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ABSTRACT

The chemopreventive effects of two xanthophylls, astaxanthin (AX) and
canthaxanthin (CX) on oral carcinogenesis induced by 4-nitroquinoline
1-oxide (4-NQO) was investigated in male F344 rats. Rats were given 20
ppm of 4-NQO in their drinking water for 8 weeks to induce oral neo-
plasms or preneoplasms. Animals were fed diets containing 100 ppm AX
or CX during the initiation or postinitiation phase of 4-NQO-induced oral
carcinogenesis. The others contained the groups of rats treated with AX or
CX alone and untreated. At the end of the study (week 32), the incidences
of preneoplastic lesions and neoplasms in the oral cavity of rats treated
with 4-NQO and AX or CX were significantly smaller than those of rats
given 4-NQO alone (P < 0.001). In particular, no oral neoplasms developed
in rats fed AX and CX during the 4-NQO exposure and in those given CX
after the 4-NQO administration. Similarly, the incidences of oral preneo-
plastic lesions (hyperplasia and dysplasia) in rats treated with 4-NQO and
AX or CX were significantly smaller than that of the 4-NQO-alone group
(P < 0.05). In addition to such tumor inhibitory potential, dietary exposure
of AX or CX decreased cell proliferation activity in the nonlesional
squamous epithelium exposed to 4-NQO as revealed by measuring the
silver-stained nucleolar organizer regions protein number/nucleus and
5’-bromodeoxyuridine-labeling index. Also, dietary AX and CX could
reduce polyamine levels of oral mucosal tissues exposed to 4-NQO. These
results indicate that AX and CX are possible chemopreventers for oral
carcinogenesis, and such effects may be partly due to suppression of cell
proliferation.

INTRODUCTION

It is well known that dietary factors play an important role in
modulating the development of certain types of human cancer (1-6).
Epidemiological data suggest a protective role for the nutrients (major
or minor) and the nonnutrients in cancer development (7-10). Among
the compounds evaluated thus far for their ability to inhibit experi-
mentally induced cancer, the retinoids, compounds having vitamin
A-like activity, appear to be the most promising (7, 8, 11, 12).
However, from a review by Bertram er al. (13) dietary intake of
B-carotene, the carotenoid with the highest provitamin A activity,
rather than intake of vitamin A itself, seems best correlated with
decreased cancer incidence. 3-carotene with the highest provitamin A
activity (one-sixth that of retinol) is a naturally occurring pigment in
many dark-green and yellow-orange leafy vegetables and fruits (14).
Besides serving as the major dietary source of retinol for humans,
B-carotene and other carotenoids have been found to possess several
biological functions (photoprotection and antioxidant properties, in-
cluding singlet oxygen quenching, immunomodulation, and antican-
cer activity) in both humans and rodents (15-19).

Of approximately 600 carotenoids that exist in nature, they are
generally contained in vegetables, fish, and sea algae; possibly, 10%
of them can be considered as possible vitamin A precursors (20).
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Among carotenoids ingested by mammals, lycopene, lutein, AX,> CX,
and fucoxanthin are not precursors of vitamin A in mammals (20). In
contrast to the abundant studies on the antitumor effect of 8-carotene
(11, 12), there were only a few studies showing antitumor action of
carotenoids without provitamin A activity. Micozzi et al. (8) esti-
mated the carotenoid content of selected foods that have been con-
sistently associated with a lower risk of various types of epithelial
cancer in epidemiological studies. They found that green leafy vege-
tables were moderately high in a- or B-carotene (10-20% of total
carotenoids) but very high in oxygenated carotenoids (xanthophylis),
suggesting that some of these xanthophylis (which do not have vita-
min A activity) may play a chemopreventive role. In fact, the antitu-
mor effects of some xanthophylls (CX, fucoxanthin, and phytoene)
were found in in vitro studies (21-25) and in the limited animal
models for skin (26), gastric (27), duodenal (28), or mammary (29)
tumors. These results may indicate that protective effects of carote-
noids are independent of their provitamin A activity (30) and appear
to be related to their effectiveness as an antioxidant and free radical
scavenger (31). In hamster and rat oral carcinogenesis, vitamin A,
retinoids, or B-carotene could suppress tumor development, but there
are a few reports demonstrating a protective effect of carotenoids
without provitamin A activity (32, 33). Although CX is reported to
have a protective effect of hamster buccal pouch tumorigenesis (34,
35), no studies on the modifying effect of other xanthophylls, includ-
ing AX on experimental carcinogenesis, have been reported. AX
inhibited transplantable fibrosarcomas Meth A and Meth 1 in mice
(36). Our recent study has shown a protective effect of AX rather than
CX on mouse urinary bladder carcinogenesis induced by N-butyl-N(4-
hydroxybutyl)nitrosamine (37).

Neoplasms in the head and neck, including the oral cavity, possess
some biological property, called “field cancerization” (32, 38-40), as
does bladder carcinogenesis. Their multistage and multifocal nature
has been revealed by histopathological, experimental, and molecular
investigations. Patients with oral cancer have an increased incidence
of developing second primary tumors of the oral cavity (41-43). In
patients with oral cancer, abnormalities of the surrounding squamous
epithelium are common; they range from dysplasia to carcinoma in
situ (44). In oral carcinogenesis, several studies indicated the antitu-
mor effects of retinoids but some showed no effects (7). The synthetic
retinoid 13-cis-retinoic acid was found to prevent the incidence of
new cancers in patients who had been treated for squamous cell
carcinoma of the head and neck in a 1-year trial (39). The study was
based on evidence its efficacy in preventing oral premalignancy (45).
These findings have led to ongoing large-scale trials of 13-cis-retinoic
acid or retinyl palmitate in the United States and Europe (46). The
results of some trials have been reviewed by Benner ef al. (46), and
promising results have been reported. However, the high-dose expo-
sure of retinoids may cause “hypervitaminosis A syndrome” as a side
effect (47). Therefore, it is meaningful to examine the potential
chemopreventive efficacy of carotenoids without provitamin A prop-
erty for use in the recurrence or development of a second primary

3 The abbreviations used are: AX, astaxanthin; CX, canthaxanthin; 4-NQO, 4-nitro-
quinoline-1-oxide; AgNOR, silver-stained nucleolar organizer regions protein; BrdUrd,
bromodeoxyuridine.
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malignancy by using experimental animal models because carote-
noids, including B-carotene and xanthophylls, lack a toxic, mutagenic,
or carcinogenic effect (48, 49).

In the present study, possible chemopreventive effects of AX and
CX on oral carcinogenesis initiated with 4-NQO were investigated in
male F344 rats. Also, the effects of dietary AX and CX on cell
proliferation activity oral mucosal epithelium were estimated by
measuring the AGNOR number and BrdUrd-labeling index (50).

MATERIALS AND METHODS

Animals, Diet, and Chemicals. Four-week-old, male F344 rats (Shizuoka
Laboratory Animal Center, Shizuoka, Japan) were used. All animals were
housed in wire cages with free access to drinking water in black bottles and a
basal diet, CE-2 (CLEA Japan, Inc., Tokyo, Japan), under controlled condi-
tions of humidity (50 * 10%), lighting (12-h light/12-h dark cycle), and
temperature (230 + 2°C). 4-NQO was obtained from Tokyo Kasei Kogyo Co.,
Ltd., Tokyo, Japan. 4-NQO was given to rats in tap water at a concentration of
20 ppm. Black bottles were used for 4-NQO exposure to protect it from
decomposition by light. AX and CX were purchased from Nippon Roche,
Tokyo, Japan. The experimental diets mixed with AX and CX in a powdered
basal diet, CE-2, at a concentration of 0.01%, were prepared using a V-blender
(Hitachi, Ltd., Tokyo, Japan) every 2 weeks in a dark room and stored in a dark
cold room (<4°C) until used. Rats were provided these diets in diet batches
shielded by aluminum foil. The stability test of these chemicals was done by
HPLC 1 week after feeding (0.01% AX diet contained 0.00980% AX and
0.01% CX diet contained 0.00973% CX).

Experimental Procedure. A total of 133 rats were randomly divided into
eight groups. Groups 1 (24 rats), 2 (18 rats), 3 (17 rats), 4 (20 rats), and 5 (19
rats) received 20 ppm 4-NQO alone in drinking water for 8 weeks. Groups 2
and 3 were fed diets containing 0.01% AX and CX, respectively, for 10 weeks
starting before 4-NQO exposure. Rats in groups 4 and 5 were fed diets mixed
with AX and CX at a concentration of 0.01% for 22 weeks, starting 1 week
after the stop of 4-NQO administration. Groups 6 (12 rats) and 7 (11 rats) were
fed the AX- and CX-diet alone, respectively, during the experiment (32
weeks). Group 8 (12 rats) were served as an untreated control. Drinking water
containing 4-NQO was prepared fresh every 2 days, and the experimental diets
containing AX and CX were prepared weekly. All rats were carefully observed
daily, and the consumption of drinking water and diet were recorded to
estimate intake of chemicals. The experiment was terminated at 32 weeks after
the start, and all animals were sacrificed by an ether overdose to assess the
incidences of preneoplastic and neoplastic lesions in all organs, including the
oral cavity. For measurement of BrdUrd-incorporated nuclei, the animals (five
rats from each group) were given an i.p. injection of 50 mg/kg body weight
BrdUrd (Sigma Chemical Co., St. Louis, MO) 1 h before killing. At autopsy,
the tongues of all rats were bisected after inspection for gross lesions. One-half
was fixed overnight in 10% buffered formalin for histopathological diagnosis,
AgNOR enumeration, and BrdUrd-labeling index, and the other was used for
measuring tissue polyamine levels. Tissues for histology and morphometry
were embedded in paraffin, and three serial sections (3 um in thickness each)
were made. One section was stained with hematoxylin and eosin for histolog-
ical examination, and two others were stained by the one-step silver colloid
method for AgNOR (51) and stained immunohistochemically for incorporated
BrdUrd. Tongue lesions (hyperplasia, dysplasia, and neoplasms) were diag-
nosed according to the criteria described by Banéczy and Csiba (52) and WHO
(53).

Assay of Tissue Polyamine Levels. At sacrifice, one-half of the tongues of
all rats were collected, and the amounts of diamine, spermine, and spermidine
were determined by an enzymatic differential assay according to the method
described by Koide (54). The data were confirmed by HPLC.

Morphometric Analysis of AgNOR and BrdUrd-labeling Index. For
assessing proliferative activity of tongue epithelium, the numbers of AgNOR/
nucleus and BrdUrd-incorporated nuclei were quantified. Quantitation of these
values was performed on 100 interphase nuclei in a normal or nonlesional
tongue epithelium from five rats of each group at the end of the study by using
a computer-assisted image analysis system, SPICCA II (Japan Avionics Co.,
Tokyo, Japan), with an Olympus BH-2 microscope and a color CCD camera
(Hamamatsu Photonics Co., Hamamatsu City, Japan; Ref. 51).

Statistical Analysis. Statistical analysis of differences in the body weight,
liver weight, the incidence of lesions or AgNOR, and BrdUrd quantitation
between groups was performed by using Fisher’s exact probability test or
Student’s ¢ test.

RESULTS

General Observations. Mean body, liver, and relative liver
weights (g/100 g body weight) in all groups are shown in Table 1.
Mean liver and relative liver weights in group 4 were significantly
smaller than those of group 1 (P < 0.005 and P < 0.001, respectively).
Mean body and liver weights in groups 6 and 7 were significantly
lower than those of group 1 (P < 0.05 and P < 0.001, respectively).
Average relative liver weight in group 6 was significantly smaller than
that of group 1 (P < 0.05). Mean intakes of diets with or without
xanthophylls were almost comparable in all groups (15.2-15.9 g/rat/
day). In this study, dietary administration of AX or CX caused no
clinical signs of toxicity, low survival rates, poor conditions, or
histological changes suggesting toxicity in the liver, kidney, and lung.
The skin color of rats fed the diets mixed with AX or CX was slightly
pinkish. At autopsy, liver and adipose tissue in the peritoneum and
subcutis was pinkish in color, suggesting accumulation of two xan-
thophylls in these tissues. Such changes in color were more prominent
in rats given AX and CX during the postinitiation phase.

Incidences of Neoplasms and Preneoplastic Lesions in the Oral
Cavity. Macroscopically, tumors and/or epithelial thickening of the
oral cavity, especially tongue, were found in rats of groups 1-5.
Animals in groups 6—8 did not have such macroscopic alterations.
Histologically, tongue tumors were squamous cell papilloma and
squamous cell carcinoma with keratinization. The incidences of
tongue neoplasms are indicated in Fig. 1. 4-NQO treatment in the
drinking water induced tongue squamous cell carcinomas with the
incidence of 54% (13 of 24) in group 1. Four rats (17%) in group 1
had squamous cell papilloma. No such neoplasms developed in ani-
mals in groups 2—4. In rats of group 5, a few tongue neoplasms were
found: one rat had squamous cell papilloma (5%) and one rat had
squamous cell carcinoma (5%). The incidences of tongue neoplasms
(squamous cell papilloma and carcinoma) in groups 2-5 were signif-
icantly smaller than that of group 1 (P < 0.001 or P < 0.005).
Epithelial thickening could be classified into two histopathological
lesions, such as squamous cell hyperplasia (simple and papillary
hyperplasia) and dysplasia (mild, moderate, and severe dysplasia).
The incidences of hyperplasia and dysplasia are shown in Fig. 2. The

Table 1 Body, liver, and relative liver weights in each group

Relative liver wt

No. of rats (/100 g body
Group no.  Treatment  cxamined Body wt (g) Liver wt (g) wt)

1 4-NQO 24 320+314  123%15 3.85+0.31
alone

2 4-NQO+ 18 318% 15 12316 388045
100 ppm AX

3 4-NQO+ 17 333+22 13.0*19 390+ 046
100 ppm CX

4 4-NQO— 20 313222 107:14%  342+039°
100 ppm AX

5 4-NQO— 19 316 + 21 114+17 3.61 £0.49
100 ppm CX

6 100 ppm AX 12 313207 99%10° 31720297

7 100 ppm CX 1 31322 105167 3342045

8 No treatment 12 334+ 18 11.7209 3.51+0.36

“ Mean = SD.

b Significantly different from group 1 by Student’s ¢ test (°P < 0.005 and °P < 0.001).
4 Significantly different from group 8 by Student’s 7 test (°P < 0.05 and °P < 0.001).
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Fig. 1. Incidence of tongue neoplasms (squamous cell papilloma and carcinoma) in rats
treated with 4-NQO and/or AX and CX.

8 (diamine, 0.09 * 0.13; spermidine, 1.21 * 0.26; spermine,
1.59 * 0.23; and the sum, 2.88 * 0.36; P < 0.001). AX and CX
feeding significantly reduced these tissue polyamine contents of rats
in groups 2-5 (P < 0.001, P < 0.05, P < 0.005, or P < 0.01). These
values in groups 6 and 7 were slightly smaller than those of group 8.

Results of AgNOR Enumeration and BrdUrd-labeling Index.
The results of AgNOR enumeration and BrdUrd-labeling index are
summarized in Fig. 4. The mean number of AgNOR/nucleus from
normal squamous epithelium in groups 6 (AX alone), 7 (CX alone),
and 8 (no treatment) were almost similar, being 1.54-1.70/nucleus.
The mean number of AgNOR/nucleus of nonlesional squamous epi-
thelium in group 1 (2.49 = 1.01/nucleus) was significantly greater
than that of group 8 (1.54 * 0.78/nucleus; P < 0.05). Average
numbers of AgNOR in the cells of nonlesional areas of the tongues
from groups 2-5 (1.75 * 0.73 in group 2; 2.09 = 0.79 in group 3;
1.90 £ 0.75 in group 4; and 2.06 * 0.74 in group 5) were significantly
smaller than that of group 1 (P < 0.05). As for BrdUrd-labeling index
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Fig. 2. Incidence of preneoplastic tongue lesions (hyperplasia and dysplasia) in rats
treated with 4-NQO and/or AX and CX.

incidences of hyperplasia in groups 2-5 (78% in group 2; 47% in
group 3; 75% in group 4; and 63% in group 5) were significantly
lower than that of group 1 (100%; P < 0.05, P < 0.001, or P < 0.005).
Similarly, the frequencies of severe dysplasia in groups 2-5 (0% in
group 2; 6% in group 3; 5% in group 4; and 5% in group 5) were
significantly smaller than that of group 1 (58%; P < 0.001).
Polyamine Levels in the Tongue Tissue. The results of polyamine
levels (nmol/mg protein) in the tongue tissues are presented in Fig. 3.
Mean concentrations of diamine (0.25 * 0.36), spermidine
(1.77 £ 0.40), spermine (2.01 * 0.30), and the sum of these
(4.03 * 0.72) in group 1 were significantly greater than those of group

Group no.

Fig. 3. Tissue polyamine levels (nmol/mg protein) of tongue of rats from each group.
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—_
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Fig. 4. Alteration of cell proliferation biomarkers. Number of AgNOR/nuclei and
BrdUrd (BrdU)-labeling index (%) in the nonlesional squamous cpithelium of rats treated
with 4-NQO and/or AX and CX.

4061

220z isnbny pg uo ysanb Aq Jpd 650781 055040/69085+2/650¥/81/5S/Pd-al0E/Sa1180UED/BI0"S[eLINOlIoR.)/:d)Y WOl papeojumOoq



CHEMOPREVENTION OF RAT ORAL CARCINOGENESIS

in nonlesional tongue squamous epithelium, the mean value in group
1 was 11.7 = 3.7%, being significantly greater than that of group 8
(6.5 = 1.2; P < 0.05). AX or CX feeding during either initiation or
postinitiation phase significantly decreased BrdUrd-labeling index as
shown in Fig. 4 (P < 0.05).

DISCUSSION

The results in the present study clearly indicated that dietary ad-
ministration of AX and CX significantly depressed the development
of tongue neoplasms induced by 4-NQO. When AX was fed during
either the initiation or postinitiation phase, no tongue tumors devel-
oped. Similarly, CX feeding during the initiation phase completely
inhibited tongue carcinogenesis.

Several synthetic or natural antioxidants are known to inhibit chem-
ical carcinogenesis (55). Some micronutrients with antioxidative
property are also inhibitors of experimental oral carcinogenesis (32,
56, 57). A natural antioxidant S-carotene exerted a suppressing effect
on hamster and rat oral tumor development (33, 57, 58). A similar
regression of oral carcinogenesis was found after injection of CX into
the local sites of developing tumors (35). The results described here
confirm their findings and support the epidemiological data of an
inverse relationship between carotenoid intake and risk for oral cancer
(59). AX and CX might join with antioxidant micronutrients in cancer
prevention (60).

Among the xanthophylls, CX and phytoene have been reported to
inhibit carcinogenesis in several organs other than the oral cavity
(26-29, 34, 35). Administration of CX after carcinogen exposure
effectively reduced 7,12-dimethylbenz[a]anthracene-induced mam-
mary tumors in rats (29). Also, treatment with CX or phytoene before
and during carcinogen exposure inhibited skin tumors induced by
UV-B or 7,12-dimethylbenz[a]anthracene, followed by UV-B (26). In
N-methyl-N'-nitro-N-nitrosoguanidine-induced rat gastric carcinogen-
esis model, CX administration did not affect the tumor incidence in
the glandular stomach but inhibited the progression of dysplasias to
infiltrating adenocarcinomas (27). Grubbs er al. (29) described that
diet supplementation with CX for 3 weeks before the carcinogen,
methylnitrosourea, resulted in significant reduction in the number of
mammary cancers. However, the feeding of CX after the administra-
tion of the carcinogen had no significant effect on mammary carci-
nogenesis in rats (29). These results may suggest that the modifying
effects of CX were dependent on the timing of administration. In the
current study, however, AX and CX clearly inhibited oral carcino-
genesis when they were consumed during the initiation and postini-
tiation phases as reported by Suda er al. (58). Moreover, inhibitory
effects of AX and CX on tongue tumorigenesis were greater than that
of B-carotene found in our previous study (33). Although slight
retardation of body weight and liver weight gain was observed in rats
fed CX, apparent signs for clinical toxicity were not observed during
the experiment, as seen other reports (26-29, 34, 35, 37). The corre-
lation of calories, body weight, and tumor incidence was well known:
a ~15.3% calorie restriction caused a 20.2% reduction of tumors, and
an 11% weight loss reduced tumor incidence by 3.7% (61). In the
current study, only a 1-2% body weight reduction was present in
group 2 and groups 4-7. Therefore, the reduction of tumor incidence
was not due to body weight loss.

Carotenoids have several biological functions (15-18). Xantho-
phylls like AX and CX have no provitamin A activity, but the
antioxidative activity is shared by all carotenoids but to differing
degrees (17, 18). Therefore, antitumor effects of carotenoids are
independent from their provitamin A activities and may be due to their
antioxidative properties (23, 30, 31). In the present study, pinkish
coloring was seen in the adipose tissue, liver, and skin, suggesting

deposition of AX and CX in these tissue. The plasma and tissue (oral
mucosa, liver, and adipose tissues) levels of xanthophylls (AX and
CX) were basically higher in rats fed xanthophylls when compared to
those of rats fed the basal diet alone (1.2-1.5-fold increase).* Rats
generally do not absorb most carotenoids very well systemically,
unless they are fed for prolonged periods. Therefore, chemopreventive
effects of AX and CX might be due to local absorption in the oral
mucosa, especially in rats fed these xanthophylls during the postini-
tiation phase.

Several mechanisms by which AX and CX exert their antitumori-
genic effects on experimental oral tumorigenesis could be considered.
In the present study, AX and CX decreased cell proliferation of
nonlesional squamous epithelium, as revealed by AgNOR enumera-
tion and BrdUrd-labeling index. Similar findings were observed in our
previous study, in which AX and CX reduced bladder tumorigenesis
in mice in conjunction with decreased cell proliferation in nonlesional
bladder epithelium. Cell proliferation is suggested to play an impor-
tant role in multistage carcinogenesis (62), including oral tumorigen-
esis (63). Our recent works demonstrated protective effects of several
plant phenolics on liver, colon, and tongue tumorigenesis in rats
(64-70). These compounds have antioxidative activities with various
degrees, and its chemopreventive property of carcinogenesis is con-
sidered to be partly due to inhibition of cell proliferation. A natural
carotenoid, fucoxanthin, has recently been reported to inhibit cell
proliferation and N-myc expression of a human neuroblastoma cell
line, GOTO cells (71, 72). In the present study, inhibitory effects of
AX and CX on 4-NQO-induced rat tongue tumorigenesis were par-
alleled with inhibition of cell proliferation of these two xanthophylls.
Therefore, it is possible that a significant antitumor property of AX
and CX may be partly due to its antiproliferative effect on a carcin-
ogen-exposed epithelium in this experimental condition. Immuno-
modulation is one of the common biological functions of carotenoids
(15-18). CX, AX, and B-carotene are known to enhance immune
response (73-75). This function is also a potential explanation for
tumor protection of CX (34, 76). More recently, a novel function of
certain carotenoids, including B-carotene and CX, has been reported
(77). Some natural and synthetic carotenoids inhibited chemically and
physically induced neoplastic transformation in C3H/10T1/2 cells and
increased the expression of connexin43, a gene that encodes a major
gap junction protein might explain their suppressing effects on carci-
nogenesis. The latter findings are of interest because gap junctional
communication appears to play an important role in cell growth
control and carcinogenesis (78—80). In contrast to B-carotene, only a
few studies on tumor inhibition of xanthophylls, which lack toxicity,
have been conducted. Therefore, additional investigations of a mech-
anistic basis for chemopreventive action of xanthophylls, including
AX and CX, are highly warranted.
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