N

N
N

HAL

open science

The point about oxidative stress in molluscs

Hélene Manduzio, Béatrice Rocher, F. Durand, C Galap, F Leboulenger

» To cite this version:

Hélene Manduzio, Béatrice Rocher, F. Durand, C Galap, F Leboulenger. The point about oxidative

stress in molluscs. Invertebrate Survival Journal, 2005. hal-01738557

HAL Id: hal-01738557
https://normandie-univ.hal.science/hal-01738557
Submitted on 20 Mar 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://normandie-univ.hal.science/hal-01738557
https://hal.archives-ouvertes.fr

Review Invertebrate survival journal
ISJ 2:91-104,2005

The point about oxidative stress in molluscs

H Manduzio, B Rocher, F Durand, C Galap, F Leboulenger
Laboratory of Ecotoxicology (LEMA), UPRES EA 3222, IFRMP 23, UFR of Sciences
and Techniques, University of Le Havre, France

Corresponding Author:

Héléne MANDUZIO,

Laboratory of Ecotoxicology (LEMA), UPRES-EA 3222, IFRMP 23, UFR of Sciences
and Techniques, University of Le Havre, 25 rue Philippe Lebon — BP 540, 76058 LE
HAVRE Cedex, FRANCE

E-mail: helene.manduzio@univ-lehavre.fr

Abstract

In the normal metabolism of the aerobic cell, oxygen is used for various
biochemical reactions. Because of its two lone electrons of parallel spins, the
molecular oxygen is stable. However, oxygen generates Reactive Oxygenated
Species or ROS by successive transfer of electrons. The ROS have a strong
reactivity and can potentially interact with all other cellular components (lipids,
proteins, DNA). They are at the origin of oxidations in chain by creating radicals. The
cell has antioxidant systems which limit the effects of the ROS. These systems are
composed of enzymes such as glutathione reductase, glutathione peroxidase, etc.,
and molecules of nonenzymatic nature like the reduced glutathione or vitamins. The
production and the destruction of the radicals of oxygen coexist in a weak balance. If
this balance is broken in favour of the ROS, an oxidative stress is generated.

Xenobiotics could influence this balance by catalysing production of ROS.
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CAT: catalase,

DT-d: DT-diaphorase,
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GSH: reduced glutathione,
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MDA: malondialdehyde

PAH: polyaromatic hydrocarbons
H,0,: hydrogen peroxide,

MDA lipoperoxydation,

PCB: polychlorinated biphenyls

PCO: peroxidation of proteins

SeGPx: glutathione peroxydase seleno-dependent,

SOD: superoxide dismutase,



Introduction

Face to chemical stress, each type of organisms, and for any species has a
capacity of adaptation, based on regulating processes. These processes make it
possible to maintain physiological homeostasis and the integrity of the individual,
structural or functional deteriorations remainder entirely reversible or reparable.
Passed the threshold of toxicity, the more marked irreversible attacks lead to a
pathological state which results in a significant deterioration of the individual
performances and later lead to death of the organism. Now, many xenobiotics are
recognized like exerting their harmfulness by catalysing production of oxygenated
radicals (Winston and Di Giulio, 1991). So the impact study of the toxic effects of the
contaminants rejected into the environment requires a preliminary knowledge of the
normal physiological mechanisms of adaptation (ecophysiology) and the
comprehension of deteriorations of these processes induced by the contaminants
(ecotoxicology).

Oxygen holds a capital place in the diversification of the species and their
occupation of a majority of ecosystems. Being at the base many biochemical
processes of the metabolism of the aerobic organisms, oxygen are an essential
molecule. However, its oxidizing capacities make of it a potentially aggressive
element for the majority of the bio-molecules. In order to limit its harmful effect, the
antioxidant mechanisms were set up which make it possible the organism to maintain
the rate of radicals on a low basal level. In the event of oxidative stress, the
antioxidant systems can be exceeded, then causing the oxidation of different
molecules and leading to cellular dysfunctions.

In a context of a multiple contamination in particular in water ecosystem, the study
of oxidative stress is very used in biomonitoring. The molluscs are especially used in
this type of study on account of their characteristics. We will try to resume the data

about oxidative stress in these organisms.

Nature and origin of the Reactive Oxygenated Species (ROS)

The free radicals are atoms or molecules unstable presenting one or more lone
electrons. To reach a better level of stability, they will yield or tear off electrons from
molecules met. ROS create new radical species thus, causing oxidations in chain. All
the bio-molecules of the cell (nucleic acids, lipids, proteins, polysaccharides) are

potential substrates of ROS.



A significant criterion in the characterization of the radicals is their diffusion
capacity which reflects the level of stability of the ROS. A little reactive form tends to
act far from its site of production and thus has a significant diffusion. On the contrary,
a very reactive species acts very quickly and its diffusion is so limited.

Molecular oxygen O, can be regarded as a radical species since it has two lone
electrons; however, this molecule has a significant stability, the simultaneous addition
of two electrons being difficult. In order to carry out this reaction, enzymes will create
intermediates which constitute the ROS in particular during respiration and
photosynthesis.

The superoxide anion radical O, is produced during endergonic reduction of
molecular oxygen by capture of an electron. This reaction can be spontaneous in
aerobic medium. Oy is then generated primarily in membranes because of the high
solubility of oxygen in hydrophobic medium (Gutteridge and Halliwell, 1993).
However, it is produced during various reactions. Metals of transition such iron and
enzymes are implied in its formation. The flavoenzymes and the xanthine oxidase
activated by ischemia produce it (Fukai et al., 2002). In addition, the phagocytic cells
generate some for the degradation of the immune complexes by the means of four
enzymes: NADPH oxidase, superoxide dismutase, nitric oxide synthase and
myeloperoxydase (Babior, 1978a, 1978b). The superoxide anion radical is
characterized by a low reactivity. Moreover, it does not have the capacity to pass the
membranes; it remains limited to the compartment where it was produced. But it is at
the origin of the oxidation of lipids. In fact, the deterioration of the membrane
structures is carried out by nucleophilic attack between fatty acids and glycerol of
phospholipids. O, can act at the same time like an oxidant and a reducer. In the
presence of some metals (manganese or vanadium), it catalyses reactions of
oxidation in chain for example oxidation of many molecules of NAD(P)H (Liochev and
Fridovich, 1989). On the contrary, within the framework of metals of transition (iron or
copper) present at the active sites of enzymes, it presents a reducing behaviour
(Liochev and Fridovich, 1989).

Hydroxyl radical OH- can be produced during the thermal reactions or under the
effect of ionizing radiations. It can also be generated during a reaction implying iron
and which is translated by the Fenton’s reaction. The hydroxyl radical can be also
produced by homolytic fission of the H,O,. This reaction of Haber-Weiss is catalysed

by metals of transition. The first stage is the reduction of the superoxide anion radical



and the second corresponds to the reaction of Fenton. The Haber-Weiss reaction can
be inhibited by chelating of metals, in particular the desferrioxamine in the case of
iron. The hydroxyl radical is very reactive and thus its diffusion is limited. It will
interfere with the first molecules met, generally on the level of the site of production. It
acts, either by addition or by wrenching of hydrogen from the target molecule, or by
transfer of electrons. It is at the origin of the lipid peroxidation.

The H,0; is produced by the dismutation of the superoxide anion radical. This
anion leads spontaneously to H,O, under the conditions of physiological pH. This
reaction can be accelerated by action of superoxide dismutases (Fridovich, 1975).
The H»0; is moderately reactive but its diffusion is high, having the capacity to cross
the membranes. Its intracellular concentration is very weak between 0.001 and 0.1
MM (Sies, 1991). However, in mitochondria and peroxysomes, these concentrations
can reach higher levels (Boveries et al.,, 1972). The H,O, holds a significant place
among the ROS because it plays the role of intermediate in the production of other
reactive radicals. By the means of metals of transition (copper, iron), it gives rise to
the hydroxyl radical. Moreover, the H»O, is an intracellular signalling factor
(Sundaresan et al., 1995).

The nitric oxide NO- is not always regarded as a ROS. Indeed, it plays at the
same time a role in the destruction and the production of radicals. Moreover, it is not
very reactive with the cellular components and reacts with radicals generating of less
reactive species. It is thus able to inhibit lipid peroxidation (Rubbo et al., 2000).
Conversely, the nitric oxide combined with the superoxide anion radical involves the
formation of peroxynitrite, highly toxic radical (Beckman and Koppenol, 1996). The
NO is produced from endogenous or exogenous NO donors or thanks to a reaction of
oxidation of the arginine in the presence of oxygen and NADPH. This reaction is
produced in particular on the level of the phagocytic cells (Marletta, 1994). The nitric
oxide and the radicals which result from this are gathered under the term of Reactive
Nitrogenized Species RNS.

The hydroperoxyl (ROO-) and alcoxyl (RO-) radicals rise from the peroxidation of
the lipids. These radicals allow the propagation gradually of the lipid peroxidation.
After degradation, they lead to aldehyde formation organized in three major groups:
2-acetaldehydes (e.g. 2-hexenal), 4-hydroxy-2-acetaldehydes (e.g. 4-
hydroxynonenal) and ketoaldehydes (e.g. malondialdehyde) (Uchida, 2003).



Origin and role of ROS

The major role of the endogenous production of ROS is an activity of regulation.
Indeed, the radicals can interact directly with the molecules containing sulfhydryl
groups and thus change their conformation. This type of regulation can in particular
affect molecules implied in the mechanisms of signal transduction like protein kinase
C (Dalton et al., 1999). They allow the regulation of many other molecules (Babior et
al., 1997). Studies showed that the H,O, can replace insulin in its role of growth
promoter (Allen and Tresini, 2000). Thereafter, other experiments showed the
stimulation of the production of H,O; by insulin and nerve growth factor (Mukherjee et
al., 1978; Mukherjee and Mukherjee, 1982). The nitric oxide plays itself a role in the
vasodilatation and the neurotransmission by activation of enzymes (Allen and Tresini,
2000). The radicals also play of the roles of control of various factors of transcription
(Sen and Packer, 1996).

A significant source of free oxygenated radicals comes from the redox cycles and of
the oxidation catalysed by cytochrome P450 monooxigenases. These enzymes allow
the addition of a functional group to the exogenous compounds. The redox cycles
pass by reactions of oxidation, reduction and hydrolysis, each mediated by transfers
of electrons. At the time of each reaction, ROS are formed.

Many exogenous compounds can stimulate the production of ROS (Tables 1-3).
Several modes of action were described.

Many xenobiotics catalyse the microsomal transfer coming from the NAD(P)H
towards oxygen of electrons and then involving ROS formation. It is the case of the
nitroaromatic compounds (e.g. nitrofurantoin), quinones (e.g. menadione), and
derived from the bypiridium (e.g. paraquat). Various studies showed a production
NAD(P)H-dependent of ROS stimulated by contaminants (Lemaire et al., 1994;
Peters et al., 1996; Lemaire and Livingstone, 1997; Livingstone et al., 2000).

A number of compounds will involve the formation of active species of oxygen after
metabolisation during which they become themselves of the radicals as quinones. In
this case, xenobiotic is first reduced by a NADPH-dependent reductase during the
reaction on phase | producing a radical. This last can then transfer an electron to
oxygen. A superoxide anion radical is generated. In each cycle, two potentially
harmful compounds can thus be produced (Winston and Di Giulio, 1991; Goeptar et
al., 1995).



A deficiency in metal can also lead to an oxidative stress. Indeed, several metals
are integrated into proteins; it is the case of the copper in Cu/Zn-SOD (L’Abbe and
Fischer, 1984; Taylor et al., 1988). In the rat, a feeding without coppers leads to a
rise of the quantity of oxidized proteins and to a fall of the activity of Cu/Zn-SOD in
erythrocytes (Sukalski et al., 1997). However, in excess, copper can increase the rate
of malondialdehyde, marker of the lipid peroxidation, and induce a reduction in the
rate of glutathione. Indeed, copper is suitable for catalyse the production of hydroxyl
radicals via the reaction of Haber-Weiss (Kadiiska et al., 1993; Bremmer, 1998).

The ionizing and ultraviolet rays are also of significant sources of radicals of oxygen
by break of the molecules.

Origin of ROS in molluscs

In ecotoxicology, many compounds such as PAH, PCB and metals were
implicated in the induction of the production of radicals at the laboratory like in situ
(Tables 1-3). However, it has a lack of data about the exact mechanism of action of
these compounds. The measurement of the oxidative stress is generally carried out
by the follow-up of the modifications of the activity levels of enzymes (CAT, SOD,
etc.) and of the rates of the molecules (GSH, etc.) implied in the antioxidant defence
in two main tissues, digestive gland and gills. These studies involved a hierarchical
organization of the cellular answers and more specifically of the antioxidant enzymes.
Thus, CAT is regarded as an enzyme presenting a clear and early response to
contamination (Wenning et al., 1988). The induction of the GPx is generally noted in
a concomitant way to that of the CAT and sometimes to that of SOD (Rodriguez-
Ariza et al.,, 1993). In molluscs, as in the mussel Mytilus galloprovincialis, SOD
seems to be a stable enzyme, seldom presenting variations of activity (Livingstone et
al., 1995). The various studies can however show contradictory results. Thus, the
SOD is sometimes described like presenting a modification of activity in a
concomitant way at the CAT as in Geukensia demissa after 12 h of exposure to the
paraquat (Wenning et al., 1988). Géret et al. (2002) describe a reduction in the levels
of seleno-dependent and total GPx activities in Ruditapes decussatus exposed to
copper (0.5; 2.5 and 25 pg.L™) after one day of exposure. At the reverse, the carp
Cyprinus carpio morpha presents an increase in the GPx activity after 1 day of
exposure to copper (5, 10, 25 and 50 pg.L-1) (Radi and Matkovics, 1988).



Other molecules implied in antioxidant defences are measured, most current
being GSH. The reduction in the rate of reduced GSH was observed at bivalves M.
galloprovincialis and Unio tumidus in correlation with the presence of PAH and PCB
in the medium (Regoli and Principato, 1995; Doyotte et al., 1997; Cossu et al., 1997,
2000). The modification of the rate of reduced GSH as well as balance between the
rates of reduced and oxidized glutathione (GSH/GSSG) can be correlated with the
variation of GRd activity. Patel et al. (1990) observed a reduction in the GRd activity
and an increase in the rate of oxidized glutathione during the exposure of bivalves
(Anadara granosa) to mercury. In this context, the GRd activity also constitutes an
interesting enzyme in the study of the oxidative stress. The reduction in the rate of
reduced GSH was connected to the induction of the lipid peroxidation in particular in
the mussel exposed to metal contaminants (Viarengo et al., 1988). Nevertheless, the
lipid peroxidation is generally correlated with the reduction in the whole of the
antioxidative enzymes (Doyotte et al., 1997; Cossu et al., 1997, 2000; Géret et al.,
2002). The environmental parameters are also suitable for induce a variation of pro-
oxidant/antioxidant balance. Many studies showed seasonal variations of the
antioxidant activities at marine species (Viarengo et al., 1991; Orbea et al., 2002).
These variations are due to the fluctuations of temperature, salinity, the oxygen rate
and the quantity of food available (Viarengo et al., 1991). Changes of seasonal
nature were also studied in order to understand their implication in the answers of the
antioxidant systems to the contaminants. This kind of studies allows establishing the
link between ecophysiologic parameters and ecotoxicological reactions (Niyogi et al.,
2001a, 2001b).

Effects of ROS and diseases

ROS can act on the whole of the cellular components. The variations of level of
these radicals thus have significant effects on cellular functions. The ROS influence
in particular the thiol groups of proteins, leading to the formation of intra- or inter-
molecular disulphide bridges.

The most studied action of ROS is the lipid peroxidation. This reaction is mainly
carried out by the hydroxyl radical (Stegeman et al., 1992a; Steinberg, 1997). This
process corresponds to reactions in chain. After rearrangement and addition of
oxygen, peroxyl (ROO:) and alcoxyl (RO-) radicals are generated. Oxidation is

propagated thereafter with other unsaturated lipids and can even reach proteins. The



oxidation of phospholipids membranes involves disturbances of these structures. As
a first consequence, we can observe a reduction in fluidity of the membranes and the
inactivation of the receptors and enzymes located at their level (Snell and Mullock,
1987). In a second time, this oxidation and particularly oxidized products increase the
permeability of the membranes, in particular with the calcium ions leading to cellular
death (Gutteridge and Halliwell, 1990). On the level of the mitochondria like
lysosomes, the lipid peroxidation results in the lysis of these organelles and the
release of enzymes. These enzymes then catalyse the decomposition of proteins,
nucleic acids and cellular polysaccharides (Horton and Fairhurst, 1987; Snell and
Mullock, 1987; Pre, 1991). As example, the oxidation of the polyinsaturated lipids can
induce the appearance of cardiovascular diseases (Wattanapitayakul and Bauer,
2001).

In a general way, during this reaction, various compounds are produced such
malondialdehyde (MDA) and 4-hydroxynonenal (HNE), both able to bind to proteins
and to form adducts. Indeed, these compounds react in a spontaneous way with
cysteines of proteins and with glutathione. The 4-hydroxynonenal can inhibit the
synthesis of the nucleic acids and proteins, and block the cellular proliferation
(Benedetti et al., 1982, 1986; Esterbauer and Cheeseman, 1990; Esterbauer, 1993).

Another action of the ROS relates to proteins. The oxidation of proteins derives
from direct action of ROS or indirect interaction with the alcoxyl (RO-) or peroxyl
(ROO") radicals generated at the time of the lipid peroxidation. The amino acids most
sensitive are those including sulfhydryl groups such methionine and tryptophan. This
oxidation can involve of: (i) change of protein conformation by modification of some
amino acids; (ii) generate bridges between proteins and proteins and lipids; (iii) cuts
(Levine et al.,, 1994). The structural modifications induce functional changes in
particular cellular metabolism (Shacter et al., 1994). Indeed, the oxidation of proteins
can result in a disturbance of ionic transport, enzymatic activities and calcium
homeostasis. The damaged proteins are then more sensitive to the proteases action,
and thus destroyed more quickly, this being able to induce tissue degradation (Rice-
Evans et al., 1991).

The nucleic acids are also targets for the free oxygenated radicals. The damage
is not specific: simple or double cuts, formation of abasic sites, covalent bonds
between DNA or DNA and proteins, and modifications of the bases, the most

reached being the deoxyguanosine oxidized in 8-hydroxy-2'-deoxyguanosine (8-



OHdG) (Meneghini, 1988; Dizdaroglu, 1991; Spencer et al., 1996). The DNA
damages are mainly caused by the hydroxyl radical (OH-). Superoxide anion radical
can cause also cuts of DNA and lesions of the bases. If guanine is the majority
target, each base can undergo these attacks (Halliwell and Dizdaroglu, 1992).

Finally, the glucid oxidations in presence of metals involve protein cuts. This
reaction is initiated by the hydroxyl radical, which tears off a hydrogen atom to the
one of carbons close to the glycoprotein. Other radicals are produced such as the
peroxyl radical.

The cytotoxicity of the radicals of oxygen takes part in the development of much
pathology. The oxidative stress is thus implied in the disease of Alzheimer (Bowling
and Beal, 1995; Ihara et al., 1997). The damage caused by the radicals of oxygen
among parkinsonian patients was shown and would be related to a deficiency of the
system of defence in brain, in particular in SODs activity (Radunovic et al., 1997).

Conversely, an overproduction of radicals of oxygen is implicated in the
development of some diseases. At the time of the respiratory syndrome of distress,
an infiltration of fluid is observed in the air cells resulting from damage of the
endothelium of the capillaries. At the people reached of this syndrome, the lungs
contain a significant number of neutrophils (Weiland et al., 1986). The production of
ROS is also implied in rheumatoid arthritis. The therapies against this pathology
include antioxidant components (Reglinski et al., 1997). Balance between pro-
oxidants and antioxidants systems would be also implied in the phenomenon of
cellular ageing (Sagar et al., 1992). The oxidative stress would increase during
cellular differentiation and ageing (Sohal et al., 1990). However, the implication of the
radicals in cellular ageing is not cleared up. Indeed, the studies do not show all the
same variations according to the age (e.g. Mizuno and Ohta, 1986; Sohal et al.,
1990; Hussain et al., 1995; Sahoo and Chainy, 1997; Kim et al., 2002).

Effects in molluscs

At the marine molluscs, the physiological and morphological modifications in
response to the chemical stress are not much studied. Indeed, the appearance of
pathologies is generally synonymous with irreversible damage. The major
observations related to hepatic pathologies such as the increase in the occurrence of
parasitic infections, ignition and necrosis in the fish (Vethaak, 1992). However, in

molluscs, the majority of the studies evaluate the impact of pollution by the
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appearance of neoplasia (Malins et al., 1988; Kinae et al., 1990). In molluscs, the
observation of pathologies does not correspond to a major axis of ecotoxicological
studies. Nevertheless, in situ works bring back the observation of a blood neoplasm,
haematopoietic neoplasm, disseminated neoplasia, hemic neoplasia, leukaemia or
proliferate cellular disorder (Krishnakumar et al., 1999). This syndrome was observed
overall on 15 species of bivalves including 4 of oysters, 6 of clams and 5 species of
moulds (re-examined of Elston et al.,, 1992). This disease is characterized by the
proliferation of circulating haemocytes. They present a significant core of lobed form
which compared fills the major part of the cell to the cytoplasm. Moreover, one or
more micronuclei are observed as well as a high frequency of mitoses (Farley, 1969;
Mix, 1983). The origins of this neoplasia remain discussed. Indeed, some authors
advance a potential implication of carcinogenic compounds (Lowe and Moore, 1978;
Farley et al., 1991). Other studies connect on the contrary, the appearance of this
pathology to a retrovirus or to a genetic disposal of the individuals (Couch and
Harshbarger, 1985; Elston et al., 1988). Nevertheless, Lowe and Moore (1978)
showed the appearance of neoplasms in the mussel Mytilus edulis subjected to a
pollution of domestic and industrial nature including hydrocarbons. Other authors
blame these same xenobiotics in the appearance of these tumours in different
bivalves, in particular of oysters, subjected to the pollution generated by the
shipwreck of Amoco Cadiz in France (Balouet et al., 1986; Barry and Yevich, 1975;
Yevich and Parszcz, 1977). Conversely, Mix and Schaffer (1983) do not note any
incidence of PAH on the frequency of appearance of neoplasia in M. edulis. In
addition, Farley et al. (1991) showed a linear correlation between the appearance of
neoplasms and the tissue concentration in chlordane. The exposures in laboratory
lead in the same way to contradictory results, with either inductions of tumours or no
incidence following treatments with the PAH or other xenobiotics (Khudoley and
Syrenko, 1978; Rasmussen et al., 1983a, b, 1985; Winstead and Couch, 1988;
Krishnakumar et al., 1999). However, the implication of the oxidative stress is
however not proven in a sure way (Elston et al., 1988; Moore et al., 1991;
Krishnakumar et al., 1994, 1999). Moreover, in Mytilus edulis and Mya arenaria, an
increase in the frequency of appearance of the neoplasms is observed during the
coldest months of the year. These observations can be related to the reduction in the

activities of the antioxidant enzymes at low temperatures (Elston et al., 1992).
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Defences of the organisms

The production and the action of the ROS must be controlled in order to limit the
cellular damage. This limitation is carried out initially by sequestration, even the
destruction, of the systems pro-oxidants such as the complexation of free metals by
metallothioneines. The antioxidant systems also include enzymes whose activity
involves the destruction of the reactive oxygenated species. These enzymes can act
by the means of metals of transition. A last means of fight against the oxidative stress
is the stop of oxidations in chain of the cellular components. The antioxidant
capacities are variable from one species to another. Moreover, it is allowed that these
activities vary according to the seasons. Lastly, another adaptation of the organisms
to the increase in the production of ROS is the induction of the synthesis of
antioxidant molecules.

Two categories of antioxidant systems are generally defined: antioxidant enzymes
and molecules without enzymatic activity.

Three major enzymes act jointly for the destruction of the ROS in the cell: SODs,
CAT and GPxs. The GRd can be added to these enzymes even if it does not present
a direct role in the catabolism of the oxygenated radicals.

SODs (SOD; EC. 1.15.1.1) will allow thereafter the destruction of the superoxide
anion radical by dismutation out of H,O, dealt by CAT. The two enzymes, SOD and
CAT, have the same principal localization in the cell, the peroxysomes. Isoenzymes
of the SOD are found in the various compartments of the cell, but their active site has
a tertiary structure overall good preserved, made of a hydrophobic well where the
superoxide anion radical fits. The reaction of dismutation is catalysed by a metal from
which nature makes it possible to distinguish three types of isoenzymes. During the
reaction, the metal ion captures an electron of the superoxide anion radical. SODs
seem to be very significant enzymes because of their ubiquity and of their localization
at the same time intra- and extra-cellular (Stegeman et al., 1992b). Cu/Zn-SOD (35
kDa) was identified for the first time in 1968, in bovines erythrocytes by McCord and
Fridovitch (McCord and Fridovich, 1969). In addition to its localization in the
cytoplasm, its presence was also shown on the external face of the endothelial cells
and in the blood plasma. Later on, it was also detected in the peroxysomes, the
lysosomes and the core of the eukaryotes cells (Beyer et al., 1991). This isoenzyme
is made up of two identical sub-units from approximately 15 000 Da each one, to

which two metal atoms are added: copper and zinc. The function of destruction of the
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superoxide anion is provided by copper whereas zinc would have only one structural
role. Cu/Zn-SOD was described at the vertebrate ones, the aquatic and terrestrial
invertebrates, like at the plants on the chloroplastic and cytosolic level. More recently,
an extra-cellular form noted EC-SOD, was characterized at the vertebrate ones, then
at the invertebrates, and more precisely the nematode Caenorhabditis elegans
(Hjalmarsson et al., 1987; Wilson et al., 1994; Folz et al., 1997). Indeed, this
extracellular copper/zinc-SOD was detected in the fluids circulating like plasma, the
lymph and the synovial liquid (Marklund, 1982; Fridovich, 1995). However, it would
be mainly related to the proteoglycanes of the cellular membrane and only less than
1% would be present in circulating form (Karlsson and Marklund, 1987; Karlsson et
al., 1988; Adachi et al., 1995).

The mitochondrial matrix contains Mn-SOD in eukaryotes and bacteria and Fe-
SOD in plants and bacteria. These two isoenzymes are also present in lysosomes,
peroxysomes and nuclear compartment. Fe-SOD is localised in the chloroplasts of
plants and constitutes for those the most significant form. These two shapes of SODs
present analogies of structure; however, it is allowed that the Mn-SOD is inducible by
the superoxide anion radical, whereas it would not be the case of Fe-SOD. Various
substances are able to inhibit the SOD with for some, specificity with respect to an
isoenzyme. Thus the Cu/Zn form is inhibited by cyanide (Weisiger and Fridovich,
1973) and Mn-SOD by a treatment to sodium dodecyl sulfate. The H,0O, inactivates
Fe-SOD (Hodgson and Fridovich, 1975). However, Yim et al. (1990) bring back an
inhibition at the same time of Cu/Zn-SOD and Fe-SOD by H,0,. All these enzymes
are also inhibited by elimination of their metal of transition, by chelators. However,
this inhibition is reversible. Lastly, the activity of Mn-SOD is inhibited with pH 9
whereas that of Cu/Zn-SOD is not influenced by the pH. Deficiency in SODs or their
inhibition increases the sensitivity of the organisms to oxidants. In this general
context, it was shown in particular that the mitochondrial Mn-SOD is essential for the
life. Indeed, Mn-SOD deficiency was implicated in the appearance of serious
pathologies, the production of superoxide anion becoming very significant. Thus, the
knockout mice for Mn-SOD die after the birth or suffer from neuro-degenerative
diseases (Melov et al., 1998). The form of Mn-SOD, contrary to that of Cu/Zn-SOD,
would be controlled by the superoxide anion and in a general way by the radicals of
oxygen (Liu et al., 2000). In the bacteria, this induction brings into play a locus soxR

which controls the transcription of nine genes implied in the synthesis of enzymes for
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the production of NADPH, the repair of the DNA, the protein synthesis and the
membrane permeability (Harris, 1992). The form of Mn-SOD is thus inducible by
cytokines in various cellular types and by ionizing radiations (Masuda et al., 1988).
Studies showed that the tumoral necrosis factor TNF-a could induce the expression
of the manganese-SOD (Wong et al., 1989, 1995). In the same way, Otieno et al.
(2000) showed the transcriptional regulation of Mn-SOD by the chemoprotective 3H-
1,2-dithiol-3-thiol. Conversely, the rates of mRNA of Cu/Zn-SOD do not vary following
this treatment. In fact, Cu/Zn-SOD cytosolic appears less significant in the limitation
of the oxidative stress. Indeed, the transgenic animals not expressing this enzyme
present a normal phenotype (Ohlemiller et al., 1999).

CAT (CAT; EC. 1.11.1.6) is present primarily at peroxisomial level. This inducible
enzyme allows the destruction of H,O, out of water and oxygen. It is a hemoprotein
including an iron atom per unit, the number of units varying according to species. It
catalyses a two stages reaction corresponding to a catalasic activity. However, the
CAT can also present a peroxidasic activity (Leguille-Cossu, 1996). The CAT has
other functions during the normal function of the cell. Thus, this enzyme catalyses the
detoxication of substrates such alcohols and phenols in connection with the reaction
of reduction of hydrogen peroxide (Akyilmaz and Dinckaya, 2003). However,
generally, this enzyme is regarded as being able to catalyse only the destruction of
hydrogen peroxide (Stegeman et al., 1992b). It was shown in the rat, the possibility of
a transcriptional induction of CAT under treatment by a chemoprotective, 3H-1,2-
dithiole-3-thione (Otieno et al., 2000). Its localization makes it possible this enzyme to
carry on an activity complementary to the GPx. In the bacteria, its activity is induced
by H,O, on the level of the locus oxyR (Harris, 1992).

One second way of destruction of H,O, utilizes the GPxs (GPx; EC.1.11.1.9).
The enzymatic activity is coupled with the oxidation of the GSH and generates
alcohols. The GPxs are also able to reduce other peroxides. These enzymes are
localised in the cytoplasm and the mitochondrial matrix of the cells. They include two
categories: the SeGPx and a Se-independent form, which corresponds in fact to a
glutathione S-transferase with a peroxidasic activity. This last form is a dimer of 50
kDa localised mainly in the microsomes and catalyses only the reduction of organic
peroxides. The SeGPx is a tetrameric metalloenzyme (80 kDa) of which each sub-
unit comprises a selenium atom in the form of a selenocysteine residue and

incorporated in the active site thanks to a selenocysteine-specific RNA (Spallholz and
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Boylan, 1991). A selenium deficiency thus will involve an inhibition of this enzyme.
There are other inhibitors of GPx whose metals by a thioloprive action (cadmium and
lead) and in a general way the detergents (triton, etc.). The catalytic mechanism
proposed for the reduction of peroxides by GPx passes by the oxidation of the active
site in selenic acid (SeOH). The SeOH is transformed by adjunction of a molecule of
reduced GSH. The addition of one second molecule of GSH regenerates the active
site of the enzyme and the oxidized glutathione (GSSG). Moreover, Ursini et al.
(1982) described another form of Se-dependent GPx in the liver on pig, the
phospholipid hydroperoxide peroxidase (PLGPx; EC. 1.11.1.12). This enzyme is a
monomer (22 kDa) and is implied in the protection of the liposomes and membranes
against the oxidative damage. Contrary to the preceding enzyme, its selenium
requirement is less strict (Spallholz and Boylan, 1991).

The GRd (GRd; EC. 1.8.1.7) is not always recognized as an antioxidant enzyme.
It can nevertheless be included in this category because it makes it possible to
reduce the oxidized glutathione (GSSG) according to a NADPH-dependent process,
and it is thus at the base of the regeneration of reduced GSH necessary to the
operation of the GPxs and of many other enzymes of the cell. Balance between
GSSG and GSH is capital in the maintenance of cellular homeostasis (Winston and
Di Giulio, 1991).

In the cell, all these enzymes will intervene in concert, each one according to a
specific cellular under-localization, in order to control the quantity of free radicals.

Other enzymes are regarded as having an antioxidant action. It is the case of DT-
d and the glutathione S-transferase. Indeed, the glutathione S-transferase presents a
peroxidasic activity with respect to organic peroxides and belongs to the group of the
Se-independent GPx. DT-d, also indicated as NAD(P)H oxidoreductase 1 (NQO1,
EC. 1.6.99.2) catalyses the reduction of quinones by addition of two electrons, thus
generating hydroquinones which are more easily excreted after conjugation with
sulfates groups or glucuronide (Cadenas, 1995). This enzyme thus makes it possible
to produce a quinoline stable form without passage by radicals intermediates. In this
direction, DT-d can be regarded as an antioxidant enzyme. However, hydroquinones
are also able to generate radical species of oxygen, or to react directly with the DNA
in reactions of alkylation (Cadenas, 1995). In this last case, DT-d constitutes an
enzyme of bioactivation. More recently, a new family of antioxidant enzymes, the

peroxiredoxines, was described in some procaryotic organisms and mammals (Chae
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et al.,, 1994). These proteins have homologies of sequence with the thioredoxine
peroxidase of yeast and they have a peroxidasic function. Six groups were defined
according to their sequences and their immunological properties (Kang et al., 1998;
Chae et al., 1999; Seo et al., 2000). In human, they are expressed in the brain, each
of the six groups presenting of the particular localizations (Kang et al., 1998; Chae et
al., 1999; Seo et al., 2000). Their differential expression was connected to
neurodegenerative disorders such as the disease of Alzheimer (Krapfenbauer et al.,
2003).

Antioxidants of nonenzymatic nature exist too. An antioxidant capacity is
conferred on the GSH (L-y-glutamyl-L-cysteinyl glycin) by the presence of the thiol
group carried by the cysteinic residue. The GSH is a tripeptide of glutamate (L-Glu),
cysteine (L-Cys) and glycin (Gly), the glutamate and cysteine being connected by y-
peptide connection. It is synthesized by the consecutive action of two enzymes, y-
glutamylcysteine synthetase and the GSH synthetase. In the cells, the GSH is
present mainly in its reduced form GSH and represents the most significant thiol in
eukaryotes cells (0,2 to 10 mm). An increase in the proportion of oxidized form
(GSSQG) translates an oxidative stress. The GSH exerts many functions in the cell. It
intervenes in the processes of reduction such as the synthesis and the degradation
of proteins, the formation of deoxyribonucleotides, the regulation of the enzymes and
the protection of the cells against the free radicals of oxygen. The GSH also plays the
role of co-enzyme for various reactions and it is combined with compounds either
endogenous (oestrogens, prostaglandins and leucotrienes) or exogenous (drugs and
xenobiotics), thus taking part in their metabolism. The GSH thus indirectly supports
the detoxication of the radical compounds by its function of co-substrate of the
antioxidant enzymes such as the GPxs. Moreover, it is the co-substrate of a
significant enzyme in the process of detoxication: the GST. The GSH is thus
regarded as a central element of antioxidant defences. Indeed, a depletion in GSH
induces an increase in the sensitivity of the organisms to xenobiotics or overall, with
generating processes of radicals (Jones et al., 1995; Conners, 1998).

Other compounds known as low-weight molecular have an antioxidant role. Thus,
the lipoic acid in reduced form can reduce the GSH and the peroxyl radicals. It also
has a chelating capacity of metals, quenching of free radicals (Kagan et al., 1992)
and of regeneration of others antioxidants like the ascorbic acid and the vitamin E

(Packer et al., 1995). Other protective elements are brought by the food: vitamin E,
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vitamin C and pigments such carotenoids. These antioxidant systems make it
possible to stop the chain reactions, in particular those of the lipid peroxidation.
Indeed, these substances are localised on the level of the membranes and destroy
the free radicals by collecting the lone electron. Other natural compounds also have
an antioxidant character: urea, thiourea, mannitol and dimethyl sulfoxide. In
substitution for iron, zinc exerts also an antioxidant action. Metals constitute however
a particular case because they can at the same time generate radicals and destroy
them.

Antioxidants in molluscs

The antioxidant systems known in the mammals are found in the marine
organisms. All in all, the antioxidant activities are lower at the aquatic species
compared to those of the mammals. In particular, the Mn-SOD is little expressed in
tissues of M. edulis, Cu/Zn-SOD being the main form (Livingstone et al., 1992;
Manduzio et al., 2003). Furthermore, the expression of the Cu/Zn-SOD is modulated
by xenobiotics. Manduzio et al. (2003) described the induction of expression of a
Cu/Zn-SOD isoform in mussel M. edulis exposed to contaminants in field and
laboratory. However, the bivalve molluscs have levels of activity in digestive gland of
the same order as those measured in the liver of fish. At these organisms, the
antioxidant activities however are influenced by various factors: (i) an anaerobic
respiration gives rise to a reduction in the enzymatic activities and lipid peroxidation,
levels returning to normal when oxygenation is restored (Viarengo et al., 1989); (ii)
the laying involves an increase in the antioxidant activities in March-April, followed by
a progressive reduction at spring whereas the availability in food and the temperature
increase (Solé et al., 1995); (iii) the age sensitizes with the oxidizing effects by
reduction of the antioxidant capacities what results in an increase in the rates of lipid
peroxidation (Viarengo et al., 1991). In the same way, the seasonal fall in antioxidant
enzymes is concomitant to an increase in the rate of lipid peroxidation. However, this
decrease could be compensating by an augmentation of GST activity in gills of
mussels (Power and Sheehan, 1996; Sheehan and Power, 1999; Manduzio et al.,
2004). This observation is all the more pronounced since the water is polluted as
described in the harbour of Le Havre, which is characterized by a general
contamination by various compounds such as PAHs, PCBs and heavy metals
(Manduzio et al., 2004).
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Conclusion

In spite of many studies about oxidative stress in molluscs, there still exists many
guestions. This could be explaining sometimes contradictory data. It would be
interesting to study thoroughly physiological natural factors which could induce
modification between pro-oxidant and antioxidant systems. In particular, among these
factors, the phenomena of hypoxia/anoxia could have an important impact. Moreover,
the disappearance of environment being able to be considered as free from pollution
and so being able to constitute a reference is limiting. It is all the more significant to
develop rapidly reliable tools of diagnostic of environmental safety that the levels of

pollution increase and new xenobiotics are synthesize each year.

18



References

Adachi T, Yamada H, Futenma A, Kato K, Hirano K. Heparin-induced release of
extracellular-superoxide dismutase form (V) to plasma. J. Biochem. 117: 586-
590, 1995.

Akyilmaz E, Dinckaya E. Development of a catalase based biosensor for alcohol
determination in beer samples. Talanta 61: 113-118, 2003.

Allen RG, Tresini M. Oxidative stress and gene regulation. Free Radic. Biol. Med. 28:
463-499, 2000.

Babior BM. Oxygen dependent microbial killing by phagocytes. 1. N. Engl. J. Med.
298: 659-668, 1978a.

Babior, B. M. Oxygen dependent microbial killing by phagocytes. 2. N. Engl. J. Med.
298, 721-725, 1978b.

Babior BM, El Benna J, Chanock SJ, Smith RM. Oxidative stress and the Molecular
Biology of Antioxidant Defences, Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, 1997.

Balouet G, Poder M, Cahour A, Auffret M. Proliferative hemocytic condition in
European flat oysters (Ostrea edulis) from Breton Coasts: A 6-year survey. J.
Invertebr. Pathol. 48: 208-215, 1986.

Barry M, Yevich PP. The ecological, chemical and histopathological evaluation of an
oils spill site. Ill. Histopathological studies. Mar. Pollut. Bull. 6: 171-173, 1975.

Beckman JS, Koppenol WH. Nitric oxide, superoxide, and peroxynitrite: the good, the
bad, and ugly. Am. J. Physiol. 271: C1424-C1437, 1996.

Benedetti A, Fulceri R, Ferrali M, Ciccolo L, Esterbauer H, Comporti M. Detection of
carbonyl functions in phospholipids of liver microsomes in CCl, and BrCCl3’
poisoned rats. Biochem. Biophys. Acta 712: 628-638, 1982.

Benedetti A, Pompella A, Fulceri R, Romani A, Comporti C. Detection of 4-
hydroxynonenal and other lipid peroxidation products in the liver of
bromobenzene-poisoned mice. Bioch. Biophys. Acta 876: 658-666, 1986.

Beyer W, Imlay J, Fridovich |. Superoxide dismutases. Prog. Nucl. Acid Res. Mol.
Biol. 40: 221-253, 1991.

Boveries A, Oshino N, Chance B. The cellular production of hydrogen peroxide.
Biochem. J. 128: 617-630, 1972.

Bowling AC, Beal MF. Bioenergetic and oxidative stress in neurodegenerative
diseases. Life Sci. 56: 1151-1171, 1995.

19



Bremmer |. Manifestations of copper excess. Am. J. Clin. Nutr. 67: 1069-1073. 1998.

Cadenas E. Antioxidant and prooxidant functions of DT-diaphorase in quinine
metabolism. Biochem. Pharmacol. 49: 127-140, 1995.

Canesi L, Viarengo A, Leonzio C, Filippelli M, Gallo G. Heavy metals and glutathione
metabolism in mussel tissues. Aquat. Toxicol. 46: 67-76, 1999.

Cavaletto M, Ghezzi A, Burleto B, Ceratto N, Evangelisti V, Viarengo A. Effect of
hydrogen peroxide on oxidative stress and metallothionein level in Mytilus
galloprovincialis. Comp. Biochem. Physiol. 126A: 24, 2000.

Chae HZ, Robinson K, Poole LB, Church G, Storz G, Rhee SG. Cloning and
sequencing of thiol-specific antioxidants from mammalian brain: alkyl
hydroperoxide reductase and thiol-specific antioxidants define a large family of
antioxidant enzymes. Proc. Natl. Acad. Sci. USA 91: 7017-7021, 1994.

Chae HZ, Kang SW, Rhee SG. Isoforms of mammalian peroxiredoxin that reduce
peroxides in presence of thioredoxin. Methods Enzymol. 300: 219-226, 1999.

Cheung CCC, Zheng GJ, Li AMY, Richardson BJ, Lam PKS. Relationships between
tissue concentrations of polycyclic aromatic hydrocarbons and antioxidative
responses of marine mussels, Perna viridis. Aquat. Toxicol. 52: 189-203,
2001.

Conners DE. The toxicological significance of glutathione depletion in oysters
Crassostrea virginica, exposed to copper under laboratory and field conditions.
Medical University of South Carolina, Charleston, 1998.

Cossu C, Doyotte A, Babut M, Exinger A, Vasseur P. Antioxidant biomarkers in
freshwater bivalves, Unio tumidus, in response to different contamination
profiles of aquatic sediments. Ecotoxicol. Environ. Saf. 45: 106-121, 2000.

Cossu C, Doyotte A, Jacquin MC, Babut M, Exinger A, Vasseur P. Glutathione
Reductase, Selenium-Dependent Glutathione Peroxidase, Glutathione Levels,
and Lipid Peroxidation in Freshwater Bivalves, Unio tumidus, as Biomarkers of
Aquatic Contamination in Field Studies. Ecotoxicol. Environ. Saf. 38: 122-131,
1997.

Couch JA, Harshbarger JC. Effects of carcinogenic agents on aquatic animals: An
environmental overview. Environ. Carcinog. Rev. 3: 63-105, 1985.

Dalton TP, Shertzer HG, Puga A. Regulation of gene expression by reactive oxygen.
Ann. Rev. Pharmacol. Toxicol. 39: 67-101, 1999.

20



de Lafontaine Y, Gagné F, Blaise C, Costan G, Gagnon P, Chan HM. Biomarkers in
zebra mussel (Dreissena polymorpha) for the assessment and monitoring of
watre quality of the St Lawrence River (Canada). Aquatic Toxicol. 50: 51-71,
2000.

Dizdaroglu M. Chesmitry of free radical damage to DNA and nucleoproteins. In:
Halliwell B, Aruoma OA (eds), DNA and Free Radicals, Ellis Horwood Ltd.,
Cichester, pp 19-40, 1991.

Domouhtsidou GP, Dimitriadis VK. Lysosomal and lipid alterations in the digestive
gland of mussels, Mytilus galloprovincialis (L.) as biomarkers of environmental
stress. Environ. Pollut. 115: 123-137, 2001.

Doyotte A, Cossu C, Jacquin M-C, Babut M, Vasseur P. Antioxidant enzymes,
glutathione and lipid peroxidation as relevant biomarkers of experimental or
field exposure in the gills and the digestive gland of the freshwater bivalve
Unio tumidus. Aquat. Toxicol. 39: 93-110, 1997.

Eertman RHM, Groenink CLFMG, Setee B, Hummel H. Response of the blue mussel
Mytilus edulis L. following exposure to PAHs or contaminated sediment. Mar.
Environ. Res. 39: 169-173, 1995.

Elston RA, Kent ML, Drum AS. Progession, lethality and remission of hemic
neoplasia in the bay mussel Mytilus edulis. Dis. Aquat. Org. 4: 135-142. 1988.

Elston RA, Moore JD, Brooks K. Disseminated neoplasia of bivalve molluscs. Rev.
Aguat. Sci. 6: 405-466, 1992.

Esterbauer H. Cytotoxicity and genotoxicity of lipid-oxidation products. Am. J. Clin.
Nutr. 57: 779-786, 1993.

Esterbauer H, Cheeseman KH. Determination of aldehydic lipid peroxidation
products: malondialdehyde and 4-hydroxynonenal. Methods Enzymol. 186:
407-421, 1990.

Farley CA. Probable neoplastic disease of the hematopoietic system in oysters,
Crassostrea virginica and Crassostrea gigas. Natl. Cancer Inst. Monogr. 31:
541-555, 1969.

Farley CA, Plutschak DL, Scott RF. Epizzotiology and distribution of transmissible
sarcoma in Marylet softshell chams, Mya arenaria 1984-1988. Environ. Health
Perspect. 90: 35-41. 1991.

Folz RJ, Guan J, Seldin MF, Oury TD, Enghild JJ, Crapo JD. Mouse extracellular

superoxide dismutase: primary structure, tissue-specific gene expression,

21



chromosomal localization, and lung in situ hybridization. Am. J. Respir. Cell
Mol. Biol. 17: 393-403, 1997.

Fridovich I. Superoxide dismutases. Ann. Rev. Biochem. 44: 147-159, 1975.

Fridovich I. Superoxide radical and superoxide dismutases. Ann. Rev. Biochem. 64:
97-112, 1995.

Fukai T, Folz RJ, Landmesser U, Harrison DG. Extracellular superoxide dismutase
and cardiovascular disease. Cardiovascular Research. 55: 239-249, 2002.

Géret F, Jouan A, Turpin V, Bebianno MJ, Cosson RP. Influence of metal exposure
on metallothionein synthesis and lipid peroxidation in two bivalve mollusks: the
oyster (Crassostrea gigas) and the mussel (Mytilus edulis). Aquat. Living
Resour. 15: 61-66, 2002.

Goeptar AR, Scheerens H, Vermeulen NPE. Oxygen reductase and substrate
reductase activity of cytochrom P450. Crit. Rev. Toxicol. 25: 25-65, 1995.
Gutteridge JMC, Halliwell B. The measurement and mechanism of lipid peroxidation

in biological systems. TIBS 15: 129-135, 1990.

Gutteridge JMC, Halliwell B. Transition metal ions and antioxidant proteins in
extracellular fluids. In: Scott G (ed.), Atmospheric Oxidation et Antioxidants,
Elsevier Publisher, UK, 1993.

Halliwell B, Dizdaroglu, M. The measurement of oxidative damage to DNA by HPLC
and GC/MS techniques. Free Radic. Res. 16, 75-87, 1992.

Harris ED. Regulation of antioxidant enzymes. FASEB J. 6: 2675-2682, 1992.

Hjalmarsson K, Marklund SL, Engstrom A, Edlund T. Isolation and sequence of
complementary DNA encoding human extracellular superoxide dismutase.
Proc. Natl. Acad. Sci. USA 84: 6340-6344, 1987.

Hodgson EK, Fridovich I. The interaction of bovine erythrocyte superoxide dismutase
with hydrogen peroxide: inactivation of the enzyme. Biochemistry 14: 5294-
5299, 1975.

Horton AA, Fairhurst S. Lipid peroxidation and mechanisms of toxicity. Crit. Rev.
Toxicol. 18: 17-79, 1987.

Hussain S, Slikker JW, Ali SF. Age-related changes in antioxidant enzymes,
superoxide dismutase, catalase, glutathione peroxidase and glutathione in
different regions of mouse brain. Int. J. Dev. Neurosci. 13: 811-817, 1995.

Ihara Y, Hayabara T, Sasaki K, Fujisawa Y, Kawada R, Yamamoto T, Nakashima Y,

Yoshimune S, Kawai M, Kibata M, Kuroda S. Free radicals and superoxide

22



dismutase in blood of patients with Alzheimer's disease and vascular
dementia. J. Neurol. Sci. 153: 76-81, 1997.

Jones DP, Brown LS, Sternberg P. Variability in glutathione-dependent detoxification
in vivo and its relevance to detoxification of chemical mixtures. Toxicology
105: 267-274, 1995.

Kadiiska MB, Hanna PM, Jordan SJ, Mason RP. Electron spin resonance evidence
for free radical generation in copper-treated vitamin E- et selenium-deficient
rats: in vivo spin-trapping investigation. Mol. Pharmacol. 44: 222-227, 1993.

Kagan VE, Shvedova A, Serbinova E, Khan S, Swanson C, Powell R, Packer L.
Dihydrolipoic acid--a universal antioxidant both in the membrane and in the
aqueous phase: Reduction of peroxyl, ascorbyl and chromanoxyl radicals.
Biochem. Pharmacol. 44: 1637-1649, 1992.

Kang SW, Bainess LC, Rhee SG. Characterization of mammalian peroxiredoxin that
contain one conserved cysteine. J. Biol. Chem. 273: 6303-6311, 1998.

Karlsson K, Lindahl U, Marklund SL. Binding of human extracellular superoxide
dismutase C to sulphated glycosaminoglycans. Biochem. J. 256: 29-33, 1988.

Karlsson K, Marklund SL. Heparin-induced release of extracellular superoxide
dismutase to human blood plasma. Biochem. J. 242: 55-59, 1987.

Khudoley VV, Syrenko OA. Tumor induction by N-nitroso compounds in bivalve
mollusks Unio pictorum. Cancer Lett. 4: 349-354, 1978.

Kim JW, No JK, lkeno Y, Yu BP, Choi JS, Yokozawa T, Chung HY. Age-related
changes in redox status of rat serum. Arch. Gerontol. Geriatr. 34: 9-17, 2002.

Kinae N, Yamashita M, Tomita I, Kimura I, Ishida H, Kumai H, Nakamura GA.
possible correlation between environmental chemicals and pigment cell
neoplasia in fish. Sc. Tot. Environ. 94: 143-153, 1990.

Krapfenbauer K, Engidawork E, Cairns N, Fountoulakis M, Lubec G. Aberrant
expression of peroxiredoxin subtypes in neurodegenerative disorders. Brain
Res. 967: 152-160, 2003.

Krishnakumar PK, Casillas E, Varanasi U. Effect of environmental contaminants on
the health of Mytilus edulis from Puget Sound, Washington, USA. I.
Cytochemical measures of lysosomal responses in the digestive cells using
automatic image analysis. Mar. Ecol. Prog. Ser. 106: 249-261, 1994.

Krishnakumar PK, Casillas E, Snider RG, Kagley AN, Varanasi U. Environmental

contaminants and the prevalence of hemic neoplasia (leukemia) in the

23



common mussel (Mytilus edulis complex) from Puget Sound, Washington,
USA. J. Invertebr. Pathol. 73: 135-146, 1999.

L'Abbe MR, Fischer PWF. The effects of high dietary zinc and copper deficiency on
the activity of copper-requiring metalloenzymes in the growing rat. J. Nutr.
114: 813-822, 1984.

Leguille-Cossu C. Activités des systemes antioxydants chez Unio tumidus, bivalve
dulgaquicole en conditions physiologiques et de stress chimique. University of
Metz, Centre des Sciences de L'Environnement, Metz, 1996.

Lemaire P, Livingstone DR. Aromatic hydrocarbon quinone-mediated reactive oxygen
species production in hepatic microsomes of the flounder (Platichthys flesus
L.). Comp. Biochem. Physiol. 117C: 131-139, 1997.

Lemaire P, Matthews A, Foerlin L, Livingstone DR. Stimulation of oxyradical
production of hepatic microsomes of flounder (Platichthys flesus) and perch
(Perca fluviatilis) by model and pollutant xenobiotics. Arch. Environ. Contam.
Toxicol. 26: 191-200, 1994.

Levine A, Tenhaken R, Dixon R, Lamb C. H202 from the oxidative burst orchestrates
the plant hypersensitive disease resistance response. Cell 79: 583-593, 1994.

Livingstone DR, Garcia-Martinez P, Michel X, Narbonne JF, O’Hara S, Ribera D,
Winston GW. Oxyradical production as a pollution-mediated mechanism of
toxicity in the common mussel, Mytilus edulis L., and other molluscs. Funct.
Ecol. 4: 415-424, 1990.

Livingstone DR, Lemaire P, Matthews AA, Peters L, Porte C, Fitzpatrick PJ, Forlin, L,
Nasci C, Fossato V, Wooton N, Goldfarb P. Assessment of the impact of
organic pollutants on goby (Zostericessor ophiocephalus) and mussel (Mytilus
galloprovincialis) from the Venice lagoon, ltaly: biochemical studies. Mar.
Environ. Res. 39 : 235-240, 1995.

Livingstone D, Lips F, Martnez P, Pipe R. Antioxidant enzymes in the digestive gland
of the common mussel (Mytilus edulis L.). Mar. Biol. 112: 265-276, 1992.
Livingstone DR, Mitchelmore CL, O'Hara SCM, Lemaire P, Sturve J, Forlin L.
Increased potential for NAD(P)H-dependent reactive oxygen species
production of hepatic subcellular fractions of fish species with in vivo exposure

to contaminants. Mar. Environ. Res. 50: 57-60, 2000.

Liochev SlI, Fridovich I. Vanadate-stimulated oxidation of NAD(P)H. Free Radic. Biol.

Med. 6: 617-622, 1989.

24



Liu H, Zhu H, Eggers DK, Nersissian AM, Faull KF, Goto, JJ, Ai J, Seters-Loehr J.
Gralla EB, Valentine JS. Copper (2%) binding to the surface residue cysteine
111 of His46Arg human copper, zinc superoxide dismutase, a familial
amyotrophic lateral sclerosis mutant. Biochemistry 39: 8125-8132, 2000.

Lowe DM, Moore MN. Cytology and quantitative cytochemistry of a proliferative
atypical hemocytic condition in Mytilus edulis (Bivalvia, Mollusca). J. Natl.
Cancer Inst. 60: 1455-1459, 1978.

Malins DC, McCain BB, Letahl JT, Myers MS, Krahn MM, Brown DW, Chan S-L,
Roubal WT. Neoplastic and other diseases in fish in relation to toxic
chemicals: an overview. Aquat. Toxicol. 11: 43-67, 1988.

Manduzio H, Monsinjon T, Rocher B, Leboulenger F, Galap C. Characterization of an
inducible isoform of the Cu/Zn superoxide dismutase in the blue mussel
Mytilus edulis. Aquat. Toxicol. 64: 73-83, 2003.

Manduzio H, Monsinjon T, Galap C, Leboulenger F, Rocher B. Seasonal variations in
antioxidant defences in blue mussels Mytilus edulis collected from a polluted
area: major contributions in gills of an inducible isoforme of Cu/Zn-superoxide
dismutase and of glutathione S-transferase. Aquat. Toxicol. 70: 83-93, 2004.

Marklund SL. Human copper-containing superoxide dismutase of high molecular
weight. Proc. Natl. Acad. Sci. USA 79: 7634-7638, 1982.

Marletta MA. Nitric oxide synthase: aspects concerning structure and catalysis. Cell
78:927-930, 1994.

Martinez PG, Winston GW, Metashdickey C, Ohara SCM, Livingstone DR.
Nitrofurantoin-Stimulated Reactive Oxygen Species Production and
Genotoxicity in Digestive Gland Microsomes and Cytosol of the Common
Mussel (Mytilus edulis L.). Toxicol. Appl. Pharmacol. 131: 332-341, 1995.

McCord JM, Fridovich |. Superoxide dismutase: an enzymatic function for
erythrocuprein. J Biol. Chem. 244: 6049-6055, 1969.

Melov S, Schneider JA, Day BJ, Hinerfeld D, Coskun P, Mirra SS, Crapo JD, Wallace
DC. A novel neurological phenotype in mice lacking mitochondrial manganese
superoxide dismutase. Nature Genetics 18: 159-163, 1998.

Meneghini R. Genotoxicity of active oxygen species in mammalian cells. Mutat. Res.
195: 215-230, 1988.

25



Mix MC. Hemic neoplasm of bay mussels Mytilus edulis from Oregon: Occurence,
prevalence, seasonality and histological progression. J. Fish. Dis. 6: 239-248,
1983.

Mix MC, Schaffer RL. Concentration of unsubstituted polynuclear aromatic
hydrocarbons in bay mussels (Mytilus edulis) from Oregon, USA. Mar.
Environ. Res. 9: 193-209, 1983.

Moore JD, Elston RA, Drum AS, Wilkinson MT. Alternate pathogenesis of systemic
neoplasia in the bivalve mollusc Mytilus. J. Invertebr. Pathol. 58: 231-243,
1991.

Mukherjee SP, Lane RH, Lynn WS. Endogenous hydrogen peroxide and peroxidative
metabolism in adipocytes in response to insulin and sulfhydryl reagents.
Biochem. Pharmacol. 27: 2589-2594, 1978.

Mukherjee SP, Mukherjee C. Similar activities of nerve growth factor and its
homologue proinsulin in intracellular hydrogen peroxide production and
metabolism in adipocytes: Transmembrane signalling relative to insulin-
mimicking cellular effects. Biochem. Pharmacol. 31: 3163-3172, 1982.

Niyogi S, Biswas S, Sarker S, Datta AG. Seasonal variation of antioxidant and
biotransformation enzymes in barnacle, Balanus balanoides, and their relation
with polyaromatic hydrocarbons. Mar. Environ. Res. 52: 13-26, 2001a.

Niyogi S, Biswas S, Sarker S, Datta AG. Antioxidant enzymes in brackishwater oyster
Saccostrea cucullata as potential biomarkers of polyaromatic hydrocarbon
pollution in Hooghly Estuary (India): seasonality and its consequences. Sci.
Tot. Environ. 281: 237-246, 2001b.

Ohlemiller KK, McFadden SL, Ding DL, Flood DG, Reaume AG, Hoffman EK, Scott
RW, Wright JS, Putcha GV, Salvi RJ. Targeted deletion of the cytosolic Cu/Zn-
superoxide dismutase gene (Sodl) increases susceptibility to noise-induced
hearing loss. Audiol Neurootol. 4: 237-246, 1999.

Orbea A, Ortiz-Zarragoitia M, Solé M, Porte C, Cajaraville MP. Antioxidant enzymes
and peroxisome proliferation in relation to contaminant body burdens of PAHs
and PCBs in bivalve molluscs, crabs and fish from the Urdaibai and Plentzia
estuaries (Bay of Biscay). Aquat. Toxicol. 58: 75-98, 2002.

Otieno MA, Kensler TW, Guyton KZ. Chemoprotective 3H-1,2-dithiole-3-thione
induces antioxidant genes in vivo. Free Radic. Biol. Med. 28: 944-952, 2000.

26



Packer L, Witt EH, Tritschler HJ. Alpha-lipoic acid as a biological antioxidant. Free
Radic. Biol. Med. 19: 227-250, 1995.

Patel B, Chety JP, Patel S. Effect of mercury, selenium et glutathione on sulphydryl
levels and glutathione reductase in blood clam Anadara granosa (L.). Ind. J.
Mar. Sci. 19: 187-190, 1990.

Peters LD, O'Hara SCM, Livingstone DR. Benzo[a]pyrene metabolism et xenobiotic-
stimulated reactive oxygen species generation by subcellular fraction of larvae
of turbot (Scophthalmus maximus L.) 1. Comp. Biochem. Physiol. 114C: 221-
227, 1996.

Porte C, Solé M, Albaigés J, Livingstone DR. Responses of mixed-function
oxygenase and antioxidase enzyme system of Mytilus sp. to organic pollution.
Comp. Biochem. Physiol. 100C: 183-186, 1991.

Power A, Sheehan D. Seasonal variation in the antioxidant defence systems of gill
and digestive gland of the blue mussel, Mytilus edulis. Comp. Biochem.
Physiol 114C: 99-103, 1996.

Pré J. La lipopéroxydation. Pathol. Biol. 39: 716-736, 1991.

Radi AAR, Matkovics B. Effects of metal ions on the antioxidant enzyme activities,
protein contents and lipid peroxidation of carp tissues. Comp. Biochem.
Physiol. 90C: 69-72, 1988.

Radunovic A, Porto WG, Zeman S, Leigh PN. Increased mitochondrial superoxide
dismutase activity in Parkinson's disease but not amyotrophic lateral sclerosis
motor cortex. Neurosci. Lett. 239: 105-108, 1997.

Rasmussen LPD, Hage E, Karlog O. Light and electron microscopic studies of the
acute and chronic toxic effects of N-Nitroso compounds on the marine mussel,
Mytilus edulis (L.). I. N-nitrosodimethylamine. Aquat. Toxicol. 3: 285-299,
1983a.

Rasmussen LPD, Hage E, Karlog O. Light and electron microscopic studies of the
acute and chronic toxic effects of N-Nitroso compounds on the marine mussel,
Mytilus edulis (L.). Il. N-methyl-N-nitro-N-nitrosoquanidine. Aquat. Toxicol. 3:
301-311, 1983b.

Rasmussen LPD, Hage E, Karlog O. Light and electron microscopic studies of the
acute and long-term toxic effects of N-nitrosodipropylamine and N-
methylnitrourea on the marine mussel Mytilus edulis. Mar. Biol. 85: 55-65,
1985.

27



Regoli F, Principato G. Glutathione, glutathione-dependent and antioxidant enzymes
in mussel, Mytilus galloprovincialis, exposed to metals under field and
laboratory conditions: Implications for the use of biochemical biomarkers.
Aquat. Toxicol. 31: 143-164, 1995.

Regoli, F, Winston GW. Application of a new method for measuring the Total
Oxyradical Scavenging Capacity in marine invertebrates. Mar. Environ. Res.
46: 439-442, 1998.

Reglinski J, Paterson DE, Latimer S, Campbell JM, Wilson R, Porter D, Sturrock RD,
Smith WE. Myocrisin-mediated oxidative stress. Clinica Chimica Acta 268: 85-
99, 1997.

Ribera D, Narbonne JF, Michel X, Livingstone DR, O'Hara S. Response of
antioxidants and lipid peroxidation in mussels to oxidative damage exposure.
Comp. Biochem. Physiol. 100C: 177-181, 1991.

Rice-Evans CA, Diplock AT, Symons MCR. Techniques in free radical research. In:
Burton RH, Van Knippenberg PH (eds), Laboratory techniques in biochemistry
and molecular biology, Elsevier Science Publishers BV, Amsterdam, 1991.

Ringwood AH, Conners DE, Keppler CJ, Dinovo AA. Biomarker studies with juvenile
oysters (Crassostrea virginica) deployed in-situ. Biomarkers. 4: 400-414, 1999.

Rodriguez-Ariza A, Martinez-Lara E, Pascual P, Pedrajas JR, Abril N, Dorado G,
Toribio F, Barcena JA, Peinado J, Pueyo C, et al. Biochemical and genetic
indices of marine pollution in Spanish littoral. Sci. Total Environ. (Suppl. Pt 1) :
109-116, 1993.

Rubbo H, Radi R, Anselmi D, Kirk M, Barnes S, Butler J, Eiserich JP, Freeman BA.
Nitric oxide reaction with lipid peroxyl radicals spares [alpha]-tocopherol during
lipid peroxidation. Greater oxidant protection from the pair nitric oxide/[alpha]-
tocopherol than [alpha]-tocopherol/ascorbate. J. Biol. Chem. 275: 10812-
10818, 2000.

Sagar S, Kallo 1J, Kaul N, Ganguly NK, Sharma BK. Oxygen free radicals in essential
hypertension. Mol. Cell Biochem. 111: 103-108, 1992.

Sen CK, Packer L. Antioxidant and redox regulation of gene transcription. Fed. Am.
Soc. Exp. Biol. J. 10: 709-720, 1996.

Seo MK, Kang SW, Kim K, Baines IC, Lee TH, Rhee SG. Identification of a new type
of mammalian peroxiredoxin that forms an intramolecular disulfide as a
reaction intermediate. J. Biol. Chem. 275: 20346-20354, 2000.

28



Shacter E, Williams JA, Lim M, Levine RL. Differential susceptibility of plasma
proteins to oxidative modification: Examination by western blot immunoassay.
Free Radic. Biol. Med. 17: 429-437, 1994.

Sheehan D, Power A. Effects of seasonality on xenobiotic and antioxidant defence
mechanisms of bivalve molluscs. Comp. Biochem. Physiol. 123C: 193-199,
1999.

Sies H. Oxidative stress: introduction. In: Sies H ( ed), Oxidative stress, oxidants et
antioxidants, Academic Press Publisher, San Diego, pp 1-15, 1991.

Snell K, Mullock B. Biochemical Toxicology. A Practical Approach, IRL Press, Oxford
University Press, Oxford, 1987.

Sohal RS, Arnold LA, Sohal BH. Age-related changes in antioxidant enzymes and
prooxidant generation in tissues of rat with special reference to parameters in
two insect species. Free Radic. Biol. Med. 10: 495-500, 1990.

Solé M, Porte C, Albaiges J. Seasonal variation in the mixed-function oxidase system
and antioxidant enzymes of the mussel Mytilus galloprovincialis. Environ.
Toxicol. Chem. 14: 157-164, 1995.

Spallholz JE, Boylan LM. Glutathione peroxidase: the two selenium enzymes. In
Peroxidases in Chemistry and Biology, pp. 259-272, 1991.

Spencer JPE, Jenner A, Aruoma OlI, Cross CE, Wu R, Halliwell B. Oxidative DNA
damage in human respiratory tract epithelial cells. Time course in relation to
DNA stret breakage. Biochem. Biophys. Res. Commun. 224: 17-22, 1996.

Stegeman JJ, Brouwer M, Di Giulio RT, Férlin L, Fowler BA, Seters BM, Van Veld
PA. Molecular responses to environmental contamination: enzyme and protein
systems as indicators of chemical exposure et effect. In: Huggett RJ, Kimerle
RA, Mehrle JPM, Bergman HL (eds), Biomarkers biochemical, physiological,
and histological markers of anthropogenic stress, Lewis Publishers, Chelsea,
pp 235-335, 1992a.

Stegeman JJ, Brouwer M, DiGiulio RT, Forlin L, Fowler BA, Seters BM, Van Veld PA.
Enzyme and protein synthesis as indicators of contaminant exposure, in
biomarkers. In: Kimerle RJ, Kimerle A, Merle JPM, Bergmans HL (eds),
Biochemical, physiological and histological markers of anthropogenic stress,
Lewis Publishers, Boca Raton, pp 235-271, 1992h.

Steinberg D. Low density lipoprotein oxidation and its pathobiological significance. J.
Biol. Chem. 272: 20963-20966, 1997.

29



Sukalski KA, LaBerge TP, Johnson WT. In vivo oxidative modification of erythrocyte
membrane proteins in copper deficiency. Free Radic. Biol. Med. 22: 835-842,
1997.

Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T. Requirement for generation of
H202 for platelet-derived growth factor signal transduction. Science 270: 296-
299, 1995.

Taylor CG, Bettger WJ, Bray TM. Effect of dietary zinc or copper deficiency on the
primary free radical defence system in rats. J. Nutr. 118: 613-621, 1988.
Uchida K. 4-Hydroxy-2-nonenal: a product and mediator of oxidative stress. Progr.

Lipid Res. 42: 318-343, 2003.

Ursini F, Maiorino M, Valente M, Oregolin C. Purification from pig liver of a protein
which protects liposomes and biomembranes from peroxidative degradation
and exhibits glutathione peroxidase activity onphosphatidylcholine
hydroperoxides. Biochim. Biophys. Acta 710: 197, 1982.

Vethaak AD. Diseases of flounder (Platichthys flesus L.) in the Dutch Wadden Sea,
and their relation to stress factors. Netherlets J. Sea Res. 29: 257-271, 1992.

Viarengo A, Canesi L, Pertica M, Livingstone DR. Seasonal variations in the
antioxidant defence systems and lipid peroxidation of the digestive gland of
mussels. Comp. Biochem. Physiol. 100C: 187-190, 1991.

Viarengo A, Canesi L, Pertica M, Poli G, Moore MN, Orenesu M. Heavy metal effects
on lipid peroxidation in the tissues of Mytilus galloprovincialis LAM. Comp.
Biochem. Physiol. 97C: 37-42, 1990.

Viarengo A, Pertica MC, Biasi F, Cecchini J, Orunesu M. Effects of heavy metals on
lipid peroxidation in mussel tissues. Mar. Environ. Res. 24: 354, 1988.

Viarengo A, Pertica M, Canesi L, Accometo R, Mancinelli G, Orunesu M. Lipid
peroxidation and level of antioxidant compounds (GSH, vitamin E) in the
digestive glets of mussels of three different age groups exposed to anaerobic
and aerobic conditions. Mar. Environ. Res. 28: 291-295, 1989.

Wattanapitayakul SK, Bauer JA. Oxidative pathways in cardiovascular disease: roles,
mechanisms, and therapeutic implications. Pharmacol. Ther. 89: 187-206,
2001.

Wenning RJ, Di Giulio RT, Gallaghe, EP. Oxidant mediated biochemical effects of
paraquat on the ribbed mussel, Geukensia demissa. Aquat. Toxicol. 12: 157-
170, 1988.

30



Weiland JE, Davis WB, Holter JF, Mohammed JR, Dorinsky PM, Gadek JE. Lung
neutrophils in the adult respiratory distress syndrome. Clinical and
pathophysiologic significance. Am. Rev. Respir. Dis. 133: 218-225, 1986.

Weisiger RA, Fridovich I. Mitochondrial superoxide dismutase. Site of synthesis and
intramitochondrial localization. J. Biol. Chem. 248: 4793-4796, 1973.

Wilson R, Ainscough R, Eterson K, Baynes C, Berks M, Bonfield J, Burton J, Connell,
M, Copsey T. Cooper 2.2 Mb of contiguous nucleotide sequence from
chromosome 1l of C. elegans. Nature 368: 32-38, 1994.

Winstead JT, Couch JA. Enhancement of protozoan pathogen (Perkinsus marinus)
infections in American oysters, Crassostrea virginica, exposed to the chemical
carcinogen N-nitrosodiethylamine (DENA). Dis. Aquat. Org. 5: 205-213, 1988.

Winston GW, Di Giulio RT. Prooxidant and antioxidant mechanisms in aquatic
organisms. Aquat. Toxicol. 19: 137-161, 1991.

Wong PC, Pardo CA, Borchelt DR, Lee MK, Copelet NG, Jenkins NA, Sisodia SS,
Clevelet DW, Price DL. An adverse property of a familial ALS-linked SOD1
mutation causes motor neuron disease characterized by vacuolar
degeneration of mitochondria. Neuron 14: 1105-1116, 1995.

Wong GH, Elwell JH, Oberley LW, Goeddel DV. Manganous superoxide dismutase is
essential for cellular resistance to cytotoxicity of tumor necrosis factor. Cell 58:
923-931, 1989.

Yevich PP, Parszcz CA. Neoplasia in soft shell clams (Mya arenaria) collected from
oil impacted sites. Ann. N.Y. Acad. Sci. 298: 409-426, 1977.

Yim MB, Chock PB. Stadtman Copper-zinc superoxide dismutase catalyzes hydroxyl
radical production from hydrogen peroxyde. Proc. Natl. Acad. Sci. USA 87:
5006-5010, 1990.

31



