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The administration of either phenobarbital or 3,4-benzpyrene to rats resulted in
the rapid and marked induction of s-aminolevulinic acid synthetase (EC 2.3.1.13), the
proposed initial and rate-limiting enzyme in the hepatic heme biosynthetic pathway.
Enhaneed formation of s-aminolevulinic acid was followed sequentially by an en-
hancement of the liver’s capacity to synthesize microsomal heme in vivo, increases in
the content of cytochrome P-450 and protoheme in hepatic microsomes and stimula-
tion of certain hepatic microsomal drug oxidations.

Changes in the hepatic microsomal levels of eytochrome P-450 paralleled, in part,
changes in the activity of hepatic s-aminolevulinic acid synthetase and in the ca-
pacity of the liver to synthesize mierosomal heme in vivo, suggesting that the rate of
hepatic heme synthesis may control the rate of synthesis of hepatic microsomal eyto-
chome P-450. Increases in the hepatic microsomal content of cytochrome bs, how-
ever, followed a different time course from that observed from either c¢ytochrome P-
450 or protoheme.

The simultaneous administration of maximum stimulatory doses of phenobarbital
and 3,4-benzpyrene did not result in an additive stimulation of s-aminolevulinic acid
synthetase activity, indicating that phenobarbital and 3,4-benzpyrene induce é-
aminolevulinic acid synthetase by the same or closely related mechanisms. However,
the stimulatory effeets of these agents on cytochrome P-450 and on the N-demethyla-
tion of 3-methyl-4-monomethylaminoazobenzene were additive, suggesting that
differences may exist in the mechanism by which phenobarbital and 3,4-benzpyrene
induce hepatic microsomal eytochrome P-450 and enhance certain hepatic microsomal

drug oxidations.

Treatment of animals with certain drugs,
such as phenobarbital, and carcinogens, such
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as 3,4-benzpyrene, results in the enhance-
ment of the hepatic microsomal oxidations of
many drugs and carcinogens (1, 2). Stimula-
tion of these oxidations appears to result, at
least in part, from enhancement of the
synthesis of cytochrome 1’450 (3, 4), the
hepatic microsomal hemoprotein which is
considered to be the terminal oxidase in
hepatic microsomal mixed-funetion oxida-
tions (5, 6). Recently, evidence has been
presented which demonstrates that many
agents, including phenobarbital and 3,4-
benzpyrene, are capable of indueing hepatic
s-aminolevulinic  acid  synthetase  (EC
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2.3.1.13) (7-10), the proposed mitial and
rate-limiting enzyme in the hepatic heme
biosynthetic pathway (11, 12). Iinhanced
formation of ALA®* would lead to an in-
creased rate of synthesis of hepatic heme
which in turn might result in the observed
inerease in the hepatic microsomal content
of evtochrome P-450 and in the stimulation
of certain hepatic microsomal drug oxida-
tions. In accordance with this proposal,
previous reports from this laboratory have
demonstrated that enhanced heme synthesis
I8 essential for the induction of eytochrome
P-450 and the stimulation of hepatic micro-
somal drug oxidations (10, 13).

The studies deseribed in the present report
were underlaken in an attempt to elucidate
the relationship between the stimulatory
effeets of phenobarbital and 3,4-benzpyrene
on hepatic heme synthesis and their effects
on the hepatic microsomal drug-metabolizing
svstem. The existence of possible differences
in the mechanism or mechanisms by which
phenobarbital and 3,4-benzpyrene induce
evtochrome P-450 and  enhance certain
hepatic microsomal drug oxidations was
also examined.

MATERTALS

Glucose-6-phosphate,  yeast  glucose-6-phos-
phate dehydrogenase, NADP*, NADPII (type 1),
NADIT (grade 111), horse heart eytochrome ¢
(type 111), and 3,4-benzpyrene were obtained from
Sigma Chemical Company. Glyeine-2-1C (specifie
activity 7.81 mCi/mmole) was obtained from New
Ingland  Nuelear Corporation. Ilithylmorphine
hydrochloride and norcodeine hydrochloride were
purchased from Merck and Company, Inc. 3-CH;-
MAB was a generous gift from Dr. J. A. Miller of
the McArdle Laboratory for Cancer Research of
The University of Wisconsin, and actinomycin 1
was generously supplied by Mercek and Company,
Inc¢. All other chemical and biochemicals were
emploved in the highest purity available.

METHODS
Treatment of Aunimals

Male albino Holtzman rats weighing 130-170 g
were used throughout these studies. Phenobarbital
sodium was dissolved in 0,99, NaCl and was ad-

3 The abbreviations used are: ALA, s-amino-
acid; 3-CH;-MAB, 3-methyl-4-mono-
methylaminoazobenzene.

levulinie
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ministered at a dose of 40 mg/kg, while 3,4-benz-
pyrene was dissolved in corn oil and was adminis-
tered at a dose of 20 mg/kg. These doses were
found to produce maximum inductive effects.
Control animals received an equal volume of 0.9,
NaCl and/or corn oil. Actinomyein D was dis-
solved in propylene glycol and was administered
at a dose of 3 mg/kg. All agents were administered
intraperitoneally. Rats were fasted for 24 hr prior
to sacrifice but were given water ad libifum. In all
experiments, the livers of at least two rats which
received identical treatments were pooled upon
homogenization.

Preparation of Microsomes

Rats were sacrificed by decapitation, and the
livers were perfused in situ with ice-cold 0.9¢;
NaCl prior (v exeision. A 259, (w/v) homogenate
was prepared in 1.15%, KCl using a Dounce ho-
mogenizer with a loose pestle. The homogenate
was centrifuged at 9000g for 20 min at 0-4° in a
refrigerated Nervall centrifuge to sediment un-
broken cells, nuclei, and mitochondria. The
postmitochondrial supernatant was then centri-
fuged at 104,000¢ for 90 min in a Spinco Model L
ultracentrifuge to sedimenti the microsomal frae-
tion. The microsomal suspensions thus prepared
were free of hemoglobin as mecasured by the
method of Nishibavashi and Sato (14).

Euzymatic Assays

Methods for the determinations of the .V-
demethylations of ethylmorphine and 3-CI,-
MAB, the O-demethylation of noreodeine, and the
activity of NADPH-cytochrome ¢ reductase in
hepatic microsomes have been described previ-
ously (13). The content of protein, protoheme, and
cytochromes P-450 and b; in the microsomal sus-
pensions were determined as deseribed previously
(13).

s-Aminolevulinic acid synthelase. The activity
of ALA synthetase was determined by measuring
the rate of formation of ALA in hepatic homoge-
nates employing a modification of the method of
Marver el /. (15). Rats were decapitated, and,
after en situ perfusion of the livers, 33, (w/v)
homogenates were prepared in a 0.9% NaCl solu-
tion containing (.5 mm disodium XDTA and 10
mMm Tris-HCl buffer, pH 7.4. When livers from
control rats were employved, reaction mixtures
contained in a total volume of 10 ml; 1 mmole of
glycine, 100 umoles of disodium EDTA| 750 pmoles
of Tris—HCl buffer (pHl 7.2), and 2.5 m] of homoge-
nate. When livers from phenobarbital-treated or
3,4-benzpyrene-treated  rats  were  employed,
reaction mixtures contained in a total volume of 2
ml; 200 pmoles of glyeine, 20 pmoles of disodium
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EDTA, 150 umoles of Tris-HCI buffer, pH 7.2, and
0.5 ml of homogenate. Incubations were carried
out for 30 min in open, 25-ml Erlenmeyer flasks at
37° with shaking in a Dubnoff metabolic incubator
and were terminated by the addition of 0.5 ml of
a 259, trichloroacetic acid (TCA) solution per 2
ml of reaction mixture. In order to subtract the
endogenous ALA content of each liver, reactions
were stopped at zero time by the addition of TCA.
To measure the ALA formed in hepatic homoge-
nates from control rats, 10 ml of the TCA super-
natant was concentrated to 0.5 ml using a Buchler
flask evaporator. After the addition of 1.5 ml of
glass distilled water, 1 ml of the resulting solution
was used for the determination. When hepatic
homogenates from phenobarbital-treated or 3,4-
benzpyrene-treated rats were employed, 1 ml of
the TCA supernatant was used directly for the
determination. The method of Tschudy et al. (16)
was used for the determination of ALA, except
that NaOH was omitted during the formation of
the ALA pyrrole. The results described in the
present report are comparable to those obtained
when ALA synthetase activity was determined
employing the more sensitive and specific method
of Irving and Flliott (17).

Incorporation of Precursors wnto Microsomal
Heme in Vivo

To study the liver’s ecapacity to synthesize
microsomal heme in vivo at various times after the
onset of treatment with either phenobarbital or
3,4-benzpyrene, rats received an intraperitoneal
injection of 30 uCi of glycine-2-4C. After 45 min,
rats were sacrificed by decapitation and livers
were perfused with 0.99 NaCl to remove hemo-
globin prior to homogenization. Incorporation of
glyeine-2-*C into hepatic microsomal heme was
linear throughout the 45-min pulse. Heme was
extracted from the microsomal preparations using
acid-acetone (13), and the protoheme content and
radioactivity of the extracted microsomal heme
was determined as described previously (13).

RESULTS

Effects of Phenobarbital and 3,4-Benzpyrene
Treatments on the Actwity of Hepatic
s-Aminolevulinic Acid Synthetase

Asseen in Fig. 1, a single injection of either
phenobarbital or 3,4-benzpyrene resulted in
a rapid and marked increase in the activity of
hepatic ALA synthetase. The magnitude of
stimulation resulting from the administra-
tion of 3,4-benzpyrene was about 50 % of
that observed after treatment with pheno-
barbital, although increases in ALA synthe-
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Fie. 1. Effects of phenobarbital and 3,4-

benzpyrene treatments on the activity of hepatic
ALA synthetase. Rats received intraperitoneal
injections of either phenobarbital (PB) (40 mg/
kg) or 3,4-benzpyrene (BP) (20 mg/kg) at the
times indicated by the arrows. Control animals
received an equal volume of 0.99; NaCl or corn oil.
Animals were saerificed at the times indicated, and
the activity of ALA synthetase was determined in
hepatic homogenates as described in the text.
Tach point represents the mean of at least three
experiments, and the brackets represent the
standard error of the mean. The average control
value was 16.0 mumoles of ALA formed/g liver/hy.
All points were significantly (P < 0.05) increased
over control values, excepl the value obtained 2
hr after the initial administration of 3,4-henz-
pyrene.

tase activity became maximal approximately
12 hr after the initial administration of either
agent. Once maximum stimulation was
produced, however, the degree of enhance-
ment of hepatic ALA synthetase activity
declined, reaching a level 5 or 10 times
greater than control values 120 hr after the
onset of treatment with 3,4-benzpyrene or
phenobarbital, respectively. This decline was
not prevented by increasing the dose of
either agent during the last 72 hr of the
study, indicating that the apparent loss of
stimulatory effect was not due to decreases
in the effective concentrations of these
agents during the late time periods of this
study. Similar patterns for the stimulation of
hepatic ATLA synthetase activity by pheno-
barbital have been reported by Wada el al.
(8) and by Marver (9).
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Granick (18, 19) has suggested that the
stimulation of hepatic ALA synthetase ac-
tivity by compounds which enhance hepatic
heme synthesis represents a true induction
resulting from the increased de novo synthesis
of the enzyme which can be prevented by
inhibitors of protein and RNA synthesis. As
seen in Table 1, the stimulatory effects of
both phenobarbital and 3,4-benzpyrene on
the activity of hepatic ALA synthetase also
appear to be due to an induction, since the
simultaneous administration of actinomyein
D almost completely prevented any increase
in the activity of ALA synthetase following
the administration of either phenobarbital
or 3,4-benzpyrene. Furthermore, when
added in vitro to homogenates prepared from
the livers of control rats, neither pheno-
barbital (1073 a1) nor 3,4-benzpyrene (1073
a)  altered the activity of this enzyme,
thereby indicating that the stimulation did
not result from an activation of an already
existing but inactive form of ALA synthe-
tase.

Effects of Phenobarbital and 3,4-Benzpyrene
Treatments on Hepatic Heme Synthests
in Vivo

Previous studies have demonstrated that
treatment of animals with either pheno-
barbital (7-9, 13, 30) or 3,4-benzpyrene (10)
results in the stimulation of the synthesis of
hepatic microsomal heme. To study the
relationship between the stimulation of
hepatic ALA synthetase activity and the en-
hancement of hepatic heme synthesis pro-
duced by both phenobarbital and 3,4-
benzpyrene, the incorporation of 30 pCi
pulse-dose of glycine-2-4C into hepatice
microsomal heme was employed as an index
of hepatic heme synthesis in vivo. In this
manner, the eapacity of the liver to synthe-
size microsomal heme i vivo was studied at
various time intervals after the onset of
treatment with either phenobarbital or 3,4-
benzpyrene. As seen in Table IT, the amount
of radioactivity incorporated into micro-
somal heme per gram of liver was signifi-
cantly increased (P> < 0.05) between 8 and
120 hr after the onset of treatment with
either agent, with maximum stimulation
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TABLIS I
ErreCT OF ACTINOMYCIN ON THE STIMULATION OF
Hrparic ALA SYNTHETASE BY PHENOBARBITAL
AND 3,4-BENZPYRENE®

mumoles of ALA

Treatment formed/g liver/hr?
Control 16.0 & 1.2
Phenobarbital 97.2 £ 14.0
Actinomycin D 12.0 &+ 2.1
Phenobarbital + 25.4 &£ 2.4¢

actinomycin D

3,4-Benzpyrene 83.6 = 14.0
3,4-Benzpyrene + 23.9 £ 1.7¢

actinomyein D

@ Rats received intraperitoneal injections of
actinomyein 1D (3 mg/kg) and/or cither pheno-
barbital (40 mg/kg) or 3,4-benzpyrene (20 mg/kg)
at sero time. Control animals received an equal
volume of propylene glycol and/or either 0.9%
NaCl or corn oil. Four hours later, animals were
sacrificed, and the activity of ALA synthetase
was determined in hepatic homogenates as de-
seribed in the text.

b Kach value represents the mean + standard
error of at least three experiments.

¢ Values are significantly lower (P < 0.05) than
the values obtained after treatment with pheno-
barbital alone.

4 Values are sighificantly lower (P < 0.05)
than the values obtained after treatment with
3,4-benzpyrene alone.

occurring after approximately 48 hr. The
incorporation of *FeCl; into hepatic micro-
somal heme 7n vivo has previously been ob-
served to be stimulated as early as 4 hr
after the administration of phenobarbital
(13).

The stimulatory effects of phenobarbital
and 3,4-benzpyrene on the liver’s capacity to
synthesize microsomal heme in vivo appeared
to parallel their effects on the activity of
hepatic ALA synthetase (IFig. 1), although
changes in the activity of this enzyme ap-
peared to precede changes in hepatic heme
synthesis in vivo. Furthermore, in agreement
with the effects of these agents on the
activity of hepatic ALA synthetase, the
enhancement. of hepatic heme synthesis e
vivo observed after treatment with 3.1~
benzpyrene was approximately 50 % of that
observed after the administration of pheno-

barbital.
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TABLE II
ErpreTs OF PHENOBARBITAL AND 3,4-BENZPYRENE
TrReATMENTS ON THE Caracrry oF THE Livier
To SynTHESIZE Microsomar Heme in Vivoes

Tlours on _ Percer.\t of contfolb ]
treatment Phenobarbital 3,4-Benzpyrene
2 115 + 18 112 + 11
4 110 £ 6 107 £ 6
8 131 + 10¢ 118 + 6°
12 217 + 29¢ 156 + 23¢
16 240 + 14¢ 163 £ 6°
24 283 + 30° 170 = 7¢
48 327 & 107 197 £ 7°
72 243 + 18¢ 157 + 10¢
96 188 + 1l¢ 141 + 21¢
120 173 = 18° 141 + 21°

* Phenobarbital (40 mg/kg) or 3,4-benzpyrene
(20 mg/kg) were administered intraperitoneally to
rats every 24 hr. Control animals received an
equal volume of 0.95; NaCl or corn oil. At the
times indicated, rais received intraperitoneally a
45-min pulse-dose of 30 uCi of glycine-2-1C, and
incorporation of isotope into extracted hepatic
microsomal heme was determined. The average
control value was 7551 ¢pm in mierosomal heme
per gram of liver.

b Iiach value represents the mean =+ standard
error of at least three experiments.

e P < 0.05.

Effects of Phenobarbital and 3,4-Benzpyrene
Treatments on the Hepatic Microsomal
Content of Protoheme and Protein

Treatment of rats with either pheno-
barbital or 3,4-benzpyrene resulted in the
elevation of the hepatic microsomal content
of protoheme as seen In [Fig. 2 and in Tables
III and IV. The amount of mierosomal
protoheme per milligram of microsomal
protein and per gram of liver was signifi-
cantly increased (P < 0.05) S hr after
phenobarbital administration and 12 hr after
the administration of 3,4-benzpyrene. Proto-
heme levels remained elevated during the
remainder of the study, increasing to a
maximum 72-96 hr after the onset of treat-
ment with either agent, and then declining
foward control values during the last 24 to
48 hr of the study. In accordance with the
effects of these agenis on the activity of
hepatic ALA synthetase and hepatic heme
synthesis, increases in the hepatic micro-
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somal content of protoheme produced by
3,4-benzpyrene was approximately 50%
of that observed after phenobarbital treat-
ment.

In agreement with the observations of
other investigators (20-22), phenobarbital
treatment resulted in an increased amount
of microsomal protein per gram of liver
(Table IIT). Treatment of rats with 3,4-
benzpyrene was also observed to result in an
increased amount of microsomal protein per
gram of liver (Table 1V), although this
stimulatory effeet was not very marked.

Ilffects of Phenobarbital and 3,4-Benzpyrene
Treatments on Hepatic Microsomal
Cylochromes

The effects of phenobarbital and 3,4-
benzpyrene treatments on the content of
cytochrome P-450 in hepatic microsomes are
summarized in I'ig. 3 and in Tables III and
IV. The amount of cytochrome P-450 per
milligram of microsomal protein and per
gram of liver was significantly increased
(P < 0.05) 8 hr after phenobarbital adminis-
tration and 12 hr after the onset of 3,4-
benzpyrene treatment. The amount of
cytochrome P-450 in hepatic microsomes
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Fra. 2. Liffects of phenobarbital and 3,4-

benzpyrene treatments on the hepatic microsomal
content of protoheme. Conditions were the same
as deseribed for Fig. 1. Bach point represents the
mean of at least three experiments. The average
control value was 1.06 mumoles of protoheme/mg
protein.
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TABLL TIT
Frrveer or PHENOBARBITAL TREATMENT ON THE
CoxtEnT OoF MicrosomaL Prorein, Proto-
HEME, AND CyrocHroMEs P-450 anp b, Prr
GrAM oF LavER®

|
tlours i Percent of control®
Tt
[

on PR e .
t[;eei:]t{ Protein 1 Protoheme CY},"_E?{;‘“C ‘ Cytocbl:rome
2> lote4 910 lzws l1ea 17
401 £8 111+ 16 101 & 14 le +9
8 | 9449 (128 = 5 (132 &£ 17¢ |17 + 13°
12 199+ 7 130 + 3¢ [150 & 10° | 96 = 6
16103+ 9 (162 + 6 [194 + 220 111 + 12
24 (116 & 17 |177 = 20° 200 & 31° 103 & 7
48 (131 & 11¢ [250 &£ 19¢ 349 4 32¢ 137 & 11°
72 1145 & 100 207 4 10¢ 405 4 31° |140 & 4
96176 4 40 (360 £ 30° 488 & 467 (157 & 17¢
120 (170 & 16° 202 & 13 377 & 37 [220 + 10¢

« Conditions were the same as described for
Fig. 1. The average control values were: protein,
21.7 mg/g liver; protoheme, 22.8 mumoles/g liver;
cytochrome P-450, 1.17 ODuso e ny/g liver; and
eytochrome bs, 4.76 mumoles/g liver.

® Each value represents the mean + standard
error of at least three experiments.

cP <005

TABLE 1V
Erreers ov 3,4-BeNzPyRENE TREATMENT ON THE

Conrext or Microsomarn Prorein, Proro-
HEME, aND CyrocuroMes P-450 anp bs Per
GRrAM OF LavERe
% Percent of control”
S e
5 § s Cytochrome
Ch Protein : Protoheme P-130 Cytochrome by
2,102 + 4 | 109 £ 7 124 + 23 (112 = 15
493 £ 131102 &£ 2 99 + 10 87 + 15
8 08 4+ 6 117 = 19 | 107 = 7 | 100 & 11
122106 = 7 {121 £ 4= | 138 & 15 | 106 & 4
16) 100 4 3 | 125 4= T 153 4 12¢ | 107 &= 13
24 08 £ 8 120 & 11¢ 1170 + 110 104 + 9
48] 107 £ 0 168 £ 8¢ 1177 £ 6¢ 1109 + 4
720 119 & 9 ;210 x 13¢ | 264 4+ 18 | 115 + 12
06) 123 4+ 9¢ | 225 4= 150 | 291 =+ 21° | 136 4+ 11°
102 131 + 8¢

1168 4 100 223 £ 250 164 = 120

« Conditions were the same as described in
Fig. 1. The average control values are given in
Table III.

b Kach value represents the mean =4 standard
error of at least three experiments.

< < 0.05.
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Fia. 3. Effects of phenobarbital and 3,4-

benzpyrene treatments on hepatic microsomal
levels of cytochrome P-450. Conditions were the
same as deseribed for Fig. 1. Flach point represents
the mean of at least three experiments, and the
brackets represent the standard error of the mean.
The average control value was 0.05 OI)u;0_190 my/
mg protein.

then progressively increased until, about 96
hr after the onset of treatment with either
agent, a maximum was reached. However,
between 96 and 120 hr, the levels of eyto-
chrome P-450 began to fall toward control
values, although after 120 hr of treatment
cytochrome P-450 levels were increased
approximately 3-fold by phenobarbital and
about 2-fold by 3,4-benzpyrene. Increasing
the doses of phenobarbital and 3,4-benz-
pyrene during the last 72 hr of the study did
not prevent eytochrome P-450 levels from
declining after maximum stimulation was
achieved. The observation that 3, 4-benz-
pyrene-induced inerease in eytochrome I°-450
levels was about 50 % of that produced by
phenobarbltal is consisteni with the effecis
of these agents on the activity of hepatie
ALA synthetase, hepatic heme synthesis,
and the hepatic microsomal content of
protoheme. The rate of P-450 increase in
hepatic microsomes after phenobarbital wd-
ministration is similar to that observed by
others (3, 30, 31).

Unlike the stimulatory effeetx of pheno-
barbital and 3,4-benzpyrene on the hepatie
microsomal content of eytochrome PP-1450,
the levels of cytochrome b; in hepatic



416

200

180

160
2 10 .
=
E=R 1] PB : /‘

9 + . L e

5 A Andoae —
PlOUh'&"gé L4 B 7 A
x
S 8
= 6

40

20

0 8 16 2 18 2 % 120

HOURS ON TREATMENT
1 t t t t
Fie. 4. Effects of phenobarbital and 3,4-

benzpyrene treatments on hepatic microsomal
levels of cytochrome bs. Conditions were the same
as described for Fig. 1. Each point represents the
mean of at least three experiments, and the
brackets represent the standard error of the mean.
The average control value was 0.22 mumoles of
cytochrome bs/mg protein.

microgomes did not increase during the first
48 hr of treatment, although, as seen in Fig.
4, the amount of cytochrome b; per milli-
gram of microsomal protein did increase
(P < 0.05) between 96 and 120 hr after the
onset of treatment with either agent. How-
ever, when the data were expressed as the
amount of microsomal cytochrome b; per
gram of liver (Tables 111 and 1V), significant
increases (P < 0.05) were observed at about
48 hr after the onset of treatment with
phenobarbital and after 72-96 hr of 3,4-
benzpyrene treatment. In agreement with
the observations of other investigators (3, 9,
23), the degree of enhancement of cyto-
chrome b; levels by these two agents was
considerably less than their effects on cyto-
chrome P-450 levels.

Effect of Phenobarbital and 38,4-Benzpyrene
Treatments on Hepatic Microsomal Drug
Oxidations and the Activity of Hepatic
Microsomal NADPH-Cytochrome ¢
Reductase
The effects of phenobarbital on the hepatic

microsomal demethylations of ethylmor-
phine, norcodeine, and 3-CH;3-MAB at 72,
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96, and 120 hr after the onset of treatment
are summarized in Table V. The stimulatory
effects of phenobarbital on these enzymatic
reactions during the initial 48 hr of treat-
ment have been previously reported (13).
As seen in Table V, both the specific activi-
ties (rate per milligram of microsomal pro-
tein) and the total activities (rate per gram
of liver) of these reactions remained at a
fairly constant level above control values

TABLE V
Errecrs or PHENOBARBITAL ON HepaTic MIicro-
soMAL DrUG OXIDATIONS AND THE ACTIVITY OF
Hrpatic MicrosoMaL NADPH-CyrocHROME
¢ REDUCTASE AT 72, 96, aND 120 Hr A¥TER THE
ONSET OF TREATMENT®

Percent of control?
Hours
Measurement on ¢
man | “ipeeife | Buedon,
activity
Ethylmorphine V- 72 | 267 + 25| 436 X 37
demethylation 96 | 284 + 45 430 = 38
120 | 280 = 35| 413 + 30
Noreodeine O- I 72| 147 + 18| 226 &= 25
demethylation 96 | 149 + 23| 228 + 14
120 | 162 &+ 18| 239 + 14
3-CH;-MAB N- 72| 276 x 29| 418 + 21
demethylation 96 | 258 £ 52| 364 x 27
120 | 273 + 58| 398 £ 68
NADPH-cytochrome | 72 | 200 & 21| 330 <4 31
¢ reductase 96 | 211 £ 39| 320 £ 31
120 | 227 + 21! 339 = 40

|

@ Rats received intraperitoneal injections of
phenobarbital (40 mg/kg) every 24 hours, while
control rats received an equal volume of 0.99
NaCl.

? Each value represents the mean + standard
error of at least three experiments. P < 0.05 for
all values.

¢ The average control values for demethyla-
tions (mpmoles HCHO/mg protein/min) were
3.42 for ethylmorphine, 0.95 for norcodeine, and
067 for 3-CH;-MAB, while the average control
value for NADPH-cytochrome ¢ reductase was
49.1 mgmoles of cytochrome ¢ reduced/mg pro-
tein/min.

2 The average control values for demethyla-
tions (umoles HCHO/g liver/hr) were 6.00 for
ethylmorphine, 1.71 for norcodeine, and 1.17 for
3-CH;-MAB, while that for NADPH-cytochrome
¢ reductase was 93.1 umoles of cytochrome c
reduced/g liver/hr.
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during these late time periods and did not
decrease toward control levels as did the
hepatic microsomal content of eytochrome
1’-450 (I'ig. 3 and Table I1I). These observa-
tions suggest that, at least after stimulation
has oceurred, the content of cytechrome
P-450 in hepatie microsomes is of sufficient
magnitude so as not to lmit the hepatic
microsomal oxidation of either ethylmor-
phine, norcodeine, or 3-CH,-MAB.

The effects of 3,4-benzpyrene on the ac-
tivity of hepatic mierosomal NADPH-
cytochrome ¢ reductase and the N-demeth-
viation of 3-CH;-MAB by hepatic micro-
somes at 72, 96, and 120 hr after the onset
of treatment are summarized in Table VI.
The effects of 3,4-benzpyrene on these reac-
tions during the initial 48 hr of treatment
have been described previously (10). Al
though 3,4-benzpyrene did not stimulate
the N-demethylation of ethylmorphine or
the O-demethylation of norcodeine by
hepatic microsomes (Table VII), {he hepatic
microsomal  N-demethylation of 3-CH;-
MADB was observed to inerease progressively
until maximum stimulation was achieved at
approximately 72 hr after the onset of treat-
ment. Once maximum stimulation was pro-
duced, N-demethylase activity remained
constant al o level signficantly greater than
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control values. Unlike its effects on the
N-demethylation of 3-CH;-MAB, 3,4-benz-
pyrene treatment did not result in an in-
crease in the specific activity of NADPH-
cytochrome ¢ reductase at any time through-

TABLIS VI
Errrcrs or 3,4-Benzpyruxs onN tHE HEpPATIC
MricrosoManL  N-DemerHYLatioN or  3-CHj-
MAB axp rue Activity or NADPH-Cyro-
CHROMIL ¢ Repucrase ar 72, 96, axp 120 lr
Arrer rHE ONsET 0r TREATMENT

- Percent of control?
-1

Measurement i Sé Based on | Based
E g Tsflc\i?tcy tota‘tS:ctiO\?;ty
3-CH;-MAB V- 72 1246 £ 19¢ 4292 3= 50¢
demethylation 06 [212 & 31° pm + 220
120 1212 + 41¢ ‘275 + 22¢
NADPIH eytochrome 72 112 £ 8 1128 + 18
¢ 1eductase (06 102 £ 7 135 4 17¢
+ 12

JA200 97 £ 10 107

= Rats received intraperitoneal injections of
3,4-benzpyrene (20 mg/kg) every 24 hr, while
control rats received an equal volume of corn oil.
The average control values ave given in Table V,

¥ Each value represents the mean = standard
error of at least three experiments.

e P < 0.05.

TABLE VIL
IirFECTS OF TREATMENTS WITH PHENOBARBITAL, 3,4-BENZPYRENE, AND THE COMBINATION OF PHENO-
BARBITAL AND 3,4-BENZPYRENE ON THE ACTIVITIES OF ALA SYNTHETASE AND NADPH-CYTOCHROME
¢ ReEpvcrass, HeEpaTic Microsoman LEvELs oF CyrocHrome P-450, anp HEraric MicrosoMswn

Drua OXInATIONS®

Activity or amount?

| Hours on Phenobarbital and
Measurement treatment Phenobarbital 3,4-Benzpyrene 3,4-benzpyrene
ALA synthetase 12 290 £ 51 133 £ 10 235 £+ 14
72 142 4+ 28 71 £ 14 132 + 35
Cytochrome P-450 72 3.66 = 0.33 2.49 £ 0.19 5.99 4 0.58
3-CII;-MAB N -demethylation 72 4.43 £ 0.44 3.76 & 0.77 7.76 £ 0.93
Kthylmorphine A -demethylation 72 22.22 + 1.87 6.65 + 0.81 23.36 £ 2.42
Norecodeine O-demethylation 72 3.72 &£ 0.60 1.81 + 0.37 3.03 £ 0.14
NADPI-eytochrome ¢ reductase 72 77 £+ 25 123 &+ 15 302 & 47

* Rats received intraperitoneal injections of phenobarbital (40 mg/kg

and/or 3,4-benzpyrene 20

mg/kg) every 24 br and were sacrificed at the times indicated. The average control values were ALA
synthetase, 16.0 mumoles of ALA formed/g liver/hr; eytochrome P-450, 1.31 AQOD/g liver; NADPII-
cytochrome ¢ reductase, 95.0 mumoles of eytochrome ¢ reduced/g liver/hr; ethylmorphine N-de-
methylation 6.05 mgmoles HCHO/g liver/br; norcodeine O-demethylation, 19.6 umoles HCHO/g
liver/hr; and 3-CH;-MAB AN-demethylation, 1.17 ymoles HCHO/g liver/hr.

» Fach value represents the mean == standard error of at least three experiments.



418

out this study, although the activity of this
enzyme per gram of liver was increased
slightly at 72 and 96 hr. These observations
are consistent with the view (10) that
NADPH-cytochrome ¢ reduetase may not
be the rate-limiting component in those
hepatic microsomal oxidations which are
stimulated by 3,4-benzpyrene.

Effects of the Simultaneous Administration of
Phenobarbital and 3 ,4-Benzpyrene

Although phenobarbital and 3,4-benz-
pyrene treatments both resulted in the en-
hancement of hepatic ALA synthetase ac-
tivity, hepatic heme synthesis, and hepatie
microsomal levels of cytochrome 1>-450, the
observation that phenobarbital stimulated
the hepatic microsomal demethylations of
ethylmorphiue, norcodeine, and 3-CHs-
MAB and the activity of NADPH-cyto-
chrome ¢ reductase, while 3 4-benzpyrene
had minimal effect on NADPH-eytochrome
¢ reductase activity and stimulated the
hepatic microsomal demethylation of 3-CHj;-
MAB only, suggests that more than one
mechanism of induction may exist. Evidence
supporting the view that different mecha-
nisms are involved in producing the stimula-
tory effects observed when phenobarbital
and 3,4-benzpyrene are administered has
come from studies In which maximum
stimulatory doses of these agents are ad-
ministered simultaneously to animals. These
studies are based on the premise that if a
single inductive mechanism is involved, then
when either agent is administered at a dose
known to produce maximum stimulation,
the addition of the other agent should not
produce an additional response. If, on the
other hand, different mechanisms are in-
volved, the sum of the maximum effects
resulting when each agent is employed alone
would be observed when they are adminis-
tered together.

During the initial studies of this investi-
gation, the administration of phenobarbital
at a dose of 40 mg/kg and 3,4-benzpyrene
at a dose of 20 mg/kg was found to produce
maximum stimulation of the parameters
studied. As seen in Table VII, the stimula-
tory effeets  of phenobarbital and 3,4-
benzpyrene ou the activity of hepatic ALA
svnthetase were not additive at either 12 or
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72 hr after the onset of treatment. This ob-
servation suggests that phenobarbital and
3,4-benzpyrene stimulate hepatic ALA
synthetase activity and thus result in the
enhancement of hepatic heme synthesis by
the same or similar mechanisms. However,
in agreement with the findings of Sladek and
Mannering (4, 24), an additive response was
observed in the enhancement of both eyto-
chrome P>-450 levels in hepatic microsomes
and the N-demethylation of 3-CH,-MAB.
No additive effects were observed on the
hepatic microsomal demethylations of ethyl-
morphine or norcodeine or on the activity of
hepatic microsomal NADPH-cytochrome ¢
reduetase, reactions which are not affected
by 3,4-benzpyrene treatment.

DISCUSSION

Treatment of rats with either pheno-
barbital or 3,4-benzpyrene was found to
result in the rapid and marked stimulation of
the activity of hepatic ALA synthetase, the
proposed initial and rate-limiting enzyme in
hepatic heme biosynthesis (11, 12). In-
creases in the activity of this enzyme were
observed as early as 2 hr after phenobarbital
administration and 4 hr after the administra-
tion of 3,4-benzpyrene. This stimulation
appears to result from the increased de novo
synthesis of ALA synthetase. Although the
magnitude of stimulation resulting from
treatment with 3,4-benzpyrene was approxi-
mately 50% of that observed after pheno-
barbital treatment, no additive stimulation
of hepatic ALA synthetase activity was
observed when animals were treated simul-
taneously with both agents. This observation
suggests that phenobarbital and 3,4-benz-
pyrene stimulate the synthesis of ALA
synthetase by similar or closely related
mechanisms,

Stimulation of hepatic ALA synthetase
activity was closely followed by an in-
creased incorporation of labeled heme pre-
cursor into hepatic mierosomal heme 2n vivo.
The enhancement of the liver’s capacity to
synthesize heme 7n vivo appeared to precede
increases in the hepatic microsomal content
of protoheme and ecytochrome P-450.
Furthermore, the observation that changes
in the hepatic microsomal levels of eyto-
chrome P-450 followed the changes in the



STIMULATION OF HEPATIC HEME SYNTHESIS AND DRUG METABOLISM

activity of hepatic ALA synthetase and in
the capacity of the liver to synthesize micro-
somal heme in vivo suggests that heme
synthesis may be the controlling event in the
synthesis of hepatic microsomal eytochrome
P-450. In this respect, decreases in the
degree of stimulation of hepatic ALA synthe-
tase activity, the liver’s eapacity to synthe-
size microsomal heme in vivo, and cyto-
chrome P-450 and protoheme levels in
hepatic microsomes observed during the late
time periods in these studies might be ex-
plained on the basis of feedback repression
of ALA synthetase by heme as suggested by
Grranick (12, 19, 25).

Although the hepatic microsomal levels of
eytochrome P-450 and protoheme became
elevated during the initial 12 hr of treatment
with either phenobarbital or 3,4-benzpyrene,
the eontent of eytochrome b; in hepatie
microsomes remained unchanged during the
first 48 hr of treatment. These observations
may be explained on the basis of the rela-
tively slow turnover rate which eytochrome
b; has been observed to exhibit (26, 27),
since a slow rate of turnover would result in
a delayed appearance of a response to any
changes in the rate of synthesis of the
hemoprotein.

The observations that phenobarbital
treatment resulted in the stimulation of the
hepatic mierosomal oxidations of ethyl-
morphine, norcodeine, and 3-CH;-MAB, as
well as NADPH-cytochrome ¢ reductase
activity, while 3,4-benzpyrene treatment
resulted in the stimulation of the N-demeth-
vlation of 3-CH;-MAB only, strengthens the
view that differences exist In the mechanism
or mechanisms by which phenobarbital and
3,4-benzpyrene stimulate the hepatic micro-
somal drug-metabolizing system. In accord-
ance with this, and in agreement with the
observations of Sladek and Mannering (4,
24), the stimulatory effects of phenobarbital
and 3,4-benzpyrene on hepatie microsomal
eytochrome P-450 and on the N-demethyla-
tion of 3-CH;-MAB were additive.

Since phenobarbital and 3,4-benzpyrene
appear to stimulate the aetivity of hepatic
ALA synthetase, and enhance hepatic heme
gsynthesis by the same or closely related
mechanisms, the results of these studies may
be interpreted as indicating that the differ-
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ences observed between the stimulatory
actions of phenobarbital and 3,4-benzpyrene
are due primarily to differences in the effects
of these agents on the syntheses of certain
hepatic microsomal proteins. This is con-
sistent with the proposal that the species of
cytochrome P-450 induced by 3,4-benz-
pyrene and related compounds may be dif-
ferent from that induced by phenobarbital
(4, 24, 28, 29). In accordance with this pro-
posal, “eytochrome P-450” may actually
consist of a group of closely related cyto-
chromes, each of which functions as a
terminal oxidase in the metabolism of a
limited number of substrates. Since certain
protein  moieties may confer different
specificities to eyvtochrome 1’-450, the possi-
bility exists that the differences observed
between the stimulatory effects of pheno-
barbital and 3,4-benzpyrene may be due 10
the differential stimulation of the syntheses
of these different apoevtochromes, Another
possibility which exists is that several specific
substrate-binding proteins may function n
the transport and positioning of substrates
on eytochrome P-450, and phenobarbital and
3,4-benzpyrene may selectively activate
and/or stimulate the synthesis of some of
these proteins without influencing others.
A greater specificity in the enhancement of
hepatiec microsomal protein synthesis by
3,4-benzpyrene may account for its lack of
effect on the hepatie mierosomal oxidations
of ethylmorphine on norcodeine, as well as on
the activity of hepatic microsomal NADPH--
cytochrome ¢ reductase.

Although differences in the mechanisms of
stimulation appear to exist, the following
sequence of events can be postulated to
occur during the complex process which
ultimately results i the stimulation of
certain hepatic microsomal drug oxidations.
The administration of an induecing agent
such as phenobarbital or 3,4-benzpyrene
produces a rapid and marked increase in the
activity of hepatic ALA synthetase which,
in turn, results in the enhancement of
hepatic heme synthesis. Stimulation of
hepatic heme synthesis leads to the increased
synthesis of hepatiec microsomal oxidations
of certain drugs and carcinogens.

In these studies, ALA synthetase activity
inereases to an extent which is greater than
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the increase in glyeine incorporation into

microsomal heme. Assuming that ALA

synthetase is rate limiting in heme synthesis

(11, 12), this suggests that the activity as

measured in vitro in the homogenate does not

reflect functional ALA synthetase activity
in vive. Several explanations are possible.

About 40 % of ALA synthetase activity after

administration of allylisopropylacetamide

(32, 33) is found in the eytosolic fraction of

the hepatic cell. If increases of ALA synthe-

tase after phenobarbital and 3,4-benzpyrene
are also, in part, cytosolic it may be that this
fraction of the enzymatic activity is not
functional due to inaccessability of suceinyl-
CoA. Indeed, we have found recently that
cytosolic ALA synthetase activity does in-
crease after phenobarbital treatment (un-
published observations). Another possibility
1s that ALA synthetase activity in vivo is
under a certain degree of inhibition from
which it is released after homogenization.

Recently, Scholnick ef al. (33) have shown

that soluble ALA synthetase activity is

inhibited by heme in vitro. However, in the
present studies the pattern of increases and
decreases of ALA synthetase activity after
chroniec administration of phenobarbital
and 3,4-benzpyrene is strikingly similar to
that observed when heme synthesis was
studied.
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