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Department of Toxicology, Faculty of Veterinary, University of Santiago de Compostela, 27002 Lugo, Spain

Received 4 June 2002; received in revised form 11 July 2002; accepted 15 July 2002

Abstract

At the present work, different groups of rainbow trouts have been intraperitoneally treated with a polychlorinated

biphenyls commercial mixture (Arochlor-1254) at three doses (5, 20 and 70 mg PCBs/ kg body weight) and they have

been sampled at 0 (injection moment), 3, 6 and 9 weeks after xenobiotic exposure. Purification and characterization of

the cytosolic isoforms of glutathione S -transferases from three different rainbow trout organs (liver, kidney and gills)

have been developed in order to establish the existence of some enzymatic induction process. According to the

enzymatic activity levels and protein content, liver samples showed the highest glutathione S -transferases induction

process, and resulting dose and time dependent. Directly related, HPLC results from liver retained-affinity purified

samples determined that this process was mainly associated to a p-class related isoenzyme. Only some of the different

GST isoenzymes from rainbow trout liver cytosol showed to be specifically induced by the polychlorinated biphenyls

treatment, rendering these isoenzymes as valuable biomarkers for exposure to these environmental pollutants.

# 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

An ever increasing number of contaminants are

actually present in aquatic ecosystems, being

manufactured in sufficient amounts to threaten

the environment (Martı́nez-Lara et al., 1996) and

directly affecting the health of organisms inhabit-

ing these ecosystems as well as the human con-

sumers (Goksøyr and Förlin, 1992). Their adverse

impact on piscine organisms can be assessed by the

measurement of biochemical parameters in fish

and other piscine organisms that specifically

respond to the degree and kind of contamination

(Petrivalský et al., 1997), because the comprehen-

sive chemical analysis of the different chemicals

and the precise modelling of their effects on

communities appear to be very difficult (Vindi-

mian et al., 1991). Although biomarkers do not

directly provide information concerning the effects

of chemicals at the higher levels of biological
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organization, they can provide an early warning of
biological impact of xenobiotics (Di Giulio et al.,

1995)

One group of these major environmental con-

taminants are the polychlorinated biphenyls,

(PCBs) which are in general thermally, photolyti-

cally and biologically stables (Van Bavel et al.,

1996). They generate residues that can be found in

almost every compartment of the world’s ecosys-
tem (Safe, 1990), allowing them to bioaccumulate

and biomagnify in the aquatic food chain. It must

be considered that, although different halogenated

hydrocarbons, including PCBs, are metabolized

very slowly in fish, even in animals that have

induced enzymatic systems (Stegeman and Hahn,

1994), it can be observed that fish possess the

capacity to metabolize and biotransform PCBs,
being the dominant biochemical process for the

elimination of such extremely hydrophobic com-

pounds (Sijm et al., 1996).

The development of diagnostic and predictive

biomarkers for use in pollution monitoring de-

pends on a fundamental characterization and

understanding of the mechanisms and regulations

of the molecular responses (Goksøyr, 1995). In
this sense, xenobiotic metabolizing enzymes which

biotransform foreign compounds to water-soluble

products are being characterized because they can

be induced by a great number of toxic substances

(Pesonen et al., 1989). It has been determined that

many chemicals have the ability to cause hepatic

cytochrome P450 induction resulting in the in-

crease in de novo synthesis of one or more
enzymatic forms in various species. This induction

of phase I biotransformation enzymes has been

shown to exist in various mammalian and non-

mammalian species, and has been widely demon-

strated in a variety of fish species (Haasch et al.,

1993). But, whilst extensive molecular studies of

piscine phase I enzymes have been made, few

studies of the phase II enzymes have been de-
scribed at the molecular level (Leaver et al., 1992).

One of the most important phase II biotrans-

formation enzymes are the glutathione S -trans-

ferases (GST), a multigene mainly cytosolic

enzymes family involved into the conjugation of

the tripeptide glutathione (GSH) to electrophilic

centres of a wide range of xenobiotic compounds

(Mannervik, 1985). These enzymes have been
extensively investigated in higher organisms, spe-

cially in mammalian species (Mannervik et al.,

1985), but during the last years interest has

developed in these forms present in aquatic

organisms, in order to establish their use as

specific biochemical markers of chemical stress

(Machala et al., 1997). As it has been demon-

strated these piscine enzymes have different iso-
enzymes (Rammage and Nimmo, 1984; George

and Young, 1988), and so, while the total specific

activity of a particular enzyme may show little or

no variation after pollution exposure, individual

assay of each isoenzyme may yield much higher

variation, providing a good environmental bio-

marker (Martı́nez-Lara et al., 1996; Otto and

Moon, 1996).
The aim of the present study was to determine if

induction of cytosolic GST isoenzymes from three

different organs (liver, kidney and gills) of rainbow

trout (Oncorhynchus mykiss ) could be established

as a good biomarker of polychlorinated biphenyl

(PCBs) environmental contamination.

2. Materials and methods

Sexually immature rainbow trout weighing 220�/

275 g and daily fed with standard Trout Diet were

obtained from a local salmonid hatchery (Pisceo,

Lugo, Spain). Animals were randomly divided into

four groups of 40 animals, and acclimatized for 15

days before the assay started. Animals were kept in

tanks with natural river water, located in the same
hatchery where the fish were collected. Three

groups where treated intraperitoneally with a

single dose (0.5 ml) of corn oil containing a

polychlorinated biphenyl commercial mixture (Ar-

ochlor-1254) at different doses (5, 20 and 70 mg/kg

body weight), and the fourth group received only

0.5 ml of the vehicle corn oil. Because animals are

naturally exposed to complex mixtures in the
environment, a PCBs mixture was chosen instead

of individual congeners.

Nine animals belonging to each group were

collected and sacrificed in the same moment of the

xenobiotic administration, and this process was

repeated 3, 6 and 9 weeks after intraperitoneal
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exposure. Sampled trouts were carried to the

laboratory into separated aerated polyethylene

tanks of 75 l each one. Sampled fish were

anaesthetized with 3-aminobenzoic acid ethyl ester

(Sigma), and a ventral incision was made all along

the medial line to expose vein porta, in order to

allow liver perfusion with 0.1% saline solution

during 30 s in order to eliminate blood inter-

ference. Organ was isolated, and gall bladder was

carefully removed. Branchial arcs and kidney were

isolated too, and the same organs of three different

animals belonging to the same group were pooled

in order to avoid individual differences. Samples

were stored at �/80 8C until ulterior analysis. All

subsequent steps were carried out at 4 8C.

The preparation and purification of the cytoso-

lic fraction was performed according to the

method described by Rouimi et al. (1996). Organs

were weighed, homogenized in a 25 mM Hepes,

1.25 mM EDTA, 1 mM Dithiothreitol, pH 7.6

buffer, and submitted to two differential centrifu-

gations: the first one at 11,000 rpm during 20 min,

and the obtained supernatant was submitted to

another one, at 34,000 rpm for 1 h. This last

supernatant represented the cytosolic fraction of

the samples, and was run through a Sephadex G-

25 column equilibrated with a 20 mM Tris, 1 mM

EDTA, 0.2 dithioerythritol, pH 7.8 buffer solu-

tion. Partially purified fractions were pooled

(Sephadex G-25 fraction) and loaded on a second

column, with a GSH-Sepharose affinity gel, and

equilibrated with the same buffer. After extensive

washing, always with this Tris�/EDTA solution,

the retained material was eluted with a 200 mM

Tris, 10 mM GSH, pH 9.2 buffer. The presence of

the different fractions containing cytosolic GST

was determined according to the general method

described by Habig et al. (1974), using 1-chloro-

2,4-dinitrobenzene (CDNB) and ethacrynic acid

(ETHA) as substrates. All the fractions containing

enzymatic activity were pooled and named as

retained affinity fraction. Protein content was

determined according to the general method

described by Schaffner and Weissmann (1973),

due to the important interferences detected when

using the traditional method proposed by Lowry

et al. (1951).

Further separation of the different GST sub-
units was carried out on the retained affinity

fractions by reversed-phase HPLC on a Vydac

218TP54 C18 column (4.6�/250 mm), using two

different mixtures of acetonitrile in water (A: 3/7;

B: 7/3, v/v), added with 0.1% trifluoroacetic acid,

as mobile phases. Elution was performed at a

constant flow rate of 1 ml/min using successive

linear gradients of B in A: 25�/30% in 5 min, 30�/

34% in 7 min, 34�/60% in 13 min, 60�/100% in 5

min, and isocratic 100% for 10 min. Peak height

and peak width were determined in the different

HPLC profiles obtained from the four experimen-

tal groups, in order to determine which enzymatic

subunits from the different organs were directly

affected by the PCBs treatment. Statistical multi-

factorial analysis of variance (MANOVA) was
carried out to compare the different dependent

variables, and the effect of the combinations of

two factors, xenobiotic dose and time of exposure.

3. Results

Table 1 summarizes the results obtained for the

determination of the protein content and GST
enzymatic activity towards the two assayed sub-

strates in the different hepatic subcellular fractions

of the four treatment groups during all the

experience. Values are referred to the same initial

cytosolic volume. Total protein content was simi-

lar into the four groups when the experience

started. However, the percentage in the retained

affinity fraction reached throughout the experi-
ence, and arose at the end (9 weeks after exposure)

representing the 1.07% of the cytosolic content in

the group treated with the higher dose of PCBs,

whereas only 0.87% was retained into the control

group at the same period. When comparing these

results, total protein content changes resulted to be

statistically significant (p B/0.001) all along the

experience. Similarly, although specific GST activ-
ity did not show any significant changes, total

hepatic GST enzymatic activity reached maximum

differences 9 weeks after PCBs treatment started,

with both studied substrates, especially when the

retained affinity fractions were compared (statisti-

cally significant at a level of p B/0.001, with both
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assayed substrates). Control and treated group

with 5 mg/kg PCBs showed a quite similar and

linear evolution, while the 70 mg/kg PCBs treated

group showed an increase of 45% of the total GST

activity during the experience, and total GST

hepatic activity resulted dose and time dependent.

Higher dose-treated group showed a GST enzy-

matic induction, which was already established 3

weeks after exposure in both cytosol and affinity-

retained subcellular fractions.
Table 2 shows the results corresponding to

kidney samples purification. Protein content va-

lues in the retained-affinity fraction showed an

increase of 7% in group treated with the higher

dose of PCBs, in contrast to the control one, and

quite similar differences were observed if compar-

ison was established with the cytosolic fraction,

always referred to the fourth sampling (9 weeks

after intraperitoneal exposure). In the case of

kidney subcellular fractions, no statistically sig-

nificant differences were found when evolution of

protein content or enzymatic activity towards the

CDNB was analyzed, and only statistically sig-

nificant differences (p B/0.05) were determined

against the ETHA in the retained-affinity fraction.

Gill samples showed quite identical evolution

than kidney ones, as shown in Table 3. Protein

content when the PCBs experience started was

similar among the groups, representing in the

retained-affinity fraction an average of 0.44% of

the cytosolic protein content. No statistically

significant differences were established between

the evolution of specific and total enzymatic

activity against the CDNB in the affinity-retained

Table 1

Quantification of protein content and GST enzymatic activity towards the substrates CDNB and ETHA in the different subcellular

fractions from rainbow trout liver cytosol
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fraction purified from this organ during the

experience. On the other hand, an increase of the

19% was observed when results corresponding to

the total enzymatic activity against the ETHA in

the retained-affinity fraction of the control and the

70 mg/kg PCBs treated groups at the end of the

study were compared (pB/0.05). As observed with

the other two isolated organs, evolution of the

specific enzymatic activity in this organ was not

significant, and only slight differences were quan-

tified in the same subcellular fraction at the end of

the experience, with no statistical significance.
In Fig. 1, HPLC profiles corresponding to the

purified GST subunits from liver, kidney and gills

are shown. To clearly establish a comparative

study of the inductory process, only profiles

obtained at the end of the experience (correspond-

ing to group treated with the higher dose*/70 mg/

kg PCBs*/and control group) are presented.

According to previously reported data (Pérez-

López et al., 1998), the profile of the three organs

exhibited five major isoforms, with highly repro-

ducible retention times of 14, 19, 21, 25 and 26

min, respectively identified from 1 to 5, all of them

expressed at various levels in the studied organs.

As expected, when the experience started, no

differences were observed among profiles from

the four established groups.

In the case of liver (Fig. 1a), directly related to

the increase of total hepatic GST enzymatic

activity, HPLC subunit pattern showed significant

differences among the four groups, which were

more evident at the end of the experience. The

total GST activity inductor effect due to the

intraperitoneal treatment was correlated to an

increase in height and width of GST subunit

Table 2

Quantification of protein content and GST enzymatic activity towards the substrates CDNB and ETHA in the different subcellular

fractions from rainbow trout kidney cytosol
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peaks, when a statistical analysis was carried out

(results not shown). Although all the enzymatic

subunits presented an increasing in both peak

parameters, subunits identified as 1, 2 and 3 were

mainly affected by the PCBs injection. Significant

statistically differences (p B/0.001) were observed

in peak 1 height and width when the correlation

between two factors (time of exposure and xeno-

biotic dose) was analyzed. This same statistical

study applied to peaks 2 and 3 showed significant

levels of p B/0.05 and p B/0.01, respectively. No

significant statistically differences were observed

when GST subunits 4 and 5 were analyzed.

Kidney HPLC profiles obtained at the end of

the experience are showed in Fig. 1b. In this organ,

differences between the same enzymatic subunits

along the experience were not as clear as in liver

samples, and the statistical analysis only revealed a

slight level of significance (p B/0.05) to the variable
represented by the height of HPLC peak identified

with number 1 (retention time of 14 min). No

statistical significances were found for the rest of

variables. Similarly to kidney results, in the case of

gill samples, only statistical significance (p B/0.05)

was established for the variable corresponding to

width of enzymatic subunit 1, with retention time

of 14 min (Fig. 1c), and no statistical significances
were established for the rest of variables.

4. Discussion

According to the present results, the existence of

a piscine GST inductory effect could be noticed

when protein content and total GST activity from

liver subcellular fractions were associated to he-

Table 3

Quantification of protein content and GST enzymatic activity towards the substrates CDNB and ETHA in the different subcellular

fractions from rainbow trout gill cytosol
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patic HPLC profile, whereas for kidney and gills

samples changes in these parameters were not

specially significant. In general it must be con-

sidered that there are limited data about phase II-

biotransformation enzymes and induction pro-

cesses in aquatic organisms, and the interest of

an adequate characterization of the different

enzymatic subunits, in order to establish the

existence of an enzymatic induction is evident,

because the inhibition or induction of an specific

GST isoenzyme or subunit cannot be shown by the

only measurement of GST activity (Pérez-López et

al., 2000), as we have observed at the present study

under laboratory conditions. Moreover, the dif-

ferent PCBs congeners present in the commercial

mixture must be taken in account, although the

efficiency of the PCBs dietary absorption among

congeners is similar and the PCBs accumulation

patterns among organisms is not a reflection of the

composition of the mixture discharged into the

environment. The biotransformation and forma-

tion of different metabolites is influenced by

several factors, including chemical structure

(Niimi, 1996), determining the different induction

pattern of the GST isoenzymes, and correlations

between increased biotransformation enzymes and

structure must be determined. This is a very

important fact when using PCBs commercial

mixtures, because some congeners may produce a

GST induction that is not observed due to a GST

specific inhibition by another PCBs congener.

Further investigations should be necessary using

purified PCBs congeners to clearly establish the

differential GST-induction to such a family of

xenobiotics.

In previous reports (Pérez-López et al., 1998)

purification and characterization of the cytosolic

isoforms of GST from rainbow trout liver and

isolated hepatocytes were carried out, and five

major forms with the same retention times than

those obtained at the present study were deter-

mined. Mass-spectrometry and N-terminal amino-

acid sequence analysis revealed that the major

form, with a retention time of 14 min, was related

to a p-class enzyme. These results are in accor-

dance with those presented by Dominey et al.

(1991), who demonstrated that major hepatic

Fig. 1. Liver (a), kidney (b) and gills (c) reversed-phase HPLC

profiles of affinity-purified extracts (injection volume of 500 ml,

1 and 2 ml, respectively) loaded on the column in equilibration

conditions. Profiles corresponding to both control and 70 mg/

kg PCBs treated groups are compared.
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isoforms of salmonids were related to this enzy-

matic family.

The activity increase of several detoxifying and

antioxidative enzymes, such as GST, has been

determined in mammals, molluscs and fish living

in contaminated areas, and it has been experimen-

tally induced under laboratory conditions to

establish its availability as a good environmental

biomarker. Andersson et al. (1985) administered

intraperitoneally one single dose of b-naphtofla-

vone and Clophen A50 (commercial mixture of

PCBs) to different groups of rainbow trout. GST

enzymatic specific activity reached a maximum 3�/

4 weeks after exposure, with a difference of 48%

between the control group in terms of total

enzymatic activity. Huuskonen et al. (1996) deter-

mined the existence of a GST induction after a

treatment with specific PCBs congeners to rain-

bow trout, observing that this enzymatic induction

ranged from 1.5 to 2.5-fold, whereas hepatic

cytochrome activity resulted in a 40-fold induc-

tion. The different rates of induction of the various

xenobiotic metabolizing enzymes emphasized the

need to carefully characterize the time courses of

induction and to determine the differential induc-

tion of particular enzymatic subunits in order to

obtain a reliable biomarker of environmental

contamination in aquatic ecosystems.

Celander et al. (1993) used an intraperitoneal

injection of b-naphtoflavone and isosafrole in

rainbow trout, and GST enzymatic activity was

measured during 1 week. In the treated group the

xenobiotic injection caused an induction of two

times the GST enzymatic activity when comparing

with the control group. The immunoblotting

analysis using antibodies raised against rat GST

forms showed that a p-class trout GST enzyme

was induced by the b-naphtoflavone treatment.

Therefore, interest should be placed on determin-

ing the nature of the regulatory elements of the

trout p-class GST. Similarly, Egaas et al. (1999)

have demonstrated a specific and dose-dependent

modulation of GST hepatic isoenzymes from

brown trout, following the exposure to the fungi-

cide propiconazole. These results are directly

related to our work, because the study of rainbow

trout HPLC profiles revealed that hepatic subunit

1, corresponding to a p-class trout GST, was

mainly affected by the PCBs treatment.

In order to validate the usefulness of GST

isoenzymes induction as an early-warning biomar-

ker of environmental pollution, Martı́nez-Lara et

al. (1996) studied the induction of individual

isoenzymes of GST in the gilthead seabream

Sparus aurata . The GST isoenzyme pattern, ob-

tained by a rapid HPLC on-line assay method was

characteristic for each xenobiotic, indicating that

GST activity profiles could be of value as biomar-

kers in ecotoxicology. Moreover, control fish

injected with corn oil gave a GST profile quite

different from that of fish injected with saline

solution, associated to the fact that corn oil

contains a high proportion of polyunsaturated

fatty acids, which activate the peroxisomal fatty

acid oxidation system leading to oxidative stress.

This result was similar to those obtained at the

present study with rainbow trout, where an

increase in total GST enzymatic activity was

observed all along the experience, even in the

control group, where only corn oil was injected.

Directly working with rainbow trout, Petri-

valský et al. (1997) determined activities of liver

microsomal GST and series of cytosolic Glu-

tathione-dependent detoxifying enzymes after a

single intraperitoneal treatment with a great vari-

ety of xenobiotics. They concluded that, in con-

cordance with the weak increase of the cytosolic

GST activity towards the CDNB as substrate, the

cytosolic GST was not a suitable indicator of

contamination in fish, although it is frequently

used as biomarker in ecotoxicology. Nevertheless,

this fact could be associated to the apparent

existence of differences in regulation and responses

to the various GST isoenzymes, as an induction of

one form of GST isoenzyme may be hidden by an

inhibition of another (Martı́nez-Lara et al., 1996),

and it could not be easily observed when determin-

ing the total and specific enzymatic activity

(Petrivalský et al., 1997). A practical use of piscine

GST as biomarkers should be preceded by detailed

studies of their induction patterns, for example by

chromatographic techniques, as it has been ex-
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posed in the present paper, where HPLC-profiling

of rainbow trout cytosolic GST demonstrated to

be a reliable tool for environmental contamination

investigations.
The importance of these previous studies under

laboratory conditions is clarified when studies are

developed on natural populations. Monod et al.

(1998) measured PCBs and hepatic metabolizing

enzyme activities in fish from different river

locations, and a direct correlation was established

between xenobiotic levels and enzymatic activity.

Similarly, Mugil sp. (grey mullet) were estimated

to be well protected from oxidative stress when

directly sampled from littoral areas (Rodrı́guez-

Ariza et al., 1993) according to their highly

significant increases in soluble and membrane-

bound GST in response to the high levels in

organic xenobiotics. These results could indicate

that fish fight against oxidative stress derived from

environmental pollution through the coordinated

increases in the activities of a battery of antiox-

idant and detoxifying enzymes. The main impor-

tance of these kind of works does not lie in the

comparative study with the results obtained in the

present study, but in emphasising the possibility of

these biotransformation enzymes to be used as

effective biomarkers of environmental contamina-

tion in aquatic ecosystems, specifically those

identified from rainbow trout hepatic cytosol.

In this sense, as observed in the present report,

total GST activity against CDNB and ETHA in

rainbow trout liver samples showed to be specifi-

cally affected by the PCBs injection at a significant

level of expression. The present results indicate

that in order to generate useful tools for environ-

mental analysis, the GST subunit expression

pattern after exposure to contaminants in rainbow

trout must be considered to validate the use of

these enzymes as biomarkers of water pollution,

and not only considering values of GST enzymatic

activity. Moreover, p-related subunits can be

directly associated to PCB-mediated enzymatic

induction in salmonid fish. The use of both

determinations (hepatic GST total activity and

HPLC profile) could be developed for other target

species and be useful in polluted aquatic environ-

ments.
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