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Abstract—Cytochrome P450-dependent enzyme activities were measured in hepatocytes from adult
male rats, induced in vivo with phenobarbitone, S-naphthoflavone, dexamethasone or isoniazid; the
stability of the induced activities in culture was also determined. Each inducer produced a charac-
teristically different pattern of enzyme activities with dexamethasone, isoniazid and S-naphthoflavone
selectively inducing erythromycin N-demethylase, p-nitrophenol hydroxylase and ethoxyresorufin O-
dealkylase respectively. In general, the induced activities were maintained for 24 hr in culture. This
indicates the feasibility of an in vivo induction-hepatocyte culture system for the study of metabolism-
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mediated toxicity.

Cytochromes P450 constitute a superfamily of iso-
zymic haemoproteins involved in the metabolism of
a wide range of endogenous and xenobiotic com-
pounds, many of which also induce P450 [1]. Induc-
tion of specific isozymic forms can have profound
effects on the metabolism and toxicity of xenobiotics.
In general, isozymes from different gene families and
subfamilies, as classified by Nebert et al. [2], are
induced by different classes of compound, and also
have distinct substrate specificity patterns. By meas-
uring enzyme activities selective for different
isozymes, an activity/isozyme profile for each
inducer can be obtained, as has been attempted, for
example, using stereospecific hydroxylation products
of testosterone [3], and the dealkylation of a series
of alkoxyresorufins [4].

Primary cultures of rat hepatocytes are now widely
used as a model for the study of metabolism-
mediated toxicity, and although a range of P450
activities can be maintained in such cultures (5, 6]
marked alterations in the inducibility and regulation
of P450 occur in culture, especially with respect to
the phenobarbitone-inducible forms [S,7, 8]. This
phenotypic abnormality limits the use of hepatocyte
cultures for studies of xenobiotic metabolism and
toxicity. One possible alternative approach is induc-
tion in vivo prior to culture of the hepatocytes.
Such an approach has recently been demonstrated to
increase the sensitivity of cultured hepatocytes as an
activation system for the in vitro mouse lymphoma
mutagenesis assay [9]. However, there appears to be
little information available on the stability of the
induced isozymes under culture conditions.
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t Abbreviations: BNF, B-naphthoflavone; BZDM,
benzphetamine N-demethylase; DEX, dexamethasone;
EMDM, erythromycin N-demethylase; EROD, ethoxy-
resorufin O-deethylase; ISO, isoniazid, PB, phenobar-
bitone, PCN, pregnenolone 16a-carbonitrile, PNPH, p-
nitrophenol hydroxylase; RA, relative activity, RSA, rela-
tive specific activity.

Accordingly, in this study we have determined
(i) the induction of different enzyme activities in
hepatocytes isolated from adult male rats treated
with prototypic inducers of the main P450 gene fam-
ilies, using substrates considered to be selective for
the appropriate isozyme, and (ii) the stability of
these activities over 24 hr in culture. From these data
an attempt has been made to derive activity profiles
for each type of inducer. The inducers studied com-
prised phenobarbitone (PBY) and isoniazid (ISQ)
which induce the P450IIB/IIE subfamilies respect-
ively {1, 10], dexamethasone (DEX) which induces
the P450I1] family [11], and S-naphthoflavone (BNF)
which induces P450 1A1 and 1A2 [1].

MATERIALS AND METHODS

Animals. The source and maintenance of the Wis-
tar rats used in this study have been described pre-
viously {12]. Adult male rats (6-8-weeks-old) were
treated i.p. with dexamethasone sodium phosphate
(100 mg/kg in saline) for 4 days or BNF (80 mg/kg
in arachis oil) for 3 days. PB and ISO (0.1%) were
administered in drinking water for 5 and 10 days,
respectively.

Materials. William’s E medium, foetal caif serum
and glutamine were obtained from Flow Lab-
oratories (Irvine, U.K.). Insulin (Actrapid MC) was
obtained from Novo Industri A/S (Denmark). Dex-
amethasone sodium phosphate (Decadron) was pur-
chased from Merck, Sharp and Dohme Ltd
(Hoddesdon, U.K.). Fungizone was obtained from
Squibb Surgicare Ltd (Hounslow, U.K.) and genta-
micin from Roussel Laboratories Ltd (Uxbridge,
U.K.). Benzphetamine, erythromycin, p-nitrophe-
nol and all enzymes and cofactors were obtained
from Sigma Chemical Co. (Poole, U.K.). The 7-
ethoxyresorufin was prepared by the method of
Prough et al. [13]. Plasticware was obtained from
Falcon (Becton Dickinson. U.K. Ltd, Ozxford,
U.K.).
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Fig. 1. Induction of P450 and enzyme activities relative to control. Each value is the mean activity (open

histogram) or mean specific activity {speckled histogram) measured in hepatocytes from the treated

animals relative to that of the untreated animals (dotted line). (A) P450; (B) BZDM; (C) EMDM; (D)
PNPH; (E) EROD.

Hepatocyte isolation and culture. Hepatocytes suspension was sonicated to give an homogenate of
were isolated from untreated and inducer-treated fresh cells [5, 15]; the other half was plated out in
adult male rats by lobe perfusion, essentially as WEC medium (Williams E containing 5mM glut-
described by Reese and Byard [14]. Half of the cell  amine, 2.5 pg/mL fungizone, 50 ug/mL gentamicin,
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Table 1. P450 content and enzyme activities measured in homogenates of freshly isolated hepatocytes from untreated
and inducer treated male rats

Treatment of animals

Parameter CON PB DEX ISO BNF
P450 content (nmol/mg protein) 0.16 £0.02 1.05+0.11*  0.90 = 0.13* 0.29+0.04 1.50+0.39*
BZDM (nmol prod/min/mg) 0.34+0.04 250=x0.30* 1.90=*0.20* 0.69+0.05 1.30+0.30* (5)
EMDM (nmol prod/min/mg) 0.17+0.01 1.00+0.06* 2.00+0.02* 0.23+0.02 0.23%0.09(3)
PNPH (nmol prod/min/mg) 024004 0.58x0.05* 0.81=0.07*(5) 1.70 £ 0.10*  0.30 = 0.09
EROD (pmol prod/min/mg) 5.0x03 28 = 7.4+0.5(5) 5606 1500 = 400*

Values are mean + SE (N = 6 animals unless indicated otherwise).

* Significantly different to control, P < 0.05 (ANOVA + Dunnett’s test).

RESULTS

10% (v/v) foetal calf serum, 10 mUnits/mL insulin,
5 mM nicotinamide and 1 uM dexamethasone) at 2—-
2.5 % 10° cells/plate on 60 mm diameter “Primaria”
dishes. The medium was replaced after allowing 2 hr
for attachment. After 24 hr, the cells were washed
with saline and homogenates prepared by sonication.

Analyses. For the four enzyme assays, samples
of homogenate (0.5-1.0 mg protein/mL incubation
mix) were incubated in a system similar to that
described previously [16]. Ethoxyresorufin deethyl-
ase (EROD) activity was measured by the method
of Pohl and Fouts [17] as described by Warren and
Fry [5]. Nitrophenol hydroxylase (PNPH) and
benzphetamine and erythromycin N-demethylases
(BZDM, EMDM) were assayed by a 30 min incu-
bation at 37° with substrate (100 uM final concen-
tration, nitrophenol; 50 uM final concentration
benzphetamine and erythromycin, with 10 mM semi-
carbazide). Reactions were stopped with 0.1 mL
15% TCA. Nitrocatechol production from nitro-
phenol was measured spectrophotometrically at
546 nm after addition of 0.1 mL 10 N NaOH to 1 mL
protein-free supernatant [18]. Formaldehyde pro-
duction from benzphetamine and erythromycin was
determined using the Nash reagent. After a 50-min
incubation of 1 mL protein-free supernatant and
1mL Nash reagent at 37°, the formaldehyde con-
centration was measured spectrophotometricaily or
fluorometrically {19, 20]. Preliminary experiments
showed that these reactions proceeded linearly with
respect to time and protein concentration in homo-
genates from untreated and pre-treated animals.
Cytochrome P450 content was determined using the
method of Omura and Sato [21}], and protein by the
method of Bradford [22].

Presentation of results and statistical analysis.
Enzyme activities were calculated as nmol or pmol
product/min/mg protein (the “activity”) and as nmol
or pmol product/min/nmol P450 (the “specific
activity”). Induction of activity relative to control
indicated the actual change in activity whereas
changes in specific activity relative to control indi-
cated the involvement of induced P450 isozymes in
the activity. Statistical analysis was by ANOVA and
Dunnett’s tests for the induction of fresh activity
relative to control, and by use of paired t-tests for
the maintenance data.

Induction of enzyme activities

Table 1 shows the P450 content and enzyme activi-
ties measured in homogenates from hepatocytes iso-
lated from untreated and treated adult male rats.

P450 content and BZDM were both significantly
increased by PB, DEX and BNF but not by ISO.
EMDM was increased by PB and DEX; PNPH was
induced by PB, DEX and ISO. EROD was sig-
nificantly induced only by BNF. The 5.6-fold induc-
tion of EROD by PB was not significant; this was
probably because the 320-fold induction of EROD
by BNF, being so much greater than that by PB,
weighted the Dunnett’s test (by yielding a very high
estimate of the pooled standard deviation).

Induction relative to control

Figure 1 shows the changes in P450 content,
activity and specific activity relative to that measured
in untreated rats (control = 1.0).

PB induced BZDM, EMDM and EROD activities
to the same extent as the P450 content (7.4-, 5.9-,
5.6- and 6.6-fold, respectively), and accordingly the
relative specific activities (RSA) of these enzymes
approximated to 1.0 (1.3, 0.8 and 0.8). In contrast,
PNPH activity was induced 2.4-fold by PB but the
RSA was only 0.3. The demethylase results agreed
with microsomal data for the PB-inducible amino-
pyrine demethylase, in that the activity was induced
to the same extent as the P450 content [12]. Also,
the induction of PNPH and EROD determined here
from whole cell homogenates were similar to the
inductions of the same activities determined in micro-
somes (1.7-fold induction of PNPH [18] and 6-fold
inductions of EROD [4]}).

DEX induced P450 and BZDM activity 5.6-fold,
the RSA of BZDM being 1.1, as with PB induction.
EMDM activity was induced 11.8-fold, whereas the
RSA was 2.0. Thus, only half of the observed induc-
tion of activity could be attributed to the increase in
total P450. However, this was the only specific
activity measured that was selectively induced by
DEX; the RSAs of PNPH and EROD were less than
0.6.

Only PNPH activity was increased by ISO (7.4-
fold, similar to the 6.1-fold increase observed in
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Fig. 2. Maintenance of P450 and enzyme activities after 24 hr in culture. Mean * range of activities

(open bars) and specific activities (speckled bars) after 24 hr in culture relative to the fresh cell values

(dotted line = 1.0). * P < 0.05 (paired rtest). (A) P450; (B) BZDM; (C) EMDM; (D) PNPH; (E)
EROD.

microsomes from ethanol-fed rats [18]). The RSA
was 3.9, indicating selective induction of this activity,
and again, not all of the increase in activity could be
accounted for by the P450 content, which did not
increase significantly after ISO pretreatment.
EROD was selectively induced by BNF (relative
activity 320; RSA 32), and again, this was much

greater than the observed induction of P450 (9.4-
fold). The RSAs of the other enzymes were less than
0.6; this suggested that the isozymes induced by
BNF are not involved in BZDM, EMDM or PNPH
activity.

Thus, BNF selectively induced EROD, ISO selec-
tively induced PNPH and DEX selectively induced
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EMDM, whereas PB induced the three demethylase
activities to more or less the same level.

Maintenance of activities in culture

The maintenance of the activities after 24 hr in
culture, in hepatocytes from untreated and treated
animals, is shown in Fig. 2, the data being presented
both as activity at 24 hr relative to that of fresh cells
and as relative specific activity.

EMDM and PNPH activities were maintained in
culture from untreated rats, but BZDM and EROD
activities were significantly reduced. P450 content
fetl by 31%, as a consequence of which there was a
selective loss of specific activity due to BZDM. The
loss of EROD in culture has been reported pre-
viously [15].

BZDM and PNPH activities were maintained in
cultures obtained from PB-treated rats in the face of
significant reductions in P450 content and EMDM
and EROD activities. The specific activity of EMDM
was decreased whilst that of PNPH was increased.

PNPH activity could not be detected following
24 hr culture of hepatocytes from DEX-treated rats.
P450 content fell by 43%, and the specific activities
of the three demethylases were maintained.

P450 content was maintained in hepatocyte cul-
tures obtained from ISO-treated rats, this being
accompanied by a selective decrease in BZDM
activity.

BZDM, EMDM and PNPH activities were main-
tained in cultures obtained from BNF-treated rats,
which was accompanied by losses in P450 content
and EROD activity.

DISCUSSION

Each inducer produced an unique profile in terms
of P450 content and relative enzyme activity. Thus,
PB produced inductions of 5.5-7.5-fold in P450 con-
tent and BZDM/EMDM/EROD activities with a
lesser induction of PNPH. DEX produced inductions
of similar magnitude in P450 content and BZDM/
PNPH activities with a greater (12-fold) induction of
EMDM activity. ISO produced a selective induction
of PNPH activity, whilst BNF produced a marked
selective induction of EROD activity with a lesser
induction of P450 content. These data are consistent
with results of previous studies which have demon-
strated BZDM activity to be principally mediated by
P4501IB [23], EMDM activity by P450 III [24],
PNPH activity by P4501IE [18] and EROD activity
by P4S0IA1 [4], although, to our knowledge, a com-
prehensive induction/activity profile such as that
determined in this study has not been presented
previously. Unique induction profiles were also
obtained if the data were expressed in terms of
relative specific activity. The apparent discrepancies
between induction of activity and of specific activity
in some cases {eg. PB and ISO inductions of PNPH),
reflects the multiplicity of the P450 system with
respect to substrate specificity and isozymic content.
Induction of high affinity forms and/or induction
of relatively minor isozymes, constituting a small
proportion of the total P450, would account for the
increases in relative activity that are accompanied by
much lower relative specific activities.

There was some overlap in the induction profiles
obtained with PB and DEX. It has recently been
demonstrated that DEX, but not pregnenolone-16a-
carbonitrile (PCN), induced the main PB-inducible
forms in addition to the P450III proteins [24], and
also that PB can induce the proteins of the P450I1L
family [1]. These findings probably explain the simi-
lar magnitudes of induction of BZDM and EMDM
by PB and DEX.

The profile of maintenance of P450 content and
relative (specific) enzyme activity also varied be-
tween inducers (and the control state), with no
consistent pattern emerging. BZDM activity induced
by PB and DEX was maintained in culture for 24 hr
whereas the constitutive activity and that in cells
cultured from ISO-treated rats was much less stable,
In contrast, the EMDM activity induced by PB and
DEX was significantly reduced following culture
whereas the constitutive form was stable, this being
consistent with the rapid degradation of P450 forms
induced by DEX [25]. EROD activity induced by
BNF was markedly reduced following culture.
Nevertheless, the activity of the principal inducible
forms following induction in vivo with the appro-
priate inducer and culture of hepatocytes isolated
therefrom was in each case greater than that
measured in the hepatocytes isolated and cultured
from untreated rats. By this criterion, the inducer
profiles were maintained on culturing the hepa-
tocytes, which, in turn, suggests the feasibility of an
in vivo induction — in vitro toxin exposure protocol
for study of metabolism-mediated cytotoxicity. Pre-
liminary experiments (Hammond, unpublished)
have confirmed this assertion.

In conclusion, unique induction profiles were
obtained when liver cell homogenates were assayed
for P450 content and four commonly-used selective
enzyme activities, for each of the prototype inducers
of the principal inducible P450 forms. These induc-
tion profiles were generally well maintained during
culture for 24 hr of hepatocytes isolated from appro-
priately-treated animals.
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