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The chemopreventive efficacy ofN-acetyl-L-cysteine (NAC),
anethole trithione, miconazole and phenethylisothiocyanate
(PEITC), each of which would be expected to alter carcino-
gen metabolism, was examined in the dimethylbenzanthra-
cene (DMBA) mammary carcinogenesis model. In this proto-
col, animals were exposed to non-toxic doses of the
chemopreventives in the diet beginning 7 days prior to DMBA
administration and then continuously throughout the dura-
tion of the assay (100 days post carcinogen). Miconazole, an
antifungal agent with relatively broad inhibitory activity to-
ward a variety of cytochromes P450, increased mammary
tumor latency, decreased tumor incidence at the highest
dose and decreased tumor multiplicity up to 60%. Anethole
trithione, a substituted dithiolthione and an analog of the
relatively broad-spectrum chemopreventive oltipraz, was
administered in the diet and significantly inhibited mammary
cancermultiplicity but not cancer incidence. NAC, an antimu-
colytic agent, failed to inhibit DMBA-induced mammary
tumorigenesis. Surprisingly, treatment with DMBA plus
PEITC, a potent inhibitor of cytochrome P450 2E1, actually
increased the multiplicity of tumors relative to that observed
with DMBA alone. Int. J. Cancer 72:95–101, 1997.
r 1997 Wiley-Liss, Inc.

Since the pioneering efforts of Milleret al. (1958), it has been
shown that structurally diverse compounds that can alter the
metabolism of carcinogens can alter the carcinogenicity of known
hepatocarcinogens including aflatoxin B1, acetylaminofluorene and
dimethylaminoazobenzene. Agents can alter carcinogen metabo-
lism by: 1) increasing levels of phase I or phase II drug metaboliz-
ing enzymes, which will alter the production of ultimate carcino-
genic metabolites; 2) inhibiting activation of the procarcinogens by
phase I activating enzymes; or 3) preferentially conjugating with
potential ultimate carcinogens and thereby inactivating them (e.g.,
sulfhydryl agents).Wattenberg and colleagues in an extended series
of investigations (Wattenberg, 1985) have shown that various
xenobiotics, many of which induce phase I and phase II drug
metabolizing enzymes, can decrease tumorigenesis in extrahepatic
tissues (stomach, lung, breast). Talalayet al. (1988) have hypoth-
esized that structurally varied compounds that induce various phase
II drug metabolizing enzymes are all potential chemopreventive
agents. Presteraet al. (1993) have shown that these structurally
varied compounds, which induce many of the phase II drug
metabolizing enzymes, appear to mediate their activity via a
specific DNA sequence. Talalayet al. (1988) have designated this
specific sequence the electrophilic response element (ERE). The
sequenced ERE, in fact, has the same sequence as a previously
described antioxidant response (ARE) element.
A number of compounds that are inducers of phase II and/or

phase I drug metabolizing enzymes (e.g., 3-indole carbinol,
Wattenberg and Loub, 1978; Grubbset al.,1995; 5,6 benzoflavone,
Wattenberg and Loub, 1978; and sulforaphame, Zhanget al.,1992)
have proved to be effective chemopreventive agents in the dimeth-
ylbenzanthracene (DMBA)-mediated mammary cancer model.
The 4 structurally diverse chemicals examined in our studies

(Fig. 1) have all previously been shown to alter carcinogen
metabolism either directly or indirectly. Anethole trithione induces
various phase II drug metabolizing enzymes and has been shown to
be an effective inhibitor of AFB1-mediated hepatocarcinogenicity

(Kensler et al., 1987) as well as azoxymethane-induced colon
carcinogenesis (Reddyet al., 1993). Miconazole, an anti-fungal
agent, has been shown to inhibit a variety of cytochrome P450s
directly (Rodrigueset al., 1987) and has demonstrated anti-
mutagenic effects. N-acetyl-L-cysteine (NAC), a mucolytic agent,
has been shown to interact directly with certain ultimate carcino-
gens and has been effective in blocking DNA binding by a variety
of genotoxic carcinogens (Izzotiet al.,1994). Finally, phenethyl-
isothiocyanate (PEITC), a chemical found at high levels in
watercress, has been shown to be at least a weak inducer of various
phase I and phase II drug metabolizing enzymes (Guoet al.,1992)
while simultaneously being a relatively potent inhibitor of specific
cytochromes P450 (e.g.,CYP 2E). This compound has also been
shown to be effective in a variety of animal cancer models that
employ nitrosamines (e.g.,Morseet al.,1991). It is possible that
these compounds may exhibit other activities that may make them
effective chemopreventive agents irrespective of their ability to
affect activation or inactivation of the procarcinogen directly. All 4
agents were examined in these studies for their ability to inhibit
mammary carcinogenesis in the DMBA-induced rat model.

MATERIAL AND METHODS

Chemicals

NAC (CAS 616-91-1), PEITC (CAS 2257-09-2) andmiconazole
(CAS 22916-47-8) were purchased from Sigma (St. Louis, MO).
Anethole trithione was kindly supplied by M.O. Christien (Solvay,
Suresnes, France). Anethole trithione is marketed as Sulfarlem.
7,12-DMBAwas obtained fromAldrich (Milwaukee, WI).

Experimental animals
Female Sprague-Dawley rats were obtained fromHarlan Sprague-

Dawley (Indianapolis, IN), virus-free colony number 202. The rats
arrived at 34 days of age and were placed immediately on a
commercial diet. Female rats were housed in groups of 5/cage in a
room maintained at 726 2°F and artificially lighted for 12 hr/day.
Two animals from each shipment were randomly selected, and
complete health status was determined. None of the rats exhibited
major lesions, and all were pathogen-free. Animals were allowed
free access to the basal diet or to the diet containing the
chemopreventive agents and drinking water throughout the experi-
ment.

Treatment with chemopreventive agents
Starting at 43 days of age, rats were treated continuously in the

diet with NAC (8,000 or 4,000 ppm); PEITC (1,200 or 600 ppm);
miconazole (2,000 or 1,000 ppm) or anethole trithione (400 or 200
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ppm). The rats in these experiments consumed between 15 and 17 g
of food/day. Thus, a dietary exposure of 100 ppm resulted in a dose
of 8 mg/kg b.w. in a 200 g rat. PEITC was mixed with ethanol/
trioctanoin (12 and 19 g/kg diet, respectively) prior to incorpora-
tion into the diet. Anethole trithione, NAC and miconazole were

added directly to the diet. Control animals were given a normal diet
in the studies employing anethole trithione, NAC or miconazole,
while a diet containing ethanol/trioctanoin was employed in the
control rats for PEITC. The purity of the compounds and their
stability in the diet were verified by HPLC. Analytical conditions
(column, solvent, detection wavelength) for each agent were as
follows: anethole trithione—Spherisorb ODS-2 2u (1503 4.6
mm), 70% methanol/30% water, 350 nM (Masound and Bueding,
1983); NAC—Spherisorb ODS-1 5u (2503 4.6 mm), 0.1 M
phosphate buffer (pH 2.1)/20% acetonitrile, 385 nM (fluorescence
excitation) and 515 nM (emission) (Cornwellet al., 1993);
miconazole—Spherisorb ODS-1 5u (2503 4.6 mm), 80% metha-
nol/20% 0.01 M KH2PO4 (pH 4.5), 230 nm (Brodieet al.,1976);
PEITC—Spherisorb ODS-2 3u (1503 4.6 mm), 70% methanol/
30% water, 243 nM (Morseet al.,1991). After formulation, PEITC
was kept in a cold room at 4°C, and food cups were changed daily
because the compound was unstable at room temperature for more
than 1 day. For the other compounds, food cups were changed 3
times a week. Samples from the dietary formulations at weeks 1 or
8 in the experiments showed that all the samples were at least 92%
of the targeted concentrations.

Chemoprevention study design
Rats were administered the chemopreventive agents beginning at

43 days of age. One week later, rats were administered 12 mg
DMBA by gavage, in sesame oil, as previously described (Grubbs
et al., 1995). Rats were weighed weekly, palpated for mammary

FIGURE 1 – Chemical structures of N-acety-l-cysteine, anethole
trithione, miconazole and phenethylisothiocyanate.

FIGURE 2 – Effects of phenethylisothiocyanate (PEITC) on tumor multiplicity. Rats were exposed to either a high dose (1,200 ppm) or a low
dose (600 ppm) of PEITC or a Teklad control diet beginning 1 week prior to DMBA administration and remained on that diet until the end of the
experiment.
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FIGURE 3 – Urinary bladder of female rats receiving PEITC. Light microscopy. Female Sprague-Dawley rats received either PEITC (1,200
ppm;a) or vehicle (ethanol:trioctanoin;b) in the diet for 107 days. Scale bar5 10 µm.

FIGURE 4 – Effects of N-acetyl-L-cysteine (NAC) on tumor multiplicity. Rats were exposed to either a high dose (20,000 ppm) or a low dose
(10,000 ppm) of NAC or a Teklad control diet beginning 1 week prior to DMBA administration and remained on that diet until the end of the
experiment.
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tumors twice per week and checked daily for signs of toxicity.
Estrus cycles of rats receiving the chemopreventive agents (no
carcinogen) were monitored for a 2 week period after 60 days of
treatment. The studies were terminated 100 days following DMBA
administration. When the studies were terminated, tumors were
removed and examined histopathologically employing previously
published criteria (Grubbset al., 1995). Five animals per group
from the animals receiving the high dose of chemopreventive alone
or vehicle alone (no DMBA) were completely necropsied to
evaluate possible toxicity of the agents.

Statistical analysis
Statistical methods have been previously described (Grubbset

al., 1995). Tumor multiplicity was determined employing the
Armitage (1966) test, while tumor incidence was compared
employing the log rank test (Peto, 1988).

RESULTS

Effects of chemopreventives on body weight gain

None of the chemicals at the doses employed had major effects
on body weight gain (,5% decrease in final body weight). The
maximal doses of PEITC (1,200 ppm), miconazole (2,000 ppm)
and anethole trithione (400 ppm) were based on our findings in 6
week dose selection studies that these doses were approximately
0.8 times the maximally tolerated dose. None of the chemopreven-
tives, at the doses employed, affected normal estrus cycling of the
treated rats.

Effects of PEITC on tumor incidence and multiplicity
In Table I and Figure 2, the multiplicity data for animals treated

with DMBAplus PEITC are shown. Treatment with either the high
or low doses of PEITC actually decreased the latency to tumor
induction and increased the multiplicity of mammary tumors.
PEITC alone at 1,200 ppm in the diet resulted in a weak
hyperplasia in the transitional epithelium of the bladder in all 5 of
the rats that had undergone a complete necropsy (Fig. 3). The
average weight of the bladder increased by 53% in this group of
rats. The high dose of PEITC also caused a limited, albeit
statistically significant, increase (5%) in liver to body weight ratio.

Effects of NAC on tumor incidence and multiplicity
In Figure 4, the multiplicity data are presented for rats treated

with NAC. The highest dose of NAC resulted in a slight decrease in
tumor latency and a significant increase in tumor multiplicity. The
lower dose of NAC had limited effects on either latency or
multiplicity.

Effects of anethole trithione on tumor incidence and multiplicity
In Figure 5, tumor multiplicity data are presented for rats treated

with anethole trithione. Treatment with either dose of anethole

trithione had minimal effects on tumor incidence (Table I).
However, both doses of anethole trithione decreased tumor multi-
plicity between 35% and 45%. The effect of the high dose of
anethole trithione on tumor multiplicity was statistically signifi-
cant. The higher dose of anethole trithione caused a limited, albeit
statistically significant, increase (10%) in liver to body weight
ratio.

Effects of miconazole on tumor incidence and multiplicity
The multiplicity data for rats treated with miconazole are

presented in Figure 6. Miconazole caused a dose-dependent
increase in tumor latency (p, 0.02 by log rank analysis) and
decreased final tumor incidence from 96% to 68%. Miconazole
simultaneously caused a dose-dependent decrease in the multiplic-
ity of animal tumors (Table I).

DISCUSSION

One possible mechanism for chemopreventive efficacy is to
inhibit the formation of DNA damage by potential carcinogens. In
the present study, 4 structurally diverse agents (Fig. 1), each of
which has been shown to alter activation of certain carcinogens and
each of which has previously proven efficacy as chemopreventives
in one or more rodent tumor models, were examined. In evaluating
these chemicals, one should be aware that although these agents
can alter carcinogen activation, they may have additional mecha-
nisms by which they can mediate chemopreventive efficacy.
In these specific studies, the potential chemopreventive agents

were administered both prior to and following treatment with the
carcinogen DMBA. The rationale for this specific protocol, in a
screening assay such as employed here, is that agents can be
identified that interfere with either cancer initiation or cancer
progression.
PEITC has been shown to be a highly effective inhibitor of

carcinogenesis caused by NNK and certain other nitrosamines in
both rats and mice (e.g., Morse et al., 1991). The primary
chemopreventive efficacy of PEITC is due to its ability to inhibit
the metabolism of NNK and other nitrosamines and thereby to
inhibit DNAadduct formation. However, some portion of its effects
may be attributable to its weak but measurable ability to induce
various phase I and phase II drug metabolizing enzymes. Much of
the work with PEITC and structural analogs has been performed
administering large bolus doses of PEITC 1–2 hr prior to NNK
administration (e.g.,Morseet al.,1991), a methodology that may
be particularly effective when examining agents that inhibit
carcinogen activation by the phase I drug metabolizing enzymes.
However, more limited studies employing dietary administration of
PEITC at doses similar to those employed in the present studies
have demonstrated inhibition of esophageal tumors in rats induced
by nitrosobenzylmethylamine (Stoneret al.,1991) and lung tumors

TABLE I – EFFECT OF PHENETHYLISOTHIOCYANATE (PEITC), N-ACETYL-L-CYSTEINE (NAC), ANETHOLE TRITHIONE
AND MICONAZOLE ON DIMETHYLBENZANTHRACENE (DMBA)-INDUCED MAMMARYTUMORS

Number
of rats Carcinogen Treatment

Adenocarcinomas Benign tumors

% incidence Average
number/rat

%
incidence

Average
number/rat

20 DMBA PEITC, 1,200 ppm diet 75 1.9 5 0.1
20 DMBA PEITC, 600 ppm diet 85 2.6 5 0.1
20 DMBA Teklad (4%) diet 70 1.6 15 0.2
25 DMBA NAC, 8,000 ppm diet 92 5.21 — 0.0
24 DMBA NAC, 4,000 ppm diet 88 2.3 4 0.1
25 DMBA Teklad (4%) diet 92 3.2 12 0.1
20 DMBA Anethole trithione, 400 ppm diet 85 2.91 — 0.0
20 DMBA Anethole trithione, 200 ppm diet 75 2.4 — 0.0
20 DMBA Teklad (4%) diet 80 4.2 5 0.1
25 DMBA Miconazole, 2,000 ppm diet 681 1.81 8 0.1
25 DMBA Miconazole, 1,000 ppm diet 84 2.7 4 0.1
25 DMBA Teklad (4%) diet 96 4.7 20 0.2

1Significantly different from ‘‘carcinogen-treated only’’ controls.
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induced by NNK in mice. In contrast, PEITC failed to inhibit
benzo(a)pyrene-induced lung tumors in A/J mice (Adam-Rodwell
et al.,1993) and, in fact, enhanced DMBA-induced rat mammary
tumors in the present studies (Fig. 2). Indeed, PEITC increases the
levels of DMBA-induced DNA adducts in the rat mammary gland
at 5 days post DMBA treatment (data not shown), which fits with
the present tumor data. PEITC induced bladder hyperplasia (Fig.
3). Interestingly, allyl isothiocyanate has been shown to increase
the incidence of urinary hyperplasias and papillomas in male rats
(Dunnicket al.,1982).
Anethole trithione, a dithiolthione analog that has been used

clinically as a choleretic, has previously been shown to inhibit
aflatoxin B1-induced hepatic tumors (Kensleret al.,1987) as well
as azoxymethane-induced colon tumors (Reddyet al., 1993). As
shown in Figure 5, this compound decreased tumor multiplicity by
approximately 40% (p, 0.05) at either of the doses employed.
This compound also increased tumor latency significantly but
failed to decrease final tumor incidence. Anethole trithione has
been shown to be an inducer of phase II drug metabolizing
enzymes, which may help to conjugate and thereby inactivate
carcinogenic and mutagenic metabolites of DMBA.
The mucolytic agent NAC has been hypothesized to decrease

tumor initiation in part by helping to maintain levels of reduced
glutathione and, furthermore, directly interacting with the ultimate
carcinogens. NAC has proved to be effective in decreasing the

DNAbinding of a variety of procarcinogens including benzo(a)py-
rene, acetylaminofluorene and cigarette smoke (Izzottiet al.,
1994). In addition, several investigators have shown NAC to be an
effective chemopreventive agent in various cancer models (e.g.,
DeFloraet al.,1986). As can be seen in Figure 4, the higher dose of
NAC actually increased the multiplicity of DMBA-induced tumors
while the lower dose had limited effects. The dose of NAC
employed was less than the MTD for this compound, which is
greater than 20,000 ppm in rats. However, the specific dose
employed had previously been shown to be effective in a number of
animal studies (DeFloraet al.,1986), and on amg/kg b.w. basis it is
far greater than the dose proposed for administration in humans
(approximately 800 mg/day or 10–15 mg/kg b.w./day).
The apparent antifungal activity of miconazole and related

imidazole compounds is presumably due to their ability to inhibit a
specific fungal cytochrome P450. In fact, this class of compounds
inhibits a wide variety of cytochrome P450 subfamilies including
both the CYP 1A subfamily (Rodrigueset al., 1987), which is
involved in the activation of many polycyclic hydrocarbons, and
the cytochrome P450 enzyme aromatase, which is involved in
conversion of androstenedione and testosterone to estradiol and
estrone (Yamamotoet al., 1989). Although it is difficult to
determine whether some of the efficacy of miconazole may derive
from inhibition of aromatase, it did not cause androgen-mediated
weight gain or alterations in the estrus cycle that are typical of

FIGURE 5 – Effects of anethole trithione on tumor multiplicity. Rats were exposed to either a high dose (400 ppm) or a low dose (200 ppm) of
anethole trithione or a Teklad control diet beginning 1 week prior to DMBA administration and remained on that diet until the end of the
experiment.
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potent aromatase inhibitors (e.g.,vorozole and aminoglutethimide;
Lubetet al.,1994). Since miconazole was administered both before
and after DMBA treatment, one cannot tell whether miconazole
blocked the initiation stage or the promotion stage. However, a
further study in the methylnitrosourea (MNU) rat mammary cancer
model, which does not require activation of the initiating agent,
demonstrated minimal chemopreventive efficacy of miconazole at
1,600 or 800 ppm in the diet (data not shown). These results, the
efficacy in the DMBA model (Fig. 6) and the minimal efficacy in
the MNUmodel, would indirectly argue for primary chemopreven-
tive effects during the initiation stage.
Clear-cut roles for a limited number of specific environmental

agents as carcinogens in humans (e.g.,UV rays in skin cancer,
aflatoxin B1 in liver cancer, tobacco smoke in a variety of cancers)
have been clearly defined. However, the specific contributions of
many environmental contaminants and, therefore, the potential
effects of modulating exposure or metabolism of these agents in

most human cancers are less well defined. Although certain
environmental factors (e.g., levels of DDT, DDE and polycyclic
aromatic hydrocarbons; Wolffet al.,1993) as well as diet appear to
be associated with the incidence of breast cancer, various genetic
(e.g.,BRCA-1; Miki et al.,1994) and hormonal factors (Key and
Pike, 1988) appear to play major roles as well.
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