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Time- and dose-dependent
biomarker responses in flounder
(Platichthys flesus L.) exposed
to benzo[a]pyrene, 2,3,3,4,4',
5-hexachlorobiphenyl (PCB-156)

and cadmium

Jonny Beyer, Morten Sandvik, Janneche U. Skare,
Eliann Egaas, Ketil Hylland, Rune Waagbg and
Anders Goksgyr

Responses in flounder (Platichthys flesus) towards benzo
[a]lpyrene (BaP), 2,3,3',4,4',5-hexachlorobiphenyl (PCB-156),
and cadmium (Cd) were investigated in time-course and
dose-response studies of selected biomarkers.
Measurements of biliary fluorescent BaP metabolites and
hepatic concentrations of PCB-156 and cadmium showed
that the injected toxicants were rapidly mobilized from the
muscle to the liver, but a depot effect was indicated in the
highest dose groups of BaP and PCB-156 (12 mg kg!
bodyweight). Clearest biomarker responses were found in

© the induction of hepatic cytochrome P450 1A (CYP1A)
ﬁgénzymes as aresponse towards BaP and PCB-156 exposure.

& Maximum induction of CYP1A dependent 7-ethoxyresorufin-

§ -deethylase (EROD) activity was observed after 2 and 8 days
ggn BaP and PCB-156-treated flounder, respectively. Positive
£ Zlose-effect relationships were observed towards both
FEompounds, but the CYP1A induction was more persistent
with PCB exposure than with BaP exposure. In Cd-exposed
fish, the hepatic level of metallothionein responded more
slowly with highest levels observed after 16 days in the
time-study. In the combined BaP + Cd treatment, the CYP1A
induction was only slightly suppressed. Aspartate
aminotransferase in serum appeared to be responsive
towards BaP, but also towards the acetone vehicle in controls
in the first part of the exposure period. Hematocrit as well

as hepatic activities of aldrin epoxidase, glutathione
S-transferase, and UDP-glucuronyl transferase were not
responsive to any treatment in the present study. In general,
the results demonstrate that selected biomarkers in flounder
are responsive to PAH, PCB, and heavy metal pollutant
exposure, indicating the applicability of this species in future
environmental pollution monitoring programmes.
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Introduction

The introduction of various pollution response indicators, or
biomarkers, has led to a considerable interest in using teleosts
in monitoring aquatic pollution, for reviews see, for example,
Stegeman ef al. (1992) and Gokseyr (1995). However,
considerable variation may occur between different fish
species both in terms of basal physiological features, but also
in response patterns and sensitivity towards chemicals and
toxicants. Time- and dose-effects of pollutants on biomarkers
should therefore be studied in candidate indicator species.
This is important not only for the understanding of pollutant
effects observed in the field, but also for the implementation
and future use of certain teleost biomarkers as tools in
environmental monitoring programmes.

The flounder (Platichthys flesus) is common in European
estuaries and coastal habitats. Juvenile individuals may also
be found in rivers. Flounder typically occur in sediments,
where they feed mostly on benthic invertebrates. In studies
with feral flounder, environmental pollution exposure has
been linked to harmful effects and to certain biomarker
responses (von Westernhagen et al. 1981, Addison and
Edwards 1988, Stegeman et a/. 1988, Vethaak 1993). Similar
links have also been recorded in laboratory studies (Lemaire et
al. 1994, Eggens and Boon 1996), and also in flounder exposed
in situto polyaromatic hydrocarbons (PAHs) by transplant
caging (Beyeret al. 1996).

The objective of the present study was to provide a basis for
better understanding of time- and dose-dependent relationships
of pollutant-induced biomarker responses in the flounder.
Model pollutants (Figure 1) were administered by intramuscular
(i.m.) injections, representing PAHs (benzo[a]pyrene, BaP),
polychlorinated biphenyls (2,3,3',4,4’,5-hexachlorobiphenyl,
PCB-156) and heavy metals (cadmium, Cd). A combined
BaP + Cd treatment was included as a model of mixed PAH
and heavy metal exposure. A suite of biomarkers was
measured in the flounder to study the responses in the first
weeks after the toxicant administrations. Several biological
and physiological markers were measured to monitor the
biological status of the flounder during treatment.

MATERIALS AND METHODS

Chemicals

7-Ethoxyresorufin, resorufin and benzolalpyrene (min. 98 %) were purchased from
Sigma. PCB-156 was kindly provided by Ake Bergman, Wallenberg Laboratory,
University of Stockholm, Sweden. CdCl, was obtained from May and Baker Ltd,
Dagenham, UK. All other chemicals used in preparation and analyses of samples
were of analytical grade.

Fish and treatment

The flounder used in the present investigation were collected near the shore in
the area of Dale and Tellnes at Sotra, west of Bergen, Norway. Generally, the
specimens used were within the range 150-350 g (Table 1). The studies were
performed in 1993 at the High-Technology Center in Bergen, in the facilities of
the Industrial Laboratory (-Lab), in June (time-study) and October-November
(dose-study), respectively. The flounder were acclimated for 3 weeks prior to the
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pellet (dose-study) obtained from Norsk Medicinal Union and Felleskjepet,
respectively. The feeding was stopped 3 days before injections, and the flounder
were fasted through the experimental period.

Each flounder was injected in the axial muscle on the dark side (Figure 2).
BaP and PCB were dissolved in acetone, whereas CdCl, was dissolved in 9%o
saline. In the time-study, the flounder were injected either with BaP (1 mg kg™
body weight), PCB-156 (2.5 mg kg™ b.w.), or cadmium (1 mg kg™ b.w.), or with
BaP and Cd in combination (1 + 1 mg kg b.w.). The injection volume was 1 ml
kgl b.w. (1 + 1 mlkg™ b.w. in the BaP + Cd treatment). In the dose-study, the
flounder were injected either with BaP or PCB-156 in five different doses (0.02,
0.1,0.5, 2.5, and 12.5 mg kg! b.w.). The injection volume was 0.5 ml kg kg
b.w. After injection, the groups were kept separately in 500 | tanks. The flow rate
per tank was a minimum 5 | min™!. The water temperature and salinity during the
time-study and dose-study was 8.5+ 0.2 °C, 34+ 0.5 %0 S and 9.4 + 0.4 °C, 26
+ 2% S, respectively. Throughout the dose-study, the salinity was maintained at
the low level because of some fin erosion observed during the first part of the
acclimation. Each fish tank contained a layer of clean shell sand which allowed the
flounder to seek cover.

Samples and preparations

In both experiments, six fish were sampled per treatment per day. Pre-treatment
samples (six untreated fish) were also taken. Fish in the time-response study were
sampled at days 2, 4, 8, and 16. In the dose-response study, fish were sampled
at selected days based on the experience from the time-study; BaP-treated fish
were sampled at days 2 and 30, whereas PCB-treated fish were sampled at days
and 30. A total number of 294 flounder were sampled altogether.

At sampling the fish were weighed, length-measured and subjected to external
athological examinations. Blood was drained from the caudal vein by means of a
%yringe. The haematocrit value (mean of three subsamples) of heparinized blood
gwas obtained within 2 h by a 5 min x 12600 g centrifugation. Unheparinized
E)Iood was placed overnight in a cooler (4 °C). Serum was prepared from the

coagulate by a 10 min x 800 g centrifugation, and stored at -80 °C until analysed.

The fish was then killed and opened by cutting the spine from the dorsal side with

a pair of scissors, and the visceral samples (bile, liver, spleen and gonads) were

obtained. The gall bladder was carefully excised and the bile was frozen at

-20°C. The liver was split into three parts; for chemical analyses (frozen at

-20°C), preservation in liquid nitrogen, and further preparation, respectively. The

latter part was homogenized in four volumes of ice-cold 0.1 M Na-phosphate

buffer (pH 7.4) with 0.15 M KCL, 1 mm EDTA and 1 mm DTT, by means of a Potter-

Elvehjem Teflon®- glass homogenizer. The post-mitochondrial supernatant (PMS)

was obtained by a 12000 x g for 15 min centrifugation, and further subjected to a

100 000 x g for 60 min centrifugation for preparation of microsomes and cytosol

fractions. The microsomal pellet was resuspended by a mild homogenization in

one volume ice-cold 0.1 M Na-phosphate buffer (pH 7.4) with 20 % glycerol (v/v), 1

mm EDTA and 1 mm DTT. The microsomal samples (and cytosol fractions) were

frozen in liquid nitrogen and stored at —80 °C. Liver samples in liquid nitrogen were
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Figure 1. Structural formulae of benzol[alpyrene (BaP) and 2,3,3',4,4",
5-hexachlorobiphenyl (IUPAC no. PCB-156), organic toxicants used in the present
study.
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Time-response study Dose-response study
(n=150) (n=144)
Sample Mean + SD Mean + SD
Weight (g) 265+ 89 268 +91
Length (cm) 29+3 28+3
Condition-factor (Fultons) 1.06+0.13 1.21£0.15
Liver somatic index (%) 1.33+0.52 1.73+£0.66
Spleen Sl (%) 0.09+0.04 0.11+0.05
Gonad SI, males (%) 0.18+0.10 2.00+1.51
Gonad S, females (%) 1.47+0.43 2.11+£1.09
Haematocrit (%) 26+5 23+4
CDNB nmol min™ mg™* protein LC 1454 +587 948 + 264
AE nmol min~t mg™! protein LM 17+7 nm
UGT nmol min mg™! protein LM 2.33+0.91 nm
Serum glucose (mw) 0.66 £0.44 0.97+0.45
Serum total protein (g I!) 25+6 33+8
Biliary protein (mg ml™) 0.82+0.67 0.75+0.69
Hepatic fat (%) 4.49+1.49 5.44+3.42

Table 1. Overview of biological and physiological markers in the present
study and values of biomarkers showing no responses towards any
treatments with beno[alpyrene, PCB-156, or cadmium.

Key: S| = somatic index, nm = not measured, LC = liver cytosol, LM = liver
microsomes.

used for metallothionein (MT) measurements. The samples were later
homogenized in three volumes (w/Vv) of ice cold buffer (100 mm Tris—=HCI, pH 8.1
with 5 mm 2-mercaptoethanol). The homogenate was centrifuged at 4 °C at
10000 x g for 30 min, and the PMS was frozen and stored at —70 °C.

Analyses
Unless other methods are noted, all protein analyses were performed according
to Bradford (1976) with bovine serum albumin as standard.

Fluorescent metabolites of benzo[alpyrene (BaP-FACs) were measured according
to Krahn et al. (1980, 1986), and Ariese et al. (1991), with modifications as
described by Beyer et al. (1996). Bile samples were diluted (1:800) in 48 %o ethanol,
and the fluorescence was measured at 379 nm/425 nm. The biliary BaP-FAC
concentration was calculated as follows: BaP-FACs (ug mi™) = (fluorescence
signal x bile-dilution)/2037. The equation was based on a standard curve of biliary
BaP-FACs quantitated by HPLC at the NOAA/ECD laboratory in Seattle, US (E. Aas,
unpublished data).

Hepatic fat and PCB-156 were measured in the PCB-exposed fish according to
Brevik (1978), with modifications as described by Bernhoft and Skaare (1994).
PCB-112 was used as internal standard, and the detection limit was 0.005 ug

L

Figure 2. lllustration of the administration procedure used in the present study.
The agents, dissolved in either acetone (BaP and PCB-156 treatments) or 9 %o
saline (Cd treatment), were administered to the flounder by an intramuscular (i.m.)

injection into the dorsal part of the right epi—axiaﬁ”'i*ﬁ HTS )Y
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CB-156 per g (w.w.). The analytical laboratory (at the National Veterinary Institute,
Oslo, Norway) successfully in all four phases of the ICES/I0C/OSPARCOM
intercomparison exercise on the analyses of PCBs in samples of marine origin.

Liver samples for metal analyses were digested in concentrated nitric acid
(Merck suprapure) at 165 °C for 8h, H,0, subsequently added, and further
digested at 140 °C for 2 h, according to the B. Welz protocol of atomic
absorption spectroscopy (1985), (ISBN 0-89573-418-4). Cd was measured by
graphite furnace atomization (VarianSpectrAA 400), whereas Cu and Zn were
measured by flame atomic absorption (Varian SpectrAA 30). The detection limits
were 0.01 pg g* for Cd, and 0.5 ug g* for Cu and Zn. A control system with
regular analyses of reference materials was adopted, and all measurements of
these samples (NRCC Dogfish DOLT-1 and DORM-1) were close to the certified
values.

All analyses of serum constituents were performed according to standardized
Technicon protocols at the Institute of Nutrition, Directorate of Fisheries, Bergen
using a Technicon RA-1000 analyser (Technicon Instruments Corporation,
Tarrytown, NY). The measurements included levels of glucose (Technicon method
no. SM4-0143K86), total protein (SM4-0147J84) and aspartate aminotransferase
(SM4-0137G85).

CYP1A was measured in hepatic microsomes. The EROD (7-ethoxyresorufin
O-deethylase) activity was measured as described previously (Burke and Mayer
1974, Stagg and Addison 1995), on a Perkin-Elmer LS-5 spectrofluorometer, with
resorufin (Sigma) as internal standard. The assay temperature was 20 °C, with
assay pH 7.8 (time-study) or pH 7.4 (dose-study). The pH change was due to an
assay-optimization performed between the two studies, but both of these values

ecord similar relative induction levels (fold induction in exposed fish as compared
§ |th controls). The EROD activity at pH 7.8 was approx. 70 % of the activity at
7.4. CYP1A protein levels were measured by using a CYP1A enzyme-linked
gnmunosorbent assay (CYP1A-ELISA) with rabbit-anti cod CYP1A IgG antiserum
@ccording to Goksgyr (1991). For both EROD and ELISA analyses, a quality
Eontrol system was adopted where every sample series included reference
samples from untreated and B-naphthoflavone (BNF}Hreated cod.

Hepatic cytosolic GST activity towards CDNB (1-chloro-2,4-dinitro-benzene)
was measured according to Habig et al. (1974). The assay pHwas 7.5, and the
incubation temperature was 25 °C, as described earlier by Egaas et al. (1993).

Hepatic microsomal aldrin epoxidase (AE) activity was measured as described
by Moldenke and Terriere (1981), but with some adjustments. A 0.2 M K-phosphate
assay buffer (pH 6.7) contained 1 mm EDTA and 0.2 mmol NADPH. After 15 min
incubation at 22 °C the reaction was terminated by adding cyclohexane. The
dieldrin levels were measured as described by Egaas et al. (1988).

Hepatic microsomal uridine-diphosphate-glucuronosyl transferase (UDP-GT)
activity towards p-nitrophenol was determined as described by Koivusaari (1983),
but with some modifications as described by Anderson et al. (1985).

Hepatic metallothionein (MT) was determined using an indirect non-competitive
ELISA with polyclonal antiserum raised against perch MT (Hogstrand and Haux
1990, Hylland et al. 1994). Partly purified MT from flounder was used as
standards in the ELISA. The MT concentration in the standards was quantified by
measuring the content of cysteine.
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Statistical evaluations
All statistical tests were performed with the use of JMP® software (version 3.1.1)
from the SAS institute (1994). Parametric tests were preceded by tests for the
normal distribution within each sample of values (per sampling day), and for
homogeneity of variance (across treatments and days). Non-normal or non-
homogeneous data were subjected to appropriate transformations (log, square-
root, or Box-Cox).

The data were tested day-wise by one-way analysis of variance (ANOVA) with
‘treatment’ as independent variable. Whenever a significant treatment effect was
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indicated, Dunnett's test for multiple comparisons of means was used to test for
differences between exposed and control groups. Multiple linear regression
analyses were performed in the dose-study to test for effects on biomarker
responses of the contaminant factors (BaP-FACs, hepatic PCB-156) and also of
relevant biological factors (sex, fish size, condition-factor, serum protein). Only
toxicant-treated fish were included (day-wise) in the multiple regression models.

Results

General observations

Before treatment flounder were selected randomly from the
main fish pool. Hence, within both studies, the variance of the
size (and condition) was more or less similar across treatments
and days, but the flounder in the dose-study showed somewhat
higher condition-factor, liver somatic index, and gonad
somatic index than the flounder in the time-study (Table 1).
Apparently, this was caused by seasonal differences.

In all fish that received acetone, a dark spot appeared on
the skin in the injection area immediately after the treatment.
The spot was present through the whole experiment, though
diminishing with time. The saline and saline + Cd fish did not
display spots, thus the coloration seems to be a response to the
acetone vehicle.

The survival rate in the time— and dose-response studies
were 96.1% and 98.3%, respectively. From a total of 354 fish
treated in the two experiments, only 10 fish died, and no group
trend was observed for this mortality.

Toxico-kinetics of chemicals

After the injection of toxicants in the time-response study, the
levels of biliary BaP-FACs, hepatic PCB-156, and hepatic

Cd increased rapidly up to plateau-like levels (Figure 3). At
day 2, the hepatic PCB-156 level was already about 2000-fold
higher than the levels measured in three controls (shown as
day 0 level in Figure 3(B). Hence, further PCB analyses in
controls were not performed. In the BaP + Cd group, the
accumulation patterns of the two chemicals did not differ
significantly from those of the chemicals given alone.

As judged from the dose-study, the levels of BaP-FACs and
hepatic PCB-156 appeared in general to be linearly correlated
to the doses injected, but a delay, most probably a depot effect,
appeared to be caused by the highest doses of both BaP and
PCB. Particularly at the first sampling point, this effect gave
lower levels than should be expected from the relationship
observed in the lower dose groups (Figure 4).

In the time-study, the hepatic levels of Zn appeared
generally to be lower in the two Cd-exposed groups than in
the saline controls, although this decrease not proved to be
statistically significant when day-wise tested (not shown).

A similar effect was not recorded for the hepatic Cu levels.
This may indicate that the Cd treatment to some extent
impaired the Zn homeostasis in the flounder, whereas the
Cu homeostasis was not affected.

Time-and dose-trends of biomarkers
In the time-study, both BaP-exposed groups displayed a peak

in serum AST levels already after 2 dn i ﬂ‘ﬁ“‘itﬂ Y i e i
F
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the other acetone-treated groups also showed elevated serum
AST levels in the first period after the injection treatment. In
all groups the AST levels were returned to control levels by
day 8. Linear regression analyses of results from the dose-study
indicated positive dose-dependent relationship between
BaP-FACs and AST at day 2, but also the size of the fish
appeared to correlate (negatively) with AST in the same model
(not shown). Similar correlation trends between PCB-156 (and
fish size) and the AST levels were recorded in PCB-exposed
flounder, but these relationships were not statistically
significant on either sampling day in the dose study.

Both hepatic CYP1 A parameters investigated (EROD,
CYPIA protein) were induced by the BaP and PCB treatments.
The CYP1A protein showed a similar trend as for the EROD,
and validated therefore the activity measurements. In the
time-response study, highest EROD activity and CYP1A
protein levels were found after 2 and 8 days in BaP- and PCB-

J. Beyer et al,

treated fish, respectively (Figure 6). A negative effect of Cd
on the CYP1A induction response was indicated in the
time-response study. The EROD activity, and partly CYP1A
protein level, was generally lower in the BaP + Cd group than
in the group receiving BaP alone. However, the suppression
was not very clear (statistically significant only for CYP1A
protein at day 2). No CYP1A responses were recorded in
flounder treated with Cd alone (data not shown).

The multiple regression analysis of results from the dose-
study demonstrated that CYP1A induction was dose-dependent
towards BaP and PCB exposure. In BaP-treated flounder at
day 2, the biliary BaP-FAC level was positively correlated
(p <0.001) both to the EROD activity (Figure 7(A)) and CYP1A
protein level (not shown), whereas no correlation was
recorded at day 30. The biological factors (sex, size, condition,
serum protein) did not influence the model at day 2. In PCB-
treated flounder at day 8, a significant correlation (p < 0.05)
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Figure 3. Time trends of contaminants in flounder: (A) biliary fluorescent aromatic compounds of benzolalpyrene metabolites (BaP-FACs); (B) hepatic levels of 2,3,3'4,4,
5-hexachlorobiphenyl (PCB-156); (C) hepatic cadmium (Cd) levels. The fish were exposed to either 1 mg kg™ body weight of BaP (-1), 2.5 mg kg™* PCB-156 (/\), 1 mg kg™
Cd(©)or 1 mgkg! BaP + 1 mg kg Cd (). Control fish were exposed to acetone (W) or to 9%. saline (® ). Toxicant levels in pretreatment fish are shown as day O levels
in figures. All other data are shown as the group mean (n = 6) with standard error. * Significantly different (p < 0.05) from control group (Cuaratis tort 2F m2~n-n)
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Figure 4. Correlation of i.m. injected toxicant dose and recorded levels of: (A) biliary BaP-FACs in flounder after 2 days () and after 30 days (+); (B) hepatic PCB-156 in
flounder after 8 days (/\) and after 30 days (/). The injected doses of BaP or PCB-156 were 0.02, 0.1, 0.5, 2.5, and 12.5 mg kg™! body weight. Control values were 1.5
and 4.2 ug m! (2 and 30 days, respectively) for BaP-FACs, and around 0.005 ug g™* (w/w) for hepatic PCB-156 (not measured in all controls). All data are shown as the

group mean (n = 6) with standard error.

was recorded between hepatic PCB-156 level and EROD
activity (Figure 7(B)), but, also sex displayed a significant
<gffect (p < 0.05) on EROD in this model (i.e. lowered EROD
&ctivity in females). Within these females (n = 19) the gonad-
%omatic index was negatively correlated to the EROD activity
not shown). The CYP1A protein level did not correlate
%ignificantly to the PCB-156 level on either sampling day.

g In the time-study, an increase of the hepatic MT level
I'Iéppeared to occur in both Cd-treated groups in the latter part
of the exposure period, i.e. at day 16 (Figure 8). The increase
was not strong (1.6 and 1.5-fold of control for Cd and BaP + Cd
groups, respectively), neither was it statistically significant
(p =0.14, ANOVA). However, the MT increase occurred in
parallel in both Cd-treated groups, and the MT increase
became statistically significant when the Cd-treated fish were
regarded as one group in a comparison with the control group
(p <0.05, ANOVA). The BaP did not appear to influence the
MT response in the BaP + Cd group. The MT response was
delayed as compared to the hepatic Cd levels, which were
significantly elevated already 2 days after injection in the two
Cd-treated groups.

Parameters showing no-response

Several of the parameters investigated gave no response in any
of the treatment groups (Table 1). These parameters included
liver and spleen somatic indices, haematocrit, serum glucose,
and hepatic activities of glutathione-S-transferase (CDNB),
aldrin epoxidase (AE), and UDP-glucuronosyl transferase
(UDP-GT). AE and UDP-GT activities were not measured in the
dose-study.

Discussion

Knowledge of time- and dose-dependent relationships of
pollutant responses in flounder is an important basis for the

use of this species in pollutant effect monitoring. In the
present investigation, we have established such
relationships for several biomarkers towards the model
pollutants BaP, PCB-156, and Cd (Cd, time-response only).
Except for the recent study by Eggens and Boon (1996), no
previous laboratory studies have investigated similar time-
and dose-relationships of biomarker responses in the
flounder.

20

AST (Units/g serum protein)

Figure 5. Changes in serum aspartate aminotransferase (AST) levels in flounder
exposed to saline or acetone (controls), BaP, PCB-156, Cd, or BaP + Cd. The AST
levels are normalized against the serum total protein content. The data are shown
as the group mean (n = 6), error bars are not included in the figure. * Significantly
different (p<0.05) from control group (Dunnett’s test of means). Treatments and
symbols: 1 mg kg BaP (1), 2.5 mg kg™ PCB-156 (/\), 1 mg kg™ Cd (©),
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Figure 6. Changes in (A) 7-ethoxyresorufin O-deethylase (EROD) activity and (B) CYP1A protein levels (detected by ELISA) in hepatic microsomal samples of flounder

exposed to acetone (control), BaP, PCB-156, or BaP + Cd. The data are shown as the group mean (n = 6) with standard error. * Significantly different (p < 0.05) from

control group (Dunnett’s test of means). Treatments and symbols: 1 mg kg™ BaP (1), 2.5 mg kg PCB-156 (/\), 1 mg kg™ BaP + 1 mg kg™ Cd (<), acetone ().

Exposure regime

Intramuscular (i.m.) administration, instead of the more

commonly used intraperitoneal (i.p.) route, were used to avoid

burden. Rapid mobilization of all three toxicants injected was

e possibility of contamination of visceral samples (liver and
ile) by remnants of injected chemicals. By the i.m. procedure,
he chemicals have to be mobilized into the blood and re-
istributed before they can induce any effect in the liver. The
evels of toxicants detected in liver and bile should therefore
e a good reflection of the in vivo exposure level or body

demonstrate

d in the time-study, and a linear relationship

between injected and (visceral-) accumulated dose was

recorded in the dose-study. These findings clearly demonstrate

the applicability of i.m. exposure of fish in pollutant studies.

However, a depot effect apparently occurred at the highest

doses of both BaP and PCB-156. This depot effect might have

been caused

muscle tissue in the highest dose groups. Histopathological
examination of the injection area could have contributed to

by crystallization of BaP and PCB-156 in the

explaining the depot effect observed, e.g. whether muscle
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Figure 7. Selected leverage plots of multiple linear regression models: (A) biliary BaP-FACs and EROD activity in BaP-exposed flounder (n = 30) after 2 days; (B) hepatic
PCB-156 levels and EROD activity in PCB-156 exposed flounder (n = 29) after 8 days. The confidence curves shows the 95% confidence region for the line of fit. Each
multiple regression model also included sex, fish size, condition-factor, and serum protein as factors (leverage plots not shown). In the figures, the sex of each individual

flounder is indicated by the numbers 1 (male) or 2 (female).
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Figure 8. Changes in hepatic metallothionein levels in flounder exposed to saline
(control), Cd, or BaP + Cd. The post-mitochondrial supernatant (PMS) was used
for MT measurements. The data are shown as the group mean (n = 6) with
standard error. Treatments and symbols: 1 mg kg™ Cd (O), 1 mg kg™ BaP + 1 mg
kg™ Cd (A), 9%o saline (®@).
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BaP exposure and CYP1A induction

In several teleost species, CYP1A has been shown to respond
rapidly towards BaP treatment, with CYP1A induction
peaking within 1-3 days, depending on parameter measure d
(EROD activity, CYP1A protein) (Smolowitz et al. 1992, Levine
et al 1994, van der Weiden ef al. 1994). In flounder exposed to
BaP by single i.p. injections, Eggens and Boon (1996) observed
the highest levels of hepatic EROD and CYP1A protein after

1 and 3 days, respectively. They also recorded positive
correlations between BaP dose and hepatic CYP1A levels, and
observed that both CYP1A markers were almost returned to
control levels after 7 days. These findings all correspond with
the CYP1A responses recorded in BaP-exposed flounder in the
present study.

PCB exposure and CYP1A induction

To our knowledge, PCB-156 has not previously been used in
studies of CYPI A induction in fish, but several investigators
have used other mono-ortho PCBs (e.g. Skaare et al. 1991,
Bernhoft ef al. 1994, Eggens and Boon 1996). PCB-156 is the
mono-ortho substituted analogue of the ultimate toxic non-
ortho 3,3',4,4',5-pentachlorobiphenyl (PCB-126). Based on
quantitative structure—activity studies in mammalian systems,
the toxic equivalence factors (TEFs) of PCB-126 and PCB-156
compared with 2,3,7,8-tetrachloro-p-dioxin have been
estimated to be 0.1 and 0.0003, respectively (Safe 1994). Thus,
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as compared with PCB-126, the ortho-chlorine lowers the
toxicity (and CYP1A-inducing potency) of PCB-156
dramatically, due to the restricted ability of the molecule for
adapting a planar configuration, and hence bind to the
cytosolic aryl hydrocarbon (Ah)-receptor (Safe et al. 1985, Safe
1994). However, since mono-ortho PCBs (such as PCBs-156,
-105, -118) occur in higher concentrations than the non-ortho
PCBs in the environment, their ecotoxicological impact is
considered to be significant (Tanabe ef al. 1989, De Voogt et al.
1990).

In the present time study, a delayed and more persistent
CYPI1A induction was recorded in PCB-exposed flounder
compared with BaP-exposed fish, with highest CYP1A levels
(19-fold of control) after 8 days in the time-study. This response
time corresponds with the observations of Eggens and Boon
(1996). They recorded a five-fold increase in hepatic EROD
activity in flounder 7 days after i.p. injections of the mono-
ortho substituted PCB-105 (2,3,3',4,4’-pentachlorobiphenyl;
0.5mgkg'b.w).

Inhibitory effects on CYP1A induction

In nature, CYP1 A-inducing compounds may occur together
with compounds which may have inhibitory effects on the
teleost CYP1A system, such as tributyltin (TBT), certain PCBs,
arsenite, and cadmium (Stegeman and Hahn 1994, Bucehli and
Fent 1995). In plaice (Pleuronectes platessa), both EROD
activity and CYPI1A protein synthesis were inhibited by Cd in
a dose-dependent manner, with 1 mg Cd kg' b.w. resulting in
90 % inhibition of the EROD activity (George and Young 1986,
George 1989). However, the opposite effect of Cd has been
recorded in European eel (Anguilla anguilla) and European sea
bass (Dicentrarchus labrax), i.e. enhanced hepatic EROD
induction in BaP-exposed fish pre-treated with Cd (Lemaire-
Gony and Lemaire 1992, Lemaire-Gooney et al. 1995). Indeed,
in sea bass, the treatment alone caused a 10-fold increase of the
EROD activity. Such discrepancy clearly illustrates the pit-falls
of expecting similar biomarker responses in different teleost
species. In the present time-study, no CYP1A induction was
recorded in the Cd-treated group, but a slight suppression of
the CYP1A induction response seemed to occur in the BaP + Cd-
treated fish. Thus, CYP1A induction responses in flounder
appear to be less susceptible to the interactive influence of Cd
than in plaice, eel and sea bass. However, further biomarker
studies should be performed in mixed exposure situations
with flounder, and such studies are presently being performed
in our laboratories. Evidently, these issues are important in
interpreting pollutant effects in different fish species,
especially in mixed pollution situations in the field.

CYPI1A responses in teleosts may also be influenced by
inhibitory effects of the inducing compound itself. Such
inhibition has previously been observed in several teleosts
expose to the non-ortho 3,3',4,4'-tetrachlorbiphenyl (PCB-77)
(Melancon and Lech 1983, Gooch ef al. 1989, Monosson and
Stegeman 1991, Lindstrom-Seppd et al. 1994). Similar
inhibition effects may explain the lack of CYP1A induction
recorded by Eggens and Boon in PCB-77-exposed flounder
(Eggens and Boon 1996). It should be noted that PCB-77 at low

concentrations has been demonstrated ~~ o s~tomt VDI A
RIGHTS LI



com by Changhua Christian Hospital on 11/18/12

Biomarkers Downloaded from informahealthcare.

42

inducer in other teleosts (Melancon and Lech 1983, Smolowitz
etal 1991, Lindstrom-Seppd et al. 1994). Inhibition or
suppression of CYPlA-mediated responses have also been
observed in teleosts exposed to high levels of PCB mixtures
(Melancon and Lech 1983, Boon et al. 1992). It is therefore
apparent that the possibility of inhibitory influence always has
to be considered when discussing dose—response relationships,
TEFs and quantitative structure—activity relationships (QSAR)
of PCBs in different teleost species. In the present dose-study,
PCB inhibition of CYP1 A responses was not observed.
However, in the time-study, inhibition of EROD activity 2 days
after PCB injection was indicated by induced CYPIA protein
levels and no change in EROD activity. Apparently, the lower
induction in the highest dose-group was not caused by
inhibition, but rather by the depot effect, leading to lower in
vivo exposure level in this group than in the second highest
dose group.

Serum AST
Aspartate aminotransferase (AST) is a non-specific cytosolic
and mitochondrial enzyme found in a variety of tissues
including liver, skeletal muscle, cardiac muscle, and kidney
(Verma et al. 1981). Determinations of transaminases, such as
AST, in teleost serum or plasma have proved useful as a
biomarker in the diagnosis of liver-pathology or hepatocyte
>dysfunction, e.g. Maita et al. (1984) (see also Gingerich (1982)
%nd Foster et al. (1992) for reviews). However, the AST activity
%may vary considerably among different fish species, e.g. Goel
%t al. (1981). In environmental monitoring, AST may be useful
gn field situations where hepatotoxic pollutants occur. In
L’c‘a‘lounder exposed by caging to high PAH levels in Serfjorden
(SW-Norway), AST was significantly correlated to the levels of
biliary BaP-FACs (Beyer et al. 1996). In the present
time-response study, the serum AST was most responsive in
the first part of the exposure period, but in chronically-
exposed situations more persistent elevations of the
transaminase level could be expected. Evidently, the AST
responded towards the acetone vehicle used in the present
investigation, but a dose-dependent response towards BaP was
also indicated. However, the influence of fish size should also
be considered in the utilization of AST as a biomarker tool in
teleosts. For biomonitoring purposes, AST and other
transaminase assays have the advantage of already being
established in a broad range of analytical laboratories, also in
clinical institutions. They can also be used as non-destructive
biomarkers since blood is the biological sample used.

Metallothionein

Several studies have shown that teleost metallothionein is
responsive to heavy metal exposure, e.g. George and Young
(1986), George (1989), Hogstrand and Haux (1991), for reviews
see also Stegeman ef al. (1992), Livingstone (1993), and George
and Olsson (1994). However, metal exposure seldom increases
the teleost MT level more than a few fold. In the present
time-response study, a slight increase of the MT level occurred
after 16 days in both Cd-exposed groups (1.5- and 1.6-fold of
control). Possibly, a stronger MT induction response could
have been found with longer exposure, since the MT curves in
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both groups were rising when the 16 days’ exposure period
ended. Ongoing studies in our laboratory support this
hypothesis; flounder exposed to Cd by subcutaneous
injections displayed significantly increased hepatic MT levels
after 15 days and 23 days (results not shown). Thus, in future
investigations of MT induction after Cd treatment in flounder,
the exposure period should be extended to 3 weeks or more.

Summary

The present study has shown that biomarkers in flounder are
responsive to PAH, PCB, and heavy metal pollutant exposure.
Clearest responses were found in hepatic CYP1A levels as a
dose-dependent biomarker of the organic toxicants, especially
BaP. Different time—-response trends were seen for the three
chemicals, with BaP and Cd giving the fastest and slowest
responses, respectively. The biomarker responses in flounder
seem to be reasonably sensitive and reliable, and possibly also
less influenced by associated pollutants as compared with
those found in other teleost species. Its coastal, estuarine, and
benthic habitat preferences make flounder interesting for
monitoring of pollutant effects. Effects at higher levels of
biological organization, such as impaired disease resistance
and reproduction competence, need further investigation,

e.g. by employing ecologically relevant exposure regimes
(more realistic doses and long-term exposure). Standardized
protocols for biomarker investigations will in general facilitate
these studies, and such standards will also be necessary for the
future application of teleost biomarkers in environmental
pollution monitoring programmes.
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