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Abstract-In cultured human hepatoma cells phenolphthalein glucuronidation was increased 3-fold by 
2 mM phenobarbitone (PB) in the culture medium but not by 25 PM benz(n)anthracene (BA), while l- 
naphthol glucuronidation was not increased by either PB or BA. Ethoxyresorufin O-deethylation 
(EROD) was increased 15-fold by BA but not by PB, while the 0dealkylations of pentoxyresorufin 
(PROD) and benzyloxyresorufin (BROD) were increased by either PB or BA. The BROD activity 
increased by BA was sensitive to inhibition by cu-naphthoflavone whereas that induced by PB was not. 
This suggests induction of different cytochrome P-450 isoenzymes. Control Hep G2 cells had similar 
glucuronide conjugation and cytochrome reductase activities to freshly isolated human adult hepatocytes, 
but had lower 0-dealkylation and elevated microsomal epoxide hydrolase activities. 

Human hepatoma cell lines may provide a useful 
model system in which to investigate human hepatic 
drug metabolism. Certain cell lines, including Hep 
G2, Hep 3B and Sk-Hep-1, can carry out cytochrome 
P4%dependent mixed function oxidase (MFO)§ 
and conjugation reactions [l-4] and are capable of 
activating benzo(a)pyrene, aflatoxin Bl and cyclo- 
phosphamide to cytotoxic and mutagenic metabolites 
[2, 5-71. Hep G2 cells form similar DNA-adducts 
with benzo(a)pyrene as are formed in explants from 
normal human tissue [2] and it may therefore be a 
suitable cell line for predicting drug-induced cyto- 
toxicities in man. 

Many drug-metabolising enzyme activities are 
increased by inducing agents. From experiments 
using laboratory animals in vivo inducers were orig- 
inally classified into two main families. One family 
includes phenobarbitone (PB) and increases the 
activities of many MFO reactions, including the 
epoxidation of aldrin and the 0-depentylation of 
pentoxyresorufin (PROD) [8], and the glucuron- 
idation of substrates such as phenolphthalein and 
morphine [9, lo]. The other family of inducers are 
the polycyclic aromatic hydrocarbons, for example 
benz(a)anthracene (BA) and 3-methylcholanthrene, 
which increase the activities of a different set of 
reactions, including benzo(a)pyrene hydroxylation, 
ethoxyresorufin 0-deethylation (EROD) [8] and the 
glucuronidation of 4-nitrophenol and 1-naphthol 
[9, lo]. Some MFO reactions, for example the O- 
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debenzylation of benzyloxyresorufin (BROD), are 
induced by both PB and polycyclic aromatic hydro- 
carbon type inducers [8]. Several additional cat- 
egories of inducing agent have been described in 
recent years. 

The induction of drug metabolism is difficult to 
study in man. Most of the information available is 
from pharmacokinetic studies, although some studies 
describe the measurement of enzyme activities in 
biopsies or liver samples from surgical patients or 
kidney donors who have been treated previously with 
inducing drugs, such as barbiturates or rifampicin. 
These in vivo and in vitro studies show that the 
human drug-metabolising enzymes can be induced 
and that this induction results in altered drug 
pharmacokinetics. Antieonvulsants, including bar- 
biturates, phenytoin and carbamazepine, increase 
the clearance of antipyrine and raise hepatic cyto- 
chrome P-450 levels [ll-131, whilst rifampicin 
induces antipyrine and diazepam elimination and 
increases hepatic cytochrome P-450 content and the 
hydroxylation of steroids [14, 151. Human hepatic 
microsomal EROD, PROD and BROD are induced 
differently by anticonvulsants and cigarette smoking 
respectively [16]. These effects can all be attributed 
to induction of MFO metabolism in man. Phenytoin 
and barbiturates also increase the clearance of 
oxazepam, a drug which is metabolised by a single 
step glucuronidation reaction [17] and in vitro studies 
on three livers have shown that the glucuronidation 
of 1-naphthol and 4-methylumbelliferone was 
increased by phenytoin and barbiturate treatment 

[181. 
Liver samples are only available opportunistically 

from patients receiving likely inducing agents. More- 
over, interpretation of results from such samples is 
complicated by the tendency for most patients to be 
receiving more than one drug, plus the unreliability, 
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with smokers, of information about the number of 
cigarettes smoked. Consequently, the study of the 
induction of human drug metabolism would be aided 
by a suitable human cell culture model. As a first step 
towards this, we have compared between cultured 
human Hep G2 hepatoma cells and freshly isolated 
human hepatocytes several reactions that are con- 
sidered in animals to be in vitro “markers” of PB or 
BA type induction in vivo, and we have measured 
the response of the activities to inducers in the cell 
culture medium. 

MATERIALS 

Phenolphthalein glucuronide, 1-naphthol 
sulphate, 1-naphthol glucuronide, NADPH, a-naph- 
thoflavone and benz(a)anthracene were obtained 
from Sigma (St Louis, MO). Dulbecco’s medium was 
from Flow Laboratories (Herts, England) and foetal 
calf serum from Gibco (Paisley, Scotland). Reso- 
rufin, ethoxyresorufin, pentoxyresorufin and 
benzyloxyresorufin were synthesised as described by 
Burke and Mayer [19]. Phenanthrene-9,10-oxide and 
phenanthrene-9,10-dihydrodiol were a generous gift 
from Dr P. Dansette, Institute of Biochemistry, 
Universite Paris-Sud, France. The Hep G2 cell line 
was obtained by Dr W. T. Melvin, Department of 
Biochemistry, Aberdeen University from Professor 
C. N. Hales, Department of Clinical Biochemistry, 
Addenbrooke’s Hospital, Cambridge. 

METHODS 

1. Cell culture. Hep G2 cells were grown as mono- 
layer or multilayer cultures in 75 cm2 flasks in Dul- 
becco’s modified Eagle’s medium supplemented with 
10% (v/v) foetal calf serum, penicillin 100 Units/litre 
and streptomycin 100 mg/litre. They were grown in 
a humidified atmosphere of 5% CO2 in air and 
subcultured every 7-9 days at a 1: 3 split ratio (seed- 
ing density 3.5 X lo6 cells in a 75 cm2 flask). 

2. Analytical methods. MFO activities (EROD, 
PROD and BROD) were measured on confluent 
cultures at day 9-10 following subculture and the 
measurements were carried out on cell homogenates 
prepared as described previously for rat hepatocyte 
cultures [20]. Briefly, cultures were washed twice 
with phosphate buffered saline, pH 7.6, scraped off 
the flasks into 0.1 M sodium phosphate buffer, pH 
7.6, using a “rubber policeman” and homogenised 
using a Teflon-glass Potter-Elvehjem type homo- 
geniser. Homogenates were stored at -80” until 
analysed. MFO activities were measured using 0.1 ml 
cell homogenate with 0.3 mM NADPH and 5 uM 
substrate in a final vohrme of 0.5 ml 0.1 M sodium 
phosphate buffer, pH 7.6, at 37” in a shaking water 
bath. Reactions were stopped by the addition of 
0.75 ml ice-cold acetone and the samples were centri- 
fuged at 12,000g for 5 min. The fluorescence of the 
supernatant was read at an emission wavelength of 
600 nm and an excitation wavelength of 580 nm. The 
use of these higher wavelengths (compared with the 
assay as previously described [19]) facilitated the 
measurement of very low activities by increasing the 
ratio of resorufin to substrate fluorescence. These 
experiments were carried out under yellow light. 
The activities were measured every 5 min for 30 min 

and the reaction rates calculated over the linear part 
of the time curve. 

Microsomal epoxide hydrolase (EH) activities 
were measured in 0.4 ml cell homogenate with 20 PM 
phenanthrene-9,10-oxide [21] using the method 
described by Grant et al. [22] for human hepatocytes. 
NADH-cytochrome bJ reductase and NADPH-cyto- 
chrome c reductase were measured in cell homo- 
genates (0.1 ml) as described by Falzon and co- 
workers [23]. 

The conjugation reactions were measured in intact 
cells. This avoided the problem of artefactual acti- 
vation of UDP-glucuronyltransferases (GT) in cell 
homogenates and enabled measurement of both the 
glucuronidation and sulphation of 1-naphthol. 
Phenolphthalein or 1-naphthol (each 1OOpM) was 
added to the confluent culture flasks (day 9-10) 
containing a final volume of 20ml Dulbecco’s 
medium without foetal calf serum. Incubations in 
the culture flasks were carried out for 8 hr and 1 ml 
samples removed every hour. Samples were stored 
at -20” until analysis by high pressure liquid chroma- 
tography as described previously [24]. 

Cell protein was measured by the method of Lowry 
and coworkers using bovine serum albumin as the 
standard [25]. 

Enzyme activities were compared using one-way 
analysis of variance followed by Dunnett’s test and 
considered significantly different if P s 0.05. 

3. Induction and inhibition. Inducing agents 
(25 yM BA or 2 mM PB) were added at confluency 
(day 7) and the cells were exposed to the inducers 
for 3 days before metabolism was measured on day 
10. The medium was changed every day in both 
control and inducer-treated flasks. cu-Naphthofla- 
vone (ANF) was used as a selective inhibitor of MFO 
activities induced by BA [26] and was added to the 
EROD and BROD reactions at the concentrations 
indicated. 

RESULTS 

In Table 1 the MFO, EH, GT, NADH-cytochrome 
b5 reductase and NADPH-cytochrome c reductase 
activities of Hep G2 cells measured here are com- 
pared with those measured in freshly isolated human 
hepatocytes (obtained from renal transplant donors 
with no evidence of hepatic disease), which we have 
published previously [22]. 

The toxicity of inducing agents to the Hep G2 
cells was investigated to find the maximum tolerated 
concentration of each. 3-Methylcholanthrene was 
too toxic to the cells to be used as an inducer. The 
3-methylcholanthrene concentration of 5 PM, used 
by others for in vitro induction in Hep G2 cells [3], 
caused loss of approximately 60% of the cultured 
cells over 3 days (data not shown). PB and BA were 
comparatively non-toxic and at the concentrations 
used routinely for induction experiments with animal 
hepatocyte cultures (2 mM PB and 25 PM BA) they 
caused no significant detachment of cultured Hep 
G2 cells. 

Table 2 shows the responses of 1-naphthol GT, 
phenolphthalein GT and EH activities to PB and 
BA in the culture medium. 1-Naphthol formed both 
glucuronic acid and sulphate conjugates, with glu- 
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Table 1. Enzyme activities in isolated human adult hepatocytes and control Hep 
G2 hepatoma cells 

Human adult Control Hep G2 
hepatocytes cells 

( pmol/min/mg/protein) 

EROD 

BROD 

PROD 

EH 

N-GT 

P-GT 

NADH-cyt. bS reductase 

NADPH-cyt. c-reductase 

23.3 + 2.8 2.3 + 0.1 
(4) (4) 

9.3 2 0.7 0.4 2 0.1 
(4) (4) 

1.2 +- 0.8 0.2 2 0.03 
(4) 

73.4 + 22.0 491 O? 77.6 
(4) . (5; 

772.2 f 135.8 496.7 r 23.7 
(4) (10) 

216.7 -t 61.2 106.8 r 13.3 
(3) (4) 

(nmol/min/mg protein) 
322.5 f 94.2 560.5 2 42.3 

21.5(:)2 2 
(14) 

(Q . 
27.3 ” 1.5 

(16) 
EROD/BROD ratio 2.5 6.6 
EROD/PROD ratio 19.3 12.2 
N-GT/P-GT ratio 3.5 4.5 

The data are expressed as mean 2 SEM with the number of experiments in 
parentheses. The Hep G2 cells were cultured in the absence of any inducing agent. 
The enzyme activities in freshly isolated human adult hepatocytes are taken 
from Grant er al. [22]. Conjugation reactions in hepatocytes were measured in 
suspensions of lo6 cells/ml using the conditions and methods described by Grant 
et al. [22], while mixed function oxidase and epoxide hydrolase activities were 
measured in cell homogenates (lo6 cells/ml) prepared in 0.1 M sodium phosphate 
buffer, pH 7.6, using the conditions described in the present manuscript. The 
ratios of enzyme activities were calculated from the mean enzyme activity data. 
EROD, ethoxyresorufin 0-deethylation; BROD, benzyloxyresorufin O-deben- 
zylation; PROD, pentoxyresorufin 0-depentylation; N-GT, 1-naphthol glu- 
curonyltransferase; P-GT, phenolphthalein glucuronyltransferase; EH, epoxide 
hydrolase. 

curonide formation being 5-fold that of sulphation in phenolphthalein glucuronidation, the reaction was 
and neither BA nor PB caused any significant increased 3-fold by PB. EH activity was decreased 
increase in 1-naphthol conjugation. Phenolphthalein significantly by PB and to a smaller non-significant 
was not sulphated to any great extent in the Hep G2 extent by BA. 
cells, and whilst BA caused a non-significant increase Table 3 shows the effects of PB and BA on the 

Table 2. Conjugation reactions and epoxide hydrolase activity in Hep G2 cells 

l-Naphthol 1-Naphthol Phenolphthalein Epoxide 
glucuronide sulphate glucuronide hydrolase 
formation formation formation activity 

Inducer ( pmol/min/mg protein) 

Control 496.7 -+ 23.7 97.3 + 4.5 106.8 + 13.3 491.0 2 77.6 

(IO) (IO) (4) (5) 
BA (25 PM) 478.2 2 33.7 99.5 f 6.5 134.7 2 20.0 308.0 ” 65.3 

(6) (6) (4) (7) 
PB (2 mM) 476.3 + 8.8 102.7 2 11.0 267.2 ” 49.3* 200.7 r 48.7’ 

(3) (3) (5) (6) 

Results are expressed as mean f SEM with the number of experiments in parentheses. Cells were 
treated with benz(a)anthracene (BA) or phenobarbitone (PB) for 3 days before enzyme activities 
were measured. 

* P c 0.05. Significance values refer to differences in activity between control and inducer-treated 
cells. 
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Table 3. Mixed function oxidase activities in Hep G2 cells 

Inducer 
EROD PROD 

( pmol/min/mg protein) 
BROD 

Control 2.3 2 0.1 0.2 5 0.03 0.4 + 0.1 
(4) 

0.7 !?0.2* 
(4) 

BA (25 PM) 35.6 + 3.1** 1.0 f 0.1* 
(5) ;7) 

PB (2 mM) 2.3 2 0.5 0.5 -+ 0.1 1.0 !?0.2* 
(5) (7) ;5) 

Results are expressed as mean f SEM with the number of experiments in 
parentheses. Ceils were treated with benz(a)anthracene (BA) or phenobarbitone 
(PB) for 3 days before enzyme activities were measured. EROD, ethoxyresorufin 
0-deethylation; PROD, pentoxyresorufin 0-depentylation; BROD, benzyloxy- 
resorufin 0-debenzylation. 

** P < 0.01, *P < 0.05. Significance values refer to differences in activity 
between control and inducer-treated cells. 

MFO activities, EROD, BROD and PROD. BA 
increased all three activities but the increase was 
greatest for EROD (Sfold). PB did not significantly 
increase EROD but increased BROD and PROD to 
similar extents (2-3-fold). In order to differentiate 
between the apparent inducing effect of PB and BA, 
the MFO inhibitor ANF was used which in animal 
experiments is a selective inhibitor of activities 
induced by BA type agents [26]. Figure 1 shows the 
inhibition of the EROD and BROD reactions by 
ANF. (BROD was measured rather than PROD 
because the former reaction was 2-fold faster and so 
inhibition could be detected more easily.) EROD 
was inhibited by ANF in both BA and PB treated 
cells. In contrast, while BROD in BA-treated cells 
was inhibited by ANF, BROD in PB-treated cells 
was resistant to ANF inhibition. 

100 

80 

20 

a 

BROD EROD 

r 

IoC mphthoflavonel p M 

Fig. 1. Inhibition of benzyloxyresorufin (BROD) and 
ethoxyresorufin (EROD) 0-dealkylations by (Y- 
naphthoflavone. Different concentrations of cu-naphtho- 
flavone were added directly to reactions containin cells 
pretreated with either phenobarbitone (!I!$ or 
benz(a)anthracene (Cl) for 3 days. Results are the means 
of either 3 or 4 experiments. Histogram bars for pheno- 
barbitone and benz(a) anthracene are overlaid from zero. 

DISCUSSION 

The purpose of this study was to asses the potential 
of the human Hep G2 hepatoma cell line as a system 
in which to study the induction of human MFO, GT 
and EH activities, therefore substrates were used 
whose hepatic microsomal metabolism was known 
to be induced in rats in uiuo. In rats phenolphthalein 
glucuronidation and PROD are selective markers for 
PB induction, whereas I-naphthol glucuronidation 
and EROD are selective probes for induction by 
polycyclic aromatic hydrocarbons such as BA [g-lo]. 

GT activities were similar in the Hep G2 cells and 
in normal human hepatocytes. MFO activities were 
markedly lower in the Hep G2 cells, but this was not 
accompanied by a decrease in the activities of the 
associated NADH-cytochrome b5- and NADPH- 
cytochrome c-reductase. EH activities were 6-fold 
higher in the Hep G2 cells compared with normal 
hepatocytes. These changes in the activities of the 
MFO and EH enzymes are similar to those reported 
as occurring in various pre-neoplastic and neoplastic 
hepatic tumours [27] and are consistent with some 
degree of de-differentiation of the Hep G2 cells. 
Sulphate conjugation was low in Hep G2 cells but 
for I-naphthol the ratio of glucuronidation to sul- 
phation in Hep G2 cells (5 : 1) was similar to that in 
normal hepatocytes (4 : l), whilst the virtually total 
lack of sulphation of phenolphthalein in Hep G2 
cells is also seen in normal human hepatocytes [22]. 
The ratios between the three MFO activities and 
between the two GT activities in Hep G2 cells are 
similar to the respective ratios in normal human 
hepatocytes. This may indicate that the pattern of 
MFO and GT isoenzymes expressed are similar in 
Hep G2 and normal human hepatocytes, but the 
resolution of this question will require the direct 
quantification of each of the isoenzymes involved. 

The increase in phenolphthalein glucuronidation 
by PB but not by BA and the increase in EROD by 
BA but not PB suggests that PB and BA exerted 
different and characteristic inducing effects on the 
cytochrome P-450 and GTs of Hep G2 cells in 
culture. The failure of 1-naphthol glucuronidation to 
be increased by either agent may have been due to 
a possible rate-limiting effect of the cofactor, UDP- 
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glucuronic acid, since in control cells this reaction 
was 5-fold faster than phenoiphthalein 
glucuronidation. However, the phen~threne-9,l~ 
epoxide EH reaction, which is inducible in rat liver 
microsomes by either PB or BA type inducers in 
uiuo (unpublished observations), also was not 
increased in Hep G2 cells. The reason for the marked 
decrease in EH activity by PB and BA in Hep G2 
cells is not known at present. The increase of BROD 
in Hep G2 cells by either PB or BA was in accordance 
with its induction by either type of inducer in rats in 
uiuo 181. However, a truly characteristic effect in 
Hep G2 cells of PB and BA respectively (i.e. as seen 
in rats) demanded that PROD be induced by PB but 
not BA, whereas it was increased by either agent 
equally. It has been suggested that in cultured cells 
PB acts aberrently, like a BA-type inducer of cyto- 
chrome P-450 [28, 291. Moreover, although Dawson 
et al. [3] reported the presence in Hep G2 cells of a 
protein related immunologically to a PB-induced 
isoenzyme of rat liver cytochrome P-450, Sassa et al. 
[4] were unable to detect such a protein. PB-induced 
BROD and other PB-induced MFO reactions are 
much less sensitive to inhibition by ANF than are 
the reactions when induced by BA-type agents [26, 
301. Thus, the inhibition by ANF of BROD in BA- 
treated but not in PB-treated Hep G2 cells suggests 
that PB was an inducer acting in true character in 
these cultured cells. Immunoinhibition experiments 
using monoclonal antibodies against rat and human 
cytochrome P-450 isoenzymes are currently under- 
way in our laboratories to answer this question 
definitively. 

In conclusion, we believe that Hep G2 cells, which 
we have shown to contain MFO, EH and GT activi- 
ties and to respond to inducing agents, may provide 
a valuable model system in which to study human 
hepatic drug metabolism. 

Acknuwl~~gemen~-his work was supported by the Well- 
come Trust and by The Professor Philip Fund of Aberdeen 
University. 

REFERENCES 

1. Diamond L, Kruszewski F, Aden DP, Knowles BB and 
Baird WM, Metabolic activation of benzo(a)pyrene by 
a human hepatoma cell Line. Carcinogenesb 1: 871- 
875, 1980. 

2. Limbosch SJ, Benzo(u)p~ene and aldrin metabolizing 
activities in cultured human and rat hepatoma cell lines. 
Natl Cancer Inst Monoar 71: 281-286. 1983. 

3. Dawson JR, Adams D’J and Wolf CR, Induction of 
drug metabolizing enzymes in human liver cell line Hep 
G2. FEBS Lett 183: 219-222, 1985. 

4. Sassa S, Sugita 0, Galbraith RA and Kappas A, Drug 
metabolism by the human hepatoma cell, Hep G2. 
Biochem Biophys Res Commun 143: 52-57, 1987. 

5. Abe S, Nemoto N and Sasaki M, Sister chromatid 
exchange induction by direct mutagens/c~cinogens, 
a~lhydrocar~n hydroxylase activity and 
benzo(a)pyrene metabolism-in cultured human hepa- 
toma cells. Mutat Res. 109: 83-90, 1983. 

6. Huh N, Nemoto N and Utakoji T, Metabolic activation 
of benzo(a)pyrene, aflatoxin Bl, and dimethyl- 
nitrosamine by a human hepatoma cell line. Mutat Res 
94: 339-348, 1982 

8. 

9. 

10. 

11. 

12. 

13. 

liams JR, Evaluation of a human hepatoma cell ime as 
a target cell in genetic toxicology. M.&t Res 108: 437- 
449, 1983. 
Burke MD, Thompson S, Eicombe CR, Halpert 3, 
Haaparanta T and Mayer RT, Ethoxy-, pentoxy- and 
benzyloxy-phenoxazones and homologues; a series of 
substrates to distinguish between different induced 
cytochromes P-450. Biochem Pharmacol 34: 3337- 
3345, 1985. 
Bock KW, Jostung D, Lilienblum W and Pfeil H, 
Purification of rat-liver microsomal UDP-glucuronyl 
transferase, separation of two enzyme forms by 3- 
methylcholanthrene and phenobarbital. Eur J Biocfiem 
98: 19-26, 1979. 
Morrison H and Hawksworth GM, Glucuronic acid 
conjugation by hepatic microsomal fractions isolated 
from streptozotocin-induced diabetic rats. Biochem 
Pharmncol33: 3833-3838, 1984. 
Perucca E, Hedges A, Makki KA, Ruprah M, Wilson 
JF and Richens A, A comparative study of the relative 
enzyme inducing properties of anticonvulsant drugs in 
epileptic patients. Br I Clin Pharmncol 18: 401-410, 
1984. 
Shaw PN, Houston JB, Rowland M, Hopkins K, Thi- 
ercehn JF and Morsehi PL. Antipyrine metabolite kin- 
etics in healthy human volunteers during multiple 
dosing of phenytoin and carbamazine. Br J Clin Phar- 
macol20: 611-618, 1985. 
Pirttiaho HI, Sotaniemi EA, Ahokas JT and Pitkanen 
U, Liver size and indices of drug metabolism in 
epileptics. Br J Clin Pharmacol6: 273-278, 1978. 

14. Bolt HM, Kappus H and Bolt M. Effect of rifampicin 
treatment on the metabohsm of oestradiol and 17cr- 
ethinyl~stra~ol by human liver microsomes. Eur J 
Clin Pharmacoi 8: 301-307, 1975. 

15. Brockmeyer N, Dylewicz B, Habicht H and Ohnaus 
EE, The metabolism of diazepam following different 
enzyme inducing agents. Br J Clin Pharmacoll9: 554P, 
1985. 

16. Thompson S, Petrie JC, Engeset J, Elcombe CR, Mayer 
RT, von Bahr C and Burke MD, Metabolic evidence 
for the presence of different forms of cytochrome P- 
450 in human liver. Biochem Sot Trans 12: 682-683. 
1984. 

17. Scott AK, Khir ASM, Steele WH, Hawkswo~h GM 
and Petrie JC, Oxazepam pharmacokineti~ in patients 
with epilepsy treated long-term with phenytoin alone 
or in combination with phenobarbitone. BrJ Clin Phar- 
macol 16: 441-444, 1983. 

18. Bock KW, Lilienblum W and von Bahr C, Studies of 
UDP-glucuronyltransferase activities in human liver 
microsomes. Drug Merub Disp 12: 93-97, 1984. 

19. Burke MD and Mayer RT, Differential effects of 
phenobarbitone and 3-methylcholanthrene induction 
on the hepatic microsoma1 metabolism and cytochrome 
P450 binding of phenoxazone and a homologous series 
of its n-alkylethers (alkoxyresorufins). Chem-Bioi 
interact 45: 243-258, 1983. 

20. Grant MH, Melvin MAL, Shaw P, Melvin WT and 
Burke MD, Studies on the maintenance of cytochromes 
P-450 and bg, monooxygenases and cytochrome 
reductases in primary cultures of rat hepatocytes. FEBS 
Lett 190: 99-103, 1985. 

21. Dansette PM, Du Bois GC and Jerina DM, Continuous 
fluo~met~c assay of epoxide hydrase activity. Anal 
Biochem 97: 340-345, 1979. 

22. Grant MH, Burke MD, Hawksworth GM, Duthie SJ, 
Engeset J and Petrie JC, Human adult hepatocytes 
in primary monolayer culture. Maintenance of mixed 
function oxidase and conjugation pathways of drug 
metabolism. Biochem Pharmacol36: 2311-2316,1987. 

23. Falzon M, Milton AS and Burke MD, Are the decreases -._- . 
in hepattc cytochrome P.450 and other drug-metab- 7. Dearfield KL, Jacobson-Kiam D, Brown NA and Wil- 



4116 M. H. GRANT er al. 

olising enzymes caused by indomethacin in vivo and expression of four cytochrome P-450 isoenzymes, 
mediated by intestinal bacterial endotoxins? Biochem NADPH cytochrome P-450 reductase, the glutathione 
Pharmacol33: 1285-1292, 1984. transferases B and C and microsomal epoxide hydrolase 

24. Karakaya A and Carter DE, High-performance liquid in preneoplastic and neoplastic lesions. Carcinogenesis 
chromatography of glucuronide and sulfate conjugates . 6: X3-521, 1985. 
using ion-pair chromatography, J Chromatogr 195: 28. Owens IS and Nebert DW, Aryl hydrocarbon hydroxy- 
431-434, 1980. lase induction in mamma~an liver-derived cell cultures. 

25. Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, Mel Pharmacol 11: 94-104, 1975. 
Protein measurement with the Folin phenol reagent. 1 29. Fahl WE, Michalopoulos G, Sattler GL, Jefcoate CR 
Biol Chem 193: 26%275. 1951. and Pitot HC. Characteristics of microsomai enzvme 

26. Wiebel FJ, Leutz JC, Diamond L and Gelboin HV, controls in primary cultures of rat hepatocytes. Arch 
Aryl hydrocarbon (benzo(a)-pyrene) hydroxylase in Biochem Biophys 192: 61-72, 1979. 
microsomes from rat tissues: differential inhibition and 30. Rettie AE, Williams FM, Rawlins MD, Mayer RT and 
stimulation by benzoflavones and organic solvents. Burke MD, Major differences between lung, skin and 
Arch Biochem Biophys 144: 78-86, 1971. liver in the microsomal metabolism of homologous 

27. Buchmann A, Kulmann W, Schwartz M, Kunz W, Wolf series of resorufin and coumarin ethers. Biochem Phar- 
CR, Mall E, Friedberg T and Oesch F, Regulation mad 35: 3495-3500, 1986. 


