
RÉSUMÉ

Les effets du stress oxydatif sur les organismes aquatiques en liaison
avec la pollution en aquaculture. Par D.R. LIVINGSTONE.

Des études récentes indiquent que la stimulation de production des
espèces réactives de l’oxygène par les contaminants et les dommages oxy-
datifs qui en résultent peuvent constituer un mécanisme significatif de toxi-
cité chez des organismes aquatiques soumis à une pollution. Une augmen-
tation du stress oxydant peut également avoir d’autres origines telles qu’un
milieu hypoxique ou hyperoxique ou encore l’ozonation de l’eau en aqua-
culture. Les objectifs de ce rapport ont été de faire le point des connais-
sances sur ces processus chez les organismes aquatiques et d’évaluer les
conséquences d’un stress oxydant provoqué par les contaminants sur la
santé des organismes aquatiques ou des consommateurs de ces espèces. Les
données présentées sont issues de la littérature ou proviennent d’études
récentes menées en laboratoire ou sur le terrain à partir d’exposition à des
contaminants ou d’ozonation de l’eau.

MOTS-CLÉS : Stress oxydatif - espèces réactives à l’oxy-
gène - organismes aquatiques - poisson - pollution.

Introduction
Many different mechanisms of toxicity exist for different

contaminants, and a single contaminant may effect its toxi-
city by more than one mechanism [19, 32]. Recently, conta-
minant-stimulated reactive oxygen species (ROS) production
and resultant oxidative stress has been indicated as a mecha-
nism of toxicity in aquatic organisms exposed to pollution [8,
14, 18, 42]. Oxidative effects are also indicated in the use of
ozone [34, 35], hydrogen peroxide (H2O2) [2, 10, 12, 31] and
other pro-oxidant chemicals [5] in aquaculture. The aims of
this short review are to provide a background on the general
aspects of pro-oxidant, antioxidant and oxidative damage
processes in animals, and to briefly review the information
known for aquatic organisms in relation to pollution and the
use of pro-oxidant chemicals in aquaculture.

Pro-oxidant and antioxidant processes in biological sys-
tems

Nature and sources of ROS : Molecular oxygen (O2) is
required by animals for the oxidation of food and the genera-
tion of energy. During this process, O2 undergoes tetravalent
reduction to water. However, partial reduction of O2 results
in the formation of reactive oxygen species (ROS), including
both radical species such as the superoxide anion radical
(O2•-; 1-electron reduction) and hydroxyl radical (OH•; equi-
valent to 3-electron reduction), and non-radical species such
as H2O2 (2-electron reduction) [13]. The ROS are conti-
nually produced as undesirable toxic bi-products of normal
metabolism from various endogenous processes, and it has
been estimated that about 1 to 3 % of O2 consumed in animal
systems such as man is converted to ROS. The reactivity and
properties of the different ROS vary considerably, the most
potent being OH• that reacts instantly and indiscriminately
with virtually all organic molecules. However, the production
of the different ROS can be inter-related, yielding ultimately
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the highly damaging OH•. Thus, O2•- can be converted to
H2O2 via dismutation:

2 H+ + 2 O2•- → H2O2

and O2•-- and H2O2 can react together to yield OH• via a
metal-catalysed Haber-Weiss reaction :

O2•- + H2O2 → OH• + OH- + O2

These ROS can in turn give rise to other ROS such as per-
oxyl and alkoxyl radicals (respectively ROO• and RO•)
through reaction with other biological molecules. An initial
pro-oxidant event can thus give rise to a spreading web of
ROS production within an animal. 

Pro-oxidant/antioxidant balance, antioxidant defenses,
oxidative damage and oxidative stress : In the normal healthy
cell, ROS and pro-oxidant products are detoxified by antioxi-
dant defenses, including low molecular weight free radical
scavengers and specific antioxidant enzymes [13]. The for-
mer comprise both water-soluble (e.g. vitamin C, reduced
glutathione (GSH), carotenoids) and lipid-soluble (e.g. vita-
mins A and E) molecules. The antioxidant enzymes include
superoxide dismutase (SOD; EC 1.15.1.1 - converts O2•- to
H2O2), catalase (EC 1.11.1.6 - converts H2O2 to water) and
glutathione peroxidase (GPX; EC 1.11.1.9 - detoxifies H2O2
and organic hydroperoxides utilising GSH). Thus a balance is
thought to exist between pro-oxidant production and antioxi-
dant defense, although low levels of oxidative damage, parti-
cularly to key biological molecules such as lipid, protein and
DNA, are also always present. However, marked increases in
ROS production can overcome antioxidant defenses, resul-
ting in increased oxidative damage to macromolecules and
alterations in critical cellular processes. The oxidative
damage may be spread far from its point of cellular origin by
the different ROS and other products of oxidation, resulting
in a condition of oxidative stress. The latter can have delete-
rious consequences for health, and has been implicated in the
cause and/or development of a range of human diseases,
including certain cancers and cardiovascular disease [13].
Exposure to increased ROS production can also lead to
induction of certain antioxidant enzymes via interaction with
antioxidant responsive gene elements and increased trans-
cription. 

Any process which leads to increased ROS production,
either directly, or indirectly via organic radical formation or
other mechanisms, can potentially result in enhanced oxida-
tive stress and biological damage [13]. Possible pro-oxidant
agents in the environment are many and varied, including
both natural and man-made sources. The former includes
ROS such as H2O2 and OH• produced by photoactivation and
other events, transition metals such as Fe, and redox cycling
organic compounds such as quinones; the latter includes a
wide range of metal and organic contaminants (see next sec-
tion); included under both natural sources and exacerbated by
man’s activities are hypoxia, hyperoxia and UV-radiation
[23]. Organic compounds and metals can stimulate ROS pro-
duction by a variety of biochemical mechanisms including
redox cycling of quinones, nitroaromatics, nitroamines and
bipyridyl herbicides; redox reactions of transition metals
(e.g. Co, Cr, Ni, Va) with O2 and other ROS; autoxidation of
particular oxygenases (e.g. cytochrome P450s (CYPs); iv)
enzyme induction (e.g. CYPs, flavoprotein reductases); dis-
ruption of membrane-bound electron transport by lipophilic

contaminants; and depletion of antioxidant defenses (e.g.
GSH involved in the biotransformation of organic contami-
nants). [13, 18]. The process of redox cycling of quinones
(and other redox cycling organic compounds) is catalysed by
NAD(P)H-dependent flavoprotein reductases, in which the
quinone undergoes univalent reduction to the semiquinone
which then reacts with O2 to yield O2

- and regenerate the
parent quinone. The net result is the consumption of reducing
equivalents and O2, and the generation of ROS.

Pro-oxidant and antioxidant processes in fish and aqua-
tic invertebrates in relation to pollution exposure

A variety of contaminants enter the aquatic environment
and are taken up from the sediment, water-column and food
into the tissues of resident organisms [21, 40, 41]. The sea-
surface microlayer and maternal transfer are thought to be
particular sources of contaminants for early life-stages [23].
The contaminants include many chemicals that have been
shown to be pro-oxidants in mammalian systems such as
redox cycling compounds (quinones and others - see before),
polycyclic aromatic compounds (PAHs) (benzene, PAH oxi-
dation products), halogenated hydrocarbons (bromobenzene,
dibromomethane, polychlorobiphenyls (PCBs), lindane),
dioxins, pentachorophenol and metals (Al, As, Cd, Cr, Hg,
Ni, Va). The same general scenario of contaminant-stimula-
ted ROS production, antioxidant defense and oxidative
damage as seen for mammals is indicated for aquatic orga-
nisms, although much less is known of many of these aspects,
particularly with regard to in vivo events and the relationship
of oxidative damage with disease [18, 23]. The studies in fish
and aquatic invertebrates have largely been carried out on the
major organs of biotransformation and respiration (gills).
The former organs include liver (fish), pyloric caeca (echino-
derms), hepatopancreas (crustaceans) and digestive gland
(molluscs). The studies been the subject of a number of
reviews [8, 9, 14, 17, 18, 20, 23, 42] .

In vitro contaminant-stimulated ROS production : An
increased potential for NAD(P)H-dependent ROS production
has been demonstrated in subcellular fractions of a number of
species for a number of contaminants [18]. Marked stimula-
tion of ROS production has been seen for the model and/or
contaminant redox cycling compounds nitrofurantoin, p- and
m-dinitrobenzoic acid, p-nitrobenzoic acid, 4-nitroquinoline
N-oxide, 1-nitropyrene, paraquat and nine different 1 to 5 rin-
ged aromatic hydrocarbon quinones, including duroquinone
(component of pulp mill effluent) and the 1,6-, 3,6- and 6,12-
benzo[a]pyrene (BaP) diones (metabolites of the BaP bio-
transformation). Increased ROS production has also been
shown for non-redox cycling lindane (γ-hexachlorocyclo-
hexane) [18], 3,3’,4,4’-tetrachlorobiphenyl [36, 37] and
anthracene and anthracene/UV interactions [3]. The species
studied include Atlantic flounder (Platichthys flesus), blue-
gill sunfish (Lepomis macrochirus), catfish (Ictalurus punc-
tatus), perch (Perca fluviatilis), rainbow trout (Oncorhyn-
chus mykiss), larval turbot (Scophthalmus maximus), starfish
(Asterias rubens), shore crab (Carcinus maenas) and com-
mon mussel (Mytilus edulis). In vitro mechanistic studies of
redox cycling contaminants have demonstrated, or indicated,
the uptake of O2, the production of O2•-, the dismutation of
O2•- to H2O2, the involvement of O2•- and/or H2O2 in the
production of OH•, the catalytic role of cytochrome P450
reductase in NADPH-dependent catalysis, and the conserva-
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tion across animal groups of the wide substrate specificity of
the flavoprotein reductases involved [18]. Taken overall, the
in vitro contaminant-stimulation and mechanistic studies
indicate a widespread potential for contaminant-stimulated
ROS production in fish and aquatic invertebrates.

In vivo contaminant-stimulated ROS production - labora-
tory and field studies : No studies have yet addressed directly
the question of the production of ROS in vivo. Indirect evi-
dence of contaminant-stimulated free radical reactions in
vivo has been obtained using primary digestive gland cell
mixtures of M. edulis and DNA strand breakage as the end-
point of biological damage [25]. Inhibitors studies indicated
that free radicals were involved in genotoxicity mediated by
BaP, 1-nitropyrene and nitrofurantoin, and that the BaP
effects likely occurred by metabolism to BaP-diones, possi-
bly involving redox cycling and resultant O2•- production.
Studies have also shown increased potential for NAD(P)H-
dependent ROS production in hepatic subcellular fractions of
O. mykiss 15 weeks after a single i.p. injection of PCBs, in P.
fluviatilis from a PCB-contaminated compared to a clean
lake in Sweden, and in P. flesus at various sites along two pol-
lution gradients near to the Ports of Rotterdam and
Amsterdam, The Netherlands [22]. Overall, the data indicate
increased potential for ROS production in liver of fish expo-
sed to field pollution. Consistent with these findings, increa-
sed ROS production was also seen in isolated hepatocytes of
dab (Limanda limanda) from polluted compared to cleaner
sites in the German Bight, North Sea [28].

Antioxidant defenses and oxidative damage : Antioxidant
enzymes, such as SOD, catalase and GPX, and free radical
scavengers are found widely in aquatic organisms (see
reviews cited above). Other antioxidant enzymes studied
include DT-diaphorase (quinone: oxidoreductase; EC
1.6.99.2 (catalyses the 2-electron reduction of quinones to
hydroquinones preventing them from redox cycling) in O.
mykiss, glutathione S-transferase A (conjugates and detoxi-
fies products of lipid peroxidation) in plaice (Pleuronectes
platessa) and aldehyde dehydrogenase (EC 1.2.1.3) in mus-
sel Mytilus galloprovincialis [18]. Other antioxidants found
in fish include uric acid in seminal plasma [4] and metallo-
thionein studied in various fish cell lines [16]. More recently
total oxidant scavenging capacity for specific ROS has been
measured [33]. Transient increases in antioxidant enzyme
activities, and changes in free radical scavenger levels, have
been seen with exposure to contaminants [18, 38], but overall
relatively little is known of the regulation of antioxidant sys-
tems in fish. 

Despite the presence of antioxidant defense systems,
increased levels of oxidative damage to protein, lipid and
DNA occur in fish with laboratory and field exposure to
contaminants [18, 23]. Examples in various fish species
include increased lipid peroxidation with exposure to Cd, Cu,
Fe, paraquat, dieldrin, malathion, bleached kraft paper mill
effluent, and sediments containing PAHs and PCBs; increa-
sed protein oxidation (non-peptide carbonyl group forma-
tion) in animals from contaminated field sites; and increased
DNA oxidation with exposure to nitrofurantoin, dieldrin,
paraquat, and urban or industrial pollution, including field
sites high in iron-ore tailings. Studies have also been carried
out where no increase in oxidative damage with exposure to
contaminants has been seen, e.g. no change in hepatic lipid

peroxidation in I. punctatus exposed to As and methylarso-
nate, or hepatic DNA oxidation in several fish species expo-
sed to nitrofurantoin. 

Oxidative stress and higher order biological effects: Little
is known of the relationships between oxidative stress,
disease and fitness in aquatic organisms [18, 23].
Pathological and functional changes have been seen with
exposure to contaminants, including altered intracellular
Ca2+ levels in O. mykiss with exposure to lindane. At the
whole-animal level, decreased growth rates were seen in
several fish species with exposure to Fe, PCBs and binary
mixtures of dichloraniline and lindane. In a comparative
study of possible determinants of oxidative stress in two spe-
cies of fish with known different susceptibilities to cancer, a
greater pro-oxidant capacity for microsomal redox cycling of
xenobiotics, coupled with a glutathione-dependent antioxi-
dant system less able to withstand oxidative challenge, was
found in the more-cancer prone brown bullhead (Ameriurus
nebulosus) compared to the less cancer-prone I. punctatus
[7]. In the field, the oxidised DNA base FapyGua (2,6-
diamino-4-OH-5-formamido-pyrimidine) was found in can-
cerous tissue of liver of sole (P. vetulus), indicating a role for
oxidative DNA damage in contaminant-caused carcinogene-
sis [24]. The state of knowledge of contaminant-related pro-
oxidant and antioxidant processes in early life-stages of fish
is less than for adults, but consequences for higher order bio-
logical effects are indicated [23].   

Pro-oxidant and antioxidant processes in fish and aqua-
tic invertebrates in relation to aquaculture

Ozone, H2O2 and other pro-oxidant chemicals are used
extensively in aquaculture as disinfectants and/or sources of
O2. Information is limited but antioxidant responses and pro-
oxidant impact in animals are seen with the use of such che-
micals. For example, altered GSH and oxidised glutathione
levels in blood of Arctic charr (Salvelinus alpinus) [34], and
elevated SOD activities in liver and gills of O. mykiss [35],
were seen following exposure to ozone/hyperoxia but not to
hyperoxia alone. In contrast, elevated hepatic and gill cata-
lase activities were seen in O. mykiss following exposure to
hyperoxia alone [35].

A number of molecular and higher order effects have been
seen with exposure of isolated cells and whole animals to
H2O2. Increased protein oxidation occurred in hepatocytes of
P. flesus [11], and DNA damage (measured as strand brea-
kage) was seen in digestive gland cells of M. edulis [26],
hepatocytes of O. mykiss [6] and hepatocytes and blood cells
of brown trout (Salmo trutta) [27]. Increased DNA oxidation
(8-hydroxy-2’-deoxyguanosine formation) occurred in O.
mykiss with dietary exposure to H2O2 [15]. At the tissue
level, gill lesions occurred in O. mykiss [39]; and at the
whole-animal level, decreased aerobic metabolic rate was
seen in the shrimp Crangon crangon [1], and respiratory
pathophysiology [30] and decreased growth rate [39] in O.
mykiss. Deleterious functional effects have also been obser-
ved in the form of decreased lysosomal stability in digestive
gland cells of M. edulis with exposure to enzymatically-
generated O2•- [43], and pH-dependent alterations in aggre-
gation of cells of the sponge Microciona prolifera were seen
with exposure to H2O2 or bleach (NaClO) [29]. 
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