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Abstract

Previously, we showed that oral application of the environmental pollutant dibenzo[a,/]Jpyrene
(DB[4,/]P) induces oral tumors in mice. Thus, in the present investigation we examined the effect
of alcohol on DB[a,/]P-induced DNA damage and immune regulation; we showed that alcohol
(6.4% v/v in the diet, 35% of Calories) significantly enhanced the levels of (-)-anti-trans-

DB[a /]P-dA while decreased the levels of GSH in the mouse oral tissues. Analysis of RNA
expression revealed that DBJ[a,/]P alone upregulates inflammatory genes while alcohol suppresses
several markers of immune surveillance. Collectively, these results suggest that alcohol may
enhance oral carcinogenesis induced by DB[a,/]P.

Introduction

Head and neck squamous cell carcinoma (HNSCC), the vast majority of which occurs in the
oral cavity, is the sixth most common malignancy worldwide, representing a major
international health problem (1). HNSCC is the most traumatic form of malignancy due to
its visible distortion of the face, and disruption of breathing, speaking and swallowing (2).
Quality of life issues and psychosocial dysfunctions are two major challenges that HNSCC
patients are facing (3, 4). Early diagnosis for oral cancer has not improved over time.
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Epidemiological data strongly support the role of exogenous factors such as tobacco, alcohol
and human papilloma virus infection as causative factors; other factors (betel quid chewing,
smokeless tobacco, marijuana, and certain dietary components) have also been implicated in
the development of HNSCC (1). A recent study found that alcohol consumption combined
with tobacco smoking results in a supra-multiplicative synergistic effect which enhances
cancer risk up to 14-fold (5). However, avoidance of risk factors has only been partially
successful and survival rate remains stagnant at about 50% (6) despite advances in
therapeutic approaches. Therefore, new or improved approaches in prevention and/or early
detection are critical. To facilitate this, there remains an urgent need to identify the
molecular mechanisms responsible for oral carcinogenesis using animal models that can
mimic human exposures to relevant risk factors such as alcohol, tobacco and environmental
carcinogens

In 2012, it was estimated that 38.1% of the world’s population aged 15 years or older were
regular drinkers (7). Alcoholic beverages have been classified as a human carcinogen by The
International Agency for Research on Cancer (IARC) (8). The mechanisms by which
alcohol consumption enhances oral carcinogenesis remain under investigation; however,
numerous lines of research have implicated ethanol-induced oxidative stress/damage as an
important component. Other potential mechanisms include possible induction of carcinogen
activation pathways and suppression of both innate and adaptive immune systems, providing
a window of opportunity for loss of immune surveillance (9, 10).

Chronic alcohol consumption decreased glutathione (GSH) levels and increased the levels of
8-hydroxydeoxyguanosine (8-0xodG) in the blood, liver and gingival tissue of rats (11-13).
Acute administration of ethanol led to depleted GSH levels in numerous tissues in both dose
and age dependent fashion in mice (13). GSH depletions of 37-48% were observed in the
oral cavity after administration of 5 g alcohol/kg b.w. in rats (14-16). The mechanism of
GSH depletion has not been elucidated but likely involves direct conjugation with
acetaldehyde, a major metabolite derived from alcohol (17-19). GSH, the major intracellular
antioxidant (20), reduces oxidative damage to DNA measured as 8-0xodG possibly by
inhibiting ROS production (21, 22) and additionally detoxifies many carcinogens including
tobacco and environmental polycyclic aromatic hydrocarbons (PAHSs) through phase Il
conjugation (23).

PAHSs are formed in tobacco smoke and through other environment combustion sources and
are thought to play an important role in cancer development at numerous sites including lung
and oral cavity (1). Our previous studies showed that both dibenzo[a,/]pyrene (DBJ[4&,/]P), a
representative example of PAHSs, and its diol epoxide (DB[4,/JPDE) induced SCC in the oral
tissues of mice in a dose-dependent manner. We have also demonstrated the formation of
stable covalent DNA adducts derived from DBJa,/|[PDE in oral tissues of mice treated with
DB[a /P (24). Measurement of these adducts provides an experimental approach to monitor
carcinogen exposure and provides a risk assessment for susceptibility to carcinogenesis (25).
In the current study, experiments were designed to test our hypothesis that chronic alcohol
consumption could potentiate DB[4,/]P-induced genotoxicity and suppress immune
surveillance in the oral cavity.
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Materials and Methods

Chemicals
DB[a /P, (x)-anti-DBJa,/]PDE and DNA adducts were prepared according to published
methods by our group (26, 27). These chemicals were characterized on the basis of NMR,
mass spectral data and their purity (=99%) was determined by HPLC.

Animals

Female B6C3F; mice (Jackson Laboratories, Bar Harbor, ME) were used in our study. Mice
were quarantined for 1 week; then they were transferred to the bioassay laboratory. All mice
were kept on a 12-h light:12-h dark cycle, maintained at 50% relative humidity and 21

+ 2°C. Water was provided ad /ibitum. The bioassay was carried out in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and was approved by Institutional
Animal Care and Use Committee.

Mice were fed Isocaloric Lieber-DeCarli-type liquid diets formulated by BioServ
(Frenchtown, N.J.) with or without alcohol (calories increased gradually from 0, 11, 22 to
35%). Diet with alcohol at 35% of total calories contains 6.4% v/v ethanol in the diet. After
3 weeks, mice were treated by topical application into the oral cavity with 2 consecutive
daily doses of DB[4,/]P (240 nmol each) in DMSO while mice in the control group were
treated with vehicle only (DMSO). Mice were then sacrificed 24 hrs later by CO»
asphyxiation, and tissues (oral tissues and tongues) were harvested and stored at —80°C prior
to the analysis.

Analysis of GSH

GSH (including oxidized and protein bound forms) was determined using a previously
described method (28). Oral mucosa was homogenized (5% w/v) in ice-cold 5%
metaphosphoric acid (MPA) using a Ten-Broeck all-glass homogenizer. After centrifugation
at 13,000 x g for 2 min, the resulting supernatants was analyzed in MPA extracts by our
HPLC method using dual electrochemical detection (29).

Analysis of DBJ[a,l]P-induced DNA adducts

We previously reported that DB[&,/[PDE-dA is the major DNA adduct detected in oral
tissues of mice treated with DBJ[4,/]P, and thus this adduct was analyzed in this study (30).
The method used for the analysis of DB[a,/]PDE -dA adduct by LC-MS/MS is identical to
our previously published procedure (27, 30, 31). Briefly, DNA was isolated using the Qiagen
genomic DNA isolation procedure from frozen tissues. A NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE) was used to determine the
levels of DNA. Prior to enzymatic digestion, 150 pg of each [1°Ns]-anti-trans- and [1°Ns]-
anti-cis-DBPDE-dA adducts were added to ~150 pg DNA. DNA was hydrolyzed with 1M
MgCl, (10 uL/mg DNA) and DNase 1 (0.2 mg/mg DNA) at 37 °C for 1.5 h, followed with
the addition of nuclease P1 (20 ug/mg DNA), snake venom phosphodiesterase (0.08 unit/mg
DNA\) and alkaline phosphatase (2 units/mg DNA) into the mixture. An Aliquot of the DNA
hydrolysate was subjected to dA base analysis by HPLC, and the remaining supernatant was
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partially purified by an Oasis HLB solid phase extraction column (1 cm3, 30 mg, Waters
Ltd.). Then, the sample was analyzed on an API1 3200™ LC-MS/MS triple quadrupole mass
spectrometer interfaced with an Agilent 1200 series HPLC using an Agilent extend-C18, 5
pum 4.6 x 150 mm column. Adducts were monitored in multiple reaction monitoring (MRM)
mode. The MS/MS transitions of m/z604— m/z335, and m/z609— m/z335 were
monitored for targeted adducts and internal standards, respectively.

Analysis of Immune-related gene expression.

Results

Total RNA was extracted and purified from oral tissues of DB[a,/]P-treated mice with or
without alcohol (7= 3 per group) using the RNeasy kit (Qiagen Inc. Hilden, Germany). The
extracted RNA was subjected to the nanoString nCounter® barcoding assay using an
nCounter® MAX Analysis System in the Penn State Genomics Core Facility — University
Park, PA. RNA expression of immune-related genes was quantified using the Mouse
Inflammation v2 panel (256 genes) and data were analyzed using nSolver Ananlysis
Software v3.0.

The effects of alcohol on the levels of GSH in mouse oral tissue.

We measured GSH levels in the oral mucosa following administration of alcohol diet for 24
days. GSH levels were decreased 28% (0.89 + 0.13 pmol/g) significantly in mice fed the
alcohol diet at 35% of calories (6.4% v/v alcohol in the diet) compared to those fed the
control diet (1.23 + 0.17 umol/g), p < 0.05 (Figure 1).

The effects of alcohol on the levels of DB[a,l]P-induced DNA adducts in mouse oral tissue.

As described above, the decrease in the GSH levels in oral tissues following chronic alcohol
consumption suggests a possible reduction in the detoxification of diol epoxides derived
from DB[4,/]P in these tissues. Therefore, we subsequently analyzed the levels of

DB[ 4 /]PDE-dA adduct in mouse oral tissues as a measure of DB[4&,/]P-induced

genotoxicity. We found that alcohol in the diet significantly (o < 0.05) increased the levels of
(-)-antr-trans-DBJ a,/|P-dA (25%, Figure 2); no liver abnormalities were observed in any
animal at termination of the bioassay.

The Role of DB[a,l]P and alcohol on inflammation-related gene expression in oral tissue.

We found that in mice treated with DB[4,/]P a variety of inflammation-related genes were
upregulated >2-fold (range 2.1 to 8.9-fold, p<0.05) above the levels expressed in control
treated mice while none of the 254 genes evaluated were downregulated at this level of
stringency (Figure 3A). Many of these genes are involved in the inflammatory response to
carcinogen, including Cox2 (Ptgs2), matrix metallopeptidase 3 (Mmp3), transcripts
encoding proteins involved in complement (Maspl) and leukotriene (Alox5) regulation and a
number of chemokines important for recruitment of immune cells such as monocytes,
neutrophils, NK cells and T cells. Significant increases in the detection of multiple Toll-like
receptor transcripts (TIr3, 5, 8) suggests the presence of infiltrating innate immune cells.
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Thus, carcinogen alone upregulates the inflammatory microenvironment within the oral
tissue.

We also found that administration of alcohol in the diet prior to DBJ[4&,/]P increased the
expression of several transcripts associated with negative regulation of the immune response
(Figure 3B). In particular, transcripts for the IL-22 binding protein (1122ra2) were
dramatically increased, suggesting that tissue repair and survival mechanisms induced by
IL-22 could be counteracted in the oral epithelium in the presence of alcohol. Additionally,
transcripts for lymphotoxin a (Lta) were increased, indicative of increased inflammation
that could drive IL-23-mediated inflammation or apoptosis. However, increased levels of
Arginase (Argl) transcripts, an inhibitor of T cell function, and Oasl1, which can inhibit
type | interferon signaling, suggest that multiple levels of immune suppression may be
upregulated following administration of alcohol. Consistent with this interpretation is the
downregulation of multiple innate immune responsive genes (Cfb, Ifi44, Ifit3, Tlr3) as well
as Cxcl10 and IL-7 transcripts, important for T cell chemotaxis and survival. Thus, while the
overall microenvironment of the oral cavity appears to be skewed toward inflammation by
carcinogen, alcohol may suppress specific immune functions, thereby reducing immune
surveillance.

Discussion

Although alcohol has been classified as a human carcinogen, the mechanisms that account
for the development of oral carcinogenesis by alcohol consumption remain largely
undefined. Acetaldehyde, a principle metabolite of alcohol catalyzed by CYP2E1 and
alcohol dehydrogenase (ADH), has been classified as a human carcinogen by the IARC (8)
and is known to induce genotoxic effects (32). Reactive oxygen species (ROS), products of
alcohol metabolism, can also induce genotoxicity. Furthermore, previous studies showed that
alcohol can contribute to epigenetic regulation of oncogenes or tumor suppressor genes (33).
Finally, alcohol can suppress and skew aspects of both the innate and adaptive immune
system, providing a window of opportunity for loss of immune surveillance (9, 10).

As a nucleophile, GSH could attack electrophiles such as diol epoxides derived from the
metabolism of DB[a,/]P; therefore, depleting GSH levels by alcohol and increasing available
diol epoxides can account for the enhancement of DB[4,/]P-dA adduct. On the basis of our
results we hypothesize that chronic alcohol consumption may increase the carcinogenic
potency of DB[a,/]P; further studies will test this hypothesis.

Our data suggest that expression of multiple inflammation-related genes is upregulated in
the oral cavity by exposure to DB[4,/]P. While many of these changes were maintained
following additional exposure to alcohol, expression of a subset of inflammatory genes was
significantly altered such that the tissue microenvironment may be skewed toward an
immune suppressive state. Based on these results we propose a working model to further
guide investigation of the potential impacts of alcohol on immune surveillance in the oral
cavity (Figure 4). In particular, our data suggest that T cell and NK cell responses may be
less effective due to the presence of inhibitors such as arginase in the microenvironment that
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block their effector functions (34). In addition, there may be decreased T cell recruitment
due to reduced production of the chemokine Cxcl10. While Increased levels of lymphotoxin
indicate the presence of activated T cells or innate lymphoid cells, its presence provides a
potential mechanim to upregulate I1L-23 production and amplification of the Th17 response,
leading to IL-17A and IL-22-induced inflammation of the epithelium (35, 36). We detected
small, but not statistically significant increases in the transcripts for these cytokines (data not
shown). Thus, further studies will be required to evaluate their expression at the protein
level. Our results show increased transcript levels of the IL-22 binding protein following
administration of alcohol. A recent study found that conventional dendritic cells can
constitutively produce IL-22 binding protein in multiple mouse tissues but that this
production can be dramatically upregulated by certain metabolic products, including retinoic
acid (37). How alcohol might modulate this effect in the oral cavity remains unknown but
could be related to local metabolites produced from alcohol. Since IL-22 can direct both
proinflammatory and tissue repair in the epithelium, neutralization of IL-22 could
potentially be beneficial or detrimental (35). In addition, we found that transcripts for
multiple innate receptors and interferon response genes were reduced following
administration of alcohol, suggesting that alcohol may skew the immune cell populations
within the oral tissue or may dampen innate sensing. These data support that alcohol skews
the immune microenvironment in oral tissues, creating a window of opportunity for escape
from immune surveillance.

In summary, we show for the first time that chronic alcohol consumption enhances the
genotoxicity induced by DB[4,/]P and promotes gene expression changes that might
suppress immune surveillance in the mouse oral cavity. Therefore, our results provided a
solid foundation for future studies to test the hypothesis that alcohol can enhance oral cancer
induction by the environmental pollutant and tobacco smoke constituent, DB[a,/]P.
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Effect of alcohol on levels of GSH in oral tissues of mice. *, P < 0.05 in a one-tailed t-test.
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Fig. 2.
Effect of alcohol on levels of DB[a,/]P-induced DNA adducts in oral tissues of mice. *, P <

0.05 in a one-tailed t-test.
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inflammatory genes in mice exposed to DB[4,/]P and alcohol. (A)
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for three weeks followed by topical application of DBJ[a,/]P into the oral cavity. (B) Fold
change in transcripts isolated from the oral tissue of mice pre-exposed to alcohol diet versus
normal diet for three weeks followed by topical application of DBJ[a,/]P into the oral cavity.

N=4 mice per group.
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Model for alcohol-induced immune dysregulation in the oral cavity
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Fig. 4.
Model of alcohol-induced immune modulation in the oral cavity. Genes in red are modulated

by alcohol in the oral cavity. Changes to chemotactic signals and production of Arginase
results in reduced T cell and NK cell recruitment activity. Decreased type | interferon
(THEN) signaling or innate sensing by toll like receptors (TLR) may allow suppressive
myeloid cells to produce IL-23 to amplify the Th17 or innate lymphoid cell 3 (ILC3)
response, leading to IL-17A and IL-22-induced inflammation of the epithelium; This state
may be further amplified by increased lymphotoxin a (LTa) production and increased
signaling through the lymphotoxin receptor (LTBR) that upregulates IL-23 production.
Alcohol leads to high level production of the IL-22RA2 soluble receptor, perhaps by local or
accumulating dendritic cells, which may moderate tissue damage but also block tissue repair.

J Environ Sci Health C Environ Carcinog Ecotoxicol Rev. Author manuscript; available in PMC 2018 December 04.



	Abstract
	Introduction
	Materials and Methods
	Chemicals
	Animals
	Analysis of GSH
	Analysis of DB[a,l]P-induced DNA adducts
	Analysis of Immune-related gene expression.

	Results
	The effects of alcohol on the levels of GSH in mouse oral tissue.
	The effects of alcohol on the levels of DB[a,l]P-induced DNA adducts in mouse oral tissue.
	The Role of DB[a,l]P and alcohol on inflammation-related gene expression in oral tissue.

	Discussion
	References
	Fig. 1.
	Fig. 2
	Fig. 3.
	Fig. 4.

