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SUMMARY

Aryl hydrocarbon hydroxylase in mouse skin epidermis was
inducible by topical applications of 1,2,5,6-dibenzanthracene
(DBA), 7,12-dimethylbenz[a] anthracene (DMBA), and 5,6-
benzoflavone. 7,8-Benzoflavone given topically inhibited the
enzyme activity; phÃ©nobarbitalgiven topically had little or no
effect on this enzyme activity. 7,8-Benzoflavone given at the
same time as DMBA inhibited the formation of skin tumors in
a two-stage system of tumorigenesis and also inhibited the
formation of covalently bound complexes of DMBA with
epidermal DNA, RNA, and protein. However, 7,8-benzo-
flavone given at the same time as DBA stimulated skin tumor
formation but had little or no effect on the binding of DBA to
epidermal macromolecules. PhÃ©nobarbital had a small inhibi
tory effect on DMBA skin tumor initiation and on the binding
of DMBA to epidermal macromolecules. However, phÃ©nobarbi
tal significantly inhibited tumor formation initiated by DBA
but did not affect DBA binding to epidermal macromolecules.
5,6-Benzoflavone inhibited slightly both tumor formation and
hydrocarbon binding in the case of both DMBA and DBA.
Inhibition of epidermal DNA synthesis caused by DMBA
(topical application) was partially blocked by simultaneous
treatment with 7,8-benzoflavone, 5,6-benzoflavone, and
phÃ©nobarbital. The order in the degree of modification of the
inhibition was the same as that seen for the effect of these
three compounds on the binding of DMBA to epidermal DNA.
These results indicate that, in the case of the substrate DMBA,
7,8-benzoflavone inhibits enzymes involved in the activation
of DMBA to its carcinogenic form to a greater extent than it
inhibits enzymes involved in the detoxification of DMBA.
However, in the case of the substrate DBA, 7,8-benzoflavone
might inhibit enzymes involved in detoxification of DBA to a
greater extent than it inhibits activation of DBA. Data
obtained with phÃ©nobarbital might indicate that DBA but not
DMBA has a specific phenobarbital-inducible detoxification
system in mouse skin epidermis.
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INTRODUCTION

DMBA3 and DBA are both potent initiators of skin tumors

in a 2-stage system of carcinogenesis in the mouse (30, 31).
These carcinogens are members of a group of polycyclic
hydrocarbons that are metabolized by microsomal mixed-func
tion oxidases (5, 8). The enzyme system AHH is a part of the
microsomal complex that converts polycyclic hydrocarbons
into epoxides, phenols, dihydrodiols, and quiÃ±ones (13, 15,
24, 27, 28). This enzyme complex has been found in most
mammalian tissues, including mouse skin, in which it is
inducible (4, 10). Investigators have shown this complex to
function as a detoxification system (5, 8), and Gelboin et al.
(7, 9, 10) have suggested that this enzyme complex is also
responsible for the activation of polycyclic hydrocarbons to
toxic and carcinogenic metabolites.

7,8-BF and 5,6-BF are synthetic isomers related to naturally
occurring flavonoids, some of which have antioxidative
properties (34). In an in vitro assay with mouse skin
homogenate as an enzyme source, 7,8-BF and 5,6-BF
competitively inhibit the AHH enzyme complex (10, 35). In
contrast, only 5,6-BF given either i.p. or topically was shown
to be an inducer of skin AHH activity (10, 34). Treatment of
rats with phÃ©nobarbital stimulates several-fold the activity of
TPNH-dependent drug-metabolizing enzymes in the liver (12,
16). In particular, phÃ©nobarbital increases the AHH activity in
normal rat liver but has little or no inducing effect on the
AHH activity in extrahepatic tissues of the rat (35). The effect
of phÃ©nobarbital on skin AHH activity has not been studied
previously.

7,8-BF given topically has been shown to inhibit skin tumor
initiation with DMBA but, given with benzo[a]pyrene, it
enhances tumor initiation (17, 18). These results suggest that
modifiers of mixed-function oxidases could have different
effects on the enzymes that activate and detoxify methylated
and nonmethylated polycyclic hydrocarbons. In order to test
this possibility, the effects of modifiers of mixed-function
oxidases on the initiating potential and macromolecular
binding of DMBA and DBA were tested.

3The abbreviations used are: DMBA, 7,12-dimethylbenz[a)anthra-
cene; DBA, l,2,5,6-dibenzanthracene(dibenz[a,h]anthracene); AHH,
aryl hydrocarbon hydroxylase; BF, benzoflavone.
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AHH in Skin Tumorigenesis

MATERIALS AND METHODS

Animals. Female Charles River CD-I mice were purchased
from Charles River Mouse Farms, North Wilmington, Mass.
Mice 7 to 9 weeks old were carefully shaved with surgical
clippers 2 days before treatment. Only those mice in the
resting phase of the hair cycle were used for biochemical
experiments.

Chemicals. Solvents and chemicals were reagent grade and
were used without further purification unless otherwise stated.
DMBA, DBA, and benzo [a] pyrene were obtained from
Eastman Organic Chemicals, Rochester, N. Y. 7,8-BF and
5,6-BF were purchased from Aldrich Chemical Co., Inc.,
Milwaukee, Wis. PhÃ©nobarbitalwas obtained from Merck and
Co., Inc., Rahway, N.J. 12-0-Tetradecanoyl-phorbol-13-
acetate was obtained from Consolidated Midland Co., Brew-
ster, N. Y., and was purified by thin-layer chromatography (1).
3-Hydroxybenzo [a] pyrene was a generous gift from Dr. H. V.
Gelboin, National Cancer Institute, Bethesda, Md. DMBA-3H

(2.42 Ci/mmole) was obtained from Amersham/Searle Corp.,
Arlington Heights, 111.DBA-3 H (2.42 Ci/mmole) was obtained

from New England Nuclear, Boston, Mass. Radiochemical
purity of the polycyclic hydrocarbons was checked by
thin-layer chromatography on silica gel with benzene as
solvent. Only preparations with greater than 95% radiochemi-
cal purity were used. 7,8-BF-3H (2.5 Ci/mmole) was prepared

by the Amersham/Searle Corp. and was purified in our
laboratory by thin-layer chromatography. Thymidine-methyl-
3H (3.0 Ci/mmole) was obtained from Schwarz/Mann,

Orangeburg, N. Y.
Tumor Induction Experiments. Female CD-I mice, 6 to 8

weeks of age, were shaved with surgical clippers 2 days before
initiation. Each experimental group contained 30 mice. DMBA
or DBA in 0.2 ml of acetone was applied topically to the
shaved area of the back. 7,8-BF, 5,6-BF, and phÃ©nobarbital
were applied topically in 0.2 ml acetone 5 min before topical
initiation with the hydrocarbon. One week after initiation,
mice received twice-weekly applications of 10.5 jug of
12-0-tetradecanoyl-phorbol-13-acetate in 0.2 ml of acetone.
Promotion was continued for 30 weeks. Tumor incidence was
observed weekly.

AHH Enzyme Assay. A modification of an assay described
by Kinoshita and Gelboin (18) was used. Five mice were used
for each enzyme assay. Mice were killed by cervical
dislocation, and Nudit, a depilatory agent, was applied to the
shaved area of the back. After 5 min, the Nudit and hair
were washed off under cold running water. The skins were cut
off and placed in cold 0.25 M sucrose in 0.05 M Tris buffer at
pH 7.5. The whole skin was placed dermis down on a cold
porcelain plate, and the epidermis was scraped off with 30
strokes of a razor blade and placed in 1 ml of sucrose-Tris
buffer. The scraped material was homogenized in a glass-to-
glass Potter-Elvehjem homogenizer for 30 strokes. This
epidermal homogenate was the source of enzyme for the AHH
assay.

The assay was performed in semidarkness in a total volume
of 1 ml which contained 50 /nmoles Tris-chloride buffer, pH
7.5; 0.5 mg of NADPH; 3 AmÃ³les MgCl2 ; 0.2 ml skin
homogenate (containing 1 to 3 mg protein); and 100 nmoles
of benzo [a] pyrene (added in 50 y.1 of acetone just prior to

starting the incubation). The reaction mixture was incubated
in the air at 37Â°for 30 min. The reaction was stopped by

adding 1 ml of cold acetone and placing the reaction flask on
ice. Next, 3.25 ml of w-hexane were added to the flask. The
flasks were returned to the 37Â°incubator for 10 min with

vigorous shaking, and then a 2-ml aliquot of the organic phase
was extracted with 2 ml of 1.0 N NaOH on a Vortex mixer.
The concentration of the extracted phenolic derivatives in the
alkaline phase was determined spectrophotofluorometrically
with excitation at 396 nm and emission at 522 nm in a Turner
spectrofluorometer. The spectrofluorometer was calibrated
with an authentic sample of 3-hydroxybenzo [a] pyrene. The
enzyme units are defined as the pmoles equivalent to the
flourescence of 3-hydroxybenzo[a]pyrene formed in 30 min of
incubation. Enzyme activity was determined in duplicate and
compared with a blank control flask to which acetone had
been added prior to incubation. The protein content of the
homogenates was determined by the method of Lowry et al.
(22), with bovine serum albumin, Fraction V, as standard.

Determination of the Residual Concentration of 7,8-BF-3 H
and/or Its Metabolite(s) in the AHH Assay Mixture. 7,8-ÃŸF-3H

was applied to the backs of mice at the same dose used in the
AHH activity determinations. Five mice/group were used, and
the time points studied were at 0,3,6,12, 18, and 24 hr after
topical application of 7,8-BF-3H. After the mice were

sacrificed, the whole skin was placed in cold 0.25 M sucrose in
0.05 M Tris buffer at pH 7.5 until the epidermis was removed
with a razor blade. The isolated epidermises were placed in 1
ml sucrose-Tris buffer and homogenized in a glass-to-glass
homogenizer for 30 strokes. One hundred p\ of the homog
enate were placed in 1 ml of PCS Solubilizer (Amersham/
Searle) for 1 hr at room temperature. The solubilized
homogenate was then counted in 10 ml of a scintillator
consisting of 4 g PPO and 50 mg POPOP in 1 liter of toluene.
Samples were counted in a Packard tri-Carb counter with the
use of automatic external standard ratios to correct for
quenching.

Preparation of Skin Epidermal DNA, RNA, and Protein. At
the appropriate time after topical application of the labeled
hydrocarbon, mice were killed by cervical dislocation. Hair
was removed with Nudit, and the skin was excised. The
epidermis was isolated by a modified form (3) of the method
of Marrs and Voorhees (23). Epidermal DNA, RNA, and
protein were extracted from isolated epidermises by a
modification of the phenol extraction procedure of Kirby and
Cook (19), described in detail by Bowden et al. (3).

Determination of Specific Activity of Binding of DMBA-3 H
and DBA-3H to Epidermal DNA, RNA, and Protein. The
radioactivity in samples of DNA was determined by hydrolyz-
ing the DNA with DNase in a sample made 0.01 M with
respect to magnesium chloride at 37" for 30 min. Then, 10 ml

of Scintisol (Isolab, Inc., Akron, Ohio) were added, and the
samples were counted on a Packard TriCarb counter, using
automatic external standard ratios to correct for quenching.
The quantity of DNA in a sample was determined by a
modification of a fluorometric determination by Kissane and
Robbins (20), described in detail by Bowden et al. (3).

The radioactivity in samples of RNA was determined by
enzymatic hydrolysis of the RNA with RNase, and by
counting the hydrolysate in 10 ml of Scintisol on a Packard
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Tri-Carb counter. The quantity of RNA in a sample was
determined by orcinol (26) reaction, with soluble RNA as a
standard.

Protein was solubilized in 0.5 M NaOH at 80Â°for 30 min.

Aliquots of the solubilized protein were used to measure
radioactivity and to determine the amount of protein by the
Lowry procedure with bovine serum albumin as the standard.

The amount of DMBA or DBA bound to the epidermal
macromolecules was determined from the specific activity of
the hydrocarbon applied and the specific activity of the
macromolecule in dpm 3H/unit weight of macromolecule.

Extraction of DNA from Mouse Skin Epidermis for the
Determination of Thymidine-methyl-3 H Incorporation into

DNA. Each time point studied involves 2 or more independent
determinations with groups of 4 mice each. Thirty-min pulses
of thymidine-3H (30 /uCi), given by i.p. injection, were used to

determine the rate of epidermal DNA synthesis. Mice were
killed by cervical dislocation, and a modification (29) of the
cold acetic acid procedure of Cowdry (6) was used to obtain
skin epidermis. DNA was isolated from the epidermis by a
medication of the Schmidt-Tannhauser procedure described

in detail by Slaga et al. (29).
The data were determined as specific activity in dpm 3H//jg

DNA, and expressed as percentage of control. The control was
a group of acetone topically treated mice that were given the
same half-hr pulse of thymidine-3 H and killed at the same time

as a group of treated mice. The specific activity (mean Â±S.D.)
of the acetone control groups is given in Chart 2, legend.

RESULTS

Tumorigenesis Initiated by a Single Topical Application of
DMBA or DBA followed by Promotion and the Effect of
7,8-BF, 5,6-BF, and PhÃ©nobarbitalon Polycyclic Hydrocarbon
Tumor Initiation. A single small dose of a carcinogen applied
to the backs of mice followed by twice-weekly applications of
croton oil or 12-O-tetradecanoyl-phorbol-13-acetate produces
multiple tumors on the backs of mice (1). This skin tumor
production assay was used to test the effect of 7,8-BF, 5,6-BF,
and phÃ©nobarbital on tumor initiation with DMBA and DBA.

Table 1 represents data obtained from 6 separate tumor
experiments involving initiation with DMBA. A dose response

Table 1
The effect of 7,8-BF, 5,6-BF, and phÃ©nobarbitalon DMBA-initiated and 12-O-tetradecanoyl-

phorbol-13-acetate-promoted tumorigenesis in mouse skin
The effect on skin tumor incidence of pretreatment with 7,8-BF, 5,6-BF, and phÃ©nobarbital5 min

prior to initiat-ion with DMBA. The pretreatment agent and DMBA were applied topically in 0.2 ml
acetone. Starting 1 week after initiation, the mice received topically 10.5 jug 12-0-tetradecanoyl-
phorbol-13-acetate in 0.2 ml acetone twice weekly for 30 weeks.

Dose/
Exper- mouse
iment Initiator (nmoles)Pretreatment1

DMBA 3.9None7,8-BF5,6-BFPhÃ©nobarbital2

DMBA 3.9None7,8-BF5,6-BFPhÃ©nobarbital3

DMBA 39None7,8-BF5,6-BFPhÃ©nobarbital4

DMBA 39None7,8-BF5,6-BFPhÃ©nobarbital5

DMBA 200None7,8-BF5,6-BFPhÃ©nobarbital6

DMBA 200 None7,8-BF5,6-BFPhÃ©nobarbitalDose/

Obser-
mouse vation

(/umoles)(wk)Â°223.673.674.31223.673.674.31203.673.674.31203.673.674.31203.673.674.31203.673.674.31No.
of

mice''1724232030292826232723223029293028262413292H2123Papil-
lomas/
mouse02.90.21.51.93.30.22.92.614.63.69.412.110.74.38.48.423.914.810.618.821.411.118.818.2%of

con
trol1007526610068879100256483100407878100624479100528885

Â°Week of promotion for which tumor data are given in this table.
b Surviving at the week of observation.
0 Total number of papillomas divided by total number of surviving mice.

The control value is that for the initiated nonpretreated group of mice for each experiment.
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AHH in Skin Tumorigenesis

in tumor formation was shown when 3 doses of DMBA were
studied (3.9, 39, and 200 nmoles DMBA). As has been shown
by previous investigators (10, 17, 18), we demonstrated that
7,8-BF given at the same time as DMBA caused an inhibition
in tumor formation. This inhibition appeared to be dependent
upon the dose of DMBA given (94, 70, and 50% inhibitions
were found with the respective DMBA doses of 3.9, 39, and
200 nmoles).

When 5,6-BF was given at the same time as 3 different
initiating doses of DMBA, the observed inhibition remained
approximately 30%. When phÃ©nobarbitalwas given at the same
time as 3 different dose levels of DMBA, an inhibition of
approximately 20% was observed that was independent of the
dose of DMBA given.

The effect of 7,8-BF, 5,6-BF, and phÃ©nobarbital on DBA
initiation is shown in Table 2. It can be seen that DBA is a
weaker skin tumor initiating agent than DMBA. In 3
experiments in which 2 different dose levels of DBA and 1
level of 7,8-BF were applied together, we observed either no
inhibition in tumor incidence at the lower dose of DBA or an
increase of approximately 100% in tumor incidence at the
higher dose of DBA. This stimulation in tumor incidence is
opposite to the inhibition in DMBA tumor initiation observed
with 7,8-BF treatment. 5,6-BF had little effect on skin tumor
initiation with DBA (10 to 15% inhibition in tumor
incidence). PhÃ©nobarbital given with the lower dose of DBA
caused a 65% inhibition in tumor incidence while, at the
higher dose of DBA, phÃ©nobarbital caused approximately a
50% inhibition. In contrast, phÃ©nobarbitalhad a much smaller
effect on DMBA tumor initiation.

For analysis of the data presented in Tables 1 and 2,
experiments were carried out to determine whether either
7,8-BF, 5,6-BF, or phÃ©nobarbital by itself initiated skin
tumors. The results of these experiments are presented in

Table 3. None of the 3 compounds tested affected the
background tumor incidence found when no initiation was
followed by promotion with 12-O-tetradecanoyl-phorbol-13-
acetate.

The Effect of 7,8-BF, 5,6-BF, and PhÃ©nobarbital on the
Covalent Binding of DMBA and DBA to Mouse Skin
Epidermal DNA, RNA, and Protein. The application of
7,8-BF, 5,6-BF, and phÃ©nobarbital and the 2 carcinogens in
experiments shown in Table 4 was identical to that described
in the tumorigenesis experiments. A single application of 39
nmoles (100 /uCi) DMBA-3 H was given with or without 3.67

jumÃ³lesof 7,8-BF or 5,6-BF and 4.31 /umoles of phÃ©nobarbital.

Table 3
Skin tumor production after topical application of 7,8-BF, 5,6-BF,

and phÃ©nobarbitalfollowed by promotion with
12-O-tetradecanoyl-phorbol-!3-acetate

The tumor incidence found after topical application of 7,8-BF,
5,6-BF, and phÃ©nobarbital followed by promotion with 10.5 Â¿ig
O-O-tetradecanoyl-phorbol-lS-acetate, which was given twice a week.

Ex
peri
ment12InitiatorPretreatmentNone

None7,8-BF5,6-BFphÃ©nobarbitalNone

7,8-BF5,6-BFphÃ©nobarbitalDose/

mouse
(Â¿jmules)3.673.674.313.673.674.31Obser

vation
(wk)Â°2424No.

of
mice629262922202016Papil-

lomas/
mousec0.30.20.10.20.30.20.1

0 Week of promotion for which data are given.

Surviving at the week of observation.
c Total number of papillomas divided by total number of surviving

mice.

Table 2
The effect of 7,8-BF, 5,6-BF, and phÃ©nobarbitalon DBA-initiated and 12-O-tetradecanoyl-

phorbol-13-acetate-promoted tumorigenesis in mouse skin
The effect on skin tumor incidence of pretreatment with 7,8-BF, 5,6-BF, and phÃ©nobarbital5 min

prior to initiation with DBA. Starting 1 week after initiation, the mice received topical applications of
10.5 Mg^-O-tetradecanoyl-phorbol-lS-acetate twice weekly.

Dose/
Experi- Initi- mouse
ment ator(nmoles)1

DBA362

DBA1803

DBA 180PretreatmentNone7,8-BF5,6-BFPhÃ©nobarbitalNone7,8-BF5,6-BFPhÃ©nobarbitalNone7,8-BF5,6-BFPhÃ©nobarbitalDose/

mouse
(/jmoles)3.673.674.313.673.674.313.673.674.31Obser

vation
(wk)Â°221824No.

of
miceb272420232413262220213019Papil

lomas/
mouse02.02.11.80.74.08.53.32.35.48.84.52.7%of

con
trol100105903510021282571(1(11638350

0 Week of promotion for which data are given.
Surviving at the week of observation.

c Total number of papillomas divided by total number of surviving mice.
d The control value is that for the initiated nonpretreated group of mice for each experiment.
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Table 4
The effect of 7,8-BF, 5,6-BF, and phÃ©nobarbitalon the binding of
DMBA-* H and DBA -3H to mouse skin epidermal macromolecules
Experimental procedures are described in "Materials and Methods."

The table represents the average of values obtained in 2 separate
experiments in which groups of 10 mice were treated with labeled
carcinogen in a manner identical to the procedure used in tumorigenesis
experiments.

Hydrocarbon binding to macromolecules
at 24 hr

Compounds"DMBADMBA

+7,8-BFDMBA
+5,6-BFDMBA
+phÃ©nobarbitalDBADBA

+7,8-BFDBA
+5,6-BFDBA
+ phÃ©nobarbitalDNA

(jumÃ³les/
moleP)6.0

(100)b0.9

(16)3.9
(65)5.1
(84)2.3

(100)2.3
(100)1.6(70)2.5

(109)RNA

(yjmoles/
moleP)3.5

(100)0.7(19)2.6

(74)3.3
(93)9.7

(100)8.3
(86)8.2

(85)10.1
(104)Protein

(jumÃ³les/
100g)2.1

(100)0.4
(21)1.6
(75)1.8(90)8.7

(100)8.1
(93)7.9(91)9.7(111)

"Thirty-nine nmoles (lOOjuCi) DMBA-3H and 180 nmoles (100/jCi)
DBA-3H were applied topically; 3.67 /jmoles 7,8-BF and 5,6-BF and
4.31 /jmoles phÃ©nobarbitalwere applied topically 5 min before the
application of the labeled hydrocarbon.

" Numbers in parentheses, percentage of values found in the group
treated with DMBA and DBA alone.

Mice were killed 24 hr after treatment.
7,8-BF inhibited the binding of DMBA-3H to all 3

macromolecules to about the same extent. DMBA-3H binding

to DNA, RNA, and protein was inhibited by 84,81, and 79%,
respectively. 5,6-BF inhibited DMBA-3H binding to epidermal

DNA, RNA, and protein by 35, 26, and 25%, respectively.
PhÃ©nobarbital application at the time of treatment with
DMBA-3H caused decreases of 16,7, and 10%, respectively, in
the specific activity of binding of DMBA-3 H to DNA, RNA,

and protein. If binding and tumorigenesis data are compared,
the carcinogenic effect of DMBA closely parallels its binding
to all 3 macromolecules.

However, when we studied the binding of DBA-3 H (24 hr

after application) to epidermal macromolecules and compared
this to tumorigenesis studies, the direct correlation between
hydrocarbon carcinogenesis and hydrocarbon binding did not
hold. When 7,8-BF was given with DBA-3H, there was very

little effect on hydrocarbon binding to epidermal macro-
molecules; however, 7,8-BF given with DBA caused twice the
tumor incidence. 5,6-BF caused a 30,15, and 9% inhibition in
DBA-3H binding to epidermal DNA, RNA, and protein,

respectively, while 5,6-BF treatment caused approximately a
17% decrease in tumor incidence when given with DBA.
PhÃ©nobarbitalhad very little effect on the binding of DBA-3 H

to epidermal DNA, RNA, and protein 24 hr after hydrocarbon
application. However, at the dose level of DBA given in the
binding experiment, phÃ©nobarbital caused approximately a
46% inhibition in the skin tumor incidence (Table 2).

Time Course of AHH Induction in Mouse Skin Epidermis.
Chart 1 represents the time course of AHH enzyme activity
after the topical application of DMBA, DBA, 7,8-BF, 5,6-BF,
and phÃ©nobarbital.The dose levels were the same as those used

in the tumor-induction experiments (Tables 1 to 3). DBA was
the strongest inducer of AHH activity, followed by DMBA and
then 5,6-BF. PhÃ©nobarbitalhad little or no effect on the AHH
activity, while 7,8-BF appeared to be an inhibitor of the
enzyme. DBA (180 nmoles) caused a 1200% increase in the
enzyme activity over the control (acetone) 12 hr after
application, while approximately the same molar dose level of
DMBA caused a 600% increase in AHH activity at 12 hr.
5,6-BF (3.67 /umoles) at early time points (3 and 6 hr) showed
no induction but, at later time points (18 and 24 hr), showed
inducing activity (350% increase at 24 hr). At the 5 time
points studied, phÃ©nobarbital (4.31 AmÃ³les)had no apparent
effect on the AHH activity, compared with control levels.
7,8-BF (3.67 /nmoles) was apparently inhibitory at all 4 time
points.

In determining the degree of AHH induction after 7,8-BF
and 5,6-BF treatment, a complication turned out to be the
carryover of residual 7,8-BF and 5,6-BF into the epidermal
homogenates. Kinoshita and Gelboin (18) used one-thirtieth of
the topical dose that we used in these experiments; they found
that, by 8 hr, the residual concentration of 7,8-BF-3H in their

AHH assay mixture was down to a level that was not
inhibitory in vitro to the control AHH activity level. However,
using 30 times the dose of 7,8-BF, we found that, at 12 hr, the
residual concentration of 7,8-BF in the assay mixture was at a
level which, in vitro, caused a 50 to 90% inhibition in AHH
activity (Table 5). If the residual level of 5,6-BF was the same
as that of 7,8-BF at 12 hr, this level of 5,6-BF would, in vitro,
cause a 50 to 90% inhibition in AHH activity.

1000 -

â€¢¿� â€¢¿�Control
Oâ€”O 200 n molas DMBA

A A180 n moles DBA
O~O 3.67 ju moles 7,8-BF

O D 3.67/j moles 5,6-BF

Aâ€”A 4.31 jumÃ³les
PhÃ©nobarbital

2 4 16 24

HOURS

Chart 1. Time course of AHH enzyme activity in mouse skin. The
indicated quantity of each compound in 0.2 ml of acetone was applied
topically to the shaved backs of groups of 5 mice. The mice were
sacrificed at the times indicated. The AHH enzyme assay is described in
"Materials and Methods."
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Table 5
In vitro effect of 7,8-BF, 5,6-BF, and phÃ©nobarbitalon AHH

activity from mouse skin
The enzyme source for the assays was homogenates of mouse skin.

The mice were treated with 0.2 ml acetone or 200 nmoles DMBA in 0.2
ml acetone at 0 hr and sacrificed at 12 hr. The enzyme assay is
described in detail in "Materials and Methods." The average specific

activity of AHH for the control groups was 96, while for the
DMBA-treated groups of mice the average specific activity was 530. The
values in this table are the percentages of decrease in specific activity
relative to the value obtained without adding a modifier.

Inhibition (%)

In vitro Concentration Control DMBA-induced

7,8-BF5,6-BFphÃ©nobarbital10-io-5io-6lo-io-5io-6io-io-5io-'935332905736000885525854821000

Residuai Concentration of 7,8-BF-3 H in the AHH Assay

Mixture after Topical Application to Mouse Skin. The amount
of 7,8-BF and/or its metabolites present in the AHH assay
mixture of skin epidermis homogenates prepared at various
times after application of 3.67 /Â¿moles(100 /uCi) of 7,8-BF-3 H

was measured. The data indicate that, over the 24 hr studied,
the residual level of 7,8-BF falls less than a factor of 10 to a
level of 1.2 X 10~SM at 24 hr. As indicated in Table 5, the

24-hr residual level of 7,8-BF is greater than that level
necessary to interfere with the AHH assay. Thus, the values for
AHH activity given in Chart 1 for 7,8-BF, and probably
5,6-BF, do not reflect the true level of enzyme activity present
in vivo. Previous literature (8, 17) indicates that 7,8-BF acts as
an inhibitor of AHH in vivo. Thus, some of the inhibition seen
in Chart 1 with 7,8-BF is probably due to an in vivo effect of
the inhibitor. 5,6-BF showed early inhibition in the AHH
enzyme activity, followed by an induction of AHH activity
(Chart 1). Previous investigators have found 5,6-BF to be an

inducer of AHH activity (8, 32). Thus, the induction in AHH
activity seen with 5,6-BF (Chart 1) is probably a real
phenomenon occurring in vivo, but the magnitude of this
induction (Chart 1) is likely less than the real in vivo value.

The Effect of 7,8-BF, 5,6-BF, and PhÃ©nobarbital on the
Inhibition of Thymidine-3 H Incorporation into Skin Epider

mal DNA Caused by Topical Application of DMBA. The
topical application of DMBA to mouse skin inhibits thymi-
dine-3H incorporation into epidermal DNA, and some investi

gators (29) have suggested that this inhibition is due to the
binding of the hydrocarbon to DNA. 7,8-BF, 5,6-BF, and
phÃ©nobarbital inhibited the binding of DMBA to epidermal
DNA to various degrees. If DMBA binding to DNA interferes
with DNA replication, then the 2 flavones and phÃ©nobarbital
would be expected to modify the depression in DNA synthesis
caused by DMBA.

A dose of 200 nmoles of DMBA caused an 80% maximum
depression in thymidine-3H incorporation 6 hr after applica

tion (Chart 25). If 3.6 jmnoles of 7,8-BF were given at the

same time as 200 nmoles of DMBA, a depression of only 28%
was found in DNA synthesis. If 3.67 /nmoles of 5,6-BF or 4.31
jumÃ³lesof phÃ©nobarbitalwere given with 200 nmoles DMBA,
44 or 66% depression in thymidine-3H incorporation was

detected.
If, instead of 200 nmoles, 39 nmoles of DMBA were applied

to the mouse's back, a 58% maximum depression in
thymidine-3H incorporation was detected at 6 hr (Chart 2A).
Doses of 3.67 AmÃ³lesof 7,8-BF or 5,6-BF, or a dose or 4.31

AmÃ³lesof phÃ©nobarbital given at the same time as 39 nmoles
DMBA caused, respectively, 33, 45, and 60% depressions in
thymidine-3H incorporation. 7,8-BF, 5,6-BF, and phÃ©nobarbi

tal given by themselves (no DMBA treatment) had no effect on
thymidine-3H incorporation for 18 hr following their topical

application (not illustrated).
We have no explanation for the stimulation of thymidine-3H

incorporation into epidermal DNA of those mice given 7,8-BF
concurrently with either dose of DMBA; this appeared to be a
clear exception to the depressing effect that was observed
under all other conditions that were tested.

DISCUSSION

The microsomal enzyme complex of mixed-function oxi
dases is responsible for the detoxification of a variety of
compounds, including poly cyclic aromatic hydrocarbons (5,
8). It has also been proposed by Gelboin et al. (7,9, 10) that
the specific enzyme complex AHH might be responsible for
the metabolic activation of polycyclic hydrocarbons to their
ultimate carcinogenic form. Data in the literature indicate that
7,8-BF, an inhibitor of the enzyme AHH, reduces tumorigene-
sis when given with DMBA (10, 17, 18). Conversely, 7,8-BF
given with benzo [a] pyrene caused an increase in tumorigene-
sis, an effect opposite to that seen with DMBA (18). Kinoshita
and Gelboin theorized that 7,8-BF may reduce detoxification
product formation to a greater degree, thus allowing more
benzo [a] pyrene to be activated enzymatically or nonenzy-
matically to an ultimate carcinogenic form. This work
suggested to us that modifiers of mixed-function oxidases
might have different effects on the enzymes that activate and
detoxify methylated polycyclic hydrocarbons versus non-
methylated polycyclic hydrocarbons. This idea was tested by
studying the effect of an AHH inhibitor (7,8-BF), an AHH
inducer (5,6-BF), and a general inducer of microsomal
hydroxylase enzymes (phÃ©nobarbital) on DMBA- and DBA-
initiated skin tumorigenesis.

We have observed that 7,8-BF, the inhibitor of AHH activity
in skin, caused a substantial inhibition in DMBA-initiated
tumorigenesis that was dependent on the dose of DMBA given.
5,6-BF, an inducer of AHH activity in skin, caused a small
inhibition in tumor incidence that was independent of the
DMBA dose. Wattenberg and Leong (32) showed that 5,6-BF
had an inhibitory effect on pulmonary adenoma formation
resulting from the administration of DMBA to mice, and also
on mammary tumorigenesis in rats, resulting from DMBA
administration. Wattenberg and Leong (33) made the same
observation, with the carcinogen benzo [a] pyrene. We also
observed that phÃ©nobarbital had a small inhibitory effect on
DMBA-initiated tumorigenesis. When DMBA-3 H binding to
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Chart 2. A, the effect of either a single application of 39 nmoles of
DMBA or of simultaneous topical applications of cither DMBA and
7,8-BF, DMBA and 5,6-BF, or DMBA and phÃ©nobarbitalon the
incorporation of thymidine-3H into epidermal DNA. The thymidine-3H

pulse was 30 min. The specific activity for each group is expressed as a
percentage of the untreated controls. Time points, average of 2 to 3
groups, each containing 4 mice. The average specific activity for the
controls was 68 dpm//ig DNA. - - - -, S.D. of the control groups of mice
expressed as a percentage of the control. B, the effect of a single
application of 200 nmoles of DMBA or of simultaneous topical
applications of DMBA and 7,8-BF, 5,6-BF, or phÃ©nobarbitalon the
incorporation of thymidine-3H into epidermal DNA. , S.D. of the

control groups of mice expressed as a percentage of control. The
average specific activity for the control groups was 81 dpm/^g DNA.

epidermal macromolecules was measured after treatment
with each of the 3 modifiers, there was a strong correlation
between the decrease in tumor incidence and the decrease in
specific activity of binding of DMBA-3 H to all 3 epidermal

macromolecules (DNA, RNA, and protein). The fact that there
was no selective concordance between the tumor incidence
and just 1 of the 3 macromolecular hydrocarbon binding
values indicates that the 3 microsomal hydroxylase modifiers
exerted their effect before or during metabolic activation of
DMBA to a reactive species and not after the reactive species
was formed.

The binding of DMBA to epidermal DNA has been
postulated to be responsible for the inhibition in skin
epidermal DNA synthesis seen after treatment of skin with
DMBA (30). This binding has also been postulated as the
important macromolecular lesion, according to the somatic
cell mutation theory of carcinogenesis (2). Thus, it was of
interest to study the effect of the 3 modifiers of microsomal
hydroxylase on the depression in epidermal DNA synthesis
seen after topical application of DMBA. The 3 modifiers
affected the depression to the same degree that they affected
the binding of DMBA to epidermal DNA (each modifier raised
the level of thymidine-3H incorporation above the depressed

level seen with DMBA given alone). Thus, there was a
correlation between the degree of depression of thymidine-3 H
incorporation into DNA and the level of binding of DMBA-3 H

to epidermal DNA.
We also observed that 7,8-BF either had no effect, or it

enhanced tumor formation when given with DBA, which is
just the opposite of the observation made with DMBA. This
effect was observed at 2 different doses of DBA, and the
stimulation in tumor incidence occurred with the higher dose
of DBA. The inducer 5,6-BF had a small inhibitory effect on
the tumor-initiating potential of DBA. However, phÃ©nobar
bital, which had no apparent effect on AHH activity, caused a
50% inhibition in tumor incidence when given with DBA.
When the DBA macromolecular binding data are compared to
the tumor incidence, there is no obvious correlation. The
binding of DBA-3 H to all 3 macromolecules stayed the same,

whereas the tumor incidence increased 150 to 200% with
7,8-BF pretreatment and decreased 50% with phÃ©nobarbital
treatment. Goshman and Heidelberger (11) found similar
discrepancies between tumorigenesis and DNA binding when
they studied the isomers, DBA and 1,2,3,4-DBA. They found
that 1,2,3,4-DBA was bound to skin DNA to a greater extent
than its isomer DBA. However, in mouse skin, 1,2,3,4-DBA
was shown to be noncarcinogenic, whereas DBA was found to
initiate skin tumors.

PhÃ©nobarbitalhas been shown to exhibit a protective effect
against the hepatocarcinogenic effect of 2-acetylaminofluorene
(25), 4-dimethyl-aminoazobenzene (14), and diethylnitros-
amine (21). The protective effect of phÃ©nobarbitalapparently
results from the stimulation of liver drug-metabolizing
enzymes. In the case of skin, phÃ©nobarbital might be
selectively stimulating drug-metabolizing enzymes capable of
detoxifying DBA but not DMBA. However, there is no direct
evidence for this hypothesis.

A possible explanation for the opposite effects of 7,8-BF on
DMBA and DBA tumorigenesis is that 7,8-BF in the case of
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DMBA inhibits the activation of DMBA to an ultimate
carcinogenic species to a greater extent than it inhibits
detoxification of DMBA. However, in the case of DBA, 7,8-BF
inhibits the detoxification of DBA more than it inhibits the
activation of DBA to a carcinogenic species. Thus, by
inhibiting AHH activity with 7,8-BF, the conversion of DMBA
to an ultimate carcinogen is prevented, and fewer tumors
develop. However, with DBA, 7,8-BF prevents detoxification
of DBA thus allowing more hydrocarbon to be converted to an
ultimate carcinogen, and more tumors develop.

It would be difficult to decide a priori whether an inducer
or inhibitor of mixed-function oxidases would lead to
enhanced or diminished carcinogenic activity, because inducers
and inhibitors may affect the rate of detoxification of the
hydrocarbon as well as the rate of activation. Thus, some
carcinogens are made more effective and some less effective
under the influence of the same modifier. This observation
makes application of mixed-function oxidase modifiers to
prophylaxis of cancer in humans unlikely, at least until more is
known about carcinogenic activation and detoxification of
polycyclic aromatic hydrocarbons through the mixed-function
oxidase enzyme complex.
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