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The effects of fl-naphthoflavone (B-NF) and a chlorophenoxyacetic acid herbicide (MCPA) 
on hepatic and renal monooxygenase activities and conjugating enzymes from immature carp 
(Cyprinus carpio) were studied. j3-NF increased hepatic monooxygenase activities but the pat- 
terns of differential induction generally obtained in rat liver microsomes with two series of ho- 
mologous substrates, alkoxycoumarins and alkylresomfins, were not found to be similar in carp 
liver microsomes. On the other hand, MCPA caused no changes in oxidative metabolism, with 
the exception of decreased aryl hydrocarbon hydroxylase activity. Renal activities were not mod- 
ified by MCPA, while b-NF treatment resulted in marked increases in monooxygenase activities 
with alkylresorufins as substrates. No changes were found in conjugation activities after treat- 
ment with MCPA or P-NF. These results indicate that (a) the herbicide MCPA should have no 
effect on drug-metabolizing enzymes from carp, and (b) the hepatic and renal monooxygenase 
activities of carp are responsive to fl-NF, allowing their use in monitoring water pollution. 
0 1990 Academic Press, Inc. 

INTRODUCTION 

It is now well established that fish can metabolize xenobiotic compounds and are 
capable of increasing hepatic microsomal monooxygenase activities as a result of ex- 
posure to inducers. However, in contrast to mammals, fish do not respond to inducers 
of the phenobarbital type, while 3-methylcholanthrene, ,&naphthoflavone, and poly- 
chlorobiphenyls cause high levels of induction (Chambers and Yarbrough, 1976; Ad- 
dison et al., 1978; Lech and Bend, 1980; Andersson and Forlin, 1985; Andersson et 
al., 1985a; Payne et al., 1987). In addition to liver, the kidney of trout (Stegeman and 
Chevion, 1980; Andersson et al., 1985b; Williams et al., 1986; Pesonen and Anders- 
son, 1987; Pesonen et al., 1987), scup (Stegeman et al., 1979), pike (Balk et al., 1984, 
1985) vendace, perch and roach (Lindstrom-Seppl et al., 198 l), carp (Melancon et 
al., 198 I), and channel catfish (Tate, 1988) has been demonstrated to possess both 
phase I and phase II biotransformation systems. Studies on freshwater fish being less 
extensive than those concerned with marine species, the primary aim of this study 
was to more thoroughly characterize the inducing effects of @-naphthoflavone on 
enzymes of two organs, the liver and the kidney, of a freshwater fish, the carp. Particu- 
lar attention was focused on two series of homologous substrates, alkylresorufins and 
alkoxycoumarins, which had been previously shown as useful probes to indicate the 

’ Presented in part as a poster at the “VIth International Congress on Biochemistry and Biophysics of 
Cytochrome P450, Vienna, 3-8 July 1988.” 
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characteristics of induced monooxygenase activities in higher animals (Kamataki et 
al., 1980; Matsubam et al., 1983; Burke et al., 1985). 

Moreover, recent reports have described the interaction of chlorophenoxyacid her- 
bicides with several forms of rat liver drug-metabolizing enzymes, including induc- 
tion of cytochrome P450-dependent monooxygenase, UDPG-transferase, and cyto- 
solic and microsomal epoxide hydrolase activities (Hietanen et al., 1983; Lundgren 
et al., 1987) activation and inhibition of different forms of glutathione S-transferase 
(Dierickx, 1983; Vessey and Boyer, 1984) and also induction of cytochrome P452, 
the clofibrate-induced form of cytochrome P450 (Bather and Gibson, 1988; Tambur- 
ini et al., 1984). In view of the actual concerns for the effects of pesticides on fish and 
other aquatic organisms, this prompted us to investigate the possible effects of MCPA 
(4-chloro-2-methylphenoxyacetic acid), a widely used herbicide, on some phase I and 
phase II activities in carp liver. 

MATERIALS AND METHODS 

Fish. Immature carps (Cyprinus carpio) were supplied by local fisheries. They were 
maintained in tap water at 14°C and were fed fish pellets ad Zibitum. 

Chemicals. @-Naphthoflavone (5,&benzoflavone, P-NF) was purchased from Ald- 
rich, France. Alkoxycoumarins were synthesized from the alkyl iodides and umbellif- 
erone by the method of Matsubara et al. (1982). Alkylresorufins were from Boehr- 
inger, France. NADP+, G6P, and G6P-DH were obtained from Boehringer, France. 
MCPA (free acid; 99.6%) was a gift from Rhone-Poulenc Agrochimie, Lyon. All other 
chemical reagents and solvents used in the enzyme assays were of the highest com- 
mercial quality available. 

Treatment ofjish. Six carps were injected once intraperitoneally with a solution of 
the compound of interest in dimethylsulfoxide at 1.0 ml/kg body wt. The dosage 
levels were 100 mg/kg, for both &NF and MCPA. Controls were injected with the 
solvent alone. Fish were killed 2 days (control), 3 days (MCPA), and 4 days (P-NF) 
after the injection. They were not fed during the experiment. 

Preparation of subcellularfractions. Fish livers were homogenized in 3 vol of 0.15 
MKCl, 50 tiphosphate buffer, pH 7.4, using a Potter-Elvehjem homogenizer with 
three passes of a motor-driven Teflon pestle. Kidneys were homogenized in the same 
medium supplemented with 1 n&! EDTA,3 Na2, 1 mM DTT, and 0.2 mM PMSF. 
The tissue homogenates were centrifuged in a Beckman J-2 1C centrifuge for 20 min 
at 10,OOOg at +4”C. The supernatant was then recentrifuged in a Beckman L8-55 
ultracentrifuge for 60 min at 105,OOOg at +4”C. The microsomal pellet was resus- 
pended in 50 mM phosphate buffer, pH 7.4, containing 1 mM DTT, 1 mM EDTA, 
and 20% glycerol and stored in small aliquots at -80°C. The microsomal supernatant 
was also frozen at -80°C. When maintained at this temperature, there was no loss of 
enzymatic activities until assay. 

Enzyme assays. The monooxygenase reactions were alkylresorufin 0-dealkylases 
(ethylresorufin, EROD; pentylresorufin, PROD; benzylresorufin, BROD), alkoxy- 
coumarin 0-dealkylases (methoxycoumarin, MCOD; ethoxycoumarin, ECOD; pro- 

3 Abbreviations used: DTT, dithiotreitol; G6P, glucose 6-phosphate; G6P-DH, glucose 6-phosphate de- 
hydrogenase; PMSF, phenyl methyl sulfonyl fluoride; 3-MC, 3-methylcholanthrene; EDTA, Na2, ethylene 
diamino tetraacetate: UDPGA, uridine diphosphoglucuronosyl acid. 
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poxycoumarin, PCOD; butoxycoumarin, BCOD), and benzo(a)pyrene hydroxylase 
(AHH). They were assayed in a final volume of 1 ml containing 0.1 A4 phosphate 
buffer, pH 7.4,0.5 mA4 NADP+, 5 mM G6P, 1 unit G6P-DH, microsomal protein, 
and substrate. The concentrations of substrates were: benzo(a)pyrene (added in 40 ~1 
methanol), 0.080 mM, and alkoxycoumarins (in 10 ~1 dimethylsulfoxide), 500 p&I. 
For measuring hepatic and renal EROD, PROD, and BROD activities, concentra- 
tions of substrates were 2.55, and 5 PM, respectively (added in 10 ~1 DMSO). Reac- 
tions were stopped by 1 ml acetone (AHH), 2 ml acetone (alkylresorufins), or 100 ~1 
trichloracetic acid (20% in water; alkoxycoumarins). Hydroxylated metabolites of 
benzo(a)pyrene were measured according to Nebert and Gelboin (1968). Results 
were expressed in relative fluorescence units (FU) where 1 FU equals the fluorescence 
of a quinine sulfate solution (1 pg/ml). The fluorescence of 7-hydroxycoumarin was 
measured (excitation wavelength: 380 nm; fluorescence wavelength: 480 nm) after 
extraction of the product by ethyl acetate (4 ml) and mixing 1 ml of the organic phase 
with 1 ml of ethanol and 1 ml of glycine buffer (pH 10.4). The fluorescence of resoru- 
fin was measured according to the method of Rifkind and Muschick (1983). Fluo- 
rometer was standardized by 7-hydroxycoumarin or resorufin. All activities were per- 
formed at environmental temperatures (+ 14°C). 

UDPG-transferase activity was measured in activated microsomes (4 mg Triton 
X- 1 OO/mg of protein) by recording the decrease in absorbance at 405 nm and + 14°C 
of a solution containing microsomal protein ( 1 mg/ml), Tris-HCl, pH 7.4 (100 miI4), 
4-nitrophenol(O.105 mM), MgC12 (5 mM), and UDPGA (2 mM). 

Glutathione S-transferase activity was assayed spectrophotometrically according 
to Habig et al. ( 1974) at + 14°C with I-chloro-2,4-dinitrobenzene (CDNB), ethacrynic 
acid (EtAc), and p-nitrobenzyl chloride (pNBC1). 

Cytochrome P450 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. 

Statistical analysis of results was performed by comparing treated and control 
groups with the Dunnett’s t-test. 

RESULTS 

As can be seen from Table 1, there were no differences between MCPA-, &NF-, 
and nontreated animals in terms of body weight, liver weight, and liver-to-body 
weight ratio. Renal microsomes and cytosol from P-NF-treated animals exhibited 
slightly higher protein content than preparations from control animals. On the other 
hand, hepatic microsomal protein in /3-NF-treated animals was lower. The specific 
content of hepatic cytochrome P450 and microsomal UDPG-transferase activity 
were not modified by either treatment with the exception of cytochrome P450 which 
was increased by /?-NF (Table 2). AHH activity was significantly depressed after treat- 
ment with MCPA but in contrast, treatment with fl-NF resulted in a lo-fold increase 
(Table 2). Hepatic and renal cytochrome P450-dependent activities toward three al- 
kylresorufins are shown in Fig. 1. Overall, activities were higher in liver than in kidney 
of control animals. EROD activity was highest in both organs, followed by BROD 
and PROD. The levels of PROD (in liver) and BROD and PROD activities (in kid- 
ney) were so low as to be undetectable. There was no effect of MCPA on either liver 
and kidney activities. A single injection of P-NF resulted in a strong induction of all 
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TABLE 1 

BODY WEIGHT, LIVER WEIGHT, AND PROTEINS IN CONTROL AND IN 
p-NF- AND MCPA-TREATED CARP 

Control MCPA &NF 

Body weight (g) 
Liver weight (g) 
Ratio (liver weight/body weight) 

x 100 
Microsomal protein: 

Liver (mg/g) 
Kidney @w/g) 

Cytosolic protein: 
Liver (mg/g) 
Kidney bxz/d 

416k41” 467+31 472 + 37 
14.8 I!I 2.1 16.2 f 2.0 17.7 f 2.8 

3.55 3.47 3.75 

9.2 50.3 10.2 k 0.3 7.5 *0.4** 
7.6 + 0.2 9.0 f 0.4 9.4 + 0.7* 

40.4 + 0.7 42.4 f 1.5 42.4+ 1.1 
39.6 + 1.1 43.2 f 1.1 47.2 + l.O* 

a Mean + SEM of six animals, significantly different from control group at *P < 0.05 and **P < 0.0 1. 

hepatic and renal metabolism of alkylresorufins. EROD activity in kidney and 
EROD and BROD activities in liver were induced 60-, 12.3-, and 11 .Cfold, respec- 
tively. As a result of the lack of detectable activity in control animals, the rate of 
induction was not calculated for the other activities. Hepatic and renal glutathione 
S-transferase activities toward three substrates are illustrated in Fig. 2. Kidney had 
activity toward CDNB comparable to that of liver and the highest activity toward 
EtAc, while liver had the highest activity toward NBCI. There was no significant effect 
of MCPA or P-NF treatment on these activities. 

When assayed with hepatic microsomes, the metabolism of alkoxycoumarins 
showed some striking features (Fig. 3). The order of specific activity was ECOD 
> PCOD > MCOD > BCOD (as compared by the Newman-Keuls’s test). Pretreat- 
ment of carp with MCPA did not modify the above activities, but pretreatment with 
@NF resulted in a 4.2-, 3.2-, 2.3-, and 1 .&fold induction of MCOD, ECOD, PCOD, 
and BCOD, respectively. 

DISCUSSION 

/3-NF is a good inducer of hepatic AHH in carp and slightly elevates cytochrome 
P450 content. Our results agree well with those of Melancon et al. ( 198 I), who treated 
carp with ,&NF under very similar conditions. 

TABLE 2 

DRUG-METABOLIZING ENZYME ACTIVITIES IN LIVER MICROSOMES FROM 
CONTROL AND FROM MCPA- AND P-NF-TREATED CARP 

Control MCPA /3-NF 

AHH” 
Cytochrome P450’ 
UDPG-transferase activityd 

1.03 kO.16' 0.60*0.07* 10.1 + 1.5** 
374+23 340+12 447+28* 
325k28 244+40 300+30 

a FIJ/mg/min. 
b Mean f  SEM of six animals, significantly different from control group at *P < 0.05 and **P < 0.01. 
’ pmol/mg. 
d pmol/mg/min. 
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FIG. I. Effects of /3-NF and MCPA on the microsomal alkylresorufin 0-dealkylase activities (EROD, 
ethylresorofin 0-deethylase; PROD, pentylresorufin 0-depentylase; BROD, benzylresorufin O-debenzyl- 
ase) in the liver and kidney of carp. Results are means f  SEM of six animals, significantly different from 
control group at *P < 0.05 and **P < 0.0 1. 

It was previously shown that alkylresorufins should be used for characterizing he- 
patic cytochrome P450 induction (Burke et al., 1985). In rat liver, ,&NF and 3-MC 
treatment resulted in a large induction of EROD activity (>50-fold) compared to that 
of PROD and BROD activities (6- to 17-fold). In trout liver, these three activities, 
EROD, PROD and BROD, were increased by treatment with P-NF 61-, 6.5, and 
1 .Zfold, respectively (Addison et al., 1987). On the other hand, treatment of channel 
catfish with 3-MC produced marked increases in EROD, but also in BROD and 
PROD activities (Ankley et al., 1987), which is more similar to our results in view of 
the high rate of induction of BROD activity in carp microsomes. Hepatic alkoxy- 
coumarins activities were also demonstrated to be differentially induced in rodent 
species: phenobarbital increased all activities, while 3-MC and P-NF did not increase 
MCOD activity, but strongly enhanced the other activities (Kamataki et al., 1980; 
Matsubara et al., 1983). In sharp contrast with this situation, the rate of induction in 
carp liver was in inverse ratio to the length of the alkyl chain of the substrate, i.e., 
MCOD was the most induced activity. Unfortunately, no other reports are available 
in the fish literature for comparison. These observations point out the large differ- 
ences in substrate specificity which occur in cytochrome P450 from different animal 
species after treatment with the same group of inducers and the difficulty of discrimi- 
nating between different classes of inducers by using model substrates. 

Microsomal UDPG-transferase and cytosolic glutathione S-transferases activities 
were studied to assess the possible effects of MCPA and P-NF treatments upon en- 
zymes which catalyze the further metabolism of cytochrome P450 reaction products. 
UDPG-transferase activity was assayed in the activated form. No clear-cut effects of 
P-NF on conjugating enzymes were found in carp, in agreement with the data of Tate 
(1988) who did not find induction of conjugation of 4-methylumbelliferone with 
UDPGA or chlorodinitrobenzene with glutathione after @-NF administration to 
channel catfish. However, Andersson et al. (1985a) reported a two- to threefold in- 
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LIVER KIDNEY 
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CDNB EtAc NBC1 CDNB EtAc pNBCl 

n Control =nCPA m BNF 

FIG. 2. Effects of P-NF and MCPA on cytosolic glutathione Stransferase activities from liver and kidney 
ofcarp (substrates were: CDNB, l-chloro-2,4-dinitrobenzene; EtAc. ethacrynic acid: pNBCl,p-nitrobenzyl 
chloride). Results are means f  SEM of six animals, significantly different from control group at *P < 0.05 
and **P<O.Ol. 

crease in UDPG-transferase activity toward 4-nitrophenol in trout liver microsomes 
after administration of the same compound. The latter group also observed that the 
glutathione Stransferase activity was elevated twofold after treatment with #I-NF but 
induction was obtained l-2 weeks after the treatment. No changes in glutathione 4 
transferase activity were found in another study (Andersson et al., 1985b). 

In fish as in other vertebrates, the kidney is the major route for elimination of 
xenobiotic compounds, and data show a more rapid clearance of these compounds in 

60 

MCOD ECOD PC00 BCOD 

FIG. 3. Effects of &NF and MCPA on the microsomal alkoxycoumarin O-dealkylase activities (MCOD, 
methoxycoumarin 0-demethylase; ECOD, ethoxycoumarin O-deethylase; PCOD, propoxycoumarin O- 
depropylase; BCOD, butoxycoumatin Odebutylase) in the liver of the carp. Results are means + SEM of 
six animals, significantly different from control group at *P < 0.05 and **P < 0.01. 
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fish than in other species, e.g., dog or man (Pritchard and Bend, 1984). Furthermore, 
kidney should be an important organ in biotransformation because under environ- 
mental conditions the uptake of pollutants occurs through the gills; then organic mol- 
ecules are directed mainly to the kidney with arterial blood, whereas the major frac- 
tion of ip-injected xenobiotic compounds reach the liver where they are cleared by 
biliary elimination (Pesonen et al., 1987). A marked species difference exists in the 
induction of renal and hepatic monooxygenase activities in rodents (Lake et al., 1973; 
Litterst et al., 1977; Smith et al., 1986). In fish, similar discrepancies were also found. 
It was shown by Pesonen and Andersson ( 1987) that the patterns of time-dependent 
increase in EROD activity were similar in kidney and liver of rainbow trout, although 
a dose-dependent effect was found. Induction of salmon and flounder benzo(a)py- 
rene hydroxylase was observed in kidney before liver (Truscott et al., 1983), and 
Payne et al. ( 1984) reported induction of AHH in kidney of flounder, but not in liver. 
In contrast with these data, Tate ( 1988) has shown that P-NF treatment of immature 
channel catfish did not result in an increase in renal EROD, although induction was 
observed in liver microsomes but to a lesser extent, about four- to fivefold. More 
surprising was the lack of renal induction of EROD after pretreatment of carp with 
,&NF under experimental conditions similar to ours (Melancon et al., 1981). Our 
study is the first to compare BROD and PROD activities in fish kidney before and 
after /3-NF treatment and to show the inducibility of these activities by this com- 
pound. As in trout (Andersson et al., 1985b), cytosolic renal glutathione Stransfer- 
ases were not modified in carp by treatment with P-NF. 

Recently, Bather and Gibson (1988) have shown that some chlorophenoxyacid 
herbicides modify cytochrome P450 content as well as different cytochrome P450- 
dependent activities from rat liver. They found that MCPA (200 mg/kg per OS for 3 
days) caused an increase in cytochrome P450 level ( 1.6-fold), EROD activity (2-fold), 
and lauric acid 12-hydroxylase and 1 1-hydroxylase (3.5- and 1.5-fold, respectively). 
In contrast with the results found in rat, MCPA had no effect on EROD activity in 
carp liver, despite the use of a relatively high dosage of this compound. The glutathi- 
one Stransferases from carp liver were recently shown to be sensitive to inhibition 
(in the millimolar range) by 2,4-dichlorophenoxyacetic acid (Dierickx, 1985), but the 
relevance of these data in terms of in vivo administration remains doubtful. 

CONCLUSIONS 

The results obtained in the present study clearly demonstrate that both liver and 
kidney from carp possess inducible monooxygenase activities, useful for monitoring 
water pollution (Payne et al., 1987). However, alkylresorufins and alkoxycoumarins 
are likely not valuable tools for discriminating hepatic induction by @-NF and related 
compounds and by phenobarbital. The various effects shown by MCPA in rat liver 
were not found in carp liver, which should be of interest to evaluate the environmen- 
tal impact of this herbicide on fish. 
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