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The activities of enzymes associated with xenobiotic
metabolism and/or oxidative processes, and the levels of
aromatic-DNA adducts, have been determined in the livers of
grey mullet (Oedalechilus labeo and Lisa ramada) living in two
eastern Mediterranean harbours. Glutathione peroxidase
(GSH-P) activity was 2.5 times higher (~  9 IU g± 1 liver) and
glutathione reductase (GSSG-R) activity was twice as high 
(~ 2.5 IU g± 1 liver) in fish from the more polluted harbour at
Mersin than in the harbour near Erdemli. Superoxide
dismutase (SOD) activity was 25% lower (4.3 IU g± 1 liver) in the
more polluted harbour. The concentrations of glutathione and
malondialdehyde varied both with species and environment by
a factor of 2.5± 3. DNA adducts in liver were determined by
32P-postlabelling. In Oedalechilus labeo in the more polluted
harbour, adduct levels were 258 ±21 adducts per 108

nucleotides (mean ±SE); two groups of Lisa ramada were
distinguished having 261 ±48 and 30 ±6 adducts per 108

nucleotides, respectively. The average adduct level in a group
of mullet of mixed species in the less polluted harbour was
3.3 ±2.3 adducts per 108 nucleotides. The results illuminate
the ability of mullet to live in contaminated marine
environments, and show that enzyme activities and liver DNA
adduct levels can serve as indicators of marine pollution.

Keywords: fish, DNA adducts, liver enzyme activity, PAHs, 
32P-postlabelling.

Abbreviations: G-6-PD, glucose-6-phosphate dehydrogenase;
GSH, reduced glutathione; GSH-P, glutathione peroxidase; GSSG,
oxidized glutathione; GSSG-R, glutathione reductase; MDA,
malondialdehyde; PAHs, polycyclic aromatic hydrocarbons; SOD,
superoxide dismutase.

Introduction
M any  m ar ine env iron m ents  have  a  h is tory  of  chem ical

po llut ion from  in dustr ia l ,  do m est ic  an d agr icultur al  sources.  A

m ajor sc ientif ic  task  in  the  study of  an  ecosystem  is  to  re l ate

th e b ioch em istry of liv ing organism s to  th ei r  enviro n m e n t,  a n d

th is  re q ui res the use of  su i tab le  biom arker s that  re l iably

describe the sta te  of  heal th  of  an  ecosystem  and i ts

vulner ab il i ty  or  resi l ien ce to  p ollut ion .

In s tud ies o f  the heal th  of  f ish a lon g p ollut i on gr adi ents

th e re  ha s of ten  b een  o bserv ed  a  s tro ng  p osi t i ve correl a t io n

be tw ee n c on ce nt ra t i on s of  po l lu tan t s  su ch  as po ly cy cl ic

a ro m at i c  h y d roca rbo ns (PAHs) ,  th e prevalen ce of  l iv er

ne op lasm s in  b ottom -d we ll i ng  f ish  (M alin s et  al . 1 984 , 

C ou c h  an d  H ar s hb a rger,  19 85,  Mix 198 6, Z d anow icz et  a l.

198 6, M yers et  al.  1 987 , 19 91, Black  and  Bau man n 199 1),

cy to c h rom e P4 50 1A1  act ivi ty  (Goks ù yr  et  al . 199 2, 199 4)  and

the levels  of  aro m at ic-D NA  ad du cts  (D u nn  et al .  1 98 7 ,

Vara na si  et al.  1 98 9 b, M accu bb in  et  al.  1990).  Laboratory

ex p er im e n ts  ha vin g est ab li sh ed  t ha t  PAH s in d u ce b o th  P 45 0

activi ty  (Go ksù yr  1995 ) an d addu ct  fo rm a tio n i n  f i sh

(Va ra na si  et al .  19 89a,  Kure l ec et  al .  1991 , Potter  et  al . 1994),

i t  m a y b e sup p osed  th at  t he  p osi t i ve  c orrel a t i o n  b e tw ee n

co nc ent ra t io n s o f  p ol lu tan ts  an d th e nu m b er s o f  D N A

ad d u c ts  w ith  th e  o b serva tio n of  lesio ns to  b e t he co nseq ue nce

of  a  cause an d effect  re lat io nsh ip  (M yer s et  al . 19 91),

al t h ou g h  th ere  h av e b een  re p o rts  o f  ad duc ts  in  f ish th at  a re

n ot  p o llu t i o n re lated (K ure l ec et  al .  19 8 9) .  T h us f i sh w hich

assim i la te  b o th  w ater  a nd  sed im en t  m ay  pro v id e u se ful

in fo rm ation  b oth o n th e p o ten ti al  c arc ino gen ici ty  of  t he

e n v i ron m en t t he y  i n h ab it  an d  o n  th e  b ioc h em ica l  re s p o n s e s

n e c es sa ry  to  rem a in  h e a l th y.

PAH s are  m etabolized by the h epatic  m icro so m al

cy to chrom e P 450 system  through the formation  of

electrop hil ic  i nterm edia tes.  T hey  m ay be oxid ized to  form

high ly reactive epox y deriv atives w hich in  turn  m a y be

co n ve rted  t o  dihy droxy der ivat ives and  detox if ied  b y

gluta thione.  T he  free radica ls generated by oxidative pro cesse s

a re  q uench ed by  the cel lular  antiox idant  system  u sing

s u p e roxide dism utase  (S OD), ca talase , glutath ione pero x id a se

(GSH-P), glutath ione reductase  (GSSG -R) and eventually  the

final  elect ron  a cceptor, NADPH, generated  by glucose-6-

p h o sp h a te  d e h y d rogenase (G-6-PD).  T hus , such  enzym es

p resen t in  fi sh l iver  as SOD, GSH-P, GSSG-R and G-6-PD,

w h ich  a re  inv olved  in  the processing of  hydroc arbo n s an d

other  p ollutan ts,  and in  th e regula t ion of  the concen trat ion of

free rad icals an d reactive ox ygen species,  m ay be in duced

(Hall iwel l  and Gutter idge 1989).  Measurem en t of  t he in du ced

act ivi t ies wil l  therefore  p rovide info rm ation not  only  abo ut th e

contam inatio n of  the m ar ine env ironm en t bu t  a lso abo ut th e

success of  the f ish  in  l iv in g amidst th e contam ination.  S imilar

inform at ion  is  prov ided  by  determ in ation of  the

concen trations of  glu tathione (GSH ), which  form s conju gates

with  xenob iotic  com po unds,  and of  malon dialdehy de (M DA ),

an  e n d  p roduct  o f  the b io chemical  ox idation of  unsaturated

h y d ro carb on s an d a  m easure  of  lipid peroxidat ion. In  f ish ,  as

in  m an y m am m al s in clu din g m an , PAH s ini t ia te

ca rc inogenes is af ter  becom ing covalen tly  bound  to  ce l lular

DN A and  this  bindin g can be mo nitored by post labell ing

techn iq ues (G upta 1985, P hil l ip s et  al. 1986, Stein et al. 1989) .

H ere ,  we re p o rt  su ch  m ea su rements o n species o f  gre y

mu llet  l iving in  tw o eastern  M edi terr anean harb our s ~ 50 k m

a p a rt ,  one th e com paratively sm all  and shallow harbou r at  the

Inst itute of  Marine Sciences near  E rdem l i ,  an d the  other,  the

harbour  of  the port  of  Mersin .
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M ATERIALS AND METHODS

Water samples
Surface and bottom water samples were collected from within the harbour near

Erdemli (36.60°N, 34.30°E), and a sample of sediment was also taken for

analysis. Surface water samples were collected within the harbour at Mersin

(36.80°N, 34.75°E) and also close to a site of discharge of city waste just outside

the harbour; sediment samples were also taken at both sites.

Fish
Grey mullet (11 Oedalechilus labeo and 15 Lisa ramada) were captured from

Mersin harbour in October 1995. A mixed collection (n = 16) of grey mullet

consisting of O. labeo, L. ramada and Mugil auratus were captured from Erdemli

in June, 1995. None of the mullet from Mersin or Erdemli were spawning. Grey

mullet spawn throughout the year in the eastern Mediterranean and in Mersin and

Erdemli the difference between fish caught in June and in October is minimal.

Blood from an incision in the tail was collected into EDTA and the fish were then

sacrificed. The weight, sex and species of the mullet were noted. The fish were

examined for evidence of illness or disease and their livers were excised.

Fresh fish liver (1± 2 g) was homogenized in ice-cold 1.15% KCl in a Teflon

homogenizer. Protein determinations were carried out by the procedure using the

Folin phenol reagent originally described by Lowry et al. (1951). Aliquots of the

crude homogenate were centrifuged at 19000 g at 4 °C. The supernatants were

retained for the following assays.

Glutathione peroxidase (GSH-P)

GSH-P catalyses the oxidation of GSH to GSSG by peroxides, a suitable substrate

for assays being t-butyl hydroperoxide. The rate of formation of GSSG, and hence

the enzyme activity, was measured by monitoring the subsequent reduction of

GSSG by GSSG-R spectrophotometrically at 340 nm as described below. An

assay medium was prepared by mixing 100 m l of 1 M Tris± HCl, 5 mM EDTA buffer

(pH 8), 20 m l of 0.1 M GSH, 100 m l of 10 U ml± 1 GSSG-R, 100 m l of NADPH, 10 m l

of centrifuged supernatant and 670 ml of distilled water and incubating this

medium for 10 min at 37 °C. After the addition of 10 m l of freshly prepared 7 mM t-

butyl hydroperoxide the optical density at 340 nm was compared with that of the

appropriate blank every 10 min. The enzyme activity was calculated (in m mol per g

of liver and per g of protein) from the rate of change of optical density, the dilution

factor being 100 (Beutler 1984).

Glutathione reductase (GSSG-R)

GSSG-R catalyses the reduction of oxidized glutathione (GSSG) by NADPH or

NADH to GSH. Activities may be measured by following the concentration of

NADPH spectrophotometrically at 340 nm (molar extinction coefficient 6220). An

assay medium was prepared containing 100 mM sodium phosphate buffer (pH

6.8), 05 mM EDTA, 1 mM GSSG and 0.12 mM NADPH. Medium (0.9 ml) and

supernatant (0.1 ml) were mixed at 37 °C and the optical density of the mixture

was recorded every 10 min. From the rate of change of optical density, the

enzyme activity was calculated in m mol per g of liver and per g of protein, the

dilution factor being 10 for Erdemli fish and 100 for Mersin fish (Beutler 1984).

Glucose-6-phosphate dehydrogenase (G-6-PD)

G-6-PD catalyses the oxidation of glucose-6-phosphate (G-6-P) to 6-

phosphogluconolactone which rapidly and spontaneously hydrolyses to 6-

phosphogluconate (6-PGA).

The rate of reaction and hence the enzyme activity is again followed by

monitoring the optical density at 340 nm due to the accompanying formation of

NADPH. The assay medium comprised 0.3 ml of pH 8 buffer (1 M Tris± HCl, 5 mM

EDTA), 0.3 ml of 0.1 M MgCl2, 0.3 ml of 2 mM NADP, 0.3 ml G-6-P and 1.7 ml of

distilled water. Liver supernatant (0.1 ml) was added to this and the optical density

at 340 nm was compared every 19 min with that of the appropriate blank. The

enzyme activity was calculated in m mol per g of liver and per g of protein from the

rate of change of optical density, the dilution factor being 100 for Erdemli fish and

150 for Mersin fish (Beutler 1984).

Superoxide dismutase (SOD)
Superoxide radicals generated from a mixture of xanthine and xanthine oxidase

react with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride (INT) to

yield a red formazan dye absorbing at 505 nm. The formation of the dye is

inhibited by the presence of SOD which catalyses the dissociation of the

superoxide radical.

Assays utilized a commercial kit from the Randox laboratories (Crumlin, Co.

Antrim, UK). Measurement of optical densities on the mixing of preformed

reagents and again 30 s later, gave the rate of formazan dye formation. This was

compared with the rate in the presence of liver supernatant and in the presence of

blanks. The inhibition by supernatant and hence its SOD activity was calculated by

comparison of the change in optical density with the change caused by the

presence of known concentrations of standard solutions of SOD according to the

manufacturer’s instructions.

Reduced glutathione (GSH)

Virtually all of the non-protein sulphydryl of red cells is in the form of GSH which

readily reduces 5,5Â -dithiobis(2-nitrobenzoic acid) (DTNB), a disulphide, to form

bright yellow anions having a molar extinction coefficient of 13600 at 412 nm.

Accordingly, 3 ml of the precipitating solutions (100 ml of which contained 1.67 g

of glacial metaphosphoric acid, 0.2 g of disodium EDTA and 30 g of NACl) were

added to 2 ml of the liver supernatant. After standing for 5 min the mixture was

filtered through medium or coarse filter paper. An aliquot (1 ml) of filtrate was

added to 4 ml of 0.3 M Na2HPO4 solution. The absorption at 412 nm was recorded

against a blank prepared under the same conditions but containing distilled water

instead of sample. The absorption at 412 nm was recorded again after DTNB

reagent (1 ml containing 0.2 mg DTNB in 1% sodium citrate solution) was added

to the filtered solution. From the difference in the optical densities the GSH activity

was calculated in m mol per g of liver and per g of protein, the appropriate dilution

factor being 2.5 (Beutler 1984).

Malondialdehyde (MDA)

Lipid peroxidation of the liver supernatant was measured by the thiobarbituric acid

method using 1,1,3,3-tetramethoxypropane as standard. Results were expressed

as m mol MDA formed per g of protein calculated by comparison with the

absorbance of standards at 532 nm (Bus and Gibson 1979, Ohkawa et al. 1979).

Determination of aromatic-DNA adducts

DNA isolation

The procedures of Gupta (1984) and Gill et al. (1985) were adapted for the

isolation of DNA from fish liver and blood. Blood (500 m l) was incubated overnight

in 0.1 M NaCl, 0.01 M Tris± HCl, 0.01 M EDTA, pH 8.0 (1.5 ml) containing 2% SDS

and 100 m l proteinase K (10 mg ml± 1). Similarly, liver  (0.3± 0.5 g) was incubated in

2 ml of this solution. The mixtures were then extracted with an equal volume of

redistilled phenol saturated with 20 mM Tris (pH 8.0) and centrifuged to separate

the layers. The aqueous phase was further extracted with an equal volume of

phenol/sevag (chloroform:isoamyl alcohol; 24:1) and centrifuged. DNA was then

precipitated by the addition of ethanol, washed with 70% ethanol and dried. The

DNA was dissolved in sterile, distilled water (500 m l) and the volume was made up

to 1.5 ml with 1 mM EDTA. The solution was centrifuged at 35000 rpm for 35 min

F. Telli Karakoc et al.304
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at 4 °C to separate glycogen (liver samples only). The partially purified DNA was

incubated at 37 °C for 30 min with 30 m l RNase A (10 mg ml± 1), 30 m l RNase T1

(50000 U ml± 1) and 240 m l of 50 mM Tris (pH 7.4). After extraction twice with

equal volumes of sevag, 5.0 M NaCl (20 m l) and ethanol (2 vol.) were added. The

DNA precipitated overnight at -20 °C. The DNA was dissolved without drying in

1/100 SSC (2 ml). The concentrations of DNA were confirmed from

measurements of the optical densities at 230, 260 and 280 nm. The DNA

solutions were frozen and sent from Cukurova University by air to the Institute of

Cancer Research.

32P-Postlabelling

DNA was digested enzymatically and subjected to 32P-postlabelling analysis using

the butanol extraction procedure to enhance the sensitivity of the assay,

essentially as described (Gupta 1985, Stein et al. 1989). Labelled digests were

resolved by thin-layer chromatography on polyethyleneimine(PEI)± cellulose sheets

using the multi-directional solvent systems described previously (Phillips et al.

1986, 1987), DNA adducts were visualized by autoradiography and quantitated

by means of their 32P-decay.

PAHs in liver
Portions of livers dried under reduced pressure (0.2 g) at 40 °C were weighed into

round-bottomed flasks and refluxed with 0.75 g of potassium hydroxide and 20 ml

of ethanol for 90± 120 min. PAH-free hexane (20 ml) was added during cooling and

when the flasks attained room temperature sufficient distilled water was added to

cause two layers to separate. The lower, aqueous layer was extracted with two

further 20 ml aliquots of PAH-free hexane. The volume and fluorescence of the

combined extracts was noted before spiking with 0.85 m g of chrysene.

Fluorescence was measured at excitation wavelengths of 267 and 310 nm, and

emission wavelengths of 360, 380 and 400 nm. The c̀hrysene equivalent’ of

extractable PAHs in each liver was calculated from fluorescence emission before

and after spiking and from the weight of the dried sample (UNEP 1986).

Statistics
Data were analysed by Student’s t-test. One-tailed p values are reported.

Results
Harbours
Both harbours fro m w hich grey mullet  were  cap ture d co ntain

sal ine Mediterranean water  and en joy the same sea sonal  c l im ate

a n d a p proxim ately the sam e dai ly weather. The charac teristi cs

of  the surf ace wate rs and the  sediments of  both harbours are

l isted in  Table 1 . Values obta ined  from m onitoring easte rn

M ed iterranean  coast al water s over  the last 10 year s are  sh ow n

for  com par ison . The Erdem li harbour is smal l (~200 m diameter )

and  shallow (~2 m  deep). The sed im ent is yel low grey  and

s a n d y, and al though the water appears to  be clean,  the harbour

does contain PAHs. Mersin is a fair- sized port whose  harbou r

fac il iti es occupy  ~2 km  by 0.5  km. Although some wate r  appear s

clean ,  much  of  the surface is covered by  a fi lm  of oi l and  there  is

a  d ischarge  of  domesti c waste  at the en trance  to the harbour.  The

high ly polluted  sediment  consist s of  a thin , black  ooze which is

d iff icu lt  to sam ple. The water s of  both harbours are  w el l

oxygenated;  they  are r ich in  inorgan ic nutr ients com pared  w ith

the concen trat ions usual ly  found in  surface water arou n d  th e

eastern  M ed iterrane an  coast . The sa lin ity of al l ha rbour  water

samples analysed was between 29 and 32½ .

Mullet
Alth ough they had  been l ivin g in  polluted waters  a l l  the

c ap tu red f ish  w ere  ap p are ntly  hea lth y. N o macroscop ic lesio ns

or deform it ies  w ere  ob served and n one o f  t he intern al  org an s

was obviously diseased.  A ll  the f ish  were  s imilar  in

appearan ce and m orpho logy to  grey m ullet . T he m ajor sp ec ies

p resent  in  Mersin harbou r w ere  Lisa  ramada  a n d  O ed ale chi lu s

lab eo,  nei ther  of  w hich show ed  any signs of  spawn in g.  T he

form er  speci es we re  m ore  n u m e rou s an d dec ide dly  l arger,  t he

m ean  weig ht  of  those captured being 514 ‰30 g (n  = 16)  and

345  ‰20 g (n  = 11) , respectively (m ean ‰sta n d ard  e rro r) . The

d ifference  was signif ican t ,  p  < 0.00 05.

T he m ixed species of  mullet  observed at  Erd em l i  h ad  a  m ea n

weight  of  301 ‰35 g (n = 16) which  was  signif icantly  differe n t

from  the m ean w eig ht , 453 ‰25 g of  al l  spec ies in  Mersin

harbou r (p < 0.005) .

T he average wet w eights of  l iver s in  the m ulle t  were  also

v ery  differen t , being 8.4 ‰0.6, 5.9 ‰0.4  and 3.4 ‰0.6 g for

spe cies Lisa  ramada, Oedalechilus labeo  an d E rd e m l i  m ix ed

sp ecies ,  respect ively. Again,  the diffe ren ces w ere  signi f icant  

(p < 0.025).  T he  weights of the  l ivers were  pro p o rt ional  to  the

weights of  the f ish,  the constan t  of  pro p o rt ionally  being

essentially  the sam e for  species O ed alech ilus labeo a n d  Lisa

ra m a d a  in  Mersin harbo ur bu t  less for  the mu llet  sam pled  at

Erdemli . T hus 24 (out of  27;  excluding outliers)  mullet  l ivers

sam ple d from  Mersin h ar bour gave an exce llent  co rre l at i on

with  the weights of  the f ish  (r2 = 0.91) . Sim ila rly, 14 (out  of  16 ;

exc luding outl iers)  mullet  l ivers  from  Erd emli  a lso  co rre la te d

with  the weight  of  the f ish (r2 = 0.95) ,  the s lopes of  the two

graphs being 0.018 and 0.013, respect ively,  the differe n c e

being  signif icant  (p < 0.025). T hus , whilst  there  w a s n o

d ifferen ce betw een the r at ios of  l iver  to  weight  in  species O .

labeo  a n d  L. ramada, the m ullet  in  the clean er  harbour  at

Erd em li  possessed  less l iver  per  gr am  of  f ish  th an  the m ullet  in

th e m o re  po lluted h ar bou r at  M ersin .

DNA adducts and enzyme activities in mullet liver 305

Dissolved

NO3 + NO2 o-PO4 oxygen PAH PAH (sed.a)

Sample (m M) (m M) (DO) (m M) (m g l± 1) (m g g± 1)

Erdemli 25.0 1.37 254 1.04

surface water

Erdemli 11.1 0.16 242 1.04 8.0 ± 2.2

bottom water

Mersin harbour 36.3 5.1 235 5.4 219 ± 10d

waterb

Mersin harbour 80.3 71 0 267 148d

dischargec

Coastal < 0.2 < 0.05 ~225 0.5

surface water

Table 1. Analysis of harbour waters and sediments.

a sed, sediment.
b Surface water sampled within harbour.
c Surface water sampled at site of city waste discharge immediately outside

harbour.
d Sediment samples taken at same site as surface water sampling.
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W h e reas the concentrat ions of  p ro te in in  the livers of

sp ecie s O. labeo a n d  L. ram ada w e re  the same, 350 ‰30 mg g±1,

th ey  w ere  signif ican tly  higher than the concentrat ions of

p rotein in  the l ive rs of  E rdem li  m ullet ,  230  ‰15 mg g±1

(p < 0.001) .

Consisten t  with  the d egree  of  pollut ion of  the two harbours,

m ullet  l ivers  contained  signif icant  concentrat io ns of

extr ac tab le  PAHs; mulle t  l ive rs from E rd em li  co ntain ed 9 .3 ‰

1.2  m g g±1 d ry  wt (n = 13) and mulle t l ivers from  th e m ore

po lluted Mersin harb our  contain ed 3 4.3 ‰7.2  m g g±1 (n = 11),

the m ean concentrat ions b eing signif icantly  diffe re n t  

(p < 0.005) .

Enzyme activities
Table 2 com pares the activi ties of GSH-P and  GSSG-R, of G-6-

PD and of  SOD and the concen trat ions of  GSH and MD A

o bserved in  the l iver s of  species  L isa  ramada a n d  O eda le chi lu s

labeo  fro m Mersin,  and the m ixed species f rom E rd e m l i .

T he difference  in  GSH-P act iv i ty,  expressed  as per  g  of

p ro tein,  betw een L. ram ada taken from  Mersin an d E rd e m l i

f ish  was signif icant (p < 0.01). Differences in  act iv i t ies per  g  of

l iver  in  sam ples  taken fro m Mersin and  E rd em l i  w e re  hig hly

sign if ican t (p < 0.0005 ).

T he difference  in GSSG-R ac tiv ity per g  of  pro t ein  b etwe en

the two M er sin species was not  s ignif icant  but  the differe n c e

in act ivi ty  between sam ples taken f rom  Mersin an d E rd e m l i

w as  (p < 0.025) .  When  act iv i tie s are  exp res sed  per  g  of  liver  the

d ifferences  betw een spec ies is s ignif icant  (p  ~0.001).

G-6-P D activi ty,  w h en  e xp ressed per  g  of  pro tein,  w as low er

in  O. labeo th an  sam p les in  the o ther  species (p < 0.0025 ).

H o we ve r, di fferences in  act iv i t ies  w ere  not  s ign if icant  w hen

e x p ressed per  g  of  l ive r.

The act ivi t ies of  S OD in  Mersin L. ram ada a n d  O. labeo

w e re  th e same but  were  low er  than  those of  E rdem l i  h arbo ur  

(p  < 0.0025) .

GS H concentrat ions,  expressed  per  g  of  l ive r,  sh o w e d

signif ican t  diffe ren ces (p < 0.025) ; exp ressed in  term s of

p ro tein  the concentrat ion of  species  O. labeo  was signif icantly

low (p  ~0.005).

Concentrat ions of  m alondialdehyde, expresse d per g  of live r,

w e re  the same in  Mersin L. ramada a n d  O. labeo , b ut  w ere

sign if ican tly  higher  than  the  concent rat ion of  E rd em li  sp ecies

(p < 0.001) ; expre ssed in  term s of  pro te in the differe n ces in

act ivity  between  species  O. labeo a n d  L. ramada fro m  M ersin

and the Erdem li  sp eci es  w ere barely  signi fican t (p < 0.05).

DNA adducts
Postlabell ing analysis  revealed  that  a l l the l iver  DNA  samples

po ssessed  aro m at ic  an d/or  hy dro pho bic D NA  add ucts.  T his

was manifested in  the app earance of  charac terist ic  zones o f

radioac tive m aterial  on T LC plates  on which  the label led DNA

digests  had b een subjected to  m ult i-dire ct io na l

c h rom atography (Figure 1).

Q uanti ta t ion of  the levels o f  DN A adducts in  each sam ple

was ach iev ed  by assaying the radioactive zones on the

c h ro mato gram s and  the re su lts  are  sho w n in  Table 3 . T he two

major spec ies fro m  M ersin  harbo ur,  L . ramada  a n d  O. labeo,

F. Telli Karakoc et al.306

Enzyme or
Lisa ramada (Mersin) mean ± SE Oedalechilus labeo (Mersin) mean ± SE Erdemli m̀ixed’ mean ± SE

compound IU g± 1 liver m mol g± 1 protein IU g± 1 liver m mol g± 1 protein IU g± 1 liver m mol g± 1 protein

GSH-P 9.4 ± 0.5 (n = 15) 26.6 ± 1.0 (n = 14) 8.7 ± 0.7 (n = 11) 22.7 ± 2.3 (n = 9) 3.7 ± 0.4 (n = 14) 19 ± 2 (n = 14)

GSSG-R 2.3 ± 0.1 (n = 15) 7.9 ± 0.7 (n = 14) 2.8 ± 0.1 (n = 11) 8.7 ± 1.0 (n = 10) 1.4 ± 0.1 (n = 15) 6.0 ± 0.4 (n = 14)

G-6-PD 14.2 ± 1.7 (n = 15) 42.4 ± 4.9 (n = 15) 10.8 ± 2.8 (n = 11) 29.1 ± 6.6 (n = 11) 11.7 ± 0.8 (n = 15) 54 ± 6 (n = 16)

SOD 4.2 ± 0.4 (n = 13) 14 ± 2 (n = 13) 4.4 ± 0.5 (n = 11) 16 ± 3 (n = 10) 6.1 ± 0.25 (n = 15) 28 ± 2 (n = 15)

GSH 0.2 ± 0.02 (n = 15) 0.5 ± 0.05 (n = 15) 0.06 ± 0.01 (n = 11) 0.21 ± 0.04 (n = 11) 0.1 ± 0.01 (n = 16) 0.46 ± 0.07 (n = 16)

MDA 0.45 ± 0.07 (n = 12) 1.4 ± 0.2 (n = 12) 0.43 ± 0.05 (n = 10) 2.2 ± 0.4 (n = 10) 0.2 ± 0.015 (n = 14) 1.0 ± 0.1 (n = 14)

Table 2. Comparison of enzyme activities and concentrations in fish livers.

Erdemli `Mixed’: mullet in Erdemli harbour.

Figure 1. Autoradiographs of 32P-postlabelled digests of mullet liver and blood

DNA chromatographed on polyethyleneimine± cellulose TLC. The DNA adducts

were resolved by multi-directional chromatography using urea-containing

solvents. The origins, located in the lower left corner of each chromatogram,

were excised before autoradiography. Autoradiography was for 60 h at -75 °C. A,

Liver DNA from the highly polluted harbour at Mersin; B, liver DNA from the less

polluted harbour near Erdemli; C, blood DNA from Mersin; D, blood DNA from

Erdemli.
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b oth sho we d very  h igh levels of  D NA adducts com pare d  w i th

the f ish  in  the less  polluted  har bour at  E rdem li .  In  the  case of

L . ra mada,  the f ish  fell  in to  two distinct  grou ps,  o ne o f  w hich

h ad add uct  lev el s co m parable  to  th ose fo und in  O. labeo,  an d

th e other  considerably  low er.  T hu s there  w as an ap pa re n t

bim od al  dist r ib ution o f  adducts  in  this  species.  I t  is  not  known

w h y  th ere  w as th is large di ffe rence betwee n o th erw i se

indist inguishable  f ish .  Although it  is s tr aightforw a rd  to  isolate

DNA from  fish  b lo od, there  has been  l i tt le  pre v io u s

inves tigation of  DNA adducts in  f ish  blood.  Post labelling

ana lysis  of  blood DNA from eight  f ish  fro m both gro u ps al so

revea led a diagonal b and of  rad ioactivi ty  on thin-layer

c h romatography similar  to  that  seen with l iver  DNA  (Figure 1) .

T h e lev els a t  w hich  th ese  add ucts  w ere  p rese nt  w e re  m u c h

low er  than the adduct  lev els  in  l iver  (Table 3) .

Discussion
C o m p ared with o pen co as tal  w ater s in  the eastern

M ed it err anean,  the tw o h arb ou rs s tud ied here ,  th oug h w ell

oxy genated,  are  un usual ly  r ic h i n  i norg anic nut r ient s and are

p ol lu ted  wi th  PAH s. N evertheless ,  the m ullet  app ear  to  thr ive

u nd er these c ond it io ns,  th e d om in ant  species i n  t he m ore

p olluted harbo ur at  Mersin being mu ch larger  than  the m u llet

l iving in  the cleaner har bour  at  E rdem li .  T his suggests th at

m o re  food is  available in  Mersin than in  E rd em l i  ha rb o ur  an d

th is w ould  be con sistent  w ith the r ichness of  Mersin w ater  in

in o rganic n utr ients.  Mu llet  po ssessed l ivers  in  accord a n c e

w ith their  size,  the m ore  pol lute d e nvi ron m en t in  Me rsin

h arbo ur  i nd uc ing  p ro p o rt ionately s l ightly  la rger  l ivers that  are

r icher  in  pro tein,  consisten t  with  the ob servations of  pre vio u s

workers (Bagnasco et al . 1991). In  order  to  thrive in  M ersin

harbour the body must m etabolize  and r id  i tse lf  of  i ts load  of

po llutants:  the m ag nitudes of  the act ivi t ies and  concentrat ion s

reco rd ed  in  Table 2  are  a  direct  con sequen ce  of  th e

co ncen trat io ns n oted  in  Table 1 .  T his  is em phasized  by the

signif ican t  concentrations of  PAHs observ ed i n  b oth  ha rbo ur s

and  also  in  the m ullet  l ivers , parti cular ly  in  the livers of  mullet

fro m  the  m o re  p ollu ted Mer sin  h arb our.  In  f ish , as  in  other

anim als,  xeno biotics are  general ly  m etabolized in  the

e nd o plasm ic re t i culu m , o rgani c  co m pou nd s bein g oxid ized

a nd  ex cre ted ei ther  throug h the gal l  bladder as  water- soluble

p roducts  or  as  such metaboli tes  as  GSH conjugates.  We h av e

y et  to  m easure  the ac t iv i ty of  the cy tochrom e P4 50 1A1  system

responsib le  for  the ini tia l  oxidation of  PAHs.  H owever, MDA

concentrat ion s (Table 2) ,  a  m easu re  of  overall  l ip id

p e roxidation act ivity  (Winston and Di Giulio  1991), indicate

th at  m o re  l i pid  p erox idat ion  oc curred  in  the m ullet  l iv ers  in

th e m o re  p ollu ted Mer sin h arb ou r.  G SH con centrat ions in  the

l ivers  w ere of  the  order  of  0 .05  to 0 .2 m g g±1 of wet  liver  and, for

re aso ns wh ic h are  s t i l l  unclear, var ied with sp ec ies  (Table  2).

T hus the GS H co ncentr at io ns were  clear ly  great er  than  th e

concen tration s of  PAHs in  mullet  l ivers from  Erd em l i  ha rb o ur

(accepting an average molecular  m ass  of  200±300 for  PAHs)

but  only of  the same order of  m agn itude as  the concentr at ion

of  PAHs in  l ivers of  Mersin  f ish .  In  these f ie ld  experim ents  one

m ay  regard  the m etabolism  of xenobiotics  as  a s teady sta te

flo w p rocess  and the f ac t  that GSH  concentrat ions are  s imil ar

whether  the m ullet l ivers cam e from  Mersin or  Erd e m l i

su ggests  that  these concentrat ions w ere  suff ic ient to  conjuga te

al l  t he u nox idized , water- insoluble  PAH s pass ing  thro u gh  th e

livers.  Presum a bly  PAHs are  not  the on ly xenobiotics  pre se n t

in  the h arbour s and  i t  wo uld be o f  interest  to  determ in e  t he

total concentrat ion of  m ater ial form ing GSH conjugates as it

p asses th ro ugh the m ullet  livers.  T he G SH balance is

mainta ined  by the levels of  the G SH-P, GSSG-R and G-6-PD

act ivi t ies . G SH-P decomposes the hydro p e ro xide s p resen t  i n

the l iver  wh ose  react ivity  m ight  furn i sh  r ad icals  and  e nd ang er

the hea lth  of  the l iver. GSSG-R replaces th e G SH  w hich is used

up and the N AD (P )H which  is  consum ed in  replacing the GS H

is regenerat ed th rough  the G-6-PD syst em. Higher  ac tivi ties of

GSH-P and  GSSG-R are  in duced in  mu llet  liv ers fro m  M ersin

than in  m ullet  l ivers  from E rde m li  h arb ou r. This  is m ost

clear ly  seen w hen the act ivi t ies  are  exp ress ed  per  g of  liver

(Table 2) . In vi tro  exp er im en ts h av e sh own that  the act ivi t ies of

en zym es su ch as pero xid ase a nd reductase act ivi t ies  decrea se

an d sub seq uen tly  in crease  on further  insu lt , the lat ter  eff ect

often being due to  the induction of  speci f ic  isoenzym es  (van

Caneghem  1984, Wa sh b u rn  and Di Giulio  1991, P edradjas e t

al . 1993).  In  f ield  experim ents  th e s teady sta te  conditions

m ain tain  th e ind uced  ac t ivi ty. Vari ances were  rather  la rg e an d

G-6-PD ac tivit ies showed no  signi f icant  differen ces ei ther

between species  or  between the tw o harbo urs. Th e act ivi t ies

w e re  higher  than those of  the other  enzym e system s stud ied

h e re  and m ay be p resu m ed  to  be suff icien t  to  regenerate  al l  the

re q u ired NAD (P)H even in Mersin  harbour.  T he SOD ac tivit ies

of L . ramada a n d  O. labeo  species in  M ersin h arbo ur were  th e

sam e bu t  b oth  w ere s ignif icantly  lower than the SO D ac tiv i t ies

of grey  m ullet  in  E rde m li  h arbo u r. SO D cleaves  supero x id e

anions fo rmed, f or  exam ple ,  by the reductio n of  oxygen by the

flow of electro n s th rou gh  m icroso m es,  an d in du ctio n resu lt s i n

isoe nzy m es w ith  i ncreased  activi ty  (Winston and  Di G uil io

1991 , Pedrajas et al. 1993 ). Th e anions can  be involved in  both

the form atio n an d t he d ecom po si t ion of  peroxides (Win sto n

and D i Giulio  1991).  Reduced  S OD act ivi ty  has  been associated

w ith th e p rese nce  of  several  (van Caneghem  1984, Bagnasco  e t

al . 1991 , Babo and Vasseur 1992) though not  al l  (Wa sh b u rn

and  D i Guil io  1988) xenobiotics and carcinomas (Bize et al.

1980 ) and  is co nsistent  with  increased  org an ic  pollut ion o f  the

en v i ronm ent (Bagnasco  et al . 1991).

T h e re  is com paratively l i t tle  differe nc e in  th e in d uc ed

enzym e activi t ies  betw een species L. ramada a n d  O. labeo i n

DNA adducts and enzyme activities in mullet liver 307

Liver, Blood,

adducts per 108 adducts per 108

Site and species nucleotides (mean ± SE) nucleotides (mean ± SE)

Mersin

L. ramada 130 ± 37 (n = 14) 14.3 ± 2.8 (n = 8)

L. ramada group 1 30 ± 6 (n = 8)

L. ramada group 2 261 ± 48 (n = 6)

O. labeo 258 ± 21 (n = 6)

Erdemli

Mixed species 3.3 ± 2.3 (n = 10)

Table 3. Aromatic/hydrophobic DNA adducts in mullet.
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M ersin  h arbou r.  T his  is  co nsistent  with  the su ppo si t io n th at

sp ecie s L . ramada is  m ore  n u m e rous ± and  larger  ± not  because

it  is m ore  successf ul in  r idding i tse lf  of  pollutants but  because

it  is assim ilat ing m ore food.

Bes ides  variation in  enzym e ac tivi ty  due to  diffe ren ce s in

species and  to  ind uctio n b y th e env iron m ent ,  o ne m igh t

expec t  to  see variation resu lt ing from  differences in  the vi ta l i ty

of the fi sh . In  other  word s,  w ithin  a  given species and a

selected  harbour  one m ig ht  expect  to  observe enzym e activi ty

v ary ing accord ing to  the m etabolic activi ty  of  indiv idual  f ish .

U nfortu nately  al l  we can say is  that  w e have found no

c orrelat ion  betw een indu ced  enzy me activi t ies  in  species L.

ra m a d a  a n d  O. labeo and the weights of  the f ish .

All  the concentr at ions of  aro m atic  DN A add ucts  d isplay ed

in Table  3  are  high;  the concentrat ions observ ed in  M ersin L.

ra m a d a  a n d  O. labeo a re am ong th e h ig hest  rec ord ed in  f ish

l iver s (Du nn et al . 1987, Kure lec et  al.  1989 , Vara nasi  et  al .

198 9b, Maccubbin et  al. 1990, Dunn 1991).  Even the

concentr at ions fo und in  m ullet  in  the E rde ml i  h arb our  are

high,  consistent  w ith pollut ion of  the harbour  by PAH s a nd  th e

concentrat ions of  PAHs in  the l ivers , however,  the higher

concentr at ions of  ad ducts foun d in  mu lle t  fro m  M ersin

ha rbo ur  are  indicat ive of  gross po llu t ion .

The form ation of  arom atic- DNA  adducts by covalent

bindin g betw een o xid ized PAHs and DNA  is, in  a  sense ,  a s ide

reaction com peting  w ith th e smo oth rem oval of  urine-soluble

o xid ized  PAH  an d th e sm ooth  excre tion of  GSH con jugates.

T his ,  ind eed,  is  w hat  Tables 2  and  3 dem on st rate .  A s w e have

seen,  tes ti fying to  thei r  successful  m etabolism  of xenobiotics,

the m ullet  in  th e grossly p ollu ted Mer sin  h arbo ur  po ssessed

higher  MD A concen trat ions,  signif icant ly  higher GS H-P and

GSS G-R act iv i ties and lower SOD ac tivit ies in  thei r  l ivers than

the m ullet  inhabit ing the E rd em li  h arb ou r.

F ro m  thei r  ad duct  con centr at ion s sp ecies L . ramada  m a y  

be  sub div ided  in to su bspeci es L . ramada grou p  1  an d  L.

ra m a d a  group 2,  the la tter  having sim ilar  adduct levels to  O .

labeo  but the form er p ossessin g add uct  con centrat io ns of  an

o rder  of  m agnitude lower (al though st i l l h ig her  than the

concentr at ions fo und in  E rdem li  harb our) .  W hereas th ere  is  n o

signif ican t  diffe re nce betw een the add uct  con centr at io ns i n  O .

labeo  a n d  L. ra mada grou p 2,  the adduct  levels in  gro u p s 1  an d

2 and in  Erdemli `mixed ’  are  sign if icant ly  different  (p <

0.0005).  T he  reasons for  the d ist inct io n betw een  the tw o

gro ups of  L . ramada a re  n ot  c lear. T he  average weight of  the

lo w ad du ct  su bspe cies,  L. ram ada group 1 , 5 67 ‰40 g, was

signif icantly  higher than the aver age weight of  subspecies L.

ra m a d a  group 2, 4 40 ‰40 g (p  < 0.01 ). In  fact, the eight

specim ens o f  L. ram ada grou p 1 include th e fou r largest  m ullet

analysed (al l  weighing m ore than 600  g) . L . ramada gro u p  1

possessed higher average GS H concen tr at ions than  gro u p  2

(0.19  ‰0.02 m m ol g±1 l iver  com pared with 0.13 ‰0.025) and

lower  average GSH-P and  SOD activi ties (24  ‰2 .5  an d 10 ‰2.0

IU g±1 of  pro tein,  respect ively,  co m pared  w ith  3 1 ‰2 and  17  ‰

3).  T he  re lat i onship  between  the su bgro ups of  L . ram ada

appears  analogou s to  the re latio nsh ip between l ivers  fro m

Erdemli  and Mersin harbour s bu t the signif icance of  the

d ifferences in  enzym e activi t ies is  w eak  and re q u ires f urt h e r

invest ig at ion .

We have yet  to  determ ine cy to chrom e P 450 1A1 act ivi ties in

m ul let  and  o ur  result s are  no t  a lw ays co nsiste nt  w ith

ob servat ion s w ith  p rev ious workers  on other  species of  f ish

inhab it ing other  seas (Bagnasco  et  al. 1991). Nevertheless  i t  is

w o rth  remarking th at  the descr ipt ion o f  the assim ilat ion and

metabolism of PAHs wh ich has b een  develo ped p rim ari ly  fo r

m am mals ± includ ing m an  (S cho or and C ouch 197 9, S im s an d

Grover  1981, A shurst et al . 1983, Phil l ips et  al. 1987, Varan asi

et  al. 1989a, S te in et al . 1990) ± is en tire ly  con si sten t  w ith  the

ob servation s we h av e re p o rted on m ullet  l iving  in  w ater s

po lluted  b y PAHs.  F ish  biochem ist ry  respo nd s ra pid ly to  th e

m ar in e en vi ronm en t (Co uch and  H arshb arger  1985, Kure lec e t

al . 1991) and observ atio ns on  m ul let  p rovide general  insight

into the eff ic ient  biochem ist ry  n ecessary  to  main tain a  healthy

ph ysiolo gy.

Conclusions
T h e resu lt s  p resented  dem onstrate  th at  a l thoug h the waters  of

the eastern  M ed it err ane an are  re lat ively clean,  the tw o

ha rb ou r s ex am in ed h ere  are  polluted .  S everal  spec ies of  mullet

inhabit  these  harbours without  obvious i l l- effec t  but  exhibit

po llut i on- rel ated  al terat ions in  sever al  l iver  enzyme act ivi ties;

they  also have elevated levels of  aro m a ti c /h y d roph obic D NA

adducts  character ist ic  of  expo sure  to  PAHs. T hey are  t h u s

usef ul  ind ica to r  organisms for  m onitoring the eff ect of

pol lut ion  on  the aquatic  enviro n m e n t .
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