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several compounds with potential chemopreventive properties have
been identified and tested in laboratory animal models and, in some
cases, in the human setting (5).

Perillyl alcohol, a monoterpenoid, is an hydroxylated product of
d-limonene (p-mentha-l,8-diene) which is formed by the condensa
tion of two isoprene molecules (Fig. 1). Monoterpenoids are corn
monly produced by plants and found in many fruits and vegetables,
including citrus fruits (grape fruits, lemons, limes, and oranges),
lavender, mints, and celery seeds. Perillyl alcohol is found mostly in
cherries, lavender, mints, and celery seeds. Wattenberg (6) demon
strated that dietary administration of d-limonene before carcinogen
treatment inhibited NDEA3-induced forestomach and pulmonary tu
morn and NNK-induced lung tumors in mice. These results suggest
that d-limonene inhibits carcinogen activation to produce an inhibi
tory effect in carcinogenesis. Extensive studies conducted in the
laboratory of Michael Gould clearly demonstrated that d-limonene
administered in the diet at the 1â€”5%levels inhibited both DMBA- and
MNU-induced mammary carcinogenesis in female rats (7â€”9).Of
importance, dietary administration d-lirnonene completely regressed
the DMBA- and MNU-induced rat mammary carcinomas. Crowell et
al. (10) examined the structure-activity relationships among d-limo
nene and hydroxylated derivatives, namely, carveol (p-rnentha-l ,8-
diene-6-ol), uroterpenol (p-mentha-l-ene-8,9-diol), and sobrerol (p
mentha-l-ene-6,8-diol) administered during the initiation phase of
DMBA-induced mammary carcinogenesis in female rats. The results
indicate that hydroxylated monoterpenes are better chemopreventive
agents than d-limonene. Haag and Gould (11) demonstrated that
perillyl alcohol, a hydroxylated analogue of d-limonene, caused the
complete regression of advanced mammary carcinomas. Also, perillyl
alcohol has been shown to inhibit the growth of NDEA-induced liver
tumors in male F344 rats (12). The pharmacokinetic studies in dogs
and rats revealed that p.o. administration of perillyl alcohol is rapidly
absorbed from the gastrointestinal tract and metabolized to perillic
acid and dihydroperillic acid which are considered to be active me
tabolites (1 1, 13). Since rnonoterpenses have a broad range of che
mopreventive properties in a variety of cancer models and there are no
studies thus far in a colon cancer model, evaluation of monoterpenes,
especially perillyl alcohol (p-metha, 1, 7-diene-6-ol), for chemopre
ventive properties in colon carcinogenesis was warranted.

Understanding the mechanisms by which several chemopreventive
agents affect colonic epithelium is important for the development of
effective chemopreventive strategies for colon cancer. Although stud
ies of the mechanisms by which the chemopreventive agents affect
malignant transformation have focused on the deregulation of cell
proliferation, colon epithelial cell homeostasis depends not only on
the rate of cell proliferation but also on the rate of cell loss or
apoptosis, which is an active physiological mode of cell death (14â€”
16). Recent evidence supports the concept that tumor growth depends
on evasion of normal homeostatic control mechanisms that operate
through induction of cell death by apoptosis (17). Several chernopre
ventive agents and tumor promoters have been shown to induce or

3 The abbreviation used are: NDEA, N-nitrosodiethylamine; DMBA, 7,l2-dimethyl
benz(a)anthracene; MNU, methylnitrosourea; NNK, 4-(methylnitrosamino)-1-(3-pyri
dyl)-l-butanone; MTD, maximum tolerated dose; AOM, azoxymethane.
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ABSTRACT

Epidemiological studies suggest that consumption of diets containing
fruits and vegetables, major sources of phytochemicals and micronutri
ents, may reduce the risk of developing cancer of the colon Several
phytochemicals and micronutrients present in fruits and vegetables are

known to exert cancer-chemopreventive effects in several organs, includ
lug the colon. Monoterpenes such as d-limonene and perillyl alcohol
derived from orange peels and lavender, respectively, have been shown to
possess chemopreventive properties against mammary, liver, and/or lung
cnrcinogenesis. The present study was designed to investigate the efficacy
of dietary 40 and 80% maximum tolerated dose (MTD) levels of perillyl
alcohol on azoxymethane (AOM)-induced colon carclnogenesi& The effect
of this agent on the process of apoptosis in colon tumors was also inves
tigated. Prior to the efficacy study, the MTh of perillyl alcohol was
determined in male F344 rats in a 6-week subchronlc toxicity study and
found to be a 2.5-g/kg diet when added to the AIN-76A diet. At 5 weeks of

age, groupsof male F344 rats were fed control(AIN-76A)diet or diets
containing 1 and 2 g perillyl alcohol/kg diet, representing 40 and 80%
MTh levels, respectively. At 7 weeks ofage, all animals except those in the
vehicle-treated groups were given two weekly s.c. injections of AOM (15
mg/kg body weight/week). All animals were continued on their respective
dietary regimen for 52 weeks after AOM treatment and then sacrificed.
Colon tumors were evaluated histopathologically using routine proce
dures. Perillyl alcohol at the 1-g/kg level significantly inhibited the mci
dence (percentage of animals with tumors) and multiplicity (tumors/
animals) of invasive adenocarcinomas of the colon, whereas perillyl
alcoholat 2 g/kgdiet Inhibitedthe incidenceof totaladenocarcinomasof
the colon and small intestine as compared to the control diet. Our studies
also Indicatethat the colon tumors ofanimals fed perillyl alcohol exhibited
increased apoptosis as compared to those fed the control diet. These
results demonstrate the potential chemopreventive activity of perillyl
alcohol against colon carcinogenesis. The chemopreventive activity of
perillyl alcohol Is mediated through the tumor cell loss by apoptosis.

INTRODUCTION

Cancer of the colon remains one of the most common malignancies
in the Western countries, including the United States, and current
treatment strategies provide no major breakthrough on survival be
cause less than 60% of the patients diagnosed with large bowel cancer
in the United States will survive for 5 years (1). Although there is
evidence suggesting a relationship between colon cancer risk and
dietary factors (2â€”4),risk reduction by nutritional intervention alone
may not always be effective in high-risk individuals for colon cancer;
however, an alternative approach for secondary prevention has been to
identify agents with evidence of chemopreventive efficacy and eval
uate these agents in high-risk individuals in combination with nutri
tional intervention. Intervention with dietary modification and che
moprevention plan thus maximizes the secondary prevention in high
risk patients for colon cancer. In this respect, it is noteworthy that
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Table 1 Percentage composition of experimental semipur@fieddietsIngredients%

CompositionControl

dietâ€•Experimental dietâ€•

Table 2 Body weights ofanimaisfed different leveLs ofperillyl akohol in thedietLevels

of perillyl alcohol in the diet (g/kg)Body

weights(g)of animalsfed theexperimentaldietsWeek

1Week 2 Week 3 Week 4Week 5Week6AIN-76Acontroldiet117Â±10â€•144Â±10

178Â±12213Â±8233Â±10251Â±13Perillylalcohol,5g119Â±4131Â±4
160Â±2â€•180Â±3â€•195Â±2â€•213Â±2â€•Perillylalcohol,2.5g117Â±3139Â±5
171Â±6196Â±6215Â±9235Â±9Penllylalcohol,1.25g122Â±6148Â±6
183Â±8211Â±9232Â±10248Â±11Perillylalcohol,O.63g123Â±7145Â±8
179Â±9208Â±8230Â±11256Â±12Perillylalcohol,0.31g121Â±7147Â±7
181Â±8 207Â±7228Â±9247Â±8

PREVEN'llONOF COLONCANCERBY PERILLYLALCOHOL

inhibit apoptosis, respectively (12, 18â€”21).Transformation of cob
rectal epithelium to adenomas and carcinomas has been shown to be
associated with a progressive inhibition of apoptosis, suggesting that
the inhibition of apoptosis in colon cancer may contribute to tumor
growth and promote neoplastic progression (22). It is, therefore,
reasonable to expect that modulation of colon carcinogenesis by
chemopreventive agents may be mediated through some aspects of
apoptosis in colon tumors.

The present study was designed to investigate the inhibitory effects
of dietary perillyl alcohol in colon carcinogenesis. In this study, we
also examined the effect of perillyl alcohol on apoptosis in colon
tumors to better understand the role of apoptosis in chemoprevention
by this agent.

MATERIALS AND METHODS

Animals, Theta, and Carcinogen. Weanling male F344 rats were pur
chased from Charles River Breeding Laboratories (Kingston, NY). All ingre
dients ofthe semipurified diet were obtained from Dyets, Inc. (Bethlehem, PA)
and were stored at 4Â°Cprior to the preparation of diets. Male F344 rats
received at weaning were quarantined for 10 days and had access to modified
AIN-76A control diet (Ref. 23; Table 1). Following quarantine, all animals
were randomlydistributedby weight into variousgroupsandtransferredto an
animal holding room. They were housed in plastic cages with filter tops (three
per cage) under controlled conditions of a 12-h light/l2-h dark cycle, 50%
humidity, and 21Â°Ctemperature. The experimental diets were prepared in our
laboratory by adding test agent to the control diet at the expense of dextrose
(Table 1).The incorporation of various levels of this agent into the control diet
was done with a V-blender after each level of test agent was premixed with a
small quantity of diet in a food mixer to ensure their uniform distribution. All
control and experimental diets were prepared weekly in our laboratory and

stored in a cold room. Animals had access to food and water at all times, and
food cups were replenished with fresh diet three times weekly. Carcinogen
used to induce colon tumors in the current study was AOM, which was

Casein 20.0 20.0
ni-Methionine 0.3 0.3
Corn starch 52.0 52.0
Dextrose 13.0 13.0
Comoil 5.0 5.0
Alphacel 5.0 5.0
Mineral mix, AN 3.5 3.5
Vitamin mix, AIN revised 1.0 1.0
Choline bitartrate 0.2 0.2
Perillyl alcohol 0 5 levelsc
Chemopreventive agent 0 40 and 80% MTD levels'@

a Adopted from the American Institute ofNutrition Reference Diet(AIN-76A)with the
modificationof sourceof carbohydrate.

b Test compounds were added to the diets at the expense of corn starch.

C MTD study: diets containing 0.31, 0.63, 1.25, 2.5, and 5 g perillyl alcohol/kg diet

were evaluated.
d Efficacy study: diets containing I and 2 g perillyl alcohol/kg diet representing 40 and

80% MID levels, respectively, were evaluated.

a M@ Â± SD (n 5).

b Significantly different from the control diet group, P < 0.05.
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Fig. 1. Chemical stnicture of perillyl alcohol.

purchased from Ash Stevens (1)etroit, MI). Perillyl alcohol was obtained from
Fluka Chemical Co. (Buchs, Switzerland). The chemical structure of perillyl
alcohol is shown in Fig. 1.

Determination of MTD. To obtain the effective dose level of perillyl
alcohol to be used in a long-term efficacy study, the MiD level was deter
mined in male F344 rats by feeding different concentrations of this agent in a
6-week study. The MTD of a test agent is considered as the highest dose that
causes no morethan 10%body weightretardationas comparedto controldiet
andalso does not inducemortalityor externalclinical signs of toxicity which
include roughened coat, ill-kept appearance, rhinitis, and prostration, to cite a
few. At 35 days of age, groupsof maleF344 ratswere fed thecontroldiet and
experimental diets containing 0.31, 0.63, 1.25, 2.5, and 5.0 g perillyl alco
hol/kg diet. Body weights were recorded every week for 6 weeks. At termi
nation, all animals were necropsied, and tissues were examined grossly under
the dissection microscopefor any abnormalities.The resultsindicatethatthe
body weights of animals fed 5 g perillyl alcohol/kg diet were significantly
lower than those fed the control diet starting at week 3, whereas the animals fed
0.31-2.5 g perillyl alcohol/kgdiet grew similarto those fed the controldiet
(Table2). The resultsthussuggestthatthe MTDof perillylalcohol is 2.5 g/kg
in the modified A!N-76A diet It should be noted that perillyl alcohol admin
istered in the grain-based diet such as Purina powdered food at 10 g/kg diet
was well toleratedwithouttoxicity (12). In the efficacy study, 1.0 and 2.0 g
perillyl alcohol/kg diet representing the 40 and 80% MiD levels, respectively,
were tested for theirpotentialchemopreventiveproperties.

Efficacy Study. Studies were designed to determine the efficacy of the 40
and 80%MTD levels of perillyl alcohol on AOM-induccdcolon carcinogen
esis (Fig. 2). As indicated in Fig. 2, beginning at 5 weeks of age, groups of
animals were fed the control diet or the experimental diets containing 40 and
80% MTD levels of perillyl alcohol. At 7 weeks of age. groups of animals
intendedfor carcinogentreatment(36 rats/group)received AOM s.c. once
weekly for 2 weeks at a dose rate of 15 mg/kg body weight. Animals intended
for vehicle treatment(six ratsper group)were administeredan equal volume
of normalsaline. Animals were maintainedon controlor experimentaldiets
until the termination of the experiment. Body weights were recorded every 2
weeks for the first 10 weeks and then every 4 weeks. Animals were monitored
daily for general health. The experiment was terminated 52 weeks after the
second AOM treatment,at which time all animals were sacrificed by CO2
euthanasia.After laparotomy,the entire stomach, small intestine, and large
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Table 3 Body weights ofmale F344 ratsfed the potential chemopreventiveagentsExperimental

groupBody

weights (5) of animals on experimental diets
No. of

animals/group Week 1 Week 4 Week 8 Week 17 Week 25 Week 33 Week 41 Week52AOM-treatedControldiet36

109Â±10â€• 191Â±18 251Â±23 338Â±29 378Â±30 402Â±32 428Â±32426Â±48Perillylalcohol,lg/kgdiet36
108Â±8 188Â±12 250Â±16 339Â±19 380Â±19 397Â±21 424Â±31435Â±40Perillylalcohol,2g/kgdiet36
105Â±11 180Â±9 240Â±13 328Â±17 367Â±22 387Â±25 418Â±30430Â±47Vehicle-treatedControldiet12

106Â±9 188Â±15 247Â±18 340Â±22 374Â±22 401Â±25 432Â±22455Â±26Perillylalcohol,2g/kgdiet12
104Â±8 197Â±16 260Â±17 348Â±24 386Â±23 411Â±19 436Â±23464Â±28a

Mam Â±SD.Table

4 Effectofperillyl alcohol on AOM.inducedcolon and small intestinalcarcinogenesis in male F344ratsExperimental

group%

Animals with colon adenocarcinomas (incidence) Multiplicity of adenocarcinomas(tumors/rat)Invasive

Noninvasive Total Invasive NoninvasiveTotalControl

diet27.7 63.8 77.7 0.27 Â±0.07â€• 1.08 Â±0.17 1.35 Â±0.17Perillyl
alcohol, I g/kg diet

Perillyl alcohol, 2 g/kg diet8.3â€•
61.1 63.8 0.08 Â±0.04â€• 0.92 Â±0.16 1.00 Â±0.17

27.7 55.5 ss.? 0.27 Â±0.07 0.86 Â±0.14 1.13 Â±0.20

PREVENTIONOF COLONCANCERBY PERILLYLALCOHOL

5Wls@ 7W@tsr4 8WI@@
a. age

i1:@Fig. 2. Experimentaldesign andprotocolfor evaluation
of chemopreventiveefficacy of perillyl alcohol on colon
carcinogenesis. Male P344 rats were fed 0, 1, and 2 g
perillylalcohol/kgdietstarting2 weeksbeforeexposureto
AOM, duringtreatment,and until terminationof the study
52 weeks after AOM treatment. AOM was given to animals
s.c. at a dose rate of 15 mg/kg body weight, once weekly
for 2 weeks.

Control and Exprimntal dlts

Anlm&s: Nals F344Rats (as rMWgroup)
Carclnogn: Azoxymseun.(AOM),s.c.@ a doss ci 11 ms@kgbodyws@gM
EXPERIMENTALDIETS: 40 and 10% MTDIsvd al perilyl ilcolid In MN-iSA d@st.

intestine were resected and opened longitudinally,and the contents were
flushed with normal saline. Using a dissection microscope, colon and small
intestinal tumors were noted grossly for their location and number. For
histopathological evaluation of tumors, intestines were fixed in 10% neutral
buffered formalin, embedded in paraffin blocks, cut into multiple sections, and
processed. The slides were stained with H&E and examined. The hatological
criteria used for classification of intestinal tumors were as described previously
(24). The end points used were incidence and multiplicity of tumors where
applicable. Because of the long-term nature of this study (52 weeks after
carcinogen treatment),more than 98% of the colon tumorsdeveloped into
adenocarcinomas.All adenocarcinomaswere classified as invasive and non
invasive. The invasive adenocarcinomas were mostly signet-ring mucinous
types, invading the muscularis mucosa deep into the intestinal wall and
beyond. The noninvasive adenocarcinomas were those growing outward to
ward the intestinal lumen and not invading the muscularis mucosa. They were
usually well-differentiated adenocarcinomas.

Detection of Apoptosis In Colon Tumors. Although the apoptosis is
characterized by DNA fragmentation and the appearance of a â€œladderâ€•of
nucleosomal sized fragments on agarose gel electrophoresis has been used as
a hallmark of apoptosis, it should be noted that DNA cleavage is not umver
sally found in apoptosis (25, 26) and a ladder of DNA fragments is also
associated with necrosis in certain types of cells (27, 28). Thus, the gold
standard for determination of the apoptosis has been observation of the
characteristic morphological changes by electron microscopy (25, 27, 29).
Anothermethodfor detectingapoptosisis by lightmicroscopy(17, 25). In this
study, we examined the modulation of apoptosis by perillyl alcohol by quan
tifying the number of apoptotic cells in H&E-stained histological sections of
colon tumorsusing lightmicroscopy.The apoptoticindexwhichrepresentsthe
percentage of cells exhibiting apoptosis was determined by counting at least
200 cells in randomly chosen fields. All slides were blinded and scored by one
person.

Statistical Analysis. Data on body weights were compared among the
levels of test agent using ANOVA. The colon tumorincidence(totalnumber
of colon tumor-bearinganimalswith respectto the totalnumberof animalsat
risk) between the animals fed the control diet and experimental diets was
analyzed using Armitage's@ method. Tumor multiplicities (total number of
colon tumors per animal) were calculated for each dietary group, and the
significance of the differences between the control diet and experimental diets
was analyzedusing the unpairedStudentt test, accountingfor unequalvan
ance. Differenceswere consideredstatisticallysignificantat P < 0.05.

RESULTS

General Observations. The body weights of animals fed the cx
perimental diets containing 40 and 80% MTD levels of perillyb
alcohol were comparable to those fed the control diet throughout the
study period (Table 3). As expected, vehicle-treated animals in all
groups weighed slightly more than those treated with AOM at termi
nation of the study. In vehicle-treated animals, experimental diets
containing perillyl alcohol did not produce any gross changes in liver,
kidney, stomach, intestines, or lungs due to toxicity.

Tumor Data. Table 4 summarizes AOM-induced colon tumor
incidence and multiplicity. Colon tumor data are also expressed as
invasive, noninvasive, and total adenocarcinomas. There were no
tumors in animals administered vehicle and fed the control or
experimental diets. The results demonstrate that the incidence and
multiplicity of invasive adenocarcinomas were significantly sup
pressed in animals given 1 g perillyl alcohol/kg diet, whereas a
higher dose level (2-glkg diet) had no significant effect on this
parameter. The reason for lack of effect by a higher dose of perillyl

a Mean Â± SE (n 36).

bSignificantlydifferentfromthecontroldietgroup,P<0.05.
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% Animals withMultiplicityofsmall
intestinalsmallintestinaladenocarcinomasadenocarcinomasExperimental

group(incidence)

305
27.7
11.l@'(tumors/rat)

0.33 Â±0.09â€•
0.36Â±0.10
0.11 Â±0.05â€•

PREVENTIONOF COLONCANCERBY PERILLYLALCOHOL

Table 5 Effect ofperillyl alcohol on AOM-induced small intestinal adenocarcinomas in
,nalâ‚¬F344rats

correlation method. A correlation coefficient (r) of â€”0.99 was
obtained for the incidence of adenocarcinomas with increasing
levels of penllyl alcohol in the diet from 0 to 2 glkg diet
(P = 0.01). The results also demonstrate that dietary administra
tion of 2 g perillyl alcohol/kg diet significantly suppressed the

incidence and multiplicity of small intestinal adenocarcinomas,
specifically the invasive type, as compared to control diet
(P < 0.05). The percentage of inhibition was about 53% (Table 5).

Apoptosis. Having established the modulation of colon carcino
genesis by dietary administration of perillyl alcohol, we investigated
whether this agent also shows an effect on apoptosis in the colon. Fig.
3 shows representativephotomicrographsof sections of colon tumors
of animals fed the control diet and experimental diet containing
perillyl alcohol. Identification of apoptotic cells was based morpho
logically on cell shrinkage and nuclear condensation and formation of

Control diet
Penillyl alcohol, 1 g/kg diet
Perillyl alcohol, 2 g/kg diet

a M@ Â± SE (n = 36).

b Significantly different from the control diet group, P < 0.05.

alcohol on invasive adenocarcinomas is unclear. However, perillyl
alcohol at 2 g/kg diet significantly inhibited the incidence of total
adenocarcinomas in the colon (Table 4). Overall, the percentage of
inhibition of incidence was about 30% in animals fed 80% MTD of
perillyl alcohol. These results were also analyzed using the linear

Fig. 3. Light micrographs of sections of colon
tumors showing apoptotic bodies. These were 4-bun
paraffin sections stained with H&E. A and B represent
sections of colon tumors of male F344 rats fed the
control diet and 2 g penillyl alcohol/kg diet, respec
tively. Apoptotic cells are indicated by arrows in B
and the absence of apoptotic bodies in A. Many cells
in B arc slxunken and the chromatin is marginated.
Some cells are in the process of apoptotic body for
marion.
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Experimental groupApoptotic ind&(%)Control

diet2.96Â±2.80kPerillyl
alcohol, 1 g/diet14.3 Â±2.35cPenillyl
alcohol, 2 g/kg diet18.3 Â±5.25C

PREVENTION OF COLON CANCER BY PERILLYL ALCOHOL

Table6 Modulatingeffects ofperiliyl alcohol on apoptosis in colon tumors interact with AOM metabolism and to inhibit DNA adduct formation
and carcinogenicity (35, 36). In addition, since several monoterpenes
induce Phase II enzymes (37), the inhibition of colon carcinogenesis
may also be, in part, due to modulation of carcinogen metabolism by
periallyl alcohol.

The modulation of apoptosis is of particularinterest because the
agents that induce apoptosis are considered potentially important
compounds that may possess chemopreventive and therapeutic prop
erties. In the current study, the moderate colon tumor inhibitory effect
of perillyl alcohol is associated with increased apoptosis. Our present
study demonstrated that increases in cell death through apoptosis may
underline one of the mechanisms of tumor inhibition and supports the
concept that the capacity to induce apoptosis may be common to many
or all chemopreventive agents. Several studies have examined the
possible role of apoptosis in the inhibition oftumor promotion in vivo.
Mills et al. (12) demonstrated that penillyl alcohol-induced inhibition
of NDEA-induced liver tumor growth was mediated through the
enhanced efficacy of transforming growth factor@ receptor expres
sion to induce apoptosis in liver tumors. Recent studies by Pasricha et
aL (38), Elder et aL (19), and Bolbool et aL (20) demonstrated that
nonsteroidal anti-inflammatory drugs such as aspirin and sulindac,
which inhibit colon carcinogenesis, induce apoptosis, suggesting that
cellular responses to these agents may contribute to chemopreventive
and chemotherapeutic effects. In addition, several nonsteroidal anti
inflammatory drugs induce apoptosis, particularly at later stages of
neoplastic transformation, emphasizing the importance of apoptosis as
mechanistic part in the action of chemopreventive and therapeutic
agents.

The study described here demonstrates that dietary administration
of periallyl alcohol to male F344 rats moderately but significantly
inhibited the invasive adenocarcinomas in the colon and small intes
tine and significantly increased the apoptosis in the colon tumors,
suggesting that it may have a chemopreventive role against intestinal
carcinogenesis. Although the exact mechanisms remain unclear, the
modulation ofcobon tumonigenesis by this agent is associated with the
alteration of apoptosis in the colon tumors. Apoptosis is a complex
process that undoubtedly is controlled by different regulatory dc
ments in different tissues (18). Although chemopreventive agents
comprise a diverse group of agents with different modes of action,
their ability to induce apoptosis may be important to the development
of potentialchemopreventiveagents against colon cancer.
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apoptotic bodies due to fragmentation of the cells, which are clearly
observed in Fig. 3B (25, 29). Results summarized in Table 6 demon
strate that colon tumors of animals administered perillyb alcohol at I
and 2 g/kg diet exhibited significantly increased the apoptotic index as
compared to those fed the control diet (5-6-fold increase;
P < 0.0001).

DISCUSSION

The major goal of this study, which is a part of a large-scale
investigation on the evaluation of chemopreventive properties of
naturally occurring and related synthetic analogues, was to elucidate
the colon tumor inhibitory activity of perillyl alcohol using a labors
tory animal model. Monoterpenes such as d-limonene have been
shown to inhibit benzo(a)pyrene-induced skin tumors, NDEA-in
duced forestomach and pulmonary tumors and NNK-induced lung
tumors in mice, DMBA- and MNU-induced mammary tumors in rats,
and AOM-induced colomc aberrant crypt foci in rats (6, 9, 30, 31).
These studies provided an impetus to investigate the effect of the
hydroxylated product of d-limonene, perilbyl alcohol, on colon carci
nogenesis. The present study demonstrated that dietary administration
ofpenillyl alcohol moderately but significantly inhibited the incidence
of adenocarcinomas in the colon. The moderate chemopreventive
effect of perillyl alcohol may be specific to the colon cancer model as
compared to other organs. The data also indicate that a bow dose of
perillyl alcohol suppresses specifically the incidence and multiplicity
of invasive adenocarcinomasof the colon. To our knowledge, this is
the firstdemonstrationof a moderatebut significantchemopreventive
effect of perillyl alcohol in experimental colon carcinogenesis utiliz
ing the dose selection based on MTD. With regard to the mode of the
chemopreventive action of perillyl alcohol, monoterpenes exhibit a
diverse array of metabolic, cellular, and molecular activities, includ
ing inhibition of activation of carcinogen metabolism, inhibition of
cellular proliferation, and the induction of differentiation and apop
tosis (12, 32, 33). Since perillyl alcohol was administered in the
current study during initiation, promotion, and progression periods of
colon carcinogenesis, it is, therefore, possible that the colon tumor
inhibitory effect of perillyl alcohol might also be mediated by affect
ing carcinogen metabolism. In this context, it is noteworthy that a
recent study by Morse and Toburen (33) indicated that perillyl alcohol
is a potent inhibitor of metabolic activation of NNK in both lung and
liver, suggesting that monoterpenes such as penillyl alcohol may be
effective chemopreventive agents against NNK-induced lung carcino
genesis. In addition, limonene has been shown to modulate DMBA
metabolism when administered during the initiation phase of mam
many carcinogenesis (7). AOM, the colon carcinogen used in this
study, is metabolized in the liver to methylazoxymethanol, which is
further metabolized in the liver and colon to a highly reactive elect
rophile, methyldiazonium ion, that can methylate cellular nucleo
philes, including DNA (34). Since the alkylation of nucleic acids is
considered to be the initial step for induction of the colon tumor by
AOM, changes in the metabolicactivationof AOM will influence the
outcome of colon tumors. Several colon tumor inhibitors such as
disulfiram, pyrazole, and oltipraz, to cite a few, have been shown to
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