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Abstract-Assays of 7-ethoxycoumarin O-deethylase (ECD) activity in intact cells were used as a 
sensitive and convenient measure of the drug-metabolizing activity of rat hepatocytes maintained for 
up to 4 days in primary culture. A combination of nicotinamide or other pyridines with dexamethasone 
was shown to maintain ECD at or above the activity of untreated livers in uivo and to potentiate 
induction by xenobiotics. Inductions in vioo and in culture were quantitatively similar but differed 
qualitatively as judged by the proportion of ECD activity inhibitabie by metyrapone. A survey of 
possible endogenous regulators of liver monooxygenases established that: dexamethasone and other 
glucocorticoids induced ECD and potentiated induction by xenobiotics, particularly phenobarbitone; 
other steroids including testosterone, 17gestradiol and pregnenolone 16accarbonitrile caused small 
inductions; insulin lowered both ECD activity and the proportion of activity inhibitable by metyrapone; 
dibutyryl cyclic AMP or glucagon lowered ECD; and high concentrations of aminolevulinate partly 
repressed induction by xenobiotics. Based on these findings, hepatocyte culture conditions which 
maintain ECD activity and inducibility at or above in vivo levels are defined. 

The liver microsomal dam-metabolizing or mono- 
oxygenase system is active with a wide range of 
substrates and is induced by a diverse group of 
foreign chemicals [2,3]. Detailed characterization of 
the control of the monooxygenase system in primary 
cultures of adult mammalian hepatocytes is desir- 
able, not only to clarify the nature of regulatory 
factors and their mechanisms but also to provide a 
basis for studies on the monooxygenase-dependent 
metabolism and subsequent effects of various drugs, 
toxins and carcinogens in culture (e.g. refs. [4,5]). 
The approach in this study has been to devise a 
sensitive and convenient assay of drug-metabolizing 
activity in intact cells using a substrate with which a 
variety of the multiple forms of cytochrome P-450 
are active. Based on previous work by Fry and 
Bridges [6,7], assays of 7-ethoxycoumarin O-de- 
ethylase (ECD)t activity in intact rat hepatocytes 
have been used to survey both xenobiotic and 
endogenous agents for their effects on mono- 
oxygenase activity. 

From previous studies with adult rat hepatocytes, 
two general problems have emerged. The first prob- 
lem, and the main focus of this report, is that with 

* To whom correspondence should be addressed. 
t Abbreviations used: ALA. S-aminolevulinate: DEX. 

dexamethasone; dibutyryl cychc AMP, N6,02’-dlbutyryi 
adenosine-3’,.5’-monophosphate; ECD, 7-ethoxycoumarin 
0-deethylase; 3-MC, 3-methylcholanthrene; PB, sodium 
phenobarbitone; PCN, pregnenolone 16cycarbonitrile. 
Cytochrome P-450 isozymes are named according to the 
nomenclature of Lu and West [l]. 

unsupplemented media, the c~ochromes P-450 and 
many associated monooxygenase activities decline 
rapidly in the first hours in culture (f4,5]; cf. ref. [8] 
for other species). It seems likeiy that under simple 
culture conditions requirements for specific regu- 
lation of monooxygenase activities or possibly for 
preserving the normal differentiated state of adult 
hepatocytes are lacking. Previous observations with 
rat or chick hepatocyte cultures have suggested that 
endogenous or related agents which may increase 
monooxygenase activities include nicotinamide 
[9-131 and related pyridines [lo, 12,14, lS], gluco- 
corticoids [S-24], the sex steroids lllaestradiol and 
testosterone [l&17,20,25], other steroids including 
PCN 1261, thyroid hormones [X,17,20,23], serum 
[7], glucagon or cyclic AMP [16, 17,20,27,28], insu- 
lin ([16,17,20,23] but cf. [27]) and the heme pre- 
cursor ALA [29,30]. One aim of this study was to 
test a broad range of such factors to clarify with a 
single experimental system the nature and relative 
importance of endogenous controls on monooxy- 
genase activity. 

The second general problem in studies with adult 
rat hepatocytes is that althou~ the levels of mono- 
oxygenase components are increased by known 
xenobiotic inducers, the spectrum of the cytochrome 
P-450 forms induced is, for some drugs such as 
phenobarbitone (PB), different from that induced in 
viuo [4,25,31]. In the present study the qualitative 
aspects of induction have been examined in a prelimi- 
nary way by measuring the sensitivity of monooxy- 
genase activities in culture to metyrapone, an inhibi- 
tor of a specific subset of P-450 forms [32]. 
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A preliminary report of this work has appeared 
1331. 

MATERIALS AND METHODS 

Chemicals, enzymes and media. All biochemicals 
used were obtained from Sigma Chemical Co. (St. 
Louis, MO) except for sodium phenobarbitone 
which was purchased from Prosana Laboratories 
(Sydney, Australia) and collagenase which was from 
Boehringer ~a~nheim (Australia). Sources and 
formulations of media were as previously described 
1341. 

Hepatocyte isolation and culture. Porton-strain 
Wistar rats allowed free access to laboratory chow 
were used for all studies. Hepatocytes were isolated 
by a two-step collagenase perfusion procedure [35], 
modified to yield sterile preparations [34]. The 
procedures and media for cell culture were as in ref. 
[34] except that cultures were established by allowing 
freshly isolated hepatocytes to attach to collagen- 
coated, 60 mm diameter culture dishes (Disposable 
Products, Adelaide, South Australia) in modified 
Waymouth medium [34] with 10mM nicotinamide 
and 3% fetal calf serum (Commonwealth Serum 
Laboratories, Melbourne, Australia). After allowing 
3 hr for cell attachment, the medium was changed to 
a standard defined “culture medium” which, unless 
otherwise specified, contained a modification of 
Waymouth medium MB 752/l incorporating alanine, 
serine, asparagine, oleic and linoleic acids, insulin 
and antibiotics as defined in ref. [34]. In most experi- 
ments, the standard culture medium was further 
supplemented with 10 mM nicotinamide. 

The ECD assay was based on previously published 
procedures of Fry and Bridges [6] and Greenlee 
and Poland [36J. After experimental pretreatments, 
hepatocyte monolayers were washed twice with 
warm 0.15 M NaCl. ECD assays were initiated by 
adding warm Ca2+-free Krebs-Henseleit buffer con- 
taining 7-ethoxycoumarin (final concentration 
1OOpM) to washed monolayers. The concentration 
of ethoxycoumarin was chosen to facilitate compari- 
son with previous studies [7,37] but was slightly sub- 
optimal; 150 PM was required for maximal activity. 
Assays were either stopped immediately (zero-time 
blank) or after a further 30 min incubation at 37” by 
rapidly scraping cells from the plastic and freezing 
cells plus supernatant medium in liquid N2. Hydroxy- 
coumarin formation was linear for at least 1 hr and 
linear with respect to cell concentration over the 
range 0.3-3.0 x 106 cells/ml in assays with hepatocyte 
suspensions. Samples containing hydroxycoumarin, 
free or as glucuronide or sulphate conjugates, could 
be stored frozen as required. Thawed samples were 
homogenized for 10 set with an Uhraturrax homo- 
geniser at 2/3 full speed. A sample of homogenate 
was saved for protein estimation and duplicate 0.5 ml 
samples of homogenate were transferred to centri- 
fuge tubes containing 0.7 ml crude @-glucuronidase/ 
sulphatase (Sigma type H-l pglucuronidase, 1.4 mg/ 
ml in 60 mM Na acetate buffer, pH 4.5, containing 
0.11 M NaCl) and incubated in a shaking water bath 
at 37” for 2 hr to allow conversion of hydroxy- 
coumarin conjugates to free hydroxycoumarin. In- 
cubation for 2 hr (or as little as 45 min) was sufficient 

for complete hydrolysis of conjugates and gave val- 
ues identical with the procedure of Fry and Bridges 
[6] which involved a 17 hr incubation. Alternative 
approaches [37] employing salicylamide to inhibit 
conjugation in the original cell incubation gave much 
lower values. 

Hydroxycoumarin formation was estimated as des- 
cribed by Greenlee and Poland [36] with modifica- 
tions as follows. After the @-glucuronidase treat- 
ment, the product was extracted into 2 ml chloroform 
by mixing for 20 set on a vortex mixer. Tubes were 
cent~fuged at 2000 g for 7 min and then a 1 ml sample 
of the chloroform phase was mixed with 2.5 ml 
0.01 M NaOH/l M NaCl for 20 set on a vortex mixer. 
After centrifuging tubes for 3 min at ZOOOg, the 
fluorescence of hydroxycoumarin in the aqueous 
phase was estimated using an Aminco Bowman spec- 
trofluorometer with excitation and emission wave- 
lengths of 368 and 456 nm, respectively. Sample fluo- 
rescence was compared with that of a freshly 
prepared standard solution of 5,liM 
hydroxycoumarin in 0.01 M NaOH/l M NaCl. Val- 
ues for hydroxycoumarin formation during a 30 min 
incubation were calculated after subtracting the 
fluorescence of zero-time blank incubations. No cor- 
rection was made for the recovery of hydroxy- 
coumarin through the extraction procedure; this was 
consistently 80%. A unit of ECD activity is defined 
as the amount catalysing the formation of 1 pmole 
hydroxycoumarin per min. 

In general, the results shown in the figures and 
tables were obtained with a single liver cell prepara- 
tion, but in every case comparable results were 
obtained in replicate experiments with independent 
cell preparations. 

RESULTS 

induction of ECD by known xenobiotic inducers of 
liver monooxygenase activities 

Initial studies using the ECD assay with intact 
hepatocyte monolayers were designed to character- 
ize the response of this system to known monooxy- 
genase inducers. Figure 1 shows the time course of 
changes in ECD activity in control monolayers and 
those continuously exposed to PB, 3-MC or dexa- 
methasone (DEX). In cultures without nicotinamide 
(Fig. lA), the activity of control monolayers progres- 
sively declined to values after 4 days ca 3-5% of that 
in hepatocytes freshly isolated from untreated rats. 
This decline was prevented in part by maintaining 
cells with 30nM DEX. While 3-MC alone caused 
clear ECD induction, PI3 markedly induced activity 
only in combination with DEX. When monolayers 
were maintained with 10 mM nicotinamide, the ECD 
activity of control cultures was preserved at near in 
vivo levels for 2-3 days before declining (Fig. 1B). 
Furthermore, nicotinamide synergistically enhanced 
the effectiveness of 3-MC, PB and DEX as inducers. 
Media for most of the further studies below con- 
tained 10 mM nicotinamide. 

Figure 2 shows changes in ECD activity when 
hepatocyte monolayers maintained with nicotina- 
mide were given 24 hr exposures to inducers begin- 
ning 4, 28 or 52 hr after plating isolated hepatocytes 
into culture dishes. Immediately after attachment, 
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Fig. 1. Effects of xenobiotics and dexamethasone on ECD in hepatocyte cultures maintained with or 
without nicotinamide. After attachment, hepatocytes were maintained in standard culture medium with 
or without 10 mM nicotinamide and with additions: 0, None; @, DEX, 30 nM; A, PB, 2 mM; n , 3- 
MC, 2 @f; A, DEX, 30 nM pius PB, 2 mM. After various times in culture, sets of dishes were assayed 
for ECD activity as in Materials and Methods. Values and bars are means 2 S.D. from four dishes. 
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Fig. 2. Response of ECD to xenobiotic inducers and dexa- 
methasone after various times in culture. After attachment, 
hepatocytes were maintained in standard culture medium 
plus 10 mM nicotinamide. Inducers (DEX, 3-MC or PB) 
were added as shown after 4,28 or 52 hr prior incubation 
in culture and in each case ECD activity was assayed 
after a further 24 hr incubation. Points and bars show 
means 4 SD. from four dishes. Additions were: 0, none; 

0, DEX, 30 nM; A, PB, 2 mM; W, 3-MC, 2 PM. 

monolayers were relatively unresponsive to inducers. 
After a further 24 hr in culture, during which cells 
spread out on the collagen-coated dishes to form a 
near-confluent monolayer, the response to inducers 
was markedly improved. Maximal responses were 
observed following inducer addition to 2-day cul- 
tures, when inducers caused a progressive rise in 
ECD activities over l-2 days after an initial lag phase 
of S-6 hr (detailed time course not shown). 

The concentration dependence of induction by 
PB, 3-MC and another known xenobiotic inducer 
of monooxygenase activity, pnaphthoflavone, are 
shown in Fig. 3. The effects of PB were examined in 
the presence of DEX since PB was a weak inducer 
in the absence of glucocorticoid. Significant dose- 
dependent induction was observed at PB concentra- 
tions of ~O,LLM and above; induction was maximal 
(3-Gfold) at l-2mM but declined very rapidly at 
concentrations greater than 2 mM, possibly indicat- 
ing toxicity at these levels. The polycyclic hydrocar- 
bons 3-MC and Pnaphthoflavone caused dose-de- 
pendent inductions up to lo-fold which were maximal 
with 2 PM 3-MC and ca 50 ,uM &naphthoflavone. 

That the changes in ECD observed in response to 
inducers in culture indeed reflected enzyme induc- 
tion rather than activation was suggested by their 
time-dependence. Furthermore, elevation of ECD 
during an 18 hr exposure to inducers was prevented 
by the addition of either the RNA synthesis inhibitor, 
actinomycin D (1 pg/ml), or the inhibitor of protein 
synthesis, cycloheximide (20 pg/ml). 
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Fig. 3. Concentration dependence of ECD induction by xenobiotics. After attachment, hepatocytes 
were maintained in standard medium plus 10 mM nicotinamide. In panel A, media also contained 30 nM 
DEX throughout; varying concentrations of PB were added after 24 hr and ECD assayed after a further 
48 hr. In panel B, varying concentrations of /kraphthoflavone (BNF) or 3-MC were added after 44 hr 

and ECD assayed after a further 24 hr. Points and bars show means k SD. from 3-4 dishes. 

Comparison of ECD induction in viva and in culture 

Table 1 compares the ECD activities of hepato- 
cytes from control cultures or cultures exposed to 
PB or 3-MC with the activities of hepatocytes isolated 
after treatments with the same compounds in vivo. 
The protocols for in vivo induction were based on 
those widely used in other laboratories to observe 
maximal effects of PB or 3-MC. In cultures main- 
tained without glucocorticoids, both control and in- 
duced activities were about half the in vivo values. 
However, in the presence of moderate levels of the 
glucocorticoid, DEX, the levels of ECD induced by 
either PB or 3-MC were comparable with levels 
found after in vivo induction. 

To provide some indication of whether the comple- 
ment of P-450 isozymes contributing to activity dif- 
fered in vivo and in culture, hepatocytes were 
assayed in the absence or presence of metyrapone, 
considered to be a relatively specific inhibitor of 
certain forms of cytochrome P-450. Compared with 
hepatocytes freshly isolated from an untreated rat, 
the ECD activity of hepatocytes after 3 days in 
culture, with or without glucocorticoid, was less sen- 
sitive to metyrapone inhibition. While the low pro- 
portion of metyrapone-inhibitable activity after 3- 
MC exposure was comparable in vivo and in vitro, 
the PB-induced activity in culture was clearly qualita- 
tively different from that in vivo. No manipulations 

Table 1. Comparison of ECD induction in hepatocytes in vivo and in 
monolayer cultures 

ECD activity (units/mg protein) 

Treatment (A) In vivo (B) In culture, 3 days 

None 
PB 
3-MC 

None + DEX 
74 (63)* 31 (35) 144 (36) 

323 (72) 170 (30) 370 (28) 
496 (10) 237 (6) 499 (-)t 

(A) From rats previously untreated, given three daily injections (i.p.) 
of PB, 80 mgkg or one injection (i.p.) of 3 MC, 25 mgikg, cells were 
isolated after a further 20 hr and the ECD activity of cell suspensions 
assayed immediately essentially as in Materials and Methods, in the 
presence or absence of 100 @I metyrapone. Each value is the mean of 
quadruplicate assays on suspensions from hvo rats. 

(B) Hepatocytes were isolated from untreated rats and after attach- 
ment, maintained in culture for 3 days in standard culture medium plus 
10 mM nicotinamide with or without additions of 30 nM DEX, 2 mM PB 
or 2 @I 3-MC. ECD activities were assayed in the presence and absence 
of 100 @f metyrapone. The values shown for cells from a single rat are 
typical of a large number of experiments. 

* Values in parentheses show % inhibition by 100 PM metyrapone. 
t Not determined. 
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so far tested, including a variety of media or supple- 
ments employed in other studies [7,14,25,29,38], 
have fully restored an in uiuo-like proportion of 
metyrapone-inhibitable ECD activity. Recent ex- 
periments have, however, shown that Williams 
medium E gives higher total ECD activities than 
those observed with the modified Waymouth 
medium used in most of this study (see below, Fig. 
6). 

Effect of nicotinamide and other pyridines on ECD 
levels 

The results in Fig. 1 indicated that nicotinamide 
favours preservation of ECD activity at near in vivo 
levels in control cultures and also enhances induction 
by either glucocorticoid or xenobiotics. Pyridine and 
its derivative metyrapone caused effects similar to 
nicotinamide (not shown). Metyrapone at the con- 
centration (OS mM) shown to be optimal in other 
studies [lo, 151 on cytochrome P-450 was effective 
alone in maintaining ECD levels, and in combination 
with DEX (30 nM), increased ECD to activities 4-5 
times those in cultures with DEX alone. The concen- 
tration dependence of the effects of nicotinamide 
are shown in Fig. 4. Maximal preservation of ECD 
activity in control cultures and enhancement of in- 
duction by 3-MC or PB were observed with 1.5 mM 
nicotinamide. Similar results were obtained with 
DEX as inducer (not shown). Higher concentrations 
up to 30 mM gave no additional effect or were subop- 
timal, possibly due to the inhibition of protein syn- 
thesis at higher nicotinamide levels [12]. The 10 mM 
nicotinamide used in most of the present studies 
was near optimal in maintaining ECD activities but 
caused no significant inhibition of general protein 
synthesis in 24-hr-old hepatocyte monolayers (meas- 
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Fig. 4. Effect of nicotinamide concentration on basal and 
xenobiotic-induced ECD activities in culture. After attach- 
ment, monolavers were maintained with standard medium 
plus the nicotikmide concentrations shown and other addi- 
tions below. ECD was assaved after 3 days. Points and bars 
show means k S.D. from four dishes. Additions were: 0, 

none; a, PB, 2 mM; H, 3-MC, 2yM. 
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Fig. 5. Concentration dependence of the inducing and 
potentiating effects of dexamethasone in ECD regulation 
in culture. After attachment, monolayers were maintained 
in standard medium plus 10 mM nicotinamide with varying 
DEX concentrations, without additions (0) or with 2 mM 
PB (a). ECD activity was assayed after a further 40 hr. 

Points and bars show means -C S.D. for four dishes. 

ured as [3H]leucine inco~oration into t~chloroa~tic 
acid-precipitable material as in ref. [39]). Further- 
more, although nicotinamide is known to bind, like 
metyrapone, to specific forms of cytochrome P-450 
[lo, 151 it caused no significant inhibition of ECD 
activity when present at concentrations up to 20 mM 
in assays of intact cells. 

Potentiating and inducing effects of glucocorticoid in 
ECD regulation 

Figure 1 showed that the addition of DEX alone 
favoured preservation or induction of ECD and that 
DEX acted synergistically with PB in ECD induc- 
tion. For cultures maintained with nicotinamide, the 
concentration dependence of induction by DEX 
alone or in combination with an optimal concentra- 
tion of PB is shown in Fig. 5. DEX caused an increase 
in ECD activity, measured after 2 days in culture, 
which was proportional to log (DEX concentration) 
over the range 0.1-100 nM. At higher levels, DEX 
did not further increase ECD activity in 2-day cul- 
tures although there was an additional effect of con- 
centrations up to 3 PM when ECD was assayed after 
4 days (not shown). 

In addition to the inducing action of DEX, the 
steroid strongly potentiated induction by PB which 
alone caused only a small induction (Fig. 5). This 
potentiation appeared most marked at later culture 
times (Fig. 1). Although 3-MC alone was a potent 
inducer, its action was also potentiated by DEX 
(Table 2). The concentration dependence of the 
inducing action of DEX and of its potentiating effect 
(shown by the difference curve in Fig. 5) were con- 
sistent with a mechanism involving the glucocorticoid 
receptor. In both cases maximal effects were obser- 
ved at ca 0.1 PM steroid. This concentration is also 
optimal for the glucoco~icoid-receptor-dependent 
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Table 2. Interaction between dexamethasone and induction 
by 3-methylchofanthrene (3-MC) 

Additions 
(nM) 

ECD activity (units/mg protein) 

None + 3-MC 

None 57 c 10 192 rt 2.5 
DEX, 3 81 r 6 266 r 21 
DEX, 30 122 -c 9 396 + 43 

Monolayers after attachment were incubated for 48 hr in 
culture medium with 10 mM ~cotinamide with or without 
3-MC, 2 @I and the concentrations of DEX shown. Values 
are means k SD. from four dishes. 

induction of tyrosine aminotransferase by DEX in 
similar cultures (A. M. Edwards, unpublished re- 
sults). Some additional evidence that DEX is acting 
as a glucocorticoid in its effects on ECD is shown in 
Table 3. The known ghrcocorticoids DEX, hydrocor- 
tisone and corticosterone all clearly induced and 
(where tested) acted synergisti~lly with PB. The 
structurally related steroids 2O~hydroco~iso1, 
tetrahydrocortisol and fluoxymesterone, known to 
be suboptimal-, inactive- and anti-glucorticoids, re- 
spectively [40], were less effective or inactive as 
inducers, and tetrahydrocortisol failed to potentiate 
PB induction. 

Regulatory effects of other steroids 

Table 3 also shows that some non-glucocorticoids, 
namely fluoxymesterone, pregnenolone and PCN, 
caused small but si~ificant increases in ECD levels. 
The effect of PCN was appro~mately additive with 
that of a maximally effective concentration of DEX 
suggesting that glucocorticoids and PCN may induce 
by distinct mechanisms. In a separate experiment 
similar to that in Table 3, the sex steroids testoster- 
one and 17pestradiol were found to increase ECD 

from a control value of 59 2 14 unit~mg protein to 
94 * 20 (with testosterone, 1 yM) and 81 2 9 (with 
17@-estradiol, 1 PM). Either steroid also augmented 
induction by PB + DEX in an approximately addi- 
tive fashion. 

Effects of glucagon or cyclic AMP derivatives 

Contrary to the expectation from previous work 
[l&17,20,27,41] that cyclic AMP might increase 
ECD levels, initial experiments showed that the addi- 
tion of dibutyryl cyclic AMP markedly decreased 
ECD in cultures incubated for 2 days with or without 
inducers. Similar results were obtained when gluca- 
gon (0.4 PM) was added to monolayers after attach- 
ment (not shown). The results in Table 4 indicate 
that early exposure of monolayers to dibutyryl cyclic 
AMP accounted for most of the observed repression 
of ECD. Addition of dibutyryl cyclic AMP during a 
l-day preincubation period had marked effects on 
ECD activities observed after a further l-day incuba- 
tion with or without inducers. When the nucleotide 
was absent during the preincubation but present 
during the further incubation 2 inducers, its effects 
were less marked. Additional experiments (not 
shown) in which nucleotide was added to cultures on 
days 1, 2 or 3 with exposure to inducers on day 3 
suggested that it was the presence of cyclic AMP on 
day 1 rather than in the phase prior to adding indu- 
cers (day 2) which caused the most marked reduction 
in ECD. 

Effects of insulin 

In most of the studies reported here insulin was 
included in standard culture media to promote cell 
attachment to substrata. Table 5 shows the effects of 
maintaining cultures with insulin or omitting it after 
cell attachment. In general, omitting insulin gave 
higher ECD activities. This was clearly the case for 
cultures maintained with PB + DEX; in control 
or PB-treated cultures small (but non-significant) 

Table 3. Relative effects of glucocorticoids and steroids of related structure on 
ECD 

ECD activity (unit~mg protein) 

Additions (@I) None +PB 

None 41 * 4 105 2 13 
DEX 115 +- 13** 343 * 30** 
Hydrocortisone l&j 88 2 9** 
Corticosterone 

[:$ 
89 2 5** 263 k 26** 

20&Hydrocortisol 
Tetrahydrocortisol 
Fhtoxymesterone 

@ 
62 2 4** 
45 * 5 322 2 16 
58 + 7* 

Progesterone 43 r 4 
Pregnenolone 

I::; 
57 k 8* 

PCN (30) 52 k 4* 
PCN (30) + DEX (0.1) 137 t 81 

After cell attachment and maintenance of monolayers in the presence of 
10 mM nicotinamide for 24 hr, fresh medium with nicotinamide 2 2 mM PB was 
added together with the steroids shown. ECD activity was assayed after a further 
40 hr. Values are means f SD. from 3-4 dishes. 

Significance of difference from corresponding controls without steroid: 
*p<oo1. **P<o.OOl. 

t Signifkantly greater than DEX alone, P < 0.01. 
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Table 4. Effect of dibutyryl cyclic AMP addition during preincubation of 
monolayers or during exposure to inducers 

ECD activity (unity’mg protein) 

Additions 
(day 2) 

Additions of dbcAMP 
None Day 1 Day 2 

None 36 rt 9 14* 1 35 f 1 
DEX, 30 nM 138 k 22 34 -+ 3 63 2 10 
DEX, 30 nM + PB, 2 mM 208 r 11 42 f 5 715 8 
3-MC, 2 pM 167 -c 13 37 2 5 135 + 24 

After attachment in the presence of 10mM nicotinamide, the medium 
was changed to standard culture medium with 10mM nicotinamide. 
Dibutyryl cyclic AMP (dbcAMP), 50 @l was added to some dishes (day 1) 
as indicated. After a further 18 hr, media were changed and dbcAMP, 50 w 
added to some dishes (day 2) as indicated. Inducers were also added as 
shown and all dishes incubated for a further 24 hr prior to ECD assay. The 
vaiues given are means -+ SD. from four dishes. 

Table 5. Effects of insulin on ECD activity and extent of inhibition by metyrapone 

Inducers 

No insulin 

ECDt % 1nhib.t. 

+ Insulin 

ECDt % 1nhib.S 

None 53k 11 53 34 -t 2* 26 
PB, 2mM 81 f 3 40 75 f 9 32 
PB, 2 mM + DEX, 30 nM 557 f 48 42 323 t lo*’ 34 

After attachment in the presence of 0.3 $4 insulin and 10mM nicotinamide, the medium 
was changed to standard culture medium plus 10mM nicotinamide except that fcr half the 
dishes insulin (0.3 ,uM) was omitted. After 24 hr inducers were added as shown. ECD activity 
was assayed in the presence or absence of 100 @ metyrapone after a further 48 hr. 

Significance of differences from corresponding value without insulin: *P < 0.01; **P < 0.001. 
t ECD activity (units/mg protein); mean -t S.D. from ti dishes. 
$ % Inhibition of ECD activity by 100 MM metyrapone. 

increases were seen in several experiments. The 
omission of insulin consistently increased the propor- 
tion of ECD activity inhibitable by metyrapone, 
suggesting that insulin-free cultures contained higher 
proportions of metyrapone-binding P-450 isozymes, 
possibly including one recently identified in diabetic 
rats 142’). 

Effects of other possible regulatory agents 

Previous studies have advocated the inclusion of 
thyroid hormones to aid preservation or induction of 
monooxygenase components in hepatocyte cultures 
[16,17,20,23]. Neither thyroxine nor triiodothyron- 
ine at concentrations up to 10ms M had significant 
effects on ECD activity in the absence or presence 
of inducers. Similarly, fetal calf serum had only 
minor effects on activity. Giger and Meyer [27] re- 
ported that glucose impaired the induction of cyto- 
chrome P-450 by PB in cultured chick embryo liver 
ceils but varying the glucose concentration in rat 
hepatocyte cultures from 2.8 to 28 mM had little 
effect on ECD activities in cells incubated with or 
without inducers. 

The role of heme in the regulation of ECD activity 

It seems likely that the observed ECD activity in 
hepatocytes is dependent on levels of a subset of 

cytochromes P-450, hemoproteins which require the 
insertion of heme into appropriate apoproteins for 
activity. Table 6 shows that maintenance of cultures 
with lO@J hemin or the heme precursor ALA (at 
concentrations up to 30 ,&I) caused a small increase 
in ECD in the absence of inducers and little effect 
when inducers were present. When added at higher 

Table 6. Effects of cell maintenance with hemin or ALA 
on ECD levels 

ECD activity (unit~mg protein) 

Additions None 3MC DEX + PB 

None 52 * 2 321 f 34 302 ” 18 
Hemin, lO@l 90 -t 8** 357 It 19 267 k 16 
ALA, 30 @,I 59 f 3* 374 ZF 18* 285 ” 21 
ALA, lOO@f - 183” 31** 195 2 23** 

After attachment media were changed to standard cul- 
ture medium + 10 mM nicotinamide with or without 2 @l 
3-MC or 30 nM DEX plus 2 mM PB and with other addi- 
tions as shown. ECD activity was assayed after a further 2 
days. Values are means + S.D. from four dishes. 

Significance of differences from corresponding controls 
without hemin or ALA: *P < 0.01, **P < 0.001. 
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DAYS IN CULTURE 

Fig. 6. Basal and xenobiotic-induced ECD activity in hepa- 
tocytes maintained in a defined, supplemented culture 
medium. After attachment, monolayers were maintained 
in Williams medium E sup 

Pp 
lemented with penicillin (60 pg/ 

ml), streptomycin (100 n ml), nicotinamide 10 mM, DEX 
30 nM, testosterone 1 nM and estradiol 1 uM with the fol- 
lowing modifications: b, none; 0, testosterone and estra- 
diol omitted; 0, plus PB 2 mM; and A, plus 3-MC 2 ,nM. 

Points and bars are means f S.D. from four dishes. 

concentrations, however, ALA clearly depressed 
ECD in cultures with inducers. 

These studies on factors influencing levels of ECD 
in cultured hepatocytes led to the conclusion that 
high basal levels and inducibility of ECD were 
favoured in media containing nicotinamide or other 
substituted pyridines, by the inclusion of glucocorti- 
coid, testosterone and estradiol, by the omission 
of insulin after cell attachment and also by using 
Williams medium E as the basic culture medium in 
place of the modified Waymouth medium employed 
in most of this study. The use of these conditions in 
combination with optimal concentrations of PB or 3- 
MC is illustrated in Fig. 6. Activity was preserved 
for 4 days at or above the levels of ECD in freshly 
isolated cells when media contained nicotinamide 
and steroids. PB caused 7-fold, and 3-MC l&fold 
induction under these conditions. 

DISCUSSION 

The experimental approach adopted in this study 
was to establish a convenient and sensitive assay of 
drug-metabolizing enzymes in intact liver cells and 
use this to survey factors which contribute to the 
regulation of monooxygenase activity in rat hepato- 
cyte primary cultures. Ethoxycoumarin is a substrate 
for a number of the cytochrome P-450 isozymes 
including P-450,, P-450b, P-450, and P-450,, with P- 
450, giving the highest activity [l, 43-461; P-45Od is 
inactive [47] and the ECD activity of P-450~~~ [48] 
is unknown. With the simplified and shortened pro- 
cedure described, assays on 100-200 culture dishes 
established from a single liver perfusion can be com- 
pleted in 1-2 days. 

The initial phase of this study characterized the 
changes in hepatocyte ECD activity in response to 
known xenobiotic inducers of the monooxygenase 
system. Monolayers were relatively unresponsive to 
xenobiotic inducers or DEX during the first 24 hr in 
culture and optimal responses were observed after 
48 hr (Fig. 2) in general agreement with related 
studies [7,25]. After 24-48 hr, all the known inducers 
tested increased ECD levels although the effect of 
PCN, a potent inducer of some monooxygenase com- 
ponents, was small. With a supplemented defined 
Waymouth medium, the extent of induction by 3- 
MC or PB was comparable with the induction in vivo 
(Table 1)) and with supplemented Williams medium 
E larger inductions could be produced in vitro than 
in vivo (Fig. 6). Findings on the extent to which 
metyrapone inhibited ECD activity suggested that at 
least in control and PB-induced cultures the spectrum 
of P-450 isozymes induced was different from that 
in vivo, in agreement with a number of previous 
observations [4,5,25,31]. This probably reflects a 
relative deficiency of P-45Ob [25] or possibly of P- 
450, or P-45OpcN. Metyrapone is known to inhibit P- 
45Ob [49] and also to bind (and presumably inhibit) 
P-450, and P-45OpcN [32]. The qualitative differences 
between responses of rat hepatocytes in vivo and in 
vitro suggests that there are important factors in 
monooxygenase regulation, presumably in control of 
individual P-450 isozymes, yet to be identified. 

Despite some reservations about qualitative 
aspects of ECD regulation, hepatocyte cultures 
respond to a variety of known monooxygenase regu 
lators and provide a convenient means of exploring 
the effects of various hormones and nutrients with 
possible regulatory significance. This study has made 
a relatively comprehensive survey of such factors. In 
a number of respects, findings for ECD regulation 
in rat hepatocytes are qualitatively similar to those 
previously reported for total cytochrome P-450 
[5,11,12,14,15,20,22,25,38]; PB or polycyclic 
hydrocarbons induce both parameters with similar 
concentration-dependence; glucocorticoids, estra- 
diol and testosterone, and nicotinamide and related 
pyridines all enhance activity. 

The present study extends previous reports that 
glucocorticoids enhance monooxygenase activities in 
cultured hepatocytes [16-19,21,32,33-351 and 
clearly shows that these steroids contribute in two 
ways to monooxygenase regulation. DEX and other 
glucocorticoids induced ECD in hepatocytes main- 
tained with or without nicotinamide and potentiated 
induction by PB and 3-MC. The structure/activity 
relationships (Table 3) and concentration depend- 
ence (Fig. 5) of these effects were consistent with 
the view that both induction and potentiation were 
examples of glucocorticoid hormone action. One or 
more further groups of steroids (including testoster- 
one, estradiol. pregnenolone and PCN) apparently 
contribute to regulation by distinct mechanism(s). 

The time-dependent effects of glucocorticoids are 
probably mediated by enhanced synthesis of mono- 
oxygenase components [19] and are distinct from 
rapid activation by high glucocorticoid concentra- 
tions reported for biphenyl-2-hydroxylation in iso- 
lated microsomes [50]. Addition of DEX at concen- 
trations up to 10m4M had no short-term effect on 



ECD activity in hepatocytes. The relative effects of 
DEX on ECD activity were similar regardless of the 
basis for expressing activities. After 3 days the total 
protein and DNA contents of DEX-treated cultures 
were both slightly higher (up to 10%) than those of 
control cultures (cf. ref. [51]). Despite its small effect 
on total cell protein, DEX is known to exert a wide 
range of effects on hepatocytes in culture (see [34] 
for refs.) and it is possible that its role in ECD 
regulation involves a broad effect on hepatocyte gene 
expression. 

Some agents previously added to rat hepatocytes 
in hormone/nutrient cocktails with the aim of pre- 
serving cytochromes P-450 [16,17,20] had small or 
negligible effects on ECD (thyroid hormones, heme, 
fi concentrations of ALA) or significantly de- 
pressed activity (glucagon or cyclic AMP, insulin, 
100 FM ALA}. The ability of dibutyryl cyclic AMP 
or glucagon to depress ECD was most marked if 
these agents were added to cultures for a period soon 
after cell attachment. Cyclic AMP may exert an 
early “imprinting” effect which blocks later ECD 
induction resembling related, previously reported 
effects on glucokinase induction (521 and DNA syn- 
thesis [53] in culture. The findings with added heme 
or its precursor ALA suggest that maximal ECD 
activities can be observed without supplementing the 
endogenous supply of heme prosthetic groups for 
those apocytochromes P-450 cont~buting to ECD 
activity. Since ALA up to 100,~~M caused clear in- 
creases in total cytochrome P-450 measured spectro- 
photometrically ((29,301; findings in this study not 
shown) it may be that other isozymes are less readily 
saturated with heme or are regulated differently by 
heme levels. 
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