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SUMMARY : For the reason of the biological importance of antioxidant enzymes and reactive oxygen
species, it was deemed important to survey the literature for reports on the relation between them. The main aim
of this overview not only uncovered the baseline works on aspects of prooxidant and antioxidant processes in dif-
ferent species, but also illuminated the mechanism of the free radical theory of aging. Taken together, this review
suggest that the decline in levels of free radicals revealed a coupled with increased antioxidant enzyme activi-
ties and the reverse is true, but also critical balance between the generation of oxygen free radicals and antiox-
idant defense enzymes during development. However, these results are not still entirely accepted because of the
difficulties of the direct observation of the active oxygen species in biological systems due to their short lifetime. 
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INTRODUCTION 

Mammalian life depends upon oxygen as the final

acceptor of electrons in mitochondrial electron transport,

but the process also generates toxic metabolites (68);

reactive oxygen species (ROS) leak from mitochondria

into the cytoplasm where they cause cellular damage by

oxidizing a variety of biologically important molecules,

including DNA, proteins, lipids, and carbohydrates (70).

Lipid and protein peroxidation reactions play an important

role in the pathogenesis of a variety diseases (70). Also,

Oxidative stress (OS) is caused by an imbalance of oxi-

dants and antioxidants in favor of the former, and is capa-

ble of inflicting injury on membrane lipids, proteins and

nucleic acids (94,103). 

Moreover, oxidative stress is apparent in pathology

associated with aging and many age-related chronic dis-

eases, including atherosclerosis, diabetes mellitus,

rheumatoid arthritis, and neurodegenerative diseases (47).

For the prevention of diseases and control of aging, evalu-

ation and control of oxidative stress in vivo may become

essential. A wide variety of functional assays are used in

the field of research related with oxidative stress. However,

direct detection of reactive oxygen species and other free

radicals is difficult, because these molecules are short-

lived and highly reactive in a nonspecific manner (47).

Although ongoing oxidative damage is, thus, generally

analyzed by measurement of secondary products, includ-

ing derivatives of amino acids, nucleic acids, and lipid per-

oxidation (47), biomarkers to reflect minor changes in the

pro-oxidant/antioxidant status under normal, nonpatholog-

ical conditions in humans might be of special interest. 

In mammalian cells, the enzymatic defense system

consists mainly of superoxide dismutase (SOD), catalase

(CAT), glutathione peroxidase (GPx) and glutathione

reductase (GSSGR) (3, 79). Hydrogen peroxide formed by

the catalytic reaction of superoxide dismutase was further

detoxified by catalase and/or glutathione peroxidase

(8,69).
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The following is a brief concerted attempt to describe

the backgrounds and recent findings which provide specific

suggestions in order to explore the balance between the

oxidative stress and antioxidant defense system with

aging;

1. Formation of antioxidant defense enzymes with age:
Antioxidant enzymes are an important protective

mechanism against ROS and, like many other biochemical

systems, their effectiveness may vary with the stage of

development and other physiological aspects of the organ-

ism (38,50). Also, both the development of (molecular) bio-

markers (51) and understanding of basic pro-oxidant/

antioxidant processes (50) require knowledge of how the

biochemical systems are influenced by key exogenous/

endogenous factors such as developmental stage, age

and sex. 

Also, L'vova and Abaeva (53) elucidated that, a high

antioxidant activity was detected in the brain, liver, heart

muscle, skeletal muscle, kidneys and blood serum of 1, 4,

6, 30, and 90 - 120 days old rat newborns. They added

that the total antioxidant activity and catalase activity

peaked at days 14 - 30 of development. Hussain et al.

(43) recorded a significant increasing pattern of glu-

tathione content in the cerebellum and brain stem with

age. They also demonstrated that the level of antioxidant

enzymes varied in different regions of the brain and the

overall enzyme activities tend to increase with age

progress. 

Furthermore, Shivakumar et al. (82) recorded that,

the total superoxide dismutase activity decreased on day

6, increased again on 10th day, and remained constant

thereafter. While the developmental pattern of manganese

superoxide dismutase was similar to that of the total super-

oxide dismutase, the copper-zinc superoxide dismutase

levels were low at birth and reached adult levels on the

10th day after birth (82). However, there was no variation

in the peroxidase levels during development. The scav-

enging enzymes, such as SOD, CAT and GPx, have been

shown that both systems are immature during early

organogenesis (26), also, the activity of the mitochondrial

oxidative glucose metabolism is low during early organo-

genesis (26). Also, Anguiano et al. (4) noticed that, the

presence of GSH-S-transferase activity at very early

stages of the toad embryonic development. 

2. What is the Oxidative stress (OS)? 
Oxidative stress has been defined as a disturbance in

the balance between the production of reactive oxygen

species (ROS), or free radicals and antioxidant defenses,

which may lead to tissue injury (37). Also, free radical can

be defined as any chemical species that contains unpaired

electrons in their outer orbit and thus can react virtually

with all cell components (11,70,84). Although, reactive

oxygen species are crucial to normal biological processes,

they are potentially dangerous (94,103) and are commonly

referred to as prooxidants (56). The reactive oxygen inter-

mediates (including superoxide and hydroxyl radicals as

well as hydrogen peroxide) can cause direct cellular injury

by including lipid and protein peroxidation and damage to

nucleic acid (72,89). Common examples of the free radi-

cals include the hydroxyl radical (OH), superoxide anion

(O2), transition metals such as iron and copper, nitric oxide

(NO) and peroxynitrite (ONOO-) (22). Moreover, Betteridge

(8) reported that, the free radicals can be produced by sev-

eral different biochemical processes within the body

including: (1) The reduction of the molecular oxygen during

aerobic respiration yielding superoxide and hydroxyl radi-

cals; (2) By products of chemical reactions such as oxida-

tion of catecholamine and activation of the arachidonic

acid cascade product electrons, which can reduce molec-

ular oxygen to superoxide; (3) Production of superoxide

and hypochlorous acid (HOC1), a powerful oxidant, by

activated phagocytes and (4) Nitric oxide production by

vascular endothelium and other cells. 

In addition, Shivakumar et al. (82) recorded that, the

levels of thiobarbituric acid reactive products, indicative of

lipid peroxidation, were very low at birth and increased to

adult levels by the 16th day after birth. Moreover, the free

radicals and lipid peroxidation have been reported to be

increased in the aged brain of rats (40). Also, the lipid per-

oxidation showed an elevated increase with the aging; this

fact is more evident in neuronal than in glial cells of rats

(32). The increased levels of thiobarbituric acid-reactive

substances (TBARS) suggest a net increase in the levels

of oxygen free radicals which could be due to their

increased production and/or decreased destruction (33). 

3. The free radical theory of aging:
The free radical theory of aging is based upon the

adverse effects of oxidative stress (OS), and studies in

humans and other organisms have been shown that

indices of OS generally increase with advancing age (7).
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However, the OS may also be a normal physiological

response in youth, when ROS act as signal transducers

during normal growth and development (68). Also, univa-

lent reduction of O2 yields superoxide anion radical, hydro-

gen peroxide and hydroxyl radical; these metabolites are

capable of reacting with a variety of cellular components,

including nucleic acids, lipids, proteins, free amino acids

and carbohydrates. The resulting oxidative free radicals

are obligate intermediates of many metabolic reactions but

may also cause pathological damage (15,28). Thus, con-

trol of redox balance is critical to cellular development, dif-

ferentiation and homeostasis (2). Also, the body has

evolved a number of interrelated antioxidant mechanisms

to maintain redox homeostasis (94,96). Moreover, Heme

oxygenase (HO) is one of the major antioxidant enzymes

(55); catalyzes the rate limiting step in heme degradation

and the products of this reaction are biliverdin, carbon

monoxide and iron. Biliverdin is rapidly reduced by

biliverdin reductase to bilirubin, and thus the product of HO

is thought to be primarily bilirubin. Furthermore, physiolog-

ical concentration of bilirubin functions as a potent antioxi-

dant by reacting with ROS and, subsequently, becomes

oxidized (55, 86). Hence, BOM rather than bilirubin per se

could be a good marker for evaluating the antioxidant

activity of bilirubin under oxidative stress (62).

Thus, the balance between production and elimina-

tion of ROS is maintained by antioxidants and enzymes

(94,103). Also, antioxidant enzymes counteract excessive

formation and deleterious effects of reactive oxygen

metabolites (Cotgreave et al., 1988). For example; 

(1) Superoxide dismutase (SOD) catalyzes the con-

version of superoxide anion radical to H2O2. 

(2) Catalase (CAT) reduces H2O2 to water;

2H2O2 2H2 O  +  O2

(3) Glutathione peroxidase (GSH-Px) acts in conjunc-

tion with other enzymes to 2H2O2 and to terminate lipid

peroxidation. Changes in antioxidant activities may occur

under conditions that alter the rates of formation of reactive

oxygen radicals. 

(4) The (GSSGR) enzyme catalyses the reduction of

glutathione in the presence of NADPH, which was oxidized

to NADP+;

NADPH + H+ + GSSG                    NADP+ + 2GSH

(GSH is reduced Glutathione form, while GSSG is the

oxidized one).

4. Effect of co-factors on the antioxidant enzymes:
Expression of antioxidant metalloenzyme activities in

developing tissues may be limited by the availability of

their trace metal co-factors. For example, catalase activity

in perinatal rat lung is highly influenced by the pregnant

dam's intake of the enzyme co-factor, Fe (90). On the other

hand, a decrease in Mn concentration is associated with a

fall in MnSOD activity in chick liver during the first week

after hatching (20). Also, Cu-ZnSOD activity of chick liver

more than doubles during this postnatal week in spite of

decreasing hepatic Cu and Zn concentrations (20). Antiox-

idant metalloenzyme co-factors; Fe, Cu and Zn are essen-

tial for maturational processes in the chick embryo, since

deficiencies in their supply lead to severe structural and

functional abnormalities (10). As for the normal pattern of

trace metal distribution, Dewar et al. (17) reported that con-

centrations of Fe, Cu and Zn in whole chick embryo

decrease between days 5 and 18 in ovo, with the most

rapid declines occurring from day 5 to day 10. Upon exam-

ining individual organs of the chick, the concentrations of

Fe, Cu and Zn are markedly greater in liver than in brain

and are similar to those previously reported for the liver

and brain of neonatal mice (46).

Moreover, as for prenatal development, antioxidant

enzyme activities have been measured during late stages

of gestation in mammals (19,74) but have not been related

to trace metal concentrations. Studies of trace metal con-

centrations in avian embryos (73) did not make compar-

isons with antioxidant defenses. Thus, it is not known if the

availability of metal co-factors limits antioxidant enzyme

activity during the prenatal period. Wilson et al. (100)

reported that, prenatal development of antioxidant

defenses is related to spontaneous changes in the supply

of O2, the maturation state of tissues and the concentra-

tions of metalloenzyme cofactors.

5. The variation of OS and antioxidant in different
species:

a. In birds and mammals:
Comparisons between birds and mammals may

reveal developmental patterns that have been conserved

during evolution. For example, hepatic GPx and CAT spe-

cific activities increase in both birds (100) and mammals

(74,85) during the final week before birth. 
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Also, Wilson et al. (100) found that, aside from

hepatic GPx and CAT, however, the expression of antioxi-

dant enzymes differs between chick and mammalian

embryos in a number of ways. They have suggested that,

the changes in SOD and GPx which occur in chick brain

during the final 2 weeks of embryonic development may

result from the particular timing of neuronal and glial prolif-

eration and differentiation in this species. Although this

explanation remains speculative, it is clearly evident that

the developmental patterns of chick cerebral GPx and CAT

differ from those of mammalian species. In the brain of the

guinea pig embryo, for example, the activities of GPx and

CAT increase during days 45-60 of gestation (59). In the

rat brain, on the other hand, the neonatal period from 19

days gestational age through 2 days after birth is marked

by decreases in the specific activities of both enzymes

(18). Contrastingly, in embryonic chick brain during the

final 2 weeks in ovo the specific activity of GPx doubles

and that of CAT falls 4-folds (100). The ontogeny of SOD

also varies between vertebrate species. Cu-ZnSOD is the

predominant isozyme in late gestational and neonatal rat

brain (18) but MnSOD predominates in embryonic chick

brain (100). Additionally, the specific activities of SOD

enzymes in brain vary markedly during the development of

embryonic chick (100), whereas they are maintained at

constant level in guinea pig during days 45-60 of gestation

(59) and in rat from day 19 of gestation through 2 days

after birth (18). 

b. In aquatic organisms:
Despite the relative scarcity of information on the rela-

tionship between age and oxidative stress in aquatic

organisms, the results for G. locusts appear to be consis-

tent with the general definition of ageing as "the progres-

sive accumulation of changes that are responsible for the

decreased ability of organisms to maintain physiological

homeostasis, which may eventually lead to functional

impairment and even death" (27,93,102). 

Furthermore, Dandapat et al. (16) found that the

antioxidant defenses play an important role in providing

protection to the developing larvae from oxidative assault.

Production of ROS during larval development is likely to

depend upon metabolic status of the cell and the ambient

oxygen tension. Although a definite role of the ROS and

antioxidants is established in various cellular processes

such as development, differentiation, regeneration and

regression (1), knowledge on the role of ROS and antioxi-

dants during the embryonic and larval development of

aquatic animals in general and crustaceans, in particular,

is scanty (6). A number of studies have demonstrated

potential for ROS generation; antioxidant enzyme and free

radical scavenger responses; and oxidative damage in

species of invertebrate, mainly in molluscs (51,52).

On the other hand, during the course of egg and

embryonic development, a gradual increase of oxygen

uptake was seen in the prawn M. malcolmsonii that

appeared to be counteracted by an increase in CAT, SOD

and GPx activities (6). Similarly, SOD activity was highest

in embryos of turbot Scophthalmus maximus and

decreased with growth to 11-day old larvae, concomitant

with known decreases in respiration rate over this period

(52,66). In contrast, whole body CAT and GPx activities in

S. maximus increased during the same period (66). Con-

sidering a much later stage of development and growth,

CAT activities and levels of other antioxidants in the

mussle M. edulis were lower in older than younger ani-

mals, consistent with lower oxygen consumption rates in

the former (99).

As a consequence of the reactivity of ROS and their

potential to damage cells and tissues, marine and other

organisms balance the production of these radicals with a

wide variety of cellular antioxidant defenses. Prominent

among these antioxidants are the enzymes superoxide

dismutase (SOD), catalase (CAT) and glutathione peroxi-

dase (GPx) (21,38). Antioxidant enzymes can be induced

by various environmental pro-oxidant conditions (i.e.

increased ROS generation), e.g. exposure to various types

of pollution, as well as being affected by other endoge-

nous/exogenous factors, such as age (6, 41, 66, 99), diet

(67) and seasonably/reproductive cycle (75, 98). In addi-

tion, there have been many studies on the endogenous

antioxidant enzyme systems in fish (60,76) particularly in

relation to specific oxidative stresses (65,71) but also

including studies in relation to age and development (63).

6. Effect of antioxidant enzymes on the cell
proliferation:

Temporal changes in antioxidants within a tissue may

reflect proliferation and differentiation of particular cell

types. In embryonic chick brain, for example, both GPx
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specific activity (100) and glial cell number (49,95)

increase markedly during the second half of the in ovo

incubation period. This is consistent with previous findings

that GPx specific activity is higher in glial cells than in neu-

rons (32,80). Furthermore, Wilson et al. (100) found that,

the late induction of GPx in brain may result from glial pro-

liferation and differentiation.

Similarly, SOD activities may vary because of

changes in the relative abundance of particular cell types.

For example, among adult rat brain cells, the specific activ-

ity of total SOD is approximately 10-fold higher in glial cells

than in neurons (80). In addition, immunolocalization meth-

ods indicate that Cu-ZnSOD occurs in neurons and oligo-

dendroglia, but not in astroglia (91). Cultures of chick

embryonic neurons also have been shown to express Cu-

ZnSOD (92). Analysis of the chick embryonic telen-

cephalon revealed that essentially all postmitotic neurons

are generated between days 4 and 9 but most astroglial

cells originate after day 10 (95). Similarly, glial cells are not

detectable in chick embryonic optic tectum before day 9

(49). These observations suggest that, on the one hand,

the brain's Cu-ZnSOD peak on day 8 is associated-with

ablative abundance of neurons and, on the other hand, the

subsequent increase in MnSOD coincides with augmented

numbers of astroglia (100). Also, the balance between

antioxidant enzymes, SOD and CAT, is relevant for cell

functions (31). An imbalance between Cu-ZnSOD and

GPx was said to be crucial in the prevention of toxicity of

free radicals (42).

On the other hand, ROS play an essential role in the

regulation of cell proliferation, e.g. within the central and

peripheral nervous system, ROS initiate and promote the

establishment of neuronal patterns and subsequent neuro-

genesis (97). Furthermore, the ROS not only act as exter-

nal triggers of apoptosis, but also play a crucial role as

mediators of apoptosis (29,54).

7. The role of glutathione (GSH) on the biological
processes:

Glutathione, a tripeptide thiol consisting of glycine,

cystein and glutamic acid moieties, presents in high con-

centration virtually in all types of living cells (12,61).

McLennan et al. (57) demonstrated that glutathione plays

an important role in the protection of the cells from oxida-

tive damage by (1) reducing disulphide groups of proteins

and other cellular molecules, or by (2) scavenging free rad-

icals and active oxygen species. The latter action occurs

mainly by detoxifying hydrogen peroxides and lipid

hydroperoxides through reactions catalyzed by glutathione

peroxidase as reported by the same authors.

GSH is an abundant intracellular thiol in toad early

embryos and it is known to participate in the control of cel-

lular redox status in different organisms (48). GSH partici-

pates in various critical cellular processes including

detoxification and the regulation of cellular proliferation

and development (2,77). Also, GSH has been reported as

a co-factor in thiol-disulfide exchange reactions in sea

urchin eggs (78) and in the protection of protein-SH

groups. These groups are involved in cell division, and

their oxidation results in damage to this important function

(35). In fact, the progress of embryonic development is

delayed by oxidative stress and protein-thiol group oxida-

tion (36).

On the other hand, GSH in the lung fluid plays a crit-

ical role in protecting the lung from oxidative stress by

detoxifying exogenous toxicants and quenching ROS

(39). The inverse relation between peroxidative decom-

position of membrane polyunsaturated fatty acid and

GSH is well established (81). Also, when the capacity of

the cell to regenerate GSH is exceeded- primarily due to

an insufficient supply of NADPH- oxidized glutathione

(GSSG) is released from the cell and protein synthesis

turns off (25).

Although the reduction in the GSH pool produced by

the enhanced activity of the enzyme could not be mini-

mized, because it may result in: DNA damage (87); cell

cycle (58); and development arrest (36) and increased

susceptibility to oxidative damage. Thus, the depletion in

GSH content can be explained by: (1) The higher levels of

free radicals that convert more reduced glutathione (GSH)

to its oxidized form (GSSG) (64); and (2) A decreased

activity of glutathione reductase (GSSGR) (14), the

enzyme that regenerates reduced glutathione in a

NADPH-dependent reaction. Moreover, Dringen and

Hirrlinger (23) showed that the antioxidant glutathione is

essential for the cellular detoxification of reactive oxygen

species in brain cells. In addition, the glutathione plays a

vital role in the regulation of the redox state and prevention

of the cell damage induced by oxidative stress (protective

mechanism of the cells) (9, 44).
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Furthermore, experimental studies (45,88) have

reported that cellular GGT has a central role in glutathione

homeostasis by initiating the breakdown of extracellular glu-

tathione, a critical antioxidant defense for the cell; thereby

providing a supply of constituent amino acids for uptake and

reutilization in intracellular GSH synthesis. Paradoxically,

there is evidence that, under physiological conditions, GGT

is directly involved in the generation of ROS, especially in

the presence of iron or other transition metals (24,34).

In normal metabolism (i.e. without the influence of

stress conditions), a balance exists between the genera-

tion of ROS and other pro-oxidants, and their detoxication

and removal by antioxidant defense mechanisms (101).

However, either an increase in ROS production above the

level that can be removed by antioxidant defenses, could

result in oxidative damage to key molecules, including

DNA, protein and lipids (lipid peroxidation) (38). Also, the

activity of the mitochondrial oxidative glucose metabolism

is low during early organogenesis (26). ROS not only pro-

duce peroxidation of polyunsaturated fatty acids, injurying

plasma membranes, leading to abnormal function and loss

of membrane integrity, but also attack on proteins resulting

in their aggregation or fragmentation, inactivating mem-

brane enzymes, receptors, and transport proteins, and

modifying cellular antigenic properties (70).

On the other hand, Correia et al. (13) reported that,

the comparison of antioxidant enzyme activities between

species is limited, because of the relatively small data-

base, the use of different units in some studies, the

unknown influence of seasonality and other factors. Con-

sidering that antioxidant enzyme activities represent only

part of the antioxidant defense capability, and the limita-

tions of applying the assays due to small animal biomass,

it is suggested that additional and/or alternative methods

would be useful in future studies, including measurement

of total oxyradical scavenging capacity and the application

of immunochemical analyses.

Although one may get the impression that the risk of

damage by reactive oxygen species is limited in developing

embryos, they are equipped with enzymatic antioxidants

such as CAT, SOD and GPx (5) that develop at different

rates during the intrauterine period (30,59). Are these

developments of enzymatic antioxidant activities subjected

to a developmental inherited program alone or can

changes in environmental oxygen stress modulate them?

CONCLUSION

The biological effects of antioxidant defenses and

oxidative stress endproducts can be summarized as fol-

lows; under the normal physiological conditions, there is a

critical balance in the generation of oxygen free radicals

and antioxidant defense systems used by organisms to

deactivate and protect themselves against free radical tox-

icity (83). The pro-oxidant/antioxidant balance and detoxi-

cation of potentially damaging ROS is crucial for cellular

homeostasis (50,101). The increase in the oxidative stress

may be a reason for such decrease and exhaustion of

antioxidant defense system, as a result of increased

endogenous production of the free radicals. Thus, I

hypothesize that the formation of antioxidant enzymes

during development is related to the changes in the levels

of free radicals.
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