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SUMMARY

Rat cytochrome P-450 3 (P-450 3) is a constitutive hepatic
steroid hormone 7a-hydroxylase which is relatively unresponsive
to a number of monooxygenase-inducing agents. The present
study demonstrates that a polyhalogenated aromatic hydrocar-
bon inducer, 3,4,5,3',4’,5’-hexachlorobiphenyl (HCB), induces
P-450 3 in livers of adult male rats, and that the increase is the
result of an increase in the mRNA for this enzyme. Cytochrome
P-450 3 and its mRNA were increased more slowly and to a
lesser extent than cytochrome P-450c (P-450c) and its mRNA,
indicating that these enzymes are not regulated coordinately in
liver. The maximum increase in P-450 3 and P-450 3-dependent
androstenedione 7a-hydroxylase activity (2- to 3-fold) occurred
7 days after administration of HCB, in contrast to the increase
in P-450c (>200-fold) which was maximal by 3-5 days. The rate
of induction of P-450 3 mRNA was also slower [maximum

increase (9-fold) at 5 days after HCB administration] than that of
P-450c mRNA [maximum increase (30-fold) at 2-3 days]. More-
over, a higher dose of HCB was required to produce maximum
induction of P-450 3 (50 mg/kg) than that required to produce
maximum induction of P-450c (10 mg/kg). P-450 3 was not
detected on Western blots of lung, kidney, or prostate micro-
somes isolated from control or HCB-treated rats (<2% of that
found in livers of HCB-treated rats). Moreover, P-450 3-depend-
ent steroid 7a-hydroxylase activity was not detected in these
extrahepatic tissues of control or HCB-treated rats (<1% of that
found in the corresponding liver microsomes of untreated or
HCB-treated rats). In contrast, P-450c was increased dramati-
cally by HCB in lung, kidney, and prostate tissues, indicating
differential expression of P-450c and P-450 3 in extrahepatic
tissues.

The P-450' monooxygenases comprise a family of closely
related enzymes which catalyze the oxidative metabolism of
drugs, environmental pollutants, and endogenous compounds
such as steroids and fatty acids (1). A number of forms of P-
450 can be induced by xenobiotics. For example, cytochromes
P-450c and P-450d are present at relatively low levels in
uninduced livers of rats (~0.5 and 5%, respectively, of the total
hepatic P-450) but are induced dramatically by polycyclic aro-
matic hydrocarbons such as 3-MC, whereas P-450b and P-450e
are minor constitutive forms that can be induced dramatically
by phenobarbital (2, 3). In contrast to these cytochromes, P-
450 3 is expressed constitutively in rat liver (comprising ~5-
10% of total P-450) and is relatively resistant to induction (4).
However, modest increases in P-450 3 and its associated tes-
tosterone and androstenedione 7a-hydroxylase activities have

This work was supported in part by National Institutes of Health Grant
DK33765 (to D. J. W.). A preliminary report of this work was presented at the
78th Annual Meeting of the American Society of Biological Chemists [Fed. Proc.
46:2141 (1987)).

! The nomenclature used for individual forms of P-450 is detailed under
Materials and Methods.

been observed in response to 3-MC and some polyhalogenated
biphenyls (4-10). The largest increase in P-450 3 is produced
by administration of those coplanar halogenated biphenyls that
induce P-450c and P-450d rather than those that induce the
phenobarbital-inducible cytochromes P-450b and P-450e (5, 6),
suggesting a possible common mode of induction for P-450 3,
P-450c, and P-450d. Induction of P-450s ¢ and d has been
shown to be the result of increases in their mRNAs (11).
However, the mechanism of the increase in P-450 3 has received
considerably less study.

The present study examines whether the increase in the
hepatic content of P-450 3 after administration to adult male
rats of the potent 3-MC-type inducer, HCB, is due to an
increase in the hepatic content of its mRNA. In addition, the
time course and dose response for the increase in P-450 3, its
associated (9) steroid hormone 7a-hydroxylase activity, and its
mRNA are compared with that of P-450c and its mRNA.
Finally, since 3-MC-type inducers have been shown to induce
P-450c but not P-450d in extrahepatic tissues (12), we com-
pared the effects of HCB on the microsomal content of P-450
3 and P-450c in several extrahepatic tissues.

ABBREVIATIONS: P-450, cytochrome P-450; 3-MC, 3-methyicholanthrene; HCB, 3,4,5,3’,4’,5’-hexachlorobiphenyl; ELISA, enzyme-linked immu-
nosorbent assay; Ah, aromatic hydrocarbon; RIA, radioimmunoassay; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesutfonic acid.
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Materials and Methods

Treatment of rats

Adult male Sprague-Dawley rats (8 weeks of age, Charles River
Breeding Laboratories) were dosed intraperitoneally with 50 mg/kg
HCB in corn oil and were sacrificed by decapitation 1, 2, 3, 5, or 7 days
later (4 rats/group). Control rats received corn oil alone and were
sacrificed on day 7. Microsomes were prepared as previously described
(13). Prostate microsomes from four rats were pooled at each time
point to give sufficient tissue for analysis.

Purification of Cytochromes and Antibodies

Cytochrome P-450c was purified as previously described (13). Anti-
body to P-450c was obtained from rabbits and immunopurified as
previously described (2). Cytochrome P-450 3 was purified from phe-
nobarbital-induced immature male rats as described (7). Antibody to
P-450 3 was raised in 6-month-old female Lupus mice (NZB/NZW)
immunized intraperitoneally with 2 ug of antigen [emulsified in
Freund’s complete adjuvant (1:4, v/v) at 0.1 ml/mouse]. Animals were
boosted ip with 1 ug of antigen [emulsified in Freund’s complete
adjuvant (1:9, v/v; 0.05 ml/mouse)] 2 weeks and again 4 weeks later.
Ascites fluids were tapped as required beginning 3-4 weeks after the
second boost, clarified, and then stored at —20°. The antibody thus
obtained was judged specific for P-450 3 by ELISA (8), with <3% cross-
reactivity observed versus nine other purified rat liver P-450s (i.e., P-
450s PB-1, PB-2a, 2¢, 2d, PB-4, PB-5, PB-6, c, and d; Refs. 4 and 8).
The rat hepatic P-450 designations used in this and previous reports
(4) can be related to the standardized gene designations (14) and
alternative protein nomenclatures used by other investigators as fol-
lows: P-450 3 (gene IIA1) = P-450a (3) or P-450 UT-F (15); P-450 2¢c
(gene IIC11) = P-450h (16), P-450 male (17), P-450 UT-A (15), or P-
450 RLM5 (18); P-450 PB-2a (gene IIIA1) = P-450 PCN-E (15) or P-
450p (19). P-450b (form PB-4; gene IIBI1), P-450c (gene IA1), and P-
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Fig. 1. Westem biot of the time course for induction of P-450 3 in liver
microsomes of male rats 1-7 days after administration of HCB (50 mg/
kg). Lanes contained 10 ug of microsomal protein or 2 pmol (left /ane)
or 4 pmol (right lane) of purified P-450 3.
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Fig. 2. Aut: of sodium dodecyl sulfate gel analyzing immu-

noprecipitates of translation products of liver polysomes from untreated
rats (CON) and rats 5 days (5d) after HCB treatment (50 mg/kg). Aliquots
of 2 x 10° dpm from each translation mixture were immunoprecipitated
with anti-P-450 3, and an equivalent volume of each sample was electro-
phoresed and autoradiographed.

450d (gene IA2) are classified according to the terminology of Ryan et
al. (20).

P-450 Protein Quantitation

Western blots. Sodium dodecy! sulfate polyacrylamide gel electro-
phoresis (7.6% acrylamide) was performed as described by Laemmli
(21). The proteins were transferred to nitrocellulose sheets by the
method of Towbin et al. (22). The sheets were immunostained for P-
450 3 using peroxidase-coupled second antibody as outlined previously
for P-450s b, ¢, and d (13).

Radioimmunoassay (RIA). Cytochrome P-450c content of micro-
somes was assayed by RIA (2). Cytochrome P-450 3 was radioiodinated
using Bolton-Hunter reagent (25 mCi/mg), and microsomal P-450 3
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Fig. 3. Induction of P-450 3 mRNA and P-450 3 protein (A and C) as compared to P-450c mRNA and P-450c protein (B and D) in livers of adult
male rats sacrificed 0-7 days after administration of HCB at 50 mg/kg. A and B. mMRNAs for P-450 3 and P-450c were measured by translation in
a reticulocyte lysate system followed by analysis as described under Materials and Methods. Results are e: as per cent of total translation
and represent the mean + standard deviation of duplicate determinations on three individual animals. C and D. P-450 3 and P-450c protein levels

were determined by RIA. Values represent the mean + standard deviation of duplicate determinations on four individual animals.

content also was estimated by RIA in a manner similar to that described
for P-450c and P-450d (2).

Quantitation of P-450 mRNA. Since no cDNA probe was avail-
able for P-450 3 at the time of these studies, total liver polysomes were
isolated and translated in the presence of [**S]methionine using a cell-
free reticulocyte lysate system. Quantitation of translatable mRNAs
for both P-450 3 and P-450c was carried out in a manner similar to the
procedure described previously for P-450c mRNA (23). Translation
products were precipitated by the addition of antibody to P-450 3 or
P-450c followed by 100 ul of Staphylococcus aureus cells (10% suspen-
sion) and the immunoprecipitates were then analyzed on sodium do-
decyl sulfate gels. Incorporation of radioactivity into a band equivalent
in electrophoretic mobility to purified P-450 3 was quantitated follow-
ing electrophoresis and autoradiography of the immunoprecipitates.
The bands were excised, incubated overnight with H,O, (30%)/concen-

trated NH,OH (19:1,v/v), neutralized with glacial acetic acid, and
counted. A duplicate area was cut from electrophoresed samples to
which preimmune IgG had been added instead of antibody to P-450 3.
The radioactivity in these slices was subtracted from that of the actual
samples. Values were expressed as percentage of total translation (dpm
in the corrected specific polypeptide band divided by total trichloroa-
cetic acid-precipitable counts X 100). The amount of antibody required
to precipitate the maximum radioactivity in a polypeptide equivalent
in electrophoretic mobility to purified P-450 3 was determined in
preliminary experiments, and this amount of anti-P-450 3 was used in
all subsequent experiments.

Catalytic assays. Androstenedione hydroxylase and 5«-reductase
activities were measured in microsomal samples using [4-'*C)andro-
stenedione (7 mCi/mmol) as described previously (8), except that the
substrate concentration was increased to 50 uM and the assays were
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Fig. 4. Dose response for P-450 3,
its associated androstenedione 7a-
12 hydroxylase activity, and P-450c in
livers isolated from adult male rats 7
days after administration of HCB at
3, 10, and 50 mg/kg. P-450 3 and
P-450c leveis (A and C) were deter-
8r mined by RIA (mean + standard de-
viation for duplicate determinations
on four individual animais) and an-
drostenedione 7a-hydroxylation (B)
was measured as described under
Materials and Methods.

nmol/mg MICROSOMAL PROTEIN

10 50

TABLE 1

Metabolism of androstenedione in liver microsomes from control
and HCB-treated male rats

Hepatic microsomes were isolated from adult male rats at various times after

activities for four individual rats + standard error for each of the indicated metab-
ofites.

Days TaOH-A 680H-A 16a0H-A SaH-A®

nmol[min/mg
068 +0.13 1.71+£0.07
028 +0.06 1.03+0.15
025+ 0.09 0.61+0.35
0.17 £0.03 0.23+0.05
0.14+£0.03 0.14 + 0.06
0.09+0.02 0.12+0.02

0.35 + 0.07
0.21 + 0.02
0.19 + 0.01
0.32 + 0.06
0.47 + 0.05
0.54 + 0.14

¢ A, androstenedione.
® Androstenedione 5a-reductase activity.

217 £ 0.93
1.74 + 0.65
142+0.21
118+ 0.11
1.72+1.10
1.47 £ 0.54

NOWN-=0O

performed in 0.1 M HEPES buffer, pH 7.5, to optimize microsomal 7a-
hydroxylation. Extrahepatic microsomes were assayed using 150 ug of
protein and ["*C]androstenedione at 58 mCi/mmol. 7-Ethoxycoumarin
O-deethylase activity was measured fluorimetrically as described pre-
viously (7).

Other methods. Protein was determined by the method of Lowry
et al. (24).

Results

Antibody to P-450 3, judged specific for P-450 3 by ELISA
(see Materials and Methods), recognized primarily a single
band on immunoblots of liver microsomes from uninduced male
rats (Fig. 1). This band co-migrated with purified P-450 3 and
the intensity of the band was increased by HCB treatment. A
single radiolabeled electrophoretic band with a mobility iden-
tical to that of P-450 3 was observed in autoradiographs of
translational products of polysomes from livers of adult male
rats precipitated with anti-P-450 3 (Fig. 2). HCB increased
hepatic P-450 3 content 2- to 3-fold and increased the translat-
able mRNA P-450 3 approximately 9-fold (Fig. 3). The mag-
nitude of the increase in P-450 3 and its mRNA was much

smaller than that of P-450c (>200-fold) and P-450c mRNA
(30-fold). The rate of P-450 3 induction was also much slower
than that of P-450c and its mRNA. P-450c mRNA was in-
creased dramatically 24 hr after HCB treatment, and the max-
imum increase occurred at 2-3 days. In contrast, increases in
P-450 3 mRNA were first observed 2 days after HCB treatment,
and the maximum increase occurred at 5 days. P-450 3 protein
levels appeared to be slightly suppressed by HCB at 24-48 hr,
and a significant increase was first observed at 5 days. Maxi-
mum induction of P-450 3 occurred at 7 days. In contrast,

immunoreactive P-450c was induced maximally 2-5 days after
HCB administration. A higher dose of HCB was also required
to produce maximum induction of P-450 3 (50 mg/kg) than
that required to maximally induce P-450c (10 mg/kg) (Fig. 4).

Liver microsomal P-450 3-dependent steroid hormone 7a-
hydroxylase activity was also decreased 1-2 days after HCB
administration, followed by an increase at days 5-7 (Table 1).
The time course and magnitude of the changes in 7a-hydrox-
ylase activity (2-fold) were parallel with the changes in P-450
3 content (Figs. 3 and 4). This increase in P-450 3-dependent
steroid 7a-hydroxylase activity contrasted with a >85% de-
crease in microsomal steroid 68-hydroxylase [P-450 2a-depend-
ent (9)] and 16a-hydroxylase (P-450 2c-dependent (8)) activi-
ties 7 days after HCB administration (Table 1). The decrease
in steroid 16a-hydroxylase activity has been shown to reflect a
decrease in P-450 2c and its mRNA (25).

No polypeptide band with a mobility identical to that of P-
450 3 could be detected in Western blots of lung, kidney, and
prostate microsomes isolated from untreated rats or HCB-
induced rats (Fig. 5) (limit of detection <7 pmol of P-450 3/mg
of microsomal protein). Somewhat surprisingly, when high
concentrations of microsomal protein (>70 ug) were electro-
phoresed and immunoblotted, anti-P-450 3 did detect a poly-
peptide band with a distinctly higher mobility than that of P-
450 3 in lung and prostate microsomes from control rats. This
polypeptide appeared to be decreased by HCB treatment and
could conceivably represent another form of P-450 immuno-
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TABLE 2

Induction of cytochrome P-450c, P-450c-dependent catalytic
activity, and P-450 3-dependent catalytic activity in extrahepatic
versus hepatic tissues

Male rats were dosed intraperitoneally with com oil (controls) or HCB (50 mg/kg)
in com oil and killed 2-7 days later. Values (except for prostate) represent mean
of four determinations =+ standard error.

Cytochrome P450c*
Tissue
Control 2 Days 5 Days 7 Days
pmol/mg protein
Lung 5 =1 38+3 48 + 3 64 +1
Kidney 02+00 44+6 60+7 70+ 9
Prostate® 03 120 120 170
Liver 03+00 30927 407 + 31 273 + 51
Catalytic activites
P450 3-dependent 7 o-hydroxylase® P-450 cJd dependat 0
Control 7 Days Control 7Days
pmol[min/mg
Lung <2 52+27 60 £ 35 400 = 150
Kidney <2 <2 70+ 70 575 = 480
Prostate <2 <2 20+ 20 710 £ 50
Liver 350 £ 70 540 + 140 180 £ 50 1280 = 290

* Isozyme content was determined by RIA.
® Each value represents triplicate determinations on pooled prostate microsomes

from four animais.
° Androstenedione 7 a-hydroxylase activity.
¢ 7-Ethoxycoumarin O-deethylase activity.

chemically related to P-450 3. The extrahepatic content of P-
450 3 in both control and HCB-treated rats was determined to
be, at most, 2% of the level found in HCB-induced liver and
9% of that found in uninduced liver. Consistent with these
observations, P-450 3-dependent steroid 7a-hydroxylase activ-
ity was not detected in kidney or prostate microsomes from
either control or HCB-treated rats (<2 pmol of 7a-hydroxyan-
drostenedione/min/mg) (Table 2). In lung, however, a low level
steroid 7a-hydroxylase activity was detectable after induction

<X

Fig. 5. Western blot showing the absence of a band with the
mobility of P-450 3 in microsomes of lung, kidney, and prostates
from control and HCB-treated (50 mg/kg) rats compared to liver
from control rats. Lanes contain 70 ug of microsomal protein from
liver of a control rat (lane 1), lungs of control (/ane 2), and HCB-
treated (/ane 3) rats, kidneys of control (/ane 4) and HCB-treated
(lane 5) rats, and prostates of control (/ane 6) and HCB-treated
(lane 7) rats. <X, the mobility of the higher molecular weight
protein seen in lung and prostate of control rats. Mobility of purified
P-450 3 electrophoresed on the same gel was as indicated on the
left. Nonspecific binding of the antibody to lower molecular weight
proteins was only observed on immunoblots of relatively high
microsomal protein concentrations (=70 g) (cf. Fig. 1).

with HCB (Table 2). P-450 3-dependent steroid 7a-hydroxylase
activity is thus expressed in uninduced and in HCB-induced
extraphepatic tissues at <1% of the level found in the corre-
sponding liver microsomes. In contrast, P-450c was dramati-
cally induced by HCB in microsomes of lung, kidney, and
prostate to a specific content of 60-300 pmol of P-450c/mg of
microsomal protein, with the greatest induction occurring in
prostate (>500-fold increase over control at 7 days) (Table 2).
P-450c was thus readily detected in immunoblots of extrahe-
patic microsomes from HCB-induced rats (Fig. 6).

Discussion

HCB is a polychlorinated biphenyl isomer which binds to the
Ah receptor (26) and subsequently induces P-450c and P-450d
in liver microsomes of rats (2, 5). HCB also increases hepatic
levels of P-450 3; however, it is uncertain whether the increases
in P-450 3 are mediated by the HCB-Ah receptor complex. The
induction of P-450c and P-450d is the consequence of increases
in the hepatic content of their respective mRNAs (11, 27),
presumably as the result of increases in the rate of transcription
as has been shown for the orthologous enzymes (P,-450 and
P3-450) in mice (28). The present study demonstrates that
HCB increases hepatic microsomal content of cytochrome P-
450 3 by increasing the hepatic content of the translatable
mRNA for this enzyme. Since the completion of this study,
Nagata et al. (29) reported the isolation of a cDNA clone for
P-450a (P-450 3). Using this cDNA, they demonstrated that 3-
MC, another compound which binds to the Ah receptor, also
increases P-450 3 mRNA in rat liver.

Differences in the time course and the magnitude of the
increases in P-450c and P-450 3 after administration of a
polychlorinated biphenyl mixture, Aroclor 1254, to rats led
Parkinson et al. (30) to suggest that these enzymes might be
regulated differently. Alternatively, these authors (31) also
suggested that the slower and less dramatic response of P-450
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Fig. 6. Western blot showing induction of P-450c in

- - _“-d S SS  Kidney, lung, and prostate microsomes (10 ug/well) at
; 0-7 days after HCB treatment. A standard of 0.1 ug of
purified P-450c was electrophoresed for reference.
DAYSO 2 5§ 7 0 2 5 7 v 02 5 7
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3 to Aroclor 1254 compared to that of P-450c might reflect the
slower turnover of P-450 3, since the relative rates of induction
of these and other P-450 cytochromes were inversely correlated
with their half-lives. The present study indicates that the slower
induction of P-450 3 is the consequence of differences in the
time course for the increases in the mRNAs for P-450 3 as
compared to P-450c.

Measurements of P-450 proteins and translatable mRNA
such as those reported in the present studies are only as reliable
as the specificity of the antibodies employed. Qur antibody to
P-450 3 recognized only one polypeptide band in the translation
products of polysomes from HCB-treated rats, and we found
no evidence for cross-reactivity of anti-P-450 3 to nine purified
P-450 forms as analyzed by ELISA. However, the recent studies
of Nagata et al. (29) provide evidence for a P-450 form closely
related to P-450 3 that is not inducible by 3-MC and whose
potential reactivity with our antibodies cannot be established.
If our antibody to P-450 3 does recognize this or another gene
product related to P-450 3 in liver microsomes of control males,
the magnitude of the increase in P-450 3 and its mRNA might
be underestimated in our studies. However, the magnitude of
the increase in P-450 3-dependent steroid 7a-hydroxylase ac-

tivity (2-fold) agreed with the increase in P-450 3 (2- to 3-fold), -

suggesting that these potential contributions of related proteins
do not substantially influence the findings reported in this
study.

Our studies suggest some quantitative discrepancies between
the magnitude of the increase in P-450 3 and its mRNA.
However, factors such as efficiency of translation in vivo and
differences in the half-lives of the protein and its mRNA could
influence the relative induction of the protein and its mRNA.
For example, Kawajiri et al. (11) found smaller increases in the
P-450c mRNA (50-fold) than in those reported for P-450c itself
(~500-fold) (23, 27).

Previous studies have demonstrated the differential regula-

tion of cytochrome P-450c and P-450d in liver and extrahepatic
tissues of rats (12). Both P-450c and P-450d are induced in
livers of rats by 2,3,7,8-tetrachlorodibenzo-p-dioxin, but only
P-450c is induced in extrahepatic tissues. The present study
demonstrates that the constitutively expressed levels of P-450
3 and its associated steroid 7a-hydroxylase activity were not
detectable in kidney or prostate microsomes and that these
levels were not detectably induced by HCB in these tissues
(extrahepatic levels <2-3% of levels in HCB-induced liver). In
HCB-induced lung, steroid 7«a-hydroxylase activity was de-
tected at only about 1% of the level found in HCB-induced
liver. This contrasts with induction of P-450c in extrahepatic
tissues to a level which reaches ~25-50% of the levels found in
induced livers. Thus, the liver-specific constitutive expression
and inducibility of P-450 3 by polyhalogenated aromatic hydro-
carbons are analogous to that found previously for P-450d (12,
27).

In summary, the present study demonstrates that HCB in-
duces P-450 3 in liver microsomes of adult male rats by increas-
ing the hepatic content of the mRNA for this enzyme. The
differential time course for induction of P-450 3 and P-450c by
HCB was shown to result from differential increases in the
mRNAs for the two enzymes. In addition, there is a difference
in the regulation of P-450 3 and P-450c in hepatic as compared
to extrahepatic tissues. Cytochrome P-450c is readily induced
by HCB in both liver and extrahepatic tissues. In contrast, P-
450 3 was detectable only in liver. P-450 3 does not appear to
be constitutively expressed at significant levels in lung, kidney,
or prostate, and could not be detected in these extrahepatic
tissues after HCB administration.
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