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Interactive effects of a mixed pollutant exposure on
biomarker responses were studied in European flounder
(Platichthys flesus L.). The model chemicals, benzo[a]pyrene
(BaP, 2.5 mg kg ± 1), 2,3,3Â ,4,4Â 5-hexachlorobiphenyl (PCB-
156, 2.5 mg kg ± 1), and cadmium (cadmium, 1 mg kg ± 1), were
administered to fish by subcutaneous injections. Biomarker
responses were quantified both following administration of
single chemicals and sequential combinations of the
chemicals in pairs. Significant induction of CYP1A protein
levels and corresponding ethoxyresorufin-O-deethylase
(EROD) activities was observed in BaP and PCB-treated
flounder after 2 and 8 days, respectively. The strongest
induction (44-fold) was caused by BaP. No further induction
was observed after additional treatment with PCB-156.
CYP1A induction caused by BaP was inhibited (40%
compared with BaP treatment alone) in flounder pre-treated
with cadmium, whereas induction by PCB-156 appeared to
be unaffected by pre-treatment with cadmium. Flounder
treated with cadmium only had significantly elevated hepatic
levels of metallothionein (MT) after 15 days. Pre-treatment
with BaP and PCB prior to cadmium inhibited the MT
induction (30± 50%) compared with cadmium alone.
Furthermore, significantly higher glutathione S-transferase
activities were observed in flounder administered cadmium
alone, and in flounder treated with BaP or PCB-156 prior to
cadmium. GST selenium-independent peroxidase activities
appeared to be unaffected by any of the treatments in the
present study. The results indicate that chemical mixtures
may affect biomarker responses differently from compounds
administered alone, and that the sensitivity of both CYP1A
and MT are influenced by pollutants other than their primary
inducers.
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CYP1A, metallothionein.

Introduction
Relat ion sh ips betw een  exp osure  to  enviro n m e n ta l

con tam inan ts  an d b iom arker  resp onses hav e b een we ll

docum ented in  f ish.  Induction of  CY P1A  in f ish  has  been

asso ciat ed with exp osure  to  planar aro m a tic  co m p ou n ds,  su c h

as polyarom ati c  h y drocar bons (PAH s) ,  p olychlor inated

biphenyls  (PCBs),  and diox ins (Stegeman and Hahn 199 4,

Bucheli  and F en t  1995 , Goksù yr  1995). Hence , both in  the f ie ld

and in  the lab orato ry, CYP1A  induction has  frequ en tly  bee n

emp loyed as a  biom arker  for  such  pollutants .  Metal lothionein

(MT ) is  the most w idely used  biomarker for  enviro n m e n ta l

metal  con taminat ion. In  f ish ,  ti ssue levels of  MT  general ly

in c rease w ith  in creasing exp osure  to  non -essential  m etals  such

as hep at ic  ca dm ium  an d  m e rc u ry,  bu t  m ay  also  be indu ced  by

high co pper and  zinc concentrat ion s (George  and  O lsson

1994) .

P ol luted  areas are  generally  characterized  b y a m ixture of

com po unds,  r a ther  than  by si ngle  ch em icals,  which  m ay res u l t

in  ei ther  synerg isti c or  antagonisti c eff ec ts o n aquat ic

o rg an ism s.  T herefore,  in form ation  regard ing  such  in ter act io n

effects c learly  is  im portant for  a  prope r int erp retation of

po llut ant-dep end ent bio m ark er resp on ses reco rded  in  f ish

from  po lluted  a reas.

The object ive of the presen t stud y was to evaluate CYP1A and

MT  as biomarkers in f ish in  mixed  exposure situ at ions. The

inter active  effects of BaP, PCB-156 and  cadm ium were  s tudied  by

sequent ial  adm inistr at ion of  the  chem ica ls in  pai rs compare d

with  administ ra tion of  the chem ical s alone. European f lounder

(Platichthys flesu s)  was used as model  spec ies in the study.  T his

e u ryhal ine  f latf ish occur s in  coastal  and estua rine reg ions

th roughout E urop e, and  has therefore  frequently been  used for

the  monito ring  of pol lutant levels and effects in fiel d stud ies (von

Westernhag en  et al. 1981 , Stegem an et al. 1988, Beyer et al.

1996a, Eggens et al. 1996 , Hyllan d et al. 1996).

MATERIALS AND METHODS

Chemicals
7-Ethoxyresorufin, resorufin and benzo[a]pyrene (BaP) (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. Alkamuls EL-620 (Emulphor oil) was obtained from

Rhône-Poulenc Chimie, Paris, France. All other chemicals used in preparation and

analyses of samples were of analytical grade.

Animals
The experiments were performed at the High-Technology Centre (HiB) in Bergen, in

the laboratory facilities of the Industrial Laboratory. Gonadally-immature flounder

(91± 376 g) were collected nearshore at Sotra, west of Bergen, Norway. Prior to

the experiments, they were acclimated for at least 2 weeks, and fed every second

day with commercial flatfish pellet. The feeding was stopped 3 days before the

initial injections, and the fish fasted throughout the rest of the experiment. The

water temperature was 8.5± 9.2 °C, and the salinity was 33.3± 34.5 psu during the

experimental period. The fish were kept in 500 l tanks, containing a layer of shell

sand.
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Treatment
During treatment the fish were randomly selected from the main fish pool, but

individuals with fin injuries or other visible abnormalities were not included in the

experiments. BaP and PCB were dissolved in 50:50 acetone and Alkamuls, whereas

CdCl2 was dissolved in 50:50 filtered seawater and Alkamuls. The toxicants or

vehicle (controls) were administered to the fish by subcutaneous injections (1 ml

kg ± 1). At the start, each flounder received a single injection with either PCB-156 

(2.5 mg kg ± 1), BaP (2.5 mg kg± 1), cadmium (1 mg kg± 1) or the corresponding

vehicles. Two days post-injection, the BaP-treated flounder were either sacrificed or

re-injected with each of the other toxicants. Similarly, PCB-treated fish were either

sacrificed or re-injected after 8 days, whereas cadmium-treated fish were either

sacrificed or re-injected after 15 days. The groups subjected to mixed exposure

regimes of BaP and PCB, cadmium and BaP, or cadmium and PCB were sacrificed

10, 17, or 23 days after the initial injection, respectively. Samples were obtained

from a total of 114 fish. Six treated and six corresponding controls were sacrificed

at each sampling point. Before sampling, the size of the fish, and external lesions

were recorded. Damaged fish were not used.

Preparation and analyses of samples
The gall bladder was carefully excised and the bile was frozen at ± 20 °C. Samples

of liver for chemical analyses and hepatic subcellular samples (microsomal and

cytosol fractions) were prepared as described in Beyer et al. (1997a) and frozen

at ± 80 °C.

Analyses of total protein were performed according to Bradford (1976) using

bovine serum albumin as standard. Fluorescent biliary compounds of BaP

(BaP± FACs) were measured by direct fluorometry as described by Beyer et al.

(1997a). PCB-156 were measured according to Bernhoft and Skaare (1994). The

detection limit of PCB-156 was determined in samples from both PCB-treated

and untreated flounder. The detection limit was 44 and 0.88 ng g ± 1 w.w.

respectively, due to different dilution of the samples. The Environmental

Toxicology Laboratory at the Norwegian College of Veterinary Medicine, Oslo,

Norway has participated in all four phases of the ICES/IOC/OCSPARCOM

intercomparison exercise on the analyses of PCBs, and the analytical quality has

proven acceptable.

Liver samples for metal analyses were digested in concentrated nitric acid

(Ultrapure, Merck) at 165 °C for 8 h, H2O2 subsequently added, and further

digested at 140 °C for 2 h, according to the B. Welz protocol of atomic absorption

spectroscopy (Weltz 1985). Cadmium was measured by graphite furnace

atomization (Varian SpectrAA 400). The detection limit was 0.01 m g g± 1 w.w. A

control system with regular analyses of reference materials was adopted, and

measurements of these samples (NRCC Dogfish DOLT-1 and DORM-1) were within

acceptable limits.

CYP1A protein in hepatic microsomal samples was measured according to

Goksù yr (1991) with the use of enzyme-linked immunosorbent assay (ELISA) and

rabbit-anti cod CYP1A IgG antiserum. CYP1A-dependent 7-ethoxyresorufin O-

deethylase (EROD) activity was measured according to Stagg and Addison 

(1995) with resorufin as internal standard, assay temperature 20 °C, and assay

pH 7.4. A control system of the CYP1A measurements was adopted with regular

analyses of reference microsome samples from untreated and b -naphthoflavone

treated cod.

Hepatic metallothionein (MT) in hepatic cytosol was determined by pulse

polarography as described by Olafson and Olsson (1991). Purified flounder MT

was used as a standard. The MT concentrations in the standards were quantified

by measuring the content of cysteine.

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

ETHA (ethacrynic acid) and CU (cumene hydroperoxide) was measured according

to Habig et al. (1974). The assay conditions for flounder have been described

earlier by Egaas et al. (1993).

Statistical methods
Sample data were log transformed when necessary in order to allow the use of

parametric statistical methods. Parametric tests were always preceded by

Bartlett’s test for homogeneity of variance. Student’s t-test was used to test the

difference between control and exposed groups. One-way ANOVA and

Tukey± Kramer HSD (multiple comparison) tests were used when differences

between means of more than two groups were evaluated. The level of statistical

significance for rejecting H0: Ǹo difference’ between groups was set to p < 0.05.

Results
General observations
L iver somatic index,  condit ion factor  and different  s izes were

equally  dist r ibuted b etw een the g roups,  bu t th e average w eig ht

for  fem ales was signi f icantly  higher  than  for  the m ales.

Analysis of  covariance (Draper and Sm ith  1981) show ed that

biom ar ker resp o ns es w ere  not  s ignif ican tly  aff ected by sex.

A p p rox imate ly  5% of the f lounder  died during  the

acclimat ion per iod. Most of  the  morta li ties were  presum ab ly

due to tai l f in  inju ries. Sim ilar  tail f in in jur ies were  observ e d in

som e in div iduals dur ing the exposure period. However,  su ch

ind ividu als were excluded,  since  physio log ical  stress of  the f in-

inju ry  could have influenced  the resp onses m easured. Overa ll,

less than  3%  of  the treated  flounder  (4  of 144) died  dur ing the

ex po sure period. Interest ing ly,  three ou t of  four  f ish  died in the

PCB-exp osed gro up  re-injec ted  w ith cadm ium, whereas no

m o rtal i ty  occurred in  the group injected with  cadm ium before

PCB-156.

Tissue levels of chemicals
The leve ls of  bil ia ry BaP-FACs,  hepatic  PCB-156, and hepatic

cadm iu m fo llow ing su bcutan eous ad m inistrat io n o f  the

toxicants a lone or  in  different  pairs  are  sho w n in  Table  1 . No

a p p a ren t  i nt erfe rence in  the accu m ulation  of  the chem icals

w as ob se rv ed  w h en gro u p s  w e re  co m pa red using on e-w ay

ANO VA. Regre ss ion  analysis  show ed that  bi l iary  BaP±FAC

levels  w ere p osi t ively corre lated  both to  EROD act iv i ty and

CYP 1A levels only when BaP w as  adm in is tered  alone.  N o

co rrelat ion w as observ ed  between h epatic PCB levels  and

CYP 1A induction.  T he MT  induction  was not  po si t ively

co rrelat ed to  cad m iu m  ex po sure  ei ther.

CYP1A
Inter ac t ions on the biom arker effects fol lowing  adm inist rat ion

of the toxicants a lone or  in  differe nt  pair s  w ere  invest igated on

tim epoin ts d erived  from  earl ier  t ime-course  studies  (Figure 1) .

In  BaP-treated  f lou nd er, a sign if icant induct ion of  EROD

activity  and CYP 1A protein levels (44- and-2  fold  re lative to

co n t ro ls,  respect ively)  w as  observed 2 days after  the

adm inist rat ion  of  BaP  (F igures 2  and 3) .

A  sim ilar  respo nse  to  BaP w as observed  in  the gro u p  p re-

t rea ted with PCB-156 8 days earlier  (Figure 2) . In the gro u p

receiving BaP  following cadm ium pre-treatm en t 1 5 day s

earl ier,  ho w ever, the CYP1A induct ion  (EROD 3-fold of

co n t ro l)  ap peare d t o  b e som ew hat  in hib ited by  th e cad m ium

p re-treatm ent. T he CYP 1A induction in  this gro u p  a p p e ared  to

be low er  than in  the other  BaP-exposed  g rou ps,  an d nei th er  th e

M. Sandvik et al.154
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EROD nor  CYP1A pro tein levels  were  signif icant ly  differe n t

fro m  the corresp on ding  c on tro l group  levels.  H ow ever,  this

a p p a re nt  inh ibit ory  eff ect  of  cadmium  was not  s tat ist ical ly

signif icant  when the gro u p s  w e re  c om pa red u si ng one-w ay

A NOVA .

In PCB-156-treat ed f lo un der,  a  signif icant induction of

E ROD act iv ity and CYP1A pro te in  levels (3- and 1.5-fo ld of

co n t ro ls,  respect ively)  w as  observed  8 days af ter  the P CB

inject ion (Figures  2  and 3, respect ively) . More  or  less s im ilar

responses to  th e PCB expo sure  w e re  rec ord ed  i n  th e tw o

gro u p s p re-t reated with ei ther  BaP 2  days earl ier  or  cadm iu m 5

days earl ier. T hus,  CY P1A induct ion in PCB-treated f ish , was

not aff ec ted by BaP or cad mium  pre- tre atm en t.

I n  cadm iu m -trea ted f l oun der,  no  CYP 1A in duction was

re co rded in  th e gro u p s p re-t rea ted with  BaP or  P CB, as

c o m p are d w ith the  respective cont rol s (Figures 2  and 3) .

Interactive effects of pollutants in flounder 155

Tissue levels

Treatment (day) Sampling day (m g BaP ml± 1) (m g PCB-156 g± 1) (m g Cd g± 1)

None 0 2.7 ± 1.1 (6) 0.001a Not analysed

BaP (0) 2 256 ± 34 (5)

PCB-156 (0) 8 4.3 ± 1.1 (6)

Cadmium (0) 15 32 ± 5 (6)

PCB-156 (0)+BaP (8) 10 194 ± 45 (6) 4.8 ± 1.6 (6)

BaP (0)+PCB-156 (2) 10 157 ± 39 (5) 4.1 ± 1.8 (6)

Cadmium (0)+BaP (15) 17 214 ± 26 (6) 24 ± 2 (6)

BaP (0)+cadmium (2) 17 401 ± 230 (5) 25 ± 5 (6)

PCB-156 (0)+cadmium (8) 23 7.2 ± 0.4 (3) 17 ± 3 (3)

Cadmium (0)+PCB-156 (15) 23 9.2 ± 2.7 (5) 25 ± 6 (5)

Table 1. Hepatic levels of PCB-156 and cadmium and biliary BaP levels in flounder (Platichthys flesus) following subcutaneous administration of the toxicants alone

or in different sequential combinations.

Each flounder received a single subcutaneous injection with either PCB-156 (2.5 mg kg ± 1), BaP (2.5 mg kg ± 1) or cadmium (1 mg kg ± 1) at the start of the experiment.

BaP-treated fish were either sacrificed or re-injected with one of the other toxicants 2 days post-injection. PCB-treated fish were either sacrificed or re-injected with

one of the other toxicants 8 days post-injection. Cadmium-treated fish were either sacrificed or re-injected with one of the other toxicants 15 days post-injection.

Flounder treated with BaP and PCB-156 were sacrificed 10 days after the first injection. Flounder treated with cadmium and BaP were sacrificed 17 days after the

first injection, whereas fish treated with cadmium and PCB-156 were sacrificed after 23 days. Values are presented as mean±SEM (n).

a Detected in only one control fish.

Figure 1. Temporal hepatic CYP1A induction (EROD activity) following

intramuscular administration to BaP (l), PCB-156 (n), and induction of hepatic MT

levels (s) following cadmium exposure to flounder. H: Significantly different from

corresponding control group as determined with Student’s t test. Adapted from

Beyer et al. (1996a).

Figure 2. Hepatic 7-ethoxyresorufin-O-deethylase (EROD) in flounder following

subcutaneous administration of BaP, PCB-156 or cadmium, either singly or in

different combinations. Treated fish are represented by closed bars (means±SEM

(6)). Open bars represent corresponding controls injected with the vehicles only.

H: Significantly different from corresponding control group as determined with

Student’s t test. Treatment: BaP: Administration at day 0 and sampling at day 2.

PCB-156+BaP: Administration of PCB-156 at day 0, administration of BaP at day

8 and sampling at day 10. Cd+BaP: Administration of cadmium at day 0,

administration of BaP at day 15 and sampling at day 17. PCB-156: Administration

at day 0, and sampling at day 8. BaP+PCB-156: Administration of BaP at day 0,

administration of PCB-156 at day 2 and sampling at day 10. Cd+PCB-156:

Administration of cadmium at day 0, administration of PCB-156 at day 15 and

sampling at day 23. Cd: Administration at day 0 and sampling at day 15.

BaP+Cd: Administration of BaP at day 0, administration of cadmium at day 2 and

sampling at day 17. PCB-156+Cd: Administration of PCB-156 at day 0,

administration of cadmium at day 8 and sampling at day 23.
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MT
A dm inist r at ion of  cad miu m  alone cau sed sign if icantly

elevated  concen trat ions of  hepat ic  MT (2.5-fold)  15 days af ter

inject ion  (Figure 4) .

A signif icant  reduction (37% ) in  M T levels w as  observ e d

w hen BaP  w as in jected  pr ior  t o  cadm ium , as  com pare d  w ith

t reatm en t w ith cad m ium  alo ne,  an d t he M T  lev el  w as not

signif ican tly  different  fro m the correspo nd in g  co n trol  gro u p

(Figure  4) .  Similar ly,  f loun der ex posed to  cadm iu m  15 days

prior  to  re- in ject ion w ith BaP  had 30%  low er MT  levels than

in f ish  in jec ted w ith cadm ium alo ne (F igure 4).

In the gro u p  p re- treated with P CB-156  and then injected

with cadm iu m, the MT  lev el  w as  signif icantly  lower (50 % )

than  in  th e gro u p  receiving  cad m ium  on ly,  but  the levels w ere

st il l signi f ican tly  elevated (2.5-fold)  as com pared  w ith  t h e

c orresp on d ing  con tro l group (Figure  4) .  The same rel at ive

in duct ion was a lso  ob se rv e d w h en  c ad m ium  w a s a d m in ist ere d

before PCB-156 (F igure 4).

T he m ixed  treatmen t with P CB and BaP app eare d to  d ep re s s

the M T lev el when PCB w as adm inistered  prior  to  BaP (Figure

4) , but  not  when th e toxicants w ere  adm ini stere d in  th e

rev erse order  (Figure  4) . However,  nei ther  BaP nor PCB-156

a p p e a red to  influence the MT  resp on se w he n th ese ch em icals

w e re  ad m in istered alone (F igure 4).

GST
Hepatic  gluta thione S- transferase  act ivit ies towards CDN B and

E THA  were  significan tly  elevated (2-fold)  in f lounder

a dm in i ste red cadm ium, ei ther  a lon e or  fo l lo wing p re-

t reatm ent with BaP or  PCB-156 (Figure 5) . However,  in d u ctio n

w as ab ol ish ed w h en ca dm ium  w as ad m in ist ered prior  to  BaP

or PCB-156. GST  activi tie s in cont ro ls  in jected w ith

aceton e:A lkamuls (contro ls for  BaP  and PCB inject ions)  af ter

f il tere d seawater:Alkam uls (contro ls for  cadm ium  injec t ion),

w e re higher (signif ican t  at  day  23), than  in  contro ls injected

with th e sam e v ehicles  in  rev erse order  (result s not  show n) .

T he  selen ium - in dep end ent G ST  pero xidase act ivi ty  tow ard s

CU  ap peared to  be unaffected by any tre atm en t i n  the pre s en t

study (Figure 5).

Discussion
Exposure regime
In  p revio us st udies w ith f lo und er g iven intr am uscular

injections,  occasional ly  a smaller  fraction of  the injected dose

was leaking out  of  the inject ion spot .  Subcutaneous

adm inistrat io n seem ed to  solve th is pro bl em  an d w as c ho sen

as an al tern ativ e exp osure  reg im e. Hepatic  levels of  cadm ium

and  b il iary  leve ls of BaP  were  similar  fol lowing both  routes o f

e x p o su re. Levels of PCB-156 af ter  8 days, however,  app eared  to

be lo wer  fol lowin g subcu tan eous r ath er  th an int ram uscu lar

adm inist r at io n (4 .3‰1.1 and 18.6‰2.7  m g g±1 l iv er  w. w.,

respec tively) .

CYP1A
T h e  p resent  s tudy dem onstrated th at  CYP 1A  in f loun der w as

respon sive to  treatm ent with both BaP and PCB-156. The

d ifferences in  tem po ral  ind uction pat terns fol lowing tre a tm e n t

with BaP or PCB-156 have been estab lished  earlier  (Beyer et al.

1997b),  where  the observe d m a xim um  ind u ction  oc cu rre d  2

and 8 days after  in tram uscular  in ject ions with BaP  and PCB-

M. Sandvik et al.156

Figure 3. Hepatic CYP1A protein levels in flounder following subcutaneous

administration of BaP, PCB-156 or cadmium, either singly or in different

combinations. Treated fish are represented by closed bars (means±SEM (6)).

Open bars represents corresponding controls injected with the vehicles only. H:

Significantly different from corresponding control group as determined with

Student’s t test. Treatment: BaP: Administration at day 0 and sampling at day 2.

PCB-156+BaP: Administration of PCB-156 at day 0, administration of BaP at day 8

and sampling at day 10. Cd+BaP: Administration of cadmium at day 0,

administration of BaP at day 15 and sampling at day 17. PCB-156: Administration

at day 0, and sampling at day 8. BaP+PCB-156: Administration of BaP at day 0,

administration of PCB-156 at day 2 and sampling at day 10. Cd+PCB-156:

Administration of cadmium at day 0, administration of PCB-156 at day 15 and

sampling at day 23. Cd: Administration at day 0 and sampling at day 15. BaP+Cd:

Administration of BaP at day 0, administration of cadmium at day 2 and sampling

at day 17. PCB-156+Cd: Administration of PCB-156 at day 0, administration of

cadmium at day 8 and sampling at day 23.

Figure 4. Hepatic metallothionein (MT) levels in flounder following subcutaneous

administration of BaP, PCB-156 or cadmium, either singly or in different

combinations. Treated fish are represented by closed bars (means±SEM (6)).

Open bars represents corresponding controls injected with the vehicles only. H:

Significantly different from corresponding control group as determined with

Student’s t test. Treatment: BaP: Administration at day 0 and sampling at day 2.

PCB-156+BaP: Administration of PCB-156 at day 0, administration of BaP at day

8 and sampling at day 10. Cd+BaP: Administration of cadmium at day 0,

administration of BaP at day 15 and sampling at day 17. PCB-156: Administration

at day 0, and sampling at day 8. BaP+PCB-156: Administration of BaP at day 0,

administration of PCB-156 at day 2 and sampling at day 10. Cd+PCB-156:

Administration of cadmium at day 0, administration of PCB-156 at day 15 and

sampling at day 23. Cd: Administration at day 0 and sampling at day 15. BaP+Cd:

Administration of BaP at day 0, administration of cadmium at day 2 and sampling

at day 17. PCB-156+Cd: Administration of PCB-156 at day 0, administration of

cadmium at day 8 and sampling at day 23.
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respecti vely.  T he results  are general ly  in  accord a n ce  w i th

p revious studies (Sk aare  et  al. 1991 , Bernho ft  an d S kaare  1994 ,

L evine et  al.  19 94, v an  der  Weid e n  et al. 1994). The PCB

co ng ener  used in  the presen t study (2 ,3,3 Â,4,4Â,5-PCB, IUPAC

no. 156) is a m ono-o rt h o subst ituted  ana logue  of  PCB-126, one

of the ul t im ate toxic P CBs in  the  non-ort h o  class . T he single

extra  ort ho-chlorine of  P CB-156 low ers both the toxici ty  and

CY P1A -inducing  potency considerably as  comp are d  w ith  

PCB-126 . However, because m ono-o rth o  PCBs (e.g. PCB-105, 

-118, and -156) occur in  higher environ m en tal  co nc ent ra t io ns

th an th eir  no n-o rth o  co u n te rp arts,  their  environ m e ntal  im p ac t

i s co nsid ered  to  be high ly significan t (Tanabe  1992,  De Voogt  e t

al.  1990).

A less than addi t ive effec t in  the CYP 1A res p o n se  w a s

o b served in  the m ixed BaP±PCB tre atm ent  grou ps.  W h en  B aP

w as  in jected  pr ior  to  PCB, the lack  o f  co ntr ibution from  B aP

m ay  b e exp lain ed  b y the sho rt  d urat io n o f  CY P 1A indu ction

follo wing BaP exp osu re , as w as observ ed  i n  t he  p re v io u s

t im e-cou rse st udy with  f lo under  (B eyer et al . 1996b) .

H o w ev e r,  in  th e sam e stu dy, the CYP1A induc tion of  PCB-156

w a s m o re  persis ten t.  T he CYP 1A activi ty  was st i l l

signif icantly  elevated  16 days fol lowing PCB-156 trea tm en t ,

b ut  th e re  w as n o  a p pa rent  con tr ib utio n f rom  the P CB

t re a tm en t  w h e n  re-injected w ith BaP. T he CYP1A levels in

gro u p s t rea ted with  ei ther  BaP  or  PCB-156, singly or  in  any

co m b in at io n,  w ere  n ot  signif icantly  differen t  w h en  c o m p are d

using one-way AN OVA  a n d Tukey±Kram ers HSD  test .  T his

m ay  in di cate  th at  e nzy m e satur at io n w as alrea dy  re ac he d  b y

ad m in istr at ion  of  b o th  co m p ou nd s a lo ne.

In the p resen t  s tu dy,  there  w as no inf luence of  cadm ium

e x p o su re alone on the CY P1A in f lounder,  but E ROD induction

by BaP w as  signif icantly  suppressed by prio r  ex posure  to

ca d m iu m , w h e reas CYP1A pro tein levels re m a in e d

u n c h an g e d .

Interactive effects of pollutants in flounder 157

Figure 5. Hepatic glutathione-S-transferase (GST) activities towards 1-chloro-2,4 dinitrobenzene (CDNB) (A), ethacrynic acid (ETHA) (B) and GST selenium independent

peroxidase activities towards cumene hydroperoxide (CU) (C) following subcutaneous administration of cadmium alone (l), injection of BaP 2 days prior to cadmium

injection (n) or injection of PCB-156 8 days prior to cadmium injection (s). The flounder were sacrificed 15 days after the cadmium treatment. Open symbols represents

corresponding controls injected with the vehicles only. Values are means±SEM (6). H: Significantly different from corresponding control group as determined with Student’s

t test.
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Inh ibi tion of  CYP1A by envi ron m en tal  ch em icals  su ch  a s

some P CBs and  metals on CYP 1A has been dem onstrated

earl ie r  in  f ish  (F en t and Steg em an 1993, Stegeman and H ahn

1994) .  Both CYP 1A leve ls and asso cia ted  ca talyt ic act iv i ties

st rong ly decreased fol lowing  adm inist rat ion of  t r ibutylt in

(F en t and S teg em an 1993) and cadm ium (George and You n g

1986, Georg e 1989 ).  T he inhib it io n caused by cadm ium  was

dose-dependent,  a t 1  m g kg±1 a 90 %  d ecrease  was observ ed  i n

plaice (Pleuron ectes pla tessa) . However,  induct ion of  CYP1A

has also  been  observ ed  w ith cadm ium  in  E u ro pe an  ee l

(Ang uilla  a nguil la)  and E uropean sea bass  (Dicentrarc h u s

lab ra x)  (Lemaire -Gony et al . 1995).  In  sea bass,  cadm iu m

t reatment caused  a 10-fo ld  increase  in E ROD act iv ity.  T h e

co ntr adic tory  n a tu re of  such observatio ns i l lustrates  th e need

for  obtaining know ledge about the speci f ic  species  to  be used

in monitor ing.  The abolished CYP 1A induction of  3-MC by

coin ject ion w ith cad mium  in p laice su ggested th at  this  w as

du e to  a  d ecrease i n  e nzym e  pro tein rather  than  dire c t

inhibit ion of  act ivity  by cadmium (G eorge 1989). Furt h e rm o re ,

M ea n s et al. (19 79) have show n that  the decrease in CYP

p rotein lev els in  cadm ium -treated r ats  was due to  both a

d e c rease in  pro tein  syn the si s and  in creased degrad at ion  of  th e

CYP enzyme by a  haem oxygenase .

CY P1A induction by PCB-156 appeared to  be u naffec ted by

p re- trea tm en t wi th cad m iu m . T he  m ec han ism s responsible  for

this  d iffe rence  are  unk no wn . Ha logen ated arom at ic

h y d rocarbons, such as  PCBs, are  s low ly m etab olized and they

continue to  induce syn th es is o f  CYP 1A  mRN A and pro te in

over t ime (Hahn and Stegem an 1994),  while re ad i ly

m etab olized  inducers  l ike BaP  do n ot  pro d u ce  co n t in ue d

transcr ipt ional  act ivat ion as  they are  metabo lized.  O ther

m ec han ism s su ch  a s di ffe rent ial  pro tein stabil iza t ion or

enhanced translat io n of  a mino r m RNA pool,  m ight  contr ibu te

to persistence  of  CYP1A (Kloepper-Sams and S tegeman 1994).

Metallothionein
T h e presen tly  obse rved MT  induct ion in  f lounder fol lowing

injec tion of  cadm ium alone confirm s ear l ier  studies with  other

teleost  species , which have demonst rated that  the hepatic  MT

level  is induced  ( in  a dose-dependent  manner) fol lowing  meta l

ex po su re (Roch  and  McCarter 1984, George 1989, Hogstrand

and Haux  1990).  Furth erm o re, the hep at ic MT level in  fi sh

appear s no t  to be induced by environm enta l  pollutants other

than m etals  (Overnel l  and Abdullah  1988, S ulaim an et al. 1991).

As i n  th e p resen t  s tu d y,  w he re both BaP and PCB-156 pre-

t reatme nt exerted  an  in hib itory  eff ect  upo n the MT  indu ction

respo n se to wa rds cad m iu m , i nh ib ito ry  influ en ces of  m ixed

e x p o su re  regim es  on  f ish  MT  resp on ses have  bee n re co rd e d  b y

several  other  inves tigator s. For exam ple,  in  pla ice

(Pleuronectes platessa  L.), Georg e and Young (1986) in jec ted a

m ix tu re  of  3-m eth ylch olan thren e an d  c ad m ium , an d fo un d

that  inductio n of  hep at ic MT  w as delayed 1  week  com pare d

w ith w hen  cad m iu m  wa s ad m ini st r ated  alo ne .

Inhibit ion of  MT  inductio n, as  presen tly  ob serv e d  w h e n

PCB was injec ted  prior  to  cadm ium, is l ikely to  increase th e

m eta l  toxici ty. Such inter ac t ion effects may ex plain the

m o rtal i ty  observed in  this  t reatm ent gro u p .

GST
Hepat ic  glu tath ione S-transferase  ac t ivi t ies  tow ards CDNB and

E THA  in  contro l  f l ound er w ere in  the range re p o rted by G eorge

(1989). The resu lts  indicated that  BaP and PCB-156 had no

effect on gluta thione S-transferase act ivi ties in  f lounder.

Treatm ent wi th 3-m eth ylch ola nth rene (3-MC) depre ssed GS T

activ i t ies in  f lounder (Scott  et  al. 1992) , w hereas no effect was

seen in  F ath ead  m in no w s an d Sh eep sh ead  m in no w s (Jam e s e t

al . 1988). In  cont rast , induct ion  by 3-MC has  been observ e d  in

pla ice (George and Young 1986).  Similar  interspec ies

variat ions have been observed  fol lowing tre atm en t  w i th

c o m m e rcial PCB mixtures such as Aro chlor  1 254  and  Clo phen

A5 0 (A nder sson et  al.  1985,  Sco tt  et  al. 1992). It  is possib le, as

in  m amm als,  that  CY P1A  inducers  have different  effects  on

var ious GS T iso form s. CDNB ac tivity is an  in tegrat ion of  the

ac tivi ty  of  near ly  all  of  the different  GS T  isoenzy mes and  do es

n o t  p rovide inform ation on the isoform  co m po sit i on .

Quantif ica t ion of  the various GST  subunits  using h igh

p e rform a nc e l iq uid ch rom ato graphy  h as pro ve n m o re

inform ative as regards isoform  com po si t io n than  ei ther  act ivi ty

m e as u rem ent s  o r  im m un oh istoch em istry  (Ost lun d Farr an ts  e t

al . 1987,  Paro la  et al . 1993 , Egaas et al . 1994) .

G ST act ivi t ies towards CDNB and E THA were  signi f ican tly

elevated  in  f l oun der adm inistered  cadm iu m, ei ther  a lo ne o r

fol lowing pre-t rea tm ent with  BaP  or  PCB-156. Intraperitonea l

coinject ion of  BaP an d cadm ium  produ ced a  s ignif icant

in c rea se in  GS T ac tivit ies in black sea bass (Centro prist is

striata) ,  w here as t he  i nd uc tio n  w as ab oli she d w hen  cad m iu m

was  injected  prior  to BaP (F ai r  1986). In  our study,  th e

ind u c tio n  w as su p p resse d w h en  c ad m iu m  w as ad m in iste re d

pr ior  to  BaP  or  PCB-156 . GST act iv iti es in  con tro ls  injected

with acetone:A lkam uls  af ter  f i ltered seawater:A lkam uls,  were

higher (signif icant a t day 23) than in  contro ls  injected  with  the

sam e v ehicles in  reverse  ord e r, suggest ing a poss ib le  acetone

effect  on CDN B ac tivity  in  f lounder.

Summary
G iven  th e wid espread p ollut ion of  th e m arine env iron m en t b y

m ix tu res of  both org anic  p ollu tants  an d h eavy m etals,  and

their  p otential  to  m odify the function an d indu ct io n of

biomarkers, f urth er  studies o f  pollutant  interact ion effects

shou ld b e co ndu cted in  f ish.  T h e p resen t  inter act io n st udy

with  f lou nder has in vest ig ated  su ch  effect s for three  m o de l

pollutants (BaP, PCB-156, cadmium)  and three biom arkers

(CYP1A , m eta l loth ionein and G ST ). These  exper im ents  have

dem o nstr ated  th at  chem ical  m ixtu res may affec t  biomarker

re sp on ses d ifferen tly  from  c om po un ds g iven  alone ,  an d t hat

both CY P1A  and m etal lo thionein are  in flu enced  by  po llut ants

oth er  than their  pr im ary  inducers . Also ,  the sequ ence of

e x p o su res  may be of  importance  for  the biomarker  signal .  A

num ber of  other  po llutants ( and  biomarkers)  are  candidates for

sim ilar  invest igat ions.  Such inform ation  is  indispensible  for

the applicatio n and im plementat ion o f  f ish biom arkers  for

po llut io n stud ies in  natu ral  f ish pop ulat io ns inh abit in g

pollu ted co as tal  area s.

M. Sandvik et al.158
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