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Abstract
The main aim of this work was to provide baseline data on aspects of pro-
oxidant and antioxidant processes in different life-stages of the marine amphipod

Gammarus locusta. The activities of antioxidant enzymes and levels of lipid

peroxidation were determined in whole body juveniles, sub-adults and male and female
adults of a laboratory population of G. locusta. Fatty acid composition of individuals at
these different stages of development was also characterised in order to examine the
contribution that polyunsaturated fatty acids (PUFA) might make to the peroxidation
status of animals. The antioxidant enzymes, measured in whole body 100, 000
supernatants, comprised catalase (CAT, EC 1.11.1.6), superoxide dismutase (SOD; EC
1.15.1.1) and glutathione peroxidase (GPX; EC 1.11.1.9). Fatty acids were analysed as
fatty acid methyl esters (FAME). Lipid peroxidation was examined in terms of the
levels of lipid peroxides determined as thiobarbituric acid-reactive malondialdehyde
equivalents. Age-related changes were seen in antioxidant enzyme status: levels of SOD
(p< 0.01) and GPX (p< 0.001) activities decreased progressively during development
from juveniles to adults. Sex-related changes in GPX activity were also seen, the levels
being higher in adult males than females (p< 0.001). The amount of FAME present in
whole body amphipod also changed over the life span. Among PUFA, the
eicosapentaenoic (C20:5n-3), arachidonic (C20:4n-6) and docosahexaenoic acids
(C22:6n-3) were the most abundant acids in this species, and both their individual
concentrations and total PUFA increased progressively with age (up to 3.3-fold; p<
0.001). The latter changes may contribute to the explanation of the observed differences
in peroxidation status of the animals with age; thus, levels of lipid peroxides increased
up to 40 % in adult males compared to other age-classes (p< 0.001). Overall, the decline

in antioxidant enzyme activities, coupled with increased levels of PUFA, as the
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individual grows older, may render the older animals more susceptible to lipid

peroxidation and oxidative stress.
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Introduction

Aquatic life is currently being exposed to chemical contamination by an
increasing variety of anthropogenic activities that can induce many different
mechanisms of toxicity, each contributing to varying degrees to the final overall
deleterious effect (Di Giulio et al., 1995; Livingstone, 2001). Consequently, in
environmental disturbance assessment, the integration of chemical data with biological
responses (so-called biomarkers) is strongly recommended in order to assess effects of
pollutants on the organisms (Besten, 1998). Biomarkers can be developed for
application at different levels of biological organisation. At the biochemical level, they
include studies on the enhanced production of reactive oxygen species (ROS) as a
general pathway of toxicity induced by many contaminants, leading to a condition of

oxidative stress (Di Giulio et al., 1995; Livingstone, 2001). These ROS include
superoxide anion radical (O,"), hydrogen peroxide (H.O2) and the highly reactive
hydroxyl radical (OH").

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 defences. Prominent among these antioxidants are
the enzymes superoxide dismutase (SOD, EC 1.15.1.1 - converts O,'" to H,0,), catalase

(CAT; EC 1.11.1.6 - converts H,O, to water) and glutathione peroxidase (GPX; EC
1.11.1.9 - detoxifies H,O, and organic hydroperoxides produced, for example, by lipid
peroxidation) (Di Giulio et al., 1995; Halliwell and Gutteridge, 1999). 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 endogenous/exogenous factors, such as age (Viarengo et al., 1991b; Hole et al.,
1993; Peters and Livingstone, 1996; Arun and Subramanian, 1998), diet (Peters et al.,

1994), seasonality/reproductive cycle (Viarengo et al., 1991a; Solé et al., 1995;
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Ringwood and Conners, 2000), temperature (Buchner et al., 1996; Abele et al., 1998)

and hypoxia/hyperoxia (Abele-Oeschger et al., 1994; Abele-Oeschger and Oeschger,
1995).

In normal metabolism (i.e. without the influence of stress conditions), a balance
exists between the generation of ROS and other pro-oxidants, and their detoxication and
removal by antioxidant defence mechanisms (Winston and Di Giulio, 1991). However,
either an increase in ROS production above the level that can be removed by antioxidant
defences, or a decrease in the capacity of the antioxidant defences, could result in
oxidative damage to key molecules, including DNA, protein and lipids (lipid
peroxidation) (Halliwell and Gutteridge, 1999). 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 (review by Di
Giulio et al., 1995; Livingstone et al., 2000; Livingstone, 2001). However, few studies
have been undertaken on crustaceans, and little is known about such mechanisms, in
particular in amphipods. The latter is of interest because such animals have a number of
characteristics, such as sensitivity to environmental disturbance, short life cycle in
temperate and tropical regions, and amenability to experimental investigation that make
them ideal for ecotoxicological studies (De Witt et al., 1992; Reish, 1993; Costa and
Costa, 2000).

Our own research has focused on the development of biochemical markers in a

marine amphipod species, Gammarus locusta (Gammaridae, Linnaeus, 1758). Recent

studies have demonstrated that metallothionein (MT), which can have both metal-
detoxication and antioxidant functions, is induced in G. locusta in response to copper
exposure (Correia et al., 2001, Correia et al., 2002a,b). 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
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physiological aspects of the organism (Halliwell and Gutteridge, 1999; Livingstone,
2000). Little is known about such processes in amphipods. In Mytilus sp., however,
increased susceptibility to oxidative damage (measured as lipid peroxidation) has been
observed with increasing age, concomitant with decreasing levels of antioxidant
defences (Viarengo et al. 1991b; Hole et al., 1993). A second important factor affecting
the potential for oxidative damage is the level of the target molecules, e.g.
polyunsaturated fatty acids (PUFA) are readily oxidized by ROS to lipid peroxides (Di
Giulio et al., 1995), and account for a significant percentage of membrane
phospholipids in amphipods (Clarke et al., 1985; Kawashima et al., 1999). Thus, the
incidence of lipid peroxidation may depend upon both the level of antioxidant enzymes
and the composition of fatty acids in the organisms, the latter of which may also change
with aspects of the animal's physiology, including development, age and sex (Parihar
and Dubey, 1995).

Both the development of (molecular) biomarkers (Livingstone et al., 2000) and
understanding of basic pro-oxidant/antioxidant processes (Livingstone, 2001) require
knowledge of how the biochemical systems are influenced by key
exogenous/endogenous factors such as developmental stage, age and sex. The current
study describes the variation in whole body antioxidant enzymes activities, lipid
peroxidation (total lipid peroxides measured as thiobarbituric acid-reactive substances)
and fatty acid composition over the lifetime (juveniles, sub-adults and male and female
adults) of G. locusta. Fatty acids were analysed as fatty acid methyl esters (FAME). The
results are discussed in relation to age and sex-dependent changes in pro-oxidant and

antioxidant processes in this species.



Material and Methods
Chemicals

Dithiothreitol (DTT), phenylmethylsulfonyl fluoride (PMSF), xanthine oxidase
(EC 1.2.3.2), horse heart cytocrome c, hypoxanthine, sodium azide, reduced glutathione
(GSH), glutathione reductase (EC 1.6.4.2), H,O,, B-nicotinamide adenine dinucleotide
phosphate (NADPH) and dodecanoic acid 4-nitrophenyl ester (CigH27NO4) were
obtained from Sigma Chemical Co., Portugal. All other chemicals were analytical grade

and were from Merck, Portugal.

Animals

Animals were obtained from laboratory cultures. In the culture, they were kept
under conditions of room temperature (15 £ 1 °C) and a 12-h light/dark photoperiod,
and held in plastic microcosms containing 0.45 um filtered seawater (33 £ 1 %o salinity)
and a sediment layer of up to 1 cm. Aeration was provided by plastic pipette tips placed
at least 1 cm above the sediment surface. Dissolved oxygen in the overlying water was
at least 8 mg/L. To provide shelter and mimic the natural environment, small stones
were placed in the microcosms. The food consists mainly on Ulva lactuca and Ulva
rigida. The macroalgae and sediment (sand with 0.5 % fine fraction and 0.9 % total
volatile solids) were collected from an unpolluted area, located on the South margin of
Sado estuary, Portugal (38° 27' N, 08° 43' W) that is the natural site of the G. locusta
population, commonly used in the laboratory studies. This site is free of direct influence
of effluents discharge, which is confined to the North margin, and it contains a rich
zoobenthic community (Mucha and Costa, 1999). Sediment from this location is known
not to be contaminated and is used as control sediment in ecotoxicological studies

(Costa et al., 1998). Animals were starved for 24 h prior to being gently separated
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through a battery of screens of decreasing mesh size (1500, 1000 and 475 pm),

distributing the amphipods into three size-classes: > 7 mm, 5-8 mm and 2-5 mm length,
respectively. These likely mainly correspond to the age-classes: adults (> 7 weeks-old),
sub-adults (4 to 7 weeks-old) and juveniles (1 to 4 weeks-old), respectively (Costa et al.,
1998). Pools of whole animal (> 50 animals) at any stage of the moult cycle were
divided into 3 or 5 batches. Adult males and females were sampled separately. Females
were isolated from the culture until ovarian development and spawning occurred before
being used. All pooled samples were frozen in liquid nitrogen and stored at - 80 °C

prior to the biochemical analyses.

Antioxidant enzymes analyses

Sample preparation

Preliminary studies were performed in order to optimise the methodology
involving the use of whole body amphipod in the biochemical assays. All procedures
were performed at 4 °C. Pools of whole animal (pool wet wt. ~ 0.8-1.0 g) were
homogenised in 50 MM KH,PO4/K,HPO,, pH 7.8 containing 2 mM EDTA in a Potter-
Elvehijm homogeniser, using a wet wt./buffer volume ratio of 1:2. The homogenation
buffer also contained 1ImM DTT and 100 mM PMSF in the case of samples used for
measurement of CAT activity. Homogenates were centrifuged at 1500 x g for 15 min
and the resulting supernatant centrifuged at 100, 000 x g for 90 min. CAT, SOD and
GPX activities were measured in the 100, 000g supernatant (i.e. cytosolic) fraction of

the whole organisms.
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Biochemical assays

Enzyme activities were measured using a dual-beam spectrophotometer (Unicam
UV 5-120) at 25 = 0.5 °C. Assays were run at least in duplicate. CAT activity was
measured by the decrease in absorbance at 240 nm due to H,O, consumption (extinction
coeff. 36 mM™ cm™) according to Aebi (1974). The reaction volume was 3 ml and
contained 67.5 mM KHyPO4/K;HPO, buffer pH 7.5 and 12.5 mM H,0, (Ni et al.,
1990). The reaction was started by the addition of the sample.

SOD activity was determined by an indirect method involving the inhibition of
cytocrome ¢ reduction. In this method, SOD competes with cytochrome ¢ for O,
generated by the hypoxanthine and xanthine oxidase reaction. The reduction of
cytochrome ¢ by O, is monitored by the absorbance increase at 550 nm (McCord and
Fridovich, 1969). The reaction volume was 3 ml and contained 50 mM
KH,PO4/K;HPO, buffer pH 7.8, 0.1 mM EDTA, 50uM hypoxanthine, 5.6 mU xanthine
oxidase and 10 pM cytocrome c (Livingstone et al., 1990). The results of this enzymatic
assay are given in units of SOD activity per milligram protein (U mg™), where one unit
of SOD is defined as the amount of sample causing 50 % inhibition of cytochrome c
reduction.

GPX activity was measured with H,O, as substrate, i.e. the activity of the
selenium (Se)-containing GPX (Halliwell and Gutteridge, 1999). The activity was
monitored by following the decrease in NADPH concentration (at 340 nm), which is
consumed during the generation of GSH from oxidized glutathione (extinction coeff.
6.2 mM™cm™), according to Giinzler and Flohe (1985). This assay requires the use of a
reference cell without sample added. The chemical rate of NADPH loss determined in
the absence of the sample was subtracted from the total rate (Livingstone et al., 1992).
The activity of this enzyme was determined under the conditions of 50 mM

KH,PO4/K,;HPO,4 buffer pH 7.0, 2 mM GSH, 0.5 mM sodium azide, 2 U glutathione
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reductase, 0.12 mM NADPH, 0.2 mM H,0; , 100 pl sample and water to give a final

reaction volume of 1 ml (Livingstone et al., 1990).
Total protein was measured according to the method of Bradford (1976) using

bovine serum albumin as standard.

Fatty acid analyses

Lipids were extracted from lyophilised samples of whole body amphipods (pool
wet weight 1.0 g, n = 3) by homogenisation in methanol/chloroform/water (2:2:1.8, v/v)
(Bligh and Dyer, 1959). The homogenate was filtered through a Blichner funnel with
slight suction before centrifugation at 5,000 x g for 4 min. The lower chloroform phase
was evaporated and the pure lipid residue or total lipids weighted (the total lipid content
was expressed as percentage of whole body wet weight). All evaporations of solvents
were carried out in a water bath at 30 °C, first under vacuum then under a stream of
nitrogen. The lipid extracts were saponified for 45 min under nitrogen at 100 °C with
0.5 M KOH in methanol in conjunction with added 100 pl of internal standard fatty acid
(C19:0). The resultant fatty acids were recovered and their methyl esters prepared by
reaction with 14 % BF3/CH3 OH solution for 8 min at 100 °C under nitrogen (Metcalfe
and Schmitz, 1961). The FAME, after solvent evaporation, were finally recovered in 2
ml isooctane. They were analysed by high-resolution capillary gas-chromatography
(Varian 3300 Star 3400 CX) using a split 10:1 and separated on a 30 m fused silica
WCOT SP1000 capillary. Analytical conditions were 1ml min™ helium carrier gas, at a
temperature of 180 °C for 7 min and then programmed at a rate of 4 °C min™ to 210 °C.
Injector port and FID were kept at 250 °C. Column performance was monitored by
routine injection of a secondary standard of fatty acid methyl esters prepared from cod-

liver oil (with added nonadecanoid acid as internal standard).
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Fatty acids were identified by co-chromatography with standards and, in
addition, the peaks of chromatograms were compared with those of the methyl esters
prepared from cod-liver oil reference standard (Ackman et al., 1967). Peak areas were
measured by a computer program (Star Chromatography Workstation) installed in a
IBM PS/1 and were also expressed as pg of fatty acid mg™ dry wt. by calculation

against the area of the internal standard.

Lipid peroxide analyses

Pools of whole animal (0.05 - 0.08 g wet wt) were homogenised at 4 °C in 1:4
wet wt./buffer volume ratio in 50 mM NaH,PO,/Na,HPQO, buffer pH 7.4, containing 15
% glycerol (w/v), and centrifuged at 9000 x g for 15 min at 4 °C. Lipid peroxide was
measured in sample supernatants by the generation of thiobarbituric acid reactive
species (TBARS) and quantified in terms of malondialdehyde (MDA) equivalents
(Ohkawa et al., 1979). Sub-samples (62.5 pl) of tissue homogenate were treated with 25
pl of 8.1 % dodecyl sulfate sodium, 187 ul of 20 % trichloroacetic acid (pH 3.5) and
187 pl of thiobarbituric acid. The mixture was made up to 0.5 ml with distilled water
and then heated for 60 min in boiling water. After cooling, 125 pl of distilled water and
625 pl of the mixture of n-butanol and pyridine (15: 1, v/v) were mixed and shaken
vigorously before centrifugation at 4000 x g for 10 min. The supernatant (organic layer)
was taken and its absorbance measured at 532 nm. MDA concentrations were derived
from a standard curve and the values expressed in terms of MDA nmolar equivalents

per g wet wt tissue.
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Statistical Analyses

Analyses of variance (one-way ANOVA) were performed to determine age-
dependent effects on each biochemical parameter studied. Prior to any analysis, the data
were checked for normality (Kolmogorov-Smirnov test) and homogeneity of variance
(Levene’s test). They were log-transformed when necessary. Significant differences
were stablished at p< 0.05 level using the Least Significant Difference test (LSD test)
for multiple range comparisons between pairs of the means. All statistical analyses were

performed with the Statistica/W ® 5.0 (StatSoft ™) package using a PC computer.

RESULTS

Antioxidant enzyme activities

Fig. 1 shows the CAT, SOD and GPX activities of G. locusta of different age-
classes. A slight decrease in the levels of CAT was indicated in adults (12 % and 15 %
in male and female, respectively) with respect to the younger animals (CAT activity of
juveniles and sub-adults = 19.5 pmol min?mg™ protein), but the changes were not
statistically significant (p > 0.05) (Fig. 1A). SOD activity was lower in sub-adults (60 %
lower) and female and male adults (60 and 50 % lower, respectively) compared to
juveniles (juvenile SOD activity = 7.5 Umin™mg™ protein; p < 0.01) (Fig. 1B). The
activity of SOD was similar in male and female adults (p > 0.05). GPX activity also
decreased in the older animals, being 65, 70 and 90 % lower in respectively sub-adults,
male and female adults (p < 0.001) compared with juvenile amphipods (juvenile GPX
activity = 5.5 nmol min™mg™ protein) (Fig. 1C). GPX activity was 50 % lower in

females than males (p < 0.001).
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Fatty acids

A detail description of fatty acid composition determined for the various stages
of development of G. locusta is given in Table 1. At least 21 fatty acids with number of
carbon atoms from 14 to 22 were present in G. locusta. A very similar pattern of lipid-
classes was found in animals of all three age-classes (juveniles, sub-adults and adults).
Unsaturated acids were the major fatty acids, accounting for more than 70 % of total
fatty acids determined in this species. Polyunsaturated fatty acids (PUFA) were the
dominant unsaturated fatty acids, making up 40 % of the total unsaturated fatty acids.
The major components of the former were the n-3 and n-6 PUFAs, the most abundant
fatty acids in whole body G. locusta being in decreasing order eicosapentaenoic acid
(C20:5n-3; 41 - 48 % of total PUFA), arachidonic acid (C20:4n-6; 21 - 25 %) and
docosahexaenoic acid (C22:6n-3; 3.5 — 6 %). Saturated fatty acids were present at 20 to
23 % of total fatty acids, and among them palmitic acid (C16:0) was the most abundant.
The remaining percentage (7-10 %) of total fatty acids includes saturated branched-
chain acids (iso-C15:0, 16, 17 and anteiso C16:0) and unknown fatty acids. Besides the
similarity of the lipid-classes found in the different age-classes, the concentration of
each component in whole body increased with age. Thus, the concentration of total
FAME (in ug mg™ dry wt) increased from 7.1 in juveniles to 17.0 in sub-adults to 30 in
both adult males and females (p< 0.001). In particular, the level of total polyenoic acids
(PUFA), the major representative class found in this species, were up to four-fold higher
in adults than in juveniles, viz. 8.2-11.9 compared to 2.7 ug mg™ dry wt. (p< 0.001).
The total lipid content was also found to be higher in adults than in juveniles, viz. 12.8-

13.9 compared to 7.8 % of whole body wet wt. (p< 0.01).
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Lipid peroxide

The results of lipid peroxide levels are presented in Fig. 2. Levels of whole body
lipid peroxide, measured in terms of MDA, did not change among the different age-
classes (~ 30 nmol MDA g wet wt.), excepting in male adults where the levels of

MDA were 40 % higher compared to the other classes (p< 0.001).

Total protein

The levels of total protein in the cytosol fraction of whole body G. locusta were
lower in both juveniles and sub-adults (about 7 mg g™* wet wt.) than in adults (about 12
mg g™ wet wt.). Thus, the pattern of antioxidant enzyme activities for CAT, SOD and
GPX in the different life-stages expressed as activity g™ wet weight (data not shown)

was similar to that expressed as activity mg™ protein (Fig.1).

Discussion

The main aim of the study was to investigate aspects of pro-oxidant and
antioxidant systems in amphipod crustaceans, of which little or nothing is known in
many marine and estuarine species. The study was carried out on G. locusta because of
its current use and potential in ecotoxicological studies addressing the impact of toxicity
of sediments. The work comprised a) characterisation of basal levels of antioxidant
enzymes activities, fatty acid composition and peroxidation status in a laboratory
population; and b) examination of age and sex-related differences in these variables

over the lifetime (juveniles, sub-adults, male and female adults) of the species.
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Aerobic organisms possess a baseline status of antioxidant systems, involved in
a variety of detoxication reactions, to assure the maintenance of a balance between
production and removal of endogenous ROS and other pro-oxidants. This pro-
oxidant/antioxidant balance and detoxication of potentially damaging ROS is crucial for
cellular homeostasis (Winston and Di Giulio, 1991; Lemaire and Livingstone, 1993;
Livingstone, 2001). G. locusta, an epibenthic amphipod living above the sediment
surface (Costa and Costa, 2000), was found to possess the key antioxidant enzyme
activities CAT, SOD and GPX, similar to a wide variety of other aquatic invertebrate
species living under aerobic conditions, including echinoderms, molluscs, annelids and
other crustaceans (Table 2). The whole body enzyme activities were determined in a
laboratory population and therefore are a preliminary indication of the baseline levels in
this species, since the animals were maintained under controlled conditions (oxygen,
temperature, photoperiod, food) without the influence of environmental variables that
are thought to contribute to the seasonal changes of antioxidant enzymes seen in many
intertidal organisms (Viarengo et al., 1991a; Gamble et al., 1995; Solé et al., 1995;
Buchner et al., 1996). Comparison of antioxidant enzyme activities between species is
limited because of the relatively small database, the use of different units in some
studies, and the unknown influence of seasonality and other factors (Table 2). However,
considering the activities expressed per mg protein, SOD activity in G. locusta was
somewhat lower than for whole body or other tissues of two decapod crustacean species

(Macrobrachium malcolmsonii, Palaemonetes argentinus), two polychaete species

(Arenicola marina and Nereis diversicolor), the scallop Adamussium colbecki, the

mussel M. edulis, the clam Astarte borealis and the echinoderm Paracentrotus lividus,

but overlapped with activities for another mytilid species M. galloprovincialis. CAT

activities showed much more variability between species (up to two orders of

magnitude) and those for G. locusta fell somewhat in the middle of the range. Selenium-
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dependent GPX activity of G. locusta was similar, or overlapped, activities for four

(M. malcolmsonii, M. edulis, M. galloprovincialis and Paracentrotus lividus) out of six

species for which there was data. Sex-dependent differences in biotransformation
enzyme activities, such as cytochrome P450-dependent monooxygenases, are seen in
aquatic invertebrates (Livingstone, 1991), but little or nothing is known of the situation
for antioxidant enzymes (Livingstone, 2001). The significance of the higher GPX
activity in male than female G. locusta is therefore unknown.

ROS are continuously produced as unwanted by-products of normal oxidative
metabolism, principally from mitochondrial respiration (Sohal, 1997). Therefore,
intrinsic changes in oxygen consumption over an animal's lifetime can be important
factors affecting age- and possibly sex-dependent differences in the antioxidant status of
aquatic organisms. For example, 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 (Arun and
Subramanian, 1998). 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 (Peters and Livingstone, 1996;
Livingstone et al., 2001). In contrast, whole body CAT and GPX activities in S.
maximus increased during the same period (Peters and Livingstone, 1996). Considering
a much later stage of development and growth, CAT activities and levels of other
antioxidants in the mussel M. edulis were lower in older than younger animals,
consistent with lower oxygen consumption rates in the former (Viarengo et al., 1991b).
Changes in G. locusta’s physiology over its lifetime would therefore likely result
in development- and/or age-related differences in its antioxidant status, as was seen for
the activities of SOD and GPX (markedly lower in sub-adults and adults compared to

juveniles) but not for CAT (slight decrease indicated). Considering the fact that
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metabolic rate is normally higher in juvenile than adult amphipods (Sutcliffe, 1984), the
former likely require higher SOD and GPX activities to protect against potential
increased production of ROS (see Table 2). Also, juveniles show faster growth rates
(Pockl, 1992; Neuparth et al., 2002) or frequency of moulting cycles (Wildish, 1972;
Hiwatari and Kajihara, 1988) than adult amphipods, both processes of which are
associated with increased oxygen consumption. Thus at moult, several crustacean
species showed an increased susceptibility to low levels of dissolved oxygen (Miller et
al., 2001), which is probably related with higher oxygen consumption by the organisms
during that period. In the case of G. locusta and several other gammaridean species,
rates of oxygen uptake by individuals that had recently moulted increased two to four
times over non-moult animals (see Sutcliffe, 1984). The presence of respiratory pigment
(haemocyanin) in the haemolymph of G. locusta may also contribute to pro-oxidant
load, since release of ROS upon oxidation of respiratory pigments (Misra and Fridovich,
1972; Abele-Oeschger and Oeschger, 1995) has seen connected to the presence of high

SOD activities in the polychaete Arenicola marina and the clam A. borealis (Abele-

Oeschger and Oeschger, 1995; Abele-Oeschger, 1996). In younger amphipod
crustaceans (i.e. juveniles and/or sub-adults of G. locusta), this phenomenon is
potentially very important because of an intense catabolism of haemocyanin during
moulting, followed by synthesis in inter-moulting stages (Taylor and Anstiss, 1999).
The absence of age—related changes in CAT during the life cycle of G. locusta is
unexpected given that marked alterations in CAT activity have been seen in aquatic
invertebrates with a number of both endogenous and exogenous factors (Livingstone,
2001; also see above). Reasons for this may include that CAT activity plays a major role
in preventing H,O, damage in adult amphipods. Indeed, in a comparison of a large
number of species, it was concluded that CAT may play a relatively more important role

than GPX in detoxifying H,O, in invertebrates compared to vertebrates (Livingstone et
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al., 1992). However, it must also be remembered that CAT and GPX have essentially
complementary roles in H,O, detoxication, having different sub-cellular localisations
(peroxisomal and cytosolic, respectively), and that peroxisomes contain many
specialised H,O,-generating endogenous enzymes such as glycolate oxidase and others
(Halliwell and Gutteridge, 1999).

Changes in the total lipid content were seen during G. locusta development.
Juveniles had lower lipid levels than adults, as has also been found in the benthic

amphipods Pontoporeia femorata, Monoporeia affinis (Hill et al., 1992), Macrohectopus

branickii (Morris, 1984) and Diporeia hoyi (Quigley et al., 1989), which progressively
accumulate lipids, in particular triacylglycerol, throughout their lifetime. Lipids
accumulated in this form provide the main source of reproductive energy for amphipod
adults (Clarke et al., 1985; Hill et al., 1992). With respect to fatty acid composition in
amphipods, detailed information is available for various species, including the marine

Gammarus oceanicus and Echinogammarus marinus (see a review by Clarke et al.,

1985). In the majority of cases, using pooled samples containing mixtures of life-cycle
stages and sexes, the dominant fatty acids of both phospholipid and triacylglycerol were
found to be C16:0, C18:1 (n-9 and n-7 isomers), C20:5n-3 and C22:6n-3, with
phospholipids tending to be more unsaturated because of greater proportions of
C20:5n-3 and C22:6n-3 (Clarke et al., 1985; Kawashima, et al., 1999). The fatty acid
composition found for whole body G. locusta is also characterised by a high
concentration of fatty acids with a high degree of unsaturation, i.e. eicosapentaenoic
(C20:5n-3) and docosahexaenoic acids (C22:6n-3). These highly unsaturated fatty acids
display up to five times the oxidizability of linoleic acid (C18:2n-6), which is the most
common PUFA of mammalian membranes (Cosgrove et al., 1987).

Overall, in adults of G. locusta compared to juveniles, the combination of

increased levels of PUFA (up to 4-fold higher), lower antioxidant enzyme activities, and
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lower metabolic rate (Sutcliffe, 1984) conserving lipid levels (Hill et al., 1992), may
render the older age-class animals more susceptible to peroxidation of PUFA. This was
at least indicated to be so for male (but not female) adult amphipods, which had higher
levels of lipid peroxide than sub-adults and juveniles. Thus, changes in the
concentration and composition of fatty acids in whole body of G. locusta may contribute
to variations in the peroxidation status of individuals over their life span. Similar
incidences of variations in pro-oxidant processes during life span have been indicated
for other crustaceans, e.g. lipofuscin, a pigment believed to be formed from breakdown
products of peroxidized lipids, has been used as an age marker in decapods (Bluhm and
Brey, 2001) and amphipods (Bluhm et al., 2001).

Despite the relative scarcity of information on the relationship between age and
oxidative stress in aquatic organisms, the results for G. locusta appear to be consistent
with the general definition of ageing as "the progressive 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”
(Tollefsbol and Cohen, 1986; review by Emerit and Chance, 1992; Yu, 1994). For
instance, in studies of M. edulis, the lower levels of antioxidant systems in older
animals appear to have resulted in an increased susceptibility to ROS and cellular
damage as evidenced by respectively higher levels of MDA following re-oxygenation
during recovery from anoxia (Viarengo et al., 1989), and a decreased capability to
recover from copper-induced stress (Kirchin et al., 1992; Hole et al., 1993). Our data
also reinforce the need to include different ages/or stages of amphipod species in
toxicological tests in order to evaluate in a satisfactory manner potentially hazardous
compounds during acute and chronic exposures.

In summary, this study has shown that G. locusta possesses antioxidant enzyme

activities capable of metabolising O,:" (SOD) and H,O, (CAT and GPX); additionally,
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although the catalytic activity was not measured, Se-dependent GPX also has the
potential to metabolise organic hydroperoxides. These activities will contribute to
antioxidant defences protecting against pro-oxidant processes, in particular in the
immature stages of G. locusta development. The decreased antioxidant enzyme
activities in older amphipods, coupled with increased PUFA levels, appear to render at
least the male animals more susceptible to oxidative stress, producing increased lipid
peroxidation. In relation to pollution and potential application of oxidative stress
measures as biomarkers in G. locusta (Correia et al., 2001; Correia et al., 2002a,b),
further studies focusing on antioxidant defences versus chemical contamination are now
required. However, considering that antioxidant enzyme activities represent only part of
the antioxidant defence capability, and the limitations 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 (Regoli and Winston, 1999) and the application of immunochemical analyses

(Orbea et al., 2000).
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Fig. 1- Activity of catalase (A), superoxide dismutase (SOD) (B) and glutathione

peroxidase (GPX) (C) in the whole body of Gammarus locusta of different ages. The

values are expressed as mean = SD (number of pools, n = 3 to 5). ** Indicates
significant differences from juveniles (p< 0.01); *** Indicates significant differences

from juveniles (p< 0.001).

Fig. 2- Levels of lipid peroxide in the whole body of Gammarus locusta of different

age-classes. The values are expressed as mean = SD (number of pools, n= 4 to 5). **

Indicates significant differences from juveniles (p< 0.01).
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Table 1- Fatty acid composition determined for different age-classes of Gammarus locusta. The

values are expressed as pg fatty acid mg™whole body dry wt. Data are means of three different
samples. -: not detected,; tr: trace (< 1 %). ** Indicates significant differences from juveniles (p<

0.01); *** Indicates significant differences from juveniles (p< 0.001).

FATTY ACID Juveniles Sub-adults Adult males  Adult females
C14:0 tr tr tr 0.19
C15:0 tr 0.15 0.2 0.25
C16:0 1.11 2.62 5.04 5.47
C17:0 05 0.20
C18:0 0.27 0.55 0.75 0.85
C20:0 tr tr 0.14 tr
C14:1n-5 tr tr tr 0.08
C16:1n-7 0.29 0.44 0.37 1.11
C16:1n-5 tr tr tr 0.09
C18:1n-9 0.94 2.43 5.18 6.54
C18:1n-7 0.52 1.25 1.53 2.21
C18:1n-5 tr tr tr tr
C20:1n-7 tr tr tr 0.19
C22:1n-11 0.16 0.29 0.13 0.45
C22:1n-9 tr
C16:2n-4 0.11 0.22 0.44 0.45
C18:2n-6 0.24 0.93 1.72 1.48
C20:2n-6 tr tr 0.18 0.12
C18:3n-3 0.10 0.61 0.75 0.99
C18:4n-3 tr 0.19 0.20 0.54
C20:3n-6 tr 0.15 0.20 0.16
C20:4n-6 0.55 1.45 3.03 1.70
C20:3n-3 0.01 tr 0.10 0.09
C20:4n-3 tr 0.27 0.20 0.28
C20:5n-3 1.30 2.92 5.51 3.35
C21:5n-3 tr
C22:5n-6 tr 0.11 0.12 0.08
C22:5n-3 0.09 0.39 0.72 0.51
C22:6n-3 0.49 0.70 1.03 0.53
Iso C15:0 tr tr
Iso C16:0 tr tr tr tr
Anteiso C16:0 tr tr 0.27 tr
Iso C17:0 tr tr 0.10 tr
Totals:
saturated 150+0.04  3.42+044™ 6.53+1.56 6.92+0.47""
unsaturated 525+0.19 12.88+1.45™"  21.83+547" 21.25+087
unsat.: sat. 35 3.8 3.3 3.1
monoenoic 213+0.04 4.78+060"" 763+1.98™  10.98+0.59™"
diienoic 0.39 +0.04 1.24+0.20™ 2.34+055"" 2.05+0.08™"
Polyenoic (PUFA) 273+0.12  6.86+0.66  11.86+295  822+0.28"
Total FAME 705+025 1698+1.96"" 29.99+7.32"" 29.64+159""

Total lipid (% of wet weight) ~ 7.78 + 1.63 8.98 + 0.94 1391+ 1.377" 1276 +1.13”
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Table 2- Specific activities of antioxidant enzymes as found in the current study, as well as in other invertebrates species from the literature.

-2 not analysed; nd: no data given.

GPX
Taxonomic group Age/ Tissue SOD CAT Total-GPX  Se-dependent References
and species Length Uminmgtprot.  pmol min'mg'prot. nmol min™ mg™prot.
Crustacea
* Decapoda
Macrobrachium malcolmsonii Adults Digestive gland 11.0 Arun et al. (1999)
Sub-adults  Digestive gland 26+0.1 49+0.8 94+0.1 1.6 £0.002 Arun and Subramanian, (1998)
Larvae Whole body 32+0.7 33+0.7 59+£0.2 . 0.1+0.01 Arun and Subramanian, (1998)
Palaemonetes argentinus Adults Whole body 30-40 1-95 1-8 Neves et al. (2000)
Carcinus maenas Adults Digestive gland 173 £ 10° 0.28+0.1° 148 + 17° 31+10° Gamble et al. (1995)
« Amphipoda
Gammarus locusta Adults Whole body M 3.6+1.0 M 17.1+25 M 15+0.3 Current study
Adults Whole body F 29+13 F 16.6+20 F 0.7+£0.07 Current study
Sub-adults Whole body 3120 195+14 1.95+£0.1 Current study
Juveniles Whole body 75+£21 195+3.6 55+0.6 Current study
Mollusca
« Bivalvia
Mytilus edulis Adults Digestive gland 12+15 189+ 21 7.7+x04 24+0.1 Livingstone et al. (1992)
Adults Digestive gland 615 + 52° 59+1.1° 604 + 146° 479 + 203° Gamble et al. (1995)
Adults Digestive gland 569 + 218° 1.09 +0.1° 465 + 125° 113 + 40° Viarengo et al. (1991b)
6-8 years  Digestive gland 584 + 225° 0.95+0.1° 545 + 138° 115 £ 79° Viarengo et al. (1991b)
2-4 years  Digestive gland 593 + 86° 1.4 +0.08 661 + 150° 121 + 34° Viarengo et al. (1991b)
Mytilus galloprovincialis Adults Digestive gland 6-13 25-40° 24-3.7 Solé et al. (1995)
Pecten maximus nd Digestive gland 324 +6° 36.1+0.6" 450 + 151° 260 +135° Gamble et al. (1995)
Astarte borealis nd Gills 11.1+4.1 134.6 + 44 Abele-Oeschger and Oeschger
(1995)
Adamussium colbecki nd Digestive gland 129+1.7 444 - 715 8.3-23.7 5.7-11.9 Regoli et al. (1997)

2 Units g™'wet wt.; "mmol min™g™wet wt.; ¢ nmol min'g™ wet wt.



Table 2- Continued.

GPX
Taxonomic group Age/ SOD CAT Total-GPX Se-dependent References
and species Length Tissue Umin*mg?prot  pmol min™mg*prot nmol min™ mg™prot.
Echinodermata
* Echinoidea
Paracentrotus lividus 42-60 mm  Digestive gland 11.62 + 0.50 1970 £ 120 9.6 £0.58 2.11+0.22 Torreiro (1995)
diameter
60 mm Gonads 162 £ 9° 83+ 8" 2315+11° 75.1+3.4° Perez-Trigo et al. (1995)
diameter
* Asteroidea
Asterias rubens 12 cm Digestive gland 185+ 9° 20+ 0.6 1040 + 131° 554 + 139° Gamble et al. (1995)
diameter
Annelida
« Polychaeta
Arenicola marina  Adults Chloragog tissues 11-26 320 - 1373 Abele-Oeschger and
Oeschger (1995)
Juveniles  Chloragog tissues 20-35 240 - 976 Buchner et al. (1996)
Nereis diversicolor nd Whole body 9 80 - 199 Abele-Oeschger et al. (1994)
« Oligochaeta
Eisenia fetida Adults Whole body 67 + 18 43 +18 307 Saint-Denis et al. (1998)

2Units g wet wt.; "mmol min™g*wet wt.; ¢ nmol min''g™ wet wt.
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