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The activity of several antioxidant and detoxifying enzymes,
superoxide dismutase (SOD), GSH peroxidase (GSHPx), GSSG
reductase (GSR) and GSH-S-transferase (GST), the contents of
thiobarbituric acid reactive substances (TBARS), and the SOD
and GST isoenzyme patterns were studied in the livers of
chubs (Leuciscus cephalus) from reference river areas and
polluted urban sites. Livers of polluted fish contained higher
concentrations of transition metals, especially copper and
iron. Total GSHPx activity was 1.8-fold higher in the polluted
fish than in reference animals, while the SOD and GSR
activities and the TBARS content were not significantly
changed. Three new SOD isoforms (pI 4.45, 5.1, 5.2) and a
higher intensity of the band pI 4.2 were observed after
isoelectrofocusing of polluted fish extracts. Total GST activity
was higher in fish from polluted areas. The GST isoenzyme
pattern was studied using subunit-specific substrates (DCNB,
EPNP, EA, NPB, NBC) and by Western-blot using antibodies
specific to rat GST subunits 1, 8 (Alpha class), 3 (Mu class)
and 7 (Pi class). Reference and polluted fish lacked cross-
reactivity towards Alpha-class GSTs. Reference fish displayed
weaker cross-reactivity towards CST-7 and 2.3-fold lower
activity with EA, while higher cross-reaction with GST-3 was
observed in polluted fish.

Keywords: superoxide dismutase, glutathione-S-transferase,
isoenzyme pattern, biomarkers of river pollution, fish.

Introduction
T he r ivers f lowing thro ugh  u rb an areas are  b ecom in g p ollu ted

by an alarm ing num ber  of  xenobiotics . F ish  are  ex posed to

pollutants o f  urban,  industr ia l , m ining and agr icu ltur al  o rigin,

m any  of  w hich exert cytotoxic effects via pro duction of

reactive  oxygen  species (ROS; Di Giulio et al. 1989).  T hese

hig hly reactiv e com p oun ds dam ag e m ost  b iom olecu les,

n am ely  l i pid s,  pro teins and  DNA (S ies 1986),  damage to  the

lat te r  being responsib le  for  genotoxic  dam age (Hal l iwell and

A roum a 1991).

The extent  to  which ROS yie ld oxidative st re ss  d e p e n d s

u po n the  effectiveness of  antioxidant  defences  (Di Guiseppi

and Fridovich  1984, Sies 1986),  and signif icant  dam age occurs

only if  antioxidant  defences  are  overwhelm ed (Sies 1986,

Hall iwell  an d A rouma 1991).  They include ( i)  various water

and l ipid- so lub le  f ree-rad ical  scavengers of  low MW, and ( i i)

sev eral  ind ucib le  en zym es,  nam ely sup erox id e d ism u ta se

(SOD) (EC 1.15.1 .1)Ð convert ing O . ± to  H
2
O

2
, catalase (EC

1.11.1.16)Ð red ucing  th e H
2
O

2
to  H

2
O, an d tw o glutath ione

p e roxidases (E C 1.11 .1.9) , one se leno-enzyme, act ive with

se veral  h ydro p e roxid es,  includ ing H
2
O

2
,  and other  Se-

ind epen den t enzy m es,  act i ve w ith d ifferen t  o rgan ic

h y d ro p e roxides (L awrence and Burk 1978).

S everal  stud ies  about the responses of  an tio xidant  f ish

enzym es to  pollutants  enh ancing  RO S prod u ctio n  h ave  b een

re p o rted,  a l tho ugh often  they have been  incon clusiv e and

sho w n w id e in d iv id ual  di fferences (Gabryelak and Klekot

1985, Vig and Nemcsok 1989, Mather-Mihaich  and D i Giulio

1991) .  Signif ican t  changes have been  re p o rted  in  m arine f ish

by w orkers  studying several  m olecular  biom arkers , such as th e

glutath ione redox status (Rodriguez-Ariza et al. 1993 , 1994) ,

the  level  of  th iobarbituric acid  reac tive substances (TBARS;

Pedrajas et  al . 1995) ,  the appearance of  new S OD form s of

higher electro p h o ret ic  mobil i ty  (Pedrajas et  al . 1993, 1995) , or

the speci f ic  induction of  new G ST  isoenzymes (Martínez-Lara

et  al . 1992,  1996) .

F ish  l iving in  polluted aq uatic enviro nm en ts  a re  exp osed to

xen obio tics  w hich  are  putat ive subst rates  for  GS H-m ediated

detox ifica tion (Kre tzschm ar  and  Klinger 1990). Conjugat ion  of

m any  el ectrophiles w ith GS H is catalysed  by glutath ione-S-

transferases (E C 2.5 .1 .18) ,  a  m ul tigene  family of  enzymes

(Hayes and Pulford  1995). All  eukary otic  species po ssess

mu lt iple  cytoso lic  and m em brane-bound G SH -S- tr an sferase

(GS T)  isoenzym es,  each disp laying dist inct subst rate

speci f ic i ties.  Most  m am malian  cytoso lic G STs are  classi f ied

into four  classes,  Alpha,  Mu, P i and  T heta ,  encoded by

di fferen t genes. M an y xenobiotics  transcript ionally  act ivate

GST  genes  throug h th ei r  antio xidant  respo n si ve  el em en t

(Hayes and Pulford 1995) . So the level  of  expression of  ce rt a in

classes of  GST  genes can re p resen t  an adap tive res p o n s e

m echanism  to oxid ative s tress (L en’ rtov’  et  al . 1996) .

S ince  the r ivers are  a m ajor s ink for  numero us in d ust r i a l

sp il ls,  m etals ,  pest ici des an d u rban residu es,  th e elucidation  of

the b iochem ical  respo nses  t o  po llutan ts by aq uatic  an im als

becom es very  im p o rtant .  S uch  resp on ses can  pro vid e re l iable

and sen si t ive biom arkers  for  exposu re and toxicity  in  free-

living org an isms (Winston and Di Giulio  1991).  The pre se n t

study  invest igates some of  the antioxidative en zym atic

act ivi t ies  and the speci f ic  respon se  of  som e add it ion al

molecu lar  biomarkers in  the l ivers of  chub, a  very  com m o n f ish

in S lovak r ivers , in  both polluted an d non -polluted areas.

MATERIALS AND METHODS

Chemicals
All reagents , of  the highest  puri ty,  w ere from  Sigm a,  Merc k  a n d

Boehringer. Rabbi t  an tise ra towards the rat GS T subunits 1 , 3 ,  7

an d  8  w ere from  Biotrin , Dublin  (Ire la nd ) an d w ere  p uri f ied  on

P ro tein A -S ep harose using a  s tandard  p ro tocol .
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Biological samples
Chub (L eu ciscu s cep ha lu s)  about 5  years old were  cap tu re d

with f ish ing nets from  two r iver s in  the eastern  region of  the

Slovak Republic in  April  (1995) .  A reference group of  12 f ish

cam e fro m  the  u p stream  no n-po llut ed area of  the r iver  and

another  group of  12 f ish was  obta ined  fro m  a m etal-pol luted

u rb an  a rea of  the r iver. After  kil ling the f ish, the livers were

excised an d im m ediately  fro zen i n  l iquid n i trog en un ti l

f urth er  analy sis .

Preparation of soluble fraction
Pieces of  l iver  were  hom og en ized  (20%  w/v)  in  1 0 m M

Tr is±H Cl buffer,  pH 8.0,  c on ta ining 0.1 m M EDTA, 2 m M GSH,

5 m M D TT  and 10 m g PMSF per  gram of l iver  using an  Ultra-

Tu rr ax ho mo genizer.  Hom ogenates were centr ifuged at

1 05 000x  g for  60 m in  a nd  st o red  at  ±80 °C unti l u sed for

further  assays . Extracts for  SOD assays were dialysed ag ain st

1 0 m M Tris±HCl buffer,  pH 8.0 ,  containing 0.1 m M EDTA.

Enzyme assays and determination of proteins and

TBARS
S u p e rox ide dism utase  (SOD ) was assay ed  by m easuring at  

5 5 0 nm  the inhib it ion o f  cyto ch rome C red uc tio n usin g a

x anthine /x anthine o xidase  O
2

.± generat ing system (Floh… and

Ö t t ing 1984). One S OD unit  was  defined as the amount of

enzym e causing 50%  inhibit ion  of  cytochrom e C re d u c t io n

u nde r su ch con dit ion s.  G lut athione  pe roxidase  act ivi ty

(GSHPx) was assayed  at  37 °C in  a  co upled assay w ith

glu tathion e red uc tase u si ng  cum ene  h yd ro p eroxide (Se-

in de pen de nt)  or  H
2
O

2
(Se-dependent)  as  substr ates (F loh… and

Gunzler  1984). G lu tath ione reductase  (GSR) was assayed by

following at 340 nm the  ox idat ion of  NADPH by GSSG (Pinto

et al. 1984) .  Gluta th ione-S-transferase (GST ) was assayed as

described  by Habig and  Jakoby (1981) at 30 °C  w ith the

following subst rates and f inal  concentrations:  CDN B and

DCNB 1 m M , EPNP 0.5 m M , NPB and NBC 0.1 m M and EA  0.2

m M (37 °C for th is assay) ; GSH was at 5 m M except  in  assays

with CDNB (1 m M ) and E A (0 .25 m M ) . One un it of  GSHPx, GSR

or GST  activ i ty  catalyses the formatio n of  1 m mol of  pro d u c t

per  min ute under  each  assay  condit ion s.  S peci f ic  act iv i ty  is

defined as  units of  ac t iv i ty  per  m g of pro tein.  Pro t ein

co nce ntr at i on  w as m e asured by the m ethod of  Bradford (1976),

using bovine seru m  a lb um in as s tan d ard .  T hiob ar bituric  acid

react ive  substances (TBARS) were  d eterm in ed as descr ibe d b y

Gutteridge (1984),  a lthough incubat ions were  m ade in  3 m l

total  volum e and 2.8%  (w/v) T CA was used instead of  H Cl.

T BARS content  is  expressed as abso rbance at  535 nm per g  of

w et  ti ssu es .  T he result s are given as m eans ‰SEM. Data were

analy sed  using Stu dent ’ s  tes t.

Quantification of metals
M etals  w ere  d eterm ined by atom ic absorptio n spectro sc o py

(AAS) using a  Var ian  spectropho tom eter  (Krupicer  1985) .

Determination of SOD isoenzymes
Isoelectrofocu sing was carr ied out  wi th P ha stS ystem

equipment; pI  values of  SO Ds w ere det erm ined  in  g els  with

pH grad ien ts of  4 .0±6.5  and 5.0±8.0  using  isoelect rofocusing

ca libration ki ts  (P edrajas et  al . 1993) .  SOD act ivity  was  stained

in  s i t u u sing  n itroblue te trazol ium (NBT),  r iboflav in and

TE MED  (Beauchamp and  Fridovich 1971). Two types of  SOD

w e re dist inguish ed  by soaking the gels  with 4 m M KCN: Cu,Zn-

SO Ds were inh ib ited by  CH± w hile  Mn-SO Ds were  resistan t  to

cyan ide (Fridovich  1975).

Immunoblotting and Western blotting
Elec tro p h o resis  was carr i ed  ou t  in  13 %  po lyacry lam ide gels

(Laem nl i 1970). Pro teins w ere  transferred  on to ni t rocel lulo se

using a  semi-dry system (Bio-Rad) (Tow b in  et  al . 1979) . Blots

w e re  p robed with polyclonal  an tibodies raised in  r abbits

against  ra t GST  subunits  1 , 3 ,  7  and 8. Alkaline-phosphatase-

conjugated  goat an ti -rabb it  IgG served as th e secon dary

an t ib o d y. T he blots  were  develo ped w ith 5 -brom o-4-ch loro-3-

in d oy l  p h os ph at e  p - toluidine salt (BCIP) and  NBT  (Blake et al.

1984) .

Results
Metal content
T he concen tr at ions of  several tr ansi t ion m eta ls  were

d et e rm in ed  a nd  u sed  a s  a  co m p rehensive ind ex  of  total

con tam in atio n.  Table  1  shows the conten ts of  Cu, F e,  P b,  Hg

and  Cd in  the l ivers  of  reference and  po lluted  f i sh .  With t he

only exception of  merc u ry, animals fro m  u p st ream  refere n c e

waters  had low  m etal  co nten ts,  in  con trast  to  f ish  cap ture d  i n

po llu ted  u rban  a re as w h ich  sh ow ed  m uch  h ig he r m eta l

concentrat io ns.  Thus, the total  m eta l  load of  animals fro m

po llut ed  areas  was 12.8- fold higher than that of  reference f ish ,

with values ranging from an 8-fold higher lead  to  an 814-fold

hig her copp er co ncentr at ion .

Antioxidant enzyme activities and oxidative damage to

biomolecules
T he ac t ivi t ies  of  sev er al  antioxidant  enzy mes were  d eterm in e d

in the hepat ic  so luble  fraction of  re feren ce a nd po llu ted  f ish

(Table  2) . S uperox ide d ismu tase  sh ow ed lo wer  act iv i ty  in

polluted f ish  than in  those  from  clean referen ce areas,  

a l thou gh the difference w as  not  sta tist ical ly  signif ican t .

Glu tathion e reductase act iv i ty  w as  alm ost  identical  in  both

group s.  In  contrast ,  to ta l  glutathione peroxidase  was  2.47-fold

V. Lenártová et al.248

Reference (R) Polluted (P)

Metal n = 12 n = 12 P/R ratio

Cu 0.010±0.002 8.140±1.465* 814.0

Fe 6.400±1.600 74.600±13.428* 11.7

Pb 0.010±0.003 0.080±0.024* 8.0

Hg 0.040±0.012 0.040±0.011 1.0

Cd 0.005±0.002 0.060±0.018* 12.8

Table 1. Metal content of fish liver.

Metal contents were determined in livers of fish as described in Materials and

Methods. Data are expressed in mg of metal per kg of body weight ±SEM

(*significant at P < 0.05).
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h igher in  po lluted f ish  than in  reference an imals , a differe n c e

that  was stat is tica l ly  signif ican t , while  the ac t iv i ty  of  Se-

dep en dent G SHP x w as n ear ly  the same in  both gro up s.  T he

chan ges in  GSH P x and S OD activi t ies  led us to  stud y w hether

fish from  p ollute d areas we re subjec ted to  higher oxidat ive

s tress .  We fir st  analy sed  m alon diald ehyd e and  o ther  l ipid

p e rox ida tio n pro ducts  by determ ining the levels of

thiob ar bituric  acid reac tive substan ces. Table 2  show s that

T BARS  con tents w ere s imilar  in  both experim ental  g ro u p s.

T h is  resu lt  suggested that the higher GSHP x act ivity  of

po lluted  f ish was able  to  prev ent  the incre ase d p rod uctio n o f

TBARS.

Sin ce no d iffere n ces w ere  seen  in  the l ipid  perox id at ion of

p olluted f ish,  m ore  sensi t ive biom arkers  of  oxidat ive dam age

w e re  then  invest igated,  n am ely the appearance of  new

isoform s of  SO D, an enzyme highly sensi t ive to  rea ctive

oxygen  species (ROS) (Pedra jas et al. 1993, 1995).  A single Mn-

SOD band  (pI  4 .8) , unaffected by cyan ide and of  similar

int en si t y, w as seen in  extrac ts fro m  reference  an d po llut ed f i sh

after  separat ion by isoelec trofo cusin g and i n  s i tu stainin g

(Figure 1) .  On the contrary, bo th grou p s sh o w ed  m ark ed

d ifferences  in  several  Cu,Z n-SOD  isoenzy mes.  While  two

intense  Cu,Z n-SOD  isoenzymes (pI  5 .0 and 4.7)  and one very

faint form (4.2) were ob served  i n  re ference f ish, animals fro m

po llut ed  are as sh o w ed  three new bands (5.2 ,  5 .1  and 4 .45) and

a m uc h  m o re intense  band  of  pI  4 .2 . T hus,  at  least  three  n e w

Cu,Z n-S OD bands could be used as  biom arkers of

en v i ronm en tal  pollut io n i n  th e f ish s tu died .

Glutathione-S-transferase activities
Total  GST  act iv ity, assayed with CD NB as subst rate , w as

sign if icant ly higher in  f ish  fro m  p ol lu ted areas in  co m par ison

to reference  f ish (844.0‰250 versus 524.0‰9 3 m U  m g_1). To

d et e rm in e t he re la t ive contr ibutions of  different  GST

isoenzymes to  total  GST  ac tivi ty,  several  substrates  som ew hat

spec if ic for  the different  r at  GST  subuni ts (Habing and  Jakoby

1981, H ayes and Pulford  19 95) were  used (Figure 2) . In

contras t to  the higher to tal  GSTs,  the act iv i ty  assay ed  with

ethacr inic acid, a  subst rate  spec if ic  for  rat GS T isoenzymes 8±8

and 7±7 (George 1994), was 2.3-fo ld lower in f ish l iv ing in

po llut ed  areas t han in  reference animals.  N o stat ist ical ly

signif ican t  differe nc es w ere  fou nd betw een both  ex perime ntal

groups in  the GST  act ivi t ies assayed with the substr ates DCNB,

EPNP, NPB, NBC.

To further  confirm  differen tial  exp ression of  f ish GST

isoen zym es,  West ern  blot t ing s w ere carr ied ou t  using an tise ra

specif ic for different  r at  GST  subunits . Dist inct  cross-

reactivi t ies w ere  displayed by referen ce and  p olluted  f ish

(Figure 3) . Animals from  cl ean areas only sh ow ed cross-

react iv i ty with antibodies speci f ic for  rat  GST-7 subunit  (Pi

class) , but  no hom ology was observed with rat  GST-3 sub uni t

(Mu class).  In  cont rast, f ish fro m  p ol lut ed areas cross- re ac te d

with  antibodies speci f ic for  rat  GST-3, but  cross-reactiv i ty  w ith

rat GST-7 w as m uch lower  than  in  reference anim als.  N o cross-

reactiv ity  w as observ ed in  con tro l or  re ference f ish w ith r at

GST-1 or GST-8 subunits  (Alpha class) .

Discussion
In  biologica l system s, react ive oxygen spec ies (ROS) are

form ed by  sev eral  processes inv olving enviro n m e n ta l

po llut ants .  T hus,  bip hen yls ,  q uin on es and  n itro aro m a ti cs

p ro d u c e O
2

.± by  redo x cycling , w hile  transi t ion m etals  catalyse

th e react ion of  O
2

.± w ith  H
2
O

2
t o  pro d uc e H O . r ad icals b y

F en ton  reactions (Aust  et al. 1985,  Sies 1988,  Winston  a nd D i

Giulio  1991).  Thu s, f ish  inhabit ing polluted  aquatic

en v i ron m e n ts  are  exposed to a  var iety  of  oxyradicals,  leading

to oxidat ive dam age of  different  b iom olecules such as l ipids o r

p ro teins (Sies 1986).  The marked  increase  total m etal  load,

p a rt icu larly  copper  and  iron in  f ish  from  po llu ted  a re as in  ou r

exper imen t ind ica tes  th at  these m et als  m ay be inv olved in  the

ac tivation of  oxygen-re lated reactio ns.

O xidative dam age reflects an imbalance between the

p roduction of  oxidan ts  and removal  or  scavenging  of those

oxidants.  Low m olecu lar  weight  scavengers such  as ascorbate ,

b -caro tene, gluta thione and vitamins A, E  and C have been

detected in  several  aquatic  species and, in  som e cases,  were

shown to be  elevated as a funct ion of  oxida tive st re ss

(A nder sson et al . 1988, Partal i  et al. 1989, Ribera et al. 1989) .

Also  induction  of  metallothionein  synthes is  by heavy m eta ls

has been  dem onstr ated . Metal lo thionein is  induced directly  by

Fish enzymes as biomarkers of river pollution 249

Reference (R) Polluted (P)

Biomarker n = 12 n = 12 P/R ratio

Superoxide dismutase

activityb 53.00±18.00 37.00±19.00* 0.70

Glutathione reductase

activitya 32.00±4.00 28.00±4.00 0.88

Totalb 13.00±3.00 32.00±9.00* 2.46

Se-dependenta 0.54±0.07 0.52±0.04 0.96

TBARS contentc 0.09±0.06 0.09±0.07 1.00

Table 2. Levels of antioxidant enzymes and lipid peroxidation products in

hepatic soluble fractions of fish from reference or polluted areas.

Hepatic soluble fractions were prepared from reference (R) or polluted (P) fish

and their antioxidant enzyme activities and TBARS contents were assayed as

described in Materials and Methods. The results are expressed as means

±SEM of three independent determinations in mU mg± 1 a, U mg ± 1 b, or in A535

mg ± 1 c (*significant P < 0.05) of individual samples.

Figure 1. SOD isoforms in hepatic cell-free extracts from reference (R) and

polluted (P) fish. The extracts were prepared, separated by isoelectrofocusing in

gels with a 6.5 to 4.0 pH gradient, and stained in situ for SOD activity as

described in Materials and Methods. pI values were determined by using IEF

protein markers.
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zin c,  cop per  and  cad m ium  an d is ind uced ind irectly  by heavy

m etals such as m erc u ry,  go ld and pla t inum (Garvey 1990) .

Several  author s have previously invest igated the effects of

xeno biotics and  m etals  on f ish  antioxidant  en zyme ac tivi t ies

(Vig and  Nemcsok 1989, Rodríguez-Ariza et  al . 1 993, T hom as

a n d  Wofford  1993).  Nevertheless, the  lack  of  a c lear  correl at i on

b etw een  l ip id  p eroxid ation and an tioxidant  act iv i t ies indicate

species or  ind ividu al  differences (Radi et  al . 19 85, F ilho an d

Boveris 1993). T he  higher to ta l GSHPx ac tivity  and lower SOD

activi ty  d escribed in  the p resent  paper  in  f ish h eavily  pollu ted

with transi t ion m eta ls f ul ly  agre e w i th p reviou s pa per.  T hu s,

carp s exp osed  to  h igh Cu2 + d oses show ed higher GS HP x

activi t ies  and MDA levels and lower SO D and catalase

act iv i ties (Radi and Matkovics 1988) .

The intensi ty  of  oxidativ e dam ages suffered by  an org a n ism

dep ends o n a  f ine balan ce am ong  i ts  in divid ual  an tiox idant

enzym es . T hus, IB cells overe x p ressing  Cu,Z n-SOD were

hyp ersensi t ive to  RO S while  consecutive transfect ion w ith

cata lase  corrected their  hy persen si t ivi ty  (Am stad  et al. 1991) .

A lso  increases  in  Cu,Z n-SOD  were paral leled by higher Se-

GS HPx act ivi ty  in  sever al  systems. Am stad et al. (1994) have

found that cel ls  with  a  higher GSHP x/SOD rat io  were  hig hly

p ro tected from  oxid ant- ind uced dam ages.  O nly  sm all

deviat ions f rom th is  rat io  had a  dramatic  effect  o n the

resistance of  cel ls to  oxidant- induced dam age.

In our s tudies the G SHPx/SOD rat io  was 3.5-fold higher in

po lluted  f ish  than  in  reference f ish.  T his increased rat i o  a nd

the u nchanged T BA RS levels cou ld probably ref lect  an

ada ptat io n t o  th e ch ronic oxidizing  co ndit i ons to  w hich

po llu ted f ish had  bee n ex po sed .

S OD is  an  inducible  enzym e key  for  dism utat ion of  O
2

. ±

an ions,  al though Cu,Zn-SO D is  it se lf  a  primary  target for ROS

(Fr idovich  1 975).  Fish  l iving in  contaminated r ivers showed a

m o re  com plex Cu,Z n-S OD isoen zym e pattern  t h an  refere n c e

animals , d isp laying a  new  intense  band (pI  4 .45) , two new

weaker  bands  (5.2, 5 .1)  and a  higher  intensi ty  of  a fourt h  b a n d

(4.2).  H
2
O

2
is  con verted  by Cu,Z n-SOD in to HO . ra di ca ls  w hich

could  at tack  a  H is  residue,  t r an sfo rm ing it  to  i ts carbonyl

derivative and yielding a  m ore  acidic  p ro te in  (Salo  et  al . 19 90,

Sato et  al . 1992).  New  m ore  ac idic  SOD  ban ds are also form e d

from  hum an  or bovine Cu,Z n-SO D after  incubatio n with H
2
O

2

(Sato  et al. 1992, Sharonov and  Churi lova 1992).  New SOD

form s are  also observed  in  f ish  (M ugil sp .) fro m  m etal -p ollu ted

a reas of  th e S panish  l i t to ral  zone;  such new  SOD s were

re p rod uced  b y incu bat ing  th e p ure Cu,Zn-SOD isoform s  w i th

H
2
O

2
(Pedra jas et  al . 1993). In  addi tion,  fi sh  (S p a rus a urata)

injected w ith m od el  xeno biotics  sh ow new C u,Z n- an d M n-

SOD form s  w h ich  are  re p roduced  by incub at ing cell -f re e

extracts  with  O
2

. ± or  H
2
O

2
-gener at ing systems or  with  t-

b u ty lh yd roxide  (Pedrajas et  al . 1995).  Thus,  the new S OD

ba nd s h ave be en pro posed as very  sensi t ive biomarker s of

p ol lu tan ts  p roducing  oxidativ e st ress (Pedrajas et  al . 1993 ,

1995).  Incubat ion of  f ish ext rac ts with low MDA

concentr at ions also  re p ro duce the new  Cu,Z n- and  Mn-SO D

form s (P edrajas,  u npu blished results) .  T hus,  the new Cu,Z n-

SOD form s of  pI  5 .2 , 5 .1  and 4.45 detected in  pol luted  f ish

could  be due to  reaction  of  orig inal SOD form s w i th  so m e

re acti ve com p ou nd , perhaps of  oxidat ive origin.

F ish from  po llut ed urban  areas showed  sig nif icant  in crea se

in  total  GSTs act iv i ty  assayed with  the univer sa l  subst r ate

V. Lenártová et al.250

Figure 2. Activity of fish GST with various substrates. Cell-free extracts from reference (R) and polluted (P) fish were prepared and the GST activity was determined with

different substrates as described in Materials and Methods. Significant statistical differences between two groups (P < 0.05) are indicated with asterisks.
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CDNB. The different ial  ex pression of  GSTs g en es  determ in e s

cell  sensi t ivi ty  tow ards a  var iety  of  toxic chem icals.  Part icu lar

GSTs contr ibute  to  resis tance to  carc in og ens,  a nti t um ou r

d rugs, en viro n m en tal  p o llu ta nt s an d  p roducts o f  oxidative

s tress . In  addit ion,  H
2
O

2
in d u ces ce rtain  GSTs gen es in  plant

and  m amm alian cel ls  (H ayes and P ulfo rd  1995) . T he pre s en t

p ap er sho w s d ifferences in the ac t iv i ty  of  ce rtain  GST

iso enzy m es between  references and  po lluted f ish.  T he low er

c ross-reac tiv i ty  with rat  GST-7 fou nd in  anim als f rom  po l lu t ed

a reas agreed  well  with the 2.3-fold low er  GS T activi ty  assayed

w i th  etha crynic acid,  a  substrate  re p o rted  specif ic for  rat GST-7

(Pi  c lass)  and 8 (Alpha class)  (George 1994). Among all  GSTs ,

sub unit  7 ,  act ive w ith l ipo hyd ro p e roxides (Meyer et  al . 1985) ,

contains a  Cys-SH group sensi t ive to  RO S (O
2

.±,  H
2
O

2
or HO .)

and to  the GSH /GSSH  levels (Sato et al. 1990). Such a re s id u e

is  w ell  con served w ithin P i  c lass GS Ts (e .g . pig  and bov ine)

and i ts m odif icat ion leads to  inac tivat ion (Dirr  et  al . 1991 ,

N ish iha ra et al. 1991). Apart fro m  m u lt i ple  regulatory

elem ents  in  th e gene,  in clu ding those contro l led  by o ncogene

e x p ression,  GST-7 act ivi ty  can also  b e chem ica lly  m odulated

in  a  rever sible m anner  (Sato et al. 1990) .

A  ba nd cross-react ing with rat  GST-3 w as fo und  in  pol luted

f ish,  but  was m iss in g in  referen ce anim als . Mu class  

GSTs,  pa rt icu lar ly  GST-3 and GST-4, are  very  act ive w ith

several  m u tag enes an d D NA  hyd ro p e roxides. Subu nit  3  is  a

highly act ive ary ltransferase which  reacts with DCNB,

alth ough  in  pollu ted f ish  we did not  d etect  increased act ivi ty

with DCNB or  NBC as subst rates.  GST subunit  4 shares 80 %  of

i ts  am ino acid identi ty  with subu nit  3 ,  but  do es n ot  rea ct  w ith

DCNB; thus i t is plausible  that  GST-4 w ere  p referen tia l ly

e x p ressed  in  polluted f ish instead of  G ST-3,  a possibil i ty  that

wil l  be checked  as soon as GS T-4 rat  speci f ic antibodies are

avai lable.

T h e differences in  antio xidan t  act iv i t ies betw een p olluted

a n d  reference f ish  lead  us to  prop ose that  indu ction of  so me

isoenzymes,  especia l ly  of  S OD and GS Ts,  cou ld be useful

biomarkers for  m onitor ing environm ental  po llut ion  in  r iv ers .
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