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Altered responsiveness to alpha- and beta-adrenoceptor stimulation in hepatocytes
cultured in defined medinm
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Catecholamines regulate important metabolic pathways
such as glycogenolysis and gluconeogenesis through alpha
and beta adrenoceptors in the livers of a variety of species,
In the adult rat liver, it is now well documented that the
activation of glycogen phosphorylase by catecholamines is
predominantly a cAMP-independent process mediated by
alpha;-adrenoceptor stimulation and is thought to be the
result of an elevation in the concentration of intracellular
Ca®* [1-10]. However, beta-adrenoceptor-mediated acti-
vation of glycogen phosphorylase, mediated by cAMP-
dependent processes, plays a relatively minor role in the
adrenergic activation of glycogenolysis in normal adult rat
liver. This pattern of adrenergic activation in adult rat liver
with alpha much more prominent than beta is not fixed and
static. Indeed, this pattern has been shown to change in
a number of physiological and pathological conditions,
including adrenalectomy [11], hypothyroidism {12], regen-
eration [13], cholestasis [14] and preneoplasia [15]. Also,
it has been found that beta adrenergic activation of glycogen
phosphorylase is more marked in livers from young rats
[16].

Recently, it was reported that the relative activities of
alpha and beta agonists are progressively reversed during
the in vitro culturing of isolated hepatocytes [17, 18]. The
primary role of alpha adrenoceptors in activating glycogen
phosphorylase decreases and an effective beta response,
absent in freshly isolated cells, emerges after primary
culture. Our studies were designed to investigate the possi-
bility that changes in alpha and beta receptors might under-
line these alterations in responsiveness.

Materials and methods

Materials. Unlabeled (+)-cyanopindolol was a gift from
Dr. G. Engel of Sandoz (Basel, Switzerland). [*I}Cyano-
pindolol (['*IJCYP) was prepared essentially as described
by Engel et al. [19]. Carrier-free Na'®I (Catalog No. IMS
30) was purchased from Amersham (Arlington Heights,
IL). Alpha-p-{U-“C]Glucose-1-phosphate and [*H]pra-
zosin were purchased from New England Nuclear (Boston,
MA). Anti-cAMP* rabbit antiserum were obtained from
Becton Dickinson. Prazosin was a gift from the Pfizer
Pharmaceutical Co. Collagenase (Type II) was from the
Worthington Biochemical Co. (Freehold, NI); newborn

* Abbreviations: cAMP, adenosine 3',5'-cyclic mono-
phosphate; ['"“IJCYP, [*®I]cyanopindolol; MEM, Mini-
mum Essential Medium; A23157, calcium ionophore,
A23187; IBMX, 3-isobutyl-1-methylxanthine; MOPS, 3-
(N-morpholino)-propanesulfonic ~ acid; Hepes, 4-(2-
hydroxyethyl)-1-piperazine-cthanesulfonic  acid;  and
DMEM, Dulbecco’s Minimum Essential Medium.

calf serum, tissue culture medium 199 (Earl’s salt), and
DMEM were from Gibco. Other chemicals and reagents
were purchased from standard commercial sources.

Isolation of hepatocytes. Male Sprague-Dawley rats,
weighing 240-260 g, that had been fed ad lib. were used.
Hepatocytes were isolated by the collagenase perfusion
method of Berry and Friend [20] as modified by Bissell and
Guzelian [21]. The vield of cells/liver averaged 1.5 x 108,
with 90-95% viability as estimated by trypan blue
exclusion.

Fresh hepatocytes. Freshly isolated hepatocytes (6 to
15 x 10° cells) were incubated in plastic tubes in a total
volume of 1 mi of Hepes-buffered medium (134 mM NaCl,
47mM KCl, 1.2mM MgSO,, 2.5mM CaCl,, SmM
NaHCO,, 10mM Hepes, pH7.4) supplemented with
40 mM glucose and shaken in an orbital water bath shaker
at 150-200 rpm for 30 min at 37°. At the end of the incu-
bation, 200-p1 aliquots of the cell suspension were trans-
ferred to plastic tubes containing 50 gl of drugs as indicated.
The tubes were then shaken in a bath at 37° for 2 min [19]
and immediately immersed in liquid nitrogen to terminate
the reaction. The frozen hepatocytes were stored at —80°
until assay. For the glycogen phosphorylase assay, the
frozen hepatocytes were first mixed with a half volume of
30 mM MOPS, 150 mM NaF, 15mM EDTA and 3mM
dithiothreitol (pH 7.0). The samples were homogenized
with a Polytron cell disrupter (Brinkmann Instruments,
Westbury, NY) at setting 8 for 20 sec. The homogenates
were centrifuged at 12,000 g for 5 min at 4°, and the super-
natant fraction was used for the assay of glycogen phos-
phorylase and cAMP as described below.

Cultured hepatocytes. For cultured hepatocytes, Medium
199 was supplemented with the following: 100 units/ml
penicillin G; 100 ug/ml streptomycin sulfate: 26 mM
NaHCOs; an additional 10mM glucose (final concen-
tration, 15.6mM); 3 X 10*M crystalline insulin; and
1 % 107 M corticosterone. Approximately 4 X 10° cells in
a final volume of 3.0 ml were placed in a 60 mm culture
dish coated with collagen that had been purified and solu-
bilized by the method of Wood and Keech [22]. The cultures
were maintained at 37° in an atmosphere of 95% air and
5% CO,. The cultured medium was changed to the Hepes-
buffered medium described above supplemented with
40 mM glucose at the end of 24 hr. Culture dishes were
then incubated at 37° in an atmosphere of 35% air and 5%
CO, for 30 min. After this preincubation, 50-ul aliquots of
various drugs were added to the culture dishes and incu-
bated for 2min at 37°. At that point, the medium was
immediately discarded and the dishes were placed on the
dry ice to terminate the reaction. The frozen hepatocytes
attached to the dish were stored at —80° until assay.
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To prepare the samples for assay, the frozen cultured
hepatocytes were thawed on ice and 5 ml of ice-cold buffer
(0.5 mM MOPS, 2.5 mM NaF, 0.25mM EDTA, 0.05 mM
dithiothreitol, pH 7.0) was added to the dish. The cells were
scraped from the dish and homogenized with a Polytron cell
disruptor at setting 8 for 20 sec. The homogenates were
centrifuged at 12,000 g for 5 min at 4°. The supernatant
fraction was then frozen in liquid nitrogen and lyophilized.
The resulting sample was resuspended in 250 ul of ice-cold
60 mM MES buffer (pH 6.1). Lyophilization of the samples
did not affect either cAMP levels or glycogen phos-
phorylase activity.

Assays of glycogenolysis and cAMP formation. Glycogen
phosphorylase a activity was measured using a filter disc
assay similar to that of Gilboe er al. [23] as modified [24].
Cyclic AMP was measured by radioimmunoassay [25].

Hepatocyte membrane preparation for radioligand bind-
ing assays. Freshly isolated and cultured cells (about 7 x 10’
cells each) were suspended in 20ml of ice-cold buffer
(0.25M sucrose, 10mM Tris-HCI, pH7.5) and homo-
genized with a Polytron at setting 8 for 20 sec. The homo-
genates were centrifuged at 20,000 g for 30 min. The pellet
was resuspended in 50 mM Tris—-HCl (pH 7.4) containing
10 mM MgCl, and used immediately in the receptor binding
assays.

Alpha,-receptor number was determined by incubating
100 ul of the membrane suspension in a total volume of
150 ul containing [*H]prazosin (0.1 to 4 nM). Incubations
were continued for 30 min at 37° by which time equilibrium
had been achieved. Nonspecific binding was defined as
binding remaining in the presence of 10 uM phentolamine.
The specific binding of [*H]prazosin was shown to have
appropriate specificity [26].

Beta-adrenergic receptor assays using ['*IJCYP (40~
600 pM) contained a total volume of 150 ul; the incubation
was for 60 min at 25° by which time binding was at equi-
librium. The specific binding was defined as the difference
in the amount of bound ICYP obtained in the absence and
in the presence of 1 uM (=*)-propranolol. Specific ICYP
binding sites had the expected beta-adrenergic specificity
and stereospecificity.

Protein concentration was determined by the method of
Lowry et al. [27] using bovine serum albumin as standard.

Data analysis. The data from saturation curves of radio-
ligand studies were analyzed using nonlinear regression on
a HP9816 computer. These data were fit based on the law
of mass action using a general program for the analysis of
data in terms of models. The experimental data given in
the text are expressed as the mean = S.E.M.
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Results

Qur initial experiments were designed to compare acti-
vation of glycogen phosphorylase in freshly isolated hepa-
tocytes versus hepatocytes that had been cultured for 24 hr.
As indicated in Fig. 1, in freshly isolated hepatocytes the
alpha-selective adrenergic agonist phenylephrine activated
glycogen phsophorylase effectively. Furthermore, the
alpha; selective antagonist prazosin inhibited the activation
of glycogen phosphorylase by phenylephrine, epinephrine
and a high concentration of isoproterenol (10~ M). The
beta-antagonist propranolol was relatively ineffective in
blocking the effect of these agonists. Therefore, these data
suggest that alpha;-receptor stimulation of glycogen phos-
phorylase predominates over beta receptor activation in
freshly isolated hepatocytes as has been seen previously
[2,5,28]. In hepatocytes that had been cultured for 24 hr
the pattern of responsiveness changed markedly. In the
cultured cells, isoproterenol effectively activated glycogen
phosphorylase (Fig. 1). The stimulation by isoproterenol
was blocked by propranolol but not prazosin. The activation
by phenylephrine and epinephrine was partially blocked
by both propranolol and prazosin, suggesting that these
agonists were activating glycogen phsophorylase through
both alpha and beta receptors in the cultured cells. There
was greater stimulation above basal by phenylephrine
(107°M) in the freshly isolated hepatocytes than in the
cultured cells (5.9 + 1.0 vs 1.8 £ 0.4 units/100 mg protein
respectively), indicating a loss in alpha stimulation. Con-
versely, beta-receptor-mediated stimulation by isopro-
terenol (107 M) increased from 0.3 = 0.1 units/100 mg
protein in the fresh cells to 3.9 = 1.1 units/100 mg protein
in the cultured hepatocytes.

We examined the activation of glycogen phosphorylase
by vasopressin [29] and the ionophore A23157 [30] which
both produce increases in intracellular Ca?* in fresh and
cultured hepatocytes. The ability of vasopressin to activate
glycogen phosphorylase actually increased in the cultured
cells, and there was no change in the maximal respon-
siveness to A23157 (data not shown). These data indicated
that there was no evidence for a general decline in cAMP-
independent activation of glycogen phsophorylase and sug-
gested some specificity in the loss in responsiveness to
alpha-adrenergic stimulation. Consequently, we measured
alpha receptors in membranes prepared from fresh and
cultured hepatocytes with [*H]prazosin. There was a
marked decrease in the number of alpha-adrenergic recep-
tors in the membranes prepared from control hepatocytes
(Fig. 2). These data suggest but do not definitely establish

5 (B) CULTURED HEPATOCYTES
3 [ Agonist alone
£ acod I Agonist+10"*M Prazosin
; Agonist +10"*M Propranolol
£ e
3]
©
< 400
2
z
2 2004
a
8
=
8 D ]
phenylephrine isoproterenol Epinephrine
{107*M) (10-*M) (10-*M}

Fig. 1. Stimulation of glycogen phosphorylase in freshly isolated (A) and cultured (B) hepatocytes from

adult male rats by phenylephrine, isoproterenol and epinephrine, and the influence of alpha- and beta-

adrenoceptor antagonists. Hepatocytes were preincubated for 15 min with 1 uM prazosin or 1uM

propranolol. Then agonists were added as indicated. The results are presented as the mean = S.E.M.
of results obtained from at least three separate experiments.
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Fig. 2. Specific binding sites of [*H]prazosin and ['*I]-

CYP in membranes from freshly isolated and cultured rat

hepatocytes. Data for figure are the mean = S.E.M. of
four separate experiments.

that the loss in responsiveness to alpha, agonists was caused
by a loss in alpha; receptors.

With culture, there was a marked development in the
ability of beta-adrenergic agonists to stimulate glycogen
phosphorylase (Fig. 1). Also, isoproterenol did not activate
cAMP accumulation in the fresh cells, whereas it caused a
marked stimulation in the cultured hepatocytes (data not
shown). In an effort to determine the mechanism for the
development of the beta-adrenergic response, we measured
beta-adrenergic receptors in membranes from fresh and
cultured hepatocytes with the antagonist ["ZIJCYP. We
found no change in either the number of beta receptors
(2.1 £ 0.4 vs 2.1 = 0.3 fmoles/mg protein) or in their affin-
ity for ['"PIJCYP (K, 114 = 8 vs 118 = 15 pM) in the mem-
branes from fresh and cultured hepatocytes respectively
{Fig. 2). Consequently, the development of beta-adrenergic
stimulation of cAMP accumulation and glycogen phos-
phorylase activation cannot be explained by a simple
change in beta-adrenergic receptor number.

Nakamura et al. [31] and Refsnes ef al. [32] have pre-
viously reported development of enhanced adrenoceptor
beta responsiveness in cultured hepatocytes. Both those
groups found an increase in the number of beta receptors
in membranes from cultured hepatocytes [31,32]. In an
effort to reconcile our results with their findings, we con-
ducted further experiments to explore some obvious meth-
odological differences. First, Nakamura et al. [31] utilized
a highly purified membrane preparation. We replicated
that membrane preparation and found a similar enrichment
in the density of beta-adrenergic receptors, 20.9 fmoles/mg
protein (N = 2}, in membranes from fresh hepatocytes as
reported by Nakamura et al. However, the density of beta
receptors in enriched membranes from cultured hepa-
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tocytes, 17.8 fmoles/mg protein (N = 2), was similar to the
result in the fresh hepatocytes. Consequently, the different
membrane preparation did not appear to explain the dis-
crepancy between our results and those of Nakamura et al.
Also, Refsnes er al. [32] used a crude membrane prep-
aration similar to that used in our studies. Another major
experimental difference is that our cultures were conducted
in defined medium whereas those studies [31, 32] were done
in the presence of serum. Therefore, we undertook further
experiments using freshly isolated hepatocytes and cultured
hepatocytes grown in DMEM with 10% newborn calf serum
and dexamethasone (107°M) using conditions similar to
those in Ref. 31. In a mean of four experiments, the beta
receptors increased from 2.1 % 0.4 fmoles/mg protein in
membranes from hepatocytes grown in defined medium to
5.3 = 0.8 fmoles/mg protein in membranes from hepa-
tocytes cultured in medium containing serum (P < 0.05).
There was no change in the K, of ["*TJCYP (116 + 12.0 vs
112 + 11.8 pM) in the two groups. Also, there was no
difference in the development of the enhanced ability of
isoproterenol to stimulate cAMP accumulation whether the
cells were grown in serum or defined medium (Table 1).

Discussion

In the livers from neonatal rats, beta receptors play a
prominent role in mediating catecholamine effects [33, 34].
However, in the adult rat liver, beta responsiveness is
minimal and glycogen phosphorylase is activated by alpha,
receptors [35]. Ichihara er al. [17] made the surprising
observation that, after primary culture, hepatocytes
became more responsive to beta-adrenoceptor agonists.
Okajima and Ui [18] showed that, after a short period in
primary culture, not only was there an increase in beta-
receptor stimulation but also a decline in alpha-receptor
efficacy. We have largely confirmed those observations
regarding the change in pattern of catecholamine activation
of glycogen phosphorylase in cultured hepatocytes.

There was a decline in the ability of alpha, receptors to
activate glycogen phosphorylase in hepatocytes cultured
for 24 hr, whereas responses to vasopressin and A23157
were preserved, indicating that there was some specificity
to the loss in responsiveness to alpha, stimulation.
However, one cannot conclude that the loss in alpha, recep-
tors was the actual cause of the blunted response since
other factors may also have been involved, such as coupling
of the alpha, receptors to their effector.

The explanation for the acquisition of the beta-adreno-
ceptor response after culture is much less clear. Our data
and those of others {17, 18, 31, 32, 36-38] indicate that in
adult hepatocytes beta agonists cause only a small increase
in cAMP accumulation and glycogen phosphorylase acti-
vation, whereas after primary culture the cAMP and gly-
cogen phosphorylase responses are greatly increased. Pre-
sumably, it is the augmented cAMP response which enables
beta agonists to stimulate glycogen phosphorylase. The

Table 1. cAMP accumulation in cultured hepatocytes grown in the presence or absence
of serum

cAMP accumulation (pmoles/mg protein/2 min)

Serum-free medium

Serum-containing medium

Basal 14.1x0.6 10615
Isoproterenol (107° M) 61.7x4.6 60.3 = 4.1
Glucagon (1077 M) 57.5+4.6 57.6 £12.7

Isolated hepatocytes were grown in serum-free Medium 199 as described in Materials
and Methods or in DMEM containing 10% newborn calf serum as described in Results.
Stimulation of cAMP accumulation was done in cells washed after 24 hr in culture in the
presence of 0.2 mM IBMX. Values are means = SSEM., N =4,
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mechanism for the enhanced cAMP response is uncertain.
Nakamura et al. [31] found no change in the amount of
stimulatory guanine nucleotide regulatory protein (N,)
labeled by cholera toxin in cultured hepatocytes. An obvi-
ous hypothesis to explain the augmented beta response is
that there is an increase in beta adrenoceptors in the cul-
tured hepatocytes. Indeed, three groups have found an
increase in beta adrenoceptors in cultured hepatocytes
[31, 32, 36, 38}, although Kunos et al. [37] did not. In our
initial experiments we found no change in the number of
beta adrenoceptors. We have examined certain meth-
odological differences between our work and studies
recently reported by others [31, 32]. Utilizing the mem-
brane purification scheme of Nakamura et al. [31], we were
able to reproduce the beta-receptor density found by those
workers in contro! hepatocyte membranes, but we still
found not increase in this number after primary culture
when we made this technical alteration. A more likely
explanation for the differences in results is the use of serum
rather than defined medium in the hepatocyte culture.
These other groups primarily utilized serum in their
cultures, whereas we utilized defined medium in our initial
experiments. When we conducted cultures in 10% newborn
calf serum, we found an augmentation in cAMP response
to beta agonists similar to that we had seen in cells grown
in defined medium (Table 1). However, the cells grown in
serum-containing medium had a significant increase in beta-
receptor number. These data suggest that an increase in
beta receptors is not necessary for the development of the
enhanced cAMP response. Qur results suggest that an
increase in beta-receptor number is a separate process due
to factor(s) present in serum, However, Schwarz et al. [38]
compared serum to defined medium and found similar
increases in beta adrenoceptors under the two conditions.
We cannot readily explain the difference in our results
compared with theirs. The possibility that serum may mod-
ify beta adrenoceptors has been documented previously in
transformed cells in culture {39, 40].

We have fortuitously found experimental conditions
where the augmented cAMP response in cultured hepa-
tocytes can be dissociated from an increase in beta-adreno-
ceptor number. Consequently, our results suggest that an
alteration in some other property of the hepatocytes is
responsible for the enhanced response to isoproterenol.
One could conjecture that a change in the stimulatory
regulation of adenylate or conceivably a release of inhibi-
tory effects on adenylate cyclase occurs. For example,
Garcia-Sainz and co-workers [14] demonstrated that per-
tussis toxin enhances beta-adrenoceptor stimulation in
hepatocytes, suggesting that inactivation of inhibitory guan-
ine nucleotide regulatory protein (N;) has an important
effect in this system. Indeed, Itoh et al. [42] have reported
that there is a parallel loss over time in a component of N;
(labeled by ADP-ribosylation in the presence of pertussis
toxin) and the development of beta-adrenergic receptor-
stimulated ¢cAMP accumulation in cultured hepatocytes.
Furthermore, Kunos ef al. [37] have shown recently that,
after 4 hr in culture in serum-free medium, there is a
development of enhanced beta-adrenoceptor responsive-
ness in hepatocytes with no change in receptor number.
Those workers conjecture that the increased efficacy of the
beta receptors is due to changes in membrane phos-
pholipase A, activity.
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Our results further characterize the extensive alterations
in responses to catecholamines that occur in primary culture
of hepatocytes. The results illustrate the caution that must
be used in interpretation of changes in receptor number
when trying to explain altered physiological responses.
Enhanced efficacy of beta-adrenoceptor-mediated acti-
vation of glycogen phosphorylase can occur in the absence
of an increase in receptor number.

Acknowledgements—Dr. G. Tsujimoto was a Merck Sharp
& Dohme International Fellow in Clinical Pharmacology
and a Fellow of the California Heart Association during
the course of this work. Dr. Hoffman is the recipient of a
Hartford Foundation Fellowship. Ms. Leslie VerBerkmoes
and Susan Singh expertly prepared the manuscript. We
particularly thank Drs. Nakamura and Tomomura for pro-
viding details regarding their preparation of purified hepa-
tocyte membranes. The work was supported in part by the
Research Services of the VA Administration.

AIKO TsunMoTo*
GozoH TsunMmortot
SALMAN AZHAR
BriaN B. HOFFMANE

Department of Medicine

Stanford University School of
Medicine and

Palo Alto Veterans Administration
Medical Center

Palo Alto, CA, U.S.A.

REFERENCES

1. P. Sherline, A. Lynch and W. H. Glinsmann, Endo-
crinology 91, 680 (1972).

2. N. J. Hutson, F. T. Brumley, F. D. Assimacopoulos,
S. C. Harper and J. H. Exton, J. biol. Chem. 251, 5200
{1976).

3. F. D. Assimacopoulos-Jeannet, P. F. Blackmore and
J. H. Exton, J. biel. Chem. 252 2662 (1977).

4. P. F. Blackmore, F. T. Brumley, J. L. Marks and J.
H. Exton, J. biol. Chem. 253, 4851 (1978).

5. J. H. Exton, J. cyclic Nucleotide Res. 5, 277 (1979).

6. B. B. Hoffman, T. Michel, D. M. Kilpatrick, R. J.
Lefkowtiz, M. E. M. Tolbert, H. Gilman and J. N,
Fain, Proc. nam. Acad. Sci. U.S.A. 77, 4569 (1980).

7.1. J. Chen, D. F. Babcock and H. A. Lardy, Proc.
natn. Acad. Sci. U.S.A. 75, 2234 (1978).

8. E. Murphy, K. E. Coll, T. L. Rich and J. R. Williamson
J. biol. Chem. 255, 6600 (1980).

9. P. F. Blackmore, B. P. Hughes, E. A. Shuman and 1.
H. Exton, J. biol. Chem. 257, 190 (1982).

10. R. Charest, P. F. Blackmore, B. Berthon and J. H.
Exton, J. biol. Chem. 258, 8769 (1983).

11. T. M. Chan, K. E. Steiner and J. H. Exton, J. biol.
Chem. 254, 11374 (1979).

12. C. C. Malbon, S-Y. Li and ]. N. Fain, J. biol. Chem.
253, 8820 (1978).

13. G. O. Brnstad and T. Christottersen, Fedn. Eur.
Biochem. Soc. Letr. 120, 89 (1980).

14. M. Aggerbeck, N. Ferry, E. S. Zafrani, M. C. Billon,
R. Barouki and J. Hanoune, J. clin. Invest. 71, 476
(1982).

15. H. Boyd, C. J. Louis and T. J. Martin, Cancer Res. 34,
1720 (1974).

16. N. G. Morgan, P. F. Blackmore and J. H. Exton, J.
biol. Chem. 258, 5103 (1982).

17. A. Ichihara, T. Nakamura, K. Tanaka, Y. Tomita, K.
Aoyama, S. Kato and H. Shinno, Ann. N.Y. Acad.
Sci. 349, 77 (1980).

18. F. Okajima and M. Ui, Archs. Biochem. Biophys. 213,
658 (1982).

19. G. Engel, D. Hoyer, R. Bethold and H. Wagner,
Naunyn-Schmiedebergs Archs. Pharmac. 317, 277
{1981).

20. M. N. Berry and D. 8. Friend, J. Cell Biol. 45, 506
(1969).



1404

21. D. M. Bissell and P. S. Guzelian, Ann. N.Y. Acad.
Sci. 349, 85 (1980).

22. G. C. Wood and M. Keech, Biochem. J. 75, 588 (1960).

23. D. P. Gilboe, K. L. Larson and F. Q. Nuttall, Analy:.
Biochem. 4, 20 (1972).

24. M. J. Birnbaum and J. N. Fain, J. biol. Chem. 252, 528
(1977).

25. A. L. Steiner, R. E. Wehmann, C. W. Parker and D.
M. Kipnis, in Advances in Cyclic Nucleotide Research
(Eds. P. Greengard and G. A. Robinson), Vol. 2, pp.
51-61. Raven Press, New York (1972).

26. B. B. Hoffman, D. Dukes and R. J. Lefkowitz, Life
Sci. 28, 265 (1981).

27. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. J.
Randall, J. biol. Chem. 193, 265 (1951).

28. J. H. Exton, Molec. cell. Endocr. 23, 233 (1981).

29. S. Keppens and H. De Wulf, Biochim. biophys. Acta
588, 63 (1976).

30. S. K. Joseph and J. R. Williamson, J. biol. Chem. 258,
10425 (1983).

31. T. Nakamura, A. Tomomura, C. Noda, M. Shimoji
and A. Ichihara, J. biol. Chem. 258, 9283 (1983).

32. M. Refsnes, D. Saudnes, O. Melien, T. E. Sand, S.

Short communications

Jacobsen and T. Christoffersen, Fedn. Eur. Biochem.
Soc. Lett. 164, 291 (1983).

33, P. Sherline, H. Eisen and W. Glinsmann, Endo-
crinology 94, 935 (1974).

34. M. L. J. Moncany and C. Plas, Endocrinology 107,
1667 (1980).

35.J. B. Blair, M. E. James and J. L. Foster, J. biol.
Chem. 254, 7579 (1979).

36. T. Nakamura, A. Tomomura, S. Kato, C. Noda and
A. Ichihara, J. Biochem. Tokyo 96, 127 (1984).

37. G. Kunos, F. Hirata, E. J. N. Ishac and L. Tchakarov,
Proc. natn. Acad. Sci. U.S.A. 81, 6178 (1984).

38. K. R. Schwarz, S. M. Lanier, E. A. Carter, C. J.
Homcy and R. M. Graham, Molec. Pharmac. 27, 200
(1985).

39. M. D. Dibner, R. A. Wolfe and P. A. Insel, Expl. Cell
Res. 131 424 (1981).

40. F. D. Darfler, R. J. Hughes and P. A. Insel, J. biol.
Chem. 256, 8422 (1981).

41. C. K. Pushpendran, S. Corvera and J. A. Garcia-Sainz,
Fedn. Eur. Biochem. Soc. Lert. 160, 198 (1983).

42, H. Itoh, F. Okajima and M. Ui, J. biol. Chem. 259,
15464 (1984).

Biochemical Pharmacology, Vol. 35, No. 8, pp. 1404-1406, 1986.
Printed in Great Britain.

0006-2952/86 $3.00 + 0.00
© 1986 Pergamon Press Lid.

Studies on rat liver cytochrome P-450s involved in the metabolism of antipyrine:
phenobarbital- and 3-methylcholanthrene-inducible isozymes possessing
4-hydroxylase activity
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Antipyrine (AP)* plasma half-life or clearance has been
used widely to assess the drug metabolizing activity in man
{1, 2], although the ability to metabolize AP is not always
correlated with that of other drugs [3, 4]. AP is metabolized
to 4-hydroxy [5], N-desmethyl [6], 3-hydroxymethyl [7], 3-
carboxy [8], 3,4-dihydrodihydroxy [9] and 4,4'-dihydroxy
[10] derivatives in mammals (Fig. 1).

Several workers have already suggested that these meta-
bolic pathways are catalyzed by different forms of cyto-
chrome P-450 [11-16]. This, however, was introduced
mainly by in vivo studies showing different magnitudes of
enhancement of the above metabolic reactions by pre-
treatment with typical inducers such as phenobarbital (PB)
and 3-methylcholanthrene (MC). In the present study, the
role of cytochrome P-450s induced by pretreatment with
PB and MC in the 4-hydroxylation and 3-methyl hydroxy-
lation of AP was investigated using liver microsomes and
purified cytochrome P-450 isozymes from inducer-pre-
treated rats.

Materials and methods

Chemicals. AP was obtained from a commercial source.
4-Hydroxy-AP and 3-hydroxymethyl-3-nor-AP were iso-
lated from urine of rats treated with AP in our laboratory
[7]. All other reagents used were from the sources described
clsewhere [17, 18] or of the highest quality commercially
available.

Purification of enzymes. Major forms of cytochrome P-
450, which are induced with PB and MC, were partially
purified from livers of male Sprague-Dawley rats (150-
250 g) by the method of Guengerich and Martin [19] with
some modifications. The fraction designated as the B,
fraction by the above workers was further purified as
follows. In the case of PB-pretreated animals, this fraction

* Abbreviations used: AP, antipyrine; PB, phenobar-
bital; MC, 3-methylcholanthrene.

was found to contain two distinct forms of cytochrome P-
450 (P-450-SD-I and -II). After dialysis of the B, fraction
against 20 mM potassium phosphate (pH 7.25) containing
20% (v/v) glycerol, the above isozymes were separated by a
carboxymethyl Sephadex C-50 (Pharmacia Fine Chemicals)
column chromatography using the same buffer as a effluent.
While almost all of the P-450-SD-I was adsorbed, P-450-
SD-II passed through the column. Purified P-450-SD-1 was
then obtained by eluting the column with 150 mM pot-
assium phosphate (pH 7.25) containing 20% (v/v) glycerol.
On the other hand, P-450-SD-II was dialyzed against 5 mM
potassium phosphate containing 20% (v/v) glycerol, and
purified by rechromatography with carboxymethyl Sepha-
dex C-50 column using the dialyzing buffer as an effluent.
Purification of MC-inducible cytochrome P-450 (P-450-SD-
III) from the B, fraction was carried out by the method
described previously [20} uwsing hydroxylapatite column.
The specific contents of P-450-SD-I, -II and -111 were shown
to be 14.1, 10.0 and 15.1 nmole P-450/mg protein,
respectively.

NADPH-cytochrome P-450 reductase (34.3 umole cyto-
chrome c¢ reduced/min/mg protein) was isolated from PB-
treated rats by the method of Guengerich and Martin [19]
with some modifications. One unit of the reductase was
defined as activity of 1 umole cytochrome ¢ reduced/min/
mg protein.

Determination of hydroxylase activity for antipyrine.
Assay of AP 4-hydroxylase and 3-methy! hydroxylase in
liver microsomes was conducted in the incubation mixture
consisting of 20 umole of AP, microsomes containing about
4 mg protein, 0.66 umole of NADP, 16 ymole of glucose-
6-phosphate, 0.2 units of glucose-6-phosphate dehydro-
genase, 12 umole of magnesium chioride and 50 mM of
Tris-HCI (pH 7.4) to make a final volume of 2ml. After
incubation for 12.5 min at 37°, the reaction was terminated
by ice-cooling, and p-phenetidine (1.6 ug), an internal
standard, was added to the solution. The incubation mix-



