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ABSTRACr

Twenty-eight compounds Â»erescreened for chtmopreventive activity
by using a rat trachea! epithelial cell transformation inhibition assay. In
this neÂ»assay, chemicals Â»eretested for their ability to inhibit the
formation of transformed rat trachea! epithelial cell colonies which arise
following exposure to the carcinogen benzo(a)pyrene. "I'he 15 positive

compounds were /V-acetylcysteine, bismuththiol. calcium glucarate, (Â±)
catechin, diallyl disulfide, glycaric acid, i>-glucaro-l,4-lactone. \-(4-
hydro\yphenyl)retinamide, n-limonene, mesna, retinole acid, rutin, quer-
cetin, silymarin, and taurine. In examining the nature of compounds that
inhibited rat trachea! epithelial cell transformation, several possible
chemoprevcntivc mechanisms appeared to be predominant: compounds
that Â»erepositive (a) increased glutathione levels or enhanced conjuga
tion; (b) increased cytochrome P-450 activity; (c) displayed nucleophilic
activity; or (d) induced differentiation.

Thirteen compounds were negative in the rat trachea! epithelial trans
formation inhibition assay: crocetin. difluoromethylornithine, ellagic acid,
esculetin, enoxalone. ibuprofen, levamisole. nordihydroguaiaretic acid, i -
2-oxothia*olidine-4-carboxyIate, piroxicam, sodium butyrate, i>-.. n>-
copherol acetate, and polyethylene glycol 400. It Â»asevident from these
results that this assay would not detect compounds that Â»ere(a) anti-
promoting in nature; (b) glutathione inhibitors; (c) differentiation inhibi
tors; (d) O6-methylguanine inhibitors; (<')organ specific; or (/) inactive.

The rat trachea! epithelial cell transformation inhibition assay ap
peared to identify chemopreventive compounds that act at early stages of
the carcinogenic process.

INTRODUCTION

A significant amount of research data has been collected
suggesting that a number of chemical compounds may have the
ability to inhibit, retard, or reverse one or more stages of
carcinogenesis (for review see Refs. 1 and 2). Since cancer
usually evolves in a prolonged, multistage manner, agents that
inhibit or retard one or more of these stages could affect the
overall cancer incidence. Antineoplastic agents such as antiox-
idants, protease inhibitors, mixed function oxidase inhibitors,
prostaglandin synthesis inhibitors, tumor growth factor inhibi
tors, and antiinflammatory agents could specifically inhibit one
or more phases of cancer induction.

Although whole animal test systems can evaluate a limited
number of compounds for chemopreventive activity each year,
short-term screens (usually in vitro systems) offer the ability to
test many more compounds per year at a much lower cost. This
screening process provides data to (a) help select and prioritize
potential chemopreventive chemicals for whole animal tests; (b)
accelerate the rate of chemical evaluation; and (c provide data
on the possible mechanisms of action.

While cancer risk continues to increase, as in the case of lung
cancer in the United States and elsewhere, compounds most
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likely to combat it are those that suppress the evolution of the
neoplastic process. The most extensively studied suppressing
agents are the retinoids (3-6). Research on the inhibition of
respiratory tract cancer in rats and hamsters by high doses of
retinoids has not been encouraging (7-10); however, Saffiotti
et al. (11) did inhibit hamster respiratory tract tumors with
vitamin A. Recently, several investigators were able to inhibit
morphological transformation of carcinogen-treated RTE1 cells
with retinoid exposure (12, 13).4

In recent studies, we have evaluated the tumorigenicity of
various types of morphologically transformed RTE cell colonies
derived from carcinogen-exposed RTE cells (14). An assay to
detect chemopreventive agents was developed with this system
(15), and in this report we evaluate the responsiveness of this
system to agents with various proposed chemopreventive mech
anisms.

MATERIALS AND METHODS

Chemicals. Bismuththiol. catechin, enoxalone (if-glycyrrhetinic acid),
nordihydroguaiaretic acid, mesna (2-mercaptoethanesulfonic acid), si
lymarin group, and taurine were purchased from Aldrich Chemical Co.
(Milwaukee, WI). JV-Acetylcysteine, benzo(a)pyrene, calcium glucarate,
crocetin, ellagic acid, esculetin, glucaric acid, n-glucaro-1,4-lactone,
ibuprofen, levamisole, d-limonene, 2-oxo-4-thiazolidine-4-carboxylic
acid, piroxicam, polyethylene glycol 400, quercetin, retinoic acid, rutin,
and sodium butyrate were purchased from Sigma Chemical Co. (St.
Louis, MO). Diallyl disulfide was purchased from Crescent Chemical
Co. (Hauppauge, NY). Difluoromethyl ornithine was obtained from
Merrell Dow Pharmaceuticals, Inc. (Cincinnati, OH). The agent iV-(4-
hydroxyphenyl)retinamide was received as a gift from McNeil Phar
maceutical Co. (Spring House, PA). n-n-Tocopherol acetate was pur
chased from Henkel Chemical Co. (Minneapolis, MN).

Compound Solubility. Each chemical was tested initially for its solu
bility in RTE cell culture media. If the compound was insoluble or
slightly soluble in RTE cell culture media, then DMSO was used as a
solubilizer. Once solubilized in DMSO, the compound was added to
culture medium such that the concentration of DMSO did not exceed
0.2%.

TrachÃ©alCell Isolation. To isolate RTE cells, tracheas were asepti-
cally excised from 8- to 12-week-old rats, cannulated with sterile
polyethylene tubing, and rinsed with Joklik's modified minimal essen

tial medium. Details of this method have been published previously
(16, 17). The tracheas then were filled with a Pronase solution (type
XIV, Sigma) and incubated overnight in a refrigerator (4 Â±3Â°C).The
following day, the liuin.-n.ilepithelial cells were rinsed from the tracheas

with DM EM plus 10% fetal bovine serum. The cells were filtered by
using a 28-jim pore size Nitex filter to remove clumps, and then were
centrifuged, resuspended in DMEM plus 10% FBS, and counted to
determine cell concentration. Cell viability was determined by trypan
blue exclusion. For all tests 20,000 cells were plated into RTE culture
medium consisting of Hani's F-12 (GIBCO) mixed 1:1 with 3T3-

-1The abbreviations used are: RTE, rat trachÃ©al epithelial; B(a)P,
benzo(o)pyrene; DMSO. dimethyl sulfoxide: RA, all-frans-retinoic acid; CFC,
colony-forming cells: DMEM, Dulbecco's modified Eagle's medium; DMBA,
7.12-dimethvlbenz(a)anthracene: DFMO. difluoromethyl ornithine; 4-HPR, N-
(4-hydroxyphcnyl)retinamide; FBS. fetal bovine serum.

4 M. J. Mass. Retinoid benzoic acids (arotenoids) and other retinoids inhibit

in vitro transformation of rat trachÃ©alepithelial cells, manuscript in preparation.
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conditioned DMEM containing 2% FBS plus the following growth
factors: 10 ÃŸg/m\insulin (Sigma), 1 ><Mhydrocortisone (Sigma), 5 ^g/
ml transferrin (Sigma), and 0.2% bovine hypothalamus extract (18).
The 3T3-conditioned medium was prepared by incubating DMEM plus
2% FBS with mouse 3T3 cells for the last 3 days of log phase growth.
The culture dishes were coated with a film of 600 //g of collagen
(Vitrogen 100. Collagen Corp., Palo Alto, CA) per dish. At Day 14 the
culture medium was changed to a modified RTE medium containing a
3:1 mix of F-12 and 3T3-conditioned medium.

Cytotoxicity Testing. To interpret any reductions in transformation
frequencies as true inhibition of the transformation process and not
merely a reduction due to overt cellular cytotoxicity, we conducted both
a range-finding cytotoxicity test and another cytotoxicity test at the
time of the actual transformation inhibition assay. In the range-finding
cytotoxicity test, 20,000 viable cells/60-mm dish were exposed to the
highest soluble concentration in medium (up to 1 mg/ml), plus 4 log
dilutions of that concentration. A concentration of chemopreventive
test agent was chosen from these data such that the colony-forming
efficiency was not reduced below 80% that of control levels (i.e., a 20%
reduction compared to controls). That concentration plus 4 half-log
dilutions were used in the transformation inhibition assay. The results
of the second cytotoxicity assay were used to determine the number of
CFCs per dish. The number of CFCs was used to determine the
transformation frequency.

Assay for Transformation Inhibition. Ten experimental groups were
used for each assay: medium control, solvent control, B(a)P alone,
B(a)P plus RA (positive control), RA alone, and B(a)P plus chemopre
ventive agent (at five concentrations).

Twenty-four 60-mm dishes/group were plated with 20,000 cells each
at the beginning of each experiment. Appropriate cultures were exposed
to 10 ng of B(a)P/ml on Day 1 for 24 h. The chemical was removed,
and the cultures were rinsed once with Joklik's minimum essential

medium and rehydrated with RTE culture medium. All cultures were
maintained in a 5% CO: in air incubator at 37Â°C.Fresh chemopreven

tive agent (or 30 ng/ml RA) was added with each biweekly medium
change thereafter. Three of these dishes from each group were stained
for cytotoxicity determinations on approximately Day 5 and the re
mainder were cultured until Day 30. At Day 30, the remaining cultures
were fixed, stained with mÃ©thylÃ¨neblue, and scored for transformed
colonies. Previous studies (15) have shown that all Class III transformed
colonies or foci with greater than 2500 cells/mm2 progress to form

tumors when injected into nude mice. A very high percentage of Class
II foci (>1300-2500 cells/mm2) also became tumorigenic. Class I foci
(<1300 cells/mm2) usually do not progress to tumorigenicity: therefore,

only Class II and III foci were considered as evidence of transformation
in this assay.

Analysis of Data. The number of foci per dish was calculated by
adding all of the Class II and III foci in each dish and dividing by the
number of scored dishes. The transformation frequency was calculated
by dividing the foci per dish by the number of CFC per dish. This
procedure corrects for any cytotoxicity of the chemopreventive agent.
This transformation frequency was corrected for background by sub
tracting the DMSO control transformation frequency. Next, the per
centage of B(a)P transformation was calculated by dividing each trans
formation frequency by that seen in B(a)P-only-treated cultures. If the
inhibitory activity at all nontoxic doses was less than 20%, a negative
sign is shown in the Efficacy column (Table 1). If the inhibitory activity
was greater than 20%, then the result is positive. The inhibition results
were questionable in instances where the test concentration was cyto-
toxic (<80% control colony-forming efficiency).

All culture materials and actual test cultures were routinely screened
for bacteria, fungus, yeast, and Mycoplasma. If contamination was
found, the media, media components, or cultures were not used in the
experiments.

RESULTS AND DISCUSSION

The 28 chemopreventive agents tested are listed in Table 1
in alphabetical order. Many of these compounds were chosen
because of the availability of whole animal data. The concentra

tion that induced the maximum transformation inhibition is
shown in the second column. If transformation was not inhib
ited then the highest concentration tested is shown. The con
centrations chosen for testing were from nontoxic to marginally
toxic concentrations. The percentage of B(a)P transformation
shown in the final column of numbers shows the inhibitory
ability of the agent. Negative numbers results when transfor
mation frequencies were below background. The most effective
compound to inhibit RTE transformation was RA. Concentra
tions of RA as low as 0.33 MM inhibited the formation of
transformed foci. This is in agreement with previously pub
lished data (12). Silymarin, bismuththiol, and 4HPR also were
effective at low concentrations. Fig. 1 shows typical concentra
tion response curves for o-Â«-tocopherol acetate, quercetin, cal
cium glucarate, and 4HPR. All results shown in Table 1 are
from tests with valid positive and negative controls. A wide
variation in control values was observed between tests. Such
variability is common in primary epithelial cell culture systems.
Current efforts seek to reduce background variation. The com
pounds that were tested fall into several groups that possibly
operate by common mechanisms.

The first group are compounds that enhance biochemical
defense mechanisms against DNA damage. A/-Acetylcysteine is
a precursor of intracellular glutathione and is often adminis
tered to respiratory patients who have previously inhaled toxic
agents (i.e., cigarette smoke or occupational toxins). Such ex
posures are expected to deplete intracellular glutathione in
response to the insult. Previous studies have shown that N-
acetylcysteine induced a significant increase in oxidized gluta
thione in rat liver preparations and a reduction in mutagenicity
by carcinogens (19). In this same study, /V-acetylcysteine mark
edly inhibited urethane-induced lung tumor formation. The
mechanism is thought to be that /V-acetylcysteine increases the
intracellular levels of glutathione that bind the electrophilic
metabolites before they can interact with the DNA. Other
studies have shown that A/-acetylcysteine is a positive modifier
of A/-methyI-/V'-nitro-/V-nitrosoguanidine-induced mutagenic

ity in hamster V79 cells (20). In the RTE cell studies reported
here, AAacetylcysteine was tested at concentrations ranging
from 61.3 to 6130 fiM (Table 1). A slight, but not significant,
cytotoxicity was noted at the highest dose (6130 Â¿/M).The
lowest three concentrations all induced higher transformation
frequencies than B(a)P alone. A greater than 98% inhibition of
transformation was seen at 1839 Â¿IM,and a similar inhibition
occurred at 6130 ^M; the agent, therefore, was considered
positive.

L-2-OxothiazoIidine-4-carboxylate is a stable derivative of
cysteine and can increase glutathione levels in rat liver, but
decrease levels in kidney (21). Increases in glutathione levels
have been found to protect cells against many xenotoxins. while
decreases could enhance the carcinogenic process. L-2-Oxothia-
zolidine-4-carboxylate, however, was negative in this assay. In
fact, all five concentrations tested seemed to enhance the trans
formation frequency of B(a)P-treated RTE cells. It may be that
in RTE cells, this compound decreases glutathione levels simi
lar to the activity seen in the kidney.

Bismuththiol is a thiazole with two sulfhydryls, and therefore
possibly acts to bind electrophilic metabolites (22). Bismu
ththiol was positive at all but one of the concentrations tested.
The concentration range tested was 0.67 to 67 ^M, and no
cytotoxicity was apparent over this range. Thus, thiazole could
act as a chemopreventive agent by binding the electrophilic
intermediates of B(a)P.

Taurine is a component of bile secretions and conjugates bile
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Table l In vitro screening of chemoprerentire agents with the rat trachÃ©alepithelial transformation inhibition assay

CompoundA'-AcetylcysteineBismuththiolCalcium

glucarateCatechinCrocetinDiallvl

disulfideDFMOEllagic

acidEnoxaloneEsculetinGlucaric

acidD-Glucarolactone4HPRIbuprofenLevamisoleD-LimoneneMesnaN

DCA''2-OxothiazolidinePiroxicamPEG

400QuercetinRetinoic

acidRutinSilymarinSodium

butyrateTaurineD-n-Tocopherolâ€žFoci/dishCFC/dish4(C;

agent + B(a)PConcentration(ilM)1839.06.73440.011.39.2204.04.21.06.45.64760.01428.00.26145.5415.021.9609.03.32039.0301.875.010.00.33451.06.2272.479.9630.0transformation)No.

ofdishes1920IX202015161520161621191421172021171692021191821IX16CFC/dish192177199IOS5586965160306203169243283165116249335589115184103533349193207160245182%
ofcontrolCFC9811413470866261901721159914313788951001119194978082106101831088694Foci/dishÂ±SD0.26

Â±0.441.2
Â±5.217.7
Â±9.50.2

Â±0.477.8
Â±7.84.4
Â±3.632.1

Â±6.954.3
+4.854.3
+9.268.2
Â±4.317.3

Â±4.857.8
Â±4.12.2

+2.849.6
Â±3.840.9
Â±8.70.82
Â±7.80.05
Â±0.262.5
Â±5.149.9
Â±5.330.1

Â±5.231.3
Â±6.43.4
Â±3.12.7

Â±2.618.9
Â±8.07.7
+4.947.8
Â±4.60.56
+0.749.2
Â±5.3%

Agent +B(o)PtransformationÂ±SDÂ°0.14

Â±0.20.68
Â±0.38.88
Â±4.80.19

Â±0.414.0
Â±1.86.38
Â±5.249.5
Â±10.833.9
Â±5.817.8
+3.133.7
+5.310.2
Â±3.023.8

Â±2.50.78
Â±1.030.0
Â±3.135.2
Â±7.70.33
Â±0.30.01

5Â±0.110.6
Â±1.343.5
+6.416.3

Â±3.130.3+
13.70.64

Â±0.60.77
Â±0.79.80
Â±4.33.72
Â±2.429.9
Â±3.60.23
Â±0.327.0
Â±7.2%

B(a)PtransformationÂ±SD2.83

Â±3.314.8
Â±3.926.3
+4.014.8

Â±3.98.38
Â±0.818.4
Â±5.745.7

Â±8.336.9
Â±4.117.3

+6.536.9
Â±4.136.9
Â±4.165.1

Â±5.817.3
+6.530.3

Â±4.125.8
+2.97.03
Â±2.60.07

Â±0.18.38
Â±0.825.8
Â±2.914.2

Â±7.118.4
Â±5.78.38

Â±0.810.8
+6.014.2
+7.17.03
Â±2.626.4
Â±4.00.69

Â±0.130.3
Â±4.1%

solventtransformationÂ±SD0.11

Â±0.21.70
Â±1.310.1
Â±1.91.70
Â±1.31.64
Â±1.44.10
Â±1.79.44
Â±3.53.00
Â±1.43.66
Â±2.13.00+

1.43.00
Â±1.41.92

Â±0.93.66
Â±2.18.58
Â±2.410.8
Â±5.60.08
Â±0.20.00
Â±0.01.64
Â±1.410.8
Â±5.69.30
Â±2.65.58
Â±2.21.64+

1.40.70
Â±0.89.30
Â±2.60.06

Â±0.110.0
Â±1.90.019

Â±0.18.58
Â±2.4Corrected

%ofB(a)P
transfor

mation*1.10-7.79-7.54-11.54182.7815.98110.3691.15103.5990.5621.2434.63-21.1098.62162.073.6021.43132.94217.11143.44193.28-14.840.6910.2552.51122.2531.4584.81Efficacy'++-I-+_4---â€”â€”++-f-â€”++â€”â€”__++++â€”+--

'", solvent transformation

% B(a)P transformation â€”¿�ri solvent transformation

' The efficacy was scored positive if the percentage of B(a)P transformation was less than 80%.
* NDGA. nordihydroguaiaretic acid; PEG 400, polyethylene glycol 400; Mesna. 2-mercaptoethane sulfonic acid.

Fig. 1. RTE cell transformation inhibition
assay concentration response curves for (A) D-
Â«-tocopherol acetate; (B) quercetin; (C) cal
cium glucarate; and (Â£>) iY-(4-hydroxy-
phenyDretinamide.

Concentrano,, (mM)

63 0

120

0.33 099 3.3 9.9 33.0
10"' x Concentration (mM )

10 34

Concentration (mM)

103 077 26 0.77 26
10J x Concentration (mM)

7.6Â«

acid. In a recent study, tauromustine, a taurine-based nitrosou-
rea, has shown antitumor activity against Lewis lung, colon,
and other carcinomas (23). Taurine was positive at all concen
trations tested. There was no apparent cytotoxicity over the
concentration range tested. The possible mechanism for this
positive result could be that taurine detoxifies B(a)P by a
conjugation process.

Calcium glucarate has been shown to reduce the frequency

of DMBA-induced rat mammary tumors, possibly through a
mechanism of increasing the clearance of carcinogens as glu-
curonide conjugates (24). In that study, calcium glucarate acted
synergistically with 4HPR to suppress tumor formation. Cal
cium glucarate also reduced the increase of oncofetal protein in
rodents fed carcinogens that can undergo glucuronidation (25).
In the RTE cell transformation inhibition assay, calcium glu
carate was positive and effectively inhibited B(a)P-induced
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transformation of respiratory epithelial cells. This result agrees
with the inhibition of tumorigenesis of in vivo studies cited
above.

Glucaric acid is the end product of the glucuronidation path
way and is a metabolite produced by inducible enzyme systems
(26). Because of its nature, one might expect it also to induce
the conjugation of xenobiotics such as B(a)P and to detoxify
them. In the RTE cell assay, glucaric acid inhibited the trans
formation of these respiratory epithelial cells following expo
sure to B(fl)P at the two highest doses.

D-Glucaro-l,4-lactone is an anticarcinogen which may act to
clear reactive xenobiotics through the glucuronide pathway
(27). D-Glucaro-l,4-lactone was positive at all concentrations
in the RTE assay. While the effect was not totally inhibitory, it
did reduce transformation frequencies by 24 to 35%, compared
to B(a)P alone. These results agree with its proposed activity.

D-Limonene is isolated from various ethereal oils, particu
larly from peels of lemons and oranges. Limonene, like many
terpenoids, induces carcinogen-metabolizing enzymes, espe
cially the P-450IIB subfamily (27). Because of this induction,
limonene was effective in reducing the frequency of DMBA-
induced rat mammary tumors (28). In a recent report, limonene
inhibited forestomach tumors and reduced pulmonary adeno
mas in mice treated with /V-nitrosodiethylamine (29). Limonene
effectively inhibited the transformation of RTE cells by B(a)P
and is therefore positive. The percentage of inhibition ranged
from 65 to 96%. The mechanism of reduction of B(a)P-induced
transformation of limonene in RTE cells may be its ability to
stimulate xenobiotic metabolizing enzymes and inactivate
B(a)P.

Diallyl disiiliuli\ a component of garlic oil, has been shown
to inhibit 1,2-dimethylhydrazine-induced colon and liver cancer
(30, 31), /V-nitrosodiethyamine-induced forestomach cancer
(29), and /V-nitrosomethylbenzylamine-induced esophageal
cancer (32). Brady et al. (33) showed that diallyl disulfide
inhibited the enzyme P-450IIE1, a carcinogen-activating en
zyme. In the RTE cell assay, diallyl disulfide was positive for
inhibiting B(a)P-induced transformation at all but one concen
tration tested. If diallyl disulfide did inhibit cytochrome P-450
enzyme activity in the RTE cells, the amount of activated B(a)P
would be reduced and a lower transformation rate would result.

A second common mechanism suggested by the results is that
peroxidase inhibitors of free radical scavengers inhibit RTE
transformation in this assay. Catechin or cyanidanol is known
to inhibit lipid peroxidation by cisplatin possibly by acting as a
free radical scavenger (34). Catechin was positive in the RTE
cell assay. Catechin was positive at 3.4 /IM and reached 100%
inhibition at 10.2 UM.No cytotoxicity was apparent in the dose
range tested. As a free radical scavenger or antioxidant, catechin
might be expected to reduce the transformation frequency.

Mesna is a mercaptoethylsulfonate-related compound that
has been effective in reducing cyclophosphamide-induced uri
nary bladder carcinogenesis in rats (35). Its properties as an
anticarcinogen may be related to its antioxidant-nucleophilic
characteristics. Mesna also has been reported to enhance the
level of intracellular glutathione in murine lymphocyte cells
(36). Mesna effectively inhibited transformation at all concen
trations and was positive in this assay. No evidence of cytotox
icity was present at any concentration. Mesna may have inhib
ited B(a)P-induced transformation in RTE cells by trapping
electrophilic reactive metabolites of B(a)P.

Rutin is a flavonoid found in many plants such as buckwheat,
tobacco, forsythia, and pansies. Rutin has been investigated as
a scavenger of Superoxide anions (37). Rutin was positive only

at the highest concentration tested, 451 /Â¿M.Transformation
was reduced by almost 90% in the absence of cytotoxicity.
Rutin is similar to other antioxidants that have been mostly
positive in the RTE cell assay, and also may have nucleophilic
properties.

Quercetin, like rutin, is a flavonoid and is found in barks and
rinds such as rhododendron, clover blossoms, and ragweed.
Quercetin has been shown to be a peroxidase inhibitor of human
cells (38). Quercetin was positive at the three highest concen
trations (3.3, 10, and 33 UM). No cytotoxicity was apparent
over the concentration range tested. The mechanism of action
of this flavonoid may be similar to that of rutin.

Silymarin is a group of three isomers (silybin, silidianin, and
silicristin) isolated from the fruit of Silybum marianum. Sily
marin is a flavonolignan that has antihepatotoxic activity (39)
and induces mitochondria! calcium release (40). Silymarin was
positive over the entire concentration range tested in the RTE
cell assay. The two highest concentrations were cytotoxic when
tested during the actual assay; however, the three lower non-

toxic concentrations inhibited transformation by 38 to 47%.
This flavonolignan may act by a mechanism(s) similar to that
of other flavonoids.

D-a-Tocopherol acetate (vitamin E) acts as a free radical
scavenger and antioxidant by protecting the polyunsaturated
fatty acid components on membranes from peroxidation (41).
Vitamin E has been reported to act as a chemopreventive agent
in mice (42) and for gastric cancer in rats (43). In human
studies, fecal mutagens are reduced in patients given vitamins
C and E (44). However, D-Â«-tocopherol acetate was negative in
the RTE cell assay at all nontoxic concentrations tested. This
negative result disagrees with that of most other free radical
scavengers, possibly because it may not have been completely
solubilized in the culture medium and therefore not available
to the cells.

The RTE cell assay gave mixed results for compounds which
act as differentiation inhibitors or inducers. The agent 4HPR,
a vitamin A analogue that was received as a gift from McNeill
Pharmaceutical Co., has been shown to suppress mammary
tumor induction in DMBA-treated rats (24). The mechanism
of action is probably similar to that of RA in that terminal
differentiation of the epithelial cells is induced and therefore
few initiated cells survive to form tumors. 4HPR was positive
for chemopreventive activity at the two highest concentrations,
0.26 and 0.8 /IM. No cytotoxicity was present in the test
concentration range of 0.008 to 0.8 Â¿IM.4HPR was perhaps the
most interesting compound that inhibited transformation. At
the higher concentrations, we observed a shift from the typical
Class II and III foci (progenitors of malignant cells) to the
benign Class I foci. This observation was not seen for other test
agents. This compound also was the most powerful inhibitor of
transformation (100% inhibition at 0.26 ^M). The results of the
present studies agree with the in vivo results and show that
vitamin A-like effects (possibly differentiation inducing) by
4HPR can inhibit can inhibit early stages of the RTE transfor
mation process.

The positive control used for all of the compounds studied
was RA. Our studies and previous studies using a similar system
(12, 13) have shown that RA is an effective inhibitor of RTE
transformation induced either by B(a)P or /V-methyl-/V'-nitro-

./V-nitrosoguanidine. Range-finding cytotoxicity studies have
shown that RA can reduce reproductive survival of RTE cells
at concentrations of 1 pM or greater (data not shown). In the
RTE assay system described here, RA reduce the transforma
tion by 100% at concentrations of 0.1 Â¿IMor greater.
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Â¿odium butyrate is the salt of a fatty acid that induces
alterations in growth, morphology, and gene expression similar
to that seen in cellular differentiation (45). These effects may
result from histone hyperacetylation and structural chromatin
alterations (46). Sodium butyrate has been used in two clinical
studies: one, a partial remission of acute myelogenous leukemia
(47), and a second where no response was seen in nine patients
with acute leukemia (48). Sodium butyrate was negative in the
RTE transformation inhibition assay at all concentrations.
Agents that induce differentiation in hemopoietic cells may
have no effect on trachea! epithelial cells.

Esculetin is an inhibitor of the lipoxygenase pathway and has
been shown to inhibit the differentiation of the human mono-
cyte cell line, U937 (49). In the RTE assay, esculetin was
considered negative for inhibiting B(a)P-induced transforma
tion. Although a marginal inhibitory effect was seen at the
lowest concentration (0.056 Â¿Â¿M),this effect was not seen at
higher nontoxic concentrations. Inhibitors of differentiation
may not be expected to inhibit epithelial cancer, and our results
reflect this possibility.

Two compounds that increase oxygen diffusion into cells did
not inhibit transformation in RTE cells. Crocetin, a carotenoid
compound, increases oxygen diffusion (50), binds strongly to
plasma albumin (51), and has a small effect of retarding the
development of skin tumors on nude mice pretreated with
DMBA and croton oil (52). Crocetin was negative in this assay.
All five concentrations induced transformation frequencies sim
ilar to, or in some cases higher than, that seen with B(a)P alone.
The highest concentration (30.5 ^M) appeared cytotoxic in the
actual assay, yet induced a transformation frequency com
parable to that of B(a)P alone. While these results conflict with
its reported anticancer properties, it is possible that crocetin
may act to retard later stages of tumor promotion that would
not be evident in this 30-day assay.

Nordihydroguaiaretic acid, like esculetin, is an inhibitor of
lipid peroxidation by lipoxygenase, and could have anticarcin-
ogenic activity by blocking free radical peroxidation (53). Nor
dihydroguaiaretic acid did not inhibit transformation at any of
the concentration tested, and therefore was negative. The trans
formation frequencies were very similar to that seen with B(a)P-
alone exposure. The negative result may suggest that free radi
cal peroxidation does not play an important role in RTE cell
transformation as measured by focus formation.

Several compounds were tested that may have activity anti-
promoters. DFMO is reported to be a potent irreversible inhib
itor of ornithine decarboxylase (54). Also, DFMO has been
shown to inhibit chemically induced and transplantable tumors
in mice and rats (55, 56). DFMO has been shown to modulate
the effects of anticancer drugs in vitro (e.g., Ref. 57), and in
Phase II clinical trials is a marginal inhibitor of small cell
carcinoma (58). DFMO was tested at concentrations ranging
from 4.2 to 420 n\i, but the cytotoxicity was moderate at the
higher doses. The transformation frequencies of groups treated
with DFMO and B(a)P were comparable to that seen with
B(a)P-alone treatment. Since the transformation frequency
closely paralleled the cytotoxicity, the compound was consid
ered negative. The negative results in the RTE cell assay are
not contradictory with in vivo results, since the mechanism of
the actions of DFMO are presumably involved in later stages
of tumor promotion.

Enoxalone, or 18-fi-glycyrrhetinic acid, has shown strong
antipromoter activity in DMBA-initiated teleocidin-promoted
mouse skin tumorigenesis in vivo (59). Enoxalone is a terpenoid
derivative and was tested at concentrations ranging from 0.64

to 64 ÃŸMin the RTE assay. It was negative at the nontoxic
concentrations of 0.64, 2.1, and 6.4 ^M. Enoxalone was toxic
at concentrations of 21 and 64 ^M, and no transformed foci
were seen. Since inhibitors of tumor promotion do not appear
to be effective in this short-term assay, the results may agree
with in vivo data.

Ibuprofen is a nonsteroidal antiinflammatory drug and a
propionic acid derivative (60). While this compound does lessen
the activity of meptazinol (an opioid) (61), it probably has little
chemopreventive effect. Ibuprofen was negative at all nontoxic
doses tested in the RTE cell assay. Transformation was reduced
to background levels at the highest concentration, but the
cytotoxicity was very high. However, the antiinflammatory
properties of ibuprofen may have antipromotional activity and
may prove active in initiation-promotion tests.

Piroxicam is a nonsteroidal antiinflammatory agent that has
been shown to inhibit the growth of innoculated adenocarci-
noma cells in rats (62). Piroxicam appeared negative at all
nontoxic concentrations. The highest concentration (905.5 /Â¿M)
was considered toxic since it reduced the number of CFC by
about two-thirds. The highest concentration also reduced the
transformation frequency below background levels. Since an
tiinflammatory agents most likely act by inhibiting the inflam
matory activity of tumor promoters, negative results are ex
pected in the RTE cell assay.

One compound that may block the methylation of DNA by
alkylating agents is ellagic acid. Ellagic acid is a naturally
occurring plant phenol that has been shown to reduce methyl-
benzylnitrosamine-induced esophageal carcinomas in rats (63).
More recent results by Barch and Fox (64) show that ellagic
acid selectively reduces the formation of O6-methylguanine in
the DNA of esophageal cells compared to 7-methylguanine.
This study suggests that ellagic acid blocks the methylation of
the O6 position of guanine. Four of five concentrations of ellagic

acid appeared to stimulate transformation of RTE cells by
B(a)P. The highest dose, 3.3 //M, did effectively inhibit the
transformation by 95%, but was highly cytotoxic; therefore, the
agent was negative. Since the mechanism of B(a)P-induced
transformation probably does not involve the O6-methylation

process, the negative results agree with the proposed mecha
nism.

Levamisole is a nonsteroidal antirheumatic drug and is an
immune-modulating drug (65). There is little or no evidence of
levamisole being active as an chemopreventive agent. Levami
sole did not inhibit B(a)P-induced transformation of RTE cells

at any concentration tested in the assay. The percentage of
transformation was actually higher in all groups compared to
B(a)P-alone-treated cells.

Polyethylene glycol 400 is a polymer of low toxicity used as
ointment of suppository bases. Polyethylene glycol 400 is not
reported to have chemopreventive activity, and in the RTE cell
assay, was negative at all doses tested.

In summary, the RTE cell transformation inhibition assay
was used to screen 28 compounds for chemopreventive activity.
Several possible chemopreventive mechanisms appeared to be
predominant for compounds that were positive. Positive com
pounds might (a) induce differentiation; (b) increase glutathione
levels or enhance conjugation; (c) display nucleophilic activity;
or (d) increase cytochrome P-450 activity. It is also evident
from the results that this assay will not detect compounds that
are (a) antipromoters in nature; (b) glutathione level inhibitors;
(c) differentiation inhibitors; (d) O'-methylguanine inhibitors

(this compound might be positive if a methylating carcinogen
was used instead of B(a)P; (e) organ specific; or (/) inactive.
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Therefore, the results of the RTE cell transformation inhibition
assay appear to identify those chemopreventive compounds that
act at early stages of the carcinogenic process.
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