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Abstract—Treatment of rats with pregnenolone-16a-carbonitrile (PCN) markedly induces rat liver
microsomal cytochrome P-450p and UDP-GT-dt,, a glucuronosyltransferase active towards the digitoxin
metabolite, digitoxigenin monodigitoxoside. The present study characterizes the regulation of these two
enzymes in rats treated with different xenobiotics. Like PCN, treatment of rats with dexamethasone,
spironolactone, troleandomycin or erythromycin estolate markedly induced both UDP-GT-dt, and
cytochrome P-450p (measured as erythromycin demethylase and testosterone 28-, 68-, 1548-, and 18-
hydroxylase activities). However, compared to PCN and dexamethasone, both troleandomycin and
erythromycin estolate preferentially induced cytochrome P-450p, whereas spironolactone preferentially
induced UDP-GT-dt,. Treatment of rats with the polychlorinated biphenyl mixture, Aroclor 1254,
increased both cytochrome P-450p and UDP-GT-dt, activity to about 40% of that in liver microsomes
from rats induced with PCN or dexamethasone. Treatment of rats with phenobarbital or chiordane
caused a relatively small increase in cytochrome P-450p and UDP-GT-dt, activity. Neither enzyme was
induced by treatment of rats with 3-methylcholanthrene, rifampin or digitoxin. The induction of
cytochrome P-450p and UDP-GT-dt; by PCN followed similar dose—response curves. Although cyto-
chrome P-450p and UDP-GT-dt, are differentially affected by the age and the sex of rats, the enzymes
responded similarly, but not identically, to xenobiotic treatment. This suggests that cytochrome P-450p
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and UDP-GT-dt, are co-inducible but not coordinately regulated.

Pregnenolone-16a-carbonitrile (PCN)$ has been
shown to protect rats from the toxic effects of digi-
toxin and a wide variety of other structurally diverse
xenobiotics, for which reason PCN is known as a
catatoxic steroid [1]. The mechanism of protection
by PCN and other catatoxic steroids, such as dex-
amethasone and spironolactone, is thought to
involve the induction of liver microsomal drug-
metabolizing enzymes [1-7]. Catatoxic steroids have
been shown to induce a specific isozyme of rat liver
microsomal cytochrome P-450, designated cyto-
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chrome P-450p [8-13], and a specific form of liver
microsomal UDP-glucuronosyltransferase [14-18].
The latter enzyme can be distinguished from other
forms of rat liver microsomal UDP-glucurono-
syltransferase by its ability to catalyze the glu-
curonidation of the digitoxin metabolite,
digitoxigenin monodigitoxoside (dt,). This UDP-glu-
curonosyltransferase is designated UDP-GT-dt,.

It has been shown by immunochemical techniques
that cytochrome P-450p is responsible for > 85% of
the testosterone 6f-hydroxylase activity catalyzed by
rat liver microsomes [12], and that the levels of
cytochrome P-450p in liver microsomes correlate
well with testosterone 6f-hydroxylase and eryth-
romycin demethylase activities [12, 19]. We have
shown recently that partially purified cytochrome P-
450p catalyzes the 68-hydroxylation of testosterone,
as well as the 26, 156-, and 18-hydroxylation [20].

The constitutive levels of cytochrome P-450p in
liver microsomes are influenced markedly by the age
and sex of rats [12, 20~23]. The constitutive levels of
liver microsomal cytochrome P-450p decline with
age in female but not in male rats. The age- and sex-
dependent changes in cytochrome P-450p levels are
paralleled by changes in testosterone 28-, 68-, 156-
and 18-hydroxylase activities and in the rate of digi-
toxin oxidation [12, 20, 21].

In contrast to cytochrome P-450p, liver micro-
somal UDP-GT-dt, is not sexually differentiated in

3859

BR 3&/22-F



3860

either immature or mature rats. However, the
activity of liver microsomal UDP-GT-dt; increases
with age in both male and female rats (mature/
immature ~ 10}, which is in marked contrast to the
age-dependent decline in cytochrome P-450p levels
in female rats [18, 21]. The differential effects of age
and sex on cytochrome P-450p and UDP-GT-dt,
indicate that these two PCN-inducible liver micro-
somal enzymes have the potential to be regulated
independently.

In addition to catatoxic steroids, various macrolide
antibiotics, such as troleandomycin and eryth-
romycin estolate, have been shown to induce rat
liver microsomal cytochrome P-450p [19, 24]. These
macrolide antibiotics not only induce cytochrome P-
450p, but are converted to a metabolite that selec-
tively binds to this hemoprotein, forming a stable
complex that can survive the preparation of liver
microsomes {19, 24]. Several nonsteroidal agents
have been shown in vitre to induce UDP-GT-dt, in
cultured hepatocytes [25]. The non-steroidal
inducers include phenobarbital and certain organo-
chlorine pesticides (e.g. chlordane) [25]. However,
it is not known whether UDP-GT-dt, is inducible by
macrolide antibiotics.

The aim of the present study was to investigate
further the regulation of liver microsomal cyto-
chrome P-450p and UDP-GT-dt, in rats treated with
various steroids, macrolide antibiotics and other
xenobiotics.

MATERIALS AND METHODS

Materials. Dexamethasone, erythromycin
estolate, 3-methylcholanthrene, digitoxin, rifampin,
UDP-glucuronic acid, D-saccharic acid-1,4-lactone,
and glucose-6-phosphate dehydrogenase were pur-
chased from the Sigma Chemical Co. (St. Louis,
MO); corn oil from Matheson, Coleman & Bell
{Gibbstown, NJ); Scinti Verse I liquid scintillation
mixture from Fisher Scientific (Fair Lawn, NJ), and
phenobarbital from the Department of Pharmacy,
University of Kansas Medical Center (Kansas City,
KS). The detergent, CHAPS, was purchased from
Calbiochem (San Diego, CA). PCN was provided
by the Upjohn Co. (Kalamazoo, MI} and Dr. P. S.
Guzelian (Medical College of Virginia, Richmond,
VA); troleandomycin by Pfizer, Inc. (Brooklyn,
NY); and spironolactone by G. D. Searle & Co.
{Skokie, IL). Tritium-labeled dt; was provided by
Dr. M. C. Castle (Eastern Virginia Medical School,
Norfolk, VA) and chlordane by the Velsicol Corp.
(Chicago, IL).

Animals and treatment. Mature (56-day-old)
female Long Evans rats (Blue Spruce Farms, Alta-
mont, NY) were housed on corn-cob bedding, main-
tained on a 12-hr light-dark cycle, and allowed free
access to Purina Rodent Chow 5001 and water. Rats
were given a single intraperitoneal injection once
daily for 4 consecutive days with digitoxin (1 mg/
kg body weight), 3-methylcholanthrene (27 mg/kg),
rifampin (50 mg/kg), chlordane (50mg/kg), dex-
amethasone (50 mg/kg), PCN {1-50 mg/kg). pheno-
barbital (100 mg/kg), spironolactone (150 mg/kg),
troleandomycin (500 mg/kg) or erythromycin esto-
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late (500 mg/kg). Aroclor 1254 (500 mg/kg) was
given as a single injection on day 1. Digitoxin was
dissolved in ethanol (10 mg/ml), phenobarbital in
phosphate-buffered saline, and troleandomycin and
erythromycin estolate in dilute HCl (pH 4.0). All
other compounds were administered in corn oil,
which was also administered to control rats (5Smi/
kg). Twenty-four hours after the last injection, livers
were removed and microsomes were prepared as
described by Lu and Levin |26}, and stored as a
suspension in 0.25 M sucrose at —80°. Microsomes
were prepared from individual rats (three to seven
per group) except for microsomes prepared from rats
treated with Aroclor 1254 which were prepared from
a pool of livers from twenty-five rats.

Enzyme assays. Testosterone metabolism was
analyzed by an HPLC method capable of resolving
sixteen potential oxidation products of testosterone,
including fourteen isomeric hydroxytestosterones
{20, 27]. Reactions were carried out at 37° in 1-ml
incubation mixtures containing potassium phosphate
buffer (50mM, pH7.4), MgCl, 3mM), EDTA
{1mM), NADP (I1mM), glucose-6-phosphate
{(35mM), glucose-6-phosphate  dehydrogenase
(1 unit/ml), testosterone (250 uM), and liver micro-
somes (0.25 to 1.0 nmol cytochrome P-450/ml), at
the final concentrations indicated. Reactions were
started by the addition of an NADPH-generating
system and stopped after 5 min by the addition of
6 ml dichloromethane. Metabolites were extracted
and analyzed by HPLC as described [20, 27].

Erythromycin demethylase activity was deter-
mined at 37° in 1-ml incubation mixtures containing
potassium phosphate buffer (100mM, pH7.4).
MgCl, (3mM), EDTA (1mM), semicarbazide
{(5mM), NADP (I1mM), glucose-6-phosphate
{5mM), glucose-6-phosphate  dehydrogenase
{1 unit/ml), and liver microsomes {0.5 to 1.0nmol
cytochrome P-450/ml), at the final concentrations
indicated. Uniess otherwise indicated, a final con-
centration of 400 uM erythromycin was used, Reac-
tions were started by the addition of the NADPH-
generating system and stopped after 10 min by the
addition of 0.4ml perchloric acid (17%). For-
maldehyde formation was determined spectro-
photometrically at 412 nm by the method of Nash
{28].

UDP-glucuronosyltransferase activity was assayed
radiometrically with [*H]dt; as substrate, essentially
as described {17, 18,21]. Microsomal protein {5~
20 mg/ml) was solubilized for 15 min with an equal
volume of 10% CHAPS in 400 mM Tris-HCI {(pH 7.7
at room temperature) and 250 mM sucrose prior to
its addition (in 50-p! aliquots) to incubation mixtures.
The final incubation volume was (.5ml and con-
tained Tris=HC! buffer (200 mM, pH 7.7), MgCl,
(10mM), EDTA (1 mM), D-saccharic acid-1,4-lac-
tone (1.25mM), UDP-glucuronic acid (4 mM),
CHAPS (0.5%), [*H]dt; (26 uM), and sotubilized
microsomal protein (0.25 to 1.0 mg/ml), at the final
concentrations listed. Reactions were started with
UDP-glucuronic acid and stopped after a 10-min
incubation at 37° with 0.5ml of ice-cold ethanol.
Unreacted substrate was quantitatively (>99.9%)
extracted with 5 ml chloroform. The amount of dt~
glucuronide formed was determined from radio-
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Fig. 1. Lineweaver-Burk plot of the rate of erythromycin
demethylation as a function of substrate concentration by
liver microsomes from control and PCN-treated rats. Liver
microsomes from mature female rats treated with PCN or
corn oil (control) were incubated with various con-
centrations of erythromycin (0.2 to 5.0 mM). Erythromycin
demethylase activity was determined as the rate of for-
mation of formaldehyde, as described in Materials and
Methods. Arrows indicate the concentration of eryth-
romycin (400 uM) used in subsequent studies.

activity in an aliquot (200 ul) of aqueous phase added
to 5 ml of liquid scintillation fluid.

In all cases, preliminary studies were performed to
establish conditions under which product formation
was proportional to microsomal protein concen-
tration and incubation time. Prior to each assay, liver
microsomes from troleandomyrcin- or erythromycin
estolate-treated rats were decomplexed by treatment
with potassium ferricyanide, followed by dialysis to
remove excess oxidant as previously described
[20,24].

Other assays. Protein concentrations was
measured by the method of Lowry er al. [29], with
bovine serum albumin as standard. The con-
centration of cytochrome P-450 was determined by
the method of Omura and Sato [30], from the carbon
monoxide-difference spectrum of dithionite-reduced
microsomes based on an extinction coefficient of
91 mM ™! em™!. SDS-PAGE of liver microsomes was
performed with a vertical slab gel apparatus from
Hoefer Scientific Instruments (San Francisco, CA),
according to the method of Laemmli [31]. The sepa-
rating gel was 0.75 mm thick, 12 cm long and con-
tained 7.5% acrylamide. Proteins were stained with
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Coomassie Blue R-250. Minor procedural modi-
fications have been described elsewhere {32, 33].

RESULTS

Kinetics of erythromycin demethylation. The effect
of substrate concentration on the rate of eryth-
romycin demethylation catalyzed by liver micro-
somes from control and PCN-treated rats is shown
in Fig. 1. The reaction catalyzed by liver microsomes
from PCN-induced rats conformed to a linear
Lineweaver-Burk plot, indicating that the reaction
was dominated by a relatively high affinity enzyme or
enzymes (K, ~0.3 mM) with high catalytic turnover
(Vmax ~6nmol/mg protein/min). In contrast, the
reaction catalyzed by liver microsomes from control
rats gave a non-linear Lineweaver-Burk .plot, the
shape of which suggested that at least two different
enzymes (or groups of enzymes) catalyzed eryth-
romycin demethylation. One was a high affinity (X,
~0.4 mM) enzyme with low catalytic turnover (V
~1.3nmol/mg protein/min). This enzyme was
largely responsible for erythromycin demethylation
catalyzed by control microsomes at low substrate
concentrations (< 1mM). The second was a low
affinity enzyme (K, ~4 mM) with comparatively
high catalytic turnover (Vy,,, ~2.7 nmol/mg protein/
min). The second enzyme (or group of enzymes)
contributed significantly to erythromycin demethyl-
ation catalyzed by control microsomes only at high
substrate concentrations (> 1 mM).

The results in Fig. 1 indicate that the magnitude
of the induction of erythromycin demethylase
activity by PCN was dependent on the substrate
concentration used. In subsequent experiments, a
concentration of 400 uM erythromycin was used, as
indicated by the arrow in Fig. 1. This corresponds to
the concentration of erythromycin used by Wrighton
et al. [24].

_ Effects of age and sex. Previous studies have shown
that the age-dependent decline in cytochrome P-
450p levels in female rats is paralleled by a decrease
in testosterone 28-, 68-, 158-, and 18-hydroxylase
activities [20]. The effects of age and sex on liver
microsomal erythromycin demethylase activity are
shown in Table 1, together with testosterone 6f-
hydroxylase activity for comparative purposes.
Erythromycin demethylase activity did not vary more
than 2-fold among liver microsomal preparations
from immature or mature rats of either sex. In con-
trast, liver microsomes from mature female rats cata-

Table 1. Effects of age and sex of rats on liver microsomal erythromycin demethylase and
testosterone 68-hydroxylase activities*

Erythromycin demethylase

Testosterone 6f-hydroxylase
(nmol/mg protein/min)

Age and sex (nmol HCHO/mg protein/min)
Immature female 0.90 = 0.02
Immature male 1.38 +0.11
Mature female 0.68 = 0.06
Mature male 1.06 £ 0.06

2.00 £ 0.10
2.10+£0.20
0.20+£0.02
2.30 £ 0.20

* Liver microsomes from immature (28-day-old) and mature {60-day-old) Long Evans rats
of both sexes were assayed for erythromycin demethylase and testosterone 6f-hydroxylase
activities as described in Materials and Methods. A final concentration of 400 uM erythromycin
was used. Values are means = SE of three to seven determinations.
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Fig. 2. Effects of various xenobiotic treatments on rat liver
microsomal testosterone 6f-hydroxylase and erythromycin
demethylase activities. Liver microsomes were prepared
from mature female rats treated with corn oil {CON),
rifampin (RIF), digitoxin {DIG), 3-methyicholanthrene
(MC), Aroclor 1254 {ARO]}, phenobarbital (PB}, chlor-
dane (CHL), spironolactone (SPN), troleandomycin
(TAQ), erythromycin estolate (EE), pregnenolone-16a-
carbonitrile (PCN) or dexamethasone (DEX). Testos-
terone 6f-hydroxylase and erythromycin demethylase
activities were determined as described in Materials and
Methods.

lyzed the 6f-hydroxylation of testosterone at one-
tenth the rate catalyzed by the other microsomal
preparations. Testosterone 28, 158 and 18-
hydroxylase activities also declined more than 90%
with age in female, but not male rats (results not
shown).

Induction of cytochrome P-450p. The effects of
treating mature female rats with various xenobiotics
on liver microsomal erythromycin demethylase and
testosterone 68-hydroxylase activities are shown in
Fig. 2. Both activities were highly inducible
by PCN, dexamethasone, troleandomycin and eryth-
romycin estolate; moderately inducible by spi-
ronolactone and Aroclor 1254, and weakly but sig-
nificantly (P < 0.001) inducible by phenobarbital and
chlordane. In addition, treatment of rats with
Aroclor 1254, phenobarbital or chlordane markedly
induced (> 30-fold) the 16a- and 168-hydroxylation
of testosterone and the 17-oxidation of testosterone
to androstenedione, due to the induction of cyto-
chrome P-450b [27,32,34]. At the doses tested,
treatment of rats with rifampin, digitoxin or 3-
methylcholanthrene had little or no effect on eryth-
romycin demethylase or testosterone 6f-hydroxylase
activity. Changes in testosterone 6f-hydroxylase
activity were paralleled by changes in testosterone
2p-, 156- and 18-hydroxylase activities (results not
shown).

In Fig. 2, the catalytic activities shown for rats
treated with troleandomycin or erythromycin esto-
late were determined after treatment of the micro-
somes with potassium ferricyanide followed by
dialysis to remove excess oxidant. This treatment,
which dissociates the cytochrome P-450-inducer
complex [20, 24], caused a 3- to 4-fold stimulation of
erythromycin demethylase and testosterone 23-, 6§-,
158- and 18-hydroxylase activities (results not
shown).

Although changes in testosterone 6f-hydroxylase
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and erythromycin demethylase activities were quali-
tatively similar, the magnitude of the changes dif-
fered significantly (Fig. 2). For example, treatment
of rats with PCN caused a 32-fold induction of tes-
tosterone 68-hydroxylase activity, but only a 5-fold
induction of erythromycin demethylase activity. The
relatively low basal rate of testosterone 6f-hydroxy-
lation catalyzed by liver microsomes from mature
female rats (Table 1) accounted for the greater indu-
cibility of this reaction. In male rats or immature
female rats {which have a relatively high basal rate
of testosterone 6f-hydroxylation}, treatment with
PCN caused a 4- to 6-fold induction of both
testosterone  6f-hydroxylase and erythromycin
demethylase activities (results not shown).

Induction of UDP-GT-dt,. The effects of treating
mature female rats with various xenobiotics on liver
microsomal UDP-GT-dt; activity are shown in Fig,
3, alongside testosterone 63-hydroxylase activity for
comparative purposes. Those xenobiotics that had
little or no effect on testosterone 6f-hydroxylase
activity had little or no effect on UDP-GT-dt,
activity. Treatment of rats with PCN or dexa-
methasone caused a 7- to 9-fold induction of UDP-
GT-dt; activity and a 30- to 40-fold induction of
testosterone 68-hydroxylase activity. Troleando-
mycin and erythromycin estolate were equally as
effective as PCN and dexamethasone at inducing
cytochrome P-450p, but were less effective at
inducing UDP-GT-dt;. In contrast, spironolactone
was equally as effective as PCN and dexamethasone
at inducing UDP-GT-dt;, but was less effective at
inducing cytochrome P-450p.

The results from studies on mature female rats
shown in Fig. 3 suggest that cytochrome P-450p is
more inducible (30 to 40-fold) than UDP-GT-dt, (7
to 9-fold) by PCN and dexamethasone. However,
the opposite result was obtained in immature rats,
which have a low basal UDP-GT-dt; activity {which
increased 24-fold in PCN-treated rats) and a rela-
tively high basal testosterone 68-hydroxylase activity
(which increased 4.2-fold in PCN-treated rats), as
shown in Table 2.

I =srosvenone ssmvonoaviase achiviry

40 VOP-GLUCUAONOSYLTRANSFERASE ACTIVITY ‘m
z -8 o
o 301 z
£ o
o -t
z % g
o 4 =
3 g
10 L, 2
Lo

DEX
PCN

EE
TAQ

Fig. 3. Effects of various xenobiotic treatments on rat
liver microsomal festosterone 68-hydroxylase and UDP-
glucuronosyltransferase-dt, activities. Liver microsomes
were prepared from mature female rats treated with various
xenobiotics, which are abbreviated as described in the
legend to Fig. 2. The 6f-hydroxylation of testosterone
and the glucuronidation of digitoxigenin monodigitoxoside
were determined as described in Materials and Methods.
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Table 2. Effects of xenobiotic treatment of immature male rats on testosterone 6f-hydroxylase and
UDP-glucuronosyltransferase (dt,). activities

UDP-glucuronosyltransferase

Testosterone 6p-hydroxylase (nmol dt, glucuronidated/mg

Xenobiotic treatment (nmol/mg protein/min) protein/min)
Control 2.1+02 60 =30

Phenobarbital 3.9 £ 0.3* (1.9) 130 + 60 (2.2)
Chlordane 4.6 =0.5% (2.2) 120 + 32 (2.0)

88 + 30 (1.5)
1450 + 420% (24)

3-Methylcholanthrene
Pregnenolone-16a-carbonitrile

1.2+03 (0.6)
8.9+ 0.7* (4.2)

Liver microsomes from immature (28-day-old) male Long Evans rats were treated once daily for 4
consecutive days with various xenobiotics, and liver microsomes were prepared as described in
Materials and Methods. Testosterone 6f-hydroxylase activity and UDP-glucuronosyltransferase
activity towards dt; were assayed as described in Materials and Methods. Values are means = SE of
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four to six determinations. Numbers in parentheses represent the fold increase over control.
* Statistically significant increase over control values at the 5% level of significance.

The catalytic activities of liver microsomes from
troleandomycin- and erythromycin estolate-induced
rats were determined before and after treatment with
potassium ferricyanide, followed by dialysis. Unlike
testosterone 6f-hydroxylase and erythromycin
demethylase activity, which increased 2- to 5-fold
following dissociation of the cytochrome P-450p—
inducer complex, UDP-GT-dt; activity did not
change following treatment of liver microsomes with
potassium ferricyanide (results not shown).

Dose response. The dosage dependency of the
induction of testosterone hydroxylase and UDP-GT-
dt, activity by PCN is shown in Figs 4 and 5 respect-
ively. Treatment of mature female rats with PCN at
dosages from 1 to 50 mg/kg resulted in a progressive
increase in testosterone 28-, 6B-, 158- and 18-
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Fig. 4. Effects of various dosages of PCN on rat liver
microsomal testosterone hydroxylase activity. Mature
female rats were treated once daily for 4 consecutive days
with PCN (1-50 mg/kg). Liver microsomes were prepared
24 hr after the last injection and incubated with testosterone
as described in Materials and Methods. Testosterone
metabolites were resolved and quantitated by HPLC
[19, 27]. Abbreviations denote the hydroxylated metabolite
formed, e.g. 6f denotes 6f-hydroxytestosterone. Values
are mean * SE of three determinations.

hydroxylase activities. A dosage-dependent induc-
tion of 1-hydroxylase activity was also observed (Fig.
4), but the co-migration of la- and 18-hydroxy-
testosterone in our HPLC system precluded an
assignment of the stereochemistry of this reaction.
In contrast, treatment of rats with PCN did not cause
a dosage-dependent induction of pathways leading
to the formation of 7a-hydroxytestosterone and
androstenedione (results not shown). A dosage-
dependent induction of UDP-GT-dt, activity by
PCN, similar but not identical to that seen with
testosterone hydroxylase activity, was also observed
(Fig. 5).

Effects of co-administering PCN and trolean-
domycin. Administration of a single injection of
troleandomycin (500 mg/kg) to rats pretreated for 4
consecutive days with PCN (50 mg/kg) caused a 40—
50% increase in testosterone 23-, 68- and 158-
hydroxylase activities above that seen with PCN
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Fig. 5. Effects of various dosages of PCN on rat liver
microsomal UDP-glucuronosyltransferase-dt;  activity.
Mature female rats were treated once daily for 4 con-
secutive days with PCN (1-50 mg/kg). Liver microsomes
were prepared 24 hr after the last injection, and UDP-GT-
dt, activity was determined as described in Materials and
Methods. Values are mean * SE of three determinations.
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Fig. 6. Effects of co-administering troleandomycin (TAQ)
and PCN to rats on liver microsomal testosterone hydroxy-
lase activity. Mature female rats were treated for 4 con-
secutive days with PCN (56 mg/kg) or corn oil (control).
On day 4, half the PCN-treated rats (N = 5) received a
single injection of troleandomycin (500 mg/kg), and all rats
were killed 24 hr later. Liver microsomes were prepared
and assayed for testosterone hydroxylase activity before
and after treatment with potassium ferricyanide (followed
by dialysis to remove excess oxidant), as described in Mat-
erials and Methods. Abbreviations on the abscissa denote
the hydroxylated testosterone metabolite formed, e.g. 7a
denotes 7a-hydroxytestosterone.

treatment alone (Fig. 6). Most of the cytochrome P-
450p in the liver microsomes from rats treated with
both PCN and troleandomycin was complexed with
troleandomycin, as evidenced by the large activation
in testosterone 25, 6f and 15f-hydroxylase activi-
ties following treatment of the microsomes with pot-
assium ferricyanide (Fig. 6). Dissociation of the
cytochrome P-450p-inducer complex also increased
the amount of cytochrome P-450 detectable by CO-
difference spectroscopy [30], but had no effect on
testosterone 7a-hydroxylase activity (Fig. 6). In con-
trast to its effect on cytochrome P-450p, adminis-
tration of troleandomycin to PCN-pretreated rats
resulted in no further increase in UDP-GT-dt,
activity (results not shown).

SDS-PAGE. Liver microsomes from rats treated
with the various xencbiotics shown in Figs. 2, 3 and
6 were subjected to SDS-PAGE, and the results are
shown in Fig. 7. The ability of xenobiotics to induce
cytochrome P-450p (i.e. testosterone 68-hydroxylase
and erythromycin demethylase activities} correspond
with their ability to intensify a polypeptide of
M, 51,000. This polypeptide was electrophoretically
distinct from cytochromes P-450a (M, 47,000), P-
450b (M, 52,000) and P-450¢ (M, 56,000) and epox-
ide hydrolase (M, 49,000), and comigrated with par-
tially purified cytochrome P-450p, isolated as
described by Elshourbagy and Guzelian [9] or Shim-
ada and Guengerich [35] {results not shown). Treat-
ment of rats with phenobarbital or chiordane
intensified a polypeptide that comigrated with cyto-
chrome P-450b. Treatment of rats with 3-methyl-
cholanthrene intensified a M, 56,000 and M, 52,000
polypeptide that comigrated with cytochromes P-
450c and P-450d respectively. The pattern of micro-
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somal polypeptides was apparently unaffected by
treatment of rats with digitoxin and rifampin.

A distinct polypeptide that varied in intensity in
accordance with changes in UDP-GT-dt, was not
discernable by SDS~-PAGE. It is possible that UDP-
GT-dt; comigrates with cytochrome P-450p in the
SDS-PAGE system, or is such a minor microsomal
protein that changes in its concentration were unde-
tectable by SDS-PAGE.

DISCUSSION

Previous studies have shown that cytochrome P-
450p and UDP-GT-dt, are differentially affected by
the age and the sex of rats [12, 18, 21], raising the
possibility that these microsomal enzymes can be
regulated (e.g. induced) independently. The results
of the present study indicate a good correlation
between the ability of xenobiotics to induce rat liver
microsomal cytochrome P-450p (measured as eryth-
romycin demethylase and testosterone 28-, 65, 155-
and 18-hydroxylase activities} and their ability to
induce UDP-GT-dt,. Five xenobiotics, namely PCN,
dexamethasone, spironolactone, troleandomycin
and erythromycin estolate, were effective inducers of
both enzymes, and their induction by PCN followed
similar dose-response curves. Each of these five
xenobiotics has been shown by immunochemical
analysis to induce cytochrome P-450p [10, 24, 25].
Compared to PCN and dexamethasone, spirono-
lactone preferentially induced UDP-GT-dt,,
whereas the macrolide antibiotics preferentially
induced cytochrome P-450p. These results suggest
that cytochrome P-450p and UDP-GT-dt; are co-
inducible but are not coordinately regulated in rat
liver microsomes.

The inducibility of testosterone 68-hydroxylase
activity in mature female rats closely resembled that
of erythromyein demethylase activity (Fig. 2). How-
ever, the two activities were differentially affected
by the age and sex of the rats. Only testosterone 63-
hydroxylase activity paralleled cytochrome P-450p
levels, which have been shown by immunochemical
techniques to decline markedly with age in female
but not male rats {12]. Kinetic studies revealed that
the demethylation of erythromycin catalyzed by liver
microsomes from PCN-induced rats was dominated
by a single enzyme (or group of enzymes}). In
contrast, liver microsomes from mature female rats
contained at least two kinetically distinct enzymes
{or group of enzymes) capable of demethylating
erythromycin, Consequently, the inducibility of
erythromycin demethylase activity by PCN was
dependent on the substrate concentration used.
These results suggest that forms of cytochrome P-
450 other than cytochrome P-450p can contribute
significantly to the demethylation of erythromycin
catalyzed by rat liver microsomes.

We have shown recently that partially purified
cytochrome P-450p catalyzes the 28-, 68-, 158- and
18-hydroxylation of testosterone [20]. These four
activities responded in unison to the effects of age,
sex and treatment of rats with xenobiotics. Treat-
ment of rats with PCON caused a dosage-dependent
increase in all four activities, plus an increase in
testosterone 1-hydroxylase activity (Fig. 4). Whether



Induction of cytochrome P-450p and UDP-glucuronosyltransferase

3865

Fig. 7. Electrophoresis of liver microsomes from mature female rats treated with various xenobiotics.
Liver microsomes (7 ug) from rats treated with corn oil {control) (lanes 1 and 12), rifampin (lane 2),
digitoxin (lane 3), 3-methylcholanthrene (lane 4), Aroclor 1254 (lane 5), phenobarbital (lane 6},
chlordane (lane 7), spironolactone (lane 8), troleandomycin (lane 9), PCN (lane 10} or dexamethasone
(lane 11) were subjected to SDS-PAGE, as described in Materials and Methods. Lanes 13, 14 and 15
contained liver microsomes from rats treated with corn oil, PCN or a combination of PCN and TAO
respectively. Lanes marked “S” contained a mixture (0.3 ug each) of cytochrome P-450a (M, 47,000),
epoxide hydrolase (M, 49,000), cytochrome P-450b (M, 52,000) and cytochrome P-450c (M, 56,000},
purified as described [32, 33]. Bands corresponding to cytochrome P-450c and cytochrome P-450d (lane
4), cytochrome P-450b (lane 6) and cytochrome P-450p (lane 8-11, 13 and 14) are indicated by a black
arrow. Proteins were stained with Coomassie Blue R-250.

cytochrome P-450p catalyzes the 1-hydroxylation of
testosterone remains to be determined. However,
like 18-hydroxylation, 1-hydroxylation was a minor
pathway of testosterone metabolism.

Although rifampin is the most effective inducer of
rabbit liver microsomal cytochrome P-450 LM3c, the
isozyme equivalent to rat liver microsomal cyto-
chrome P-450p [24, 36, 37], rifampin is reportedly
incapable of inducing cytochrome P-450p in rats [23].
The results of the present study indicate that, like
cytochrome P-450p, liver microsomal UDP-GT-dt,
is also refractory to treatment of rats with rifampin.
Cytochrome P-450p and UDP-GT-dt; were also
refractory to treatment of rats with digitoxin, despite
the fact that digitoxin is a substrate for cytochrome
P-450p, and that its metabolite, digitoxigenin mono-
digitoxoside, is a substrate for UDP-GT-dt, [14, 38-
40].

Treatment of rats with phenobarbital has been
shown previously to cause a 2-fold induction of rat
liver microsomal UDP-GT-dt, activity [17, 25, 41].
The data in Fig. 3 indicate that treatment of mature
female rats with phenobarbital did not induce UDP-
GT-dt; activity. However, these data are expressed

as per milligram of microsomal protein, whereas in
previous reports these data were expressed as per
gram liver. The data in Fig. 3 do not reflect a 1.6- to
1.8-fold increase in the amount of microsomal pro-
tein per g liver caused by treatment of rats with
phenobarbital, which would account for the apparent
discrepancy between this and previous reports
[17,25,41]. In immature rats, mean UDP-GT-dt,
specific activity did increase ~2-fold following
phenobarbital or chlordane treatment, as shown in
Table 2, although this was not statistically significant.

The ability of the macrolide antibiotics, trolean-
domycin and erythromycin estolate, to induce both
liver microsomal cytochrome P-450p and UDP-GT-
dt, is of particular interest. The mechanism by which
these antibiotics induce cytochrome P-450p is
thought to involve both an increase in rate of syn-
thesis and a decrease in rate of degradation [19]; the
latter being a consequence of the formation of a
complex between cytochrome P-450p and a metab-
olite of the antibiotic [19]. The observation that
troleandomycin and erythromycin estolate pre-
ferentially induced cytochrome P-450p over UDP-
GT-dt; is consistent with this proposal, as is the
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observation that administration of troleandomycin
to PCN-induced rats caused a further increase in
cytochrome P-450p activity, but had no effect on
UDP-GT-dt, activity (Fig. 6).

The results of the present study provide further
insight into the mechanism by which PCN, dex-
amethasone and spironolactone protect rats from
digitoxin toxicity. Treatment of rats for 4 days with
troleandomycin induced both cytochrome P-450p
and UDP-GT-dt, activity. However, troleandomycin
bound to and inhibited cytochrome P-450p, but did
not form an inhibitory complex with UDP-GT-dt;.
We have shown previously that treatment of rats for
4 days with troleandomycin does not protect rats
against the toxic effects of digitoxin [21]. These
results indicate that induction of UDP-GT-dt; alone
is insufficient to protect rats against the toxic effects
of digitoxin. We have also shown that a single injec-
tion of troleandomycin administered to PCN-pre-
treated rats reverses the ability of PCN to protect
rats against digitoxin toxicity [21]. This treatment
also inhibited cytochrome P-450p but not UDP-GT-
dt, activity (Fig. 6), which provides further evidence
that induction of UDP-GT-dt, activity alone is insuf-
ficient to protect rats against digitoxin toxicity.
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