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The hepatic cytochrome P-450-dependent monooxygenase (MO) system 
functions in oxidative biotransformation of a wide variety of both 
endogenous and exogenous (xenobiotic) compounds in many animal 
species. Of particular interest, environmental pollutants such as 
polycyclic aromatic hydrocarbons, some organochlorine insecticides 
and polychlorobiphenyls (PCBs) were shown to be inducers of MO 
activities in mammalian species. The inducing effects of PCBs are 
also well established in a variety of more primitive vertebrates, 
e. g., fish or birds. However, most of the previous studies were 
carried out with a narrow range of species and investigations on 
wild species are lacking. In birds, there have been reports of 
induction of cytochrome P-450 and MO activities with PCBs in 
several species, but results have not been entirely consistent, 
induction being found in Japanese quail (Bunyan and Page 1978; 
Rivi~re et al. 1985) and owl (Rinsky and Perry 1981), but not in 
buzzard (Rivi~re et al. 1985). 

In this report, we describe the effects of a commercial mixture of 
PCBs (DP5) on the hepatic MO activities of the grey partridge 
(Perdix perdix). To more thoroughly investigate the inducing 
effects of DP5, we used two series of homologous substrates, 
alkylresorufins (Burke et al. 1985) and alkoxycoumarins (Kamataki 
et al. 1980; Matsubara et al. 1982), and an endogenous compound, 
testosterone (Wood et al. 1983; Waxman et al. 1983), which were 
shown in mammals to differentiate between different forms of 
cytochrome P-450. Furthermore, to more carefully assess the 
effects of DP5, we also measured the activity of two plasma marker 
enzymes, alanine transpeptidase (ALAT) and gamma-glutamyl 
transferase (gamma-GT), and the plasmatic concentration of 
testosterone. 

MATERIALS AND METHODS 

Polychlorobiphenyls were DP5 (Prodelec, France). Alkoxycoumarins 
were synthesized from the alkyl iodides and umbelliferone by the 
method of Matsubara et al. (1982). Alkylresorufins, NADP § glucose 
6-phosphate (G 6-P) and glucose 6-phosphate dehydrogenase 
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(G 6-P-DH) were obtained from Boehringer, France. Testosterone (T) 
and androstenedione (AD) were obtained from Sigma (La Verpilli~re, 
France). 16~-hydroxytestosterone (16~-OH-T) was purchased from 
Steraloids Inc. (USA). 7~- and 16~-hydroxytestosterones (7~-OH-T 
and 16~-OH-T, respectively) were kindly provided from the Steroid 
Reference Collection of the Medical Research Council, London, UK, 
by Pr DN Kirk. Solvents were HPLC grade, while all other chemicals 
were reagent-grade. 

Partridges were reared outside in wire-mesh cages. Food and water 
were supplied ad libitum. In the first experiment, male birds 
(one-year old) were fed a commercial diet containing various 
levels of DPS. The compound was dissolved in acetone, mixed with 
the diet and the solvent evaporated. The levels were 5, 25, and 
125 mg/kg (ppm). Controls were fed the same diet without added 
DP5. After the diet had been fed for 15 days, animals were 
sacrificed for assays of hepatic enzyme activities. In a second 
experiment, male birds (one-year old) were fed once with DP5 in 
gelatine capsules. The dosage level was 150 mg/kg body wt. Animals 
were sacrificed 4 days after. 

Livers were homogenized in 3 vol of 0.15 M KCI, 50 mM phosphate 
buffer, pH 7.4, using a Potter-Elvehjem homogenizer with three 
passes of a motor-driven Teflon TM pestle. The tissue homogenates 
were centrifuged for 15 min at i0,000 g at +4~ The supernatant 
was then recentrifuged for 60 min at 105,000 g at +4~ The 
microsomal pellet was resuspended in 0.I M phosphate buffer, pH 
7.4 containing 1 mM EDTA, 20~ glycerol and stored in small 
aliquots at -80~ When maintained at this temperature, there was 
no loss of enzymatic activities until assay. 

The monooxygenase activities were alkylresorufin 0-dealkylases 
(ethylresorufin, EROD; pentylresorufin, PROD; benzylresorufin, 
BROD), alkoxycoumarin 0-dealkylases (methoxycoumarin, MCOD; 
ethoxycoumarin, ECOD; propoxycoumarin, PCOD; butoxycoumarin, BCOD) 
and coumarin 7-hydroxylase (Cou 7-OH). All activities were assayed 
in a final volume of 1 ml containing i00 mM phosphate buffer (pH 
7.4), 0.5 mM NADP § , 5 mM G 6-P, 1 unit G 6-P-DH, microsomal 
protein, and substrate. The concentrations of substrates were 
saturating : alkoxycoumarins (in i0 pl dimethylsulfoxide) 500 ~M, 
coumarin (in 100 ~I of water) i00 ~M and alkylresorufins (in i0 pl 
methoxyethanol) 1 ~M. Reactions were stopped by 2 ml acetone 
(alkylresorufins), or i00 ~i trichloracetic acid (204 in water; 
coumarin and alkoxycoumarins). The fluorescence of 7-hydroxy- 
coumarin 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 I0.4). The 
fluorescence of resorufin was measured according to the method of 
Rifkind and Muschick (1983). Fluorometer was standardized by 7- 
hydroxycoumarin or resorufin. Activities were measured at 42 ~ C. 
All reaction rates were linear with respect to time and protein 
concentration. 
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Testosterone metabolism was assayed for 15 min in i00 mM phosphate 
buffer (pH 7.4), 2 mM MgCI2, 5 mM G 6-P, 1 unit G 6-P-DH, 0.5 mM 
NADP +, microsomal protein and 0.26 mM testosterone in a final 
volume of 1.0 ml. The incubate was extracted with 5 ml methylene 
chloride. The organic phase was removed, evaporated to dryness 
under a Nz stream, and resuspended in 200 gl methanol. Metabolites 
were analyzed by HPLC using a Beckman TM liquid chromatograph 
fitted with a 150 x 4.6 mm (inner diameter) reverse phase column. 
Elution of metabolites was achieved at room temperature by a 
modification of the method of Halperin-Walega and Greene (1985). 
The mobile phase was 75~ solution B (2 vol water: 1 vol 
acetonitrile) and 25~ solution A (methanol) from O to 4 min, 
followed by a linear gradient of 75 to 60~ solution B (15 min), 
then 60 to 40~ solution B for an additional 5 min. The flow rate 
was 0.8 ml/min from 0 to 16 min, then increased to 1.2 ml/min by a 
linear gradient for 8 min. A second chromatography system was 
utilized to separate 66- and 7a-OH-T and consisted of a silica gel 
column eluted isocratically with isopropanol:tetrahydrofuran: 
hexane (5:15:80) as the mobile phase (Shaikh et al. 1979). Column 
effluents were monitored at 254 nm. Metabolites were quantitated 
by measurements of their peak areas. Some metabolites were also 
identified by mass spectrometry after TMS derivatization on a 
Ribermag RIO/10 GC/MS apparatus. Testosterone was determined in 
plasma after extraction by ethyl ether with a commercial kit (3H- 
Testosterone RIA-Kit, BioM~rieux, France). 

Plasma enzyme activities were determined with commercial kits 
(BioM~rieux, France). Cytosolic glutathione S-transferase activity 
towards CDNB (l-chloro-2,4-dinitrobenzene) and DCNB (l,2-dichloro- 
4-nitrobenzene) was assayed at 42~ according to Baars et al. 
(1978). Total cytochrome P-450 content was measured according to 
Estabrook and Werringloer (1978). 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 Student's t-test. 

RESULTS AND DISCUSSION 

In male partridges, activities of plasma marker enzymes and 
testosterone concentration were not modified after 2 weeks of 
continuous feeding of the DP5-containing diet (Table I), but 
levels of hepatic microsomal alkylresorufin O-dealkylase 
activities were significantly elevated (Fig. I). Maximal induction 
of enzymatic activities was obtained with 25 ppm of DP5, resulting 
in a 33.4-, 4.8-, and 6.l-fold increase in EROD, PROD and BROD 
activities respectively, then a significative decrease in activity 
was observed, while maximal induction (3-fold) of cytochrome P-450 
was obtained at the highest dietary level (125 ppm) of DP5. In 
contrast, the treatment by DP5 (125 ppm) did not modify ECOD 
activity, and significantly decreased Cou 7-OH activity to one- 
tenth of the control value. Administration per os of a single 
large dose to male birds produced similar effects (Table 2). 
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Figure 1. Microsomal pro te in ,  
cytochrome P-450 con t en t  and 
monooxygenase a c t i v i t i e s  in 
l i v e r  of male g rey  
p a r t r i d g e s .  Birds  were fed a 
d i e t  c o n t a i n i n g  v a r i o u s  
l e v e l s  of  DP5 fo r  15 days .  
Cont ro l  va lues  (mean • SEM) 
were : microsomal p r o t e i n ,  
19.6 • 1.0 mg/g of l i v e r ;  
cytochrome P-450, 0.48 • 0.05 
nmole/mg of  p r o t e i n ;  

EROD, 35 • 2 pmole/mg/min; PROD, 0.90 • 0.09 pmole/mg/min; BROD, 
ii • 2 pmole/mg/min; Cou 7-OH, 0.66 • 0.04 nmole/mg/min and ECOD, 
3.9 • 0.3 nmole/mg/min. Results are mean • SEM (bars), 
significantly different from control at * p (0.05 (n = 8)~ 

Table i. Plasma enzyme activities and testosterone concentration 
from male grey partridge fed a diet containing various levels of 
DP5 for 15 days. 

ALAT a gamma-GT a testosterone b 

control 12.5 • 1.8 e 3.0 • 0.4 0.53 • 0.07 

5 ppm 16.8 • 3.9 5.8 • 2.0 0.44 • 0.03 

25 ppm 12.8 • 4.5 3.8 • 0.5 0.55 • 0.07 

125 ppm 12.0 • 5.0 3.8 • 0.4 0.54 • 0.07 

" IU/I, b ng/ml, c mean • SD (n = 4). 
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Table 2. Effect of DP5 (150 mg/kg) on alkoxycoumarin O-dealkylase, 
alkylresorufin O-dealkylase and glutathione S-transferase 
activities in hepatic microsomes from male grey partridge. 

control DP5-treated fold- 
induction 

liver weight a 5.97 • 0.82 f 6.06 • 0.53 1.02 
cytochrome P-450 b 0.39 • 0.05 2.3d • 0.12" 6.1 
microsomal protein e 20.5 • 2.2 22.9 • 0.8 1.12 
EROD d 35.2 • 10.8 1030 • 180" 29.2 
PROD d 1.3 • 0.6 4.3 • 0.4* 3.2 
BROD d 7.3 • 4.3 57.6 • 6.4* 7.9 
MCOD e 5.4 • 1.4 4.1 • 0.9 0.76 
ECOD �9 3.4 • 0.7 2.5 • 0.4 0.74 
PCOD �9 0.17 • 0.07 0.56 • 0.08* 3.3 
BCOD �9 0.24 • 0.04 0.40 • 0.09* 1.7 
DCNB �9 4.00 • 0.82 5.15 • 0.52 1.28 
CDNB �9 3590 • 720 5260 • 600* 1.47 

a g, b nmole/mg p r o t e i n ,  c mg/g, d pmole/mg/min, e nmole/mg/min, 
mean • SD. Significantly different from control at * p <0.05 (n 

= 4). 

Alkylresorufins are a homologous series of heterocyclic ether 
substrates for which constitutive and induced forms of rat liver 
cytochrome P-450 show differing selectivity. In control rat, EROD 
was the highest activity, followed by BROD and PROD. 
Administration of Aroclor 1254 (a mixture of PCBs identical to 
DP5) to rats resulted in a considerable increase (61-fold) in EROD 
activity and lower increases in PROD and BROD activities, 22- and 
30-fold, respectively (Burke et al. 1985). We observe a similar 
pattern of inducibility in partridge liver. In terms of dose- 
response relationship, DP5 is an inducer at a low level in the 
diet, but a fall was observed at the highest dose. EROD activity 
is the most sensitive index to detect induction by these 
pollutants. 

The second experiment  was expanded to  i nc lude  the  O - d e a l k y l a t i o n  
of a lkoxycoumar ins ,  an o t h e r  s e r i e s  of homologous s u b s t r a t e s .  With 
t he se  s u b s t r a t e s ,  t he re  i s  a gene ra l  t r e n d  to  observe  a d e c r e a s i n g  
a c t i v i t y  by i n c r e a s i n g  the  cha in  l e n g t h  of the  a l k y l  group,  but 
some d i f f e r e n c e s  were observed  depending on the  source  of  
microsomes.  P a r t r i d g e s  are  c h a r a c t e r i z e d  by a h ighe r  s p e c i f i c  
a c t i v i t y  toward 7-methoxycoumarin than toward 7-e thoxycoumar in  and 
a ve ry  low a c t i v i t y  toward 7-propoxycoumar in  and 7-butoxycoumar in  
(Table 2) .  In  c o n t r a s t ,  ECOD a c t i v i t y  i s  h i g h e r  than MCOD a c t i v i t y  
in r a t  l i v e r  microsomes,  and changing the  a l k y l  group does not  
r e s u l t  in  so marked a l t e r a t i o n s  in  the  O - d e a l k y l a s e  a c t i v i t i e s  
(Kamataki e t  a l .  1980; Matsubara e t  a l .  1982).  DP5 t r e a t m e n t  
i n c r e a s e d  PCOD and BCOD and s l i g h t l y  dec rea sed  MCOD and ECOD 
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Table 3. Oxidation of testosterone catalyzed by hepatic microsomes 
from control grey partridges. Results are expressed as percent of 
total metabolites. 

6~-OH-T 16a-OH-T 1 AD 

control 53.5 6.7 4.7 29.9 

DPS-treated 51.2 4.7 6.2 25.8 

ND 6~-OH-T TAD 
I ~ 16a-OH-T 

A ~ 4  

0 i0 20 

elution time (min) 

Figure 2. HPLC profile of testosterone metabolites formed by 
hepatic microsomes from untreated partridges. Conditions and 
abbreviations as described in Materials and Methods (ND = not 
determined). 

activities in partridge liver microsomes (Table 2), while a 
similar treatment of male rats (150 mg/kg i.p., 4 days before 
sacrifice) resulted in induction (4.1 to 7.l-fold) of these four 
activities (Rivi~re, data not shown). Thus, according to our 
results, rats and partridges respond similarly to DP5 treatment 
when alkylresorufins were used as substrates. However, differences 
between these two sources of cytochromes P-450 are clearly 
demonstrated by using alkoxycoumarins as enzymatic probes. 
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Previous studies have shown that rat liver cytochromes P-450 can 
oxidize testosterone at several different positions. The profile 
of generated metabolites have proved useful in characterizing 
individual cytochrome P-450 isozymes (Wood et al. 1983; Waxman et 
al. 1983). The profile of testosterone metabolites formed by 
partridge liver microsomes under our experimental conditions is 
illustrated in Fig. 2. Several metabolites were identified by 
comparison of retention times with known standards. The 
chromatography system used in this study failed to distinguish 
7~-OH-T from 6~-OH-T. By the use of a different column, it was 
subsequently shown that the main metabolite was 6~-OH-T, 7~-OH-T 
being formed in only small quantities. Compound 1 was identified 
(GC/MS, data not shown) as an hydroxylated oxo-derivative and 
should be hydroxylated AD. On the basis of their order of elution 
(Halperin-Walega and Greene 1985), compound 2 and 3 were 
tentatively identified as 2~- and 2~-OH-T, respectively. Compound 
4 was not a steroid. In untreated birds, 6~-OH-T, 16~-OH-T, and AD 
represented 53.5, 6.7, and 29.9~, respectively, that is ca 90~ of 
total metabolites (Table 3). In untreated rats, Wood et al. (1983) 
found that 6~-OH-T, 7~-OH-T and AD represented 68, 12 and 8~ of 
total identified metabolites. The predominence of the 6~-OH-T 
metabolite was a common characteristic for microsomes of 
partridges and rats, but the former species had a greater ability 
to form AD. PCBs (Aroclor 1254) treatment of male rats was 
associated with an increase in the formation of 16=-OH-T and 
16~-OH-T, a minor decrease in AD and marked decreases in other 
metabolites. Compared to control microsomes, the overall rate of 
testosterone metabolism (per nmol of cytochrome P-450) decreased 
but increased when expressed per mg of protein (Wood et al. 1983). 
By contrast, treatment of birds with DP5 did not result in 
dramatic changes in the profile of testosterone metabolites, nor 
in the rate of hepatic testosterone metabolism. 

Acknowledgments. We thank C. Mallet, responsable de la Mission de 
la Preservation de la Faune, ONC, for his assistance in this work. 
We also thank Dr R Barret for synthesizing and purifying the 
alkoxycoumarins used in this study and J.Lo Guyot for GC/MS 
analyses. Excellent technical assistance was provided by Mich~le 
Mazallon. Supported in part by a grant from Minist~re de 
l'Environnement, "M~thodologie en Ecotoxicologie des Produits 
Chimiques". 

REFERENCES 

Baars AJ, Jansen M, Breimer DD (1978) The influence of 
phenobarbital, 3-methylcholanthrene and 2,3,7,8- 
tetrachlorodibenzo-p-dioxin on glutathione S-transferase 
activity of rat liver cytosol. Biochem Pharmacol 27:2487-2494 

Bunyan PJ, Page JMJ (1978) Polychlorinated biphenyls. The effects 
of structure on the induction of quail hepatic microsomal 
enzymes. Toxicol AppI Pharmacol 43:507-518 

Burke MD, Thompson S, Elcombe CR, Halpert J, Haaparanta T, Mayer 
RT (1985) Ethoxy-, pentoxy- and benzyloxyphenoxazones and 
homologues: a series of substrates to distinguish between 

479 



different induced cytochromes P-450. Biochem Pharmacol 34:3337 
3345 

Estabrook RW, Werringloer J (1978) The measurement of difference 
spectra: application to the cytochromes of microsomes. In: 
Fleischer S, Packer L (eds) Methods in Enzymology. Academic 
Press, New York, 52C:212-220 

Halperin-Walega ES, Greene FE (1985) Determination of hydroxy- 
testosterones by isocratic, high-performance liquid 
chromatography with an internal standard. J Liq Chromatog 
8:1677-1683 

Hartree EF (1972) Determination of protein: a modification of the 
Lowry method that gives a linear photometric response. Anal 
Biochem 48:422-427 

Kamataki T, Ando M, Yamazoe Y, Ishii K, Kato R (1980) Sex 
difference in the 0-dealkylation activity of 7- 
hydroxycoumarin 0-alkyl derivatives in liver microsomes of 
rats. Biochem Pharmacol 29:1015-1022 

Matsubara T, Yoshihara E, Iwata T, Tochino Y, Hachino Y (1982) 
Biotransformation of coumarin derivatives (I) 7-alkoxycoumarin 
O-dealkylase in liver microsomes. Japan J Pharmacol 32:9-21 

Rifkind AB, Muschick H (1983) Benoxaprofen suppression of 
polychlorinated biphenyl toxicity without alteration of mixed 
function oxidase function. Mature 303:524-526 

Rinsky A, Perry AS (1981) Induction of the mixed-function oxidase 
system in the liver of the barn owl (Tyro alba) by PCBs. Pestic 
Biochem Physiol 16:72-78 

Rivi~re JL, Grolleau G, Bach J (1985) Hepatic biotransformation in 
the buzzard (Buteo buteo) and the Japanese quail (Coturnix 
coturnix): effect of PCBs. Comp Biochem Physiol 82C:439-443 

Shaikh B, Hallmark MR, Issaq HJ, Risser NH, Kawalek JC (1979) Use 
of high pressure liquid chromatography and thin layer 
chromatography for the separation and detection of testosterone 
and its metabolites from in vitro incubation mixtures. J Liq 
Chromatog 2:943-956 

Waxman DJ, Ko A, Walsh C (1983) Regioselectivity and 
stereoselectivity of androgen hydroxylations catalyzed by 
cytochrome P-450 isozymes purified from phenobarbital-induced 
rat liver~ J Biol Chem 258:11937-11947 

Wood AW, Ryan DE, Thomas PE, Levin W (1983) Regio- and 
stereoselective metabolism of two C19 steroids by five highly 
purified and reconstituted rat hepatic cytochrome P-450 
isozymes. J Biol Chem 258:8839-8847 

Received January 17, 1989; accepted April 4~ 1989. 

480 


