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Abstract Chronic ethanol consumption is a strong risk
factor for the development of certain types of cancer
including those of the upper aerodigestive tract, the liver,
the large intestine and the female breast. Multiple mecha-
nisms are involved in alcohol-mediated carcinogenesis.
Among those the action of acetaldehyde (AA), the first
metabolite of ethanol oxidation is of particular interest. AA
is toxic, mutagenic and carcinogenic in animal experi-
ments. AA binds to DNA and forms carcinogenic adducts.
Direct evidence of the role of AA in alcohol-associated
carcinogenesis derived from genetic linkage studies in
alcoholics. Polymorphisms or mutations of genes coding
for AA generation or detoxifying enzymes resulting in
elevated AA concentrations are associated with increased
cancer risk. Approximately 40% of Japanese, Koreans or
Chinese carry the AA dehydrogenase 2*2 (ALDH2%2)
allele in its heterozygous form. This allele codes for an
ALDH?2 enzyme with little activity leading to high AA
concentrations after the consumption of even small
amounts of alcohol. When individuals with this allele
consume ethanol chronically, a significant increased risk
for upper alimentary tract and colorectal cancer is noted. In
Caucasians, alcohol dehydrogenase 1C*1 (ADHIC*1)
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allele encodes for an ADH isoenzyme which produces 2.5
times more AA than the corresponding allele ADH1C*2. In
studies with moderate to high alcohol intake, ADH1C*1
allele frequency and rate of homozygosity was found to be
significantly associated with an increased risk for cancer of
the upper aerodigestive tract, the liver, the colon and the
female breast. These studies underline the important role of
acetaldehyde in ethanol-mediated carcinogenesis.
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Introduction

Although alcoholism is a frequently observed disease and
although chronic heavy alcohol consumption damages
almost every tissue and organ of the human body, the
occurrence of certain alcohol-associated organ injuries is
rather low. Only 10-15% of heavy drinkers develop, for
example, liver cirrhosis and an even smaller proportion of
drinkers develop cancer. However, chronic alcohol con-
sumption is a risk factor for certain types of cancer
including the upper aerodigestive tract, the liver, the col-
orectum, and the breast [1]. Worldwide, a total of
approximately 389,000 cases of cancer representing 3.6%
of all cancers (5.2% in men and 1.7% in women) derive
from chronic alcohol consumption [2]. As the amount of
alcohol is obviously not the only determinant for organ
injury, genetic and environmental factors may modulate
and determine organ damage or carcinogenesis. A variety
of mechanisms may contribute to alcohol-mediated carci-
nogenesis including the toxic effect of acetaldehyde (AA)
and/or reactive oxygen species, disturbed methyl transfer
and abnormal metabolism of vitamin A and its derivative
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retinoic acid [3]. In addition, local effects such as cirrhosis
of the liver may further stimulate cancer development [3].

Animal experiments have clearly shown that AA, the
first metabolite of ethanol oxidation, is carcinogenic [4, 5].
The concentration of AA in different tissues depends on the
production and degradation of AA. Both metabolic steps
are modulated by the activity of the ethanol metabolizing
enzymes alcohol dehydrogenase (ADH) and acetaldehyde
dehydrogenase (ALDH). Genes coding for these enzymes
harbor polymorphisms which result in different enzyme
activities and, subsequently, to different AA concentra-
tions. In this review, the role of AA in carcinogenesis and
genetic factors modulating AA levels will be discussed in
detail. With respect to other factors involved in alcohol-
mediated carcinogenesis, it is referred to a most recent
review article [3].

Toxic and carcinogenic effects of acetaldehyde

Acetaldehyde is highly toxic, mutagenic and carcinogenic.
AA interferes at many sites with DNA synthesis and repair
and can, consequently, result in tumor development [6, 7].
Numerous in vitro and in vivo experiments in prokaryotic
and eukaryotic cell cultures as well as in animal models
have shown that AA has direct mutagenic and carcinogenic
effects. It causes point mutations in the hypoxanthine-
guanine-phosphoribosyl transferase locus in human lym-
phocytes, induces sister chromatid exchanges, and gross
chromosomal aberrations [8—13]. It induces inflammation
and metaplasia of tracheal epithelium and enhances cell
injury associated with hyperregeneration in the esophageal
and colorectal mucosa [14-16]. Thus, when AA was
administered in drinking water to rodents [15], the mucosa
lesions of the upper aerodigestive tract observed resembled
those following chronic alcohol ingestion [16]. Also it has
been shown that AA interferes with the DNA repair
machinery. AA directly inhibits O6 methyl-guanyltrans-
ferase, an enzyme important for the repair of adducts
caused by alkylating agents [17].

Moreover, when inhaled, AA causes nasopharyngeal
and laryngeal carcinoma [4, 5]. AA also binds rapidly to
cellular proteins and DNA which results in morphological
and functional impairment of the cell and in an immuno-
logic cascade reaction. The binding to DNA and the for-
mation of stable adducts represent one mechanism by
which AA could trigger the occurrence of replication errors
and/or mutations in oncogenes or tumor Suppressor genes
[18]. The occurrences of stable DNA adducts has been
shown in different organs of alcohol-fed rodents and in
leukocytes of alcoholics [19]. In addition, it has been
shown that the major stable DNA adduct, N*-ethyl-2-
deoxyguanosine (N*-Et-dG) can indeed be used efficiently
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by eukaryotic DNA polymerase [20]. While the formation
of N*-Et-dG has been shown in DNA samples from white
blood cells of human alcoholics and in the liver of rats
given ethanol in the drinking water, there is relatively little
evidence that this lesion is mutagenic, and the biological
significance of the lesion is unclear. However, this lesion
can be detected in human urine samples, suggesting that it
may be useful as a biomarker of AA-related DNA damage
[20]. More recent data have shown that in the presence of
basic amino acids or histones, AA reacts with deoxygua-
nosine in DNA to form another DNA adduct, l,Nz-pro—
pano-dG (PdG) [21, 22]. In contrast to N2-Et-dG, PdG has
been shown to be a mutagenic DNA lesion in mammalian
cells in vivo. These AA-associated effects occurred at AA
concentrations from 40 to 1,000 uM. According to the
International Agency for Research on Cancer (IARC) there
is sufficient evidence to identify AA as a carcinogen in
experimental animals [6, 7].

Mechanisms of elevated tissue levels of acetaldehyde

Production of acetaldehyde by ADH and cytochrome
P4502E1

Acetaldehyde is produced from ethanol by ADH or cyto-
chrome P4502E1 (CYP2E1). Seven isoenzymes for ADH
exist, and almost every tissue contains ADH activity.
ADH2 is only present in the liver and ADH4 only in the
upper gastrointestinal mucosa [23]. ADHI1B and ADHI1C
are polymorphic and thus code for enzymes capable to
produce different amounts of AA [24]. In non-drinkers,
CYP2EI, also termed the microsomal ethanol oxidizing
system (MEOS), produces only small amounts of AA.
However, in chronic alcoholics, CYP2E1 is induced and
contributes up to 30% of the overall ethanol metabolism
[25]. This CYP2E1-dependent MEOS also produces reac-
tive oxygen species (ROS) which may be important in
alcohol-associated carcinogenesis [26, 27]. In addition,
CYP2EI activates various procarcinogens present in diets
and tobacco smoke to their ultimate carcinogens [28]. For
more details the recent review articles can be referred
[3, 29].

Production of acetaldehyde by bacteria

Acetaldehyde is also produced from ethanol by bacterial
oxidation in the upper aerodigestive tract and in the large
intestine [30-32]. It has been shown that many microbes as
part of the normal oral microflora show ADH activity with
a variety of individual kinetic characteristics. Under aero-
bic or microaerobic conditions AA is produced. Thus, AA
concentrations between 50 and 150 uM can be detected in
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the saliva of individuals after ingestion of moderate dose of
ethanol (0.5 g per kg body weight) [33]. This salivary AA
is significantly reduced following the administration of an
antiseptic mouthwash demonstrating the importance of
microbes in the production of AA from ethanol [33].

Similarly fecal bacteria are also capable to metabolize
ethanol to AA [31]. High AA levels have been found
after alcohol administration in the colon of rats and these
concentrations of AA were significantly lower in germ-
free animals as compared to conventional rats suggesting
that fecal bacteria are capable to produce AA [34].
Indeed, the reversed microbial ADH reaction produces
under aerobic or microaerobic conditions striking
amounts of AA when human colonic contents or some
microbes representing normal colonic flora are incubated
in vitro at 37°C with increasing ethanol concentrations
[34-36]. This reaction is active already at comparatively
low ethanol concentrations (10-100 mg%), which exist in
the colon following social drinking [37]. AA formation
catalyzed by microbial ADH takes place at a pH nor-
mally found in the colon and is rapidly reduced with
decreasing pH [35].

Antibiotics have been used to study the role of colonic
bacteria in the oxidation of ethanol to AA. The reduction of
aerobic gastrointestinal flora with ciprofloxacin decreases
total ethanol elimination by a rate of about 10% both in rats
and in man [38—40]. This is associated with a significant
decrease in the mean ADH activity of fecal samples, in
almost total abolishment of the formation of endogenous

Retinoic acid — metabolites
Procarcinogen — carcinogens

ethanol in the colon, and in a remarkable reduction of the
intracolonic AA production from ethanol [39, 40].

Decreased acetaldehyde metabolism by inactive
acetaldehyde dehydrogenase

Increased AA concentrations may also occur when its
detoxification is inadequate. AA is metabolized by ALDHs
[41]. The most important ALDH is ALDH?2 with a high
affinity to AA mutations of ALDH?2 as seen in more than
40% of Asians result in elevated serum AA concentrations
and cancer [42] (Fig. 1).

Role of ADH in alcohol-associated carcinogenesis

Genetic linkage studies with alcoholics have provided
strong support for the assumption that AA plays a central
role in alcohol-associated carcinogenesis. These studies
found that individuals who accumulate AA because they
carry certain alleles of the genes encoding ADH or ALDH
have an increased cancer risk [42, 43]. As discussed above
there are at least seven isozymes of human ADH that are
encoded by seven genes. These isozymes are categorized
into five different classes based on structural characteris-
tics. Class I isozymes account for most of the alcohol
metabolism.

For both the ADHIB and the ADHIC genes, several
alleles exist that result in differences in the activity of the

DNA- adducts
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Fig. 1 Ethanol metabolism and its role in carcinogenesis. Ethanol is
metabolised via alcohol dehydrogenase (ADH) and via cytochrome
P4502E1 (CYP2E]I) to acetaldehyde. Acetaldehyde is further metab-
olised via acetaldehyde dehydrogenase (ALDH) to untoxic acetate.
ADHIB and ADHIC show polymorphism with different enzyme
kinetics and thus different acetaldehyde production. ALDH2 is
mutated in Asians resulting in low enzyme activity and accumulation
of acetaldehyde. Acetaldehyde is toxic, mutagenic and carcinogenic,

results in DNA adducts, inhibits DNA repair and DNA methylation
and damages the antioxidative defense system (AODS). In addition,
ethanol oxidation via CYP2El also generates reactive oxygene
species (ROS) which cannot be sufficiently detoxified due to an
injured AODS and thus results in DNA adducts. CYP2EI also
activates various procarcinogens to their ultimative carcinogenic
metabolites and metabolises retinoic acid resulting in low levels of
hepatic retinoic acid
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ADH molecules they encode. For example, the ADHIB*2
allele encodes an enzyme that is approximately 40 times
more active than the enzyme encoded by the ADHIB*]
allele. Similarly, the enzyme encoded by the ADHIC*]
allele is 2.5 times more active than the enzyme encoded by
the ADHIC*2 allele [44]. Individuals who carry the highly
active ADHIB#*2 allele rapidly convert ethanol to AA. This
leads to AA accumulation following alcohol consumption
and results in toxic side effects, such as a flushing syn-
drome with sweating, accelerated heart rate, nausea, and
vomiting. These adverse symptoms exert a protective effect
against acute and chronic alcohol consumption (i.e., indi-
viduals with this allele typically drink little or no alcohol)
and also appear to protect against alcohol-associated cancer
development. The ADHIB*2 allele is rarely found in
Caucasians but occurs more frequently in Asian
populations.

It has recently been demonstrated that also the low
activity ADHIB*1/1* genotype associates with enhanced
exposure to AA through saliva. This might be due to lower
systemic elimination rate of ethanol from the body which
results in prolonged exposure to acetaldehyde produced by
oral microbes [45]. There is also strong evidence that the
combination of ALDH2-deficiency and slow ADHIB
associate with highest risk for esophageal cancer especially
among heavy drinkers [46, 47].

The effects of the different ADHIC alleles on alcohol
metabolism and, consequently, on drinking levels and
alcohol-related carcinogenesis, are more subtle. They can
best be studied in Caucasian populations in which the
highly active ADHI1B*2 allele is rare. Studies on the rela-
tionship between ADHIC alleles and cancer occurrence in
Caucasians have led to in contradictory results [48—62].
Harty and colleagues [49] compared the risk of oral cancer
associated with various alcohol consumption levels in
individuals homozygous for the more active ADHIC*]
allele with the risk in heterozygotes who carried only one
copy of this allele or were homozygous for the less active
ADHIC*2 allele. The study found that individuals who
consumed eight or more drinks per day and were homo-
zygous for the more active ADHIC*] allele had a 40-fold
increased risk for oral cancer compared with nondrinkers.
In contrast, people who consumed the same amount of
alcohol but who were heterozygous or homozygous for the
less active ADHIC* allele had only four- to seven-fold
increased risk compared with nondrinkers. At lower levels
of alcohol consumption, the difference in cancer risk
between the various gene carriers was less striking. This is
not surprising, however, because higher levels of alcohol
consumption also result in production of more AA which
then can exert its carcinogenic effect.

Additional studies have confirmed an increased risk of
oropharyngeal and laryngeal cancer in alcohol consumers
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with the ADHIC*] allele [50, 56, 60]. Other case—control
studies, however, have not been able to confirm this
association [51-55]. The negative results of these studies
may, at least in part, result from the fact that the alcohol
intake of the participants was low and may not have led to
sufficiently high AA levels.

In addition, a similar risk between ADHIC*] homozy-
gosity and breast cancer has been found [57-59].

More recently, we determined ADHIC polymorphisms
in more than 400 heavy drinkers with daily alcohol intake
of more than 60 g and various cancers of the upper aero-
digestive tract, liver, and breast. Cases of cancer patients
were compared with carefully matched control patients
with alcohol-related diseases (e.g., cirrhosis of the liver,
pancreatitis, and alcohol dependence) but no cancer [56,
60]. Cancer patients and control subjects were of similar
age and had similar histories of alcohol consumption and
cigarette smoking. In this study, significantly more patients
with alcohol-related cancers either had at least one
ADHIC*] allele, or were homozygous for ADHIC*1, than
did patients with other alcohol-related diseases. Statistical
analyses determined a significant association between
ADHIC*] allele frequency and rate of homozygosity and
an increased risk for alcohol-related cancer (P < 0.001).
Finally, individuals homozygous for ADHIC*] had a rel-
ative risk of developing esophageal, liver, and head and
neck cancers of 2.9, 3.6, as well as 2.2, respectively,
compared with people homozygous for ADHIC*2.

We also found that individuals who are homozygous for
the ADHIC*] allele had significantly higher AA levels in
their saliva than did heterozygous individuals or individu-
als who are homozygous for the ADHIC*2 allele [56]. As
mentioned earlier, AA levels in the saliva may be impor-
tant for cancer development. Saliva rinses the mucosa of
the upper aerodigestive tract and any AA in the saliva may
be taken up by mucosal cells. Moreover, mucosal cells
display little ALDH?2 enzyme activity and therefore cannot
efficiently detoxify AA. As a result, AA may bind to
proteins and DNA in the mucosal cells and may initiate
carcinogenesis. The hypothesis that AA in the saliva con-
tributes to tumor development is supported by the obser-
vation that AA-fed rats with intact salivary glands showed
excessive proliferation of the upper gastrointestinal mucosa
[15], similar to the changes observed following chronic
alcohol consumption [16, 63, 64]. When the glands were
surgically removed (i.e., when the animals no longer pro-
duced saliva), however, this excessive cell proliferation
disappeared [63].

Because the y-ADH enzyme, which is encoded by
ADHIC, also is found in the mucosa lining the colon, other
investigators have studied the relationship between the
various ADHIC alleles and the development of alcohol-
related colorectal cancer. Tiemersma and co-workers [61]
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have suggested that the ADHIC*] allele can play an
important role in the development of alcohol-associated
colon cancer. To evaluate whether the association between
alcohol consumption and colorectal tumor development is
modified by ADHIC polymorphism, we recruited 173
individuals with colorectal tumors diagnosed by colonos-
copy and 788 control individuals without colorectal tumors
[62]. Genotype ADHIC*1/1 was more frequent in patients
with alcohol-associated colorectal neoplasia compared to
patients without cancers (OR 1.67, P = 0.014) [51]. Fur-
thermore, we could show that the difference in ADHIC
polymorphism between controls and colorectal neoplasia is
strongly influenced by alcohol consumption and that indi-
viduals with more than 30 g alcohol per day with the
genotype ADHIC*1/1 had an increased risk for colorectal
cancer [62].

In summary, numerous studies suggest that ADHIC
alleles that result in AA accumulation in the cells can
enhance a drinker’s risk of developing alcohol-related
cancers in a variety of tissues. An important prerequisite
for this mechanism is, however, that the amount of alcohol
consumed is high enough to generate AA concentrations at
a mutagenic level (>60 uM).

Role of ALDH in alcohol-associated carcinogenesis

The main enzyme that breaks down AA is ALDH2. It is
encoded by the ALDH2 gene, for which there are two
main alleles, ALDH2*] and ALDH2%*2. The ALDH2%*2
allele differs from the normal ALDH2*] allele by an
nucleotide substitution (G > A) in exon 12 of the ALDH?2
gene, resulting in an almost inactive ALDH enzyme. This
allele does not occur in Caucasians and is only found
among Asians. For example, approximately 10% of the
Japanese population are homozygous for ALDH2*2.
Moreover, approximately 40% of the Asian population are
heterozygous. People who are homozygous for ALDH2*2
have an extremely low ALDH activity; when these people
drink alcohol, AA accumulates and the “flushing syn-
drome” develops [42, 44]. These subjects do not tolerate
alcohol at all and are, therefore, generally protected
against developing alcoholism. Those who are heterozy-
gous also have greatly reduced (i.e., less than 10%)
ALDH?2 activity. Nevertheless, they tolerate alcohol
ingestion and may even become heavy drinkers and
alcoholics.

Several epidemiological studies have demonstrated that
the risk of alcohol-associated cancer of the aerodigestive
tract is significantly elevated in people with low ALDH?2
activity, with a relative risk of 11.0 for oropharyngeal and
laryngeal cancer and 12.5 for esophageal cancer [42, 43,
65, 66].

In addition, these people have a 50-fold higher risk than
people without the ALDH2*2 allele of simultaneously
developing a second tumor at another site of the esophagus.
Finally, the risk of colon cancer is increased by a factor of
3.4 in individuals with an ALDH2*2 allele [43].

As in the case with individuals who are homozygous for
the highly active ADHIC*] allele, individuals who have
one ALDH2*2 allele have elevated AA levels in their saliva
after a moderate dose of alcohol [67]. In fact, AA levels are
nine times higher in the saliva than in the blood of these
people, suggesting that it is reduced ALDH activity in the
salivary glands rather than in the blood that leads to AA
accumulation in the saliva. Whenever they drink, people of
this group are exposed to extremely high AA concentra-
tions in their saliva, which is associated with a strikingly
increased cancer risk. The harmful effects of salivary AA
are exacerbated further by the previously mentioned fact
that AA can be converted to cancer-causing crotonalde-
hyde in the presence of polyamines [21, 22], which are
elevated in tissue already injured by the local action of
alcohol, such as the mucosa of the upper aerodigestive tract
[16].

It is worth noting that on the basis of these Japanese
studies, the International Agency for Research on Cancer
(IARC) concluded that AA has a causal role in ethanol-
related esophageal carcinogenesis [1].

Summary and conclusions

Chronic alcohol consumption is a risk factor for cancer of
the oropharynx, hypopharynx, larynx, esophagus, liver,
colorectum and breast. Various mechanisms contribute at
the molecular level to this cancer risk. Among others AA
generated from ethanol via ADH, CYP2E1 or by gastro-
intestinal bacteria stimulates carcinogenesis and also binds
to DNA forming mutagenic and carcinogenic DNA
adducts. Evidence comes from in vitro studies in cell cul-
tures, from animal studies and finally from human genetic
linkage studies. Individuals who accumulate AA either due
to an enhanced AA production or to a reduced metabolism
of AA have such an increased cancer risk for all ethanol-
specific organ sites. Japanese with an ineffective AA
dehydrogenase activity due to a mutation in the ALDH
gene have a striking increased risk for esophageal cancer
when they consume alcohol. In addition, Caucasians who
produce more AA due to a polymorphism in the ADHIC
gene following alcohol ingestion also reveal an increased
cancer risk. Prerequisite, however, is the intake of a cer-
tain amount of ethanol leading to AA levels high enough
to form DNA adducts. These observations in man
underline the important role of AA in ethanol-mediated
carcinogenesis.
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Future research directions

Among the many aspects of ethanol-related carcinogenesis,
the role of gene—environment interactions deserves partic-
ular attention. Although our understanding of the impact of
both host and environmental factors on certain diseases has
substantially grown, it remains still difficult to clearly
separate their influence on an individual’s phenotype. As
an example, it is yet unclear what precise attributable risk
derives from the carriage of certain genetic variants that
result in higher AA concentrations as opposed to the
presence of other established environmental risk factors,
such as smoking or over nutrition. Potential interactions
between host and environmental disease modifiers may
vary with respect to the organ under scrutiny and could be
either additive or synergistic. For upper aerodigestive tract
cancer, smoking and poor oral hygiene are such environ-
mental risk factors that amplify the detrimental effects of
concomitant alcohol consumption. In the liver, the role of
coexisting chronic liver diseases such as hepatitis B and C
virus infection, iron storage diseases or steatosis due to
non-alcoholic causes (NAFLD) should be investigated in
individuals with genetically distinct acetaldehyde burden.
Of course, such data would also be usefully for breast and
colon cancer. With regard to the latter two diseases the
relevance of a family history of cancer, estrogen replace-
ment therapy, or coexisting inflammatory bowel disease on
the risk of breast or colorectal cancer in subjects with
ADHI1C*1/1 and ALDH2*1/2 warrants further research.
Obviously, such interactions would greatly impact pre-
ventive measures in affected individuals and justify
screening colonoscopy or mammography to increase the
rates of early detection.

Another important research task issue is how to detoxify
AA before it may exert its carcinogenic effect. This may be
especially relevant for salivary AA since there is scientific
evidence that this can be detoxified through its binding to
glutathione or similar reductive equivalents contained in
chewing gum or tablets. Such an approach could be also
used as a preventive intervention for cancers of the oral
cavity or upper aerodigestive tract.
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