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ABSTRACT: During the Bremerhaven Workshop, antioxidant enzyme activities were measured in liver
of dab Limanda limanda from 7 stations along a gradient of decreasing organic and metal pollution
from Heligoland to the Dogger Bank, and at 3 stations close to and distant from an abandoned drilling
site, in the German Bight of the North Sea. Activities of catalase and glutathione peroxidase were
higher near to Heligoland, consistent with higher levels of pollution. Catalase and superoxide
dismutase (SOD) activities were also high at the Dogger Bank, but the reasons for this are unknown.
SOD activity showed a distinct U-shaped profile along the contaminant gradient, indicating effects of
factors other than pollution alone. Putative DT-diaphorase (dicumarol-inhibitable NADPH-dependent
dichlorophenolindophenol [DCPIP} reductase) activity was higher near the drilling site, but the
characteristics and significance of this enzyme are not well understood. The case for using antioxidant
enzymes as biomarkers for environmental oxidative stress is therefore as yet unproven, but merits
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further study.

INTRODUCTION

Most molecular oxygen in aerobic organisms under-
goes tetravalent reduction to water. However, partial
reduction by various endogenous processes results in
the constant production of small amounts of highly
reactive oxygen species (so-called oxyradicals), in-
cluding the superoxide anion radical (0,7, from
univalent reduction) and hydrogen peroxide (H,O,,
from bivalent reduction) (Ames 1989, Halliwell &
Aruoma 1991). Oxyradical production can be in-
creased by exposure to foreign compounds (xeno-
biotics): potential sources of pollutant-stimulated oxy-
radical production include redox reactions with transi-
tion metals (e.g. Fe, Cu, Ni and Co) (Aust et al. 1985,
Halliwell & Aruoma 1991) and organic free radicals
(Winterbourn 1987), induction of cytochrome P450s
(Premereur et al. 1986), and redox cycling of
xenobiotics such as quinones, aromatic amines and
nitroaromatics (Kappus 1986). The many toxic mole-
cular effects of oxyradicals include changes in redox
balance and intracellular free Ca®*" levels, enzyme
inactivation, lipid peroxidation, cytoskeletal disrup-
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tion, DNA damage and cell death (Borg & Schaich
1984, Ames 1989). In mammals, such events are
involved in a number of diseases, including cancer.
The production and potential effects of oxyradicals are
held in check by antioxidant defences, including
specialized antioxidant enzymes. These enzymes can
be induced by pro-oxidant conditions (increased oxy-
radical generation), but can also be affected by other
factors, including diet, age and inhibition by certain
xenobiotics (see ‘Discussion’).

Pollutants may also stimulate oxyradical generation
in fish (Di Giulio et al. 1989, Livingstone et al. 1990,
Winston 1991, Winston & Di Giulio 1991), though much
less information exists about pro-oxidant and anti-
oxidant processes in aquatic organisms than in
mammals. Oxidative DNA lesions have been detected
in neoplastic livers of the English sole Parophrys
vetulus from a polluted environment (Malins et al.
1990), and were produced in liver, kidney and blood of
juveniles of this species following intramuscular in-
jection of the redox cycling nitroaromatic, nitrofuran-
toin (Nishimoto et al. 1991). Additionally, elevations in
hepatic and other tissue antioxidant enzyme activities
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(albeit somewhat variable) have been observed in
several fish species following experimental exposure
to metals and organic xenobiotics (see ‘Discussion’).

The dab Limanda limanda is an important target
species for pollution monitoring in the North Sea
(Rijnsdorp et al. 1992). Hepatic antioxidant enzyme
activities were measured as potential biomarkers of
oxidative stress in fish from a chemical contaminant
gradient in the German Bight {from Heligoland to the
Dogger Bank) and in the vicinity of an abandoned
drilling site off the Dutch coast. The enzymes assayed
were superoxide dismutase (SOD; EC 1.15.1.1), cata-
lase (EC 1.11.1.6), selenium-dependent glutathione
peroxidase (GPX; EC 1.11.1.9) and microsomal
NADPH-dependent DT-diaphorase (NAD(P)H: qui-
none oxidoreductase; EC 1.6.99.2). In mammals
exposed to certain xenobiotics such as polynuclear
aromatic hydrocarbons and polychlorobiphenyls
{PCBs), the induction of DT-diaphorase is genetically
linked to that of cytochrome P4501A1 {(Nebert et al.
1990), measurements of the latter having been exten-
sively used in fish as a specific indicator of the impact
of organic pollution (Jimenez & Stegeman 1990, Jime-
nez et al. 1990).

MATERIALS AND METHODS

Sampling stations, fish and tissue collection. The
locations and other details of the stations are given in
Stebbing & Dethlefsen (1992). Contaminant distribu-
tion is summarised in Table 1 and in the '‘Discussion’.
Dab were taken at Stns 1, 3, 5, 6, 7, 8 & 9 along the
contaminant gradient, and at Stns A, G& R (0, 5and 15
km from the drilling site). Mature female fish of similar
size were used, ranging in length from 21.7 £ 0.6 cm
(Stn 9) t0 24.2 £ 0.6 cm (Stn 1) (mean £ SEM). Fish were
sacrificed as described by Renton & Addison (1992)
and the livers dissected out, weighed and either used
immediately, or stored frozen at -70°C prior to
analysis.

Preparation of liver subcellular fractions. The livers
of individual fish were used (n = 4 to 18 for German
Bight stations and 3 to 6 for drilling site stations). Fresh
tissues (Stns 3, 5, 7 & 8) were homogenized on board
ship and frozen ones (Stns 1, 6, 7, 8 & 9) at the labora-
tory. All procedures were carried out at 4 °C. Tissues
were homogenized in 0.1 M KH,PO,/K;HPO, pH 7.5
containing 0.15 M KCI and 1 mM EDTA (w:v 1:3 to
1:10) using a Potter-Elvehjem homogenizer. The
homogenate was centrifuged at 10 000 X g for 20 min,
and the resulting supernatant at 100000 X g for
60 min. Aliquots of the 10000 X g and 100000 X g
pellets were resuspended in reduced volumes of
homogenization buffer. SOD was assayed in the 10 000

X g supernatant, which was first passed down a
Sephadex G-25 column (PD-10 column; bed volume
9 ml, equilibrated and eluted with homogenization
buffer) to remove the low molecular weight fraction
(MW <5000) which may interfere in the SOD assay.
GPX was assayed in the 100000 X g supernatant
(cytosol) and catalase in both the 0-10000 X g pellet
and G-25-treated 10000 X g supernatant subcellular
fractions. DT-diaphorase was assayed on microsomes
(100000 X g pellet) after storage overnight at —20 °C.

Biochemical assays. Sodium azide, reduced
glutathione (GSH), horse heart cytochrome ¢, hypo-
xanthine, H,0,, reduced B-nicotinamide adenine
dinucleotide phosphate (NADPH), dichlorophenol-
indophenol (DCPIP), dicumarol (3,3'-methylene-bis(4-
hydroxycoumarin)), glutathione reductase (EC 1.6.4.2)
and xanthine oxidase (EC 1.2.3.2) were obtained from
Sigma Chemical Co., UK. All other chemicals were
AnalaR grade (BDII Lid., UK) or equivalent, and the
PD-10 Sephadex G-25 columns were from Pharmacia-
LKB, UK.

Enzyme assays were carried out in duplicate, at
25 °C, on a Kontron UVIKON 810 dual beam spectro-
photometer. Activities were linear with time (catalase,
GPX, DT-diaphorase) and sample concentration over a
5-fold range, and were performed as described by
Livingstone et al. (1990). Catalase activity

2H202 = 2Hzo + 02

was measured by the decrease in absorbance at
240 nm due to H,O, consumption (absorbance 40 cm~!
M~ reaction conditions 50 mM KH,PO,/K,HPO, pH
7.0, 50 mM H,0,). SOD activity

202_+ 2H* = H202 + O2

was measured by the degree of inhibition of the
reduction of cytochrome c¢ (monitored at 550 nmj by
O, generated by the xanthine oxidase/hypoxanthine
reaction (McCord & Fridovich 1969). One unit of SOD
activity is defined as that amount of sample causing
50 % inhibition of cytochrome c¢ reduction under the
standard conditions of the assay (43 mM KH,PO,/
K,HPO, pH 7.8, 0.1 mM EDTA, 50 uM hypoxanthine,
5.7 mU xanthine oxidase, 10 uM cytochrome c). GPX
activity

H,0, + 2GSH = GSSG [oxidised glutathione] + 2H,0

was measured by linking the reaction to the reduction
of GSSG catalysed by glutathione reductase (absorb-
ance 6.2 cm~! mM~™!; reaction conditions 65 mM
KH,PO,/K,HPO, pH 7.5, 2 mM GSH, 1mM NaNlNj,
1 unit glutathione reductase, 0.12 mM NADPH, 2 mM
H,0O,). In mammals the assay is specific for the activity
of selenium-dependent GPX, as opposed to the sum of
this and the GPX activity of glutathione S-transferases
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(Lawrence & Burk 1976). DT-diaphorase prevents re-
dox cycling of quinones by catalysing their 2-electron
reduction to hydroquinones. Its activity was measured
as the dicumarol-inhibitable part of NADPH-depend-
ent DCPIP reductase activity. Reduction of DCPIP was
followed at 600 nm in the absence and presence of
100 uM dicumarol added in 0.15 % w/v NaOH (ab-
sorbance 21 cm™! mM~’; reaction conditions 50 mM
Tris-HCI pH 7.6, 0.3 mM NADPH, 40 uM DCPIP). The
basis of the assay is that DCPIP-reduction is a measure
of total reductase activity, including that of DT-
diaphorase, and dicumarol is a specific inhibitor of DT-
diaphorase (Benson et al. 1980). However, given that
the concentration of dicumarol required to completely
inhibit DT-diaphorase depends on the affinity of the
enzyme for the co-substrates (Preusch et al. 1991), and
the characteristics of dicumarol-inhibition have not yet
been established for any purified fish DT-diaphorase,
the activity must be regarded as putative. Protein was
measured by the method of Lowry et al. (1951} using
bovine serum albumin as standard.

Enzyme activities were measured in the subcellular
fractions in which they were concentrated (see pre-
vious section), in terms of either activity per g wet
weight or per mg protein. Catalase activity was dis-

tributed between the 10 000 X g pellet (probably due
to intact peroxisomes) and 10 000 X g supernatant (due
to either broken peroxisomes and/or cytosolic cata-
lase), and the sum of the two was calculated. With the
exception of GPX, enzyme activities were similar in
fresh and frozen tissues, and the pooled data were
used in the calculations. GPX activity was increased
significantly (p < 0.05) by freezing the tissue: activities
of fresh and frozen tissue, respectively, were 2.29
0.15 and 3.86 £ 0.14 (Stn 7) and 3.51 + 0.44 and 6.78 =
0.53 (Stn 8) (umol min~' g~! wet wt). The data
presented are calculated for fresh tissue after applying
a correction factor to values for frozen tissue of
X 0.555. Values presented are means + SEM. Groups
of values were compared by 1-way analysis of variance
and p < 0.05 was accepted as significant.

RESULTS

Selected contaminant data are presented in Table 1.
A pollution gradient, with concentrations declining
away from the coast, was evident in the total sediment
fraction: total hydrocarbons, total metals and copper
were highest at Stns 1 & 3, and declined through

Table 1. Levels of organic and inorganic chemical contaminants in sediments and liver of dab Limanda limanda from the North
Sea. Calculated from Cofino et al. (1992). Single values except for total polychlorobiphenyls (PCBs) for Stns 3 to 9 which are
means = SEM (SEM given in parentheses)

2@ Determined by UV-fluorescence in g g~’ dry wt

g g7t dry wt
‘ng g-'dry wt

ng g~ lipid
Iug gt wet wt

Png g* wet wt
' As for sediment total metals in g g~! wet wt

Contaminant German Bight stations Drilling site stations
1 3 5 6 7 8 9 A{0Okm) G (5 km)
Sediment
Total hydrocarbons® 74 35 24 28 16 5 1 39 27
Copper® 17 8 6 3 2 3 1 4 3
Mercury© 438 123 27 14 6 6 6 14 10
Total metals? 177 113 61 40 28 18 8 47 49
Dab liver
Organochlorines® 428 401 385 339 423 361 289 262
PCBs' - 117.6 41.2 211 15.3 15.6 23.1 0.63 0.40
(11.1) (3.5) (1.2) (0.4) (1.1) (3.1)
Copper? - 4.1 5.4 5.7 7.0 5.1 2.6 6.6 6.4
Mercury® - 86 103 84 83 100 58 105 70
Total metals' - 43 44 63 83 73 54 81 87

4Sum of arsenic, cadmium, copper, mercury, lead and zinc in pg g~ dry wt
¢ Sum of hexachlorocyclohexane (HCH), hexachlorobenzene, B-HCH, lindane, aldrin, dieldrin, DDEs, DDDs and DDT in

£ Sum of 13 PCB congeners (CBs 28, 31, 52, 101, 105, 118, 128, 138, 149, 153, 156, 170 and 180) in ng g~' wet wt
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Table 2. Limanda limanda. Putative microsomal DT-
diaphorase (dicumarol-inhibitable NADPH-dependent
DCPIP reductase) activity in liver microsomes of dab along
the chemical contaminant gradient in the German Bight of the
North Sea. Values are means = SEM (n = 5 to 15) in nmol
min~! mg~! microsomal protein. Data in the same row sharing
the same superscript do not differ significantly (p > 0.05)

Stn
1 3 5 6 7 8 9
0.274> 0.78*® 1.26%® 0.08® 1.71% 1.33* 0.86

£0.15 +047 +064 2006 +044 +026 =£0.42

Stns 5 to 8 to reach a minimum at Stn 9. A gradient
away from the coast was also found in the liver of dab
for total PCBs, but it showed some differences from
that of sediment hydrocarbons. Total PCBs were
highest in dab liver from Stn 3 {no data were available
for Stn 1), but also relatively high at Stn 5, and declined
to similar values at Stns 6 to 9. In dab liver the total
organochlorine gradient was much less steep than that
of PCBs, and no clear gradient existed for total metals
and copper. Levels of organic and inorganic conta-
minants at the drilling site (Stn A) were either similar
to or slightly higher than those at 5 km, for both
sediments and dab liver.

Some similarities in the profiles of SOD and catalase
were evident in the liver of dab along the pollution
gradient (Fig. 1A, B). Both activities tended to be
higher at Stns 1 & 3 (p < 0.05 only for catalase at Stn 3),
lower at Stns 5 to 7, and higher again at Stn 9.
However, whereas catalase activity was unchanged
between Stns 5 to 8, SOD activity displayed a distinct
U-shaped profile along the pollution gradient. GPX
activity was highest at Stn 3 (no data were available for
Stn 1) and low at all the other stations except for Stn 8
(Fig. 1C). Putative microsomal DT-diaphorase activity
was similar at all stations, except for Stns 7 & 8 which
were higher than Stn 6 (Table 2). The percentage
inhibition by dicumarol of DCPIP reductase activity
was generally not high and varied considerably be-
tween replicate biological samples at the same station,
eg.from1.6+15%atStn6to162+6.1 % atStn 1.
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Fig. 1 Limanda limanda. Activities of superoxide dismutase
(A), catalase (B) and glutathione peroxidase (C) in liver of dab
from stations along a chemical contaminant gradient in the
German Bight of the North Sea. See Tabhle 1 for details of
chemical gradient which decreased away from Stns 1 & 3.
Values are means + SEM (n =4 to 18). * p < 0.05 compared to
Stns 5 or 7. No data were obtained for glutathione peroxidase
activity for Stn 1

Table 3. Limanda limanda. Superoxide dismutase (SOD) and putative microsomal DT-diaphorase (dicumarol-inhibitable
NADPH-dependent DCPIP reductase) activities in liver of dab from the vicinity of the disused drilling site off the Dutch coast in
the North Sea. Values are means + SEM (n = 3 to 6). Data in the same row sharing the same superscript do not differ significantly

(p>0.05)
Variable Stn
A (0 km) G (5 km) R (15 km)
SOD (units mg~! protein) 4.80+%2.15¢ 1.56 +0.42° 1.32+0.37¢
Putative DT-diaphorase (nmol min~! mg~' protein) 57 +22° 03 +0.1° 1.3 +0.4°°
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Data for SOD and putative microsomal DT-
diaphorase activities only were obtained for liver of
dab from the vicinity of the abandoned drlling site
(Table 3). The former is in SOD units per mg protein
(data on wet weights of tissue were not available for
these samples; cf. data of Fig. 1A). Mean SOD activity
was higher at the drilling site itself (Stn A), but the
difference was not statistically significant. Putative DT-
diaphorase activity was higher at the drilling site Stn A
than at 5 km (Stn G}, but not at 15 km (Stn R) (Table 3).
The putative DT-diaphorase activity at Stn. A was
higher than any of those observed at Stns 1 to 9 along
the pollution gradient (Tables 2 & 3; the percentage
dicumarol inhibition of DCPIP reductase of the former
was 36.7 £ 11.4}.

DISCUSSION

The induction of antioxidant enzymes has been
studied in various prokaryotic, mammalian and other
systems. Whereas SOD, catalase and GPX respond to a
number of pro-oxidant conditions, including changing
oxygen tension, induction of DT-diaphorase is mainly
related to exposure to xenobiotics. Increases in mRNA,
protein and/or catalytic activity of the former enzymes
have been demonsirated in bacteria following expo-
sure to the redox cycling xenobiotics menadione and
paraquat (SOD) and H,0, (catalase) (Storz et al. 1990),
in mammalian systems with exposure to hyperoxia
(SOD, catalase, GPX: Jones 1985), organophosphate
pesticides (SOD: Capel 1988), the fungicide 2,3-
dichloro-1,4-naphthoquinone (SOD and catalase:
Elliott & Pardini 1988) and the endotoxin tumour
necrosis factor (manganese-SOD: Shaffer et al. 1990),
in insect larvae with increased intake of the dietary
allelochemical quercetin (SOD: Pritsos et al. 1990), and
in plants with exposure to paraquat or sulphur dioxide
(Srivastave & Tel-Or 1991). Decreases in gene ex-
pression and/or enzyme activity have also been seen in
mammalian systems with various conditions, including
age (SOD and catalase: Semsei et al. 1989), exposure
to 2,3,7 8-tetrachlorodibenzo-p-dioxin (SOD: Stohs
1990), 2,3-dichloro-1,4-naphthoquinone (GPX: Elliott
& Pardini 1988) or hexa-chlorocyclohexane (lindane)
(SOD and catalase: Videla et al. 1990), and carcino-
genesis (variously, SOD, catalase and/or GPX: Vo et al.
1988, Segura-Aguilar et al. 1990, Reiners et al. 1991).
Mammalian DT-diaphorase is part of the gene battery
that includes cytochrome P4501A1 and is induced both
by xenobiotics that bind to the Ah receptor and certain
pro-oxidant xenobiotics that affect gene regulation via
other mechanisms (Nebert et al. 1990). The xenobiotics
include aromatic hydrocarbons, PCBs, organotins
(Ariyoshi et al. 1991), and fungicides (Elliott & Pardini

1988). Induction of DT-diaphorase by allelochemicals
is seen in insects (Yu 1987).

The same basic pro- and antioxidant processes
observed in mammals exist in fish, including flatfish
species (Shewfelt et al. 1981, Winston & Di Giulio 1991,
Chipman et al. 1992). Evidence for this includes in vitro
xenobiotic-stimulated oxyradical production and lipid
peroxidation, the existence of antioxidant defences,
and the detection of in vivo oxidative damage. How-
ever, the importance of these interactions, particularly
the relationship of oxidative damage to disease and
animal fitness, and the extent and specificity of
induction of antioxidant enzymes, are much less well-
defined. The guanine-derived lesion, 2,6-diamino-4-
hydroxy-5-formamido-pyrimidine, characteristic of
hydroxyl radical attack, was present in DNA from neo-
plastic hepatic tissues of English sole Parophrys
vetulus from a polluted environment, and a role for it in
neoplasia has been proposed (Malins et al. 1990). The
oxidised base 8-hydroxy-deoxyguanosine was also
found in liver of Limanda limanda from the field
(Chipman et al. 1992). Increases in activities of anti-
oxidant enzymes with exposure to xenobiotics have
been observed, but the responses have been variable.
Dose-related increases in catalase activity (but no
change in SOD or GPX activities) occurred in liver of
the channel catfish Ictalurus punctatus exposed to
bleached kraft mill effluent (Mather-Mihaich & Di
Giulio 1991), but no changes occurred in any hepatic
antioxidant enzyme in the same species exposed to the
organophosphorus herbicide S,S,S-tri-n-butyl phos-
phorotrithioate (Mather-Mihaich & Di Giulio 1986).
Similarly, SOD activity increased transiently in the
erythrocytes of the common carp Cyprinus carpio
morpha exposed to the redox cycling compound para-
quat, but catalase and GPX activities did not change
(Matkovics et al. 1987). Changes in antioxidant en-
zymes have also been observed in relation to con-
taminants identified in the pollution gradient studied
here (see below).

The organic contaminant (hydrocarbon) and heavy
metal gradient in total sediments was only partly
reflected in the liver residue data. Although conta-
minant concentrations in sediments generally de-
creased steadily through Stns 1 to 9, tissue PCBs were
high at Stn 5 and similar between Stns 6 to 9, and
tissue metal levels did not change. The difference be-
tween these 2 indicators of chemical impact may be
due to a number of factors, including bioavailability of
the sediment-bound contaminants, their metabolism
and elimination from the liver, the relative exposure
levels of hydrocarbons and PCBs, and some movement
of dab between stations (Rijnsdorp et al. 1992). The
difference in chemical contamination at and 5 km from
the abandoned drilling site (sediment or tissue levels)
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was small. However, detailed analysis of hydrocarbons
by gas chromatography (GC) showed a larger dif-
ference of 18.1 and 0.4 ug g~' dry weight at the drilling
site Stn A and 5 km away, respectively (Cofino et al.
1992), compared to 39 and 27 pg g~ ! dry weight
measured by UV-fluorescence (Table 1).

Higher activities of catalase and GPX were observed
near the coast (Stns 1 & 3) than at the centre of the
pollution gradient, consistent with the greater ex-
posure of dab to contaminants near the coast (p < 0.05
for both enzymes at Stn 3). Slight increases in SOD
activity were indicated at Stns 1 & 3 compared to Stns
5 to 7, and at the drilling site Stn A compared to 5 km
away, but in neither case were the differences
statistically significant (p>0.05). Of the chemical
contaminants identified in sediment or liver, copper
caused an increase in GPX activity and lipid peroxid-
ation, but a decrease in catalase and SOD activities, in
liver of the common carp Cyprinus carpio morpha,
whereas zinc had relatively little effect, stimulating
GPX activity slightly but decreasing catalase activity
(Radi & Matkovics 1988). Lipid peroxidation was
increased in liver of the catfish Heteropneustes fossilis
exposed to mercury (Bano & Hasan 1989), and in liver
microsomes of the striped mullet Mugil cephalus and
the Atlantic croaker Micropogonias undulatus exposed
to cadmium or PCBs (Aroclor 1254) (Wofford & Thomas
1988). SOD activities in liver of spot Leiostomus
xanthurus were higher at field stations contaminated
with polynuclear aromatic hydrocarbons compared to
unpolluted reference stations (Roberts et al. 1987).
Following experimental exposure of Limanda limanda
to sediment naturally contaminated with PCBs and
PAHs for 80 d, we have observed increases in hepatic
catalase and SOD, but not GPX, activities (D. R.
Livingstone & A. Mathews unpubl.).

Somewhat surprisingly, increases in antioxidant
enzyme activities were also seen towards the end of
the pollution gradient, away from the coast. Catalase
and SOD activities were elevated at Stn 9 (Dogger
Bank) and GPX activity at Stn 8. In the case of SOD, a
distinct U-shaped profile was apparent through Stns 1
to 9. An increase in activity at Stn 9 compared to Stn 8
was also observed for ‘hydrocarbon-inducible’ cyto-
chrome P4501A1 activity (7-ethoxyresorufin O-de-
ethylase [EROD]) (Renton & Addison 1992), and
correlations between elevated hepatic SOD and aryl
hydrocarbon hydroxylase (indicative of P4501A1)
activities have been seen in field studies of Leiostomus
xanthurus (Roberts et al. 1987). Several other variables
also indicated increased biological effect on dab
towards and/or at the Dogger Bank, e.g. muscle
cholinesterases (Galgani et al. 1992) and aspects of
pathology in both adults and embryos of dab (Moore
1992). The cause of these effects is unknown at

present. In contrast to total sediment, the sieved sedi-
ment fraction (< 63 um) showed a U-shaped profile in
levels of total hydrocarbons, arsenic, cadmium and
mercury {Cofino et al. 1992), but as the amount of this
fraction decreased from 79.8 % of the total sediment at
Stn 1to 7.5, 3.3 and 0.1 % at Stns 7, 8 & 9, respectively,
a very specific size selection by dab would be neces-
sary for this fraction to have any quantitative impact.
Another difference between stations was that growth
rates of dab were higher nearest to the shore and at
Dogger Bank than at the intermediate stations (Rijns-
dorp et al. 1992), but it seems unlikely that this would
affect equally all the variables measured, particularly
the pathology. Nutritional effects on antioxidant en-
zymes have been seen in fish but these have been very
specific, e.g. GPX and SOD activities in rainbow trout
Salmo gairdneri were reduced respectively by diets
deficient in selenium (Bell et al. 1985) and manganese
(Knox et al. 1981). Nothing is known of the impact of
dietary pro-oxidant chemicals on antioxidant enzymes
in fish. Environmental variables that could be im-
portant with respect to antioxidant enzymes, parti-
cularly with respect to the distinct profile observed for
SOD, are organic enrichment and/or the concentration
of oxygen in the seawater. On several occasions be-
tween 1981 and 1983, dissolved oxygen was lower
(<40 % saturation) in the region of the intermediate
stations (ICES 1989). However, in the case of the carp
Cyprinus carpio exposed to hypoxia, SOD activity was
unaffected in the liver and increased in the gills (Vig &
Nemcsok 1989}, i.e. the opposite effect to that ob-
served for the intermediate stations relative to the
inner and Dogger Bank stations. However, whatever
the reasons for the putative altered oxidative stress
along the pollution gradient, the lack of change in
oxidised DNA bases (8-hydroxy-deoxyguanosine) in
dab liver from the same stations (Chipman et al. 1992)
shows the effectiveness of the antioxidant defences.

The data for putative DT-diaphorase activity are dif-
ficult to assess. No elevation was apparent at stations
near to the coast, but an increased activity was found
near to the disused drilling site. The degree of inhi-
bition by dicumarol of NADPH-dependent DCPIP re-
ductase activity in microsomes of Limanda limanda
was generally low and very variable compared to
another marine species, the mussel Mytilus edulis
(Livingstone et al. 1989), indicating either a low activ-
ity of the enzyme, or a lack of specificity of the assay.
Clearly, purification and/or characterisation of DT-
diaphorase is a prerequisite for future studies of this
enzyme. As in mammals, DT-diaphorase in fish may be
co-induced with cytochrome P4501A1, but differences
in gene regulation may also occur, as is the case for
P4502B1 in fish (Stegeman 1989).

With respect to biomonitoring, the case for using
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antioxidant enzymes, either as biomarkers for pol-
lution, or for focussing on mechanisms of pollutant-
toxicity, is unresolved at present. Overall, the evidence
from experimental exposures showing a relationship
between contamination and effect is not convincing.
Nothing is known of the genetic regulation of these
enzymes in fish. However, catalase, GPX and possibly
SOD activities in dab were higher at the more conta-
minated coastal stations, and the elevated activities at
or near Stn 9 cannot be discounted because of the
pollutant-related biological effects indicated by other
biomarkers, including EROD activity. In contrast, the
very distinct U-shaped profile for SOD activity along
the gradient of decreasing chemical contamination
suggests that other factors influence the enzyme. On
theoretical grounds, DT-diaphorase seems to offer the
greatest potential for a specific biomarker of chemical
mediated oxidative stress, whereas catalase, SOD and
GPX could respond to natural as well as man-made
pro-oxidant conditions.
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