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SUMMARY

The relative abilities of benz[a]anthracene, 3-methylcholanthrene (3MC), and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) to induce aryl hydrocarbon hydroxylase (AHH) in
C3H/10T1/2 mouse fibroblasts were studied. Benz[a]anthracene (13 um, 24-hr exposure)
was found to be the most effective inducer of the three compounds; it elicited an 8- to 11-
fold increase in AHH activity. No induction was seen after exposure of the cells to 13 um
3MC, and exposure to 0.1 um TCDD elicited only a 2-fold increase in AHH activity. The
rank order of inducible AHH levels in C3H mouse liver microsomes was exactly reversed
when these same three compounds were administered to intact C3H mice, the strain from
which these C3H/10T1/2 cells were originally derived. In C3H/10T1/2 cell cultures,
increasing concentrations of 3MC were able to suppress totally the induction seen with 13
pM benz[a]anthracene alone in a dose-related manner (3MC IDs, = 0.26 um). A signifi-
cantly higher concentration of 3MC was required to suppress induction when 26 pum
benz[a]anthracene was added to the medium (3MC IDs, = 0.56 uM). The extent to which
these ligands compete at the Ah receptor required for AHH induction was examined by
sucrose density gradient analysis of a [’H]TCDD receptor in C3H/10T1/2 cell and C3H
liver cytosols. Stereospecific, saturable [PH]TCDD receptors were found in both cytosol
fractions, and in both cases a 100- to 130-fold excess of benz[a]anthracene, 3MC, or
tetrachlorodibenzofuran totally abolished [PH]TCDD binding. Cytotoxicity studies re-
vealed more than 98% loss of viability in cells treated with 13 um 3MC. Partial inhibition
by carbon monoxide of the cytochrome P-450 oxidation of 3MC in the cells resulted in a
3-fold induction in AHH by 3MC. These data indicate that 3MC binds to the Ah receptor
in C3H/10T1/2 cells and can act as an inducer of AHH activity. However, under the
normal circumstances in which 3MC metabolism is not suppressed by carbon monoxide,
3MC is converted to a cytotoxic derivative(s) which Kkills the cells and thus prevents a

normal induction response.

INTRODUCTION

Polycyclic aromatic hydrocarbons, such as 3MC' and
BA, as well as halogenated aromatic hydrocarbons, such
as TCDD and certain of its structural analogues, have
been shown to induce microsomal cytochrome P-450
monooxygenation in essentially every rodent and human
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rodibenzo-p-dioxin; TCDBF, 2,3,7,8-tetrachlorodibenzofuran; IDso, con-
centration which gives 50% inhibition of a response; Hepes, 4-(2-hy-
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tissue which has been examined (1, 2). The ability of
these compounds to induce AHH and other associated
enzyme activities (3), as well as to induce two TCDD-
associated toxic responses (4), is highly correlated with
the presence of a cytosolic receptor which displays ste-
reospecific, saturable binding of these compounds (5, 6).
The Ah locus is presumed to be the structural gene for
this receptor (5, 7). The cytosolic protein receptor, once
occupied, shows time- and temperature-dependent trans-
location to the cell nucleus (7-9) and non-covalent asso-
ciation with DNA (10). The ability of a compound to
initiate an inductive or toxic response at the Ah locus is
closely correlated with the ability of the compound to
occupy the cytosolic receptor (2, 4, 5). This ligand-recep-
tor relationship has been demonstrated for several struc-
turally dissimilar ligands which possess different affini-
ties for the same cytosolic receptor (4, 5), as well as for
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dissimilar cytosolic receptors in “Ah-responsive” and
“Ah-nonresponsive” mice which have different affinities
for the same ligand (4, 5).

Several reports have indicated cell culture systems in
which increases in AHH and cytochrome P-450 are ob-
served when an appropriate inducing agent is added to
the culture medium. These culture systems (11) as well
as the induction mechanism studies done with them (12)
have been reviewed as indicated. The induction of cyto-
chrome P-450 monooxygenase reactions has been de-
scribed in primary fibroblast cultures derived from ro-
dents or humans (13-16) as well as in stable embryonic
mouse fibroblast cell lines (17-19). In each of the fibro-
blast cell cultures cited above, 3SMC was reported to be
either non-effective or minimally effective in inducing
monooxygenase activity, whereas in the same cell popu-
lations, concentrations of BA variably optimized between
9 and 13 um have proven highly effective in inducing 5-
to 20-fold increases in AHH or cytochrome P-450 (13-20).
A representative cell line exhibiting this phenomenon is
the 10T'1/2 fibroblast cell line, which was originally de-
rived from disaggregated C3H mouse embryos (21) and
which has since become a commonly used model for
analysis of chemically induced in vitro neoplastic cell

transformation (18, 22). As we have previously reported:

(19), 3MC is ineffective in inducing AHH in these
10T1/2 fibroblasts, and yet sizable increases (12- to 22-
fold) in AHH activity and cytochrome P-450 content are
observed after a 24 hr exposure to BA. Recent reports
(18-22) also indicate that the frequency with which these
cells are transformed in the presence of a standard sub-
strate such as BP is highly dependent upon the prior
induction achieved with BA treatment. As mentioned,
these cells were derived from embryonic C3H mice (21);

this strain of inbred mice has been previously shown (20).
to be “responsive” to the inducing effects of both 3MC"

and TCDD in all of the C3H mouse tissues which were
examined.

In this work, we examine the reasons for this disparity
between the inducing effects of 3MC and BA in 10T'1/2
cells and C3H mice, using BA-3MC competitive induc-
tion experiments, cytosol receptor analysis, and cytotox-
icity determinations.

MATERIALS AND METHODS

Chemicals. Chemicals and materials were obtained
from the following sources: BA, dextran, NADP, glu-
cose-6-phosphate, glucose-6-phosphate dehydrogenase,
Hepes, EDTA, and dithiothreitol from Sigma Chemical
Company (St. Louis, Mo.); 3MC from Tridom Chemicals;
Inc. (Hauppauge, N. Y.); BP from Aldrich Chemical
Company (Milwaukee,. Wisc.), recrystallized from
ethanol before use; [’HJTCDD (39 Ci/mmole), TCDBF,
and TCDD were the generous gift of Dr. Alan Poland,
McArdle Laboratory for Cancer Research, University of
Wisconsin; activated charcoal (PX21) was a generous gift
of Amoco Research (Chicago, Ill.); sucrose from
Schwarz/Mann (Orangeburg, N. Y.); glycerol from Fisher
Scientific Company (Fairlawn, N. J.); trypsin, Fungizone,
penicillin-streptomycin, BME, and fetal bovine serum
were obtained from Grand Island Biological Company
(Grand Island, N. Y.).
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Cells and cell culture. The establishment and charac-
terization of the C3H/10T1/2CL8 cell line (referred to
here as 10T'1/2 cells) has previously been described (21);
the cells for these experiments were kindly supplied by
Dr. Charles Heidelberger, University of Southern Cali-
fornia. Cells to be assayed for AHH activity were grown
in 5% CO. at 37° in 100-mm dishes (Falcon) containing
20 ml of BME supplemented with 10% fetal calf serum,
penicillin-streptomycin (80 units, 80 pg/ml), and Fungi-
zone (2 pg/ml). Cultures were induced with hydrocarbons
for 24 hr and then harvested in the following manner:
the medium was removed and the cells were rinsed with
phosphate-buffered saline (137 mm NaCl/2.7 mm KCl/
8.1 mM Na,HPO,/1.5 mm KH,PO,, pH 7.2); the cells
were then scraped in the absence of trypsin and centri-
fuged at 100 X g for 10 min. The cell pellet was resus-
pended in phosphate-buffered saline (4°) to a final vol-
ume of 0.5 ml. The cells were then sonicated on ice
(microtip, 2 setting, Branson sonifier, 10 sec). AHH ac-
tivity was determined by measuring fluorescence at 396-
nm excitation and 522-nm emission by the method of
Nebert and Gelboin (23), except that 2 ml of the hexane
phase were extracted with 2 ml of 1 N NaOH.

Mouse liver microsomes and cytosol. C3H mice re-
ceived i.p. injections of BA or 3MC (80 mg/kg) in corn
oil or TCDD (10 pg/kg) in p-dioxane, or were untreated
(control), and then were killed after 40 hr for the prepa-
ration of liver microsomes by our previously described
procedure (24); aliquots of the microsomal suspension
were frozen in liquid nitrogen and subsequently assayed
for AHH activity.

For preparation of mouse liver cytosol, livers from
untreated C3H mice were perfused in situ with 4°
HEDG/KCI buffer (25 mm Hepes/1.5 mm EDTA/1 mm
dithiothreitol/10% glycerol/100 mm KCl, pH 7.2) and
then minced and homogenized (Teflon-glass) in 5 vol-
umes of the same buffer. The supernatant of a 10,000 X
£ (15 min) centrifugation was centrifuged at 105,000 X g
for 60 min. The protein concentration of the supernatant
cytosol was determined (25) with bovine serum albumin
as the standard. The cytosol was used immediately to
measure [PHJTCDD binding, because freezing prior to
the binding assay promoted receptor aggregatlon

Cell cytosol. Roller bottles (850 cm?, Corning) contain-
ing approximately 25 x 10° 10T1/2 fibroblasts were
rinsed and scraped in the presence of 4° phosphate-
buffered saline; cells were pelleted at 1,000 X g for 10
min. The washed cell pellet was resuspended in 4°
HEDG/KCI buffer at approximately 5 X 107 cells/ml.
The cells were then sonicated (microtip, 2 setting, Bran-
son sonifier, four 15-sec bursts, 30 sec between bursts)
until all cells were lysed as evidenced by microscopic
examination. The 10,000 X g (15 min) supernatant was
further centrifuged at 105,000 X g for 60 min. The result-
ing supernatant (cytosol) was used for protein determi-
nation and immediate [’H]TCDD receptor binding anal-
ysis.

Sucrose density gradient analysis. Cytosol (1 ml) (10
mg of protein) was treated in vitro with 1 nM [*(H]TCDD
(added in 10 ul of p-dioxane) either alone or in the
presence of 100 nm TCDBF, 130 nm BA, or 130 nm 3MC
for 1 hr at 4°. Unbound and loosely bound [°H]TCDD
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was remoaved by adding the 1-ml samples to dextran-
charcoal pellets (10 mg of charcoal, 1 mg of dextran
pelleted from HEDG/KE) huffer). The dextran-chareoal
pellets were resuspended on a Vortex mixer and the
samples were incubated for 18 min at 4° before the
charcoal-dextran was removed by centrifugation at 2,000
X g for 20 mip- Ahgquots (0.6 ml) of supernatant were
lavered onto hinear (8%-20%) sucrose density gradients
E{@pmd in HEBG/KO! buffer. The gradients were cen:
Fifuged at 4° for 16 hr at 48,000 rpm 10 3 Beckman SW

80.1 roter. After centrifugation, 4 Mﬁ}lﬂﬂﬁ from each
gﬂdwm, were eollected inte mini-scintillation wvials. Ra-

gactivity 1n each fraction was determined by hqud
scintillation counting and corpected for counting effi-
cieney. In experiments to determine an ﬂBBFQHﬂ% sed-
imentation coefficient for the radigactive peak, BSA (4.6
S) and catalase (11.3 8) were used as internal sedimen-
tation markers. -

Carbon mepaxide experiments. Separate gas-flow me-
ters, attached to either O or Oz evlinders, were cop-
nected to & commen manifeld, and the 60/0: gas mix-
tures in the combined effluent were determined fFom the
readinge of the individually calibrated flow rates. Indue-
mﬁﬁsﬂﬁ were édd@d ta pre-confluent 1071/3 cultures
n T8 flasks (Falcon), senmgﬂ ml BME and 10%
FE8, and the flasks were immediately gassed with 4 flask
volumes of the apprapriate gas mixture; the gas stream
was filtered thysugth g 0.3-uM Millipore filter. Immedi:
ately after gassing, the flask caps were tightly sealed, and
the flaske were eubated ip the dark for 24 hr gt 37¢
prigr to cell harvest for AHH and cytotexicity determi:
Ratiops. For determination of CO nhibitien of AHH
aetivity iR liver mieresomal re%mtmﬁ, incubationg
witheut micresemes of substrate (BB) were bubbled with
the aggmpnm £6/6: mixture for 3 min; micresomes
and were then added and the sealed tubes were
mt;uh,&gﬂed in the dark for 3 min te determine AHH
activity.

Cxiotaxicity determination. Monolayers of 10T1/2
cells, after a 24-hr exposure to the indicated inducing
agent, were trép.&me and the cell number was deter-
mipe umaas Soulter counter (Model ZB1). Fresh BMB/
10% FOS (2 ml) (witheut inducers) con g either 3000

oF 4000 control oF inducer-treated cells was added to d

replicate wells of a 24-well cell culture plate (Linbro).
‘Fhe plates were ncubated at 37° for 4-8 davs In &
humidified 8% CO: atmosphere. The subconfluent cul:
tures in each well were then trypsinized and the Gﬁg
SUSpension was munltsd: Fhe number of cells n the wells
containing contral ewltures (i.e., 1071/3 cells untreate

Figr to seeding into wells) typically increased 10- tg 15

Id over the 5-day growth period. Cell numbers Jess than

the eantrols were Indicative of the degree of hydracarbon 1

toxicity induced in the cells prior to seeding.
RESULTS

Characterization of AHH nduction in 10F1/2 eyi-
tures. The level of induction which ig achieved by BA
treatment during any single 24-hr peried of 1071/2 cell
ﬁewth was found to vary with the age of the eell culture

1g: 1) Bach day after seeding, 13 yM BA was added to
specific dishes, and 24 hr later the treated and control

d 313 ‘1

) ¢
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’Fm. 1 Inducibitity of AHH activigy during the growsh of 10F1/3

eedf

_ Dishes (100 mm) were seeded with 0.1 10° cells. Bach day, three
dishes were treated with 13 yd BA dissalved in acetone, and twe dishes
were treated with acetene alone at a final concentration of 0.3%. After
24 by, eells were harvested, counted. and assayed for AHH activity as
described under Materials and Methods. O- - -0, Control AHH activ-
iy A4, BA-indueed AHH aetivity, O-:-:-O, number of cells per
100-mm dish. Errer bars indicate the mean and standard deviation of
three analyses from three dishes.

dishes were analvzed for cell number and AHH activity.
The Jrsﬁtw@.st nduction (13- to 15-fold) was always seen
in cultures which entered confluence during the 24-hr
BA treatment period. Typically, cells reached confluence
on day 4-8 (Fig. 1), but sccasionally on day 8-6 h@ngg
the somewhat greater variation m induced AH{:i levels

uring these two time perigds. After confluence, induced
. activity was greatly reduced. This cell depsity-
dependent inductisn phenomenon has been previously
observed by ps and ofhers in 1071/2 (18, 26), 373 (17),
and human fibreblast” cultures. To maximize our sens)-
tity to induction, all subseguent studies were done with
the inducer added on day 4 and the cells harvested on

ay 8.

Eomparison of AHH induction in 10T1/2 cells and
O3H meuse hvers. The 1071/2 cells used represent a
cloped cell line originally derived from a8 C3H meuse
embrye (21). Because of past observations showing that

ME was ineffective as an indueer 1 1671/2 (18, 19) apd

7} cells, in comparison to the prensunced Inducing
effect of BA, we wanted to compare the relative Inducing
abilities of ims two agente as well as TEDD in bath the
0711/2 cells and the parent 63H mice. The results in
Fig. 3 clearly indicate that, although BA treatment
vielded a 9.1-fold AHH increase in the 10T1/3 cells, 3ME€
was ineffective and TEBD gave oply a 3.0-fold increase.
In the C3H mice, the rank-ordered levels of induced Liver
g A A e et o

: effective than 9-fold) in induein )
T e L naucing ALY

*D. Ha and W- Fahl, unpublished ahservation.
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F16. 2. Comparison of the levels of AHH activity induced in C3H/10T1/2 cells and C3H mouse liver by aromatic hydrocarbons

C3H/10T1/2 cells: Dishes (100 mm) were seeded with 0.1 X 10° cells. On day 4 postseeding, three dishes were treated with 13 um BA, 13 um
3MC, 0.1 uM TCDD, acetone, or p-dioxane. After 24 hr, the cells were harvested, counted, lysed, and assayed for AHH activity as described under
Materials and Methods. C3H mouse liver: C3H mice received i.p. injections of BA or 3MC (80 mg/kg) in corn oil or TCDD (10 pg/kg) in p-
dioxane and were killed 40 hr later for preparation of liver microsomes. Microsomal incubations (0.1 mg/ml) were carried out for 3 min as

described under Materials and Methods.

Simultaneous addition of BA and 3MC to 10T1/2
cultures. In order to determine whether the ineffective
inducer, 3MC, was capable of competitively interacting
with BA in the 10T'1/2 cells, increasing amounts of 3SMC
were added to dishes along with the standard amount of
BA (13 uM). The results in Fig. 3 indicate that SMC was
capable of totally blocking the normal BA-induced in-
crease in 10T1/2 AHH activity (3MC IDs, = 0.26 um).
By doubling the concentration of BA initially added to
the cells (26 um), the 3MC IDs, was then also doubled to
0.56 uMm (Fig. 3).

Ah receptor ligand-binding characteristics in 10T1/2
cell and C3H mouse liver cytosols. The above results
suggested a competitive inhibition of BA induction by
3MC in the 10T1/2 cells, whereas a sustained maximal
induction in liver AHH was seen when BA and 3MC
were administered together to C3H mice (data not
shown). In order to clarify the seemingly contradictory
antagonist-agonist roles of 3MC in the cell culture and
mouse liver systems, we examined the relative abilities
of 3MC and BA to occupy the Ah receptor in cytosols
prepared from both 10T1/2 cells and C3H mouse livers.
In the absence of available [°’H]BA for ligand binding
studies, [PHJTCDD was used, and we then determined
whether each of the ligands of interest (i.e., SMC, BA, or
TCDBF) was capable of displacing the radiolabeled li-
gand, and thus by inference of occupying the receptor in
the cell culture or mouse liver cytosols.

Incubation of isolated cytosol from 10T1/2 cells with
1 nM [*H]JTCDD for 1 hr at 4° produced a ligand-receptor
complex which, after charcoal-dextran treatment, was
identifiable by sucrose density gradient analysis (Fig. 4).

9 BA-NDUCED AHH ACTMTY
8 3 8

n
o

L1 el 1

1 lllllll 1

0.01 0.10 1.0 10
LOG 3MC CONCENTRATION (uM)

Fi1G. 3. Inhibition of AHH induction by BA in 10T1/2 cells as a
result of simultaneous 3MC addition

Dishes (100 mm) were seeded with 0.1 X 10° cells. On day 4 postseed-
ing, the dishes received either BA alone or BA with increasing concen-
trations of 3MC, 13 um BA (A——A), or 26 um BA (O——O0). After 24
hr, the cells were harvested, counted, lysed, and assayed for AHH
activity as described under Materials and Methods. Error bars indicate
the mean and standard deviation of three assays on three dishes. BA-
induced (100%) AHH activity equals 2.6 pmoles of 3-OHBP/10° cells/
min; control (0%) AHH activity equals 0.3 pmole of 3-OHBP/10° cells/
min.
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F16. 4. Sucrose density gradient detection of a specific, high-affin-
ity TCDD receptor in cytosols from C3H/10T1/2 cells and evidence of
ligand competition

Ten milligrams of 10T1/2 cell cytosol protein were incubated with
1 nM [*"H]TCDD in a 1-ml incubation in the absence or presence of
additional ligands at the specified concentrations. Incubations were
carried out for 1 hr at 4°. Unbound [*"H]TCDD was removed by
charcoal-dextran incubation and centrifugation; the supernatant was
applied to linear 5%-20% sucrose gradients prepared with HEDG buffer
containing 100 mM KCl. The positions of the internal sedimentation
markers, BSA (4.6 S), and catalase (11.3 S) are indicated in the top
gradient.

Parallel sucrose density gradients containing BSA and
catalase or hemoglobin and catalase indicated a sedimen-
tation coefficient of 7-8 S for the 10T'1/2 receptor, similar
to that previously reported for mouse liver and cells (9,
27) and observed by us with C3H mouse liver cytosol
(data not shown). If incubations containing 10T1/2 cy-
tosol and 1 nM [PH]TCDD also received BA (130 nm),
3MC (130 nm), or TCDBF (100 nM), then each of the
three unlabeled compounds was able to displace the

stereospecifically receptor-bound [PH]TCDD in both the
10T'1/2 cell cytosol (Fig. 4) as well as in the C3H mouse
liver cytosol (Table 1). This would indicate that all four
of these compounds are ligands for the Ah receptor in
both the 10T1/2 cells and C3H mouse livers, and as such
might be expected to initiate the Ah receptor-mediated
induction response in both systems (5, 28).
3MC-induced loss of cell viability. 3-MC, which has
been used to initiate the transformation of 10T'1/2 cells
in culture, has also been shown to be cytotoxic in these
cultures (18, 21). This might be particularly true within
the 24-hr period which was selected here (Fig. 1) for
maximal induction of a polycyclic hydrocarbon-metabo-
lizing cytochrome P-450 species (i.e., catalyzing 3-OHBP
formation) which probably also mediates the oxidation
of 3MC to potentially toxic hydroxyl, epoxide, or dihy-
drodiol-epoxide metabolites (29). The results of Fig. 5
indicate that 13 uM BA alone is not toxic to these cells;
however, when 3MC is also added to these dishes, a dose-
dependent loss in cell viability is seen which reflects the
dose-dependent loss in the ability of BA to induce AHH
in these cells. The 3MC-induced loss in the ability of
these cells to grow occurs at a slightly lower concentra-
tion (IDso = 0.20 um) than the 3MC-induced loss in ability
to induce AHH maximally (IDs, = 0.32 um) (Fig. 5).
Inhibition of 3MC cytotoxicity. If cytotoxic 3SMC me-
tabolites were rendering the cells incapable of responding
to the 3MC or BA-occupied Ah receptor in 10T1/2 cells,
then inhibition of the cytochrome P-450-mediated oxi-
dation of 3MC should result in AHH induction in the
presence of 3SMC. Experiments in which 7,8-benzoflavone
or metyrapone was added with 3MC to the cell culture
medium, at concentrations shown to give greater than
90% inhibition of liver microsomal AHH, were unsuc-
cessful inasmuch as these compounds were either cyto-
toxic or inducers themselves, thus preventing any conclu-
sions about associated 3MC effects. Poland and Kappas
(30) previously showed that a CO content of 83% in the
atmosphere above monolayer cell cultures was capable
of producing a significant inhibition of aminopyrine me-

TABLE 1
Polycyclic hydrocarbon competition with [*H}TCDD for binding to
the Ah receptor in C3H mouse liver cytosol

C3H mouse liver cytosol (2 mg) was incubated with 1 nm [PH]TCDD
in a 1-ml incubation (HEDG/KCI buffer) in the absence or presence of
additional ligands at the specified concentrations. Incubations were
carried out for 1 hr at 4°. Unbound [PH]TCDD was removed by
charcoal-dextran incubation and centrifugation. Aliquots (0.6 ml) of the
supernatant were removed and the radioactivity was measured. Values
shown represent the means of duplicate determinations.

Incubation Total [°H] Stereospecific
TCDD bound/ [*H]TCDD
2 mg of cytosol bound “/2 mg of
cytosol
dpm dpm
1 nM ["H]TCDD 6766 3281
1 nm [PH]JTCDD + 100 nm BA 4067 582
1 nM ["H]TCDD + 100 nM 3MC 3666 181
1 nM [*H]TCDD + 100 nMm TCDBF 3485 0

* Stereospecific binding (i.e., minus nonspecific binding) is defined
as those counts remaining in the presence of a 100-fold molar excess of
TCDBF.
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F1G. 5. Inhibitory effect of 3MC on AHH induction by BA in
10T1/2 cells: associated loss in cell viability

Dishes (100 mm) were seeded with 0.1 X 10° cells. On day 4 postseed-
ing, the dishes received either 13 um BA alone or 13 uMm BA with
increasing concentrations of 3MC. After 24 hr, the cells were trypsinized
and counted. Either 2000 or 4000 cells were seeded into replicate wells
of 24-well plates for cytotoxicity determination (see Materials and
Methods); the remaining cells from each dish were lysed and assayed
for AHH activity. Treatment v.1th 13 uM BA alone (100% AHH activity)
gave an AHH activity of 2.4 pmoles of 3-OHBP/10° cells/min; the
viability of these cells was equivalent to acetone controls (i.e., 100%
value).

tabolism by cytochrome P-450. The results in Fig. 6
indicate that CO/O; gas mixtures of 6:1 (i.e., 86% CO)
were capable of giving a 50-70% reduction in AHH activ-
ity catalyzed by the induced C3H mouse liver micro-
somes. A further increase in CO content to 95% of the
gaseous phase gave only marginally better inhibition of
the cytochrome P-450 oxidation of BP (60-75%), a value

which should be representative of the inhibition one

would expect for 3MC oxidation.

When 10T1/2 cell monolayers were exposed to 95%
C0O/5% O: alone for 24 hr, the atmosphere was shown to
be non-cytotoxic, and the AHH value obtained from the
single acetone/CO-treated flask was not significantly dif-
ferent from the acetone/air-treated flask (Fig. 7). In
addition, the data shown in Fig. 7 now allowed us to draw
certain conclusions regarding inducer effects: (a) BA was
effective in inducing AHH to similar levels in both of the
CO atmospheres and in the normal 95% air/5% CO.
atmosphere; (b) the viability of cells exposed to 3MC for
24 hr in air/CO; was extremely low (2%), and the viability
rose with increasing CO content in the atmosphere over
the. cell monolayers; and (c) as cells exposed to 3MC
retained viability, a concomitant induction of AHH was
now observable. In the 3MC-treated cells, the appearance
of the 3MC-induction response (in the 86% and 95% CO
flasks) occurred more rapidly than the appearance of
viability; this reinforces the results of Fig. 5, in which the
cells lost viability faster than AHH inducibility. Likewise,
under conditions (i.e., 3MC-95% CO/5% O flask) in
which we would anticipate a 50-70% inhibition of 3MC
oxidation in the 10T'1/2 cells (assuming similar CO inhi-
bition of a 3MC-oxidizing cytochrome P-450 isozyme;
Fig. 6) we do regain 51% of the induced AHH activity
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which is normally seen in the BA-air/CO, flask. This
suggests that 100% inhibition of the 3MC-metabolizing
cytochrome P-450 in these 10T'1/2 cells should then yield
a normal 3MC induction response equal in magnitude to
that seen with BA.

DISCUSSION

Several reports have shown that 3MC, while being an
effective inducer of cytochrome P-450-dependent AHH
in intact rodents, is incapable of eliciting AHH induction
in 10T1/2 and other commonly used rodent or human
cell cultures. In contrast, BA has been persistently ob-
served to elicit multifold induction of AHH in the same
cell culture models. Our interest in this work was to
probe this seeming disparity in agonist function for two
compounds which have previously been shown stereo-
specifically to bind to the mouse liver Ah receptor (5), a
receptor which has now been demonstrated to mediate
the induced expression of those genes regulated by the
Ah locus. Ligand binding studies using cytosol from both
10T1/2 cell cultures and C3H mouse livers indicate that
3MC, while inducing no increase in 10T1/2 AHH activity
(Fig. 2), was fully capable of occupying the 10T'1/2 cy-
tosol Ah receptor. However, cytotoxicity analysis of
3MC-treated 10T1/2 cell cultures indicated a striking
correlation between a 3MC-induced loss of cell viability
and a concomitant inability of the cells to mount an
induction response after exposure to 3MC (Fig. 5). Fi-
nally, after partially blocking 3MC-induced cytotoxicity
through cytochrome P-450 inhibition, SMC then induced
AHH in the 10T'1/2 cells to a level which represented
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Fi1G. 6. Inhibition of mouse liver microsomal AHH activity by
carbon monoxide

Liver microsomes were prepared from C3H mice that had previously
received injections of BA or 3MC (see Materials and Methods). Incu-
bations (1 ml) without microsomes or BP were gently bubbled with the
specified CO/O, mixtures for 2 min. Microsomes (0.1 mg) and substrate
(15 nmoles) were then added in small volumes, and the tubes were
sealed and incubated in the dark for 3 min. Control tubes were bubbled
with air prior to assay.
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Fi1a. 7. Effect of carbon monoxide on the inducing ability and cytotoxic effect of 3MC or BA in 10T1/2 cells

Flasks (T75) were seeded with 0.1 X 10° cells. On day 4 postseeding, cells were treated with 13 um BA, 13 um 3MC, or acetone. Immediately
after adding the hydrocarbons, the flasks were flushed with 4 volumes of the specified gas mixtures and tightly sealed. The flasks were incubated
in the dark at 37° for 24 hr; the cells were then trypsinized and counted. Cells were seeded into 24-well plates for cytotoxicity determination, and
the remaining cells from each flask were lysed and assayed for AHH activity. The inducing agent which was added to specific flasks for 24 hr is
indicated below the bar graphs. The patterned bars indicate the type of gas mixture which was present in the flasks during the 24-hr induction
period. The open bars indicate the percentage of cells in the flasks which were viable after the 24-hr induction period.

about 50% of the maximal achievable response normally
seen after BA treatment (Fig. 7).

TCDD, which was the most effective inducer of AHH
in the C3H mice, gave only a 2-fold increase in enzyme
activity in the cells over a range (107! to 107 M) of
TCDD concentrations in the medium (Fig. 2). The reason
for its marginal effect within the cell culture is unknown.
Knutson and Poland (31) reported a similar 2-fold AHH
induction under culture conditions (10~” M TCDD) in
which there was no evidence of any TCDD-associated
toxicity to the 10T1/2 cell cultures. However, Okey et al.
(32) found 5- to 7-fold increases in 10T'1/2 AHH activity
after TCDD exposure, suggesting that the low and vari-
able TCDD induction response may relate simply to cell
culture conditions or perhaps the relative affinity of
TCD{) for cell membranes or the plastic tissue culture
vessel.

Experiments in which 3MC was added to dishes con-
taining 13 uM BA showed that 3MC could block the BA-
mediated induction response in a dose-dependent man-
ner (Fig. 3). Doubling the starting BA concentration
resulted in an approximate doubling of the 3MC 1D,
(Fig. 3). Both the shape of the curves and the concentra-
tion-dependent displacement at first suggested to us that
3MC may be competitively displacing BA from the Ah
receptor in these cells and as such acting as a nonfunc-
tional ligand or as a BA antagonist. Figure 4 and Table
1 clearly show that both 3MC and BA are capable of
binding to the [PH]JTCDD receptor molecule in both
10T'1/2 and C3H mouse liver cytosol. However, the gen-
erality of this BA-3MC induction phenomenon (e.g. refs.
13-19), as well as the subsequent striking viability results,
has led us to favor rather an explanation involving 3MC
metabolite cytotoxicity as compared with our original

working hypothesis involving an aberrant receptor mol-
ecule in these cells, as well as all other cells (principally
mammalian fibroblasts) in which this BA-3MC phenom-
enon had been observed. Our results, however, do not
disprove the aberrant receptor hypothesis. We do not
know the relative binding constants for 3MC and BA at
the Ah receptor in the 10T'1/2 cells. Okey et al. (32) have
recently reported concentrations of 3MC and BA which
were caPable of displacing 50% of the stereospecifically
bound [’H]TCDD in 10T'1/2 cytosol fractions. Their data
indicated roughly a 10-fold higher receptor affinity for
3MC than for BA, relative affinities which are similar to
the values previously reported for C67BL/6J mouse liver
cytosol (5).

Results of the experiment shown in Fig. 6 strongly
implicated the formation of toxic 3MC derivatives as a
cause for the lack of AHH inducibility, and suggested
that in the absence of these metabolites SMC may well
act as an inducer of AHH activity. By using CO, a well-
characterized inhibitor of cytochrome P-450-mediated
oxidations, we were able to maintain reasonable cell
viability in the presence of 13 um 3MC and to identify a
3- to 6-fold increase in 10T'1/2 AHH activity. The high
viability values and the full BA induction of AHH which
was achievable in the presence of 96% CO indicated that
CO itself had no effect on these cell processes and thus
allowed observation of the 3MC induction response.

The ability of BA but not 3MC to act as an inducer of
AHH activity, which appears to be generally observable
in most rodent and human fibroblast cultures, clearly is
not seen among essentially all tested primary hepatocyte
and hepatoma cultures. In these cultures, we (33) and
others (34-36) have routinely observed the ability of
3MC to induce cytochrome P-450 and the associated
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monooxygenase activities. Laine et al. (37) have also
recently shown that 3MC can induce AHH in primary
fetal liver cells derived from C3H mouse fetuses. Given
the above observations, one could ask why in the hepa-
tocyte populations the Ah receptor-mediated induction
response predominates over any 3MC cytotoxic response,
whereas in fibroblast cultures (e.g., 10T'1/2) the cytotoxic
response is predominant. These findings are in agreement
with earlier tumorigenicity experiments in which 3MC
induced 99% fibrosarcomas with no hepatomas when
injected into C3H mice (38). Comparative studies of
cellular nucleophile concentrations and conjugation en-
zyme levels in fibroblast and hepatocyte populations may
provide evidence that explains the reason for the organ
specificity of 3MC toxicity.

REFERENCES

1.

8.

10.

11

12

13.

14.

15.

16.

17.

Nebert, D. W, and N. M. Jensen. The Ah locus: genetic regulation of the
metabolism of carcinogens, drugs and other environmental chemicals by
cytochrome P450 mediated monooxygenases. CRC Crit. Rev. Biochem.
6:401-437 (1979).

. Poland, A., W. F. Greenlee, and A. S. Kende. Studies on the mechanism of

action of the chlorinated dibenzo-p-dioxins and related compounds. Ann. N.
Y. Acad. Sci. 320:214-230 (1979).

. Poland, A., and A. S. Kende. The genetic expression of aryl hydrocarbon

hydroxylase activity: evidence for a receptor mutation in nonresponsive mice,
in Origins of Human Cancer (H. H. Hiatt, S. D. Watson, and J. A. Winston,
eds.). Cold Spring Harbor Laboratory, New York, 847-867 (1977).

. Poland, A., and E. Glover. 2,3,7,8,-Tetrachlorodibenzo-p-dioxin: segregation

of toxicity with the Ah locus. Mol. Pharmacol. 17:86-94 (1980).

. Poland, A., E. Glover, and A. S. Kende. Stereospecific, high affinity binding

of 2,3,7,8-tetrachlorodibenzo-p-dioxin by hepatic cytosol. J. Biol. Chem.
251:4936-4946 (1976).

. Guenthner, T. M., and D. W. Nebert. Cytosolic receptor for aryl hydrocarbon

hydroxylase induction by polycyclic aromatic compounds: evidence for struc-
tural and regulatory variants among established cell culture lines. J. Biol.
Chem 2582:8981-8989 (1977).

. Okey, A. B, G. P. Bondy, M. E. Mason, G. F. Kahl, H. J. Eisen, T. M.

Guenthner, and D. W. Nebert. Regulatory gene product of the Ah locus.
Characterization of the cytosolic inducer-receptor complex and evidence for
its nuclear translocation. J. Biol. Chem. 254:11636-11648 (1979).

Greenlee, W. F., and A. Poland. Nuclear uptake of 2,3,7,8-tetrachlorodibenzo-
p-dioxin in C57B1/6J and DBA/2J mice. J. Biol. Chem. 254:9814-9821
(1979).

. Okey, A. B, G. P. Bondy, M. E. Mason, D. W. Nebert, C. J. Forster-Gibson,

J. Muncan, and M. J. Dufresne. Temperature-dependent cytosol to nucleus
translocation of the Ah receptor for 2,3,7,8-tetrachlorodibenzo-p-dioxin in
continuous cell culture lines. J. Biol. Chem. 255:11415-11422.

Weaver, D., A. Amos, B. Tierney, and E. Bresnick. Interaction of DNA with
cytosolic 3-methylcholanthrene binding proteins from either rat or mouse
liver. Carcinogenesis 1:481-486 (1980).

Whitlock, J. P., and H. V. Gelboin. Aryl hydrocarbon hydroxylase induction
in cells in culture. Pharmacol. Ther. 4:587-599 (1979).

Okano, P., J. P. Whitlock, and H. V. Gelboin. Aryl hydrocarbon hydroxylase
and benzo(a)pyrene metabolism in rodent liver and human cells. Ann. N. Y.
Acad. Sci. 349:232-246 (1980).

Nebert, D. W,, and H. V. Gelboin. Substrate-inducible microsomal aryl
hydroxylase in mammalian cell culture. II. Cellular responses during enzyme
inductions. J. Biol. Chem. 243:6250-6261 (1968).

Pelkonen, O., P. Korhonen, P. Jouppila, and N. Karki. Induction of aryl
hydrocarbon hydroxylase in human fetal liver cell and fibroblast cultures by
polycyclic hydrocarbons. Life Sci. 16:1403-1410 (1975).

Yamasaki, H., E. Huberman, and E. Sachs. Metabolism of the carcinogenic
hydrocarbon benzo(a)pyrene in human fibroblasts and epithelial cells. II.
Differences in metabolism to water-soluble products and aryl hydrocarbon
hydroxylase activity. Int. J. Cancer 19:378-382 (1977).

Levin, W., A. Conney, A. P. Alvares, I. Merkatz, and A. Kappas. Induction of
benzo(a)pyrene hydroxylase in human skin. Science (Wash. D. C)
176:419-420 (1972).

Bittner, M. A, and R. W. Ruddon. Induction and decay of aryl hydrocarbon
hydroxylase activity in mouse 3T3 cells. Mol. Pharmacol. 12:966-976 (1976).

INDUCTION OF CYTOCHROME P-450 IN 10T1/2 CELLS

18.

19.

20.

21.

26.

27.

31.

37.

205

Nesnow, S., and C. Heidelberger. The effect of modifiers of microsomal
enzymes on chemical oncogenesis in cultures of C3H mouse cell lines. Cancer
Res. 36:1801-1808 (1976).

Gehly, E. B., W. E. Fahl, C. R. Jefcoate, and C. Heidelberger. The metabolism
of benzo[a]pyrene by cytochrome P-450 in transformable and nontransform-
able C3H mouse fibroblasts. J. Biol. Chem. 254:5041-5048 (1979).

Nebert, D. W., and H. V. Gelboin. The in vivo and in vitro induction of aryl
hydrocarbon hydroxylase in mammalian cells of different species, tissues,
strains and developmental and hormonal states. Arch. Biochem. Biophys.
134:76-89 (1969).

Reznikoff, C. A., J. S. Bertram, D. Brankow, and C. Heidelberger. Establish-
ment and characterization of a cloned line of C3H mouse embryo cells
sensitive to post confluence inhibition of division. Cancer Res. 33:3239-3249
(1973).

Nesnow, S, S. Leavitt, H. Garland, T. D. Vaughan, B. Hyatt, L. Montgomery,
and C. Cudak. Identification of cocarcinogens and their potential mec
of action using C3H/10T'1/2CL8 mouse embryo fibroblasts. Cancer Res.
41:3071-3076 (1981).

Nebert, D. W., and H. V. Gelboin. Substrate-inducible microsomal aryl
hydroxylase in mammalian cell culture. I. Assay and properties of induced
enzyme. J. Biol. Chem. 243:6242-6249 (1968).

. Fahl, W. E,, S. Nesnow, and C. R. Jefcoate. Microsomal metabolism of

benzo(a)pyrene: multiple effects of epoxide hydrase inhibitors. Arch. Bio-
chem. Biophys. 181:649-664 (1977).

Lowry, O. H,, N. J. Rosebrough, A. L. Farr, and R. J. Randall. Protein
measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-275
(1951).

Strobel-Stevens, J. D., J. W. Reid, K. B. Taylor, and A. M. Sarif. Activity and
kinetic properties of basal aryl hydrocarbon hydroxylase during proliferation
in the transformable C3H-10T1/2CL8 cell line. Chem. Biol. Interact.
33:45-61 (1980).

Hannah, R. R., D. W. Nebert, and H. J. Eisen. Regulatory gene product of
the Ah complex: comparison of 2,3,7,8-tetrachlorodibenzo-p-dioxin and 3-
methylcholanthrene binding to several moieties in mouse liver cytosol. J.
Biol. Chem. 258:4584-4590 (1981).

. Poland, A., and E. Glover. Chlorinated biphenyl induction of aryl hydrocarbon

hydroxylase activity: a study of the structure-activity relationship. Mol.
Pharmacol. 13:924-938 (1977).

. Wood, A. W,, R. L. Chang, W. Levin, P. Thomas, D. Ryan, T. Stoming, D.

Thakker, D. Jerina, and A. Conney. Metabolic activation of 3-methylchol-
anthrene and its metabolites to products mutagenic to bacterial and mam-
malian cells. Cancer Res. 38:3398-3404 (1978).

. Poland, A., and A. Kappas. The metabolism of aminopyrine in chick embryo

hepatic cell culture: effects of competitive substrates and carbon monoxide.
Mol. Pharmacol. 7:697-705 (1971).

Knutson, J., and A. Poland. 2,3,7,8-tetrachlorodibenzo-p-dioxin: failure to
demonstrate toxicity in twenty-three cultured cell types. Toxicol. Appl.
Pharmacol. 54:377-363 (1980).

. Okey, A. B, M. E. Mason, E. B. Gehly, C. Heidelberger, J. Muncan, and M.

J. Dufresne. Defective binding of 3-methylcholanthrene to the Ah receptor
in C3H/10T1/2 cells. Proc. Am. Assoc. Cancer Res. 23:80 (1982).

. Fahl, W. E,, G. Michalopoulos, G. Sattler, C. R. Jefcoate, and H. C. Pitot.

Characteristics of microsomal enzyme controls in primary cultures of rat
hepatocytes. Arch. Biochem. Biophys. 192:61-72 (1979).

. 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 phenobarbital, polycyclic hydrocarbons and 2,2-
bis( p-chlorophenyl)-1,1,1-trichloroethane. J. Biol. Chem. 246:5189-5198
(1971).

. Althaus, F. R,, J. F. Sinclair, P. Sinclair, and U. A. Meyer. Drug-mediated

induction of cytochrome(s) P-450 and drug metabolism in cultured hepato-
cytes maintained in chemically defined medium. J. Biol. Chem.
254:2148-2153 (1979).

. Guzelian, P. S., D. M. Bissell, and U. A. Meyer. Drug metabolism in adult rat

hepatocytes in primary monolayer culture. Gastroenterology 72:1232-1239
(1977).

Laine, B. M., V. M. Hitchins, and J. J. Hutton. Genetic regulation of aryl
hydrocarbon hydroxylase activity in cultures of mouse fetal liver cells. Chem.
Biol. Interact. 33:329-343 (1981).

. Bryan, W. R,, and M. B. Shimkin. Quantitative analysis of dose-response data

obtained with three carcinogenic hydrocarbons in strain C3H male mice. J.
Natl. Cancer Inst. 3:503-514 (1942-1943).

Send reprint requests to: Dr. William E. Fahl, Department of
Pharmacology, Northwestern University Medical School, 303 East
Chicago Avenue, Chicago, Ill. 60611.

ZT0Z ‘9 1aquiadaq Uo oJlduer ap 0y Op OPeIST 0p apepisianiun Te Bio sjeuinofiadse: wreydiow wouy papeojumod


http://molpharm.aspetjournals.org/



