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SUMMARY

We prepared primary monolayer cultures of adult rat hepatocytes and measured the
losses of cytochromes P-450 with the use of specific antibodies directed against purified
forms of hepatic cytochrome P-450 which predominate in untreated rats (P-450yr.a, P-
450yT.F) or in rats treated with phenobarbital (P-450pp.5/p, P-450pp.c, P-450ps/pcN.E) OF
with 3-methylcholanthrene (P-450nF.8, P-450nF/1sF-G). In hepatocytes prepared from an
untreated rat and incubated in control medium, total cytochrome P-450, measured
spectrally as CO-binding hemoprotein, declined 68% during the first 72 hr in culture.
However, the sum of the immunoreactive cytochromes P-450 declined only 24%, indicat-
ing that loss of heme rather than of protein accounts for much of the well-known loss of
cytochromes P-450 in hepatocyte cultures. In cultures prepared from untreated rats or
from rats treated with phenobarbital or with 3-methylcholanthrene, individual forms of
cytochrome P-450 declined at markedly differing rates. Incubation of cultures in three
different media previously reported to maintain levels of total cytochrome P-450 failed
to prevent the decline in total cytochrome P-450 during the first 24 to 72 hr in culture.
However, in cultures incubated in medium containing metyrapone, the level of holocy-
tochrome P-450 was maintained at the initial value during the first 72 hr, apparently by
preventing the net loss of cytochrome P-450 heme and by increasing the concentrations
of immunoreactive P-450pp/pcn.e and P-450snr.5. Medium containing nicotinamide in-
creased the proportion of P-450,nr.p relative to the other forms of cytochrome P-450,
whereas cysteine-free medium increased P-450yr.r. We conclude that loss of cytochrome
P-450 in cultured hepatocytes involves loss of its heme moiety coupled with changes in
the concentrations of the individual forms. Recognition of these changes as influenced
by specific components of the culture medium is important when using primary hepato-

cyte cultures for study of xenobiotic metabolism and toxicity in the liver.

INTRODUCTION

In theory, the system of primary monolayer culture of
adult rat hepatocytes provides unique advantages for
studying the regulation of cytochrome P-450° and the
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role of this enzyme in toxic injury to the liver. The
hepatocytes can be maintained as nondividing cells for
several weeks in a chemically defined medium free of
serum. Under these conditions, the cells retain the ability
to carry out a diverse array of liver-specific functions, in
many cases at rates comparable to those observed in vivo
(1-3). However, we and others have found that, when
freshly isolated hepatocytes are prepared by collagenase
perfusion of liver and are placed into monolayer culture,
the concentration of P-450 rapidly declines (for review,
see Ref. 4). This loss is selective for P-450 in that the

KH;PO,, 0.3¢ mM Na;HPO,, 0.14 M NaCl, 5.4 mM KCl, and 0.5 mM
EGTA; Way R medium, standard culture medium (defined in text);
Way D medium, Way R medium supplemented with bovine serum
albumin and a complex mixture of hormones (defined in text) (8); Cys-
free Williams medium E, Williams medium E devoid of cysteine and
cystine and supplemented with 0.6 mM methionine and 0.1 mM 5-
aminolevulinic acid.
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activities of other microsomal enzymes, including glu-
cose-6-phosphatase, are maintained at the initial levels
for many days (5). A number of investigators have
claimed that this loss of total CO-binding hemoprotein
can be prevented by modifying the culture medium (for
review, see Ref. 4). However, measurements of P-450 by
spectral methods do not establish whether these media
prevent the loss of the heme moiety of the cytochrome,
prevent the degradation of the protein moiety, or facili-
tate the synthesis of new holoenzyme. Moreover, even
though it might be possible to prevent the decline in the
concentration of total P-450 in culture, one cannot as-
sume that the relative amounts of the individual forms
of this enzyme remain the same in culture as in vivo. In
fact, several studies have shown qualitative changes in
the profile of P-450-dependent catalytic activities in
primary hepatocyte cultures (5, 6).

In this study, we have reexamined changes in P-450
levels in hepatocyte culture with the use of immuno-
chemical techniques to measure seven different polypep-
tide forms of P-450 which are prominent in the livers of
untreated male rats (P-450yt.a, P-450yr.F) or in rats
treated with PB (P‘450PB-B/D,4 P-450p9.c, P-450p3/pCN.E)
or with 3-MC (P-4504nF.8, P -4505Np/1sp.c) (7). We exam-
ined the effects of four different culture media which
have been previously reported to maintain the level of
P-450 in these cultures: Waymouth 752/1 medium sup-
plemented with a mixture of hormones, fatty acids, and
bovine serum albumin (8); Williams medium E supple-
mented with metyrapone (9), nicotinamide (10), or me-
thionine and 5-aminolevulinic acid in the absence of
cysteine and cystine (9). The results show that there is
marked heterogeneity in the rates at which individual P-
450 forms are lost in culture and that the conditions of
cell culture exert dramatic and selective effects on the
concentrations of some of the P-450 apoproteins and on
the retention of their heme prosthetic group.

MATERIALS AND METHODS

Animals. Sprague-Dawley male rats (240-350 g) were obtained from
Flow Laboratories (Dublin, VA) and were housed in wire-bottom cages
and allowed free access to food and water. They were treated (intra-
peritoneally) with PB (in saline; 100 mg/kg) once each day for 4 days,
with 3-MC (in corn oil; 20 mg/kg) once each day for 3 days, or with
Aroclor 1254 (Monsanto Chemical Co.) (in corn oil; 150 mg/kg) once
each day for 2 days. The animals were sacrificed 1 day (PB and MC)
or 7 days (Aroclor 1254) following the last injection.

Chemicals and media. Unless otherwise indicated, all chemicals were
obtained from Sigma (St Louis, MO). Bovine serum albumin (from
Sigma) was essentially fatty acid-free.

The standard control medium (Way R) is a modification of Way-
mouth MB-752/1 prepared as previously described (11); it contains
penicillin (100 units/ml) and is supplemented each day with insulin (1
uM) and L-ascorbate (0.3 mM). This medium was modified further (8,
12) by the omission of penicillin and the addition of 0.2% bovine serum
albumin, gentamicin (20 mg/liter); insulin (0.1 uM), glucagon (0.01 uM),
hydrocortisone (10 uM), D-thyroxine (10 uM), estradiol (1 uM), testos-
terone (1 uM), D-a-tocopherol (2 uM), linoleic acid (20 uM), oleic acid
(20 uM), 5-aminolevulinic acid (1 M), alanine (0.1 mM), serine (0.1

* P-450pp.p and P-450pp.p were not distinguished in this work. These
two forms have nearly identical mobilities in NaDodSO,-polyacryl-
amide gel electrophoresis and are not distinguished by these immuno-
chemical methods (7).

mM), asparagine (0.2 mM), and L-ascorbate (0.3 mM). This medium,
designated Way D, also contained supplementary vitamins to make it
equivalent to Waymouth MB 752/1. Way R and Way D contained no
serum. Williams medium E was prepared as described (13) with the
modifications of Paine et al. (9) to contain 5% fetal bovine serum (from
GIBCO), hydrocortisone (0.1 mM), insulin (1 uM), and gentamicin (20
mg/liter). Williams medium E was further modified by the addition of
0.5 mM metyrapone or 25 mM nicotinamide as indicated.

Hepatocyte monolayer culture. Hepatocytes were isolated by a two-
step in situ perfusion based on a modification (11) of the method of
Seglen (14). Briefly, the liver was perfused with EGTA buffer, followed
by single-pass perfusion with 400 ml of Way R medium containing
collagenase (0.37 mg/ml; type I from Sigma). The softened liver was
excised and was further digested for 10 min at 37° in medium containing
dilute collagenase (0.2 mg/ml). The hepatocytes were separated from
nonparenchymal cells by repeated centrifugation and washing with
Way R medium as described (11). Hepatocytes were innoculated (3.5
X 10° cells/3 ml of medium) in plastic dishes (Lux Contur, 60-mm
diameter) coated with 50 ug of collagen (Vitrogen 100 from Flow
Laboratories). The viability of the cells, as assessed by the exclusion
of trypan blue, was >90%. The medium was renewed every 24 hr. At
the time points indicated, the monolayers were rinsed twice with Ca?*-
free 10 mM potassium phosphate buffer (pH 7.4) containing 0.14 M
NaCl, removed from the dishes by scraping into the same buffer,
pelleted, and resuspended in 10 mM Tris-HCI buffer (pH 7.4) contain-
ing 1 mM EDTA and 20% (v/v) glycerol (0.2 ml/culture). The cells
were lysed by sonication and stored at —70°.

Preparation of homogenates and microsomes. When isolated hepa-
tocytes and whole liver homogenates and microsomes were prepared
from the same liver, a laparotomy was performed and the portal vein
was cannulated; the liver was perfused with EGTA buffer. One lobe of
the liver was then ligated, excised, placed in 4 volumes of ice-cold 0.1
M potassium phosphate buffer (pH 7.5), and homogenized with a
Potter-Elvehjem homogenizer. The remainder of the liver was perfused
with medium containing collagenase, and hepatocytes were isolated as
described above. Microsomes were prepared from a portion of the liver
homogenate by centrifugation of the 18,000 X g (15 min) supernatant
for 60 min at 105,000 X g. The microsomal pellets were resuspended in
10 mM Tris-HCI (pH 7.4) buffer containing 1 mm EDTA, 20% glycerol,
and 20 uM butylated hydroxytoluene. Glycerol, EDTA, and butylated
hydroxytoluene were added to the remaining homogenates to give final
concentrations of 20%, 0.5 mM, and 20 uM, respectively. The liver
perfusion was done at 37°. Tissue samples and cell lysates were kept
on ice and then frozen and stored at —70°.

Assays. The concentrations of P-450 in purified enzyme preparations
and in whole cell lysates were determined by Na,S,0,-reduced CO
difference spectroscopy using an extinction coefficient of 91 mM'cm™
(15). Cell protein was determined by the method of Schacterle and
Pollack (16) using bovine serum albumin as the standard.

Concentrations of individual P-450 isoenzymes were estimated im-
munochemically using modifications of methods described elsewhere
(7,17, 18). Briefly, cells were lysed in buffer containing NaDodSO, and
proteins were separated by NaDodSO,-polyacrylamide gel electropho-
resis. The resolved proteins were electrophoretically transferred to
sheets of nitrocellulose and the nitrocellulose sheets were treated
sequentially (with intermediate washing) with rabbit antisera prepared
to the P-450 being quantitated, Staphylococcus aureus protein A-horse-
radish peroxidase conjugate (Sigma), and a mixture of 3,3’-diamino-
benzidine and H;O, to visualize the P-450s as brown bands on a light
brown background. The intensity of the visualized bands was deter-
mined by densitometry and integration using a Kontes Fiber-Optic
scanner. Replicate determinations of a single sample agreed to within
+15%. In this work, internal standard curves were prepared by elec-
trophoresing known amounts of ADH and each P-450 and carrying out
the visualization procedure with rabbit anti-ADH antisera (1:200 di-
lution) added to the anti-P-450. Subsequently, 0.2 ug of purified ADH
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TABLE 1

Comparative concentrations of four P-450s in liver homogenates,
microsomes, and freshly isolated hepatocytes obtained from untreated

rats

In each case, liver homogenate, whole liver microsomes, and isolated
hepatocytes were obtained from the same rat (see Materials and Meth-

ods).
P-450 form Concentration of immunoreactive
cytochrome P-450
Cell Liver Liver
lysates homogenates  microsomes
pmol/mg protein
P-450yT.4 45+ 3 39+2 280 + 40°
(54 + 4) (54 + 4) (53 £ 11)®
P-450pp.c 24 +3 23+ 4 190 + 60
(29 £ 4) (32+6) (36 £ 12)
P-450pp/pcN-8 40+ 0.5 35+05 25+3
(5 +0.6) (4.8 £0.8) (5+09)
P-450yTtr 11+2 70+1.0 34+3
(13+£2) (9.6 £ 1.5) 61
Totals 84 + 42 x5 529 £ 72

¢ Means + SD (n = 3 rats).
® Percentage of total immunochemically determined P-450.

was added to each hepatocyte lysate aliquot which was electrophoresed,
and anti-ADH was added to the anti-P-450 used for visualization.

RESULTS

Forms of P-450 identified in liver and in freshly isolated
hepatocytes from untreated rats. The relative concentra-
tions of the four forms of P-450 measured immunochem-
ically in lysates of freshly isolated hepatocytes were
similar to the concentrations in liver homogenates pre-
pared from the same liver and in microsomes prepared
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from those homogenates (Table 1). P-450yr.Ao and P-
450pp.c together comprised more than half of the immu-
nochemically measurable P-450 in freshly isolated hep-
atocytes from untreated rats, while the other two detect-
able forms (P-450yr.r and P-450pp,pcn.E) Were present at
lower concentrations (although P-450yr.r was unusually
prominent in one cell preparation, i.e., Fig. 4). P-4505nF,
1sF-G, P-450pp.p/p and P-450,nr.p were undetectable (<8
pmol/mg total cell protein) in most of the cell prepara-
tions. Thus, we conclude that the procedures for prepa-
ration of isolated hepatocytes do not alter the P-450
isoenzyme profile. Furthermore, results obtained with
cell lysates or homogenates are comparable to those
obtained with microsomes.

Changes in P-450s with time in primary hepatocyte
culture. Consistent with previously reported data (for
review, see Ref. 4) in cultures prepared from untreated
rats, total P-450 (measured spectrally as CO-binding
hemoprotein) declined and after 72 hr in control Way R
medium had fallen to 32% of the initial value (Table 2).
However, the sum of the P-450 proteins measured im-
munochemically declined during this 72 hr in culture
proportionally less, only to 76% of the initial value. This
change was not expressed uniformly among the individ-
ual P-450s. Whereas the levels of P-450pgpcn.£ and P-
450pp.c changed little during the first 72 hr in culture, P-
450yT.4 increased while P-450yr.r decreased rapidly dur-
ing the first 24 hr to 12% of its initial value and remained
at this diminished level (Fig. 2). Although considerable
variability was observed from one cell preparation to
another, both in the initial levels of the P-450 formed
and in the rates at which they declined in cultures (legend
to Fig. 1), in all cases, P-450yr.4 increased with time in
culture relative to the other forms. Therefore, P-450yt.a
became the predominant form in 72-hr cultures.

TABLE 2
Changes with time in culture in the levels of spectrally determined holocytochrome P-450 versus total immunoreactive P-450 in cultured rat
hepatocytes
Hepatocytes were isolated from an untreated rat (Figs. 1 and 4) or from rats treated with PB (Fig. 2), MC (Fig. 3), or Aroclor 1254 (Fig. 5)
and were incubated in control medium. At the indicated times, cultures were taken for measurement of spectral or immunochemical P-450.
Additional data are given in Table 3 for the untreated rats (Experiments 1 and 2) and the Aroclor-treated rat (Experiment 1).

. . . Ratio
Treatment Age of Experiment Total immunochemical
of rat culgtfxres xptla\lo. Spectral P-450 (A) P-450 (B) (g)/
hr pmol/mg protein pmol/mg protein
Untreated 0 1 220 170 1.29
2 200 ND*
3 256 390 0.66
24 1 100 (45)° 120 (71) 0.83
2 94 (48) ND
72 1 70 (32) 130 (76) 0.54
2 39 (20) ND
PB 0 1 420 980 0.43
24 1 120 (29) 890 (91) 0.14
'i-" MC 0 1 420 630 0.67
0 24 1 330 (79) 350 (56) 0.95
Q_ Aroclor 1254 0 1 510 770 0.66
2 450 ND
0 2 1 360 (71) 1020 (132) 0.35
CU 2 330 (73) ND

¢ ND, not determined.
® Numbers in parentheses represent percentages of zero-hr values.
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F1G. 1. Changes in concentration of total and specific cytochromes
P-450 in cultures of hepatocytes from an untreated rat

Freshly isolated hepatocytes were prepared from the rat of Table 2
(Experiment 1) by collagenase perfusion and were inoculated into
monolayer culture (time 0) in control medium Way R. At time 0 and
at the indicated times, freshly isolated hepatocytes and some of the
monolayer cultures were harvested and whole cell lysates were prepared
for spectral determination of CO-binding hemoprotein and for immu-
nochemical determination of specific forms of P-450 (see Materials and
Methods). The data are given as percentages of the initial values at
time 0 which were (in picomoles/mg of cell protein): CO-binding
hemoprotein, 220; P-450yr.4 (UT-A), 70; P-450pppcne (PCN-E), 17;
P-450ps.c (PB-C), 20; P-450yr.r ( UT-F), 63. Initial concentrations
(picomoles/mg of cell protein) and final values after 72 hr (percentage
of initial concentration) for hepatocytes from three rats were (mean +
SE): P-450yrt.a, 73 £ 20, 134% + 51%, P-450pp.c, 76 + 46, 53% + 22%;
P-450pp/pcN.E, 23 £ 8, 35% + 24%; P-450yT.r, 37 + 27, 18% + 2% (n =
2); CO-binding hemoprotein, 208 + 11, 26% + 6% (n = 2).

Several forms of P-450 are not readily detectable in
hepatocytes (or in microsomes) prepared from untreated
rats. Therefore, isolated hepatocytes were prepared from
rats pretreated with PB or MC and were incubated in
Way R medium in the absence of the inducing chemical.
As expected from previously reported data obtained with
liver microsomes (7), a fraction of the P-450 protein
measured immunochemically in freshly isolated hepato-
cytes from these induced rats was devoid of heme, as
indicated by ratios (less than 1.0) of spectral to total
immunoreactive P-450 (Table 2). Comparisons between
total immunoreactive P-450 in hepatocytes from un-
treated versus induced rats must be made with caution
since the apocytochrome content of the standards may
not be the same from one form to another. However,
comparisons of changes with time in a given culture are
less subject to this limitation. Thus, when hepatocytes
from the PB-treated rat were incubated in culture for 24
hr there was a dramatic decline in spectrally measured
holocytochrome P-450 (to 29% of the initial value), but
little change in total immunoreactive P-450 and, hence,
a decrease in the ratio of spectral to total immunoreactive
P-450 (from 0.43 to 0.14), indicating a loss of heme from
the holocytochrome. In contrast, in cultures of hepato-
cytes prepared from an MC-treated rat, the proportion
of holocytochrome actually increased during the first 24
hr of culture (from 0.67 to 0.96), due to a small decrease
in holocytochrome P-450 (to 79% of the initial value)

accompanied by a larger decrease in total immunoreac-
tive P-450 (to 56% of the initial value). Inspection of
Figs. 2 and 3 reveals that under standard conditions of
cell culture the concentrations of the individual forms of
cytochrome P-450 decline at markedly different rates.
Effects of culture media on the cytochrome P-450 con-
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F1G. 2. Changes in concentration of specific P-450s in cultures of
hepatocytes from a PB-treated rat

Freshly isolated hepatocytes were prepared from a single rat (Table
2) and were inoculated into monolayer culture (time 0) in control
medium Way R (containing no PB). At the indicated time, cells were
harvested and whole cell lysates were prepared for immunochemical
determination of the specific forms of P-450. Data are given as per-
centages of initial (time 0) values which were (in picomoles/mg of cell
protein): P-450snpasrc (ISF-G), 10; P-450yr.r (UT-F), 10; P-450yT.4
(UT-A), 40; P-450pp.c (PB-C), 400; P-450pp.5p (PB-B/D), 250; P-
450pp/pcn-g (PCN-E), 250.

100 ¢
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)
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F1G. 3. Changes in concentration of specific P-450s in cultures of
hepatocytes from a rat treated with MC

Freshly isolated hepatocytes were prepared from a single rat (Table
2) and were inoculated into monolayer culture (time 0) in control
medium Way R (containing no MC). At the indicated times, cells were
harvested and whole cell lysates were prepared for the spectral deter-
mination of the specific forms of P-450. Data are given as percentages
of initial (time 0) values which were (in picomoles/mg of cell protein):
P-450pp.c (PB-C), 15; P-450yr.4 (UT-A), 16; P-450yr.r (UT-F), 20; P-
450snpp1sp-6 (ISF-G), 91; P-450sn7.5 (BNF-B), 453; P-450pp/pcn.e (PCN-
E), 28.
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tent of cultured hepatocytes. We tested media previously
reported to prevent the loss of P-450 in primary hepa-
tocyte cultures for their effects on loss not only of holo-
cytochrome but also on loss of specific forms of apocy-
tochrome P-450 in cultures prepared from untreated rats,
or from rats treated with Aroclor 1254, a mixture of
polychlorinated biphenyls. Of these media, only Williams
medium E supplemented with metyrapone maintained
the level of spectrally determined P-450 at 80-110% of
the initial level for up to 72 hr (Table 3), whereas the
values in cultures incubated in Way D, nicotinamide-
supplemented Williams medium E, or Cys-free Williams
medium E were in the same range as the values in control
cultures incubated in Way R or Williams E medium and
fell to 36-67% of the initial levels after 24 hr in culture
(Table 3). In cultures prepared from an untreated rat
and incubated in control medium, the ratio of spectrally

TABLE 3
The effects of various culture media on changes in spectrally
determined holocytochrome P-450 and total immunoreactive P-450
occurring with time in hepatocyte cultures prepared from an untreated
rat and a rat treated with Aroclor 1254
Experimental details are given in Table 2 for untreated rats and for
a rat treated with Aroclor 1254. Induction protocols and culture media
are described in Materials and Methods.

Culture medium  Age of Spectral P- Total Ratio
cultures 450 (A) immunochemical A/B
P-450 (B)
hr pmol/mg  pmol/mg protein
protein
I. Untreated rat 0 220 (100)* 170 (100) 1.30
200 (100) ND*
Way R 24 100 (45) 120 (71) 0.83
95 (48) ND
72 70 (32) 130 (76) 0.54
Way D 24 110 (50) 110 (65) 1.00
100 (50) ND
72 60 (27) 110 (65) 0.55
Williams E 24 130 (59) 150 (88) 0.87
72 70 (32) 110 (65) 0.64
Williams E 24 180 (82) 130 (76) 1.34
plus metyra- 72 230 (105) 180 (106) 1.28
pone
Williams E 24 140 (64) 140 (82) 1.00
plus nicotin- 72 90 (41) 120 (71) 0.75
amide
Cys-free Wil- 24 110 (50) 140 (82) 0.79
liams E 72 80 (36) 150 (88) 0.53
II. Rat treated 0 510 (100) 770 (100) 0.66
with Aroclor
1254
Way R 72 240 (47) 570 (74) 0.42
Way D 72 230 (45) 710 (92) 0.32
Williams E 72 240 (47) 610 (79) 0.39
Williams E 72 570 (112) 710 (92) 0.80
plus metyra-
pone
Williams E plus 72 340 (67) 520 (68) 0.65
nicotinamide
Cys-free Wil- 72 320 (63) 620 (81) 0.52
liams E

2 Numbers in parentheses represent percentages of zero-hr values.
® ND, not determined.
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measurable P-450 to total immunoreactive P-450 de-
creased, whereas in cultures incubated in metyrapone-
supplemented Williams medium E this ratio was main-
tained at the initial value of 1.3. A ratio larger than 1.0
indicates either that there are additional forms of P-450
in the untreated rat which were not quantified in our
immunochemical assays, or that the concentration of
apo-P-450 in our form-specific standards was underesti-
mated (7). Thus, in the absence of metyrapone, the well-
known decline in P-450 which occurs with time in culture
appears to represent primarily a loss of heme and only
secondarily a loss of apocytochrome.

Even though most of the culture media examined failed
to prevent fully the loss of total spectrally measured P-
450, these media did exert selective effects on three
specific forms of P-450. The same effects were observed
in cultures prepared from an untreated (Fig. 4) and an
Aroclor 1254-treated rat (Fig. 5). First, incubation of the
cultures in Cys-free Williams medium E prevented the
dramatic decline in the concentration of P-450yr.F ob-
served in hepatocyte cultures incubated in other media.
Second, incubation of cultures in the presence of metyr-
apone for 72 hr resulted in 2.5-3.0-fold increases in the
levels of P-450pg/pcn.g @8 compared to the level of this
form in cultures incubated in control Williams medium
E. This effect was also observed in an experiment in
which hepatocyte cultures from an untreated rat were
incubated in our standard Way R medium in the presence
or absence of metyrapone (0.1 mM) (data not shown).
Third, addition of metyrapone or nicotinamide to the
medium increased the level of P-450snr.5. In cultures
prepared from an untreated rat, this increase after 72 hr
was small (final level, 8-15 pm/mg of cell protein, com-
pared to <2 pm/mg in cultures incubated in control
medium). In cultures from a rat pretreated with Aroclor
1254, on the other hand, treatment with metyrapone or
nicotinamide greatly increased the level of P-450snF.5 to
a value 90-110 pm/mg over and above the level in cultures
incubated in control medium. Despite the similar effects
of these two additives on P-450;nF.p, nicotinamide, unlike
metyrapone, had no effect on the level of P-450pg/pcn.E
(Fig. 5). Thus, the isoenzyme profiles of P-450 in the
hepatocytes change markedly with time and depend on
the age of the culture and the composition of the culture
medium.

Comparison of spectrally detectable binding of metyra-
pone to P-450s with changes in the isoenzyme profiles
occurring in hepatocyte culture. Others have proposed
that metyrapone “maintains” P-450 levels in hepatocyte
cultures by forming a complex with the heme moiety of
the cytochrome (19, 20). Hence, it seemed possible that
selective binding of metyrapone to P-450pgpcn.g and P-
450pNr.p could account for the increased concentrations
of these forms following incubation of hepatocyte cul-
tures with metyrapone-supplemented Williams medium
E. However, in testing this idea with purified P-450s
incubated with metyrapone (at concentrations up to 10-
40 uM) in vitro, we found that spectrally detectable
complexes (in either the oxidized or reduced difference
spectrum between 390 and 450 nm) were found only with
P-450p3.3, P-450p3.|), and P-450¢mp/]sp.c, data not ShOWD)
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F1G. 4. Effects of various media on the levels of immunospecific P-450s in hepatocyte cultures from an untreated rat

Freshly isolated hepatocytes were prepared from a single rat (Fig. 1; Tables 2 and 3, Experiment 1) and were inoculated into monolayer
culture (time 0) in the medium indicated: Way R and Williams Medium E, control media (see Materials and Methods); metyrapone, Williams
Medium E supplemented with 0.5 mM metyrapone; nicotinamide, Williams Medium E supplemented with 25 mM nicotinamide; Cys-free, cysteine
and cystine-free Williams Medium E supplemented with 0.5 mM methionine and 0.1 mM 5-aminoelevulinic acid. At the indicated times, cells
were harvested and whole cell lysates were prepared for the immunochemical determination of the specific forms of P-450 designated as follows:
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FiG. 5. Effects of various media on the levels of immunospecific P-450s in hepatocyte cultures prepared from a rat treated with Aroclor 1254

Freshly isolated hepatocytes were prepared from a single rat (Tables 2 and 3, Experiment 1) and were inoculated into monolayer culture (time
0) in the medium indicated (see Fig. 4). At the indicated times, cells were harvested and whole cell lysates were prepared for the immunochemical
determination of the specific forms of P-450 designated as follows: A, P-450yr.4; B/D, sum of P-450pp.g and P-450pg.p. 8, P-450snr.5; C, P-450ps.

c; E, P-450pg/pen.e; F, P-450ut.5; G, P-450snpasr-c.

despite the fact that none of these cytochromes increased
in hepatocyte cultures exposed to metyrapone (Fig. 5).
On the other hand, incubation of purified cytochromes
P-450pp/pcn-g and P-450,nr.p with metyrapone failed to
form spectrally detectable complexes whereas these two
forms did increase in cultures incubated in medium con-
taining metyrapone (Figs. 4 and 5). Thus, the ability of
metyrapone to bind to certain purified cytochromes does
not appear to account for its ability to stimulate the
selective accumulation of these P-450s in the intact
hepatocyte.

DISCUSSION

Many laboratories are working to devise a chemically
defined culture medium which effectively maintains the
concentration of P-450 in primary hepatocyte cultures
at levels comparable to those in the liver in vivo. Progress
has been problematic. Successes reported by one labo-
ratory have not been reproduced by others (11, 21, 22),
due perhaps to differences among strains of animals and
differences among laboratories in cell isolation proce-
dure, culture techniques, and analytical methods. Of the
experimental “maintenance” media tested in this inves-
tigation (Way D, Williams media E supplemented with

metyrapone or nicotinamide, and Cys-free Williams me-
dium E) only metyrapone-supplemented Williams me-
dium E prevented the well-known decline in CO-binding
hemoprotein. In line with previous suggestions that qual-
itative changes in the P-450 isoenzyme profile may also
occur with time in culture (5, 6), we found that individual
immunoreactive forms of P-450 differ in their response
to the conditions of cell cultures. Therefore, lack of
change in the concentration of spectrally determined P-
450 is not an adequate criterion for demonstrating that
cultured hepatocytes have retained the same phenotypic
expression of the P-450s as is present in the parent liver.
For example, despite the fact that in the presence of
metyrapone both total immunoreactive P-450 and heme
content of the P-450 proteins were maintained in culture,
significant changes in the profile of the P-450s still
occurred. Therefore, uncritical use of maintenance media
for such purposes as toxicity or carcinogenicity testing
in the hepatocyte culture system may give misleading
results.

Immunochemical determination of individual forms of
P-450 provides a practical new way to examine in greater
detail the changes in P-450 content which accompany
transfer of the hepatocyte from the living animal to the
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conditions of cell culture. Previously, changes in the
levels of different forms of P-450 in cell culture were
inferred from spectral determinations plus enzyme as-
says using multiple substrates. For example, Fahl et al.
(6) reported increased prominence with time in culture
of a form of P-450 which resembled “P-448” in the profile
of benzopyrene metabolites it produced but which dif-
fered from P-448 in its spectral properties. Antibodies
provide a less ambiguous way to identify separate forms
of P-450, to examine the changes in their concentrations
in cell culture, and, with the use of immunoprecipitation,
to measure their rates of de novo synthesis and degra-
dation (23, 24). Even from the present, limited number
of observations surveying seven forms of P-450, it is clear
that the forms display fascinating nonuniformity in their
response to culture conditions that will require more
extensive future study on a form by form basis. For
example, P-450yr.rmay be uniquely sensitive to the toxic
effects of cysteine (25). Cys-free Williams medium E
prevented the loss of P-450yr.r (Figs. 4 and 5), but not
the loss of total P-450 heme (Table 3), even though this
medium contains a high concentration of 5-aminolevu-
linic acid which stimulates heme synthesis (26).

Metyrapone is a well-known inhibitor of P-450 cata-
lytic activity. We found that it also exerts noteworthy
effects on the metabolism of the P-450 molecule. This
investigation shows that the effects of metyrapone are
complex and involve at least two distinctly different
mechanisms. First, metyrapone prevents the loss of heme
from P-450s, and, second, metyrapone enhances the ac-
cumulation of P-450,nr.p and P-450pp,pcn.£- Because ad-
ministration of metyrapone to CoCl,-treated rats pre-
vented loss of spectrally determined P-450 even when
heme oxygenase activity was high (20), it was proposed
that metyrapone forms ligand bonds with P-450 and thus
protects the cytochrome from degradation. We found no
positive correlation between high affinity binding of me-
tyrapone to purified P-450 proteins (as measured spec-
trally) and increased levels of these proteins in cultured
hepatocytes. Nevertheless, at the concentration of me-
tyrapone present in the culture medium (0.5 mM), lower
affinity binding of metyrapone to P-450s may occur (27),
and this could prevent the loss of heme from cytochrome
P-450. Alternatively, metyrapone may have increased
the rate of heme synthesis by increasing the rate of
synthesis of aminolevulinic acid synthase (20), the rate-
limiting enzyme.

It will be noted that in the present study we have found
readily detectable amounts of P-450pg,pcn.E in hepato-
cytes isolated from untreated rats. This is in contrast to
a previous report from this laboratory in which we were
unable to detect this form in cultures prepared from
untreated female rats (28). The reason for this apparent
discrepancy is that P-450pg,pcn.g appears to be a male-
specific form of cytochrome P-450. In liver microsomes
from untreated female rats, the concentration of P-450pg,
pcN-E 18 consistently undetectable (<15 pmol/mg
of microsomal protein) by either Western blot
immunoquantitation® or by radial immunodiffusion (28).
In sexually mature untreated male rats, on the other

5F. P. Guengerich, unpublished data.
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hand, which were used in the present study, P-450pg,pcn.
is consistently present at measurable levels, averaging
around 80-200 pmol/mg of microsomal protein, although
values as low as 25 pmol/mg of microsomal protein have
also been observed (Table 1).

The accumulation of P-450,nr.g in hepatocyte cultures
treated with either metyrapone or nicotinamide corrob-
orates a previous report (29) that in hepatocyte cultures
metyrapone induces O-deethylation of 7-ethoxyresoru-
fin, an activity specifically catalyzed by P-450nF.8 (7).
In cultures from an Aroclor 1254-treated rat, the effects
of these media on the regulation of P-450sn5.p appear
complex (Fig. 5). The apparent induction of P-450;np.p
in cultures of hepatocytes from a rat pretreated with
Aroclor 1254 and then treated in culture with metyra-
pone (or nicotinamide), is far greater than the sum of
the separate effects of metyrapone (or nicotinamide)
(Fig. 4) and Aroclor (control cultures of Fig. 5). This
synergy suggests that metyrapone and nicotinamide may
be acting by mechanisms different from that of the
polychlorinated biphenyl isomers which presumably bind
to a cytosolic receptor (the Ah receptor) (30) and stim-
ulate the transcription of specific mRNA. One possibility
is that metyrapone and nicotinamide specifically inhibit
the degradation of P-450snr.s. The system of primary
monolayer hepatocyte culture is well suited for examin-
ing such effects and for making comparisons of the
control of P-450s in cultures prepared from various spe-
cies including humans. Such information is urgently
needed by those seeking cell culture systems for toxicity
testing.
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