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SUMMARY

Isolated rat liver cells catalyze the metabolism of benzo
(a)pyrene (BP) with the resulting formation of phenols,
dihydrodiols, and conjugates. The rate of the primary
oxidative step in the process was similar to that catalyzed by
isolated rat liver microsomes in the presence of a reduced
nicotinamide adenine dinucleotide phosphate-generating
system and responded similarly to various inhibitors, in
cluding 2-diethylaminoethyl-2,2-diphenylvalerate, metyra
pone, a-naphthoflavone, and hexobarbital. The level of
cytoplasmic, reduced nicotinamide adenine dinucleotide
phosphate was not rate limiting in liver cells isolated from
either fed or fasted animals. The conjugates and dihydrodi
ols formed were readily excreted, whereas low concentra
tions of phenols accumulated intracellularly. The pattern of
metabolites of BP was the same in isolated rat liver cells and
in the isolated perfused rat liver.

3-Methylcholanthrene treatment of the rats caused a
marked increase in cellular BP metabolism as well as in
cytochrome P-450 concentration. The induced hemoprotein
revealed characteristics similar to those previously estab
lished with isolated liver microsomes, i.e., increase in
high-spin form, enhanced affinity for BP as revealed by a
lowered Michaelis constant, and sensitivity to the inhibitory
action of a-naphthoflavone. After 3-methylcholanthrene
treatment, phenols and dihydrodiols constituted a larger
percentage of the total metabolites, indicating a more
pronounced stimulation of the oxidative than of the con
jugative step of BP metabolism by induction, and the
dihydrodiols now tended to accumulate intracellularly.

INTRODUCTION

The microsomal aryl hydrocarbon monooxygenase cata
lyzes the conversion of a variety of carcinogens and
pesticides into more polar products (9). The reaction
requires NADPH and molecular oxygen. Cytochrome
P-450 seems to function both as the substrate-binding site
(41) and as the oxygen-activating component (1 1). The
enzyme system is substrate inducible, and in vivo adminis
tration of polycyclic hydrocarbons increases the aryl hydro
carbon monooxygenase activity several times (cf Ref. I8
for review). The major metabolic products formed from the
polycyclic compounds are phenols and dihydrodiols (5, 17,
21, 43â€”46).

Intense research during the past few years has increased
our knowledge about the aryl hydrocarbon monooxygenase.
Its activity in different species, strains, and tissues has been
studied, as well as its induction properties and the carcino
genic effects of its substrates and metabolites. These studies
have used mainly isolated microsomes (4, 9, 10, 13, 20, 21,
26, 29, 31, 40, 43, 46, 48, 51, 53). More complex experimen
tal systems that have been used are cell cultures (I, 2, 6, 14,
34â€”38,45, 47, 52), isolated perfused rat liver (30), or, more
recently, isolated rat liver cells (7, 27). We feel that, in order
to mimic the in vivo situation, it is advantageous to use the
isolated rat liver cell system, where the microsomal mono
oxygenase functions under conditions that closely resemble
those in vivo.

Studies on the aryl hydrocarbon monooxygenase system
have often used BP2 as a substrate, and the enzymatic
activity has been based on the fluorimetric detection of
3-hydroxy-BP, one ofthe major products formed in rat liver
microsomes (21, 46). More recently, a new technique using
high-pressure liquid chromatography to determine organic
solvent-soluble metabolites of BP has been developed (26,
43). However, in more complex experimental systems such
as cell cultures and isolated liver cells, where oxidation
products most probably are further metabolized to water
soluble compounds, e.g., by conjugation reactions, the
above-mentioned assays are not reliable. Therefore, a
recently developed radioactive assay (I 3), where total
metabolites of BP are detected, was used in the present
work.

The aim of this study was to characterize the aryl
hydrocarbon monooxygenase in the isolated liver cells,
determine the metabolite formation and release out of the
cells, and compare this system with the isolated liver
microsomes.

MATERIALS AND METHODS

Male Sprague-Dawley rats (200 to 250 g) were used.
Treated animals were given a daily dose i.p. of either 80 mg
sodium PB or 20 mg 3-MC per kg body weight. Induction
was carried out for 3 days. Fasted animals were deprived of
food 15 to 17 hr prior to operation. Liver microsomes were
isolated according to the method of Ernster et a!. (16).
Protein was measured by the biuret method (19).

Microsomal incubations were performed at 37Â°for 20
mm in 50 mM Tris-HC1 buffer, pH 7.5, containing a
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NADPH-generating system using isocitrate:isocitrate dehy
drogenase in order to maintain a constant excess of
NADPH (15).

Isolated liver perfusion was performed according to the
method of Hems et a!. (23). The rat was treated with 3-MC
and a recirculating system with Krebs-Henseleit buffer, pH
7.4, containing 2% albumin was used. No erythrocytes were
added. Initial concentration of BP was 513 @Mand flow rate
was 25 ml/min. The perfusate was extracted with ethyl
acetate and analyzed for metabolites by thin-layer chroma
tography. The total amount of metabolites was also deter
mined in the perfusate by the radioactive method (I 3).
Immediately after perfusion, the liver was homogenized in
0.25 M sucrose and the amount of metabolites was deter
mined (13).

Liver cells were isolated by enzymatic perfusion ofthe rat
liver with collagenase (EC 3.4.24.3) and hyaluronidase (EC
3.2. 1 .35). The method described by Berry and Friend (3) has

been modified several times, and for this study cell prepara
tion was performed essentially according to the modified
method described by Hogberg el a!. (25). The entire
isolation and washing procedure did not exceed 40 mm.
Liver cells were suspended in Krebs-Henseleit buffer, pH
7.4, containing 2% bovine albumin. Cell suspensions were
always examined for trypan blue exclusion, and cell concen
tration was determined by counting in a BUrker chamber. A
trypan blue exclusion of 95 to 100% was observed immedi
ately after cell preparation, and it remained at this level for
up to 3 hr. All experiments were performed within 2 hr after
cell preparation.

Cellular incubations were performed at 37Â° and no
cofactors were added. The surface ofthe incubation mixture
was gassed with a mixture of 94% 02 and 6% CO2 to ensure
adequate oxygenation.

Cytochrome P-450 concentration @wasmeasured as de
scribed by Kupfer and Orrenius (32) using an Aminco
DW-2 UV-VIS spectrophotometer. The ethyl isocyanide
difference spectra were obtained as described previously
(28).

Metabolism of BP was measured by the radioactive
method described by DePierre el a!. (13). Since aliquots of
only 40 to 80@ of the lower phase were pipetted off for
counting, no corrections were made for quenching.

Fractionation of the cells was carried out as follows.
Reaction was started by addition of BP. After 20 mm
metabolism the cells were sedimented by centrifugation at
60 x g for 3 mm. The supernatant (incubation medium
without cells) was pipetted off. The pellet was homogenized
in 0.15 M phosphate buffer, pH 7.5, containing 10% glycerol.
A glass:glass homogenizer was used and sand was added to
make the homogenization more effective. The homogenate
was centrifuged at 105,000 x g for 40 mm. The supernatant
(cytoplasm) was pipetted off and the pellet was suspended in
water. The total radioactivity in the whole incubate and in
each fraction was determined. Each fraction was also RESULTS
analyzed for products by the method used by DePierre et a!.
(13).

In the experiments in which BP metabolites were ana
lyzed, isolated rat liver cells were suspended in Krebs-Hen
seleit buffer, pH 7.4 containing 1.5% gelatin. Reaction was

started by addition of BP. At each time point, 1 ml of the
incubate was pipetted off and the cells were sedimented by
centrifugation at 60 x g for 3 mm. The supernatant
(incubation medium) was pipetted off and the cells were
suspended in 1 ml water. Each fraction was then extracted 3
times with ethyl acetate (8 ml), and the radioactivity in the
phases was measured after the ethyl acetate was reduced.
The ethyl acetate phase was further analyzed on thin-layer
chromatograms (0.2 mm, MN Silica Gen N-HR) developed
with benzene, and the spots were detected by their fluores
cence in UV. Three fractions with different mobility in
benzene were obtained. The fastest moving fraction (RF
0.57) was unmetabolized BP (44). The intermediate fraction
(RF 0. 11) showed the chromatographic properties of 3-
hydroxy-BP, and it also exhibited a change in fluorescence
to orange when exposed to UV. Since this metabolite was
readily oxidized in the air to the 3,6-quinone, which shows
an orange fluorescence (44), the intermediate fraction most
probably contained 3-hydroxy-BP or other phenols with the
same properties. The 3rd fraction remained at the base line
and contained dihydrodiols of BP (44). The radioactivity
present in each spot was determined by liquid scintillation
counting. Of the metabolites remaining in the aqueous
phase after ethyl acetate extraction, 24 to 26% could be
hydrolyzed by @3-glucuronidase (EC 3.2. 1.3 1) and 20 to 25%
could be hydrolyzed by sulfatase (EC 3. 1.6. 1). The sulfatase
used also contained some fl-glucuronidase activity. Forty
seven to 63% of the metabolites in the aqueous phase were
unaffected by treatment with 10 M HCI at 100Â°for 90 mm.
Similar results have been obtained in mouse embryo cell
cultures (45).

Monohydroxylated BP was also determined fluorimetri
cally with an Aminco-Bowman spectrofluorometer ( I2)
using 3-hydroxy-BP as a standard. The results obtained with
this method were well correlated to the thin-layer analysis of
the ethyl acetate extracts.

[G-3HJBP (3.0 Ci/mmole) was obtained from the Radio
chemical Centre (Amersham, Buckinghamshire, England)
and was further purified according to the method described
by DePierre et a!. (13). Bovine serum albumin was obtained
as Pentex Fraction V powder from Miles Laboratories, Inc.
(Kankakee, Ill.), and was purified with activated charcoal as
described by Chen (8). Collagenase and hyaluronidase were
obtained from Boehringer Mannheim GmbH (Mannheim,
Germany). SKF 525-A was obtained as a gift from Smith,
Kline and French Laboratories, Ltd. (Welwyn Garden City,
England), as was metyrapone from Ciba-Geigy (Basel,
Switzerland). fl-Glucuronidase type B- 1 and sulfatase type
H-2 were obtained from Sigma Chemical Company (St.
Louis, Mo.).

All other chemicals were of analytical grade and obtained
from local commercial sources.

Isolated liver cells catalyzed the metabolism of BP at a
rate linear with time for more than 60 mm and with cell
concentration up to 5 x 106 cells/mI of incubate (Chart 1).
The metabolic activity was unaffected by addition of
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TreatmentBP

metabolized
(nmoles/l0 min/nmoleP-450)Liver

cellsMicrosomesNone6.1

Â±0.3 9.5 Â±1.23-MC17.4Â±1.4
27.4Â±0.9PB1.5

Â±0.2 3.1 Â±0.1

Metabolism of BP in Isolated Rat Liver Cells

substrates of intermediary metabolism and no cofactors
were required. When calculated per nmole cytochrome
P-450, the activity of BP metabolism in liver microsomes
was about 9.5 nmoles BP metabolized per 10 mm (Table 1;
cf. Ref. 13). In the isolated liver cells metabolism of BP was
found to be somewhat lower, about 6. 1 nmoles BP metabo
lized per 10 mm per nmole cytochrome P-450.

Treatment of the rats with 3-MC resulted in about a
3-fold increase in BP metabolism in microsomes from
approximately 9.5 to 27.4 nmoles BP metabolized per 10
mm per nmole cytochrome P-450 (Table I). Similar results
were obtained in isolated liver cells, where a 3- to 4-fold
increase of the cytochrome P-450 content and an increased
rate of metabolism of BP from 6.1 to 17.4 nmoles BP

C
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C

Chart I . Metabolism of BP in liver cells isolated from control rats. The
concentration of BP was 80 @Mand the incubations were performed at 37Â°
for 20 mm.

TableI
Metabolism of BP in isolated liver cells and microsomes

Incubations were performed at 37Â°for 20 mm and contained 80 @&MBP.
Cells: control, 3 x l0 cells per ml (0.23 nmole P-450 per 10' cells); 3-MC,
0.6 x 10' cells per ml (0.82 nmole P-450 per 10' cells); PB, 3 x 10' cells per
ml (1.4 nmoles P-450 per 10' cells). Microsomes: control, 0.8 mg protein
per ml (0.57 nmole P-450 per mg protein); 3-MC, 0.4 mg protein per ml
(1.2 nmoles P.450 per mg protein); PB, 0.8 mg protein per ml (2.5 nmoles
P450 per mg protein).

metabolized per 10 mm per nmole cytochrome P-450 (Table
1) was observed upon treatment of the rats with 3-MC.
Treatment of animals with PB gave rise to only a minor
stimulation of BP metabolism when calculated on protein
content. Accordingly, the amount of BP metabolized per
nmole cytochrome P-450 showed a marked decrease in liver
cells as well as microsomes after PB induction.

The differences in the metabolic proporties of liver cells
isolated from control and 3-MC-treated rats were also
reflected in differences in the cytochrome P-450 component
of the mono-oxygenase system. Chart 2 shows the ethyl
isocyanide difference spectra obtained with dithionite
reduced cells isolated from control and 3-MC-treated rats.
In both cases, the shape of the spectra was similar to those
obtained with hepatic microsomal preparations (28, 29, 48).
With control cells, the Soret band was split into a normal
430 nm peak and an anomalous peak at 455 nm. With cell
preparations from 3-MC-treated rats, the normal band was
also located at 430 nm but the anomalous one was at 453
nm. In agreement with what occurs with liver microsomes
after 3-MC treatment, the spectral shift from 455 to 453 nm
as well as the increase in the 455 to 430 nm absorbance ratio
was observed with our cell preparations obtained from
3-MC-treated animals. At pH 7.4, an absorbance ratio
between the 430 and 455 forms of about 2.58 was
obtained with control cells, which changed to about 0.56
with 3-MC treatment. The affinity of ethyl isocyanide for
either the 430 or the 455 form was increased after 3-MC
treatment (29). The apparent K1 values, estimated from
double reciprocal plots of the spectral change versus the
ligand concentration, were 3.8 @iMfor both the 430 and the
455 form in control cells and 1.8 for both forms in cells
isolated from 3-MC-treated rats. Moreover, no significant
difference in the shape of the curves obtained could be seen
with cells from control or 3-MC-treated rats when the ratios
@A455-490nm:@A 430-490nm andi@A453-490nm:@A

430â€”490nm were plotted versus the concentration of ethyl
isocyanide (29).

The well-known inhibitors of the microsomal monooxy

CONTROL

Chart 2. Ethyl isocyanide difference spectra of dithionite-treated cells
isolated from control and 3-MC-treated rats. A pH 7.4 cell suspension
from untreated (3.4 x 10 cells per ml; 1.27 nmoles cytochrome P450 per
ml) or 3-MC-treated (1.6 x 10' cells per ml; 2 nmoles cytochrome P-450
per ml) rats was reduced with Na,S,O4. After a base line was recorded,
ethyl isocyanide (final concentration, 1 mM) was added to the sample cuvet.
Scanning was started at 380 nm 2 mm after Na,S,O4 addition.
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BPmetabolizedControl

microsomes3-MC microsomesControlcells3-MCcellsnmoles/

10
mm/mg
protein%nmoles/

10
mm/mg
protein%nmoles/

10
min/lO'

cells%nmoles/

10
min/10

cells%Noaddition

SKF525-A,2
Metyrapone,OOILM1.0 mM3.92

1.38
0.85100

35.2
21.726.6

23.0
23.9100

86.5
89.81.15

0.51
0.34100

44.3
29.610.8

6.7
8.2100

62.0
75.9
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genase, SKF 525-A (39) and metyrapone (24), markedly
inhibited BP metabolism in the isolated liver cells from
control rats (Table 2). The relative inhibitory effects were
the same in liver cells as in control microsomes, 200 tM
SKF 525-A giving about 60% inhibition and 1 mr@imetyra
pone producing an inhibition of about 75% in both
systems. In microsomes and liver cells isolated from
3-MC-treated rats, the inhibitory effect on BP metabolism
of both SKF 525-A and metyrapone was markedly dimin
ished, inhibition being somewhat more expressed in the cells
as compared to the microsomes (Table 2).

a-Naphthoflavone has previously been shown to inhibit
aryl hydrocarbon monooxygenase in liver microsomes from
3-MC-treated rats and to cause a stimulation of the activity
in microsomes from control rats (53). The same results were
obtained with isolated liver cells (Chart 3). In liver cells
from 3-MC-treated rats, 100 @Ma-naphthoflavone caused a
42% decrease in BP metabolism from 9.5 to 5.5 nmoles BP
metabolized per 10 mm per 106 cells. However, in control
cells the same concentration of a-naphthoflavone gave rise
to a 83% stimulation of the activity from 1.2 to 2.2 nmoles
BP metabolized per 10 mm per 106cells.

Hexobarbital, a substrate of the microsomal monooxy
genase, the metabolism of which is considerably increased
after PB treatment of the rats but unaffected or somewhat
decreased by 3-MC treatment (9), showed an inhibitory
effect on BP metabolism in the isolated liver cells (Chart 4).
This inhibitory effect was most marked in liver cells isolated
from PB-treated rats, in which 1.5 mM hexobarbital inhib
ited BP metabolism more than 80%. In cells isolated from
control rats, the inhibition was also quite pronounced, 1.5
mM hexobarbital causing about 60% inhibition. However, in
cells isolated from 3-MC-treated rats, where BP metabo
lism was increased about 10-fold, addition of hexobarbital
had very little effect, causing only about 10% decrease in BP
metabolism.

In agreement with previous findings concerning metabo
lism of alprenolol in isolated liver cells (33), the addition of
10 @Mrotenone caused only a 12% inhibition of BP
metabolism after 30 mm of incubation with liver cells
isolated from fed rats (Chart 5); whereas in liver cells
isolated from fasted rats the addition of rotenone inhibited
BP metabolism almost 50%.

The isolated liver cells showed a great capacity for
binding BP (Charts 6 and 7; Table 3). As illustrated in

Charts 6 and 7, an incubation time of 15 mm was needed to
complete the binding. Control cells were able to bind about
20 nmoles BP per 10' cells (Chart 6), and the amount of

50
[o@-NophthofIcivone),pM

Chart 3. Effect of a-naphthoflavone on metabolism of BP in liver cells
isolated from control and 3-MC-treated rats. Incubations were performed
at 37Â° for 20 mm and contained 80 @MBP. Reaction was started by
addition ofcells. â€¢,cells from control rats (3 x 10' cells/mI); 0, cells from
3-MC-treated rats (0.6 x 10' cells/mI).

Chart 4. Effect of hexobarbital on metabolism of BP in isolated liver
cells. Incubations were performed at 37Â°for 20 mm and contained 80 @M
BP and 10 mMglucose. Reaction was started by addition of cells. @,cells
from 3-MC-treated rats (0.6 x 10' cells per ml; control activity, 21 nmoles
BP metabolized per 10 mm per 10' cells); 0, cells from control rats (3 x
10' cells per ml; control activity, 1.5 nmoles BP metabolized per 10 mm per
10' cells); 0, cells from PB-treated rats (3 x 10' cells per ml; control
activity, 2.2 nmoles BP metabolized per 10 mm per 10 cells).

Table 2
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Effect ofSKF 525-A and metyrapone on the metabolism of BP in isolated liver cells and microsomes

Reaction was started by addition of cells or microsomes. Incubations were performed at 37Â°for 20 mm and contained 80 iM BP and control
microsomes (0.8 mg protein per ml), 3-MC microsomes (0.4 mg protein per ml), control cells (3 x 10' cells/mI), or 3-MC cells (0.6 x 10' cells/ml).
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nmoles/ 106 cells (Chart 7). As in control cells the intracellu
lar level of unmetabolized BP remained constant as metabo
lism proceeded.

Most of the BP in the cells was bound to the particulate
cell fractions. After 20 mm of incubation, about 70% of the
total radioactivity (BP + metabolites) was recovered in the
cells. The cytoplasm contained only about 10% but had the
highest ratio of metabolites to BP (Table 3).

The distribution of BP metabolites between cells and
incubation medium was further studied. The major metabo
lites formed in control cells after 45 mm of incubation were
conjugates (67%) followed by dihydrodiols (26%), whereas
only a minor part of the metabolites was found to be
phenols (6%) (Chart 8). In control cells, conjugates were
rapidly formed and the release into the incubation medium
started after a few mm (Chart 8A). After I hr of incubation,

300

E
V
a,

i12Â®

Chart 7. Binding of BP to liver cells isolated from 3-MC-treated rats.
Incubations were performed at 37Â°and contained 320 MMBP and 3 x 10'
cells/ml. 0, cell fraction, metabolites + unmetabolized BP; â€¢, cell
fraction, unmetabolized BP; @,incubation medium without cells (superna
tant), metabolites + unmetabolized BP; A, incubation medium without
cells (supernatant), unmetabolized BP.
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Chart 8. Distribution of BP metabolites between incubation medium
and cells isolated from control rats. A, conjugates; B, dihydrodiols; C,
phenols. Incubations were performed at 37Â°and contained 80 MMBP and
3 x 10' cclls/ml. 0, cell fraction (C); @,incubation medium without cells
[supernatant (5)].
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Chart 5. Effect of rotenone on metabolism of BP in liver cells isolated
from fed (A ) and fasted (B) rats. Incubations were performed at 37Â°and
contained 80 @MBP and 3 x 10 cells/mI. 0 , no addition; @,10 MM
rotenone.
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E
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@ 40
C
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Chart 6. Binding of BP to liver cells isolated from control rats.
Incubations were performed at 37Â°and contained 80 MMBP and 3 x 10
cells/mI. 0, cell fraction, metabolites + unmetabolized BP; â€¢, cell
fraction, unmetabolized BP; @,incubation medium without cells (superna
tant), metabolites + unmetabolized BP; A, incubation medium without
cells (supernatant), unmetabolized BP.

bound substrate remained constant as long as metabolism
was compensated for by an uptake of unmetabolized BP
from the incubation medium. However, after 30 mm of
incubation the medium was almost depleted of unmetabo
lized BP and the level of BP in the cells started to decline.

In cells from 3-MC-treated rats the binding capacity for
BP was somewhat higher than in the control cells, about 27

20

B

100

45 60 15 30 45 60
Time,min Tjme.m,n

15 30 45
Tim., mm

15 45 60
Tim.,mm

Time,mm
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FractionPartition

of
radioactivity
(%cpm)A.

BP
(nmoles/ml incubate)B.

BP metabolites
(nmoles/ml incubate)%

metabolites
in each fraction

100 x B/(A +B)Total

incubate10068.611.414.2Incubation

medium without cells
(60 x g supernatant)

Cytoplasm (105,000 x g supernatant)
l05,000xgpellet24.8

8.2
61.014.8

4. 1
44.75.0

2.4
4.125.2

36.9
8.4Recovery94.0%Sum

63.61 1.5
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the major part of the conjugates was found in the medium
surrounding the cells.

The distribution of dihydrodiols (Chart 8B) was not very
different from that found with conjugated metabolites.
Dihydrodiols were formed at a rate linear with time for 60
mm but could not be detected in the incubation medium
until after 30 mm. The increase in the intracellular concen
tration concomitantly started to decline.

As mentioned above, only a minor part of the metabolites
in the control cells consisted of unconjugated phenols.
During the 1st mm of incubation, there was a rapid increase
in the intracellular concentration of phenols (Chart 8C), but
after 15 mm of incubation they were further metabolized at
a rate similar to the rate of their formation and the
intracellular concentration was kept at a constant level.
Only small amounts of phenols could be detected in the
medium.

In cells isolated from 3-MC-treated rats, the rate of BP
metabolism per 10 cells was increased 4 times and the
proportions of the different metabolites formed were
changed (Chart 9). After 45 mm of incubation, the metabo
lites consisted of 46% conjugates, 39% dihydrodiols, and
15% phenols. In agreement with the findings in control cells,
the major part of the metabolites consisted of conjugates,
but the proportions of dihydrodiols and phenols were much

E
V
a,
E20
C
0

2@ 1.
C

E
â€˜A
a,

0

a
a,
E
0.
A
a,

E
C

Chart 9. Distribution of BP metabolites between incubation medium
and cells isolated from 3-MC-treated rats. A, conjugates; B, dihydrodiols;
C, phenols. lncubations were performed at 37Â°and contained 320 MM BP
and 3 x l0@cells/mI. 0, cell fraction (C); @,incubation medium without
cells [supernatant (5)].

increased. Conjugates and phenols showed a distribution
pattern between cells and medium (Chart 9, A and C)
similar to that found in experiments with liver cells isolated
from control rats (Chart 8, A and C). Dihydrodiols,
however, showed a somewhat different pattern (Chart 9B).
They were rapidly formed in the cells but were not released
into the medium at any appreciable rate. Even after 45 mm
of incubation, the concentration of dihydrodiols in the cells
was 3 times higher than in the surrounding medium.

As already mentioned, the isolated liver cells showed a
great capacity to bind BP (Charts 6 and 7; Table 3), and the
same observation was made with the isolated perfused liver
system (Chart 10). After 50 mm ofperfusion in a recirculat
ing system, almost 85% of the added radioactivity had
disappeared from the perfusate and 64% of it could be
recovered in the liver. This gives an overall recovery of 79%.

The perfused liver also showed greater similarity to the
isolated liver cell system with regard to release of metabo
lites into the perfusion medium (Chart I 1). No conjugates
could be detected in the perfusate after 5 mm, and
dihydrodiols were not released during the initial 15 mm.
Only small amounts of phenols were found in the perfusate.

Chart 10. Disappearance of radioactivity from the perfusate. The
isolated liver of a 3-MC-treated rat was perfused with 513 pM BP initial
concentration in a recirculating system.

Table 3

100-

80

0
0
V
a

V
a,
V
V
a
0

15 30 45 15 30 45 15 30 45
T,me,m,n Tim@min Tume,min

15 30 65 60
Time, mm

Fractionation of cells after incubation with BP

Incubations were performed at 37Â°for 20 mm and contained 80 @MBP and 3 x lO@cells/mI. 105,000 x g pellet contained all
sedimentable cell fractions. For procedure see â€œMaterials and Methods.â€•
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such studies have been made previously (7, 27), the meta
bolic activity has been based on the formation of hydrox
ylated metabolites, which is not reliable in a system in which
these products are further metabolized, e.g., by conjugation
reactions. By using a radioactive method, where all metabo
lites are detected, and the rather in vivo-like system of
isolated rat liver cells, it is our hope to be able to elucidate
factors of importance for the metabolism (and thus possibly
also for the carcinogenic effect) of the intriguing group of
aryl hydrocarbons. In this paper we have focused our
attention on the primary, oxidative step in their metabolism,
but we also present some information relating to subsequent
reactions including the formation of dihydrodiols and
various conjugates.

From the results presented, it is clear that isolated liver
cells have a considerable capacity for taking up and binding
BP. The binding capacity in isolated rat liver cells was found
to be in the same order of magnitude as in fetal hamster cell
cultures (34, 35). Although the binding process required
some time for completion (cf. Chart 6), saturation at the
enzyme site seems to be rapid, since the formation of
metabolites at an optimal rate was already evident early
during incubation (cf. Charts 5 and 8). Metabolism then
proceeded at a rate linear with time for at least 60 mm,
indicating that the cells are capable of keeping a saturating
level of reduced NADPH and that product inhibition does
not occur under these conditions. This is in contrast to the
findings with isolated microsomes where the reaction is
linear with time only during the 1st few mm of incubation
probably due to the inhibitory effect of accumulating
hydroxylated products.

Neither fasting of the rats prior to cell isolation nor
addition of 10 mM glucose to the incubation medium
significantly altered the rate of BP metabolism (cf. Chart 5).
This indicates that under normal circumstances the level of
reduced NADPH is sufficient to support an optimal reac
tion rate. Only when rotenone was added to a system of liver
cells isolated from starved rats was there a clearly reduced
rate of BP metabolism (cf. Chart 5). This is in agreement
with our previous findings using alprenolol as a substrate
(33) and has been interpreted as being due to the lowering
effect of this inhibitor on cellular ATP level (33), which in
turn affects the energy-requiring shuttling of reducing
equivalents from the mitochondria to the cytosol, which is
the main mechanism for generation of reduced NADPH in
the cytosol during starvation (49).

The rate of oxidative BP metabolism was similar in the
isolated liver cells and in isolated liver microsomes supple
mented with a NADPH-generating system and responded
similarly to various of the frequently used inhibitors and
inducers (cf Tables 1 and 2; Charts 3 and 4). Again,
evidence was obtained that a different cytochrome P-450 is
produced upon 3-MC induction, i.e., a higher affinity for BP
as revealed by a lowered apparent Km (@10tdocumented), an
inhibition by a-naphthoflavone (cf Chart 3), and a virtual
loss of the inhibitory effect of hexobarbital on BP metabo
lism (cf. Chart 4).

The change in the hemoprotein upon 3-MC treatment
was also apparent in the spectral studies using ethyl
isocyanide as ligand. The difference spectra recorded are
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Chart 11. Metabolism of BP in isolated perfused rat liver. The isolated
liver of a 3-MC-treated rat was perfused with 513 MM BP initial
concentration in a recirculating system. 0, total metabolites; 0, conju
gates; @,dihydrodiols.

BP metabolites comprised 32.5% of the radioactivity bound
to the liver.

DISCUSSION

Microsomes, homogenates, and, more recently, fetal cell
cultures have up to now been the experimental systems most
frequently used in metabolic studies of aryl hydrocarbons.
Although such studies have yielded valuable information
about the enzyme system involved in their metabolism (its
composition, reaction mechanism, substrate specificity, and
induction properties) as well as about the various metabo
lites formed, other factors of importance for the metabolism
of aryl hydrocarbons can be elucidated only by using more
complex experimental models that approximate more
closely the in vivo situation. Such factors include penetra
tion and binding properties of the compounds studied,
metabolic activity utilizing endogenous pyridine nucleo
tides, possible effects of competing endogenous substrates,
interaction with intermediary metabolism, the metabolic
interplay between the various reactions involved in the
metabolism of aryl hydrocarbons, the fate of the reaction
products formed, and reactive or nonreactive properties.
For this purpose, isolated liver cells seem to provide an
almost ideal model system.

In previous papers (3, 25, 33, 42, 50), modified techniques
for isolation of highly viable liver cells in good yields have
been described. We have previously characterized our cell
preparation with regard to various viability criteria, the
state of cytochrome P-450, the rate and extent of drug
uptake and binding to cytochrome P-450, and the activity of
cytochrome P-450-linked drug metabolism utilizing endoge
nous reducing equivalents (22, 33, 50). The present investi
gation represents a step to apply this model system to the
study of the metabolism of aryl hydrocarbons. Although
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similar to those previously obtained with hepatic micro
somal preparations (28, 29, 48), indicating an increase in the
amount of high-spin form of cytochrome P-450.

The primary, oxidative step in BP metabolism leads to
the formation of arene oxides and hydroxylated derivatives
and is followed by the further enzymatic conversion of these
compounds to dihydrodiols and conjugates. No accumula
tion of arene oxides was observed in this study possibly due
to their rapid further metabolism and/or strong binding to
tissue constituents. Further, as expected, most of the
metabolized BP was excreted in the conjugated form in both
the isolated liver cell and perfused liver systems (cf. Charts
8, 9, and 11). In fact, the 2 experimental models showed
great similarities in the excretion pattern of BP metabo
lites, which provides further support for the intactness of
the isolated liver cells and the usefulness of this system in
metabolic studies like the present one. In both systems, the
dihydrodiols formed were readily excreted into the incuba
tion medium and perfusate, respectively, whereas the
phenols tended to accumulate intracellularly during the
1st mm of BP metabolism. The release of dihydrodiols and
the intracellular accumulation of phenols were markedly
enhanced by 3-MC treatment, suggesting a greater effect
of induction on the oxidative than on the conjugative step
of the overall metabolic process. The reason for the large
increase in the intracellular concentration of dihydrodiols
observed with the isolated liver cell system after 3-MC
treatment of the animals is presently unexplained.

In conclusion, this study has revealed that isolated liver
cells may be a useful experimental model for studying
factors of importance for the metabolism of aryl hydrocar
bons which may not be investigated as well in other systems.
This report, which has outlined some of the metabolic
properties of this system, will be followed by further work
on the regulation of the metabolic activity and the effect of
various conditions on the metabolite pattern.
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