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SUMMARY

MALIK, NAJMA, GLENN M. KOTEEN, AND IDA S. OWENS. Induction of UDP-glucu-
ronosyltransferase activity in the Reuber H-4-II-E hepatoma cell culture. Mob.
Pharmacob. 16, 950-960, (1979).

The rat Reuber H-4-II-E continuous cell line contains 4-methylumbelliferone-UDP-
glucuronosyltransferase activity. This enzyme is induced 3- to 6-fold by polycyclic
aromatic compounds such as benzo[a]pyrene, 3-methylcholanthrene, benz[a]anthracene

and 2,3,7,8-tetrachlorodibenzo-p-dioxin, by phenobarbital, or by isoproterenol. Induction
of the transferase by most compounds is maximal by 48 hours; however, upon treatment
with 2,3,7,8-tetrachlorodibenzo-p-dioxin or 3-methylcholanthrene, the activity rises for at
least 72 hours. Certain hydroxylated metabolities of benzo[a]pyrene, at the same concen-
tration as used for benzo[a]pyrene, are shown to be inferior inducers of activity. Available
hydroxylated metabolites of benzo[ajanthracene or 3-methyicholanthrene do not induce
transferase activity. Combinations of a polycyclic aromatic compound and phenobarbi-
tal-at their optimal concentrations when added individually-cause additive induction
of transferase activity whereas combinations of two polycyclic aromatic compounds do
not cause greater activity than the best inducer alone. The induction of activity by the
best inducer, 2,3,7,8-tetrachlorodibenzo-p-dioxin, is progressively inhibited by increasing
concentrations of either actinomycin D or cycloheximide. In contrast, if cells are first
exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin and cycloheximide for a period of time and
then washed, treatment with actinomycin D causes an unusually rapid rise in transferase
activity, as compared with that in cells transferred to control medium. The Reuber H-4-
II-E cultures therefore contain a UDP-glucuronosyltransferase activity which is inducible
by the three different classes of inducers already known to exist for monooxygenase
activity in cell culture (2). Furthermore, substrates for UDP-glucuronosyltransferase(s)
do not appear to function as very efficient inducers of the transferase activity.

INTRODUCTION detoxification. Although the number of sub-

UDP-glucuronosyltransferase(s) (EC strate specificities of the transferases is
2.4.1.17) is a membrane-bound enzyme not delineated, this general class of enzymes

which functionally catalyzes synthetic re- can conjugate a variety of endogenous
actions involving conjugation during drug lipophilic compounds already containing an

. . appropnate substituent group as in hy-
Portions of this work were presented at the 1977 .

Fall Meeting of The American Society for Pharma- droxy or carboxy denvatives. On the other
cology and Experimental Therapeutics, Ohio State hand, certain lipophilic compounds may ac-
University, Columbus, Ohio and an abstract has ap- quire an oxygen-containing group by mem-
peared (1). brane-bound cytochrome P-450-dependent
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monooxygenase. Appropriately substituted
compounds are conjugated to glucuronic
acid and rendered more water soluble and
excretable. As enzyme systems in the drug-
metabolizing pathway of the endoplasmic
reticulum, both the monooxygenase(s) and
transferase(s) activities increase in vivo

after treatment with an inducer-compound
from two different classes (3-5). The con-
comitant or sequential rise in activities

after treatment with a single compound
suggests that a common signal or mediator
serves to maintain or enhance concerted

actions of the two enzymes.
The basis for the coordinate increase in

a monooxygenase and a UDP-glucurono-
syltransferase enzyme in drug metabolism
is not understood. Whether the two en-

zymes rise concomitantly or sequentially is
also not well documented. It is known that

both enzyme activities are induced by the
in vivo administration of either phenobar-
bital-like compounds (3, 4) or polycycic
aromatic hydrocarbon compounds (5).
Therefore, the possibility exists that the
production of certain BP’ phenols, for ex-
ample, by the monooxygenase and the con-
jugation of these phenols to inert species by
the UDP-glucuronosyltransferase may be
highly coupled through enzyme co-induc-
tion, thereby preventing extensive metab-

olism of the potentially carcinogenic BP
molecule by the monooxygenase system.
BP, a widespread contaminant of our en-

vironment, can be metabolized to carcino-
genic forms by monooxygenase activities
contained in many organs of the body.

Hence, it was of interest to examine in
detail the structural requirements of in-
ducer compounds and the various require-

C Abbreviations and short terms used are: BP,

benzo[a}pyrene; BA, benzo[a]anthracene; MC, 3-

methylcholanthrene; TCDD, 2,3,7,8-tetrachlorodi-

benzo-p-dioxin; PB, phenobarbital; AHH, aryl hydro-

carbon hydroxylase; transferase, UDP-glucuronosyl-

transferase; 1-OH-BP (and others), 1-hydroxybenzo-

[a]pyrene; BP-4,5-diol (and others), the BP derivative

with a trans-dihydrodiol in the 4,5-position; BP-1,6-Q

(and others), benzo[a]pyrene-1,6-quinone; 5-OH-BA

(and others), 5-hydroxybenz[a]anthracene; BA-5,6-

diol (and others), the BA derivative with a trans-

dihydrodiol in the 5,6-position; 11-OH-MC, il-hy-

droxy-3-methylcholanthrene, and PBS, phosphate

buffered saline.

ments for macromolecular syntheses during
the induction of 4-methylumbelliferone
UDP-glucuronosyltransferase activity in
cell culture and to compare the results with
inducer requirements for AHH (EC
1.14.14.2) activity (6).

MATERIALS AND METHODS

Materiabs. Tissue culture materials used

in this study were obtained from the
sources cited (7). BP, BA, cycloheximide,
fJ-glucuronidase and isoproterenol were

purchased from Sigma (St. Louis, MO); me-
tabolites of BP, BA and MC were obtained
from the National Cancer Institute Chem-
ical Repository (Bethesda, MD); actino-
mycin D was purchased from Calbiochem
(Los Angeles, CA); 4-methylumbelliferone
was from Aldrich (Milwaukee, WI); MC
was obtained from Eastman (Rochester,
N.Y.); TCDD was a gift from Dr. Alan P.
Poland, University of Wisconsin (Madison,
WI); and phenobarbital was from Merck
(Rahway, NJ). H-4-II-E, a rat cell line de-
rived (8) from Reuber hepatoma H-35, was
given to us by Dr. E. Brad Thompson,
National Cancer Institute (Bethesda, MD).

Methods. H-4-II-E Rueber cells, stored
at -80#{176},were returned to growth conditions
in 75-mm tissue culture flask with Eagles
minimal essential medium containing 10%
each of fetal calf and calf sera. For short
term experiments, cells were grown in 60
mm culture dishes. Water-soluble com-
pounds were dissolved in excess using Dul-
becco’s phosphate buffered saline, filtered
under sterile conditions, and diluted in the
growth medium to the appropriate concen-
tration. Compounds that were not readily
soluble in the growth medium were initially
dissolved in a minimal amount of acetone,
dimethylsulfoxide or ethanol and then
added to the growth medium. The amount
of organic solvent never exceeded 0.5%, a
level shown not to have a detectable effect
on the cells by light microscopy or by pro-
tein synthesis analysis. The concentration

of any polycyclic aromatic hydrocarbon
compound in the growth medium was es-
tablished as previously reported (7).

Treatment of cebis. Cells, plated at iO�
cells/mi and in logarithmic growth, were
treated with the appropriate inducer com-
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FIG. 1. Time course of induction of UDP-glucuronosyltran.sferase activity in H-4-II-E cells
Cells were treated with either 2.0 mM PB, 0.9 mM isoproterenol, 1.0 nM TCDD, 13 �.tM BP, 1.3 �sM BA, or 4

fLM MC. All cultures were changed to fresh inducer-containing medium after 48 hr of treatment. Activity was

determined for the acceptor activity of 4-methylumbelliferone as described under METHODS. In this figure and

in all subsequent figures, the symbols and brackets represent the mean and standard error, respectively, for at

least three different determinations assayed in duplicates.
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pound for varying periods of time. When
cells were treated sequentially with differ-

ent compounds, the cultures were washed
twice with cold PBS. If treatments contin-
ued longer than 48 hr, the medium was
replaced with fresh medium containing the
compound(s).

Preparation of cebb homogenate. Dupli-
cate plates of cells ready for assay were
washed and harvested in PBS and subse-
quently homogenized in PBS with a Kine-
matica Polytron (PCU-2 purchased from
Brinkmann). Protein concentrations were
determined by the method of Lowry et ab.
(9) with crystalline bovine serum albumin
as standard.

UDP-gbucuronosybtransferase assay.2

The transferase activity was assayed at 24#{176}
with 4-methylumbelliferone as the acceptor
substrate as previously reported (10). Flu-
orescence of 4-methylumbelliferone was de-
termined on a spectrofluorometer with the

2 Since the number of specific forms of UDP-glu-

curonosyltransferase enzymes is uncertain, in this pa-

per transferase refers only to the activity catalyzing

the glucuronidation of 4-methylumbelliferone. “Induc-

tion” denotes a net accumulation of enzyme activity

following exposure of the cells to various compounds.

Whether this increase represents increased protein

synthesis entirely, or whether decreased degradation

contributes to the net accumulation, remains to be

determined.

activation maximum at 358 nm and the
emission maximum at 450 nm. The rate of

transferase activity was linearly dependent
upon protein concentration between 0.150
and 0.350 mg of cell homogenate protein.
One unit of transferase activity is defined
as 1.0 nmole of 4-methylumbelliferone con-
jugated/min at 24#{176},calculated from the
decrease in fluorescence of 4-methylumbel-
liferone; specific activity is expressed as
units/mg of cell homogenate protein.

RESULTS

Vanous cell culture systems have been
used extensively to study the regulation
and induction of several different enzyme
systems (2, 11-15). Studies related to the
effect of many modifier compounds on reg-
ulatory mechanisms have been made pos-
sible by the practical aspects of being able
to manipulate and control chemical concen-
trations, exposure time, and toxicity in cell
culture. These kinds of controls are not
possible in in vivo studies. A number of
tissue culture established cell lines were
examined for transferase inducibiity. Fig-
ure 1 shows increases in 4-methylumbel-
liferone UDP-glucuronosyltransferase ac-
tivity in the H-4-II-E cell line by optimum
concentrations of different inducer com-
pounds. Activity after isoproterenol, phe-
nobarbital, BP, or BA treatment peaked at
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FIG. 2. Effect of BP and various metabolities of BP on UDP-glucuronosyltransferase activity in H-4-II-E
cells

UDP-GLUCURONOSYLTRANSFERASE ACTIVITY IN CELL CULTURE 953

All compounds were present at 13 �aM for 48 hr; CM represents control medium. Activity was determined as

described under METHODS.

48 hr, whereas the activity after exposure
to TCDD or MC continued to rise for at

least 72 hr. The most potent inducer,
TCDD, caused at least a 6-fold increase in
activity while each of the other compounds
induced transferase activity approximately
4-fold. Likewise, the UDP-glucuronosyl-
transferase activity in the Hepa-1 cell line
was induced by phenobarbital or BA. The

cell line contained a high basal level of
transferase activity and less than 2-fold in-
duction by BA (data not shown).

Since BP phenols generated by monoox-
ygenase activity are substrates for UDP-
glucuronosyltransferase activity, it was of
interest to determine whether the transfer-
ase substrates are more potent inducers of
the transferase activity than the native hy-
drocarbon. In Fig. 2, BP is shown to be a

superior inducer to the seven different BP
phenols, BP-9,10-diol, and BP-6,12-qui-
none. All the BP metabolites induced the
transferase approximately 2-fold or less, ex-
cept 12-OH-BP which gave slightly better
than 2-fold induction. Other metaboites of
BP and available metabolites of BA or MC
at the optimum concentration for the na-
tive compound did not induce transferase
activity (Fig. 3). It should be noted that the
phenols, 3-OH- and 9-OH-BP, formed met-
abolically in the highest amount did not
induce transferase activity.

Because the hydrocarbons appear to be

the best inducers of transferase activity, as
was similarly shown for AHH activity in

the H-4-II-E cell line (6), the relative in-
ducibility of transferase activity by BP and
the various metabolites of BP was com-

pared with the previously reported (6) in-
ducibility of the AHH activity by these
same compounds. Although the specific ac-

tivities and the induction levels differ for

the two enzymes, Fig. 4 shows that BP and
most of the BP metabolites that caused the
greatest enhancement of transferase activ-
ity also caused the greatest enhancement
of AHH activity. The 1-OH-, 2-OH-, 5-
OH-, 8-OH-, and 11-OH-BP and the BP-
9,10-diol were poor inducers of either trans-
ferase or AHH activity. On the other hand,
3-OH-, 6-OH-, 7-OH-, and 9-OH-BP, BP-
4,5-diol, BP-7,8-diol, BP-1,6-quinone, and
BP-3,6-quinone did not induce either en-

zyme activity. BP-6,12-quinone was a rela-
tively poor inducer of transferase activity
but was equally as potent as BP as an

inducer of AHH activity. The reasons mak-
ing any BP metabolite a particularly good
inducer necessarily depend on the structure
of the molecule as well as the capacity of
the cells to metabolize further the com-
pound by the monooxygenase system and/
or by synthesis to inert conjugates. The
data in Table 1 suggest that the cells can
conjugate certain substrates in situ.

Because phenobarbital and the hydrocar-
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FIG. 3. Effect of metabolities of BP, BA and MC on UDP-glucuronosyltransferase activity in H-4-II-E

cells
The metabolites were present at 13 �M for BP, 4 j�M for MC and 1.3 �LM for BA for 48 hr. CM represents

control medium. Activity was determined as described under METHODS.

Compound Transferase AHH

BP +++ 4+-f

1 HOBP * 4

2HOBP + +

3-HO-OP - -

4H0-BP +4 4+�

SHO BP 4 +

6-HO BP - --

7-HO BP - -�

8H0BP u 4

9H0BP -

if-lOSt’ + 4

12 HO BP ‘+ 4+4+

BP 4.5 D�oI -

BP 1,8 D�oI -
BP 910 D�ot + 4

HP 1.6 Quinonc -
BP 3.6 Quinone - -

BP 612 Qu�none + +4+

FIG. 4. Relative inducibility of UDP-glucurono-

syltransferase activity and AHH activity (6) in H-4-

II-E cell cultures by BP and metabolites of BP at

peak induction for either enzyme system
Transferase activity was assessed from data pre-

sented in Figs. 2 and 3 of this study, and AHH activity

was assessed from a previously reported study (6)

using this cell line. Three plus signs (+++) represent

the best inducer for the respective enzyme systems,

and two plus signs (++) and one plus sign (+) repre-

bons represent different classes of inducers
of drug-metabolizing enzymes (14, 16, 17)
the effect of giving combinations of these

compounds on the cells was examined for
additive effects on induction of the trans-
ferase activity. Figure 5 shows that any
combination of phenobarbital and an aro-
matic compound such as MC, BA or TCDD
caused more induction than either com-

pound alone at the optimal concentration.
Combinations of two aromatic compounds
did not cause additive transferase induc-
tion.

In several systems in which hormones
induce a specific enzyme or protein, the
increase in activity or protein level appears
to be mediated, at least in part, by an
increase in transcription of specific mRNA

and, ultimately, an increase in translation

of mRNA into specific protein (18, 19). Ev-
idence for transcriptional and translational

effects of TCDD treatment on transferase
induction is shown in Fig. 6. The rise in
transferase activity due to TCDD treat-

ment was progressively inhibited by either
exposure to increasing concentrations of ac-
tinomycin D or cycloheximide. Actinomy-
cin D or cycloheximide at the concentra-
tions used did not cause morphological
damage to the cells by light microscopy

sent progressively less induction. A negative (-) sign

represents the lack of induction of enzyme activity.
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TABLE 1

Conjugation of4-methylumbelliferone in cultured H-
4-II-E cells which are controls or TCDD-induced

H-4-II-E cells were either control cultures or in-

duced with 1.0 na� TCDD for 72 hr. To medium only,

control or TCDD-induced cells, either 0.046 mg/mi of

4-methylumbethierone (MU) or 4-methylumbelliferyl-

fl-D-glucuronide (MUG) was added for 5 hr. One ml

of MU- or MUG-exposed medium was adjusted to pH

4.6 with 0.1 M acetate buffer pH 4.6 and treated with

0.5 mg of f3-glucuronidase for 30 mm at 37#{176};4MU

fluorescence was determined as described under

METHODS. Loss of fluorescence indicates conjugation

of 4MU, and restoration of fluorescence by fl-glucu-

ronidase activity confirms the existence of a $-glucu-

4MU Conjugation in
Cell Culture

Medium alone +

4MU

Control cells + 4MU

TCDD-induced cells

+ 4MU

In Vitro Hydrolysis
oIMUG Formed in

Cell Culture

Medium + 4MU +

13-glucuronidase

Control cells + 4MU

+ f1-glucuronidase

TCDD-induced cells

+ 4MU + /?-glucu-

ronidase

In Vitro Hydrolysis

of MUG Added to

Cell Cultures
Medium + 4MUG

Medium + 4MUG +

/1-glucuronidase

Control cells +

4MUG + $-glucu-

ronidase

TCDD-induced cells

+ 4MUG ± fJ-glu-

curonidase

4-Methylumbel-
liferone fluores-
cence/cell pro-

tein

studies. Furthermore, it was possible to sta-
biize TCDD-induced transferase activity
by actinomycin D over a 10-hr period when
compared with that in control medium (Fig.
7). Cycloheximide treatment, alone or in

combination with actinomycin D, did not
stabilize induced activity.

Inhibition of induction by actinomycin D
suggests that mRNA synthesis is required

for the rise in transferase activity. It was of
interest to determine whether treatment
with TCDD would cause an accumulation

of induction-specific RNA under conditions
of reduced translation, i.e., in the presence
of cycloheximide. Figure 8 shows that ex-

posure of cells to 0.4 �LM actinomycin D
following a 12-hr pretreatment with TCDD
and 3.5 �LM cycloheximide caused a rapid
rise in transferase activity. This burst of
activity was not seen on exposure of pre-
treated cells to either TCDD or control
medium alone. Actinomycin D added to the
second phase of the experiment would allow
no further RNA synthesis to occur, but
translation of induction-specific RNA syn-
thesized during the 12-hr pretreatment pe-
nod could occur. Since in vitro studies of
Leinwand (20) indicate that actinomycin D
can stimulate translation of mRNA, it is

possible that the drug has a similar effect
on mRNA synthesized during the treat-
ment period with the inducer. In the ab-

sence of the increased pool size of mRNA
caused by TCDD and cycloheximide pre-
treatment, actinomycin D was inhibitory,
as is seen in Fig. 6.

The in vitro studies with cell homoge-
nates prepared from induced cells suggest
that there was an increase in the levels of
functional UDP - glucuronosyltransferase
activity. To verify that the cells were ac-
cumulating transferase activity which could

function in situ, we added 4-methylumbel-
liferone to control or TCDD-induced cul-
tures, and after 5 hr the quantity of 4-meth-
ylumbelliferyl-$ - D - glucuronide synthe-
sized by the two cultures was compared.
The TCDD-induced cells conjugated ap-
proximately twice as much 4-methylumbel-
liferone as control cultures (Table 1). The
partial restoration of fluorescence to the 5-
hr incubated medium by treatment with
j9-glucuronidase indicates that 4-methyl-

umbelliferyl-$-D-glucuronide was formed

by the intact cells.

DISCUSSION

In this study with the Reuber H-4-II-E
established cell line, the 4-methylumbel-
liferone UDP-glucuronosyltransferase en-
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carbon-induced monooxygenase activity tions.
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FIG. 5. Effect ofcombinations ofinducer compounds on UDP-glucuronosyltransferase activity in H-4-II-E

cells

Cells were exposed to 4.0 �zM MC, 1.3 ,iM BA, 1.0 imi TCDD or 2.0 mM PB alone or in combination with each

other for 48 hr. CM represents control medium. Activity was determined as described under METHODS.
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FIG. 6. Effect of various concentrations of actinomycin D or cycloheximide on induction of UDP-glucuron-

osyltransferase activity by TCDD in H-4-II-E cells

Actinomycin D or cycloheximide at the concentrations indicated was added simultaneously with TCDD.

Activity was determined as described under METHODS at the times indicated.

zyme is induced several fold by either cer-
tam polycyclic aromatic compounds, phe-
nobarbital, or isoproterenol. These com-
pounds represent the three classes of in-

ducers already shown to exist for induction
of cytochrome P-450-dependent monooxy-
genase activity in fetal rat liver cell cultures
(2, 14, 15) and in the H-4-II-E established
cell line (7). In the established cell line,
either phenobarbital- or an aromatic hydro-

was inhibited by a-napthaflavone and not

by metyrapone (21). Furthermore, Kano
and Nebert3 showed that either an optimal
concentration of phenobarbital or 3-meth-
ylcholanthrene stimulated the formation of
a protein band with a molecular weight of
55,000 dalton by analysis on SDS-poly-
acrylamide electrophoresis, and that the
combination of the two inducers had an

3 Kano, I. and D. W. Nebert, unpublished observa-



UDP-GLUCURONOSYLTRANSFERASE ACTIVITY IN CELL CULTURE

>

4

‘I)

5,

I.-

4

a,
(0

a,

4-

6 9

Hours of Treatment

FIG. 7. Effect ofactinomycin D and cycloheximide
on TCDD-induced UDP-glucuronosyltransferase ac-

tivity

All cells were exposed to TCDD for 48 hr followed

by a wash and returned to TCDD-containing medium

or transferred to control medium or medium contain-

ing 0.4 �M actinomycin D alone or 3.5 ,iM cyclohexi-

mide alone or a combination of the two inhibitors.

Cells were assayed as described under METHODS at the

times indicated.

_________ 6 12

12 hrs Pretreatment Hours of Treatment

FIG. 8. The effect of actinomycin D or TCDD on
UDP-glucuronosyltransferase activity in H-4-II-E
cells pretreated with T�DD and cycloheximide
Cells were exposed to 1.0 nM TCDD and 3.5 �LM cyclo-

hexirnide for 12 hr, washed with control medium, and

returned to TCDD alone or transferred to 0.4 �LM

actinomycin D or control medium (CM). Activity was

determined as described under METHODS at the mdi-

cated times.

additive effect on this same protein band.
The data suggest that in cell culture the
inducers are not stimulating the formation

of separate cytochrome P-450 as is known
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to occur in vivo, but each inducer is affect-

ing separate steps involved in the synthesis
of a single cytochrome P-450. The additive
effects on transferase induction by an aro-
matic compound and phenobarbital, but

not by two aromatic compounds, indicate
that the aromatic compounds and pheno-
barbital, similarly, are acting at different

leveLs to elicit induction of transferase ac-
tivity in cell culture. Whether the additive
effects on measured transferase activity
represent two separate transferase activi-
ties cannot be determined with the present
level of analyses of this class of enzymes.
These additive effects of two inducers on
the induction of either a single monooxy-
genase or transferase activity could result
from the two inducers positively affecting

different steps in either protein synthesis,

mRNA, and/or protein degradation.
Further, if one compares the potency of

the native aromatic compounds and their

metabolites as inducers of transferase activ-
ity with the potency of these same corn-
pounds used in a previous study concerning
induction of AHH activity (6) in H-4-II-E
cells, it becomes apparent that each corn-

pound is affecting both enzyme systems in
parallel, i.e., substrates of the transferase
such as phenolic compounds do not pref-

erentially induce transferase activity.
Moreover, the level of induction of AHH
activity is always higher than the level of

induction of transferase activity. The par-
allel in inducer requirements for transferase
and AHH activities suggests that the in-

duction processes for these two drug-me-
t.abolizing enzymes are coordinated through
a common mediator, at least in the case of
the aromatic compounds.

Since a cytosolic, high affinity aromatic
hydrocarbon receptor has been demon-

strated in the H-4-II-E cell line (22), it is
likely that both monooxygenase and trans-
ferase induction processes are mediated

through this receptor. Evidence for a recep-
tor for TCDD also has been demonstrated
by the uptake of radiolabeled TCDD by
liver of a hydrocarbon-responsive mouse
strain and the lack of the uptake by the
liver of a hydrocarbon-nonresponsive strain
(23). If induction of many enzymes or or-

gan-specific proteins by steroid hormones
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can serve as a model, one might expect to
find a similar sequence of events for induc-
tion of drug-metabolizing enzymes by aro-
matic hydrocarbon compounds. Specifi-

cally, steroid hormones are known to enter
target cells and to bind avidly to high affin-
ity receptor proteins to form inducer-recep-
tor complexes which undergo activation
and translocation into the nucleus. Inducer-
receptor complexes translocated to the nu-
cleus are shown to initiate specific mRNA
synthesis and ultimately increased IILRNA

translation into specific protein. Thus, the
co-induction of the AHH and transferase
enzyme systems by a single inducer sug-
gests that a single type of cytosolic inducer-
receptor complex may form and interact-
with different regions of chromatin with
different affinities. This would ultimately
allow induction of both enzymes-but such
a process could involve different rates and
different magnitudes. Such effects of an
estrogen-receptor complex on induction of
two different organ-specific proteins of the

oviduct have been demonstrated in studies
by Mulvihill et ab. (24).

Although most aspects of this model have
not been demonstrated for the aromatic

hydrocarbon induction of drug-metaboliz-
ing enzymes, the capacity of actinomycin D

to increase the appearance of transferase
activity (in cells previously exposed to
TCDD and sufficient cycloheximide to
block partially translational activity) mdi-
cates that mRNA synthesis is a critical
event in the induction process for transfer-
ase. This stimulatory action of actinomycin

D-when added after prior exposure to the
inducer, and compared with its inhibitory
action when added with the inducer-sug-

gests that transcriptional events are mi-
tiafly required for increased manifestation
of transferase activity by inducer com-
pounds. In contrast, the inhibitory action
of cycloheximide on transferase activity,
whether added simultaneously with the in-
ducer or to cells already TCDD-induced,
suggests that the induction process requires
protein synthesis continuously. The re-

quirements for both RNA synthesis mi-
tially and protein synthesis continuously
for the induction of either AHH activity
(14, 15) or the transferase activity may be

taken as evidence that critical transcrip-
tional and translational events involved are
most likely initiated by the interaction of
the hydrocarbon inducer-receptor complex

at different chromatin sites in inducible

cells.
On the other hand, mediation of both

induction processes by a single compound

may result from a direct action of the in-
ducer compound and not through the high
affinity, cytosolic receptor detected in the
studies with TCDD (22, 23). Since induc-
tion processes in these studies respond al-
most always in parallel, it is likely that a
common intervening entity exists to explain
the coupled response. It is also possible that
inducer compounds act directly to increase

the level ofa secondary messenger molecule
which will affect both AHH and transferase
activities. Since both induction processes
require RNA and protein synthesis, any

common mediator must necessarily act at
the level of the genome and not as enzyme
activators.

A specific cytosolic receptor for pheno-
barbital has not been demonstrated in cell
culture or in in vitro studies. Since pheno-
barbital does not displace specific binding
of TCDD to the aromatic hydrocarbon cy-
tosolic receptor from C57BL/6N mice,4 it is
assumed that phenobarbital induction is
mediated by a separate receptor or mech-
anism.

Glucocorticoid induction of UDP-glucu-
ronosyltransferase activity in organ cul-
tures prepared from rat fetal liver has been
shown (25) to require leucine incorporation
into protein. Thus, data presented here and
previously reported (25) indicate that de

novo synthesis is at least partly responsible
for the net accumulation of transferase ac-
tivity.

The significance of coordinated regula-
tion of monooxygenase and certain UDP-
glucuronosyltransferase activities (10) ap-
parently through a common entity is not
obvious, especially if one considers one
other crucial membrane-bound drug-me-
tabolizing enzyme, epoxide hydratase,
which is not coordinately induced with

4 Okey, A., G. P. Bondy, M. E. Mason, G. P. Kahl,

H. J. Eisen, T. M. Guenthner and D. W. Nebert,

unpublished observations.
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monooxygenase activity (26). It would be of
interest to compare co-induction of mono-
oxygenase and UDP-glucuronosyltransfer-
ase activities with the production and con-

jugation of metabolites of the toxic and
carcinogenic BP molecule in organs with
low transferase activity, because certain
major biochemically formed BP phenols
are known to be potentially mutagenic (27,
28� and DNA binding species (29, 30).

REFERENCES

1. Malik, N. and I. S. Owens. Studies on the require-

ments for induction of UDP-glucuronosyltrans-

ferase activity in the Reuber hepatoma H-4-II-

E established cell line. Pharmacologist 19: 151,

1977.

2. Gielen, J. E. and D. W. Nebert. Aryl hydrocarbon

hydroxylase induction in mammalian liver cell

cultures. J. Biol. Chem. 247: 7591-7602, 1972.

3. Vainio, H. Drug hydroxylation and glucuronida-

tion in liver microsomes by phenobarbital-

treated rats. Xenobiotica 3: 715-725, 1973.

4. Vainio, H. Enhancement of hepatic microsomal

drug oxidation and glucuronidation in rat by

1,1,1-trichloro-2,2-bis(p-chlorophenyl) ethane

(DDT). Chem.-Biol. Interactions 9: 7-14, 1974.

5. Aitio, A., H. Vainio, and 0. H#{228}nninen. Enhance-

ment of drug oxidation and conjugation by car-

cinogens in different rat tissues. FEBS Lett. 24:

237-240, 1972.

6. Kano, I., J. E. Gielen, H. Yagi, D. M. Jerina, and

D. W. Nebert. Subcellular events occurring dur-

ing aryl hydrocarbon hydroxylase induction: No
requirement for metabolism ofpolycyclic hydro-

carbon inducer. Mol. Pharmacol. 13: 1181-

1186, 1977.

7. Owens, I. S. and D. W. Nebert. Aryl hydrocarbon

hydroxylase induction in mammalian liver-de-

rived cell cultures. Biochem. Pharmacol. 25:

805-813, 1976.

8. Pitot, H. C., C. Peraino, P. A. Morse, Jr., and V.

R. Potter. Hepatomas in tissue culture com-

pared with adapting liver in vito. Nat. Cancer

Inst. Monogr. 13: 229-242, 1964.
9. Lowry, 0. H., N. J. Rosebrough, A. L. Fan, and R.

j. Randall. Protein measurement with the Folin

Phenol reagent. J. Biol. Chem. 193: 265-275,

1951.

10. Owens, I. S. Genetic regulation of UDP-glucuron-

osyltransferase induction by polycyclic aromatic

compounds in mice. J. Biol. Chem. 252: 2827-

2833, 1977.

11. Tomkins, G. M., T. D. Gelehrter, D. Granner, D.

Martin, Jr., H. H. Samuels, and E. B. Thomp-

son. Control ofspecific gene expression in higher

organisms. Science 166: 1474-1480, 1969.

12. Alescio, T. and A. A. Moscona. Immunochemical

evidence for enzyme synthesis in the hormonal

induction of glutamine synthetase in embryonic

retina in culture. Biochem. Biophys. Res. Corn-

rnun. 34: 176-182, 1969.
13. Cox, R. P., N. K. Gosh, K. Bazzell, and M. J.

Griffin. Hormonally induced modification of

HeLa alkaline phosphatase with increased cat-

alytic activity, in Isozymes I: Molecular Struc-

ture (Markert, C. L., ed.). Academic Press, San

Francisco, 1975, 343-365.

14. Gielen, J. E. and D. W. Nebert. Aryl hydrocarbon

hydroxylase induction in mammalian liver cell

culture. I. Stimulation of enzyme activity in

nonhepatic cells and in hepatic cells by pheno-

barbital, polycyclic hydrocarbons, and 2,2-bis(p-

chlorophenyl)-1,1,1-trichloroethane. J. Biol.

Chern. 246: 5189-5198, 1971.

15. Nebert, D. W. and J. E. Gielen. Aryl hydrocarbon

hydroxylase induction in mammalian liver cell

culture. II. Effects of actinomycin D and cyclo-

heximide on induction processes by phenobar-

bital or polycyclic hydrocarbons. J. Biol. Chern.

246: 5199-5206, 1971.

16. Gillette, J. R. Factors that affect the stimulation

of the microsomal drug enzymes induced by

foreign compounds. Adv. Enzyme Regul. 1: 215-

223, 1963.

17. Conney, A. H. Pharmacological implications of

microsomal enzyme induction. Pharmacol. Rev.

19: 317-366, 1967.

18. Means, A. R., J. P. Comstock, G. C. Rosenfeld,

and B. W. O’MaIley. Ovalbumin messenger

RNA of chick oviduct: Partial characterization,

estrogen dependence, and translation in vitro.

Proc. Nat. Acad. Sci. U.S.A. 69: 1146-1150,

1972.

19. Nickol, J. M., K. Lee, and F. T. Kenney. Changes

in hepatic levels of tyrosine aminotransferase

messenger RNA during induction by hydrocor-

tisone. J. Biol. Chern. 253: 4009-4015, 1978.

20. Leinwand, L. and F. H. Ruddle. Stimulation of in

vitro translation of messenger RNA by actino-

mycin D and cordycepin. Science 197: 381-383,

1977.

21. Owens, I. S. and D. W. Nebert. Aryl hydrocarbon

hydroxylase induction in mammalian liver-de-

rived cell cultures. Stimulation of cytochrome

P,-450-associated enzyme activity by many in-

ducing compounds. Mol. Pharmacol. 11: 94-

104, 1975.

22. Guenthner, T. M. and D. W. Nebert. Cytosolic

receptor for aryl hydrocarbon hydroxylase in-

duction by polycyclic aromatic compounds. J.

Biol. C/tern. 252: 8981-8989, 1977.

23. Poland, A., E. Glover, and A. S. Kende. Stereospe-

cific, high affinity binding of 2,3,7,8-tetrachlo-

rodibenzo-p-dioxin by hepatic cytosol. J. Biol.



960 MALIK, KOTEEN AND OWENS

C/tern. 251: 4936-4946, 1976.

24. Mulvihill, E. R. and R. D. Palmiter. Relationship

of nuclear estrogen receptor levels to induction

of ovalbumin and conalbumin mRNA in chick

oviduct. J. Biol. Chern. 252: 2060-2068, 1977.

25. Wishart, G. J., M. A. Goheer, J. E. A. Leakey, and

G. J. Dutton. Precocious development of uridine

diphosphate glucuronosyl transferase during or-

gan culture of foetal rat liver in the presence of

glucocorticoids. Biochem. J. 168: 249-253, 1977.

26. Oesch, F., N. Morris, J. W. Daly, J. E. Gielen, and

D. W. Nebert. Genetic expression of the induc-

tion of epoxide hydrase and aryl hydrocarbon

hydroxylase activities in the mouse by pheno-

barbital or 3-methylcholanthrene. Mol. Phar-
macol. 9: 692-696, 1973.

27. Owens, I. S., G. M. Koteen, and C. Legraverend.

Mutagenesis of certain benzo[a]pyrene phenols

in vitro following further metabolism by mouse

liver. Biochern. Pharrnacol. 28: 1615-1622,

1979.

28. Wood, A. W., W. Levin, A. Y. H. Lu, H. Yagi, 0.

Hernandez, D. M. Jerina, and A. H. Conney.

Metabolism of benzo(a)pyrene and ben-

zo(a)pyrene derivatives to mutagenic products

by highly purified hepatic microsomal enzymes.

J. Biol. Chem. 251: 4882-4890, 1976.

29. Owens, I. S., C. Legraverend, and 0. Pelkonen.

DNA binding of 3-hydroxy- and 9-hydroxy-

benzo[a]pyrene following further metabolism by

mouse liver microsomal cytochrome P�-450.

Biochern. Pharmacol. 28: 1623-1629, 1979.

30. Vadi, H., J. Bengt, and S. Orrenius. Recent studies

on benzo(a)pyrene metabolism in rat liver and

lung, in Polynuclear Aromatic Hydrocarbons:

Chemistry, Metabolism and Carcinogenesis

(Freudenthal, R. I. and P. W. Jones, eds.). Raven

Press, New York, 1976, 45-61.




