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A b s t r a c t

The present work is a theoretical study in the field of monitoring oxidative damage to proteins and lipids du -
ring ageing. The basic terminology and interactions are discussed as well as the sources of oxidants and their
elimination through antioxidant protection. We focus on the effects of oxidative stress on the biomolecules (pro-
teins, lipids and DNA), the role of mitochondria, antioxidants, physical activity and caloric restriction in rela-
tion to ageing. Previous research indicates the crucial role of mitochondria in the ageing process by their for-
mation of oxidants, the accumulation of oxidative damage to mtDNA and other biomolecules leading to impair-
ment of mitochondrial function, energy failure, apoptosis and necrosis. Although the role of  oxidative stress in
the ageing process is evident and well documented, the precise mechanisms of its relationships remain largely
unknown. Further research is needed to clarify them and to show ways to slow down the ageing process.
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INTRODUCTION

Oxidative damage to biomolecules during ageing is a topic of interest of many scientists,
especially for severity ageing accompanying effects. Ageing is inevitable and is character-
ized by a progressive deterioration in physiological functions and metabolic processes,
ultimately leading to morbidity and mortality (1). There exist many theories of ageing. The
free radical theory of ageing (2) proposes that free radicals, a by-product of normal meta -
bolism, cause oxidative damage to macromolecules. Their accumulation causes cellular
dysfunction with age and eventually cell death. Over time this theory has been further
refined to reflect the fact that mitochondria are at the same time major sources and a tar-
get of free radicals and other reactive oxygen species (ROS). The main features of mito-
chondrial theory of ageing are: increased ROS production, mitochondrial DNA (mtDNA)
damage accumulation and progressive respiratory chain dysfunction (3). Mitochondria
ensure energetical needs of most tissues and they play a major role in cell survival.
Therefore their dysfunction is causatively linked to the ageing process and a number of
human degenerative diseases such as Parkinson’s or Alzheimer’s disease (4). 

Recently, the lifespan of different organisms can be manipulated by altering ROS
metabolism, especially at the level of scavenging systems, through exogenous and/or
endogenous interventions. Among these, supplementation with dietary antioxidants
has been one of the approaches utilized to test the free radical theory of ageing, and
finally, to try to reduce the impact of age-related dysfunctions (5). Physical activity and
caloric restriction represent other factors investigated in their relation to ageing.

OXIDANTS, OXIDATIVE DAMAGE TO PROTEINS AND LIPIDS, ANTIOXIDANTS

Oxidative damage to biomolecules is caused by free radicals and other (nonradical)
reactive forms of oxygen and nitrogen, especially superoxide radical O2

.-, hydrogen per-
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oxide H2O2, singlet oxygen Δ1O2, hydroxyl radical OH. and nitric oxide NO.. Oxidant
sources can be divided into external and internal. Although internal sources (mito-
chondria and others)  are considered as crucial, some external sources, e.g. smoking,
air pollution or UV radiation, can also significantly contribute to oxidative stress. 

Oxidative damage to proteins under conditions of oxidative stress involves several
chemical reactions such as:  amino acid side chains oxidation, fragmentation of
polypeptide chains, generation of cross linkages and conformation changes. These
oxidative modifications are usually irreversible and lead to serious disruption of pro-
tein function (6). The exception is the reversible oxidation of side chains of methionine
and cysteine. This allows the recovery of protein property and also elimination of ROS,
which is important in protecting cells from oxidative stress (7).

The oxidation of lipids is especially damaging because the formation of  lipid peroxi-
dation products leads to a spread of free radical reactions (8). Lipid peroxidation (LPO)
concerns in particular  polyunsaturated  fatty  acids (PUFA) that gradually form con-
jugated dienes and hydroperoxides after the radical attack. Lipid peroxidation leads
also to the formation of aldehyde by-products, including malondialdehyde (MDA), 4-
hydroxy-2-nonenal (HNE) and acrolein, which are often refered to as advanced lipooxi-
dation end products (ALEs).

Antioxidant is a term widely used but rarely defined. Halliwell and Gutteridge (9) have
proposed a broad definition of an antioxidant as „any substance that, when present at
low concentrations compared with those of an oxidizable substrate, significantly delays
or prevents oxidation of that substrate“. Because antioxidants do not work in the body
separately, more important than monitoring the activities of individual antioxidants is
the determination of the total antioxidant capacity (10). Oxidative and antioxidative
processes are associated with the electron transfer effect on the redox state of cells and
the organisms. The changed redox state stimulates or inhibits activities of various sig-
nal proteins, resulting in a changed ability of signal pathways and the fate of the cells.
Recently, the idea that oxidative stress is not always harmful has been accepted (11).

AGEING  AND  MITOCHONDRIA

Previous research indicates the crucial role of mitochondria in the ageing process by:
their formation of oxidants; the accumulation of oxidative damage to mitochondrial
DNA; and other biomolecules leading to an impairment of mitochondrial function, ener-
gy failure, apoptosis and necrosis.  Interest in mitochondria relating to ageing has been
apparent for a long time as shown in the article written by D. Harman in 1972 (12).
Since that time, many studies have been devoted to that subject and, although the role
of mitochondria and oxidative stress in the ageing process is evident and well docu-
mented, the precise mechanisms of their relationships remain largely unknown. 

The mitochondria are, at the same time, major sources and a target of free radicals
and other ROS (13, 14). ROS are generated in mitochondria as a by-product of energy
metabolism; part of the oxygen (2 – 4%) leaks in the form of superoxide from electron
transfer chain (respiratory chain) complexes (15). Although superoxide is not charac-
terized by high reactivity to biomolecules, more dangerous products are formed from it:
hydrogen peroxide, singlet oxygen and hydroxyl radical (6). Superoxide production
occurs in the respiratory chain, localized to complexes I and III (16). In complex I, oxy-
gen is likely to be reduced to superoxide at two sites: one associated with NADH oxi-
dation in the mitochondria matrix; the second one relates to the reduction of
ubiquinone in the membrane (17). Complex III leads to the formation of ROS in the
binding site of antimycine A (18). Enzyme complexes oxoglutarate dehydrogenase and
pyruvate dehydrogenase, in the mitochondrial matrix, are also sites of ROS production
(19). Wang et al. (20) discovered a quantal mode of mitochondrial ROS production. They
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showed that individual mitochondria undergo spontaneous bursts of  superoxide ge -
neration, termed “superoxide flashes”, indicated with the aid of a novel mitochondrial
matrix-targeted superoxide indicator (circularly permuted yellow fluorescent protein
cpYFP). Individual flashes are triggered by transient openings of the mitochondrial per-
meability transition pore (mPTP) and are fuelled by electron transfer complexes-
dependent superoxide production. During cardiac hypoxia/anoxia it is decreased,
whereas, during reperfusion, a flurry of superoxide flash activity occurs.

Mitochondria and other cellular compartments are a target for oxidative modifications
during ageing. The results of the study from this laboratory (21) suggest a different
mechanism of oxidative modification in rat heart compartments e.g. the level of lysine
conjugates increased with age in homogenate while  the level of modified tryptophan
increased in mitochondria.

In addition to free radicals, ALEs play a significant role in oxidative damage to bio-
molecules during ageing: HNE creates protein adducts and induces formation of ROS
in mitochondria, probably due to lipid- and protein-modification of the inner mito-
chondrial membrane (22). MDA shows similar adverse effects, which inhibit especially
pyruvate dehydrogenase, oxoglutarate dehydrogenase, complexes I and II activities in
rat liver mitochondria (23). 

Many studies are focused on changes of mitochondrial respiratory chain complexes
activities during ageing. The results on rats and mice mitochondria are relatively con-
troversial: a decline in activities of the complexes I - IV with age (24, 25); decreased
activities of only some complexes (others without changes), e.g. decrease of only V (26)
or of I and V (27) even the contradictory activity changes: decline of complexes I and V,
increase of II and III (28). The changes in the activities with age can be due to various
factors: the accumulation of oxidative damaged mitochondrial proteins, as provided by
the decrease of thiol groups and the increase of protein-HNE adducts and dityrosines
(25). Similarly, another study (28) reports correlations between decreases in complexes
I and V activities and the increase in oxidative modification of their subunits. However,
activity changes may be related to oxidative damage to other components of the inner
mitochondrial membrane, such as cardiolipin, supplementation of which restores age-
decreased complex I activity (29). A similar effect; activity restoration of several com-
plexes, was achieved by application of  L-carnitine (24). Some studies (1, 27)  suggest
links between changes in respiratory chain function and oxidative damage to DNA
(especially mtDNA), leading to changes in expression of genes coding respiratory chain
complexes. Mitochondrial DNA is more prone to oxidative damage in comparison to
nuclear DNA. Consequently, the decline in activity of complex I, composed of the largest
number of subunits coded by mtDNA, has often been seen (1). Gomez et al. (30) report
another mechanism of respiratory chain function deterioration with age.  According to
these authors, the phenomenon may arise in part from dissociation of large hyper-
molecular assemblies termed “supercomplexes”. Mitochondrial proteins from young
and old rat hearts were separated (blue native PAGE), protein bands analysed (LC-
MALDI-MS/MS) and protein levels quantified by densitometry. Results showed that
supercomplexes composed of various stoichiometries of complex I, III and IV were
observed, and declined significantly with age, without changes in concentrations of sin-
gle complexes I – IV. The deterioration in respiratory chain supercomplexes may be an
important underlying factor for loss of cardiac bioenergetics with age. 

AGEING  AND  ACCUMULATION  OF  OXIDATIVE  DAMAGE

The possibility that ROS/RNS-mediated protein damage contributes to the ageing
process is supported by results of many studies showing that ageing is associated  with
the accumulation of such protein damage. The accumulation of protein damage is
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a complex function of a multiplicity of factors that govern the intracellular levels of
ROS/RNS, on the one hand, and a multiplicity of factors that govern the degradation
and/or repair of damaged proteins, on the other (31). Repair/degradation mechanism is
part of the body’s protective system against the negative effects of ROS/RNS.  The func-
tionality of the system is not perfect, to which also contribute  ROS/RNS and secondary
products of their reactions. The result is the accumulation of oxidative modified  biomo -
lecules that participate in the pathogenesis of various diseases. These include: cardio-
vascular diseases (6, 32); neurodegenerative diseases;  cancer; many lung diseases (33,
34); different genetic diseases such as Down’s syndrome (35); some eye diseases (36);
digestive diseases, especially of the liver (37); rheumatoid arthritis and other chronic
inflammatory diseases; diabetes; and related complications. A growing number of ill-
nesses (schizophrenia, epilepsy, multiple sclerosis, psoriasis) with  increased oxidative
damage suggests its essential role in the pathogenesis of the diseases (38). 

The protein maintenance system ensures repair of sulfur-containing amino acid oxi-
dation products, either by the thioredoxin/thioredoxin reductase system or by the pep-
tide methionine sulfoxide reductase system. Other, irreversible amino acid oxidative
modifications are eliminated by the destruction of protein. Degradation of oxidized pro-
teins  in the cytosol  is mainly achieved  by the ubiquitin-proteasome system. Ubiquitin,
small protein of 76 amino acid residues, is used for labeling of oxidized proteins that
should be degradated (39).  Lon protease provides degradation of the oxidized proteins
in mitochondria. The lysosomal pathway has also been implicated during oxidative
stress throughout a chaperone mediated autophagy. Repair/degradation systems
become less efficient during ageing, leading to an increased intracellular load of da -
maged proteins and to the formation of protein aggregates (40). The aggregates of lipo-
fuscin (highly oxidized, cross-linked, insoluble, not degradable, yellow-brown product)
have been found in various cell types including heart, liver, kidney, neuronal tissue and
dermal tissue. They are associated with the life span of a single postmitotic cell and,
consequently, of the whole organism (41).

An accompanying feature of ageing cells is also the formation of the advanced glycation
end products (AGEs). AGEs are a heterogeneous group of bioactive molecules that are for-
med by the nonenzymatic glycation of proteins, lipids and nucleic acids. Humans are expo-
sed to AGEs produced in the body, especially in individuals with abnormal glucose meta-
bolism, and AGEs ingested in foods. AGEs cause widespread damage to tissues through
upregulation of inflammation and cross-linking of collagen and other proteins (42).

AGEING,  ANTIOXIDANTS,  PHYSICAL  ACTIVITY AND  CALORIC  RESTRICTION

Ageing of humans and other organisms is accompanied by many negative phenome-
na (see above). There is, not surprisingly, an age-old attempt to find a way and means
to eliminate these phenomena, or at least delay or mitigate. Ageing is an extremely com-
plex process, with no factor operating in isolation. Therefore, the interpretation of
results obtained in vitro experiments is usually of very limited validity and results
obtained in vivo may often be different. 

Ageing may cause a violation of oxidant and antioxidant balance in favor of oxidants
by increasing their production and/or reducing antioxidant protection. Many experi-
mental studies have examined the possibility of restoring the original balance by
strengthening the antioxidant protection by  antioxidant supplementation. Many
antioxidants were tested e.g. lipoic acid alone or in combination with carnitine.
Improved mitochondrial bioenergetics (43), reduced damage to mtDNA (44), decreased
apoptosis (45) and increased activities of citrate cycle enzymes and respiratory chain
complexes (46) in ageing rats’ myocardium have been shown. Similar effects were also
seen in the application of other antioxidants. Nevertheless, a clear conclusion on the
role of antioxidants in ageing does not exist yet (6, 38).  Based on the current data, if
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oxidative stress/damage (and therefore also antioxidants) plays a role in ageing, it is
much more limited than previously thought. However, oxidative stress/damage may
play a role in health span, i.e., the period of life during which the animal is free of age-
related pathologies, or may play a stronger role under conditions in which an animal is
exposed to chronic stress over its life span, and may accelerate several features of the
ageing process (47). As we have mentioned earlier, free radicals have also positive roles
in the living organisms. Moreover, antioxidants may, in the non-physiological condi-
tions, show the opposite – prooxidant effects. Example for this is the effect of ascorbic
acid in the presence of excess Fe2+ ions. Thus, the imprudent administration of anti -
oxidants may have a negative impact on the organism (11).

Adequate physical activity is another factor  associated  with ageing. Several studies
indicate reduced production of H2O2 in myocardial mitochondria of physically active
rats (48) or an increase of the life expectancy of the physically active mice from 9 to 19%
(49). The mechanisms of this positive effect remain unclear. One possible mechanism
is related to the change in the ratio of ROS formation and elimination. In spite of
increased consumption of oxygen during physical activity, ROS production does not
grow significantly because in  respiratory state 3 (activity), the relative ROS production
is much lower than in respiratory state 4 (resting respiration). However, physical activ-
ity and subsequent mild oxidative stress activate antioxidant protection by stimulating
the expression of  antioxidant enzymes (50). On the other hand, extreme physical activ-
ity leads to increased oxidative stress, probably due to muscle damage and subsequent
inflammatory response (6).

Caloric restriction (CR) seems to be by far the most effective environmental manipu-
lation that can extend maximum lifespan in many different species (51). Although the
exact mechanism of action of CR is still unknown, the final effect is probably co-creat-
ed by several mechanisms; not only by the reduction of energy metabolism. Li et al. (52)
report that two main mechanisms leading to extended longevity during CR seem to be
DNA methylation and histone modifications. Both of them are believed to dynamically
influence the chromatin structure, resulting in expression changes of relevant genes.
DNA methylation  regulation involves  DNA methyltransferase activation,  resulting in
silencing the expression of target genes such as p16INK4a and Ras due to its hyperme-
thylation. Histone modifications include especially deacetylation effects due to activa-
tion of histone deacetylases Sirt1 and HDAC1, leading to down-regulation of genes such
as p53, Foxo, Ku70 and  p16INK4a. Other authors (53) deny the independent action of
these mechanisms and suggest that CR or CR-mimetic compounds (resveratrol)
increase expression and/or activity of Sirt1, leading to increased histone deacetylation
and, thereby, to increased DNA methylation. In spite of the fact that the precise me -
chanism is not completely known, these results suggest that epigenetic pathways play
an important role in the beneficial effects of caloric restriction on lifespan.

CONCLUSIONS

Literary  sources  used  in  this  review  briefly document  the current  state of
research  on the problem of oxidative damage to critical biomolecules (proteins, lipids)
and the role of damage in ageing. Oxidative changes are the result of an imbalance
between production of free radicals and their elimination. The most important source
of ROS and RNS include mitochondria that are the first targets of their harmful effects,
leading to a progressive decline in mitochondrial function. Although the involvement of
oxidative stress and damage to biomolecules in the ageing process is documented in
many studies, the detailed mechanisms of this involvement still remain unclear.
Unfortunately, many studies have published contradictory experimental results. To
clarify and possibly manipulate the mechanisms acting together in the ageing process,
further experiments are needed, carefully prepared, implemented and evaluated.
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