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Abstract

Breast cancer is one of the main causes of death in women worldwide. In women, breast cancer includes over half of all
tumours caused by alcohol. This paper discusses both ethanol metabolism and the mechanisms of mammary tumourigenesis
caused by alcohol. Numerous signalling pathways in neoplastic transformation following alcohol consumption in women
have been presented. In addition, primary and secondary prevention, phytochemicals, synthetic chemicals, specific inhibitors
of enzymes and selective receptor modulators have been described.
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Introduction

Alcohol is the most consumed stimulant worldwide. Alcohol
consumption has been related to different types of neoplasms
in humans. There is epidemiological evidence that drink-
ing alcohol elevates the risk of tumours in many organs,
e.g. the oral cavity, larynx, oesophagus, liver, and pancreas.
An increased risk of colorectal cancer has been observed in
numerous studies [1].

Alcohol consumption is a well-established risk factor for
breast cancer in women. Breast cancer is a disease with an
aetiology that includes dietary, lifestyle, and hormonal risk
factors. Among these factors, alcohol consumption has been
related to higher breast cancer risk [2].

Globally, it was found that in 2016, there were 3.0 mil-
lion yearly alcohol-attributable deaths (95% uncertainty
interval, Ul 2.6-3.6) and 131.4 million disability-adjusted
life years (DALYs) (UI 119.4-154.4). This corresponds to
5.3% of all deaths (UI 4.6—6.3) and 5.0% of all DALY (UI
4.6-5.9). Alcohol consumption was a major risk factor for
communicable, maternal, perinatal, and nutritional diseases,
with a population-attributable fraction (PAF) of 3.3% (Ul
1.9-5.6), noncommunicable diseases 4.3% (UI 3.6-5.1), and
deaths 17.7% (14.3-23.0). Diseases caused by alcohol were
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more frequent among men than among women. The alcohol-
attributable diseases were highest in Eastern Europe and the
western, southern, and central sub-Saharan Africa regions
as well as in countries with low human development indices
(HDIs). A total of 52.4% of all alcohol-attributable deaths
occurred in people younger than 60 years old [3, 4].

Over 2 million new cases of breast cancer are detected
annually worldwide. Globally, the prevalence of breast can-
cer is 6.8 million cases. There is a consistent opinion that the
intake of as little alcohol as less than 10—15 g per day leads
to an elevated risk of breast cancer [5].

It was demonstrated that in Europe in 2016, there were
almost 80,000 cancer deaths caused by alcohol consumption
(women 22,778; 95% confidence interval, CI 18,985-26,622;
men: 56,207; 95% CI 54,142-66,709). In the same year,
almost 1.9 million cancer disability-adjusted life years lost
were estimated (women 531,377; 95% CI 450,307-614,370;
men 1,349,113; 95% CI 1,306,596-1,591,898) [4].

Globally, the number of female deaths from breast cancer
increased approximately 1.7 times (from 344,900 to 600,700
women) between 1990 and 2017. The age-standardized mor-
tality rate (ASMR) of women’s breast tumours decreased by
0.59% (95% CI: 0.52-0.66%) annually. This decrease was
mainly caused by the reduction in alcohol consumption and
tobacco-associated female breast cancer [6].

While the number of female breast cancer deaths caused
by alcohol consumption rose from 44,200 in 1990 to
56,800 in 2017, and the ASMR values were reduced from
2.04/100,000 to 1.33/100,000 in that time. In 2017, alco-
hol consumption accounted for approximately 10% of total
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deaths from female breast cancer worldwide. This value was
high in Western Europe, Latin America, and Australasia. In
some regions, the ASMRs of female breast cancer associ-
ated with alcohol consumption were markedly reduced. The
greatest reduction was observed in North America. In most
developing countries, in the regions of South Asia, Cen-
tral Asia, and the Caribbean, the ASMRs of breast cancer
were significantly increased. In some European countries,
including Denmark (5.60/100,000), Serbia (5.00/100,000),
and Luxemburg (4.90/100,000), the ASMRs of breast can-
cer were high. The greatest values of this proportion were
observed in Namibia, Sri Lanka, and Vietnam [6]. Alcohol
consumption is one of the main known risk factors for cancer
in the European Union [4].

In a meta-analysis of prospective cohort studies, 22
cohorts and 45,350 breast cancer cases were analysed.
Women who were drinkers at the time with oestrogen
receptor positivity (ER +) had an elevated risk compared
to non-drinkers. A relationship between total alcohol and
wine dose consumption and increased breast cancer risk
was observed. When consuming 10 g alcohol per day, the
risk increased by 10.5% (relative risk (RR)=1.10; 95%
CI: 1.08-1.13) in total alcohol and 8.9% (RR=1.08; 95%
CI: 1.04-1.14) in wine. For postmenopausal women, the
risk increased by 11.1% (RR=1.11; 95% CI 1.09-1.13)
with every 10 g of the total alcohol increase. It was found
that the breast cancer alcohol-associated percentage is
higher in Europe than in North America and Asia. These
data indicate that the effect of alcohol consumption on the
incidence of breast cancer is mainly seen in ER + breast
cancer. Quantitative analysis showed that drinking
led to a significant risk of breast cancer, especially for
postmenopausal women [7].

Similar results have been obtained in other studies.
In the USA, 1484 cases of breast cancer were diagnosed
(1190 invasive and 294 in situ) among 38,454 women. High
alcohol consumption was related to a slight increase in
breast cancer risk. For > 30 g/day of alcohol versus none,
the RRs were 1.32 (95% CI 0.96-1.82) for total breast cancer
and 1.43 (95% CI 1.02-2.02) for invasive breast cancer.
An elevated risk was limited to ER + and progesterone
receptor (PR)-positive cancers. The RRs for an increase
of 10 g/day of alcohol were 1.11 (95% CI 1.03-1.20) for
ER +/PR + tumours (804 cases), 1.00 (95% CI 0.81-1.24)
for ER +/PR — tumours (125 cases), and 0.99 (95% CI
0.82-1.20) for ER — /PR — tumours (167 cases) [8].

In another study, comprising 184,418 postmenopausal
women, 5,461 breast cancer cases were registered. Total
breast cancer was significantly connected with alcohol
intake, even in the case of a moderate amount of alcohol
(> 10 g/day). In the case where the amount of alcohol
was > 35 g, the RRs were 1.35 (95% CI 1.17-1.56) for total
breast cancer, 1.46 (95% CI 1.22—1.75) for ductal tumours,
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and 1.52 (95% CI 0.95-2.44) for lobular tumours. The RRs
for ER+/PR+, ER+/PR — , and ER — /PR — tumours
were 1.46 (95% CI 1.12-1.91) for > 35 g/day, 1.13 (95% CI
0.73-1.77) for 20 g/day, and 1.21 (95% CI 0.79-1.84) for
above 20 g/day, respectively [9].

In women consuming 35-44 g per day, the alcohol RR
of breast cancer was 1.32 (95% CI 1.19-1.45), whereas for
women consuming > 45 g per day, the alcohol RR of breast
cancer was 1.46 (95% CI 1.33-1.61). The RR of breast
tumours increased by 7.1% (95% CI 5.5-8.7%) for each
additional 10 g of alcohol intake per day. In women with
breast cancer and controls who did not consume alcohol,
smoking did not raise the risk of breast cancer [10].

Ethanol metabolism and its consequences

The biotransformation of ethanol leads to the generation of
metabolites that may cause cell function disturbance or cell
death. Ethanol, as an enzymatic substrate, activates oxidative
metabolic pathways or is incorporated into different chemi-
cal structures in non-oxidative reactions (Fig. 1). The oxida-
tive metabolism of ethanol is predominant [11].

Ethanol metabolism proceeds via a two-stage process.
In the first stage, acetaldehyde is created as a dominant
metabolite; during the second stage, acetic acid is generated.
The first stage of alcohol metabolism to acetaldehyde is
catalysed by alcohol dehydrogenase (ADH, EC 1.1.1.1),
cytochrome P4502E1 (CYP2EI, EC 1.14.14.1), and catalase
(CAT, EC 1.11.1.21). In addition, ethanol is biotransformed
to acetaldehyde and free radicals by molybdoflavoproteins,
i.e. , xanthine dehydrogenase (XDH, EC 1.17.1.4), xanthine
oxidase (XO, EC 1.17.3.2), and/or aldehyde oxidase (AO,
EC 1.2.3.1). Incubation of the cytosolic fraction of rat
breast tissue containing XDH and XO with cosubstrates
(e.g. , NAD', hypoxanthine, xanthine, and its derivatives)
significantly enhanced the metabolism of ethanol to
acetaldehyde. This process is inhibited by allopurinol, but
not by pyrazole [12].

ADH is a cytosolic enzyme that shows broad substrate
specificity and is present in many tissues. ADH requires
zinc to stabilize the enzyme-active centre. The oxidation of
ethanol utilizes the coenzyme NAD™ and therefore increases
the NADH/NAD™ proportion [13]. This enzyme is inhibited
by pyrazole and methylpyrazole.

CYP2EI converts ethanol to acetaldehyde and then to
acetic acid. CYP2EI is localized in liver mitochondria
instead of the endoplasmic reticulum. It has been shown
that CYP2E1 from mitochondria is more effective in the
production of reactive oxygen species (ROS) and cellular
damage. The role of CYP2EI in alcoholic cancerogenesis
is complex in that this enzyme is induced by ethanol, but
ethanol is also an inhibitor of this enzyme [14].
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Fig. 1 Alcohol oxidative metabolism diagram. ADH alcohol dehydrogenase, ALDH aldehyde dehydrogenase, CYP2EI cytochrome P4502E1,

ROS reactive oxygen species

The induction of CYP2EI1 by ethanol leads to the
inactivation of retinoic acid (RA). Incubation of RA with
the liver microsomal fraction from ethanol-treated rats
resulted in the disappearance of RA and an increase in its
polar metabolites, 18-hydroxy-RA and 4-oxo-RA levels.
Both CYP2EI antibody and chlormethiazole and allyl
sulphide, specific inhibitors of CYP2EI, exert inhibitory
effects on RA metabolism in the liver of rats. The
metabolism of RA into polar metabolites was completely
abolished by disulphiram and liarozole, nonspecific
CYP2EI inhibitors [15].

Individuals differ in their ability to metabolize ethanol
through genetic differences in ADH, the enzyme that
catalyses the oxidation of approximately 80% ethanol
to acetaldehyde in the liver. People differ in their ADH
genotype [16]. Genetic features may play an important role
in alcoholic breast tumourigenesis.

There are several categories of human ADH isoenzymes.
The category I ADH enzymes, the products of ADHI1A,
ADHI1B, and ADHIC genes (in the past named ADHI,
ADH2, and ADH3, respectively), mostly participate in
the biotransformation of ethanol. Among the category I
ADH genes, especially ADH1B and ADH1C, polymorphic
variants exist [17]. Among Asians, ADH1B polymorphisms
have been found. ADH1C polymorphisms are mainly seen
among Caucasians [18]. There are two polymorphisms in
ADHIG, i.e. , le***Val and Arg?’’Gln, which determine the
ADHI1C*1 allele. *°Ile and >"?Arg define the ADH1C*1

allele, whereas 2’?Gln and **°Val determine the ADH1C*2
allele [19]. Persons with ADH1C1-1, ADHICI1-2, and
ADHI1C2-2 are defined as fast, intermediate, and slow
metabolizers of ethanol, respectively [20].

The ADHIC gene is critical in cancer development
because it has two alleles, a highly active allele ADH1C*1
and the less active allele ADH1C*2. It was demonstrated
that the ADH1C*1 allele plays a crucial role in breast cancer
risk in premenopausal women [21]. In a study of 315 women
with diagnosed breast cancer and 356 control subjects,
the risk of breast cancer was higher in persons carrying
two copies of the ADHIC*1 allele, i.e. homozygous for
ADHIC#*1 than in those carrying only one or no copies
of this allele, i.e. , heterozygous or homozygous for the
ADH1C*2 allele. In addition, premenopausal women who
were homozygous for ADHIC*1 and consumed higher
amounts of alcohol had a greater risk of breast cancer than
women whose alcohol consumption was moderate (odds
ratio, OR=3.6; 95% CI 1.5-8.8) [22].

In a study of 1047 breast cancer individuals and 1101
control subjects, it was demonstrated that breast cancer
risk for fast metabolizers was strongly marked among
premenopausal women. The OR in these women was 2.9
(95% CI 1.2-7.1), whereas in postmenopausal women,
the OR was 1.8 (95% CI 0.9-3.8) [16]. These data support
the opinion that fast metabolizers of alcohol are at higher
breast cancer risk from alcohol consumption than slow
metabolizers.
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Epidemiological studies revealed that ADHIC alleles
that lead to the accumulation of acetaldehyde in organisms
can increase the risk of alcohol-derived cancers in the
mammary gland. In a meta-analysis of a total of 6,159
cases and 5,732 controls in Caucasians, the pooled OR
with 95% CI for breast cancer risk connected with ADH1C
genotype was evaluated. The lack of an increased breast
cancer risk was found in all genetic models (ADHIC1-2
vs. ADH1C2-2: OR=1.07,95% CI10.97-1.19; ADH1CI-1
vs. ADH1C2-2: OR=1.16, 95% CI 0.94-1.43; dominant
model: OR=1.07, 95% CI 0.97-1.18; recessive model:
OR=1.06, 95% CI 0.93-1.20). In the additive model,
where patients were carrying the ADHIC*1 allele,
an increased risk of breast cancer was not observed
(OR=1.01,95% CI10.97-1.06). These results indicate that
ADHI1C polymorphism may not be connected with breast
cancer risk in Caucasians [23].

Acetaldehyde is rapidly metabolized into a nontoxic
acetate by aldehyde dehydrogenase (ALDH, EC 1.2.1.3)
in the liver. This reaction also increases the NADH/NAD"
proportion. The liver drives acetate to peripheral tissues,
where it is metabolized into acetyl-CoA and then may
be included in the tricarboxylic acid cycle or fatty acid
synthesis.

ALDH is a mitochondrial and cytosolic heterogeneous
enzyme (occurring as an isozyme) that participates in
the biotransformation of endogenous and exogenous
aldehydes. The mitochondrial ALDHs from the livers of
rats, hamsters, and humans exhibit similar properties in the
oxidation processes. However, the cytosolic ALDH levels
in humans differ significantly from those in rodents. The
Km value for acetaldehyde as a substrate for human LDH1
is approximately 12 times greater than those for rodents. In
addition, ALDHI is ten times less sensitive to disulphiram
inhibition than rodent cytosolic ALDHs. ALDH2 is the most
effective for the oxidation of acetaldehyde. This isozyme
has the lowest Km (~0.2 uM) towards acetaldehyde as its
substrate. It was suggested that ALDH?2 is the only enzyme
that oxidizes acetaldehyde in humans [24].

ALDH?2 is located in the mitochondrial matrix of
hepatocytes. ALDH?2 participates in detoxifying reactions,
including the elimination of endogenous compounds such
as 4-hydroxy-2-nonenal and malondialdehyde, the products
of lipid peroxidation reactions. ALDH?2 is also involved
in the elimination of neurotransmitter metabolites such as
3,4-dihydroxyphenylacetaldehyde (DOPAL) and 3,4-dihyd
roxyphenylglycoaldehyde (DOPGAL) in the central nervous
system. There is an inactivating point mutation in ALDH2
(named ALDH2%2) with low enzymatic activity [25]. This
enzyme form is responsible for acetaldehyde accumulation
in tissues.

In a study of 623 female breast cancer patients and 1845
control subjects from East Asia, it was found that alcohol
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consumption increased the risk of breast cancer regardless
of ADHIB and ALDH?2 genotypes. The polymorphism
of ALDH2 was independently related to elevated breast
cancer risk (OR=1.27; 95% CI 1.02-1.58). The ADH1B
polymorphism and the combination of ALDH2 and ADH1B
polymorphisms did not show any relationship with breast
cancer risk [26].

From the point of view of potential health effects, the
existence of the ALDH?2*2 mutation in ALDH?2, which
occurs in approximately 560 million people in East Asia,
or almost 8% of the world’s population, is important [27].

Folate and alcohol are dietary factors that exert an impact
on the risk of cancer development in humans. Alcoholism
is associated with folate deficiency due to limited dietary
folate consumption. Heavy alcohol intake decreases folate
absorption, increases urinary folate excretion and inhibits
key enzymes for one-carbon metabolism. Aberrant DNA
methylation, caused by the deficiency of methyl donors, is
considered a common negative effect of folate deficiency
caused by ethanol. The negative effects of low consumption
of nutrients that provide methyl groups and high intake of
alcohol are additive. Low methionine and low folate diets
coupled with alcohol intake could increase colorectal cancer
risk in men [28].

It was suggested that CYP2E1 and ALDHI1 enzymes
may be critical as causal factors in some tumours,
especially in oral cancer. Chronic and high alcohol
consumption leads to the induction of CYP2E1, which
oxidizes ethanol to acetaldehyde. Acetaldehyde is a
well-known carcinogen. This compound interferes with
DNA methylation, synthesis and repair, and it also binds
to protein and DNA to form stable adducts. It was found
that S-adenosylmethionine (SAM), which is a product of
folate biotransformation, regulates the catalytic activity
of CYP2EI. It was hypothesized that high concentrations
of folate may result in an increase in SAM levels, which
inhibits the activity of CYP2EI and causes a diminished
production of acetaldehyde from ethanol. Within the
ALDHI1 family, two enzymes are critical in both ethanol
and folate metabolism. ALDH1A1 transforms acetaldehyde
into its nontoxic product, acetate. ALDHIL1, known as
folate dehydrogenase (FDH), participates in the production
of nucleotides. ALDHILI1 is downregulated in some
physiological and pathological situations. On the other hand,
its upregulation can cause antiproliferative effects. The other
hypothesis states that folate interacts with one of the three
known response elements that regulate gene expression to
upregulate ALDH1A1 and ALDHI1L1 expression to reduce
acetaldehyde levels and ensure DNA stability [29].

The electrophilic character of acetaldehyde
ensures the possibility of participation in reactions
with some endogenous compounds to produce
various products, such as salsolinol. Salsolinol



Alcohol and breast cancer

73

(6,7-dihydroxy-1-methyl-1,2,3,4-tetrahydroisoquinoline) is
a product of the condensation reaction between acetaldehyde
and dopamine. This compound, widely occurring in many
edibles, did not show any necrotic effect on SH-SYS5Y cells
in vitro. This product exerted a neuroprotective effect against
the neurotoxin 6-hydroxydopamine. Salsalinol significantly
reduced the reactive oxygen species level in SH-SY5Y
cells treated with H,O, as well as the caspase activity.
Serum levels of tumour necrosis factor-alpha (TNFa) and
C-reactive protein (CRP) both served as indirect markers
of neurotoxicity in salsolinol-treated rats and were not
significantly different from the control animals [30].

Acetaldehyde reacts with amino groups and forms Schiff
bases, altering the structures and functions of many proteins,
including alkaline histones [31]. Acetaldehyde inhibits
retinoic acid (RA) biosynthesis. RA is produced from
retinaldehyde by retinaldehyde dehydrogenase (RALDH2,
ALDH1A2). RALDH2 shows more affinity for acetaldehyde
as a substrate than for retinaldehyde [32].

Acetaldehyde is carcinogenic in rodents and causes sister
chromatid exchanges as well as chromosomal aberrations
in human cells. The well-known adduct from acetaldehyde
is N%-ethyl-2'-deoxyguanosine, which is present in liver
DNA obtained from ethanol-exposed rodents and in
leucocytes obtained from human alcohol consumers. The
carcinogenic relevance of this adduct is unclear because
of the lack of evidence supporting its mutagenic activity
in mammalian cells. Another DNA adduct, I,Nz—propano—
2'-deoxyguanosine (PdG), can also be generated from
acetaldehyde in the presence of histones and other basic
compounds. PdG is responsible for genotoxic and mutagenic
effects [34]. In vitro studies show that acetaldehyde
induces clastogenic effects, as evidenced by the increase in
micronuclei frequency, DNA breaks, the cell growth cycle
stopping at the G2/M phase, and the decrease of cell vitality
[33, 34].

Acetaldehyde reactivity also leads to covalent
alterations in lipids and proteins by forming different
adducts. Acetaldehyde lessens glutathione (GSH) levels
and, consequently, cellular redox equilibrium by different
mechanisms. These mechanisms may include, among other
things, the nonenzymatic binding of GSH, a decrease in
glutathione peroxidase activity, destruction of GSH into
cysteinyl glycine, and disturbances of the transsulphuration
process [35].

GSH serves to protect cells against endogenous and
exogenous electrophiles. This tripeptide is a cofactor for
enzymes that metabolize H,0, and lipid peroxides. GSH
is connected with different electrophilic compounds by
glutathione S-transferase (GST). The products of these
reactions are well eliminated from organisms. GSH
biosynthesis is linked to the cellular methylation process

through the transsulphuration pathway. The methylation
process is essential for epigenetic gene regulation [35].

Apart from oxidation, there are several non-oxidative
reactions of ethanol that lead to the enzymatic conjugation
of this chemical to endogenous metabolites such as
glucuronic acid, sulphate phospholipids, and fatty acids.
Ethyl glucuronide, ethyl sulphate, phosphatidylethanol and
fatty acid ethyl esters are the products of these reactions.
These conjugation reactions quantitatively represent a
minor part of the biotransformation processes of ethanol in
comparison with the oxidative reactions. These last reactions
may have pathological significance due to the modification
of metabolic processes [36, 37].

Ethanol causes metabolic alterations that may lead
to cancer development. According to the International
Agency Research on Cancer (IARC), alcoholic beverages
and acetaldehyde are classified in Group 1, i.e. substances
carcinogenic to humans [2].

Alcohol effects on breast cancer

Studies of alcohol in relation to breast cancer incidence
have included hundreds of thousands of women. Evidence
is consistent that alcohol consumption, even the intake
of less than 10-50 g per day, leads to an increased risk
of this disease. In addition, evidence shows that possible
early indicators of risk, such as benign breast disease
and increased breast density, are associated with alcohol
consumption. Evidence is less strong for differences based
on geographic region, beverage type, drinking pattern, or
breast cancer subtype. Knowledge of breast cancer caused
by alcohol as a risk factor is low in society [5].

There are numerous risk factors for breast cancer. In
a case—control study conducted in Poland, significant
associations between some risk factors and breast cancer
were observed. Obesity caused an elevated risk of
mammary gland cancer in women compared to subjects
with a BMI <30 (OR=1.9; 95% CI 1.16-3.04). Alcohol
consumption < 15 years of life led to a duplication of breast
cancer risk (OR=1.98; 95% CI 1.06-3.69). Women who
breastfed for less than 3 months had a higher breast cancer
risk (OR=2.3; 95% CI 1.52-3.5). Women with basic
education (OR =2.5; 95% CI 1.49-4.19) and those living
in rural areas (OR =1.7; 95% CI 1.05-2.9) had an increased
breast tumour risk [38].

In women, low to moderate alcohol intake increases
the risk of some tumours. Every extra drink (a unit)
systematically consumed per day is responsible for 11 breast
cancers per 1000 women up to the age of 75 years. Increased
alcohol drinking leads to an elevated risk of mammalian
tumours (12%; 95% CI 9-14%) (p trend < 0.001). The types
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of alcoholic beverages do not influence the cancerogenic
risk level [39].

In a case—control study of 243 cases and 423 control
subjects, it was found that women with a prior ductal
carcinoma in situ diagnosis were at higher risk of invasive
breast cancer. It was observed that drinkers with ductal
carcinoma in situ, consuming at least one alcoholic drink per
day, had a higher risk of invasive breast cancer (OR=1.79;
95% CI 1.01-3.17). The risk of this cancer type in women
was not significantly associated with smoking [40].

The relationship between alcohol consumption and
postmenopausal breast cancer risk among 87,724 women
in the Women’s Health Initiative Observational Study
prospective cohort from 1993 through 1998 was evaluated.
A total of 2944 women with invasive breast cancer were
diagnosed during follow-up through September 15, 2005.
Alcohol consumption was positively related to the risk of
invasive breast cancer overall, invasive lobular carcinoma,
and hormone receptor-positive tumours. Women who
consumed seven or more alcoholic beverages per week
had an almost twofold increased risk of hormone receptor-
positive invasive lobular carcinoma (hazard ratio, HR =1.82;
95% CI 1.18-2.81), but not a statistically significant
increased risk of hormone receptor-positive invasive ductal
carcinoma (HR=1.14; 95% CI 0.87-1.50) compared with
non-drinkers. The difference in HRs per drink per day among
current drinkers was 1.15 (95% CI 1.01-1.32). The absolute
rates of hormone receptor-positive lobular cancer among
non-drinkers and current drinkers were 5.2 and 8.5/10,000
person-years, respectively, whereas for hormone receptor-
positive ductal cancer, they were 15.2 and 17.9/10,000
person-years, respectively [41].

Different patterns of alcohol drinking may have different
effects on breast cancer development even when the total
amount of alcohol intake is constant. The study was
performed on a group of 9577 women (mean age 34 years),
with a median follow-up of 11.8 years. Among 104,932
women-years of follow-up, 88 cases of breast cancer were
diagnosed. Women in the binge drinking group had a
higher risk of breast cancer (HR =1.76; 95% CI 1.03-2.99)
than those in the non-binge drinking category. In the
stratified analysis, a twofold higher risk for premenopausal
breast cancer was associated with a binge drinking habit
(HR=2.06;95% CI 1.11-3.82) [42].

In the European Prospective Investigation into Cancer
and Nutrition (EPIC) study, including a cohort of more than
360,000 women from 10 countries in Europe, the association
between alcohol consumption and the risk of breast cancer
was stronger for women with oestrogen receptor-positive
tumours than for those with oestrogen receptor-negative
tumours [43].

@ Springer

Alcohol effects on oestrogen levels
and oestrogen receptors

The relationship between alcohol consumption and oestrogen
and androgen concentrations in the blood of postmenopausal
women was evaluated in a cross-sectional study. It was
found that women who consumed over 25 g of alcohol per
day had higher levels of oestrone (E,) and oestradiol (E,).
The concentrations of dehydroepiandrosterone sulphate
(DHEANS), testosterone, and sex hormone-binding globulin
(SHBG) were not changed compared to those in non-drinking
women [44]. In another study, when postmenopausal women
consumed 15 or 30 g alcohol per day for 8 weeks, they had
an elevated concentration of oestrone sulphate in serum,
increasing by 7.5% (95% CI — 0.3 to — 15.9%) and 10.7%
(95% CI1 2.7-19.3%), respectively. DHEAS concentrations
also increased by 5.1% (95% CI 1.4-9.0%) and 7.5% (95%
CI 3.7-11.5%), respectively, relative to levels in women who
consumed the placebo [45].

In a similar study at week 4, when the women consumed
15 g of alcohol per day, oestrone sulphate in serum
increased by an average of 6.9% (not significantly). When
these women drank 30 g of alcohol per day, oestrogen was
elevated by an average of 22.2% (significantly). Additionally,
DHEAS levels were increased (significantly) by an average
of 8.0% and 9.2% after intake of alcohol at doses of 15 g
and 30 g daily, respectively. The concentrations of serum
oestrone sulphate at week 4 versus week 8 across both doses
of alcohol were similar. However, DHEAS concentrations
were elevated significantly from week 4 to week 8 for all
alcohol doses administered. Thus, the hormonal effects due
to moderate alcohol intake are seen early, within 4 weeks
from the start of alcohol consumption [46].

A controlled-diet study lasting for six consecutive
menstrual cycles in women with a history of regular
menstrual cycles who consumed 30 g of ethanol (i.e.
approximately two average drinks) per day was conducted.
Plasma DHEAS levels were 7.0% higher in the follicular
phase (»p=0.05) than in the no alcohol group. In the peri-
ovulary phase, increases of 21.2% (p=0.01) in plasma E1
levels, 27.5% (p=0.01) in plasma E2 levels, and 31.9%
(»=0.009) in urinary E2 concentrations were observed.
In the luteal phase, E1 levels in the urine increased by
15.2% (p=0.05), E2 levels rose by 21.6% (p=0.02), and
oestriol levels increased by 29.1% (p =0.03). The percent of
bioavailable E2, defined by the sum of free E2 and albumin-
bound E2, expressed as a percentage, did not change [47].

In MCF-7 human breast cancer cells in vitro, ethanol
stimulates cell proliferation and enhances ERa and
aromatase expression. This finding supports the role of
ER signalling in the proliferation of breast cancer cells.
Ethanol has been found to stimulate the proliferation of
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human ER + but not ER— breast cancer cells in vitro [48].
Moreover, in hormone-responsive MCF-7 and T47D cells,
ethanol increased the activity of the liganded ER-« in a dose-
dependent manner and caused downregulation of BRCA1
expression, the tumour-suppressor gene [49].

The results of the EPIC study and the Endogenous
Hormones and Breast Cancer Collaborative Group have
confirmed the relationship between elevated serum
concentrations of oestrogens and androgens and low serum
levels of SHBP and high premenopausal breast cancer risk.
It has been suggested that alcohol drinking increases sex
hormone levels in both pre- and postmenopausal females.
In the EPIC study, higher levels of both total and free
testosterone and lower levels of SHBP were observed in
postmenopausal women who consumed over 25 g/day of
alcohol [50, 51].

In another study, alcohol consumption was significantly
positively associated with plasma luteal concentrations but
not with androgen levels or oestrone or oestradiol in the
follicular phase of the menstrual cycle [52].

It has been found that higher premenopausal circulating
testosterone levels are associated with an increased risk
of the development of breast cancer, but a significant
association of oestradiol or progesterone with breast
cancer risk, overall, by menstrual cycle phase or by tumour
receptor status has not been shown; a possible risk increase
with higher oestradiol levels for tumours diagnosed before
age 50 was seen [53].

The relationship between alcohol consumption and
ER +and PR + breast cancer has been shown in numerous
epidemiologic studies [8, 9, 43]. In a group of 989 women
with histologically confirmed breast cancer and a control
group of 1350 women, alcohol drinking was related to
ER + tumours (OR =2.16; 95% CI 1.68-2.76) for the
group consuming > or = 13.8 g alcohol per day. For a 10-g
increase in alcohol consumption per day, the OR was 1.13
(95% CI 1.07-1.20). For ER— cancers, the association
with alcohol intake was not significant (OR =1.36;
95% CI 0.93-2.01). The effects for ER + PR + tumours
were similar to those for all ER + tumours (OR =2.34;
95% CI 1.81-3.04) for subjects with an alcohol intake
of >or=13.8 g per day. For ER-PR- breast cancer, no
significant relationship was observed (OR=1.25;95% CI
0.81-1.94) [54].

Alcohol consumption at the highest intake level
(>or=10 g of alcohol per day) was associated with
an increased risk of the development of ER + tumours,
irrespective of PR status compared to non-drinkers
(RR=1.35;95% CI 1.02-1.80 for ER + PR + tumours and
RR=2.36;95% CI 1.56-3.56 for ER + PR — tumours). The
absolute rate of ER + breast cancer was 232 per 100,000
person-years among women in the highest category of
alcohol consumption and 158 per 100,000 person-years

among non-drinkers. No association between alcohol
consumption and the risk of developing ER — tumours
was observed. In addition, it was observed that there is
a statistically significant interaction between alcohol
consumption and the use of postmenopausal hormones and
the risk for ER + PR + tumours [55].

Oral ethanol administered at a dose of 0.225 g/kg body
weight increased serum oestradiol levels significantly
by 27-38% in premenopausal women, especially in the
midphase of the menstrual cycle [56]. It is well known that
oestrogens may cause breast cancer by direct actions on
the ER and as a consequence of their oxidation leading to
reactive metabolites [57].

In general, it has been confirmed that the consumption of
alcohol is more strongly related to ER + breast cancers than
ER-— breast cancers [54, 55].

Finally, it has been reported that in vitro, culturing
ER + human breast cancer cells in ethanol-containing
medium was associated with an increase in their
proliferation rate, ERa content and ER transcriptional
activity. Since these changes were not observed in ER-
breast cancer cells and because alcohol intake has been
associated with an increased level of circulating oestrogens,
it has been postulated that aromatase expression could be
increased following ethanol exposure. The study shows
a 1.3-fold increase in cell proliferation after 6 days of
culture of MCF-7 cells in the presence of 0.1% ethanol.
After a 6-day exposure to 0.1% ethanol, there was a 1.7-
fold increase in ERa mRNA (not significant) and a 3.3-fold
increase in ER« content (significant). In addition, a 2.4-fold
increase in the aromatase mRNA level was demonstrated.
These results are in agreement with the involvement of ER
signalling in ethanol-induced stimulation of breast cancer
cell proliferation [48]. Moreover, exposure of MCF-7 breast
cancer cells to ethanol induced an increase in the mRNA
levels of two well-known oestrogen target genes, PR and
pS2. This result was confirmed by an increase in luciferase
activity in pEREtkLuc-transfected MCF-7 cells exposed to
ethanol. These effects, whose intensity was similar to those
of oestradiol, were also observed in a steroid-free medium
and were inhibited by the anti-oestrogen (ICI 182,780).
This suggested a ligand-independent activation of ERa in
ethanol-treated cells [58].

Molecular mechanisms of alcohol-mediated
carcinogenesis

Despite consistent evidence linking breast cancer to alcohol
consumption, the mechanisms for carcinogenesis induced by
alcohol are not completely known. Several ethanol actions
have been hypothesized (Fig. 2). These include alcohol
effects on oestrogen concentrations and their receptors,
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Fig.2 The main mechanisms of alcohol carcinogenicity. ERa — oestrogen receptors; SHBP sex hormone-binding globulin, BRCAI tumour-
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the production of acetaldehyde or reactive oxygen species
(ROS), and reduction in the absorption of essential nutrients.
Ethanol may also cause carcinogenic effects by disturbing
DNA methylation and retinoid metabolism [3].

Alcohol-associated carcinogenesis may be caused
by smoking, diet, comorbid diseases, and genetic
predisposition. An increase in endogenous oestrogen levels
by alcohol drinking may lead to breast cancer. Patients
with, among other things, some chronic liver diseases,
gastroesophageal reflux disease and colorectal polyps
are particularly susceptible to the tumourogenic action
of ethanol. Carriers of the ALDH2*2 allele have a higher
probability of alcohol-related oesophageal cancer. Carriers
of ADH1C*1 homozygotes and methylenetetrahydrofolate
reductase (MTHFR) 677CT variants are also at higher risk
for alcohol-connected tumours. Factors such as poor oral
hygiene, deficit of folate, vitamin B6, or methyl donors in
diet or an excess of vitamin A and p-carotene in a meal also
increase the risk of alcohol-associated tumours [59].

In vitro studies using human tumour cells have
identified signalling molecules that may contribute to the
effects of alcohol, including ROS, acetaldehyde, matrix
metalloproteases, ErbB2/Her2/Neu receptor tyrosine kinase,
cytosolic protein kinases, adenylyl cyclase, E-cadherins,
oestrogen receptors, and different transcription factors.
The existing data suggest that the epidermal growth factor
receptor (EGFR) tyrosine kinase may contribute to breast
cancer development and progression [60]. Amplification
of ErbB2 receptor tyrosine kinase is observed in 20-30%
of women with breast cancer. ErbB proteins that function
as receptor kinases include EGFR/ErbB1, ErbB2/neu,
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ErbB3, and ErbB4. In particular, ErbB2 plays an essential
role in the activities of ErbB. Ethanol stimulates invasion
by breast cancer overexpressing ErbB2. It was found that
overexpression of ErbB2 is positively related to elevated
levels of matrix metalloproteinase-2 (MMP-2) and MMP-
9. The activation of these metalloproteinases is dependent
on c-Jun N-terminal kinases (JNK) and ROS. Ethanol-
stimulated cell invasion is significantly inhibited by selective
inhibitors of MMP-2. MMP-2 is predominantly expressed
in stromal fibroblasts. MMP-2 is also activated by ethanol.
The medium collected from ethanol-treated fibroblasts
markedly stimulated the invasion of breast cancer cells.
In MCF-7 human neoplastic cells treated with ethanol
in vitro, higher amounts of active MMP-2 and MMP-9 in
their culture medium were observed. E2 induces growth in
MMP-2 and MMP-9 levels. The anti-oestrogen ICI 182,780
inhibits the E2-induced increase in MMP-2 and MMP-9
secretion. In the case of ethanol exposure, this ER antagonist
was only powerful on MMP-9 secretion. Although MMP-9
transcription in MCF-7 breast cancer cells was not sensitive
to E2 or ethanol, MMP-2 transcription was stimulated by
these compounds [61-63].

It has recently been shown that epithelial-mesenchymal
transition (EMT), a process by which cancer cells invade and
migrate, and loss of cell—cell adhesion molecules such as
E-cadherin which have an increased level of mesenchymal
proteins, e.g. vimentin, play a significant role in cancer
progression and metastasis. Alcohol upregulated an EMT
marker, vimentin, in colon and breast cancer cells. In
colon and MCF-7 and MDA-MB-231 breast cancer cells,
this compound caused an increase in MMP-2, MMP-7,
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and MMP-9 levels as well as cell migration. Alcohol also
stimulated nuclear localization of a transcription factor
(Snail) involved in tumour progression and malignancy. The
snail level was significantly elevated in colonic tissue from
alcoholics. Moreover, it was found that alcohol increased
EGFR activation. EGFR inhibitors (e.g. AG1478 and TAPI-
2) blocked Snail mRNA expression and alcohol-induced
cell migration. These data indicate that cancer progression
induced by alcohol through EMT activity is associated with
an EGFR-Snail-mediated pathway [64].

Alcohol stimulates mammary tumour growth by
activating vascular endothelial growth factor (VEGF).
In a mouse xerograph model of mammary tumours and a
three-dimensional (3D) tumour/endothelial cell coculture
system, it was discovered that alcohol stimulated tumour
angiogenesis and accelerated tumour growth. In addition,
alcohol induced VEGF expression in breast cancer cells
in vitro and in vivo. The inhibition of VEGF by a specific
inhibitor reduced both angiogenesis of tumours and alcohol-
promoted tumour growth [65]. VEGF not only induces
angiogenesis but also uncouples endothelial cell—cell
junctions and causes vascular permeability and oedema,
resulting in extensive injury to ischaemic tissues after
stroke or myocardial infarction. In cancer, VEGF-mediated
disruption of the vascular barrier may cause tumour cell
extravasation, leading to metastasis [66].

Metastasis is a process that includes intravasation
and extravasation of cancer cells. The integrity of the
vascular endothelial barrier plays a pivotal role in these
processes. Ethanol at a concentration of 200 mg/dl
disrupted endothelial monolayer integrity. This effect was
reversible after the withdrawal of ethanol. The disruption
of endothelial monolayer integrity led to growth in the
invasion of cancer cells. Ethanol induces the endocytosis of
VE-cadherin. VE-cadherin is an important component of the
adherens junction and is responsible for vascular endothelial
integrity. These results suggest that ethanol may simplify
cancer metastasis by disjunction of the vascular endothelial
monolayer [67].

In breast cancer cells (MCF-7, BT20, and T27D)
chronically exposed to ethanol in vitro, increased
aggressiveness of these cells by the mitogen-activated
protein kinase (p38yMAPK/RhoC) pathway was observed.
In this type of exposure to ethanol, a scattering of the
examined cell colonies was observed. Moreover, increased
colony formation and stimulation of cell invasion/migration
were found. In addition, the population of cancer stem-cell
like cells (CSCs) increased. The above-mentioned cancer
cells treated with ethanol in vitro manifested a higher
increase in velocity and metastasis in mice in vivo [68].

p38y is one of the isoforms of a p38 MAPK enzyme
that includes the following isoforms: p38a, p38p, p38y and
p385. These p38 MAPKSs are kinases of serine/threonine.

These enzymes are activated by different cellular and
environmental factors, as well as other inflammatory
cytokines. It was found that p38y MAPK may participate
in carcinogenesis. However, the molecular mechanism of
its action is unknown. It was shown that p38y MAPK leads
to EMT growth in breast cancer cells. EMT facilitates
cancer cell progression and metastasis and participates in
the regulation of CSCs. CSCs have a self-renewal capacity
and are resistant to chemotherapy. While overexpression of
p38y MAPK activated EMT, its downregulation depressed
EMT. Whereas p38y MAPK increased the CSC number,
knockdown of p38y MAPK decreased the CSC ratio in
breast cancer cells. MicroRNA-200b (miR-200b) was
downstream of p38y MAPK and negatively regulated
by p38y MAPK. miR-200b inhibited p38y MAPK-
induced EMT, while miR-200b inhibitors stimulated
EMT. The regulation of miR-200b expression by p38y
MAPK proceeds through inhibiting GATA3. GATA3 is
a transcription factor that regulates miR-200b expression.
p38y MAPK induces GATAS3 and leads to its proteasome-
dependent degradation; p38y MAPK participates in the
regulation of the CSC population, migration/invasion,
tumourigenesis and cell transformation. EMT plays a
crucial role in cancer progression, the dissemination of
cancer cells from solid tumours and the formation of
metastases. During the process of EMT, epithelial cancer
cells achieve molecular characteristics that facilitate
the loss of epithelial features and acquisition of the
mesenchymal phenotype. Such a transformation leads to
cancer cell migration and invasion [69-71].

Alcohol causes migration and invasion of triple-negative
breast cancer cells (TNBC) through activation of p38 MAPK
and JNK. These cells are a subtype of breast tumours that
lack ER and PR hormone receptors and HER2 receptor
expression. It has been shown that alcohol at low concentra-
tions (0.025-0.1%) in MDA-MB-231 and MDA-MB-468 cell
lines caused cell proliferation, migration, and invasion. Both
of these cell lines represent TNBC. The changes observed
were induced by ROS production, activation of p38 MAPK,
and JNK phosphorylation. Alcohol exposure activated the
nuclear transcription factor NF-kB and increased the tran-
scription of NF-kB-targeted genes. In TNBC cells, acetalde-
hyde, a major alcohol metabolite, induced cell migration and
invasion and increased the phosphorylation of p38, JNK, and
NF-kBa in a manner similar to ethanol [72].

Prevention
The induction and development of female breast cancer

are conditioned by different factors. These factors include
alcohol consumption, precocious puberty, late menopause,
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first pregnancy in late age, a short period of breastfeeding,
use of combined oestrogen and synthetic progestogen
hormonal therapy, a high-fat diet, and little or lack of
physical exercise. The elimination of some of these factors,
as a primary prevention, may protect against morbidity and
mortality caused by breast cancer [73, 74]. The diagnostic
methods, e.g. mammography, ultrasonography, automated
ultrasound, and palpable breast examination, as a secondary
prevention, may contribute to the early detection of cancer
or precancerous alterations [75, 76].

Some compounds, particularly phytochemicals present
in food, drinks, and dietary supplements, which have potent
inhibitory activity on the enzymes of ethanol metabolism to
acetaldehyde [77], may be recognized as both primary and
secondary prevention agents. Antineoplastic drugs may be
considered secondary prevention factors.

Phytochemicals

Actein, as a natural compound, is obtained from the root
of Cimicifuga species. Actein treatment of MDA-MB-231
human breast cancer cells (oestrogen receptor negative)
in vitro significantly reduced cell proliferation, migration,
and motility, caused G1 phase cell cycle arrest and
suppressed MMP protein expression. Moreover, actein
blocked the adhesion of breast cancer cells to collagen and
decreased the level of integrins. Exposure to this compound
led to downregulation of the levels of EGFR, AKT and
NF-«B signalling proteins. The in vivo study demonstrated
that actein significantly reduced the number of zebrafish
embryos with migrated cells by 74% and decreased the
number of migrated cells in embryos. Actein is a novel anti-
migration natural compound with anti-metastatic activity
[78].

Several phytochemicals, especially polyphenols, exert
inhibitory action on enzymes responsible for acetaldehyde
biosynthesis present in mammary tissue [79-81]. The
polyphenolic compounds occurring in plants have
antioxidative and possibly anticarcinogenic properties.
The inhibition of tumourigenesis has been observed among
other compounds, such as phenolic acids, tea and catechins,
isoflavones, quercetin, curcumin, genistein, and other
flavonoids, resveratrol and lignans. Polyphenols may inhibit
carcinogenesis at all stages. [soflavones and lignans may
delay tumour formation by affecting oestrogen-associated
activities [82, 83]. An especially attractive polyphenol
is ellagic acid because it inhibits oestrogen-mediated
mammary carcinogenesis in rats [84]. In addition, foliate
was observed to be crucial in the prevention of breast cancer
[85].

ALDH activity in the mammary gland is several times
lower than that in the liver. Mitochondrial ALDH activity
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is subject to the inhibitory action of 4-hydroxy-2-nonenal,
the lipid peroxidation byproduct, which is both a substrate
and an inhibitor of this enzyme [86]. Thus, withdrawal
of acetaldehyde from breast tissue is more difficult than
from the liver. Moreover, the activity of the reduced
glutathione/glutathione S-transferase system, which
detoxifies acetaldehyde, is low in breast tissue [87].

The administration of cysteine may diminish
acetaldehyde accumulation in the mammary gland by
generating 2-methylthiazolidene-4-carboxylic acid, a stable
adduct [88]. N-Acetylcysteine (NAC) can be given instead
of cysteine because of its lower toxicity. NAC is a precursor
of GSH. NAC exerts preventive action by antioxidant
activity and inhibition of DNA adduct formation [89].
Additionally, resveratrol, a natural phenolic antioxidant with
stilbene structure and dihydrolipoic acid, can counteract the
generation of depurating oestrogen-DNA adducts [89].

The carcinogenic effect of ethanol may also exist as
the result of catechol-O-methyltransferase (COMT)
detoxifying pathway dysfunction. COMT participates in
the conjugation of catechol oestrogens in the presence of
S-adenosylmethionine (SAM), folate, and vitamins B6 and
B12. SAM administration may diminish oxidative stress
by GSH synthesis, attenuate the inflammatory process by
decreasing TNF-a levels, and increase the biosynthesis of
interleukin-10 [90].

In the transmethylation reaction, S-adenosylhomocysteine
(SAH) is produced with the participation of SAM. SAH is a
potent inhibitor of the methylation reaction. Chronic ethanol
drinking depleted the hepatic level of SAM, increased the
plasma level of homocysteine and hepatic concentration of
SAH, and reduced the folate plasma level in animals and
humans. Administration of SAM causes the restoration of
the hepatic level of GSH reduced by alcohol [90]. SAM
administration may be an efficient agent in the prevention
of alcoholic mammary cancer.

In the studies of many selected Chinese medical plants, a
highly positive correlation between antioxidant capacities,
expressed in inhibition of xanthine oxidase (XO) and
neutralization of the superoxide radical, and total phenolic
content has been found [79, 91, 92]. The hydroxyl groups at
C-5 and C-7 and the double bond between C-2 and C-3 of
the flavonoid structure were critical for the high inhibitory
effect on XO. Flavonoids contain 15 carbonic atoms forming
a characteristic structure consisting of two aromatic rings
joining the tricarbonic bridge or heterocyclic ring. Flavones
were slightly more active at inhibition than flavanols. These
compounds have been divided into six groups according
to their effect on XO and superoxide radicals: Group A—
lack of inhibitory activity on XO and superoxide radical
neutralizing capacity; Group B—XO inhibitors without
superoxide radical neutralizing capacity; Group C—XO
inhibitors with superoxide radical neutralizing capacity;
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Group D—XO inhibitors with pro-oxidant activity on the
generation of superoxide radicals; Group E—compounds
with a minimal inhibitory effect on XO, but with a pro-
oxidant activity on the generation of superoxide radicals;
Group F—flavonoids without effect on both XO and
superoxide radicals [79].

In another study, it was found that apigenin, galangin,
kaempferol, quercetin, genistein and resveratrol potently
inhibited the XO enzyme among 30 bioactive compounds
present in the edible food plants tested. Flavonoids exhibit
highest, anthocyanins and hydroxycinnamic acids moderate,
while maslinic acid, ellagic acid, salicylic acid, [6]-gingerol
and flavon-3-ols demonstrated weak XO inhibitory activity.
The molecular docking study indicates that these bioactive
chemicals bind with the active centre of XO and occupy this
centre, which further prevents the entrance of substrate and
results in the inhibition of XO [93].

Recently, it was revealed that the inhibitory activity of
alk(en)yl phenols, present in many edible plants, towards
XO is related to both the hydroxy group arrangement in
the phenol moiety and the alk(en)yl chains. The inhibitory
activity of these compounds in relation to XO is expressed
as a combination of uric acid synthesis inhibition and
suppression of superoxide anion (O27) production. The
inhibitory activity of alk(en)yl phenols was divided into
three types of processes. The first is XO activity inhibition,
the second is reduction of O2~ production and the third is
027 scavenging [94].

Alkyl gallates, especially octyl-, decyl- and dodecyl-
gallates, competitively inhibit the activity of XO expressed
by uric acid formation. The inhibition level grows with
increasing alkyl chain length. Gallic acid and its esters
equally suppress O2~ production catalysed by XO. These
data indicate that alkyl gallates may lead to the protection
of the organism from breast cancer and urolithiasis [95].

There is evidence indicating that a ketogenic diet can
delimit glucose availability to tumour cells and thereby
extend ketone body levels from fatty acid oxidation.
Glycolysis is a main metabolic process for cancer cells that
provides these cells ATP molecules necessary for growth in
hypoxic conditions. It is suggested that the introduction of
a ketogenic diet in the clinic could improve progression in
survival among women with breast cancer [96].

Drugs as prevention factors

Selective oestrogen receptor modulators (SERMs), such
as lasofoxifene, raloxifene, and tamoxifen, and aromatase
inhibitors, i.e. anastrozole, letrozole, and exemestane,
are drugs applied in breast cancer therapy. Tamoxifen
and raloxifene reduced the morbidity and mortality from
breast cancer. Promising results of aromatase inhibitor tests

indicate that these compounds are efficient in the prevention
of ER + breast cancer. Instead, present-day investigations
are concentrated on elaborating preventive therapies for
other subtypes of breast cancer, such as HER2 4+ and
TNBC. HER2 + breast cancers are at present treated with
trastuzumab and lapatinib. A few drugs, such as poly(ADP-
ribose) polymerase inhibitors, vitamin D, and retinoids,
are currently being examined for the prevention of TNBC
[97]. The other selected therapies tested include monoclonal
antibodies (mAbs), antibody—drug conjugates (ADCs),
tyrosine kinase inhibitors (TKIs), and cyclin-dependent
kinase (CDK) inhibitors [98].

Exemestane, an aromatase inhibitor, has been examined
for breast cancer prevention in postmenopausal females. In
a group of 4,560 high-risk postmenopausal females treated
with exemestane 25 mg daily for approximately three years,
there was a 65% relative decrease in the annual occurrence of
invasive breast cancer when compared with the placebo. In
addition, a 53% decrease in invasive plus noninvasive breast
cancer was observed. Adverse effects from exemestane are
generally mild, with the most common being diarrhoea,
joint pain, and menopausal symptoms. It is crucial that
exemestane did not increase the risks of endometrial cancer,
thromboembolism, cardiovascular disorders, or cataracts.
Instead, joint stiffness and arthralgia were observed more
frequently than in the case of tamoxifen and raloxifene [99].

It was estimated that practically half of the women at high
and moderate risk of breast cancer could benefit from the
application of current therapy, i.e. exemestane, raloxifene,
antrazole, and tamoxifen. Moreover, controlling body
weight, exercise and moderating alcohol consumption in all
women could diminish breast tumour risk by approximately
30% [100].

It was found that breast cancer risk increased by 7% to
10% for each additional daily alcohol consumption. A drink
is half a pint of 4% alcohol content beer or cider or 25 mL of
40% spirits, while a small 125-mL glass of 12% wine is 1.5
drinks. Females who consume four to nine drinks weekly are
15% more likely to develop breast cancer than non-drinkers
[101]. It was suggested that not drinking more than one
drink per day in women should minimize breast cancer risk.

Carcinogenic prevention includes not only middle- and
late-aged women, but also younger women after menarche
[102]. For carcinogenesis in women, the most susceptible
period is between menarche and first pregnancy [103].

Conclusions
This review presents information on important findings

concerning ethanol metabolism, ethanol breast cancer
development, and its prevention.
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Most data indicate that alcohol consumption increases
the risk of mammary gland tumour in both pre- and post-
menopausal women. Worldwide, the number of deaths
from female breast cancer increases. The data indicate that
alcohol consumption is mainly involved in the incidence
in ER +and/or PR + breast cancer. Increasing alcohol con-
sumption was related to a rise in breast cancer risk. Differ-
ent manners and amounts of alcohol consumption may have
varied influences on breast cancer development.

Ethanol consumption activates metabolic pathways in an
oxidative way or incorporates this compound into different
chemical structures in non-oxidative reactions. The oxidative
metabolism of ethanol predominates over the non-oxidative
metabolism. Ethanol metabolism includes a two-stage
process. Under the first stage, acetaldehyde, as a primary
metabolite, is generated; during the second stage, acetic acid
is produced. While the first stage is metabolic activation, the
second stage is detoxification.

The metabolism of ethanol is catalysed by numerous
enzymes, including ADH, CYP2E1, CAT, XOR, AO, and
ALDH. These enzymes most often exist as different classes
of isoenzymes that cause differentiation in individual and
racial ethanol metabolism and a variety of breast cancer
risks.

The mechanisms by which ethanol induces
carcinogenesis include oxidative stress, altered DNA
methylation and interaction with retinoid metabolism.
In addition, signalling molecules such as acetaldehyde,
ROS, matrix metalloproteinases, cytosolic protein
kinases, E-cadherins, and different transcription factors
may contribute to the carcinogenic effects of ethanol.
EGFR tyrosine kinase may contribute to breast cancer
development and progression. Ethanol stimulates invasion
of breast cancer by overexpression of ErbB2, which
is positively associated with elevated levels of matrix
metalloproteinases. The activation of metalloproteinases
is dependent on c-Jun, JNK, and ROS. Ethanol activates
VEGF and EMT, which play a significant role in cancer
progression and metastasis. This xenobiotic causes
migration and invasion of triple-negative breast cancer
cells through activation of p38MAPK and JNK. Ethanol
activates the nuclear transcription factor and increases the
transcription of NF-xB-targeted genes.

There are primary and secondary prevention strategies
that may improve rates of morbidity and mortality
from breast cancer. Some phytochemicals present in
food, drinks, and dietary supplements that exert an
inhibitory effect on the enzymes of ethanol metabolism to
acetaldehyde may be recognized as prevention agents. The
administration of cysteine, NAC, and SAM may diminish
acetaldehyde accumulation in mammary tissues and may
stimulate catechol oestrogens’ conjugation by COMT. The
compounds that exert their action on the ER and aromatase
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blocking agents inhibit the ER or oestrogen-activated
pathways. The selective therapies currently tested include
tyrosine kinase inhibitors, cyclin-dependent kinase
inhibitors, antibody—drug conjugates, and monoclonal
antibodies.

Author contributions The authors declare equal participation in the
creation of the manuscript.

Funding This work has been supported by the statutory funds of the
Department of Biochemical Toxicology, Chair of Toxicology, Medical
College, Jagiellonian University, Poland.

Data availability statement Data sharing is not applicable to this article
as no datasets were generated or analysed during the current study.

Declarations

Conflict of interest The authors have no conflict of interest regarding
the publication of this article.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Boyle P, Boffetta P, Lowenfels AB, Burns H, Brawley O, Zaton-
ski W, et al. Alcohol, science, policy, and public health, vol. 28.
Oxford: Oxford University Press; 2013. p. 234—40.

2. International Agency for Research on Cancer. IARC Monographs
on the Identification of Carcinogenic Hazards to Humans (2020)
Available online: http://www.iarc.who.int/ (Accessed on 2 Sep-
tember 2021).

3. World Health Organization. Global status on alcohol and health
2018. Geneva: WHO; 2018.

4. Shield K, Manthey J, Rylett M, Probs C, Wettlaufer A, Parry
CDH, et al. National, regional, and global burdens of disease
from 2000 to 2016 attributable to alcohol use: a comparative risk
assessment study. Lancet Publ Health. 2020;5(1):e51-61. https://
doi.org/10.1016/S2468-2667(19)30231-2.

5. Freudenheim JL. Alcohol’s effects on breast cancer in women.
Alcohol Res. 2020;40(2):11. https://doi.org/10.35946/arcr.v40.2.
11.

6. Liu H, Shi W, Jin Z, Zhuo R, Dong J, Lao Q, et al. Global,
regional, and national mortality trends of female breast cancer
by risk factor, 1990-2017. BMC Cancer. 2021;21(1):459. https://
doi.org/10.1186/s12885-021-08217-5.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.iarc.who.int/
https://doi.org/10.1016/S2468-2667(19)30231-2
https://doi.org/10.1016/S2468-2667(19)30231-2
https://doi.org/10.35946/arcr.v40.2.11
https://doi.org/10.35946/arcr.v40.2.11
https://doi.org/10.1186/s12885-021-08217-5
https://doi.org/10.1186/s12885-021-08217-5

Alcohol and breast cancer

81

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

Sun Q, Xie W, Wang Y, Chong F, Song M, Li T, et al. Alcohol
consumption by beverage type and risk of breast cancer: a dose-
response meta-analysis of prospective cohort studies. Alcohol
Alcohol. 2020;55(3):246-53. https://doi.org/10.1093/alcalc/
agaa0l12.

Zhang SM, Lee IM, Manson JE, Cook NR, Willett WC, Buring
JE. Alcohol consumption and breast cancer risk in the women’s
health study. Am J Epidemiol. 2007;165(6):667-76. https://doi.
org/10.1093/aje/kwk054.

Lew JQ, Freedman ND, Leitzman MF, Brinton LA, Hoover
RN, Hollenbeck AR, et al. Alcohol and risk of breast cancer by
histologic type and hormone receptor status in postmenopausal
women. Am J Epidemiol. 2009;170(3):308-17. https://doi.org/
10.1093/aje/kwp120.

Hamajima N, Hirose K, Tajima K, Rohan T, Calle EE, Heath
CW I, et al. Alcohol, tobacco and breast cancer—collaborative
reanalysis of individual data from 53 epidemiological studies,
including 58,515 women with breast cancer and 95,067 women
without the disease. Br J Cancer. 2002;87(11):1234—45. https://
doi.org/10.1038/sj.bjc.6600596.

Rodriguez FD, Coveiias R. Biochemical mechanisms associating
alcohol use disorders with cancers. Cancers. 2021;13(14):3548.
https://doi.org/10.3390/cancers13143548.

Castro GD, de Delgado Layfio AMA, Constantini MH, Castro
JA. Cytosolic xanthine oxidoreductase mediated bioactivation of
ethanol to acetaldehyde and free radicals in rat breast tissue. Its
potential role in alcohol-promoted mammary cancer. Toxicology.
2001;160(1-3):11-8. https://doi.org/10.1016/S0300-483X(00)
00433-9.

Edenberg HJ, McClintick JN. Alcohol dehydrogenases, aldehyde
dehydrogenases, and alcohol use disorders: a critical review.
Alcohol Clin Exp Res. 2018;42(12):2281-97. https://doi.org/
10.1111/acer.13904.

Guengerich FP, Avadhani NG. Roles of cytochrome P450 in
metabolism of ethanol and carcinogens. Adv Exp Med Biol.
2018;1032:15-35. https://doi.org/10.1007/978-3-319-98788-0_2.
Lin C, Russell RM, Seitz HK, Wang XD. Ethanol enhances reti-
noic acid metabolism into polar metabolites in rat liver via induc-
tion of cytochrome P4502E. Gastroenterology. 2001;120(1):179—
89. https://doi.org/10.1053/gast.2001.20877.

Terry MB, Gammon MD, Zhang FF, Knight JA, Wang Q, Brit-
ton JA, et al. ADH3 genotype, alcohol intake and breast cancer
risk. Carcinogenesis. 2006;27(4):840-7. https://doi.org/10.1093/
carcin/bgi285.

Bosron WF, Lumeng L, Li TK. Genetic polymorphism of
enzymes of alcohol metabolism and susceptibility to alcoholic
liver disease. Mol Aspects Med. 1988;10:147-58. https://doi.org/
10.1016/0098-2997(88)90019-2.

Seitz HK, Stickel F. Acetaldehyde as an underestimated risk fac-
tor for cancer development: role of genetics in ethanol metabo-
lism. Genes Nutr. 2010;5(2):121-8. https://doi.org/10.1007/
$12263-009-0154-1.

Ho6g JO, Hedén LO, Larsson K, Jornvall H, von Bahr-Lindstrom
H. The gamma 1 and gamma 2 subunits of human liver alcohol
dehydrogenase. cDNA structures, two amino-acid replacements,
and compatibility with changes in the enzymatic properties. Eur
J Biochem. 1986;159(2):215-8. https://doi.org/10.1111/j.1432-
1033.1986.tb09855.x.

Brennan P, Lewis S, Hashibe M, Bell DA, Boffetta P, Bonchardy
C, et al. Pooled analysis of alcohol dehydrogenase genotypes
and head and neck cancer: a HuGE review. Am J Epidemiol.
2004;159(1):1-16. https://doi.org/10.1093/aje/kwh003.

Seitz HK, Maurer B. The relationship between alcohol metabo-
lism, estrogen levels, and breast cancer risk. Alcohol Res Health.
2007;30(1):42-3.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Freudenheim IL, Ambrosone CB, Moysich KB, Vena JE, Graham
S, Marshall JR, et al. Alcohol dehydrogenase 3 genotype modi-
fication of the association of alcohol consumption with breast
cancer risk. Cancer Causes Control. 1999;10:369-77. https://doi.
org/10.1023/A:1008950717205.

Wang L, Zhang Y, Ding D, He X, Zhu Z. Lack of association
of ADHI1C genotype with breast cancer susceptibility in Cauca-
sian population: a pooled analysis of case-control studies. Breast.
2012;21(4):435-9. https://doi.org/10.1016/j.breast2012.01.007.
Klyosov AA, Rashkovetsky LG, Tahir MK, Keung WM.
Possible role of liver cytosolic and mitochondrial aldehyde
dehydrogenases in acetaldehyde metabolism. Biochemistry.
1996;35(14):4445-56. https://doi.org/10.1021/bi9521093.
Chen CH, Ferreira JCB, Gross ER, Mochly-Rosen D. Target-
ing aldehyde dehydrogenase 2: new therapeutic opportunities.
Physiol Rev. 2014;94(1):1-34. https://doi.org/10.1152/physrev.
00017.2013.

Park B, Kim JH, Lee ES, Jung SY, Lee SY, Kang HS, et al. Role
of aldehyde dehydrogenases, alcohol dehydrogenase 1B geno-
type, alcohol consumption, and their combination in breast can-
cer in East-Asian women. Sci Rep. 2020;10(1):6564. https://doi.
org/10.1038/s41598-020-62361-9.

Brooks PJ, Enoch MA, Goldman D, Li TK, Yokoyama A. The
alcohol flushing respone: an unrecognized risk factor for esopha-
geal cancer from alcohol consumption. PloS Med. 2009;6(3):
e50. https://doi.org/10.1371/journal.pmed.1000050.

Sharma J, Krupienko SA. Folate pathways mediating the effects
of ethanol in tumorigenesis. Chem Biol Interact. 2020;324:
109091. https://doi.org/10.1016/j.cbi.2020.109091.

Hwang PH, Lian L, Zavras Al. Alcohol intake and folate antago-
nism via CYP2E1 and ALDHI: effects on oral carcinogenesis.
Med Hypotheses. 2012;78(2):197-202. https://doi.org/10.1016/;.
mehy.2011.10.023.

Kurnik-fucka M, Latacz G, Martyniak A, Bugajski A, Kiec-
Kononowicz K, Gil K. Salsolinol—neurotoxic or neuroprotec-
tive ? Neurotox Res. 2020;37(2):286-97. https://doi.org/10.1007/
$12640-019-00118-7.

Heymann HM, Gardner AM, Gross ER. Aldehyde-induced DNA
and protein adducts as biomarker tools for alcohol use disorder.
Trends Mol Med. 2018;24(2):144-55. https://doi.org/10.1016/j.
molmed.2017.12.003.

Shabtai Y, Bendelac L, Jubran H, Hirschberg J, Fainsod A.
Acetaldehyde inhibits retinoic acid biosynthesis to mediate
alcohol teratogenicity. Sci Rep. 2018;8(1):347. https://doi.org/
10.1038/s41598-017-18719-7.

Brooks PJ, Theruvathu JA. DNA adducts from acetaldehyde:
implications for alcohol-related carcinogenesis. Alcohol.
2005;35(3):187-93. https://doi.org/10.1016/j.alcohol.2005.
03.009.

Hande V, Teo K, Srikanth P, Wong JSM, Sethu S, Martinez-
Lopez W, et al. Investigations on the new mechanism of action
for acetaldehyde-induced clastogenic effects in human lung
fibroblasts. Mutat Res. 2021;861-862: 503303. https://doi.org/
10.1016/j.mrgentox.2020.503303.

Chen Y, Han M, Matsumoto A, Wang Y, Thompson DC,
Vasiliou V. Glutathione and trans-sulfuration in alcohol-
associated tissue injury and carcinogenesis. Adv Exp
Med Biol. 2018;1032:37-53. https://doi.org/10.1007/
978-3-319-98788-0_3.

Heier C, Xie H, Zimmermann R. Nonoxidative ethanol metabo-
lism in humans—from biomarkers to bioactive lipids. [IUBMB
Life. 2016;68(12):916-23. https://doi.org/10.1002/iub.1569.
Dinis-Oliveira RJ. Oxidative and non-oxidative metabolomics of
ethanol. Curr Drug Metab. 2016;17(4):327-35. https://doi.org/
10.2174/1389200217666160125113806.

@ Springer


https://doi.org/10.1093/alcalc/agaa012
https://doi.org/10.1093/alcalc/agaa012
https://doi.org/10.1093/aje/kwk054
https://doi.org/10.1093/aje/kwk054
https://doi.org/10.1093/aje/kwp120
https://doi.org/10.1093/aje/kwp120
https://doi.org/10.1038/sj.bjc.6600596
https://doi.org/10.1038/sj.bjc.6600596
https://doi.org/10.3390/cancers13143548
https://doi.org/10.1016/S0300-483X(00)00433-9
https://doi.org/10.1016/S0300-483X(00)00433-9
https://doi.org/10.1111/acer.13904
https://doi.org/10.1111/acer.13904
https://doi.org/10.1007/978-3-319-98788-0_2
https://doi.org/10.1053/gast.2001.20877
https://doi.org/10.1093/carcin/bgi285
https://doi.org/10.1093/carcin/bgi285
https://doi.org/10.1016/0098-2997(88)90019-2
https://doi.org/10.1016/0098-2997(88)90019-2
https://doi.org/10.1007/s12263-009-0154-1
https://doi.org/10.1007/s12263-009-0154-1
https://doi.org/10.1111/j.1432-1033.1986.tb09855.x
https://doi.org/10.1111/j.1432-1033.1986.tb09855.x
https://doi.org/10.1093/aje/kwh003
https://doi.org/10.1023/A:1008950717205
https://doi.org/10.1023/A:1008950717205
https://doi.org/10.1016/j.breast2012.01.007
https://doi.org/10.1021/bi9521093
https://doi.org/10.1152/physrev.00017.2013
https://doi.org/10.1152/physrev.00017.2013
https://doi.org/10.1038/s41598-020-62361-9
https://doi.org/10.1038/s41598-020-62361-9
https://doi.org/10.1371/journal.pmed.1000050
https://doi.org/10.1016/j.cbi.2020.109091
https://doi.org/10.1016/j.mehy.2011.10.023
https://doi.org/10.1016/j.mehy.2011.10.023
https://doi.org/10.1007/s12640-019-00118-7
https://doi.org/10.1007/s12640-019-00118-7
https://doi.org/10.1016/j.molmed.2017.12.003
https://doi.org/10.1016/j.molmed.2017.12.003
https://doi.org/10.1038/s41598-017-18719-7
https://doi.org/10.1038/s41598-017-18719-7
https://doi.org/10.1016/j.alcohol.2005.03.009
https://doi.org/10.1016/j.alcohol.2005.03.009
https://doi.org/10.1016/j.mrgentox.2020.503303
https://doi.org/10.1016/j.mrgentox.2020.503303
https://doi.org/10.1007/978-3-319-98788-0_3
https://doi.org/10.1007/978-3-319-98788-0_3
https://doi.org/10.1002/iub.1569
https://doi.org/10.2174/1389200217666160125113806
https://doi.org/10.2174/1389200217666160125113806

82

B. Starek-Swiechowicz et al.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Dydjow-Bendek DA, Zagozdzon P. Early alcohol use initia-
tion, obesity, not breastfeeding, and residence in a rural area
as risk factors for breast cancer: a case-control study. Cancers.
2021;13(16):3925. https://doi.org/10.3390/cancers13163925.
Allen NE, Beral V, Casabonne D, Kan SW, Reeves G, Brown A,
et al. Moderate alcohol intake and cancer incidence in women. J
Natl Cancer Inst. 2009;101(5):296-305. https://doi.org/10.1093/
jnci/djn514.

Jordahl KM, Malone KE, Baglia ML, Flanagan MR, Tang
M-TC, Porter PL, et al. Alcohol consumption, smoking, and
invasive breast cancer risk after ductal carcinoma in situ. Breast
Cancer Res Treat. 2022;193:477-84. https://doi.org/10.1007/
$10549-022-06573-9.

Li CI, Chlebowski RT, Freiberg M, Johnson KC, Kuller L, Lane
D, et al. Alcohol consumption and risk of postmenopausal breast
cancer by subtype: the women’s health initiative observatio-nal
study. J Natl Cancer Inst. 2010;102(18):1422-31. https://doi.org/
10.1093/jnci/djg316.

Sanchez-Bayona R, Gea A, Gardeazabal I, Romanos-Nanclares
A, Martinez-Gonzalez MA, Bes-Rastrollo M. Bingle drinking
and risk of breast cancer: results from the SUN ('Segnimien-
to Universidad de Navarra’) Projest. Nutrients. 2020;12(3):731.
https://doi.org/10.3390/nu12030731.

Assi N, Rinaldi S, Viallon V, Dashti SG, Dossus L, Fournier A,
et al. Mediation analysis of the alcohol-postmenopausal breast
cancer relationship by sex hormanes in the EPIC cohort. Int J
Cancer. 2020;146(3):759-68. https://doi.org/10.1002/ijc.323424.
Onland-Moret NC, Peeters PHM, van der Schouw YT, Grobbee
DE, van Gils CH. Alcohol and endogenous sex steroid levels in
postmenopausal women: a cross-sectional study. J Clin Endo-
crinol Metab. 2005;90(3):1414-9. https://doi.org/10.1210/jc.
2004-0614.

Dorgan JF, Baer DJ, Albert PS, Judd JT, Brown ED, Corle DK,
et al. Serum hormones and the alcohol-breast cancer association
in postmenopausal women. J Natl Cancer Inst. 2001;93(9):710-
5. https://doi.org/10.1093/jnci/93.9.710.

Mahabir S, Baer DJ, Johnson LL, Dorgan JF, Campgell W,
Brown E, et al. The effects of moderate alcohol supplementa-
tion on estrone sulfate and DHEAS in postmenopausal women
in a controlled feeding study. Nutr J. 2004;3(1):11. https://doi.
org/10.1186/1475-2891-3-11.

Reichman ME, Judd JT, Longcope C, Schatzkin A, Clevidence
BA, Nair PP, et al. Effects of alcohol consumption on plasma
and urinary hormone concentrations in premenopausal women.
J Natl Cancer Inst. 1993;85(9):722-7. https://doi.org/10.1093/
jnci/85.9.722.

Etique N, Chardard D, Chesnel A, Merlin JL, Flament S,
Grillier-Vuissoz I. Ethanol stimulates proliferation, ERa and
aromatase expression in MCF-7 human breast cancer cells.
Int J Mol Med. 2004;13:149-55. https://doi.org/10.3892/ijmm.
13.1.149.

Fan S, Meng Q, Gao B, Grossman J, Yadegari M, Goldberg ID,
et al. Alcohol stimulates estrogen receptor signaling in human
breast cancer cell lines. Cancer Res. 2000;60(20):5635-9.
Travis RC, Key TJ. Oestrogen exposure and breast cancer risk.
Breast Cancer Res. 2003;5(5):239—-47. https://doi.org/10.1186/
bcr628.

Rinaldi S, Peeters PH, Bezemer ID, Dossus L, Biessy C, Sac-
erdote C, et al. Relationship of alcohol intake and sex steroid
concentrations in blood in pre- and post-menopausal women:
the European prospective investigation into cancer and nutrition.
Cancer Causes Control. 2006;17(8):1033—43. https://doi.org/10.
1007/510552-006-0041-7.

Hirko KA, Spiegelman D, Willett WC, Hankinson SE, Eliassen
AH. Alcohol consumption in relation to plasma sex hormones,
prolactin, and sex hormone-binding globulin in premeno- pausal

@ Springer

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

women. Cancer Epidemiol Biomarkers Prev. 2014;23(12):2943—
53. https://doi.org/10.1158/1055-9965.

Kaaks R, Tikk K, Sookthai D, Schock H, Johnson T, Tjgnneland
A, et al. Premenopausal serum sex hormone level in relation
to breast cancer risk, overall and by hormone receptor status—
results from the EPIC cohort. Int J Cancer. 2014;134(8):1947-57.
https://doi.org/10.1002/ijc.28528.

Deandrea S, Talami R, Foschi R, Montella M, Dal Maso L, Fal-
cini F, et al. Alcohol and breast cancer risk defined by estrogen
and progesterone receptor status: a case-control study. Cancer
Epidemiol Biomarkers Prev. 2008;17(8):2025-8. https://doi.org/
10.1158/1055-9965.EPI-08-0157.

Suzuki R, Ye W, Rylander-Rudqvist T, Saji S, Colditz GA, Wolk
A. Alcohol and postmenopausal breast cancer risk defined by
estrogen and progesterone receptor status: a prospective cohort
study. J Natl Cancer Inst. 2005;97(21):1601-8. https://doi.org/
10.1093/jnci/dji341.

Coutelle C, Hohn B, Benesova M, Oneta CM, Quattrochi P, Roth
HJ, et al. Risk factors in alcohol associated breast cancer: alco-
hol dehydrogenase polymorphism and estrogens. Int J Oncol.
2004;25(4):1127-59. https://doi.org/10.3892/ij0.25.4.1127.
Starek-Swichowicz B, Budziszewska B, Starek A. Endogenous
estrogens—breast cancer and chemoprevention. Pharmacol Rep.
2021. https://doi.org/10.1007/s43440-021-00317-0.

Etique N, Flament S, Lecomte J, Grillier-Vuissoz I. Ethanol-
induced ligant-independent activation of ERa mediated by cyclic
AMP/PKA signaling pathway: an in vitro study on MCF-7 breast
cancer cells. Int J Oncol. 2007;31(6):1509-18. https://doi.org/10.
3892/ij0.31.6.1509.

Seitz HK, Stickel F. Molecular mechanisms of alcohol-mediated
carcinogenesis. Nat Rev Cancer. 2007;7(8):599-612. https://doi.
org/10.1038/nrc2191.

Mill CP, Chester JA, Riese DJII. EGFR may couple moderate
alcohol consumption to increased breast cancer risk. Breast Can-
cer. 2009;2009(1):31-8. https://doi.org/10.2147/bctt.s6254.

Ma C, Lin H, Leonard SS, Shi X, Ye J, Luo J. Overexpession of
ErbB2 enhances ethanol sti-mulated intracellular signaling and
invasion of human mammary epithelial and breast cancer cells
in vitro. Oncogene. 2003;22:5281-90. https://doi.org/10.1038/
sj.onc.1206675.

Luo J. Role of matrix metalloproteinase-2 in ethanol-induced
invasion by breast cancer cells. J Gastroenterol Hepatol.
2006;21(s3):565-8. https://doi.org/10.1111/j.1440-1746.2006.
04578 .x.

Etique N, Grillier-Vuissoz I, Flament S. Ethanol stimulates the
secretion of matrix metallopro- teinases 2 and 9 in MCF-7 human
breast cancer cells. Oncol Rep. 2006;15(3):603-8. https://doi.
org/10.3892/0r.15.3.603.

Forsyth CB, Tang Y, Shaikh M, Zhang L, Keshavarzian A.
Alcohol stimulates activation of Snail, epidermal growth factor
receptor signaling, and biomarkers of epithelial-mesenchymal
transition in colon and breast cancer. Alcohol Clin Exp Res.
2010;34(1):19-31. https://doi.org/10.1111/j.1530-0277.2009.
01061.x.

Lu Y, Ni F, Xu M, Yang J, Chen J, Chen Z, et al. Alcohol pro-
motes mammary tumor growth through activation of VEGF-
dependent tumor angiogenesis. Oncol Lett. 2014;8(2):673-8.
https://doi.org/10.3892/01.2014.2146.

Weis SM, Cheresh DA. Pathophysological conse-
quences of VEGT-induced vascular permeability. Nature.
2005;437:497-504.

Xu M, Chen G, Fu W, Liao M, Frank JA, Bower KA, et al. Etha-
nol disrupts vascular endo- thelial barrier: implication in cancer
metastasis. Toxicol Sci. 2012;127(1):42-53. https://doi.org/10.
1093/toxsci/kfs087.


https://doi.org/10.3390/cancers13163925
https://doi.org/10.1093/jnci/djn514
https://doi.org/10.1093/jnci/djn514
https://doi.org/10.1007/s10549-022-06573-9
https://doi.org/10.1007/s10549-022-06573-9
https://doi.org/10.1093/jnci/djq316
https://doi.org/10.1093/jnci/djq316
https://doi.org/10.3390/nu12030731
https://doi.org/10.1002/ijc.323424
https://doi.org/10.1210/jc.2004-0614
https://doi.org/10.1210/jc.2004-0614
https://doi.org/10.1093/jnci/93.9.710
https://doi.org/10.1186/1475-2891-3-11
https://doi.org/10.1186/1475-2891-3-11
https://doi.org/10.1093/jnci/85.9.722
https://doi.org/10.1093/jnci/85.9.722
https://doi.org/10.3892/ijmm.13.1.149
https://doi.org/10.3892/ijmm.13.1.149
https://doi.org/10.1186/bcr628
https://doi.org/10.1186/bcr628
https://doi.org/10.1007/s10552-006-0041-7
https://doi.org/10.1007/s10552-006-0041-7
https://doi.org/10.1158/1055-9965
https://doi.org/10.1002/ijc.28528
https://doi.org/10.1158/1055-9965.EPI-08-0157
https://doi.org/10.1158/1055-9965.EPI-08-0157
https://doi.org/10.1093/jnci/dji341
https://doi.org/10.1093/jnci/dji341
https://doi.org/10.3892/ijo.25.4.1127
https://doi.org/10.1007/s43440-021-00317-0
https://doi.org/10.3892/ijo.31.6.1509
https://doi.org/10.3892/ijo.31.6.1509
https://doi.org/10.1038/nrc2191
https://doi.org/10.1038/nrc2191
https://doi.org/10.2147/bctt.s6254
https://doi.org/10.1038/sj.onc.1206675
https://doi.org/10.1038/sj.onc.1206675
https://doi.org/10.1111/j.1440-1746.2006.04578.x
https://doi.org/10.1111/j.1440-1746.2006.04578.x
https://doi.org/10.3892/or.15.3.603
https://doi.org/10.3892/or.15.3.603
https://doi.org/10.1111/j.1530-0277.2009.01061.x
https://doi.org/10.1111/j.1530-0277.2009.01061.x
https://doi.org/10.3892/ol.2014.2146
https://doi.org/10.1093/toxsci/kfs087
https://doi.org/10.1093/toxsci/kfs087

Alcohol and breast cancer

83

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Xu M, Wang S, Ren Z, Frank JA, Yang XH, Zhang Z, et al.
Chronic ethanol exposure enhances the aggressiveness of breast
cancer: the role of p38y. Oncotarget. 2016;7(3):3489-505.
https://doi.org/10.18632/oncotarget.6508.

Xu M, Wang S, Wang Y, Wu H, Frank JA, Zhang Z, et al. Role
of p38y MAPK in regulation of EMT and cancer stem cells.
Biochim Biophys Acta Mol Basis Dis. 2018;1864(11):3605-17.
https://doi.org/10.1016/j.bbadis.2018.08.024.

Wu Y, Sarkissyan M, Vadgama JV. Epithelial-mesenchymal tran-
sition and breast cancer. J Clin Med. 2016;5(2):13. https://doi.
org/10.3390/jcm5020013.

Xu M, Ren Z, Wang X, Comer A, Frank JA, Ke Z, et al. ErtbB2
and p38y MAPK mediate alcohol-induced increase in breast can-
cer stem cells and metastasis. Mol Cancer. 2016;15:52. https://
doi.org/10.1186/s12943-016-0532-4.

Zhao M, Howard EW, Parris AB, Guo Z, Zhao Q, Yang X. Alco-
hol promotes migration and invasion of triple-negative breast
cancer cells through activation of p38 MAPK and JNK. Mol
Carcinogen. 2017;56(3):849-62. https://doi.org/10.1002/mc.
22538.

Kruk J. Lifestyle componets and primary breast cancer preven-
tion. Asian Pac J Cancer Prev. 2015;15(24):10543-55. https://
doi.org/10.7314/apjcp.2014.15.24.10543.

Boraka O, Klintman M, Rosendahl AH. Physical activity and
long-term risk of breast cancer, associations with time in life
and body composition in the prospective Malmé diet and cancer
study. Cancers. 2022;14(8):1960. https://doi.org/10.3390/cance
rs14081960.

Kolak A, Kaminska M, Sygit K, Budny A, Surdyka D, Kukietka-
Budny B, et al. Primary and secondary prevention of breast can-
cer. Ann Agric Environ Med. 2017;24(4):549-53. https://doi.org/
10.26444/aaem/75943.

Liu X, Jia M, Zhou X, Bao L, Chen Y, Liu P, et al. The diagnostic
performance of automated versus handheld breast ultrasound and
mammography in symptomatic outpatient women: a multicenter,
cross-sectional study in China. Eur Radiol. 2021;31(2):947-57.
https://doi.org/10.1007/s00330-020-07197-7.

Castro GD, Castro JA. Alcohol drinking and mammary cancer;
pathogenesis and potential dietary preventive alternatives. World
J Clin Oncol. 2014;5(4):713-29. https://doi.org/10.5306/wjco.v.
5.4.713.

Wu XX, Yue GGL, Dong IR, Lam CWK, Wong CK, Qiu MH,
et al. Actein inhibits the proliferation and adhesion of human
breast cancer cells and suppresses migration in vivo. Front Phar-
macol. 2018;9:1466. https://doi.org/10.3389/fphar.2018.01466.
Wang Y, Zhang S, Zhang Y, Yao F, Zhao G, Wang J, et al. Screen-
ing and evaluation of flavonoids as xanthine oxidase inhibitors
for reducing uric acid through combined cell biology and molec-
ular simulation. ACS Food Sci Technol. 2021;1(11):2182-91.
Piluzza G, Bullitta S. Correlations between phenolic content
and antioxidant properties in twenty-four plant species of tra-
ditional ethnoveterinary use in the Mediterranean area. Pharm
Biol. 2011;49(3):240-7. https://doi.org/10.3109/13880209.2010.
501083.

Maciel ME, Castro GD, Castro JA. Inhibition of the rat breast
cytosolic bioactivation of etha-nol to acetaldehyde by some
plant polyphenols and folic acid. Nutr Cancer. 2004;49(1):94-9.
https://doi.org/10.1207/s15327914nc4901_13.

Yang CS, Landau JM, Huang MT, Newmark HL. Inhibition of
carcinogenesis by dietary polyphenolic compounds. Annu Rev
Nutr. 2001;21(1):381-406. https://doi.org/10.1146/annurev.nutr.
21.1.381.

Messeha SS, Zarmouh NO, Soliman KFA. Polyphenols modulat-
ing effects of PD-L1/PD-1 checkpoint and EMT-mediated PD-L1
overexpression in breast cancer. Nutrients. 2021;13(5):1718.
https://doi.org/10.3390/nul13051718.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Aiyer HS, Srinivasan C, Gupta RC. Dietary berries and ellagic
acid diminish estrogen-mediated mammary tumorigenesis in
ACI rats. Nutr Cancer. 2008;60:227-34. https://doi.org/10.1080/
01635580701624712.

Van Puyvelde H, Papadimitriou N, Clasen J, Muller D, Biessy
C, Ferrari P, et al. Dietary me-thyl-group donor intake and breast
cancer risk in the European prospective investigation into cancer
and nutrition (EPIC). Nutrients. 2021;13(6):1843. https://doi.org/
10.3390/nu13061843.

Doorn JA, Hurley TD, Petersen DR. Inhibition of human alde-
hyde dehydroge-nase by 4-hydroxynon-2-enal and 4-oxonon-2-
enal. Chem Res Toxicol. 2006;19(1):102-10.

Fanelli SL, Maciel ME, Diaz Gémez MI, Delgado de Lagfio AM,
Biettdo FM, Castro JA, et al. Further studies on the potential
contribution of acetaldehyde accumulation and oxidative stress in
rat mammary tissue in the alcohol drinking promotion of breast
cancer. J Appl Toxicol. 2011;31(1):11-9. https://doi.org/10.1002/
jat.1555.

Cederbaum Al, Rubin E. Protective effect of cysteine on the
inhibition of mitochondrial functions by acetaldehyde. Biochem
Pharmacol. 1976;25(8):963-73. https://doi.org/10.1016/0006-
2952(76)90323-3.

Zahid M, Gaikwad NW, Rogan EG, Cavalieri EL. Inhibition of
depurating estrogen—DNA adduct formation by natural com-
pounds. Chem Res Toxicol. 2007;20(12):1947-53. https://doi.
org/10.1021/tx700269s.

Purohit V, Abdelmalek MF, Barve S, Benevenga NJ, Halsted CH,
Kaplowitz N, et al. Role of S-adenosylmethionine, folate, and
betaine in the treatment of alcoholic liver disease: summary of a
Symposium. Am J Clin Nutr. 2007;86:14-24. https://doi.org/10.
1093/ajcn/86.1.14.

Song FL, Gan RY, Zhang Y, Xiao Q, Knang L, Li HB. Total
phenolic contents and antioxidant capacities of selected chinese
medical plants. Int J Mol Sci. 2010;11(6):2362-72. https://doi.
0rg/10.3390/ijms11062362.

Huang WY, Cai YZ, Zhang Y. Natural phenolic compounds from
medical herbs and dietary plants: potential use for cancer pre-
vention. Nutr Cancer. 2010;62(1):1-20. https://doi.org/10.1080/
01635580903191585.

Mehmood A, Rehman AU, Ishaq M, Zhao L, Li I, Usman M,
et al. In vitro and in silico xanthine oxidase inhibitory activity
of selected phytochemicals widely present in various editible
plants. Comb Chem High Troughput Screen. 2020;23(9):917-30.
https://doi.org/10.2174/1386207323666200428075224.
Masuoka N, Kubo I. Characterization of the xanthine oxidase
inhibitory activity of alk(en)yl phenols and related compounds.
Phytochemistry. 2018;155:100-6. https://doi.org/10.1016/j.phyto
chem.2018.07.006.

Masuoka N, Nihei K, Kubo I. Xanthine oxidase inhibitory activ-
ity of alkyl gallates. Mol Nutr Food Res. 2006;50(8):725-31.
https://doi.org/10.1002/mnfr.200500250.

Seyfried T, Mukherjee P, Lyikesici MS, Slocum A, Kalamiam M,
Spinosa JP, et al. Consideration of ketogenic metabolic therapy
as a complementary or alternative approach for me-naging breast
cancer. Front Nutr. 2020. https://doi.org/10.3389/fnut.2020.
00021.

Den Hollander P, Savage MI, Brown PH. Targeted therapy for
breast cancer prevention. Front Oncol. 2013. https://doi.org/10.
3389/fonc.2013.00250.

Schick J, Ritchie RP, Restini C. Breast cancer therapeutics and
biomarkers: past, present and future approachers. Breast Can-
cer. 2021;15:1178223421995854. https://doi.org/10.1177/11782
23421995854.

Zhang Y, Simondsen K, Kolesar JM. Exemestane for primary
prevention of breast cancer in postmenopausal women. Am J

@ Springer


https://doi.org/10.18632/oncotarget.6508
https://doi.org/10.1016/j.bbadis.2018.08.024
https://doi.org/10.3390/jcm5020013
https://doi.org/10.3390/jcm5020013
https://doi.org/10.1186/s12943-016-0532-4
https://doi.org/10.1186/s12943-016-0532-4
https://doi.org/10.1002/mc.22538
https://doi.org/10.1002/mc.22538
https://doi.org/10.7314/apjcp.2014.15.24.10543
https://doi.org/10.7314/apjcp.2014.15.24.10543
https://doi.org/10.3390/cancers14081960
https://doi.org/10.3390/cancers14081960
https://doi.org/10.26444/aaem/75943
https://doi.org/10.26444/aaem/75943
https://doi.org/10.1007/s00330-020-07197-7
https://doi.org/10.5306/wjco.v.5.i4.713
https://doi.org/10.5306/wjco.v.5.i4.713
https://doi.org/10.3389/fphar.2018.01466
https://doi.org/10.3109/13880209.2010.501083
https://doi.org/10.3109/13880209.2010.501083
https://doi.org/10.1207/s15327914nc4901_13
https://doi.org/10.1146/annurev.nutr.21.1.381
https://doi.org/10.1146/annurev.nutr.21.1.381
https://doi.org/10.3390/nu13051718
https://doi.org/10.1080/01635580701624712
https://doi.org/10.1080/01635580701624712
https://doi.org/10.3390/nu13061843
https://doi.org/10.3390/nu13061843
https://doi.org/10.1002/jat.1555
https://doi.org/10.1002/jat.1555
https://doi.org/10.1016/0006-2952(76)90323-3
https://doi.org/10.1016/0006-2952(76)90323-3
https://doi.org/10.1021/tx700269s
https://doi.org/10.1021/tx700269s
https://doi.org/10.1093/ajcn/86.1.14
https://doi.org/10.1093/ajcn/86.1.14
https://doi.org/10.3390/ijms11062362
https://doi.org/10.3390/ijms11062362
https://doi.org/10.1080/01635580903191585
https://doi.org/10.1080/01635580903191585
https://doi.org/10.2174/1386207323666200428075224
https://doi.org/10.1016/j.phytochem.2018.07.006
https://doi.org/10.1016/j.phytochem.2018.07.006
https://doi.org/10.1002/mnfr.200500250
https://doi.org/10.3389/fnut.2020.00021
https://doi.org/10.3389/fnut.2020.00021
https://doi.org/10.3389/fonc.2013.00250
https://doi.org/10.3389/fonc.2013.00250
https://doi.org/10.1177/1178223421995854
https://doi.org/10.1177/1178223421995854

84

B. Starek-Swiechowicz et al.

100.

101.

102.

Health Syst Pharm. 2012;69(16):1384-8. https://doi.org/10.2146/
ajhp110585.

Howell A, Anderson AS, Clarke RB, Duffy SW, Evans DG,
Garcia-Closas M, et al. Risk determination and prevention of
breast cancer. Breast Cancer Res. 2014;16:446. https://doi.org/
10.1186/513058-014-0446-2.

Chen WY, Rosner B, Hankinson SE, Colditz GA, Willett WC.
Moderate alcohol consumption during adult life, drinking pat-
terns, and breast cancer risk. JAMA. 2011;306(17):1884-90.
https://doi.org/10.1001/jama.2011.1590.

Donat-Vargas C, Guerrero-Zotano A, Casas A, Baena-Cafiada
IJM, Lope V, Antolin S, et al. Trojectories of alcohol con-
sumption during life and the risk of developing breast cancer.

@ Springer

103.

Br J Cancer. 2021;125(8):1168-76. https://doi.org/10.1038/
$41416-021-01492-w.

Liu Y, Coditz GA, Rosner B, Berkey CS, Collins LC, Schnitt
SJ, et al. Alcohol intake between menarche and first pregnancy:
a prospective study of breast cancer risk. J Natl Cancer Inst.
2013;105(20):1571-8. https://doi.org/10.1093/jnci/djt213.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.2146/ajhp110585
https://doi.org/10.2146/ajhp110585
https://doi.org/10.1186/s13058-014-0446-2
https://doi.org/10.1186/s13058-014-0446-2
https://doi.org/10.1001/jama.2011.1590
https://doi.org/10.1038/s41416-021-01492-w
https://doi.org/10.1038/s41416-021-01492-w
https://doi.org/10.1093/jnci/djt213

	Alcohol and breast cancer
	Abstract
	Introduction
	Ethanol metabolism and its consequences
	Alcohol effects on breast cancer
	Alcohol effects on oestrogen levels and oestrogen receptors
	Molecular mechanisms of alcohol-mediated carcinogenesis
	Prevention
	Phytochemicals
	Drugs as prevention factors
	Conclusions
	References




