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Abstract
Alcohol drinking is a known risk factor for oral cancer in humans. However, previous animal
studies on the promoting effect of ethanol on oral carcinogenesis were inconclusive. It is necessary
to develop an animal model with which the molecular mechanism of ethanol-related oral
carcinogenesis may be elucidated in order to develop effective prevention strategies. In this study,
mice were first treated with 4-nitroquinoline-1-oxide (4NQO, 100μg/ml in drinking water) for 8
weeks, and then given water or ethanol (8%) as the sole drink for another 16 weeks. During the
experiment, 8% ethanol was well tolerated by mice. The incidence of squamous cell carcinoma
(SCC) increased from 20% (8/41) to 43% (17/40; p<0.05). Expression of 5-lipoxygenase (5-Lox)
and cyclooxygenase 2 (Cox-2) was increased in dysplasia and SCC of 4NQO-treated tongues, and
further enhanced by ethanol. Using this mouse model, we further demonstrated that fewer cancers
were induced in Alox5−/− mice, as were cell proliferation, inflammation, and angiogenesis in the
tongue, as compared with Alox5+/+ mice. Interestingly, Cox-2 expression was induced by ethanol
in knockout mice, while 5-Lox and leukotriene A4 hydrolase (LTA4H) expression and leukotriene
B4 (LTB4) biosynthesis were dramatically reduced. Moreover, ethanol enhanced expression and
nuclear localization of 5-Lox and stimulated LTB4 biosynthesis in human tongue SCC cells
(SCC-15 and SCC-4) in vitro. In conclusion, this study clearly demonstrated that ethanol
promoted 4NQO-induced oral carcinogenesis, at least in part, through further activation of the 5-
Lox pathway of arachidonic acid metabolism.
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Introduction
Oral cancer is a common neoplasm worldwide, particularly in developing countries, where
up to 25% of cancers are oral cancer (1). In recent decades, oral cancer incidence and
mortality rates have been increasing in the developed countries, especially among young
males (2). In the United States, approximately 36,540 new cases and 7,880 deaths are
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expected in 2010 (3). Survival of oral cancer patients has not improved significantly despite
advances in radiotherapy and chemotherapy (4). Based on recent data from the NCI
Surveillance Epidemiology and End Results, the overall 5-year relative survival in 1999–
2006 from 17 geographic areas was 60.9%. At the distant stage, only 32.2% survive for 5
years. The surviving patients are usually left with severe functional compromise (5). A
number of patients cured by primary treatment may develop a second cancer within a few
years (6). Therefore, it is important to understand molecular mechanism of this disease and
develop effective preventive strategies.

Epidemiological data strongly and consistently indicate the involvement of exogenous
factors, such as tobacco use and alcohol drinking, in the development of over 75% of oral
cancers in the US (7). Alcohol drinking has a stronger association with oral cancer than with
cancers of other organ sites. According to a meta-analysis study on a total of 235 studies
including over 117,000 human cases, strong direct trends in risk were observed for cancers
of the oral cavity and pharynx (RR=6.0 for 100 g ethanol per day), esophagus (RR=4.2) and
larynx (RR=3.9)(8). Oral cancer is associated with alcohol drinking in a dose-dependent
manner with a RR increasing from 1.75 (25g/day), to 2.85 (50g/day) and 6.01 (100g/day),
according to 26 studies of 7,954 cases. Even after adjusting for smoking, the dose-dependent
effect was still significant (8). The total amount of ethanol and the duration of alcohol
drinking are more important factors than the type or constitution of alcoholic beverage. Oral
cancer risk was greater for those who drank straight (undiluted) liquor than for those who
usually drank mixed (diluted) liquor (9). Alcohol drinking increases the risk of oral
premalignant lesions in those who have never used tobacco as well as in past or current
users. Alcohol drinking and tobacco smoking have additive or synergistic effects on oral
carcinogenesis. Joint exposure leads to earlier onset and worse prognosis of oral cancer (10).
However, it is still unclear through what mechanism alcohol drinking may promote oral
cancer.

Previous animal studies on the cancer-promoting effects of ethanol were inconclusive.
Ethanol feeding or painting on the oral epithelium produces hyperproliferation in animals
(11). In one study, life-long exposure to 10% ethanol in drinking water significantly
increased the incidence of cancer of the oral cavity in Sprague-Dawley rats. However, in this
experiment ethanol treatment lasted for 179 weeks, which is too long for mechanistic
studies. At this age, Sprague-Dawley rats spontaneously develop oral cancer even without
any other treatment (12). Several studies in the literature suggested, but failed to confirm
statistically, the cancer-promoting activity of ethanol feeding or painting in 7,12-
dimethylbenz[a]anthracene (DMBA)-induced hamster cheek pouch carcinogenesis (13–16).
Therefore, it is necessary to develop a proper animal model to investigate whether ethanol
may promote oral carcinogenesis, and to use such a model to elucidate the molecular
mechanism of ethanol-related oral cancer. 4-Nitroquinoline-1-oxide (4NQO) is a synthetic
water-soluble carcinogen that induces tumors predominantly in the tongue. It produces all
the stages of oral carcinogenesis and similar histological as well as molecular changes as
seen in the human cancer (17). In the present study, with the 4NQO mouse model, we aimed
to determine the long-term effect of ethanol on oral carcinogenesis.

Aberrant arachidonic acid metabolism plays an important role in oral carcinogenesis.
Chemical inhibitors of cyclooxygenase 2 (Cox-2) and 5-lipoxygenase (5-Lox) had
chemopreventive effects on chemically induced oral cancer (18, 19). Through the 5-Lox
pathway, arachidonic acid is metabolized by 5-Lox and leukotrienes A4 hydrolase (LTA4H)
into leukotrienes B4 (LTB4), a potent mediator of inflammation. In this study, we
hypothesized that ethanol might promote 4NQO-induced oral carcinogenesis in mice by
activating aberrant arachidonic acid metabolism, especially the 5-Lox pathway.
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Materials and Methods
Animals and Treatment

Male wild-type C57BL/6J mice (B6129SF2/J, 8 weeks old) were housed 2 per cage in our
animal facility in a 12-hr light-dark cycle. 5-Lox knockout mice (B6.129S2-Alox5tm1Fun/J)
were obtained from the Jackson Laboratory (Bar Harbor, ME). Mice were bred in-house and
PCR genotyped with an established protocol provided by the Jackson Laboratory. Animals
were allowed free access to drink (tap water or ethanol) and laboratory rodent chow 5001
(LabDiet) at 20–22C and 50–60% relative humidity. All procedures involving the use of
mice were in accordance with the National Institutes of Health guidelines and were
approved by the Institutional Animal Use and Care Committee.

In the first animal experiment, mice were divided into four groups after one week of
acclimation (Table 1). Group 1A (n=10) served as the negative control. The remaining mice
were treated with 4NQO (Sigma, St. Louis, MO) in their drinking water at a concentration
of 100 μg/ml for a period of 8 weeks. They were then randomly divided into a positive
control group receiving no further treatment (Group B, n=45), and two experimental groups
treated with 8% ethanol (Group 1C, n=40) or 35% ethanol (Group 1D, n=50). Ethanol
(absolute) was made fresh to 8% and 35 % (v/v) solution every day. The 8% ethanol
solution was given to Group 1C as the sole source of drinking fluid, and 0.1ml 35% ethanol
solution was administered by gavage to Group 1D five days per week for the duration of the
study. The overall experimental period was 24 weeks. The body weights were monitored
biweekly and health status was examined daily until the end of the experiment.

In the second animal experiment, mice were divided into six groups after one week of
acclimation (Table 2). Group 2A (n=10) served as the wild-type negative control. The
remaining wild-type mice were treated with 4NQO in their drinking water at a concentration
of 100μg/ml for a period of 8 weeks. They were then randomly divided into a positive
control group receiving no further treatment (Group 2C, n=45), and an experimental group
treated with 8% ethanol (Group 2D, n=45). Group 2B (n=10) served as the Alox5−/−

negative control. The remaining Alox5−/− mice were treated with 4NQO as above. They
were then randomly divided into an Alox5−/− positive control group receiving no further
treatment (Group 2E, n=37), and an Alox5−/− experimental group treated with 8% ethanol
(Group 2F, n=37). Ethanol was made fresh to 8% (v/v) solution every day and was given to
Group 2D and Group 2F as the sole source of drinking fluid. Mice were monitored for their
body weights biweekly and sacrificed at week 24.

Tissue processing and histopathological analyses
At Week 24, all the animals were sacrificed at 2 hours after being given BrdU (50mg/kg,
i.p.). The tongue was harvested and examined for the presence of macroscopic alterations,
then split longitudinally. One half of the tongue was snap frozen in liquid nitrogen for
Western blotting, and the half was fixed overnight in 10% neutral-buffered formalin,
transferred to 70% ethanol, processed, and embedded in paraffin for histopathology.

Thirty sections (4μm) of each sample were cut and the 1st, 15th and 30th slides were stained
with hematoxylin and eosin. Histopathological analysis was performed blind by our research
pathologist without prior knowledge of the experiment. Mild dysplasia, severe dysplasia and
squamous cell carcinoma (SCC) were diagnosed with established criteria (20). Severe
dysplasia was characterized by irregular epithelial stratification, increased number of mitotic
figures, increased nuclear-to-cytoplastic ratio, and loss of polarity of basal cells. SCC was
diagnosed when dysplastic cells invaded underlying tissues.
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Immunohistochemical staining of Cox-2, 5-Lox, BrdU, CD31, and histochemical staining of
mast cells

After deparaffinization, the slides were submerged in methanol containing 0.3% hydrogen
peroxide for 15 min at RT to inhibit endogenous peroxidase activity. Antigen retrieval was
done for 5-Lox, Cox-2 and CD31 by incubating the sections in 0.01mol/L citrate buffer (pH
6) in a microwave oven for 18 minutes. Sections were incubated with a rabbit polyclonal
anti-5-Lox antibody (1:100; Cayman Chemical, Ann Arbor, MI), a goat polyclonal anti-
Cox-2 antibody (1:50; Cayman Chemical), a mouse monoclonal anti-BrdU antibody (1:500;
Sigma), or a rabbit polyclonal anti-CD31 antibody (1:50; Abcam, Cambridge, MA),
overnight at 4°C. Tissue sections were then washed again in PBS and incubated with
suitable peroxidase-conjugated secondary antibodies for 30 minutes at 37°C. Detection of
the antibody complex was done by the streptavidin-peroxidase reaction kit using DAB as a
chromogen. To ensure the specificity of the primary antibody, control tissue sections were
incubated in the absence of primary antibody.

Immunostaining of Cox-2 and 5-Lox was quantified using a computerized image analysis
system (ImagePro Plus; Media Cybernetics, Silver Spring, MD). The area of positive
staining and the mean optical density were measured for calculation of integrated optical
density (IOD) by multiplying density by area.

Cell proliferation in the tongue epithelium was determined by counting the BrdU-labeling
index. Three non-contiguous, randomly selected, high-power fields (x400) were
photographed per sample. The BrdU-labeling index was calculated as the number of BrdU-
positive cells divided by the total number of tongue epithelial cells.

Infiltration of inflammatory cells in the tongue was characterized by counting the number of
mast cells after histochemical staining. Sections were stained with 0.5% toluidine blue for
30 seconds. Three non-contiguous and randomly selected areas of the tongue epithelium on
each slide were selected for mast cell counting, and the average number per mm2 was
calculated.

Angiogenesis in the tongue was characterized by counting CD31-positive microvessels. A
CD31-positive endothelial cell cluster which was clearly separated from adjacent tissues was
considered as a single microvessel. Three non-contiguous and randomly selected areas of the
tongue epithelium on each slide were selected to count the number of microvessels.
Microvessel density was calculated as the average number of microvessels per mm2.

Western blotting of 5-Lox, LTA4H and Cox-2
Mouse tongues were lysed for 30 minutes in RIPA buffer containing 1.0 mM
phenylmethylsulfonyl fluoride and 1 μg/ml aprotinin. After homogenization on ice, the
samples were centrifuged at 12,000rpm for 20 min at 4°C and the supernatants were used for
western blotting. Protein concentration was measured by using BAC Protein Assay Kit
(Pierce) according to the manufacturer’s instructions. Western blotting was performed with
a standard protocol. In brief, 50μg of protein was resolved on a SDS-polyacrylamide gel and
transferred to nitrocellulose membranes. 5-Lox, Cox-2, and LTA4H were detected with a
rabbit polyclonal anti-5-Lox antibody (1:1000; Abcam), a goat polyclonal anti-Cox-2
antibody (1:1000; Abcam), and a rabbit polyclonal anti-LTA4H antibody (1:500; Cayman
Chemical), respectively. Membranes were developed with ECL chemiluminescence and
exposed on X-ray film. Quantification of the bands on the film was carried out by a
densitometer (Gel Doc 1000; BioRad).

Guo et al. Page 4

Cancer Prev Res (Phila). Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Enzyme immunoassay of LTB4
Mouse tongue was weighed and homogenized, and the supernatant was then analyzed with
an ELISA kit (Cayman Chemical). All procedures were performed according to the
manufacturer’s instructions. Each sample was analyzed in triple and results were expressed
as pg of LTB4 per mg wet weight of tongue.

Culture of human tongue SCC cells, SCC-15 and SCC-4
Human tongue SCC cells, SCC-15 and SCC-4, were obtained from ATCC (Manassas, VA),
and were cultured in DMEM/F12 1:1 medium supplemented with 15% fetal bovine serum at
37C in the presence of 5% CO2. These cell lines were characterized by ATCC (Catalogue
no. CRL-1623 and CRL-1624) and used in our laboratory for fewer than 6 months after
resuscitation. Cell growth was determined by MTT assay (Sigma). ~5,000 cells were placed
in each well of three 96-well culture plates. After 24 hr, ethanol was added at various
concentrations: 0, 25, 50,100, 250, or 500mM. Cells were cultured for another 24h, 48h, or
72h, depending on experimental group. Medium containing fresh ethanol was changed every
24h in order to minimize fluctuation of ethanol concentration due to evaporation. MTT
reagent was added to each well at 5mg/ml in 20 μl and incubated for another 4h.
Supernatants were discarded after termination of cell culture and 150μl of DMSO was added
to each well. Plates were shaken for 10 min and the optical density was measured with a
microplate reader at 490nm.

For 5-Lox expression and LTB4 biosynthesis, SCC-15 and SCC-4 were treated with 250mM
ethanol for 0, 6, 12, or 24 hr. Medium was changed every 6 hr in order to maintain proper
concentrations of the ethanol. Approximately 1×106 cells were lysed in RIPA buffer and
total protein concentration determined with a BCA assay. Western blotting of 5-Lox was
performed as mentioned before. LTB4 in cell lysate from 106 cells was analyzed as well as
described above. All analyses were triplicated. The level of LTB4 was calculated as pg/106

cells.

Since nuclear localization of 5-Lox is known to be associated with its activation (21), we
also determined protein localization with immunofluorescent staining. 5×104 SCC-15 and
SCC-4 cells were cultured on a 24-well plate and treated with 250mM ethanol for 24h. Cells
were fixed in cold 10% buffered neutral formalin for 15 min, stained with a rabbit
polyclonal anti-5-Lox antibody (1:100; Abcam), and then a goat anti-rabbit IgG secondary
antibody labeled with Alexa Fluor® 546 (Invitrogen; Carlsbard, CA). After counterstaining
with DAPI, fluorescent signals were visualized under a fluorescent microscope.

Statistical analysis
Fisher’s exact test was used for evaluation of tumor incidence, Student’s t test was used for
two-group comparisons, and one-way ANOVA was used for multiple-group comparisons.
Values were expressed as mean± SD. P<0.05 was considered statistically significant.

Results
In this study, we conducted two animal experiments. The first experiment was aimed to
determine whether ethanol may promote 4NQO-induced oral carcinogenesis in mice, 8%
ethanol (as sole drink) or 35% ethanol (0.1ml once/day by gavage). The second experiment
was aimed to determine whether loss of 5-Lox may attenuate the cancer-promoting effect of
ethanol. Experiments with human tongue cancer cells were aimed to confirm the effect of
ethanol on the 5-Lox pathway of arachidonic acid metabolism.
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4NQO treatment (100μg/ml in water for 8 weeks) did not have significant impact on body
weight and general health of mice in these two experiments. In the later time points after
Week 20, those treated with 4NQO tended to have lower body weight as compared with
negative control groups, probably due to tumor development. Alox5−/− mice had lower body
weight than wild-type mice throughout the experiment (data not shown). In general, mice
were healthy and active. 8% ethanol as the sole drink was well-tolerated by mice.

Promotion of 4NQO-induced oral carcinogenesis by ethanol
All 4NQO-treated animals had a roughened granular surface on the tongue mucosa with
varying degrees of erythema and occasionally white plaque-like lesions. At Week 24, 8%
ethanol (Group 1C) slightly reduced the incidence of visible lesions from 46% (19/41,
Group 1B) to 40% (16/40). 35% ethanol (Group 1D) significantly decreased the incidence of
visible lesions to 31% (15/49) (p<0.05) (Table 1). Under the microscope (Table 1), 8%
ethanol shortened the duration of malignant transformation as Group 1C had a higher
incidence of SCC (43 %, 17/40) than Group 1B (20%, 8/41) (p<0.05). Relative to SCC, the
incidence of dysplasia was decreased by 8% ethanol. This suggested that 8% ethanol might
promote the development of SCC from its precancerous lesion. Since 35% ethanol given by
gavage once a day was very time-consuming and failed to promote 4NQO-induced oral
carcinogenesis, this method of administration was not studied in the subsequent experiment.

Since our previous studies have clearly shown the involvement of aberrant arachidonic acid
metabolism in oral carcinogenesis (18, 19), we investigated such a possibility using tissue
samples from this experiment. With immunohistochemical staining, 5-Lox and Cox-2 were
detected at a low level of expression in the tongues of control mice (Group 1A). 4NQO
treatment (Group 1B) up-regulated expression of both 5-Lox and Cox-2 in dysplasia and
SCC. Strong expression was observed in both squamous epithelial cells and inflammatory
cells in the stroma (Figure 1A to F). Semi-quantification of 5-Lox and Cox-2 expression in
squamous epithelial cells showed that, as compared with control mice, 8% ethanol
significantly enhanced expression of 5-Lox and Cox-2 in dysplasia (p<0.05), but not in SCC
(Figure 1G).

Using Western blotting, we further confirmed overexpression of 5-Lox and Cox-2 protein in
mouse tongue treated with 4NQO and ethanol. In untreated mouse tongue, 5-Lox and Cox-2
were expressed at a fairly low level. Although 4NQO treatment itself up-regulated both
proteins, combination of 4NQO and 8% ethanol greatly increased expression of 5-Lox
(Figure 1H). It was interesting that ethanol was particularly effective in inducing 5-Lox
expression as compared with Cox-2 expression.

Suppression of ethanol-related oral carcinogenesis in 5-Lox knockout mice
Using the same treatment regime as the first animal experiment, our second animal
experiment aimed to determine whether loss of 5-Lox might make mice less susceptible to
ethanol-related 4NQO-induced oral carcinogenesis (Table 2). Both Alox5+/+ and Alox5−/−

mice tolerated 4NQO and ethanol well. The incidence of visible lesions in 4NQO-treated
Alox5−/− mice (Group 2E) was significantly less than that in Alox5+/+ mice (Group 2C)
(p<0.0001). Similar results were observed in mice treated with both 4NQO and ethanol
(Group 2D vs. 2F) (p<0.0001). Ethanol did not further increase the incidence of visible
lesions in either Alox5+/+ or Alox5−/− mice. Under the microscope, Alox5−/− mice had
significantly lower incidence of SCC than Alox5+/+ mice when treated with both 4NQO and
8% ethanol (p<0.01). Meanwhile, there was an increased incidence of mild dysplasia (Group
2D vs. 2F). Interestingly, Alox5−/− mice had similar incidence of oral lesions as compared
with Alox5+/+ mice, whether they were treated with ethanol and 4NQO, or with 4NQO
alone (Group 2C vs. 2E). Similar to what we observed in the first animal experiment,
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ethanol shortened the duration of malignant transformation in 4NQO-treated Alox5+/+ mice
(Group 2C vs. 2D; p<0.05). This cancer-promoting effect of ethanol was abolished in
Alox5−/− mice (Group 2E vs. 2F).

We then performed immunohistochemical staining of BrdU and CD31, and histochemical
staining of mast cells. The percentage of BrdU-labeling index in tongue epithelium was
counted as a marker of cell proliferation, the number of mast cells per area in the tongue
epithelium as a marker of inflammation, and the microvessel density in the stroma (CD31-
positive microvessel per area) as a marker of angiogenesis. As expected, cell proliferation,
inflammation and angiogenesis all increased during 4NQO-induced oral carcinogenesis
(Figure 2). Of note, the BrdU-labeling index in SCC of Alox5+/+ mice treated with both
4NQO and ethanol (Group 2D) was significantly higher than those of Alox5+/+ mice treated
with 4NQO alone (Group 2C), and Alox5−/− mice treated with both 4NQO and ethanol
(Group 2F) (p<0.01) (Figure 2A). There was a significant increase in the number of mast
cells in SCC of Alox5+/+ mice treated with both 4NQO and ethanol (Group 2D) as
compared to that of Alox5+/+ mice treated with 4NQO alone (Group 2C) (p<0.01). Ethanol
treatment in Alox5−/− mice increased the number of infiltrating mast cells in mouse tongue
as well (p<0.05) (Figure 2B). Microvessel density in the tongue changed in a manner similar
to the number of mast cells (Figure 2C).

With immunohistochemical staining, we observed increasing expression of 5-Lox and Cox-2
in 4NQO-induced oral carcinogenesis (Figure 3A). As seen in the first animal experiment,
ethanol enhanced 5-Lox expression in epithelial cells and inflammatory cells in dysplasia
and SCC of Alox5+/+ mice. The increase of Cox-2 protein was not as dramatic as the
increase in 5-Lox protein. However, as compared with Alox5+/+ mice, Alox5−/− mice had
significantly higher expression of Cox-2 in both dysplasia and SCC (p<0.05), suggesting
that activation of the Cox-2 pathway might be a potential shunting mechanism due to
disruption of the 5-Lox pathway.

Western blotting showed that ethanol significantly increased expression of 5-Lox and
LTA4H in Alox5+/+ mice (Group 2C and 2D), but not in Alox5−/− mice (Group 2E, 2F).
Consistent with our immunostaining data, Cox-2 expression was enhanced in Alox5−/− mice
(Figure 2B). We also measured the level of LTB4 in mouse tongue. Ethanol was found to
increase LTB4 significantly in Alox5+/+ mice (Figure 2C).

Activation of the 5-Lox pathway in human oral cancer cells by ethanol
Two human tongue SCC cell lines, SCC-15 and SCC-4, were used to determine the effects
of ethanol on the 5-Lox pathway in vitro. As shown in Figure 4A, there was a dose-
dependent effect of ethanol on cell growth at lower concentrations. We set the upper limit of
ethanol concentration at 500mM, which was toxic to cells. Western blotting showed a time-
dependent increase of 5-Lox protein in both SCC-15 and SCC-4 cells (Figure 4B).
Immunofluorescent staining of 5-Lox clearly demonstrated overexpression of 5-Lox protein
in cells, as well as increased nuclear localization (Figure 4C). Corresponding to the changes
of protein, the 5-Lox pathway was activated as evidenced by a dose-dependent increase of
LTB4 in SCC-15 and SCC-4 cells (Figure 4D). It should be noted that normal tongue
epithelial cells may respond to ethanol treatment differently from these SCC cells. Further
studies with immortalized oral epithelial cells, when available, are needed to fully establish
the association between ethanol treatment and 5-Lox activation at the early stage of oral
carcinogenesis.

Guo et al. Page 7

Cancer Prev Res (Phila). Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
Although epidemiological studies have shown clearly that alcohol drinking is a major risk
factor for human oral cancer, a proper animal model has not been developed to study
ethanol-related oral carcinogenesis. Several previous animal studies failed to statistically
confirm the cancer-promoting activity of ethanol on DMBA-induced hamster cheek pouch
carcinogenesis (13–16). In our study, mice were given 8% ethanol ad libitum as the sole
drink based on the following rationale: a) drinking is a method of administration best
resembling human behavior (22). Humans consume alcoholic beverages of varying
concentrations of ethanol, such as beer (3–8%), wine (12–14%), and liquor (35–70%); b)
delivering ethanol in drink or diet is always limited by poor tolerance of animals to
concentrated ethanol (>10%)(Table 1). Carcinogen and ethanol were given separately in this
study in order to understand the cancer-promoting effect of ethanol at the post-initiation
stage.

Although many studies have been published on the mechanism of ethanol-related
carcinogenesis, it is still unclear how ethanol may promote oral cancer (23). It is known that
ethanol interferes with arachidonic acid metabolism at multiple levels. It has been shown in
human neuroblastoma cells that ethanol exposure up-regulated activity of cPLA2 for
arachidonic acid release in a time-dependent manner (24). It is well established that ethanol
increases the levels of leukotrienes and reduces the levels of prostaglandins in rodent
stomach (25). Ethanol not only stimulates biosynthesis of leukotrienes, but also inhibits their
degradation (26). Ethanol-induced hemorrhagic lesions were significantly reduced by 5-Lox
inhibitors, EP2/EP4 agonists, and leukotriene receptor antagonists (27, 28). Previous studies
by others and us have clearly demonstrated that aberrant arachidonic acid metabolism plays
a critical role in oral carcinogenesis. Apart from the Cox-2 pathway, the 5-Lox pathway is a
critical metabolism pathway in oral carcinogenesis (18, 19). In this study, we found that
ethanol up-regulated expression of Cox-2 and 5-Lox in dysplasia and SCC (Figure 1G, 3A).
Western blotting confirmed overexpression of 5-Lox in ethanol-treated mouse tongue
(Figure 1H, 3B). These data suggested that 5-Lox overexpression induced by ethanol was an
early event in ethanol-related oral carcinogenesis. In addition, LTA4H expression and LTB4
biosynthesis in mouse tongue were also enhanced by ethanol (Figure 3B, 3C). In vitro
ethanol up-regulated 5-Lox expression in human tongue SCC cells, stimulated nuclear
localization of 5-Lox, and promoted LTB4 biosynthesis (Figure 3B, C, D).

The most convincing data of this study were obtained in the second animal experiment using
Alox5−/− mice. Although these mice reproduced and lived normally, they were more
resistant to inflammation or certain inflammation-associated diseases, but more susceptible
to certain infections (29–31). Recent studies have shown that 5-Lox deficiency reduces
hepatic inflammation and associated damage in hyperlipidemic mice (32), and impairs
leukemia stem cells (33). We demonstrated that the promoting effect of ethanol on 4NQO-
induced oral carcinogenesis depended, at least in part, on 5-Lox (Table 2). In Alox5+/+ mice
(Group 2C and 2D), 8% ethanol shortened the duration of malignant transformation.
However in Alox5−/− mice, ethanol had no such an effect. This cancer-promoting effect of
ethanol was further associated with its effects on cell proliferation (BrdU-labeling index),
inflammation (number of mast cells per area) and angiogenesis (microvessel density) in
mouse tongue (Figure 2).

Our data were in agreement with a recent study showing lack of chemopreventive effect of a
5-Lox inhibitor (Zileuton) on 4NQO-induced oral carcinogenesis in rats (34). In this study,
loss of 5-Lox only slightly reduced the incidence of SCC when mice were treated with
4NQO alone (Group 2C vs. 2E in Table 2). However, our previous studies on the DMBA-
induced hamster cheek pouch model have shown chemopreventive efficacy of topically
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applied Zileuton (18). Differences in experimental designs, animal species (mouse, rat, or
hamster), methods of disruption (genetic or pharmacological), and routes of administration
(topical or oral), may contribute to the discrepancy. A more probable explanation, however,
may lie with different mechanisms of the 4NQO model and the DMBA model. Although
both models produce lesions similar to those found in humans, the 4NQO model is known to
produce less severe inflammation than the DMBA model. Populations of infiltrating
inflammatory cells in the oral epithelium are also different in these two models (35). The
4NQO model has been more and more widely used for studying the roles of genes/pathways
in, and preventive/therapeutic effects on, oral carcinogenesis because of its convenience of
use and potential use of genetically modified mice (36–41). Parallel studies with both the
4NQO model and the DMBA model may generate novel findings, which may provide
insights on different pathologies of human oral cancer.

Two observations in this study were interesting: a) Shunting between the 5-Lox pathway and
the Cox-2 pathway: In Alox5−/− mice, Cox-2 was overexpressed as compared with Alox5+/+

mice when treated with 4NQO and ethanol (Figure 3A, 3B). This is consistent with previous
studies showing that genetic or pharmacological disruption of Cox-2 activated the 5-Lox
pathway (41, 42), and knockout of 5-Lox or 5-Lox activating protein increased the Cox
metabolites produced by inflammatory cells (43, 44). Our data support the idea of
combination therapy or chemoprevention. b) Involvement of mast cells in ethanol-related
4NQO-induced oral carcinogenesis: It is known that mast cells are not only producers of
pro-inflammatory metabolites of arachidonic acid, but also regulated by arachidonic acid
metabolites in an autocrine or paracrine manner (45). In the DMBA model, mast cell
activation was associated with the increased cell proliferation in hamster cheek pouch (46).
A recent study showed that mast cell 5-Lox promoted intestinal polyposis in APCΔ468 mice
(47). In this study, fewer mast cells infiltrated SCC in Alox5−/− mice than in Alox5+/+ mice
(Figure 2B). It would be interesting to further investigate how mast cells interact with
epithelial cells in the process of ethanol-related oral carcinogenesis.

In conclusion, we demonstrated that ethanol promoted 4NQO-induced oral carcinogenesis,
at least in part, through further activation of the 5-Lox pathway of arachidonic acid
metabolism. To our knowledge, this study is the first to demonstrate a critical role of the 5-
Lox pathway in ethanol-related oral carcinogenesis. This animal model may be used for
future mechanistic and chemopreventive studies on ethanol-related oral carcinogenesis.
With recent elucidation of the structure of human 5-Lox (48), novel and potent inhibitors of
5-Lox may be developed and potentially used for oral cancer prevention in the future.
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Abbreviations

DMBA 7,12-dimethylbenz[a]anthracene

4NQO 4-nitroquinoline 1-oxide

SCC squamous cell carcinoma

5-Lox 5-lipoxygenase

Cox-2 cyclooxygenase-2

PGE2 prostaglandin E2
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LTA4H leukotriene A4 hydrolase

LTB4 leukotriene B4

IOD integrated optical density
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Figure 1.
Overexpression of 5-Lox and Cox-2 in oral lesions induced by 4NQO/ethanol. (A, D)
Normal epithelium; (B, E) Dysplasia; (C, F) SCC. Expression of 5-Lox and Cox-2 in the
epithelial cells oral tissues was semi-quantified after immunohistochemical staining (G), and
confirmed by Western blotting with frozen tissue samples (H). Protein samples of 3
representative tongues (one from each group) were shown. * Statistically different from
Group 1B (p<0.05); ** Statistically different from dysplasia and SCC (p<0.01).
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Figure 2.
Cell proliferation, inflammation, and angiogenesis in 4NQO/ethanol-treated mouse tongue
of Alox5+/+ and Alox5−/− mice. (A) Cell proliferation (BrdU-labeling index). ** Statistically
different from the remaining groups (p<0.01). Values were expressed as mean ± SD. (B)
Inflammation (number of infiltrating mast cells per mm2). ** Statistically different from
Group 2C (p<0.01). * Statistically different from Group 2E (p<0.05). (C) Microvessel
density (number of CD31-positive microvessels per mm2). ** Statistically different from
Group 2C (p<0.01). * Statistically different from Group 2E (p<0.05).
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Figure 3.
5-Lox and Cox-2 expression and LTB4 biosynthesis in 4NQO/ethanol-treated mouse tongue
of Alox5+/+ and Alox5−/− mice. (A) Overexpression of 5-Lox and Cox-2 in mouse tongue
induced by ethanol as determined by immunohistochemical staining. ** Statistically
different from Group 2C (p<0.01); * Statistically different from Group 2E (p<0.05), based
on ANOVA test. (B) Overexpression of 5-Lox, LTA4H and Cox-2 in mouse tongue induced
by ethanol as determined by Western blotting. Protein samples of representative tongues (2
from Group 2A, and 3 each from other groups) were shown. (C) Increased LTB4
biosynthesis in mouse tongue induced by ethanol as determined by enzyme immunoassay. *
Statistically different from Group 2C (p<0.01).
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Figure 4.
Effect of ethanol on cell growth, 5-Lox expression, cellular localization of 5-Lox, and LTB4
biosynthesis, in SCC-15 and SCC-4 cells. (A) Dose-dependent effect of ethanol on cell
proliferation of SCC-15 and SCC-4 cells as determined by MTT assay. (B) Increased
expression of 5-Lox in SCC-15 and SCC-4 after ethanol treatment (250mM) for 6h, 12h and
24h as determined by Western blotting. (C) Increased nuclear localization of 5-Lox in
SCC-15 cells after ethanol treatment (250mM) as determined by immunofluoresent staining
with DAPI counterstaining. (D) Increased LTB4 biosynthesis in SCC-15 and SCC-4 cells
after ethanol treatment (25–500mM) for 24 hr as determined by enzyme immunoassay. *
Significantly different from control (p<0.05) ** Significantly different from control
(p<0.01)

Guo et al. Page 16

Cancer Prev Res (Phila). Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Guo et al. Page 17

Ta
bl

e 
1

Pr
om

ot
io

n 
of

 4
N

Q
O

-in
du

ce
d 

or
al

 c
ar

ci
no

ge
ne

si
s i

n 
m

ic
e 

by
 e

th
an

ol

G
ro

up
T

re
at

m
en

t
N

o.
 o

f m
ic

e
In

ci
de

nc
e 

of
 v

is
ib

le
 le

si
on

s (
%

)
H

is
to

pa
th

ol
og

y

H
yp

er
pl

as
ia

M
ild

 d
ys

pl
as

ia
 (%

)
Se

ve
re

 d
ys

pl
as

ia
 (%

)
SC

C
 (%

)

1A
N

eg
at

iv
e 

co
nt

ro
l

10
-

-
-

-
-

1B
4N

Q
O

41
19

 (4
6%

)
10

 (1
8%

)
22

 (5
4%

)
1 

(2
%

)
8 

(2
0%

)

1C
4N

Q
O

 a
nd

 8
%

 E
th

an
ol

 (a
s s

ol
e 

dr
in

k)
40

16
 (4

0%
)

8 
(1

9%
)

13
 (3

3%
)

2 
(5

%
)

17
 (4

3%
)*

1D
4N

Q
O

 a
nd

 3
5%

 E
th

an
ol

 (0
.1

m
l, 

1/
da

y,
 g

av
ag

e)
49

15
 (3

1%
)

3 
(7

%
)

29
 (5

9%
)

7 
(1

4%
)

10
 (2

0%
)

* Si
gn

ifi
ca

nt
ly

 h
ig

he
r t

ha
n 

th
at

 o
f G

ro
up

 1
B

 (p
<0

.0
5)

 b
as

e 
on

 F
is

he
r’

s e
xa

ct
 te

st
.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2012 November 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Guo et al. Page 18

Ta
bl

e 
2

In
hi

bi
tio

n 
of

 4
N

Q
O

-in
du

ce
d 

an
d 

et
ha

no
l-r

el
at

ed
 o

ra
l c

ar
ci

no
ge

ne
si

s i
n 

Al
ox

5−
/−

 m
ic

e

G
ro

up
G

en
ot

yp
e

T
re

at
m

en
t

N
o.

 o
f m

ic
e

In
ci

de
nc

e 
of

 v
is

ib
le

 le
si

on
s (

%
)

H
is

to
pa

th
ol

og
y

M
ild

 d
ys

pl
as

ia
 (%

)
Se

ve
re

 d
ys

pl
as

ia
 (%

)
SC

C
 (%

)

2A
Al

ox
5+

/+
N

eg
at

iv
e 

co
nt

ro
l

10
-

-
-

-

2B
Al

ox
5−

/−
N

eg
at

iv
e 

co
nt

ro
l

10
-

-
-

-

2C
Al

ox
5+

/+
4N

Q
O

44
26

 (5
9%

)
16

 (3
6%

)
18

 (4
1%

)
10

 (2
3%

)

2D
Al

ox
5+

/+
4N

Q
O

 +
 8

%
 E

th
an

ol
44

29
 (6

6%
) *

7 
(1

6%
) *

15
 (3

4%
)

22
 (5

0%
) *

*

2E
Al

ox
5−

/−
4N

Q
O

37
6 

(1
6%

) *
**

16
 (4

3%
)

14
 (3

8%
)

7 
(1

9%
)

2F
Al

ox
5−

/−
4N

Q
O

 +
 8

%
 E

th
an

ol
36

3 
(8

%
)

16
 (4

4%
)

13
 (3

6%
)

7 
(2

0%
)

* Si
gn

ifi
ca

nt
ly

 d
iff

er
en

t f
ro

m
 th

at
 o

f G
ro

up
 2

F 
(p

<0
.0

1)
 b

as
e 

on
 F

is
he

r’
s e

xa
ct

 te
st

.

**
Si

gn
ifi

ca
nt

ly
 d

iff
er

en
t f

ro
m

 th
at

 o
f G

ro
up

 2
C

 (p
<0

.0
5)

 a
nd

 G
ro

up
 2

F 
(p

<0
.0

1)
 b

as
e 

on
 F

is
he

r’
s e

xa
ct

 te
st

.

**
* Si

gn
ifi

ca
nt

ly
 d

iff
er

en
t f

ro
m

 th
at

 o
f G

ro
up

 2
C

 (p
<0

.0
00

1)
 b

as
e 

on
 F

is
he

r’
s e

xa
ct

 te
st

.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2012 November 1.


