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Responses in flounder (Platichthys flesus) towards benzo
[a]pyrene (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 ± 1

bodyweight). Clearest biomarker responses were found in 
the induction of hepatic cytochrome P450 1A (CYP1A)
enzymes as a response towards BaP and PCB-156 exposure.
Maximum induction of CYP1A dependent 7-ethoxyresorufin-
O-deethylase (EROD) activity was observed after 2 and 8 days
in BaP and PCB-156-treated flounder, respectively. Positive
dose± effect relationships were observed towards both
compounds, 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
T he  in trod uction of  variou s p ollut ion respo nse  indicato rs ,  or

biomark er s,  has led to  a  considerable  intere st  in  usin g te leosts

in  monitoring aquatic  pollut ion, f or  reviews see,  for  example,

St eg em an et al. (1992)  and Goksù yr (1995) . However,

consid er able  variat ion m ay occur  between differen t  f ish

sp ec ies bo th in  term s of  basal  physiologica l features,  but  a lso

in  respo nse  p att erns and  sensi t ivi ty  t oward s ch em ica ls  an d

toxicants . Time- and dose-effects  of  pollutants on biom arker s

sh o uld  th e refore  be s tud ied i n  cand idate  indicato r  species.

T his  i s im portant  not  on ly for  the un derstand ing of  pollutant

eff ects observ ed in  the f ield ,  but  a lso  for  the im plementat ion

an d  fu tu re  use  of  ce rta in  teleost  biomarkers as tools in

en v i ronm e ntal  m on ito rin g prog ram m es.

T he f loun der  (P latich thys f lesu s)  is com mon in  Euro p e a n

estuaries an d coastal  habitats.  Ju venile in dividuals m ay also  

be fo und in  r ivers . Floun der typ ical ly  o ccu r in  sedim en ts,

w h e re  th ey  feed m ost ly  o n benthic  invertebrates .  In  s tu dies

with f eral  f lound er,  env iro n m ental  po llut i on  e xp osu re  h a s

been l ink ed to  harm ful  effects  and to  cert ain  biom ark er

respo nses (vo n We stern h ag en  et al. 1 98 1 , A dd iso n and

E d w a rd s 1988, Stegeman et  al . 1988,  Vethaak 1993). Similar

l inks have also been re co rd ed in  laboratory  studies (L emaire  e t

al . 1994, E ggens and Boon 1996),  and also  in  f lounder exposed

in  s i t u to  poly aro m at ic  h yd rocarbons (PAHs)  by tr ansp lant

cagi ng  (Beye r et  al . 1996).

T he objec tive of  the  presen t  s tu dy was t o  p rovide a  basi s for

better  understanding of  t im e- and dose-dependent re lat ion ship s

of pollutant- in duced bio marker respo nses i n  the f l oun der.

Model pol lu tants (Figure 1)  were  admin istered by intram uscular

( i.m .)  injec tions, re p resenting PAHs (benzo[a ]p yrene,  BaP),

polych lorinated bipheny ls ( 2 ,3 ,3 ¢ ,4 ,4 ¢ ,5-hexachloro bip he ny l ,

PCB-156) and heavy m etals  (cadm ium , Cd).  A com bined 

BaP + Cd treatm ent was inclu ded as a  m odel  o f  m ix ed PA H

and  h eav y m etal  exp osure .  A su ite  of  biom ar kers w as

m e as u red in  the f lound er  to  stud y the respon ses in  the f irs t

weeks af ter  the toxican t  administ rations.  Several  biologica l

and p hysiolog ical  m ar kers  w ere  m ea su red to  m onitor  the

bio logica l  status of  the f lounder during tre atm en t.

MATERIALS AND METHODS

Chemicals
7-Ethoxyresorufin, resorufin and benzo[a]pyrene (min. 98 %) were purchased from

Sigma. PCB-156 was kindly provided by Åke Bergman, Wallenberg Laboratory,

University of Stockholm, Sweden. CdCl2 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 (I-Lab), in June (time-study) and October± November

(dose-study), respectively. The flounder were  acclimated for 3 weeks prior to the

experiments, and fed each second day with frozen krill (time-study) or flatfish

BIOMARKERS 1997, 2, 35± 44 35

Jonny Beyer and Anders Goksù yr (author for correspondence) are at 

the Laboratory of Marine Molecular Biology, University of Bergen, N-5020

Bergen, Norway; Morten Sandvik, Janneche U. Skåre, Eliann Egaas are

at the National Veterinary Institute, N-0033 Oslo, Norway; Ketil Hylland is at

the Norwegian Institute for Water Research, N-0411 Oslo, Norway; and

Rune Waagbù is at the Institute of Nutrition, Ministry of Fisheries, N-5002

Bergen, Norway.

1354–750X/97 $12·00 © 1997 Taylor & Francis Ltd

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



pellet (dose-study) obtained from Norsk Medicinal Union and Felleskjù pet,

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 CdCl2 was dissolved in 9½

saline. In the time-study, the flounder were injected either with BaP (1 mg kg ± 1

body weight), PCB-156 (2.5 mg kg ± 1 b.w.), or cadmium (1 mg kg ± 1 b.w.), or with

BaP and Cd in combination (1 + 1 mg kg± 1 b.w.). The injection volume was 1 ml

kg ± 1 b.w. (1 + 1 ml kg± 1 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 ± 1 b.w.). The injection volume was 0.5 ml kg± 1 kg

b.w. After injection, the groups were kept separately in 500 l tanks. The flow rate

per tank was a minimum 5 l min± 1. The water temperature and salinity during the

time-study and dose-study was 8.5 ± 0.2 °C, 34 ± 0.5 ½  S and 9.4 ± 0.4 °C, 26

± 2½  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

8 and 30. A total number of 294 flounder were sampled altogether.

At sampling the fish were weighed, length-measured and subjected to external

pathological examinations. Blood was drained from the caudal vein by means of a

syringe. The haematocrit value (mean of three subsamples) of heparinized blood

was obtained within 2 h by a 5 min ́  12600 g centrifugation. Unheparinized

blood was placed overnight in a cooler (4 °C). Serum was prepared from the

coagulate by a 10 min ́  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 â - glass homogenizer. The post-mitochondrial supernatant (PMS)

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

100 000 ́  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

used for metallothionein (MT) measurements. The samples were later

homogenized in three volumes (w/v) of ice cold buffer (100 mM Tris± HCl, pH 8.1

with 5 mM 2-mercaptoethanol). The homogenate was centrifuged at 4 °C at

10 000 ́  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[a]pyrene (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 ½  ethanol,

and the fluorescence was measured at 379 nm/425 nm. The biliary BaP-FAC

concentration was calculated as follows: BaP-FACs (m g ml± 1) = (fluorescence

signal ́ 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 m g 
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Figure 1. Structural formulae of benzo[a]pyrene (BaP) and 2,3,3¢ ,4,4¢ ,
5-hexachlorobiphenyl (IUPAC no. PCB-156), organic toxicants used in the present

study.

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 SI (%) 0.09 ± 0.04 0.11 ± 0.05

Gonad SI, males (%) 0.18 ± 0.10 2.00 ± 1.51

Gonad SI, females (%) 1.47 ± 0.43 2.11 ± 1.09

Haematocrit (%) 26 ± 5 23 ± 4

CDNB nmol min± 1 mg± 1 protein LC 1454 ± 587 948 ± 264

AE nmol min± 1 mg± 1 protein LM 17 ± 7 nm

UGT nmol min± 1 mg± 1 protein LM 2.33 ± 0.91 nm

Serum glucose (mM) 0.66 ± 0.44 0.97 ± 0.45

Serum total protein (g l ± 1) 25 ± 6 33 ± 8

Biliary protein (mg ml± 1) 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[a]pyrene, PCB-156, or cadmium.

Key: SI = somatic index, nm = not measured, LC = liver cytosol, LM = liver

microsomes.

Figure 2. Illustration of the administration procedure used in the present study.

The agents, dissolved in either acetone (BaP and PCB-156 treatments) or 9 ½

saline (Cd treatment), were administered to the flounder by an intramuscular (i.m.)

injection into the dorsal part of the right epi-axial muscle.
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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/IOC/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, H2O2 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 m g g± 1 for Cd, and 0.5 m g g± 1 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

record similar relative induction levels (fold induction in exposed fish as compared

with controls). The EROD activity at pH 7.8 was approx. 70% of the activity at 

pH 7.4. CYP1A protein levels were measured by using a CYP1A enzyme-linked

immunosorbent assay (CYP1A-ELISA) with rabbit-anti cod CYP1A IgG antiserum

according to Goksù yr (1991). For both EROD and ELISA analyses, a quality

control system was adopted where every sample series included reference

samples from untreated and b -naphthoflavone (BNF)-treated cod.

Hepatic cytosolic GST activity towards CDNB (1-chloro-2,4-dinitro-benzene) 

was measured according to Habig et al. (1974). The assay pH was 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.

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

t̀reatment’ as independent variable. Whenever a significant treatment effect was

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  treatm ent  f lou nde r were  selected rando mly fro m  th e

m ain f ish  p ool . Hence,  w ithin both s tudies,  the variance of  the

size ( and con dit ion)  was m ore or  less similar  across  tre atm e n ts

and day s,  but  th e f loun der in  th e dose- study  sh owed som ewhat

higher condit ion- factor,  l iver  som at ic  index,  and gonad

so matic  ind ex  than the f lound er  in  th e t ime-study  (Table  1) .

A p p a re n t ly,  this  was cau sed by  season al  diffe ren ce s.

In all  f ish  tha t  received aceton e,  a  dark spot  ap peared  on  

the sk in in  the inject ion area im m ediately after  the tre atm en t.

T he  spo t  w as p resen t  th roug h the wh ole exper im ent ,  tho ug h

dim inishing with t ime. T h e sa l in e and sal ine +  Cd f ish did not

disp lay spots,  thus the colorat io n seems to  be a  resp on se  to  t he

acetone v ehicle .

T h e su rv ival ra te in  the t ime± an d dose±resp o nse  s tu d ies

w e re  96.1 %  and  98.3 % , resp ectiv ely. From  a to ta l of 354 f ish

t reated  in  the two exp er iments , o nly 10 f ish  died,  and n o gro u p

t ren d w as o bserved for  th is  mortal i ty.

Toxico-kinetics of chemicals
After  the in ject ion of  toxicants in  the time±re spo n se  s tu d y,  t he

levels of  bi liary  BaP-FACs,  hepatic  PCB-156 , and  hepat ic 

Cd  in creased rapidly up to  plateau-l ike levels  (Figure 3). At

day  2, the hepat ic  PCB-156  level was already about 2000-fold

hig her than the lev el s m easured  in  t hree con tro ls  ( sh own  as

day  0 level  in  Figure 3(B). Hence, further  PCB analyses  in

co n t ro ls  were  no t  p erfo rmed. In  the BaP + Cd gro up ,  t h e

acc um u lat ion  p at terns of  th e two chem icals did  not  differ

signif icantly from  those  of  the chemicals  given alo ne.

A s judged  fro m  th e d ose- stud y, the levels of BaP-FACs an d

hepat ic  PCB-156 appeared in  general  to  be l inearly  correl at e d

to the doses  injec ted,  but  a  delay, m ost  probably a  depot  effect,

a p p e a red to  be caused  by the highes t  doses of  both BaP  a n d

PCB. Parti cularly  at the f irs t sam pling point , th is eff ec t gav e

lower  levels th an  sh ould b e ex pected  fro m  th e re la t i on sh ip

ob served in  the low er  dose  g roups (Figure 4) .

I n  th e t im e-st udy,  the hepatic  levels of  Zn  app eare d

generally  to  be lower in  the two Cd-exposed gro u p s t h an  i n  

the sa l i ne co ntro ls , a l though  this decrease  not  pro ved to  be

stat is t ical ly  signif ican t  w hen  day-wise  tested  (not  show n).  

A similar  eff ect w as  not re co rd ed  for  the hepat ic  Cu levels .

T his m ay ind ica te  that  the Cd  treatm en t to  so m e extent

im p a i red th e Z n hom eostasis in  the f loun der,  w h ereas th e 

Cu ho meostasis was not  affected.

Time-and dose-trends of biomarkers
In  the t im e-study,  bo th BaP-exposed grou ps di spl aye d a  p eak

in  serum  AS T  levels a lready after  2  days (Figure 5) . However,

Biomarker responses in flounder 37
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the other  acetone-treated  gro ups also  sho wed  elev ated seru m

AST  levels in  the f irst  per iod af ter  the inject ion treatm ent.  I n

al l grou ps the AS T  levels were  re tu rne d t o  con tro l levels by

day  8. Linea r  reg ressi on analyses  of  resu lts  from  th e dose-study

in dic ated po si t iv e d ose-d epe nde nt re lat ion ship  b etw een  

BaP-FACs and AS T at day 2,  but  al so  the size  of  the f ish

a p p e a red to  correla te  (negatively)  with AS T in the same model

(not  show n). S imilar  correlat io n trends between PCB-15 6 (and

fish  size)  and the AST  levels were  rec orded in  P CB-expo sed

f lo u nd er,  but  these  re l at i on ships we re no t s tat ist ical ly

signif icant  o n ei ther  sam pling d ay  in  the dose  study.

Both hepa tic CYP1A param eters investigated  (EROD,

CYP1A pro tein)  were  ind uced by the BaP and  PCB treatm en ts .

T he CYP1A pro tein show ed a sim ilar  t rend  as for  the E ROD,

an d va lid ated  t herefore  the act ivi ty  measu remen ts . In  the

t im e±res po n se  s tu d y, highest EROD ac tivi ty  and  CYP1A

p rotein levels  were  found af te r  2  and 8 days in  BaP- and  PCB-

t reated f ish , respect ively (Figure 6) . A neg ativ e effect  of  Cd 

on the CY P1 A induction respo nse w as in di cate d in  th e

t im e±resp o n se s tu d y. T he EROD activ ity,  a nd  p artly CYP1A

p rotein level,  was general ly  lower in  the BaP + Cd gro u p  th a n

in the gro u p  rece iv ing BaP  alo ne. H owever,  th e sup p ress io n

wa s not  very  clear  (stati sti cal ly  signi f icant  on ly  for  CYP1A

p rote in  at day 2) . No CYP1A re sp on ses  w e re  reco rd e d  i n

flo under  treated with  Cd alone (data  not  show n).

T he m ult i ple  reg ression analysis of  resu lts f ro m  the dose-

stu d y  dem onst rated  that CYP 1A induct ion was dose-dependent

tow ard s BaP and P CB exposure. In BaP-treated f lou nder at  

day 2, the bi liary BaP-FAC level was posi t ively correla ted 

(p  < 0.001) bo th to the  EROD act ivi ty (F igure 7(A)) and  CYP1A

p ro tein level  ( not  sho wn),  w hereas  no  correlat i on  w as

re co rded at  day  30. T he  bio logical  fac tors (sex, size , condi t ion,

se ru m  p ro tein)  did  not  influence  the m odel  at  day 2. In  PCB-

t reated f lounder at  day 8,  a  sign if ican t  correla t ion (p  < 0.05)

J. Beyer et al.38

Figure 3. Time trends of contaminants in flounder: (A) biliary fluorescent aromatic compounds of benzo[a]pyrene 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 ± 1 body weight of BaP (* ), 2.5 mg kg± 1 PCB-156 (̂ ), 1 mg kg± 1

Cd (D ) or 1 mg kg ± 1 BaP + 1 mg kg ± 1 Cd (V ). Control fish were exposed to acetone (+ ) or to 9½  saline (E ). Toxicant levels in pre-treatment fish are shown as day 0 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 (Dunnett’s test of means).
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w a s reco rded  betw een hepatic  PCB-156 level  and EROD

act iv ity (Figure 7(B)) ,  but , al so sex displayed a  signi f ican t

effect (p  < 0.05) on  EROD in  this mode l (i .e. lowered  EROD

act iv i ty  in females).  Within these  fem ales (n  = 19) the gonad-

som at ic  index was n egatively correlated  to  the E ROD ac tivity

(not  shown). T he CYP1A pro tein level  d id not  correla te

signif ican tly  to  the PCB-156 level  on ei ther  sampling day.

In  the t im e-study,  an increase  of  the hepat ic  MT level

a p p ea red to  occur in  both Cd-treated  groups in  the la t ter  p art

o f  the exp osu re per iod, i .e.  at  day  16 (Figure  8) . The incre a se

w as no t  s trong  (1 .6  and 1.5-fold  of  cont rol  for  Cd and BaP  +  Cd

grou p s,  respect ively) , nei ther  was i t s ta t is tical ly  s ignif icant  

(p  = 0.14 , ANOVA). H owever, the MT  increa se  occu rre d  i n

paral le l  in  both Cd-treated gro ups,  an d the MT  incre as e

becam e statis tically  s ignif icant  when the Cd-treated f ish  were

regarded as  on e grou p in  a  com p ari so n with  th e co ntro l gro u p

(p  < 0.05, ANOVA). The  BaP did no t  appear to  inf luence  th e

MT  respo nse in  th e BaP + Cd gro up.  T he MT  re sp o n se w a s

d elay ed  as c om p ared to  the hepatic  Cd  levels,  w hich w ere

signif ican tly  elevated al ready 2 days after  inject io n in  the two

Cd-treated gro u p s .

Parameters showing no-response
S everal  of  the param eters invest igated gave no re spo nse  i n  a ny

of the treatm en t grou ps (Tab le 1) .  T hese param eters  included

liver  and spleen somatic  ind ices,  haem ato cr i t , se rum  glu cose,

and  hepat ic  act iv i ties of  glutathione-S-transferase  (CDNB),

aldr in  epoxidase  (AE ), and  UDP -glucuronosy l tr ansferase

(UDP-GT). AE  and  UDP-GT activi ties were  n ot  m ea su red  in  th e

d o se- stu dy.

Discussion
K n o w led g e o f  t im e -  an d  do se -d ep en d e nt  re l at i o n sh ips  o f

p o l lu t an t  re sp o n s es  in  f l o u n d e r  i s  a n  im p o rtan t  ba sis  f o r  th e

u se o f  t hi s  sp eci es i n  p o llut an t  e ff ec t  m on ito ring .  In  t he

p rese n t  i n v es t i g at i o n ,  w e  ha v e e st ab l is h ed  su c h

rel at io n ships fo r  sev era l  b io m ark er s  to w ard s  t h e  m o d e l

p o l lu ta n t s  BaP, P CB-15 6, and Cd (C d, t im e±re sp o n se  o nly ) .

E xcep t  f or  the re cent  s tu dy  b y E gg en s and  B oo n (1 99 6) ,  no

p rev io u s lab o ratory  s tu di es h av e i nv e st i ga te d sim il ar  t im e -

a n d  d o s e- re lat io n ship s o f  biom ark er  re s p o n s e s i n  t h e

f lo u n d e r.

Biomarker responses in flounder 39

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 ( x ). The injected doses of BaP or PCB-156 were 0.02, 0.1, 0.5, 2.5, and 12.5 mg kg ± 1 body weight. Control values were 1.5

and 4.2 m g ml± 1 (2 and 30 days, respectively) for BaP-FACs, and around 0.005 m g g± 1 (w/w) for hepatic PCB-156 (not measured in all controls). All data are shown as the

group mean (n = 6) with standard error.

A B

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± 1 BaP (* ), 2.5 mg kg± 1 PCB-156 (̂ ), 1 mg kg± 1 Cd (D ), 

1 mg kg ± 1 BaP + 1 mg kg± 1 Cd (V ), acetone (+ ), 9½  saline (E ).
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Exposure regime
Intram uscular  ( i .m.)  adm inistrat ion,  instead of  the mo re

com mo nly used in traperi toneal  ( i .p .)  rou te ,  w ere  u sed  to  avoid

the possibi l i ty  of  contam inat ion of  visceral  samples ( l iver  and

bile ) by  rem nants of  injected chem icals.  By the i.m . p ro c ed u re ,

the chem icals have to  be m obil ized into the blood and re-

distr ibuted before  they can ind uce any effec t  in  the l ive r.  T h e

levels of  to xicants  detected in  l iver  and bile  sho uld therefore

be a  good reflect ion of  the in  vivo  e x p o su re  level  or  body

b u rden .  Rapid mo bil ization o f  a ll  three toxicants  injected w as

dem o nstr ated  in  th e t im e-stu dy,  and a  l inear  re l at io n sh ip

between in jected and  (viscer al-)  accum ulated do se  was

re co rded  i n  the  d ose- stud y.  T hese f indings clearly  dem onstrate

the app licabili ty  of  i .m . exp osure  of  f ish  in  pollutant  stud ies.

H ow e ve r,  a depot effect  app are ntly  o ccurred at  the hig hest

doses  of  both BaP and PCB-156. T his depot  effect m ight  hav e

been caused b y crystal liza tion of  BaP  and PCB-156 in  the

m uscle  t issue in  the high es t  do se  gro ups. Histopatholo gical

exam ination of  the inject ion area co uld have co ntr ibuted  to

explainin g the d ep ot effec t  observ ed,  e .g .  wheth er  m uscle

J. Beyer et al.40

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 ± 1 BaP (* ), 2.5 mg kg ± 1 PCB-156 (̂ ), 1 mg kg ± 1 BaP + 1 mg kg ± 1 Cd (V ), acetone (+ ).

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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n e c ro sis  w as cau sed by t he hig hest  doses,  b ut  such

e xam ina tio ns w ere  n ot  perform ed. E viden tly,  th e depot effec t

w as  not  caused by the acetone vehicle , s ince  al l  f ish  rece iv ed

equal  volum es of  th e carr i er.  Intere st ingly,  a  s im ilar  depo t

effect of  BaP  at the sam e dose- range was o bserved in  i .p .

injected  f lounder  by E ggens and Boon (1996).

BaP exposure and CYP1A induction
In  several te leost  species,  CYP1A has been  shown to  re s p o n d

rapidly  to w ards BaP treatm ent,  w ith CYP 1A  indu ction

p eakin g w ithin 1 ±3 days,  d epend ing  on  param eter  m easu re d

(EROD activ ity, CYP1A pro tein)  (Sm olow itz  et  al.  1992,  L ev ine

et  al.  1994 ,  van  der  We id e n  et  al. 1994). In  f lounder exposed to

BaP by sing le i.p.  injections,  E ggens and  Boon (1996) observ e d

the highest levels of  hepatic E RO D and CYP1A pro te in afte r  

1  an d 3 days,  respecti vely.  They also  reco rde d po si t iv e

c o rre lat ion s b etw een BaP d ose  and hepatic CYP1A  levels , and

o bserved that  both CYP 1A markers w ere  alm ost  re tu rn e d  t o

c o n tro l  leve ls af ter  7  days. T hese  f indings all  corre sp o n d  w i th

the  CYP1A re spo n se s re co rd ed  i n  BaP -ex posed f lound er in  the

p rese n t  s tu d y.

PCB exposure and CYP1A induction
To our knowledge,  PCB-156 has not  previou sly  b een used  in

studies of  CYP1A induction in  f ish , but  several  inves tigator s

h ave used o ther  m o no-o rt ho  PCBs (e.g. Skaare  et al . 1991 ,

Bernh of t  et al . 1994, Eggens and Boon 1996) . PCB-156  is the

m on o -orth o  sub st i tuted  an alog ue of  the ul t im ate toxic  non-

o rth o  3 ,3 ¢ ,4 ,4 ¢ ,5-p entachlorobiphenyl (PCB-126). Based  on

q uanti ta t ive s tru c tu re±activi ty  s tudies in  m am m alian system s,

the toxic equ ivalence  factors (TE Fs)  of  PCB-126 and PCB-156

c o m p a red  w ith 2,3,7 ,8-tet rachloro-p -dio xin have been

est imated to  be 0.1 and 0.0003, resp ect ively (S afe 1994) .  T hus ,

as  co m p ared  with  PCB-126 , the o rt h o- chlorin e lowers the

toxic ity (and CYP1A-inducing potency)  of  PCB-156

dram ati cal ly,  due to  the rest r ic ted  abil i ty  of  the  molecu le for

adapting  a  planar  conf igurat io n,  and h ence bind  to  th e

cytosolic  ary l  hy d rocarbon (Ah)-rece ptor (Safe et  al. 1985 , Safe

1994) .  However,  since m ono -ort h o  PCBs (such  as PCBs-156 , 

-105,  -118) occur in  higher concentrat ions than the non-o rt h o

PCBs in  the environm ent,  their  ecotoxico log ical  imp ac t  is

co n sid ered to be signi f ican t (Tana be  et  al. 1989 , De Voogt et al.

1990) .

In  the p resent  t im e stud y,  a  d elayed and m ore  p er si st ent

CYP 1A induction w as re co rded in  P CB-exp osed f lound er

c o m p are d w ith BaP-exposed f ish, with highest  CYP 1A levels

(19-fold of contro l)  af ter  8 days in  the t ime-study.  This re sp o n se

tim e correspo nd s w ith the  o bservat ions  of  E ggens and Boon

(1996).  They  rec orded a  f ive- fold increase in  hepatic  EROD

activ i ty  in  f lounder 7  days afte r  i .p .  injec t ions of  the m ono-

ort h o  sub st ituted  PCB-105 (2,3 ,3 ¢ ,4 ,4 ¢ -pen tach lo rob ip hen y l;

0.5  m g kg±1 b .w.).

Inhibitory effects on CYP1A induction
In  nature ,  CYP 1A-in ducing com pounds m ay  occu r together

w ith  com po un ds w hich  m a y ha ve in h ibi to ry eff ects on the

te leost CYP1A system, such as tr ibu tyl tin  (T BT), ce rta in  PCBs,

arsenite ,  an d cadm iu m  (S tegem an and H ahn  199 4, Bu cehli  an d

Fent 1995). In pla ice (Pleuronect es platessa) , both EROD

activity  and CYP 1A pro tein sy nth esis w ere  inhibited  by Cd in

a d ose -de pe nd en t  m an ne r, with 1 mg Cd kg±1 b .w. re su lt in g in

90 % inh ibi tion of  the EROD act iv i ty  (George and Youn g 1986,

George 1989). However, the opposite  effec t of  Cd has been

re co rded  i n  E uropean eel  (A nguil la  anguil la)  and Euro p ea n sea

bass  (Dicentrarc h u s labrax) , i .e .  enhanced  hepat ic  E ROD

in du ction  i n  BaP -exposed  f ish  pre- treated with Cd (L emaire-

Gon y and L em aire  1992, Lemaire -Gooney  et  al. 1995).  Indeed,

in  sea bass,  the treatment a lone caused a  1 0-fold in crease  of  the

EROD activi ty.  S uch discrepancy  clearly  il lus trates the pi t- fal ls

of  expect ing sim ilar  biom arker  respo nses in  d ifferent  te leo st

sp ec ies. In  the p resen t  t im e- stu dy,  no  CYP 1A in duction was

re co rded in  the Cd- treated  group ,  bu t  a  s l ig ht  sup press ion  of

the CYP1A induct ion response  seemed to  occur  in  the BaP + Cd-

t reated f ish . T hus,  CYP 1A induction respo nses i n  f l ou nd er

appear to  be less suscep tible to  the inter ac t ive influence of  Cd

than in  p la ice,  eel an d sea bass.  Ho wever, furth er  biom arker

stu die s sho uld be  p erfo rm ed  in  m ixe d ex po su re  s i tu at io ns

w ith  f l ou n der,  and  suc h stu di es are  p resen tly  being perfo rm e d

in our laboratories . E viden tly,  these  issues are  im p o rtan t  i n

in t erp re t ing  pollutan t eff ects in different  f ish species,

especial ly  in  m ixed po llut ion si tuat ions in  the f ie ld .

CYP1A responses in  teleosts may also be in fluenced by

in hibit ory  eff ects  of  th e inducing com pou nd i tse lf .  S uch

in hib it ion  h as previously been observed in  several  teleosts

expose to  the non -ort h o 3 ,3 ¢ ,4 ,4 ¢ - te trachlorbiphenyl (PCB-77)

(Melancon and Lech 1983, G ooch  et  al.  1 98 9, Mo nosson  an d

Stegeman 1991,  L indst röm -Seppä et  al. 1994). Similar

inhib it ion effects may expla in the lack  of  CYP 1A induct ion

re co rded  by Eggens and Boon in  PCB-77-exposed f lounder

(Eggens and Boon 1996). I t  should  be noted  that  PCB-77 at low

concentr at io ns has b een  dem onstrated as  a  potent  CYP 1A

Biomarker responses in flounder 41

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 ± 1 Cd (D ), 1 mg kg ± 1 BaP + 1 mg

kg ± 1 Cd (̂ ), 9½  saline (E ).
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both gro u p s  w e re r ising w hen the 16 days ’  exposu re  pe riod

ended.  On going studies in  our  laboratory  su p p o rt  th is

hyp othesis;  f lo und er ex posed to  Cd by su bcutaneo us

injectio ns displayed sig nif icantly  increased h epatic  MT  lev els

af ter  15 days and  23 days  (resu lts  no t  sh own ).  T hu s,  in  futu re

invest igat ions  of  MT induct ion after  Cd treatm en t i n  f lo un der,

th e ex p osu re  per iod should  be exten ded to  3  w eek s o r  m ore .

Summary
T h e  p resent  s tud y has show n that  biom arker s in  f loun der are

respo nsi ve to  PAH, P CB, and heavy  metal  pollutant  exposure .

Clearest  re spo n ses w ere  found in  hepatic CYP 1A levels as a

dose-dependen t biom arker of  the organic toxicants,  especial ly

BaP. Differe nt  t im e±re sp o nse tre n d s w ere  seen for  the thre e

chem icals ,  with  BaP and Cd giving th e fastest  and slowest

re sp on ses,  respect ively.  T he biomarker  re sp on ses in  f lo un de r

seem to be reaso nably  sen si t iv e and rel iable ,  and possibly also

less  in fluenced  by associated p ollutants  as  com pare d  w i th

those  foun d in  other  teleost  species.  I ts coastal ,  es tuar ine,  and

ben thic  hab itat  p referen ces mak e f lo und er in terest ing for

mon itoring of  pollutant effects.  Effec ts a t higher  levels of

bio logical  org anizat ion,  su ch  as im paired disease re sis ta nce

a n d  re p ro du ctio n com p etenc e,  n eed fu rther  invest igat ion, 

e.g.  by  em ploying eco logical ly  re lev an t  ex po sure  reg im es

(m ore  rea l ist ic doses and long-term  e xp o su re) .  Standard i z e d

p ro toco ls for  biomarker  invest iga t ions will  in general faci li tate

th ese s tud ies,  a nd  su ch stan dards w ill  a lso b e necessary  for the

futu re  applica t ion of  te leost  biom ar ker s in  enviro n m e n ta l

po llut i on m oni tor ing prog ram m es.
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inducer in  other  te leo sts (Melancon and L ech 1983, S m olowitz

et al. 1991,  Lindst röm-Seppä et  al. 1994). Inhibit ion or

s u p p ression of  CYP1A-m ediated  respo nses hav e also  been

o bserved in  teleosts exposed  to  high levels of  PCB m ixture s

(Melancon and L ech 1983, Boon et  al.  1992 ). I t is theref ore

a p p a rent  that the possibi l i ty  of  inhibitory  in fluen ce alw ays has

to be considered  w hen discussi ng dose±respo nse re lat ion sh ips,

T E Fs and quan ti ta t ive st ru c tu re±act ivi ty  re lat ionsh ips (QS AR)

of PCBs in diff erent  te leost  species . In  the present  d ose- st ud y,

PCB inhibi tion of CYP1A resp onses w as no t  o bserv ed .

H o we ve r, in  the t im e- study,  inhib it ion of  EROD act iv i ty  2 days

after  P CB in ject ion was indica ted  by induced CYP1A pro t e in

levels and no change in  E ROD act ivi ty.  A pp are nt ly,  the low er

ind uction in  the hig hest  dose- gro up  w as n ot  ca used  b y

inhibit ion,  but  ra ther  by th e d epo t eff ect , leading to  lower  i n

vivo  ex p o s u re level in  th is gro up th an in  th e sec ond  h ig hest

dose gro u p .

Serum AST
A s p artate  am inotransferase  (AST ) is a  non-speci f ic  cy toso lic

and mito chondr ial  enzym e fo und in  a  variety  of  t issues

in cluding l iver,  skeletal  muscle , card i ac m uscle ,  an d  k idn ey

(Ve rm a  et  al. 1981). Determ in ations o f  t ransam inases,  su ch  as

A S T, in  teleost  seru m  o r pl asm a  ha ve proved  useful  as a

biomarker in  the diagnosis of  l iver-pathology or  h epatocyte

dysfunction,  e .g . Maita  et  al.  (198 4)  (see also  Ginger ich  (1982)

and  F oster  et  al.  (1992) for reviews).  However, the AST  ac tivity

m ay  vary  co nsiderably am ong different  f ish  spec ies , e.g.  Goel

et al. (1981) . In  envi ro nm ental  m onitor in g,  AS T may b e useful

in  f ie ld  s i tuat ion s where  hepato toxic  pollutants  o ccur. In

flounder exposed by caging to  high PAH levels  in S ù rfjord e n

(SW-Norw ay), AST  was  signif ican tly  correla ted  to  the levels of

bil iary  BaP-FACs (Beyer  et  al.  1996) . In  the  pre s en t

t im e±res po n se  s tu d y,  th e seru m  AS T  w as mo st  resp on siv e in

the f ir st  part  of  the exp osure  p er iod,  b ut  in  chronically-

ex po sed  si tu at io ns m ore  persistent  e levations of  the

transam inase  level  cou ld be exp ec ted.  E v id ently, the AST

resp o n d ed  to w a rds th e aceton e veh icle  used in  the p res e n t

inv es t igat ion , but  a  dose- depend en t resp on se to w ards BaP  w a s

also in dicated.  H ow ev er, the influence of  f ish  size  sho uld  also

b e co nsid ered in  the ut i lizat ion of  AST  as  a biomarker tool  in

teleosts.  For  biomon itor in g purposes ,  AST  and other

transam inase  assays have the advantage of  a lready  bein g

estab lished  in  a  broad  range of  analy tical  laboratories , a lso  in

cl inical  inst i tut ion s.  T hey can also be u sed as  non-dest ru ct iv e

biom arkers s ince b lo od is the biological samp le  used.

Metallothionein
S everal  s tudies hav e sh own that  te leost  m etal lothio nein is

resp onsive to  heav y m etal  ex posure, e.g. Georg e and You n g

(1986) , George (1989), Hogst rand  and  Haux (1991) , for  re v i ew s

see also  Stegeman et  al. (1992) , Liv ingsto ne  (1993), and  George

and Olsson (1994). H owever,  m etal  exposure  seldo m  incre ase s

the te leost M T level  m ore than a  few fold .  In  the pre se n t

t im e±res po n se  s tu d y, a  sl ight  increa se  of  the MT  level occurre d

after  16 days in  both  Cd-exposed groups (1.5- and 1.6 -fold of

c on t ro l) . Possib ly,  a stro nger MT  ind uction re sp o nse  co u ld

hav e been fo und with  lon ger expo su re,  s ince  the M T curv es in
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