
[CANCER RESEARCH 47, 2275-2283, May 1, 1987]

Structure-Activity Studies of the Hepatocarcinogenicities of Alkenylbenzene

Derivatives Related to EstragÃ³leand Safrole on Administration to
Preweanling Male C57BL/6J x C3H/HeJ F, Mice1

Roger W. Wiseman,2 Elizabeth C. Miller,3 James A. Miller, and Amy Liem

McArdle Laboratory for Cancer Research, University of Wisconsin Medical School, Madison, Wisconsin 53706

ABSTRACT

Further information on the structure-activity relationships among the
synthetic and naturally occurring alkeny Ibenzene derivatives was obtained
by examining their hepatocarcinogenicities for mice following adminis
tration of one or a few doses prior to weaning. Under these conditions
preweanling male C3H/HeJ mice were more susceptible than male
C57BL/6J mice or females of either strain to liver tumor induction by
l'-hydroxyestragole (r-hydroxy-l-allyl-4-methoxybenzene) and l'-hy-
droxysafrole (l'-hydroxy-l-allyl-3,4-methylenedioxybenzene). Male
C57BL/6J x C3H/HeJ F, mice given a single dose of I'-hydroxyestra-

gole at 12 days of age developed approximately twice as many hepatomas
per liver as did those given the same dose per g of body weight at 1 day
of age. The acetylenic compounds 1'-hydroxy-2',3'-dehydroestragoIe and
l'-hydroxy-2',3'-dehydrosafrole were the most potent derivatives stud

ied; they were 5- and 10-fold more potent (based on the average numbers
of hepatomas per liver) than the corresponding allylie benzene derivatives.
1'-Acetoxyestragole and 1'-acetoxysafrole had activities similar to those
of their respective I'-hydroxy derivatives; estragÃ³le derivatives were
consistently 2- to 3-fold more potent than the related safrole derivatives.
1'-Hydroxyelemicin (1 '-hydroxy-l-allyI-3,4,5-trimethoxybenzene), its
acetic acid ester l'-oxoestragole, and 3'-bromo-rraiM-anethole (.V-

bromo-l-rrfl/iÃ-propenyl-4-methoxybenzene) each had very weak, but
statistically significant, hepatocarcinogenic activity. The propenylic de
rivatives cw-anethole, rraru-isosafrole, 1:1 c/j.rra/M-isosafrole, 3'-hy-

droxy-frani-anethole, piperine, and fra/u-cinnamaldehyde showed no
hepatocarcinogenic activity at the levels examined. In contrast, the pro
penylic derivatives els- and rra/u-asarone (l-propenyl-2,4,5-trimethoxy-
benzene) were each active; the hepatocarcinogenicities of the asarones
were not inhibited by prior administration of pentachlorophenol, a sul-
fotransferase inhibitor that abolished the hepatocarcinogenicity of estra
gÃ³leunder the same conditions. Furthermore, precocene II (6,7-dimeth-
oxy-2,2-dimethyl-2//-l-benzopyran), a cyclic propenylic plant metabolite
and usarono analogue, showed strong hepatocarcinogenic activity similar
to that of l'-hydroxy-2',3'-dehydroestragole and 1'-hydroxy-2',3'-de-

hydrosafrole; precocene I (the 7-methoxy analogue of precocene II) was
less active than precocene II but more active than m-asarone.

INTRODUCTION

The hepatocarcinogenic activities of safrole (l-allyl-3,4-
methylenedioxybenzene) for rats and mice and of estragÃ³le (1-
allyl-4-methoxybenzene) for mice have been well documented
(1-8). These compounds are members of a series of naturally
occurring alkenylbenzenes which are normal metabolites of a
variety of plants (1, 9, 10). In recent studies, the synthetic
acetylenic derivative l'-hydroxy-2',3'-dehydroestragole (here
after designated 1'-hydroxydehydroestragole) demonstrated

considerably greater hepatocarcinogenic activity for mice than
its allylic analogue 1'-hydroxyestragole (6, 11).
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Two naturally occurring propenylbenzene derivatives have
demonstrated some carcinogenic activity in chronic dietary
administration studies. cis-Asarone (cw-l-propenyl-2,4,5-tri-
methoxybenzene), the major component of oil of calamus,
induced mesenchymal tumors (leiomyosarcomas) of the small
intestine in rats (12, 13). Isosafrole (l-propenyl-3,4-methylene-
dioxybenzene) induced a low incidence of hepatomas in mice
and rats (1, 3). The synthetic compound 2',3'-dihydrosafrole

(l-propyl-3,4-methylenedioxybenzene) also produced hepato
mas and esophageal tumors after chronic administration to
mice and rats, respectively (1,3, 14).

In the mouse a major route of metabolism of safrole and
estragÃ³le is via hydroxylation at the 1' position (8, IS, 16); this

metabolism generates derivatives with increased carcinogenic
potential (2, 8). Sulfuric acid esters of these compounds have
been strongly implicated as the major ultimate electrophilic
and carcinogenic metabolites in vivo. Thus, mouse liver cytosols
contain 3'-phosphoadenosine 5'-phosphosulfate-dependent
sulfotransferase activity for 1'-hydroxysafrole and 1'-hydroxy

dehydroestragole (7, 11, 17). Further, the structures of the
hepatic DNA adducts formed in mouse liver after treatment
with I'-hydroxysafrole, 1'-hydroxyestragole, or 1'-hydroxyde

hydroestragole are identical to the products formed by nonen-
zymatic reactions of model esters (1 '-acetoxy derivatives) with

nucleosides (11,18-20). Finally, the hepatocarcinogenicities of
safrole, 1'-hydroxysafrole, 1'-hydroxyestragole, and l'-hy-
droxy-2',3'-dehydroestragole are dramatically inhibited in mice

which have been pretreated with the potent sulfotransferase
inhibitor pentachlorophenol (7, 11). Concurrent decreases in
hepatic DNA adduct formation from safrole, 1'-hydroxysafrole,
and 1'-hydroxydehydroestragole were observed under the same

conditions (7, 11, 21). Likewise, brachymorphic mice, which
are genetically deficient in the synthesis of hepatic 3'-phospho-
adenosine 5'-phosphosulfate, are resistant to hepatoma induc
tion and DNA adduct formation by 1'-hydroxysafrole (7).

The current study was undertaken in order to quantitate the
relative hepatocarcinogenic potencies exhibited by a number of
naturally occurring and synthetic allylic and propenylic benzene
derivatives related to safrole and estragÃ³le (Fig. 1) on admin
istration to infant male C57BL/6J x C3H/HeJ F, (hereafter
called B6C3Fj) mice. A number of these compounds have not
been previously examined for carcinogenic activity. Precocene
II, a cyclic propenylbenzene derivative that occurs naturally in
some plants (22), exhibited surprisingly strong hepatocarcino
genic activity in this assay.

MATERIALS AND METHODS

Instrumentation

HPLC1 was performed on a Model 204 liquid Chromatograph

equipped with a U6K injector, a 660 solvent programmer, and a 440
absorbance detector from Waters Associates (Milford, MA). Analytical

4The abbreviations used are: HPLC, high performance liquid chromatography;

d, doublet; m, multiplet; s, singlet.
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Fig. l. Structures of alkenylbenzene derivatives examined in this study.

(4.6 x 250 mm, 5 Â¿im)and preparative (10 x 250 mm, 10 urn) Ultra-
sphere ODS columns were obtained from Beckman Instruments (Berke
ley, CA). Analytical and preparative chromatographies were carried out
at 1 and 3 ml/min, respectively. The purity of all test compounds was
determined to be greater than 97%, unless stated otherwise, based on
analytical HPLC in appropriate solvent systems with absorbance detec
tion at 254 or 280 nm.

UV spectra were determined with a McPherson Model EU-700 series
CCA dual beam spectrophotometer (Acton, MA). Fourier transform
H1 nuclear magnetic resonance spectra were obtained on a 200-MHz

WP220 spectrometer or a HX90E spectrometer from Bruker Instru
ments (Billerica, MA). Corrected melting points were determined with
a Fisher-Johns melting point apparatus from Fisher Scientific (Pitts
burgh, PA).

Chemicals

1'-Hydroxyestragole (8), 1'-acetoxyestragole (8), 1'-oxoestragole
(18), r-hydroxy-2',3'-dehydroestragole (18), l'-acetoxy-2',3'-dehy-
droestragole (11), l'-oxo-2',3'-dehydroestragole (11), 3'-hydroxy-
fra/w-anethole (18), l'-hydroxysafrole (15), l'-acetoxysafrole (15), 1'-
hydroxy-2',3'-dehydrosafrole (17), 1'-hydroxyelemicin (23), and 7V-

ethyl-JV-nitrosourea (24) were prepared as described previously.
.V-Bromi >-m/n.v-anethole was prepared as described by Borchert et

al. (15) for .V-hromo-fran.v-isosafrok'. Yield, 24%; m.p. 69Â°C.UV: X,,,Â«

= 229 nm (< 13,210); 263 nm (. 7,020) in methanol. Nuclear magnetic
resonance spectrum: 7.38 to 6.80 (4, m, 8.6), H 2,3,5,6; 6.62 (1, d, J, ,:
= 15.6), H-l'; 6.24 (1, m, J2.j. = 7.1, Jr.,. = 15.6), H-2'; 4.16 (2, d,
Jyj- = 7.1), H-3'; 3.81 (3, s), OCH3.

EstragÃ³le,precocene I, precocene II, and fraru-cinnamaldehyde were
obtained from Aldrich Chemical Co. (Milwaukee, WI). Aflatoxin BI
was obtained from Calbiochem (San Diego, CA). Benzo(a)pyrene and
rru/i.v-asarone were obtained from Sigma Chemical Co. (St. Louis, MO).

c/s-Asarone (98%) was obtained from a mixture of asarone isomers
(70% cu/30% trans-, Aldrich) by preparative HPLC in 50% CH3CN
(retention time, 24-27 min). Isosafrole (90% trans/10% eis isomer) was
obtained from the I ridoni Chemical, Inc. (Hauppauge, NY). An aliquot
of this material was enriched to 52% cu-isosafrole by chromatography

in 100% hexane on a silica gel column. Dihydrosafrole (>97%) was
also obtained from practical grade material (Aldrich) by silica gel
chromatography in 100% hexane.

1'-Acetoxyelemicin and piperine [(Ãranj,ÃranÃ)-l-[5-(l,3-benzo-

dioxol-5-yl)-l-oxo-2,4-pentadienyl]piperidine] were generously pro
vided by Dr. T. Lloyd Fletcher, Fred Hutchinson Cancer Center,
Seattle, WA. cw-Anethole (89% eis isomer) was kindly provided by Dr.
Patrick G. Hoffman (McCormick and Co., Hunt Valley, MD). This
material was used directly in the multiple injection experiment; the
single injection study utilized more highly purified material (>97% c/.v
isomer) which was obtained by chromatography in 100% hexane on a
silica gel column.

Trioctanoin was purchased from Pfaltz and Bauer, Inc. (Stamford,
CT); it was sterilized at 100'C for 3 h. Injection solutions were prepared
in trioctanoin at room temperature and stored at -20*C. Test solutions

were prepared at 2- to 4-week intervals.

Animals

Tumor Induction in Mice by i.p. Injection Prior to Weaning. C3H/
HeJ, C57BL/6J, A/J, and B6C3F, mice were bred in our laboratory
from breeding stock obtained from The Jackson Laboratory (Bar Har
bor, ME). All experimental mice were fed a pelleted purified diet (6)
prepared by Teklad Test Diets (Madison, WI). Breeding stock were fed
Wayne Breeder Blox pellets (Allied Mills, Inc., Chicago, IL). All
animals were allowed food and water ad libitum.

Preweanling mice were treated according to the experimental pro
tocols in each table. Preliminary toxicity studies were carried out to
determine maximum doses that permitted approximately 90% survival
to weaning. Test compounds were administered in sterile trioctanoin
(generally 10 /J/g body weight) with 0.5-ml syringes graduated to 0.01
ml and fitted with an integral 27-gauge needle. Most studies utilized a
single i.p. injection at 12 days of age; in two experiments, a series of
four i.p. injections were given on Days 1, 8, 15, and 22. The average
body weights of male B6C3F, mice were 1.4 g (Day 1), 3.5 g (Day 8),
6 g (Day 12), 7 g (Day 15), and 13 g (Day 22).

General Care and Autopsies. At 4 weeks of age the mice were weaned
and housed in plastic cages (generally 3-4 mice/cage) on ground
corncob bedding (Bed O'Cobs; Anderson Cob Division, Delph, IN).

The animals were maintained on a 12-h-light, 12-h-dark cycle; the
rooms were kept at 22-25*C. The experimental mice were observed

daily and weighed on a monthly basis.
All animals which died or were killed when moribund and all animals

which survived to the termination of a study were subjected to gross
routine autopsies, which included gross inspection of the organs of the
peritoneal and pleural cavities and the s.c. tissue of each animal.
Representative liver tumors from at least 15 mice in each treatment
group, all other tumors, and any grossly abnormal tissues were fixed in
neutral 10% formalin, sectioned at 5-6 Â»m.and stained with hematox-
ylin and eosin. HistolÃ³gica! diagnoses of these sections were provided
by Dr. Henry Pilot of the McArdle Laboratory. The lungs of the A/J
mice were fixed in 10% formalin and adenomas > I mm on the surface
of the lung were counted.

In our experience in these and previous experiments (6-8, 11), the
hepatic nodules that are cream-colored to moderately red, raised from
the surface of the liver, and larger than 2 mm in diameter have, with
very few exceptions, been histologica Ily diagnosed as hepatomas of type
A, mixed types A and B, or type B (8, 25). Thus, all of the nodules that
complied with this basic description were enumerated for determination
of the incidences of hepatoma-bearing mice and of the average number
of hepatomas per mouse. The majority of these hepatomas were at least
5 mm in diameter, and many exceeded 1 cm in diameter. Type B
hepatomas were noted only in animals which were older than 12 months
of age. The number of mice at risk for the calculation of hepatoma
incidence and average hepatoma multiplicity was based on the number
of mice alive when the tirsi hepatoma-bearing mouse died in each
experiment (generally >8 months).

With few exceptions 92-100% of the mice in each group at weaning
survived to the termination of the experiment. The groups in which
larger numbers of deaths occurred prior to the termination of the
experiment were (a) those in which the average hepatoma multiplicity
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exceeded 10, (b) those containing mice treated with 3'-bromo-trans-

anethole, and (c) some of those groups terminated when the mice were
18 months old.

The average numbers of hepatomas per liver were used to compare
the potencies of the various compounds. As observed previously (7,11,
26, 27), the average multiplicities of hepatomas obtained with the
protocol used here are approximately a linear function of the dose over
a much wider dose range than are the incidences of hepatoma-bearing

mice.
Statistical Evaluations. The significance levels for the tumor inci

dences and tumor multiplicities were determined by Fisher's exact test

(Ref. 28, p. 195) and the Mann-Whitney (Wilcoxon) test (Ref. 29, p.

68), respectively.

RESULTS

Susceptibility to Hepatoma Induction in Relation to Mouse
Strain, Sex, and Age of Treatment. As anticipated from earlier
studies on other carcinogens (26, 30, 31), male C3H/HeJ mice
were much more susceptible to I'-hydroxyestragole and 1'-

hydroxysafrole than were male C57BL/6J mice. Male C3H/
HeJ mice given total doses of approximately 1.5 /Â¿mol/gbody
weight of 1'-hydroxyestragole or 1'-hydroxysafrole during the
first 21 days after birth developed a 5- to 10-fold greater
multiplicity of hepatomas by 14 months than were observed in
male CS7BL/6J mice treated under the same conditions (Table
1). In agreement with previous studies with other carcinogens
and other strains of mice (6, 8, 32), female mice of both strains
were very resistant to hepatoma induction with this protocol in
which the carcinogen was administered only prior to weaning.

Comparison of the hepatoma responses of male B6C3F, mice
treated with 1'-hydroxyestragole at 1 or 12 days of age indicated
a 2- to 3-fold greater susceptibility of the 12-day-old mice (Table
2). Acute toxicity was observed for 1'-hydroxyestragole at the

0.15-fimol/g body weight dose; only 73 and 43% of the mice
treated with this dose at 1 and 12 days of age, respectively,
survived to weaning, while >95% of the mice in the other
groups of this experiment were weaned.

Comparison of the Hepatocarcinogenic Activities of Allylben-

zene Derivatives and Their Acetylenic Analogues Administered
to Male B6C3Fi Mice Prior to Weaning. The experiments
reported in Tables 3 and 4 were carried out to determine the
activities of some previously unstudied alkenylbenzene deriva
tives and to obtain better comparative data for the hepatocar-
cinogenic activities of other alkenylbenzene derivatives when
they were administered as one or a few doses prior to weaning.
As expected from previous studies from our laboratory (6, 11),
these data demonstrated the high potency of l'-hydroxydehy-
droestragole (Table 3, Group 1; Table 4, Groups 1-3) and 1'-
hydroxy-2',3'-dehydrosafrole (Table 4, Groups 4 and 5) for the

induction of hepatomas. These compounds are the most potent
alkenylbenzene derivatives that have been assayed to date. On
administration of a single dose of 0.01 or 0.05 Â¿rnol/g body
weight, 1'-hydroxydehydroestragole induced 2.4 or 12 hepato-
mas/liver, respectively, by 12 months. I'-Hydroxydehydroes-
tragole was 2-3 times more active than l'-hydroxydehydrosaf-
role. The greater activities of p-methoxy derivatives, as com
pared to those of the corresponding methylenedioxy derivatives,
were also evident on comparison of the average hepatoma
multiplicities induced by 1'-hydroxyestragole and 1'-hydroxy
safrole (Table 4, Group 6 versus Group 9) and by 1'-acetoxyes-
tragole and 1'-acetoxysafrole (Table 4, Groups 8 and 10). The
latter data also demonstrated that the l'-acetoxy derivatives

have carcinogenic activities comparable to those of the corre
sponding 1'-hydroxy derivatives in this assay.

The hepatocarcinogenic potencies of 1'-oxoestragole and 1'-
oxo-2',3'-dehydroestragole, which are potential electrophilic
metabolites of the respective 1'-hydroxy derivatives (11, 18),
were also examined. As noted earlier for administration of 1'-
oxosafrole to rats and mice (33), the l'-oxo derivatives were

more toxic than most of the other alkenylbenzene derivatives
studied. In mice treated with a total of 1.9 or 1.42 ^mol of I '-

oxoestragole in 4 doses the survival at weaning was 48 or 62%,
respectively, as compared to 94% for mice treated only with the
solvent. Many of these mice also developed severe adhesions in
the peritoneal cavity but this did not appear to have an adverse
effect on the survival after the preweanling period. Under these

Table 1 Induction of hepatomas by multiple i.p. injections of 1'-hydroxyestragole or 1'-hydroxysafrole into C3H/HeJ or C57BL/6J mice

Male and female C3H/HeJ and CS7BL/6J mice were treated with 0.1 mmol/25 iÂ¡\sterile trioctanoin/mouse on Day 1 and 0.04 Â«imol/lOpl/g, 0.04 Â¿imol/5Â¿il/g,
and 0.08 >imol/7 /il/g body weight of 1'-hydroxyestragole or 1'-hydroxysafrole on Days 8, 15, and 22 after birth, respectively. The average weights of the C3H/HeJ

and C57BL/6J mice were: Day 1, 1.4, 1.3; Day 8, 4.3, 4.7; Day 15, 7.5, 7.9; and Day 22, 9.5, 11.6, respectively. The experiment was terminated at 14 months. The
first tumor-bearing mouse was observed at 10 months.

Group12345

Ã•6
!7891011

!12
!Compound'-Hydroxyestragole'-Hydroxyestragole'-Hydroxysafrole'-HydroxysafroleSolvent

onlySolvent
only'-Hydroxyestragole'-Hydroxyestragole'-Hydroxysafrole'-HydroxysafroleSolvent

onlySolvent
onlyStrainC3H/HeC57BL/6C3H/HeC57BL/6C3H/HeC57BL/6C3H/HeC57BL/6C3H/HeC57BL/6C3H/HeC57BL/6SexMMMMMMFFFFFFNo.

of mice
weaned383650333443343637393533No.

of mice
autopsied343641303142343333373332Hepatoma-

bearing
mice*(%)76"1468M33C'C26'-'5603000Av.

no. of hepato-
mas/mouse"1*3.0

Â±2.3'-/0.3
Â±0.9*1.6
Â±1.6M0.4
Â±0.6C-'0.3
Â±0.6'->0.07
Â±0.340.06
Â±0.2400.03

Â±0.17000No.

of mice
with other

tumors0r*00004*1'1*06*0

*>2 mm in diameter.
*Mean Â±SD.
' Significantlydifferent from the valuefor the male miceof the same strain treated only with the solvent;/' < 0.005.
J Significantlydifferent from the valuefor the male C57BL/6 mice treatedwith the same compound;/' < 0.01.
' Significantlydifferent from the valuefor the femalemiceof the same strain treated with the samecompound; /' < 0.001.
' Significantlydifferent from the valuefor the male ( '31I/He micetreated with 1'-hydroxysafrole;/' < 0.01.
*Significantlydifferent from the value for the femaleC57BL/6 mice treated with 1'-hydroxyestragole;/' < 0.05.
*Lymphomainvolvingthe spleen.
' Significantlydifferent from the valuefor the male C57BL/6 micetreated onlywith the solvent; /' < 0.05.
' Significantlydifferent from the value for the femaleC3H/He mice treatedonly with the solvent;P < 0.005.
*Adenocarcinomasof the mammarygland.
' Adenomaof the Harderian gland.
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Table 2 Induction ofhepatomas in male B6C3FÂ¡mice by a single i.p. injection of 1'-hydroxyestragole at 1 or 12 days of age
Male B6C3Ft mice were given a single i.p. injection of 1'-hydroxyestragole at 1 or 12 days of age, as indicated. Each dose was given in KM of sterile trioctanoin/

g body weight. The first hepatoma-bearing mouse was observed at 10 months and the experiment was terminated at 14 months.

Age at
injection

Group(days)1

1
2 1
3 1
4 1
5 12
6 12
7 12
8 12Dose

(/imol/
g bodywt)0.15

0.10
0.05

Solvent only
0.15
0.10
0.05

Solvent onlyNo.

of mice
weaned40

46
35
40
45
48
39
37No.

of mice
autopsied"40

45
35
39
45
47
39
37Hepatoma-

bearing
mice"(%)62e

58e
66e''5'

89c./.,gr.Â»74'

8Av.

no. of
hepatomas/mouse"'*1.8

Â±2.2e
1.2 Â±1.4e
0.9 Â±0.9e

0.08 Â±0.35
4.5 Â±2.6e' *
3.8 Â±2.2e- *
1.9Â±1.8e'1

0.08 Â±0.28
" >2 mm in diameter.
* Mean Â±SD.
' Statistically different from the value for the mice of the same age treated only with trioctanoin; /' < 0.001.
J One mouse also had an adenoma of the Harderian gland.
' One mouse also had a pulmonary adenoma.
f Statistically different from the value for mice treated with the same dose on Day 1; P < 0.01.
* One mouse also had a splenic lymphoma.
*Statistically different from the values for mice treated with the same dose on Day 1; P < 0.005.
' Statistically different from the value for mice treated with the same dose on Day l;P< 0.05.

Table 3 Induction ofhepatomas in male B6C3FÂ¡mice which were given injections ofallyl- and propenylbenzene derivatives prior to weaning

The test chemicals were injected i.p. in sterile trioctanoin on Days 1, 8, 15, and 22. The >Â£molinjected per mouse per dose were in the ratio 1:2:4:12, respectively,
and the injection volumes of trioctanoin per mouse were 25, 50, 25, and 75 n\, respectively, for Days 1, 8, 15, and 22. Owing to its limited solubility in trioctanoin,
pipeline was injected in 80% dimethyl sulfoxide. Groups 1-13 were terminated at 13 months, while the mice in Groups 14-18 were maintained for 18 months. The
first hepatoma-bearing mouse was observed at 9 months.

Group Compound
Total dose

Omini)
No. of mice

weaned
No. of mice
autopsied

Hepatoma-
bearing

mice0 (%)
Av. no. of

hepatomas/mouse"' *

No. of mice
with other

tumors

Mice killed at 13 months

1 '-Hydroxy-2',3'-dehydroestragole 0.4
2 '-Hydroxyestragole 0.4
3 '-Hydroxyestragole 1.9
4 '-Acetoxyestragole 1.9
5 '-Hydroxyelemicin 9.5
6 '-Acetoxyelemicin 9.5
7 '-Oxoestragole 1.9
8 '-Oxoestragole 1.4
9 3'-Bromo-franj-anethole 1.9

10 3'-Bromo-fra/ts-anethole 1.4
11 cis-Asarone 4.8
12 rraru-Asarone 4.8
13 Trioctanoin only

42
47
43
42
45
48
22
32
37
44
43
47
31

41
47
42
42
45
48
21
31
31
44
41
44
31

95C
51'
95'
88e
51'
52e
43'

22
80e
21
sy
89e

10

Mice killed at 18 months

7.0 Â±2.8e
1.0 Â±1.2'
5.2 Â±2.5'
3.5 Â±2.2e
0.8 Â±1.0e
0.8 Â±1.1'
0.7 Â±1.1*
0.3 Â±0.6
1.8 Â±1.2C

0.2 Â±0.4
2.3 Â±1.7e
1.8 Â±1.5e

0.1 Â±0.3

Â°>2 mm in diameter.
* Mean Â±SD.
e Significantly different from the value for the mice treated only with trioctanoin; P < 0.001.
'' Lung adenoma.
' Malignant histiocytoma of the liver and small intestine.
^Hemangiosarcoma of the liver.
* Significantly different from the value for the mice treated only with trioctanoin; P < 0.01.
* Renal cell carcinoma.
' Adenoma of the Harderian gland.
' Subcutaneous hemangiosarcoma.
* Adenocarcinoma of the small intestine.
'Two mice had adenomas of the Harderian gland, and one each had a pulmonary adenoma and a malignant hypernephroma.
"' Hemangiosarcomas (2 in the liver and 1 in the spleen).
" Two mice had hemangiosarcomas (one in the liver and one in the spleen), and one mouse had a s.c. fibromyosarcoma.
" One mouse each had an adenoma of the Harderian gland, lungs, and kidney.

0
1"

0

1*
0
01'
if1*
0

1415161718a's-Anethole
(90% cis/10%trans)rra/w-CinnamaldehydeTrioctanoin

onlyPiperine
(80% dimethylsulfoxide)80%

dimethyl sulfoxide4.84.83.24744163633454116353333202528300.5

Â±0.80.2
Â±0.40.4
Â±0.80.5
Â±1.20.3
Â±0.54'3"3"3Â°r'

conditions there appeared to be a weak carcinogenic response
at the highest dose (Table 3, Group 7; P < 0.01). Preliminary
studies showed some lethality prior to weaning on administra
tion of a single dose of 0.04 nmol/g body weight of 1'-oxo-
2',3'-dehydroestragole at 12 days of age. However, all 29 mice

given injections of a single dose of 0.02 iimol/g body weight
survived until the completion of the study, and no significant
hepatocarcinogenic response was observed (Table 4, Group 28).

An earlier assay of 1'-hydroxyelemicin provided no evidence

for its hepatocarcinogenicity when it was administered to pre-

weanling male B6C3Fj mice in 4 doses totaling 4.75 /Â¿mol/
mouse (6). In the current study administration of a single dose
of 0.1 or 0.25 //mol/g body weight of 1'-hydroxyelemicin to

mice at 12 days of age (total dose of about 0.6 or 1.5 /imo)/
mouse; Table 4, Groups 11 and 12) similarly did not result in
a significant hepatocarcinogenic response. However, mice given
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Table 4 Induction ofhepatomas in male B6C3F, mice by a single i.p. injection of ally!- and propenylbenzene derivatives at 12 days of age

Male B6C3F] mice were given single i.p. injections of the test compounds at 12 days of age. The indicated doses were administered in 10 Â»ilof sterile trioctanoin/
g of body weight. The first hepatoma-bearing mouse was observed at 7.5 and 9.5 months for Experiments 1 and 2, respectively.

Group Compound

Dose
(fimol/g
body wt)

No. of mice
weaned

No. of mice
autopsied

Hepatoma-
bearing

mice" (%)
Av. no. of

hepatomas/mouse"' *

Experiment 1: mice killed at 12 mo

1 '-Hydroxy-2',3'-dehydroestragole
2 '-Hydroxy-2',3'-dehydroestragole
3 '-Hydroxy-2',3'-dehydroestragole
4 '-Hydroxy-2',3'-dehydrosafrole
5 '-Hydroxy-2',3'-dehydrosafrole
6 '-Hydroxyestragole
7 '-Hydroxyestragole
8 '-Acetoxyestragole
9 '-Hydroxysafrole

10 '-Acetoxysafrole
11 '-Hydroxyelemicin
12 '-Hydroxyelemicin
13 3'-Hydroxy-fra/u-anethole
14 3'-Hydroxy-mms-anethole

15 Solvent only

0.1
0.05
0.01
0.1
0.01
0.1
0.01
0.1
0.1
0.1
0.25
0.1
2.5
0.1

37
40
36
37
40
39
37
39
38
38
43
37
41
39
40

33
39
36
37
39
38
37
38
38
38
43
36
41
39
40

Experiment 2: mice killed at 10 mo

Â¡00e
940. <

100e
46'
95e''
22"

100e
68e

32
19'
36"

13
22'

" >2 mm in diameter.
* Mean Â±SD.
' Significantly different from the value for the mice treated only with trioctanoin in the same experiment; P< 0.001.
'' One mouse had a hemangiosarcoma in the liver.
' One mouse also had a pulmonary adenoma.
' OÃa-mouse had an epidermal papilloma.
* Significantly different from the value for the mice treated only with trioctanoin in the same experiment; /' < 0.05.
* Significantly different from the value for the mice treated only with trioctanoin in the same experiment; P < 0.01.

11.1 Â±4.3C
12.3 Â±3.1e
2.4 Â±1.6e

10.7 Â±2.8e
0.7 Â±0.9*
4.6 Â±2.8e

0.2 Â±0.6
4.4 Â±2.3e
1.4 Â±1.2'
1.5 Â±1.1e

0.4 Â±0.9
0.3 Â±0.6
0.4 Â±0.5
0.2 Â±0.4
0.2 Â±0.5

1617181920212223242526272829c/i-Asaronec/i-AnetholeIsosafrole

(52% cÂ«/48%trans)frani-Isosafrole
(90%trans/10%CIS)Precocene

IPrecocene
IPrecocene
IIPrecocene
IIBenzo(a)pyreneBenzo(a)pyreneAflatoxin

H,Aflatoxin
H,1
'-Oxo-2',3'-dehydroestragoleSolvent

only0.250.250.750.750.50.250.250.1250.50.250.020.010.023032293227303430272930322932293229322730343021273030293269e91413100e93e97e100e100e96e97e100e2191.1

Â±1.0e0.1

Â±0.30.2
Â±0.50.1

Â±0.45.0

Â±3.0e3.1
Â±2.2e10.4

Â±5.3e9.7
Â±4.2e1

3.5 Â±4.8e6.6
Â±4.4e6.7
Â±3.6e4.3
Â±2.7e0.2

Â±0.40.1
Â±0.4

a total of 9.5 Â¿Â¿molof I'-hydroxyelemicinor I'-acetoxyelemicin Only 37% of mice given injections of this level of piperine

in 4 doses during the first 21 days after birth (Table 3, Groups
5 and 6) had an average of 0.8 hepatoma/mouse (P < 0.001
relative to 0.1 hepatoma/mouse for the solvent-treated controls;
Group 13). These elemicin derivatives are thus approximately
30- and 200-fold less active on a molar basis than 1'-hydrox-
yestragole and 1'-hydroxydehydroestragole, respectively, for

the induction of hepatomas in preweanling male B6C3F, mice.
Comparison of the Relative Hepatocarcinogenic Activities of

Propenylbenzene Derivatives Administered to Male B6C3K,
Mice Prior to Weaning. c/s-Asarone, which previously demon
strated carcinogenic activity on chronic dietary administration
to rats (12, 13), induced hepatomas in B6C3Fi mice when
administered as 4 doses totaling 4.75 nmol/g body weight
during the preweanling period (Table 3, Group 11) or as a
single dose of 0.25 /^mol/g body weight at 12 days of age (Table
4, Group 16). Comparable hepau Â»carcinogenicactivity was also
observed in mice treated with ira/w-asarone (Table 3, Group
12).

In contrast to the isomers of asarone, a number of other
propenylbenzene derivatives failed to exhibit detectable carcin
ogenic activity. m-Anethole, frans-cinnamaldehyde, and piper
ine were inactive at doses of 4.8, 4.8, and 3.2 fimol/mouse,
respectively, even though these mice were not autopsied until
they were 18 months of age (Table 3, Groups 14, 15, and 17).

survived to weaning. c/s-Anethole and isosafrole (both the trans
isomer and a 1:1 cis-trans mixture) were also inactive when
administered as a single injection of 0.25 or 0.75 Â¿imol/gbody
weight, respectively (Table 4, Groups 17-19). The toxicity of
c/s-anethole at a dose of 0.75 /trnol/g body weight, as evidenced
by the death of mice within 24 h after injection, precluded the
assay of this compound at the same level as the isomers of
isosafrole. These results were consistent with earlier studies in
which no carcinogenic activity was demonstrated for trans-
anethole under a variety of conditions, including the adminis
tration of multiple injections prior to weaning in male CD-I or
B6C3F] mice or chronic dietary administration to adult CD-I
mice with or without simultaneous administration of phÃ©no
barbital (6). However, weak hepatocarcinogenicity has been
reported for Â¡sosafrole(probably a trans-cis mixture) adminis

tered chronically at a high level to B6C3Fi mice from the
preweanling period until 82 weeks of age (3).

In contrast to the increased carcinogenic potential of the 1' -

hydroxy derivatives of safrole and estragÃ³le relative to those of
their parent compounds (2, 8, 33), the propenylic derivative 3'-
hydroxy-fra/is-anethole was inactive at the levels tested (Table
4, Groups 13 and 14). The low toxicity of this compound
permitted its administration at a level of 2.5 pmol/g body
weight. Similarly, no hepatocarcinogenicity was detected for
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3'-hydroxy-/ra/is-isosafrole under the same conditions (34). In
contrast, 3'-bromo-/raÂ«J-anethole, an electrophilic analogue of
the 3'-hydroxy derivative, induced hepatomas when 1.9 iimo\/

mouse was administered during the first 21 days after birth
(Table 3, Group 9). Further study with this compound is
required, however, since in mice given 75% of this dose, the
tumor response was not significantly different from that for
mice treated only with the solvent (Groups 10 and 13). The
1.9-Mmol/mouse dose caused appreciable mortality (only 61%
of injected mice survived until 9 months when the first hepa-
toma-bearing mouse was observed), and most of the surviving
mice developed severe peritoneal adhesions that persisted to
the termination of the experiment.

Precocenes I and II, which are plant metabolites with anti-
juvenile hormone activity for insects (22), are propenylic deriv
atives with strong structural similarities to m-asarone (Fig. 1).
Each of the precocene derivatives demonstrated greater hepa-
tocarcinogenic activity in the B6C3P! mouse liver than was
observed for the asarones (Table 4, Groups 20-23). Precocene
II was severalfold more potent than precocene I, but carcino-
genicity assays at lower doses to obtain good dose-response
data are not yet available. Only two-thirds of the mice treated
with the higher dose level of each of these compounds survived
to weaning. As demonstrated earlier by Vesselinovitch et al.
(35, 36), benzo(a)pyrene and aflatoxin BI had moderate and
strong hepatocarcinogenic activity, respectively, on administra
tion to preweanling male B6C3F! mice (Table 4, Groups 24-
27). Aflatoxin B, was more potent than any of the alkenylben-
zene derivatives studied, while benzo(a)pyrene had activity sim
ilar to those of l'-hydroxyestragole and 1'hydroxysafrole in

this system.
Effect of Pentachlorophenol on the Induction of Hepatomas in

Male B6C3F, Mice Treated with EstragÃ³le or Related Com
pounds at 12 Days of Age. The potent and relatively specific
sulfotransferase inhibitor pentachlorophenol strongly inhibits
the 3'-phosphoadenosine 5'-phosphosulfate-dependent esteri-
fication of F-hydroxysafrole and 1'-hydroxydehydroestragole

in vitro and also strongly inhibits the formation of DNA adducts
and the hepatocarcinogenic activity of these compounds in vivo
(7, 11, 37). As previously observed for sa trole (7), the hepat o-

carcinogenicity of estragÃ³le was also strongly inhibited by pen
tachlorophenol (Table 5, Groups 1 and 2). These data, the
inhibition of hepatic DNA adduct formation from safrole by
pentachlorophenol (21), and the metabolism of these carcino
gens to their l'-hydroxy derivatives in vivo (8, 15) provide
strong evidence that the carcinogenicities of these two alkenyl-
benzene derivatives also depend primarily, if not entirely, on
their metabolism to l '-sulfoÃ¶xyderivatives. On the other hand,
the lack of inhibition of the hepatocarcinogenic activities ofcis-
and rra/Â«-asarone by pentachlorophenol (Table 5, Groups 3, 4,
6, and 7) suggests that these propenylbenzene derivatives are
metabolically activated for carcinogenesis by some other route.
This assay of c/s-asarone carcinogenicity was limited to a dose
of 0.25 iimol/g body weight, since, with higher doses, the
pentachlorophenol pretreatment did not permit adequate sur
vival of the mice to weaning. Although 2',3'-dihydrosafrole has

exhibited carcinogenic activity after chronic administration to
B6C3Fi mice and rats (3, 14), no hepatocarcinogenicity was
observed on injection of 7.5 fimol/g body weight (1.2 g/kg) into
12-day-old male mice either with or without pentachlorophenol
pretreatment (Table 5, Groups 10 and 11).

Low Activities of l'-Acetoxydehydroestragole and l'-Acetoxy-

estragole for Induction of Lung Adenomas in Preweanling A/J
Mice. Although the induction of lung adenomas in A/J mice

has been widely used for the assay of a variety of chemical
carcinogens, including some electrophilic derivatives (38), 1 ' -
acetoxydehydroestragole and l'-acetoxyestragole showed only

marginal activity on i.p. administration of one or two doses of
0.05 /Â¿mol/gbody weight prior to weaning (Table 6, Groups 1-
4). The percentages of mice with lung adenomas and the average
number of adenomas per mouse were each 2-4 times greater
for the mice treated with the 1'-acetoxy derivatives than for the

mice treated only with the solvent, but no dose response was
evident.

DISCUSSION

With the studies reported here and previously (1-8, 11-14,
33), there is now quite extensive information on the hepatocar
cinogenic activities of many naturally occurring allylic and
propenylic benzene derivatives, as well as some of their known
or potential metabolites and of the synthetic acetylenic ana
logues of l'-hydroxyestragole and 1'-hydroxysafrole. The data

from this laboratory have been obtained primarily by adminis
tration of the test compounds to male B6C3Fi mice prior to
weaning. Under these conditions the hepatocarcinogenic re
sponse appears to be primarily a function of the initiating
activity of the chemical; the promotion of initiated hepatic cells
occurs as a consequence of some aspect of normal male physi
ology. A single genetic locus (denoted Hcs for hepatocarcinogen
sensitivity), which was recently identified in genetic studies by
Drinkwater and Ginsler (31), appears to have a major effect on
the postinitiation phase of hepatocarcinogenesis in these mice.

The naturally occurring propenylic benzene derivatives cis-
asarone and isosafrole have previously demonstrated limited
carcinogenic activity for the intestine of the rat and for the liver
of the mouse, respectively, on dietary administration for up to
2 years (1, 3, 12, 13). However, the present data provide the
first demonstration of the carcinogenic activity of propenylic
benzene derivatives administered only prior to weaning. Both
cis and fra/is-asarone, as well as precocene I, had moderate
hepatocarcinogenic activity under these conditions, while pre
cocene II was one of the most active alkenylbenzene derivatives
assayed. The precocenes are natural metabolites of some species
of Ageratum (22). On the other hand, no hepatocarcinogenic
activity was observed for either cis- or rraÂ«s-anethole or for
/ra/w-isosafrole or a 1:1 cis-trans mixture (Ref. 6; this paper).
Whereas the allylic benzene derivatives that have been studied
(i.e., safrole and estragÃ³le) are metabolically activated for hep
atocarcinogenesis by side chain hydroxylation and sulfuric acid
esterification of the resulting l'-hydroxy derivatives (7, 8, 11,
15-19), a comparable route of metabolic activation for the
propenylic benzene derivatives appears unlikely. At least in the
case of isosafrole and anethole (isoestragole) side chain hydrox
ylation occurs at the 3' position (16, 39,40). 3'-Hydroxy-/ra/zi-

isosafrole rapidly undergoes further oxidation to cinnamic acid
and benzoic acid derivatives in the mouse (34); this alternative
metabolic pathway appears to strongly limit the amount of the
3'-hydroxy derivative which is available for sulfonation in vivo

(34). Although direct evidence is lacking, epoxidation of the
propenylic double bond is the most likely route of activation of
cis- and irans-asarone in vivo. The evidence for the strong
hepatotoxicity of metabolically formed epoxides of precocene I
and II (41, 42) supports this view, and further studies on these
compounds are in progress.

The demonstration of the hepatocarcinogenicity of 1'-hy-

droxyelemicin on administration of a high dose (a total of 9.5
Â¿Â¿mol/mouseadministered in 4 doses), but not of lower doses
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Table 5 Effect of pentachlorophenoi on the induction of hepatomas by estragÃ³leand related compounds in male B6C3FÂ¡mice at 12 days of age
Twelve-day-old male B6C3Fi mice were given a single i.p. injection of the test compound in 10 Â¡i\of sterile trioctanoin/g of body weight. Where indicated,

pentachlorophenol was administered by a single i.p. injection (0.04 pinol/g body weight) 45 min prior to treatment with the test compound. Each experiment was
terminated at 10 months. The first hepatoma-bearing mouse was observed at 9 and 9.5 months for Experiments 1 and 2, respectively.

Group Compound

Dose
Gimol/g
bodywt) Pentachlorophenol

No. of mice
weaned

No. of mice
autopsied

Hepatoma-
bearing Av. no. of

hepatomas/mouse*' *

Experiment I

1 EstragÃ³le 0.75
2 EstragÃ³le 0.75
3 rra/iÃ-Asarone 0.75
4 rrunv Asariiiu- 0.7S
5 oj-Asarone 0.5
6 ciÃ®-Asarone 0.25
7 cÃÃ-Asarone 0.25
g Solvent only
9 Solvent only

10 2',3'-Dihydrosafrole 7.5
11 2',3'-Dihydrosafrole 7.5

12 Solvent only
13 Solvent only

40
39
39
37
18
35
39
59
45

Experiment 2

30
26
32
27

40
39
39
37
18
34
38
59
45

30
26
32
27

95e'"

18
85e
86e''
94'
62e
79e

17
9

23
13
9

11

6.6 Â±3.4e' "*

0.2 Â±0.5
2.0Â±1.8
Â±2.1
Â±1.1
Â±1.5
Â±.6".4'.4".V.1"0.2

Â±0.40.1
Â±0.3

0.3 Â±0.5
0.2 Â±0.5
0.1 Â±0.4
0.1 Â±0.3

">2 mm in diameter.
* Mean Â±SD.
' Significantly different from the value for pentachlorophenol-treated mice given the same dose of estragÃ³le;/' < 0.001.
'Significantly different from the value for the mice treated only with the solvent with or without pretreatment with pentachlorophenol; P< 0.001.
' One mouse also had two hemangiosarcomas in the liver.

Table 6 Induction of lung adenomas in preweanling A/J mice treated with l'-acetoxyestragoleor l'-acetoxy-2',i'-dehydroestragole

Test compounds were administered to A/J mice in 10 /<'of sterile trioctanoin/g of body weight as a single i.p. injection at 12 days of age or as a pair of injections
at 8 and 12 days of age. Each group contained approximately equal numbers of male and female mice; no significant differences (/' < 0.05) were observed in tumor
incidence or tumor multiplicity between mice of each sex. The experiment was terminated at 9 months.

Group1

2
3
4
5
6Compound1

'-Acetoxy-2',3'-dehydroestragole
1'-Acetoxy-2',3'-dehydroestragoIe
1'-Acetoxyestragole
1'-Acetoxyestragole
JV-Ethyl-W-nitrosourea
Solvent onlyDose

Gimol/g
bodywt)0.05

0.05
0.05
0.05
0.2Treated

onDays8

and 12
12

8 and 12
12
12
12No.

of mice
weaned55

47
43
45
24
41No.

of mice
autopsied52

47
42
4524

40Lung

adenoma-
bearingmice39*

40*

29
29
92e

12Av.

no. of lung
adenomas/mouse'0.42

Â±0.57*
0.57 Â±0.80o

0.40 Â±0.77
0.31 Â±0.51

6.7 Â±3.4'

0.15 Â±0.43
â€¢Mean Â±SD.
* Statistically different from the value for the mice treated only with trioctanoin; P < 0.01.
' Statistically different from the value for the mice treated only with trioctanoin; /' < 0.001.

(Ref. 6; this paper, Table 4) is consistent with the low level of to detect any carcinogenic activity (33). The acute toxicity of
hepatic DNA adducts formed from the parent compound clem -
icin in preweanling B6C3F] mice (43). These data suggest that
related allylbenzene derivatives such as my risi icin and dill apiol,
which thus far have not induced significant numbers of hepa-
tomas (6) but yield low levels of DNA adducts in the prewean
ling mouse liver (43), may also have weak hepatocarcinogenic
activity if assayed at sufficiently high doses.

Studies on the 1'-acetoxy derivatives of several Â¡illylieben

zene derivatives were undertaken with the hope that the hepa-
tocarcinogenicities of these compounds would reflect the pos
sible ability of these nonpolar electrophiles to reach critical
sites in the liver DNA. However, subsequent work demon
strated that pretreatment of mice with pentachlorophenol, an
inhibitor of the sulfotransferase activity for I'-hydroxysafrole
(7), reduced the covalent binding of [2',3'-3H]-l '-acetoxysafrole
to mouse liver DNA to the same extent as for [2',3'-3H]-l'-

hydroxysafrole (20). Accordingly, it now seems more likely that
the acetic acid esters undergo hydrolysis in vivo and that their
hepatocarcinogenicities and the formation of DNA adducts
depend primarily on the sulfuric acid esterification of the re
sulting 1'-hydroxy derivative. The low level of activity observed
for 1'-acetoxyelemicin is consistent with this deduction. Rela

tively weak hepatocarcinogenic activity was also detected for
1'-oxoestragole; several earlier assays with l'-oxosafrole failed

I'-oxoestragole and l'-oxo-2',3'-dehydroestragole limited the

doses that could be administered. However, these data and the
lack of evidence for a significant role of the l'-oxo metabolites

in hepatic DNA adduct formation in B6C3Ft mice by 1
hydroxyestragole, l'-hydroxy-2',3'-dehydroestragole, l'-hy-

droxysafrole, or safrole (11,18,19,21,43) provide no evidence
that the l'-oxo derivatives have a role in alkenylbenzene-in-

duced hepatocarcinogenesis in preweanling mice. The low level
of hepatocarcinogenic activity obtained with 3'-bromo-fra/u-

anethole is consistent with its weak mutagenic activity in Sal-
monella typhimurium strain TA100.5 This compound reacts

nonenzymatically with deoxyguanosine in vitro to form adducts
which are identical to those generated by 1'-acetoxyestragole.5

Enumeration of the gross hepatomas that develop in male
B6C3Fi mice after a single injection of compound at 12 days
of age provides a sensitive assay with a relatively wide dose
response range for the assessment of the hepatocarcinogenic
potencies of structurally diverse chemicals (Table 7). Only data
showing a relatively linear dose response are considered here,
since the multiplicity of hepatomas tends to plateau at high
doses (Table 4, Groups 1-3, 23, and 24). The average number
of hepatomas per /Â¿molof carcinogen per g of body weight,

9R. W. Wiseman, J. A. Miller, and E. C. Miller, unpublished results.
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Table 7 Relative hepatocarcinogenic potencies of various carcinogens
administered to 12-day-old male B6C3FÂ¡mice

The average numbers of hepatomas per jimol of carcinogen per g body weight
were determined by linear regression analysis of data from the linear portion of
dose response studies in which a single i.p. injection was administered to 12-day-
old B6C3F, mice.

CarcinogenDiethylnitrosamineAflatoxin

B!Vinyl
carbamatel'-Hydroxy-2',3'-dehydroestragoleJV-Hydroxy-2-acetylaminofluorene1

'-Hydroxy-2',3'-dehydrosafrolejV-Methyl-4-aminoazobenzene4-Aminoazobenzene2-MethyI-ArA-dimethyl-4-aminoazo-benzeneA'^V-Dimethyl-4-aminoazobenzene1

'-HydroxyestragoleBenzo(a)pyrene1

'-HydroxysafrolePrecocene

IEthyl
carbamatecij-AsaroneAv.

no.ofhepatomas/fimol

carcinogen/g
bodywtÂ°1100

Â±67350
Â±27250
Â±13220
Â±15150
Â±11110Â±391

Â±378
Â±566
Â±352

Â±332
Â±327

Â±0.220
Â±210
Â±0.77
Â±0.64

Â±0.2Ref.7,11This

work4411,

thiswork45This

work26,2726,272727This

workThis
work7,

thisworkThis
work44This

work

ization of several of the compounds examined in these studies. We are
also grateful to Mary Folz-Erbs and Dr. Henry C. Pilot at the McArdle
Laboratory for the preparation of slides and the histolÃ³gica!diagnoses,
respectively.
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" Slope of the regression line Â±SD.

calculated by linear regression analysis, showed that diethylni-
trosamine is the most active compound we have tested. Afla-
toxin B,, jV-hydroxy-2-acetylaminofluorene, benzo(a)pyrene,
and ethyl carbamate are 3, 7, 40, and 160 times less active,
respectively. Although generally in the same rank order, these
relative activities differ markedly from those reported by Ves-
selinovitch et al. (32), which were calculated from their esti
mations of the relative molar doses that elicit a 50% liver tumor
incidence in male B6C3F| mice treated at 15 days of age. On a
molar basis 1'-hydroxydehydroestragole, the most active of the

alkenylbenzene compounds we have examined, and its analogue
l'-hydroxy-2',3'-dehydrosafrole are only 5- and 10-fold, re

spectively, less active than diethylnitrosamine. As a minimum
estimate, the activity of precocene II ranks with that of the
aminoazobenzene derivatives, but adequate dose response data
are not available at this time. l'-Hydroxyestragole, l'-hydrox-

ysafrole, precocene I, and m-asarone are weaker carcinogens
in this system (30-300 times less active than diethylnitrosa
mine). 3'-Hydroxy-<ra/is-anethole, which showed no activity

even when examined at a very high dose (2.5 ftmol/g body
weight), and 1'-hydroxydehydroestragole (Table 7) differed by

more than 1000-fold in hepatocarcinogenic potency.
The preweanling B6C3Fi hepatoma model is a useful system

for mechanistic studies of chemical carcinogenesis. The ability
to induce liver tumor formation by a single carcinogen treat
ment permits analysis of the metabolic activation and detoxifi
cation of carcinogens and of DNA adduct formation under the
same conditions used for tumor induction (7, 11, 20, 26, 27,
37, 44, 45). Our recent observation that the c-Ha-ros-protoon-
cogene is frequently activated by a variety of point mutations
in hepatomas induced by 1'-hydroxydehydroestragole and sev

eral other carcinogens suggests that this hepatocarcinogenesis
system is also amenable to molecular genetic analysis (46).6
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