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ABSTRACT: During the Bremerhaven Workshop, the effect of heavy metals on dab Limanda limanda
L. in the German Bight was assessed using the hepatic level of metallothionein (MT) and selected
metals. Male and female adult dab were collected at 7 stations on a transect from the Elbe and Weser
estuaries towards the Dogger Bank. Metallothionein, Cu, Zn and Cd concentrations in dab livers were
determined using radioimmunoassay (RIA) and atomic absorption spectrophotometry (AAS). Hepatic
MT levels were highest in both male and female dab at some of the offshore stations, decreasing
towards the coast and towards the Dogger Bank. The levels of MT in dab livers reflected the hepatic
concentration of metal in all dab, but the relative importance of specific metals differed between the
sexes. In female dab, the best correlation was found between hepatic MT and Zn, whereas MT in male
dab livers correlated most closely to a combination of Cu and Cd. The observed changes in hepatic MT
appeared to have both an endogenous and an environmental component. The endogenous influence
was only evident in female dab, whereas both sexes appeared to be moderately affected by
environmental metal exposure. Hepatic MT and metal levels did not reflect metal concentrations in the
sediment, but were consistent with the elevated metal content of 2 invertebrate species at offshore
compared to coastal stations. In conclusion, dab hepatic MT was found useful as a biomarker for the
effects of heavy metals on fish in an area with a complex contaminant input. Recommendations are
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given for future use of fish hepatic MT in monitoring programmes.

INTRODUCTION

Management and conservation of marine resources
require means to establish and predict the impact of
single contaminants and contaminant mixtures on
individual organisms, populations and communities.
Methods in use at present range from the analysis of
single proteins in specific organs of an individual to as-
sessment of the structure of entire communities (Haux
& Forlin 1988, 1989). The main advantages of subcellu-
lar biomarkers are that they are affected at an early
stage in a potentially harmful process and that most
biomarkers are specific towards a contaminant, or a
group of contaminants. As regards environmental con-
tamination by metals, the protein metallothionein (MT)
has the widest scope and largest potential as a subcell-
ular biomarker, both in fish and in other aquatic orga-
nisms (Engel & Roesijadi 1987, Engel & Brouwer 1989).
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Metallothionein is a low molecular weight, cysteine-
rich, water-soluble protein found in all vertebrates and
some invertebrates (George 1990). Primarily a Cu- and
Zn-binding protein during normal metabolism, MT is
induced by and binds Cu and Zn, as well as Cd and
Hg, following environmental exposure. Induction of
the protein in feral fish has been found to be associated
with increased levels of Cu, Zn, Cd or Hg (Hogstrand &
Haux 1991). However, some studies on fish describe
effects on MT levels, or on the metal composition of
MT by other exogenous (Sabourin et al. 1986, Baer &
Thomas 1990) and endogenous (Hyllner et al. 1989)
factors.

Fish hepatic metallothionein has been employed as a
biological marker of heavy metal pollution in both
freshwater and marine environments. In several inve-
stigations (Roch & McCarter 1984, Olsson & Haux
1986, Hogstrand & Haux 1990a, Hogstrand et al. 1991,
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Sulaiman et al. 1991) a relationship was found be-
tween elevated environmental metal levels and MT
induction, and hepatic metal concentrations corre-
lated to the level of MT. There are only a limited num-
ber of studies in areas with complex contaminant mix-
tures, and increases of hepatic metal content or MT in-
duction at elevated ambient metal concentrations are
not always apparent (Brown et al. 1982, Overnell &
Abdullah 1988).

The German Bight is an area with inputs of a wide
range of contaminants and there were therefore 2
main objectives for the present study. First, to evaluate
the impact of Cu, Zn and Cd on dab in the German
Bight and, second, to evaluate the sujtability of hepatic
MT in flatfish for monitoring purposes in an area with
a complex pollution load. Since the fish were collected
during a period of sexual maturation and spawning (cf.
Daan et al. 1990), an attempt was also made to eval-
uate whether reproductive status affects hepatic
metallothionein levels in male and female dab.

MATERIALS AND METHODS

Collection and sample treatment. Dab Limanda lIi-
manda L. were collected at 7 stations in the German
Bight in March 1990 using a bottom trawl. The stations
designated 1 & 3 were close to the Elbe estuary, the re-
maining stations forming a transect ending at Stn 9 on
the eastern edge of the Dogger Bank. Male and female
dab within the size range 20 to 25 cm (adults) were
used in the present study. The livers were dissected
from freshly caught fish and divided at random into 4
or 5 parts to enable various biochemical analyses to be
performed on the same liver. Liver pieces were
wrapped in aluminium foil and frozen separately in
liquid nitrogen. The samples were transported on dry-
ice and then kept at - 80 °C until used. One or more
liver pieces from each individual were weighed and
homogenized in at least 1:2 (w/v) 50 mM Tris-HCI, pH
8.1. A 500 ul aliquot of the homogenate was removed
for metal analysis and the remainder centrifuged at
10000 X g. The resulting supernatant was frozen at
- 80 °C until further use. Liver samples were homogen-
ized in batches according to site, but were thereafter
randomly mixed before analyses for metals and MT.
Male and female samples were treated separately.

Metal analysis. Nitric acid, HNO;, (2.5 ml) was
added to a 500 pl aliquot of homogenate, the solution
kept at 110 °C until clear and then 400 pul H,O, was
added. The resulting solution was evaporated at 110 °C
to near-dryness, and then brought up to 4 ml using
deionized water (Millipore, Bedford, MA, USA).
Appropriately diluted samples were then analyzed
using flame (Zn) and electrothermal (Cu, Cd) atomic

absorption spectrophotometry with Smith-Heftje and
deuterium background correction (Instrumentation
Laboratories Video 12 and Varian SpectrAA 10 instru-
ments, respectively). Metal standards were made up in
1 % HNO;. Blanks of buffer only were included in all
batches.

Metallothionein analysis. Hepatic MT was deter-
mined using a double antibody radioimmunoassay
(RIA) with rabbit antiserum raised against MT from
perch Perca fluviatilis as the first antibody and goat
anti-rabbit I[gG (Bio-Rad, Richmond, CA, USA) as the
second. 'Zl-labelled perch MT was used as tracer
(Hogstrand & Haux 1990b). The MT standard used was
10 000 X gsupernatant of a liver homogenate from un-
treated dab. The MT content of the standards was
calibrated using differential pulse polarography
(Olafson & Sim 1979, Hogstrand & Haux 1992).

Statistical methods. Differences in hepatic Cu, Zn,
Cd and MT concentrations in dab of either sex collec-
ted at different stations were tested statistically using
1-way analysis of variance (ANOVA) on log,-trans-
formed data (Sokal & Rohlf 1981). If significant dif-
ferences were found (p < 0.05), Tukey's HSD-test was
used in a pairwise comparison between all stations (cf.
Day & Quinn 1989). The relationships between MT
concentrations and metals (Cu, Zn, Cd) in individual
dab of each sex were evaluated using multiple regres-
sion analysis on log.-transformed values with hepatic
MT as the dependent variable (Snedecor & Cochran
1980). Each of the metals was then successively remo-
ved from the regression to determine its relative con-
tribution to account for the total variation, and to eva-
luate which combination of metals would relate most
closely to MT concentrations. In addition, the relations-
hips between hepatic metal (Cu, Zn, Cd) and MT con-
centrations in all individuals of either sex were evalua-
ted using Spearman’s correlation analysis (Siegel
1956). Differences in hepatic MT levels between male
and female dab at each station were tested using an
unpaired Student (-test on log.-transformed data
(Sokal & Rohlf 1981).

RESULTS
Cu, Zn and Cd in dab liver

The mean hepatic Cu concentration varied between
55ug g ! (Stn9)and 16 ug g~! wet wt (Stn 3) in female
dab, and these 2 stations were the only ones found to
be significantly different (Fig. 1A). The mean level of
Zn in female livers ranged from 27.7 to 39.2 ug g~ ! at
different stations, and Cd from 0.22 to 0.33 ug g~! wet
wt. There were no significant differences between sta-
tions for either Zn or Cd (Fig 1B, C).
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In male dab, there was less inter-station variability
with regard to Cu, and the mean concentration varied
from 4.3 to 10.4 ug g~ wet wt. The hepatic Cu level in
males from Stns 1 & 9 was significantly lower than in
males from Stns 3, 7 & 8 (Fig. 1D). The zinc concentra-

tion in male livers varied from 27.4 to 33.7 ug g~' wet
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wt, with no significant differences between stations
(Fig. 1E). Male liver had a higher Cd concentration
than female liver and the mean value ranged from 0.23
to 0.60 ug g~ ' (Stns 3 & 9, respectively). The hepatic Cd
concentration in male dab was significantly lower at
Stn 3 compared to Stns 5, 6, 7, 8 & 9 (Fig. 1F).
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Fig. 1. Limanda limanda. Hepatic metal content in dab from stations in the German Bight. Mean values are given, error bars are

95 % confidence intervals from log.-transformed data. Stations with a common letter subscript were not significantly different in

a Tukey HSD-test following a 1-way ANOVA on log.-transformed data. Female dab: n =9, 14, 11, 5, 18, 14, 19 for Stns 1 to 9, re-

spectively. (A} Cu (p = 0.009 in ANOVA); (B) Zn (p >0.05); (C) Cd (p >0.05). Male dab: n =4, 9, 13, 9, 11, 10, 12 for Stns 1 to 9,
respectively. (D) Cu (p = 0.0001); (E) Zn (p > 0.05); (F) Cd (p = 0.0007)
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Metallothionein in dab liver

Table 1. Limanda limanda. Relationships between individual metals (Cu, Zn,

Cd) and metallothionein in dab by Spearman's rank correlation (Siegel

The mean hepatic metallothionein level
was highest in both female and male dab

1956). n: number of individuals: ry: Spearman's correlation coefficient;

p: significance level

from Stn 7, decreasing towards the coast
and towards Dogger Bank (Fig. 2A, B).
Female dab collected at Stn 5 had the
lowest hepatic MT level, which was signi-
ficantly lower than in females from Stns 7
& 8. Similarly, male dab from Stns 1 & 3

Female dab 89 0.21  0.049 0.48

Male dab

Cu Zn Cd
Tg p I p I p

<0.0001 0.22 0.036

66 0.29 0.017 0.19 0.13 0.27 0.025

had a significantly lower MT concentra-
tion compared to males from Stns 6, 7 & 8.
Dab of both sexes from Stn 9, at Dogger Bank, had
lower hepatic MT levels than dab from Stns 7 & 8, but
higher than or equal to that of the shoreward stations.

The mean hepatic MT level in males and females
was similar at the outermost stations of the transect
(Stns 6, 7, 8 & 9), whereas hepatic MT in female dab
was significantly higher than in maie at Stns 1 & 3, and
MT in male dab significantly higher at Stn 5.

Relationships between metals and MT

In female dab, the hepatic MT content at the 7 sta-
tions appeared to reflect both hepatic Cu and Zn levels
(Figs. 2A & 1A, B). There was little inter-station varia-
bility in hepatic Cd concentrations, and there was no
obvious site-dependent relationship between Cd and
MT. In a multiple regression of MT against Cu, Zn and
Cd in individual female dab, Zn alone explained most
of the variation accounted for by the 3 metals in the re-
gression (r = 0.52, p < 0.0001). Cu, Cd or the 2 metals
combined did not substantially improve the regression
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of MT against Zn when added to the model. This result
was supported by non-parametric correlation analysis
of MT against Cu, Zn and Cd; MT correlated better to
Zn than to Cu or Cd (Table 1).

In male dab, there were only small differences in the
hepatic Zn level between stations, and accumulation of
Zn was not ciearly related to the observed inter-
station differences in MT concentrations (Figs. 1E &
2B). Hepatic Cu and Cd levels appeared to relate bet-
ter than Zn to MT content, although no single metal
could account for the patterns observed (Figs. 1D-F &
2B). Contrary to the situation for female dab, multiple
regression analysis indicated that Zn did not add sub-
stantially to the variation explained by Cu and Cd in
the regression of MT against those 2 metals (r = 0.52, p-
values 0.0001 and 0.0004 for Cu and Cd, respectively).
Similarly, significant correlations were found between
hepatic MT and both Cu and Cd in male dab, but not
Zn (Table 1).

There were no obvious relationships between the
size of dab (20 to 25 cm) and the hepatic concentrations
of metals or MT (data not shown).
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Fig. 2. Limanda limanda. Hepatic metallothionein content of dab from stations in the German Bight. Mean values are given, er-
ror bars are 95 % confidence intervals from log.-transformed data. Stations with a common letter subscript were not significantly
different in a Tukey HSD-test following a 1-way ANOVA on log.-transformed data. See caption of Fig. 1 for number of dab ana-
lysed from each site. (A) Metallothionein in female dab (p = 0.015 in ANOVA); (B) metallothionein in male dab (p < 0.0001)
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DISCUSSION

The level of hepatic metallothionein reflected the ac-
cumulation of the metals Cu, Zn and Cd. The highest
MT content in both female and male dab was not found
in dab collected close to the coast, as could be expec-
ted from sediment metal levels, but at stations closer to
the Dogger Bank.

In female dab, a major part of the observed changes
in hepatic MT reflected an increased hepatic Zn accu-
mulation, possibly triggered by physiological pro-
cesses related to sexual maturation and spawning.
However, MT in female dab also correlated signifi-
cantly to hepatic Cu and Cd, which is indicative of an
exogenous influence. An indication of the presence of
environmental effects was the observed relationship
between hepatic MT and Cd in male dab liver.
Metallothionein correlated significantly to Cu and Cd,
whereas no significant relationship was found be-
tween hepatic MT and Zn levels. These results are in
accordance with previous findings by Olsson et al.
(1987), where no significant changes in hepatic Zn
content of sexually maturing male rainbow trout
Oncorhynchus mykiss were observed, whereas Zn,
and to a lesser extent Cu, increased significantly in
maturing females.

The diet of dab at different stations along the gra-
dient presumably reflects the variable composition of
the benthic communities (cf. Kinitzer 1990, Reise &
Bartsch 1990). Both the benthic invertebrates collected
and analyzed during the workshop, i.e. hermit crab
Pagurus bernhardus and the polychaete Aphrodite
aculeata, contained more metal at offshore than coast-
al stations (Cofino et al. 1992). The accumulation of
metals in invertebrates is highly species-dependent
(Eisler 1981), and it was not established in the present
study whether these 2 invertebrates were being eaten
by the dab. Nevertheless, it appears likely that a sub-
stantial part of the increased hepatic metal accumula-
tion in dab at the offshore stations was caused by
dietary metal uptake. Interestingly, Stagg et al. (1992}
found agreement between sediment metal levels and
the concentrations of metals and MT in the gills of the
same female dab.

An additional problem posed by Rijnsdorp et al.
{1992) concerns the uncertain origin of dab collected at
any station due to the spawning migration. They sug-
gest that there is a general movement of sexually ma-
turing dab towards an area in the vicinity of Stn 5 in
the initial part of the spawning period, and that males
are somewhat more stationary than females. In the
present context, this would imply that dab caught at
Stns 3 & 5 represented a mixed group of coastal and
offshore dab, whereas dab collected at the offshore
stations represented mainly offshore dab. In addition,

male dab could be expected to reflect the local expo-
sure conditions more than females.

Hepatic MT has been found to increase markedly
within 2 wk in other flatfish species exposed to Cd or
Zn (George & Young 1986, Overnell et al. 1987a), and
the half-life of Zn-induced hepatic MT in flatfish has
been estimated to 4 wk (Overnell et al. 1987a). Mc-
Carter & Roch (1984) reached the same estimate for
Cu-bound MT in salmonids. Dab caught in a compara-
tively clean area within 1 mo of migration from a more
contaminated area would therefore still have elevated
hepatic MT and metal concentrations. Furthermore,
levels of the protein would remain elevated only in fish
under a sustained metal burden.

Male dab collected at Stn 1, i.e. the station with the
most highly metal-contaminated sediment (Cofino et
al. 1992}, had the lowest mean hepatic MT level of ei-
ther male or female at any site. A similar situation was
observed in a study of white croakers Genyonemus
lineatus at control and contaminated stations off the
Californian coast (Brown et al. 1982). They suggested
that high sediment levels of pesticides and organic
contaminants inhibited the uptake and accumulation
of metals in the fish. The effects of such pollutants on
metal uptake or on fish metallothionein levels are not
clear. George & Young (1986) found no effect of
intraperitoneal injection of 3-methylcholanthrene on
hepatic MT in plaice Pleuronectes platessa. Likewise,
Arlyoshi et al. (1990) observed no change in carp
Carassius auratus hepatic MT following pesticide in-
traperitoneal injections. Finally, in flounder Platichthys
flesus captured along a pollution gradient during the
GEEP workshop in 1986, there was a clear seaward
trend of decreasing effects on several organochlorine-
and pesticide-sensitive biomarkers (cf. Addison 1988),
but MT did not follow the pattern of these biomarkers
(Overnell & Abdullah 1988). Thus, it appears likely
that the observed differences in hepatic MT levels
were not affected by the impact of organic compounds
on dab. Instead, they were caused by differences in
hepatic metal accumulation.

The mean hepatic Cu level of male dab at Stns 5 to 8
was of a similar magnitude to that of Stn 3 dab. The low
Cu content in both female and male dab from Stn 9
corresponded to low total sediment Cu at that station
(Cofino et al. 1992}, but the higher hepatic values at
Stns 5 to 8 did not fit in with the decrease in total sedi-
ment Cu at the offshore stations. The hepatic Culevel in
most of the dab from the German Bight was lower than
observed in unexposed dab by Overnell & McIntosh
(1988), but somewhat higher than the values found by
Cofino et al. (1992) for dab collected during this work-
shop. The mean hepatic Cu level of female dab from
Stn 3 was similar to that of dab fed excess dietary Cu
(19.3 ug g~ ! wet wt; Overnell & McIntosh 1988).
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The hepatic Zn level was of similar magnitude at all
stations for both sexes, and there seems to be no influ-
ence of the increased total sediment Zn content at the
innermost stations (cf. Cofino et al. 1992). Overnell &
McIntosh (1988) found a lower hepatic Zn content in
dab than that observed in the present study (20 com-
pared to 30-40 ug g~' wet wt}, but the authors provide
no information on season or the sex of their experi-
mental fish. This is of importance, because hepatic Zn
1s known to increase considerably during sexual matu-
ration in female salmonids (Olsson et al. 1987, 1989).
Presumably, this also applies to dab and other flatfish
species {Overnell et al. 1987h).

The elevated hepatic Cd content observed in male
dab collected at Stns 5 to 9 compared to dab collected
closer to the coast is in agreement with the results of
other studies (Harms 1990, Cofino et al. 1992). The
source of Cd and the reasons for these findings are not
known. An interesting result from the present study
was that hepatic Cd in male dab was twice as high as
in females collected at Stns 5 to 9. The dab studied
were adult individuals in maturation or spawning (cf.
Daan et al. 1990), and the observed sexual difference
may have been caused by incorporation of Cd into go-
nads in female dab (cf Baer & Thomas 1991, Povlsen et
al. 1990), thereby increasing the otherwise slow excre-
tion of the metal. Of greater consequence is probably
the age-difference between male and female dab in
the size group examined (20 to 25 cm). Male dab were
6 to 7 yr and older, whereas female dab in the same
sizerange were4 to5yrand older (Rijnsdorp et al. 1992).
Older fish (i.e. males) could be expected to accumulate
more Cd, as the metal has a long biological half-life.

For both females and males, the highest mean MT
level was only about double that of the lowest mean.
Even though mean hepatic MT levels in German Bight
dab were somewhat elevated compared to Scottish and
Swedish dab from relatively unpolluted areas (Over-
nell & McIntosh 1988, Hogstrand unpubl.), the German
Bight dab do not appear to be grossly influenced by
heavy metal pollution. In association with MT levels,
hepatic concentrations of Cu, Zn and Cd indicated that
both female and male dab in the German Bight are mo-
derately affected by environmental Cu and Cd, and
that this influence appears to be most marked for off-
shore dab. The discrepancy between sediment metal
levels and the concentrations of metals and MT in dab
livers may be ascribed to spawning migration, differ-
ently contaminated diet or a combination of the two.
Furthermore, the elevated Cd and MT levels found in
dab at the outermost stations of the transect imply that
there are other metal inputs into the German Bight in
addition to the Weser and Elbe estuaries, even though
such inputs were not reflected in the sediment analy-
ses of the present workshop (Cofino et al. 1992).

Evaluation of methods and recommendations

In the above discussion, we have argued that hepatic
MT concentration reflected hepatic heavy metal levels
in both male and female dab. Some differences were
observed between the sexes, presumably mainly rela-
ted to sexual maturation. However, hepatic MT con-
centrations and the levels of Cu, Zn and Cd permitted
a distinction to be made between the environmental
and endogenous component for each sex. Further-
more, there appeared to be little effect of contaminants
other than metals on hepatic MT, as found by compa-
ring MT levels at different stations with the hepatic ac-
cumulation of other contaminants (cf. Cofino et al.
1992) or the level of biomarkers sensitive to organic
pollutants (cf. Galgani et al. 1992, Gokseyr et al. 1992,
Moore 1992).

The authors would like to make the following recom-
mendations for future use of fish hepatic metallothio-
nein in monitoring:

(1) Selection of fish: the fish used should preferably
be juvenile. The sexes must be analyzed separately if
maturing or mature fish are used. This is essential if the
species is collected the month before or during spawn-
ing. In addition, the fish species used should be known
to spend most of the year in the vicinity of the selected
stations.

(2) Need for accompanying analyses: quantification
of metallothionein should be complemented with ana-
lyses of hepatic Cu, Zn and Cd to enable assessment of
the effects of individual metals. In most studies, a mini-
mum of identification of the component being meas-
ured would be required (i.e. MT).

(3) Problems related to the quantification of metallo-
thionein: methods should be used that include metallo-
thionein associated with strongly bound metals, i.e. Cu
and Hg. For most applications, immunoassays would
be the method of choice, but differential pulse polaro-
graphy (DPP) would also be acceptable (cf. Hogstrand
& Haux 1992}
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