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Abstract In the NCI, Chemoprevention Branch drug development program, potential chemopreventive
agents are evaluated for efficacy against chemical carcinogen-induced tumors in animal models. This
paper summarizes the results of 144 agents in 352 tests using various animal efficacy models. Of these
results, 146 were positive, representing 85 different agents.

The target organs selected for the animals model are representative of high-incidence human cancers.
The assays include inhibition of tumors induced by MNU in hamster trachea, DEN in hamster lung,
AOM in rat colon (including inhibition of AOM-induced aberrant crypts), MAM in mouse colon, DMBA
and MNU in rat mammary glands, DMBA promoted by TPA in mouse skin, and OH-BBN in mouse
bladder.

The agents tested may be classified into various pharmacological and chemical structural categories
that are relevant to their chemopreventive potential. These categories include antiestrogens, antiinflam-
matories (e.g.,, NSAIDs), antioxidants, arachidonic acid metabolism inhibitors, GST and GSH enhancers,
ODC inhibitors, protein kinase C inhibitors, retinoids and carotenoids, organosulfur compounds, calcium
compounds, vitamin D, and analogs, and phenolic compounds (e.g., flavonoids). The various categories
of compounds have different spectra of efficacy in animal models. In hamster lung, GSH-enhancing
agents and antioxidants appear to have high potential for inhibiting carcinogenesis. In the colon,
NSAIDs and other antiinflammatory agents appear particularly promising. Likewise, NSAIDs are very
active in mouse bladder. In rat mammary glands, retinoids and antiestrogens (as would be expected)
are efficacious. Several of the chemicals evaluated also appear to be promising chemopreventive agents
based on their activity in several of the animal models. Particularly, the ODC inhibitor DFMO was active
in the colon, mammary glands, and bladder models, while the dithiolthione, oltipraz, was efficacious
in all the models listed above (i.e., lung, colon, mammary glands, skin, and bladder).
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A major objective of the NCI, Chemoprevention
Branch is to identify and develop chemopreventive
chemicals as drugs for human use. Agents tested in
the program are selected from several sources. To
date, the majority of candidates have been identi-
fied by review of the literature in basic and epi-
demiological sciences related to chemoprevention
[1,2] and from studies of classes of compounds
with chemical structural or pharmacological prop-
erties related to known chemopreventive agents. A
systematic methodology which considers chemo-
preventive efficacy, toxicity, pharmacokinetics,
potential for clinical use, commercial availability,
source, and cost of the agent is applied to identify
and rank candidates [3]. Other sources, including
collaborations with academia and pharmaceutical
companies, are becoming increasingly important.
The candidate agents are then screened via a hier-
archial network of preclinical efficacy tests includ-
ing in vitro mechanistic assays, in vitro efficacy
screens, and animal cancer efficacy studies. Based
on the results generated by these assays as well as
preclinical toxicology and pharmacokinetic studies,
the promising agents progress to clinical trials [4-
6]. Overviews of this program and preliminary test
results have been published previously [3,4,7-10].

The subject of this paper is the results of chemo-
preventive efficacy testing in animal cancer models
carried out in the Chemoprevention Branch pro-
gram. The target organs selected for the models are
representative of high-incidence human cancers.
The assays include inhibition of tumors induced by
MNU' in hamster trachea, DEN in hamster lung,
AOM in rat colon (besides tumors, inhibition of
AOM-induced aberrant crypts, a putative inter-
mediate biomarker for colon cancer is evaluated),
MAM in mouse colon, DMBA and MNU in rat
mammary gland, DMBA promoted by TPA in
mouse skin, and OH-BBN in mouse bladder. Be-
sides identification and evaluation of promising
chemopreventive agents, another objective is the
characterization and validation of these assays and
other appropriate models. To this end, new models
are considered continually, and a portion of the
testing carried out is of well-established chemopre-

!Please see Appendix A: Abbreviations at the end
of this Supplement.

ventive agents to characterize test parameters such
as appropriate carcinogen dose, treatment time,
and effects of diet.

Initially, animal efficacy models are used to
determine the overall efficacy (positive or no effect)
of the candidate agents. For the most promising
agents, additional testing in animal models is car-
ried out to establish dose-response relationships,
evaluate combinations of agents, determine organ
specificity and elucidate mechanisms of cancer
prevention. Various formulations and doses of the
agent or cancer-susceptible subpopulations of ani-
mals {(e.g., aging animals) may be used.

Selection of models for testing an agent in vivo
is based on several factors including the efficacy of
the agent in in vitro screens; the known pharmacol-
ogy of the agent (e.g., compounds such as tamoxi-
fen with antiestrogenic activity may be evaluated
in the rat mammary model); published data on the
agent's in vivo efficacy and mechanism of action;
and commercial availability of the agent (eg.,
agents in limited supply may be selected for test-
ing in the aberrant crypt foci assay; the five-week
assay requires a relatively small amount of agent).

METHODS

In animal chemopreventive efficacy models, a
carcinogen is administered at a high enough dose
level to induce a significant incidence of tumors in
the target tissue. The appropriate carcinogen dose
and treatment schedule are selected to insure that
the efficacy of the potential chemopreventive agent
can be evaluated accurately (e.g., not masked by
carcinogen toxicity). The test agent is usually
administered in the diet unless there are problems
with its stability or absorption (e.g., B-carotene is
poorty absorbed in rats on oral administration) at
0.4 and 0.8 MTD or up to 2% in diet; the MTD for
each agent is established from the dose range-
finding studies. For the chemoprevention studies,
the MTD is defined as the highest dose which does
not cause 210% reduction in weight gain or final
weight after six weeks of administration. Most of
the results described in this paper are from tests in
which the agents were administered from one
week prior to the initial carcinogen dose to the end
of the study—i.e., before, concurrently, and after
administration of the carcinogen (schedule C). In
some studies, other treatment schedules were used.



34 Steele et al.

These include administration of the agent only
before or during (schedule A) or after (schedule B)
treatment with carcinogen.

Efficacy is measured as the percentage by which
the agent reduces the tumor incidence or multiplic-
ity, or increases the latency of tumor appearance,
compared with carcinogen-treated controls. Both
gross pathology and histopathological analysis are
used to determine these parameters. As noted
below, effects on tumor incidence are measured in
each model, while those on multiplicity and
latency are measured only when possible (e.g., in
rat mammary glands).

To be classified as having a cancer inhibitory
effect, the agent must cause a statistically signifi-
cant (p<0.05) decrease in tumor incidence or multi-
plicity, or a statistically significant increase in tu-
mor latency, compared with carcinogen-treated
controls. Tumor latency is measured as the mean
time to appearance of the first tumor or the time to
50% tumor incidence. Appropriate standardized
statistical analyses have been established for evalu-
ating each model [e.g., 11].

The adequacy of the experiment is also eval-
uated regardless of the magnitude of the inhibitory
effect observed. The criteria for adequacy include:
(1) the number of animals in each treatment or
control group was sufficient to demonstrate a sta-
tistically significant inhibitory effect of the agent,
(2) evidence of carcinogenicity in concurrent carcin-
ogen-treated control animals was established under
the conditions of the experiment, (3) the survival of
animals in agent-treated and carcinogen-treated
control groups was adequate to allow proper statis-
tical analysis, (4) toxicities observed due to carcino-
gen and/or agent treatment were not so severe as
to confound the results of the experiment, and (5)
significant weight loss in the agent-treated groups
compared with the carcinogen-treated control
group was not observed. This is an important con-
sideration since decreased weight gain per se is
known to reduce tumor response under certain
experimental conditions [12,13].

Description of Animal Efficacy Models

Hamster Respiratory Tract Two hamster models
have been used in the Chemoprevention Branch
program to evaluate chemopreventive efficacy
against respiratory tract cancers—MNU-induced
tracheal squamous cell carcinomas and DEN-in-
duced lung adenocarcinomas.

In the MNU model, 5% MNU in saline is ad-
ministered once a week for 15 weeks by a specially

designed catheter which exposes a defined area of
the trachea of male Syrian golden hamsters to the
carcinogen [14,15]. Test agents are administered in
the diet according to schedule C, starting one week
before the first carcinogen administration and con-
tinuing to the end of the experiment (180 days
from the first carcinogen treatment). Administra-
tion of the MNU for 15 weeks typically produces
tumors in 40-50% of treated animals within six
months. Efficacy is measured as percent reduction
of tumor incidence compared with carcinogen con-
trols.

In the DEN model [15,16], twice weekly sub-
cutaneous injections of 17.8 mg DEN/kg-bw for
20 weeks starting at age 7—8 weeks usually pro-
duce tracheal tumors in 90-100%, and lung tumors
in 40-50%, of treated male Syrian hamsters. Serial
sacrifice studies have shown that the lung tumors
originate from pulmonary Clara and endocrine
cells while the tracheal tumors are derived from
the basal cells of the respiratory epithelium [16].
This model may be especially appropriate for ex-
amining the chemopreventive activity of chemical
agents, since lung tumors with features of pulmo-
nary endocrine cells (small cell cancer) account for
approximately 30% of all human lung cancers [15].
The agent treatment schedule and evaluation of
efficacy is the same as for the MNU-trachea model;
efficacy is based primarily on percent reduction in
lung tumor incidence.

Rat and Mouse Colon Intraperitoneal DMH
injection produces colorectal adenocarcinomas in
both rats and mice [8,17]. In vivo, DMH is first
activated to AOM and then to the ultimate carcino-
gen, MAM. In the rat model, a single subcutaneous
dose of 30 mg AOM/kg-bw given to seven-week
old F344 male rats produces colon adenomas and
adenocarcinomas within 40 weeks; the total tumor
incidence is approximately 70% [17]. In the mouse
model, 9-11-week old female CF, mice are injected
intraperitoneally with 20 mg MAM acetate/kg-bw,
1x/week, for four or six weeks. Colon tumors ap-
pear within 38 weeks after dosing [18]. In both
models, efficacy is based on percent reductions in
tumor incidence, multiplicity, or both compared
with the carcinogen-treated controls.

Aberrant crypt foci are single and multiple
colonic crypts containing cells exhibiting dysplasia
[19,20]. These aberrant crypt foci are putative pre-
cancerous lesions and are being evaluated as inter-
mediate biomarkers for colon cancer in rodents. In
the assays cited here, two protocol variations have
been used. In all studies, male F344 rats received
the chemopreventive agent at 0.4 or 0.8 MTD in
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semi-purified diet (AIN-76A) and two injections of
15 mg AOM/kg-bw one week apart or one injec-
tion of 30 mg AOM/kg-bw. The most frequent
treatment schedule (A) primarily detects agents
which inhibit initiation of colon crypts. The seven-
week old rats received chemopreventive agent
starting one week prior to the carcinogen. Treat-
ment with the agent was continued for another
four weeks until the end of the study. The second
schedule (B) was designed to test effects of the
chemopreventive agent on the post-initiation phase
of colon carcinogenesis. Rats received the chemo-
preventive agent for four weeks, starting four
weeks after the first carcinogen dose. At the end of
treatment, the animals were sacrificed and the
frequencies of aberrant crypt foci were determined
by histopathologic evaluation (larger size and
increased stain uptake, increased distance from
luminal to basal surfaces of crypt cells, and
enlarged pericyptal zone compared with normal
crypts) after staining with methylene blue [20,21].
Using the five-week protocol, Wargovich [21]
found a frequency of 80-140 aberrant crypt foci per
colon in AOM-treated controls; Pereira [20] found
approximately twice the number of aberrant crypt
foci in animals treated in the morning (205.7 +
16.0) than in the afternoon (110.2 £ 12.9, p<0.01).
Rat Mammary Glands Both MNU- and DMBA-
induced mammary gland carcinogenesis models
are used for efficacy testing. In the MNU model
[14,22-25], a single intravenous injection of 50 mg/
kg-bw (pH 5.0) is given to Sprague-Dawley rats,
usually at 50 days of age. In some of the testing,
the carcinogen has been administered to 120-day
old animals, which may better model the human
target population of mature adults [e.g., 26]. In the
DMBA model, female Sprague-Dawley rats are
usually given single intragastric injections of 12 mg
carcinogen at 50 days of age. This dose can pro-
duce a 80-100% incidence of total mammary tu-
mors (adenocarcinoma, adenoma, and fibroade-
noma) within 120 days post-carcinogen [14].
DMBA is activated in the liver, so testing with
DMBA can detect agents which inhibit carcinogen
activation {e.g., those inhibiting cytochromes P-450).
MNU produces 75-95% incidence of tumors within
180 days post-carcinogen. MNU does not require
metabolic activation, and this model does not de-
tect inhibition of carcinogen activation. However,
MNU-induced tumors better model human breast
cancer. Unlike DMBA-induced tumors, MNU-in-
duced tumors are invasive (DMBA-induced tumors
are encapsulated) and are predominantly adenocar-
cinomas (DMBA induces a high percentage of ade-

nomas and fibroadenomas) [12]. Tumors induced
by both carcinogens, like human breast cancers, are
mostly hormone-dependent. Additionally, the tu-
mors are associated with activated ras, which may
be a factor in human breast cancer. In both models,
chemopreventive activity is measured as percent
reduction in adenocarcinoma incidence, multi-
plicity, and /or percent increase in adenocarcinoma
latency compared with carcinogen-treated controls.
Tumor multiplicity is typically in the range 34.4 in
DMBA-treated controls and 2—-4 in MNU-treated
controls. Tumor latency is about 65-80 days in
both models.

Mouse Skin A typical protocol for this model
has been recently published [27]. In this two-stage
carcinogenesis model, DMBA and TPA are used to
induce skin papillomas and squamous cell carcino-
mas in the SENCAR mouse, a special strain with
enhanced sensitivity to skin tumor induction. The
mice are administered a single dose of 2.5 pg
DMBA in 0.2 m]l acetone. Beginning one week
later, the tumor promoter TPA is applied at a dose
of 5-10 ug in 0.2 ml acetone twice weekly to the
same area of the dorsal skin as DMBA. Papillomas
begin to appear after 6-7 weeks of treatment with
TPA, and the animals are observed weekly to mon-
itor tumor development until study termination
after 18 weeks [28]. Chemopreventive activity is
measured as percent reduction in incidence and
multiplicity of papillomas and carcinomas.

Mouse Bladder In this model, chemopreventive
activity is assessed against OH-BBN-induced uri-
nary bladder invasive transitional cell carcinomas
(TCC) that morphologically resemble a human
variant of advanced urinary bladder TCC [29].
Male BDF (C57BL/6 X DBS/2-F,) mice are given
eight weekly doses of 7.5 mg OH-BBN by intragas-
tric instillation beginning at 50 days of age [29-31].
Chemopreventive activity is measured as percent
reduction in incidence of TCC compared with car-
cinogen-treated controls; the incidence in carcino-
gen controls is typically approximately 40% within
the 180-day study duration [e.g., 32,33].

RESULTS

Table I summarizes 352 test results (both posi-
tive and no effect) on 144 agents obtained in the
Chemoprevention Branch drug development pro-
gram by June 30, 1994. Of these results, 146 were
positive, representing 85 different agents. The ma-
jority of the results are from tests according to
schedule C; however, a few significant positive
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Table I. Chemoprevention Branch Drug Development Program: Animal Efficacy Studies
Summary of Test Results on Single Agents (as of June 30, 1994)

Lung! Colon Mammary Skin Bladder
Hamster Rat Crypts Mouse Rat Rat Mouse Mouse
Agent DEN?> MNU AOM MAM AOM |DMBA MNU |DMBA | OH-BBN

N-Acetyl-I-cysteine +3 NE [20]* + [69] + +
5-Allyl-I-cysteine NE +HA)P NE

NE(B)
Am 80 NE NE
Am 580 NE NE
4-Aminobenzoic Add NE [20}
Aminoglutethimide +
Anethole Trithione NE NE + [69] + NE NE
dl-Arginine Hydrochloride + NE NE
Ascorbyl Palmitate NE NE {21] NE + NE NE NE NE
Aspirin NE(A) [20] +[61] NE NE

+(B)

BASF-47851 +
Benzyl Isothiocyanate NE {21} NE + NE
Bismuthiol 1 + NE {20} NE +
2-Bromo-u-ergocryptine NE +
4-Bromophenacy! Bromide NE
Butylated Hydroxyanisole +[21] + NE NE
Butyric Acid, Sodium Salt + [21] NE
Caffeic Acid NE [20]
CAI +(A)

NE(B)
Calcium Carbonate + 1201
Calcium Chloride + 120} NE
Calcium Phosphate, Dibasic NE [20}
Carbenoxolone NE NE {20} + NE + NE
Carnosine NE [20] NE
B-Carotene NE NE [182] NE
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Table 1. Chemoprevention Branch Drug Development Program: Animal Efficacy Studies Summary
of Test Results on Single Agents (as of June 30, 1994) (continued)

Lung’ Colon Mammary Skin Bladder
Hamster Rat Crypts Mouse Rat Rat Mouse Mouse
Agent DEN? MNU AOM MAM AOM DMBA MNU [ DMBA OH-BBN
B-Carotene (Injectable) NE [34] | NE [182] +
(+)-Catechin NE [21} NE + NE NE
Ch 55 NE NE
Chlorogenic Acid NE {20} NE
Chlorophyllin, Copper Sodium NE [20) NE
Chlorpheniramine Maleate +
Corn Oil NE
Cromolyn Sodium NA NE [21] NE
Curcumin + [20] + + NE
DFMO NE [34] [NE [100] | +(B) {21] + +[62,63] | + {100] + +[32,33,179]
DHEA NE 121] + +[114] NE NE
DHEA Analog 8354 NE [20] + [63] +[114]
Diallyl Disulfide + NE [20] + [69] NE NE
Diallyl Sulfide + [21] NE NE NE
Diallyl Trisulfide NE
Dimethyl Fumarate + {20} NE NE
Diphenhydramine NE NE [20]
Dipyridamole NE
Ellagic Acid NE [21] + [63] NE NE NE
Esculetin NE NE
Ethylvanillin + NE +
Etoperidone + NE
Farnesol +
Ferulic Acid +
Fish Qil (Menhaden) NE [20}
Fish Oil (NOS) +
Fluocinolone Acetonide NE [21] + NE
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Table I. Chemoprevention Branch Drug Development Program: Animal Efficacy Studies Summary
of Test Results on Single Agents (as of June 30, 1994) (continued)

Lung’ Colon Mammary Skin Bladder
Hamster Rat Crypts Mouse Rat Rat Mouse Mouse
Agent DEN? MNU AOM MAM AOM DMBA MNU | DMBA OH-BBN
Folic Acid NE [21) NE NE NE
Fumaric Acid + + {201 NE + NE
Genistein + [20]
Glucaric Acid NE
Glucaric Acid, Calcium Salt +(A,B) NE +
[20,21]
Glucaric Acid, Potassium Salt NE [21] NE
d-Glucaro-1,4-lactone NE
18B-Glycyrrhetinic Acid +[21] + NE [64] + + NE
Hexamethylene Bisacetamide NE
4-HPR + [15,34] | NE {182] +(B) NE + b [24,115, + NE [32,
116] 33,1791
4-Hydroxyandrost-4-ene-3, NE [118]
17-dione
[buprofen NE NE(A) [20] + [64] + +
+(B) 21]

Indole-3-carbinol NE + [21] + + + NE NE
Indomethacin + [21] NE NE + [180]
Inositol Hexaphosphate, NE
Dodecasodium Salt
Inositol Hexaphosphate, NE [21] NE NE
Sodium
Ketoprofen +A,B) [21] + [64] NE +
Lactic Acid, Calcium Sait +
Levamisole NE {21} NE
d-Limonene + NE
d-Mannitol NE [21] NE NE
Meclizine +
Meclofenamate, Sodium Salt NE
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Table I. Chemoprevention Branch Drug Development Program: Animal Efficacy Studies Summary
of Test Results on Single Agents (as of June 30, 1994) (continued)

+(B)

Lung! Colon Mammary Skin Bladder
Hamster Rat Crypts Mouse Rat Mouse Mouse
Agent DEN?  MNU AOM MAM AOM | DMBA MNU |DMBA | OH-BBN
Melatonin NE
2-Mercaptoethanesulfonate, NE [21] NE NE +
Sodium Salt
2-Mercaptoethylamine NE
Hydrochloride
d -Methionine +
4-Methoxyphenol NE NE NE
Methylene Blue + NE
Molybdate, Sodium NE NE [21] NE + NE +
Morin NE
Nicotinic Acid NE
Nordihydroguaiaretic Acid NE [21] NE
Oltipraz + [34] + + [21] + + [65,66] + + + + [32,179]
1-2-Oxothiazolidine-4- NE NE
carboxylate
d J-Palmitoylcarnitine NE NE NE
Phenethyl! Isothiocyanate NE [21] NE NE
Phenhexyl Isothiocyanate + NE
Piroxicam +(A,B) + [65-68] NE + + [32,179]
[20,21]
Polyvinylpyrrolidone +
Praziquantel +
Progesterone +
Propylene Glycol NE
Propyl Gallate NE [21] NE NE +(B)
Purpurin + (21} + NE
Quercetin NE(A) [21] + NE NE

39
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Table I. Chemoprevention Branch Drug Development Program: Animal Efficacy Studies Summary
of Test Results on Single Agents (as of June 30, 1994) (continued)

Lung! Colon Mammary Skin Bladder
Hamster Rat Crypts Mouse Rat Rat Mouse Mouse
Agent DEN? MNU AOM MAM AOM | DMBA MNU |DMBA OH-BBN
Quinacrine Hydrochloride NE NE
13-cis-Retinoic Acid +(B)
9-cis-Retinoic Acid +(B)
all-trans-Retinoic Acid +(B)
Riboflavin 5'-Phosphate NE
Ro 16-9100 +(B) + NE
Ro 19-2968 +
Ro 21-5535 +
Ro 23-7553 +
Ro 24-2637 NE
Ro 24-5531 +
RU 16117 +[117}
Rutin NE(A) [20] + NE NE
+(B) [21]
Sarcophytol A NE
Selenate, Sodium NE
Selenite, Sodium + [182] | NE [182] + [21] NE + NE NE
I-Selenomethionine NE
Silymarin NE 21} NE NE NE
Simethicone + [20]
B-Sitosterol NE {21} NE NE NE
Stevioside +
Sulfasalazine NE [21] NE
Sulindac + {20] + NE +
Suramin + {20} NE
Tamoxifen +{115,
117}
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Table I. Chemoprevention Branch Drug Development Program: Animal Efficacy Studies Summary
of Test Results on Single Agents (as of June 30, 1994) (continued)

Lung’ Colon Mammary Skin Bladder
Hamster Rat Crypts Mouse Rat Rat Mouse Mouse
Agent DEN? MNU AOM MAM AOM | DMBA MNU |DMBA OH-BBN
Tamoxifen Citrate + [24,
117]
Taurine + + [69] NE
Temaroten + NE
Tetracycline +
Theophylline +
Thioctic Acid NE
Thiolutin NE
Thiosulfate, Sodium + [21] NE
2-Thioxo-4-thiazolidinone NE
Toremifene + [117]
Triprolidine +
Uric Adid NE
Vanillin NE
Verapamil +
Vitamin A NE +(B)
Vitamin D, NE [21] NE
Vitamin E Acetate NE [182] NE NE NE
Vitamin E Succinate PEG 1000 NE NE NE
Vitamin K; NE
(+)-Vorozole + [118}

! Each column contains the test results for a single animal model. The column header for each
model describes the cancer target (lung, colon, mammary glands, skin, or bladder), animal
species (hamster, rat, or mouse), and carcinogen used to induce tumors (DEN, MNU, AOM,
MAM, DMBA, or OH-BBN). These models are described in the text of this paper.

2 Please see Appendix A: Abbreviations at end of this Supplement.

3 The test results are as follows: +, the agent induced a statistically significant decrease in tumor
incidence or tumor multiplicity, or increase in tumor latency compared with the carcinogen-
treated controls at one or more dose levels; NE, the agent did not induce a statistically significant
decrease in incidence or multiplicity, or increase in latency at any dose level tested. See the text
of this paper for detailed descriptions of the evaluation criteria for each model.

* The number in [ ] refers to additional publications describing the test result.

> The letter in ( ) describes the treatment schedule of the test agent relative to that of the
carcinogen: A, the agent was administered from one week pre-carcinogen to one week post-
carcinogen; B, the agent was administered from one week post-carcinogen to the end of the
study. All other test results were obtained on treatment schedule C, in which the agent was
administered from one week pre-carcinogen to the end of the study (i.e., throughout the whole
test period).

41
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results were obtained in testing by schedules A
and B. These results are annotated in Table 1.

The agents tested may be classified into various
pharmacological and chemical structural categories.
These categories include antiestrogens, antiinflam-
matories {e.g., NSAIDs), antioxidants, arachidonic
acid metabolism inhibitors, GST and GSH
enhancers, ODC inhibitors, protein kinase C inhibi-
tors, retinoids and carotenoids, organosulfur com-
pounds, calcium compounds, vitamin D3 and ana-
logs, and phenolic compounds (e.g., flavonoids).
For each model, the performance of classes in
which at least five agents produced conclusive test
results are reviewed in conjunction with the mod-
els. In the analysis of the activities by class, empha-
sis is placed on positive results, since lack of effect
may be attributed to factors other than the intrinsic
activity of the agent (e.g., poor absorption, inade-
quate dose).

Hamster Respiratory Tract

DEN-Induced Tracheobronchial Tumors Twelve
agents were tested in this model; four were consid-
ered positive and eight were ineffective in inhibit-
ing DEN-induced lung tumorigenesis. All agents
were tested according to schedule C. Agents with
chemopreventive activity were bismuthiol I, 4-HPR
[15,34], oltipraz [34], and sodium selenite. Based on
the limited available test results, no specific class of
agents can be considered to be particularly effec-
tive in this assay. However, the positive results
suggest additional testing that might be done to
evaluate the mechanisms of chemopreventive activ-
ity in this model.

Oltipraz, a synthetic dithiolthione, has pre-
viously been shown to inhibit DEN-induced lung
tumorigenesis [35]. In Chemoprevention Branch
testing, this agent was active in all the models
discussed here (see Table 1), and it produced 100%
tumor inhibition in the DEN-lung model at
600 mg/kg diet after 25 weeks of treatment [34].
Although the mechanism of action of oltipraz in
lung is not fully understood, its activity may be
attributable to its enhancement of GSH and GST
and other phase I metabolic enzymes [36—40]. Olti-
praz was also active in the MNU-trachea model, as
were other GSH-enhancing agents including diallyl
disulfide and NAC. Further testing of such agents
in lung may be warranted.

The retinoid 4-HPR was active at 1 mmol/kg
diet in this model [15]. It was ineffective at lower
doses of 0.25 and 0.5 mmol/kg diet when admini-
stered for 25 weeks [34]. The role of retinoids in

prevention of aerodigestive tract cancers and the
potential involvement of nuclear retinoic acid re-
ceptors have recently been reviewed [41,42]. Inhibi-
tion of squamous cell differentiation by retinoic
acid is believed to be mediated through specific
retinoid receptors in both epithelial and tracheo-
bronchial cells. Jetten and colleagues [43] have
studied the role of retinoids in control of squamous
tissue differentiation in tracheobronchial and epi-
dermal epithelial cells. Using explant or cell culture
systems, these investigators demonstrated that reti-
noic acid suppresses squamous cell markers {e.g.,
involucrin, transglutaminase type I, cholesterol sul-
fate, and keratin 13) at nanomolar concentrations.

Bismuthioi I [44], oltipraz [39], and sodium sele-
nite [45] are antioxidants, providing a rationale for
evaluating other antioxidants in the DEN model.
Particularly, the chemopreventive activity of
sodium selenite may be related to its antioxidant
potential via its role in the active site of GSH per-
oxidase [45]. Besides its chemopreventive activity
in other tissues [1,2], selenite was previously found
effective against BOP-induced adenocarcinomas in
rat lung [46].

MNU-Induced
Tracheobronchial Tumors

Twenty agents were tested in this model; five
significantly inhibited MNU-induced tracheobron-
chial tumors and 15 were ineffective. Positive
agents were NAC, diallyl disulfide, ethylvanillin,
fumaric acid, and oltipraz; all the positive results
were obtained according to schedule C except for
NAC, which was positive according to schedule B.
Although no specific category of agents was most
active in this assay, those categorized as GSH/GST
enhancers—NAC, diallyl disulfide, oltipraz—
appear to be most effective. As in the DEN-lung
model, antioxidants may also prove effective. Gen-
erally, a positive result in this assay is highly re-
garded, since a massive carcinogen dose directly
applied to the target tissue must be overcome to
observe an effect.

In published studies NAC has been shown to
inhibit urethane-induced lung tumors [47] and
DMH-induced colon and small intestine tumors
[48]. In Chemoprevention Branch-sponsored stud-
ies, it has also been active in rat mammary glands,
rat colon and mouse bladder (see Table I). Like
oltipraz, NAC [49] stimulates intracellular produc-
tion of GSH and activity of GST; NAC is easily de-
acetylated to yield cysteine in vivo, which enhances
GSH synthesis. These activities may be the basis of
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its chemopreventive potential. The primary mech-
anism of action of diallyl disulfide appears to be
via enhancement of GST activity [50,51]. Published
studies have shown that diallyl disulfide was effec-
tive in preventing DEN-induced lung adenomas
and forestomach papillomas and carcinomasin A/]
mice [52]. In addition, it was shown to suppress
DMH-induced colon cancer in mice {53], B(a)P-
induced lung tumors in mice [54], and esophageal
cancer in rats [55].

Several compounds with antioxidant activity—
NAC [56], oltipraz, ethyl vanillin, and particularly,
fumaric acid [57-59]—were active in the MNU-
trachea model. Fumaric acid has been shown to
have chemopreventive activity in mouse fore-
~ stomach and lung [57] and rat liver [58,59]. The
mechanism of action of fumaric acid is not fully
understood, but is likely to be related to its anti-
oxidant potential. It also appears to be effective in
later stages of tumorigenesis, since in studies cited
above it was administered after carcinogen treat-
ment was completed.

Colon Studies: Aberrant
Crypts Assay, Mouse and Rat Models

Aberrant Crypt Foci A total of 101 agents have
been tested in the aberrant crypt focus assay. Most
of the compounds were tested on treatment sched-
ule A; a few were tested only on schedule B or
both schedules A and B. In Table ], results are
cited for each schedule by which the agent was
tested. Fifty-seven agents were positive and 44
were negative. The categories of compounds pro-
ducing high percentages of positive results are
antiinflammatories (20/32, 62%), and particularly,
NSAIDs (6/8, 75%), GSH/GST enhancers (11/19,
58%), ODC inhibitors (25/43, 58%), retinoids (6/6,
100%), calcium compounds (4/5, 80%), and
vitamin D derivatives (3/5, 60%). Some of the re-
sults in the aberrant crypt foci assay have been
published previously [20,21,60]. A major interest in
the crypt foci assay is its use as a short-term
model; therefore, it is important to determine its
predictive value for results in some of the longer
term models. Its predictive value for animal colon
cancers is described in the following paragraphs on
these models.

Rat Colon In the rat colon model, 18 agents
were tested; 14 were positive and four were nega-
tive. All positive agents were active when tested by
schedule C; DFMO and piroxicam were also tested
by and active on schedule B. Among the various
categories of agents tested, high percentages of

positive results were obtained with antiinflam-
matories (7/9, 78%) and, particularly, NSAIDs
(5/6, 82%), arachidonic acid metabolism inhibitors
(8/9, 89%), antioxidants (10/12, 83%), GSH/GST
enhancers (5/7, 71%), and ODC inhibitors (8/9,
88%).

Eight agents were positive in both the aberrant
crypt foci and rat colon models. These agents were
aspirin [21,61], DFMO [21,62,63], ibuprofen [21,64],
ketoprofen [21,64], oltipraz [21,65,66], piroxicam
[21,62-64,67,68], sulindac, and taurine [69]. Seven
agents were not effective in the aberrant crypt foci
assay, but were positive in the rat colon model:
NAC [69], anethole trithione [69], ascorbyl palm-
itate, carbenoxolone, DHEA analog 8354 [63],
diallyl disulfide [69], and ellagic acid [63]. Only one
agent, dimethyl fumarate, was positive in the aber-
rant crypt foci assay but negative in the rat colon
model. One agent, 4-methoxyphenol, was negative
in both studies. Based on these results, the aberrant
crypt foci assay was accurate in predicting results
of the rat colon assay in 9/17 cases, or 53% of the
time. However, the correlation may prove to be
much higher for specific classes of compounds. For
example, all five NSAIDs tested were positive in
both models.

Mouse Colon Thirty-six agents have been
tested in the mouse colon model; 11 were positive
and 25 were negative. Except for fluocinolone
acetonide (schedule B), 18B-glycyrrhetinic acid
(schedules A and B), and oltipraz (schedule A), the
positive results were obtained according to sche-
dule C. Agents categorized as antiinflammatory
(5/7, 70%; interestingly, in contrast to the other co-
lon models, indomethacin—the one NSAID tested
in this model—was negative) and arachidonic acid
metabolism inhibitors (7/12, 58%) produced rela-
tively high percentages of positive test results in
this model.

Thirty-four agents were tested in both the aber-
rant crypt foci assay and the mouse colon model.
Nine were positive and 15 were negative in both
assays (24/34, 71% accuracy). Overall, of 38 agents
tested in the aberrant crypts assay and either the
rat or mouse colon model, 10 were positive in both
and 14 were negative in both (24/38, 63% accu-
racy).

NSAIDs were one of the most active classes of
agents in the colon assays. Besides the results re-
ported here, there have been other studies cited in
the literature in which NSAIDs have shown che-
mopreventive activity in colon and small intestines
[70-73]. They also inhibit the induction of tumors
in rat [74,75] and mouse (see below) urinary blad-
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der, hamster buccal pouch [76,77], rat mammary
glands [78-81], mouse skin [82-85], mouse duode-
num [86], and hamster esophagus [87], pancreas
[88], and uterine cervix [89].

NSAIDs are predominantly inhibitors of pros-
taglandin biosynthesis. Epidemiological and experi-
mental data strongly suggest that carcinogenesis in
epithelial tissues may be modulated by inhibiting
some aspects of the prostaglandin biosynthetic cas-
cade [e.g., 90-93]. The mechanism(s) may involve
not only reductions in growth-promoting tissue
prostaglandin levels, but also relief of suppressed
immune surveillance [94,95] and inhibition of oxi-
dation (activation) of proximate carcinogens [93,
96,971.

ODC inhibitors were highly active in both the
aberrant crypts assay and the rat colon model.
DFMO, a specific irreversible inhibitor of ODC
[e.g., 98,99], has been shown to inhibit AOM-in-
duced colon cancer in rats, both in studies reported
here [62,63] and those cited elsewhere [72,99]. Ad-
ditionally, DFMO has been shown to be chemopre-
ventive in the mouse colon [100,101], mouse skin
[102], rat [100,103,104] and mouse urinary bladder
[see below and 32,33}, and mouse [105,106] and rat
mammary glands [see below and 100} models.

Calcium compounds were active in the aberrant
crypts assay. Increased dietary calcium has been
shown to suppress the hyperproliferation of co-
lonic epithelium induced by bile salts and fatty
acids [e.g., 107-110]. Calcium lactate at 3.2 g/kg
diet has been shown to inhibit AOM-induced colon
adenocarcinomas in Fischer rats [111]. One pro-
posed mechanism is the binding of calcium to fatty
acids, thus preventing promotion of carcinogenesis
by fatty acid damage to the epithelium [112,113].

All the retinoids tested (4-HPR, 9-cis-retinoic
acid, 13-cis-retinoic acid, all-frans-retinoic acid,
Ro 16-9100, vitamin A) were positive in the aber-
rant crypts assay, but these agents have not been
well-tested in the colon. They demonstrate chemo-
preventive activity in mammary glands, respiratory
tract, and urinary bladder. Activity in the colon
aberrant crypts assay may prove useful in predict-
ing the activity of retinoids in these other tissues.

DMBA- and MNU-Induced
Mammary Tumors in Rats

DMBA-Induced Tumors Fourteen agents were
tested in the DMBA model. Seven (50%) were posi-
tive; all were tested according to schedule C. Posi-
tive agents were anethole trithione, (+)-catechin,

DFMO [100], 4-HPR, indole-3-carbinol, oltipraz,
and sodium selenite.

MNU-Induced Tumors In the MNU model, 92
agents were tested; 30 were positive and 62 were
negative. The positive agents were NAC, amino-
gluthetimide, BASF-47851, 2-bromo-o-ergocryptine,
carbenoxolone, B-carotene (injectable), curcumin,
DFMO, DHEA [114], DHEA analog 8354 [114],
ethylvanillin, fish oils, fumaric acid, calcium gluc-
arate, 18p-glycyrrhetinic acid, 4-HPR [24,115,116],
ibuprofen, indole-3-carbinol, sodium molybdate,
oltipraz, praziquantel, progesterone [117], Ro 16-
9100, Ro 19-2968, RU 16117 [117], tamoxifen (and
tamoxifen citrate) (24,115,117], temaroten, tore-
mifene [117)], and (+)-vorozole [118]. Except for -
carotene (injectable, schedule B), all positive results
were obtained according to schedule C.

Antiproliferation is widely believed to be an
important chemopreventive mechanism in breast
cancer. Antiproliferative agents such as DFMOQO,
retinoids (4/7, 66% positive), and antiestrogens
(8/13, 62% positive) showed significant chemopre-
ventive activity against mammary carcinogenesis in
tests carried out in the Chemoprevention Branch
program. These classes of agents have also demon-
strated activity against mammary gland carcino-
genesis in other published studies [reviewed in 5].

DFMOQ was active in both the DMBA and MNU
models; its chemopreventive activity is described
throughout this paper. The retinoid 4-HPR was
also active in both the DMBA and MNU models;
other retinoids—Ro 16-9100, Ro 19-2968, BASF-
47851, and temaroten-—were active in the MNU
model. Further, the carotenoid B-carotene admin-
istered subcutaneously at 10 mg /kg-bw, was active
in the MNU model; it may derive its activity in
part from conversion to vitamin A [119,120]. Other
published studies have shown that B-carotene re-
duces mammary gland carcinogenesis in the
DMBA-induced rat [121,122] and virus-associated
mouse mammary models [123]. Another carotenoid
without provitamin A activity, canthaxanthine,
inhibited mammary adenocarcinomas in the DMBA
model [124].

Several mechanisms of antiestrogenic activity
are represented among the agents positive in the
rat mammary carcinogenesis models. Tamoxifen
[125,126], toremifene (the chlorinated analog of
tamoxifen) [127], and RU 16117 [128] are direct
antagonists at the estrogen receptor. All these
agents were active in the MNU model, and all
have previously demonstrated activity in rat mam-
mary glands models in other studies reported in
the literature (e.g., tamoxifen [129-131], toremifene
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[132], RU 16117 [133,134]). Of the five receptor
antagonists tested, four (80%) were active. Proges-
terone, which was positive in the MNU model,
represents the class of antiestrogens with estrogen-
opposing activity. This agent also has been pre-
viously found to inhibit MNU-induced rat mam-
mary tumors [135-137].

Another antiestrogen mechanism is inhibition of
the enzyme steroid aromatase. Aromatase, a cyto-
chrome P-450-dependent enzyme, catalyzes the
first step in estrogen biosynthesis in humans,
namely the C-19 hydroxylation and subsequent
oxidative cleavage and aromatization of the andro-
gens androstenedione and testosterone to estrone
and estradiol, respectively [138,139]. Two of the six
aromatase inhibitors tested were positive in the rat
mammary models. These results may underesti-
mate the potency of aromatase inhibitors in pre-
venting mammary cancers, since only one of the
negative compounds (4-hydroxyandrost-4-ene-3,17-
dione) was specifically an aromatase inhibitor, and
the other three were polyphenols (quercetin, rutin,
NDGA) that were possibly not absorbed and were
not bioavailable to inhibit the enzyme in relevant
tissues under the conditions of the test. Aminoglu-
tethimide and (+)-vorozole were the positive
aromatase inhibitors. (+)-Vorozole is particularly
interesting, since it was highly active (90% reduc-
tion in tumor incidence, 98% reduction in tumor
multiplicity) at low doses (2.5 and 5.0 mg/kg-bw/
day) compared with its MTD [116]. The mixed iso-
mer form of vorozole (R 76713) has previously
been reported to have chemopreventive efficacy
against MNU- and DMBA-induced mammary tu-
mors in rats [140,141].

A fourth mechanism of antiestrogenic activity
is the stimulation of steroid hydroxylation and ex-
cretion, particularly the induction of enzymes re-
sponsible for 2-hydroxylation of estradiol, leading
to increased excretion of estradiol metabolites. In-
dole-3-carbinol, active in both the DMBA and
MNU models, promotes steroid 2-hydroxylation
[142,143). Indole-3-carbinol has previously been
reported to be chemopreventive in the DMBA-in-
duced rat mammary cancer model [144].

DHEA, DHEA analog 8354 and (+)-catechin are
interesting examples of agents active in rat mam-
mary models. DHEA and DHEA analog 8354 were
very active in the MNU model; they also were ac-
tive in mouse and rat colon, respectively. Schwartz
and his colleagues [145-150,155], as well as other
investigators [151-154], have demonstrated the
chemopreventive activity of the androgen DHEA in
numerous animal models. DHEA is a potent inhibi-

tor of G6PDH, which catalyzes formation of extra-
mitochondrial NAD(PYH and ribose 5-phosphate.
Schwartz [155] has hypothesized two ways in
which inhibition of G6PDH may mediate the che-
mopreventive activity of DHEA. First, DHEA in-
hibits the activity of carcinogens such as B(@)P,
AFB;, and DMBA which require metabolic activa-
tion via mixed-function oxidases [155-158]. Mixed-
function oxidases require NAD(P)H as a cofactor.
Since inhibition of G6PDH reduces the formation
of NAD(P)H, it consequently reduces the activity
of mixed-function oxidases and the activation of
certain carcinogens. Secondly, DHEA also inhibits
tumor promotion and proliferative activity induced
by TPA [149,159]. Cell proliferation requires
NAD(P)H-dependent DNA synthesis, and DNA
synthesis in mouse epidermis and mammary tissue
is also inhibited by DHEA [160,161]. Accordingly,
reduction of the NAD(P)H pool by inhibition of
G6PDH could inhibit carcinogen-induced cell pro-
liferation. Unfortunately, the chemopreventive po-
tential of DHEA may be compromised by some
undesirable pharmacological effects—potent hor-
monal [162], liver-enlarging [163], and peroxisome-
proliferating activities [164]. To eliminate these side
effects while preserving chemopreventive activity,
Schwartz designed several analogs [155,161,163];
DHEA analog 8354 (fluasterone) appears to be par-
ticularly promising as it does not have the same
degree of androgenic and liver toxicity as DHEA
[163]. The analog is a more potent inhibitor of tu-
mor initiation and promotion in the DMBA/TPA
mouse skin model than DHEA [159].

Based on positive results in in vifro screens for
chemoprevention and those in animal efficacy tests
cited in the published literature [165-174], the
flavonoids would be assumed to have activity in
the NCI in vivo efficacy models. Mechanistically,
they have a wide range of activities including anti-
oxidant potential implicated in inhibition of carcin-
ogen activation and scavenging of electrophiles.
However, thus far, positive results have been ob-
tained only in colon (quercetin, rutin, and the iso-
flavone, genistein—see Table I) and in the DMBA-
induced rat mammary gland with (+)-catechin.
These results are representative of some of the pre-
cautions that should be taken in designing and
interpreting animal screening results for chemo-
preventives. That is, one possible explanation for
lack of activity is the metabolism of the flavonoids
in vivo. They are generally not well absorbed and
tend to undergo enterohepatic circulation. Thus,
given orally, they are most likely to be active in
tissues to which they have access such as the colon,
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and against carcinogens which are activated in the
liver, such as DMBA. This interpretation fits well
with the other published results cited above indi-
cating that flavonoids are positive in skin on topi-
cal application and against liver-activated carcino-
gens.

DMBA-Induced Skin Tumor Model

Only thirteen agents have been tested in the
DMBA-skin model; six were positive and seven
were considered to be negative. Positive agents
were benzyl isothiocyanate, 18B-glycyrrhetinic acid,
4-HPR, oltipraz, piroxicam, and propyl gallate . All
positive results were obtained according to sched-
ule C, except for propyl gallate (schedule B). Too
few compounds have been tested to define chemi-
cal classes with chemopreventive activity in this
model, and except for benzyl isothiocyanate, all the
positive compounds have marked antiproliferative
activity. Skin chemopreventive activity of 4-HPR
[28,175] and 18PB-glycyrrhetinic acid [176-178] is
well documented, although such activity has not
been reported previously for the other positive
compounds. For example, several NSAIDs have
been found to have chemopreventive activity in
mouse skin cancer models [e.g., 82-85]; however,
the chemopreventive activity of piroxicam in this
model has not been published in the literature.
Likewise, the activities of benzyl isothiocyanate,
propyl gallate, and oltipraz have not been reported
previously.

OH-BBN-Induced Bladder Tumor Model

Forty-four agents were tested in this mouse mo-
del; 11 were positive and 33 were negative. Posi-
tive agents were NAC, bismuthiol I, DFMO [32,
33,100,179}, ibuprofen, indomethacin [180]}, keto-
profen, 2-mercaptoethanesulfonate, sodium molyb-
date [179], oltipraz [33,179], piroxicam [32,179], and
sulindac. All the agents with chemopreventive ac-
tivity were tested according to schedule C. Two
groups of agents showed significant activity in
bladder and may be worthy of further evaluation
in this target. The first is NSAIDS; of the six tested,
five were positive (83%)—ibuprofen, indomethacin,
ketoprofen, piroxicam, and sulindac. Further, aspi-
rin, which was negative in the NCI study, had pre-
viously shown activity in the OH-BBN-induced
bladder model in rats [181]. Agents containing a
thiol moiety were also active in the bladder model.
Just as for NSAIDs, four of five thiols tested (80%),

were positive—NAC, bismuthiol I, 2-mercapto-
ethanesulfonate, and oltipraz.

DISCUSSION AND FUTURE DIRECTIONS

The primary goal of the Chemoprevention
Branch drug development program is the develop-
ment of safe and effective chemopreventive agents
for human use. This effort has been carried out in
several steps beginning with agent selection and
prioritization to progression into the clinical trials.
One of the steps in this path involves testing of the
potential agents as chemopreventives in a battery
of in vivo screens and models. There has been con-
tinuous progress in developing and designing
shorter, more precise, and quality-controlled ani-
mal assays to examine the efficacy of chemo-
preventive agents so that drug development can
proceed more efficiently. To date, as described in
this paper, the primary focus has been on such
targets as lung, colon, mammary glands, skin, and
bladder; currently, other models including prostate
and pancreas are being evaluated. In the next few
years, other targets of high relevance to human
cancers, in particular, brain, blood (leukemia), lym-
phatic system (non-Hodgkin's lymphoma), and
skin (melanoma), will be addressed.

Several factors are considered in designing the
in vivo models and screens. These include conduct-
ing experiments in relatively short-term (less than
six months) studies, using different target organs,
selecting target tissues in animals with high rele-
vance to human cancers, and using long-term, low
doses of carcinogen to model human exposure. In
selecting and prioritizing agents for testing, other
parameters such as procurement, safety, and phar-
macokinetics are also considered. Perhaps more
emphasis should be placed on understanding the
pharmacokinetics, structure-activity relationships,
and mechanism of action at the biochemical level
in order to elucidate organ specificity and assist in
development of novel chemopreventive agents. The
importance of pharmacokinetics and metabolism
was illustrated above in the discussion of test re-
sults obtained with flavonoids. The design of the
experiments may also be modified so that the
agent can be administered by different routes of
administration (e.g., intragastric instead of dietary)
or may be pair-fed allowing evaluation at higher
doses.

Another important aspect of screening in animal
models is evaluating the potential cancer target
specificity of various pharmacological and chemical
structural categories of agents. The results of such
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evaluation provide leads to new drugs, as well as
suggesting the most appropriate clinical develop-
ment path for promising agents. The testing de-
scribed in this paper has helped characterize the
chemopreventive spectra of several categories of
drugs. For example, GSH-enhancing agents and
antioxidants appear to have high potential for che-
moprevention in lung. NSAIDs and other inflam-
matory agents are promising in colon, and NSAIDs
are highly efficacious in bladder. Also, retinoids
and antiestrogens (as would be expected) are effi-
cacious in mammary gland.

In addition to single agents, combinations of
agents have been utilized to measure chemopre-
ventive efficacy; these combinations offer the pos-
sibility of additive or synergistic efficacy with less
toxicity. Combinations are also attractive since they
offer the possibility of combining agents with dif-
ferent primary mechanisms of action, such as anti-
estrogens and antiproliferatives, for broad spec-
trum preventive effects.
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