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Abstract
Nitric oxide (NO) plays a key role in the processes of in¯ammation and carcinogenesis. Three isoforms of NO synthase have been
identi®ed: endothelial nitric oxide synthase (NOS), neuronal NOS, and inducible NOS (iNOS). The purpose of this study was to
investigate the characteristics of iNOS in 7,12-dimethylbenz[a]anthracene (DMBA)-induced hamster buccal pouch carcinogenesis.
Thirty outbred young (6-week-old) male Syrian golden hamsters were randomly divided into three groups: DMBA (0.5%) painted
group (n=10); mineral oil-treated group (n=10); and non-treated group (n=10). The average number of iNOS positive foci per
section in the DMBA-treated group was approximately 12.24.7. Both cytoplasmic and nuclear stainings were observed in the
DMBA-treated pouch keratinocytes. No iNOS activity could be detected in the untreated or mineral oil-treated pouches. In conclusion, this study has demonstrated that iNOS is expressed in DMBA-induced hamster pouch carcinomas. This ®nding suggests
that iNOS expression may be associated with the development of chemically induced oral carcinomas. # 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction
Following its identi®cation in 1987 as endotheliumderived relaxing factor, nitric oxide (NO) has been
recognized as having a key role in many and diverse biological processes including in¯ammation and cancer [1].
NO is synthesized from a family of enzymes named NO
synthase (NOS; EC 1.14.13.39) that convert l-arginine
to l-citrulline and generate NO [2]. Three isoforms of
NO synthase have been identi®ed and characterized to
date. Two of them [endothelial NOS (eNOS), a 132-kDa
protein; neuronal NOS (nNOS), a 162-kDa protein] are
present constitutively and are calcium dependent. The
other isoform [inducible NOS (iNOS), a 130-kDa protein], which is induced in the body during in¯ammatory
processes, is calcium independent [3].
NO, a highly reactive radical, may react with other
radicals to form cytotoxic compounds, such as peroxynitrite, which may cause DNA damage [4]. It can
also react directly with a variety of enzymes and other
proteins to either activate or inhibit their functions by
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oxidizing SH groups, complexing with metal ions, or
reacting with tyrosine [5]. All of these eects could be
essential for the participation of NO in carcinogenesis.
The hamster buccal pouch mucosa model is one of the
most widely accepted experimental models of oral carcinogenesis [6]. In spite of anatomical and histological
dierences between pouch mucosa and human buccal
tissue, carcinogenesis protocols induce premalignant
changes and carcinomas that recapitulate many of the
features observed during human oral carcinogenesis [7].
Despite the rapid growth in the ®eld of NO research, the
role of NO in oral carcinogenesis has not yet been fully
elucidated. The purpose of this study was to investigate
the presence, characteristics, and cellular localization
of iNOS in 7,12-dimethylbenz[a]anthracene (DMBA)induced hamster buccal pouch carcinogenesis.
2. Materials and methods
2.1. Hamsters and treatments
Outbred young (6-week-old; 30 animals) male Syrian golden hamsters (Mesocricatus auratus) (purchased
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from National Science Council Animal Breeding Centre, Republic of China), weighing about 100 g at the
beginning of the experiment, were randomly divided
into three groups, each containing 10 animals. The animals were housed under constant conditions (22 C, 12-h
light/dark cycle) and fed with tap water and standard
Purina laboratory chow ad libitum. The protocol
ensured humane practices. After allowing the animals 1
week of acclimatization to their new surroundings, both
pouches of a group of 10 animals were painted with a
0.5% DMBA solution at 09:00 on Monday, Wednesday
and Friday of each week, using a No. 4 sable-hair
brush. Bilateral pouches of each animal of another
group were similarly treated with mineral oil. Approximately 0.2 ml of each solution was applied topically to
the medial walls of both pouches at each painting. The
last group of 10 animals were untreated throughout
the experiment.
At the end of 15 weeks (3 days following the last
treatment), all of the animals from each group were
simultaneouly killed at 09:00 by a lethal dose of diethyl
ether to avoid the in¯uence of diurnal variation [8]. The
dead hamsters were then ®xed in a supine position with
pins. Their pouches were exposed by dissection, cut
from their oral opening to their caudal ends along the
middle of their lateral walls, and examined grossly. Both
pouches were then excised and placed on cardboard to
prevent distortion of the pouch tissues.
Six specimens of approximately equal length were
taken from each pouch [9±11]. They were routinely
processed for light microscopy by ®xation in 10% neutral buered formalin solution, dehydration in ascending alcohols, clearing in xylene and then embedding in
paran. Two serial sections of each specimen were cut
at 4-mm thickness. One of the sections was prepared for
iNOS immunohistochemistry study while another was
used for hematoxylin±eosin staining. Thus, a total of six
slides from each pouch and 12 from each animal were
used for iNOS immunostaining.
2.2. Immunohistochemical staining of iNOS
Stainings were performed by a standard avidin±biotin
peroxidase complex (ABC) method [12]. Polyclonal
antibodies of mouse iNOS were raised on rabbits and
obtained from Calbiochem-Novabiochem Corporation
(Catalog. No. 482728). This antibody recognizes iNOS
protein in human, rat and mouse and exhibits no crossreactivities with eNOS and nNOS (information from
manufacturer). After depara®nization in xylene and
ethanol, the tissue sections were treated in 0.3% H2O2methanol, and 10% normal goat serum. All sections
were subsequently incubated with the primary antibody
(1:500) at room temperature for 30 min. These sections
were then incubated for 30 min at room temperature
with biotin-conjugated goat anti-rabbit IgG (Vector,

Burlingame, USA; 1:100) and then for 30 min with ABC
(Dako, Santa Barbara, USA). The sites of peroxidase
binding were visualized as brown reaction products with
benzidine reaction. The sections were counterstained
with hematoxylin. The total number of iNOS-positive
foci for each animal was calculated as the sum of the
numbers of stained foci from the eight representative
slides from both treated pouches. Negative controls for
the speci®city of anti-iNOS antisera were included by
omitting the primary antisera.
3. Results
3.1. Gross observations and histopathology
Gross and histopathological changes in the DMBAtreated pouches were similar to those described in our
previous study [9]. Areas of dysplasia and invasive
squamous cell carcinomas with a 100% tumor incidence
were developed in all of the DMBA-treated pouches.
The mineral oil-treated and untreated pouches revealed
no obvious changes.
3.2. iNOS immunohistochemistry
The possible patterns of iNOS positivity, randomly
distributed in a pouch mucosa, may vary from a single
cell to a cluster of two or more cells without the interruption of unstained cells. The average number of iNOS
positive foci per section in the DMBA-treated group
was approximately 12.24.7. Both cytoplasmic and
nuclear stainings were observed in hyperplastic (Fig. 1),
and dysplastic (Fig. 2) segments of the epithelium, as
well as in invasive squamous cell carcinoma (Fig. 3). No
iNOS activity could be detected in the untreated or
mineral oil-treated pouches. Omission of the primary
antisera in control sections disclosed negative ®ndings
for iNOS activity in all specimens.
4. Discussion
In the current study, the immunoreactivity was predominantly found in the DMBA-treated pouch keratinocytes. This suggests that high iNOS activity may be
closely linked to carcinogenesis. To our knowledge, this
may be the ®rst study to report the presence of iNOS
activity in oral chemical carcinogenesis. However,
iNOS activity has previously been reported in patients
with carcinomas of head and neck, lung, colon and
prostate [13±16].
Chronic in¯ammation is well recognized as a risk
factor for a variety of human cancers [17]. The central
hypothesis used to explain the role of in¯ammation in
carcinogenesis focuses on the role of oxygen radicals
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Fig. 1. An inducible nitric oxide synthase (iNOS)-positive focus in the
hyperplastic segment of the hamster buccal pouch epithelium following 15 weeks of topical DMBA treatment. A large portion of the focus
involved the whole layer but spared the keratin layer, which contained
a few positive cells (ABC stain, 100).

Fig. 2. Multiple inducible nitric oxide synthase (iNOS)-positive foci
distributed randomly within the dysplastic segment of the hamster
buccal pouch epithelium following 15 weeks of topical DMBA treatment (ABC stain, 100).

generated by phagocytic cells, which cause cytotoxicity
and mutagenesis. This hypothesis has been forti®ed and
expanded by the ®nding that NO and its derivatives
are produced in copious quantities in in¯amed tissues. Such a high level of production of NO following
in¯ammation, despite its short-term immune bene®t,
may generate toxic intermediates capable of causing
direct and indirect tissue damage, as well as genotoxicity
and its resultant potential for carcinogenic eects [18].
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Fig. 3. Multiple invasive squamous cell carcinoma epithelial islands
stained positive with inducible nitric oxide synthase (iNOS) after 15
weeks of topical DMBA treatment (ABC stain, 100).

Furthermore, excess NO produced in in¯amed tissues
could play a role in carcinogenesis by impairing the
tumor-suppressor function of p53 [19]. A study of
early adenocarcinoma in the lung found that an excess of
NO may induce a p53 gene mutation containing mainly
G:C-to-T:A transversion [20]. It is, therefore, reasonable
to suggest that during episodes of chronic in¯ammation
following DMBA treatment, pouch keratinocytes may
have been exposed to a high concentration of NO over
long periods of time. This long-term exposure may have
resulted in an accumulation of mutations in the altered
pouch keratinocytes either because of NO itself or
through the potentiation of the genotoxic agent, DMBA.
Future study of the co-expression of iNOS and p53 in
in¯ammed tissues in DMBA-induced hamster buccal
pouch carcinogeneis may substantiate this implication.
The induction of a high concentration of NO in some
types of cancer cells may cause apoptosis [21]; however,
cells with missing, non-functional or mutated p53 gene
are found to exhibit resistance to NO-mediated killing
[22]. In the present study, we demonstrated the presence
of aberrant high expression of iNOS in DMBA-treated
pouch keratinocytes. Given the fact that mutated p53
has been found in chemically induced hamster pouch
carcinomas [23], it is reasonable to suggest that in a
heterogeneous population of DMBA-treated keratinocytes, clonal selection, and hence growth advantage,
favor those pouch keratinocytes with either a mutated
or non-functional p53 gene which is capable of resisting
NO-mediated killing. These altered keratinocytes may
then further utilize NO in their microenvironment,
facilitating cancer promotion and progression through a
variety of possible mechanisms such as enhanced vascular permeability and increased blood ¯ow [24]. A
similar ®nding of excessive NO production permitting a
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rapid tumor growth in rat solid tumor has been previously reported [25]. Therefore, it is conceivable that
the mutated p53 gene, or other as yet unknown genetic
determinants, may function in determining the role
of NO in oral experimental carcinogenesis. Further
research on the nature of the interaction between iNOS
and p53 in DMBA-induced hamster buccal pouch carcinomas may shed new light on the molecular mechanism of the oral chemical carcinogenesis.
iNOS has been suggested to be an immunohistochemical marker for malignant neoplasia of the prostate [16].
Whether this relationship is also present in oral carcinomas cannot be determined from the results of the present
study. Further detailed study to establish the sequential
expression and subsequent fate of iNOS-stained keratinocytes in precancerous lesions during DMBA-induced
hamster buccal pouch carcinogenesis may help to determine whether iNOS is a marker for oral carcinoma.
In conclusion, the present study used immunohistochemistry to demonstrate the expression of iNOS in
DMBA-induced hamster pouch carcinomas. This ®nding indicates a possible association of iNOS with the
development of chemically induced oral carcinomas.
Much work remains to be done to unravel the precise
role(s) played by iNOS in oral chemical carcinogenesis.
Acknowledgments
The authors would like to acknowledge the technical
assistance of Ms. D.Y. Dai. This research was supported by a National Science Council of Republic of
China grant (N.S.C. 88-2314-B-037-094).
References
[1] Palmer RMJ, Ferrige AS, Moncada S. Nitric oxide release
accounts for the biological activity of endothelium-derived relaxing factor. Nature 1987;327:524±6.
[2] Knowles RG, Moncada S. Nitric oxide synthases in mammals.
Biochemical Journal 1994;298:249±58.
[3] Morris SM, Billiar TR. New insights into the regulation of inducible nitric oxide synthesis. Americal Journal of Physiology
1994;266:E829±839.
[4] Nguyen T, Brunson D, Crespi CL, Penman BW, Wishnok JS,
Tannenbaum SR. DNA damage and mutation in human cells
exposed to nitric oxide in vitro. Proceedings of the National
Academy of Science, USA 1992;89:3030±4.
[5] Henry Y, Lepoivre M, Drapier JC, Ducrocq C, Boucher JL,
Guissani A. EPR characterization of molecular targets for
NO in mammalian cells and organelles. FASEB Journal 1993;
7:1124±34.
[6] Gimenez-Conti IB, Slaga TJ. The hamster cheek pouch carcinogenesis model. Journal of Cellular Biochemistry 1993;17F
(Suppl.):83±90.
[7] Morris AL. Factors in¯uencing experimental carcinogenesis in the
hamster cheek pouch. Journal of Dental Research 1961;40:3±15.

[8] Lin LM, Chen YK. Diurnal variation of g-glutamyl transpeptidase activity during DMBA-induced hamster buccal pouch carcinogenesis. Oral Diseases 1997;3:153±6.
[9] Chen YK, Lin LM. Sequential expression of placental glutathione S-transferase isoenzyme (GST-P) during DMBAinduced hamster buccal pouch squamous cell carcinogenesis.
Journal of Oral Pathology and Medicine 1996;25:388±94.
[10] Chen YK, Lin LM. Placental glutathione S-transferase isoenzyme expression in polycyclic aromatic hydrocarbon-induced
hamster buccal pouch mucosa. European Journal Cancer (B)
Oral Oncology 1998;34:180±5.
[11] Lin CC, Chen YK, Lin LM. Placental glutathione S-transferase isoenzyme expression during promotion of two-stage hamster cheekpouch carcinogenesis. Archives of Oral Biology 1999;44:525±9.
[12] Hsu SM, Raine L, Fanger H. Use of avidin-biotin-peroxidase
complex (ABC) in immunoperoxidase techniques: a comparison
between ABC and unlabelled antibody (PAP) procedures. Journal of Histochemistry and Cytochemistry 1981;29:577±80.
[13] Rosbe KW, Prazma JIRI, Petrusz P, Mims W, Ball S, Weissler
MC. Immunohistochemical charcterization of nitric oxide synthase activity in squamous cell carcinoma of the head and neck.
Otolaryngology Ð Head and Neck Surgery 1995;113:541±9.
[14] Fujimoto H, Ando Y, Yamashita T, Terazaki H, Tanaka Y,
Sasaki J, Matsumoto M, Suga M, Ando M. Nitric oxide synthase
activity in human lung cancer. Japanese Journal of Cancer
Research 1997;88:1190±8.
[15] Ambs S, Merriam WG, Bennett WP, Felley-Bosco E, Ogunfusika
MO, Oser SM, Klein S, Shields PG, Billiar TR, Harris CC. Frequent nitric oxide synthase-2 expression in human colon adenomas: implication for tumor angiogenesis and colon cancer
progression. Cancer Research 1998;58:334±41.
[16] Klotz T, Bloch W, Volberg C, Engelmann U, Addicks K. Selective expression of inducible nitric oxide synthase in human prostate carcinoma. Cancer 1998;82:1897±903.
[17] Ohshima H, Bartsch H. Chronic infections and in¯ammatory
processes as cancer risk factors: possible role of nitric oxide in
carcinogenesis. Mutation Research 1994;305:253±64.
[18] Tamir S, Tannenbaum SR. The role of nitric oxide (NO) in the
carcinogenesis process. Biochimica et Biophysica Acta 1996;
1288:F31±36.
[19] Calmels S, Hainaut P, Ohshima H. Nitric oxide induces conformational and functional modi®cations of wild-type p53 tumor
suppressor protein. Cancer Research 1997;57:3365±9.
[20] Fujimoto H, Sasaki JI, Matsumoto M, Suga M, Ando Y, Iggo R,
Tada M, Saya H, Ando M. Signi®cant correlation of nitric oxide
synthase activity and p53 gene mutation in stage I lung adenocarcinoma. Japanese Journal of Cancer Research 1998;89:696±
702.
[21] Xie K, Huang S, Dong Z, Juang SH, Gutman M, Xie QW,
Nathan C, Fidler IJ. Transfection with inducible nitric oxide
synthase gene suppresses tumorigenicity and abrogates metastasis
in K-1735 murine melanoma cells. Journal of Experimental
Medicine 1995;181:1333±43.
[22] Ambs S, Hussain SP, Harris CC. Interactive eects of nitric oxide
and the p53 tumor suppressor gene in carcinogenesis and tumor
progression. FASEB Journal 1997;11:433±8.
[23] Chang KW, Lin SC, Koos S, Pather K, Solt D. p53 and Ha-ras
mutations in chemically induced hamster buccal pouch carcinomas. Carcinogenesis 1996;17:595±600.
[24] Fukumura D, Jain RK. Role of nitric oxide in angiogenesis and
microcirculation in tumors. Cancer and Metastasis Reviews
1998;17:77±89.
[25] Doi K, Akaike T, Horie H, Fujii S, Beppu T, Ogawa M, Maeda
H. Excessive production of nitric oxide in rat solid tumor and its
implication in rapid tumor growth. Cancer 1996;77:1598±604.

