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ABSTRACT 

Polychlorobiphenyl (PCBs) levels and hepatic xenobiotic metabolizing enzyme activities were 
measured in fish from three locations of the River RhSne to study the consequences of a constant 
loading of PCBs from a PCB incineration plant. Our results show that levels of PCBs and enzyme 
activities were higher in fish living downstream from the plant than in fish from two locations 
upstream, suggesting enzyme induction by PCBs (known to be potent inducers in laboratory 
conditions). Enzyme activities were studied in spring and autumn in three species: nase (Chondros- 
toma nasus), roach (Rutilus rutilus) and grayling (Thymallus thymaUus). Induction was observed 
for three cytochrome P.450-dependent monooxygenase activities (MO), i.e. 7.ethoxyresorufin O- 
deethylase (EROD), aryl hydrocarbon hydroxylase (AHH) and 7-ethoxycoumarin O.deethylase 
(ECOD). There was a close correlation between EROD and AHH activities (for all species). 
Glutathione S.transferase activities were also shown to be related to the PCB levels. Conversely, 
cytochrome P-450 content and benzphetamine N-demethylase activity were not "PCB level-depen- 
dent". This study clearly demonstrates a close relationship between PCB contamination and MO 
activities in fish from the field and thus clearly emphasizes the interest in MO as a monitoring tool 
for estimating water quality. 

INTRODUCTION 

Many studies of the pollution of the aquatic environment by micropollutants 
deal with measurement of contamination levels in living organisms. Such 
studies are often unable to predict toxicological consequences. Recently, 
suggestions were made that changes in various physiological and biochemical 
parameters may be of value as early warning systems to detect the sublethal 
effects of pollutants. An assessment of the activity of xenobiotic metabolizing 
enzymes may be of value. 

These enzymes are primarily hepatic cytochrome P-450-dependent monooxy- 
genases (MO), which transform lipid-soluble xenobiotics into more water- 
soluble products that can be easily excreted from the organism or conjugated 
with endogenous molecules to form derivatives such as glucuronides or 
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glutathione conjugates. Many xenobiotics are converted to less biologically 
active compounds by xenobiotic metabolizing enzymes. However, the 
metabolic activation of carcinogens and some toxic chemicals appears to 
involve MO (Guengerich and Liebler, 1985). Furthermore, MO activities are 
highly inducible by many pollutants and could provide a Valuable indication 
of the presence of such compounds in the field and an assessment of early toxic 
effects on living organisms (for a review, see Payne et al., 1987). 

Many laboratory experiments have demonstrated the inducibility of MO 
activities in fish by petroleum hydrocarbons (Payne and Fancey, 1982), 
polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls 
(PCBs) (FSrlin, 1980; Andersson et al., 1985; Kobayashi et al., 1987). Induction 
of conjugating activities has also been observed, but to a lesser extent than MO 
activities (Andersson et al., 1985). Field studies have been seldom and have been 
mainly carried out on sea fish following hydrocarbon pollution (Payne, 1976; 
Davies and Bell, 1984). In the fresh water ecosystem, domestic and industrial 
loads were demonstrated to be responsible for the induction of MO activities 
in fish from a Yugoslavian river (Kezic et al., 1983). Recently, Melancon et al. 
(1987) observed induction of hepatic microsomal 7-ethoxyresorufin O- 
deethylase activity in carp exposed to river water highly suspected to be 
contaminated by PCBs. These pollutants are well-known potent inducers in 
fish after experimental exposure, but it was the first study which clearly 
proposed the involvement of PCBs present in the field as the main cause of 
induction of MO activities in fish. Nevertheless, the authors did not analyse the 
PCB levels in the river water, nor in the affected fish. 

In our laboratory, preliminary analyses have demonstrated high levels of 
PCBs in fish caught downstream from a PCB incineration plant close to the 
River Rhbne, and a high level of PCBs was detected in the effluents of this plant 
(unpublished data). The present work was undertaken to study the impact of 
this discharge of PCBs into the River Rhbne on the hepatic xepobiotic meta- 
bolizing enzymes of three species of fish. Fish were collected in a polluted area 
downstream from the plant and in two locations upstream of the plant, i.e not 
ex~osed to PCB loading. Hepatic xenobiotic metabolizing enzyme activities 
(MO and glutathione S-transferase activities) were compared, as well as PCB 
levels, in fish from the three locations. 

MATERIALS AND METHODS 

Animals 

Roach (Rutilus rutilus), nase (Chondrostoma nasus) and grayling 
(Thymallus thymallus) were caught with a net or by electrofishing at stations 
(Pont d'Ain, Miribel and Pont de Lucey) on the River Rh6ne during the spring 
and autumn of 1986 (Fig. 1). Only results related to fish caught during the 
spring are presented in this paper, because results obtained during the autumn 
lead to a similar interpretation. Roach were 4-5 years old (average body 



191 

river 
I 

So6ne 

river / 
Suran 

river 

1, Ai~ 

PCB incineration plant 

Pont d'Ain 

river I 
Rh6ne 

Lyon 

Miribel 

1Okra 

Pontde Lucey 

Fig. 1. Geographical locations of the three stations on the River RhSne where the fish were caught. 

weight, 207 g), grayling 3-4 years old (average body weight, 357 g) and nase 7-8 
years old (average body weight, 771g). Age was determined by scalimetry. 
When caught, the fish were slaughtered; the liver was then removed, wrapped 
in aluminium foil and frozen in liquid nitrogen until processed for the prepara- 
tion of microsomes (no more than 3 days following fish collection). 

Preparation of subcellular fractions 

Hepatic microsomes were prepared as previously described (Monod et al., 
1987). The post-microsomal fraction was also collected and stored at -80°C 
until analysis of glutathione S-transferase activity. No loss of enzymatic 
activity was found up to 3 months. 

Dosage of PCBs 

PCB analyses were performed following the method previously described 
(Devaux and Monod, 1987) on pooled edible portions of males and females of 
each species. 
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Chemicals 

Glucose 6-phosphate (G 6-P), glucose 6-phosphate dehydrogenase (G 6-PDH), 
nicotinamide dinucleotide phosphate (NADP), dithiothreitol (DTT) and 
glutathione were purchased from Boehringer-Mannheim, France. 7-Ethoxy- 
coumarin was synthesized by the method of Ullrich and Weber (1972). 7-Ethoxy- 
resorufin (7-ethoxyphenoxazone) was synthesized by the method of Prough et 
al. (1978) from resorufin (7-hydroxyphenoxazone, Eastman Organic Chemicals, 
Rochester, NY). Benzo[a]pyrene, 1-chloro-2,4-dinitrobenzene (CDNB), ~-naph- 
thoflavone and metyrapone were from Aldrich, France. Benzphe~tamine hyd- 
rochloride was from Laboratoires Upjohn, France. Other analy~;~al-grade 
chemicals were purchased commercially. 

Enzyme assays 

The activities of benzo[a]pyrene hydroxylase (AHH), 7-ethoxycoumarin O- 
deethylase (ECOD) and 7-ethoxyresorufin O-deethylase (EROD) were assayed 
according to Monod et al. (1987) at pH 7.4. Benzphetamine N-demethylase 
(BEND) assay was performed according to Werringloer (1978). Glutathione 
S-transferase (GSH-t) was determined following the method of Habig et al. 
(1974) with CDNB as a substrate. NADPH-cytochrome c reductase activity (cyt. 
c reductase) was assayed as previously described (Monod et al., 1987) at pH 7.7. 
All reactions were performed at environmental temperatures, i.e. 10°C in 
spring. Results are expressed as arbitrary fluorescence units (FU)/min/mg 
protein for AHH, as nmol/min/mg protein for cyt. c reductase, as #mol/min/mg 
protein for GSH-t and as pmol/min/mg protein for EROD, ECOD and BEND. 
The extinction coefficient of resorufin was 73mM -1 (Klotz et al., 1984). 
Cytochrome P-450 (cyt. P-450) content was measured according to Matsubara 
et al. (1976). Protein was determined by the method of Hartree (1972) with 
bovine serum albumin as a standard. All analyses were performed in duplicate. 
All reactions were linear with respect to time and protein concentration. 

RESULTS 

PCB concentrations in the fish from the three locations are given in Table 
1. No statistical differences were found between males and females regarding 
PCB contents for each fish species (data not shown); thus, no further distinc- 
tion was made between the two sexes. The level of contamination is much 
higher in fish from Miribel than those from other locations. For example, we 
found PCB concentrations to be 8.6- and 5.1-fold higher in nase from Miribel 
than from Pont d'Ain and Pont de Lucey, respectively. There are no significant 
differences between species. 

Table 2 shows specific activities of AHH, EROD, ECOD and BEND. AHH, 
EROD and ECOD activities are consistently lower in fish from Pont d'Ain and 
Pont de Lucey than in fish from Miribel. In contrast, BeND activities do not 
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TABLE 1 

Concentrations of PCBs in muscle of three species of fish caught at  three locations on the River 
Rhbne 

Station 

Miribel Pont d'Ain Pont de Lucey 

Roach 5.32a(9) b 1.62 (9) 
Nase 4.55 (8) 0.53 (8) 0.90 (10) 
Grayling 6.00 (6) 0.66 (6) 

a Concentrations expressed in mg/kg fresh weight (ppm). 
b Number of fish pooled for analysis. 

follow such a trend, except in the case of grayling. Cyt. P-450 content, cyt. c 
reductase activities and protein concentrations are shown in Table 3. Results 
show higher values for fish from Mir;.bel than for fish from the other two 
locations. Glutathione S-transferase activities again reach maximum values in 
the three species from Miribel as compared with Pont de Lucey and Pont d'Ain 
(Table 4). 

Close correlations between EROD and AHH activities are found for 
grayling, nase and roach (Fig. 2), suggesting a similar response of both enzymes 
to environmental conditions. 

To compare the qualitative composition of pools of cyt. P-450 in fish caught 
at different locations, assays were conducted with two diagnostic inhibitors of 

TABLE 2 

AHH, EROD, ECOD and BeND activities in liver of fish from three locations on the River Rh6ne 

Station Nase Grayling Roach 

AHH Pt d 'Ain 0.63 + 0.05 (8) a** 13.7 + 0.78 (6)** 
(FU/min- Miribel 2.87 _+ 0.40 (8) 24.3 + 2.08 (6) 
/mg protein) Lucey 0.66 _+ 0.09 (10)** 5.7 + 0.64 (7)** 

3.65 + 0.29 (9) 
0.46 _+ 0.08 (9)** 

EROD Pt d'Ain 13 + 1 (8)** 136 _+ 31 (6)** 
(pmol/min- Miribel 36 + 6 (8) 480 + 73 (6) 52 + 6 (9) 
/rag protein) Lucey 4 + 1 (10)** 76 + 16 (7)** 7 +_ 1 (9)** 

ECOD Pt d'Ain 39 _+ 5 (8) 39 _+ 8 (6)** 
(pmol/min- Miribel 47 + 6 (8) 220 _+ 50 (6) 76 + 4 (9) 
/mg protein) Lucey 23 + 3 (10)** 32 _+ 5 (7)** 29 +_ 4 (9)** 

BeND Pt d'Ain 160 + 20 (8)** 70 + 7 (6)** 
(pmol/min- Miribel 69 + 11 (8) 180 _+ 18 (5) 45 _+ 12 (8) 
/mg protein) Lucey 99 + 16 (10) 83 +_ 11 (7)** 168 + 31 (9)** 

a Mean + SEM (number of fish). Significantly different from values obtained at Miribel. Student 's  

t test: **p < 0.01. 
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TABLE 3 

Protein concentrat ions,  cyt. P-450 contents  and cyt. c reductase  activities in the liver of fish from 
three locations on the River RhSne 

Station Nase Grayling Roach 

Pt d 'Ain 18.4 + 1.17 (8y 28.0 + 1.22 (6)** 
Protein Miribel 17.4 _+ 1.59 (8) 15.6 + 0.78 (6) 28.1 + 1.03 (9) 

(mg/g liver) Lucey 24.0 _+ 1.14 (10)** 25.5 + 0.65 (7)** 19.8 _+ 1.23 (9)** 

Pt d 'Ain 0.20 +_ 0,01 (8) 0.35 + 0.04 (6)** 
Cyt. P-450 Miribel 0.21 + 0.02 (8) 1.28 + 0.19 (6) 0.30 _+ 0.02 (9) 

(nmol/mg protein) Lucey 0.13 + 0.01 (10)** 0.24 + 0.02 (7)** 0.19 _+ 0.02 (9)** 

Cyt. c reductase Pt  d'Ain 37.0 + 3.5 (8)* 20.9 + 2.1 (6)** 
(nmol/min- Miribel 26.0 _+ 1.6 (8) 44.4 + 2.2 (6) 23.8 _+ 2.0 (9) 
/mg protein Lucey 26.7 + 2.5 (10) 20.5 + 1.2 (6)** 18.8 + 1.4 (9) 

"Mean  _+ SEM (number of fish). Significantly different from values obtained at Miribel. Student 's  
t test: *p < 0.05, **p < 0.01. 
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Fig. 2. Relationship between EROD and AHH activities in the liver of grayling, roach and nase 
from the River Rh6ne. 
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GSH-t activity in the liver of fish from three locations on the River RhSne 
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Station Nase Grayling Roach 

GSH-t Pt d'Ain 1.34 + 0.12 (8)"** 0.62 _+ 0.10 (6)** 
(.umol/min- Miribel 2.74 +_ 0.27 (8) 1.11 _+ 0.04 (6) 3.14 + 0.26 (9) 
/mg protein) Lucey 1.57 +_ 0.21 (10)** 0.70 + 0.08 (7)** 1.64 + 0.28 (9)** 

a Mean _+ SEM (number of fish). Significantly different from values obtained at Miribel. Student 's 
t test: **p  < 0.01. 
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Fig. 3. In vitro inhibition of EROD by 10-eM ~-naphthoflavone (ANF) and 10-4M metyrapone 
using liver microsomes from grayling and nase caught at two stations on the River Rh6ne, Miribel 
(high contamination by PCBs) and Pont de Lucey (low contamination by PCBs), respectively. The 
results are expressed as remaining enzyme activity compared with a vehicle (DMSO)-treated 
sample (100%). The percentage of inhibition was calculated using the mean of the specific activities 
calculated from at least six fish. 

Me activities, ~-naphthoflavone and metyrapone. Figure 3 illustrates the 
results of these experiments, showing EROD activity in grayling and nase from 
Miribel and Pont de Lucey. !n both species, but mostly in grayling, ~-naphtho- 
flavone seems to inhibit EROD activity more strongly in fish from Miribel than 
in those from Pont de Lucey. In contrast, the rate of inhibition by metyrapone 
remains low and no differences were found between locations. 

DISCUSSION 

These results confirm our preliminary analysis of the pollution of the River 
Rh6ne by PCBs. Fish collected downstream from the incineration plant have 
a much higher PCB concentration than fish caught upstream. PCB levels 
observed in edible portions of fish from Miribel are 2- to 3-fold higher than the 
U.S. Food and Drug Administration tolerance (2.0 ppm) and must be considered 
as very high compared with other ecosystems (Devaux and Monad, 1987). Such 
levels question the suitability of these fish for human consumption (fish are 
usually caught by amateur and professional fishermen) and the ecotoxicologi- 
cal consequences of this pollution. 
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MO activities have previously been characterized in these species of fish 
(Monod et al., 1987). Classically, MO inducers are divided into two main groups 
typified by phenobarbital (PB) and 3-methylcholanthrene (MC). Cytochromes 
P-448 are induced by MC and cytochromes P-450 are induced by PB (Nebert and 
Negishi, 1982). There are major differences in substrate specificities between 
the induced cyt. P-448 and cyt. P-450 enzymes (AHH and EROD are typically 
MC-induced enzymes; BeND is mainly induced by PB). PCBs are potent 
inducers of MO activities in many organisms (Safe, 1984). In mammals, it was 
observed that the microsomal enzyme inducing activity of commercial 
mixtures of PCBs resembles the effects of PB plus MC (coadministered); never- 
theless, it seems that PCBs induce only cyt. P-448 in fish (Elcombe et al., 1979). 
Generally, fish appear to be refractive to PB-type induction and only one study 
has demonstrated the induction of a P-450-type activity (BEND) by preg- 
nenolone-16~-carbonitrile in rainbow trout (Vodicnik and Lech, 1983). 

Our study demonstrates a close relationship between the high levels of PCBs 
and cyt. P-448-dependent activities found in fish from the River Rh6ne, 
whatever the species. PCBs were present in fish collected at every location, but 
in much greater concentrations in fish from Miribel, correlating well with the 
finding of the highest EROD and AHH activities. This justifies the interest in 
MO as a monitoring tool for estimating water quality (Payne et al., 1987). Cyt. 
P-450 content seems to be a less sensitive indicator than measurement of MO 
activities. As previously reported by Elcombe et al. (1979), BeND did not seem 
able to respond to PCB contamination. Cytosolic GSH-t activity followed the 
pattern of inducible-MO activities, i.e. the highest activities were found in fish 
from Miribel. This last result is in accordance with experimental demonstra- 
tion of induction of GSH-t activity by PCBs in rainbow trout and carp 
(Andersson et al., 1985; Kobayashi et al., 1987). 

We must remember the diversity of chemical pollutants present in natural 
water. Consequently, it could be speculative to propose a cause-effect relation- 
ship between PCB contamination of fish from the River Rh6ne and their 
hepatic MO activities. It has been shown that incineration of PCBs can initiate 
the synthesis of polychlorodibenzofurans (PCDFs) and polychlorodibenzodiox- 
ins (PCDDs) known as potent inducers of P-448-dependent activities (Rappe et 
al., 1983). Therefore, such compounds may be present and could lead to a 
PCB-like induction in fish downstream from the PCB incineration plant. Unfor- 
tunately, no analyses of PCDFs and PCDDs have been carried out in fish from 
the River Rh6ne until now. On the other hand, other compounds and par- 
ticularly some metallic elements such as cadmium have the potential to inhibit 
the enzyme systems responsible for the biotransformation of the lipophilic 
organic xenobiotics in fish (F6rlin et al., 1986). Cadmium and other metals ha~-e 
been detected in the effluents of the PCB incineration plant (unpublished data), 
probably as a result of destruction of waste material containing metals. 
Therefore, it may be postulated that fish from Miribel were also contaminated 
by metals, but no analyses were performed and thus no comparisons were made 
between locations upstream and downstream from the plant. Nevertheless, in 
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spite of the potential inhibitory impact of the metallic pollution, it did not seem 
to be able to counterbalance the induction by detected PCBs. 

Ecological and biological factors have been shown to promote variations in 
enzymatic biotransformation activities in fish. Activity levels seem greatly 
dependent on the season through the action of hormonal events and/or the 
variations of the water temperature (Koivusaari et al., 1981; Hansson et al., 
1982; LindstrSm-Sepp~i, 1985). The interactions between these factors and 
induction of biotransformation enzymes have been investigated by some 
workers. Andersson and Koivusaari (1985) observed that induction rates of 
cytochrome P-450-dependent activities by fl-naphthoflavone were markedly 
slower in cold- than in warm-acclimated rainbow trout. Nevertheless, 
induction reached the same level regardless of the two thermal treatments. 
F6rlin and Lindman (1981) have shown that PCBs increase the hepatic 
cytochrome P-450 content and MO activities in maturing female rainbow trout 
to a smaller degree than in juveniles. Conflicting results were obtained for 
marine fish. Walton et al. (1983) failed to observe induction of AHH in cunner 
by petroleum exposure at the time of spawning. Conversely, Collier et al. (1986) 
have shown that English sole is very responsive to induction of hepatic AHH 
activity during spawning. The fish studied in our work spaw~ in the spring, but 
we did not observe differences in the magnitude of induction of AHH, EROD 
and ECOD between fish caught in the spring and those caught in autumn. 
Therefore, it seems that the inducibility of MO activities in these species of fish 
remains at a significant level throughout the reproductive cycle. 

In spite of the observed induction in all species studied exposed to the 
effluents of the PCB incineration plant, there were importan~ variations 
between species concerning the level of enzyme activities. In the two seasons 
and the three locations, EROD and AHH activities were generally 3- to 1G-times 
greater in grayling than in nase and roach, indicating possible differences 
between metabolizing capacity of salmonids and cyprinids. As this result was 
observed regardless of the location and the degree of pollution, interspecies 
variations could more probably be related to variations between constitutive 
metabolizing capacities than to variations between inducibility by pollutants. 
Differences were less pronounced for ECOD activity and did not seem to exist 
for BEND. On the other hand, GSH-t activity of grayling liver was half that of 
the cyprinid species, suggesting differences between cyprinids and salmonids 
in the balance between MO and conjugating activities. 

Many authors have frequently used AHH activity (for a review, see Payne 
et al., 1987) as a sensitive indicator of MO induction. However, Elcombe et al. 
(1979) have shown that AHH and EROD could be induced simultaneously by 
PCBs. Furthermore, Vignier and Berthou (1986) have proposed that EROD 
could be a more sensitive indicator than AHH. Our results clearly demonstrate 
that there is a close relationship between hepatic EROD and AHH activities in 
roach, nase and grayling from the River Rhbne. EROD seems to be a very useful 
indicator because of its high sensitivity, specificity and practicability of the 
reaction (Burke et al., 1985). 
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It is obvious from our results that inducible-MO activities do not correlate 
with total cyt. P-450 contents. This is in accordance with results previously 
published by Elcombe et al. (1979) who did not observe an increase in total 
hepatic microsomal cyt. P-450 in rainbow trout experimentally exposed to 
PCBs, although AHH, EROD and ECOD were significantly increased, 
suggesting that the increased specific enzymatic activity is due to changes in 
the relative amounts of the involved forms of cyt. P-450 and/or the increased 
synthesis of new forms of the cytochrome exhibiting high affinity towards 
'T-448-1ike" substrates (Ioannides et al., 1984). In mammalian species, it is 
generally believed that cytochromes P-450 are preferably inhibited by 
metyrapone, while cytochromes P-448 are preferably inhibited by ~-naphtho- 
flavone (Goujon et al., 1972). FSrlin (1980) demonstrated that PCBs increased 
the inhibition of hepatic AHH activity by ~-naphthoflavone in rainbow trout. 
Similar results were obtained by Binder and Lech (1984) with fry from Lake 
Michigan lake trout exposed to PCBs. Our results are in accordance with such 
observations, since susceptibility of EROD towards inhibition by ~-naphtho- 
flavone was 10- and 2.3-times greater in grayling and nase, respectively, from 
the highly PCB-polluted location (Miribel), than in fish from Lucey, suggesting 
influence of pollution on the synthesis of "P-448-1ike" forms of cyt. P-450. 

It has been proposed that cyt. P-450 directs metabolism towards deactivation 
while, in contrast, cyt. P-448 directs metabolism towards the generation of 
toxic intermediates. Consequently, the induction of cyt. P-448 activities may 
constitute a useful index of the potential carcinogenicity/toxicity of chemicals 
whose activation is mediated by MO (Parke et al., 1986; Safe, 1987). Metabolic 
activation has been described in fish, and treatment with MC or PCBs has been 
shown to increase the mutagenicity of procarcinogens such as benzo[a]pyrene, 
2-aminoanthracene and 2-acetylaminofluorene (Egaas and Varanasi, 1982; 
Miyauchi, 1984). In addition, a relation between induction of MO activities and 
impairment of fish reproduction has been proposed. Recently, Spies et al. (1984) 
found a correlation between hepatic AI-IH activity and percent of unfertilized 
eggs in the starry flounder Platichthys stellatus. Deleterious effects could 
originate from interaction between reactive compounds and gonadal macro- 
molecules (Varanasi et al., 1982) and also, since steroids are substrates for some 
forms of cyt. P-450 (for a review, see Hall, 1985), from perturbation of hormonal 
levels (Sivarajah et al., 1978). Therefore, potential toxicological implications of 
the induction we observed in fish from the River RhSne are of concern. 

PCBs were previously known as potent inducers of cyt. P-448 activities in 
fish exposed experimentally. This study shows the occurrence of potent 
induction in the field. Our data from more than 100 fish, demonstrate also that 
MO activities are useful indicators of water quality. Hepatic AI-IH, ECOD and 
EROD activities are able to detect pollution by MO inducers such as PCBs, but 
EROD activity could be the best indicator, and its induction could provide an 
important tool to estimate the magnitude of potential toxicological consequen- 
ces. 
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