipid peroxyl radical; Toc - tocopherol, Toc* - tocopheroxyl radical,
LOOH – lipid hydroperoxide )

Vitamin E, the most effective natural free radical scavenger identified to date, is
the main chain breaking antioxidant in the cell. However, hydroperoxides, produced
in the reaction of vitamin E with the peroxyl radical, are toxic and if not removed,
impair membrane structure and functions (Gutteridge and Halliwell, 1990). In
facts, lipid hydroperoxides are not stable and in the presence of transition metal
ions can decompose producing new free radicals and cytotoxic aldehydes (Diplock,
1994). Therefore hydroperoxides have to be removed from the cell in the same
way as H

2
O

2
, but catalase is not able to detoxify these compounds and only Se-

dependent GSH-Px can deal with them converting hydroperoxides into non-
reactive products (Brigelius-Flohe, 1999) as follows:

                                                                        
 GSH-Px

ROOH + 2GSH  ROH (non-toxic)+ H
2
O + GSSG

Thus, vitamin E performs only half the job in preventing lipid peroxidation by
scavenging free radicals and forming hydroperoxides. The second part of this
important process of antioxidant defence is due to Se-GSH-Px. It is necessary to
underline, that vitamin E and selenium work in a tandem; and even very high
doses of dietary vitamin E cannot replace Se which is needed (in the form of
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GSH-Px and thioredoxin reductase) to complete the second part of antioxidant
defence as mentioned above. Thus, Se as an integral part of the GSH-Px and
thioredoxin reductase belongs to the first and second levels of antioxidant defence.

Did you know that vitamin E performs only half the job in
preventing lipid peroxidation by scavenging free radicals
and forming hydroperoxides and Se-GSH-Px is absolutely

essential to complete antioxidant defence?

Coenzyme Q is considered to be an important antioxidant, which is synthesised
in vivo (see chapter 10) and is an important integral part of the antioxidant defence
system in the cell.

Carotenoids recently were included into family of natural antioxidants. They
exhibit their maximum antioxidant activity at low oxygen pressures, which prevail
in healthy tissues. It has been recently hypothesised that carotenoids are not the
major antioxidant players themselves but rather are an important part of the
antioxidant system (Surai, 2002). Therefore antioxidant interactions including
their recycling provide an effective and reliable system of defence from free
radicals and toxic products of their metabolism.

Vitamin C is a hydrophilic antioxidant functioning in an aqueous environment
and possessing high free-radical-scavenging activity  (Yu, 1994). It directly reacts
with O

2
- and OH* and various lipid hydroperoxides and is taking part in the

vitamin E recycling (Yu, 1994; Halliwell, 1996). Ascorbic acid is protective against
a number of ROS (Carr and Frei, 1999; Halliwell, 1999a, 1996; Table 1.7).

The major advantages of ascorbate as an antioxidant  have been described as
follows (Carr and Frei, 1999):

• Both ascorbate and ascorbyl radical have low reduction potentials and can
react with most other biologically relevant radicals and oxidants;

• Ascorbyl radical has a low reactivity as a result of resonance stabilisation of
unpaired electron and readily dismutates to ascorbate and dehydroascorbic
acid (DAA);

• Ascorbyl radical and DAA  can be converted into active ascorbate form by
enzyme-dependent or independent pathways. In particular, ascorbyl radical
can be reduced by NADH-dependent semidehydroascorbate reductase or
by thioredoxin reductase. At the same time DAA can be reduced to AA by
GSH, lipoic acid or glutaredoxin.
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Table 1.7 Antioxidant properties of ascorbate (Adapted from Halliwell, 1996; 1999a).

Scavenges O
2
* and HO

2
*

Scavenges water-soluble peroxyl (ROO*) radicals. Lypophylic ascorbate esters can scavenge
  lipid-soluble ROO* radicals
Scavenges thiyl and sulphenyl radicals
Prevents damage by radicals arising by attack of OH* or ROO* upon uric acid
Powerful scavenger of hypochlorous acid
Inhibits damage by peroxinitrite
Powerful scavenger and quencher of singlet oxygen
Scavenges OH* radicals
Scavenges nitroxide radicals
May regenerate α-tocopherol from α-tocopheryl radicals in membranes and lipoproteins
Protects plasma lipids against peroxidation induced by activated neutrophils
Protects membranes and lipoproteins against lipid peroxidation induced by cigarette smoke
Powerful scavenger of O

3
 and NOO* in human body fluids

Inhibits oxidative damage by drug-derived radicals
Scavenges free radicals on proteins

Glutathione (GSH) is the most abundant non-protein thiol in avian and mammalian
cells, and considered to be an active antioxidant in biological systems providing
cells with their reducing milieu (Meister, 1992). Cellular GSH plays a key role in
many biological processes (Sen and Packer, 2000):

• the synthesis of DNA and proteins;
• cell growth and proliferation;
• regulation of programmed cell death;
• immune regulation;
• the transport of amino acids;
• xenobiotic metabolism;
• redox-sensitive signal transduction.

Furthermore, GSH thiolic group can react directly with (Lenzi et al., 2000; Meister
and Anderson, 1983):

• H
2
O

2
;

•  superoxide anion;
•  hydroxyl radicals;
•  alkoxyl radicals;
•  hydroperoxides
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Therefore, a crucial role for GSH is as free radical scavenger, particularly effective
against the hydroxyl radical (Bains and Shaw, 1997), since there are no enzymatic
defences against this species of radical. Usually decreased GSH concentration in
tissues is associated with increased lipid peroxidation (Thompson et al., 1992).
Furthermore in stress conditions GSH prevents the loss of protein thiols and vitamin
E (Palamanda and Kehrer, 1993) and plays an important role as a key modulator
of cell signaling (Elliott and Koliwad, 1997). Animals and human are able to
synthesise glutathione.

Taurine, a sulphur containing amino acid (2-aminoethane sulfonic acid) is
synthesised from methionine and cysteine in the presence of vitamin B6 and
found in almost all tissues in mammals. It is the most abundant intracellular amino
acid in humans which is not incorporated into proteins. Antioxidant properties of
taurine were shown in various model systems in vivo and in vitro (Cozzi et al.,
1995; Haber et al., 2003; Sethupathy et al., 2002). However, antioxidant effect of
taurine is not restricted to PUFAs. For example, Ogasawara et al. (1993; 1994)
showed an inhibiting effect of taurine against the modification of protein, as well
as an antioxidative effect through the reactions of taurine with aldehydes in vivo.
It seems likely that in many cases in biological systems taurine could interact with
other antioxidants being an important part of an integrated antioxidant system.
For example, taurine supplementation of rats restored kidney GSH content and
GSH-Px activity and reduced MDA production levels in the kidney tissue following
cisplatin treatment (Saad and Al-Rikabi, 2002). In streptozotocin-diabetic rats,
dietary taurine supplementation ameliorates MDA levels, GSSG/GSH, and NAD+/
NADH (Obrosova and Stevens, 1999). Taurine reduced significantly a decrease
of glutathione antioxidant system activity protecting tissues against GSH pool
depletion and preventing a decrease of glutathione reductase and glutathione
peroxidase activities in acute severe hypoxia (Man’kovs’ka et al., 1998).

Uric acid is traditionally considered to be a metabolically inert end-product of
purine metabolism in man, without any physiological value. However, this
ubiquitous compound has proven to be a selective antioxidant (Becker, 1993;
Maples and Mason, 1988) which can:

• react with hydroxyl radicals and hypochlorous acid, itself being converted
to innocuous products

• serve as an oxidisable cosubstrate for the enzyme cyclooxygenase
• protect against reperfusion damage induced by activated granulocytes
• prevents oxidative inactivation of endothelial enzymes in stress conditions
• chelate transition metal ions and scavenging ROS

Some specific enzymes which hydrolyse oxidised bases preventing their
incorporation into DNA can also be considered as a part of the second level of
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antioxidant defence (Slupphaug et al., 2003). The role of ubiquinones and uric
acid in the farm animal and poultry development has not yet been studied.

However, even the second level of antioxidant defence in the cell is not able to
prevent damaging effects of  ROS and RNS on lipids, proteins and DNA. In this
case, the third level of defence is based on systems that eliminate damaged
molecules or repair them. This level of antioxidant defence includes lipolytic
(lipases), proteolytic (peptidases or proteases) and other enzymes (DNA repair
enzymes, ligases, nucleases, polymerases, proteinases, phospholipases and various
transferases).

Since maintaining the integrity of the genome is of the vital importance, living
organisms have evolved a range of systems that can recognise, signal the presence
of, and repair the various forms of DNA damage.  In fact, DNA repair is one of
the fundamental processes of life (130 human DNA repair genes have been
identified; Wood et al., 2001) and if the systems are compromised devastating
consequences would be expected. In order to deal with the deleterious effects of
such lesions, leading to genomic instability, cells have evolved a number of DNA
repair mechanisms. They include the direct reversal of the lesion,  mismatch repair,
the base excision repair, nucleotide excision repair, nucleotide incision repair,
transcription-coupled repair, global genome repair, translesion synthesis,
homologous recombination and non-homologous end-joining (Gros et al., 2002;
Slupphaug et al., 2003). These repair pathways are universally present in living
cells and extremely well conserved.

Did you know that 130 human DNA repair genes
have been identified?

Therefore, DNA repair systems include a number of enzymatic processes ranging
from base recognition and excision to ligation of DNA strands. In particular, the
DNA glycosylases recognise damaged purines and pyrimidines and hydrolyse
the bond linking the abnormal base to the sugar-phosphate backbone (Halliwell
and Gutteridge, 1999); the 5I-apurinic endonucleases process strand breaks, sites
of base loss, and the products of DNA glycosylase/apurinic lyase action. DNA
polymerase fills in the one-nucleotide gap with the correct base.  DNA ligases
complete the repair process by sealing the 3I end of the newly synthesised stretch
of DNA to the original portion of the DNA chain (Cardozo-Pelaez et al., 2000;
Wallace et al., 1997; Croteau and Bohr, 1997).

It is believed that most damaged or inappropriate bases in DNA are removed
by excision repair, while a minority are repaired by direct damage reversal (Krokan
et al., 2000). The importance of these DNA repair systems is confirmed by the
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fact that defects in these can result in cell death and hypersensitivity to endogenous
or environmental mutagens (Jackson, 1998). Therefore removing mutagenic
lesions in DNA is a vital task for repair systems. In general, the repair DNA damage
mechanisms in bacteria are well defined, whereas in higher eukaryotes the genes
and proteins responsible for repair await further investigation (Croteau and Bohr,
1997). It seems likely that DNA repair is integrated with cell cycle regulation,
transcription and replication and use some common factors (Slupphaug et al.,
2003). However, the enzymes of the third level of antioxidant defence do not
achieve complete repair or removal of damaged DNA molecules and this could
lead to arrest of cell cycle and cell death. In fact, programmed cell death (apoptosis)
is involved in maintenance of the genetic integrity by removing genetically altered
cells.

Selenium in an organic form can directly or indirectly effect DNA integrity
and repair. For example, elderly male dogs were fed on the diet supplemented
with selenium in the form of SeMet or high-selenium yeast at 3 µg/kg or 6 µg/kg
body weight per day for 7 months and a comparison was made with
unsupplemented control dogs. The extent of DNA damage in prostate cells and in
peripheral blood lymphocytes, as determined by the alkaline comet assay, was
lower among the selenium-supplemented dogs than among the control dogs
(Waters et al., 2003). Furthermore, Seo et al. (2002a) showed that selenium in the
form of SeMet induces a DNA repair response in normal human fibroblasts in
vitro, and protects cells from DNA damage. A possible mechanism for the inducible
DNA repair response was shown to be enhanced repair complex formation in
selenomethionine-treated cells. Similarly, treatment with SeMet either on initiation
or on selection/promotion, or during the entire experiment showed that SeMet
was most effective in regulating the cellular antioxidant defence systems, DNA
chain break control and reducing aberrant crypt foci in the colorectal tissues of
rats (Mukherjee et al., 2001).

Did you that SeMet can affect DNA-repair enzyme systems?

Protective effect of Se against DNA damage depends on the dose used. For
example, measurements in acinar cells in Syrian golden hamsters suggested a
more rapid repair of single-strand breaks DNA in hamsters prefed 2.5 ppm Se
than in those prefed 0.1 ppm Se (Birt et al., 1988). It has also been shown that
selenium in the form of SeMet can activate the p53 tumor suppressor protein by a
redox mechanism that requires the redox factor Ref1 (Seo et al., 2002). Specifically,
SeMet induced sequence-specific DNA binding and transactivation by p53 and
therefore the DNA repair branch of the p53 pathway was activated. Recognition
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and signalling of DNA damage is an important event for the induction of subsequent
cellular responses such as increased repair, cell cycle arrest and apoptosis.
Recognition of DNA breaks is accomplished by a group of phosphatidylinositol-
3-kinases. These kinases are ATM (ataxia telangiectasia mutated), ATR (ataxia
telangiectasia related) and the catalytic subunit of DNA–PK (Christmann et al.,
2003). ATR and ATM can bind to DNA ends of damaged DNA, which results in
activation of the kinase activity.  It is interesting that treatment with SeMet was
shown to enhance ATR and CHK2 gene expression in cultured human thyroid
epithelial cells (Kennedy et al., 2004). The authors suggested that SeMet may
prevent radiation-induced adverse biological effects by enhancing the DNA repair
machinery in irradiated cells. Therefore it is clear that SeMet has a unique specific
effect on the DNA repair system as well as provides a protection against DNA
damage and this effect is not the case or even can be opposite when selenite is
used.

In spite of important roles of protein oxidation in pathogenesis of the
development of various diseases, mechanisms for the control of protein oxidation
and their repair have not been well studied and this has been a topic of great
interest for the last few years. The oxidative damage to proteins is associated with
alteration of transport proteins and ion dis-balance, disruption to the receptors
and impair signal transduction, enzyme inactivation etc. It is believed that
conversion of –SH groups into disulphides and other oxidized species (e.g.
oxyradicals) is one of the earliest events during the radical-mediated oxidation of
proteins. Therefore, thioredoxin plus thioredoxin reductase deal with these changes
by reducing protein disulphides to thiols and regulating redox-sensitive
transcription factors (Dean et al., 1997).

It is interesting that reversible oxidation of cysteine could be an important
cellular redox sensor in some proteins (Finkel, 2000). Methionine residues in
proteins are also very susceptible to oxidation with methionine sulfoxide formation,
which was detected in native proteins (Gao et al., 1998). This could affect activity
of various proteins (Table 1.8). In fact, almost all forms of ROS oxidize methionine
residues of proteins to a mixture of the R- and S-isomers of methionine sulfoxide
(Stadtman  et al., 2002). Methionine sulfoxide reductase (Msr) can reduce either
the free or the protein-bound methionine sulfoxide back to methionine. Therefore
Msr is considered a repair mechanism for dealing with the product of reaction of
oxidants with methionine residues (Levine et al., 1996). The authors hypothesized
that methionine residues function as a “last chance” antioxidant defence system
for proteins. It was shown that in bacterial glutamine synthetase surface-exposed
methionine residues surrounding the entrance to the active site are preferentially
oxidised and other residues (e.g. cystein) within the critical regions of the protein
are protected without loss of catalytic activity of the protein (Levine et al., 1996).
Indeed, due to Msr activity the methionine-methionine sulfoxide pair can function
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Table 1.8 Proteins and peptides with activity altered by methionine oxidation (adapted from Levine et al.,
2000).

Adrenocorticotropic hormone Interferon  α-2b
α-1-antitrypsin Interferon γ
α-2-antitrypsin Interleukin 6
α-2-macroglobulin Keratinocyte growth hormone
Amyloid beta peptide Lypoxygenase
Antiflammin Lutropin
Antitrombin Lysozyme
Apolipoprotein Mucus proteinase inhibitor
Bombesin Neuropeptide Y
Bugarotoxin Ovoinhibitor
Calcitonin Parathyroid hormone
Calmodulin Pepsin
Chemotactic peptide f-Met-Leu-Phe Phosphoglucomutase
Cholecystokinin Plasminogen activator inhibitor
Chorionic somatomammotropin Potassium channel
Chymotrypsin Prolactin
Complement C5 Ribonuclease
Cytochrom c peroxidase Ribosomal protein L12
Cytochrome c Secretory leukocyte proteinase inhibitor
Echistatin Small heat shork protein
Enkephalin Snake venon cardiotoxin
Factor VII Stem cell factor
Fibronectin Subtilisin
Glucagon Thrombomodulin
Glutamine synthetase Tissue plasminogen activator
Growth hormone Triptophanase
Hemoglobin Vasoactive intestinal peptide
HIV-2 protease

catalytically. MsrA is present in most living organisms, is encoded by a single
gene and the mammalian enzyme has been detected in all tissues studied. In
particular it is found in the cytosol and mitochondria of rat liver cells (Vougier et
al., 2003).  Msr is considered to have at least three important function in cellular
metabolism including antioxidant defence, repair enzyme and a regulator of certain
enzyme function and possibly participation in signal transduction (Bar-Noy and
Miskovitz, 2002; Stadtman  et al., 2002 ). In particular, mouse that lacks the
MsrA gene (Moskovitz et al., 2001):

• exhibits enhanced sensitivity to oxidative stress
• has a shorter lifespan
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• develops an atypical walking pattern
• accumulates higher tissue levels of oxidised protein under oxidative stress
• is less able to up-regulate expression of thioredoxin reductase under

oxidative stress

On the other hand, overexpretion of the MsrA gene in the nervous system markedly
extends the lifespan of the fruit fly Drosophila (Ruan et al., 2002), human T-cells
(Moscovitz et al., 1998) and mouse (Moscovitz et al., 2001). Furthermore, the
authors showed that MsrA transgenic flies are more resistant to paraquat-induced
oxidative stress. In fact Msr is also considered to be a potential missing link in the
post-translational modification cycle involved in the specific oxidation and
reduction of methionine residues in cellular signalling proteins which can change
cellular excitability (Hoshi and Heinemann, 2001). This could well be the regulatory
mechanism similar to protein phosphorylation. The general scheme of antioxidant
function of Msr is shown in Figure 1.2.

Protein-
MetSO

Protein-
Met

Msr-red

Msr-ox

Thioredoxin
-ox

Thioredoxin-
red

NADPH

NADP+

CO2+
Pentose

G-6-P RSred

RSox

Figure 1.2  Function of methionine sulfoxide reductase (adapted from Levine et al., 2000).

RSox represents a reactive species which is reduced with concomitant oxidation of methionine residue in
the protein. Thioredoxin-red and ox- are reduced and oxidised thioredoxin. Msr-ox and –red- are
methionine sulfoxide reductase.

MsrA has been known for a long time, and its repairing function is well
characterised, however, recently, a new methionine sulfoxide reductase was
characterised (Grimaud et al., 2001). It was referred to as MsrB and it was shown
that the gene of MsrB is present in genomes of eubacteria, archaebacteria, and
eucaryotes. Therefore, in mammals two methionine sulfoxide reductases, MsrA
and MsrB, are expressed with different substrate specificity (Grimaud et al., 2001).
They catalyze the thioredoxin-dependent reduction of the S-isomer and R-isomer
of methionine sulfoxide to methionine, respectively.
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Did you know that mammalian methionine sulfoxide reductase B
has been identified as a selenoprotein, previously known as

selenoprotein R?

Recently the major mammalian MsrB has been identified as a selenoprotein
(Maskovitz et al., 2002; Kryukov et al., 2002). In fact it has been found that
selenoprotein R is a zinc-containing sterteo-specific Msr (Kryukov et al., 2002).
Furthermore, it has been shown that there was a loss of MsrB activity in the MsrA–

/– mouse in parallel with losses in the levels of MsrB mRNA and MsrB protein
(Moskovitz and Stadtman, 2003). Therefore, the author suggested that MsrA might
have a role in MsrB transcription. Moreover, Se deficiency in mouse was associated
with a substantial decrease in the levels of MsrB-catalytic activity, MsrB protein,
and MsrB mRNA in liver and kidney tissues (Moskovitz and Stadtman, 2003). It
has been reported that human and mouse genomes possess three MsrB genes
responsible for synthesis of the following protein products: MsrB1, MsrB2 and
MsrB3 (Kim and Gladyshev, 2003). In particular, MsrB1 (Selenoprotein R) was
present in the cytosol and nucleus and exhibited the highest methionine-R-
sulfoxide reductase activity due to presence of selenocysteine (Sec) in its active
site. Other mammalian MsrBs are not selenoproteins and contain cysteine in place
of Sec and were less catalytically efficient (Kim and Gladyshev, 2003).

Did you know that Se in the form SeMet is involved in
regulation of DNA-repair enzymes and as a part of MsrB
regulates protein repairing system and therefore regulates

the third level of antioxidant defence?

The reduced glutathione itself can also participate in maintenance of protein –SH
groups. At the same time the thioredoxin system has alkyl hydroperoxide reductase
activity. Protein disulphide isomerase is also involved in re-pairing of –SH groups
in proteins (Dean et al., 1997). Furthermore, the cells can generally remove
oxidized proteins by proteolysis. In fact, damaged proteins are degraded by the
proteasome, multicatalytic proteinase (an intracellular, nonlysosomal threonine
type protease, EC 3.4.99.46), which is responsible for degradation of the majority
of cytosolic proteins (Rock et al., 1994).

It is well recognised now that the proteasome is the major enzymatic system in
charge of cellular “cleansing” and plays a key role in the degradation of damaged
proteins controlling the level of altered proteins in eukaryotic cells (Friguet et al.,
2000). It is suggested that enhanced susceptibility to degradation by proteinases
is employed as a criterion of unfolding (Dean et al., 1997), however, heavily
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oxidized proteins are characterised by an increased resistance to proteolytic attack
by most proteinases. The proteasome complex recognises hydrophobic amino
acid residues, aromatic residues, and bulky aliphatic residues that are modified
during the oxidative stress and catalyse the selective removal of oxidatively
modified cell proteins (Grune et al., 1997). By minimising protein aggregation
and cross-linking and by removing potentially toxic protein fragments proteasome
is an active part of the cellular defence system against oxidative stress. The selective
degradation of oxidatively damaged proteins enables cells to restore vital proteins
including enzymes during physiological metabolism and during moderate stress
conditions (Grune et al., 1997). Oxidized proteins may also be recognised as
‘foreign’ by the immune system with corresponding antibody formation (Halliwell
and Gutteridge, 1999). Clearly, further work is needed to clarify molecular
mechanisms of the third level of antioxidant defence.

 All these antioxidants are operating in the body in association with each other
forming an integrated antioxidant system. The co-operative interactions between
antioxidants in the cell are vital for maximum protection from the deleterious
effects of free radicals and toxic products of their metabolism. For-example, it is
well established that vitamin E is the major antioxidant in biological membranes,
a “head quarter” of antioxidant network. However it is usually present there in
low molar ratios (one molecule per 2000-3000 phospholipids) but vitamin E
deficiency is difficult to induce in adult animals. It is probably due to the fact that
oxidised vitamin E can be converted back into the active reduced form by reacting
with other antioxidants: ascorbic acid, glutathione, ubiquinols or carotenoids
(Figure 1.3). This figure demonstrates a connection of antioxidant defence to the
general body metabolism (the pentose phosphate cycle is the major producer of
reducing equivalents in the form of NADPH) and shows involvement of other
nutrients in this process. For example, dietary protein is a source of essential
amino acids for glutathione synthesis, riboflavin is an essential part of glutathione
reductase, niacin is a part of NADPH and Se is an integral part of thioredoxin
reductase. At the same time thiamine is required for transketolase in the pentose
phosphate pathway.

Thus, a major finding in recent years is the possibility of direct or indirect
vitamin E recycling from its oxidised radical form by means of ascorbate (Chan
et al., 1991; Chan, 1993), glutathione (Niki et al., 1982; Chan, 1993), cysteine
(Motoyama et al., 1989), ubiquinols (Freisleben and Packer, 1993; Chan, 1993),
lipoic acid (Packer, 1998), estrogens (Mukai et al., 1990), carotenoids (Palozza
and Krinsky, 1992; Bohm et al., 1997) and potentially quercetin and catechins
(Pietta, 2000), anthocyanins (Frank et al., 2002) and rosemary extracts (Madsen
et al., 1997).  Enzymatic regeneration of α-tocopherol has been also described
(Maguire et al., 1989; Kagan et al., 1998).  The rate of reduction of phenoxyl
radical in the membrane decreased in the order of ascorbic
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acid>cysteine>glutathione (Niki, 1996).  The rate of regeneration, or recycling,
of the vitamin E radicals that form during their antioxidant action may affect both
its efficiency in antioxidant action and its lifetime in biological systems and the
greater recycling activity is associated with increased efficiency of inhibition of
lipid peroxidation (Packer, 1995).  Whether all these regeneration reactions take
place in vivo await investigation.  Due to incomplete regeneration (the efficiency
of recycling is usually less than 100%) in biological systems, the antioxidants
have to be obtained from the diet (e.g. vitamin E and carotenoids) or synthesised
in the tissues (glutathione).

Vit .E-
radical

Vitamin E

AA

DAA

GSSH

2GSH

NADPH

NADP+

CO2+
Pentose

G-6-P

Glucose Diketo-L-gulonic
acid

Vit .E quinoneMembrane
Transport

123

ROO*

ROOH

Loss

Loss

Loss

Se

Riboflavin
Niacin

Thiamin

Figure 1.2   Redox cycle of vitamin E (Adapted from Winkler et al., 1994 ; Surai, 1999)

As a result of antioxidant action of vitamin E, tocopheroxyl radical is formed. This radical can be reduced
back to an active form of α-tocopherol by coupling with ascorbic acid oxidation. Ascorbic acid can be
regenerated back from the oxidised form by recycling with glutathione which can receive a reducing
potential from NADPH, synthesised in the pentose phosphate cycle of carbohydrate metabolism. Enzymes
involved in vitamin E recycling are as follows: 1. Thioredoxin reductase; 2. Glutathione reductase; 3.
Glucose-6-phosphate dehydrogenase. Due to incomplete regeneration (the efficiency of recycling is usually
less than 100%) in biological systems, the antioxidants have to be obtained from the diet (vitamin E and
carotenoids) or synthesised in the tissues (ascorbic acid and glutathione).

Therefore the antioxidant protection in the cell depends not only on vitamin E
concentration and location, but also relies on the effective recycling. Indeed, if
the recycling is effective then even low vitamin E concentrations are able to
maintain high antioxidant protection in physiological conditions. For example,
this could be demonstrated using chicken brain as a model system. Indeed, our
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data (Surai, 2002) indicate that the brain is characterised by extremely high
concentrations of long chain polyunsaturated fatty acids predisposing this tissue
to lipid peroxidation. Furthermore, brain contains much lower levels of vitamin E
than other body tissues. However, in fresh chicken brain, levels of products of
lipid peroxidation are very low, which could be a reflection of an effective vitamin
E recycling by ascorbic acid which is present in this tissue in comparatively high
concentrations. Antioxidant recycling is the most important element in
understanding mechanisms involved in antioxidant protection against oxidative
stress. The rate of regeneration, or recycling, of the vitamin E radicals may affect
both its antioxidant efficiency and its lifetime in biological systems. As can be
seen from data presented above the antioxidant defence includes several options
(Surai, 2002):

• Decrease localised oxygen concentration;
• Prevention of first-chain initiation by scavenging initial radicals (SOD, GSH-

Px and catalase);
• Binding metal ions (metal-binding proteins);
• Decomposition of peroxides by converting them to non-radical, non-toxic

products (Se-GSH-Px);
• Chain-breaking by scavenging intermediate radicals such as peroxyl and

alkoxyl radicals (vitamins E, C, glutathione, uric acid, ubiquinol, bilirubin
etc.);

• Repair and removal of damaged molecules.

Additional defensive mechanisms responsible for maintenance of physiological
metabolism in stress conditions include (Surai, 2002):

• Antioxidant recycling mechanisms;
• Redox-signalling and gene expression with an additional synthesis of

important antioxidant molecules ;
• Stress-protein synthesis (e.g. heat shock proteins);
• Apoptosis (can remove damaged cells and restrict mutagenesis).

Antioxidant-prooxidant balance in the body and oxidative stress

In the body a delicate critical balance exists between antioxidant defence and
repair systems and free radical generation (Figure 1.4). In physiological conditions
the right and left parts of the so-called “balances” are in equilibrium i.e. free
radical generation is neutralised by the antioxidant system. Exogenous factors
are among the most important elements, which increase an efficiency of the
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antioxidant system of the organism. Natural and synthetic antioxidants in the
feed as well as optimal levels of Mn, Cu, Zn and Se help to maintain the efficient
levels of endogenous antioxidants in the tissues. Optimal diet composition allows
the antioxidants of the food to be efficiently absorbed and metabolised. Optimal
temperature, humidity and other environmental conditions are also required for
the effective protection against free radical production. The prevention of different
diseases by antibiotics and other drugs is an integral part of the efficient antioxidant
defence as well.

Increase of antioxidant defence
 Stress conditions

Natural antioxidants in the feed
(Vitamins A, E, C, carotenoids, flavonoids,
essential oils); Synthetic antioxidants in
 the feed (BHT, ethoxiquine etc.)

      Se, Mn
     Zn, Cu

Diet  optimization

Environmental condition
 optimization

Disease prevention and
treatment by antibiotics and
other drugs

Antioxidant systems of the organism
Vitamins A, E, C, carotenoids, glutathione, 
ubiquinol , uric acid, antioxidant enzymes 
(SOD, GSH-Px, Catalase)

Toxins, high PUFA,
deficiencies of vitamin E, Se, 
Mn, Zn, Fe-overload

Temperature, humidity,
 hyperoxia,
radiation, UV,
microwave etc.

Diseases: bacterial, viral,
allergy etc.

Free radica l genera tion
Electron-transport chain,
Phagocytes, 
Xanthine oxidase  etc.

Membrane damage

Nutrient absorption 
decrease

Nutrient  imbalance

Decrease of productive
and reproductive
performances

Lipid peroxidat ion,
damages to lipids, 
proteins,  DNA

Injuries to heart -vascular, brain
 and nervous and muscle systems

Meat quality and
shelf life reduction

Milk taste deterioration

Immune incompetence

Nutritional

Environmental

Internal

Figure 1.4 Antioxidant-prooxidant balance in the organism (adapted from Surai, 1999).

Different stress conditions are associated with overproduction of free radicals
and cause oxidative stress i.e. a disturbance in the prooxidant-antioxidant balance
leading to potential tissue damage (Jaeschke, 1995). Stress conditions can be
generally divided into three main categories. The most important part is nutritional
stress conditions including high levels of PUFAs, deficiencies of vitamin E, Se,
Zn or Mn, Fe-overload, hypervitaminosis A and presence of different toxins and
toxic compounds (see chapter 10). A second group of stress factors includes
environmental conditions: increased temperature or humidity, hyperoxia, radiation
etc. Internal stress factors include various bacterial or viral diseases as well as
allergy. All the above-mentioned conditions stimulate free radical generation by a
decrease of coupling of oxidation and phosphorylation in the mitochondria that
results in an increased electron leakage and overproduction of superoxide radical.
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Living cells permanently balance the process of formation and inactivation of
ROS and as a result ROS level remains low but still above zero. Adverse
environmental conditions initiate attempts of organisms to resist the environment
that became more aggressive (Skulachev, 1998). Cells can usually tolerate mild
oxidative stress by additional synthesis of various antioxidants (glutathione,
antioxidant enzymes, etc.) in an attempt to restore antioxidant/oxidant balance.
At the same time, energy expenditures increased and respiration activated leading
to the increased yield of ROS (Skulachev, 1998). However these adaptive
mechanisms have limited ability. Once the free radical production exceeds the
ability of antioxidant system to neutralise them, lipid peroxidation develops and
causes damage to unsaturated lipids in cell membranes, amino acids in proteins
and nucleotides in DNA and as a result, membrane and cell integrity is disrupted.
Membrane damage is associated with a decreased efficiency of absorption of
different nutrients and leads to an imbalance of vitamins, amino acids, inorganic
elements and other nutrients in the organism. All these events result in decreased
productive and reproductive performances of animals. Immunity incompetence
and unfavourable changes in the cardio-vascular system, brain and neurones and
muscle system due to increased lipid peroxidation make the situation even worse.

As it was shown above all antioxidants in the body are working as a “team”
responsible for antioxidant defence and we call this team the antioxidant system.
In this team one member helps another one working efficiently. Therefore if
relationships in this team are effective, which happens only in the case of balanced
diet and sufficient provision of dietary antioxidant nutrients, then even low doses
of such antioxidants as vitamin E could be effective. On the other hand when this
team is subjected to high stress conditions, free radical production is increased
dramatically. During these times, without external help it is difficult to prevent
damage to major organs and systems. This ‘external help’ is dietary
supplementation with increased concentrations of natural antioxidants. For
nutritionist or feed formulator it is a great challenge to understand when the internal
antioxidant team in the body requires help, how much of this help to provide and
what the economic return will be. Again, it is necessary to remember about
essentiality of keeping right balance between free radical production and
antioxidant defence. Indeed, ROS and RNS have another more attractive face
participating in a regulation of varieties of physiological functions (Table 1.9).

Did you know that all antioxidants in the body are working as a
“team” responsible for antioxidant defence and we call this

team the antioxidant system?
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Table 1.9  Some regulatory functions of free radicals (adapted from McCord, 2000; Droge, 2002; Yoon
et al., 2002; Thundathil et al., 2003; de Lamirande and Gagnon, 2003).

Type of radical Source of radical Physiological process

Nitric oxide (NO*) Nitric oxide synthase Smooth muscle relaxation (control of
vascular tone) and various other cGMP-
dependent functions; specific role in signal
transduction events leading to sperm
capacitation

Superoxide  (O2-*) NAD(P)H oxidase Control of ventilation; Control of
and related ROS erythropoitenin production and other

hypoxia-inductible functions; Smooth
muscle relaxation; Signal transduction from
various membrane receptors/enhancement of
immunological functions

Superoxide and Any source Oxidative stress responses and the
related ROS maintenance of redox homeostasis; An

increased intracellular ROS level stimulates
cell proliferation, apoptosis and
differentiation depending on the relative
concentration of oxidants in the cell;
Promotes physiological capacitation in
sperm allowing the acquisition of fertilizing
capacity

ROS Any source Activation of a variety of kinases including
Src kinase family, preotein kinase C,
mitogen-activated protein kinase (MAPK),
receptor tyrosine kinases and transriptional
factors such as AP-1 and NF-kB;
Modification of redox-sensitive proteins
(e.g. thioredoxin)  affecting stress kinases

In commercial animal and poultry production there is a range of stressors and
stress-conditions. For example, stress conditions related to overproduction of free
radicals in poultry production can be summarised as follows:

• Increased interval between an egg being laid and its cooling down for
storage. Eggs should be collected more frequently on warm days. In such
conditions free radical damages to lipids and proteins could occur and
antioxidant protection would be beneficial.

• Egg storage before incubation could be associated with lipid peroxidation
within the egg membranes containing high levels of PUFAs. Increased Se
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concentration in combination with other antioxidants (vitamin E and
carotenoids) could be an effective means to prevent damaging effects of
free radicals produced within the egg.

• Temperature, humidity and carbon dioxide concentration fluctuations during
incubation. They also can affect embryonic development, oxidation and
phosphorylation in the embryonic tissues leading to free radical production.
For example, high carbon dioxide concentrations during the incubation
period can jeopardise the liveability of the embryo (Decuypere et al., 2001).

• Day 19 of embryonic development is an important point when risk of lipid
peroxidation is very high. At this stage chick tissues are characterised by
comparatively high levels of PUFAs (Speake et al., 1998). At the same
time, concentrations of natural antioxidants (vitamin E and carotenoids)
have not reached maximum (Surai, 1999). At this stage of development
piping occurs; and oxygen availability for tissues increases. Low antioxidant
status in combination with high temperature, humidity, and PUFAs could
increase susceptibility to lipid peroxidation.

Did you know that in commercial animal production there is a
range of stress-conditions associated with increased free

radical production?

• Hatching time is considered as an environmental stress for the chick. At this
point natural antioxidant concentrations have reached maximum (Surai,
1999), but high levels of lipid unsaturation in tissues, decreasing
concentration of ascorbic acid (can limit vitamin E recycling) and high
temperature and humidity increase risk of lipid peroxidation.

• Delay in collecting chicks from incubator. Since not all chicks are hatched
at the same time because of heterogeneity of the starting material (eggs
from older breeders hatch earlier than those from young flocks and chicks
from smaller eggs hatch earlier than those from large eggs; Decuypere et
al., 2001), some would be in the incubator for 2-12 hours longer than others.
This puts pressure on antioxidant defence capacity. Furthermore, any delay
in food and/or water intake after hatching usually negatively affect a number
of performance parameters and a delay occurs in the maturation of the
enzymatic systems that control metabolism (Decuypere et al., 2001) and
free radical production and protection against them.
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• Transportation from hatchery to farm is another source of stress. For breeding
companies where chicken transportation could involve several thousand
miles, a very high degree of stress is associated with temperature fluctuation
and dehydration.

• Suboptimal temperatures in the poultry house. Cold tolerance as well as
feather cover is influenced by thyroid hormone activity, which is Se-
dependent.

• High levels of ammonia and CO
2
 in poultry house as a result of inadequate

ventilation. This could substantially decrease antioxidant system efficiency.

• Disease challenge. Phagocytic immune cells themselves produce free
radicals in the process of killing internalised pathogens. Without adequate
antioxidant nutrient reserves, cellular machinery can be damaged by the
free radicals thereby reducing the effectiveness of the immune cell. In
addition, Se is considered to have a specific role in immune system
regulation, which could be independent on its antioxidant functions.

• Vaccination is also a substantial stress; and in some cases using vitamin E,
for example, as a vaccine adjuvant can help improve vaccination efficiency.

• Induced molting with feed withdrawal is an important stress condition when
decreased efficiency of heterophil function increases bird susceptibility to
various infections (Kogut et al., 1999). For example, colonic inflammation,
consisting of heterophils infiltrating lamina propria and epithelium, occurred
more often in molted infected chickens than in unmolted infected chickens
(Porter and Holt, 1993).

• Mycotoxins in the feed can substantially decrease antioxidant assimilation
from the feed and increase their requirement to prevent damaging effects of
free radicals and toxic products of their metabolism, produced as a result of
mycotoxin exposure. It is now increasingly recognised that at least 25% of
world’s grains are contaminated with mycotoxins.

• Heavy metals and other toxicants (dioxine, pesticides, fungicides,
herbicides, etc.) in the feed can also cause an oxidative stress, decreasing
immunocompetence, productive and reproductive performances and
increasing a requirement for antioxidants. For example, thiram a widely
used dithiocarbamate fungicide, in cultured human skin fibroblasts induced
GSH depletion, leading to oxidative stress, lipid peroxidation and finally
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cell death (Cereser et al., 2001). Similarly, in a recent study forty-one male,
healthy agricultural sprayers, exposed to pesticides for 5 years, were
compared with twenty one controls matched for age and economic status
with respect to free radical generation, lipid peroxidation, antioxidant status
and concentration of cellular enzymes were determined (Prakasam et al.,
2001).  Significantly increased TBARS levels and decreased concentrations
of antioxidants such as GSH, alpha-tocopherol, ascorbic acid and
ceruloplasmin were observed in sprayer populations, when compared to
controls. When Mallard eggs were exposed to diquat dibromide, a commonly
used aquatic herbicide, significant manifestations of oxidative stress were
apparent in hatchlings and included increased hepatic lipid peroxidation
and decreased brain reduced glutathione concentration (Sewalk  et al., 2001).
Another herbicide ANITEN I caused an oxidative stress in pheasant kidney
and liver by decreasing activities of antioxidant enzymes (Holovska et al.,
1998).

• Environmental pollutants can cause an oxidative stress in birds. For example
polychlorinated biphenyls (PCBs) increased a GSSG/GSH ratio in the liver
of American kestrels (Hoffman et al., 1996). When chicken eggs were
injected into the air cell with 0.4-1.6 mg PCB/kg egg in corn oil prior to
incubation lipid peroxidation was significantly increased in the embryonic
liver and adipose tissue simultaneously with significant decreases in GSH-
Px activity in these tissues (Jin et al., 2001).  Another pollutant dioxin also
caused dose-dependent increases in the production of superoxide anion,
lipid peroxidation and DNA single-strand breaks rat liver and brain (Hassoun
et al., 2001).

• Oxidized fat in the diet can cause oxidative stress in the intestine increasing
antioxidant requirement to prevent damages. For example the intake of
oxidized oil caused a growth depression and increased TBARS concentrations
in plasma and decreased concentrations of tocopherols, lutein, beta-carotene
and retinol in plasma and tissues of broilers (Enberg et al., 1996).
Furthermore, toxic products of lipid peroxidation may damage the brush
border membrane in the intestine (Kimura et al., 1984) decreasing absorption
of antioxidants. When a chicken diet includes spent fat after its high
temperature treatment, the fat usually contains peroxides and hydroperoxides
which can contribute substantially to oxidative stress. Therefore it is
necessary to evaluate a benefit and disadvantages of using such fat sources.

• Extensive preventive medication (coccidiostats or other veterinary drugs in
the diet) can decrease antioxidant assimilation from the diet or increase
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their requirement to deal with generated stress conditions.  For example,
monensin can stimulate lipid peroxidation in the chicken liver (Salyi et al.,
1990). Similarly, oral furazolidone treatment of chickens was associated
with a decreased vitamin E concentration and increased lipid peroxidation
in their liver (Sas, 1993). Other drugs, for example allopurinol, can also
cause an oxidative stress in broilers and decrease their body weight (Klandorf
et al., 2001).

• Vitamin A excess in the diet is shown (Surai et al., 1998; 2000) to cause an
oxidative stress decreasing vitamin E and carotenoid concentrations in
tissues and increasing tissue susceptibility to lipid peroxidation.

The list of potential stresses can vary from one poultry farm to another, but
overproduction of free radicals and the critical need for antioxidant protection are
common factors. It is interesting, that in wild, birds are often exposed to
electromagnetic fields, which cause oxidative stress and suppressed plasma total
protein, hematocrit and carotenoids in kestrels (Fernie and Bird, 2001). Similar
stresses can be attributed to farm animal production. Some potential stress-
conditions, related to the production of free radicals in the digestive tract of human
and animals are presented in Chapter 10.

Did you know that antioxidant-prooxidant balance in the cell
is an important determinant of various physiological functions?

Conclusions

Antioxidant-prooxidant balance in the cell is an important determinant of various
physiological functions. Indeed, oxidative stress occurs when this balance is
disturbed due to overproduction of free radicals or compromised antioxidant
defences. Free radical overproduction and oxidative stress are considered as a
pathobiochemical mechanism involved in the initiation or progression phase of
various diseases.. In animal production free radial generation and lipid peroxidation
are responsible for the development of various diseases as well as for the decrease
of animal productivity and product quality (Hurley and Doane, 1989; McDowell,
2000). Dietary antioxidants may be especially important in protecting against the
development of the oxidative stress.

In general, ingestion of excessive amounts of antioxidants is presumed to
shift the oxidant-antioxidant balance toward the antioxidant side. This is supposed
to be beneficial; however, this may also adversely affect key physiological
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processes that are dependent on free radicals, including prostaglandin production,
cell division and differentiation (Azzi and Stocker, 2000). Recent evidence suggests
that cellular oxidation can induce changes in gene expression during normal
development. Conversely, antioxidants such as ascorbate, glutathione, α-
tocopherol or carotenoids are inhibitory to differentiation in many types of cells
(Allen and Venkatraj, 1992).

Did you know that free radicals have a pleasant face being
essentials for a regulation of various physiological processes?

Free radicals are now considered to take part in signal transduction in the cell and
at least two well-defined transcription factors, nuclear factor kB and activator
protein-1 have been identified to be regulated by the intracellular redox state (Sen
and Packer, 1996). The regulation of gene expression by oxidants, antioxidants,
and redox state has emerged as a novel subdiscipline in molecular biology that
has promising implications for the feed industry and animal production. Thus the
redox state of the cell, which reflects antioxidant/prooxidant balance, can be
considered as an important element of gene regulation (Bowie and O’Neill, 2000).
Therefore the effect of antioxidants on animal health is much deeper then one
could expect several years ago. The mechanisms by which natural antioxidants
act at the molecular and cellular level include roles in gene expression and
regulation, apoptosis, and signal transduction (Frei, 1999) and antioxidants are
involved in fundamental metabolic and homeostatic processes. However, there
are still many gaps in our knowledge of the basic molecular mechanisms of
oxidative damage and antioxidant defences (Frei, 1999).

Indeed, a range selenoproteins (see chapter 2) is involved in a regulation of
key elements of antioxidant defences. By maintaining optimal activities of such
antioxidant enzymes as GSH-Px, TR and MsrB as well as directly participating in
regulation of DNA-repair enzymes Se belongs to all three major levels of
antioxidant defences. Furthermore, Se also interacts with other antioxidants such
as vitamin E, ascorbic acid, glutathione and some others. That is why I would call
selenium  “chief executive of antioxidant defences”. In the next chapters
information will be presented proving that Se is a key to effective antioxidant
defences and to maintaining animal and human health. Indeed  “Diet cures more
than lancet”

Did you know that selenium is a chief executive of antioxidant
system responsible for regulation of most important antioxidant

defences in the body?
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