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Al~raet--Very little is known of cytochrome P450 (P450) patterns and enzyme characteristics in 
food-producing animal species. Oxidative metabolism of alkoxyresorufins, ethylmorphine (EtM) and 
testosterone (TST) was used to monitor the effects of the P450 inducers phenobarbital (PB), fl- 
naphthoflavone (BNF), dexamethasone (DEX) and triacetyloleandomycin (TAO) in primary cultured 
hepatocytes from goats, sheep and cattle. BNF effectively and specifically induced ethoxyresorufin 
deethylase (>20-fold), indicating the presence of an inducible P450 1A form, and down-regulated EtM 
demethylation and most selected TST hydroxylations. In non-induced hepatocyte cultures, TST was 
metabolized to 6fl-, 2fl-, 12fl-, and 11ot-hydroxy-TST (OHT). PB and, to a lesser extent, DEX non- 
specifically induced all OHT formations, and EtM demethylation. TAO almost completely inhibited 
OHT formation and EtM demethylation. These results indicate the involvement of principally one P450 
form, or a restricted number of related P450 forms, presumably belonging to the P450 3A subfamily. 
In western blot analysis, cross reactivity was found with rat anti-P450 3A1 and anti-sheep P450 3A. A 
more specific PB effect was observed for 16a~-OHT, which may be formed though a ruminant P450 2B 
form. None of the inducers influenced pentoxyresorufin depentylase (PROD) or EtM O-deethylation. 
Metabolite patterns and inducibility of selected activities in ruminant hepatocytes are in accordance with 
previous findings in goats in vivo. Cytochrome P450 characteristics in ruminants appear to differ from 
those in rats whereas similarities to the situation in humans appear to exist. 

Hepatic cytochrome P450 (P450§) enzymes catalyse 
the oxidative metabolism of many endogenous and 
exogenous compounds. They belong to a gene 
superfamily in which the haemoproteins have been 
classified into families and subfamilies, based on 
amino acid sequences and the genes coding for the 
enzymes [1, 2]. The P450 families 1-4 are primarily 
involved in drug metabolism [3]. These P450 forms 
are inducible as an adaptive response to the presence 
of xenobiotics. This inducibility, in combination with 
selected activities, has formerly served as a basis to 
characterize and classify the enzymes [3, 4]. Thus, 
the P450 inducers phenobarbital (PB), 3-methyl- 
cholanthrene (3-MC) and pregnenolone carbonitrile 
(PCN) gave their names to groups of similar P450s 
that are now known as subfamilies P450 2B, P450 
1A and P450 3A, respectively. 

Hepatic P450 induction studies are generally 
performed in intact animals or with microsomes 

* Corresponding author. Tel. (31) 30 535400; FAX (31) 
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§ Abbreviations: AND, androstenedione; BNF, fl- 
naphthoflavone; DEX, dexamethasone; EROD, ethoxy- 
resorufin deethylase; EtM, ethylmorphine; HBSS, Hank's 
balanced salt solution; MAb, monoclonal antibody; 
OHT, hydroxytestosterone; P450, cytochrome P450; PB, 
phenobarbital; PROD, pentoxyresorufin depentylase; 
TAO, triacetyloleandomycin; TST, testosterone; 3-MC, 3- 
methyicholanthrene. 

prepared from livers of pretreated animals. However,  
cultured hepatocytes were shown to respond to 
xenobiotlcs in maintaining or even increasing total 
culture P450 content [5]. Similar to their effects in 
vivo, glucocorticoid-related compounds, such as 
PCN and dexamethasone (DEX), and rifampicin 
were thus reported to induce P450 3A enzymes in 
cultured rat, rabbit and human hepatocytes [6-9]. 
The P450 1A inducers 3-MC and fl-naphthoflavone 
(BNF) were shown to be potent inducers of P450 
1A enzymes in vitro [7-10], too, resulting in increased 
levels of P450 1A apoproteins and related activities 
such as ethoxyresorufin O-deethylation (EROD).  In 
contrast, with PB, a very potent inducer of P450 2B 
in intact rats, only a weak induction was found in 
cultured hepatocytes [9, 11] that was medium- 
dependent [12]. Changing culture conditions, 
including supplementing the culture medium with 
haem and selenium [13] or glucocorticoids [14], and 
introducing attachment substrata such as Matrigel 
and Vitrogen [15] were suggested to overcome the 
lack of responsiveness to PB. 

Despite apparent limitations, the model system 
proves very useful to gather rapidly some basic 
information on the inducibility of P450 enzymes. It 
provides an attractive alternative to categorize drug 
metabolizing enzymes and study some of their 
characteristics, especially when other approaches 
are either impractical or unethical as is the case in 
humans [16]. Moreover,the use of cultured cells may 
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circumvent the difficulties that result from large 
inter-individual variation as found in in vivo studies, 
especially with studies in animal species that cannot 
be obtained as genetically standardized specimens 
raised under controlled conditions. The latter 
obviously is the case for ruminants. 

The vast majority of investigations for P450 
characteristics, including inducibility, have been 
performed in laboratory animals such as rats and 
mice. In agricultural species, only very limited 
information is available, in spite of the obvious risks 
for applied veterinary pharmacotherapy and public 
health, considering the animal origin of many foods. 
In recent studies, we have reported on the in oioo 
induction of P450 in dwarf goats [17, 18]. The present 
study was performed with the aim to obtain a general 
outline of P450-mediated metabolism and its 
induction in primary cultured hepatocytes from three 
ruminant species: goats, sheep and cattle. Both male 
and female dwarf goats were included as in this 
animal species, sex differences in oxidative drug 
metabolism both in oivo and in isolated hepatocytes, 
and inducibility have previously been reported 
[18-20]. Female rather than male sheep and cattle 
were used, because of their economical importance. 

MATERIALS AND METHODS 

Chemicals. Sodium phenobarbital, ethylmorphine 
(ETM) and morphine were obtained from Brocacef 
(Maarssen, The Netherlands). Norethylmorphine 
was a generous gift from Dr B. LindstrOm and 
Prof. A. Rane (University of Uppsala, Sweden). 
Triacetyloleandomycin (TAO) was a kind gift 
from Pfizer (Rotterdam, The Netherlands). BNF, 
testosterone (TST), androstenedione (AND), 11/3- 
and 16a~-hydroxytestosterone (OHT) were obtained 
from the Sigma Chemical Co. (St Louis, MO, 
U.S.A.). 2a~-, 6oc- and 15o~-OHT were gifts from 
Prof. D. N. Kirk (Steroid Reference Collection, 
London, U.K.), and 12~ and 15fl-OHT from G. D. 
Searle and Co. (Skokie, IL, U.S.A.). 

2/3-, 6/3-, 7o~-, 1 lo~-, 16/3- and 19-OHT and 16-keto- 
TST were purchased from Steraloids (Wilton, NH, 
U.S.A.). Resorufin was from Eastman Kodak 
(Rochester, NY, U.S.A.). All other chemicals were 
of analytical grade. 

Polyclonal antibodies against sheep P450 3A and 
2B were kind gifts from Dr P. Galtier (INRA, 
Toulouse, France). Monoclonal antibodies (MAb) 
against P450 1A1/2 and 3A were gifts from Dr P. 
Kremers (University of Liege, Belgium). 

Animals and isolation o f  hepatocytes. At least one 
month prior to the experiment, groups of four 
healthy male (13-15 kg) or female (11-13 kg) dwarf 
goats, 8-10 months of age, and three female Texel 
sheep (51-56 kg), 12-13 months of age, were housed 
under controlled conditions. Animals were fed a 
commercially available pelleted feed concentrate 
and had free access to hay and water. For isolation 
of cattle hepatocytes, four Meuse-Rhine-Yssel cows 
(570-650 kg), 3--4 years of age, were selected from 
a flock of slaughterhouse cattle, examined and found 
healthy. 

Parenehymal cells were isolated from left liver 
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lobes (goats, sheep) or caudate liver lobes (cattle), 
as described previously [21]. 

Hepatocyte cultures and induction regimen. 
Hepatocytes were cultured in a humidified atmos- 
phere of air (95%) and CO2 at 37 °, at a density of 
approx. 4 x 106cells (35-40mg) per 6-cm tissue 
culture dish (Greiner, Breda, The Netherlands), in 
4 mL Williams Medium E (WME) (Sigma). The 
medium was supplemented with 5% v/v newborn 
calf serum (Flow, Irvine, U.K.), 1.67 mM glutamine, 
10/~M hydrocortisone-hemisuccinate, 1/~M bovine 
pancreas insulin, and gentamicin sulphate (50 ~g/ 
mL) (all from Sigma). Cells were preincubated for 
24 hr. Then the medium was replaced by medium 
containing either 0.1% v/v DMSO (control), 1.5 mM 
PB, 50 #M BNF, or 1 #M DEX. As in the control 
medium, in the latter three media, 0.1% v/v DMSO 
was present as DMSO was used as solvent for the 
inducers. The induction period lasted 48 hr. Media 
were refreshed every 24 hr. 

Enzyme assays. Determinations of EROD,  
pentoxyresorufin depentylase (PROD), TST 
hydroxylation and EtM dealkylation activities were 
performed directly in intact hepatocyte monolayers, 
as described by Wortelboer et al. [22] and van 't 
Kiooster etal. [23], respectively. In short, monolayers 
were washed with Hank's balanced salt solution 
(HBSS) and incubated with ethoxyresorufin (5/~M, 
20 min), pentoxyresorufin (5/~M, 30 min) or TST 
(0.5mM, 15min), in 4mL HBSS, or with EtM 
(2.5 mM, 120 min), in 4 mL serum-free WME. 

Fluorimetric determinations of EROD and PROD 
activities were performed as described by Wortelboer 
et al. [22], using 1-mL medium samples that were 
mixed with 1 mL 0.01 M aqueous sodium hydroxide. 

For TST determination, 2.5-mL medium samples 
were extracted with 6mL dichloromethane. 
Dichloromethane fractions were evaporated to 
dryness under a flow of nitrogen. Residues were 
reconstituted in methanol/water 50/50 v/v and used 
for HPLC analysis. TST hydroxylated metabolites 
(OHTs) were separated using a 200 × 3mm 
Chromsep ClS column (Chrompack, Middeiburg, 
The Netherlands), kept at 60 °. Elution was performed 
at a flow rate of 0.9 mL/min, using water/methanol 
75/25 v/v from 0 to 7 min, followed by a linear 
gradient to water/methanol/acetonitril 56/40/4 by 
vol. from 7 to 50 min. UV detection at 254 nm was 
used. OHTs were quantified by comparing peak 
areas to those of authentic standards. 

EtM N-demethylation and O-deethylation was 
determined in 2.5mL medium. Samples were 
extracted with ethyl acetate. Ethyl acetate fractions 
were evaporated to dryness under a flow of nitrogen. 
Residues were dissolved in 10% v/v acetonitrile 
and used for HPLC analysis [23]. Morphine, 
norethylmorphine and EtM were separated on a 
100 x 8 mm Lichrosorb CN Radial PAK column 
(Waters, Etten-Leur, The Netherlands) by isocratic 
elution with 10% v/v acetonitril in a 50/~M phosphate 
buffer (pH = 2.5),containing 0.2% triethylamine, at 
a flow rate of 2 mL/min, and detected at 210 nm. 

Contents of protein and total P450 were determined 
according to Rutten et al. [24] using a double- 
beam spectrophotometer (PU 8800, Pye Unicam, 
Eindhoven, The Netherlands). 
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Table 1. Effects of various inducers on P450-dependent activities in primary cultures of 
hepatocytes from male goats (N = 4) 

Control PB BNF DEX 

P450 111 ± 19 112 -+ 24 106 ± 26 97 - 25 

EROD 1.4 --- 0.5 2.6 ± 1.3 62 - 10t 4.5 ± 1.5 
PROD 2.0 ± 0.7 1.9 ± 0.6 2.2 ± 0.6 2.3 ± 1.0 

EtM-NDM 225 ± 48 306 ± 56* 162 ± 46 237 ± 55 
EtM-ODE 44 --- 12 44 ± 6 47 ± 12 46 ± 16 

2fl-OHT 49 ± 24 71 +- 34 25 --- 15 54 ± 29 
6fl-OHT 80 ± 13 124 ± 25* 39 ± 16 84 ± 21 
llo~-OHT 9.5 ± 3.2 15 - 3 6.7 --- 3.2 10.7 ± 3.2 
12fl-OHT 14 --- 6 19 ± 7 6.8 ± 3.4 14 ± 5 
15oc-OHT 3.9 ± 1.1 6.8 ± 1.4" 2.6 ± 0.8 4.4 ± 0.7 
15~OHT 3.5 ± 0.9 4.9 - 1.6 2.2 ± 0.7 3.3 - 0.5 
16o:-OHT 1.5 ± 0.3 7.0 --- 1.7" 1.7 ± 0.3 1.5 - 0.3 
AND 116 ± 24 135 ± 22 116 ± 22 119 --- 27 

Data are expressed as mean - SD (N = 4). P450 content in pmol/mg protein. Activities 
in pmol/mg protein/rain. 

* Significant vs control (Student's t-test, P < 0.05). 
t Significant vs control (Student's t-test, P < 0.01). 
Abbreviations: NDM, N-demethylation; ODE, O-deethylation. 

Gel electrophoresis and western blots. Hepatocytes 
were harvested in PBS (40mg cells/mL) and 
sonicated for 2 x 30 sec (Soniprep 500, MSE), and 
centrifuged at 10,000 g for 30 min. The supernatant, 
containing microsomal and cytosolic proteins, was 
used for electrophoresis. 

Sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE)  of microsomal pro- 
teins was performed in a Protean II Mini Cell 
(Biorad, Veenendaal, The Netherlands), using the 
discontinuous system as described by Laemmli [25]. 
The resolved proteins and prestained molecular 
weight markers (Biorad) were blotted on poly- 
vinylidenedifluoride (PVDF) sheets (Millipore, 
Etten-Leur, The Netherlands), according to the 
method of Towbin et al. [26]. Antibodies raised to 
sheep P450 3A and P450 2B, and to rat P450 1A1/2 
and P450 3A were used for immunochemical staining 
as no homologous antibodies to goat and cattle P450 
enzymes are available. Methodological details have 
been described by Wortelboer et al. [22]. 

RESULTS 

Hepatocyte isolation and cultivation 

For all three ruminant species, liver lobes (sheep 
and goats: left lobes, cattle: caudate lobes) with 
intact blood vessel systems of approx. 90-100 g 
were used. Perfusion yielded 22-31 g hepatocytes. 
Viabilities as assessed by Trypan blue exclusion 
ranged from 81 to 92%. The cell concentration per 
culture dish was based on weight rather than on cell 
count. As cattle hepatocytes are small when 
compared to sheep and goat hepatocytes (approx. 
15 and 20/an in diameter,  respectively), seeding of 
approx. 32 mg of cattle hepatocytes or 40 mg of 
sheep or goat hepatoeytes per  6-em dish resulted in 
similar cell densities (4 x 106 cells per dish). 

The average initial culture protein content, 

determined in freshly isolated hepatocytes, was 
3.5 mg for cattle, 4.1 mg for sheep and 4.5 mg for 
goats (SD < 15%). The plating efficiency, expressed 
as the ratio of protein concentration in freshly 
isolated hepatocytes (t = 0 hr) and after the first 
changing of medium, was >90%, indicating a partial 
restoration of membrane damage as initially detected 
with Trypan blue. After 72 hr in culture, protein 
content was over 85% of the initial concentration. 
Initial (t = 0 hr) P450 content (pmol/mg protein, 
N = 3, relative SD = 15%) was 220 for female goats 
and sheep, 180 for male goats and 140 for cows. At  
72hr, 51-60% of total P450 was maintained in 
hepatocyte cultures from female cattle, sheep and 
goat, whereas in male hepatocytes, this number was 
57-63%, thereby abolishing the initially significant 
sex difference in P450 content. 

Comparative metabolism of alkoxyresorufins, EtM 
and TST 

The results on the metabolism of alkoxyresorufins, 
EtM and TST are shown in Tables 1, 2, 3 and 4 for 
male goats, female goats, female sheep and female 
cattle, respectively. Comparing selected activities, 
we found activities to be of the same order of 
magnitude in all three species, even though culture 
P450 content in cattle hepatocytes was 65% of that 
in sheep and goat liver cell cultures. Another  
discrepancy between total P450 content and 
measured activities was found for male and female 
goat hepatocytes: after 72 hr in culture, total P450 
content was equal in hepatocytes from either sex, 
whereas in cells from females, EtM dealkylation and 
TST hydroxylation were significantly higher than in 
male hepatocytes. 

EROD activity was relatively low in cultured 
sheep hepatocytes. In one sheep, no activity was 
detectable in control cells although it was obvious 
after BNF induction. For EtM dealkylation, the O- 

BP46: IO-X 
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Table 2. Effects of various inducers on P450-dependent activities in primary cultures of 
hepatocytes from female goats (N = 4) 

Control PB BNF DEX 

P450 112 -+ 18 119 -+ 30 121 -+ 19 104 -+ 25 

EROD 1.6 -+ 0.6 2.6 -+ 0.3 40 -+ 8t 1.8 -+ 0.6 
PROD 1.4 -+ 0.2 1.6 -+ 0.5 1.9 -+ 0.5 1.8 -+ 0.5 

EtM-NDM 257 -+ 18 357 -+ 26t 147 - 62* 189 --- 20 
EtM-ODE 28 -+ 5 25 -+ 5 23 -+ 7 34 -+ 11 

2fl-OHT 95 -+ 53 115 -+ 52 50 -+ 28 107 -+ 51 
6fl-OHT 99 -+ 22 141 -+ 32 52 --- 15" 118 - 26 
lltr-OHT 23 -+ 11 36 - 12 13 --- 6 27 -+ 11 
12fl-OHT 37 -+ 14 46 -+ 14 21 --- 10 41 -+ 14 
15tr-OHT 6.5 -+ 1.4 9.9 - 2.3 3.9 -+ 1.2 8.1 --+ 1.7 
15#-OHT 7.6 +- 2.4 10 -+ 2 4.9 -+ 2.2 8.2 -+ 3.1 
16tr-OHT 3.3 +- 0.5 12 -+ 4t 3.3 -+ 1.0 3.3 -+ 0.4 
AND 107 -+ 12 126 - 18 105 -+ 13 116 -+ 18 

Data are expressed as mean - SD (N = 4). 
P450 content in pmol/mg protein. 
Activities in pmol/mg protein/min. Abbreviations: see Table 1. 
* Significant vs control (Student's t-test, P < 0.05). 
t Significant vs control (Student's t-test, P < 0.01). 

Table 3. Effects of various inducers on P450-dependent activities in primary cultures of 
hepatocytes from female sheep (N = 3) 

Control PB BNF DEX 

P450 107 - 16 133 - 20 103 -+ 19 110 -+ 7 

EROD 0.6 -+ 0.4 2.2 -+ 0.6 36 -+ 14t 0.6 --- 0.2 
PROD 0.8 + 0.3 0.6 --- 0.5 2.1 -+ 0.8 1.1 -+ 0.4 

EtM-NDM 203 -+ 25 412 -+ 102t 139 --- 22 223 --- 40 
EtM-ODE 38 --- 4 32 -+ 4 36 --- 3 37 - 8 

2,8-OHT 17 -+ 3 30 - 3* 7 -+ 2* 23 -+ 2 
6fl-OHT 70 -+ 12 126 ± 25* 41 +- 6* 96 -+ 18 
lltr-OHT 6.0 -+ 0.4 13 -+ 2t 2.2 -+ 0.4t 9.0 - 1.1" 
12fl-OHT 7.8 -+ 1.0 13 --- I t  3.9 - 1.3" 10 -+ 2 
15o:-OHT 4.3 --- 1.0 9.3 --+ 1.2t 3.0 --- 1.3 6.1 --- 1.1 
15fl-OHT 9.9 -+ 9.0 12 - 9 4.5 --- 4.0 9.5 -+ 7.3 
16tr-OHT 5.2 --+ 1.5 22 --- 10" 7.2 -+ 1.7 8.4 -+ 5.8 
AND 166 -+ 33 187 - 32 162 --- 12 167 -+ 25 

Data are expressed as mean - SD (N = 3). 
P450 content in pmoi/mg protein. 
Activities in pmol/mg protein/min. Abbreviations: see Table 1. 
* Significant vs control (Student's t-test, P < 0.05). 
t Significant vs control (Student's t-test, P < 0.01). 

deethylat ion activity was similar in hepatocytes  
from goats,  sheep  and cattle. In all animals,  N- 
demethyla t ion  was the major  pathway.  For  TST 
hydroxylations,  metabol i te  pat terns  in ruminant  
hepatocytes  were similar but quant i ta t ive species- 
dependen t  differences in metabol i te  format ion were  
found. For  all species A N D  was most  impor tant .  In 
sheep hepatocytes ,  6f l -OHT was the only o ther  
major  metabol i te ,  whereas  in cells f rom goats and 
cows, 2f l -OHT and 12fl-OHT were  impor tant  as 
well. In Tables 1--4, minor  metabol i tes  ( < 0 . 5 %  of  
total metabol ism),  such as 2tr-, 19- and 16fl-OHT 

were not  included. 7tr-OHT, a quanti tat ively 
impor tant  metabol i te  in rats [27], was not detectable  
in ruminant  hepatocyte  cultures. 

Effects o f  P450 inducers on enzyme activities 

Effects of PB, BNF and D E X  on total P450 
content  and selected activities are p resen ted  in 
Tables 1, 2, 3 and 4. Effects of T A O  were not  
included because it did nei ther  significantly influence 
P450 levels (al though levels were elevated,  SDs were  
rather  large) nor  activities of  E R O D  and P R O D .  
However ,  it very effectively ( > 9 5 % )  inhibited 
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Table 4. Effects of various inducers on P450-dependent activities in primary cultures of 
hepatocytes from female cattle (N = 4) 

Control PB BNF DEX 

P450 70 -+ 12 81 -+ 9 79 -+ 16 73 -+ 6 

EROD 1.2- + 0.2 2.3 +- 1.4 54 -+ 19t 5.2 -+ 1.3" 
PROD 0.5 -+ 0.2 0.9 +- 0.3 1.7 -+ 0.3* 1.2 -+ 0.5 

EtM-NDM 189 -+ 44 388 -+ 74* 150 -+ 24 217 -+ 19 
EtM-ODE 54 -+ 10 45 -+ 6 47 -+ 9 51 -+ 12 

2~OHT 31 -+ 12 68 -+ 18" 16 -+ 7 44 -+ 15 
6fl-OHT 71 -+ 20 143 -+ 19" 41 -+ 11 94 -+ 25 
11o:-OHT 3.3 -+ 0.9 6.5 +- 1.1" 1.7 +- 0.1 4.7 -+ 1.5 
12fl-OHT 46 -+ 17 101 -+ 24* 5 -+ 11 73 -+ 25 
15~-OHT 4.0 -+ 1.6 9.6 -+ 1.9" 2.4 -+ 1.0 6.3 -+ 2.4 
15fl-OHT 5.9 -+ 1.6 12 -+ 3* 3.6 -+ 1.4 7.8 -+ 2.9 
16m-OHT 0.4 -+ 0.1 1.1 -+ 0.2* 0.7 -+ 0.1 0.7 -+ 0.2 
AND 157 -+ 24 176 -+ 31 149 -+ 27 155 -+ 29 

Data are expressed as mean - SD (N = 4). 
P450 content in pmol/mg protein. 
Activities in pmol /mg protein/min. Abbreviations: see Table 1. 
* Significant vs control (Student's t-test, P < 0.05). 
t Significant vs control (Student's t-test, P < 0.01). 

UT 
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Fig. 1. Representative chromatograms of analysis of medium samples from untreated (UT) and 48-hr 
PB- or TAO-treated female goat hepatocyte cultures incubated with TST. Peaks: 1, 15fl-OHT; 2, 
6fl-OHT; 3, 15ot-OHT; 4, 16t~-OHT; 5, 16fl-OHT; 6, llot-OHT; 7, 12fl-OHT; 8, l lfl-OHT (internal 

standard); 9, 2fl-OHT; 10, AND; 11, TST. 

11  

45 rain 

EtM N-demethylat ion and all different TST 
hydroxylations. The  latter is exemplified in the 
representative chromatogram shown in Fig. 1 from 
female goat hepatocytes incubated with TST;  in 
TAO- t rea ted  cultures all peaks observed in control 
cultures are nearly el iminated (detailed results not  
shown). 

In hepatocyte cultures from the three ruminant 
species, PB appeared a weak inducer for most 
selected activities. P R O D ,  in rats related to P450 
2B1 and PB induction [28], was not  at all influenced 
by PB treatment .  A remarkable  induction (4-fold) 

was observed for 160~-OHT in goat and sheep 
hepatocytes (Tables 1-3, Fig. 1). In cattle hepato- 
cytes, 16a~-OHT was a very minor metabol i te  which 
hampered an exact determinat ion of  the induction 
factor. Total  P450 level tended to increase although 
only in sheep hepatocytes was the increase significant. 

BNF was the only selectively and strongly inducing 
compound.  Af ter  BNF treatment ,  in all hepatocyte 
cultures, only E R O D  activity was 25--40 times 
increased. P R O D  activity was ei ther not  influenced 
or  only weakly induced. Other  measured activities 
were inhibited, with the exception of  A N D  formation 
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(PAb P450 2B sheep) 

49.5 kD 

UT PB UT PB LIT PB UT PB 

goat d' goat 9 sheep 9 cattle 

Fig. 2. SDS-PAGE immunodetection (15/~g protein/lane) of P450 2B apoproteins, stained with a 
polyclonal antibody (PAb) raised against sheep P450 2B, in sonicated hepatocytes from male and 
female goats, female sheep and female cattle. Hepatocytes were either untreated (UT) or treated for 

48 hr with PB. 

(MAb P450 1A1/2 rat) 

80,0 kD i~i 

49.5 kD 

LIT BNF LIT BNF UT BNF UT BNF 

goat d' goat 9 sheep ~ cattle 9 

Fig. 3. SDS-PAGE immunodetection (15 #g protein/lane) of P450 1A apoproteins, stained with a 
polyclonal antibody (PAb) raised against rat P450 1A1/2, in sonicated hepatocytes from male and 
female goats, female sheep and female cattle. Hepatocytes were either untreated (UT) or treated for 

48 hr with PB. 

that was not influenced by any of the used inducers. 
In spite of the strong E R O D  induction, no increased 
levels of total P450 were observed. 

In contrast to rat hepatocytes [6, 9], but, similar 
to human hepatocytes [16], DEX was not an effective 
in oitro inducer of cytochrome P450 activities in 
cultured ruminant hepatocytes. DEX induction 
appeared least effective in goats. In sheep and cattle, 
a weak induction (Tables 3 and 4) was observed for 
EtM N-demethylation and most TST hydroxylations. 
Similar to PB, all different TST hydroxylations and 
EtM N-demethylation were influenced to the same 
extent. 

Western blots 

Western blots immunostained with sheep anti- 
P450 2B, rat anti-P450 1A1/1A2, and sheep anti- 
P450 3A and rat anti-P450 3A1 are shown in Figs 2, 
3 and 4, respectively. The polyclonal antibodies 
against sheep P450 2B and 3A stained several bands, 

even in sheep hepatocyte samples, indicating an 
incomplete specificity of the antibody and the 
presence of several immunoreactive proteins. The 
estimated apparent molecular weights of the stained 
proteins ranged from 48 to 58kDa. It remains 
unknown whether these are all P450 forms. For the 
sheep anti-P450s, staining intensity was qualitatively 
equal in all three ruminant species, indicating a 
strong cross-reactivity across the P450s from the 
three ruminant species. The least staining reactivity 
was observed with rat anti-P450 1A1/1A2; to obtain 
the rather weak bands, especially with cows, in BNF- 
treated hepatocytes as shown in Fig. 2, staining time 
was double that for rat anti-P450 3A1 and the sheep 
P450 antibodies (Figs 2-4). 

Induction effects on apoprotein levels were 
obvious for BNF: an immunoreactive protein was 
detected in BNF-treated hepatocyte cultures, 
although weakly in hepatocytes from cows, whereas 
no bands were stained in control cultures (Fig. 3). 
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Fig. 4. SDS-PAGE immunodetection (15 pg protein/lane) of P450 3A apoproteins stained with sheep 
anti-P450 3A (upper blot), and stained with rat anti-P450 3A1 (lower blot) in sonicated hepatocytes 
from male and female goats, and female sheep and cattle. Hepatocytes were either untreated (UT) or 
treated for 48 hr with DEX. Weak inductive effects by DEX can be observed. In the upper blot, the 
lower band appears to be the inducible P450 3A. The nature of the other bands remains unknown. 

Effects of PB or DEX treatment were much less 
obvious. Western blots immunostained with sheep 
anti-P450 2B (Fig. 2) yielded two hardly separated 
bands (approx. 51 and 52 kDa), for which no PB 
induction effects were observed. A third band 
(48kDa) was present in female goat and sheep 
hepatocytes and in PB-treated cow hepatocytes. 
With sheep anti-P450 3A, a slight increase in 
apoprotein level could be observed in DEX-treated 
hepatocytes from sheep and cow, as compared to 
non-treated hepatocytes (Fig. 4). The slightly 
inducible protein in sheep and corresponding protein 
in goat hepatocytes had an estimated molecular 
weight of approx. 51kDa, whereas in cow 
hepatocytes, it was approx. 50 kDa. The P450 3A 
form, cross-reactive with rat anti-P450 3A1 was 
relatively more abundant in female goats than in 
male goats, sheep or cows. 

DISCUSSION 

In BNF- and PB-treated rats, E R O D  and PROD 
activities are related to P450 1A and P450 
2B, respectively [28, 29]. In non-induced animals 
however, both ethoxyresorufin and pentoxyresorufin 
are substrates for other, constitutive P450 forms, 
such as P450 2Cl l  in male rats [30]. In a previous 

paper [18], we reported on in vivo effects of BNF 
in male and female dwarf goats. Comparing 
microsomes from non-treated and BNF-treated 
animals, EROD was induced 6-fold. In cultured rat 
and rabbit hepatocytes, BNF was shown to be a 
potent inducer for P450 1A1/1A2 [7, 31] and E R O D  
[9]. Thus, a strong induction by BNF of E R O D  
activity in hepatocytes from goats, sheep and cattle 
(Tables 1--4) can readily be explained through a 
similar involvement of a BNF-inducible P450 1A 
enzyme. BNF induction is supported by western 
blots immunostained with rat-anti P450 1A1/2 (Fig. 
2) showing an obvious increase at the apoprotein 
level. Apparently, either cross-reactivity of the MAb 
to the epitope of ruminant P450 1A is less than that 
of the anti-rat P450 3A1 MAb towards ruminant 
P450 3A, or the P450 1A apoprotein concentration 
in hepatocyte cultures remained relatively low, even 
after BNF treatment, as it took at least twice as long 
to obtain visible bands for P450 1A immunostaining 
as compared to P450 3A immunostaining. 

In cultured ruminant hepatocytes, PB did not 
induce PROD. The same result was found in similarly 
cultured rat hepatocytes [9]. In rats, this finding 
could be explained by the well-established lack of 
PB effects in vitro, unless hepatocytes are cultured 
under modified conditions, including the use of a 
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matrigel substratum, medium supplementations or 
co-cultures [12-15]. However, in contrast to rats, 
PROD is not induced by in v ioo PB treatment of 
goats [18], indicating that pentoxyresorufin is not a 
P450 2B substrate, even after PB treatment. 
Therefore, the lack of PB effects in oitro on PROD 
activity cannot be explained as for the rat. Is PROD 
dealkylated by a P450 3A form which would explain 
the weak PROD increase in DEX-treated cultures? 
Probably not as, in contrast to EtM N-demethylation 
and most TST hydroxylations, PROD was not 
inhibited by TAO. The weak induction seen with 
BNF is presumably associated with overlapping 
substrate specificities of P450 1A and 2A, both 
inducible by 3-MC, as has been reported for rats 
[21. 

In rats, EtM N-demethylation and EtM 
deethylation are catalysed by a P450 3A and a P450 
2D enzyme, respectively [32]. In cultured rat 
hepatocytes, P450 3A1 and EtM N-demethylation 
was inducible by PeN,  DEX and TAO [33, 34]. 
Whereas DEX is an effective inducer at a 
concentration of 0.1-1/~M, the structurally related 
hydrocortisone (used as a culture medium constitu- 
ent) does not affect P450 levels up to 100/~M [6]. 
DEX induces de n o v o  P450 synthesis through 
transcriptional activation of the P450 3A gene, 
whereas TAO primarily blocks the degradation of 
the protein. A TAO metabolite binds to the active 
site of the P450 3A that catalyses its formation and, 
therefore, unless it is chemically removed (with 
ferricyanide), it inhibits rather than induces P450 
activity [35]. In ruminant hepatocytes, EtM N- 
demethylation was inhibited by TAO but only 
slightly induced by DEX. Hydrocortisone did not 
influence P450 3A activity in cultured cattle and goat 
hepatocytes (results not shown). Incubation with 
PB, a P450 3A inducer as well, was more effective. 
Thus, P450 3A appears to be involved in EtM N- 
demethylation, but it is not a DEX-responsive P450 
3A1. Remarkably, western blots immunostained 
with sheep anti-P450 3A, presumably a P450 3A6 
like enzyme [36], showed an increase in apoprotein 
following DEX treatment (Fig. 4) and a lower 
molecular weight for cow P450 3A, as compared to 
sheep and goats. Rat anti-P450 3A1 immunostaining 
did not lead to similar observations, but it showed 
higher levels of a cross-reactive protein to be present 
in hepatoeytes from female goats than in those from 
males, sheep and cattle. It remains unknown whether 
two different P450 3A forms were stained with the 
sheep and rat antibodies. 

In goat, sheep and cow hepatocyte cultures, EtM 
O-deethylation was neither induced by PB, BNF or 
DEX, nor inhibitied by TAO. The constitutive P450 
2D forms can be inhibited (e.g. by quinine or 
quinidine), but in addition, it is "characterized" by 
its non-inducibility [32]. It is therefore plausible that, 
similar to rat, a P450 2D is involved in EtM O- 
deethylation. 

Regio- and stereoselective hydroxylation of TST 
and other steroids has generally been used to 
characterize P450s (for examples see Refs. 27, 37). 
In non-treated hepatocytes from male rats, AND, 
6/~-, 16o~- and 2a~-OHT were reported to be major 
metabolites [9, 14, 37]. In accordance with studies 

using liver microsomes, activities in female rats were 
much lower, AND and 7oc-OHT being the major 
oxidative metabolites of TST [38]. In goat and cow 
hepatocytes, AND, 6/3-, 2fl- and 12fl-OHT were 
major metabolites, whereas in sheep hepatocytes, 
only AND, 6fl-, and, to a lesser extent, 2fl-OHT 
(and 15fl-OHT) were important. These results 
correlate well with previously reported results 
obtained with goat and sheep microsomes [18, 39]. 
In all three ruminant species, with the exception of 
16oc-OHT and AND, all different TST hydroxylations 
were slightly increased after PB and DEX treatment, 
whereas BNF down-regulated all activities. TAO 
practically eliminated all hydroxylation activity 
towards TST. The lack of specific effects indicates 
the involvement of only one or some related form(s) 
of P450 in all different TST hydroxylations. A nearly 
total inhibition by TAO points at a P450 3A, as does 
the weak inductive effect of PB. Remarkably, the 
metabolite patterns are similar to those found with 
purified rat P450 3A1 [40, 41], and the activity of 
human microsomes and cDNA-expressed human 
P450s [42, 43]. The lack, especially in goats, of an 
inducing effect by DEX, a potent inducer for TST 
hydroxylations in rats [9], indicates a P450 3A 
enzyme to be involved which differs from rat P450 
3A1. With human microsomes, 6fl-, 2fl- and 15fl- 
OHT were formed, and these hydroxylation activities 
were highly correlated with each other [42]. It was 
suggested that a single human liver P450 3A catalysed 
most hydroxylation pathways in TST metabolism. 
In the present study, a similar high correlation is 
found for all different OHTs, with regard to PB, 
BNF, DEX and TAO effects. If a single P450 3A 
(or several related forms) is involved in ruminant 
TST hydroxylation, it is more similar to the human 
than to the rat form. In a previous study [18], we 
reported on goat microsomal mRNA recognition 
with a human P450 3A4 cDNA probe, whereas a 
rat 3A1 probe yielded a much weaker signal. 

PB treatment increased TST 16o~-hydroxylation 
4-5-fold in goats and sheep. With microsomes from 
PB-treated goats, a similar though more pronounced 
effect (up to 20-fold induction) has been observed 
[18]. If this activity is related to a P450 2B form, as 
is the case for rats [41], it appears inducible in 
ruminant hepatocytes, whereas in cultured rat 
hepatocytes, PB did not induce 16o:-OHT formation 
[9]. The absence of down-regulation by BNF, on the 
other hand, might indicate the involvement of a 
P450 2A form, as P450 2A and 2B may be inducible 
by both PB and BNF [2]. 

AND was neither induced nor inhibited by PB, 
BNF, DEX or TAO. Possibly, mainly non-P450 
enzymes (e.g. oxidoreductases [39]) are involved in 
its formation. 

To compare species to species, results of the 
present study have been presented as means of three 
animals, which resulted in rather large standard 
deviations in measured activities. Culturing hepato- 
cytes for several days under identical conditions 
minimizes differences caused by diet, physiological 
status etc., as observed in v ivo,  but not genetic 
differences. A clear example was seen with 2fl-OHT 
formation which was very low in one male and one 
female goat, whereas in the other animals, it was at 
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least similar to 6fl-OHT. Remarkably, the response 
to inducers and the magnitudes of induction appeared 
to be fairly constant in all individuals within one 
species, though overall activities differed widely. 
Thus, cultured ruminant hepatocyes may be used to 
circumvent interindividual differences if one is 
interested in effects of compounds with biotransform- 
ation enzymes, rather than levels of activity per  se. 

In conclusion, in cultured ruminant hepatocytes, 
a BNF-inducible P450 1A and at least one P450 3A 
appeared to be present. DEX is not a potent inducer 
for ruminant P450 3A. Indications for the presence 
of a P450 2A or 2B, and a 2D form have been found. 
Inter-ruminant species differences in metabolite 
patterns were found but inducibilities were similar. 
Both metabolite patterns and inducibilities are very 
different from those reported for rats, which should 
have its consequences for the use of this animal 
species in the risk evaluation for veterinary drugs 
and xenobiotic residues in food of animal origin. 
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