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Key Points

1. For decades, it has been well documented that alcohol intake increases risk for cancers of the upper
aerodigestive tract (oral cavity, pharynx, larynx, and esophagus), especially at high levels of intake,
as well as for breast, colon, and liver cancers.

2. Many types of cancer associations were observed for all types of alcoholic beverages, suggesting
that ethanol is the main carcinogenic constituent of alcohol drinks.

3. Alcohol has multiple actions in modifying carcinogenesis, not only directly, such as disordering
cell membranes, but also indirectly, such as a consequence of ethanol oxidation to acetaldehyde
and other reactive intermediates.

4. The magnitude, specificity, and variability of ethanol’s actions can depend on the dose and dura-
tion of exposure and on specific biochemical and molecular characteristics of the tissues to which
ethanol comes in contact.

5. The possible mechanisms underlying alcohol’s carcinogenicity include the causation of DNA dam-
age by alcohol’s metabolic product acetaldehyde, alcohol’s effect in increasing estrogen levels,
alcohol being a solvent for carcinogens, alcohol-induced generation of reactive oxygen species,
alcohol-associated alterations in nutritional status, and deleterious effects of alcohol on the host
immune system.
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1. INTRODUCTION

For decades, it has been well documented that alcohol intake increases the risk for
cancers of the upper aerodigestive tract (oral cavity, pharynx, larynx, and esophagus),
especially at high levels of intake (1–4). For instance, as early as 1977, alcohol intake
was identified as a risk factor for breast cancer and resulted in numerous subsequent
epidemiological reports supporting the role of alcohol in breast cancer causation
(5, 6). In fact, alcohol’s interrelationship with breast cancer was listed as 1 of the
top 10 greatest recent discoveries in nutrition (7). Thus, alcohol consumption can
augment to varying degrees carcinogenesis at several organ sites including those in
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the upper aerodigestive tract, liver, colon, and breast. The epidemiological evidence
for the role of alcohol in these and other cancers has recently been reviewed in depth
(5) and will not be discussed at length in this chapter. The evidence that alcohol
enhances cancer risk is strongest for tumors of the upper aerodigestive tract (UADT),
colon (particularly in men), and the female breast (5, 6, 8–10). There is also strong
evidence that alcohol intake is an independent risk factor for liver cancer, especially
as a consequence of cirrhosis (4). Collectively, data from various animal models
provide supportive evidence that ethanol can increase cancer when provided alone
(liver, head, neck, fore-stomach, and breast) and when co-administered with known
carcinogens (2, 11–14). In these carcinogen-induced animal tumor models, ethanol
has been observed to be a stimulator of both the initiation and the post-initiation
stages of experimental carcinogenesis (15–28). In light of the total evidence, the
IARC has concluded that there is “sufficient evidence” of ethanol’s carcinogenicity in
animals (2, 11). Likewise based on findings of epidemiological studies and preclinical
mechanistic data, the IARC indicates that alcohol drinking is “carcinogenic to humans”
(2, 11). In general, these cancer associations were observed for all types of alcoholic
beverages, suggesting that ethanol is the main carcinogenic constituent of alcohol
drinks. It also should be kept in mind that many of these alcohol–cancer associations
are most prominent at high levels of alcohol consumption. The biological basis for
this enhancing effect of alcohol intake on these various cancers remains an area of
active scientific inquiry, especially the extent to which other dietary and lifestyle factors
and genetic predisposition can modify the impact of alcohol on cancer risk (29). This
chapter, therefore, will focus on providing insights into potential mechanisms of action
whereby alcohol stimulates cancer development and highlighting areas for future
investigation.

It is readily apparent that alcohol has multiple actions in modifying carcinogenesis,
not only directly, such as disordering cell membranes, but also indirectly, such as a
consequence of ethanol oxidation to acetaldehyde and other reactive intermediates
(2, 4, 16, 29–31). The magnitude, specificity, and variability in ethanol’s actions can
depend on the dose and duration of exposure and on specific biochemical and molec-
ular characteristics of the target tissues. A recent summary of possible mechanisms
underlying alcohol’s carcinogenicity provides strong evidence that acetaldehyde causes
DNA damage and alcohol increases estrogen levels; moderate evidence that alcohol is
a solvent for carcinogens, generates reactive oxygen species (ROS), and alters folate
status; and weak evidence that alcohol causes cancer by reducing host defenses and
causing nutritional deficiencies (2).

The literature may use various terms to describe units of alcohol consumption. Gen-
erally in the United States, an alcoholic drink is recognized to contain about 14 g of
ethanol which translates to approximately 1.5 oz (44 ml) of liquor, a 5 oz (148 ml) glass
of wine, or a 12 oz (355 ml) glass of beer. For purposes of this overview, high alcohol
intake is considered ≥3 drinks/day. Furthermore, the term alcohol will be used inter-
changeably with the word ethanol, the major biologically active constituent of alcoholic
beverages.
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2. ETHANOL METABOLISM: ACETALDEHYDE AND OXIDATIVE
STRESS

Ingested ethanol is absorbed predominantly in the stomach and duodenum and is
eliminated from the body by several metabolic processes. The liver is the main site
of ethanol metabolism, although it may occur in other tissues. Individual variability in
absorption, distribution, and elimination of ethanol is affected by genetic and environ-
mental factors, which cumulatively can contribute to differences in the clinical conse-
quences, harmful effects, and cancer risks associated with chronic ethanol consumption
(4, 32–35).

There are three metabolic pathways for the oxidation of ethanol to its primary prod-
uct acetaldehyde (Fig. 1), a known carcinogen (36). Peroxisomal catalase-mediated
metabolism to acetaldehyde is considered a minor pathway. A second oxidative pathway
involving microsomal cytochrome P4502E1 (CYP2E1)-catalyzed conversion of ethanol
to acetaldehyde may have particular importance in metabolizing ethanol in non-liver
tissues, especially those lacking appreciable alcohol dehydrogenase (ADH) activity.
CYP2E1-dependent ethanol oxidation (Km = 8–10 mM) plays a greater role in ethanol
elimination following consumption of large amounts of alcohol that subsequently result
in elevated blood alcohol content. Reactive oxygen species (ROS) such as hydroxyl rad-
icals, superoxide anions, and hydroxyethyl radicals are also a by-product of cytochrome
P450 catalysis and can contribute to cancer-promoting tissue damage. By far the
major contributor to ethanol oxidation to acetaldehyde is cytosolic ADH (Km of liver
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ADH = 0.2–2.0 mM). Acetaldehyde is subsequently converted to acetate (37) through a
reaction catalyzed primarily by mitochondrial acetaldehyde dehydrogenase 2 (ALDH2).
To a smaller extent acetaldehyde may also be detoxified in the liver by CYP2E1, which
is referred to as the microsomal acetaldehyde oxidizing system (38). Acetate ultimately
can be oxidized to CO2 or metabolized to acetyl-CoA. Allelic variation in ADH and
ALDH2 enzymes, as discussed below, may have considerable impact on risk for several
alcohol-related cancers. Particularly, individuals with elevated acetaldehyde levels fol-
lowing drinking due to increased formation and/or impaired elimination exhibit higher
rates of alcohol-related cancers and other problems. There also are nonoxidative path-
ways of ethanol metabolism to phosphatidyl ethanol (catalyzed by phospholipase D) and
fatty acid ethyl esters that, to date, make only a small contribution to ethanol’s impact
on carcinogenesis (36).

Acetaldehyde, the primary oxidative metabolite of ethanol, is considered to be an
important mediator of ethanol’s cancer-promoting actions, particularly in the upper
aerodigestive tract (UADT) and colon (39– 41). Actually, exposure of tissues to
acetaldehyde may come from several sources. First, alcoholic beverages, especially
whiskey and beer, may contain high levels of acetaldehyde (4). Second, as discussed
above, acetaldehyde can be formed from ethanol by ADH in a variety of tissues such as
liver, UADT mucosa, colon, and the parotid glands. An under-appreciated third source
of acetaldehyde results from microbial metabolism of ethanol in the oral cavity and the
colon (4, 42). Salivary acetaldehyde concentrations measured after ethanol intake have
been detected at levels many-fold higher than those in corresponding blood samples, a
response that can be ameliorated by using an antibiotic rinse prior to consuming alcohol
(43). In alcoholics it has been also noted that smoking and poor oral hygiene can further
increase acetaldehyde levels (44). Likewise, in the colon, high acetaldehyde levels may
be a consequence of microbial oxidation of ethanol (45). Depending on the organ, Neis-
seria species, Streptococcus (viridans group), Rothia species, and the yeast Candida
albicans are micro-organisms identified as being potential participants in this conver-
sion (46, 47). High levels of acetaldehyde in the oral cavity also may be explained by
the fact that the ALDH activity of microbes and oral mucosa is low. Dissimilarities in
relative activities of ADH and ALDH have been observed at several sites along the GI
tract. For example, Yin et al. (48, 49) reported that esophageal ADH activity was 4-fold
higher than ADH activity in the gastric mucosa, whereas esophageal ALDH activity
was 20% stomach ALDH activity. This would then account for selective tissue accumu-
lation of acetaldehyde during alcohol ingestion. Of interest, alcohol consumers with the
less active aldehyde dehydrogenase enzyme encoded by the ALDH2∗2 allele exhibited
2–3-fold higher concentrations of acetaldehyde in the mouth compared to those with
normal ALDH2, and salivary acetaldehyde concentrations 9-fold higher than blood lev-
els (50). Tissue accumulation and toxicity of acetaldehyde also may be a concern in
other sites beyond the UADT. Recently, it was reported that acute oral administration
of ethanol to female rats (0.6 g–6.3 g/kg body weight) resulted in prolonged accumula-
tion of acetaldehyde in mammary tissue to levels higher than those measured in blood
(51). These researchers also have suggested that, at least in mammary tissue, xanthine
oxidoreductase and CYP2E1 may be additional enzymes contributing to steady-state
acetaldehyde levels (52–54).
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Acetaldehyde is considered by the International Agency for Research on Cancer
(IARC) as a human carcinogen, and is classified as an animal carcinogen, too. In rodents
acetaldehyde inhalation leads to nasal and laryngeal cancers and its consumption leads
to hyperproliferation and inflammation of UADT mucosa (2). In humans, those popu-
lations having allelic variants that lead to higher tissue exposure to acetaldehyde have
higher cancer risks (4, 50, 55).

Acetaldehyde’s action as a carcinogen is due, in part, to its genotoxicity and the
consequent generation of genetic abnormalities (56–59). Both stable and unstable
adducts can be formed not only with specific amino acid residues of proteins but also
with nucleic acids (such as that formed by reaction with deoxyguanosine, N2-ethyl-dG).
Covalent DNA adduct formation is considered to be a critical initiating event in the
process of chemically induced cancer. This DNA adduct and acetaldehyde can be
detected in human urine, although the extent of its mutagenicity in cancer target
tissues is not well characterized (60, 61). In Aldh2–/– mice, having minimal capacity
to metabolize away acetaldehyde, consumption of ethanol led to higher covalent
binding of ethanol metabolites to DNA in several organs compared to Aldh 2+/+ mice
with normal acetaldehyde oxidizing capacity (62). In human alcohol abusers, white
blood cell (WBC) acetaldehyde–DNA adducts may reach levels 7-fold greater than
those in non-consumers (63). Habitual or moderate drinkers with polymorphisms in
alcohol metabolizing enzymes that lead to elevated circulating acetaldehyde have
significantly higher frequencies of sister chromatid exchanges and micronuclei fre-
quency in peripheral lymphocytes, an established biomarker of genomic instability
(64–67). DNA–acetaldehyde adducts can be formed in a dose-dependent manner
even at low concentrations that are relatively nontoxic to human buccal epithelial
cells (57). Moreover, acetaldehyde in combination with other biological molecules
(such as polyamines) that accumulate in tissues damaged by ethanol exposure may
generate other forms of stable DNA damage such as crotonaldehyde–DNA and
N2-propano-dG–DNA adducts that can lead to particularly damaging DNA–DNA and
DNA–protein cross-links (56). Again, habitual drinkers with polymorphisms leading
to inactive forms of ALDH2 evidence a greater frequency of chromosomal aberrations
and other evidence of genetic damage in blood samples (68). What may compound
this carcinogenic and genotoxic action of acetaldehyde is that it also may bind to
and compromise the function of cellular proteins involved in DNA synthesis and
repair, in maintaining normal DNA cytosine methylation and in mounting antioxidant
defenses (69–71). Furthermore, ethanol metabolism may disrupt critical intracellular
signaling events that contribute to maintaining genomic stability (72, 73). Recently, for
example, ethanol-treated hepatic cells exhibited more highly acetylated microtubules,
presumably due to acetaldehyde, that substantially disrupted microtubule integrity (74).
Acetaldehyde–protein adducts and malondialdehyde adducts (generated from lipid per-
oxidation) also may stimulate an immune response and induce inflammatory processes
particularly in certain types of liver cells, all of which can further exacerbate local
tissue damage and elevate disease risk (58, 75–77). Acetaldehyde may contribute to
precancerous lesion formation, as has been reported in the colon (accelerated crypt cell
formation, polyp formation, and hyper-regeneration) and in the oral cavity (leukoplakia)
(78–81).
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There is another consequence of ethanol metabolism that may be important in con-
tributing to cancer particularly in the liver and that is the generation of oxidative stress
(32, 58, 82–85). ROS may be produced by multiple pathways that are triggered follow-
ing consumption of ethanol (Fig. 1). For example, ethanol oxidation via P4502E1 and
oxidation in the mitochondria of NADH (that is generated by ADH as ethanol is oxi-
dized) produce ROS. Ethanol-associated inflammation also can produce ROS. Besides
contributing to liver cirrhosis and cancer, ROS generation may also be associated with
extrahepatic cancers. For example, ethanol-induced oxidative stress and acetaldehyde
formation have been detected in rat mammary tissue that was accompanied by ultra-
cellular aberrations in epithelial cell structure (52, 54). The magnitude of ROS gener-
ated depends on the amounts of ethanol consumed as well as the individual’s genotype
encoding for ethanol metabolizing enzymes. Whatever the source of increased ROS, the
consequences can include increased direct DNA damage (such as formation of 8-oxo-
dG) or indirect DNA damage following ROS-induced lipid peroxidation. Lipid perox-
idation produces malondialdehyde, 4-OH nonenal, and other metabolites, all of which
subsequently can form adducts and modify cellular proteins (75, 86). In fact, exocyclic
etheno adducts, generated by reaction of DNA bases with lipid peroxidation products
such as trans-4-hydroxy-2-nonenal, can be detected in the urine of alcoholics with fatty
liver. There are other damaging cellular consequences of ROS formation. For example,
in mouse liver the oxidation of cytosolic proteins, such as those participating in stress
responses, intermediary metabolism, and antioxidant defense, leads to increased pro-
tein degradation (87). This may certainly create cellular dysfunction and susceptibility
to toxic agents that are contributors to cancer development. Moreover, oxidative stress
may contribute to redox imbalance and disturbances in signaling cascades within liver
cells, such as those described for mitogen-activated protein (MAP) kinases, NFkappaB,
and AP-1 (88). The extent to which these ROS-induced processes of protein degradation
and signaling disruption occur in tissues other than the liver deserves further study and
is likely to depend on the dose of ethanol.

Lastly, exposure of tissues to ethanol-generated ROS and acetaldehyde can lead to
enhanced cell proliferation and damage-induced hyper-regeneration (81), at least in the
gastrointestinal tract. Such consequences of acetaldehyde and ROS formation combined
with their genotoxic effects and their impairment of cellular repair capacities likely con-
tribute to a tissue environment conducive to cancer promotion.

3. ALCOHOL AND CARCINOGEN BIOACTIVATION

Direct exposure of tissues to ethanol such as occurs in the UADT may lead to solvent
effects of ethanol on membranes that may enhance the bioavailability of tobacco-related
and other carcinogens. Carcinogens and xenobiotics normally can be metabolized and
detoxified to excretable forms by numerous enzymes (84, 89). However, in numerous
tissues ethanol may stimulate carcinogenesis by inducing enzymes involved in carcino-
gen bioactivation (84, 89–93). Specifically, ethanol may induce enzymes that metabol-
ically activate inert procarcinogens to DNA-reactive intermediates. Decades ago it was
discovered that chronic exposure of the liver to ethanol resulted in increased activity of
the cytochrome P450s of the microsomal ethanol oxidizing system, especially CYP2E1
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(84). There is substantial human variability in CYP2E1 induction but, nonetheless, its
induction can increase the metabolic activation of such carcinogens as hydrazines and
nitrosamines (94). Likewise, induction of CYP3A4 and possibly CYP1A2 by ethanol
increases activation of such procarcinogens as aflatoxin and heterocyclic amines such as
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), which in animals are know
to cause tumor formation in several tissues (90, 91). The induction of CYP 3A4 activ-
ity was due to multiple mechanisms including stabilization of mRNA and protein
(91). It is of interest to note that exposure of human breast epithelial cells to ethanol
and acetaldehyde increased adduct formation by the polycyclic aromatic hydrocarbon
benzo[a]pyrene (BP, 95). This occurred at physiologically relevant concentrations of
ethanol and acetaldehyde, and in part, was the result of an ethanol-induced decrease
in expression of the phase II detoxification enzyme glutathione-S-transferase π. Fur-
thermore, this effect of ethanol on these human breast epithelial cells led to formation
of 8-oxo-dG adducts and the inhibition of the BP–DNA adduct removal (96). These
data suggest, therefore, that ethanol may impact the steady-state levels of DNA-reactive
metabolites by affecting both activation and detoxification of suspected carcinogens.
With regard to the latter, ethanol-induced CYP2E1 metabolism may not only stimulate
carcinogen bioactivation but also stimulate the release of ROS that in turn could deplete
the cell of reduced glutathione and other thiol substrates that are important for carcino-
gen detoxification pathways (32, 82, 84).

Another consequence and concern related to ethanol-induced enzyme activity, specif-
ically for CYP3A4 is that sex hormone metabolite profiles may be altered. CYP3A4 is
the most abundant enzyme in human liver and, due to its role in steroid hormone inter-
conversions, may play a role in breast and prostate carcinogenesis (97).

It should be noted that the consequences of ethanol-associated induction of carcino-
gen and hormone metabolizing enzymes are complex and depend in large part on the
structure of the carcinogen as well as whether ethanol exposure is acute or chronic. In
contrast to the stimulating effects of chronic ethanol consumption, acute ethanol expo-
sure may inhibit the metabolism of drugs and carcinogens (84). For those enzymes capa-
ble of reacting with ethanol (and/or acetaldehyde) following acute alcohol dosing, the
reaction with ethanol can occur at the expense of another substrate, such as a carcino-
gen, leading to competitive inhibition of carcinogen bioactivation. In mice, for exam-
ple, concomitant dosing with alcohol and the lung carcinogen N-nitrosodimethylamine
(NDMA) actually resulted in competitive inhibition of NDMA metabolism in the liver,
which led to enhanced exposure of the lungs to NDMA in the circulation and subse-
quently to increased lung tumorigenesis (98).

4. ALCOHOL AND GENE INTERACTIONS

The primary enzymes catalyzing alcohol metabolism are ADH and ALDH. There
is considerable ethnic variation in the distribution of these forms and their biological
characteristics. Augmented formation of acetaldehyde and/or its deficient detoxification
can lead to elevated tissue exposure and resultant deleterious consequences. Thus, vari-
ant alleles encoding ADH and ALDH2 enzymes can play particularly important roles
in determining peak blood acetaldehyde and ROS concentrations that can ultimately
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impact the magnitude of acetaldehyde- and ROS-mediated damage to cellular macro-
molecules (4, 33, 34). Several examples of these polymorphisms and their impact on
risk of certain cancers will be illustrated. A more detailed description of the genetics of
alcohol metabolism can be found in the review by Edenberg (34).

ADH polymorphisms. There are seven ADH enzymes encoded on genes in chromo-
some 4q that are capable of oxidizing ethanol. Polymorphic forms of at least two genes
have been studied for their impacts on alcohol drinking and cancer risk. The polymor-
phisms of ADH1B and ADH1C are ADH1B∗1, ADH1B∗2, ADH1C∗1, and ADH1C∗2.
ADH1B genes encode β subunits and ADH1C genes encode γ subunits of ADH that
are capable of forming homo- or heterodimers (33). ADH1B∗2 exhibits considerably
more (about 40-fold) activity compared to the reference allele ADH1B∗1 (Fig. 2). The
frequency of ADH1B∗2 allele is higher in Asians and less prevalent in individuals of
Caucasian and African descent. Those East Asian heavy drinkers heterozygous for the
ADH1B alleles (ADH1B∗1/2) are reported to have higher levels of ethanol persisting in
the blood for longer periods as compared to those homozygous for the ADH1B∗2 allele
(99). Furthermore, acetaldehyde levels in saliva of ADH1B∗1 carriers were higher than
in their corresponding blood samples and were about 30-fold higher than salivary levels
in those ADH1B∗2 carriers. The higher salivary acetaldehyde levels in the ADH1B∗1
carriers were associated with considerable oral micro-organism overgrowth. The less
active ADH1B∗1 form is associated with the higher risk for UADT cancer in East
Asian drinkers and also may confer higher risk in Central Europeans as well (4, 55,
99–102). Its presence has a dramatic multiplicative effect on those consuming both alco-
hol and tobacco (103), and there also appears to be significant gene–gene interaction
with ALDH2 (55).
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Fig. 2. Polymorphisms in alcohol and aldehyde dehydrogenases that may influence the alcohol–cancer
relationship.

Among Western populations, ADH1C is a rate-limiting factor in acetaldehyde
metabolism (55). The ADH1C∗1 form has been estimated to have about 2.5-fold the
activity in metabolizing ethanol compared to the reference ADH1C∗2. In this regard,
it has been reported that individuals homozygous for ADH1C∗1 have nearly twice the
salivary acetaldehyde concentration following alcohol intake compared to heterozygous
populations (104). The prevalence of the ADH1C∗1 is more consistently associated with
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increased risk for cancers of the head, neck, and esophagus for populations consum-
ing high amounts of ethanol (>40 g/day). On the other hand, at low levels of ethanol
consumption, evidence for this relationship is inconsistent (4, 105). Similarly, the rela-
tionship of ADH1C∗1 to alcohol and colon cancer is inconsistent (4). On the other
hand, a majority of studies of alcohol and breast cancer that include examination of
the role of ADH polymorphisms report findings that ADH1C∗1 homozygosity increases
risk (4, 106, 107).

As far as other ethanol oxidizing enzymes are concerned, no associations between
cytochrome P4502E1 and liver and esophageal cancers have been reported (4).

ALDH polymorphisms. Two main ALDH enzymes metabolize acetaldehyde to
acetate, the cytosolic ALDH1 and mitochondrial ALDH2 (33, 34) (Fig. 2). The low Km
homotetrameric mitochondrial ALDH2∗1 is most active in metabolizing acetaldehyde.
The variant of ALDH2 that codes for a nearly inactive form of ALDH2 is ALDH2∗2.
This inactive allele is much more common in Chinese, Japanese, and Koreans com-
pared to those of European or African descent and is responsible for the acetaldehyde-
induced alcohol flushing reaction that usually mitigates high alcohol consumption (33,
34). Those that are heterozygous or homozygous for ALDH2∗2 exhibit nearly unde-
tectable acetaldehyde metabolizing activity. This explains why alcohol-consuming pop-
ulations, homozygous or heterozygous for the inactive allele, have about 18-fold and
5-fold higher concentrations of peak blood and saliva acetaldehyde, respectively, com-
pared to those with ALDH2∗1/1 (108). Moreover, those with the ALDH2∗1/2 genotype
who consume moderate doses of alcohol exhibit salivary acetaldehyde levels 2–3-fold
higher than those levels measured in individuals with the ALDH2∗1/1 genotype (109).
This is consistent with the observation that those males with low-activity ALDH2 alle-
les who consume high amounts of alcohol have greater than a 10-fold elevation in oral,
throat, laryngeal, and esophageal cancer risks (55, 101, 102, 110). A particularly com-
pelling demonstration of the impact of ALDH genetics on cancer risk was reported in
a case–control study of Japanese men by Yokoyama et al. (101). These investigators
observed that light-to-moderate drinkers with inactive ALDH2 evidenced a 5–10-fold
increase in esophageal cancer risk compared to those with the active allele. Of note,
they detected that the risk for light drinkers with the inactive allele was comparable to
the risk for moderate drinkers with the active allele. Likewise, risk for moderate drinkers
with the inactive allele was similar to heavy drinkers with the active allele. Furthermore,
those with the inactive allele were at increased risk for a second tumor. Much less infor-
mation has been gathered regarding increased cancer risks in women harboring these
inactive alleles, and current observations suggest that male–female disparities do exist
among lifestyle-associated risk factors for UADT cancers (55). There is also disturbing
evidence that alcohol consumption is increasing for those Japanese with the ALDH2∗2
polymorphism, a group previously thought to be protected from alcoholism (due to aver-
sive effects of the flushing response to drinking) and consequent high UADT cancer risk
(34). It has been reported that low vegetable and fruit intake also contributed to higher
UADT risk among high alcohol consumers (101, 102, 111).

Other polymorphisms. Polymorphisms for glutathine-S-transferase (GST), a phase II
enzyme involved in carcinogen detoxification, have been studied. Women who are drink-
ing alcohol and null for GSTM1 or GSTT1 have been reported to have either increased
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breast cancer risk or have had increased levels of carcinogen–DNA adducts detected in
their breast tissue (112–114). This relationship deserves further clarification. No associ-
ation of GSTM1 genotype and lifestyle factors with esophageal cancer in Japanese was
reported (101). Data regarding alcohol intake and cancer risk in those with polymor-
phisms for the CYP2E1 gene, genes encoding enzymes for folate metabolism, and for
DNA repair genes are inconclusive (2, 115, 116). There is some evidence that CYP2E1
expression may interact with certain ADH and ALDH alleles in modifying an alcohol–
cancer interaction (81, 117). Also related to this topic, it will be informative to confirm
in multiple cancer target tissues how loss of tumor suppressor gene function (such as
p53) exacerbates the carcinogenic effects of alcohol in mice (118).

5. ALCOHOL, HORMONES, AND GROWTH FACTORS

Alcohol intake, particularly at high levels, impairs normal functioning of most
endocrine systems and can affect the hormone sensitivity of endocrine target tissues
(119, 120). The magnitude and direction of change in hormone levels depends on
numerous factors including the specific hormonal system, target tissue, gender, lifestyle
factors, age, and alcohol drinking pattern. Epidemiological, clinical, and preclinical
studies point to several ways by which ethanol may affect the hormonal environment
of normal and neoplastic cells, especially as it relates to estrogen and breast cancer
(16, 30, 31) (Fig. 3). This is especially important, since it is considered that lifetime
exposure to estrogens directly contributes to breast cancer risk (121). Circulating estro-
gens in women may be generated from ovarian synthesis or from peripheral conversion
(aromatization) of other steroid substrates such as testosterone, androstenedione, and
hydroepiandrosterone sulfate. Alcohol-associated changes in the hormonal milieu have
been observed in both premenopausal and postmenopausal women. For example, in a
cross-sectional study of premenopausal women, alcoholic beverage intake was associ-
ated with significantly higher levels of estradiol, androstenedione, and testosterone aver-
aged throughout the menstrual cycle, as well as higher progesterone levels during the
luteal phase (122). The literature collectively suggests that there is a positive associa-
tion between chronic and acute ethanol intake and circulating estrogens (123–131). The
effect of alcohol may also include derangements of menstrual cycle and reproductive
hormone function. The relationship between alcohol intake and levels of androgens and
progesterone appears to be less consistent. In postmenopausal women, observational
studies are inconsistent (132–134), although in a recent large cross-sectional study, a
significant positive relationship between alcohol drinking and sex steroids in the blood
of both pre- and postmenopausal women was detected (123). Of particular interest are
reports that postmenopausal women who consume alcohol and use exogenous estro-
gen have substantial elevations in serum estradiol concentrations (128, 133), although
a recent large study found no significant interactions (123). It is likely that the impact
of ethanol on circulating estrogens is, in part, a result of decreased metabolic clearance
and/or increased production (119, 120, 133). This cancer-promoting environment due
to higher estrogen exposure may be further exacerbated by the fact that blood levels
of acetaldehyde are significantly increased during the peak estradiol phase of the men-
strual cycle of women who drink and for those female alcohol consumers using synthetic
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Fig. 3. Potential actions of ethanol in stimulating hormone-responsive breast cancer.

estrogens (135). The interaction of alcohol and oral estradiol needs to be more carefully
characterized for their combined impact on circulating estrogen and ultimately cancer
risk (134).

As with other cancers, genetic variability may contribute to this hormonal mechanism
of alcohol and breast cancer. Coutelle et al. (136) reported that those women with the
ADH1C∗1 allele consuming small amounts of alcohol (0.225 g ethanol/kg body weight)
exhibited both an increase (27–38%) in circulating estradiol levels and an increase (1.8-
fold) in breast cancer risk. In another study, however, ADH1C genotype was not found
to influence the relationship between alcohol and breast cancer (137).

An additional hormone-related issue to consider is that there is some evidence in cell
cultures that ethanol exposure may stimulate androgen aromatization in breast cancer
cells (138, 139).

The effect of a hormone on a target cell is in large part determined by binding of the
hormone ligand to its cognate receptor. Therefore, it is important to consider how alco-
hol may affect hormone receptor expression or ligand–receptor dynamics. For example,
a well-characterized response of some cells to estradiol binding to the estrogen receptor-
alpha (ERα) is upregulation of a number of estrogen-responsive genes including that for
the progesterone receptor (PR). Therefore, ethanol intake may stimulate cancer cell pro-
liferation not only by increasing circulating levels of estrogens but also by increasing
cancer cell hormone receptor expression and hormone responsiveness. The association
of alcohol intake with specific steroid hormone receptor tumor subtypes in breast cancer
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has been the subject of numerous investigations with inconsistent results. Recently, a
meta-analysis of such epidemiological studies found support for a positive relation-
ship between alcohol drinking and the development of all ER-expressing (ER+) tumors,
including ER+PR+ and ER+PR− tumors (140). The mechanisms responsible for this
finding are unknown, but, in light of the observation that both PR+ and PR− subtypes
of tumors were increased, biological explanations would need to include both classical
ER-mediated estrogenic modes of action as well as hormone-independent pathways.

Cell culture experiments point to the capacity of ethanol to increase the content of ER
in human breast cancer cells (138, 141). These changes in ER content were associated
with an increase in cancer cell proliferation particularly in ER+ cells (141). Moreover,
treatment of breast cancer cells in culture with ethanol-induced ligand-independent acti-
vation of the ERα that in part involved signaling by cyclic AMP and protein kinase A
pathways (142). Fan et al. (143) reported an ethanol-induced downregulation of the
tumor suppressor BRCA1 along with an upregulation of ERα expression and tran-
scriptional activity in human breast cancer cells in vitro. Others have also reported a
decreased BRCA1 expression that occurred along with decreased expression of proteins
maintaining tissue organization, such as E-cadherin and α- and β-catenin (144, 145).
These findings are consistent with other studies using a variety of cancer cell lines,
which show that ethanol exposure can affect cell adhesion and substantially enhance
invasiveness. This action of ethanol was due in part to its action on a number of bio-
logical intermediates including vascular endothelial growth factor (VEGF), matrix met-
alloproteinases, NFkappaB, transforming growth factor-beta (TGFβ), and ErbB2/Her2
(146–152). Taken together, these data suggest that breast and other neoplasms may be
affected by ethanol in multiple ways leading to increased exposure to estrogens and
other hormones, to heightened sensitivity to hormonal stimulation, and to aberrations in
hormone-associated signaling cascades. Thus, ethanol may have a variety of actions that
could lead to greater tumor development, including increased tumor cell proliferation,
suppression of tumor suppressor gene-mediated genomic stability, and stimulation of
tumor invasiveness and metastases. These in vitro observations warrant confirmation in
appropriate animal models.

Alcohol drinking may affect carcinogenesis by mechanisms other than those involv-
ing sex steroid hormone levels and responsiveness. For example, insulin-like growth
factor-1 (IGF-1) is a peptide hormone that exhibits multiple actions in regulating
cell proliferation and apoptosis, largely mediated through the IGF-1 receptor (153,
154). IGF-1 bound to its binding proteins (BP), predominantly IGFBP-3, makes IGF-1
unavailable for binding to its receptor. Thus, the expression of IGF-1 and its BP con-
tributes to regulation of breast cancer proliferation. There is evidence that increasing
blood concentrations of IGF-1 are associated with increased risk not only for pre and
postmenopausal breast cancer but also for prostate and colorectal cancers (155, 156). It
has been suggested that the promotion of breast cancer by alcohol also may be a con-
sequence of perturbations in growth factor dynamics (157, 158). Both controlled and
cross-sectional studies in women have examined the relationship of alcohol to circu-
lating IGF-1 levels and some to IGFBP status, but the results are mixed (159–162).
Cell culture and animal studies have reported inconsistent effects of ethanol on IGF-1
levels, cell division, and intracellular signaling pathways. Some of these inconsistent
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findings may be due to variability in ethanol doses used and tissue-specific differences
in responses to ethanol (163–171). Because of the importance of IGF-I in chronic dis-
ease risk, the dose–response relationship and the factors contributing to variability in
IGF-I and IGFBP responses to alcohol drinking need to be better characterized, partic-
ularly for breast cancer. Furthermore, the effects of ethanol on other growth factor and
hormonal systems as well as diverse signaling pathways that can influence numerous
cancers, such as AMPK, PPAR, and G-proteins, deserve more attention (172–178).

In regard to other hormones, there is inconsistent evidence linking circulating pro-
lactin levels with breast cancer risk. In humans, it is unclear how alcohol intake affects
this relationship. In preclinical studies, ethanol influenced prolactin homeostasis and in a
short-term feeding study alcohol intake (0.4 g/kg body weight) increased blood concen-
trations of prolactin (179–181). Characterizing the effects of alcohol on prolactin status
is important since locally produced prolactin and stimulation of the prolactin receptor in
mammary tissue can affect breast carcinogenesis (182).

A phenomenon related to the alcohol–breast cancer interaction is that alcohol intake
is associated with the development of high-risk breast characteristics (mammographic
parenchymal or fibroglandular densities) that are influenced by sex hormones and
growth factors. The number of breast parenchymal cells and the integrity of the sur-
rounding collagen matrix are reflected in the amount of radiologically dense breast tis-
sue. Mammographic percent density has been identified as a strong and independent
risk factor for breast cancer (183, 184). In fact, women with mammographic densities
occupying over 60–70% of the breast have 4–6 times higher risk for breast cancer than
those women with breast densities occupying <10% of the breast. These dense patterns
are associated with atypical hyperplasia, carcinoma in situ, with atypical cytology of
nipple aspirates, and may be the consequence of enhanced mitogenesis and mutagenesis
in the breast (183–185). Estrogens and growth factors are associated with the preva-
lence of these breast structures as are dietary factors (183, 186–189), such as alcohol
consumption. In regard to alcohol intake, most but not all investigations report a pos-
itive association between alcohol drinking and the percentage of the breast occupied
by mammographic densities (189–198). These human data are supported by preclinical
experiments in rodents. In the rat mammary gland of young, virgin females, immature
terminal end bud (TEB) structures are highly susceptible to carcinogen-induced DNA
damage and tumorigenesis. With ageing, TEB mature into more differentiated alveolar
bud (AVB) structures that are less sensitive to carcinogen-induced damage. Compared
to control rats, it was observed that the intake of ethanol by young, virgin female rats
was associated with an increased ratio of TEB to AVB structures, a change indicative
of less differentiation and maturation of the TEB to AVB (199, 200). This action was
associated with a small decrease in estradiol and more marked suppression of circulat-
ing progesterone levels (199). These changes would suggest that ethanol-fed rats would
have greater mammary gland susceptibility to carcinogen-induced tumorigenesis. This
contention is supported by other studies in which female rats consuming ethanol exhib-
ited enhanced initiation of chemically induced breast carcinogenesis (16). The molecu-
lar mechanisms responsible for these effects of ethanol on maturation and differentiation
of breast structures and, potentially, on development of preneoplastic breast lesions war-
rants further scrutiny.
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6. OTHER BIOLOGICAL ACTIONS/INTERACTIONS

There are additional actions of alcohol that have been identified as potential medi-
ators of its procarcinogenic influence. For example, alcohol drinking, especially at
high levels, may affect the risk of cancer by compromising the status and function of
nutrients that participate in maintenance of normal cell proliferation, differentiation,
and routine functions. Evidence from preclinical studies suggest that ethanol compro-
mises the bioavailability of dietary folate and interferes with folate-mediated methion-
ine synthesis (201–205). Thus, low folate intake along with exposure to ethanol and/or
acetaldehyde could lead to inhibition of important methylation reactions catalyzed by
S-adenosylmethionine, and consequently affect DNA repair processes, DNA stability,
and the epigenetic control of gene expression through hypomethyation of DNA. This
alcohol–folate interaction may in part explain epidemiological observations that ethanol
consumption and low dietary folate increase risk for several cancers (115, 201, 206–
214), although the results are not entirely consistent. The interrelationships among alco-
hol, one-carbon metabolism, and carcinogenesis are complex and depend not only on
folate status but also on the activity of other dietary factors such as vitamins B12, B6,
and riboflavin, and the lipotropes choline and betaine (206, 215). Alcohol consump-
tion also has been associated with changes in the status of nutrients and biologically
active dietary constituents such as beta-carotene, lutein, zeaxanthin, and vitamins A,
B12, C, and alpha-tocopherol (216–221). Taken together these findings suggest that
alcohol intake, especially at high levels, may contribute to increased cancer risks by
disrupting the disposition or biological functions of cancer preventive dietary factors.
Thus, considerable additional research is needed to better understand the overall impact
of alcohol on these dietary constituents and their molecular/epigenetic consequences
before a public health recommendation on alcohol, vitamin nutrition, and cancer can be
made.

Alcohol has distinctly different effects on the immune system depending on dose
and frequency of exposure. A biphasic influence has been reported in that high doses
of alcohol result in broad suppression of immune system activities that are associated
with greater susceptibility to infectious diseases. On the other hand, moderate intake
appears to have a beneficial effect on the immune system and inflammatory processes
when compared to heavy drinkers and abstainers (222–227). Based on observations from
numerous preclinical studies, the deleterious effects of alcohol exposure on immunity
are due to its actions in compromising humoral competence of the host, delaying acti-
vation of adaptive immunity, and altering inflammatory cytokine responses and neu-
roendocrine functions, to name a few (228–235). Some of these actions may be due to
ethanol-induced generation of ROS or lipid peroxidation products (236, 237). However,
there are fewer studies that have characterized the interplay of alcohol and immunity
in affecting the development at several sites. Some studies indicate that ethanol intake
by mice can suppress host resistance to metastatic spread of implanted tumors (espe-
cially melanomas) in rodents, in part due to the effect of alcohol in decreasing natural
killer (NK) cell activity and compromising associated signaling pathways (237–249).
This aspect of alcohol’s impact on cancer deserves further attention in both preclinical
and clinical studies.
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7. CONCLUSIONS AND FUTURE RESEARCH OPPORTUNITIES

Overall, there is clearly a need for better characterization of individual risk factors
affecting the alcohol–cancer relationship so that prevention and early detection strate-
gies can be enhanced. Some of these issues are especially important in situations where
an alcohol-associated cancer risk may be modest in a general population, but greater in
subgroups with biological characteristics that make them at substantially higher risk for
cancers due to alcohol intake. Several research questions still need to be addressed:

What is the dose–response relationship between alcoholic beverage intake or ethanol
exposure and the mechanisms associated with cancer promotion? Increased cancer risk
is most evident at high intakes of ethanol, but what is the magnitude of the effect at lower
levels of ethanol exposure? Furthermore, particularly in extrahepatic and nonUADT tis-
sues, the local concentrations of ethanol, acetaldehyde, and other reactive metabolites
(e.g., ROS) need to be better quantified, since these local metabolite levels may be con-
siderably different in quality and quantity compared to those in the circulation.

What are other contributors to genetic variability in alcohol-associated cancer risks?
Attention has been given to ADH and ALDH polymorphisms as modifiers of the
alcohol–cancer relationship. Yet, further insights into the impact of gene variants for
enzymes involved in one-carbon metabolism, in DNA methylation, in DNA repair, and
in phase I and II metabolism of hormones and xenobiotics are warranted. For example,
the interactive effects of methyl group diet, alcohol intake, and specific MTHFR poly-
morphisms need to be better understood (215). Related to this is the issue as to whether
and with what magnitude other lifestyle factors modify the alcohol–gene–cancer
interaction.

What is the impact of ethanol intake on endocrine-related and growth factor-
associated signaling pathways? And how might subtle changes in immune system effi-
cacy affect susceptibility to cancer? The dose-, gender-, and cancer-specific differences
in the influence of ethanol on these signaling pathways, physiological control of cell
growth and differentiation, and even immune surveillance should be better character-
ized. This hormone and growth factor issue is likely to be of particular importance for
breast cancer, but may have implications for other cancers as well.
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57. Vaca, C., Nilsson, J., Fang, J., and Grafstrőm, R. (1998) Formation of DNA adducts in human buccal
epithelial cells exposed to acetaldehyde and methylglyoxal in vitro. Chem Biol Inter 108, 197–208.

58. Tuma, D., and Casey, C. (2003) Dangerous byproducts of alcohol breakdown: Focus on adducts.
Alcohol Res Health 27, 285–90.

59. Matter, B., Guza, R., Zhao, J., Li, Z., Jones, R., and Tretyakova, N. (2007) Sequence distribution of
acetaldehyde-derived N2-ethyl-dG adducts along duplex DNA. Chem Res Toxicol 20, 1379–87.

60. Brooks, P., and Theruvathu, J. (2006) Acetaldehyde-DNA adducts: Implications for molecular mech-
anisms of alcohol-related carcinogenesis. In: Cho, C., Purohit, V. eds. Alcohol Tobacco and Cancer.
78–96, Basel: Karger.

61. Yamada, Y., Imai, T., Ishizak, M., and Honda, R. (2006) ALDH2 and CYP2E1 genotypes, urinary
acetaldehyde excretion and the health consequences of moderate alcohol consumers. J Hum Genet
51, 104–11.

62. Ogawa, M., Oyama, T., Isse, T. et al. (2007) A comparison of covalent binding of ethanol metabolites
to DNA according to Aldh2 genotype. Toxicol Lett 168, 148–54.

63. Fang, J., and Vaca, C. (1997) Detection of DNA adducts of acetaldehyde in peripheral white blood
cells of alcohol abusers. Carcinogenesis 18, 627–32.

64. Ishikawa, H., Ishikawa, T., Yamamoto, H., Fukao, A., and Yokoyama, K. (2007) Genotoxic effects of
alcohol in human peripheral lymphocytes modulated by ADH1B and ALDH2 gene polymorphisms.
Mutat Res 615, 134–42.

65. Ishikawa, H., Miyatsu, Y., Kurihara, K., and Yokoyama, K. (2006) Gene environmental interactions
between alcohol drinking behavior and ALDH2 and CYP2E1 polymorphisms and their impact on
micronuclei frequency in human lymphocytes. Mutat Res 594, 1–9.

66. Morimoto, K., and Takeshita, T. (1996) Low Km aldehyde dehydrogenase (ALDH2) polymorphism,
alcohol drinking behavior, and chromosome alterations in peripheral lymphocytes. Environ Health
Perspect 104, 563–7.

67. Ishikawa, H., Yamamoto, H., Tian, Y., Kawano, M., Yamauchi, T., and Yokoyama, K. (2003) Effects
of ALDH2 gene polymorphisms and alcohol drinking behavior on micronuclei frequency in non-
smokers. Mutat Res 541, 71–80.

68. Matsuda, T., Yabushita, H., Kanaly, R., Shibutani, S., and Yokoyama, A. (2006) Increased DNA
damage in ALDH2-deficient alcoholics. Chem Res Toxicol 19, 1374–8.

69. Garro, A., Espina, N., McBeth, D., Wang, S., and Wu-Wang, C. (1992) Effects of alcohol consump-
tion on DNA methylation reactions and gene expression: Implications for increased cancer risk. Eur
J Cancer Prev 1(Suppl 3), 19–23.

70. Wilson, D., Tentler, J., Camey, J., Wislon, T., and Kelley, M. (1994) Acute ethanol exposure sup-
presses the repair of O6-methylguanine DNA lesions in castrated adult male rats. Alcohol Clin Exp
Res 18, 1267–71.

71. Brooks, P. (1997) DNA damage, DNA repair, and alcohol toxicity—a review. Alcohol Clin Exp Res
21, 1073–82.

72. Aroor, A., and Shukla, S. (2004) MAP kinase signaling in diverse effects of ethanol. Life Sci 74,
2339–64.

73. Shukla, S., Lee, Y., Park, P., and Aroor, A. (2007) Acetaldehyde alters MAP kinase signaling and
epigenetic histone modifications in hepatocytes. Novartis Found Symp 285, 217–24.

74. Kannarkat, G., Tuma, D., and Tuma, P. (2006) Microtubules are more stable and more highly acety-
lated in ethanol-treated hepatic cells. J Hepatol 44, 963–70.

75. Worrall, S., DeJersey, J., Shanley, B., and Wilce, P. (1990) Antibodies against acetaldehyde-modified
epitopes: Presence in alcoholic, non-alcoholic liver disease and control subjects. Alcohol Alcohol 25,
509–17.

76. Tuma, D., Thiele, G., Xu, D. et al. (1996) Acetaldehyde and malondialdehyde react together to gener-
ate distinct protein adducts in the liver during long term ethanol administration. Hepatol 23, 872–80.



Chapter 31 / Alcohol and Cancer: Biological Basis 753

77. Thiele, G., Klassen, I., and Tuma, D. (2008) Formation and immunological properties of aldehyde-
derived protein adducts following alcohol consumption. Meth Mol Biol 447, 235–57.

78. Warnakulasuriya, S., Parkkila, S., Nagao, T. et al. (2008) Demonstration of ethanol-induced protein
adducts in oral leukoplakia (pre-cancer) and cancer. J Oral Pathol Med 37, 157–65.

79. Petti, S., and Scully, C. (2006) Association between different alcoholic beverages and leuko-
plakia among non- to moderate-drinking adults: A matched case-control study. Eur J Cancer 42,
512–27.

80. Bardou, M., Montembault, S., Giraud, V., Balian, A., Borotto, E., Houdayer, C., Capron, F., Chaput,
J., and Naveau, S. (2002) Excessive alcohol consumption favours high risk polyp or colorectal cancer
occurrence among patients with adenomas: A case-control study. Gut 50, 38–42.

81. Simanowski, U., Stickel, F., Maier, H., Gartner, U., and Seitz, H. (1995) Effect of alcohol on gastroin-
testinal tract cell regeneration as a possible mechanism in alcohol-associated carcinogenesis. Alcohol
12, 111–5.

82. Wu, D., and Cederbaum, A. (2003) Alcohol, oxidative stress and free radical damage. Alcohol Res
Health 27, 277–84.

83. Kim, Y., Eom, S., Ogawa, T. et al. (2007) Ethanol-induced oxidative DNA damage and CYP2E1
expression in liver tissue of Aldh2 knockout mice. J Occup Health 49, 363–9.

84. Lieber, C. (2004) The discovery of the microsomal ethanol oxidizing system and its physiologic and
pathologic role. Drug Metab Rev 36, 511–29.

85. Bartsch, H., and Nair, J. (2005) Accumulation of lipid peroxidation-derived DNA lesions: Potential
lead markers for chemoprevention of inflammation-driven malignancies. Mutat Res 591, 34–44.

86. Arteel, G. (2008) Alcohol-induced oxidative stress in the liver: In vivo measurements. Method Mol
Biol 447, 185–97.

87. Kim, B., Hood, B., Aragon, R. et al. (2006) Increased oxidation and degradation of cytosolic proteins
in alcohol-exposed mouse liver and hepatoma cells. Proteomics 6, 1250–60.

88. Zima, T., and Kalousova, M. (2005) Oxidative stress and signal transduction pathways in alcoholic
liver disease. Alcohol Clin Exp Res 29(Suppl 11), 110S–115S.

89. Djordjevic, D., Nikolic, J., and Stefanovic, V. (1998) Ethanol interactions with other cytochrome
P450 substrates including drugs, xenobiotics and carcinogens. Pathol Biol (Paris) 46, 760–70.

90. Hamitouche, S., Poupon, J., Dreano, Y., Amet, Y., and Lucas, D. (2006) Ethanol oxidation into
acetaldehyde by 16 recombinant human cytochrome P450 isoforms: Role of CYP2C isoforms in
human liver microsomes. Toxicol Lett 167, 221–30.

91. Feierman, D., Melinkov, Z., and Nanji, A. (2003) Induction of CYP3A by ethanol in multiple in vitro
and in vivo models. Alcohol Clin Exp Res 27, 981–8.

92. Chabra, S., Souliotis, V., Krytopoulos, S., and Anderson, L. (1996) Nitrosamines, alcohol, and gas-
trointestinal tract cancer: Recent epidemiology and experimentation. In Vivo 10, 265–84.

93. Seitz, H., and Osswald, B. (1992) Effect of alcohol on procarcinogen bioactivation. In: Watson, R.
ed. Alcohol and Cancer. 55–72, Boca Raton, FLO: CRC Press.

94. Mori, Y., Koide, A., Kobayashi, Y., Morimura, K., Kaneko, M., and Fukushima, S. (2002) Effect
of ethanol treatment on metabolic activation and detoxification of esophagus carcinogenic N-
nitrosoamines in rat liver. Mutagenesis 17, 251–6.

95. Barnes, S., Singletary, K., and Frey, R. (2000) Ethanol and acetaldehyde enhance benzo[a[pyrene-
DNA adduct formation in human mammary epithelial cells. Carcinogenesis 21, 2123–8.

96. Singletary, K., Barnes, S., and VanBreemen, R. (2004) Ethanol inhibits benzo[a]pyrene-DNA adduct
removal and increases 8-oxo-deoxyguanosine formation in human mammary epithelial cells. Cancer
Lett 203, 139–44.

97. Keshava, C., McNanlies, E., and Weston, A. (2004) CYP3A4 polymorphisms—potential risk factors
for breast and prostate cancers: A HuGE review. Am J Epidemiol 160, 825–41.

98. Anderson, L. (1988) Increased numbers of N-nitrosodimethylamine-initiated lung tumors in mice by
chronic co-administration of ethanol. Carcinogenesis 9, 1717–9.

99. Yokoyama, A., Tsutsumi, F., Imazeki, H., Suwa, Y., Nakamura, C., and Yokoyama, T. (2007) Contri-
bution of the alcohol dehydrogenase 1B genotype and oral microorganisms to high salivary acetalde-
hyde concentrations in Japanese alcoholic men. Int J Cancer 121, 1047–54.



754 Part IV / Other Bioactive Food Components in Cancer Prevention and/or Treatment

100. Hashike, M., Boffetta, P., Zaridze, D., Shangina, O., Szeszema-Dabrowska, N., Mates, D., Janout, V.,
Fabianova, E., Bencko, V., Moullan, N., Chabrier, A., Hung, R.„ Hall, J., Canzian, F., and Brennan,
P. (2006) Evidence for an important role of the alcohol and aldehyde-metabolizing genes in cancers
of the upper aerodigestive tract. Cancer Epidemiol Biomark Prev 15, 696–703.

101. 101.Yokoyama, A., Kato, H., Yokoyama, T., Tsujinaka, T., Muto, M., Omori, T., Haneda,
T., Kumagai, Y., Ioaki, H., Yokoyama, M., Watanabe, H., Fukuda, H., and Yoshimizu, H. (2002)
Genetic polymorphisms of alcohol and aldehyde dehydrogenases and glutathione-S-transferase M1
and drinking, smoking, and diet in Japanese men with esophageal squamous cell carcinoma. Car-
cinogenesis 23, 1851–9.

102. Asakage, T., Yokoyama, A., Haneda, T., Yamazaki, M., Muto, M., Yokoyama, T., Kato, H., Igahi, H.,
Tsujinaka, T., Kumagar, Y., Yokoyama, M., Omori, T., and Watanabe, H. (2007) Genetic polymor-
phisms of alcohol and aldehyde dehydrogenases, and drinking, smoking and diet in Japanese men
with oral and pharyngeal squamous cell carcinoma. Carcinogenesis 28, 865–74.

103. Lee, C., Lee, J., Wu, D. et al. (2008) Carcinogenic impact of ADH1B and ALDH2 genes on squamous
cell carcinoma risk of the esophagus with regard to the consumption of alcohol, tobacco and betel
quid. Int J Cancer 122, 1347–56.

104. Visapaa, J., Gotte, K., Benesova, M., Homann, N., Conradt, C. et al. (2004) Increased cancer risk in
heavy drinkers with the alcohol dehydrogenase 3∗1 allele possibly due to salivary acetaldehyde. Gut
53, 871–6.

105. Terry, M., Gammon, M., Zhang, F., Vaughan, T., Chow, W., Risch, H., Schoenberg, J., Mayne, S.,
Stanford, J., West, A., Rotterdam, H., Blot, W., Fraumeni, J., and Santella, R. (2007) Alcohol dehy-
drogenase 3 and risk of esophageal and gastric adenocarcinoma. Cancer Causes Control 18, 1039–46.

106. Freudenheim, J., Ambrosone, C., Moysich, K., Vena, J., Graham, S., Marshall, J., Muti, P., Laughlin,
R., Nemoto, T., Harty, L., Crits, G., Chan, G., Chan, A., and Shields, P. (1999) Alcohol dehydrogenase
3 genotype modification of the association of alcohol consumption with breast cancer risk. Cancer
Causes Control 10, 369–77.

107. Terry, M., Gammon, M., Zhang, F., Knight, J., Wang, Q., Britton, J., Teitelbaum, S., Neugat, A.,
and Santella, R. (2006) ADH3 genotype, alcohol intake and breast cancer risk. Carcinogenesis 27,
840–47.

108. Enomoto, N., Takase, S., Yasuhara, M., and Takada, A. (1991) Acetaldehyde metabolism in different
aldehyde dehydrogenase-2 genotypes. Alcohol Clin Exp Res 15, 141–4.

109. Väkeväinen, S., Tilloren, J., Agarwal, D., Srivastava, N., and Salaspuro, M. (2000) High salivary
acetaldehyde after a moderate dose of alcohol in ALDH2-deficient subjects: Strong evidence for the
local carcinogenic action of acetaldehyde. Alcoh Clin Exp Res 24, 873–7.

110. Hiraki, A., Matsuo, K., Wakai, K., Suzuki, T., Hasegawa, Y., and Tajima, K. (2007) Gene-gene
and gene-environmental interactions between alcohol drinking habit and polymorphisms in alcohol-
metabolizing enzyme genes and risk of head and neck cancers in. Japan Cancer Sci 98, 1087–91.

111. Boccia, S., Cadoni, G., Sayed-Tabatabaei, F. et al. (2008) CYP1A1, CYP2E1, GSTT1, EPHX1 exons
3 and 4, and NAT2 polymorphisms, smoking, consumption of alcohol and fruit and vegetables and
risk of head and neck cancer. J Cancer Res Clin Oncol 134, 93–100.

112. Park, S., Yoo, K., Lee, S. et al. (2000) Alcohol consumption, glutathione-S-transferase M1 and T1
genetic polymorphisms and breast cancer risk. Pharmacogen 10, 301–9.

113. Zheng, T., Holford, T., Zahm, S. et al. (2003) Glutathione-S-transferase M1 and T1 genetic polymor-
phisms, alcohol consumption and breast cancer risk. Br J Cancer 88, 58–62.

114. Rundle, A., Tang, D., Mooney, L., Grumet, S., and Perera, F. (2003) The interaction between alcohol
consumption and GSTM1 genotype on polycyclic aromatic hydrocarbon-DNA adduct levels in breast
tissue. Cancer Epidemiol Biomark Prev 12, 911–4.

115. Giovanucci, E., Chen, J., Smith-Warner, S. et al. (2003) Methylenetetrahydrofolate reductase, alco-
hol dehydrogenase, diet and risk for colorectal adenomas. Cancer Epidemiol Biomark Prev 12,
970–9.

116. Hansen, R., Sorenson, M., Tjonneland, A. et al. (2008) A haplotype of polymorphisms in ASE-1,
RAI and ERCC1 and the effects of tobacco smoking and alcohol consumption on risk of colorectal
cancer: A Danish prospective case-cohort study. BMC Cancer 20, 54.



Chapter 31 / Alcohol and Cancer: Biological Basis 755

117. Guo, Y., Wang, Q., Liu, Y., Chen, H., Qi, Z., and Guo, Q. (2008) Genetic polymorphisms in
cytochrome P450 2E1, alcohol and aldehyde dehydrogenases and the risk of esophageal squamous
cell carcinoma in Gansu Chinese males. World J Gastroenterol 14, 1444–9.

118. Pani, G., Fusco, S., Colavitti, R. et al. (2004) Abrogation of hepatocyte apoptosis and early appear-
ance of liver dysplasia in ethanol-fed p53-deficient mice. Biochem Biophys Res Commun 325,
97–100.

119. Ronis, M., Wands, J., Badger, T., DeLa Monte, S., Lang, C., and Calissendorff, J. (2007) Alcohol-
induced disruption of endocrine signaling. Alcohol Clin Exp Res 31, 1269–85.

120. Emanuele, N., and Emanuele, M. (1997) The endocrine system: Alcohol alters critical hormone bal-
ance. Alcohol Health Res World 21, 53–80.

121. Key, T., and Verasala, P. (1999) Endogenous hormones and the etiology of breast cancer. Breast
Cancer Res 1, 18–21.

122. Garcia-Closas, M., Herbstman, J., Schiffman, M., Glass, A., and Dorgan, J. (2002) Relationship
between serum hormone concentrations, reproductive history, alcohol consumption and genetic poly-
morphisms in pre-menopausal women. Int J Cancer 102, 172–8.

123. Rinaldi, S., Peeters, P., Bezemer, J. et al. (2006) Relationship of alcohol intake and sex steroid con-
centrations in blood of pre- and post-menopausal women: The European Prospective Investigation
into Cancer and Nutrition. Cancer Causes Control 17, 1033–43.

124. Maskarinec, G., Morimoto, Y., Takata, Y., Murphy, S., and Stanczyk, F. (2006) Alcohol and dietary
fibre intakes affect circulating sex hormones among premenopausal women. Publ Health Nutr 9,
875–81.

125. Reichman, M., Judd, J., Longcope, C. et al. (1993) Effects of alcohol consumption on plasma and
urinary hormone concentrations in premenopausal women. J Natl Cancer Inst 85, 722–7.

126. Mendelson, J., Mello, N., Teoh, S., and Ellingboe, J. (1989) Alcohol effects on luteinizing hormone
releasing hormone-stimulated anterior pituitary and gonadal hormones in women. J Pharmacol Exp
Ther 250, 2902–9.

127. Mendelson, J., Mello, N., Cristofaro, P. et al. (1987) Alcohol effects on naloxone-stimulated luteiniz-
ing hormone, prolactin, and estradiol in women. J Stud Alcohol 48, 287–94.

128. Ginsberg, E. (1999) Estrogen, alcohol, and breast cancer risk. J Ster Biochem Mol Biol 69, 299–306.
129. Dorgan, J., Reichamn, M., Judd, J. et al. (1994) The relation of reported alcohol ingestion to plasma

levels of estrogens and androgens in premenopausal women (Maryland, United states). Cancer
Causes Control 5, 53–60.

130. Mendelson, J., Lukas, S., Mello, N., Amass, L., Ellingboe, J., and Skupny, A. (1988) Acute alcohol
effects on plasma estradiol levels in women. Psychopharmacol 94, 464–7.

131. Mendelson, J., and Mello, N. (1988) Chronic alcohol effects on anterior pituitary and ovarian hor-
mones in healthy women. J Pharmacol Exp Ther 245, 407–12.

132. Dorgan, J., Baer, D., Albert, D. et al. (2001) Serum hormones and the alcohol-breast cancer associa-
tion in postmenopausal women. J Natl Cancer Inst 93, 710–5.

133. Ginsburg, E., Mello, N., Mendelson, J. et al. (1996) Effects of alcohol ingestion on estrogens in
postmenopausal women. JAMA 276, 1747–51.

134. Nielsen, N., and Gronback, M. (2008) Interactions between intakes of alcohol and postmenopausal
hormones on risk of breast cancer. Int J Cancer 122, 1109–13.

135. Eriksson, P., Fukunaga, T., Sarkola, T., Lindholm, H., and Ahola, L. (1996) Estrogen-related acetalde-
hyde elevation in women during alcohol intoxication. Alcohol Clin Exp Res 20, 1192–5.

136. Coutelle, C., Hohn, B., Benesova, M., Oneta, C., Quattrochi, P., Roth, H., Schmidt-Gayk, H.,
Schneeweis, A., Bastert, G., and Seitz, H. (2004) Rick factors in alcohol associated breast cancer:
Alcohol dehydrogenase polymorphism and estrogens. Int J Cancer 25, 1127–32.

137. Hines, L., Hankinson, S., Smith-Warner, S. et al. (2000) A prospective study of the effect of alcohol
consumption and ADH3 genotype on plasma steroid hormone levels and breast cancer risk. Cancer
Epidemiol Biomark Prev 9, 1099–105.

138. Etique, N., Chandard, D., Chesnel, A., Merlin, J., Flament, S., and BGrillier-Vuissoz, I. (2004)
Ethanol stimulates proliferation, ERalpha and aromatase expression in MCF-7 human breast cancer
cells. Int J Mol Med 13, 149–55.



756 Part IV / Other Bioactive Food Components in Cancer Prevention and/or Treatment

139. Purohit, V. (2000) Can alcohol promote aromatization of androgens to estrogens? Alcohol 22, 123–7.
140. Suzuki, R., Orsini, N., Mignone, L., Saji, S., and Wolk, A. (2008) Alcohol intake and risk of breast

cancer defined by estrogen and progesterone receptor status: A meta-analysis of epidemiological
studies. Int J Cancer 122, 1832–41.

141. Frey, R., Singletary, K., and Yan, W. (2001) Effect of ethanol on proliferation and estrogen receptor
α expression in human breast cancer cells. Cancer Lett 165, 131–7.

142. Etique, N., Flament, S., Lecomte, J., and Grillier-Vuissoz, I. (2007) Ethanol-induced ligand-
independent activation of ER-alpha mediated by cyclicAMP/PKA signaling pathway: An in vitro
study on MCF-7 breast cancer cells. Int J Oncol 31, 1509–18.

143. Fan, S., Meng, Q., Gao, B. et al. (2000) Alcohol stimulates estrogen receptor signaling in human
breast cancer cell lines. Cancer Res 60, 5635–9.

144. Meng, Q., Gao, B., Goldberg, I., Rosen, E., and Fan, S. (2000) Stimulation of cell invasion and
migration by alcohol in breast cancer cells. Biochem Biophys Res Comm 273, 448–53.

145. Luo, J., and Miller, M. (2000) Ethanol enhances erb B-mediated invasion of human breast cancer
cells in culture. Br Cancer Res Treat 63, 61–69.

146. Miller, M., Mooney, S., and Middletown, F. (2006) Transforming growth factor-beta 1 and ethanol
affect transcription and translation of genes and proteins for cell adhesion molecules in B104 neurob-
lastoma cells. J Neurochem 97, 1182–90.

147. Luo, J. (2006) Role of matrix metalloproteinase-2 in ethanol-induced invasion by breast cancer cells.
J Gastroenterol Hepatol 21(Suppl 3), S65–S68.

148. Ke, Z., Lin, M., Fan, Z. et al. (2006) MMP-2 mediates ethanol-induced invasion of mammary epithe-
lial cells over-expressing ErbB2. Int J Cancer 119, 8–16.

149. Aye, M., Ma, C., Lin, H., Bower, K., Wiggins, R., and Luo, J. (2004) Ethanol-induced in vitro invasion
of breast cancer cells: The contribution of MMP-2 by fibroblasts. Int J Cancer 112, 738–46.

150. Gu, J., Bailey, A., Sartin, A., Makey, I., and Brady, A. (2005) Ethanol stimulate tumor progression
and expression of vascular endothelial growth factor in chick embryos. Cancer 103, 422–31.

151. Tan, W., Bailey, A., Shparago, M. et al. (2007) Chronic alcohol consumption stimulates VEGF
expression, tumor angiogenesis, and progression of melanoma in mice. Cancer Biol Ther 6, 1211–7.

152. Hsiang, C., Wu, S., Chen, J. et al. (2007) Acetaldehyde induces matrix metalloproteinase-3 gene
expression via nuclear factor-kappaB and activator protein-1 signaling pathways in human hepato-
cellular carcinoma cells: Association with the invasive potential. Toxicol Lett 171, 78–86.

153. Westley, B., Clayton, S., Daws, M., Molloy, C. and May, F. (1998) Interactions between oestrogen
and insulin-like growth factor signaling pathways in the control of breast epithelial cell proliferation.
Biochem Soc Symp 63, 35–44.

154. Yu, H., and Rohan, T. (2000) Role of insulin-like growth factor family in cancer development and
progression. J Natl Cancer Inst 92, 1472–89.

155. Frasca, F., Pandini, G., Sciacca, L. et al. (2008) The role of insulin-like growth factors and IGF-1
receptors in cancer and other diseases. Arch Physiol Biochem 114, 23–37.

156. Pollak, M. (2007) Insulin-like growth factor-regulated signaling and cancer development. Recent Rev
Cancer Res 174, 49–53.

157. Stoll, B. (1999) Alcohol intake and late-stage promotion of breast cancer. Eur J Cancer 35, 1653–8.
158. Yu, H., and Berkel, J. (1999) Do insulin-like growth factors mediate the effect of ethanol on breast

cancer? Med Hypoth 52, 491–6.
159. Dees, W., Hiney, S., and Srivastava, V. (1998) Alcohol’s effects on female puberty: The role of

insulin-like growth factor. Alcoh Health Res World 22, 165–69.
160. Lavigne, J., Baer, D., Wimbrozo, H., Albert, P., Brown, E., Judd, J., Campbell, W., Giffen, C., Dorgan,

J., Hartman, T., Barrett, J., Hursting, S., and Taylor, P. (2005) Effects of alcohol on insulin-like growth
factor 1 and insulin-like growth factor binding protein 3 in postmenopausal women. Am J Clin Nutr
81, 503–7.

161. Lavigne, J., Wimbrozo, H., Clevidence, B., Alberts, P., Reichman, M., Campbell, W., Barrett, J.,
Hursting, S., Judd, J., and Taylor, P. (2004) Effects of alcohol and menstrual cycle on insulin-like
growth factor-1 and insulin-like growth factor binding protein 3. Cancer Epidemiol Biomarkers Prev
13, 2264–7.



Chapter 31 / Alcohol and Cancer: Biological Basis 757

162. DeLellis, K., Rinaldi, S., Kaaks, R., Kolonel, L., Henderson, B., and LeMarchand, L. (2004) Dietary
and lifestyle correlates of plasma insulin-like growth factor-1 (IGF-1) and IGF binding protein-3
(IGFBP-3): The multiethnic cohort. Cancer Epidemiol Biomark Prev 13, 1444–51.

163. Srivastava, V., Hiney, J., Mattison, J., Bartke, A., and Dees, W. (2007) The alcohol-induced suppres-
sion of ovarian insulin-like growth factor-1 gene transcription is independent of growth hormone and
its receptor. Alcohol Clin Exp Res 31, 880–6.

164. Srivastava, V., Hiney, J., Mattison, J., Bartjke, A., and Dees, W. (2007) The alcohol-induced suppres-
sion of ovarian insulin-like growth factor-1 gene transcription is independent of growth hormone and
its receptor. Alcohol Clin Exp Res 31, 880–6.

165. Magne, L., Blanc, E., Marchand, A., Fafournoux, P., Barouki, R., Rouach, H., and Garlatti, M. (2007)
Stabilization of IGFBP-1 mRNA by ethanol in hepatoma cells involves the JNK pathway. J Hepatol
47, 691–8.

166. Lee, S., Alam, R., Ho, C. et al. (2007) Involvement of p42/44 MAPK in the effects of ethanol on secre-
tion of insulin-like growth factor (IGF)-1 and insulin-like growth factor binding protein (IGFBP)-1
in primary cultured rat hepatocytes. Int J Neurosci 117, 187–201.

167. Tomono, M., and Kiss, Z. (1995) Ethanol enhances the stimulatory effect of insulin and insulin-like
growth factor-1 on DNA synthesis in NIH 3T3 fibroblasts. Biochem Biophys Res Comm 208, 63–67.

168. Lang, C., Fan, J., Lipton, B., Potter, B., and McDonough, K. (1998) Modulation of the insulin like
growth factor system by chronic ethanol feeding. Alcohol Clin Exp Res 22, 823–9.

169. Srivastava, V., Hiney, J., Nuberg, C., and Dees, W. (1995) Effect of ethanol on the synthesis of insulin-
like growth factor-1 (IGF-1) and IGF-1 receptor in late prepubertal rats: A correlation with serum
IGF-1. Alcoh Clin Exp Res 19, 1467–73.

170. Seller, A., Ross, B., Green, J., and Rubin, R. (2000) Differential effects of ethanol on insulin-like
growth factor-1 receptor signaling. Alcohol Clin Exp Res 24, 140–8.

171. Smith, D., Yang, H., Scheff, A., Ploch, S., and Schalch, D. (1992) Ethanol-fed Sprague Dawley rats
maintain normal levels of insulin-like growth factor-1. J Nutr 122, 220–33.

172. Sarkar, D., and Boyadjieva, N. (2007) Ethanol alters production and secretion of estrogen-regulated
growth factors that control prolactin-secreting tumors in the pituitary. Alcohol Clin Exp Res 31,
2101–5.

173. Chaturvedi, K., and Sarkar, D. (2008) Alteration in G proteins and prolactin levels in pituitary after
ethanol and estrogen treatment. Alcohol Clin Exp Res 32, 806–13.

174. You, M., Matsumoto, M., Pacold, C., Cho, W., and Crabb, D. (2004) The role of AMP-activated
protein kinase in the action of ethanol in the liver. Gastroenterol 127, 1798–808.

175. Venkata, M., Aung, C., Cabot, P., Monteith, G., and Roberts-Thomson, S. (2008) PPARalpha and
PPARbeta are differentially affected by ethanol and the ethanol metabolite acetaldehyde in the MCF-
7 breast cancer cell line. Toxicol Sci 102, 120–8.

176. Hallak, H., and Rubin, R. (2004) Ethanol inhibits palmitoylation of G protein G alpha (s). J Neu-
rochem 89, 919–27.

177. Hoek, J., and Kholodenko, B. (1998) The intracellular signaling network as a target of ethanol. Alco-
hol Clin Exp Res 22, 224S–230S.

178. Castaneda, F., Rosin-Steiner, S., and Jung, K. (2006) Functional genomics analysis of low concen-
trations of ethanol in human hepatocellular carcinoma (HepG2) cells: Role of genes involved in
transcriptional and translational processes. Int J Med Sci 4, 28–35.

179. Diaz, I., Cano, P., Jimenez-Ortega, V., Nova, E., Romeo, J., Marcos, A., and Esquifino, A. (2007)
Effects of moderate consumption of distilled and fermented alcohol on some aspects of neuroim-
munomodulation. Neuromodul 14, 200–5.

180. Jimenez-Ortega, V., Cardinali, D., Fernandez-Mateos, P., Reyes-Toso, C., and Esquifino, A. (2006)
Effect of ethanol on 24-h hormonal changes in prolactin release mechanisms in growing male rats.
Endocrine 30, 269–78.

181. Menella, J., and Pepino, M. (2006) Short-term effects of alcohol consumption on the hormonal milieu
and mood states in nulliparous women. Alcohol 38, 29–36.

182. Wennbo, H., and Tornell, J. (2000) The role of prolactin and growth hormone in breast cancer. Onco-
gene 19, 1072–6.



758 Part IV / Other Bioactive Food Components in Cancer Prevention and/or Treatment

183. Boyd, N., Martin, L., Yaffe, M., and Minkin, S. (2006) Mammographic density: A hormonally respon-
sive factor for breast cancer. J Br Menopause Soc 12, 186–93.

184. Boyd, N., Lockwood, G., Byng, J., Tritchler, D., and Yaffe, M. (1998) Mammographic densities and
breast cancer risk. Cancer Epidemiol Biomark Prev 7, 1133–44.

185. Lee, M., Petraikis, N., Wrensch, M., King, E., Miike, R., and Sickles, E. (1994) Association of abnor-
mal nipple aspirate cytology and mammographic pattern and density. Cancer Epidemiol Biomark
Prev 3, 33–36.

186. DosSantos-Silva, I., Johnson, N., DeStavola, B. et al. (2006) The insulin like growth factor system and
mammographic features in premenopausal and postmenopausal women. Cancer Epidemiol Biomark
Prev 15, 449–55.

187. Byrne, C., Colditz, G., Willett, W., Speizer, F., Pollak, M., and Hankinson, S. (2000) Plasma insulin-
like growth factor (IGF) 1, IGF-binding protein 3, and mammographic density. Cancer Res 60,
3744–8.

188. Tamimi, R., Cox, D., Kraft, P. et al. (2007) Common genetic variation in IGF-1, IGFBP-1 and IGFBP-
3 in relation to mammographic density: A cross-sectional study. Breast Cancer Res 9, R18.

189. Johansson, H., Gandini, S., Bonanni, B. et al. (2008) Relationships between circulating hormone lev-
els, mammographic percent density and breast cancer risk factors in postmenopausal women. Breast
Cancer Res Treat 108, 57–67.

190. Keleman, L., Pankratz, V., Sellers, T. et al. (2008) Age-specific trends in mammographic density: The
Minnesota Breast Cancer Family Study. Am J Epidemiol 167, 1027–36.

191. Maskarinec, G., Takata, Y., Pagano, I., Lurie, G., Wilkens, L., and Kolonel, L. (2006) Alcohol con-
sumption and mammographic density in multiethnic population. Int J Cancer 118, 2579–83.

192. Funkhouser, E., Waterbor, J., Cole, P., and Rubin, E. (1993) Mammographic patterns and breast
cancer risk factors among women having elective screening. South Med J 86, 177–80.

193. Herrinton, L., Saftlas, A., Stanford, J., Brinton, L., and Wolfe, J. (1993) Do alcohol intake and mam-
mographic densities interact in regard to the risk for breast cancer? Cancer 71, 3029–35.

194. Vachon, C., Kuni, C., Anderson, K., Anderson, V., and Sellers, T. (2000) Association of mammo-
graphically defined percent breast density with epidemiologic risk factors for breast cancer (United
States). Cancer Causes Control 11, 653–62.

195. Sala, E., Warren, R., Duffy, S., Welch, A., Luben, R., and Day, N. (2000) High risk mammographic
parenchymal patterns and diet: A case-control study. Br J Cancer 83, 121–6.

196. Brisson, J., Verrault, R., Morrison, A., Tennina, S., and Meyer, F. (1989) Diet, mammographic fea-
tures of breast tissue, and breast cancer risk. Am J Epidemiol 130, 14–24.

197. Berube, S., Diorio, C., Verhoek-Oftedahl, W., and Brisson, J. (2004) Vitamin D, calcium and mam-
mographic breast densities. Cancer Epidemiol Biomark Prev 13, 1466–72.

198. Boyd, N., Connelly, P., Bung, J. et al. (1995) Plasma lipids, lipoproteins, and mammographic densi-
ties. Cancer Epidemiol Biomark Prev 4, 727–33.

199. Singletary, K., and McNary, M. (1992) Effect of moderate ethanol consumption on mammary gland
structural development and DNA synthesis in the female rat. Alcohol 9, 95–101.

200. Singletary, K., and McNary, M. (1994) Influence of ethanol intake on mammary gland morphology
and cell proliferation in normal and carcinogen-treated rats. Alcohol Clin Exp Res 18, 1261–6.

201. Mason, J., and Choi, S. (2005) Effects of alcohol on folate metabolism: Implications for carcinogen-
esis. Alcohol 35, 235–41.

202. Schalinske, K., and Nieman, K. (2005) Disruption of methyl group metabolism by ethanol. Nutr Rev
63, 387–91.

203. Halsted, C., Villaneuva, J., Devlin, A., and Chandler, C. (2002) Metabolic interactions of alcohol and
folate. J Nutr 132, 2367S–2372S.

204. Anonymous. (1994) Folate, alcohol, methionine, and colon cancer risk: Is there a unifying theme?
Nut Rev 52, 18–20.

205. Stempak, J., Sohn, K., Chiang, E., Shane, B., and Kim, Y. (2005) Cell and stage of transformation-
specific effects of folate deficiency on methionine cycle intermediates and DNA methylation in an in
vitro model. Carcinogenesis 26, 981–90.

206. Ziegler, R. (2007) One-carbon metabolism, colorectal carcinogenesis, chemoprevention – with cau-
tion. J Natl Cancer Inst 99, 1214–1215.



Chapter 31 / Alcohol and Cancer: Biological Basis 759

207. Zhang, S., Hankinson, S., Hunter, D., Giovanucci, E., Colditz, G., and Willett, W. (2005) Folate intake
and risk of breast cancer characterized by hormone receptor status. Cancer Epidemiol Biomark Prev
14, 2004–8.

208. Cui, Y., Page, D., Chlebowski, R., Beresford, S., Hendrix, S., Lane, D., and Rohan, T. (2007) Alcohol
and folate consumption and the risk of benign proliferative disorders of the breast. Int J Cancer 121,
1346–51.

209. Cho, E., Holmes, M., Hankinson, S., and Willett, W. (2007) Nutrients involved in one-carbon
metabolism and risk of breast cancer among premenopausal women Cancer. Epidemiol Biomark Prev
16, 2787–90.

210. Sellers, T., Vierkant, R., Cerhan, J. et al. (2002) Interaction of dietary folate intake, alcohol, and risk
of hormone-receptor-defined breast cancer in a prospective study of postmenopausal women. Cancer
Epidemiol Biomark Prev 11, 1104–7.

211. Sellers, T., Kushi, L., Cerhan, J. et al. (2001) Dietary folate, alcohol, and risk of breast cancer in a
prospective study of postmenopausal women. Epidemiol 12, 420–8.

212. Stolzenberg-Solomon, R., Chang, S., Leitzmann, M. et al. (2006) Folate intake, alcohol use and post-
menopausal breast cancer risk in the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial.
Am J Clin Nutr 83, 895–904.

213. Feigelson, H., Jonas, C., Robertson, A., McCullough, M., Thun, M., and Calle, E. (2003) Alcohol,
folate, methionine, and risk of incident breast cancer in the American Cancer Society Cancer preven-
tion Study II Nutrition Cohort. Cancer Epidemiol Biomark Prev 12, 161–4.

214. Boyaparti, S., Bostick, R., McGlynn, K. et al. (2004) Folate intake, MTHFR C677T polymorphism,
alcohol consumption, and risk for sporadic colorectal adenoma (United States). Cancer Causes Con-
trol 15, 493–501.

215. Kim, D. (2007) The interactive effect of methyl-group diet and polymorphisms of methylenetetrahy-
drofolate reductase on the risk of colorectal cancer. Mutat Res 622, 14–18.

216. Wang, X. (2005) Alcohol, vitamin A and cancer. Alcohol 35, 251–8.
217. Larsson, S., Giovanucci, E., and Wolk, A. (2007) Folate and risk of breast cancer: A meta-analysis. J

Natl Cancer Inst 99, 64–76.
218. Drewnowski, A., Rock, C., Henderson, S. et al. (1997) Serum beta-carotene and vitamin C as

biomarkers of vegetable and fruit intakes in a community-based sample of French adults. Am J Clin
Nutr 65, 1796–802.

219. Forman, M., Beecher, G., Lanza, E. et al. (1995) Effect of alcohol consumption on plasma carotenoid
concentrations in pre-menopausal women: A controlled dietary study. Am J Clin Nutr 62, 131–5.

220. Laufer, E., Hartman, T., Baer, D. et al. (2004) Effects of moderate alcohol consumption on folate and
vitamin B12 status in postmenopausal women. Eur J Clin Nutr 58, 1518–24.

221. Hartman, T., Baer, D., Graham, L. et al. (2005) Moderate alcohol consumption and levels of antioxi-
dant vitamins and isoprostane in postmenopausal women. Eur J Clin Nutr 59, 161–8.

222. Romeo, J., Warnberg, J., Nova, E., Diaz, L., Gomez-Martinez, S., and Marcos, A. (2007) Moderate
alcohol consumption and the immune system: A review. Br J Nutr 98(Suppl 1), S111–S15.

223. Diaz, L., Montero, A., Gonzalez-Gross, M., Vallejo, A., Romeo, J., and Marcos, A. (2002) Influence
of alcohol consumption on immunological status: A review. Eur J Clin Nutr 56(Suppl 3), S50–S53.

224. Goral, J., Karavitis, J., and Kovacs, E. (2008) Exposure-dependent effects of ethanol on the innate
immune system. Alcohol 42, 237–47.

225. Brown, L., Cook, R., Jerrells, T. et al. (2006) Acute and chronic alcohol abuse modulate immunity.
Alcohol Clin Exp Res 30, 1624–31.

226. Pruett, S., Yan, Y., and Wu, W. (1994) A brief review of immunomodulation by acute administration
of ethanol: Involvement of neuroendocrine pathways. Alcohol Alcohol 2(Suppl), 431–7.

227. Waldschmidt, T., Cook, R., and Kovacs, E. (2006) Alcohol and inflammation and immune responses:
Summary of the 2005 Alcohol and Immunity Research Interest Group (AIRIG) meeting. Alcohol 38,
121–5.

228. Verma, S., Alexander, C., Carlson, M., Tygrett, L., and Waldschmidt, T. (2008) B-cell studies in
chronic ethanol mice. Meth Mol Biol 447, 295–323.

229. Jerrells, T., Slukvin, I., Sibley, D., and Fuseler, J. (1994) Increased susceptibility of experimental
animals to infectious organisms as a consequence of ethanol consumption. Alcohol Alcohol 2(Suppl),
425–30.



760 Part IV / Other Bioactive Food Components in Cancer Prevention and/or Treatment

230. Szabo, G. (1999) Consequences of alcohol consumption on host defense. Alcohol Alcohol 34,
830–41.

231. Bhattacharya, Ra.nd, and Shuhart, M. (2003) Hepatitis C and alcohol: Interactions, outcomes and
implications. J Clin Gastroenterol 36, 242–52.

232. Ness, K., Fan, J., Wilke, W., Coleman, R., Cook, R., and Schlueter, A. (2008) Chronic ethanol con-
sumption decreases murine Langerhans cell numbers and delays migration of Langerhans cells as
well as dermal dendritic cells. Alcohol Clin Exp Res 32, 657–68.

233. Singal, A., and Anand, B. (2007) Mechanisms of synergy between alcohol and hepatitis C. J Clin
Gastroenterol 41, 761–72.

234. Chen, C.P., Boyadjieva, N.I., Advis, J.P., and Sarkar, D.K. (2006) Ethanol suppression of the hypotha-
lamic proopiomelanocortin level and the splenic NK cell cytolytic activity is associated with a reduc-
tion in the expression of proinflammatory cytokines but not anti-inflammatory cytokines in neuroen-
docrine and immune cells. Alcohol Clin Exp Res 30, 1925–32.

235. McVicker, B., Tuma, D., Kharbanda, K., Kubik, J., and Casey, C. (2007) Effect of chronic ethanol
administration on the in vitro production of proinflammatory cytokines by rat Kupffer cells in the
presence of apoptotic cells. Alcohol Clin Exp Res 31, 122–9.

236. Osna, N., White, R., Todero, S. et al. (2007) Ethanol-induced oxidative stress suppresses generation
of peptides for antigen presentation by hepatoma cells. Hepatol 45, 53–61.

237. Watson, R., Odeleye, O., Eskelson, C., and Mufti, S. (1992) Alcohol stimulation of lipid peroxida-
tion and esophageal tumor growth in mice immunocompromised by retrovirus infection. Alcohol 9,
495–500.

238. Mufti, S., Darban, H., and Watson, R. (1989) Alcohol, cancer and immunomodulation. Crit Rev Oncol
Hematol 9, 243–61.

239. Taylor, A., Ben-Eliyahu, S., Yirmiya, R., Chang, M., Norman, D., and Chiapelli, F. (1993) Actions of
alcohol on immunity and neoplasia in fetal alcohol exposed and adult rats. Alcohol Alcohol 2(Suppl),
69–74.

240. Wu, W., and Pruett, S. (1999) Ethanol decreases host resistance to pulmonary metastases in a mouse
model: Role of natural killer cells and ethanol-induced stress response. Int J Cancer 82, 886–92.

241. Ben-Eliyahu, S., Page, G., Yirmaya, R., and Taylor, A. (1996) Acute alcohol intoxication suppresses
natural killer cell activity and promotes tumor metastasis. Nat Med 2, 457–60.

242. Hebert, P., and Pruett, S. (2003) Ethanol decreases natural killer cell activation but only minimally
affects anatomical distribution after administration of polyinosinic: Polycytidylic acid; role in resis-
tance to B16F10 melanoma. Alcohol Clin Exp Res 27, 1622–31.

243. Blank, S., and Meadows, G. (1996) Ethanol modulates metastatic potential of B16BL6 melanoma
and host responses. Alcohol Clin Exp Res 20, 624–8.

244. Spitzer, J., Nunez, N., Meadows, S., Gallucci, R., Blank, S., and Meadows, G. (2000) The modulation
of B16BL6 melanoma metastasis is not directly mediated by cytolytic activity of natural killer cells
in alcohol-consuming mice. Alcohol Clin Exp Res 24, 837–44.

245. Zhou, J., and Meadows, G. (2003) Alcohol consumption decreases IL-2-induced NF-kappaB activity
in enriched NK cells from C57BL/6 mice. Toxicol Sci 73, 72–79.

246. Meadows, G., Wallendal, M., Kosugi, A., Wunderlich, J., and Singer, D. (1992) Ethanol induces
marked changes in lymphocyte populations and natural killer cell activity in mice. Alcohol Clin Exp
Res 16, 474–9.

247. Yirmaya, R., Ben-Eliyahu, S., Gale, R., Shavit, Y., Liebeskind, J., and Taylor, A. (1992) Ethanol
increases tumor progression in rats: Possible involvement of natural killer cells. Brain Behav Immun
6, 74–86.

248. Zhang, H., and Meadows, G. (2008) Chronic alcohol consumption perturbs the balance between
thymus-derived and bone marrow-derived natural killer cells in the spleen. J Leukoc Biol 83, 41–47.

249. Boyadjieva, N., Meadows, G., and Sarkar, D. (1999) Effects of ethanol consumption on the beta-
endorphin levels and natural killer cell activity in rats. Ann NY Acad Sci 885, 383–6.


	31 Alcohol and Cancer: Biological Basis
	1 Introduction
	2 Ethanol Metabolism: Acetaldehyde and Oxidative Stress
	3 Alcohol and Carcinogen Bioactivation
	4 Alcohol and Gene Interactions
	5 Alcohol, Hormones, and Growth Factors
	6 Other Biological Actions/Interactions
	7 Conclusions and Future Research Opportunities
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




